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Toward the end of 2019, a hitherto unknown coronavirus triggered the most devastating pandemic 
in over 100 years, infecting hundreds of millions of people; causing millions of deaths; and 
crippling international travel, trade, and society. 

Across the globe, healthcare professionals cared for unprecedented numbers of critically ill patients, 
regardless of the risks, and often at great personal cost.

This book is dedicated to them. 
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Foreword

Göttingen, July 13th, 2022

When dealing with any medical problem which requires a conceptual, technical, and practical 
resolute intervention, three basic questions have to be answered: Why do it? How to do it? When 
to do it? ie, what are the indications for a given approach; how should the technique be applied; 
and the timing of application and withdrawal. The Sixth Edition of what is now simply called 
‘The Red Book’ answers all these questions regarding extracorporeal life support (ECLS) through 
simple, clear, and essential concepts and language. It is emotional and an honor for me that I 
had the fortune to follow the development of extracorporeal support throughout five decades, to 
present this book, realizing in the meantime how ECLS has been disseminated throughout the 
world, adding a powerful therapeutic tool to our instruments to preserve life. This is a great credit 
to the Extracorporeal Life Support Organization (ELSO), whose membership has exponentially 
increased over time and provided education, data sharing, and supported several research initiatives. 
ELSO and ‘The Red Book’ are the fruit of a multinational collaboration of experts dedicated to 
the advancement in the field and education of new members and centers.

I cannot end this Foreword without mentioning Drs. Kolobow and Zapol, mentors and friends 
who recently left us. These giants, decades ago, had a dream that we now see realized.

Nobody knows the future, but I am pretty sure that the passion and enthusiasm which 
characterizes ECLS people, far more than other medical disciplines, will allow further dreams 
and advances. To these people, my Foreword is dedicated.

Luciano Gattinoni

Drs. Zapol and Kolobow





ix

List of Contributors

Mohd Hafiz Abdul-Aziz, BPharm PhD
Research Fellow & Clinical Research Pharmacist
The University of Queensland, Brisbane, Australia
Chapter 49

Darryl Abrams, MD
Associate Director, Medical ECMO Program
Columbia University Medical Center, New York, USA
Chapters 43, 57

Cara Agerstrand, MD
Director of the Medical ECMO Program
Columbia University Medical Center, New York, USA
Chapters 7, 24, 34, 46

Ali Akil, MD
Thoracic surgeon, Leader of ECMO Divison
Thoracic Surgery and Lung Support, Ibbenbueren, Germany
Chapter 51

Peta M. A. Alexander, MBBS
Director of Cardiac ECMO
Boston Children’s Hospital, Boston, Massachusetts, USA
Chapters 20, 41, 58, 60

Gail Mary Annich, MD MS FELSO
Director of Resuscitation/Mass Casualty HSC
The Hospital for Sick Children, Toronto, Canada
Chapters 6, 14

Marta Velia Antonini, CCP MS
Cardiovascular Perfusionist 
Bufalini Hospital - AUSL della Romagna, Cesena, Italy
Chapters 7, 53, 54

Toshiyuki Aokage, MD PhD
Asst. Prof., Emergency & Critical Care Medicine
Okayama University Hospital, Okayama, Japan
Chapter 55

Jutta Arens, PhD
Chair of Engineering Organ Support Technologies
University of Twente, The Netherlands
Chapter 3

Erin August, RN MSN
Adult ECMO Coordinator
Memorial Regional Hospital, Florida, USA
Chapter 46

Mohamed H. Azzam MD, FRCPC, FCCM
Assistant Medical Director, ICU & ER
Dr. Sulaiman Al Habib Medical Gp., Saudi Arabia
Chapter 52

Jenelle H. Badulak, MD
Emergency Medicine & Intensive Care
University of Washington, Seattle, Washington, USA
Chapter 2

Ryan Pasquale Barbaro, MD MSc FELSO
Service Chief, Pediatric Critical Care
University of Michigan, Ann Arbor, Michigan, USA
Chapters 13, 58, 60

Kali Alyssa Barrett, MD MSc
Critical Care Physician
University Health Network, Toronto, Canada
Chapter 56



x

Contributors

Nicholas A. Barrett, MBBS
Director of Critical Care
Guy’s & St Thomas’ NHS Trust, London, UK
Chapter 26

David J. Barron, MBBS MD
Division Head, Cardiovascular Surgery
Hospital for Sick Children, Toronto, Canada
Chapter 18

Robert H. Bartlett, MD FELSO
Professor of Surgery, Emeritus
University of Michigan, Ann Arbor, Michigan, USA
Chapters 1, 5, 45

Andriy Batchinsky, MD
Director, AREVA Innovation Institute
The Geneva Foundation, San Antonio, Texas, USA
Chapter 6

John Samuel Beca, MBChB
Director of Surgery and Intensive Care
Starship Children’s Hospital, Auckland, New Zealand
Chapter 53

Thomas Bein, MD
Senior Professor, Faculty of Medicine
University of Regensburg, Germany
Chapter 57

Dorothy M Beke, MS RN CPNP-PC/AC
CICU Nurse Practice Specialist
Boston Children’s Hospital, Boston, Massachusetts, 
USA
Chapter 18

Jan Bělohlávek, MD PhD 
Professor of Medicine
Deputy Head, Dept. of CV Medicine
General University Hospital, Prague, Czech Republic
Chapter 32

Melania M. Bembea, MD MPH PhD
Director, Johns Hopkins Pediatric ECMO Program
Johns Hopkins University, Baltimore, Maryland, USA
Chapters 39, 55

Christoph Benk, PhD
Chief Perfusionist
University Hospital Freiburg, Germany
Chapter 42

Christian Bermudez, MD
Director of Thoracic Transplantation
Hospital of the University of Pennsylvania, Phila-
delphia, Pennsylvania, USA
Chapters 40, 53

Mark S. Bleiweis, MD
Congenital Heart Center Director
University of Florida, Florida, USA
Chapters 20, 31

Adam Blumenberg, MD MA
Assistant Professor of Emergency Medicine
Columbia University Medical Center, New York, USA
Chapter 37

Benjamin Bongiorno, RN
Hôpital Pitié-Salpêtrière
Paris, France
Chapter 28

Matthew J. Brain, MBBS PhD
Intensive Care Staff Specialist
Launceston General Hospital, Launceston, Australia
Chapter 5

Susan L. Bratton, MD MPH
Emeritus Professor of Pediatrics
University of Utah, Utah, USA
Chapter 16

Nicolas Bréchot, MD PhD
Medical ICU
Pitié-Salpêtrière University Hospital, Paris, France
Chapter 36

Brian C. Bridges, MD
ECMO Medical Director
Vanderbilt University Medical Center, Nashville, 
Tennessee, USA
Chapter 42 



xi

Contributors

Daniel Brodie, MD FELSO
Director, Adult ECMO Program
Columbia University Medical Center, New York, USA
Chapters 2, 23, 52, 57, 58

Thomas Brogan, MD FELSO
Medical Director, Pediatric ECMO Program
Seattle Children’s Hospital, Seattle, Washington, USA
Chapter 13

Lars Mikael Broman, MD PhD 
Principal Investigator ECMO Centre Karolinska
Karolinska University Hospital, Stockholm, Sweden
Chapter 2

Katherine Louise Brown, MD MPH
Professor of Pediatric Cardiac Intensive Care
Great Ormond Street Hospital, London, UK
Chapter 22

Hergen Buscher, MD
Senior Specialist Intensive Care
St Vincent’s Hospital, Sydney, UNSW, Australia
Chapter 27

Warwick Butt, MB BS FELSO
Consultant, Intensive Care
Royal Childrens Hospital, Melbourne, Australia
Chapter 36

Daniele Camboni, MD MHBA
Cardiac Surgeon
University Medical Center Regensburg, Germany
Chapter 33

Jeremy Cannon, MD, SM
Trauma Program Medical Director
University of Pennsylvania, Philadelphia, USA
Chapter 35

Rachel Chapman, MD
Medical Director, NICCU
Children’s Hospital Los Angeles, California, USA
Chapter 8

Ivan J. Chavez, MD
Interventional Cardiology
Minneapolis Heart Institute, Minnesota, USA
Chapter 4

Ira M. Cheifetz, MD
Chief, Cardiology and Cardiac Critical Care
Rainbow Babies & Children’s Hospital, Cleveland, 
Ohio, USA
Chapter 14

Yih-Sharng Chen, MD PhD
Director of Cardiovascular Center
National Taiwan University Hospital, Taiwan
Chapters 32, 38

Hwa Jin Cho, MD PhD
Associate Professor
Chonnam National University Hospital, Gwangju, 
S. Korea
Chapter 18

Sung-Min Cho, DO MHS
Director, Adult ECMO Research
Johns Hopkins Hospital, Baltimore, Maryland, USA
Chapter 33

Alain Combes, MD PhD FELSO
Head of ICU, Director of ECMO program
APHP Sorbonne Universite Paris, France
Chapters 30, 44, 58

Steven A. Conrad, MD PhD MCCM FELSO
Director, Extracorporeal Organ Support Program
Louisiana State University Health, Shreveport, 
Louisiana, USA
Chapter 2

Mackenzie R. Cook, MD
Assistant Professor of Surgery
Oregon Health & Science University, Portland, USA
Chapter 46

David S. Cooper, MD MPH
Medical Director, The Heart Institute
Cincinnati Children’s Hospital Medical Center, 
Cincinnati, USA
Chapters 17, 42

Jessica B. Cornman, PT DPT PCS
Pediatric Physical Therapist, PhD Student
UF Health and the University of Florida, USA
Chapter 47



xii

Contributors

Matthew E. Cove, MBChB
Senior Consultant, Department of Medicine
National University Hospital, Singapore
Chapter 43

Susana Cruz Beltran, MD
Pediatric Cardiac Anesthesiologist
University of Florida, Florida, USA
Chapter 50

Marta Cucchi, MSc TND BSN
Senior Pediatric Cardiac Intensive Care Nurse
Maastricht University, The Netherlands
Chapter 47

Marcelo Cypel, MD MSc
Surgical Director Transplant Centre at UHN
University of Toronto, Toronto, Canada
Chapters 40, 47

Heidi Dalton, MD MCCM FELSO
Director of ECLS Research/ Program Development
INOVA Health System, Falls Church VA, USA
Chapters 13, 58

Mark Davidson, MBChB BSc
Director Cardiac & ECLS Service
Royal Hospital for Children Glasgow, UK
Chapter 14

Carl F. Davis, MB BCh BAO MCh
Consultant Paediatric & Neonatal Surgeon
Royal Hospital for Children, Glasgow, UK
Chapter 8

Filip De Somer, PhD ECCP
Chief perfusionist
University Hospital Ghent, Belgium
Chapter 7

Joseph Dearani, MD
Consultant
Mayo Clinic, Rochester, Minnesota, USA
Chapter 31

Erik DeSoucy, DO
Trauma and Critical Care Surgeon
Brooke Army Medical Center, Texas, USA
Chapter 35

Matteo Di Nardo, MD
Senior Consultant, Pediatric ICU
Children’s Hospital Bambino Gesù, IRCCS, Italy
Chapters 39, 60

Janet Diaz, MD
World Health Organization
Geneva, Switzerland
Chapter 59

Rodrigo Diaz, MD MB FELSO
OR and ECMO Chief
Clinica Red Salud Santiago, Chile
Chapters 53, 59

Michele B. Domico, MD
Associate Director, Cardiovascular ICU
Children’s Hospital of Orange County, California, USA
Chapter 22

Dirk W. Donker, MD PhD
Professor Cardiovascular Respiratory Physiology
University of Twente, Enschede, The Netherlands
Chapters 28, 48

Peter Donnelly, MBBChBAO MSc
Consultant Paediatric Intensivist
The Royal Hospital for Children Glasgow, UK
Chapter 14

Ghislaine Douflé, MD MME
Critical care physician
Toronto General Hospital, University of Toronto, 
Canada
Chapter 48

Yves d’Udekem, MD PhD
Division Chief of Cardiac Surgery
Children’s National Hospital, Washington, DC, USA
Chapter 41

Amy L. Dzierba, PharmD
Critical Care Pharmacist
NewYork-Presbyterian Hospital, New York, USA
Chapter 37



xiii

Contributors

Alyaa Elhazmi, MD
Member, MOH National ECMO Program
Ministery of Health (MOH), Saudi Arabia
Chapter 52

Eddy Fan, MD PhD
Medical Director, ECLS Program
University Health Network, Toronto, Canada
Chapters 23, 48, 58

Jeffrey J. Fanning, MD
Chief, Pediatric Medicine; Director, ECLS
Medical City Children’s Hospital, Dallas, Texas, USA
Chapter 60

Gail Faulkner, RGN RSCN
ECMO Co-ordinator
University Hospitals of Leicester, UK
Chapter 9

Simon J. Finney, MBChB MSc PhD
Consultant in Intensive Care Medicine and ECMO
Barts Health NHS Trust, London, UK
Chapter 52

Stefan Fischer, MD MSc
Head of Thoracic Surgery and Lung Support
Ibbenbueren General Hospital, Germany
Chapter 51

Dale Fisher, MBBS
Infectious Disease Physician
National University Hospital, Singapore
Chapter 59

James D. Fortenberry, MD FELSO
Chief Medical Officer
Children’s Healthcare of Atlanta, Georgia, USA
Chapter 1

John F. Fraser, MBChB PhD FELSO
Director Critical Care Research Group and ICU
Prince Charles Hospital & U Queensland, Brisbane, 
Australia
Chapter 58

Justin Fried, MD
Associate Director of Cardiac Care Unit
Columbia University Medical Center, New York, USA
Chapter 27

Janene H. Fuerch, MD
Clinical Assistant Professor
Stanford University School of Medicine, Palo Alto, 
California, USA
Chapter 9

David Furfaro, MD
Associate MICU Director
Beth Israel Deaconess Medical Center, Boston, USA
Chapter 24

Francis Fynn-Thompson, MD
Surgical Director,  Advanced Cardiac Therapies
Boston Children’s Hospital, Boston, USA
Chapter 22

Luciano Gattinoni, MD FELSO
Guest Professor
University of Medicine of Göttingen, Germany
Foreword

Katja M. Gist, DO MSc
Co-Director, Center for Acute Care Nephrology
Cincinnati Children’s Hospital Medical Center, 
Ohio, USA
Chapter 42

Giacomo Grasselli, MD
Medical Director of Adult ICU
Policlinico Hospital, University of Milan, Italy
Chapter 23

Anne-Marie Guerguerian, MD PhD
Medical Director, SickKids ECLS Program
The Hospital for Sick Children, Toronto, Canada
Chapter 21

Yigit S. Guner, MD MS
Associate Professor of Surgery
UC Irvine, Children’s Hospital of Orange County, 
California, USA
Chapter 11



xiv

Contributors

Amy E. Hackmann, MD
Assoc Prof, Chief of ECMO and Temporary MCS
UT Southwestern Medical Center, Dallas, Texas, USA
Chapters 4, 30, 40, 51

Jonathan Haft, MD
Director, Extracorporeal Life Support
University of Michigan, Ann Arbor, Michigan, USA
Chapter 41

Jumana Yusuf Haji, MBBS MD
Consultant cardiac critical care ECMO director
Sir HN Reliance Hospital Mumbai, India
Chapter 52

Matthew T. Harting, MD MS
Medical Director, Pediatric ECLS
Children’s Memorial Hermann Hospital, Houston, 
Texas, USA
Chapter 11

Chris Harvey, MB ChB
ECMO Director
University Hospitals of Leicester, UK
Chapters 10, 25

Ibrahim Fawzy Hassan, MD
ECMO Program Director
Hamad Medical Corporation, Qatar
Chapter 53

Jonathan Hastie, MD
Medical Director of Cardiothoracic ICU
New York Presbyterian/Columbia, New York, USA
Chapter 50

Micheal Heard, RN FELSO
Advanced Technologies Coordinator
Children’s Healthcare of Atlanta, Georgia, USA
Chapters 14, 60

Daniel L Herr, MD MS
Director Critical Care
Hilton Head Hospital, Okatie, South Carolina, USA
Chapters 24, 47

Carol Hodgson, PhD PT MPhil
Specialist ICU Physiotherapist, Alfred Health
Monash University and Alfred Health, Australia
Chapters 26, 47, 58

Aparna Hoskote, MBBS MD 
Clinical Lead Pediatric Cardiac Intensive Care 
Great Ormond Street Hospital for Children, London, UK 
Chapter 12, 22

Xiaotong Hou, MD PhD
Director of Center for Cardiac Intensive Care
Beijing Anzhen Hospital, Beijing, China
Chapter 57

Katarzyna Hryniewicz, MD
Medical Director VA ECMO Program
Allina Health Minneapolis Heart Institute, Min-
nesota, USA
Chapter 27

Maayke Hunfeld, MD PhD
Pediatric Neurologist
Erasmus Medical Center, The Netherlands
Chapter 16

Rob Hyslop, RN
ECMO Coordinator
Medical City Children’s Hospital, Dallas, Texas, USA
Chapter 60

Shingo Ichiba, MD PhD
Professor of Intensive Care Medicine
Tokyo Women’s Medical University, Tokyo, Japan
Chapter 35

Hanneke Ijsselstijn, MD PhD
Associate Professor
Erasmus MC, Sophia, Rotterdam, The Netherlands
Chapter 12

Jeffrey Phillip Jacobs, MD
Professor of Surgery and Pediatrics
University of Florida, Florida, USA
Chapters 21, 31



xv

Contributors

Ina Jochmans, MD PhD
Abdominal Transplant Surgeon
KU Leuven, University Hospitals Leuven, Belgium
Chapter 45

Timothy J. Jones, MD
Congenital Cardiac Surgeon
Birmingham Women’s and Children’s Hospital, UK
Chapters 17, 54

Jae Seung Jung, MD PhD
Director of ICU
Korea University Anam Hospital, South Korea
Chapter 29

Madelyn Kahana, MD
Director, PICU
Nemours Children’s Hospital, Orlando, Florida, USA
Chapter 50

Christian Karagiannidis, MD
Head ARDS and ECMO Centre Cologne-Merheim
University Witten/Herdecke, Germany
Chapter 43

Javier Kattan, MD
Medical School & ECMO UC Program Director
Pontificia Universidad Católica de Chile
Chapter 11

Christa Jefferis Kirk, PharmD BCCP
Heart Center Clinical Pharmacy Specialist
Seattle Children’s Hospital, Washington, USA
Chapter 49

Roxanne Kirsch, MD MBE
Interim Division Chief Cardiac Critical Care
The Hospital for Sick Children, Toronto, Canada
Chapter 18

Theo Kofidis, MD PhD
Head, Dept of Cardiothoracic and Vascular Surgery
National University Hospital, Singapore 
Chapter 51

Mariusz Kowalewski, MD PhD
Assistant Professor, Cardiac Surgery Department
Central Clinical Hospital, Warsaw, Poland
Chapter 38

Ahmed Labib, MBBCh MSc
Senior Consultant MICU
Hamad General Hospital, Doha, Qatar
Chapter 46

Kevin P. Lally, MS MD
Chairman, Department of Pediatric Surgery
McGovern Medical School at UTHealth Houston, 
Texas, USA
Chapter 11

Giovanni Landoni, MD
Full Professor
Vita-Salute San Raffaele University, Milan, Italy
Chapter 38

Peter C. Laussen, MBBS
Executive Vice President Health Affairs
Boston Children’s Hospital, Boston, Massachusetts, USA
Chapters 21, 55

Robert Burnham Laverty, MD
General Surgery Resident
Brooke Army Medical Center, Fort Sam Houston, 
Texas, USA
Chapter 35

Guillaume Lebreton, MD PhD
Director of Perfusion, ECMO and MCS programs
Pitié-Salpêtrière Hôpital, Sorbonne University, Paris, 
France
Chapter 29

Laurance Lequier, MD
Medical Director PICU
Stollery Children’s Hospital, Alberta, Canada
Chapter 19

Roberto Lorusso, MD PhD FELSO
Professor of Cardiac Surgery and ECLS
Deputy Director Cardio-Thoracic Surgery Dept.
Maastricht University Medical Centre, The Netherlands
Chapters 1, 2, 4, 27, 38, 44

Peter Simon Macdonald, MBBS PhD MD
Medical Director, Heart Transplant Unit
St Vincent’s Hospital, Sydney, Australia
Chapter 45



xvi

Contributors

Graeme MacLaren, MBBS MSc FELSO
Director of Cardiothoracic ICU
National University Hospital, Singapore
Chapters 2, 6, 15, 24, 31, 36, 49, 52, 59

Purnema Madahar, MD MS
Assistant Director of Medical ICU
Columbia University Medical Center, USA
Chapter 23

Brian E. Malley, MD
Clinical Instructor in Critical Care Medicine
University of Pittsburgh, Pennsylvania, USA
Chapter 25

Silvia Mariani, MD PhD Fellow
Cardiac Surgeon 
Maastricht University, The Netherlands
Chapter 27

Gennaro Martucci, MD PhD
Attending for Anesthesia and Intensive Care
IRCCS-ISMETT, Palermo, Italy
Chapter 6

Eva Miranda Marwali, MD PhD
Pediatric Cardiac Intensivist
NCC Harapan Kita, Jakarta, Indonesia
Chapter 52

Phillip E. Mason, MD MS
ECMO Medical Director
Brooke Army Medical Center, Fort Sam Houston, 
Texas, USA
Chapter 7

Timothy M. Maul, CCP FPP PhD
Perfusionist and Senior Research Scientist
Nemours Children’s Health, Orlando, Florida, USA
Chapters 3, 44

Tommaso Mauri, MD
Associate Professor of Critical Care
University of Milan, Milano, Italy
Chapter 5

Michael Mazzeffi, MD
Professor of Anesthesiology
University of Virginia Health
Charlottesville, Virginia, USA
Chapter 33

David Michael McMullan, MD
Chief, Cardiac Surgery
Seattle Children’s Hospital, Seattle, Washington, USA
Chapters 19, 51, 52

Malaika M. Mendonca, MD
Senior Consultant, ECMO Program Director
Children`s University Hospital, Bern, Switzerland
Chapter 22

Elizabeth A. Moore, MBA RN BSN
Associate Director, Heart and Vascular Center
University of Iowa Hospitals and Clinics, Iowa, USA
Chapters 52, 54

Nicholas Moore, MBBS
Department of Anaesthesia & Heartlink
University of Leicester Hospitals, UK
Chapter 50

Gordon Morewood, MD MBA
Professor & Chair, Department of Anesthesiology
Temple University, Philadelphia, Pennsylvania, USA
Chapter 56

Tracy Morrison, RN FELSO
Miami Valley Hospital
Dayton, Ohio, USA
Chapter 55

Wynne Morrison, MD MBE
Professor, Critical Care & Palliative Care
Univ of Pennsylvania School of Medicine, 
Philadelphia, Pennsylvania, USA
Chapter 57

Andrea Moscatelli, MD
Director Emergency Department and NICU-PICU
IRCCS Istituto Gainnina Gaslini, Genova, Italy
Chapter 9



xvii

Contributors

Katie Moynihan, MBBS
Cardiac Intensivist
Boston Children’s Hospital, Boston, Massachusetts, 
USA
Chapter 57

Thomas Müller, MD FELSO
Head of Medical Intensive Care Unit
University Hospital Regensburg, Germany
Chapters 26, 42

Dana A. Mullin, CCP MS
Chief Perfusionist, ECMO Services and Education
New York Presbyterian Hospital, New York, USA
Chapter 54

Priya Nair, MD
Director of Intensive Care
St Vincents Hospital, Sydney, Australia
Chapter 34

Vinodh Bhagyalakshmi Nanjayya, MD
Head of Cardiothoracic ICU
Alfred Hospital, Melbourne, Australia
Chapter 29

Emily Elizabeth Naoum, MD
Obstetric Anesthesiologist, Intensivist
Massachusetts General Hospital, Boston, Massa-
chusetts, USA
Chapter 34

Viviane G. Nasr, MD MPH
Associate Professor
Boston Children’s Hospital, Boston, Massachusetts, 
USA
Chapter 50

Mark T. Ogino, MD FELSO
Chief Partnership Officer
Nemours Children’s Health, Delaware, USA
Chapters 9, 52, 54

Shinichiro Ohshimo, MD PhD
Associate Professor of ER/ICU
Hiroshima University, Hiroshima, Japan
Chapter 38

Neil Orford, MBBS PhD
Senior ICU Consultant
University Hospital Geelong, Geelong, Australia
Chapter 52

P. Pearl O’Rourke, MD FELSO
Harvard Medical School, Boston, Massachusetts, USA
Chapter 1

Matthew L. Paden, MD
Professor of Pediatric Critical Care
Children’s Healthcare of Atlanta, Georgia, USA
Chapters 42, 60

Federico Pappalardo, MD
Director Cardiothoracic ICU
AO SS Antonio e Biagio, Alessandria, Italy
Chapter 44

David Paredes-Zapata, MD CETC UEMS
Consultant Transplant Coordination, Asst Prof
Hospital Clinic, University of Barcelona, Spain
Chapter 45

Bhavesh Patel, MD
Consultant, Critical Care Medicine
Mayo Clinic, Phoenix, Arizona, USA
Chapter 28

Giles J. Peek, MD FELSO
Professor of Surgery and Pediatrics
University of Florida, Florida, USA
Chapters 4, 10, 31, 37, 51

Vin Pellegrino, MBBS FELSO
Head of ECMO Clinical Services
Alfred Health, Melbourne, Australia
Chapter 25

Tanya Perry, DO
Cardiac ICU/Ventricular Assist Device Program
Cincinnati Children’s Hospital Medical Center, 
Cincinnati, Ohio, USA
Chapter 17



xviii

Contributors

Antonio Pesenti, MD FELSO
Director of Anesthesia, Critical Care and Emergency
Fondazione IRCCS Cà Granda Ospedale Maggiore 
Policlinico, Milano, Italy
Chapter 43

Thomas Pranikoff, MD
Surgeon-in-Chief, Brenner Children’s
Atrium Health Wake Forest Baptist, Winston-Salem, 
North Carolina, USA
Chapter 15

Susanna Price, MD PhD
Clinical Lead Cardiogenic Shock Programme
Royal Brompton, Harefield Hospitals, London, UK
Chapter 32

Parthak Prodhan, MD MBA
Director of Pediatric Cardiothoracic ICU
Arkansas Children’s Hospital, Arkansas, USA
Chapter 16

Ahmed Abdulhamid Rabie, MD
Director of  ECMO Program, ICU Consultant
King Saud Medical City, Riyadh, Saudi Arabia
Chapter 52

Lakshmi Raman, MD
Medical Director of ECMO, Childrens Health
UT Southwestern Medical Center, Dallas, Texas, USA
Chapter 16

Raj Ramanan, MD
Medical Director, ECMO
University of Pittsburgh Medical Center, Pittsburgh, 
Pennsylvania, USA
Chapter 25

Kollengode Ramanathan, MD
Senior Consultant, Cardiothoracic ICU
National University Hospital, Singapore
Chapters 34, 54

Hannah Rando, MD MPH
Postdoctoral Research Fellow
Johns Hopkins Hospital, Baltimore, Maryland, USA
Chapter 33

Jordi Riera, MD PhD
Intensivist. Director of adult ECMO Program
Hospital Universitari Vall d’Hebron, Barcelona, 
Spain
Chapter 47

Natalie Rintoul, MD
Medical Director Neonatal Surgical Service/ECMO
Children’s Hospital of Philadelphia, Pennsylvania, USA
Chapter 8

Jason A. Roberts, PhD BPharm BAppSc
Professor of Medicine & NHMRC Leadership Fellow
The University of Queensland, Brisbane, Australia
Chapter 49 

Teryn R. Roberts, PhD
Principal Investigator
AREVA Research Program, San Antonio, Texas, USA
Chapter 6

Peter Paul Roeleveld, MD PhD
Medical Director of PICU
Leiden University Medical Center, The Netherlands
Chapters 18, 51

Alvaro Rojas-Pena, MD
Assistant Research Scientist of Surgery
University of Michigan, Ann Arbor, Michigan, USA
Chapter 45

Erika B. Rosenzweig, MD
Director, Pulmonary Hypertension Center
Columbia University, New York, USA
Chapter 31

Jose Alfonso Rubio Mateo-Sidron, MBBS
ICU Consultant
Hospital Universitario 12 de Octubre, Madrid, Spain
Chapter 28

Peter Rycus, MPH FELSO
Executive Director
Extracorporeal Life Support Organization (ELSO)
Chapter 60



xix

Contributors

Lindsay M. Ryerson, MD
Pediatric cardiac intensivist
Stollery Children’s Hospital, Edmonton, Canada
Chapter 6

Pranya Sakiyalak, MD
Bangkok Heart Hospital
Bangkok, Thailand
Chapter 56

Leonardo Salazar, MD MSc
Director ECMO and VAD program
Fundacion Cardiovascular de Colombia, Colombia
Chapter 30

Bernadette Sanchez Elliott, BSN RN
Adult ECLS Transport Program Manager
Brooke Army Medical Center, Fort Sam Houston, 
Texas, USA
Chapter 46

Anna Mara Scandroglio, MD
Director of Cardiothoracic ICU
San Raffaele Hospital, Milano, Italy
Chapter 38

Gregory Schears, MD
Professor of Anesthesiology
Mayo Clinic, Rochester, Minnesota, USA
Chapter 31

Peter Schellongowski, MD
Consultant of Medical Intensive Care
Dept. of Med. I, Medical University of Vienna, Austria
Chapter 39

Luregn J. Schlapbach, MD PhD
Head, Department of Intensive Care
University Children’s Hospital Zurich, Zurich, 
Switzerland
Chapter 13

Matthieu Schmidt, MD PhD
Professor of Intensive Care
Pitié-Salpêtrière Hôpital, Paris, France
Chapters 5, 39, 47, 59

Steven M. Schwartz, MD MS
Chief, Department of Critical Care Medicine
The Hospital for Sick Children, Toronto, Canada
Chapters 18, 55

Ayan Sen, MD MSc
Chair, Department of Critical Care Medicine
Mayo Clinic, Arizona, USA
Chapter 28

Omar M. Sharaf, BS
Research Fellow
University of Florida Health, Florida, USA
Chapter 31

Kiran Shekar, MBBS PhD
Senior Intensivist & Director of Research
The Prince Charles Hospital, Brisbane, Australia
Chapters 29, 49

Lara Shekerdemian, MBChB MD MHA
Pediatrician In-Chief, Professor of Pediatrics
Texas Children’s Hospital, College of Medicine, 
Houston, Texas, USA
Chapters 19, 56

Jayne Sheldrake, MSC BSc
ECLS Clinical Nurse Consultant
Alfred Health, Melbourne, Australia
Chapter 24

Riyan Sukumar Shetty, MBBS MD
Consultant, Pediatric Cardiac ICU & ECMO Director
Narayana Institute of Cardiac Sciences, Bengaluru, 
Karnataka, India
Chapter 56

Billie Lou Short, MD FELSO
Chief, Division of Neonatology
Children’s National Hospital, Washington DC, USA
Chapters 1, 8

Farah Siddiqui, MBChB DM
Consultant in Fetal and Maternal Medicine
University Hospitals of Leicester NHS Trust, 
Leicester, UK
Chapter 34



xx

Contributors

Simon Sin Wai Ching, MBBS
Director of Critical Care Medicine Unit
LKS Faculty of Medicine University of Hong Kong, 
Hong Kong
Chapter 54

Kai Singbartl, MD MPH
Intensivist & Hospital Medical Director
Mayo Clinic, Phoenix, Arizona, USA
Chapter 28

Jonathan Hayden Smith, MBChB
Paediatric Cardiothoracic Anaesthesia
Freeman Hospital, Newcastle upon Tyne, UK
Chapter 41

Elena Spinelli, MD
Intensivist
Ospedale Maggiore Policlinico, Milano, Italy
Chapter 43

Christine Stead, MHSA
Chief Executive Officer
Extracorporeal Life Support Organization (ELSO)
Chapter 55

R. Scott Stephens, MD
Director, Oncology/Bone Marrow Transplant ICU
Johns Hopkins University, Baltimore, Maryland, USA
Chapter 39

Yuriy Stukov, MD
Research Fellow
University of Florida, Florida, USA
Chapter 4

Erik Su, MD
Assistant Professor, ACHD ICU
Texas Children’s Hospital, Houston, Texas, USA
Chapter 48

Alexander Supady, MD MPH
Attending Physician
Medical Center, University of Freiburg, Germany
Chapters 42, 57

Denise Suttner, MD
Director Neonatal Services, Director of ECMO
UC San Diego, Rady Childrens Hospital, San Diego, 
California, USA
Chapter 11

Justyna Swol, MD PhD
Clinical Scientist
Paracelsus Medical University Nuremberg, Germany
Chapters 35, 53

Sarah Tabbutt, MD PhD
Professor of Pediatrics
University of California, San Francisco, California, USA
Chapter 17

Koji Takeda, MD
Director, Cardiac Transplant and ECMO
New York-Presbyterian/Columbia University, New 
York, USA
Chapter 38

Ravi R. Thiagarajan, MBBS MPH FELSO
Professor of Pediatrics, Harvard University
Chief, Cardiac Critical Care
Boston Children’s Hospital, Boston, Massachusetts, 
USA
Chapters 6, 17, 21, 44, 48, 60

Pierre Tissieres, MD DSc
Director Pediatric ICU
AP-HP Paris Saclay University, Bicetre Hospital, Le 
Kremlin-Bicêtre, France
Chapter 13

Joseph E. Tonna, MD MS
Section Head, Cardiothoracic Critical Care
University of Utah Health, Utah, USA
Chapters 27, 60

John M. Toomasian, MS CCP FELSO
Senior Research Scientist, ECLS Laboratory
University of Michigan, Ann Arbor, Michigan, USA
Chapter 3

Sebastian C. Tume, MD
Director of Cardiac Intensive Care Unit
Texas Children’s Hospital, Houston, Texas, USA
Chapter 20



xxi

Contributors

Eleonore Valencia, MD
CICU Staff Physician
Boston Children’s Hospital, Boston, Massachusetts, 
USA
Chapters 37, 49

Anne Marie Valente, MD
Director, Boston Adult Congenital Heart Program
Boston Children’s Hospital, Harvard Medical School, 
Boston, USA
Chapter 31

Arno van Heijst, MD PhD
Pediatrician-neonatologist
Sophia Childrens Hospital, Rotterdam, The Netherlands
Chapter 12

Krisa Van Meurs, MD
Lucile Packard Children’s Hospital at Stanford, Palo 
Alto, California, USA
Chapter 9

Christophe Vandenbriele, MD PhD
Consultant Cardiac Intensive Care
University Hospital Leuven, Belgium
Chapter 6

Leen Vercaemst, RN ECCP FELSO
Clinical Perfusionist, ECMO Coordinator
University Hospital Leuven, Belgium
Chapters 3, 7, 42

Alain Vuylsteke, BSc MD MA
Consultant in Anaesthesia and Intensive Care
Royal Papworth  Hospital, Cambridge, UK
Chapter 26

Kevin M. Watt, MD PhD
Division Chief of Clinical Pharmacology
University of Utah, USA
Chapter 49

Chris L. Wells, PhD PT CCS ATC
EBP & Research Coordinator
University of Maryland Medical Center, USA
Chapter 47

Claire Anne Westrope, MBChB
Consultant PICU|ECMO
University Hospitals Leicester NHS Trust, UK
Chapter 8

Glenn J.R. Whitman, MD
Professor and Director, CVSICU
Johns Hopkins School of Medicine, Baltimore, 
Maryland, USA
Chapter 30

Christopher Wilcox, DO MS
Assistant Professor
Johns Hopkins Hospital, Baltimore, Maryland, USA
Chapter 30

K. Taylor Wild, MD
Fellow Physician
Children’s Hospital of Philadelphia, Pennsylvania, USA
Chapter 8

Demetris Yannopoulos, MD
Professor of Medicine
University of Minnesota, Minneapolis, USA
Chapters 32, 46

Jonathan C. Yeung, MD PhD
Assistant Professor
University of Toronto, Toronto, Canada
Chapter 39

Bishoy Zakhary, MD
Director of ECMO
Oregon Health & Science University, Oregon, USA
Chapter 54

David Zonies, MD MPH MBA
Associate Chief Medical Officer
Oregon Health & Science University, Oregon, USA
Chapter 46





xxiii

Preface to the 6th Edition

Much has changed in the world of extracorporeal life support (ECLS) since the Fifth Edition of 
the Extracorporeal Life Support Organization (ELSO) Red Book was published in 2017. An ever-
increasing amount of research has been published, many centers have developed new programs, 
and ECLS has become better established as support for numerous conditions. However, none of 
these changes approach the impact of the emergence of Coronavirus disease 2019 (COVID-19) 
on the ECLS community, on the ICU community, and on healthcare professionals worldwide. The 
most devastating emerging infectious disease outbreak since the Influenza A(H1N1) pandemic of 
1918, COVID-19 has caused several million deaths, catastrophic social disruption, unprecedented 
travel restrictions, and widespread economic hardship. The impact on healthcare professionals has 
been immense, leading to mass resignations in many regions. Throughout this time, the role of 
ECLS has been re-examined as life support therapy for patients with the most severe pulmonary 
or cardiac failure, capturing widespread medical and media attention. 

ELSO has continued to evolve to meet the needs of the ECLS community. Seven hundred 
twenty-nine international centers were registered ELSO members at the beginning of 2022, 
representing a >50% increase since the last edition was published. ELSO has updated important 
clinical guidelines, established a comprehensive online training program and certification for adult 
ECLS practitioners, and published a number of pivotal studies in the field.

As with previous editions, and in the spirit of academic collaboration, any figure, table, or text 
not previously bound by copyright may be reproduced in scientific publications without further 
permission, conditional on the source being referenced. Common abbreviations can be found in 
the glossary. This edition of the ELSO Red Book will be available both as a hard copy and an 
electronic reference as we work toward developing a dedicated online platform fit for our times. 

Throughout the book, the terms ECLS and ECMO (extracorporeal membrane oxygenation) 
are essentially used interchangeably. Those interested in learning the exact differences between the 
two are directed to Chapter 2 on Nomenclature. While many prefer the more accurate term ECLS, 
ECMO has fewer syllables, is easier to say in conversation, and has become so firmly established 
that it is hard to imagine it being laid aside. 

Although the COVID-19 pandemic has adversely impacted so many lives, it has also shown 
the resilience of healthcare professionals in the face of overwhelming clinical demand, fostering 
many significant international collaborations, and demonstrated that the ECLS community can 
share protocols, data, and research in order to fulfill our fundamental mission of saving lives. We 
hope that the Sixth Edition of the ELSO Red Book will contribute to this mission. We would like 
to thank the many experts who gave freely of their time and energy to contribute to this book 
despite the ongoing pandemic; Peter Rycus, Cindy Cooke, and Christine Stead for their invaluable 
help in organization and editing; and Dr Robert H. Bartlett for setting all our feet upon the road.

Graeme MacLaren Daniel Brodie
Roberto Lorusso Giles Peek
Ravi Thiagarajan Leen Vercaemst
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2022 marks the 50-year anniversary of the first ever clinical report of ECLS. Dr Robert H. Bartlett 
was there taking care of patients from the beginning and yet continues to guide the evolution of 
ECLS and the organization that he founded, ELSO.

His deep commitment to advancing the art and science of critical care medicine has saved many 
thousands of lives and fostered a flourishing global ECLS community. 

On behalf of ELSO and the wider community, we thank him for his unwavering dedication.
 

Dr. Robert H. Bartlett - A Lifetime of Commitment

Thank you, Robert H. Bartlett, for 50 Years of ECLS
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The History and Development of Extracorporeal Support

James D. Fortenberry, Robert H. Bartlett, P. Pearl O’Rourke, Billie Lou Short, Roberto Lorusso

The History and Development of 
Extracorporeal Support

“During that long night, helplessly watching 
the patient struggle for life as her blood became 
darker… the idea naturally occurred to me that 
if it were possible to remove continuously some 
of the blue blood…put oxygen into that blood...
and then to inject continuously the now-red 
blood back into the patient’s arteries, we might 
have saved her life.” 

-John Gibbon MD 

Extracorporeal Support: Earliest Beginnings

Surgeon John Gibbon eloquently described 
the anguish and powerlessness he felt as a young 
research fellow in 1931 over the loss of a young 
patient to a pulmonary embolism.1 The memory 
of that single patient was the impetus for Dr. 
Gibbon to embark on an effort dedicated to the 
proposition that mimicking or replacing normal 
human body cardiopulmonary functions during 
an acute illness could save lives. However, 
the remarkable story of the development of 
extracorporeal support can be traced as far back 
as 1693, when Jean Baptiste Denis performed 
experiments cross-transfusing the blood of a 
human with the “gentle humors of a lamb” to 
determine if living blood could be transmitted 

between two species (Figure 1-1). Benjamin 
Ward Richardson MD, noted British physician 
and anesthetist, conducted experiments in the 
1860s using injected oxygen and blood driven 
by a syringe to the right heart to generate 
artificial circulation in an animal model. 

Figure 1-1. Woodcarving of experiments circa 
1693 by Jean Baptiste Denis to drain human 
blood into a sheep (Source: Jefferson Medical 
Archives).
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Results were promising, but limited by lack 
of anticoagulation, leading Richardson to 
note, “I infer that resuscitation [and artificial 
circulation]…is a possible process, and 
that it demands only the elements of time, 
experiment and patience for its development of 
a demonstrable fact of modern science.”2 In the 
1920s Russian physician Sergei Brukhonenko 
and collaborators developed a total body 
perfusion system, called the ‘autojector,’ 
using excised donor animal lungs for blood 
oxygenation, and later a bubble oxygenator, to 
perform successful animal experiments with 
isolation of the heart.3

Dr. Gibbon began his journey to further 
advance the field of extracorporeal support in 
humans in the 1930s. Collaborating with his wife 
Mary at Jefferson Medical School in Philadelphia, 
Dr. Gibbon developed a freestanding roller 
pump device for extracorporeal support. The 
initial Gibbon heart-lung machine was the 
size of a spinet piano that created thin films 
of deoxygenated blood passing over a screen 

exposed to oxygen.1,4   Twenty-two years 
would pass before Dr. Gibbon was able to use 
the device in the operating theater. On May 
6, 1953, he performed the first successful 
extracorporeally assisted repair of an atrial 
septal defect in 18-year-old Cecilia Bavolek 
(Figure 1-2). 

The esteemed cardiac surgeon C. Walton 
Lillehei, MD (Figure 1-3) further advanced 
extracorporeal circulation in the operating room 
in 1954 when he performed cardiac surgery via 
cross circulation and then progressed to using a 
bubble oxygenator which he had invented with 
Richard DeWall. The remarkable chronicles 
of early extracorporeal development were 
captured by Dr. Lillehei in the first edition of 
the ELSO Red Book.4,5

While use of extracorporeal support proved 
feasible in limited settings in the operating 
theater, more prolonged use past several hours 
outside of the OR remained problematic. Early 
attempts in the ICU for extracorporeal support 
were limited by the nature of available artificial 
lung devices and blood gas interfaces, which 
tended to induce blood component damage 
from the direct exposure to oxygen gas.6,7 

Figure 1-2. Left: John H. Gibbon MD and patient Cecilia Bavolek, who underwent the landmark repair 
in 1953 of an atrial septal defect utilizing an extracorporeal circuit. The two pose before the covered 

“lung” ten years after the procedure. Right: original device, approximately the size of a spinet piano 
(Source: Jefferson University Archives).
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Bubble oxygenators did not create an interface 
between blood and gas, producing hemolysis 
within hours. 

The next steps in the development of 
extracorporeal support were a testimony to the 
collaboration between biomedical engineers, 
physiologists, physicians, and surgeons to 
create devices that could provide support for 
more extended time periods inside and outside 
the OR without massive hemolysis and plasma 
leakage across any membrane or interface. Two 
basic innovations drove this breakthrough: the 
invention of silicone and the ability to allow 
prolonged circuit-blood exposure through 
controlled anticoagulation.8 The development of 
synthesis of silicone rubber by Kammermeyer 
in 1957 revolutionized the artificial lung.8,9 
Silicone possessed the strength to withstand 
hydrostatic pressure and yet remain permeable 
to gas transfer. Collaborative innovators, 
including Drs. Theodor Kolobow, Al Gazzaniga, 
Phil Drinker, and Robert Bartlett pioneered 

experiments in developing a silicone membrane 
lung that allowed prolonged circulation1. Kolff 
and Kolobow independently identified and 
advanced the use of silicone membranes for 
gas exchange, and Kolobow identified the 
enhanced gas exchange activity of a spiral-
wrapped silicone membrane.9,10 The use of this 
spiral-wrapped silicone ‘membrane oxygenator’ 
also led to the use of the term extracorporeal 
membrane oxygenation (ECMO). Bypass 
became feasible in animal models for days at 
a time.11

Bartlett and Drinker also recognized that 
the cardiac patient in the operating room needed 

“infinite” anticoagulation due to stagnation 
in open surgical repair, but with long-term 
circulating flow, significantly less heparin 
would be required.7 They showed circuits could 
be used for days using minimal heparin without 
clot formation or hemorrhage.11,12 Bartlett 
and Drinker also described and developed an 
approach to continuously titrate coagulation and 

Figure 1-3. Bubble oxygenator first used in 1954. Left: Inventor Richard DeWall and device. Right: 
Dr. C. Walton Lillehei, cardiovascular surgeon and innovator in cardiopulmonary bypass.
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heparin dosing via the activated clotting time, 
a time honored approach that has remained in 
place for over 40 years.7

The benefits of extracorporeal support with 
membrane oxygenators during a procedure 
and recovery postoperatively in children with 
congenital heart disease encouraged physicians 
to expand its operating room use. Baffes et 
al.13 first reported the use of extracorporeal 
support for palliative neonatal cardiac surgery 
procedures, followed by experiences from 
other centers. In 1972, Bartlett, Gazzaniga, 
and associates first successfully used cardiac 
ECMO for 36 hours in a 2-year-old infant with 
cardiac failure following a Mustard procedure 
for correction of transposition of the great 
vessels; they subsequently reported a growing 
series of pediatric cardiac cases.14 Indications in 
these patients related to low cardiac output due 
to ventricular failure or pulmonary vasospastic 
crisis following surgical repair of complex 
heart lesions. 

With this improved technology, extracor-
poreal support was extended outside of the 
operating theater. Dr. J.D. Hill reported on 
the first successful cannulation and prolonged 
extracorporeal circuit use in a patient in an 
intensive care setting in 1972.15 The patient 
was a 24 year old male with a ruptured aorta 
and posttraumatic acute respiratory distress 
syndrome following a motorcycle accident, 
who was supported with a membrane lung 
developed by Morrie Bramson. The patient 
received venoarterial support for 75 hours, with 
subsequent decannulation and survival. Adult 
ECMO support efforts continued, although 
survival rates were initially low.

Meanwhile, the use of ECLS in neonates 
also expanded. Dorsons and White reported 
experience with trials of extracorporeal 
support16, 17 in moribund patient cases at the 
end of life, demonstrating the capability of the 
support system to provide adequate oxygenation. 

Surgeon Dr. Robert Bartlett (Figure 1-4), 
who has been called the father of modern 

Figure 1-4. Dr. Robert H. Bartlett. The Father of ECMO.
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extracorporeal support, made a therapeutic 
decision in 1975 that brought this burgeoning 
technology to neonates. Faced with a newborn 
infant dying from meconium aspiration 
pneumonia  and  resul tan t  pulmonary 
hypertension, Bartlett and colleagues brought 
an ECMO oxygenator to the NICU bedside 
from the laboratory, and sought consent from 
the infant’s mother, who had delivered her 
after crossing the Mexican border into Orange 
County, California. She signed the consent and 
then disappeared, leaving her baby behind. The 
nursing staff named the child Esperanza, Spanish 
for “hope.”18 She received ECMO support for 72 
hours, and then was decannulated with recovery, 
and a subsequent life with children of her own 
(Figure 1-5).19,20 Bartlett’s success and further 
experience helped drive growing successful 
expansion of use in neonates around the world. 
From 3 survivors among 16 patients treated 
by Bartlett and colleagues, clinical outcomes 
consistently improved,21-23 which promoted 
the interest and application in the surgical and 
intensive care communities. Published reports 
showed ongoing improvements in outcomes, 
increasing survival rates to 75% for neonatal 
diseases previously associated with only 10% 
survival.

Expansion of the use of ECMO in neonates 
ran counter to typical use of new medical and 

technologic interventions, which had typically 
advanced first in adults. With growing interest, 
the medical community sought randomized, 
controlled trial (RCT) evidence of the benefits 
of neonatal extracorporeal support over 
standard therapies. Dr. Bartlett and colleagues 
at the University of Michigan initiated an 
ECMO RCT with an intriguing statistical twist 
to give preference in the trial to a therapy which 
appeared superior. Their “randomized play the 
winner” approach began with randomization 
but gave increased preference based on the 
success or failure of the previous patient. 
During the study, the first patient receiving 
ECMO survived. The next patient, randomized 
to standard care, died. Increased preference 
went to ECMO, and the next ten patients, all 
receiving ECMO, survived. The study24 was 
published in 1985 to significant controversy 
and discussion, including concern that control 
patients did not undergo informed consent. The 
findings, however, encouraged growing use of 
ECMO support in neonates. 

Figure 1-5 Left
Figure 1-5 RightFigure 1-5. Left: Esperanza, the first infant successfully placed on ECMO for primary 

respiratory failure. Right: Esperanza and daughter with Dr. Bartlett at ELSO conference.
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A second prospective trial effort took 
advantage of ECMO and traditional, non-
ECMO therapy being provided in separate 
intensive care units. Dr. Pearl O’Rourke, a 
pediatric critical care physician at Boston 
Children’s Hospital, led a two-phase RCT. The 
study design included a phase one approach 
with a traditional 50/50 randomization of 
patients until one arm had four deaths or there 
was a statistical difference between the two 
arms, followed by a phase two utilizing an 
adaptive design to favor the “winner” of the 
first phase. Overall, 19/20 (97%) of ECMO 
patients survived compared to 60% of standard 
control patients.25 The study, published in 
1989, engendered controversy in the medical 
community and in the media.26,27 Ironically, an 
outcry arose from many medical professionals 
and the lay press that randomization to standard 
therapy without ECMO was unethical, implying 
a loss of equipoise and subtly demonstrating 
recognition that ECMO had become a standard 
of care. 

The long-desired RCT evidence for outcome 
benefit in neonatal ECMO for persistent 
pulmonary hypertension was provided by a 
study performed in the United Kingdom from 
1993 to 199528 that remains to date the largest 
randomized ECMO trial in children. The study, 
authored by Drs. David Field, Richard Firmin, 
and colleagues, enrolled 55 centers and took 
advantage of the country’s regionalized medical/ 
ECMO system, with randomization either to 
stay in the referral center for standard therapy 
or transfer to the regional ECMO center. A 
significant survival difference (60% in ECMO 
patients vs. 40% with standard therapy; number 
needed to treat: 3 to 4) supported the superiority 
of ECMO in severe neonatal respiratory 
failure and etched the value of ECMO in 
stone. Centers performing ECMO grew from 
only 18 worldwide in the 1980s to over 100 
centers in the early 1990s. In great part due to 
technological advances, application of ECMO 

to neonatal and pediatric populations became 
a common practice.

Global Spread of ECMO

Even absent the elusive “perfect” trial, 
support for, and use of ECMO in neonates 
grew globally. Neonatal ECMO served as a 
role model for rapid propagation of medical 
technology for treatment of disease and 
served as a demonstration model in a National 
Institutes of Health workshop for diffusion 
of technology in 1990 (Figure 1-6), outlining 
the meteoric rise from concept to clinically 
accepted, if still controversial, therapy. The 
NIH workshop Chair, Dr. Anne Lennarson-
Greer, noted, “The diffusion of an innovation 
is a highly social process. The spread of even 
a simple technology..is characterized by many 
interpersonal contacts and differentiated social 
roles.”29

The concept of rapid technology diffusion as 
a social enterprise aptly described ECMO well 
before the days of social media. Dissemination 
of information for ECMO accelerated with the 
initiation of meetings and networks dedicated 

 

Figure 1-6. Graphic representation of 
development and propagation of ECMO, 
from NIH Report of the Workshop on 
Diffusion of ECMO Technology, 1993.
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to ECMO issues. Multiple centers sprang 
up nationally and internationally, often with 
movement of physicians and staff to develop a 
new center, and always with collaboration from 
the experienced centers. For instance, in 1983, 
only three institutions regularly performing 
ECMO (Medical College of Virginia, University 
of Michigan, and University of Pittsburgh) were 

represented at one of the meetings. By 1986, 
nineteen institutions provided ECMO support to 
neonates.30 A voluntary alliance of these active 
centers emerged. In 1989, a steering committee 
formed (Table 1-1 and Figure 1-7) and created 
the bylaws to form the Extracorporeal Life 
Support Organization (ELSO). The purpose 
of ELSO was to pool common data on ECMO 
use, compare outcomes, and exchange ideas for 
optimal use of ECMO support. ELSO meetings 
attracted representatives from the small number 
of institutions performing ECMO to present 
their experience. The growing interest in ECMO 
led to the development of a week-long meeting 
totally dedicated to ECMO directed by Dr. Billie 
Short and sponsored by DC Children’s National 
Medical Center. Attendance was broadened by 
a growing international community experience. 
The community of international ECMO 
experience also grew with the first European 
symposium on extracorporeal lung support in 
Paris in 1991. This meeting was associated with 
the foundation of the European Extracorporeal 
Life Support Organization (EESO). In 1994, the 

MEMBERS LOCATION 
Robert Bartlett Ann Arbor, MI 
William Kanto Augusta, GA 
Fred Ryckman Cincinnati, OH 
Larry Cook Louisville, KY 
Martin Keszler Washington, DC 
Billie Lou Short Washington, DC 
P. Pearl O’Rourke Seattle, WA 
J. Devn Cornish San Diego, CA 
Charles Stolar New York, NY 
Michael Klein Detroit, MI 
Phyllis McClelland Ann Arbor, MI 
Sandy Snedecor Ann Arbor, M 

 
Table 1-1: ELSO's First Steering Committee

Figure 1-7. Above: Attendees at Charter Meeting of the Extracorporeal Life Support Organization, 
October 1989.
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international ECMO conference represented the 
first combined meeting of ELSO and EESO. 

ELSO became the epicenter for the 
development of thought and definition of the 
operation of an ECMO center and guidelines 
which could be utilized by a growing number 
of centers. In addition, it became the steering 
organization for future randomized trial work. 
Awards for ELSO Centers of Excellence 
were developed to provide center recognition 
around ELSO recommendations. The Award of 
Excellence has received recognition by entities 
such as the annual US News and World Report 
survey as a marker of institutional quality.

Key efforts of ELSO included the 
publication of manuals and textbooks to help 
codify approaches to ECMO care. The need 
for a collated text of ECMO knowledge was 
recognized. Two members of the steering 
committee, Drs. Robert Arensman and Devn 
Cornish, edited the inaugural edition of this 
textbook, now known as the ‘Red Book,’ in 
1992. The Red Book is now entering its 6th 
edition in 2022 as a collaboration of experts in 
the global ECMO community.

A critical element of propagation of 
ECMO technology was the development of 
a standardized international patient database 
to track results and provide evaluation of 
indications and outcomes in a large population, 
a huge improvement over traditional small case 
series experience. This early database, which 
transitioned into the ELSO Registry (Chapter 
60),31 allowed for participating institutions to 
collate and compare outcomes with national 
and international centers. International ELSO 
Registry involvement grew from 80 centers in 
1990 to over 764 active centers in 2022, and well 
over 600 centers contributing data (Figure 1-8). 
From Registry inception to date in 2022, the 
Registry database has captured over 175,000 
patients and provided data for hundreds of 
publications and countless queries for centers 
seeking experience around ECMO use in a 
specific condition. The Registry is the largest 
repository of extracorporeal support data in the 
world and is considered the gold standard for 
reporting US and international ECLS outcomes. 
Use of neonatal ECMO peaked in 1992 at 
around 1500 annual cases. The development 
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of additional new therapies such as inhaled 
nitric oxide as well as advances in mechanical 
ventilation likely contributed to a decline in 
the numbers of neonates requiring ECMO, to 
current levels half of those at the peak.

Efforts to use ECMO for pediatric cardiac 
and respiratory failure rose with the success of 
neonatal ECMO and its availability in growing 
numbers of centers. A variety of case series 
supported the efficacy of ECMO in pediatric 
respiratory failure.32,33 However, the relatively 
low numbers of pediatric patients suitable for 
ECMO across the U.S. precluded a definitive 
trial. A multicenter RCT was attempted in the 
1990s by Fackler and Heulitt, but was stopped 
due to enrollment difficulties, and lower than 
expected mortality in the study population.34 
In the absence of a pediatric RCT, the most 
significant case-control study35 demonstrated 
improved outcomes associated with use of 
ECMO. To date, no new pediatric RCTs are 
on the horizon. Efforts in pediatrics became 
focused on delineating optimal timing and 
indications for support,36 pushing the envelope 
for pediatric indications,37,38 and determining 
relationships between center volumes and 
outcome.39

Perseverance: Experience and Growing 
Indications in ECMO

Since the initial efforts of Dr. Gibbon, 
clinicians sought to utilize the benefits of ECMO 
to allow recovery in adult cardiac and respiratory 
failure. However, the road to acceptance of the 
benefits of ECMO in adults was a slow one. The 
first attempt at an ECMO RCT was actually an 
NIH-supported adult trial directed by Zapol 
et al. comparing venoarterial (VA) ECMO 
to standard therapy for severe respiratory 
failure.40 The study, while well intentioned, was 
hampered by a variety of factors, including the 
choice of moribund patients for study entry, 
participation of the majority of centers with no 
previous ECMO experience, and the utilization 

of VA cannulation patients potentially requiring 
only respiratory support. The trial utilized the 
relatively poor-performing technology available 
at the time, and lung protective strategies 
were not utilized in either arm. The study 
demonstrated very poor survival (approximately 
10%) in both study arms. These findings, 
although clearly underlining the complexity 
of the clinical scenario (66% mortality in total 
population and 90% in severe ARDS patients), 
put a chill on subsequent extension of ECLS in 
adult respiratory failure.

In a later adult RCT in 1994,41 patients 
with ARDS were randomized to receive either 
extracorporeal CO2 removal with VA support 
or standard therapy utilizing a computerized 
protocol for ventilator management. The study 
again showed no difference in outcomes. Study 
design concerns included the lack of experience 
with extracorporeal use in some centers as well 
as extremely high blood loss in ECMO patients. 
Despite these disappointing study results, 
physicians such as Dr. Luciano Gattinoni42 
and Dr. Bartlett persevered in its use in adults, 
reporting significant survival improvement 
compared to historical controls. 

Advances in ECMO experience, equipment, 
and expertise paved the way for a groundbreaking 
RCT in adult respiratory failure, the 2009 United 
Kingdom Conventional ventilatory support vs. 
Extracorporeal membrane oxygenation for 
Severe Adult Respiratory failure (CESAR) 
trial,43 under the leadership of Dr. Giles 
Peek. The CESAR trial took advantage of 
the regionalized ECMO system which had 
allowed the success of the neonatal UK trial, 
with patients randomized to either remain at 
a standard treatment center or be transferred 
to a regional ECMO center. The study also 
utilized venovenous (VV) cannulation, with its 
inherent advantages. Patients receiving care at 
the ECMO center demonstrated significantly 
improved intact survival compared to standard 
center treatment (63% vs. 47%, RR 0.69). The 
study results, while controversial due to some 
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methodological limitations, served to support 
the growing interest in adult therapeutic 
potential. 

The timing of release of the CESAR 
results shortly preceded the 2009 worldwide 
Influenza A(H1N1) pandemic. The acute, 
severe, fulminant nature of respiratory failure 
with H1N1 led providers to seek ECMO as a 
therapeutic option, with encouraging findings 
supporting potential ECMO benefit.44,45 The 
convergence helped supercharge international 
growth of ECMO use. Both ELSO Registry 
reports31,46 and studies of independent national 
data registries47 demonstrated a marked rise in 
adult cannulation in subsequent years, with a 
continued upward trajectory to the present day.

This rise in use of extracorporeal support 
was fuelled by several major advancements 
in equipment, including improvements in 
oxygenator components, ECLS circuit and 
configuration, and vascular access. Femoro-
femoral cannulation with reduced cannula sizes, 
prevention of limb ischemia through selective 
distal perfusion, active drainage of limb venous 
flow, and attention paid to left ventricular 
unloading all played a critical role in enhanced 
ECLS management, reduced complication 
rates, and improved outcome. Vascular access 
techniques transitioned from surgical cutdown 
and insertion towards emphasis on peripheral 
access employing the Seldinger technique, with 
thin, small size, percutaneous cannulas, often 
characterized by nonthrombogenic surfaces. 
Cannula design (double lumen cannula for 
VV ECMO48,49 or low profile cannulas for 
arterial access) and the routine application of 
distal limb perfusion in case of femoral artery 
cannulation for peripheral VA were additional 
breakthroughs for successful ECMO application, 
with significant reductions in postprocedural 
complications. These innovations increased use 
of VV cannulation, with transition from routine 
use of VA cannulation to a predominance of VV 
use for pediatric respiratory failure in 2012.31  

Coating and heparin-bonded circuit 
surfaces,50 together with the miniaturization 
and integration of pump systems, led to the 
development of more simplified, portable, and 
efficient ECLS systems. The most significant 
recent step was the development of the 
polymethyl pentene membrane oxygenator, with 
low priming volumes, low internal resistance, 
high oxygenation efficiency, and long-lasting 
membrane performance.51 Preferential use 
of centrifugal pumps for pediatric and adult 
support also grew.

Several trends in management also altered 
ECMO care. In Europe, efforts to allow patients 
to remain awake and enhance mobility were 
popularized, particularly by the ECMO team at 
the Karolinska Institute,52 allowing for longer 
runs, bridging for transplant, and the capacity for 
ambulatory ECMO.53,54 Primary use of ECMO 
for extracorporeal carbon dioxide removal 
opened the door for potential support for a 
large number of adults with chronic obstructive 
pulmonary disease.55 ECMO teams also pushed 
the envelope in expanding indications for 
extracorporeal support previously considered 
contraindications, with reports of improved 
outcomes in trauma, malignancy, and sepsis 
on ECMO.56,57 The use of ECLS for acute 
extracorporeal support during cardiopulmonary 
resuscitation (ECPR) also became a burgeoning, 
if somewhat controversial indication for support, 
with growing use in both children and adults in 
emergency department and invasive cardiology 
settings.58-60 One recent randomized trial 
demonstrated 43 percent healthy survival with 
ECPR compared to 7 percent with standard CPR 
in out of hospital cardiac arrest.61

Global growth of ECMO use has character-
ized recent decades. ECLS use in Europe has 
been both longstanding and innovative. In 
particular, the enhanced use in adult respiratory 
and cardiac failure has been propagated in great 
part by experience and expertise in European 
centers. International center growth also 
resulted in the establishment of ELSO global 
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chapters tied to every inhabited continent. 
EuroELSO was chartered in 2011 as a sequel to 
the previous European Extracorporeal Support 
Organization (Table 1-2). Asia Pacific ELSO 
(APELSO) soon followed, being chartered in 
2013, and Latin American ELSO (LA-ELSO) 
and the South West Asia and Africa ELSO 
chapters (SWAAC) followed later in 2013, all 
with the support of then-ELSO chair Steve 
Conrad. These vibrant organizations allowed 
accelerated growth of international ECMO 
patient capture in the Registry, robust scientific 

conferences, expanded training courses, and 
enhanced global networking among ECMO 
providers and centers. Individual membership 
in ELSO was also initiated in 2016 to draw in 
members from around the world, exclusive of 
a member’s institutional ELSO center status.

As ECMO advanced, so ELSO continued 
its progress as the definitive organization for 
education and information regarding ECMO 
worldwide. Following its recognition as an 
independent nonprofit organization, ELSO 
administration transitioned from the University 
of Michigan in 2018. A separate governing 
board of directors now leads the organization in 
association with the longstanding ELSO steering 
committee. The growth of the organization led 
to the hiring of Christine Stead as ELSO’s 
first chief executive officer. Under her wise 
and energetic guidance, ELSO continues to 
grow as a highly professional organization, 
headquartered in separate offices in Ann Arbor. 
(Figure 1-9)

Adult ECMO predominantly fueled the 
rapid growth of ECLS use from the period 
of 2010 to the present time (Figure 1-8).62,63 
While the CESAR trial had provided significant 
encouragement in adult use, investigators 
continued to seek evidence of the benefits 
of ECMO therapy itself exclusive of overall 
management at an ECMO center. To address 
some of these concerns, Combes and co-

Table 1-2: ELSO Presidents and Chapter 
Chairs

Figure 1-9. Meeting facilities at ELSO 
Headquarters, Ann Arbor, Michigan.

YEARS CHAIR 
ELSO  
2020-2022 (Present) Matthew Paden 
2018-2020 Mark Ogino 
2016-2018 Michael McMullan 
2014-2016 James Fortenberry 
2012-2014 William Lynch 
2010-2012 Steve Conrad 
2007-2010 Mike Hines 
2004-2007 Heidi Dalton 
2002-2004 Joseph Zwischenberger 
2000-2002 Ronald Hirschl 
1997-2000 Charles Stolar 
1994-1997 Michael Klein 
1993-1994 Billie Lou Short 
1989-1993 Robert Bartlett 
Euro ELSO  
2022 - Present Nicholas Barrett 
2019-2022 Jan Belohlavek 
2017-2019 Alain Combes 
2014-2017 Roberto Lorusso 
2012-2014 Giles Peek 
Asia Pacific ELSO  
2020-Present John Fraser 
2017-2020 YS Chen 
2013-2017 Graeme MacLaren 
Latin American ELSO  
2022 - Present Rene Gomez 
2017-2021 Leonardo Salazar 
2015-2017 Luiz Caneo 
2013-2015 Rodrigo Diaz/Javier Kattan 

(Co-chairs) 
South and West Asia ELSO  
2022 (Present) Poonam Malhotra 
2021 Akram Abdalbary 
2020 Yatin Mehta 
2019 Ibrahim Fawzy Hassan 
2018 Venkat Goyal 
2017 Malaika Mendonca 
2014 -2016 Suneel Poobani 
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investigators designed and led the ambitious 
European  Ext racorporea l  membrane 
Oxygenation to rescue Lung Injury in severe 
ARDS (EOLIA) multi-center trial,64 comparing 
use of ECMO instituted as soon as patients 
met high risk criteria compared to continued 
conventional care. The findings were both 
provocative and encouraging. The study was 
stopped with overall survival not meeting 
statistical significance (65% randomized 
initially to ECMO vs. 54%; p = .07). However, 
when including crossover to ECMO (35 salvage 
patients), survival for all ECMO patients 
was indeed significant (65% compared to 
42% with no ECMO; p = .001). The study 
brought robust conversation in the ICU and 
ECMO communities and further assessment 
by Bayesian methodology, which supported 
significant (88-99%) posterior probability of 
mortality benefit for ECMO in the trial.65

The COVID-19 pandemic, caused by 
multiple strains of a novel coronavirus, changed 
the world and further advanced ECMO into 
the forefront of care. Severe pneumonia 
impacted millions worldwide with severe 
morbidity and death, and ECMO was used 
in thousands of patients who were dying 
despite aggressive medical and ventilatory 
management. Worldwide, demand and use of 
ECMO exploded, with many ICUs managing as 
many as ten to twenty patients simultaneously. 
ELSO was directly involved in providing data, 
center referrals and guidelines for early use of 
ECMO. 66,67 Many new ECMO centers were 
established to deal with the pandemic, leading 
to need for rapid education and support from 
ELSO. Mainstream media also latched on to 
the provision of lifesaving COVID-19 care with 
ECMO, and shared the need, use and shortages 
of equipment. The ELSO Registry team created 
real time data capture and analytic capabilities 
to meet acute information needs. The ELSO 
Registry informed the most influential early 
report68, demonstrating mortality of 39 percent 
(38 percent with VV ECMO), in line with other 

ARDS-related conditions receiving ECMO. 
ELSO investigators provided data for over 4800 
ECMO patients in 202069. They demonstrated 
evolving ECMO outcomes over time with 
decreasing survival during the pandemic, 
possibly due to patient selection, patient 
treatment differences, and experience with 
ECMO support for COVID-19. Cumulative 
meta-analysis supported benefits of ECMO for 
COVID-19 survival with refractory cases.70 
Reports of survival with SARS-CoV-2 infection 
after months on ECMO without any lung 
function led to reassessment of concepts of 
‘irreversible’ lung disease. Successful lung 
transplantation was also reported in COVID-19 
patients, establishing the feasibility of lung 
transplantation for acute infectious respiratory 
failure, many of whom were bridged to 
transplant on ECMO.71

Table 1-3: FELSO Recipients

 
FELSO AWARD RECIPIENTS 

Inaugural Class – 2015 
Robert H. Bartlett MD 
Konrad Falke MD 
Luciano Gattinoni MD 
John Gibbon MD 
Robert E. Gross MD 
J. Donald Hill MD 
Theodor Ted Kolobow PhD 
Pearl O’Rourke MD 
Billie Short MD 
John Toomasian CCP 
 
Class – 2016 
Warwick Butt MD 
J. Devn Cornish MD 
Robin Chapman RN 
Jean-Yves Chevalier MD 
Richard Firmin MD 
Masahiro Nagaya MD 
Antonio Pesenti MD 
Giles Peek MD 
Peter Rycus MPH 
Charles Stolar MD 
Jay Zwischenberger MD 
Warren Zapol MD 
 
Class – 2017 
Steve Conrad MD 
Heidi Dalton MD 
Rodrigo Diaz MD 
Bjorn Frencker MD 
Barb Haney RN 
Phoebe Hankins 
Micheal Heard RN 
Tracy Morrison RN 
Andrezj (Andrew) Sosnowski MD 
Palle Palmer MD 

Class – 2018 
Alain Combes MD 
James Fortenberry MD 
Roberto Lorusso MD 
Graeme MacLaren MD 
 
Class – 2019 
Daniel Brodie MD 
Tom Brogan MD 
James Connelly, RRT 
Don Granoski, RRT 
Thomas Mueller MD 
Ravi Thiagarajan MD 
 
Class – 2020 
Gail Annich MD 
Venkat Goyal MD 
Richard Martin 
Mark Ogino MD 
 
Class – 2021 
W. Cory Ellis 
John Fraser MD 
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The COVID-19 pandemic response 
illustrates well the evolution of the indications 
and evolving value of ECMO. The next chapter 
in the development of extracorporeal support 
remains to be written, but it was the authors 
of the preceding work who have penned its 
opening chapters. In 2015, ELSO established 
the Fellowship in the Extracorporeal Support 
Organization, an honorary designation to 
recognize these pioneering contributors to the 
ECMO story (Table 1-3). The ECMO story to 
date is an incredible combination of innovation, 
ingenuity, commitment, care, and community. 
It is also clear that much work remains to be 
done to improve ECMO technology, predict 
outcomes, fine tune best indications, and meet 
the next challenge.47,63 As we seek to fulfill Dr. 
Gibbons’ quest for lifesaving support, we should 
be encouraged by the inspiring words of Sir 
Winston Churchill, “The future is unknowable, 
but the past should give us hope.”72

Technology and Clinical Indications for 
ECMO: the Future is Bright

Based on its expanding use, it is clear that 
ECMO will play a major role in several clinical 
scenarios. Enhanced knowledge, expertise, and 

technology will encourage the expansion of 
current indications as well as the identification 
of new ones. Improved and better engineered 
ECMO-related components such as new 
cannulas, pumps and oxygenators; clinical 
trials and investigations that shed light on the 
benefits of ECMO, and improved understanding 
of patient management, all support a bright 
future. (Figure 1-10). There is substantial 
investment in companies, engineers, research 
and development groups, and investigators who 
are actively exploring advances in mechanical 
support. Major breakthroughs can be expected 
and will hopefully lead to improved organ 
recovery and ultimately improved patient 
outcomes. Finally, the recent events related to 
the COVID-19 pandemic clearly emphasize 
the need for the health-care community to 
be prepared to support dedicated personnel, 
centers, and companies that can meet the need 
for ECMO in unprecedented conditions and 
numbers. 

Figure 1-10: Improvements in ECMO-related components and care.
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Nomenclature

Lars Mikael Broman, Jenelle H. Badulak, Daniel Brodie, Graeme MacLaren, Roberto Lorusso, 
Steven A. Conrad

Introduction

Nomenclature is a body or system of 
names and definitions, especially for use in 
specialty, and in particular, scientific fields. 
The creation and maintenance of a flexible 
nomenclature for ECLS is of the utmost 
importance, especially in times of rapid 
expansion to new providers, the development 
of the technology itself, along with evolving 
methods, modalities, and configurations of this 
advanced technology. However, the growing 
number of clinical approaches and devices in 
ECLS have led to ambiguity concerning the use 
of terms and abbreviations in the literature and 
other communication among peers, as well as 
reporting to registries and studies. Furthermore, 
indications have widened from bridge to 
recovery to alternate outcomes including bridge 

to bridge, bridge to organ recovery, bridge to 
transplant, and bridge to destination. 

The concept of extracorporeal organ support 
(ECOS) has emerged as a unifying description 
of all extracorporeal techniques used in the 
support of acute organ failure in the critically ill 
patient (Figure 2-1).1 Support is grouped on the 
failing organ system, with extracorporeal life 
support targeting cardiopulmonary failure, the 
focus of this chapter. Other categories include 
renal, hepatic, and immunologic support, and 
this list is expected to grow in the future.

With expansion of ECLS around the world, 
the risks of miscommunication in clinical 
practice and research increased. For this reason, 
ELSO organized a task force of international 
experts representing specialties involved in 
ECLS to develop appropriate nomenclature. The 
product of the task force, the ELSO Maastricht 

Figure 2-1. Chart showing the domains of extracorporeal organ support with some examples of support 
technologies. ECLS nomenclature is expanded in Figure 2-2. 
Abbreviations: ECLS, extracorporeal life support; PO-MCS, pump-only mechanical circulatory support; 
SCUF, slow continuous ultrafiltration; CVVHD, continuous venovenous hemodialysis; MARS®, 
molecular absorbent recirculating system; PEX, plasma exchange 
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Treaty for Nomenclature in Extracorporeal 
Life Support was published in two parts. 
Part 1 of the ELSO Maastricht Treaty for 
Nomenclature in Extracorporeal Life Support  
provided the foundational nomenclature on 
terminology, abbreviations, definitions, and 
fundamental cannulation descriptions for 
ECLS to establish consistency for clinical 
application, documentation, followup, research, 
and quality assurance.2 Part 1 also provides 
for standardization of units and measurements 
(Table 2-1). Part 2 of the Treaty expanded the 
nomenclature for cannulation configuration to 
provide a more thorough system for both clinical 
practice and research.3 Both peripheral and 
central cannulation descriptors are included. The 
system has four hierarchies of increasing detail 
to manage complex cannulation configurations 
with precision and lack of ambiguity.

Fundamental Nomenclature

The term ECLS denotes extracorporeal 
support of cardiopulmonary function using 
an extracorporeal circuit incorporating (at 
a minimum) a pump and membrane lung. 
Systems applied for oxygenation and/or cardiac 
support are termed extracorporeal membrane 
oxygenation (ECMO), while extracorporeal 
carbon dioxide removal (ECCO2R) is used 
to denote systems primarily targeted at CO2 
removal (Figure 2-2). Under each of these 
system categories are several support modes. 
A support mode describes an intended use such 
as venoarterial ECMO or venovenous ECCO2R, 
in which venoarterial or venovenous describe 
the intended direction of flow and imply the 
condition supported. Modes (abbreviated 
without hyphens) describe intended support 
applications and are distinct from cannulation 
configurations. The latter, described in a 
separate section below, contain hyphens as part 
of the abbreviation convention.

 
 

 

PHYSICAL 
CONCEPT UNIT DEFINITION SPECIFICS UNIT CONVERSION 

Pressure Millimeters of 
mercury (mmHg) 

Preferred unit of pressure for ECLS, applied 
to absolute fluid pressures within the ECLS 
circuit and to partial pressures of gases in 
blood. 

 1 mmHg = 1/7.5 kPa; 
1 mmHg = 1.36 cmH2O 

Volumetric 
Flow 

Liters per minute 
(L/min) 

Preferred unit of volumetric flow for ECLS, 
applied to both blood flow and sweep gas 
flow. 

  

Length Centimeter (cm) 
Preferred unit for cannula length, cannula 
insertion depth, and device dimension 
measurements. 

  

 Meter (m) 
Preferred unit for circuit tubing length and 
other lengths that exceed approximately 50 
cm 

  

 Inch (in) Preferred unit for circuit tubing diameter. Inner tubing 
diameter 1 in = 25.4 mm 

 French (Fr) Preferred unit for cannula diameter. Outer cannula 
diameter 1 Fr = 1/3 mm 

Area Square meter 
(m2) 

Preferred unit for surface area, such as 
artificial membrane lung surface area. 

  

Temperature Degrees 
Centigrade (C°) 

Preferred unit for temperature, including 
body temperature, blood temperature, and 
circuit component temperatures. 

    

 
Table 2-1. Physical units recommended for use in extracorporeal life support (ECLS).
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Four support modes for ECMO are in 
common use and described in the nomenclature. 
Venoarterial (VA) describes venous drainage 
with systemic arterial return, venovenous (VV) 
describes venous drainage with venous return, 
and venopulmonary (VP) describes venous 
drainage with pulmonary artery return.4 One 
hybrid mode, venovenoarterial (VVA), is in 
common use and describes venous drainage 
with simultaneous venous and systemic arterial 
return.5 Other hybrid configurations have been 
used in selected circumstances. These are not 
included in the nomenclature due to infrequent 
use but described according to the underlying 
modes.

Conditions treated along with some common 
applications are also given in Figure 2-2. 
Cardiac ECMO refers to venoarterial ECMO 
for cardiac failure. Venoarterial support is 
also used for extracorporeal cardiopulmonary 
resuscitation (ECPR), the use of VA ECMO 
to initiate circulation when conventional CPR 
cannot achieve sustained return of spontaneous 

circulation (ROSC). ECPR is defined as VA 
ECMO support started when 20 minutes of 
ROSC cannot be achieved by conventional 
CPR. VA ECMO used to support low cardiac 
output following ROSC by conventional 
CPR is considered an application of cardiac 
ECMO and not ECPR. VA ECMO is also 
used for extracorporeal interval support for 
organ recovery (EISOR), in which ECMO is 
initiated following cardiac death to maintain 
organ blood flow in support of organ retrieval 
for transplantation (see Chapter 45).

Venovenous (VV) ECMO is used in 
the setting of hypoxemic respiratory failure 
(respiratory ECMO) when pulmonary function 
is insufficient to maintain adequate gas transfer. 
Venopulmonary (VP) ECMO is used in the 
support hypoxemic respiratory failure, most 
commonly when RV failure accompanies 
pulmonary dysfunction.

Extracorporeal CO2 removal can be applied 
in venovenous or arteriovenous modes for 
management of hypercapnia, either in support 

Figure 2-2. Chart showing nomenclature for extracorporeal life support in which a membrane lung is 
incorporated with a pump for cardiopulmonary support. ECMO and ECCO2R distinguish the use of 
ECLS for support of blood flow with oxygenation (ECMO) and carbon dioxide removal (ECCO2R). 
The support modes describe the general intent of support along with the major approaches to vascular 
access, as well as different applications to support targeted conditions.
Abbreviations: ECCO2R, extracorporeal carbon dioxide removal; ECLS, extracorporeal life support; 
ECMO, extracorporeal membrane oxygenation; ECPR, extracorporeal cardiopulmonary resuscitation; 
EISOR, extracorporeal interval support for organ recovery; AV, arteriovenous, VA, venoarterial, VV, 
venovenous, VVA, venovenoarterial. 
Adapted with permission of the American Thoracic Society. Copyright © 2022 American Thoracic Society. All rights reserved.2

The American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society. Readers 
are encouraged to read the entire article for the correct context at https://www.atsjournals.org/doi/10.1164/rccm.201710-2130CP. 
The authors, editors, and The American Thoracic Society are not responsible for errors or omissions in adaptations.
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of lung protective strategies during mechanical 
ventilation or as an alternative to mechanical 
ventilation. The arteriovenous mode is becoming 
less common with the development of dedicated 
venovenous ECCO2R systems that can be 
applied with dual-lumen cannulas similar in 
design to hemodialysis catheters (Chapter 43).6 

Abbreviations for Cannulation Configuration 

Increasing complexity of cannulation, partly 
driven by individualization of patient treatment, 
has also created a need of stratification. One key 
concept introduced by the Maastricht Treaty 
was a uniform nomenclature for cannulation 
configuration analogous to chemical formulae. 
The main properties of this nomenclature 
system were designed to allow for flexibility 
for adoption of future changes in management, 
device development, and other relevant 
changes. In July 2020, an ELSO Registry 
amendment created a fourth core category of 
ECMO, venopulmonary (VP) mode, to the 
already acknowledged modes venovenous (VV), 
venoarterial (VA), and venovenoarterial (VVA). 

The emphasis of the nomenclature is to 
convey the type of support delivered and a 
blueprint of how the circuit and cannulation 
configuration is laid out, providing a detailed 
description of the nature of the cannulation for 
vascular access. Prior inconsistent descriptions 
and interpretations of mode and configuration, 
and how to refer to different components, has led 
to confusion that hopefully will fade from the 
two recent ELSO initiatives.2,3 One spinoff after 
the release of the ELSO Maastricht Treaty Part 2 
in 20193 was the development and publication of 
a free online tool to support ECLS providers to 
describe cannulation configurations uniformly 
(https://ecls.eurosets.com).

The nomenclature for cannulation 
configuration is hierarchical, initially starting at 
the highest level with one of the four modes. By 
adding additional levels, it describes increasing 
detail as the user or data recipient requires. The 

abbreviation for a given configuration varies 
from simple to complex, covering the whole 
range from simple cannulation strategies to 
composites of different combinations of hybrid 
modes and hybrid methods. The ECLS provider 
may adopt and use the nomenclature according 
to their goals and the level of depth required for 
the task at hand, eg, quality assurance, research 
and development, communication with other 
clinicians, and so on. The goal at large is to 
offer consistency for clinical and research 
descriptions.

The four levels of the ECLS cannulation 
nomenclature are: 

1.  Basic configuration and flow direction,
2.  Cannulation site,
3.  Tip position,
4.  Cannula dimension.

The rules for each level are provided 
in detail in the two publications describing 
the fundamental nomenclature for ECLS.2,3 
A summary of the Maastricht Treaty for 
nomenclature and cannulation configuration in 
ECLS follows. Emphasis is placed on Levels 1 
and 2 as they are suitable for clinical use. Levels 
3 and 4 are additional levels of detail typically 
seen in research or quality improvement 
applications. 

Abbreviations are read in the direction of 
circuit blood flow, ie, from left to right. The 
interface between drainage and return sides 
represents the position of the membrane lung 
(ML) and is denoted as follows; one single ML 

“-“, two MLs in parallel “=”, two MLs in series 
“+”, or no ML “x”. The drainage side is to the 
left of the marker, and the return side is to the 
right. Levels two, three and four may be used 
in part and independently of the other ones. For 
easier understanding of abbreviated items in the 
following text, Table 2-2. 
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Peripheral Cannulation Configuration

Basic Configuration (Level 1)

The major cannulas are printed in uppercase 
letters. Consider two examples: V-V and V-A. 
In both cases, the uppercase letter to the left of 
the hyphen is one drainage cannula placed on 
the venous side (V) of the patient’s circulation. 
In V-V, the V to the right of the hyphen 
represents a venous (V) return cannula. In the 
second example, the A indicates an arterial 
return cannula. In both examples, the drainage 
and return sides are separated by one ML (the 
hyphen) in the circuit. In a pumpless circuit 
(ie, driven by patient’s blood pressure) for 
carbon dioxide removal, the drainage would 
be from an artery and the return to the venous 
side, designated as A-V.

Multiple cannulas. Additional cannulas 
are put to the outside of the original remaining 
cannula on the respective drainage or return 
side. Hence, a second venous drainage cannula 
is marked as a “V” placed to the left of the 
original “V”. Thus, a dual-drainage VA mode 
configuration would be VV-A. If converting a 
VA patient into the hybrid mode VVA by adding 
an additional return cannula to the venous side,5 
the configuration would be V-AV placing the 

new cannula letter outside of the primary arterial 
return cannula. Thus, the configuration also 
provides inherent information of chronology. 
If the original mode was VV converted to 
VVA by adding an arterial return cannula, the 
configuration change would be from a V-V to 
a V-VA. If mode at implantation is VVA, the 
formula may be used to show priority of support, 
ie, if a cardiac problem is the primary reason 
for support, the abbreviation would be V-AV.

Secondary cannulas. To distinguish a 
smaller secondary (low-flow) cannula or 
catheter from a major high-flow cannula, the 
abbreviation representing this item is printed in 
lowercase letters. A common use for a secondary 
cannula is distal anterograde perfusion of the 
cannulated leg in VA ECMO with a femoral 
return cannula.7 This smaller (5-8 Fr) cannula 
is denoted with a lowercase “d” (distal). The 
abbreviation “d” is placed directly after the 
cannula it is connected to, ie, V-Ad. Other 
examples are venting catheters, cephalad 
drainage catheters,8-10 or use of distal venous 
drainage catheters.11 The recent development 
of a femoral arterial cannula with an in-situ 
distal perfusion port, which obviously cannot be 
separated from the cannula, is abbreviated -Ad 
to mark this unique feature (Table 2-3).

 

MODE ABBREVIATION SPECIFICS COMMENT 

Venovenous VV  Provides gas exchange of oxygen and 
carbon dioxide mainly via diffusion and 
the Haldane effect 

Venoarterial VA  Provides circulatory support 
(ECLS/MCS), in combination with gas 
exchange if a membrane lung is 
connected into the circuit 

Venopulmonary VP  Provides right ventricular support, and 
gas exchange if a membrane lung is 
applied to the circuit 

Venovenoarterial  VVA hybrid Provides circulatory and gas exchange 
support via arterial and venous return 

 

 
Table 2-2. Support modes for ECLS, describing the intended organ support mode without 
designating the cannulation configuration.
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Use of prefixes. A prefix expressed with 
lowercase letters within parentheses can be 
added to provide detail. For example, AV 
ECCO2R in a pumpless circuit [18-19] can 
be indicated by placing “(pl)” directly before 
the drainage cannula, eg, (pl)A-V. Use of a 
dual-lumen cannula (DLC) is used in VV or 
VP ECLS is indicated by placing “(dl)” first 
“V”, eg, (dl)V-V.12 A VA ECMO configuration 
using both limbs of a DLC cannula for drainage 
with a separate arterial return cannula would 
be abbreviated (dl)VV-A. If a DLC is used for 
drainage and return in a VVA support mode, the 
cannulation configuration would be (dl)V-VA. 
If a secondary additional drainage cannula is 
added to a DLC VV support mode, it would be 
designated as (dl)Vcep-V.

Cannulation Site (Level 2)

Level 2 describes which vessel is cannulated, 
in which a lowercase subscript directly follows 
the upper or lowercase letter marking the 
corresponding cannula. Left (“l”) or right (“r”) 
side follow directly upon vessel cannulation 
site as part of the subscript. Generic examples 
are Vx-Ay, (dl)Vx-V, Vxr-Ayl, with indexes for 
different cannulation sites presented in Table 2-3, 
and full description in the publication.3

Since dual lumen cannulas are placed in a 
single vessel, the subscripts described above 
are used and placed after first V. Using the side 
descriptor is not necessary since the site and 
side of cannulation are typically determined 
by the cannula design and thus need not be 
reported. The subscripts can be used, however, 
for atypical insertions, or with the introductions 
of new cannula designs if needed to avoid 
ambiguity. 

New peripheral surgical approaches in 
ECLS include cannulation into a vascular 
chimney graft applied to the side of a vessel 
both in peripheral and central cannulation 
ECLS.13 The use of a grafted cannulation is 
denoted with the descriptor “g” as exemplified 

by Vj-Asrg, describing a VA configuration with 
a jugular venous drainage, one ML, and arterial 
return via a chimney graft applied to the right 
subclavian artery.

Additional Levels

Clinical application of the nomenclature is 
well suited by Levels 1 and 2. The two additional 
levels of detail serve to support situations where 
further detail is of importance, such as research 
publications and quality management.

Level 3 provides for description of cannula 
tip location. Descriptors can be applied to both 
major and minor cannulas immediately after 
the site and side descriptors. Table 2-3 lists 
descriptors for tip location such as ”svc” for 
superior vena cava.

Level 4 gives the system for describing 
cannula diameter (in Fr) and length (in cm), 
and is intended to be used for major cannulas 
only. This descriptor consists of the diameter 
followed by the length and separated by a slash 
”/”, eg, 23/15. The length is optional, and the 
diameter may be used alone without a trailing 
slash.

Central Cannulation

Since site and tip position in most cases 
coincide, central cannulation terminology 
is more direct. Nevertheless, the rules and 
hierarchy apply in this case as well. All 
abbreviations for anatomical entities applicable 
to major cannulas are expressed as uppercase 
two-letter combinations, eg, PA for pulmonary 
artery and AO for the aorta (Table 2-3). The 
membrane lung and secondary cannulas are 
described according to the basic convention. 
Central cannulation approaches include a 
multitude of devices. Example: RA-PA is a 
central cannulation VP ECMO (supporting gas 
exchange and the right ventricle). 
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Level 1 – Basic Cannulation Configuration  

Configuration Abbrev Specifics Comment 

Cannula placed in an artery A  Return of oxygenated blood or 
drainage for pumpless CO2 removal 

Cannula placed in a vein V  Drainage or return site 

Cannula placed in 
pulmonary artery 

P  Drainage or return of oxygenated 
blood  

One membrane lung -   

Two parallel membrane 
lungs 

=   

Two serial membrane lungs +   

Configuration x   

Combining central and 
peripheral cannulation 

/  Marks the separation of peripheral and 
central parts of a combined single 
circuit 

Multiple independent 
circuits 

\  Marks the separation of two 
independent configurations used in in 
parallel 

Dual-lumen cannula (for V-
V) 

(dl)V-V (ca) 
(bc) 

(ca) for (dl) if cavo-atrial DLC 
(bc) for (dl) if bi-caval DLC 

Dual-lumen cannula + 
arterial return 

(dl)V-VA (ca) 
(bc) 

DLC with one arterial reinfusion 
cannula indexed accordingly (mode: 
VVA) 

Dual-lumen cannula + 
arterial return 

(dl)VV-A (ca) 
(bc) 

DLC with Y-piece using both limbs 
for venous drainage, and one arterial 
reinfusion cannula (mode: VA) 

Dual-lumen cannula with 
return in the pulmonary 
artery  

(dl)V-P  Venopulmoarterial ECMO supporting 
the right ventricle. May be equivalent 
to percutaneous “oxyRVAD” 

Dual-lumen cannula with 
return in the PA 

(dl)VxP  Venoarterial ECLS supporting the right 
ventricle. 

Pumpless  (pl)A-V  (pl) indicates pumpless driven circuit, 
A-V 

Table 2-3. Abbreviations used for describing cannulation configurations in ECLS. Level 1 shows 
abbreviations for major flow cannula and membrane lung configuration for peripheral and central 
cannulations. Level 2 shows abbreviations describing the actual vessels cannulated. Level 3 provides 
for describing the cannula tip position, while Level 4 allows description of the cannula size (length 
and diameter).

Abbreviations: DLC, dual-lumen cannula; ECLS, extracorporeal life support; ECMO, extracorporeal 
membrane oxygenation; MCS, mechanical cardiac support; ML, extracorporeal membrane lung
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Configuration Abbrev Specifics Comment 

Cephalad draining catheter cep  Drainage of venous blood from the 
jugular bulb, same side as "V" cannula 
on neck 

Venting catheter vnt  Cardiac atrial or ventricular venting 
catheter 

Distal cannula  d  In V-A for perfusion of cannulated leg 
on same side as "A". In V-V or V-A for 
drainage of venous congestion of 
cannulated leg 

Distal perfusion within the 
cannula 

Ad  Ad underlined indicates dual port 
femoral arterial cannula (designed with 
distal port) 

Level 1 - Central Cannulation 

Configuration Abbrev Specifics Comment 

Cannula placed in RA RA   

Cannula placed in RV RV   

Cannula placed in PA PA  Direct cannulation 

Cannula placed in LA LA   

Cannula placed in LV LV   

Cannula placed in aorta AO  Typically ascending aorta 

Cannula placed in the 
innominate artery 

IA  Chimney graft may be used 

Transvalvular left 
ventricular support  

TVLS  Transvalvular axial pump 

Transvalvular right 
ventricular support  

TVRS  Transvalvular axial pump 

Left ventricular assist 
device 

LVAD  If a membrane lung is put into the 
circuit: oxyLVAD 

Right ventricular assist 
device 

RVAD  If a membrane lung is put into the 
circuit: oxyRVAD 

Table 2-3 Continued.
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Level 2 – Cannulated Vessel 

Vessel Simple 
approach 

Extended 
approach 

Comment 

Atrium  a a 
 

(al) 

Right atrium if index for venous 
cannula (tip position mid to upper part), 
left atrium if index for venting catheter 

Carotid artery car carl/carr Left or right side 

Femoral vessel f fl/fr 
 

flg/frg 

Artery or vein, left or right side 
 
Chimney graft on left/right femoral 
artery 

Jugular vein j jl/jr Via left or right jugular vein 

Subclavian vessel s sl/sr 
 

slg/srg 

Artery or vein, left or right side  
 
Chimney graft on left/right subclavian 
artery 

Level 3 – Cannula Tip Position 

Position Simple 
approach 

Extended 
approach 

Comment 

Iliacal vessel or low inferior 
vena cava 

i il/ir Artery or ven, left or right side 

Inferior vena cava ivc ivc Venous cannula tip position at level of 
liver vein  

Superior vena cava svc svc Venous cannula tip position in superior 
vena cava 

Distal perfusion   dt Perfusion of cannulated leg via femoral 
artery on same side 

Distal perfusion  dp Perfusion via the dorsal foot or 
posterior tibial artery on same side 

Level 4 – Cannula Size 

Diameter in French (Fr) 25/….  1 Fr = 1/3 mm (outer cannula diameter) 

Length in centimeters …/18  Do not print length alone 

Table 2-3 Continued.
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Combination of Central and Peripheral 
Applications

To provide clarity on the use of circuits 
combining central and peripheral cannulation, 
the configuration is still formulated in the 
direction of flow, but the junction between the 
two parts of the circuit is marker with a slash 

“/”. An example of such a configuration is 
Vjra-/IAg, which is VA support with peripheral 
venous drainage from the right atrium via a 
cannula placed through the right jugular vein 
(peripheral component), one membrane lung, 
and return flow into a chimney graft (g) on 
the innominate artery (IA, central component). 
Such an approach is often used for bridging to 
lung transplant.

Independent Circuits

If two independent extracorporeal circuits 
are used simultaneously, their respective 
configuration abbreviations are separated by 
a back slash “\”. The nomenclature allows for 
combined use of both central and peripheral 
circuits.14 An example isVfl-Afrdt\Vja-Asg, 
where the first circuit (Vfl-Afrdt\) drains via 
the left femoral vein with return flow via one 
membrane lung into the right femoral artery 
with a distal perfusion cannula in the right 
groin. The second circuit (\Vja-Asg) drains via a 
jugular cannula with the tip in the (right) atrium 
and return flow via either subclavian artery 
where the cannula is put into a chimney graft.

Commentary

Although comprehensive, the nomenclature 
is intended to describe widely adopted 
approaches, and special applications may not 
fit within this nomenclature. These special 
applications should be described accordingly. 
Once in more widespread use, the nomenclature 
can be adapted to include these new approaches.

Currently, cannula length of dual-lumen 
cannulas is not reported; however, with new 
devices emerging on the market, for example 
a dual-lumen cannula for femoral insertion, 
this may be a descriptor that will be added. 
The current nomenclature also does not 
provide information on cannula design, such 
as single-stage vs. multi-stage. Including such 
information would add unnecessary complexity 
without sufficient additional information to 
justify it. 

The final tip position of drainage and return 
cannulas has an impact on patient support, in 
particular with respect to recirculation during 
VV ECMO, but also in VA ECMO using a 
femoral return cannula, where differential 
hypoxia (formerly known as North-South or 
Harlequin syndrome) can occur.15-17 Blood 
flowing antegrade from native cardiac ejection 
and blood from the extracorporeal circuit 
flowing retrograde from the femoral artery 
cannula flow in opposing directions within the 
aorta. These competing flows meet at a mixing 
point (mixing zone, water-shedding zone), 
usually somewhere along the thoracic aorta. If 
respiratory failure is present, poorly oxygenated 
blood ejected from the left ventricle will perfuse 
the upper body, and well oxygenated blood 
will perfuse the lower body. The configuration 
solutions to the problem would be to consider 
conversion to VV or convert to VVA ECMO 
with an additional return cannula in the SVC. 

Another rarely discussed issue related 
to the dual circulation with femoral VA 
ECMO is differential carbon dioxide tension 
(which can be found on the ELSO website 
www.elso.org for the Red Book). Upper body 
PaCO2 is determined by lung ventilation and 
lower body PaCO2 by circuit sweep gas flow. 
This phenomenon may easily pass undetected 
depending on where blood gases are sampled, 
and which regional blood stream supplies the 
respiratory center in the brainstem. Hypo or 
hypercarbia may develop in one or the other 
region depending on the interaction of the 



27

Nomenclature

patient’s own ventilation regulated by the 
respiratory center, degree of sedation and 
neuromuscular blockade, ventilator settings, 
cardiac output, and ECMO blood flow. 

Conclusion

The ELSO Maastricht Treaty for nomen-
clature ECLS provides a uniform, informative, 
and flexible system to describe ECLS practice 
and cannulation configurations.2,3 A free online 
tool for the peripheral cannulation segment is 
available (https://ecls.eurosets.com).
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The Circuit

Leen Vercaemst, Timothy M. Maul, Jutta Arens, John M. Toomasian 

Introduction

The ECLS circuit is designed to support 
the function of a failing respiratory (sometimes 
referred to as extracorporeal lung assist, or 
ECLA) and/or cardiac system.1 The circuit 
is comprised of one or more cannula(s), a 
blood pump, an artificial lung, connectors, 
tubing, circuit monitoring and temperature 
control devices. In rare instances, the circuit 
can be directly connected from an artery to 
a vein without the need for a blood pump 
(pumpless extracorporeal lung assist, or PECLA). 
Throughout this chapter, all combinations or 
modalities will be referred to as ECLS for 
simplicity. 

Variations in circuitry depend on the 
individual component design and composition, 
and clinical needs of the patient. These issues 
require detailed attention and management. 
There is also a variety of hardware controlling 
these circuits with different monitoring and 
safety features. The same circuitry can be 
adapted for intra- and interhospital transport. 
Depending on the position of the drainage 
and return cannulas in the vascular system, 
ECLS can provide either respiratory and/or 
hemodynamic support. High blood flow rates 
may be required, depending on the degree 
of organ failure or metabolic needs of an 
individual patient. To ensure sufficient support, 

all components need to be correctly selected, 
sized, and carefully managed.

Historically, ECLS circuit components 
were adapted from cardiopulmonary bypass 
equipment used for cardiac surgery. Many of 
these devices are labelled for short-term use, 
typically less than six hours. These devices 
have been used for ECLS safely off-label for 
days, weeks, or months at a time.2,3 Recently, 
some newer devices and cannulas have received 
regulatory clearance for extended use for 
periods up to 30 days. Existing devices may 
be reclassified as long-term use devices based 
on the interests of manufacturers, regulatory 
agencies, and country of use.

In this chapter, ECLS circuit components 
will be described, and their proper assembly 
and operation will be outlined.4 This includes 
descriptions of disposable components, 
hardware, information provided by the device 
manufacturer, and some supporting tools 
to monitor circuit function. This chapter in 
previous editions of the Red Book provided 
specific commercial examples used in the 
ECLS circuit.5 However, descriptions of 
industry products will not be provided here. For 
information on specific devices, the reader is 
referred to ‘Instructions for Use’ (IFU) provided 
by the manufacturer that describe the materials, 
indications for use, and operational parameters 
for clinical application.



30

Chapter 3

Circuit Components and Composition

The main components of the circuit are 
drainage cannula(s), pump, artificial lung with 
integrated heat exchanger, and return cannula(s). 
These are interconnected with PVC tubing with 
an inner diameter of 3/8” (inch) in adults, or 1/4” 
or 3/16” in children (Figure 3-1). 

The extracorporeal volume and blood-
to-polymer exposure impact patient blood 
composition, inflammatory processes, and 
coagulation (see Chapter 6). The volume to 
fill (prime) the circuit typically ranges from 
100–250 mL in neonates to 500–700 mL in 
adults. The priming fluid composition depends 
on the relative blood dilution (circuit versus 
patient volume) and aims to maintain a 
physiological intravascular composition 
(especially the hemoglobin level needed for 
oxygen transport) despite the expansion of the 
patient’s circulating volume. 

The knowledge of basic physiology of 
flow and physics of laminar flow through 
tubing as described by the Hagen-Poiseuille 
Law equation (Equation 1), illustrating the 
relationship between flow and resistance in a 
tube.

𝑄𝑄𝑄𝑄 =  
∆𝑃𝑃𝑃𝑃 ∙ 𝜋𝜋𝜋𝜋 ∙ 𝑅𝑅𝑅𝑅4

8 ∙ 𝐿𝐿𝐿𝐿 ∙ 𝜇𝜇𝜇𝜇
 

Equation 1

The Hagen-Poiseuille Law states that 
volumetric flow (Q) is proportional to the 4th 
power of the tubing pathway’s radius (R⁴), 
pressure drop (∆P) across the pathway, and 
inversely proportional to the pathway length 
(L) and dynamic fluid viscosity (µ). Resistance 
to flow (pR4/8Lµ) within the ECLS circuit 
should be minimized. This provides important 

Figure 3-1. The ECLS circuit. (Illustration by Stephanie Philippaerts–copyright protected–Produced 
for UZ Leuven.)
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guidance in the selection, composition, and 
management of the circuit. However, low 
resistance comes at the price of larger priming 
volume (Table 3-1). Therefore, both should be 
carefully balanced accounting for the individual 
patient needs.

Cannulas

Cannulas (Figure 3-2) are integral parts 
of the circuit and provide the intravascular 
connections between the patient and circuit. 
They have a tremendous bearing on the ability 
of the circuit to provide sufficient flow and 
support and are often a limiting factor. Cannulas 
come in a variety of sizes, lengths, and designs. 
These features are important with respect 
to the desired flow. Cannulas are selected 
based on cannulation site, insertion method 
(percutaneous or surgical), intended purpose 
(blood drainage or return), desired flow rate 
(relative to patient size), and vessel condition.

The most important variable for flow is the 
diameter (radius x 2), which is expressed in 
millimeters (mm) or French (Fr) (1 Fr=3 mm) 
and refers to the outer diameter of the cannula. 
The inner diameter can vary between different 
manufacturers, depending on the wall thickness 
of the canula. However, it is the inner diameter 
that defines the resistance of the canula 
(Equation 1). Since 2021, the international 
standard on cannulas for extracorporeal 
circulation (ISO 18193:2021) requires 
manufacturers to provide the inner diameter 
of the cannula on packaging in addition to the 

outer diameter. The cannula length is a function 
of the size of the patient and the desired site 
for placement of blood drainage and return. 
Practitioners should keep in mind that cannula 
length linearly increases resistance to flow. Each 
specific cannula has its own flow/pressure curve, 
which can be found in the IFU to facilitate proper 
cannula selection. Generally, practitioners target 
working pressure drops <50 mmHg for drainage 
cannulas and <100 mmHg for return cannulas.

Information given by the manufacturers 
in the IFU typically includes the pressure 
drop (a surrogate for resistance) from cannula 
inlet to outlet that occurs at various flow 
rates. Historically, this information was 
based upon water as the test fluid (with a 
much lower viscosity compared to blood), 
and thus underestimated the true resistance 
of the cannula. The new standard ISO 18193, 
published in 2021, requires manufacturers 
to determine the resistance by using a blood 
analogue fluid with a viscosity matching that of 
blood. In approximately the next 5 years, there 
will be descriptive information on cannulas 
concerning the pressure drop based on both 
water and blood analogues. 

Cannulas are typically manufactured using 
PVC or polyurethane polymers and can be 
surface coated to improve hemocompatibility. 
Wire reinforcement is typically integrated 
within the wall to avoid kinking and collapsing 
and for radiographic visualization. Some 
cannulas contain additional radiographic 

 

TUBING 
NOMINAL (inner) 

DIAMETER 

PRIMING 
VOLUME PER 

LENGTH 

RESISTANCE PER 
LENGTH AT 1 L/min 

BLOOD FLOW* 

SURFACE 
AREA PER 
LENGTH 

3/1" (4.76 mm) 17.8 mL/m 35 mmHg/m/(LBlood/min) 0.015 m²/m 

1/4" (6.35 mm) 31.7 mL/m 11 mmHg/m/(LBlood/min) 0.020 m²/m 

3/8" (9.53 mm) 71.3 mL/m 2 mmHg/m/(LBlood/min) 0.030 m²/m 

1/2" (12.7 mm) 126.7 mL/m <1 mmHg/m/(LBlood/min) 0.040 m²/m 

*Calculated using Hagen-Poiseuille equation and blood viscosity of 0.0035 Ns/m2 
 

 Table 3-1. Typical tubing diameters and their 
resulting priming volume and resistance as a 
function of length.

Figure 3-2. Cannulas. (Illustrations by Stepha-
nie Philippaerts–copyright protected–Produced 
for UZ Leuven.)
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markers in the tip or along the body length to 
aide practitioners in assessing correct placement. 
Generally, a central hole is found at the tip as 
the main area for flow in or out of the cannula. 
Often, side holes are added as an alternative 
pathway through which the blood can drain 
or be returned to the patient. The position of 
the side holes can be near the tip or placed at 
intervals (“multistage”) along the length of the 
cannula. The presence of these side holes in the 
drainage cannulas avoids suction of the cannula 
to the wall of the blood vessel by providing 
various flow paths. Side holes in return cannulas 
allow for a fountain effect to prevent jetting, 
or in the case of femoral arterial cannulas, 
competition with antegrade flow from the heart. 
Fluid dynamic studies have demonstrated that 
flow preferentially moves through side holes 
proximal to the source of flow, and that blood 
stasis at the distal side holes can occur if the 
blood flow is low enough.6 Additionally, there 
are stent-like designs which can expand the 
cannula diameter in the vessel after placement.7

ECLS cannulas can be built as single-lumen, 
meaning that two separate cannulas are used for 
drainage and return of blood, or as dual-lumen, 
where a single cannula is internally divided to 
provide drainage and return flow. There are two 
general designs of dual-lumen cannulas: bicaval 
and unicaval.

The bicaval design is for placement reaching 
from the superior vena cava (SVC) into the 
inferior vena cava (IVC) and thus has the return 
opening as a side hole in the right atrium. The 
blood is drained from both the SVC (using side 
holes) and IVC (using side holes and the open 
tip). In this design, the return pathway within 
the cannula consists of a circle segment on one 
side of the lumen, leaving a crescent-shaped 
area for drainage. The return path is usually 
collapsible to allow the use of a dilator and 
guidewire for placement. The unicaval design 
aims for placement with drainage side holes in 
the SVC and a single point of return at the open 

tip either in the right atrium directed towards 
the tricuspid valve, or in the pulmonary artery. 

Both general designs have their benefits 
and disadvantages. The bicaval design requires 
exact and precise placement. If the blood outlet 
port is not correctly positioned in the right 
atrium, recirculation can occur (oxygenated 
blood reentering the cannula rather than moving 
forward in the pulmonary circulation). On the 
other hand, because it drains blood from both 
superior and inferior vena cavae, recirculation 
can be reduced.8 Careful monitoring with 
various imaging techniques is necessary to 
properly place the cannula and avoid perforation 
of the right ventricle or IVC. The unicaval 
design drains blood solely from the SVC, 
which can increase recirculation.9 However, it 
is easier to place because the tip only needs to 
be advanced through the superior vena cava to 
the right atrium. 

Blood Pumps – Physics, Design, and Impact 
on Performance 

The blood pump is the heart of the circuit. 
Numerous pump designs have been used in 
clinical application, the majority being roller 
or centrifugal pumps. Both pump types have 
different operating characteristics. The roller 
pump is a volume displacement pump, while the 
centrifugal pump is categorized as a pressure 
generating pump. While the roller pump was 
the historical gold standard, there has been a 
steady shift over the years towards the use of a 
centrifugal pump.2 

Volume Displacement Pumps (Roller Pumps)

Volume displacement pumps were first 
developed for cardiopulmonary bypass and 
found some success as mechanical circulatory 
assist devices or early ventricular assist 
devices. Volume displacement for these 
applications is generally accomplished via a 
pure mechanical-fluid interaction (eg, roller 
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pump, Figure 3-3 left) or an intermediate gas 
(eg, pneumatic membrane pump). In essence, 
with each revolution or cycle of a mechanical 
actuator, a specific volume of blood is displaced. 
Volume displacement pumps typically displace 
the same amount of volume per revolution or 
cycle, enabling calculation of flow rate rather 
than requiring direct measurement. However, 
the use of a flow meter can corroborate the 
exact flow rate. Since blood is assumed to be 
an incompressible fluid, the prescribed blood 
volume is generated without regard to inlet or 
outlet pressures. Thus, high afterload can create 
an enormous strain on the pump, the associated 
peripheral tubing, and the cellular elements in 
the blood, which may lead to tubing rupture or 
hemolysis.10 Conversely, a low preload or inlet 
obstruction may result in gaseous microemboli 
formation from dissolved gas, which is referred 
to as outgassing or cavitation. Therefore, 
additional monitoring and servo regulation of 
the volume displacement pump for both inlet 
and outlet pressure are necessary. Volume 
displacement pumps tend to be larger than 
centrifugal pumps that provide the same cardiac 
output. Although most volume displacement 
pumps produce small to moderate pulses with 
each stroke/compression of the tubing, the pulse 
wave is typically dampened in the membrane 
lung. 

Pressure Generating Pumps (Centrifugal 
Pumps)

A centrifugal pump, a pressure generating 
pump, is a newer type of ECLS blood pump. 
However, centrifugal pumps have been utilized 
previously in other clinical applications, 
including cardiopulmonary bypass. To make 
these devices suitable for blood contact, 
advanced mechanical design and fluid dynamics 
must be met to achieve hemocompatibility. 
Figure 3-3 also shows two general types of 
pressure generating pumps used for ECLS - 
centrifugal and diagonal. The flow path of the 
blood through the device generally determines 
its classification. Centrifugal pumps use 
centripetal motion to draw in fluid on one 
axis and exit the fluid on the other orthogonal 
axis. Diagonal pumps are essentially a hybrid 
of centrifugal and axial (fluid inlet and outlet 
along the same general axis) pumps and are 
also referred to as mixed flow pumps. Pressure 
generating pumps are mechanically complicated 
in terms of sensors, controllers, and general 
equipment, but more compact than their volume 
displacement counterparts. Pressure generating 
pumps are also more difficult to conceptually 
understand regarding their technical behaviour, 
physiologic interactions, and clinical use. 

A pressure generating pump uses a 
moving series of blades attached to a central 
rotating mass, referred as an impeller. The 
impeller produces rotational velocity in a fluid. 
Many impeller designs exist. Some rest on a 
central bearing or bearings. Other designs are 
magnetically levitated by means of magnetic 
coupling. When rotating, impellers create a 
sub atmospheric pressure or suction at the 
central blood inlet, impart rotary motion to the 
fluid, and drive the fluid to the outlet port by 
centrifugal forces. The rotary motion or velocity 
creates a pressure gradient across the pump that 
drives fluid from high to low pressure. During 
normal operation, most pressure generating 
blood pumps run at a constant pump speed; 

Figure 3-3. Typical blood pumps utilized in 
ECLS. (Illustration by Stephanie Philippaerts–
copyright protected–Produced for UZ Leuven.)
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however, some pumps may also be run in a 
more pulsatile flow mode. This pulsatility is 
achieved by modulating the pump speed at a 
certain frequency and amplitude.

All pressure generating pump types require 
a certain circumferential speed as a function of 
impeller diameter to generate a given blood flow. 
The generated pressure gradient is dependent 
on the density and viscosity of the fluid and 
mechanical aspects of the pump (impeller 
diameter, blade dimensions, fluid gaps, etc.). 
These latter topics are beyond the scope of this 
chapter but are found in mechanical engineering 
and biomedical engineering textbooks.11 
Importantly for practitioners, the pump speed 
required for a given flow rate alone does not 
provide a measure of the pump’s quality. 

The many designs of pressure generating 
pumps have been referred to as centrifugal, 
kinetic, or constrained vortex, but are all 
nonocclusive pumps. These pumps produce 
flow if enough energy is applied to overcome 
the pressure gradient, which is the mathematical 
difference between upstream (inlet) and 

downstream (outlet) pressure. The physics 
of this design allows for reversed flow if 
downstream pressure/afterload is greater than 
the pump pressure gradient or if the pump is not 
running. These pumps are preload and afterload 
sensitive because the flow rate is dependent 
on the pump pressure gradient. External 
monitoring of total volumetric flow rate through 
ultrasonic or eddy current techniques is required 
because they do not produce the same amount 
of volumetric flow at the same pump speed due 
to this pre- and afterload dependency. Many 
practitioners and manufacturers utilize pressure 
monitoring at the pump inlet and outlet to guide 
clinical practice. 

Table 3-2 highlights some of the key 
features of these pumps with respect to their 
operation and under various preload and 
afterload conditions.

When using a centrifugal pump, the 
achieved flow is related to the set pump speed (in 
revolutions per min, RPM); if increasing pump 
speed no longer results in higher flows, then the 
physical limits have been reached. Outlet tubing  

CHANGE IN 
FLOW RATE 

PUMP 
SPEED 

PUMP 
INLET 

PRESSURE 

PUMP 
OUTLET 

PRESSURE 

POST 
ARTIFICIAL 

LUNG 
PRESSURE 

MAP* CAUSE 

Increased 
 

Increased 
 

Decreased 
 

Increased 
 

Increased 
 

Increased 
or Same 
  /  

Pump speed increased 

Increased 
 

Same 
 

Increased 
 

Increased 
 

Increased 
 

Same or 
Increased 
  /  

Preload (CVP* or 
better cannula 

position) is increased 

Increased 
 

Same 
 

Decreased 
 

Decreased 
 

Decreased 
 

Decreased 
 

Afterload (patient 
MAP or cannula 

resistance) decreased 

Decreased 
 

Decreased 
 

Increased 
 

Decreased 
 

Decreased 
 

Same or 
Increased 
  /  

Pump speed reduced 

Decreased 
 

Same 
 

Decreased 
 

Decreased 
 

Decreased 
 

Same or 
Increased 
  /  

Preload (CVP* usually 
or position of cannula) 

is decreased 

Decreased 
 

Same 
 

Increased 
 

Increased 
 

Decreased 
 

Same or 
Increased 
  /  

Resistance is building 
in artificial lung (eg, 

clots) 

Decreased 
 

Same 
 

Increased 
 

Increased 
 

Increased 
 

Increased 
 

Afterload (patient 
MAP or cannula 

resistance) is increased 

*MAP: Mean arterial pressure; CVP: central venous pressure 

 

 
Table 3-2. Key features of pressure generating pumps and their responses to changes.
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can generally be safely clamped with pressure 
generating pumps because the maximum 
positive pressures are about 600 mmHg at 
the pump outlet under maximum pump speed. 
However, at the pump inlet, subatmospheric 
pressures down to -250 to -300 mmHg can be 
generated, risking cavitation. These micro-air 
bubbles cause additional shear stress to the 
blood cells, resulting in augmented hemolysis. 
When these implode in the positive pressure 
zone (pump exit), serious blood cell damage 
may occur. Undissolved micro-bubbles may 
pass the artificial lung, increasing the risk of 
clotting and gaseous embolism. In addition, high 
suction forces can result in blood vessel collapse 
around the cannula, causing the drainage tubing 
to rhythmically move in a process referred to 
as “chattering” or “chugging”. This can lead to 
occluded cannula holes, reduced net drainage, 
damage to vessel intima, extreme negative 
pressures pulses (-600 to -650 mmHg), and 
hemolysis due to high shear rates at the canula 
tip. 

Another factor that can affect the 
hemocompatibility is pump efficiency. Pump 
efficiency is determined by how much energy 
imparted to the spinning impeller goes towards 
creating forward flow in the blood. Pumps that 
are inefficient tend to generate vortices, internal 
recirculation, and heat, which can lead to blood 
coagulation and damage.12 Pump efficiency 
is determined by the pump type, the size of 
the pump, the rotational speed, and the gaps 
between the rotating impeller and the housing 
of the pump. Blood pumps are typically tested 
by the manufacturers at maximum speed where 
the most significant blood cell damage is 
anticipated. However, there is some evidence 
that operating pumps at lower flow rates and 
below their efficiency points also increases 
blood cell damage.13-15 Therefore, in 2022 the 
ISO 18242 standard will be updated with an 
amendment stating that the manufacturer must 
identify the worst-case scenario. These may 
include running the pump at flow rates that it 

was not designed for (eg, very low flow rates) 
and subsequently test for blood cell damage 
at these worst-case conditions. Additionally, 
clots either aspirated or generated internally 
on bearings, blades, etc. can also cause acute 
blood cell damage or cause the pump to acutely 
fail without warning. Unfortunately, there is no 
validated in vitro test method yet to test devices 
for flow-induced thrombogenicity.

Artificial Lung 

A principal requirement of any ECLS circuit 
is the ability to simulate lung function using an 
artificial lung. The device adds oxygen (O2) and 
removes carbon dioxide (CO2) from the blood. 
Often referred to as a gas exchange device, 
oxygenator, or membrane lung, the artificial 
lung’s clinical gas exchange requirements for 
O2 transfer must be at least 50 mLO2/Lblood. This 
value typically supports the baseline metabolism 
of an adult. The artificial lung provides O2 and 
CO2 gas transfer by diffusion. Its capacity is 
expressed as rated blood flow, which is the 
maximum blood flow up to which the artificial 
lung can increase the inlet O2 saturation from 
65 + 5% to 95% with a hemoglobin (Hb) of 
12 g/dL. Adult artificial lungs have rated blood 
flow rates of up to 7 L/min. For lower flow 
applications or neonatal and pediatric purposes, 
smaller artificial lungs are available with rated 
blood flows of 800–2400 mL/min.

The development of artificial lungs has a 
long history and has been described in several 
articles.16-18 Blood enters the artificial lung 
through tubing from the outlet of the blood 
pump and is distributed (manifolded) to a 
large gas exchange surface area before being 
collected and delivered back to the patient 
from the outlet port of the artificial lung. This 
gas exchange surface is the principal interface 
between the blood and gas phases. The larger 
the physical barrier of the gas exchange surface, 
the more resistance to diffusion, resulting in 
less total oxygen and CO2 transfer. Reduction 
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or elimination of the barrier was considered an 
early solution to lower resistance in many early 
artificial lungs including screen, bubble, and 
disc artificial lungs. However, these designs had 
significant challenges with hemocompatibility 
related to the direct air-blood interface. This 
interface caused proteins to denature, induced 
inflammation, and caused blood cell trauma. 
Next generation silicone membrane materials 
provided one of the first semi-permeable 
barriers to blood and air. This permitted 
sufficient diffusion for clinically applicable 
artificial lungs. 

The production of silicone membrane 
materials was limited to thicknesses around 
100 µm because of the mechanical strength and 
rupture potential. This created a finite membrane 
resistance that limited gas transfer and resulted 
in devices with large surface areas and high 
flow resistance.19 A significant breakthrough 
to this limitation came with the advent of the 
microporous hollow fiber membrane materials. 
These fibers are composed of polymers, initially 
made from polypropylene (PP). They have an 
outer diameter of approximately 300 µm and a 
much smaller wall thickness of 50 µm. The key 
to PP fiber function is the fiber walls, which are 
porous with pore sizes of approximately 30 nm. 
Related to the hydrophobic nature of the PP 
fiber, the surface tension of the water in the 
plasma prevented fluid from entering the pore; 
thus, creating a stable, infinitely thin air-blood 
interface. This translated to the fact that hollow 
fiber artificial lungs were 2-times more efficient 
than their silicone membrane counterparts,19 
which permitted smaller artificial lungs to be 
created (both in surface area and subsequently 
priming volume). 

Polypropylene hollow fiber membrane 
devices were not without problems that became 
apparent with long-term use. Over time, plasma 
proteins are deposited on the PP fiber surface. 
Since most proteins are amphiphilic (having 
both hydrophobic and hydrophilic portions), the 
protein buildup eventually breaks the surface 

tension applied to the pores and plasma enters 
the inside of the fibers.20-22 The presence of 
fatty acids, particularly lipids or cholesterol, 
may accelerate this surface tension degradation. 
Although the pores in these artificial lungs were 
too small for the cellular elements of blood to 
cross, plasma would cross into the gas phase and 
drastically reduce the efficiency of the artificial 
lung. This was related to the fact that gas had to 
diffuse through the liquid inside the membrane 
pores, eventually through the fluid where the 
red cells were situated. ‘Plasma leakage’ was 
clinical validation that this phenomenon was 
occurring, characterized by a large amount of 
yellow foam exiting from the gas vent outlet. 
Once gas exchange function was impaired, the 
artificial lung had to be replaced. 

Preventing plasma leaks or plasma 
infiltration in long-term applications requires 
an asymmetric (narrowing) or blind (closing) 
design of the pores. Contemporary artificial 
lungs use a different material, commonly 
referred to as polymethylpentene (PMP).19,21,23 
Polymethylpentene hollow fibers are 
microporous on the gas side and have a 
dense outer layer (3–5 µm thick) which is 
resistant to plasma leakage. However, it is 
impermeable to anesthetic gases. The PMP 
hollow fiber membrane has an outer diameter 
of approximately 380 µm and a wall thickness 
of 90 µm. The efficiency of PMP is slightly less 
than the microporous PP,24 but through creative 
fiber orientations and improved design, these 
artificial lungs meet the metabolic requirements 
of patients and allow for use up to 30 days 
compared to 6 hours for most PP devices. 21 PMP 
fiber artificial lungs provide gas exchange for 
a significantly longer duration; eg, one patient 
survived after 605 days of ECLS with only a 
few device changes being required.65 

In the design of the membrane fiber bundles, 
the larger the thickness of the fluid layers in 
contact with the barrier, the greater resistance 
to diffusion. Creating artificial lungs with 
small gaps between membranes reduce the 
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fluid component thickness but at the expense 
of increased resistance to flow. Therefore, most 
artificial lung manufacturers trade off resistance 
and gas exchange values through empirical or 
computational design. In addition to membrane 
gaps, blood pathways influence surface area and 
resistance.20,25-28 Figure 3-4 depicts two common 
pathways–axial and transverse flow. Transverse 
flow designs have relatively low internal 
resistance and are more prone to low flow zones 
with stasis with a higher required surface area. 
Axial flow designs have a relatively higher 
internal resistance with relatively good blood 
washout and lower surface area required. Both 
designs meet manufacturing standards for mass 
transfer and principally differ on their resistance 
to flow and surface area for gas exchange. Each 
design features two blood ports (blood in and 
blood out) and two gas ports (gas inlet and 
gas exhaust). Many designs are manufactured 
with an integrated heat exchanger, which is 
connected to a separate heating device via inlet 
and outlet water ports, enabling maintenance of 
a desired blood temperature. Some designs may 
contain access ports for pressure monitoring, 
blood sampling, air evacuation or connection 
to peripheral support therapies (eg, renal 
replacement therapies).

During normal operation, both PMP and PP 
devices remove a significant amount of water. 

Water vapor loss from the gas outlet of the 
artificial lung can amount to over 1L of water per 
day depending on the blood temperature, device 
fluid pressure inside the blood phase, and gas 
flow rate. Several mathematical relationships 
have been generated to describe the insensible 
losses through the artificial lung.29,30 In addition, 
at lower gas flow rates, the water vapor 
condenses on the inside of the fibers related to 
cooler gas temperatures. This condensation can 
limit gas exchange in a similar fashion to plasma 
leakage in the PP devices, particularly because 
the CO2 diffusional gradient is much lower than 
O2. When this presents, a simple maneuver of 
temporarily raising the gas flow rate and purging 
the water droplets from the device (“sighing”) 
can prevent changing out the artificial lung and 
is a tool that can be used to return the artificial 
lung to its prior gas exchange efficiency. Proper 
positioning of the artificial lung should be done 
in a manner that directs the gas flow from the top 
to the bottom of the artificial lung to optimize 
gravity in addition to the gas flow.

Ventilation gas (sweep gas) is delivered to 
the artificial lung via an air/O2 blender. The gas 
composition is set depending on the desired O2 
transfer, whereas the sweep gas flow rate is set 
according to the desired CO2 clearance. The 
sweep gas flow rate is generally established 
at equal to or half of the blood flow rate 
(depending on level of patient hypercapnia)31 
and then subsequently changed by Equation 2, 
which is based on one used by clinicians for 
ventilator tidal volume management.32,33 

Equation 2

During support, clots might build up 
inside the artificial lung, which may impact 
the artificial lung’s internal resistance. This 
is reflected by the pressure drop (ΔP) over the 
artificial lung´s blood pathway (ΔP=Pinlet–Poutlet) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2

𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2
 

Figure 3-4. Two general designs of artificial 
lungs. (Illustration by Stephanie Philippaerts–
copyright protected–Produced for UZ Leuven.)
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as a function of a given flow (ΔP/Q). This 
gradient may gradually rise if the thrombus 
expands. Higher internal resistance will require 
higher pump speed to displace the same forward 
flow and might eventually prevent blood flow 
through the artificial lung in very extreme cases. 

The artificial lung’s performance may be 
checked by measuring the outlet blood gas 
on a regular basis. This should result in the 
blood being fully saturated or having a PaO2 
(mmHg) exceeding 2–5 times the set FsO2 
(%) (FsO2).

1 For example, the PaO2 should 
be ≥60–150 mmHg if the FsO2 is set to 30%. 
If the outlet blood gas value worsens, the 
post artificial lung blood gas may reflect a 
partially clotted surface and may investigated 
further by calculation of artificial lung gas 
transfer (O2 content post artificial lung – O2 
content pre artificial lung). If gas transfer is no 
longer meeting specifications of the artificial 
lung’s IFU, then the performance relative to 
the patient’s metabolic oxygen requirement 
requires closer observation. 

Over time, clots in the artificial lung may 
contribute to an altered hematological profile 
such as rising D-dimers, decreasing fibrinogen 
and increased clotting times despite low 
heparin concentrations. This may result in a 
consumptive coagulopathy. In cases where 
rising free hemoglobin and mechanically 
induced hemolysis is suspected, it is important 
to investigate the presence of nonphysiological 
circuit pressures, clots inside the pump housing, 
or if increased shear stress forces or diverts 
blood through a smaller effective area.

Any one or a combination of the three 
preceding situations (increased resistance, 
decreased performance, or consumptive 
coagulopathy/hemolysis) may prompt clinicians 
to consider changing the artificial lung. However, 
this decision is multifactorial, depending on the 
clinical condition of the patient, the prospect of 
weaning from ECLS, and available resources. 

Circuit Composition

Tubing + Connectors: Requirements, Physical 
Specifics

The circuit’s components are interconnected 
by tubing, creating an extracorporeal circuit 
with a relatively high extracorporeal volume, 
and allowing relative high blood flows. Tubing 
diameter should be large enough to accommodate 
the required flows at physiological pressures. 
Tubing diameter refers to the inner diameter and 
is expressed in inches (”). Adult sized pumps, 
artificial lungs, and cannulas are interconnected 
by 3/8” tubing, pediatric circuits usually contain 
1/4” tubing. Because tubing length linearly adds 
to resistance, priming volume, and surface 
area (Table 3-1), it should be kept as short as 
possible to minimize these effects and still 
allow safe mobilization and transport of the 
patient. Sections of tubing may be joined by 
plastic (typically polycarbonate) connectors. 
These connectors often have one or more 
Luer lock ports to allow continuous pressure 
monitoring or provide access to the blood for 
sampling or fluid infusion. Connectors may also 
have a Y configuration to split or join flows 
from multiple cannulas. Because of physical 
limitations, each connector effectively presents 
a diameter change to the flowing blood, which 
results in turbulent flow zones, contributing to 
hemolysis and coagulation activation. Tubing 
connectors and cannulas should be secured by 
straps to prevent dislodgment from pressure or 
mechanical movement. Connectors should be 
limited on the drainage line because the blood 
is under negative pressure and may entrain 
air. Current best practices recommend that 
all infusion or sampling connectors be placed 
between the pump and artificial lung where they 
will experience positive pressure.
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Coatings

The concept of precoating or surface 
modification has been utilized early in the design 
of ECLS circuitry to control the adsorption of 
plasma proteins to the ECLS circuit. Surface 
coating materials have been developed, 
mimicking the vascular wall to reduce blood-
surface reactions. Table 3-3 provides a general 
description of these coatings and their effects 
on thrombosis and inflammation. Published 
studies involving coatings are performed as in 
vitro short-term blood studies and/or as clinical 
studies in cardiopulmonary bypass settings. As 
a result, the clinical evidence for their efficacy is 
often conflicting, resulting in recommendations 
in favor of coatings.34 Importantly, there is 
no evidence that coated circuits do any harm, 
and their true utility may be in those rare 
clinical cases where anticoagulation protocol 
deviation is necessary or other factors that are 
not controlled for may be influenced. In patients 
with heparin induced thrombocytopenia (HITT), 
a weakly heparin-bonded coating should be 

avoided. Table 3-3 describes some of the impact 
on coagulation and inflammation related to 
surface coatings.35,36

Circuit Monitoring

Circuit monitoring is required to ensure 
the proper function of the ECLS circuit 
and to guide management. Common circuit 
monitoring techniques include flow, pressure, 
and saturation monitoring through integrated 
or external sensors (Figure 3-5). Because 
centrifugal pumps are commonly used, external 
flow monitoring is required because the operator 
can only set the pump speed, and the resulting 
flow is impacted by pre- and afterload. Modern 
flowmeters utilize ultrasound techniques, 
which with some manufacturers also provide 
detection of macro (>500 mm) air. Pressure 
monitoring is performed through inline (blood 
contacting) or noninvasive methods and can 
be performed in any of the three different 
pressure regions (prepump, postpump, and post 
artificial lung). Each region ideally contains one 

 

CLASSIFICATION COATING COAGULATION 
IMPACT 

INFLAMMATION 
IMPACT 

REFERENCES 

Anticoagulation Covalently bonded 
heparin 

Reduced thrombosis 
and platelet adhesion 

Reduced interleukin and 
white cell activation 29-40,41  

Anticoagulation 
with Negative 

Charge/Reduced 
Surface Tension 

Covalently bonded 
heparin, sulfate and 
sulfonate groups, 

polyethylene oxide 

Reduced thrombosis, 
fibrinogen, and albumin 

adhesion 

Reduced inflammatory 
markers 42-44 

Passivation Covalently bonded 
synthetic albumin 

Reduced fibrinogen and 
platelets on the surface 

Reduced complement 
activation 45  

Reduced Surface 
Tension 

Amphiphilic 
polymer coating 

Reduced coagulation 
and platelet deposition 

Reduced inflammatory 
markers 45 

Passivation Polyethylene oxide Reduce fibrinogen and 
albumin adhesion 

Reduced inflammatory 
markers 42-44,46  

Passivation poly2-
methoxylacrylate 

Reduced coagulation 
and platelet activation 

Reduced leukocyte 
activation/adhesion, and 
complement activation 

47-49  

Passivation 

Polycaprolactone-
Polydimethylsiloxan
e-Polycaprolactone 

integrated into 
plastic 

Reduced thrombin and 
platelet activation 

Reduced complement 
generation, increased 

IL-10 (anti-
inflammatory) 

50-52 

Passivation Phosphorylcholine Reduced fibrinogen and 
platelet binding 

Increased T-cell 
activation through IL-8 53 

 
Table 3-3. ECLS Coatings, classifications, and impact on the coagulation and inflammatory systems.
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pressure sensor for direct or indirect continuous 
monitoring. Pressure monitoring may give 
useful information on the functionality of the 
circuit and/or the condition of the patient. The 
pump inlet pressure (often denoted P1) is mostly 
a negative pressure reflecting the availability of 
volume to the pump inlet and should not exceed 
-100 mmHg to avoid chattering of the drainage 
lines or collapsing the vessel. Postpump, or 
pre-artificial lung pressure (often denoted 
P2) is the highest pressure in the circuit and 
reflects the resistance at the entrance of the 
artificial lung through to the return cannula 
tip. Post-artificial lung pressure (often denoted 
P3) is lower than P2 due to pressure drop over 
the artificial lung and reflects the resistance 
along the tubing, cannula, and in the returning 
vessel. The difference in P2 and P3, is denoted 
as ΔP and reflects the internal resistance of the 
artificial lung.

Oxygen saturation of the drained blood 
(SpreO2) and the blood leaving the artificial 
lung (SpostO2) is often monitored to indicate 
efficiency of ECLS support and artificial lung 
performance, respectively. SpreO2 reflects the 
O2 saturation from blood leaving the venous 

cannulation site and should ideally be kept 
above 65–70%. Values can be higher in cases 
of decreased oxygen extraction or metabolism 
or contamination of the drainage blood with 
ECLS circuit blood (recirculation in V-V 
ECMO) or with arterial blood (left heart 
venting or atrial septal defects). SpostO2 should 
be 100% to indicate blood is fully saturated 
by the artificial lung. Several instances can 
lead to low device outlet saturations (SpostO2). 
These include a low inlet saturation (SpreO2) 
(eg, <60%) at or near the rated flow of the 
artificial lung, a FsO2 below 60%, or a failing 
artificial lung. Monitoring the artificial lung 
can be done via integrated O2 saturation 
sensors or separate inline (blood contacting) 
or clamp-on (nonblood contacting) continuous 
O2 saturation monitoring devices.62 These 
devices typically use absorbance at specific red 
wavelengths to indicate O2 saturation and will 
also provide estimates of hematocrit. Saturation 
values are less significant if the hemoglobin 
concentration is not accounted for and managed 
appropriately.63 

Figure 3-5. Circuit monitoring featuring flow, pressure prepump (P1), pressure pre artificial (P2) 
and post artificial (P3) lung, and O2 saturation pre and post artificial lung. (Illustration by Stephanie 
Philippaerts–copyright protected–Produced for UZ Leuven.)
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Pump Console or Hardware

Most centrifugal pump systems are 
operated via manufacturer or device specific 
hardware, or consoles, all containing different 
operating, monitoring, and safety features. The 
main function of the hardware is to set pump 
speed and to measure and display the resulting 
flow. Some devices contain an integrated 
pressure regulator, allowing the operator to 
set a negative pressure limit, resulting in an 
automatic reduction in pump speed as soon this 
limit is reached. Alarm features vary, but most 
devices display a ‘low flow’, ‘pressure limit’, 
‘air bubble’, and ‘back flow’ alarm. Modern 
consoles contain backup batteries in the event 
of central power supply loss or transport, and 
a motor backup (manual or electric) in case of 
motor failure.

Many factors are considered in choosing the 
pump console. Local experience and hardware 
complexity are often program specific. For 
intrahospital transport, the console must be 
easily and safely portable. For interhospital 
transport, the system must be safe and approved 
for transport via ambulance, helicopter, or fixed-
wing aircraft. Using the same pump or system 
within a hospital network ensures safety and 
quality of care and facilitates interchanging 
or loaning devices or disposables between 
participating departments and hospitals. In each 
specific program, the nature of the program’s 
cardiac, respiratory, or emergency support 
awaiting referral may have a different support 
duration. Extended support over days, weeks, 
or months might benefit from more advanced 
devices which may be more costly. This 
impacts on the economics approved term of 
usage, reimbursement, and other local budget 
considerations. Regardless of these factors, any 
system must ensure reliable technical support 
as well as manufacturer support for backup 
consoles that is available at all times, and fast 
delivery of circuits and other disposables. Team 
training with the relevant equipment to ensure 

efficient intervention in case of emergency is 
a key component of programmatic success 
(Chapters 7 and 54).

Temperature Regulation Devices

During support, the blood is continuously 
exposed to the ambient temperature of the 
environment. The oxygen in the sweep gas 
comes from a cold liquid oxygen source and 
the subsequent evaporative vapor loss across 
the membrane dissipates heat, which may 
cool the patient. Therefore, nearly all patients, 
in particular infants and small children, may 
require direct blood warming to maintain 
normal body temperature. For this reason, blood 
path warming via a heat exchanger is integrated 
into most artificial lungs. This integrated heat 
exchanger is connected via tubing to a thermal 
regulation device that uses water as an energy 
transfer medium. In general, the temperature of 
the warming fluid is maintained between 36 to 
<38.5° C, which is related to the heat exchanger 
efficiency and thermal regulation device to 
achieve normothermia. The heat exchanger 
material is typically stainless steel, polyethylene 
terephthalate (PET), or polyurethane. These 
areas are glued (or potted) to separate the sterile 
blood path away from the nonsterile water path. 

Warming the gas source or employing 
topical warming methods in small patients 
(ie, warm air blanket) may also prove effective. 
For larger patients, direct blood warming may 
be implemented, but is often not required and 
is discontinued if temperature autoregulation 
is maintained. 

While thermal regulation devices are 
mainly used to maintain normothermia, mild 
hypothermia may be considered to decrease 
metabolic demands or for neuroprotection. 

Several water-based thermal regulation 
units that have been used to maintain the circuit 
temperature, but various regulatory agencies 
have typically not granted full ECLS indications 
because these devices lack patient blood 
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feedback regulatory mechanisms. Without such 
precautions, patient blood temperatures can be 
raised or lowered to dangerous levels without 
careful attention. 

In 2014, infections related to the use 
of contaminated water-containing thermal 
recirculation devices were reported in patients 
on cardiopulmonary bypass. These infections 
were caused by Mycobacterium chimaera. It was 
hypothesized that the contaminated water was 
aerosolized by the device’s cooling fan and that 
the M. chimaera resulted in infections in surgical 
patients. As a result, many manufacturers and 
institutional infection control teams have 
implemented strict cleaning and maintenance 
guidelines for any thermal regulation devices 
associated with cardiopulmonary bypass or 
ECLS.64 

Summary

The development of ECLS circuit 
components has progressed from the early days 
of being handmade by practitioners towards 
an expanding variety of choices from multiple 
manufacturers. Because there can often be 
subtle but important differences between these 
components, it is incumbent upon practitioners 
at all levels of ECLS care to fully understand 
each of the specific circuit components used 
at their local institution. This will enhance the 
physiologic understanding of the ECLS system 
as a whole and aide in troubleshooting when 
situations invariably arise that deviate from 
the normal clinical picture, and will ultimately 
ensure that each patient receives the highest 
level of safe and effective care during the 
temporary period of ECLS support. 
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Cannulation

Giles Peek, Ivan Chavez, Amy E. Hackmann, Yuriy Stukov, Roberto Lorusso

Introduction

In this chapter we will systematically 
address cannulation of patients of all age 
groups for all forms of ECLS. Extracorporeal 
Life Support (ECLS) includes venoarterial 
(VA) and venovenous (VV) Extracorporeal 
Membrane Oxygenation (ECMO) as well as 
arteriovenous and venovenous Extracorporeal 
Carbon Dioxide Removal (ECCO2R). 

Basic Principles

When cannulating a patient for ECLS, it is 
helpful to ask several questions in order to plan 
the best strategy:

•	 How much flow is required?
•	 Where should I drain and where should I 

return the blood?
•	 Which cannulation technique shall we use?
•	 How long will the patient require ECLS?
•	 How soon does the patient need ECLS?
•	 Who is the best person to cannulate?
•	 What is my anticoagulation strategy?
•	 How can a safe cannulation be carried out?

The required extracorporeal flow rate will 
determine the size of cannula(s) that are needed 
and thereby dictate the approach. For example, 
an adult whose jugular and femoral veins are 

35 mm in diameter who needs a flow of 500-
1000 ml/min for VV ECCO2R can have a 23 Fr 
double lumen cannula inserted in either vessel. 
A 15 kg child with sepsis who requires 200 ml/
kg/min of flow and who has a right jugular vein 
which is blocked from a previous PICU episode 
and a 4 mm femoral artery and a 5 mm femoral 
vein will likely need transthoracic cannulation. 
Cannula manufacturer’s Instructions for Use 
(IFU) give expected flow rates at different 
pressure drops which can help guide cannulation 
decisions. ECMO cannula flow is governed by 
Poiseuille’s Law, which states that the flow 
rate is directly proportional to the driving 
pressure multiplied by the fourth power of the 
radius, divided by the length. Thus, doubling 
the length of a cannula halves the flow rate at 
a given pressure, and doubling the diameter 
increases the flow rate by 16 times. Side hole 
profile is also important; flow in a venous 
cannula will be preferentially through the side 
holes furthest from the tip, closest to the pump, 
as these holes experience the largest pressure 
gradient.1 Figures 4-19 and 4-20 (see end of 
this chapter) give recommendation for cannula 
sizes vs. patient size for peripheral and central 
cannulation. These recommendations should 
be refined locally with the aid of the cannula 
manufacturer’s IFUs.

Patients who have a postoperative cardiac 
arrest after heart surgery and are cannulated 
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through their sternotomy for ECPR are likely 
to only require ECMO for a week because 
they will either recover, succumb, or be 
converted to a durable ventricular assist device. 
Transthoracic cannulation with an open chest is 
sufficient for their needs, although recent studies 
have shown better outcomes with peripheral 
configurations.2,3 A patient who is planned 
to have ECMO as a bridge to lung or heart 
transplantation, however, may need ECMO for 
several months and needs to have a cannulation 
approach which will allow them to mobilize. 
Similar techniques and may also be applied to 
paracorporeal VAD cannulation.

Our postoperative patient in cardiac arrest 
clearly needs ECMO flow starting within the 
next few minutes if ECPR has any chance of 
success, so the simplest approach of reopening 
the sternum is the best. 

The best person to cannulate is determined 
by balancing the type of cannulation against 
the urgency. The necessity for post-cannulation 
definitive treatment should also be taken 
into account. A patient needing percutaneous 
coronary intervention (PCI) may well be 
best treated in the cardiac catheterization 
laboratory (cath lab) from the outset. Non 
surgeons (eg, Intensivists, Cardiologists, and 
Interventional Radiologists) may the best 
cannulators in many situations but should 
always form part of a multidisciplinary team 
to ensure timely surgical help is available if 
needed.

Most patients require a bolus of Heparin 
(75-100 u/kg) to a maximum of 5000u prior 
to cannulation, although some patients may be 
unable to receive heparin because of heparin 
induced thrombocytopenia, and some patients 
may already be anticoagulated. Patients at high 
risk of bleeding may be managed without any 
anticoagulation (eg, postcardiotomy, drowning 
or accidental hypothermia patients). In these 
cases, blood must not be left sitting stagnant 
in the cannulas, and flow should be started as 
soon as possible. During surgical cannulation, 

heparin is given once the target vessels have 
been dissected, while during percutaneous 
cannulation it is given once the target vessels 
have been cannulated with the micropuncture 
sheath or small cannula, prior to passing the 
guidewire. If ECMO flow is delayed, the 
cannulas must be filled with heparinized saline 
to prevent clot formation. 

The following discussion is subdivided as 
follows:

•	 Section 1: Percutaneous VA ECMO in 
all ages. Percutaneous distal perfusion 
cannulas and LV venting are included here.

•	 Section 2: Percutaneous Adult VV ECMO, 
which also applies to older children.

•	 Section 3: Percutaneous RVAD cannulation, 
including oxy-RVAD.

•	 Section 4: Adult Surgical V-A Cannulation. 
This section is also applicable to older 
children and surgical V-V cannulation. 
This includes chimney grafts, axillary 
artery cannulation, surgical distal perfusion 
cannulas, and seldom used vessels.

•	 Section 5: Transthoracic ECMO cannulation 
in all age groups, including non-sternotomy 
access.

•	 Section 6: Neck cannulation of babies and 
children for VA and VV ECMO, including 
the Semi-Seldinger technique.

•	 Section 7: How to make an airless 
connection.

•	 Section 8: Tables of cannula size vs. 
patient weight for peripheral and central 
cannulation (Figures 4-19 and 4-20).

We encourage cannulators to read the entire 
chapter rather than just the section they believe 
to be apposite to their needs.

Section 1: Percutaneous VA ECMO Cannula-
tion in Older Children and Adults

This section is written from the perspective 
of cannulation in the cath lab because this is 
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the optimal venue for VA ECMO cannulation, 
due to the co-location of imaging technology, 
vascular access equipment, and a skilled team. 
When cannulating in more austere environments, 
thought should be given to duplicating the 
technology of the cath lab as closely as possible. 
Cannulation may be emergent, urgent (patient 
in shock, but not in cardiac arrest), or elective, 
and may be needed for periprocedural support 
(PCI or percutaneous valve procedure) or for 
primary support of cardiogenic shock. It is 
important, however, to balance the need for 
supported PCI with VA ECMO in patients 
with peripheral vascular disease who may 
experience an increased incidence of ECMO 
complications. Surgical arterial cannulation of 
the axillary artery (Section 4) can be considered 
because it is usually free of significant disease. 
Transcaval aortic access4 (Figure 4-1) is another 
consideration in experienced hands to bypass 
significant iliofemoral disease. As patients 

with peripheral vascular disease may have 
limited access, the return arterial canula can 
be entered with an access needle and sheath to 
provide access to the coronary arteries at one 
arterial site (Figure 4-2). Finally, developing 
pre or postclosure techniques for decannulation 
following complex supported PCI is essential, 
which are discussed in Chapter 29. 

Preprocedural planning to ensure availability 
of appropriate equipment, disposables, and 
personnel is essential. Cannula sizes are given 
in Section 8. 

The patient is prepped and draped in the 
usual sterile fashion. The appropriate level 
for vascular entry is estimated by positioning 
the tip of a hemostat fluoroscopically in the 
medial third of the femoral head (Figure 4-3), 
which approximates the position of the inguinal 
ligament. Vessel entry above the inguinal 
ligament risks retroperitoneal bleeding, which 
can be life threatening. The skin crease is 
an unreliable landmark, especially in obese 
patients and should not be used because it 
usually approximates the superficial femoral 
artery (after the origin of the profunda), which 
can be associated with bleeding, ischemia, 

Figure 4-1. Transcaval access. The abdominal 
aorta is accessed via the inferior vena cava 
thereby bypassing any severe iliofemoral 
disease. A puncture is used to access the 
infrarenal abdominal aorta at its closest 
proximity by imaging. The guidewire is 
snared in the abdominal aorta and advanced 
to the appropriate position for cannulation. 
An Amplatz plug is then utilized following the 
procedure for closure of the aortotomy.

Figure 4-2. A sheath is placed in the soft 
part of the arterial return cannula to provide 
access for coronary angiography and PCI 
in emergency situations or where access is 
limited due to peripheral vascular disease.
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Figure 4-4. A) Vascular ultrasound in the transverse plane at the common femoral artery and vein 
and below the bifurcation of the common femoral artery and their anatomical correlation. Importantly, 
notice that the femoral vein courses below the superficial femoral artery below the bifurcation. B) 
Transverse ultrasound demonstrating common femoral artery and vein and bifurcation. C) Notice 
the relationship of the common femoral artery and the femoral head. Approximate placement of 
cannula and perfusion catheter are demonstrated.

Figure 4-3. Fluoroscopic landmarks are 
useful for estimating the location of the 
common femoral artery above the bifurcation 
located in the medial third of the femoral 
head (center) as confirmed by angiography 
(right). The inguinal crease is an unreliable 
landmark especially in obese patients and 
should be avoided (left).
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pseudoaneurysm formation, and AV fistula. 
Fluoroscopic positioning cannot identify high 
common femoral artery bifurcations or the 
presence of atherosclerosis. Vascular ultrasound 
should therefore be used in all cases.5 

Ultrasound-guided vessel entry may be 
performed in the transverse and longitudinal 
views. It is preferable to begin with the transverse 
view where the bifurcation of the common 
femoral artery and vein can be rapidly identified 
(Figure 4-4). The common femoral artery 

bifurcates into the superficial and deep femoral 
(profunda) arteries. The femoral vein is medial 
to the common femoral artery proximal to its 
bifurcation. Notice, however, that distal to the 
common femoral artery bifurcation, the femoral 
vein lies posterior to the superficial femoral artery 
(Figure 4-4A). This is an important relationship 
because vessel entry distal to the bifurcation of 
the common femoral artery risks inadvertent 
entry through the superficial femoral artery into 
the femoral vein which can be complicated by 
inappropriate venous cannulation and AV fistula 
formation. The transverse ultrasound view is 
less likely to facilitate the anterior vessel entry 
that is necessary for large bore cannulation 
(Figure 4-4B). Anterior vessel puncture is easier 
to visualize in the longitudinal view and can also 
confirm intraluminal placement of the guidewire. 
It is easier to visualize the femoral head 
(Figure 4-4C). It readily identifies the portion of 
the common femoral artery as it dives into the 
pelvis cephalad to the femoral head to avoid entry 
above the inguinal ligament. It also approximates 
the trajectory of the common femoral, facilitating 
vessel entry and cannula placement along the 
axis of the vasculature. Longitudinal ultrasound 
can be more challenging to perform compared 
to transverse ultrasound. 

Ultrasound-guided vessel entry is performed 
using a micropuncture needle. The advantage 
of using a micropuncture technique is that the 
small needle can be removed if vessel entry 
is incorrect (Figure 4-5). The small size of the 
micropuncture sheath allows for angiographic 
evaluation of the entry site and vasculature. 
This sheath is small enough that it can also be 
removed if the entry site is unsatisfactory with 
easier hemostasis. Once satisfactory vessel entry 
and intraluminal wire placement is confirmed, 
an 0.038” guidewire is inserted via the micro 
puncture sheath under fluoroscopic control. 
Guidewire position to the left of the spine 
confirms an aortic position. Guidewire position 
to the right of the spine confirms inferior vena 
cava position (Figure 4-6). Note that this may 

Figure 4-5. Comparison of the 21-gauge 
micropuncture needle, 0.018 guidewire and 
sheath with the standard 18-gauge needle 
and 0.035 guidewire.

Figure 4-6. Guidewire position to the right 
of the spine confirms inferior vena cava 
position (A), SVC/RA Junction (B).
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not be true for patients with congenital heart 
disease.

If possible, femoral arterial and venous 
cannulation should be done contralaterally to 
avoid placing the cannulas in the same leg, 
with concomitant compromise of both arterial 
inflow and venous return (Figure 4-7). It is 
preferable that the venous drainage cannula 
be placed in the right femoral vein, giving 
a more direct route to the right atrium. The 
arterial cannula is then placed in the left 
common femoral artery. Limb ischemia can 
be avoided by placing an anterograde distal 
perfusion cannula or dedicated cannula with 
distal perfusion hole included (Figure 4-8). 
It is preferable to place this in advance if the 
patient’s stability allows and limb ischemia is 
anticipated especially with larger 19 to 21 Fr 

arterial cannulas. If the cannulation is emergent, 
the distal perfusion cannula can be placed 
after the patient is stabilized on VA ECMO 
(Figure 4-9). Placing an anterograde distal 
perfusion catheter (DPC) after cannulation 
can be challenging. In both cases vascular 
ultrasound is used, and anterograde vessel 
entry is made with a micro puncture needle in 
the common or superficial femoral artery. The 
guidewire is then advanced fluoroscopically 
into the SFA. Beware the position of the femoral 
vein lying posterior to the SFA. If the wire is in 
the superficial femoral artery, wire advancement 
should be unimpeded because there are few 
side branches. If the profunda is accidently 
entered, wire advancement is difficult because 
the profunda has 5 perforating branches which 
may catch the tip of the wire. Angiography can 
also assist in delineating the anatomy. Once 
proper wire placement is confirmed, a short 
armored 6–8 Fr sheath is preferred because 
larger and longer sheaths can be associated with 
vascular trauma, bleeding, and spasm. More 
distal cannula insertion is also possible, always 
through an ultrasound-guided visualization of 
the superficial femoral artery. Once inserted, the 
side arm of the sheath can be connected to the 
side port of the arterial cannula (Figure 4-7A). If 
longer term use is planned or a cannula without a 

Figure 4-7. Contralateral femoral arterial and 
venous cannulation. A) Side arm of the sheath 
can be connected to the side port of the arterial 
cannula for distal limb perfusion. B) NIRS 
Assessment of the patient’s lower extremities 
perfusion.

Figure 4-8. New cannula with the additional 
hole at the level of the elbow (circle) which 
guarantees distal limb perfusion. It remains to 
be seen how stable the cannula position is and 
whether mobilization will be possible.
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side port is used, a 3/8” 3/8” ¼” Y can be placed 
in the arterial line, allowing a short segment of 
¼” tubing with a 1/4-Perfusion connector to be 
used to connect to the stopcock on the sheath. 
This allows the use of a transonic flow meter 
on the ¼” tubing which gives confirmation 
of adequate flow. Assessment of perfusion 
of the patient’s lower extremities should be 
continuously monitored by the use of Near-
Infrared Spectroscopy (NIRS) (Figure 4-7B). 
NIRS probes can be placed on both legs prior to 
cannulation and can be used to assess perfusion 
and guide the decision to place a DPC. DPCs 
can sometimes be avoided when smaller 15 to 
17 Fr arterial cannulas are used. If the NIRS 
is >50-60% bilaterally then a distal perfusion 
catheter is not necessary. For larger cannulas 
(19-21 Fr), DPCs are strongly recommended. If 
NIRS is <50-60% or the differential between the 

arterial cannulated leg vs. the venous cannulated 
leg exceeds 20%, then a DPC is indicated. The 
patient should not leave the lab until a definitive 
determination for the need of a distal perfusion 
catheter has been made. If an anterograde DPC 
is not possible, the retrograde technique should 
be used (see Section 4: Posterior Tibial Artery). 
Failure to adequately perfuse the leg has a large 
negative impact on patient survival.

Once ultrasound-guided vessel entry had 
been performed, appropriate intraluminal wire 
placement and anatomical wire relationships 
have been confirmed, cannulation can proceed 
(Figure 4-10). Beginning with the venous 
cannula, advance the 0.038 guidewire into the 
right atrium. Some operators prefer to stabilize 
the wire by passing it into the SVC or even the 
subclavian vein. Make a small skin incision 
(<1 cm) along the guide wire and dissect to 
the fascia using a small Kelly clamp. Next, 
serially dilate the tract and venotomy with 
supplied dilators to a size just below the size 
of the venous cannula. Ensure that the dilators 
move independently of the guidewire at all 
times and that the guidewire does not kink 
(Figure 4-11). Fluoroscopy is helpful to confirm 
the wire position (intrahepatic veins or in the 
contralateral leg) and show guidewire kinking 

Figure 4-9. Distal superficial femoral artery 
percutaneous cannulation using a Seldinger 
neonatal ECMO cannula in case of impossible 
access at the groin to cannulate the proximal 
superficial femoral artery.

Figure 4-10. Chest x-ray demonstrating a 19 
Fr single-lumen venous cannula in the main 
pulmonary artery.



54

Chapter 4

in case of resistance. A 25 Fr multistage cannula 
should suffice in most adults. Next, advance the 
venous cannula under fluoroscopic guidance so 
that the tip is in the mid-right atrium or into the 
RA/SVC junction (Figure 4-6B). Remove the 
dilator and guidewire, de-air, and clamp. The 
venous cannula can be connected to the circuit at 
this point, which has the advantage of allowing 
transfusion via the cannula, which will displace 
the blood in the lumen and reduce clot formation 
and can also be helpful in the event of blood 
loss during a complicated arterial cannulation. 
Alternatively, both cannulas can be connected 
to the circuit at the end. The arterial cannula 
is inserted in the same manner. ECMO flow is 
commenced, and cannulas are secured to the 
skin using multiple sutures.

The use of appropriate ultrasound-guided 
vessel entry anteriorly and along the axis of 
the vasculature should facilitate uncomplicated 
cannulation in most cases. Challenging 
access, such as in patients that are obese or in 
patients under cardiac massage, need special 
consideration. In these cases, advancing 
cannulas may be difficult because anterior 
vessel entry is not always achieved and the 
tissue that needs to be dilated can be substantial. 
This can lead to cannula kinking, bleeding, and 
vascular trauma. This is especially important 
for arterial cannulation. In these situations, the 

use of extra support wires such as a superstiff 
wires, are essential. Once access is obtained, a 
small sheath is placed over a guidewire. Next, 
a 6 Fr JR4 or multipurpose coronary catheter 
is advanced over an 0.038 guide wire into the 
descending aorta under fluoroscopic guidance 
to the proximal descending thoracic aorta. Next, 
the standard guide wire is exchanged for the 
extra support guide wire under fluoroscopic 
guidance. The coronary catheter and arterial 
sheath are removed, and dissection and dilation 
of the tract and cannulation can proceed. A 
similar process may be used for venous 
cannulation.

Once VA ECMO has been initiated, potential 
complications are systematically eliminated. A 
right radial arterial catheter helps to confirm an 
adequate pulse pressure (>10 mmHg). A poorly 
ejecting left ventricle with echocardiographic 
evidence of poor left ventricular ejection and 
aortic valve opening mandates immediate 
intervention to avoid left ventricular stasis and 
thrombosis (see Chapter 28). 

Section 2: Percutaneous VV ECMO 
Cannulation in Older Children and Adults

Children over approximately 10 kg and 
adults who require VV support can usually be 
cannulated percutaneously using either a single 
double-lumen cannula, two or three single 
lumen cannulas, or a mixture. Ultrasound-
guided target vein access using a micropuncture 
system should be used. Image guidance is 
mandatory for insertion of bicaval double 
lumen cannulas to allow positioning of the tip 
in the inferior vena cava and the return hole 
in front of the tricuspid valve. The consensus 
is that fluoroscopy is the ideal modality 
because it allows the entire guidewire to be 
seen in one image and reduces the chance of 
a transtricuspid RV guidewire loop forming, 
with potentially disastrous consequences. Some 
centers have reported good experience with 
TEE guidance, however. Fluoroscopic guidance 

Figure 4-11. An assistant holds the cannula, 
allowing it to pass over the guidewire. 
Sometimes a twisting motion is necessary 
as the subcutaneous tissues are encountered.
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is not mandatory for single lumen jugular or 
femoral cannula insertion; however, its use is 
encouraged.6

Bicaval Double-lumen, Single Cannula

Originally described by Jay Zwischenberger 
and Dongfang Wang, drainage is achieved via 
two sites, at the superior and inferior vena 
cava levels, with the return exit port located at 
the level of the tricuspid valve. The separation 
of drainage and return flows results in very 
low levels of recirculation. Currently, two 
manufacturers market such a type of double-
lumen cannula. Designed for right internal 
jugular insertion, they may also be inserted 
from the left jugular or the left subclavian 
if the target vessels and innominate vein 
are large enough. The left subclavian gives 
a particularly comfortable fixation and is 
popular for long-term support such as for 
bridge to lung transplantation. The smallest 
cannula which will provide adequate support 
should be chosen because there is a higher 
incidence of intracranial bleeding with the larger 
sizes, probably related to venous obstruction. 
Accurate insertion to the correct depth and 
radial orientation as shown below is essential 
for proper function. 

The initial jugular vein puncture is made 
using ultrasound guidance and a micropuncture 
set. If possible, the needle path should be made 
anterior to the sternocleidomastoid muscle to 
facilitate dilatation of the track and reduce the 
possibility of hematoma formation. Heparin is 
usually given after the micropuncture sheath has 
been placed. A superstiff guidewire is easier to 
screen into the IVC and forms a better conduit 
for dilatation than the standard wire included 
in the dilator kit. Note that the pediatric size 
cannulas have ¼” connectors and are sized for 
a 0.025” wire, whereas the adult cannulas take 
an 0.038” wire. Prior to passing the dilator, a 
small skin incision is made large enough to pass 
the tapered tip of the dilator but smaller than the 

cannula so that the skin will grip the cannula 
tightly and reduce the chances of cannula 
movement and cannulation site infection. It is 
usually possible to dilate to one size smaller 
than the cannula in a single pass if using the 
gently tapered dilators with a superstiff wire. 
Attention to not moving the wire in space and 
not kinking the wire as the dilator and cannula 
are passed is essential. Some operators find 
it useful to hold the wire in one hand and the 
cannula in the other to ensure they can feel if the 
wire starts dragging as it becomes kinked. If the 
track will not dilate easily, or if using the blunt 
tapered dilators then revert to serial dilations, 
increasing the diameter each time. 

It is possible to place a double lumen 
cannula next to an in-situ internal jugular line 
if the patient is receiving inotropes down this 
line and it is the only access. If time allows, 
it might be better to place venous access 
elsewhere, double pump the inotropes, and 
then wire out the in-situ line. When doing so, 
screening the wire can make the procedure 
more reliable. If the in-situ line does not have 
a distal lumen of at least 18G, the 0.038 wire 
will not pass and a staged approach with a 
smaller wire must be taken. Make sure the wire 
is long enough to allow the exchange without 
losing instrumentation of the vein. A trick to 
obtain the correct size intermediate wire if 
cannulating in a peripheral hospital is to ask 
for an exact duplicate of the line the patient has 
in. A note of caution: when wiring out in-situ 
central lines, remember that the line may have 
been inserted through the accompanying artery 
even though the line appears to be in a perfect 
position in the vein. This is less common now 
that ultrasound guided insertion is the norm, 
but it has happened. It is heralded by a difficult 
insertion followed by massive hemorrhage and 
hemodynamic collapse. 

The cannula is screened to the correct depth 
with the tip in the IVC and the return orifice 
in the right atrium pointing anteromedially 
towards the tricuspid valve. To achieve this, the 
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return lumen is oriented as shown in Figure 4-12. 
Remove the dilator and connector covers, allow 
the lumens to fill with blood, clamp, connect, 
unclamp, and go on ECMO. Note the color 
differential between the arterial lumen and the 
drainage lumen. This indicates that the sweep 
gas is on and that the heart is propelling blood 
forwards. If the cardiac output decreases, the 
venous lumen will become red. This will also 
occur if the return orifice slips down into the 
IVC, allowing recirculation. Echocardiography 
can be used to confirm or fine tune the position. 
The cannula is fixed in place with multiple 
sutures. These should not be tied tight on the 
skin otherwise they will strangulate the tissue 
and erode through. Note the suture on the 
arterial lumen maintaining correct orientation. 
A film dressing with an adhesive chlorhexidine 
gel pad is very effective in both maintaining 
cannula position and preventing cannula site 
infection.

Two Single-Lumen Cannulas

The configuration with a separate draining 
and perfusion cannula is still the most frequently 
used strategy for VV ECMO. Cannulation 
may be femoral-jugular, jugular-femoral, or 
femorofemoral. The most following factors 
should be considered: 

•	 Cannula access feasibility
•	 Cannula size
•	 Efficiency of the chosen VV mode 
•	 Performance of the right ventricle or cardiac 

biventricular function
•	 Indications for VV ECMO
•	 Predicted duration of support.

Femorofemoral access has high recirculation, 
up to 60% in some cases, however it may 
be the only possible access, and, despite 
the recirculation, it seems to work in most 
circumstances. Jugular drainage-femoral 
reinfusion has more recirculation than the 
converse but can give more oxygen delivery 
if a larger jugular cannula is used allowing 
an increase in ECMO flow. This may be an 
important consideration in smaller children. 
Placing a smaller jugular reinfusion cannula 
and draining from the intrahepatic IVC with a 
25Fr multistage cannula is a good solution in 
a patient at risk of intracranial hemorrhage in 
order to avoid a large cannula obstructing the 
jugular vein. Single-lumen cannulas should 
be inserted using ultrasound guidance for the 
initial puncture as described in Section 1. The 
guidewires should be screened, if possible, but 
it is not mandatory. This makes the two single-
lumen cannula technique the best choice when 
cannulating for VV ECMO when screening is 
not available. If ultrasound guidance is also not 
available, the initial puncture can be made using 
the landmark technique and the venous position 
should be confirmed by pressure transduction or 
manometry prior to giving heparin and dilating 
the track.

Three Single-Lumen Cannulas

This may be necessary if the patient remains 
hypoxic and needs higher ECMO flows. This 
can happen with either a large patient or if the 
cardiac output is high. An additional drainage 
cannula is inserted to complement the two-
cannula configuration above. For example, 

Figure 4-12. Bicaval Double-lumen, Single 
Cannula positioning: return lumen should be 
oriented anteromedially.
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draining from the jugular and iliac veins, 
returning to the contralateral femoral vein up to 
the right atrium. Alternatively, draining cannulas 
in both femoral veins (one from the iliac vein 
and the other from the intra-hepatic IVC) and 
returning to the jugular vein. The subclavian 
vein or the pulmonary artery as a return cannula 
is also possible. An additional femoral drainage 
cannula can also be inserted for a patient with 
a bicaval double lumen cannula in situ. A 25 Fr 
hybrid arterial/venous cannula with the tip in the 
low IVC will typically add 0.5-1.5 L/min to the 
ECMO flow of an adult (dl)V-V, flow becoming 
limited by the size of the return lumen as well 
as venous drainage.

Section 3: Pulmonary Artery Cannulation, 
Percutaneous RVAD

Cannulation of the pulmonary artery (PA) 
has brought several new ECLS options. It can 
be drained for LV unloading, analogous to a 
pulmonary artery vent during open heart surgery, 
or for re-infusion. Cannulation can be surgical 
or percutaneous. Cannulas may be single-lumen 
or double-lumen. Flow from RA or RV to PA can 
provide direct right ventricular assist (RVAD) or 
include an oxygenator to support gas exchange 
(oxyRVAD).7

Currently, there are two double-lumen 
percutaneous PA cannulas commercially 
available. One type is placed from the right 
internal jugular vein, blood is drained from 
the RA. The cannula traverses the tricuspid 
and pulmonic valves and returns blood to 
the pulmonary arteries. A single-center study 
demonstrated improved outcomes from severe 
ARDS using this strategy versus traditional 
VV ECMO.8 The second design drains from 
the RA and RV and returns to the PA, clinical 
experience is still limited with this newer model.

The 2-cannula approach utilizes a multistage 
drainage cannula placed in the SVC, IVC, or 
RA from the desired access vessel. The PA is 
cannulated fluoroscopically using a balloon 

tipped 7 Fr Berman wedge catheter. The balloon 
is then inflated in a wedged position to maintain 
distal catheter location while a stiff 180 cm 
wire is advanced into the distal PA. The 19 Fr 
wire-wound single-stage venous cannula is then 
advanced into the PA. Attention must be paid 
to keep the guidewire distally in the branch 
PAs during insertion because the stiffness of 
the cannula will tend to pull the wire back into 
the right ventricle. Figure 4-10 shows a patient 
supported with a 25 Fr multistage venous 
cannula from the right internal jugular vein 
into the IVC and a 19 Fr left subclavian single 
stage venous cannula with its radiolucent 5 cm 
multihole tip in the main pulmonary artery. 
Overall, the larger lumens of the two cannulas 
allow for higher flow rates compared to the 
double lumen approach.

Section 4: Surgical Cannulation for VA 
(VV) ECMO in Older Children and Adults

This section covers the extrathoracic 
noncervical vessels which are useful for ECMO 
cannulation and details surgical approaches 
to these vessels. It also includes a surgical 
technique for placing a retrograde distal 
perfusion cannula in the posterior tibial artery. 
Of course, the techniques may also be used 
to insert a venous cannula in the event of V-V 
ECMO being needed. Surgical cannulation 
may be needed if percutaneous cannulation 
has failed, or if percutaneous cannulation is 
not possible for anatomic or logistical reasons. 
It may only be necessary to insert the arterial 
cannula surgically because of venous cannulas 
being already in-situ in a patient on V-V ECMO 
or a decision to place the venous cannula 
percutaneously at another site to the artery. This 
approach has great merit because it allows less 
extensive dissection and preserves the vein 
more effectively.



58

Chapter 4

Femoral

The femoral vessels can be used from 
15-20 kg upwards. Experienced operators 
may use the femoral vein in even smaller 
patients, but venous congestion usually occurs 
(see Section 6). The patient is positioned supine 
with a roll under the buttock (or buttocks) if time 
allows. The feet are moved to the edge of the 
bed to open the femoral triangle. The position 
of the femoral artery is confirmed by palpation, 
ultrasound, or by identifying the midpoint of the 
inguinal ligament between the anterior-superior 
iliac spine and the pubic tubercule depending 
on the scenario. The femoral vessels can be 
exposed via several incisions. A vertical incision 
has the advantage of speed and allowing the 
abdominal wall and inguinal ligament to be 
identified as a known point of anatomy. Its 
disadvantage is that it makes tunneling the lines 
through the skin flap more difficult. An oblique 

skin crease incision gives good position of the 
skin flaps but can be more difficult to expose 
sufficient distal vessel without a large extension. 
A hockey stick extension down the course of the 
saphenous vein solves this problem and is the 
preferred approach (Figure 4-13). 

Dissection with electrocautery is deepened 
through superficial fascia (fat) until the deep 
fascia is reached. Remember the saphenous 
vein is in this layer. If you find it, follow it up 
to the saphenofemoral junction. A large self-
retaining retractor is helpful here. Divide the 
deep fascia in line with the vessels. Divide 
the circumflex arterial and venous branches if 
necessary, an automatic Ligaclip applicator can 
speed up this process. Dissect up and down the 
artery until you can identify the bifurcation of 
the common femoral artery into superficial and 
deep branches (profunda). Go around each of 
them with a right-angle instrument and place a 
vessel loop. Give the heparin, tunnel the arterial 
cannula through the skin flap and cannulate 
the vessel using one of the three techniques 
discussed below (see Vessel Cannulation 
Techniques). Connect to the circuit. Cannulate 
the vein percutaneously on the opposite side 
if possible. If using the femoral vein on the 
same side, it can be dissected out as for the 
artery, but a potentially better approach is to 
avoid dissecting the vein and use the stump 
of the saphenous vein to pass a guidewire up 
into the femoral vein. Alternatively, perform 
a direct puncture of the vein through the skin 
flap and then use a Semi-Seldinger technique 
(see Section 6). When decannulating, the artery 
is decannulated first, the wound is closed, and 
then the cannula can be withdrawn as for a 
percutaneous cannula or left in place if the 
patient is being converted from VVA to VV. 
Once on ECMO, place an anterograde distal 
perfusion cannula in either the distal CFA or 
the proximal SFA using either a 6 Fr armored 
sheath, as described in Section 1, or 8-12 Fr 
neonatal arterial ECMO cannula depending on 
the size of the artery. This is tunneled through 

Figure 4-13. Hockey stick incision: open right 
femoral artery and vein cannulation with DPC.
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the superior skin flap. The DPC is secured either 
with a purse string or by ligation. Connection 
as described in Section 1, and shown in Figure 
4-14, to allow a flow meter to be used. Apply 
some fibrin glue if desired and close the wound 
over the cannulae. 

Right Axillary/Subclavian Artery

Assuming a left aortic arch with a normal 
branching pattern, the right axillary artery has 
several advantages and disadvantages. First, 
the upper limb is less prone to ischemia due to 
the collateral circulation. Second, it moves the 
mixing point into the ascending aorta thereby 
ameliorating any differential hypoxemia. 
Finally, it is comfortable for the patient and 
is well suited for mobilization and bridge to 
transplantation. Disadvantages include the risk 
of hyperperfusion and/or thromboembolism 
of the cannulated arm. The cannulation 
usually follows an open approach, although, 
as experience with percutaneous intraaortic 
balloon pump insertion increases, it will not 
be long before percutaneous insertion becomes 

routine. The artery is exposed via a subclavicular 
incision which is deepened through pectoralis 
major and minor to expose the subclavian 
vein. The branches on the superior aspect are 
divided, the vein is encircled with a vessel loop 
and retracted inferiorly. This exposes the artery 
which is similarly controlled. The cords of the 
brachial plexus surround the artery more distally 
and should be avoided, for a distal approach it 
is not necessary to mobilize the vein as much. 
Cannulation is by the purse string or chimney 
technique (Figure 4-15). Usually, the cannula 
is tunneled. The muscles are repaired during 
wound closure. 

Please see www.elso.org for Subclavian 
Cannulation video.

Left Subclavian Vein

This vessel is useful if the right jugular vein 
is unavailable, for instance the skin is infected, 
burnt, absent, or blocked. The presence of a 
normal innominate vein should be checked 
if a double-lumen cannula is to be inserted. A 
smaller return cannula should work perfectly 
well in a patient without an innominate vein 
who has a persistent left SVC to coronary sinus. 
Of course, the subclavian vein can be accessed 
percutaneously, however many centers have had 
bad experiences with a bleeding subclavian on 

 

Figure 15 chimney graft cannulation in the carotid artery of a one year old child being placed on ECMO for circulatory 
support. The carotid cannula is placed within the expanded polytetrafluorethylene graft that is anastomosed end to side 
with the carotid artery. (Jon Smith) 

 

Figure 4-15. Chimney technique for arterial 
cannulation.

Figure 4-14. Open left femoral artery 
cannulation with DPC, percutaneous right 
femoral vein cannulation for ECPR, partial 
clamp of DPC limb to balance DPC and 
arterial cannula flow pending application of 
Transonic flowmeter.
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ECMO and try to avoid using them. One way 
to reduce the risk of bleeding is to cut down on 
the cephalic vein in the deltopectoral groove 
and follow it up to the clavi-pectoral triangle 
just before it drains into the axillary vein. A 
guidewire can be inserted through the cephalic 
vein into the right atrium or left SVC under 
fluoroscopy, allowing dilatation and insertion of 
a tunneled ECMO cannula. It is not necessary 
to dissect the axillary vein. The wound is closed 
over the cannula. Decannulation is comparable 
to a percutaneous cannula.

Iliac Vessels, Abdominal Aorta and IVC

The McEverdy extraperitoneal approach 
can be used to access these vessels. The iliacs 
follow a line from the umbilicus to the mid-point 
of the inguinal ligament. A transverse incision 
half-way along this line is deepened through 
the external and internal obliques, exposing 
transversus abdominus, which is then divided 
parallel with the fibers, exposing the peritoneum. 
The peritoneum is displaced medially without 
opening it until the iliac vessels are reached. 
They are then cannulated using the Purse String 
or Chimney techniques.

Vessel Cannulation Techniques

Ligation

This is the technique outlined in Section 
6 used to cannulate the carotid and jugular in 
newborns. It can only be used in arteries with 
an adequate collateral circulation or if a distal 
perfusion cannula is inserted. As such, it can be 
helpful in the femoral artery. Note that ligating 
the subclavian artery distal to the thyrocervical 
and thoraco-acromial trunks will result in arm 
ischemia.

Purse String 

This can be useful if inserting a cannula 
significantly smaller than the target vessel. A 
purse-string suture of appropriate size is placed, 
and the cannula is then inserted through the 
purse string. The vessel can be opened with 
a knife and the cannula passed with a blunt 
introducer as would be the normal approach 
during cannulation for CPB. If using a Seldinger 
type cannula, the vessel can be opened in the 
same way, but with an incision only large 
enough to admit the tip of the introducer. This is 
inserted into the arteriotomy/venotomy, and the 
preloaded guidewire is then advanced through 
the introducer into the vessel. The cannula 
can then be pushed safely forwards. Seldinger 
type cannulas can also be inserted using the 
semi-Seldinger technique outlined in Section 
6, the puncture being made through the purse 
string. The purse string can be secured with a 
tourniquet or tied as discussed in Section 5. If 
cannulating a vein which is contralateral to the 
artery and is possibly suitable for percutaneous 
decannulation, the purse string should be tied on 
the vein only and not tied around the cannula.

Chimney

A vascular graft, typically a preclotted 
woven polyethylene terephthalate type, is 
anastomosed to the target vessel and then 
used as a conduit to insert the cannula. This 
preserves the vessel from ligation. The graft is 
tunneled to just under the skin entry/exit point 
of the cannula. This allows for decannulation 
without dissecting out the vessel again. The 
cannula can be removed, and the graft oversewn 
or clipped. The cannula is inserted through 
the graft with the guidewire loaded as above. 
The artery is controlled by pinching the graft 
closed around the cannula and the wire is 
advanced by feel, the cannula is then pushed 
over it. It is better to have the cannula sitting in 
the vessel past the anastomoses, otherwise the 
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anastomosis is subject to high pressure which 
can result in hemorrhage. It also predisposes 
to the graft twisting like a “Tootsie-roll” (DM 
McMullan, personal communication). The graft 
is sized according to the vessel and cannula 
to be inserted. When using this technique for 
intraoperative cannulation during CPB, the 
cannula is often omitted and a ¼” connector 
ligated directly into an 8 mm conduit. This 
technique has also been used during ECMO 
but does not feel as secure. When tying the 
graft around the cannula it is recommended 
to use at least two heavy silk ties, one just 
around the conduit and another tied around 
the conduit and then tied again around the 
cannula. In addition, a purse string suture in 
the distal conduit is tied and then tied around 
the cannula. The graft is sized so that it can be 
buried beneath the skin to reduce the infection 
risk. An interesting variation of the chimney 
technique on the axillary artery using a y-graft 
allows concomitant implantation of ECLS 
return as well as an Impella device through the 
same prosthetic graft (Figure 4-16).9 

Posterior Tibial Artery

This is a good solution to insert a retrograde 
distal perfusion cannula following percutaneous 
femoral artery cannulation if an anterograde 

DPC cannot be inserted. The posterior tibial 
artery is exposed by a longitudinal incision 
posterior to the medial malleolus. It lies deep to 
the fascia and is surrounded by venae comitantes 
much like the radial artery. Having exposed the 
top of the vessel it is best not to go around it 
or to dissect the veins off the artery. Using a 
micropuncture needle passed through the skin 
flap, insert the small guidewire into the artery 
and then the 5 Fr sheath. The sheath itself can 
be used as the cannula, or it can be exchanged 
for a 14G Jelco IV cannula or a wire wound 
5 Fr cardiology sheath. The micropuncture 
sheath has the best performance because it is 
thin and a straight though connection, rather 
than a right angle. The sheath is easiest to secure 
because it has a right-angle connection, but this 
detracts from its hemodynamic performance. 
Connect to the circuit using a ¼”/Male-Luer 
connector. Use a flow meter as described in 
Section 1. Flow will usually be over 100 ml/min 
and can be increased by means of a Hoffman 
partial occlusion clamp on the arterial line 
distal to the DPC-Y connector, although it 
may be necessary to increase RPM if doing 
this. Adequacy of limb flow is confirmed by 
examination and NIRS (Section 1).

Section 5: Transthoracic ECMO Cannulation 
in All Age Groups, Including Nonsternotomy 
Access

Central cannulation is used for post-
cardiotomy patients, particularly intraoperatively 
when unable to wean from CPB, or from post-
CPB impaired uni or biventricular function. 
This approach is also preferred in the intensive 
care unit for postoperative ECPR or refractory 
shock, providing more efficient heart drainage, 
central perfusion avoiding coronary artery and 
supra-aortic vessel hypoxemia, or to provide 
higher flows due to the more efficient right 
heart drainage.

Central cannulation, based on the above-
mentioned features, may also be considered 

Figure 4-16. Single arterial access using an 
y-graft for concomitant implantation of ECLS 
return and Impella device (ECMELLA).
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in case of high-flow ECLS-related settings 
(eg, septic shock), but also as an alternative 
to femoral/axillary artery cannulation in case 
of an absence of or complicated vascular 
access, particularly in cases of limb ischemia; 
in case of the requirement for other devices; or 
after occurrence of vascular injury following 
cannulation.

The arterial cannula may be the CPB cannula, 
or the chimney technique can be used. The latter 
may be fashioned to enter the mediastinum via a 
dedicated small incision laterally at the jugular 
level (Figure 4-17). This technique may allow 
decannulation without the need to reopen the 
sternum.10 Closing the sternum, if possible, 
reduces the risks of infection and bleeding. If 
using Paracorporeal VAD cannulas which are 
designed for a substernal path, they should be 
routed to avoid compression of the right atrium 
and ventricle, which can cause tamponade and 
prevent weaning. When not using these cannulas, 
exiting the neck or through an intercostal space 
may be preferable to the epigastrium. 

Partial central cannulation may be used with 
femoral vein drainage and aortic arterial return. 
Other possibilities for central cannulation 

include Right Atrium-Left Atrium or Right 
Atrium-Pulmonary Artery or Pulmonary 
Artery-Left Atrium. While in the first two 
configurations, the RV is bypassed thereby 
providing RV support. In the last mode, this 
is effectively ‘central VV ECMO’ since 
the RV is not bypassed and supported. The 
first two configurations might be useful in 
patients awaiting lung transplant and requiring 
prolonged extracorporeal gas exchange and 
RV support in the presence of high pulmonary 
vascular resistance.

Central cannulation may be performed 
leaving the sternum opened in case the right 
ventricle remains dilated despite ECMO-
based drainage, or to allow quick access to the 
mediastinum in the event of bleeding. Cannulas 
may exit the mediastinal cavity either through a 
subxiphoid, jugular (Figure 4-18), or intercostal 
route. Postcardiotomy-based issues related to 

Figure 4-17. Central arterial cannulation using 
a chimney graft to the ascending aorta and 
brought outside the jugulum for a subsequent 
minimally invasive cannula removal without 
reopening the chest. The chimney graft may 
also be tunneled to the neck and cut shorter so 
that it sits just under the skin.

Figure 4-18. Central ECMO cannulation after 
cardiac surgery with the cannula exit point 
at the jugular level, with bovine pericardium 
closure of the skin leaving the sternum open. 
The snares may also be secured inside the chest 
to reduce contamination.
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cannulation can also be found in the ELSO 
Monograph on this topic.

Right Atrium via Subcostal Approach or 
Anterior Mediastinotomy

The right atrium can be cannulated via a 
right 4th intercostal anterior mediastinotomy. It 
can also be approached via a subcostal incision. 
These can be helpful in patients with previous 
healed sternotomy, especially if the SVC is 
blocked, absent, or connected to the pulmonary 
artery (Bi-directional Glenn). 

Left Ventricle via Apex

A small thoracotomy over the apex of the 
left ventricle can be used to insert an LV vent 
(Chapter 51). 

Left Atrium

An LA vent can be inserted via the right 
superior pulmonary vein through a median 
sternotomy, or via the left atrial appendage 
through a small left thoracotomy. Often the vent 
can be advanced across the mitral valve.

Sternotomy for Cannulation Disaster

In the event of a failure to cannulate via the 
neck or groin accompanied by vessel disruption 
and hemodynamic collapse, the prognosis is dire. 
Immediate median sternotomy accompanied by 
trans-thoracic V-A cannulation and cooling (or 
using CPB and cooling) may possibly allow 
salvage. The neck vessels can be approached by 
joining the transverse incision to the sternotomy 
and then dissecting the innominate vein, aortic 
arch, innominate artery and then following 
the vessels up into the neck until the breach 
is reached and controlled. Right atrial or right 
ventricular injury can be repaired directly. Injury 
in the abdomen can be accessed by extending 
the sternotomy downwards. If necessary, the 

diaphragm can be divided to expose the supra-
hepatic IVC and facilitate liver mobilization.

Hybrid Configurations (V-AV, V-VA, VV-AV, 
and others)

For a detailed description of the nomenclature 
and definitions of hybrid configurations, please 
see Chapter 2.

Hybrid configurations include the presence 
of return perfusion towards both the venous 
and arterial systems. This usually means 
arterial return cannulas in the femoral artery 
and the right internal jugular vein. However, 
pulmonary artery cannulation as discussed 
above is also covered by this definition. Hybrid 
configurations may be used to treat or prevent 
differential hypoxia (formerly known as 
Harlequin Syndrome or North/South Syndrome) 
occurring during femoral VA ECMO. The 
hypoxic blood in the ascending aorta arch 
and branches (especially the coronary arteries 
and brachiocephalic vessels) is heralded by 
reduced PaO2 in the right radial artery. Hybrid 
reconfiguration provides adequate oxygenated 
blood flow to the left ventricle and coronary 
arteries, promoting recovery and weaning. 
Additional benefits include prevention of 
cerebral hypoxia-ischemia. 

During hybrid configurations, flow 
will preferentially go to the low resistance 
venous return line leaning to systemic arterial 
hypoperfusion. This must be controlled by 
increasing resistance on the venous return line 
by application of a Hoffman partial occlusion 
clamp, which is adjusted to give the desired 
partition between arterial and venous return 
lines. At least two flow meters are needed to 
measure the total flow and flow in at least one 
line. It may be necessary to increase RPM to 
achieve the desired balance of venous and 
arterial flows.
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Section 6: Babies and Children

Babies and children needing ECLS may 
range from around 2 kg to 150 kg. Obesity in 
children is challenging because the patient often 
has much smaller blood vessels than their size 
alone would suggest. Ultrasound imaging of 
target vessels is therefore essential. V-A ECMO 
cannulation in babies and small children is 
done by surgical cutdown on the right neck 
vessels. The risks of carotid ligation increase 
with age and is therefore best avoided in 
adolescents and older children. Femoral arterial 
cannulation, with suitable distal perfusion, is 
possible in children from around the age of 
5, but reconstruction is challenging, and most 
centers avoid the femoral artery until patients 
are well over 20 kg. Postoperative cardiac 
surgery patients are almost always cannulated 
through the chest using the fresh sternotomy 
(see above). In this section we will discuss V-A 
cannulation via the neck, V-V cannulation in 
babies, and V-V cannulation in children.

V-A Cannulation via the Neck

The patient is positioned supine with a 
shoulder roll, the head turned 45 degrees to 
the left. The ventilator tubing is arranged so 
that it is on the bed and not crossing the chest 
or neck. The endotracheal tube is supported 
with rolled towels in such a way that it can be 
reached in the event that hand ventilation is 
required. A large bore extension line is flushed 
and connected to the intravenous access, ensure 
that it is not planned to remove this access 
during cannulation, as may be the case for an 
in-situ right jugular vein line. This line should 
be positioned so that the anesthesiologist or 
intensivist can reach it when the patient is 
draped. The earth plate for electrocautery 
is applied according to the manufacturer’s 
instructions. The right side of the neck is 
prepped and draped. Remember that alcohol-
based skin prep, oxygen, and electrocautery is an 

explosive mixture which can easily be avoided. 
A transverse incision is made in the skin crease 
one third of the way up the neck. The platysma 
is divided exposing the sternocleidomastoid 
muscle. Dissection is extended along its anterior 
border and the muscle is retracted laterally, 
exposing the posterior belly of the omohyoid 
muscle, which is divided. The carotid sheath is 
thereby exposed, the jugular vein and carotid 
artery are dissected free, preserving the vagus 
nerve. Each vessel is encircled with two #1 silk 
ligatures. Heparin 50-100 u/kg is administered 
and allowed to circulate. The cephalad ligature 
on the carotid is tied and the ends of the ligature 
are clipped to the drapes to anchor the vessel. 
A vascular clamp is applied caudally, and 
the carotid is opened using an arrowhead or 
transverse incision using an 11-blade placed 
through the vessel from the side with the blade 
pointed anteriorly and then cutting upwards. 
This method allows for a rapid arteriotomy with 
less risk of vessel transection. All of the arterial 
layers are then grasped on each side with fine 
DeBakey forceps, and the tip of the cannula 
is introduced, the clamp is then released, and 
the cannula is advanced with a circumferential 
twisting motion, to a depth of 2-3 cm in a 
newborn. The cannula is then secured by tying 
the caudal ligature around the carotid caudal 
to the arteriotomy. Further security is then 
provided by tying the ends of the cephalad 
ligature around the cannula. The ends of both 
ligatures are then clipped to the drapes on the 
medial side of the wound, thereby retracting the 
carotid cannula away from the jugular vein. The 
introducer is removed, the cannula is allowed to 
fill with blood, and a line clamp is then applied 
to the cannula above the wire reinforcement, but 
below the surface of the blood. The cannula is 
then connected to the arterial limb of the ECMO 
circuit which should be identified by tracing the 
line from the oxygenator, rather than trusting the 
color of the tape. Airless connection techniques 
are discussed in Section 7. The jugular vein is 
cannulated in the same fashion as the artery, 
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with the caveat that it is more fragile and the 
cannula should be inserted 6-8 cm, placing the 
tip in the mid right atrium. It is better for the 
venous cannula to be slightly too high than too 
low. A low cannula can suck into the tricuspid 
valve, coronary sinus, or atrial wall, obstructing 
venous drainage. The clamps are removed, and 
flow is initiated. 

Speed of ECMO initiation should be 
balanced between clinical need and the 
biochemistry of the prime. At one extreme, 
ECPR, will go immediately to full flow. At the 
other, a patient who is relatively stable will have 
ECMO started at around 25-50 ml/kg/min and 
will only increase to full flow after the prime 
and patient blood are fully mixed after 2-5 
minutes. As ECMO flow builds up, the patient 
may become hypertensive, allowing pressors 
to be weaned rapidly. Conversely, if the prime 
is acidotic, hyperkalemic, and hypocalcemic, 
the patient may become hypotensive, which 
can be rectified by administration of calcium, 
bicarbonate (not concurrently in the same 
line) and rapid weaning of airway pressure to 
improve venous return. 

Sweep gas should be started with an 
initial FSO2 between 50-100%. It is important 
not to blow off too much CO2 too quickly so 
sweep:blood flow ratio should not exceed 1:1 
unless CO2 is being bled into the sweep gas. 

The cannulas are secured to the skin 
cephalad to the cannulation incision with two 
silk sutures to each. Care must be taken not to 
cause skin necrosis whilst tying these sutures. 
A technique of knotting the suture so it is loose 
on the skin and then passing the ends around 
the cannula where they are tied tightly is used. 
When tying around the cannula it is possible to 
tie so tightly that the spiral wire reinforcement 
is dislocated. This can cause cannula obstruction 
and should be avoided. A small amount of 
fibrillar hemostatic agent can be placed in the 
wound if desired. The incision is then closed 
around the cannulas with non-adsorbable 
sutures. Some surgeons like to insert a small 

piece of silastic vessel loop under the ligature 
to protect the vessel and make decannulation 
easier. If this is done, ensure that the ligature 
is sufficiently tight by performing a tug-test 
on the cannula once secure; the vessel should 
move with the cannula without any slipping. 
In patients where several weeks of support are 
contemplated, the cannulas can be tunneled 
through the superior skin flap, allowing the 
wound to be closed. This requires a relatively 
stable patient and a good assistant.

Potential Pitfalls

If the neck is flexed to the left at the same 
time as the head is turned to the left, this can 
open up the subclavian origins with respect to 
the arteriotomy and venotomy and result in the 
cannula either impacting on the bifurcation or 
actually entering the subclavian artery or vein. 
This is usually obvious from the resistance and, 
in the case of the venous cannula, an inability to 
advance. It is usually possible to adjust the head 
position slightly and advance the cannula into 
the correct position by using a slight twisting 
motion to get past the subclavian orifice. 

Placing the arterial cannula too deeply can 
result in impingement on the aortic valve. This 
is a potentially life-threatening complication if 
the valve is injured because the resultant aortic 
incompetence makes it impossible to maintain 
support. It is best avoided by limiting insertion 
depth to 2-3 centimeters. Echocardiography can 
be used to confirm cannula position and aortic 
valve function. 

If the right jugular vein is very small 
(<10 Fr), it is important to check that you have 
the correct vessel, inside the carotid sheath, next 
to the carotid artery and vagus nerve. If this is 
the case, one should suspect the presence of a 
left SVC to coronary sinus, in which case the 
right jugular may be small. Echocardiography 
will demonstrate a large coronary sinus. It may 
also occur in situs inversus with dextrocardia 
so this should be suspected from the chest x-ray 
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prior to cannulation. While an 8 Fr venous 
cannula is available, it does not usually provide 
adequate venous drainage for babies bigger than 
2.5 kg. It may be possible in a situation where 
the vein is around 9 Fr to stretch it by using 
the semi-Seldinger technique (discussed in 
the next subsection) to insert a 10 Fr Seldinger 
venous cannula. If the cannula will not pass it 
can be guidewire-exchanged for the 8 Fr. These 
cannulas can be very useful when a right jugular 
central line is in-situ because the central line 
can be guidewire-exchanged for the cannula 
through the superior skin flap, removing the 
need to dissect the jugular vein around the in-
situ line. If the central line puncture is too low 
to make this possible, then the vein must be 
dissected without disturbing the line, and then 
place the ligatures above and below the line. 
Removing the line prior to cannulation makes 
the dissection more difficult as the venotomy 
tends to start bleeding as soon as soon as the 
vein is exposed. 

If only the 8 Fr venous cannula can be 
inserted, and venous drainage is inadequate, 
additional venous drainage can be obtained 
by inserting an 8 Fr arterial cannula to drain 
the superior portion of the right jugular vein. 
This cephalad cannula or ‘brain-drain’ is used 
routinely in some centers, which is probably 
not necessary but is a useful technique in this 
specific instance.

A technique of replacing the silk ligatures 
with silastic vessel loops has been described. 
The author has witnessed this technique result 
in inadequate fixation of the cannula, causing 
accidental decannulation, and is therefore 
unable to recommend the approach for anything 
other than short term use in the operating room. 
Another inadvisable approach is to use purse 
strings secured with tourniquets on the vessels. 
The tourniquets are left hanging out of the neck 
where they become an infection hazard and 
may become loose if the clamp springs open. 
Some surgeons try and reduce the infection risk 
by securing the tourniquet with vascular clips 

and burying them in the neck wound. This is a 
good technique for transthoracic cannulation but 
tends to cause necrosis in the neck if the ECMO 
duration is prolonged beyond 1-2 weeks. Purse 
strings can be used successfully but are best tied 
around the cannula. Compared to the security 
of ligating the vessel around the cannula, this 
is a poor second. 

The low approach where the vessels 
are dissected between the heads of sterno-
cleidomastoid can also be used but it is more 
difficult, especially to do rapidly. In addition, 
this technique can result in the subclavian 
vessels being misidentified as the carotid and 
jugular and cannulated instead. This is not 
necessarily a disaster as these vessels have been 
used electively for cannulation.

Venovenous ECMO in Babies, the Semi-
Seldinger Technique

Right atrial double lumen venovenous 
cannulas for neonatal ECMO are best inserted 
using the semi-Seldinger technique via the right 
jugular vein. Older patients can be cannulated 
using a pure percutaneous technique as 
described above. The semi-Seldinger approach 
is often described as the “exposure-assisted” 
technique. The technique is the same as the 
V-A technique described above, but dissection 
stops once the anterior surface of the vein has 
been liberated. It is better to leave the remaining 
connective tissue intact and to avoid going 
around the vessel because this tissue can help 
to support the vein and reduce the risk of the 
vein tearing. A small stab incision is made in the 
superior skin flap. The vein is held with forceps 
and a micropuncture needle is introduced 
through the incision in the skin flap into the vein. 
The guidewire is passed and then the needle is 
exchanged for the 5 Fr micropuncture sheath. 
Heparin is then administered and allowed to 
circulate. The .025” guidewire for the cannula 
is then inserted to a depth of 10-12 cm, until 
ectopics are seen on the monitor, or resistance 
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is felt. In both these later eventualities the wire 
should be withdrawn slightly. The sheath is 
withdrawn, and the wire is controlled in the 
vein with the left index finger; do not place 
a gauze swab in the wound. The left thumb 
traps the wire against the side of the baby’s 
head. This will prevent excessive bleeding 
and give immediate warning if the wire moves. 
The cannula is positioned with the arterial 
limb anteriorly. Dilator and cannula are then 
advanced. Once the tip of the dilator is in the 
right atrium, the cannula is advanced off the 
dilator. The tip of the cannula should be in the 
mid-right atrium, at a depth of 6-8 cm. Imaging 
with echocardiography or fluoroscopy can 
be used to guide cannula placement, but it is 
not mandatory, unlike a bicaval double lumen 
cannula. The wire and dilator are removed, 
and the cannula is held by the assistant whilst 
the connections with the circuit are made and 
ECMO flow is initiated. The cannula is then 
secured to the skin with silk sutures as described 
for V-A cannulation. The wound is then closed, 
using a braided poly-glycolic acid suture to 
bring the sternomastoid over the vein, and a 
monofilament poliglecaprone 25 subcuticular 
suture to close the skin. Because the vein is not 
secured to the cannula it can be treated in the 
same way as a percutaneous cannula henceforth. 

Potential Pitfalls 

If the vein is too small for the 13 Fr cannula, 
it is easy to convert to V-A. In fact, if you do 
not ask for the cannula until you see the vein 
it hardly counts as a “conversion,” merely 
an adaptation of strategy. If the vein appears 
marginal and a decision is made to proceed 
with V-V cannulation in the hope that it might 
stretch and accept the cannula, there is always 
the possibility that the vein will tear, partially or 
completely, and even invert into the chest. This 
can be prevented by watching and feeling the 
vein very carefully during insertion. If it is not 
dilating do not push! Maintain the guidewire 

tip in the right atrium, remove the cannula, 
control the vein with a finger, and insert a 12 
Fr or 10 Fr Seldinger venous cannula over the 
wire. This will fill the hole in the vein and stop 
the bleeding. If the vein tore completely and 
retracted into the chest it may well come out 
with the cannula. Keep the wire in the atrium 
and try and grab the end of the vein as it comes 
out, then put the Next-Gen over the wire. It is 
very rare for a transected jugular vein to cause 
intra-pericardial or intrapleural bleeding, and it 
is only rarely necessary to open the chest to deal 
with this problem. Once the vein is cannulated, 
connected to the circuit, and secured to the 
skin, it can be retracted laterally, and the carotid 
dissected for V-A cannulation. Alternatively, 
it may be elected to use the two cannula V-V 
technique (see next section). 

If guidewire instrumentation has been lost, 
the first step is to pack the wound and hold 
pressure for a few minutes. This allows the 
anesthetic team time to replace blood loss and 
prepare for more. It may be possible to dissect 
down the carotid sheath and grab the end of 
the vein because it will usually retract and 
may stop bleeding (until you grab it). Gently 
deliver it superiorly and put a vascular clamp 
on it. Having got distal control, try and find 
the proximal end of the transected vein and 
put a titanium vascular occlusion clip on it. It 
is usually best to now cannulate the carotid 
artery. Having done this, a 6-0 polypropylene 
purse string suture is placed in the ragged end 
of the jugular stump and snared. This serves 
two purposes; it prevents further retraction and 
can be used for initial hemostasis. The venous 
cannula can then be inserted, and the purse 
string tightened. It may be possible to place a 
silk ligature around the vein stump and cannula 
and tie them together in the normal way, or to 
place a 5-0 polypropylene on a 17 mm half-
circle round-bodied needle around the vessel 
instead. In both cases after the ligature is tied, 
the ends should be looped around the cannula 
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and tied again. The purse string can also be tied 
for further security.

Ligation Technique

Some surgeons prefer to ligate the vein 
around the double lumen cannula as they feel 
nostalgic for the V-A cannulation technique. 
If using this approach, use the blind ended 
introducer in the cannula rather than the 
Seldinger introducer. The disadvantage of 
this approach is that cannula adjustment and 
decannulation require formal surgical re-
exploration, and the vein is ligated.

Two Cannula VV ECMO in babies

The classic approach to ECMO in 
nonambulatory patients has been that the 
femoral vessels are too small to cannulate and 
should be avoided. Two groups in Melbourne, 
Australia, and London, UK, did not get the 
memo and have been using a two-cannula 
technique with success in newborns.11,12. A 
10-12 Fr drainage cannula is placed in the 
jugular vein and a 6-8 Fr reinfusion cannula is 
placed in the femoral vein. There is significant 
venous congestion of the leg, but it is reportedly 
well tolerated. Knowing that this strategy is 
possible is very useful, even if the technique is 
not used routinely in most centers. It is likely 
that design of specific percutaneous neonatal 
femoral venous cannulas could make this a more 
attractive option. 

Single Cannula, Single Lumen VV ECMO in 
Babies and Fetuses

Tidal flow VV ECMO using a non-occlusive 
roller-pump has a long history in France. It will 
likely be the cannulation of choice for artificial 
placenta use.

Section 7: Airless Connection Techniques 

The Bump 

This is the best method because it is fast, 
does not require another person, and maintains 
an unbroken meniscus, thereby forming fewer 
bubbles. The primer sets zero RPM on the 
centrifugal pump, places a clamp on the venous 
line (and bridge if present), and removes the 
clamp on the arterial line. The cannulator 
removes their clamp on the arterial line, which 
is now open to the primer. The introducer is 
withdrawn from the arterial cannula which is 
occluded at the connector with a thumb. It is 
then clamped above the wire reinforcement 
and held upwards at an angle of 45 degrees to 
the floor, with the back of the connector inside 
the arterial line, which is held at a reciprocal 
angle. Touching the knuckles together gives a 
good reference to the operator and facilitates 
the correct rolling motion for connection. The 
primer then injects balanced electrolyte solution 
through a pigtail anywhere upstream of the 
venous line clamp. The fluid fills the connector, 
which is then rolled together as the primer 
continues to inject. The connection is examined 
for bubbles prior to pushing the connector fully 
home. Once the connection is made the primer 
closes the stopcock on the pigtail and places a 
clamp upstream of the pigtail in preparation for 
bumping the venous line. This is done in exactly 
the same manner and, with the pump at zero 
rpm and the bridge clamped, can be done from 
the same pigtail. 

The Fill

This method requires a skilled assistant. The 
connectors are held in the same attitude as the 
bump, but the assistant releases the clamp on 
the cannula very, very, very slightly to fill the 
connection. Overzealous unclamping results in 
a deluge of blood and lots of bubbles.
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The Drip

This technique has been the ECMO standard 
for many years. Fluid is drizzled into the 
connection from above using a syringe whilst 
the connectors are rolled together. Its advantage 
is that it is easy to understand. The disadvantage 
is that a nervous drizzler can create intractable 
bubbles, especially in ¼” tubing. A modification 
of this technique which can reduce bubble 
formation is where a 14G IV cannula (the soft 
part, not the pointy needle) is attached to the 
syringe, using a no touch technique if in the 
hands of an assistant who is not scrubbed, and 
then the cannula is inserted into the tubing and 
connector, ideally below the surface, and fluid 
is injected gently until the meniscus is at the 
end. The catheter is then withdrawn and used to 
accurately drip fluid into the connection, thereby 
avoiding the deluge.

The Stop-Cock Fill

This is the technique used to insert a pigtail 
and can be used for cannulas with a Luer-lock 
connector which can accept a stopcock. The 
connection is made without trying to expel the 
air. The connection is then held higher than the 
patient, the patient clamp is removed, and air 
is aspirated from the stopcock with a syringe. 
It is preferable to replace the stopcock with a 
blind cap once this has been done to reduce clot 
formation in the connector.

The Automatic Fill

This is an advanced technique for the single-
handed operator. The connection is filled from 
the patient by placing the clamp so that it almost, 
but not quite, occludes the cannula which then 
slowly fills. It is difficult to achieve exactly the 
correct clamp position, especially on the arterial 
cannula. The connection is then made as for the 
bump/fill.

The Squeeze

This is an advanced technique for the 
single-handed operator, it can be used if there 
is no drizzler available, for instance during an 
emergency circuit change when you are alone. 
The connector and cut end of the tubing are 
held parallel in the nondominant hand facing 
the ceiling. Using a syringe with 14G cannula 
as discussed in “the drip,” both sides are filled 
until the meniscus is at the end. The syringe is 
then put down and the tubing is taken in the 
dominant hand, the index finger and thumb 
are used to hold the end of the tubing and the 
remaining three fingers are used to squeeze the 
tubing and advance the fluid as the connection is 
made simultaneously, expelling the air. Once the 
connection is made, do not release the squeeze 
otherwise cavitation will occur. Release the 
clamp on the patient side and then release the 
squeeze and examine the connection for bubbles.

Section 8: Cannula Size Tables

These show a guide to cannula size choice 
against patient body weight (Figures 4-19 and 
4-20). They should be used in conjunction 
with the manufacturers IFU. Vessels should be 
sized by imaging or direct inspection. They will 
usually stretch slightly, especially the vein, but 
this must be done gently. If resistance to cannula 
insertion is excessive, drop down a size. Always 
take a size above and below the expected size. 
These cannulas will usually provide 100 ml/kg/
min for V-A flow and 80 ml/kg/min for (dl)V-V. 
If aiming for 200 ml/kg/min in univentricular or 
septic shock, then upsize to a venous cannula 
for double the bodyweight (or put two in) and 
upsize the arterial to 1.5 x the bodyweight and 
accept a higher line pressure. This may mean 
using transthoracic cannulation if the peripheral 
vessels will not accept such large cannulas.
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Figure 4-20. ECMO central cannulation: relation of patient weight to cannula size.

Figure 4-19. ECMO peripheral cannulation: relation of patient weight to cannula size.
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The Physiology of Extracorporeal Life Support

Robert H. Bartlett, Matthieu Schmidt, Matthew Brain, Tomasso Mauri

ECLS (or ECMO) is the use of mechanical 
devices to support heart and/or lung function 
in severe heart or lung failure, unresponsive 
to optimal conventional care. With circulation 
and respiration supported by ECLS, damaging 
heart and lung treatment can be stopped (eg, 
vasopressors, high ventilator settings) while 
the failing organs are treated, recover, or can be 
replaced. Managing patients with ECLS actively 
differs from conventional care and requires a 
thorough understanding of cardiopulmonary 
physiology, pathophysiology, and ECLS 
physiology. This chapter includes a brief review 
of normal and abnormal cardiopulmonary 
physiology, and the physiology related to 
mechanical replacement of circulation and 
respiration.

Cardiopulmonary Physiology

Figure 5-1 summarizes the essentials of 
normal cardiopulmonary physiology. All tissues 
of the body function by combining substrates 
(food) with oxygen, producing heat, energy, 
CO2, and water in the process called metabolism. 
Metabolism is related most closely to oxygen 
consumption and is determined by measuring 
the amount of oxygen consumed per minute, 
which is called VO2. The rate of metabolism 
for adults at rest is approximately 3 cc/kg/min 
or 120 cc/min/m2 for a typical adult (children 

4 cc/kg/min, infants 5 cc/kg/min). Metabolism is 
controlled by a center in the brain and increases 
or decreases depending on activity and other 
factors. 

Metabolic rate increases with activity, 
fever, drugs, and hormones, and decreases 
with sleep, paralysis, and cooling. Metabolic 
rate increases as much as five times in extreme 
exercise. When the metabolic rate changes, the 
delivery of substrate and oxygen changes in 
proportion, accomplished by a change in cardiac 
output. The amount of oxygen available in the 
bloodstream for metabolism is normally five 
times the amount actually used by the tissues. 
A complex system of reflexes and hormones 
keeps this in balance, referred to as homeostasis. 

Figure 5-1. A summary of oxygen 
consumption, delivery, and metabolism. 
REE = resting energy expenditure.
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Oxygen gets into the blood through the 
lungs and arrives in tissues via perfusion of 
the capillaries. About 20-25% of the oxygen is 
removed for metabolism (although the oxygen 
extraction ratio varies from organ to organ) 
so 75-80% of the oxygen is still in the venous 
blood on the way back to the heart and lungs. 
Carbon dioxide is produced during metabolism, 
the amount (VCO2) of which is essentially 
the same as the amount of oxygen consumed 
(3 cc/kg/min). CO2 comes out of the blood in 
the lungs and into the exhaled air. The amount 
of oxygen consumed and CO2 produced is 
different for each organ but the average for all 
organs is measured by O2 and CO2 exchange in 
the lungs (Figure 5-2). These principles apply to 
all ages and sizes, and size-specific parameters 
are normalized to weight or BSA. Typical adult 
values are used in the examples in this chapter.

Oxygen in Blood

The oxygen content is the amount of oxygen 
bound to hemoglobin plus the amount dissolved 
in plasma related to PO2:

CO2 (cc/dl) = 
Hb (gm/dl) x SO2 x 1.34 (cc/gm) + 
PO2 (mmHg) x .003 (cc/dl/mmHg)

Oxygen content is difficult to measure 
directly so it is typically calculated and reported 
by blood gas analyzers. It is the most important 
(and as a single value, perhaps the only 
important) measurement of oxygen in blood. 
In clinical practice, the amount of dissolved 
oxygen is less than 1% of the content, so the 
second half of the equation involving PO2 is 
usually ignored. Figure 5-3 shows the relation 
among these measurements. Notice that there 
is twice as much oxygen in arterial blood at a 
normal hemoglobin (content 20 ml/dl) than in 
anemic blood (content 10 ml/dl), even though 
the oxygen saturation and PO2 are the same in 
both samples. 

The amount of oxygen delivered to 
metabolizing tissue is the oxygen content in 
arterial blood times the blood flow (cardiac 
output), called the oxygen delivery (DO2).

 
DO2 (cc/min) = 

CO2 (cc/dl) x CO (1/min) x 10 (dl/l) 

For an adult the normal DO2 is 600 cc/min/
m2 (20 cc/dl × 3 l/min/m2 x 10).

The normal amount of oxygen consumed 
by tissues at rest is 120 cc/min/m2, abbreviated 

Figure 5-2. Oxygen delivery/consumption 
(DO2/VO2). Typical adult values are shown.

Figure 5-3. Oxygen in blood is measured 
as PO2, oxyhemoglobin saturation, and 
oxygen content. Oxygen content is the 
only measurement of the amount of 
oxygen in blood, hence the most important 
measurement.
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as VO2. Figure 5-4 displays the relationship 
between these concepts. The DO2 is controlled 
by homeostatic mechanisms to be 5 times 
VO2, so in a resting adult 20% of the available 
oxygen is used for metabolism, leaving 80% in 
the venous blood. Therefore, the normal arterial 
oxygen values of a patient breathing air are 
PO2 90 mmHg, saturation 100%, O2 content 
20 cc/dl. Normal venous oxygen values are PO2 
40 mmHg, saturation 80%, content 16 cc/dl. 
The VO2 increases with exercise, catecholamine 
release or administration, and sepsis. The DO2 
adjusts to VO2, maintaining the ratio at 5:1. DO2 
is limited primarily by cardiac output. If VO2 
increases relative to DO2 (or if DO2 is impaired), 
a higher fraction of the arterial oxygen content 
is removed by the tissues, so the content in 
the venous blood decreases from the normal 
16 cc/dl to lower levels. This is well tolerated 
until the DO2/VO2 ratio is below 2:1 (50% 
extraction). At that point there is not enough 
oxygen available to maintain oxygen-dependent 
(aerobic) metabolism, and metabolism switches 

to anaerobic processes which causes exhaustion 
and lactic acidosis. The VO2 below this level 
then becomes dependent on the supply of O2. 
Anaerobic metabolism is tolerated for a few 
hours at most, leading to cardiovascular and 
metabolic collapse if it persists.

Cardiopulmonary Pathophysiology

The relationship between DO2 and VO2 
can be affected by disease states, primarily 
those that affect oxygenation and cardiac 
output. If the DO2 is decreased compared to 
VO2 (eg, in low cardiac output states, anemia, 
or hypoxemia), VO2 continues at the same rate, 
thus more oxygen is extracted per dl of blood, 
leaving less oxygen in venous blood. Normal 
aerobic metabolism continues in this setting. 
However, when the DO2 is less than twice the 
VO2, oxygen supply is inadequate to maintain 
aerobic metabolism and anaerobic metabolism 
ensues, producing lactic acid rather than CO2. 
A DO2:VO2 ratio less than 2:1 leads to supply-

Figure 5-4. DO2/VO2 relationships during normal and elevated metabolic rate. DO2 adjusts to changes 
in VO2 over a wide range, maintaining DO2 5 times VO2. If DO2 drops below 5:1, normal aerobic 
metabolism continues, but if DO2/VO2 is less than 2:1, anaerobic metabolism and shock occurs.
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dependency hypoxia and systemic acidosis, with 
resultant organ failure (Figure 5-4). A goal of 
managing any critically ill patient is to maintain 
DO2:VO2 close to normal (5:1), or at least more 
than the critical 2:1. So it is important to know 
the VO2 and DO2 when planning management. 

Cardiopulmonary Pathophysiology during 
ECLS

ECLS is used when heart or lung failure is 
so severe that DO2:VO2 is less than 2:1, or when 
the interventions needed to keep DO2 twice 
VO2 are inherently damaging (eg, high airway 
pressure, high FiO2, or vasoactive drugs at 
high doses). In its simplest form (venoarterial), 
ECLS maintains normal DO2:VO2 by draining 

most of the venous blood, pumping it through 
a membrane lung, and into the systemic 
circulation. Most of the blood bypasses the 
heart and lungs and the artificial organs replace 
the function of the diseased heart and lungs. 
This is shown in Figure 5-5, in a neonate, as an 
example. On ECLS, safe DO2:VO2 is restored, 
and the damaging ventilator settings and drugs 
are discontinued. This provides time for the 
organ dysfunction to be diagnosed and treated, 
leading to organ recovery in most cases.

The ECLS Circuit

Cannulation. Blood flow through the 
extracorporeal circuit is limited primarily 
by the size of the venous drainage catheter. 

Figure 5-5. A simple diagram of VA ECMO, shown in a newborn.
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Resistance to blood flow varies directly with 
the length of the catheter and inversely with 
the fourth power of the radius of the catheter. 
Consequently, the shortest and largest internal 
diameter catheter that can be placed in the right 
atrium via the access vein will allow the highest 
rate of extracorporeal blood flow. Blood drains 
through the venous tubing to a pump that directs 
the blood through the membrane lung and back 
into the patient.  

Blood Pumps. Blood pumps are designed 
to direct the venous drainage through the 
membrane lung, then return it into the patient. 
Pumps can be centrifugal, servo-modified roller, 
or peristaltic. Centrifugal pumps modified for 
long-term use are the most commonly used. 
Rupture of the circuit can occur when the post 
pump pressure exceeds 300 mmHg, so pumps 
are modified to prevent overpressure.

Centrifugal pumps create suction which can 
lead to hemolysis when the suction pressure is 
high, so centrifugal pumps are operated under 
conditions to avoid high suction pressures. 
Generally, pressures no more negative than 
about -100 mmHg are targeted. 

Membrane Lung (Oxygenator). Modern 
membrane lungs achieve gas exchange by 
perfusing venous blood through a network of 
thousands of small hollow fibers. The tubes are 
filled with continuously flowing gas (the “sweep 
gas”), either 100% oxygen or an air/oxygen 
mix, while blood flows exterior to the fibers. 
The hollow fibers are made of a material that 
allows gases to diffuse across the membrane 
wall but prevent liquids from passing through. 
Oxygen and CO2 diffuse between the gas and the 
blood as a function of the gradient between the 
partial pressures on each side. When the gas is 
100% oxygen, the gradient driving gas transfer 
is from 600 to 40 mmHg (venous blood) for 
O2, and 45 to 0 (venous blood) for CO2. Even 
though the gradient is much larger for oxygen, 
the solubility and diffusivity of CO2 is much 
greater, so the amount of O2 and CO2 exchanged 

is roughly equal when to ratio of blood flow to 
gas flow is 1:1.

Oxygen Transfer in Membrane Lungs. 
The maximal O2 transfer capacity of any 
membrane lung is determined by the gas 
exchange surface area and the amount of 
disruption of laminar flow as blood passes 
through the device. Laminar flow allows 
equilibration of blood of lower PO2 at the 
membrane interface, reducing the gradient for 
diffusion. Laminar flow is disrupted by small 
secondary flows as the blood moves through the 
irregular blood flow path, mixing fully saturated 
red cells with deoxygenated red cells and 
maintaining the gradient. The amount of mixing 
by secondary flows is one of the most important 
factors in determining the maximal oxygenating 
capacity. All these factors are summarized in 
the concept of ‘rated flow.’ When venous blood 
is perfused at a low flow through a membrane 
lung there is sufficient time for equilibration and 
the hemoglobin saturation of the outlet blood 
is 100% saturated. As flow increases, a point is 
reached when the blood passes through so fast 
that not all the red cells are oxygenated, and the 
outlet saturation drops below 100% saturation. 
The flow of venous blood which exits the 
membrane lung at 95% saturation is defined 
as the ‘rated flow’ (standard venous blood is 
defined as Hb 12 gm/dl, and saturation 70%, 
Figure 5-6). Oxygenators for ECLS are chosen 
based on the rated flow for oxygenation. The 
size of the oxygenator is matched to the oxygen 
requirements of the patient.

As long as a membrane lung is perfused at 
a rate below rated flow, the amount of oxygen 
supplied by the membrane lung is the outlet 
minus inlet O2 content difference (DO-I) 
times the flow. Normal DO-I difference is 
5 cc/dl. Figure 5-7 shows the amount of oxygen 
supplied related to blood flow for different DO-I.

CO2 Transfer. The amount of CO2 cleared 
by any membrane lung is the inlet minus outlet 
CO2 content difference (DI-O CO2). At 1:1 gas 
to blood flow ratio, this will be about the same 
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as oxygen. But when the sweep to blood flow 
ratio is increased to as high as 8:1, a much larger 
DO-I can be achieved and much more CO2 
can be removed. Therefore, when a membrane 
lung is used primarily for CO2 removal, high 
gas:blood ratios are used, and CO2 clearance 
can be achieved at a much lower blood flow 
than when the goal is oxygenation. The sweep 
gas flow rate is set by the operator based on 
the desired PaCO2. These phenomena are 
demonstrated in Figure 5-8.

Other Components. The cannulas, pump, 
and membrane lung are connected by conduit 
tubing. It might seem desirable to have the 
circuit as close to the patient as possible, but 
usually the connection lines between the patient 
and the circuit are about 6 feet long because it 
is easiest to care for both the patient and the 
circuit when they are separated. One reason is 
because the pump and lung are mounted on a 
bulky cart which also carries the pump motor, a 

large battery, a water bath for circulating warm 
water through the heat exchanger, an oxygen 
tank and gas regulator for travelling, and the 
monitors and displays. Monitors and alarms 
can include venous and arterial blood gases, 
pre and postpump pressure and flow, and blood 
temperature. There are access sites for infusion 
and blood sampling.

ECLS Circuit Physiology. The circuit 
blood and gas flow are set by the operator to 
match the needs of the patient. The amount of 
O2 and CO2 transfer is calculated based on all 
the information above, then adjusted to achieve 
the physiologic goals. Usually the circuit is set 
to totally support the circulation and respiration 
initially, then decreased as physiologic goals 
are met.

Figure 5-6. The concept of ‘rated flow.’Venous blood perfused through a membrane lung 
exits at 100% saturation until a limitation is reached and blood exits at less than 100% 
saturation. The capacity of membrane lungs is described as ‘rated flow.’
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Figure 5-7. The amount of oxygen supplied by a membrane lung is the flow times the 
out-in O2 content difference. Blood flow is in deciliters.

Figure 5-8. CO2 removed when gas to blood flow is 1:1, 4:1, and 8:1. Data for two 
membrane lungs is shown (PL1 and PL2).
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Modes of Vascular Access and Perfusion

Venoarterial ECMO

In venoarterial bypass (VA), the functions 
of both heart and lungs are replaced by artificial 
organs, either totally or partially. During partial 
VA bypass, perfusate blood mixes in the aorta 
with left ventricular blood which has traversed 
the lungs. Hence, the content of oxygen and 
CO2 in the patient’s arterial blood represents a 
combination of blood from these two sources, 
and the total systemic blood flow is the sum 
of the extracorporeal flow plus the amount of 
blood passing through the heart and lungs.

Hemodynamics  of  VA access  are 
demonstrated in Figure 5-9. As venous blood is 
drained from the right atrium and perfused into 
the aorta, the total blood flow remains constant, 

but the pulse contour decreases since there is 
less blood ejected from the left ventricle. When 
the extracorporeal flow is 100% of the venous 
return, the systemic pulse contour is flat. This 
is the situation in VA access for heart surgery 
(CPB). In CPB, the superior and inferior vena 
cavae are occluded proximal to the drainage 
cannulas, so that all the venous return (except 
the coronary sinus) goes through the circuit. In 
VA ECMO, the flow is maintained at about 80% 
of venous return, so 20% passes through the 
heart and lungs. The reason is to avoid stagnant 
flow and clotting in the pulmonary vessels and 
chambers of the heart (which can occur, even 
with systemic anticoagulation). Even in severe 
heart failure, the heart can usually pump a small 
amount of blood when 80% of the circulation 
is provided by the ECMO circuit. In practice, 
this proportion of extracorporeal to cardiac 

Figure 5-9. Physiology of VA perfusion. As extracorporeal flow increases, pulmonary flow decreases, 
and pulse pressure decreases until total extracorporeal flow is reached. During VA ECMO extracorporeal 
flow is ideally at 80% of total flow, so the pulse pressure is about 10 mmHg.
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flow is represented by a pulse contour of about 
10 mmHg. The best way to assess heart function 
in VA ECMO is by echocardiography.

If the heart is completely nonfunctional, all 
the venous return drains into the extracorporeal 
circuit and there is no arterial pulse contour. 
The patient is on total CPB (as during cardiac 
surgery). This is tolerated for a few hours 
(enough time to operate on the heart, then 
restore circulation), but in ECLS this leads to 
two problems. First, the left side of the heart 
gradually fills with blood from bronchial and 
Thebesian venous flow. This causes increased 
pressure in the left ventricle, atrium, and 
pulmonary circulation. When that pressure 
reaches 20-25 mmHg, pulmonary edema occurs 
and the LV becomes overdistended. This must 
be treated by draining blood from the left side 
of the circulation into the circuit. This is done 
by creating an atrial septal defect, or by placing 
a drainage cannula in the LA (or pulmonary 
artery)(see Chapters 4 and 51). The second 
problem is that blood in the cardiac chambers 
and pulmonary circulation will clot, even with 
systemic anticoagulation. This is treated by 
using higher levels of systemic anticoagulation 
and adding urgency to going from ECMO to a 
VAD and restoring the pulmonary circulation.

VA ECMO Compared to CPB. While the 
principles of gas exchange and blood flow are 
the same, there are several important differences 
between the conduct of ECLS and operating 
room bypass. Table 5-1 summarizes some of 

the more important differences. Because the 
purpose of operating room CPB is to permit 
operations on the heart, total venoarterial bypass 
is always used, with airtight occlusion of the 
venous drainage catheters and arterial access, 
usually directly into the aorta. Because there 
is total stagnation of blood in the pulmonary 
circulation and some chambers of the heart, 
total anticoagulation is required, achieved by 
giving a huge dose of heparin to make the 
whole blood clotting time infinitely long. This 
anticoagulation, and uncontrolled blood flow 
into the operative field from the coronary sinus, 
bronchial veins, and Thebesian veins, results 
in continuous bleeding which is managed 
by aspiration and filtration of the shed blood 
with return to the venous reservoir (so called 
cardiotomy suction or autotransfusion). To 
minimize this bleeding into the field, and to 
minimize any risks associated with high blood 
flow, it is common practice to manage systemic 
perfusion at abnormally low levels of blood 
flow (2-2.4 L/m2/min) and abnormally low 
hematocrit (typically 20%). This combination 
of low blood flow and low hematocrit leads 
to very low systemic oxygen delivery, which 
could result in oxygen debt and metabolic 
acidosis, except that total body hypothermia 
is usually implemented, maintaining the ratio 
of delivery to consumption in the normal 
range of 5:1. Therefore, a very efficient heat 
exchanger and a large water bath are required 
for cardiopulmonary bypass for heart surgery.

Aside from these differences in perfusion 
technology, the entire approach to management 
of extracorporeal circulation differs markedly 
comparing CBP to ECLS. Cardiopulmonary 
bypass is conducted in the operating room with 
the sole intention of operating upon the heart. 
There is an appropriate sense of urgency to 
minimize the time on bypass. Complications, 
including myocardial damage, renal failure, 
liver failure, hemolysis, and abnormal bleeding 
increase proportionate to the amount of time 
on bypass. Unlimited amounts of bleeding in 

 

 

 
CPB vs. ECMO* 

Major Differences OR CPB ECMO 
Open Reservoir Yes No 
Heparin (ACT) >600 180 
Autotransfusion Yes No 
Arterial Filter Yes NO 
Patient Asleep Awake 
Environment OR, Hours ICU, Days 
*Venoarterial bypass, same devices, physiology 
 

Table 5-1. Comparison of CPB in the operating 
room and VA ECMO in the ICU.
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the operating field are tolerated and managed 
by autotransfusion, with the realization that 
the effect of heparin will be reversed by 
protamine at the end of the procedure. An hour 
or two of rewarming and attempts to come 
off bypass is considered an exceedingly long 
and tedious interval. Sometimes huge doses 
of catecholamines are given to encourage a 
sluggish heart simply in order to come off 
bypass. If the patient cannot be weaned off 
bypass in a few hours, a mechanical support 
system (ECMO or VAD) must be instituted. The 
patient is anesthetized and paralyzed rendering 
neurologic evaluation impossible. Everyone 

caring for the patient measures success or 
failure in hours of CPB.

In contrast, ECLS is managed in the ICU by 
a team expecting days or weeks of continuous 
care. The patient is maintained awake or 
awakened at regular intervals to evaluate 
neurologic function. Feeding, ventilation, 
antibiotic management, renal function are all-
important aspects of ECLS care. The use of 
inotropic drugs and high ventilator settings is 
minimal and weaning from bypass may proceed 
over a period of hours or days. The patient 
commonly lacks heart, lung, or renal function 
for days, and futility is conceded only after 
many days of vital organ failure.

Figure 5-10. VA ECMO with jugular-carotid access.
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Gas Exchange in VA Access. During 
VA ECMO, fully saturated blood from the 
circuit is perfused into the aorta and mixes 
with blood from the left ventricle. If the lungs 
are functioning well, the mixed blood is 
well oxygenated and has normal PCO2. The 
patient can be weaned from the ventilator and 
managed awake and extubated. If the lungs are 
functioning poorly or not at all, the systemic 
blood gases will reflect the mixture of the 
cardiac and extracorporeal flows, resulting 
in lower oxygenation proximal to the site of 
mixing. If the mixing is in the proximal aorta, 
blood to the brain and coronary circulation is 
well oxygenated (as in neonatal VA ECMO with 

carotid access). This is demonstrated in Figure 
5-10. In femoral artery access, the mixing takes 
place in the mid aorta, so the upper body is 
perfused by the blood from the left ventricle. 
This can result in differential circulation with 
the lower body perfused by fully saturated red 
blood while the upper body is perfused with 
desaturated blue blood. This is referred to as 
differential hypoxemia (formerly known as 
the Harlequin or red feet blue head syndrome). 
This is demonstrated in Figure 5-11. The 
management of the differential hypoxemia is 
to perfuse some of the post oxygenator blood 
into the right atrium (combining VA with VV 
perfusion, or VVA). This is accomplished by 

Figure 5-11. VA ECMO with femoral-femoral access.
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inserting an infusion cannula via the jugular 
vein, or by perfusion of a second lumen in the 
drainage line as shown in Figure 5-12. The 
sweep gas is usually 100% oxygen (during VA 
access with no cardiac function, the oxygenator 
outlet will be the systemic PO2, so the FdO2 can 
be reduced if the operator wishes arterial PO2 
in the 100-200 range). 

Hemodynamic Effects of VA ECMO

By reinfusing blood directly into the arterial 
system, VA ECMO augments or replaces the 
cardiac output provided by the native heart. 
Since the heart and lungs are bypassed, native 
cardiac output decreases as extracorporeal 
flow increases, shifting systemic blood flow 
from pulsatile to nonpulsatile flow. VA ECMO 

thus provides systemic oxygen delivery and 
maintains systemic blood pressure. If the heart 
is not beating, all the systemic flow and oxygen 
delivery is provided by the ECMO circuit. In 
that case the left atrium and ventricle will 
gradually fill with pulmonary venous blood 
(from bronchial flow) and the left ventricle 
will become over distended and pressure 
>25 mmHg in the pulmonary circulation will 
cause pulmonary edema. If the left ventricle is 
not ejecting during VA ECMO it is necessary 
to decompress the left sided circulation as 
discussed previously.

VA ECMO flow determines arterial blood 
pressure (systemic vascular resistance). By 
controlling flow, we can maintain normal 
systemic perfusion by maintaining arterial 
pressure at 60-70 mmHg without vasoconstrictor 

Figure 5-12. VA ECMO with some arterialized returned to the right atrium (VVA) to treat the 
differential circulation syndrome when lung function is compromised. Arterial blood is “Y’d” off 
the infusion line, through a second lumen in the drainage cannula.
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drugs. Mixing of cardiac and retrograde ECLS 
flow does not add significantly to arterial 
pressure or systemic resistance. VA ECMO 
does not increase left ventricular afterload 
above normal. In fact, it decreases afterload by 
maintaining non pulsatile perfusion. When the 
heart is recovering and is regaining pulsatile 
flow, heart work can be minimized by unloading 
pressure during systole with an intraaortic 
balloon pump or using synchronized pulsatile 
ECMO flow.

Managing VA ECMO Based on These 
Principles. In VA access, the parameters 
described in Figures 5-9, 5-10-12 are monitored, 
and VO2 and DO2 are calculated from these 
measurements. That information informs the 
adjusting of ECMO variables and patient 
variables to maintain DO2:VO2 at 3:1 or higher.

1. Plan the circuit based on the best estimation 
of the metabolic rate (adults, 3-4 cc/kg/min 
for both O2 and CO2) and the drainage flow 
which can be achieved from the largest 
drainage cannula which can be placed. Plan 
for total support, realizing that there may be 
some native lung function and total support 
may not be necessary. For a septic 80 kg 
adult, you will need 5 L/min flow, and an 
oxygenator with rated flow over 5 L/min to 
supply 300 cc O2/min.

2. On ECLS go to the highest flow to determine 
the maximum drainage capacity, following 
the pulse contour. If the drainage cannula 
is large enough, total bypass (nonpulsatile 
flow) will result. Then decrease the flow 
until the pulse contour is 10-15 mmHg. 
Vasoactive drugs should be decreased to low 
or absent levels. Use ECLS flow to control 
arterial pressure at 60-70 mmHg. If there is 
no LV function establish left atrial drainage.

3. When the patient is stable (usually 
6-12 hours), determine the variables of 
O2 kinetics, using the formulas described 
above. If oxygen supply is adequate 
(DO2:VO2 over 3) no changes are necessary. 

If oxygen supply is inadequate (DO2:VO2 
under 3) and the patient is anemic, transfuse 
to a higher hemoglobin (12-14 gm%). This 
will result in arterial saturation around 
95% and venous saturation around 65% 
(DO2/VO2=3-4). 

4. Manage the patient based on continuous 
venous and arterial saturation monitoring. 
Plot the position on Figure 5-4 frequently. 
Calculate the variables if oxygen supply 
seems excessive or inadequate. 

5. When the native heart begins to recover 
(pulse contour increases when flow is 
decreased), turn down the flow, keeping 
the venous saturation >70%. When the 
native heart function is adequate, conduct 
a trial off bypass. When heart function is 
satisfactory, decannulate the patient.

Venovenous ECMO

In VV ECMO, the perfusate blood is 
returned to the venous circulation and mixes 
with venous blood coming from the systemic 
organs, raising the oxygen content and lowering 
CO2 content in the right atrial blood. This mixed 
blood, now higher in oxygen content with 
normal PCO2 passes into the right ventricle, the 
lungs, and into the systemic circulation. Normal 
oxygen and CO2 content in the pulmonary 
arterial blood can ameliorate vasoconstriction 
caused by hypoxemia, hypercarbia, or acidosis. 
Venovenous access is achieved by draining 
venous blood from the IVC via the femoral 
vein and reinfusing into the RA via the jugular 
(Figure 5-13), or by draining from the IVC and 
SVC and reinfusing into the RA via a separate 
lumen in a double lumen cannula (Figure 5-14).

Hemodynamics during venovenous access 
are not affected by the circuit. Since the volume 
of blood removed is exactly equal to the volume 
of blood reinfused, there is no net effect on 
central venous volume or pressure, right or left 
ventricle filling, or hemodynamics. The content 
of oxygen and CO2 in the patient’s arterial 
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Figure 5-13. VV ECMO for respiratory support. 2-cannula access.

Figure 5-14. VV ECMO with a double lumen cannula.



87

The Physiology of Extracorporeal Life Support

blood represents that of mixed right ventricle 
blood modified by any pulmonary function that 
might exist. The systemic blood flow is the 
native cardiac output and is unrelated to the 
extracorporeal flow.

Gas Exchange in VV ECMO. In VV 
ECMO, some of the systemic venous return 
is drained into the ECLS system, oxygenated, 
and returned to the right atrium. Some of the 
systemic venous return goes directly to the right 
atrium where it mixes with the ECMO perfusate 
blood. The mixed blood passes through the 
right ventricle, native lungs, left heart, and into 
the systemic circulation. In severe respiratory 
failure, the native lungs contribute little or none 
to gas exchange, so the arterial oxygen and CO2 
levels are the result of mixing the oxygenated 
ECMO blood with the deoxygenated native 
venous blood. As a result, the arterial saturation 
ranges from 60% to 90%, depending on the 
relative amount of ECMO flow, native venous 
flow, lung function, and cardiac output. The 
desaturated arterial blood results in normal 
systemic oxygen delivery as long as the cardiac 
output and hemoglobin concentration (oxygen 
content) are adequate. These relationships are 
often confusing to ICU staff because the usual 
goal of management is to keep the arterial 
saturation over 90%.

In contrast, hypoxia in the setting of VV 
ECMO should be approached with reference 
to adequacy of oxygen delivery to the tissues 
(DO2:VO2) rather than a reference to a defined 
arterial PaO2. Operating at PaO2 50-60 may be 
quite acceptable when considered within the 
context of the VV ECMO patient. A convenient 
single measurement goal is to keep the native 
venous saturation (the drainage sat) above 60%.

The major variable affecting systemic 
hemoglobin saturation in VV ECMO is the 
proportion of deoxygenated venous return that 
is routed through the oxygenator (ECMO flow) 
compared to native venous return which goes 
directly into the right ventricle. Attempts to 
reduce cardiac output to decrease the proportion 

of native (desaturated) venous return will not 
improve oxygen delivery. It may increase SaO2 
but decreases systemic oxygen delivery.

Oxygenation. To illustrate the principles, 
the discussion begins with the assumption that 
there is no native lung gas exchange (which is 
often the case in ECLS patients). In a membrane 
lung (as in the native lung), oxygenation is a 
much greater problem than CO2 removal, so the 
initial focus is on oxygenation. The circuit and 
blood flow are planned for total oxygen supply 
(VO2) at rest or during moderate exercise. For 
adults, this is 120 cc/min/m2 (3 cc/kg/min) at rest 
or 250-300 cc of oxygen/min/m2 with activity 
for average adults. The membrane lung must be 
large enough to transfer this amount of oxygen. 
All devices currently on the market can achieve 
this (see ‘rated flow’, above). The oxygen 
supply from the membrane lung is dependent on 
the blood flow, the hemoglobin concentration, 
and the difference between the outlet minus inlet 
O2 content. Because the outlet blood is typically 
100% saturated and PO2 is over 500 mmHg, the 
dissolved oxygen can be as much as 10% of the 
oxygen content. 

Blood flow is limited by the resistance 
to flow in the drainage cannula, the suction 
produced by the pump or siphon, and the 
geometry of the cannulated vessel (usually the 
vena cava or right atrium). Typical maximum 
flow at 100 cm/H2O suction for common sizes 
of venous cannulas is 4-5 liters per minute. 

Relation of Extracorporeal Oxygenation 
to Systemic Oxygen Delivery. Assuming that 
there is no native lung function, the systemic 
arterial content, saturation, and PO2 will result 
from mixing the flow of oxygenated blood from 
the membrane lung with the flow of venous 
blood which passes into the right ventricle, not 
into the ECLS drainage cannula, (hereafter 
referred to as the native venous flow). The 
amount of oxygen in systemic arterial blood 
is the result of the mixture of these two flows 
(Figure 5-15).
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Calculations Related to Mixing Two 
Flows. When two blood flows of different 
oxygen contents mix, the resultant oxygen 
content is the average of the amount of oxygen 
in each of the two flows (not the average of 
the partial pressures). The amount of oxygen 
contributed by each flow is the oxygen content 
(in cc/dL) in the blood times the flow rate (in 
dL/min). The equation summarizing these 
events is in Figure 5-16. The same calculation 
can be done using saturation rather than oxygen 
content. This calculation using saturation 
is done for simplicity and is not an exact 
representation of the amount of oxygen content 
but is useful at the bedside (Figure 5-17). The 
combinations of flow and oxygen (expressed as 
saturation) variations are shown in Figure 5-18. 
Of the variables in the equation, all are known 

except the flow of venous blood which does 
not go through the extracorporeal circuit (the 
native venous flow). The native venous flow can 
be back calculated from the systemic arterial 
oxygen content or saturation. The total venous 
return (cardiac output) is the sum of the native 
venous and circuit flow. 

Systemic Arterial PO2, Saturation, and 
Content During VV ECMO. Use of these 
equations in venovenous patient physiology 
are shown in Figure 5-18. In these examples, 
one variable is changed while others are held 
constant to illustrate the principles. Clinically, 
all these variables may change simultaneously 
and at different rates. For simplicity of the 
examples, we assume no native lung function, 
and approximate the points on the graphs. We do 
not account for dissolved oxygen in calculation 

Figure 5-15. Mixing of perfusate with native venous flow during VV ECMO.
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of O2 content, although it can be significant 
when the PO2 is over 300.

Example 1: Typical VV physiology. 
Suppose the extracorporeal flow for a 70 kg 
adult with no lung function is 4 L/min and the 
systemic PO2 is 50 mmHg, saturation 88%, O2 
content 12.3 cc/dl. The Hb is 10.5 gm/dl and the 
venous blood saturation is 64%. The patient’s 
oxygen consumption is 200 cc/min. The oxygen 

content of blood leaving the membrane lung is 
determined primarily by the concentration of 
hemoglobin. At hemoglobin concentration of 
10.5 gm/dl and 64% saturation, the drainage 
(inlet) O2 content is 9 cc/dl and the outlet content 
at 100% saturation is 14 cc/dl. The amount 
of oxygen supplied to the patient is the outlet 
minus inlet content (which is 5 cc/dl), times the 
flow (40 dl/min), which equals 200 cc oxygen 
supplied per minute. The native venous flow 
is calculated at 2 L/min (as per the equation in 
Figure 5-17) so the cardiac output is 6 L/min 
(native plus circuit venous flow). Systemic DO2 
is the arterial content (12.3 cc/dl) x 60 dl/min 
= 738 cc/O2/min. DO2/VO2 ratio is 3.64. The 
O2 content of native venous blood is the same 
as the drainage content (9 cc/dl). The final 
complete equation is 40 dl/min x 14 c/dl divided 
by 60 dl/min, plus 20 dl/min x 9 dl divided 
by 60 dl/min=12.3 cc/O2/dl (corresponding 
to a PO2 of approximately 50 mm/Hg). The 
calculation using saturation is 4 L/min x 100% 
+ 2 L/min x 70% ÷ 6 L/min which yields a 
systemic arterial saturation of 88% (Point A, 
Figure 5-18).

Example 2: Increased cardiac output at 
fixed ECLS flow. If, in the same patient, the 
cardiac output (venous return) increases to 
8 L/min and the circuit flow is fixed at 4 L/min, 
there will be native venous return at 64% 
saturation mixing with the fully saturated ECLS 
flow. The systemic arterial content will decrease 
to 11.5 and the saturation will decrease to 84% 
corresponding to PO2 of 45 mmHg. The total 
amount of oxygen going to the patient is the 
same (200 cc/min), but the systemic saturation 
and PO2 is lower. The systemic oxygen delivery 
is 920 cc/min. The DO2/VO2 is 4.6. There has 
been a gain in systemic oxygen delivery because 
of the higher cardiac output, despite a decrease 
in arterial saturation and content. If the patient’s 
systemic oxygen consumption is 200 cc/min, 
systemic oxygen delivery is perfectly adequate 
and full aerobic metabolism is supported, even 
though the arterial PO2 is 45 mmHg and arterial 

Figure 5-16. The relationships among flow and 
O2 content are shown in the equation. During 
ECMO all the variables are known except 
native venous flow (F2) and total flow (cardiac 
output). Native venous flow can be calculated. 
Cardiac output is F2 plus F1. This assumes no 
lung function and no recirculation.

Figure 5-17. The relationships among flow 
and O2 content using the data in Example 
1. The same calculations are shown using 
saturation rather than content.
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saturation is 84%. No changes are required 
but the ICU staff need to understand that the 
hypoxemia does not require intervention. 
Understanding this concept can be difficult 
when the plan is to keep the arterial saturation 
over 90%. (Point B, Figure 5-18)

Example 3: Anemia. The patient in 
Example 1 is moderately anemic (Hb 10, 
5 gm%) but stable. Suppose the hemoglobin 
suddenly drops to 8 gm%. The venous drainage 
is fixed at 4 L/min by the resistance of the 
drainage cannula, and cardiac output is 6 L/min. 
The outlet content at 100% sat is 10.7. The 
amount of oxygen supplied by the membrane 
lung is 10.7 minus 9 which is 1.7 cc/dl, so the 
membrane lung is supplying only 68 cc/min. 
The native venous flow is 20 dl/min and content 
is 9 cc/dl. The arterial content has gone from 
11.5 to 9.8, the arterial sat to 80%, and the DO2 
has gone from 738 cc/min to 588. This results in 
a DO2/VO2 ratio of 2.9 (assuming no difference 

in metabolic rate). However, since only 68 cc 
of oxygen is being added per minute, and the 
oxygen consumption is 200 cc/min, venous 
(inlet) content and saturation decrease quickly. 
When the inlet content falls to 5.7 (saturation 
50%), the membrane lung O-I difference is 
5 cc/dl and the oxygen supplied is 200 cc/min. 
The mixture of the fully saturated blood at 
40 dl/min and the 50% saturated native venous 
flow results in arterial saturation of 75% and 
arterial content 9 cc/dl. The systemic oxygen 
delivery is 540 cc/min and the VO2/DO2 
ratio is 2.7. The patient can remain in steady 
state with arterial saturation 75% and venous 
saturation 50%, but any further decrease in 
hemoglobin or increase in metabolic rate will 
result in supply dependency and lactic acidosis 
(Point C, Figure 5-18).

Example 4:  Increased metabolic rate. 
Suppose the patient in Example 1 becomes 
hypermetabolic (VO2=250 cc/min). The size 

Figure 5-18. Mixing of flows in VV ECMO. Data from examples 1 - 4 are shown.
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of the venous cannula determines that the 
circuit flow is at maximum at 4 L/min, so the 
circuit oxygen delivery is limited to 200 cc/min. 
The cardiac output is 6 L/min. Going through 
the same arithmetic, the patient will fall 
behind at the rate of 50 cc of oxygen per 
minute and venous content and saturation will 
steadily decrease (eg. 70% to 45%). As venous 
saturation and content decrease, the oxygenator 
will still increase the outlet saturation to 100% 
and oxygen content to 14 cc/dl, so the circuit 
outlet minus inlet oxygen difference (oxygen 
supply) will go up as the venous saturation goes 
down (eg. from 5 to 6). Systemic saturation will 
decrease because the saturation and content of 
the native venous blood going through the heart 
and lungs will decrease. At venous content 7.5, 
the O-I content difference is 6.5 and the oxygen 
supplied is 260 cc/min. Steady state is reached 
with arterial saturation at about 75% and PaO2 
35 mmHg. The DO2/VO2 is 2.1 and any increase 
in activity will lead to anaerobic metabolism 
which will produce lactate rather than CO2, and 
lactic acidosis results. In time, this will lead 
to multiple organ failure and death (Point D, 
Figure 5-18).

How can systemic oxygen delivery be 
increased in Examples 3 and 4?  Turning up 
the ventilator FiO2 or airway pressure will 
not help. Furthermore, the whole objective 
is to avoid increasing FiO2 and pressure 
from the mechanical ventilator. There are 
four alternatives. The first is to increase the 
hemoglobin concentration to normal. When 
hemoglobin goes from 10.5 to 15, systemic 
oxygen delivery goes to 930 cc/min, arterial 
saturation returns to 95%, venous saturation 
goes to 80%, and the patient is stable and well 
supported. The DO2/VO2 is 4.6. The second 
alternative is to increase the suction or add 
another cannula and increase the circuit flow 
from 4 to 5 L/min (maintaining Hb 10.5). The 
DO2 increases to 792 cc/min, and the DO2/VO2 
is 3.9. The third alternative is to paralyze and 
cool the patient, decreasing the VO2 back to 200 

cc/min. A fourth consideration is to add another 
membrane lung to increase the gas exchange 
surface, but O2 supply is still limited by the 
blood flow, so this will not help.

The tradeoff between extracorporeal flow 
and hemoglobin is demonstrated in Figure 5-19. 
This example shows an 80 kg man with oxygen 
requirement of 240 cc/min, but the relationships 
remain the same for any size patient. Under 
most circumstances, the risks of increasing 
extracorporeal flow are greater than the risks 
of transfusion.

Oxygenation in VV ECMO .  The 
combination of venous access cannula, 
membrane lung size, and hemoglobin 
concentration should be planned to match or 
exceed resting VO2 (120 cc/m2/min for adults). 
The membrane lung will supply the most 
oxygen at a normal hemoglobin (15 gm/dl). 
All the important variables related to blood 
flow and oxygenation can be measured or 
calculated. It is essential to know the patient’s 
oxygen consumption and systemic oxygen 
delivery to decide the best way to manage the 
extracorporeal circuit. Hypoxemia (PaO2 40-60, 
SaO2 70-90%) always occurs with venovenous 
support and is adequate to maintain normal 
oxygen delivery. If systemic oxygen delivery 
falls to a critical level (near twice consumption), 
circuit oxygen supply must be increased 
by: 1) transfusing to a higher hemoglobin or 
2) adding additional venous drainage access 
to increase the flow. There is a tradeoff of risk 
between transfusion and increasing circuit flow 
which favors transfusion of RBCs. Membrane 
lungs function optimally at a normal hematocrit. 

Recirculation during VV ECMO. Since 
VV ECMO reinfuses blood drained from 
the vena cavae or right atrium back into the 
central venous system, the potential exists 
for some of the returned blood to be drained 
by the circuit before it mixes with the native 
venous flow. Recirculation reduces the effective 
extracorporeal flow by the recirculated amount. 
For example, if total circuit flow is 5 L/min 
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and recirculation is 20% (1 L/min), then only 
4 L/min of oxygenated blood is available to 
the patient.

Determinants of recirculation include 
the type and placement of cannulas, and the 
extracorporeal flow in relation to cardiac 
output and vena caval native blood flow. 
Two-site single lumen cannulation is always 
associated with some recirculation, since the 
vena caval flow is less than the circuit drainage, 
necessitating blood from the atrium containing 
oxygenated blood from the circuit being drained 
as well. Three-site single lumen cannulation, 
in which both vena cavae are drained, reduces 
recirculation. Similarly, the dual lumen bicaval 
cannula provides drainage from both vena cavae 
and is associated with low recirculation.

Recirculation fraction is also related to 
overall circuit flow relative to cardiac output. 
As cardiac output decreases, the fraction 
increases, and becomes markedly elevated when 
cardiac output drops below extracorporeal flow. 
Increases in recirculation during extracorporeal 
support can result from dislodgement of 
cannulas, such as closer approximation of 
single-lumen cannulas from inadvertent 
advancement, or accidental withdrawal or 
advancement of a dual lumen cannula, in which 
the distal drainage port moves into the right 
atrium, or the reinfusion port advances into the 
inferior vena cava, respectively.

Hemodynamics during VV ECMO 
Unlike venoarterial support, VV ECMO does 
not provide any direct hemodynamic support 
since there is no reinfusion of blood into the 

Figure 5-19. The tradeoff between hemoglobin and flow. The relationships to deliver 240cc O2 per 
minute are shown, but the same calculations can be done for any oxygen supply.
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arterial system. Venous return and pulsatility 
are unaffected since drainage and reinfusion 
are in equilibrium.

Despite the lack of direct support, however, 
myocardial function and cardiac output typically 
improve during VV support. Reduction 
in mechanical ventilatory support that is 
allowed from improved gas exchange reduces 
right ventricular afterload and improves 
RV function. Improved oxygenation of the 
pulmonary vascular bed can mitigate hypoxic 
vasoconstriction. Higher oxygen saturation 
of left ventricular blood results in improved 
myocardial oxygenation and reversal of hypoxia-
induced myocardial depression. Reduction 
in acidosis from correction of hypercarbia 
and reversal of anaerobic metabolism also 
contribute to improved myocardial function.

This indirect support is usually sufficient 
to reduce or eliminate requirements for 
cardiovascular pharmacologic agents. Improved 
organ perfusion can help reverse renal, hepatic, 
and other organ failure.

CO2 Removal

CO2 production is equal to O2 consumption 
(when the Respiratory Quotient is 1), so the 
amount of CO2 exchanged per minute is 
essentially the same as the amount of oxygen 
(120 cc/min/m2 for adults). Because CO2 is 
much more soluble and diffusible in blood than 
O2, CO2 clearance will  exceed oxygenation in 
any circumstance, so all the circuit management 
is based on oxygenation. The sweep gas is 
always 100% oxygen in VV ECMO. Sweep gas 
flow rate is unrelated to oxygenation; it is only 
related to CO2 clearance. If CO2 clearance is the 
only or the major goal, much lower blood flow 
can be used, and hemoglobin concentration is 
not important. The amount of CO2 elimination 
is a function of the membrane lung surface 
area and the gradient between the inlet PCO2 
(typically 50 mmHg) and the sweep gas (0). 
The systemic PCO2 is the result of mixing 

circuit outlet blood (PCO2 typically 30 mmHg) 
with native flow (typically 45 mmHg). Like 
oxygenation, the actual amount of CO2 removed 
by the membrane lung is the inlet CO2 content 
minus the outlet content times the flow. 
However, CO2 content is difficult to measure or 
calculate, so actual CO2 removal is measured as 
the % CO2 in the exhaust gas times the gas flow. 
Unlike oxygenation, measuring or calculating 
the actual amount of CO2 exchanged by the 
circuit is not critical; the sweep gas is simply 
adjusted to maintain the desired systemic PCO2 
(typically 40 mmHg). 

One phenomenon unique to ECLS is 
the effect of water accumulation on the gas 
side of the membrane lung. This is the only 
circumstance in which CO2 clearance is less 
than oxygenation. Understanding the reason is a 
good exercise in understanding how membrane 
lungs work. 

Arteriovenous CO2 Removal

Arteriovenous  (AV) extracorporeal 
circulation is commonly used for hemodialysis 
but not for cardiac or pulmonary support. 
The AV route can be used for gas exchange 
provided the arterial blood is desaturated, and 
the cardiovascular system can tolerate the 
arteriovenous fistula with a large enough flow 
to achieve adequate gas exchange. This is, 
after all, the mechanism of gas exchange in the 
placenta and fetus. Because of the blood flow 
requirements for gas exchange support, the 
arteriovenous route is not a reasonable approach 
to total extracorporeal respiratory support, 
except when the patient can tolerate a large 
arteriovenous shunt and an increase in cardiac 
output (such as a premature infant). However, 
AV flow through a membrane lung can provide 
significant CO2 removal, decreasing the need 
for mechanical ventilation.
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ECLS Management when the Native Lung 
is Recovering

All the preceding discussion describes a 
situation when there is no native lung function. 
As the native lung begins to recover, some 
oxygen and CO2 exchange will occur. The effect 
will be to improve systemic arterial oxygenation 
and PaCO2 with no change in the extracorporeal 
flow rate and hemoglobin. It is tempting to 
increase ventilator settings and FiO2 in order to 
take advantage of this recovery, but this may add 
to lung injury and delay lung recovery. ECLS 
is continued during rest ventilator settings, and 
when arterial PCO2 drops below 40 the sweep 
gas to the membrane lung can be proportionally 
decreased. When the systemic arterial saturation 
exceeds 95%, the extracorporeal flow can 
be gradually decreased (changing the ratio 
of circuit to native venous flow). When the 
extracorporeal support has decreased from total 
support to approximately 50%, extracorporeal 
support can be briefly discontinued (at moderate 
ventilator settings) to test native lung function. 
When native lung function is sufficient for total 
patient support, ECLS can be discontinued. 
Because reestablishing vascular access in ECLS 
can be difficult, it is wise to continue ECLS 
support for a day or two beyond this point to 
allow more lung recovery, unless there is a 
pressing reason to take the patient off ECLS 
(systemic bleeding or CNS complications).

Managing VV ECMO Based on These 
Principles

In venovenous access, the parameters 
described in Figures 5-13, 5-14, and 5-15 are 
monitored and VO2, DO2 are calculated from 
these measurements. That information is used 
to adjust the ECLS variables and the patient 
variables to maintain DO2/VO2 at 3:1 or higher.

1. As in VA access, plan the circuit based on 
the best estimation of the metabolic rate 

(adults, 3-4 cc/kg/min for both O2 and 
CO2) and the drainage flow which can be 
achieved from the largest drainage cannula 
(or cannulas) which can be placed. Plan for 
total support, realizing that there may be 
some native lung function and total support 
may not be necessary. For a septic 80kg 
adult, you will need 5 L/min flow and an 
oxygenator with rated flow over 5 L/min to 
supply 300 cc O2/min.

2. On ECLS, go to the highest flow to 
determine the maximum drainage capacity, 
then turn down the ventilator to rest 
settings (FiO2 0.3, CPAP 10-15 cm H2O) 
and wean off the vasoactive drugs. The 
hypermetabolism will decrease to baseline. 
The lungs may go to total consolidation. 
Adjust the sweep gas to keep the PaCO2 
40 mm Hg.

3. When the patient is stable (usually 6-12 
hours), determine the variables of O2 
kinetics, using the formulas described 
above. If oxygen supply is adequate 
(DO2:VO2 over 3), no changes are necessary. 
If oxygen supply is inadequate (DO2:VO2 
under 3) and the patient is anemic, transfuse 
to a higher hemoglobin (12-14 gm/dl). If 
DO2 is still inadequate, change the drainage 
cannula to a larger size and increase flow.

4. Manage the patient based on continuous 
venous and arterial saturation monitoring. 
Plot the position on Figure 5-4 frequently. 
Calculate the variables if oxygen supply 
seems excessive or inadequate. 

5. When the native lung begins to recover (the 
arterial saturation is >95%) turn down the 
flow, keeping the venous saturation >70%, 
and the sweep flow, keeping the PaCO2 at 
40. When native lung function is adequate, 
trial off ECLS then decannulate.

Summary

Managing a patient on ECLS requires a 
thorough understanding of normal and abnormal 
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cardiopulmonary physiology, and a thorough 
understanding of the ECLS circuit. Based on 
this understanding, the ECLS system is used 
to replace part or all of heart and lung function, 
maintaining normal systemic physiology while 
the damaged organs can recover or be replaced.
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Adverse Effects of Extracorporeal Life Support

Lindsay M. Ryerson, Gail Annich, Andriy Batchinsky, Gennaro Martucci, Teryn R. Roberts, 
Ravi R. Thiagarajan, Christophe Vandenbriele, Graeme MacLaren 

The use of ECLS can have a number of 
adverse consequences. These are primarily 
hematological in nature and relate to the 
biological conflict that occurs during 
extracorporeal exposure of blood to polymer 
circuitry components, in particular bleeding, 
thrombosis, and hemolysis. Nosocomial 
infections can also occur in all patient 
populations, increase in incidence with longer 
ECLS duration, and are arguably the principal 
reason why conventional VA ECMO can only 
be used as short-term support. The clinical 
significance of these adverse consequences 
varies. Thrombotic complications can be 
particularly problematic in small infants while 

nosocomial infections are more prevalent in 
older populations. This chapter will discuss the 
underlying pathophysiology and importance of 
the adverse consequences of ECLS, even when 
the circuit is otherwise functioning normally. 
Adverse events secondary to ECLS circuit 
malfunction, such as air emboli or pump failure, 
are described in Chapter 7. Complications 
which may be ascribed to either critical care or 
critical illness in ECLS patients are discussed in 
chapters focusing on specific populations (see 
Chapters 12, 16, 22, 26, and 33).

Several important factors contribute to 
the blood-polymer interaction (Figure 6-1). 
These interactions involve all the different 

Figure 6-1. Patient dependent and ECLS dependent contributors to coagulation system management 
challenges.
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blood components (platelets, leukocytes, red 
blood cells) as well as the endothelium and 
coagulation and inflammatory responses. The 
blood-polymer interface is a critical area of 
current research.

Pathophysiology of Blood/Biomaterial 
Surface Interaction  

Contact with synthetic, nonendothelial cell 
surfaces, shear stress, turbulent flow, cavitation, 
and osmotic forces may directly damage 
blood.1 Plasma proteins and lipoproteins 
are progressively denatured during ECLS, 

increasing plasma viscosity and protein 
solubility, producing macromolecules, and 
increasing protein reactive side groups. Plasma 
IgG, IgA, IgM and albumin decrease more than 
expected from hemodilution. Red blood cells 
(RBCs) develop reversible echinocytic changes, 
but some are hemolyzed by shear forces and 
activated complement.2,3 Platelets and white 
blood cells (WBCs) are also injured during 
perfusion; these impacts are described below. In 
addition, the effects of shear stress on platelets 
and other components of coagulation are also 
critically important. The higher the shear rate, 
the more platelet deposition and activation of 
FX by augmentation of the TF:VIIa complex, 
whereas at lower shear rates, less platelet 
deposition, but more fibrin deposition occurs. 

Multiple blood cells and plasma protein 
systems are activated as part of a series of 
cellular and enzymatic reactions that occur 
during initiation and maintenance of ECLS. The 
response involves the contact and complement 
systems, coagulation, fibrinolysis and activation 
of most cell lines including platelets, neutrophils, 
monocytes, lymphocytes and endothelial cells.4

Platelets

Platelets are the mainstay for hemostasis 
and together with endothelial cells preserve 
vascular wall integrity. Platelets respond to 

minimal stimulation and become activated 
when they encounter a thrombogenic stimulus 
such as injured endothelium, subendothelium, 
or artificial surfaces. Collagen exposure and 
von Willebrand Factor (vWF) released by 
the damaged blood vessel results in platelet 
adhesion. In high shear stress conditions 
(arteries and microvessels), high molecular 
weight vWF mediates platelet adhesion by 
binding to collagen and the nonactivated platelet 
through the platelet receptor glycoprotein (GP) 
Ib-IX-V. The adherence of platelets via GPIb 
to adsorbed vWF depends upon shear stress, 
which provides the conformational change in 
VWF needed to allow binding.5 Fibrinogen 
binds to activated platelets through the receptor 
GPIIb-IIIa and acts as a bridge between 
platelets resulting in aggregation. Resting 
platelets with inactive GPIIb-IIIa have a low 
affinity for binding adsorbed fibrinogen. Once 
activated, conformational shape change of the 
platelet occur, and the high-affinity binding 
site of GPIIb-IIIa is exposed, binding soluble 
fibrinogen, which in turn leads to platelet 
aggregation and platelet leukocyte aggregates 
by the crosslinking of two GPIIb-IIIa receptors 
or by the crosslinking of GPIIb-IIIa with Mac-1 
on the leukocyte. 

Platelet activation and adhesion, as 
described above, occur during both CPB and 
ECLS, as well as with vascular access catheters 
and grafts. Both adherent platelets and platelet 
microparticles are procoagulant in nature, and 
therefore provide a continual, ongoing stimulus 
for the above-described physiologic platelet 
responses. During ECLS, platelet adhesion 
and aggregate formation reduce the circulating 
platelet count; however, high consumption and 
formation of microemboli, rather than occlusive 
thrombi, can occur even in the event of minimal 
adhesion to the circuitry surface. The circulating 
platelet pool during ECLS consists of decreased 
numbers of morphologically normal platelets, 
increased numbers of platelets at various 
stages of activation (eg, pseudopod formation, 
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degranulation and membrane receptor loss), 
and immature platelets released from the bone 
marrow. 

Leukocytes

Neutrophils, monocytes, and lymphocytes 
are the main groups of cells involved in 
the inflammatory responses during ECLS. 
Exposure of patient blood to the extracorporeal 
circuit results in activation of innate immunity. 
Circulating leukocytes, including peripheral 
blood mononuclear cells (PBMCs), are 
stimulated in part by tissue factor activation,6 
complement7 and endotoxin,8 releasing 
numerous circulating proinflammatory 
cytokines (eg, TNF-α, IL-1β) that activate 
circulating neutrophils facilitating their adhesion 
to the vascular surfaces of numerous organs. 
Leukocyte activation also releases an array 
of potent oxygen metabolites and proteolytic 
enzymes. The material characteristics of 
artificial surfaces modulate the absorption of 
proteins to the surface and therefore the level 
of activation.

Neutrophil counts decrease immediately 
after ECLS initiation because of dilution and 
recover slowly thereafter. The principal agonists 
for activating neutrophils during ECLS include 
kallikrein and C5a.9 Both CPB and ECLS 
cause accumulation of activated neutrophils 
in pulmonary perivascular and interstitial 
tissue. This accumulation produces increased 
capillary permeability, interstitial edema, and 
large alveolar-arterial oxygen differences 
during and after perfusion.10 During open heart 
surgery, monocytes are activated to express 
TF, in both the wound and extracorporeal 
circuit, but activation in the circuit is delayed 
for several hours.11 Extracorporeal perfusion 
decreases the total number of lymphocytes and 
specific subsets of lymphocytes, particularly 
B lymphocytes, natural killer cells, helper 
T-cells, and T-suppressor lymphocytes.12 
Lymphocyte counts usually recover within 5 

days of weaning from ECLS; slower recovery 
is associated with a poor prognosis.13 

This proinflammatory response has been 
thought to be responsible for the physiologic 
derangements observed early after  blood 
contacts the extracorporeal circuit .  A 
compensatory, antiinflammatory response 
syndrome (CARS) also exists that is aimed 
at countering the proinflammation.14 While 
CARS is a necessary response, an exaggerated 
or dysregulated CARS response can impair 
immunity thus rendering a host susceptible to 
infection and infectious sequelae such as sepsis 
and multiple organ dysfunction syndrome 
(MODS).15

Endothelial Cells

Endothelial cells maintain the fluidity of 
blood and the integrity of the vascular system. 
Endothelial cells produce prostacyclin, heparin 
sulfate, tPA, and TFPI, which help regulate the 
coagulation pathway (Figure 6-2). Endothelial 
cells produce protein S, a necessary cofactor for 
normal protein C function; protein C is a natural 
anticoagulant. Endothelial cells also produce 
vasoactive substances and cytokines such as 
nitric oxide (NO), prostacyclin, endothelin-1, 
IL-1, IL-6, and platelet activating factor (PAF) 
as well as inactive substances such as histamine, 
norepinephrine, and bradykinin.16 

Figure 6-2. The endothelium maintains a 
delicate balance between thrombosis and 
anticoagulation during normal hemostasis.
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Complement

The alternative complement pathway, as 
opposed to the classic complement pathway, 
is primarily activated by foreign surfaces of 
microbial organisms or elements, particles, or 
biomaterial surfaces as part of this procoagulant 
activation and inflammation.17 The alternative 
pathway does not require antibody or immune 
complexes for activation. Complement 
activation via the alternative pathway occurs 
spontaneously at a low rate, but as hydrolyzed 
C3 is formed, factor B becomes activated and 
then initiates the cleavage of C3 to form C3a and 
C3b. During ECLS or CPB, with a biomaterial 
surface to bind C3b covalently to its hydroxyl 
or amine groups, factor B and D binding occurs, 
and the alternative C3 convertase (C3bBb) is 
formed, creating a positive amplification loop. 

Initiation of ECLS: Coagulation Pathway 
Activation and Inflammatory Response

Exposure of blood to the nonbiologic 
surfaces of an extracorporeal circuit initiates a 
complex inflammatory response involving both 
the coagulation and the inflammatory response 
pathways (Figure 6-3).7 This response leads 

to capillary leak which can cause temporary 
dysfunction of every organ. In fact, the response 
to extracorporeal circulation is remarkably 
similar, clinically and biochemically, to that 
seen in the systemic inflammatory response 
syndrome (SIRS) and ARDS.18 

Activation of the Coagulation System during 
ECLS

Plasma proteins are adsorbed onto the 
biomaterial surface of the extracorporeal 
circuit to form a monolayer of bound proteins 
within seconds of contact.19 Adsorbed FXII, 
FXI and fibrinogen undergo conformational 
changes, triggering activation of the contact 
system. The contact system consists of four 
primary plasma proteins: FXII, prekallikrein, 
high molecular weight kininogen (HMWK), 
and C-1 inhibitor. FXIIa, HMWK, FXI, FIX 
and FVIIIa work together to produce the 
tenase complex. The tenase complex binds 
FX to produce FXa. Activation of coagulation 
occurs through TF expression on activated 
cells (monocytes, macrophages, neutrophils, 
activated endothelial cells, smooth muscle 
cells, apoptotic cells), or cellular components 
(platelet microparticles or circulating vesicles). 
TF is a cell-bound glycoprotein expressed in the 
vascular subendothelium, and many other cells 
including activated monocytes.20 TF complexes 
with FVII in conjunction with a phospholipid 
surface forming the TF:VIIa complex which 
in turn activates FX to FXa. FXa facilitates the 
conversion of prothrombin to thrombin, and 
fibrinogen to fibrin 

Platelets adhere to the circuit surfaces 
and become activated, which leads to platelet 
aggregation and further activation of the 
coagulation system. Platelet activation and 
consumption occurs upon ECLS initiation 
causing decreases in platelet number and 
function within the first hour of ECLS.21  With 
platelet activation, neutrophils also become 
activated producing cytokines and further 

Figure 6-3. Simplistic representation of the 
blood-surface interaction during ECLS. This 
shows the components relevant to thrombosis; 
even though complement and leukocytes are 
considered to be involved with inflammation, 
they are also very relevant participants in 
thrombosis formation.
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contributing to the inflammatory response to 
extracorporeal circulation.22

The fibrinolytic system has the important 
role of limiting the extent of clot formation 
and eventually dissolving it. The presence of 
circulating thrombin stimulates endothelial 
cells to produce tPA, which participates in 
the cleavage of plasminogen to plasmin.23 
Plasmin lyses fibrin to dissolve clot and inhibits 
fibrinogen and factors V, VII, IX, and XI. The 
cleavage reaction to form plasmin produces 
D-dimers, which have been shown to be 
elevated during the course of neonatal ECLS 
as a marker of ongoing fibrinolysis.24 Such 
significant activation of the coagulation system 
results in a pattern of consumptive coagulopathy, 
with half of infants and children in one study 
demonstrating deficiencies in both platelets and 
coagulation factors soon after the initiation of 
ECLS, even with the use of fresh frozen plasma 
(FFP) in the circuit priming volume.25

Despite the activity of plasmin and the 
fibrinolytic system described above, the 
use of an extracorporeal circuit results in 
continued activation of the coagulation system 
and generation of thrombin. Endogenous 
antithrombotic activity becomes overwhelmed 
and this necessitates the use of an exogenous 
anticoagulant to maintain the integrity of the 
extracorporeal circuit. 

Activation of the Innate Immune System and 
Resultant Immune Dysregulation

Activation of the coagulation system and 
thrombin generation does not occur in isolation, 
but in conjunction with the activation of the 
innate immune system. The initial activation of 
the innate immune system by the ECLS circuit 
cumulatively contributes to the SIRS response 
that can clinically manifest as hemodynamic 
instability and capillary leak. Thus, depending 
on the degree of the innate immune response, 
a slight increase in hemodynamic support may 
be necessary following the first few hours after 

initiation of ECLS. The initial SIRS response 
is counterbalanced by CARS to reestablish 
homeostasis and reset the innate immune 
system. However, a prolonged CARS response 
may lead to an acquired immunosuppressed 
state, placing the patient at risk for nosocomial 
infections. 

Blood-Compatible and Bioinspired Materials 
for ECLS

To improve the blood compatibility of 
ECLS devices, numerous material modification 
strategies are in development to make the 
foreign polymer surfaces that comprise the 
ECLS device potentially as safe for the 
blood as the vascular endothelium. The 
vascular endothelium is exceptionally intricate, 
however, and serves as more than a passive 
barrier that separates blood from foreign 
sources of activation. The endothelium 
actively regulates local blood fluidity and 
hemostasis by continuously modifying surface 
chemistry, excreted factors, flow distribution 
and permeability.26,27 Further, the surface 
chemistry and functional characteristics of 
the endothelium are extremely heterogenous 
throughout the body, varied to support tissue-
specific needs, local blood flow conditions and 
fluctuating metabolic demands.28 

Design of “bioinspired” surface modifica-
tions for medical applications should involve 
consideration of the following characteristics 
observed in the natural blood vessel lining: 
1) comprehensive and multifaceted—the sur-
face should incorporate multiple complemen-
tary features to minimize thrombus deposition 
and cellular procoagulant and proinflammatory 
stimulation; 2) regionally specific—the surface 
features at specific locations within the medi-
cal device should be designed to address the 
regional flow dynamics and shear conditions, 
just as the vasculature surface in major arter-
ies is substantially different than in veins and 
capillaries29; 3) responsive and adaptable—the 
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vascular endothelium can act in both sensory 
and effective capacities to regulate hemostatic 
balance under varying physiological conditions 
and disease states; 4) durable—blood vessels 
are designed to maintain regional hemostasis in-
definitely, and serious disease pathologies result 
from endothelial dysfunction and degradation.

Clinically Available Biomaterials in ECLS

Clinically available biomaterial coatings for 
extracorporeal organ support devices currently 
do not incorporate these robust features of the 
vascular endothelium, and plausibly have failed 
to provide an efficacious solution to bleeding 
and thrombotic complications. Material 
modifications to improve blood compatibility 
typically involve application of a surface coating 
along the blood contact surface of the plastic, or 
incorporation of bioactive substances into the 
polymer matrix. These modifications can affect 
the physical properties and functionality of the 
materials, however, so care must be taken that 
the coatings do not alter device performance, 
such as impeding permeability of the fibers that 
compose a membrane lung. 

The most commonly utilized antithrom-
bogenic material modification for ECLS is 
immobilized heparin surface coating. Clinical 
studies comparing heparin-coated to uncoated 
circuitry for CPB and ECLS have shown that 
heparin coating may reduce inflammatory and 
complement activation,30-32 reduce transfusion 
requirements,30,33 and potentially reduce ICU 
length of stay31,33; however, most reported bene-
fits are observed during short-term (~4-6 hours) 
use with tandem administration of systemic 
anticoagulation, leaving the long-term efficacy 
of this approach in lieu of systemic anticoagula-
tion unestablished.34,35  

Other clinically available blood-compatible 
materials have shown similar modest short-term 
benefits in CPB and ECLS, including surface 
passivation with albumin to competitively 
inhibit adsorption of procoagulant proteins such 

as fibrinogen and application of zwitterionic 
phosphorylcholine coatings that modify 
surface charge and hydrophilicity in a manner 
resembling endothelial cells. However, like 
immobilized heparin, there is no evidence to 
support the long-term safety and efficacy of 
these coatings, particularly in lieu of systemic 
anticoagulation. 

Investigational Biomaterials for ECLS

A number of investigational surface coatings 
have been identified as promising candidates for 
ECLS, many of which are inspired by features 
of the vascular endothelium. For example, 
NO-releasing materials that incorporate NO 
donor species such as diazeniumdiolated 
dibutylhexanediamine (DBHD/N2O2) and 
S-nitroso-N-acetylpenacillamine (SNAP) 
into a polymer surface or matrix can elute 
NO at a similar flux as occurs in the healthy 
endothelium, eliciting platelet quiescence and 
promoting an antithrombogenic environment 
as described earlier. One concern with NO-
releasing materials is that only a finite store of 
NO donor species can be incorporated into the 
material, meaning NO flux can diminish over 
time. To address this, NO-catalyzing coatings 
have been developed that can generate NO from 
bioavailable donors in the patient’s blood, such 
as S-nitrosothiols (RSNOs).36-38 Other promising 
biomaterial approaches involve incorporation 
of bioactive substances that provide localized 
anticoagulation at the biomaterial interface, 
such as immobilization of direct thrombin 
inhibitors39 and application of corn trypsin 
inhibitor as a selective fXIIa inhibitor.40,41 
Additional approaches target protein adsorption 
and thrombus deposition via passive barriers 
including slippery liquid infused surfaces,42-44 
fabrication of glycosaminoglycan polymer 
brushes,45,46 and microstructured surfaces 
that reduce protein adsorption and platelet 
adhesion.47 In order to replicate the multifaceted 
approach to hemostasis that is achieved in 
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the endothelium, combination approaches 
that incorporate numerous aspects of the 
abovementioned surface modifications, such 
as dual nitric oxide release and slippery 
non-adhesive boundary layer coatings48 or 
immobilized thrombin inhibitors combined 
with nitric oxide elution49-51 are in development 
as well. 

While the above-mentioned surface coatings 
have shown promise in various in vitro and in 
vivo models, the surface modifications are 
typically applied to the ECLS connective tubing 
and cannulas only; however, the blood pump and 
membrane oxygenators are critical functional 
components that could benefit from improved 
hemocompatibility. The membrane oxygenator 
presents key challenges to surface coating 
application, as the thin, strongly hydrophobic 
gas permeable fibers are sensitive to damage 
by common solvents and chemicals utilized 
in the coating process, and are not receptive 
to swelling of substances into the polymer 
matrix. Attempts have been made to seed 
endothelial cells onto the PMP fibers utilized 
in membrane oxygenators; however, the cells 
could not adhere to the hydrophobic material 
surface without addition of a titanium dioxide 
intermediary layer.52 An alternative approach 
to membrane surface coating application is 
to apply NO gas into the sweep gas of the 
membrane oxygenator, enabling diffusion 
of NO into the blood to minimize platelet 
activation and thrombus deposition in the same 
manner as NO-releasing and NO-catalyzing 
surface coatings. This approach has been 
shown to potentially attenuate the inflammatory 
response during CPB in swine models,53,54 was 
shown to reduce platelet loss in a neonatal 
ovine model of ECLS,55 and was utilized in 
combination with NO-releasing circuit tubing in 
a pumpless venovenous ECLS model in sheep.56 
Early clinical evidence also suggests the safety 
and potential efficacy of NO gas administration 
via membrane oxygenator sweep gas during 
CPB and ECLS in children.57-59 Additional 

information on current investigational coatings 
for ECLS is summarized in recent reviews.60,61 

Other Adverse Effects of ECLS

Hemolysis

Hemolysis is characterized by mechanical 
damage to red blood cells and subsequent 
release of free hemoglobin in plasma, due to 
supraphysiologic shear stress that occurs during 
circulation of blood through extracorporeal 
circuits. Hemolysis leads to increased 
plasma levels of hemoglobin degradation 
products, including plasma free hemoglobin 
(PFHb) and heme, bilirubin as well as lactate 
dehydrogenase (LDH). High levels of PFHb 
and heme overwhelm normal neutralization by 
haptoglobin and hemopexin proteins, deplete 
endogenous nitric oxide, and thus promote 
vasoconstriction and platelet aggregation. 
Hemolysis is often associated, particularly 
in the pediatric population, with serious 
complications such as pump thrombosis, acute 
tubular necrosis, coagulopathy, and multiorgan 
dysfunction. Hemolysis associated with ECLS 
ranges between 5% and 18%.62 

Normal shear stress in the circulatory 
system is between 1-10 Pa, but this is largely 
exceeded during extracorporeal circulation. 
Consequently, hemolysis occurs when there 
is turbulence, as in cases of high flow velocity 
due to small cannulas, or extremely negative 
circuit pressures in the setting of low preload, 
leading to cavitation. When blood flow becomes 
turbulent, the erythrocytes first deform to an 
ellipsoidal shape and finally progress to cell 
wall destruction, with consequences impacting 
blood flow through the microcirculation. 

When hemoglobin is released outside of 
erythrocytes, it may result in deleterious effects 
on cells and tissues. PFHb and its components, 
heme and free iron, are capable of inducing 
potent free radical generation, which is widely 
known to disrupt cell membranes, damage 
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proteins, DNA and lipids, induce SIRS, and thus 
lead to tissue and organ damage.63 Furthermore, 
PFHb depletes endothelial-derived nitric oxide, 
one of the major regulators of microcirculation, 
leading to vasoconstriction and additional 
procoagulant state secondary to abnormal 
coagulation and platelet activation.64 

Hemolysis screening is not standardized, 
and currently relies on plasma biomarkers. PFHb 
is the principal biomarker, and is considered an 
independent predictor of mortality and adverse 
clinical events during ECLS.65-67 The cutoff for 
hemolysis for PFHb varies across studies. A 
value of >30 mg/dL is diagnostic of hemolysis, 
though the most commonly reported level 
is >50 mg/dL. Levels above 100 mg/dL are 
considered severe and should prompt immediate 
action.66 Other biomarkers include LDH, 
bilirubin and aspartate transaminases, and 
have been found to show a relevant correlation 
with PFHb. These can be adopted if PFHb is 
not available.68 The principal action to prevent 
or limit hemolysis is to avoid thrombosis in 

the circuit, change components or the entire 
circuit when thrombosis occurs, and avoid high 
pump speeds with inadequate proload and/or 
increased afterload. 

Bleeding

Bleeding occurs frequently in patients 
receiving ECLS and is associated with 
increased mortality.69 Anticoagulation, dual 
antiplatelet therapy (DAPT) in patients with 
acute coronary syndrome (ACS) and/or PCI, 
platelet and clotting factor consumption, as 
well as the frequent development of acquired 
von Willebrand syndrome (AVWS), all increase 
the risk of bleeding in ECLS-supported patients 
(Figure 6-4).70 The last of these may be caused 
by high shear and continuous flow in ECLS, 
leading to proteolysis of high-molecular-
weight von Willebrand factor. This results 
in reduced platelet-binding affinity and the 
development of AVWS in the majority of 
patients within 24 hours of starting ECLS, but 

Figure 6-4. During ECMO, blood is continuously exposed to foreign body material (plastic surfaces 
in tubing and especially in the oxygenator); this causes a complex process of thrombus formation and 
consumptive coagulopathy due to contact activation resulting in fibrin deposition, high shear stress 
and von Willebrand deposition and platelet deposition/activation. (vWB=von Willebrand molecule, 
NET=neutrophil-extracellular-traps, ADAMTS13=a disintegrin and metalloproteinase with a throm-
bospondin type 1 motif, member 13; after Vandenbriele70)
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which resolves rapidly after discontinuation.71 
The only treatment for ECLS-induced AVWS 
is decannulation, although novel techniques 
(eg, ADAMTS13 blocking agents) are under 
investigation.72,73

Bleeding is more common with nonpulsatile, 
continuous flow devices than with pulsatile 
assist devices, and greater at lower flow 
rates.74 Most data pertaining to the frequency 
of bleeding and thrombotic complications 
come from retrospective analyses of large 
national databases. Among ACS patients with 
cardiogenic shock, bleeding complications 
occur in 40-70% of those treated with ECLS.75,76 
A metaanalysis of 20 studies including 1,866 
adult patients treated with ECLS revealed 
lower extremity ischemia in 16.9%, stroke 
in 5.9% and major or significant bleeding in 
40.8% of patients.75 Bleeding is associated with 
an increased risk of death and with prolonged 
inotropic and ventilatory requirements.77 
Risk factors associated with major vascular 
complications in patients on ECLS are obesity, 
concomitant use of ECLS with other forms of 
mechanical circulatory support (MCS), SOFA-
score at 24h post-ECLS and hematological 
disorders.78 

Most ECLS-related bleeding are access site 
related, due to the need for large-bore access 
as well as continuous anticoagulation.79,80 
Meticulous cannulation techniques and the 
use of doppler ultrasound are required for 
percutaneous cannulation. Local source 
control is the best way to control access site-
related bleeding. Oozing at the access site 
can be controlled by local tranexamic acid- or 
adrenalin-soaked gauze in conjunction with 
pressure. Ear-nose-throat (ENT) bleeds are 
common in patients on ECLS, and bleeding 
prevention and source control are key to success 
(eg, orogastric instead of nasogastric tubes, 
avoiding nasoendotracheal intubation in small 
children, mouth packing with tranexamic acid-
soaked gauze, ENT-interventions, intranasal 
balloon compression). Only when no proper 

hemostasis is obtained after optimal source 
control, lowering the UFH-target (and thus 
increasing the thrombotic risk) could be a next 
reasonable step. Cessation of UFH-treatment 
in combination with surgical or endovascular 
source control should only be considered for 
severe bleeding events, eg, retroperitoneal or 
intracerebral bleedings, and should be kept as 
short as possible to prevent pump thrombosis 
and/or systemic embolism. 

Thrombosis

Circuit thrombosis occurs following 
initiation of coagulation systems, platelet 
activation, and inflammatory and complement 
cascades after exposure to ECLS circuit 
materials as previously described. Circuit 
clots are more common on the venous side 
of the circuit due to areas of both stasis 
and turbulence. Thrombotic complications 
often have inconsistent definitions in the 
ECLS literature, making comparison between 
published reports difficult.81-87 Standard 
definitions for thrombotic complications are 
necessary to determine clinically relevant 
outcomes and allow comparison between 
centers and publications. The ELSO Registry 
defines a circuit thrombotic complication as 
requiring either a change in the entire circuit 
or a circuit component, including tubing, 
connectors, cannulas or oxygenator. In the 
October 2021 ELSO International Registry 
report across all ages and indications, circuit 
change was reported in 2-17 % of all ECLS 
runs and thrombosis related to ECLS equipment 
components in 4–34% of all ECLS runs 
(Table 6-1). 

Central nervous system infarction is the 
commonly measured parameter to assess 
thromboembolic complications in patients 
supported with ECLS. The ELSO Registry 
only includes patient thrombotic complications 
diagnosed by US, CT or MRI. The rates of stroke 
in ECLS patients varies by age and indication 
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and ranges from 1–8% (Table 6-1). The total 
burden of patient thromboembolic events 
is likely underestimated due to difficulties 
in imaging critically ill patients on ECLS. 
Autopsy studies reveal higher rates of systemic 
thromboembolic complications, suggesting a 
significant burden of clinically unrecognized 
thromboembolic events.88,89 

A recent systematic review of 34 studies 
described 201 individual adult patients treated 
with anticoagulation-free ECLS for a median of 
4.75 days.87 The overall incidence of thrombosis 
(patient or circuit requiring exchange) was 
22.9%, which is comparable to thrombotic 
complications described in the literature of 
patients receiving systemic anticoagulation.87 
Conclusions must be interpreted in the context 
of retrospective data, inconsistent reporting of 
outcomes, and differences in circuit components 
and patient management. 

The risk of circuit thrombosis and 
subsequent thromboembolic complications 
varies between adult and pediatric patients. 
Differences in cannulation strategies, smaller 
cannula sizes and circuitry, and lower flow rates 
all may contribute to the increased thrombotic 
complications in pediatric patients. 

Nosocomial Infection

Nosocomial infections are one of the 
most common adverse effects associated with 
ECLS, particularly in adult patients and in 
those receiving VA ECMO. The incidence is 
approximately 10-30 infections/1,000 ECLS 
days, but >100 infections/1,000 ECLS days 
have been described in some circumstances.90,91 
Differences across patient populations and 
inconsistently applied definitions explain at 
least some of this variation.92 The preferred 
definitions are those of the Centers for Disease 
Control and Prevention National Healthcare 
Safety Network. The risk factors for infection 
during ECLS are shown in Table 6-2. One of 
the most important risk factors is the duration 
of ECLS, which represents both a risk and a 
consequence of nosocomial infection. Although 
many single-center studies of adult patients have 
not shown an association between infectious 
complications and mortality, large multicenter 
studies have consistently demonstrated this 
across all age groups.90,91

ECLS itself makes the diagnosis of infection 
more difficult because it can elicit a systemic 
inflammatory response which can be confused 

 
ECMO INDICATION NEONATE PEDIATRIC ADULT 

Respiratory ECMO Total Runs 780 590 7917 
ECMO Equipment Thrombosis 33.8% 23% 6.4% 
Clots and Air Emboli 1.2% 0.7% 0.2% 
ECMO Circuit change 16% 17.1% 10.6% 
CNS infarction 2.7% 3.7% 1.4% 

Cardiac ECMO Total Runs 531 1064 5146 
ECMO Equipment Thrombosis 19.8% 18.2% 5.3% 
Clots and Air Emboli 0.3% 0.3% 0.1% 
ECMO Circuit change 9.9% 9% 2.8% 
CNS infarction 3.3% 5.2% 3.3% 

ECPR ECMO Total Runs 152 521 1559 
ECMO Equipment Thrombosis 18.8% 10.9% 4.4% 
Clots and Air Emboli 0.1% 0% 0.2% 
ECMO Circuit change 7.2% 5.9% 1.8% 
CNS infarction 4% 8% 4.3% 

 

 
Table 6-1. Thrombotic complications reported to the ELSO Registry during 2016–2020: 
Data from the ECLS Registry Report: International Summary, October 2021.
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with infection and because the heater-cooler 
masks any underlying fever. Current biomarkers 
such as C-reactive protein and procalcitonin are 
sensitive but not specific for infection and are 
not recommended for diagnostic purposes.91 
The most common types of infections are 
bloodstream infections, ventilator-associated 
pneumonia, and surgical site infections. 

The organisms causing nosocomial infection 
are generally similar to those in critically ill, non-
ECLS patients, such as Staphylococcus species, 
Pseudomonas aeruginosa, and Enterobacterales. 
Fungal infections such as Candida spp. are 
commonly seen in some patient populations, eg, 
neonates or those repeatedly exposed to broad-
spectrum antibiotics. Rarely, unusual organisms 
may cause infection when they contaminate 
the heater-cooler, such as Ralstonia picketii 
and nontuberculous mycobacteria.91 Some of 
these infections may be missed unless they are 
specifically looked for because they cannot be 
identified on routine microscopy and culture. 

Treatment should be guided by local 
antibiograms, culture results, and directed at the 
probable site of infection. The pharmacokinetics 

and dynamics of many antibiotics are not well 
characterized on ECLS and therapeutic drug 
monitoring should be used when available, 
especially when prescribing drugs with 
narrow therapeutic indices (see Chapter 49). 
Conventional durations of antibiotic therapy 
may not be applicable in ECLS patients because 
source control is often impossible until the 
patient is decannulated, particularly with 
bloodstream infections. 

N o s o c o m i a l  i n f e c t i o n  m a n d a t e s 
reassessment of the patient’s clinical state 
because it may worsen other organ function 
and increase metabolic demand. This may 
require adjustments to the ECLS circuit, such 
as increasing circuit blood flow, or changes to 
the cannulation strategy to address evolving 
problems caused by worsening organ function, 
eg, differential hypoxemia.

More details on diagnosis and treatment 
can be found in chapters on specific patient 
populations.

Table 6-2. Important risk factors for nosocomial infection during ECLS.90,91

 

 RISK FACTOR COMMENT 

Patient Factors Age Adult patients at greater risk 

Severity of illness Higher Sequential Organ Failure 
Assessment (SOFA) scores prior to 
cannulation are associated with 
greater risk 

Co-morbidities eg, immunosuppression  

Hemorrhage  

ECLS Factors ECLS duration  

Cannulation strategy Venoarterial ECMO is associated 
with increased risk than 
venovenous ECMO. 

Central ECMO is associated with 
greater risk than peripheral ECMO. 

Open cannulation is associated with 
greater risk than percutaneous 
cannulation. 

Surgery during ECLS  

Mechanical complications eg, pump failure 
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Introduction

Patients supported with ECLS are at risk of 
a variety of complications that cause significant 
morbidity. Some complications, such as 
bleeding, venous thrombosis, and infection, are 
also common in non-ECLS patients, whereas 
other complications are particular to ECLS. For 
example, vessel perforation and lower extremity 
ischemia can occur because of cannulation 
problems (Chapter 4), while hemolysis and 
platelet dysfunction may result from the blood-
polymer interaction (Chapter 6). Although 

modern ECLS circuits employing centrifugal 
pumps and polymethylpentene oxygenators 
provide a degree of safety not available 
in older equipment, circuit malfunctions 
do still occur. This chapter will focus on 
potentially catastrophic complications that 
require immediate intervention, including 
circuit air, pump failure, loss of circuit integrity, 
and inadvertent decannulation (Figure 7-1).

Figure 7-1. Summary of common ECMO circuit malfunctions.
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Prevention

Rather than focus exclusively on managing 
circuit complications, ECLS program leaders 
should develop policies and procedures focused 
on preventing them in the first place. 

A simplified circuit is generally considered 
a safer circuit. Any integration of access points 
into the ECLS circuit requires a considered 
risk:benefit assessment. For example, connecting 
continuous renal replacement therapy (CRRT) 
systems and intravenous infusion pumps 
directly to the ECLS circuit limits the need for 
additional vascular access and its associated 
complications, but also increases the risk of 
circuit malfunction. The additional connectors 
and access points required for these integrations 
are a nidus for clot formation and, when on the 
negative pressure side of the circuit, conduits 
for air entrainment into the circuit. External 
circuit monitoring devices provide valuable 
information and may allow early diagnosis of 
impending catastrophe. However, they are not 
without their own risk, again associated with 
the additional circuit access points they require. 
A careful assessment of risk and benefit should 

be undertaken for each patient and program 
before integrating additional devices into the 
ECLS circuit, and the number of access points 
should be limited to the absolute minimum. 
Many successful programs avoid integration 
of additional devices completely, while others 
do so routinely. 

Inadvertent decannulation is among the 
most uncommon but most dangerous ECLS 
related emergencies and it warrants exceptional 
efforts to avoid. Securing sutures should be 
placed at the time of cannulation and positioned 
to prevent both migration of the cannula and 
bowing of the cannula away from the skin 
between the skin entry site and the securing 
sutures. Sutures can break or loosen over 
time and should be inspected regularly and be 
replaced as needed. Additional adhesive devices 
can be used to secure tubing to the patient. 
Whatever the approach to cannula securement, 
it should be standardized. Depth of insertion 
and integrity of sutures and other securing 
devices should be noted and recorded at regular 
intervals (Figure 7-2).1,2

When central venous catheters lie in 
proximity to the drainage cannula there is a 

Figure 7-2. Cannula securement practices.
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chance of air entrainment through the central 
line due to the negative drainage pressure. 
Personnel who administer medications or 
draw blood through central lines should take 
precautions to prevent exposing the line to air. 
The person responsible for managing the ECLS 
pump should be aware and in the immediate 
area when central lines are being placed. 

Circuit thrombosis can cause sudden and 
catastrophic cessation of ECLS. Diligent 
attention to circuit monitoring may alert the 
team to impending failure and avoid the need 
for an emergent intervention. 

Many centers use plastic ties (“zip ties”) 
on all circuit connections to prevent accidental 
separation. 

Training 
Despite the best efforts at prevention, circuit 

emergencies will occur. A team prepared by 
regular training on emergency procedures will 
provide an appropriate and timely response to 
mitigate the impact of such events. 

Training on a primed circuit, termed “water 
drills,” has long been the standard ECLS 
training activity. While water drills are an 
effective way of teaching the fundamentals of 
ECLS troubleshooting, high fidelity simulation 
is a more effective approach.3-5 Elective 
circuit and component exchanges provide an 
opportunity for junior team members to practice 
a valuable emergency skill under supervision. 
The extent and frequency of training may vary 
depending on programmatic factors such as 
ECLS volume, program structure, and number 
of trained personnel. ELSO recommends 
training sessions of 4-8 hours occurring 
every six months as a starting point. At a 
minimum, each session should cover circuit 
ruptures and disruptions, component exchanges, 
air entrainment (venous/arterial), power or 
console failure, and inadvertent decannulation 
(see Chapter 54).6 

Preparation 

A primed backup circuit should be readily 
available when managing a patient on ECLS. 
If patients are treated in multiple areas of the 
hospital, it is preferable to have a backup circuit 
for each geographic area, although equipment 
limitations may preclude this. Circuits primed 
with crystalloid in a sterile fashion can be safely 
maintained for 30 days or longer without loss 
of function or microbial contamination.7-10 Each 
pump in use should have a back-up system 
(hand crank or second console) in the room 
and positioned for immediate use. A supply 
cart containing all supplies and equipment 
required to resolve circuit emergencies should 
be maintained on each unit where patients 
are treated on ECLS (Figure 7-3). Checklists 
and protocols covering all circuit related 
emergencies should be maintained and regularly 
reviewed with team members. A key component 
of these procedures is defining individual roles 
to avoid confusion during an emergency. The 
personnel responsible for troubleshooting the 
ECLS circuit should not simultaneously be 
responsible for patient management. Some 
circuit emergencies may result in massive 
and rapid blood loss. The historical practice 
of having blood products available in the 
room is excessive and unnecessary. However, 
all patients should have crossmatched blood 
available in the blood bank and the hospital 
should have a massive transfusion protocol that 
makes at least four units of uncrossmatched 
packed red blood cells available for immediate 
use. 

Specific Emergencies

Console or Power Failure

A catastrophic malfunction of the ECLS 
pump console or loss of electrical power in 
combination with a depleted battery will cause 
an immediate loss of flow. Many ECLS systems 
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employ a hand crank to operate the pump while 
some require a second console or motor as 
the backup system. When a console failure is 
suspected, a flow probe malfunction must first 
be excluded as this can mimic the appearance of 
console failure. As soon as it is determined that 
the pump is not functioning, the circuit should 
be clamped to prevent retrograde blood flow. 
After confirming the impeller is not spinning, the 
pump head should be removed and transferred 
to the hand crank or backup console. This will 
restore flow and support the patient until the 
problem can be fully resolved. Loss of power 
and console failure are the only indications to 
employ the hand crank. If the pump motor is 
still functioning, then transitioning to the hand 
crank will only cause delays and distract from 
other troubleshooting. 

Circuit Air 

The impact of air entering the ECLS circuit 
can vary widely depending on the ECLS 
configuration, quantity of air, and location of 
air entry. A large amount of air may result in 
cessation of blood flow and have catastrophic 
consequences if it reaches the patient. Before 
discussing the response to air in the circuit, it 
should be noted that this complication is nearly 
always avoidable. Limiting access points on the 
negative pressure side of the circuit, exercising 
caution with central lines, and maintaining 
meticulous technique when operating stopcocks 
are all vital preventative strategies. 

All modern ECLS systems have at least one 
integrated bubble detector which may be the 
first indicator of air in the ECLS circuit. Some 

Figure 7-3. Basic content of an emergency ECMO cart.

Figure 7-4. Potential sources of air in extracorporeal circuit.
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ECLS systems allow the user to place the sensor 
in any location while in others it is fixed. In a 
user-configurable system, placing the bubble 
sensor before the membrane lung (ML) will 
alert the user earlier and may allow more time 
to intervene. Placing it after the ML will alert 
the user as the air is about to enter the patient 
but eliminates some alarms for inconsequential 
amounts of air that would remain in the ML 
and not pose an immediate risk to the patient. 
Most ECLS systems can be configured to stop 
the pump if air is detected or to alarm but 
provide no intervention. In some cases, such as 
centrally cannulated VA ECMO, even a small 
amount of air entering the patient can have 
adverse consequences and an automated pump 
stoppage in response to air detection may be 
warranted. While air entering a patient should 
never be considered acceptable, patients on 
VV ECMO may tolerate small amounts of air 
better than pump stoppage, which may cause 
rapid desaturation and cardiac arrest. A sensor 
placed before the ML and configured to stop 
the pump in response to bubble detection may 
create a dangerous situation in response to a 
small amount of air that would likely have been 
trapped in the ML. The decision to implement 
an automated intervention for air deserves 
thoughtful consideration and each program 
must weigh risks and benefits before settling 
on a standardized approach. 

The operator should call for help as soon 
as air is detected within the circuit. The next 
immediate action is to determine if a significant 
amount of air will enter the patient, in which 
case the circuit should be clamped on the return 
limb as close to the patient as possible. In the 
absence of substantial air entry, it is generally 
preferable to maintain circuit flow while the 
problem is resolved as many patients will not 
tolerate complete cessation of blood flow. If 
blood flow is maintained, it is advisable to 
decrease flow to the lowest level tolerated to 
reduce air movement toward the patient. One 
person should be assigned to continuously 

monitor the arterial limb of the circuit and be 
prepared to clamp immediately if air moves 
toward the patient, while other team members 
troubleshoot the origin of the problem.

Determining the exact location of air in 
the circuit is critical. A circuit check should 
be conducted starting at one end of the circuit 
and proceeding methodically along its entire 
length with close inspection of each component. 
In addition to localizing the air, this will help 
diagnose its source, a critical step to ensure the 
problem does not recur (Figure 7-4). Air located 
between the ML and the patient is termed 

“arterial air” while air that lies before the ML is 
termed “venous air.” 

Once the location of the air is determined 
there are several techniques for removal. Air 
within the ML will usually rise to the highest 
point and may be aspirated through a pigtail or 
stopcock attached for this purpose. Some MLs 
have deairing ports that will allow air to exit 
passively. Users should be aware that these 
passive deairing ports often stop functioning 
after the membrane has been in use for an 
extended period. If air is visible in the tubing 
an attempt to move it to the ML using gravity 
is warranted, as the ML is the preferred location 
to remove air. Alternatively, a large quantity of 
air in the tubing can be isolated between two 
clamps and removed by cutting into the circuit, 
then reconnecting using a straight connector and 
wet connection technique. If air is located in 
the pump head, it may be necessary to remove 
the pump head from the motor assembly and 
position it so gravity will allow the air to exit 
and then be removed by one of the above 
techniques. Pump speed should be reduced to 
zero before removal from the motor, and the 
return limb of the circuit should always be 
clamped before proceeding. 

In some cases of massive air entrainment, 
removal in a timely manner may be difficult or 
impossible. If the problem cannot be resolved 
rapidly and the patient is deteriorating, an 
immediate circuit change should be undertaken.
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Inadvertent Decannulation

Inadvertent decannulation occurs when 
a cannula is displaced from the vessel, either 
partially or completely. If the return cannula 
is involved there will be rapid exsanguination 
while displacement of the drainage cannula may 
result in air embolism or loss of flow as blood in 
the pump head is replaced by air. Either scenario 
will result in blood loss from the cannula site. 
The immediate reaction should be to call for 
help and immediately clamp the circuit near 
the patient. Life support interventions, such 
as increased ventilator support, blood product 
transfusion, vasopressor and inotropic agent 
administration, should be initiated immediately 
by a team distinct from the one troubleshooting 
the ECLS circuit. If the cannula is only partially 
removed and the patient is fully dependent 

on ECLS, reinsertion of the cannula may be 
attempted. This is a high-risk intervention that 
should only be undertaken by experienced 
personnel as a heroic effort to prevent death. 
If the cannula has been completely removed, 
pressure should be applied to the site to control 
bleeding. 

Loss of Circuit Integrity

Loss of circuit integrity refers to any 
breach that exposes a portion of the circuit to 
atmospheric pressure. Rupture of the main tubing 
is unusual with centrifugal pumps, although it 
is an ever-present risk with using roller pumps 
that can generate extremely high pressures 
and expose a section of tubing to continuous 
deformation by the pump head. However, there 
are ample ways in which circuit integrity can 

Figure 7-5. Algorithmic approach to a decrease in extracorporeal blood flow. LPM: liters per minute; 
PINLET: drainage pressure, measure before centrifugal pump; PPRE-ML: premembrane lung pressure, 
measured at membrane lung entrance; PPOST-ML: postmembrane lung pressure, measured at membrane 
lung exit, ΔP: pressure drop between membrane lung entrance and exit, calculated as ΔP = PPRE-ML 

- PPOST-ML; EBF: extracorporeal blood flow; RPM: revolutions per minute; BP: blood pressure; VA: 
venoarterial configuration.
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be compromised, even in centrifugal pump 
systems. Although unusual, any connection 
in the circuit tubing can become disconnected. 
Careless application of tubing clamps can cause 
a defect in the circuit tubing. Most commonly, 
circuit integrity is compromised when a 
stopcock or pigtail becomes disconnected or 
develops a defect. Typically, when a circuit 
breach occurs on the negative pressure side of 
the circuit, air entrainment is the primary risk, 
while blood loss is the primary concern on the 
positive pressure side.

A massive circuit breach will result in pump 
stoppage, although most events are less severe. 
Once identified, the location of the breach 
should be isolated between two clamps and the 
culprit component replaced. This will require a 
brief interruption of ECLS flow so arrangements 
must be made to support the patient during this 
time. 

Circuit Thrombosis or Occlusion

Sudden blood flow reduction with constant 
pump speed is often caused by decreased 
blood return to the pump, referred to as access 
insufficiency. Blood flow may also be reduced 
on VA ECMO if mean arterial pressure rises 
causing increased pump afterload. If these are 
excluded, the remaining causes of decreased 
pump flow relate to increased resistance to blood 
flow, usually from clot formation in the circuit, 
aspiration of clot from the venous system, or 
kinking of the ECLS circuit (Figure 7-5). When 
reduced flow is detected, circuit pressures 
should be noted if they are being monitored. 
Drainage pressures becoming more negative 
than baseline indicates obstruction between the 
drainage cannula and the pump inlet. If pre- and 
postmembrane pressures increase by similar 
amounts, obstruction between the ML and the 
return cannula should be suspected. Finally, if 
pre- and postmembrane differential increases, 
there is likely an obstruction to blood flow 
within the ML. After noting circuit pressures, 

a methodical, end-to-end circuit check should 
be conducted to exclude kinks in the circuit, 
obvious clots in the oxygenator, or other easily 
correctable obstructions to blood flow. In the 
absence of a correctable cause, an emergency 
circuit exchange is usually indicated. Rarely, 
the problem will persist after circuit exchange 
if a clot has become lodged in the cannula. 
Aspirating the cannula with a large syringe may 
or may not resolve the problem. 

Gradual accumulation of clot within the 
circuit leading to inefficient gas exchange, 
hematologic abnormalities or progressive 
resistance to blood flow is common and will 
be covered below.

Gas Supply Interruption

Abrupt deterioration of an ECLS-supported 
patient requires an immediate assessment of 
the color differential between the pre- and 
post-ML blood. If both are dark red, it can be 
assumed that no gas exchange is occurring 
in the membrane. Since a decline in ML gas 
exchange efficiency usually occurs over a 
period of hours to days, abrupt changes suggest 
an interruption of fresh gas flow to the ML. A 
thorough assessment of the gas supply line 
starting at the ML and proceeding to the wall 
or tank will usually identify the problem. If the 
gas supply is from the wall, it should be moved 
to an alternative source to exclude a problem of 
the hospital gas supply. More often, the source 
will be a compressed oxygen cylinder that has 
been exhausted. One common scenario is a 
patient returning from an intrahospital transport 
using compressed gas where the operator fails 
to return the gas line to the wall source. The 
bottle will last a variable amount of time before 
causing gas supply failure and abrupt patient 
deterioration, a situation that can be avoided by 
using a checklist upon return from any venture 
outside the room. 
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Pump Head Failure

The most common causes of ECLS flow 
cessation have been covered above: pump 
thrombosis, massive air entrainment, console, 
or power failure. Rarely, a stoppage can occur 
due to failure of the pump head itself or loss 
of the magnetic coupling between the pump 
head and drive motor.11 These events may be 
accompanied by abnormal pump noise, sudden 
reduction in RPM, visible abnormalities, or 
vibrations. These scenarios usually represent a 
catastrophic failure that cannot be resolved. If 
pump head failure is suspected, help should be 
summoned immediately. If there is complete 
loss of flow, the circuit should be clamped. An 
emergency circuit exchange will usually be 
required to restore flow. 

Membrane Lung Dysfunction

Until now, the focus has been on abrupt 
or catastrophic ECLS related complications 
and malfunctions. However, gradual, more 
subtle derangements are far more common. 
Practitioners should monitor the ECLS circuit 
for obstruction to blood flow and impaired gas 
transfer from clot accumulation in the ML, 
and circuit related hematologic abnormalities 
(Figure 7-6). Monitoring resistance to blood 
flow detects obstruction due to clot formation in 
the ML or aspiration of a clot from the venous 
system into the circuit. If pre- and post-ML 
pressures are monitored, an increase in delta 
P at constant pump flow indicates increasing 
resistance. If pressures are not measured, 
increased resistance can be inferred when 
increased pump speed is required to maintain 

Figure 7-6. Membrane lung dysfunction.
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the same flow. Membrane lung efficiency is 
determined by calculating oxygen transfer. 
When oxygen transfer is below 150 ml/min, ML 
exchange should be considered.12 Excessive 
clot formation in the ML can manifest as 
consumptive coagulopathy. Hemolysis may 
occur as a result clot formation in the ML or a clot 
in the pump head. The approach to monitoring 
for hematologic abnormalities will vary by 
program and may include measurements of 
plasma free hemoglobin, lactate dehydrogenase, 
D-dimer, and fibrinogen in addition to standard 
hematology and coagulation tests.11 

Vigilant monitoring for ML dysfunction will 
detect abnormalities early and allow for elective 
replacement. The urgency of replacement 
should be based on the patient’s condition and 
the rapidity of onset of ML dysfunction. Slowly 

progressive loss of gas transfer efficiency 
in a stable patient may warrant a period of 
observation rather than immediate replacement. 
Rapidly increasing resistance to blood flow may 
indicate impending circuit stoppage and should 
prompt immediate replacement. The decision 
to replace the entire circuit or only the ML is 
program dependent. However, it is often simpler 
to replace the entire circuit. 

Emergency Circuit Exchange

Sudden circuit malfunctions with cessation 
of blood flow that cannot be resolved rapidly 
require an emergency circuit exchange 
(Figure 7-7). While a single skilled practitioner 
can accomplish a circuit change very rapidly, 
two equally skilled operators will accomplish 

Figure 7-7. Steps to perform emergency circuit exchange.



122

Chapter 7

the same procedure in half the time. Emergency 
circuit changes call for two skilled personnel 
whenever possible, one for each limb of the 
circuit. Two additional personnel should be 
utilized to assist the primary operators with 
the wet connection. Necessary supplies should 
be preidentified and readily available. Sterile 
preparation should be rapid and can be limited 
to the portion of the ECLS tubing that will be 
cut to accomplish the change. The new circuit 
should be brought onto the field and straight 
connectors inserted into the cut ends of the 
tubing. Once the new circuit is laid out, a brief 
pause should occur to identify the drainage and 
return limbs of the existing and new circuits, 
and ensure the planned connections are correct. 
The existing circuit should be clamped in two 
locations per limb, about 15 cm apart and then 
cut between the clamps. The prepositioned ends 
of the new circuit are then connected, and flow 
resumed. A circuit check should follow and 
the previous ECLS settings established on the 
new circuit.
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Introduction 

Neonates with severe respiratory and/or 
cardiac failure refractory to maximal medical 
management, with a high likelihood of mortality 
and a potentially reversible etiology, are 
possible ECLS candidates. In the 2021 ELSO 
Registry report, most cases of neonatal ECLS 
had a primary respiratory diagnosis (74%), 
with the remainder having a primary cardiac 
cause.1 Neonates continue to have the best 
survival across all groups and ECLS is now the 
standard of care in cases of oxygenation failure, 
severe hypoxic respiratory failure, and severe 
pulmonary hypertension with evidence of right 
ventricular dysfunction and/or left ventricular 
dysfunction refractory to less invasive 
management.1 Management of these conditions 
generally involves mechanical ventilation and 
treatment of associated pulmonary hypertension 
with agents such as iNO.2,3 Treatment commonly 
includes use of vasopressors and/or inotropes to 
support blood pressure, as well as consideration 
of stress hydrocortisone for pressor resistant 
hypotension. Preductal saturations between 
88-95% are a good measure of oxygenation, 
while postductal PaO2 

levels are accepted 
down to 50 mmHg (6.7 kPa). Neonatal 
respiratory diseases that may require ECLS 
include: congenital diaphragmatic hernia 
(CDH), meconium aspiration syndrome 

(MAS), persistent pulmonary hypertension 
of the newborn (PPHN), hypoxic ischemic 
encephalopathy (HIE) accompanied by PPHN, 
neonatal pneumonia, sepsis with respiratory 
compromise, hyaline membrane disease 
accompanied by PPHN, and other congenital 
lung disorders. 

Neonatal Respiratory Diseases Predisposing 
to ECLS 

In the 2021 ELSO Registry report, 4,036 
infants required ECLS for a primary respiratory 
indication between 2016 and 2020, with 82% 
ECLS survival and 69% survival to discharge 
or transfer (Table 8-1).1 Over the last 20 years, 
there has been a shift away from MAS to CDH 
as the most common diagnosis. CDH is covered 
in detail in Chapter 11. Congenital heart disease, 
myocarditis, cardiomyopathy, intractable 
arrhythmias with hemodynamic compromise, 
pulmonary hypertension, and univentricular 
circulation can all be indications for neonatal 
ECLS. Cardiac diagnoses are discussed in 
Chapter 17.
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Common Primary Etiologies for Neonatal 
ECLS

PPHN (Persistent Pulmonary Hypertension 
of the Newborn)

PPHN occurs in 2/1000 live births when 
normal postnatal cardiopulmonary transition 
fails. There are 3 types: 1) vasoconstricted, 
but normally formed pulmonary vasculature 
(MAS, respiratory distress syndrome (RDS); 2) 
remodeled pulmonary vasculature with normal 
lung parenchyma (idiopathic PPHN, premature 
closure of the ductus, maternal medications 
ie, selective serotonin reuptake inhibitors, 
aspirin, indomethacin); and 3) hypoplastic 
pulmonary vasculature with hypoplastic lungs 
(CDH, oligohydramnios). Lethal forms of 
PPHN are found in several genetic disorders, 
including alveolar capillary dysplasia (ACD) 
and surfactant B deficiency, and should be 
considered in infants who cannot be weaned 
from ECLS.4 Diagnosis may be made with 
genetic sequencing, lung biopsy, or at autopsy. 
In patients with a suspected form of lethal 
pulmonary hypertension, expedited exome 
sequencing should be considered.

Meconium Aspiration Syndrome (MAS)

Meconium can reduce the antibacterial 
activity of amniotic fluid, increasing the risk 
of perinatal infection. Aspiration can also 

induce hypoxia secondary to airway obstruction, 
surfactant dysfunction, chemical pneumonitis, 
and pulmonary hypertension. VV ECMO is 
preferred.

Respiratory Distress Syndrome (RDS)/
Surfactant Deficiency

While surfactant deficiency is more common 
in preterm infants due to insufficient alveolar 
production, full-term infants can also suffer 
from surfactant deficiency due to inactivation 
of surfactant from meconium or epithelial 
protein leak from lung injury. Although early 
surfactant replacement can reduce ECLS use, in 
some cases surfactant causes desaturation and 
worsening of ventilation, precipitating ECLS 
need.5 Therefore, surfactant use in term infants 
is only recommended if FiO2 is <50% or OI <25.

Neonatal Sepsis/Pneumonia

Neonatal pneumonia and/or sepsis can 
be devastating conditions causing severe 
hypoxemic respiratory failure with or without 
shock and coagulopathy. Group B beta hemolytic 
streptococcus (GBS) and gram-negative 
organisms are the most common bacterial 
organisms.6,7 Viral pneumonia is less common 
in neonates. The most common neonatal 
viruses are respiratory syncytial virus (RSV), 
herpes simplex virus (HSV), cytomegalovirus 
(CMV), and adenovirus. Infants infected with 

 
DIAGNOSIS TOTAL 

RUN 
% TOTAL 

RUNS 
AVERAGE RUN 

TIME (Hrs) 
SURVIVED % SURVIVED 

CDH 1,301 32.6% 325 730 56% 
MAS 611 15.3% 151 559 91% 
PPHN 393 9.8% 167 288 73% 
RDS 26 0.7% 179 21 80% 
Sepsis 97 2.4% 157 51 52% 
Pneumonia 17 0.4% 387 7 41% 
Air Leak Syndrome 3 0.1% 199 2 66% 
Other 1,543 38.7% 184 1,120 72% 

 

Table 8-1. Neonatal respiratory ECLS by diagnosis from 2016-2020.1
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HSV and adenovirus have a significantly lower 
survival rate when compared to infants with 
other viruses.8,9 While ECLS has been used for 
pertussis infections in this age group, outcomes 
are generally poor.10

PPHN Associated with Hypoxic Ischemic 
Encephalopathy (HIE)

Infants with HIE are at risk for abnormal 
pulmonary vasorelaxation and pulmonary 
hypertension and 4-9% will require ECLS.11,12 
Up to 30% of infants with HIE develop PPHN 
that may be due to in-utero and perinatal 
hypoxia and acidosis, ventricular dysfunction, 
and lung pathology such as MAS and pulmonary 
hemorrhage.11,12 Despite improved neurologic 
outcomes with therapeutic hypothermia, 
morbidity and mortality from HIE remain high 
and the long-term effects are unclear.13

Less Common Primary Etiologies for 
Neonatal ECLS 

Tracheal Anomalies and Extrinsic 
Tracheobronchial Compression

Infants with severe congenital tracheal 
anomalies such as tracheal stenosis and atresia, 
complete tracheal rings, and cartilaginous 
sleeve trachea are at risk for significant 
morbidity and mortality. Pulmonary artery 
anomalies and, occasionally, vascular stenting 
may also compress the tracheobronchial tree. 
While recent surgical advances have improved 
outcomes in these infants, many will not survive 
beyond the first few hours of life without 
aggressive cardiopulmonary support and/or 
emergent airway surgery. Perioperative ECLS 
can serve as a bridge to definitive tracheal 
reconstruction.14-16

Trisomy 21

Neonates with trisomy 21 (T21) deserve 
special mention, as they are overrepresented 
in cases of severe pulmonary hypertension and 
the need for ECLS. 2.3% of neonates with T21 
admitted to children’s hospitals receive ECLS, 
and this is especially common in those with 
concomitant cardiac diagnoses.17

Gastrointestinal Diagnoses

Patients with omphalocele and gastroschisis 
(less commonly) can develop PPHN related to 
lung hypoplasia and/or an aspiration pneumonitis/
sepsis in the infants with gastroschsis.18

Congenital Anomalies of the Kidney and 
Urinary Tract

Urinary obstruction (eg, posterior urethral 
valves) and renal dysplasia (eg, polycystic 
kidney disease, multicystic dysplastic kidneys) 
may be associated with oligohydramnios 
leading to pulmonary hypoplasia and pulmonary 
hypertension. In this population, ECLS is 
sometimes indicated to manage the associated 
pulmonary hypertension, not the pulmonary 
hypoplasia. While survival is overall low at 42%, 
survival is significantly better for obstructive 
urogenital lesions at 71% compared to primary 
intrinsic lesions at 16.6% (p=0.004).19

ECPR

ECPR is the initiation of ECLS, including 
cannula placement, during ongoing CPR, so 
that the ECLS flow itself becomes part of the 
resuscitation. By necessity, patients are placed 
on V-A ECMO. This occurs more commonly in 
cardiac and pediatric patients.
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EXIT to ECLS

EXIT (ex-utero intrapartum treatment) may 
be performed for prenatally diagnosed cases 
of possible upper or main airway compression 
(neck or thoracic masses) with immediate 
placement of cannula and initiation of ECLS 
support before the cord is clamped and the 
infant is separated from placental bypass. The 
conceptual advantage is avoidance of clinical 
instability, hypoxia, and acidosis that occur and 
may worsen pulmonary hypertension. This has 
not been shown to increase survival in infants 
with CDH.20,21

Pulmonary Lymphangiectasia

Congenital pulmonary lymphangiectasia 
is a rare developmental disorder of the lung 
characterized by subpleural, interlobar, 
perivascular, and peribronchial lymphatic 
dilatation. While mortality is very high, ECLS 
can sometimes serve as a bridge to diagnosis 
in the neonatal period.22

Indications and Contraindications for ECLS 
in Neonates with Respiratory Failure 

Indications 
In the early clinical trials that proved the 

safety and efficacy of ECLS, criteria included 
extreme abnormalities in Oxygenation Index 
(OI), alveolar-arterial oxygen difference 
(A-aDO), and hypoxemia.23,24 OI can be 
determined using the calculation: OI = Mean 
Airway Pressure x FiO2 x 100 divided by 
Postductal PaO2. Better understanding of the role 
of pulmonary hypertension in these conditions 
and medical advances such as surfactant, iNO, 
and high frequency ventilation, have made 
historic treatments such as hyperventilation, 
hyperoxia, and alkalinization obsolete. 
These changes in practice, and a general 
acceptance that ventilation techniques should 

be lung protective, make the severity-of-illness 
measures difficult to translate from one era to 
another. Furthermore, predictors of mortality 
and morbidity can be institution dependent. 
For these reasons, universal acceptance 
of any one criterion for ECLS initiation is 
limited. With improved technology and a better 
understanding of its risks and benefits, the 
rationale to cannulate is based on decreasing 
morbidity as well as preventing death. Tools 
that predict morbidity are lacking and therefore 
many simply use the failure to respond to other 
therapies as the indication for ECLS. Beyond 
this, the most commonly used quantifier of 
disease severity for neonatal hypoxic respiratory 
failure remains the OI. The initial trials used an 
OI >40 as an enrollment criterion. At present, 
many centers still use an OI range of 40-45 
as the primary indication for ECLS, though 
a figure of >25 may be more realistic in the 
present era of lung protective ventilation and 
iNO. Generally accepted indications for ECLS 
therapy include25:

1. Inadequate tissue oxygen delivery despite 
maximal therapy (eg, rising lactate, 
worsening metabolic acidosis, signs of 
end organ dysfunction)

2. Severe hypoxic respiratory failure with 
acute decompensation (PaO2 <40 mmHg; 
5.3 kPa)

3. Oxygenation Index with sustained elevation 
and no improvement 

4. Severe pulmonary hypertension with 
evidence of right and/or left ventricular 
dysfunction.

Therapeutic options including surfactant 
and iNO have decreased ECLS use in neonates 
with respiratory failure.1,26,27 Nonetheless, more 
than 4,000 neonates received ECLS between 
2016-2020 because of failure of other therapies.1 
While infants should have the opportunity to 
respond to less invasive therapies, delaying 
ECLS cannulation may lead to worse outcomes. 
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The UK Collaborative ECMO trial was a large 
randomized controlled trial that demonstrated 
reduced morbidity and mortality in infants 
who received ECLS compared to conventional 
therapy.28,29 Schumacher et al. documented that 
infants who received ECLS when the OI was 
>25 but <40 had shorter and less costly hospital 
stays with a trend toward improved outcomes. 
This study contained a small number of patients 
but indicates that earlier cannulation may 
reduce the morbidity associated with treatments 
for respiratory failure.30 Radhakrishnan et al. 
compared the morbidity of patients with MAS 
to that in patients with all other respiratory 
conditions treated with ECLS. Overall, MAS 
patients had a significantly higher survival 
rate and significantly fewer complications per 
patient in each category compared to other 
patients, supporting the consideration of unique, 
relaxed ECLS entry criteria for infants with 
MAS.31 Grist el al. reviewed neonatal patients to 
determine whether cannulation timing correlated 
to increased mortality. Elevated CO2 gradient, 
anion gap, and Viability Index (AGc+p(v-a)
CO2) were associated with higher mortality 
(p<0.05). The authors concluded that starting 
ECLS too late may cause reperfusion injury that 
reduces survival.32 Thus, it is recommended that 
any neonate with respiratory failure and an OI 
of >25 be cared for in an ECLS center where 
timely initiation can occur if necessary. When 
oxygenation does not improve consistently 
by 6 hours of mechanical ventilation, infants 

should be referred to an ECLS center, as a high 
percentage will continue to worsen and require 
ECLS.33,34 Regional ECLS centers should work 
with their referral centers to establish standard 
transfer protocols to prevent delays. 

Contraindications 

Certain patients with complicating 
pathologies should not be considered for 
ECLS, regardless of the degree of respiratory 
failure. Even with technical progress, ECLS 
remains a high risk and resource intense 
intervention, thus it should only be utilized 
in patients with a high likelihood of survival. 
Pre-ECLS review of the history and physical 
examination are critical prior to cannulation 
to determine if there are contraindications for 
ECLS. Specific concerns regarding candidacy 
for ECLS should be discussed with the relevant 
medical subspecialists prior to cannulation, 
addressing the risks (including possible 
resource limitations) versus the potential 
benefits. As ECLS technology improves 
and medical therapies advance, candidacy 
becomes fluid and more neonates should 
be considered candidates. Some historical 
absolute contraindications are now considered 
relative contraindications. Generally accepted 
contraindications for neonatal respiratory ECLS 
are shown in Table 8-2. 

 

CONTRAINDICATIONS RELATIVE CONTRAINDICATIONS 
Lethal chromosomal disorder 
(includes trisomy 13, 18, but not 
21) or other lethal anomaly 

Irreversible organ damage (unless 
considered for organ transplant) 

Severe brain damage <2 kg 
Uncontrollable bleeding  <34 weeks post-menstrual age 
Significant intraventricular 
hemorrhage (generally >Grade III) 

 

Vessel size too small for 
cannulation 

 

 
Table 8-2. Contraindications to Neonatal ECLS.
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Weight <2 kg and/or Gestational Age <34 
weeks 

For the past few decades, weight <2 
kilograms (kg) and/or gestational age (GA) 
<34 weeks have been relative contraindications 
to ECLS. Intracranial hemorrhage (ICH) is 
a known complication of both ECLS and 
prematurity that may be related to physiologic 
instability of the germinal matrix during the first 
few days of life. The risk of ICH is thought to 
be higher for preterm neonates requiring ECLS 
given the need for continuous anticoagulation.35 

While weight <2 kilograms and <34 weeks 
postmenstrual were historically considered 
contraindications, newer studies have shown 
that although the rates of survival and cerebral 
infarction are worse at 29-33 weeks gestational 
age, the differences are modest and clinically 
acceptable.35-40

Early studies found an unacceptable risk of 
mortality and morbidities such as ICH among 
preterm and low birthweight (BW) neonates, 
leading to widely accepted ECLS inclusion 
criteria of gestational age GA ≥34 weeks and 
BW >2 kg.35-37 However, modern practice has 
evolved since these early landmark studies. 

In 2005, Chapman et al. performed a cross-
sectional study that found that the lowest birth 
weight and gestational age at which respondents 
would consider placing a neonate on ECLS 
were frequently below recommended thresholds. 
Wide variability was also found in respondents’ 
willingness to place neonates on ECLS in the 
presence of conditions such as ICH and HIE.41 

This variability is likely explained by more 
experience with ECLS, and the increasing 
complexity of the patient population. 

While more recent studies have suggested 
decreased but still acceptable survival for 
neonates <34 weeks GA and BW <2 kg, these 
neonates are still at higher risk of mortality and 
morbidity compared to full-term infants.35-37 

Using the ELSO Registry from 1976 to 2008, 
Church et al. studied 752 neonates at 29-34 

weeks GA. When compared to a survival 
rate of 58% for neonates born at 34 weeks 
GA, survival was statistically lower at 48% 
for neonates born between 29-33 weeks GA 
(p=0.05). While there was not a significant 
difference in ICH (17% vs. 21%, respectively, 
p=0.195), there was a significant difference in 
the incidence of cerebral infarction between 
groups (16% for 34 weeks vs. 22% for 29-33 
weeks; p=0.03). Although survival was lower 
in the 29-33 weeks GA group, the difference 
was relatively modest, leading these authors 
to conclude that GA <34 weeks may not be an 
absolute contraindication to ECLS.37 However, 
one important limitation of this study is that the 
postnatal age was not documented. It is possible 
that some of the neonates born at 29-33 weeks 
GA may have been several days to months old 
when cannulated onto ECLS. That being said, 
in a case series of three neonates born preterm 
with CDH and BW <2 kg from 2010 to 2015, 
all 3 survived with only mild developmental 
delay. The three patients were 31 4/7 weeks 
GA and 1.8 kg, 31 5/7 weeks GA and 1.5 kg, 
and 36 3/7 weeks GA and 1.64 kg.38 These 
non-traditional ECLS candidates illustrate 
that ECLS can be performed with success and 
without complications in selected patients <34 
weeks GA and <2 kg BW. 

In 2011, Ramachandrappa et al. divided 
21,218 neonates in the ELSO Registry into 
three groups: late preterm (34 0/7 to 36 6/7), 
early term (37 0/7 to 38 6/7), and full term (39 
0/7 to 42 6/7). Survival was lowest in the late 
preterm neonates at 74% compared to 82% 
in the early term neonates, and 88.8% in the 
full-term neonates.39 In 2004, Rozmiarek et al. 
divided all neonates (14,305) less than 30 days 
in the ELSO Registry from 1991 to 2002 into 2 
groups, neonates with BW >2 kg (13,642) and 
neonates with BW ≤2 kg (663). They found a 
survival rate of 53% in the low BW neonates 
compared to 77% in the higher BW neonates 
(p<.0001) with no significant difference year 
to year over the course of the study. Using a 
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regression analysis to determine the lowest 
BW at which a 40% survival probability could 
be achieved, they found a threshold weight of 
1.6 kg.40 

Another important group where ECLS may 
be considered is former preterm infants with 
bronchopulmonary dysplasia +/- pulmonary 
hypertension who develop respiratory failure, 
most often secondary to a viral respiratory 
infection. While there are limited data in this 
population, survival appears to be comparable 
to most other ECLS populations. However, 
there are high rates of severe pulmonary and 
neurodevelopmental sequelae among this 
already vulnerable population.42-44 These 
more recent publications reporting improved 
survival and decreased ICH in infants at 32-34 
weeks GA suggest high-volume centers should 
consider ECLS on a case-by-case basis. Careful 
neurodevelopmental followup will be essential 
to better inform practices changes on this select 
population. In the end, each patient must be 
evaluated individually and the decision based 
solely on what is in the patient’s best interest.

Effective treatment of respiratory failure in 
preterm infants remains an unsolved problem. 
Despite significant advances, the increased 
rates of morbidity and mortality in the more 
preterm population suggests that alterations in 
traditional ECLS may still be necessary before 
acceptance of ECLS for patients <34 weeks 
gestation is widespread. Evolving technology 
such as an artificial placenta or pumpless 
ECLS without anticoagulation may facilitate 
continuing reevaluation of the boundaries of 
neonatal ECLS.45,46 

Cannula Size 

Vessel size is the greatest limiting factor 
in the use of venovenous (V-V) ECMO in 
preterm neonates since the smallest V-V double 
lumen cannula currently available is 13 Fr 
(4.3 mm external diameter). In V-A ECMO, 
the carotid artery must be able to accommodate 

an 8 Fr (2.67 mm external diameter) arterial 
cannula to achieve adequate flow. While a 6 Fr 
cannula exists, it is not recommended due to 
the increased risk of hemolysis. Therefore, one 
must carefully consider the risks of VA ECMO, 
especially in this high-risk patient population 
(see Chapter 4). 

Intracranial Hemorrhage 

Grade III or IV ICH, which can be detected 
by head ultrasound, is generally associated with 
an increased risk of poor neurodevelopmental 
outcomes.47 Additional expansion of the 
hemorrhage, further compromising neurologic 
prognosis, is likely with the anticoagulation 
required for ECLS. Thus, all infants who are 
being considered for ECLS should have a 
pre-ECLS head ultrasound and infants with 
Grade III or IV ICH should not be offered 
ECLS. Infants with pre-ECLS grade I or II 
ICH have been successfully managed on ECLS 
without extension of hemorrhage. Even in 
this less severe situation, diligent monitoring 
of hemodynamics, clotting factors, platelets, 
bleeding times, anticoagulation, and imaging 
is required. 

Irreversible Organ Damage 

Although infants with irreversible organ 
damage should not be offered ECLS unless they 
are eligible for transplantation, determination 
of irreversibility of organ function can 
be difficult. With advances in therapeutic 
capabilities, determining irreversible organ 
damage and eligibility for transplantation 
requires appropriate testing and input from 
organ subspecialists. In infants with HIE, it 
can be challenging to determine the degree of 
neurologic insult. Despite improved outcomes 
with therapeutic hypothermia, morbidity and 
mortality from HIE remain high. Centers 
must decide whether the degree of perinatal 
injury is suggestive of a poor neurologic 
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outcome that would otherwise preclude ECLS. 
Given the acute illness, pre-ECLS neurologic 
evaluation can be especially challenging. With 
the exception of grade III or IV ICH, no clear 
set of measures defines how severe neurologic 
injury must be in order to exclude an infant from 
ECLS. In cases where there is strong evidence of 
hypoxic injury on brain imaging, abnormal EEG 
findings, significant metabolic acidosis, and low 
Apgar scores, it may be better to withhold ECLS.

Often pre-ECLS evaluations to determine 
irreversibility of organ damage are not always 
available or adequately predictive. In this setting, 
ECLS support can be offered expectantly. 
In these circumstances, reevaluation and 
discussions with consultants and parents should 
occur shortly after cannulation. If ECLS support 
is subsequently shown not to be in the infant’s 
best interest, it should be discontinued. 

Chromosome Abnormalities 

Patients with physical findings suggestive 
of trisomy 13 or trisomy 18 should have a pre-
ECLS dysmorphology evaluation and ECLS 
is generally not offered or recommended (see 
Chapter 11). However, it has been rarely utilized 
in specific circumstances such as postcardiac 
surgery and based on individual phenotype.48 

Guidance is less clear regarding other 
genetic syndromes. When possible, infants 
should have a genetic evaluation and testing 
prior to ECLS cannulation as donor blood in 
the ECLS prime can complicate testing after 
cannulation. While genetic results may not 
be available prior to initiating ECLS, rapid 
comprehensive genetic testing with either 
exome or genome sequencing can often 
provide results within a week and may guide 
future management. The increased availability 
of genetic testing may also present unique 
ethical challenges in cases of uncertain genetic 
results or syndromes with variable phenotypes. 
ECLS is no longer controversial in infants with 
trisomy 21. 

Pre-ECLS Ventilation Days 

Evaluation for the appropriateness of 
ECLS should consider pre-ECLS ventilation 
days. While the number of days of ventilation 
required prior to ECLS has been shown to 
significantly decrease survival, Zabrocki et al. 
reviewed over 3,000 pediatric ECLS patients 
from 1993-2007 and found no association 
between pre-ECLS ventilation under 14 days 
and survival.49 However, there is no doubt that 
long-term respiratory morbidity is likely to 
be reduced with earlier ECLS deployment to 
protect the lungs.

ECLS Cannulation for Neonates with 
Respiratory Failure 

Setup

The environment leading up to and during 
ECLS cannulation is usually stressful. Safe 
and efficient cannulation requires a number of 
teams (neonatal medical and nursing, surgical, 
operating room, perfusion, echocardiography, 
blood bank, laboratory) to function as one. 
Immediately prior to cannulation, the team 
should discuss the patient details and plan for 
cannulation to ensure that all personnel and 
equipment are present (or readily available) 
and that everyone understands their role and 
the sequence of events planned for successful 
cannulation. Starting ECLS flow rates (sweep 
gas and blood), blood products, resuscitation 
drugs, and the proposed loading dose of heparin 
are confirmed. Likely problems are anticipated 
and vocalized so all team members can prepare. 
Typical circuit design results in the need for 
blood prime to keep the hemoglobin stable, 
but circuit modifications can be considered to 
reduce this need. Each institution should have 
appropriate checklists to cover all these issues.
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Cannulation Strategy 

There is ongoing debate in the ECLS 
community about the merits of VA vs. VV 
ECMO in the neonatal population. Renal 
complications and inotrope use are common 
in VV, whereas neurologic complications, 
including seizures and central nervous system 
infarcts, occur more frequently in VA.50 

In neonates, V-V is almost always via a 13 
Fr double lumen cannula (dl). Although (dl)
V-V ECMO does not provide direct cardiac 
support, the delivery of well oxygenated blood 
to the right atrium invariably improves cardiac 
output, even in unstable neonates requiring 
high dose inotropic support.51-53 In cases where 
(dl)V-V support proves inadequate, it can be 
converted to V-A. (dl)V-V ECMO is generally 
preferred for respiratory support because it 
avoids using a major artery, avoids potential 
systemic embolism, and provides oxygenated 
blood directly to the pulmonary circulation.

In contrast, VA ECMO provides both cardiac 
and respiratory support via an arterial cannula 
and a venous cannula. VA ECMO is often 
indicated in infants with low cardiac output as 
a result of sepsis, a cardiac anomaly, or in many 
infants with CDH (see Chapters 11 and 17). 
Arterial cannulas are sized down to 8 Fr, thus VA 
ECMO is also often required for smaller infants 
(<2.5 kg) where the right internal jugular vein 
is unlikely to accommodate the smallest double 
lumen venous cannula.

Choice of Cannula and Vessel 

Prior to cannulation, it is advisable to have 
a selection of cannulas immediately available, 
so alternative sizes can be chosen once the 
vessels have been visualized. Based on weight 
and required flow, each center should have a 
chart that helps with cannula selection based 
on known cannula pressure/flow characteristics. 
Cannulation is discussed in detail in Chapter 4.

Pump Selection

There is variation amongst centers regarding 
the use of roller vs. centrifugal pumps for 
neonates. Pump selection is described in more 
detail in Chapter 3.
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Management of Neonatal Patients with Respiratory Failure

Janene H. Fuerch, Andrea Moscatelli, Gail Faulkner, Mark T. Ogino, Krisa Van Meurs

Introduction

ECLS for neonatal respiratory failure is 
utilized for a variety of diagnoses, including 
meconium aspiration syndrome (MAS), 
congenital diaphragmatic hernia (CDH), 
persistent pulmonary hypertension of the neonate 
(PPHN), respiratory distress syndrome (RDS), 
sepsis including viral or bacterial pneumonia, 
and air leak syndrome (Figure 9-1). The number 
of neonatal respiratory failure cases peaked 
in 1992 at approximately 1500 cases, falling 
steadily with the introduction of inhaled nitric 
oxide (iNO), surfactant, and high frequency 

ventilation.1-3 The implementation of universal 
screening and intrapartum antimicrobial 
prophylaxis for women colonized with Group 
B Streptococcus (GBS) has also impacted the 
number of infants requiring ECLS for sepsis. 
Currently, annual neonatal respiratory failure 
cases remain steady at around 800 cases per year 
(Figure 9-2).3 Reports describing the Neonatal 
ELSO Registry by Roy et al. and Mahmood 
et al. have demonstrated that while there has 
been little variation in the demographics such 
as mean gestational age, gender, or chronologic 
age at time of ECLS cannulation, there has 
been a dramatic change in the proportion 

Figure 9-1. Neonatal Respiratory ECLS cases by diagnosis from 1990-2021.
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of patients with specific diagnoses.4,5 CDH 
(covered in Chapter 11) increased from 18% 
of the neonatal respiratory population in 1988 
to 33% in 2020 and is now the second most 
common indication for neonatal ECLS, while 
RDS, MAS, pneumonia, and sepsis are now 
much less common indications for ECLS.3 

 The “other” diagnostic category which 
represents a collection of complex clinical 
conditions has been increasingly reported since 
2000. A sharp rise has been seen in recent years 
and in 2020 the “other” category represented 
44% of neonatal respiratory ECLS cases. 
The “other” category has been reported by 
Sharma et al. to include pulmonary hypoplasia, 
hypoxic ischemic encephalopathy (HIE), 
cardiopulmonary arrest, congenital anomalies, 
myocarditis, and inborn errors of metabolism, 
as well as patients with primary diagnoses 

“not otherwise specified” (NOS).6 The authors 
speculated that these patients were not offered 
ECLS support in earlier eras due to a variety of 
reasons including poor prognosis, belief that the 
disease process was thought to be irreversible, 
or inability to survive until ECLS could be 
offered. Although neonatal ECLS cases have 

decreased overall, currently ECLS runs are 
longer and survival rates are lower, suggesting 
that more challenging and critically ill patients 
are being managed with ECLS (Figure 9-3).3 

The focus of this chapter is to describe 
the optimal management of the neonatal 
respiratory failure patient covering systems-
based management, circuit considerations 
specific to the neonatal patient, and family 
support essential to the well-being of the family 
unit.

Respiratory

Ventilation Strategies

While on ECLS, the lungs are allowed 
to rest and recover from the underlying lung 
disease and from barotrauma often caused 
by pre-ECLS management. Rest settings on 
VV are usually higher than those used in VA. 
Typical VA settings are PIP (cmH20) 15-20, 
PEEP 5-10, Rate 12-20, iTime 0.5-1 second, 
and FiO2 0.21-0.3, while typical VV settings are 
PIP 15-25, PEEP 5-10, Rate 20-30, and FiO2 
0.30-0.50.7,8 A retrospective cohort analysis 

Figure 9-2. Decreasing cases of annual neonatal respiratory ECMO runs.
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from the ELSO Registry from 2008–2013 
revealed that while wide practice variation 
remains, an increasing number of centers (65%) 
are routinely using PEEP >6 cmH2O and only 
12% use HFOV during ECLS for lung rest.9 
Some centers advocate for higher PEEP to 
prevent alveolar collapse without compromising 
venous return. A multicenter study by Keszler 
et al. that found that PEEP of 12-14 cmH20 
versus PEEP of 3-5 cmH20 was associated with 
more rapid lung recovery, shortened ECLS 
runs, improved lung compliance, and increased 
expansion on chest radiographs.10 

The use of surfactant for neonatal respiratory 
failure prior to ECLS or while on ECLS has 
demonstrated significant benefit with decreased 
duration of ECLS, improved pulmonary 
mechanics, and reduced complications when 
compared with a placebo group.11 Routine 
pulmonary clearance is essential while on ECLS. 
Gentle endotracheal tube (ETT) suctioning is 
recommended every 4-6 hours, avoiding deep 
suctioning. Suction catheters for nasal suction 
should be avoided to prevent trauma to soft 
tissues and bleeding. 

Pulmonary hemorrhage was reported in 
4% of neonatal patients undergoing ECLS 
from 2016-2020.3 Treatment of pulmonary 
hemorrhage varies with the severity of the event 
and includes limiting suctioning, increasing 
PEEP, decreasing anticoagulation parameters, 
increasing platelet count target, and instillation 
of dilute epinephrine or recombinant factor VIIa 
through the ETT.12,13 Surfactant can be useful as 
a therapy for significant pulmonary hemorrhage 
because hemorrhage results in surfactant 
inactivation and decreased lung compliance.14 

Patient arterial blood gases, along with 
circuit pre and postoxygenator blood gases, 
are obtained every 6-12 hours. The usual 
practice is to obtain daily chest radiographs to 
confirm line, catheter, and tube position; assess 
lung volume changes following significant 
atelectasis or collapse; and to evaluate for free 
air. Endotracheal tube fixation should also 
be regularly monitored to avoid unplanned 
extubation.

Air leaks can be managed with lower 
ventilator settings, including low CPAP settings 
via an endotracheal tube, decreasing PEEP 
until no further air leaks are present, followed 

Figure 9-3. Neonatal specific ECMO runs categorized by Pulmonary, Cardiac or ECPR indications 
with ECLS survival and survival to discharge or transfer. The highest rates of survival are for neonatal 
pulmonary indications.
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by gentle and slow reexpansion of the lungs. 
A large or tension pneumothorax requires 
the careful placement of a chest tube by an 
experienced clinician. Daily chest radiographs, 
tidal volume measurements, and patient blood 
gases assist in formulating a weaning plan.

Prone Positioning

While prone positioning requires significant 
coordination and can result in bleeding at the 
cannula site, it is well tolerated for neonatal and 
pediatric ECLS patients without decannulation 
or unplanned extubations (Figure 9-4).15 Guérin 
et at. demonstrated that neonates with severe 
ARDS and severe hypoxemia can benefit from 
prone treatment.16 When used in combination 
with VV ECMO, 18 hours of prone positioning 
improved both oxygenation and respiratory 
system compliance.17 

Extubation on ECLS

Extubation while on ECLS or ‘awake 
ECLS’ has been utilized in the adult population 
bridging to lung transplantation, and some 
pediatric centers have also reported successful 
extubation in patients with cardiogenic shock.18 
Most recently, a case series described the 
elective extubation of eight neonatal ECLS 
patients, with the greatest benefit in patients 
with a significant air leak. Three of the eight 
infants had resolution of the air leak and lung 
recruitment was achieved by spontaneous 
breathing. This led to successful weaning and 
decannulation.19 

Bronchoscopy

Multiple studies in the pediatric population 
on ECLS have illustrated the usefulness of 
bronchoscopy in patients with persistent 
atelectasis including removal of secretions, 

Figure 9-4. Proning Protocol: Head must be turned towards the right, to enable clear vision of the 
cannulas. The head of the bed should be raised to evenly distribute pressure across the shoulders, neck 
and head and avoid pressure injuries. Elevation of the arm in front of the face (as seen above) can 
also relieve pressure on the shoulder and neck. Care should be taken that the neonate does not move 
downwards which could force tension on the ECMO cannulas and lead to inadvertent decannulation. 
Optimal sedation is essential for successful prone positioning. [Guidelines available by contacting: 
gail.faulkner@uhl-tr.nhs.uk].
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improvement in aeration, and identifying 
infectious etiology.20,21 In an analysis of 
neonatal patients with CDH, 8 out of 17 patients 
received a therapeutic bronchoscopy on ECLS, 
of which a majority demonstrated radiologic 
improvement following bronchoscopy.1 Overall, 
the procedure is well tolerated with only minor 
complications in the form of bleeding in 6% of 
the bronchoscopies performed.21 

Cardiovascular

Hemodynamic Support

Neonates with respiratory failure being 
considered for ECLS often require pressors 
for hemodynamic support due to compromised 
cardiac function and hemodynamic instability. 
Once on bypass, ECLS blood flow should be 
gradually increased to 120 ml/kg/min (range 
80-150 ml/kg/min) to provide adequate tissue 
perfusion and oxygenation. Following ECLS 
initiation, inotropic drugs are typically weaned, 
but this depends on the underlying pathology 
and mode of ECLS support. Per the 2021 ELSO 
Registry, 14.1% of neonates on ECLS received 
inotropes.3 Several studies have found that use 
of inotropes has substantially decreased both 
in patients on VV and VA.22,23 With VA support, 
hemodynamics are dependent on cardiac output 
(pump flow and native cardiac output) and 
vascular resistance. With signs of inadequate 
systemic perfusion pressure, therapeutic options 
include increasing pump flow, transfusion of 
blood products, or continued inotropic support. 
Patients with hypotension and decreased cardiac 
function may still be considered for VV ECMO. 
Strieper et al. evaluated cardiac function in 15 
infants on VV ECMO and found borderline 
or normal cardiac indices prior to ECLS, with 
normalization of function on ECLS.24 The 
authors concluded that VV ECMO did not 
worsen cardiac function, potentially due to 
avoidance of an increase in LV afterload as seen 

with VA ECMO, as well as increased oxygen 
content provided to coronary arteries.

Systemic perfusion is best measured by 
mixed venous saturation, with normal values 
greater than 65% in neonates on VA ECMO. 
Other measures of systemic perfusion and 
oxygen delivery include lactate levels and near 
infrared spectroscopy (NIRS) of regional tissue 
beds, particularly the brain and kidneys. Mixed 
venous saturation is not accurate in a neonate 
on VV ECMO due to recirculation, where 
newly oxygenated blood delivered to the right 
atrium returns into the drainage lumen. Cannula 
adjustment, increasing intravascular volume, 
patient repositioning, or decreasing ECLS flow 
are potential treatments to reduce recirculation 
and improve oxygen delivery.

Cardiac Stun and Cardiac Dysfunction

Cardiac stun is a phenomenon seen uniquely 
in VA ECMO patients. It is diagnosed when the 
pulse pressure is <10 mmHg and is influenced 
by increased afterload produced with high 
ECMO flow, leading to increased left ventricular 
volumes and reduced left ventricular function.25 
Cardiac stun can also be caused by positioning 
of the arterial catheter tip too close to the 
coronary arteries, impacting filling. Cardiac 
stun in neonates with respiratory failure 
is usually transient, rarely if ever requires 
intervention, and is seen early after cannulation 
in more critically ill infants.26 

Hypertension

Hypertension remains a complication 
while on ECLS, most commonly in neonates 
supported with VA; however, the incidence 
has decreased significantly from 12% in the 
2015 ELSO Registry to 3.8% in the 2021 ELSO 
Registry report for unclear reasons.3 Lowering 
pump flow or the use of anihypertensive 
medications are effective treatment strategies.
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Use of Echocardiography

Echocardiography and point-of-care 
ultrasound (POCUS) are being used more 
frequently in the NICU and have a variety 
of uses in ECLS patients. In the pre-ECLS 
patient, echocardiography is essential to rule 
out congenital heart disease, and once on bypass 
it is helpful in determining both arterial and 
venous cannula position as well as identifying 
changes in cardiac function and heart filling. In 
pediatric ECLS patients, echocardiography was 
superior to chest radiography for determination 
of cannula placement.27 POCUS has also 
been useful in the identification of pericardial 
effusions and hemoperitoneums on ECLS.28 
Moscatelli et al. reported that ductal shunt 
and echocardiographic evidence of pulmonary 
hypertension such as septal morphology 
and systolic pulmonary arterial pressure 
estimated by tricuspid regurgitation are useful 
in monitoring the effect of lung recruitment on 
PVR in CDH.29 

Fluids, Electrolytes and Nutrition

The initial daily fluid intake is generally 
limited to 60-100 ml/kg/day because the 
usual neonatal ECLS patient is edematous 
due to substantial fluid overload as a result 
of pre-ECLS management. Transient renal 
dysfunction with oliguria is common and 
usually spontaneously resolves over the first 
48-72 hours. A natural diuresis phase occurs as 
cardiac output improves, capillary leak resolves, 
and fluid mobilization takes place. 

Acute kidney injury (AKI) and fluid 
overload are associated with increased morbidity 
and mortality, and duration of ECLS.30-32 Early 
initiation of CRRT is associated with improved 
outcomes, including improved fluid balance and 
decreased duration of ECLS.33-35 A dedicated 
CRRT machine connected to the circuit is 
currently the preferred modality, being more 
precise in fluid and solute management.36,37 

Continuous venovenous hemodiafiltration 
(CVVHDF) may provide the maximum 
flexibility and effectiveness in terms of solute 
and fluid removal.38 

Malnutrition is common in critically 
ill neonates and children, and adequate 
macronutrient delivery has been shown to 
improve outcome.39-41 Early enteral nutrition is 
associated with less sepsis-related morbidity and 
cost, improved gastrointestinal immunologic 
function, and nitrogen balance than parenteral 
nutrition (PN).42-44 Historically, neonates on 
ECLS were not fed enterally due to concerns 
regarding intestinal perfusion before ECLS, 
intestinal ischemia, and the risk of necrotizing 
enterocolitis, gut barrier function impairment, 
and obstructive intestinal distension. Several 
studies have documented enteral nutrition 
to be safe in neonatal and pediatric ECLS 
patients.45 The American Society for Parenteral 
and Enteral Nutrition (ASPEN) published 
clinical guidelines for nutritional support in 
ECLS neonates in 2010.46 These guidelines 
recommend that enteral feedings be initiated 
once the newborn has clinically stabilized. A 
reasonable approach is to optimize caloric 
intake through PN with a concomitant early and 
slow advancement of EN.47 

In the ECLS neonate, dextrose and lipid 
emulsions are administered with proteins 
within 24 hours of cannulation to target caloric 
goals (80-120 kcal/kg/d), respecting the 
following recommended intakes: carbohydrates 
5-10 mg/kg/min, lipids 3-4 g/kg/d, and proteins 
3 mg/kg/d.8 Intake should be adapted according 
to the phase of critical illness.48,49 Excess 
calories are not helpful as they do not decrease 
protein catabolism, but can increase carbon 
dioxide production.46 A small study supports 
the administration of lipids via a separate line 
whenever possible due to concerns of layering, 
agglutination, and clotting in low flow areas in 
the circuit.50 Gastric ulcer prophylaxis is widely 
used in neonates on ECLS.45,51,52 
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Hematologic

Inherent and ECLS-related Coagulation 
Abnormalities

Normal neonatal hemostatic equilibrium 
involves procoagulant and anticoagulant 
factors that evolve from fetal to adult life.53 
In healthy term newborns, platelet count is 
normal or elevated and bleeding times are 
shortened, normalizing through the first month 
of life.54 Due to minimal Vitamin K stores 
in neonates, a supplemental dose is given at 
birth to ensure the hepatic synthesis of Gla-
proteins which contain four coagulation factors. 
Higher levels of Von Willebrand factor (VWF) 
balances inherent platelet hyporeactivity and 
thus normal hemostasis is maintained. In 
critically ill neonates, hemostatic equilibrium 
is disrupted due to lack of reserve capacity, 
immaturity of the coagulation system, and 
inflammatory responses, which ultimately result 
in a hemostatic imbalance. Furthermore, ECLS 
itself contributes to endothelial dysfunction 
and exacerbates the inflammatory response.55 
An increased incidence of hemolysis has been 
reported in neonates due to sheer stress of flow 
through smaller cannulas, fetal red cells which 
are more susceptible to mechanical stress, and 
higher hemoglobin concentration in neonates 
with increased blood viscosity.56 Additionally, 
many newborns requiring ECLS exhibit 
coagulation derangements secondary to sepsis 
or hypoxia. 

Anticoagulation

Systemic anticoagulation is required 
for neonatal ECLS and is achieved with 
unfractionated heparin (UFH) or a direct 
thrombin inhibitor (DTI).57,58 UFH is the 
most commonly used anticoagulant and 
works by directly binding antithrombin (AT) 
which then inhibits thrombin and factors Xa/
XIIa/IXa. Appropriate UFH dosing varies 

significantly in neonates because they maintain 
“lower concentrations of AT, large volume[s] 
of distribution, and increased rate[s] of 
clearance,” with a ½ life of ~35 minutes.59 
DTIs (eg, bivalirudin, argatroban) instead bind 
directly to thrombin. The overall experience 
with DTIs remains limited in the neonatal 
population.59 Currently, there is no consensus 
or recommendation for which anticoagulant is 
ideal for neonates.8 

Unfractionated Heparin

ELSO provides general guidelines for the 
management of UFH anticoagulation while on 
ECLS. Infants are anticoagulated with 50-100 
units/kg body weight at the time of cannulation, 
before the neck vessels are entered, and the 
ECLS circuit is anticoagulated pre-ECLS with 
50-100 units UFH/unit of packed red blood cells. 
After ECLS initiation, a UFH drip is started 
and titrated to keep the ACT or anti-Xa level 
in the desired range. A typical initial heparin 
infusion rate is 25-30 units/kg/hr.8 Monitoring 
of coagulation factors, hematocrit, and platelet 
count are performed with the target values 
and frequency as noted (Table 9-1). Heparin-
induced thrombocytopenia (HIT) is extremely 
rare in neonates. 

 
 

TEST FREQUENCY GOAL 
Hematocrit q 6-12  >35-40% 
Platelet count q 6-12 >50,000-100,000/µL 
Fibrinogen q 12-24 >100 mg/dL or 

>150 mg/dL if  
bleeding or surgery 
planned 

Antithrombin  daily >50-80% 
(>0.5-0.8 u/mL) 
Consider use if on 
maximum dose of 
UFH and anti-Xa 
level is out of range 

Anti-Xa q6-12 0.3-0.7 u/mL 
 
 Table 9-1. Recommended hematologic lab 

frequency while on ECLS.
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Activated Clotting Time (ACT) and Heparin 
Activity Level (anti-Xa)

The activated clotting time (ACT) has long 
been the standard for titrating heparin dosing; 
however, some centers are shifting away from 
this test. ACT is a global test of anticoagulation 
and is affected by platelet count, coagulation 
factor deficiency, hypofibrinogenemia, 
hemodilution, and hypothermia. Importantly, 
the ACT range varies by machine and cannot 
be used interchangably.59 

Heparin activity level (anti-Xa) is an assay 
that quantifies the heparin effect by measuring 
how much exogenous factor Xa is inhibited 
by the patient’s plasma. Anti-Xa assay differs 
from the ACT and aPTT because it is not 
influenced by coagulopathy, thrombocytopenia, 
or hemodilution and may be a better test to 
monitor the adequacy of heparinization. Khaja 
et al. compared aPTT and ACT values with 
heparin activity level of neonates on ECLS and 
found poor correlation.60 

Antithrombin

A n t i t h r o m b i n  i s  a n  e n d o g e n o u s 
anticoagulant and inhibits coagulation through 
inactivation of factors IXa and Xa. Replacement 
of antithrombin is performed in ECLS patients 
to treat AT deficiency associated with bypass, 
to increase anti-Xa levels, and to potentially 
reduce UFH infusion rates. ELSO guidelines 
suggest that replacement for serum levels 
of 50-100% may be useful. Studies have 
recently raised the question of the utility of 
AT replacement in heparinized ECLS patients, 
particularly in light of the high cost and limited 
safety and efficacy data.59 

Direct Thrombin Inhibitors

A new generation of anticoagulants, DTIs 
have been FDA approved since 2000 for 
patients greater than 3 years of age, and have 

been used in adult patients with HIT and 
children with thrombosis. Activated partial 
thrombin time (aPTT) levels are the standard of 
care for monitoring DTIs. Buck et al. reviewed 
the literature on the use of bivalirudin in infants 
and children and found no difference in reported 
bleeding or clotting complications and less use 
of FFP and antithrombin.50 Preoperative use 
of bivalirudin for 42 neonatal CDH patients 
on ECLS enabled rapid achievement of 
anticoagulation without bleeding complications; 
however, there was no relationship between 
the dose of bivalirudin administered and aPTT 
nor thromboelastography reaction time (TEG) 
levels.61 DTIs have become increasingly used 
in the adult and pediatric ECLS populations and 
will likely increase in neonatal patients as new 
evidence and monitoring techniques (ie, plasma 
dilute thrombin time, ecarin chromogenic assay) 
become available.59 

Infection

Infection can be an indication for ECLS 
or can be acquired during the ECLS run. 
Sepsis now represents only 2% of neonatal 
cases in the ELSO Registry, likely due to the 
implementation of universal screening and 
intrapartum antibiotic prophylaxis for GBS-
colonized women. In an analysis of ELSO data, 
Polito et al. reported that neonates with sepsis 
were at higher risk of neurologic injury (33%) 
when compared to other diagnostic categories.62 
The authors speculated that this increased risk 
was related to the disease process rather than 
to ECLS. Earlier use of ECLS may reduce 
morbidity and mortality. The American College 
of Critical Care Medicine recommends ECLS 
for refractory septic shock in neonates when 
medical management has failed.63,64 Sepsis and 
ECLS are discussed further in Chapter 36.

Nosocomial sepsis on ECLS occurs in 
2% of neonatal ECLS cases with an incidence 
of 10.1 infections per 1,000 ECLS days.65 
This rate is lower than for pediatric and adult 
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ECLS patients. The prevalence was highest 
in neonates supported with VA and increased 
with duration of ECLS. Neonates on ECLS 
for cardiac indications and ECPR had higher 
rates than those with neonatal respiratory 
failure. Coagulase negative staphylococci 
were the most common organisms, followed 
by Candida spp.65,66 These species are found 
in association with support apparatus (eg, 
central lines, endotracheal tubes, and urinary 
catheters). The importance of reducing infection 
while on ECLS is highlighted by the findings 
demonstrating an increase in days on ECLS 
and lower survival rate in those neonates 
with documented nosocomial infections.65,66 
Two surveys of ELSO centers demonstrated a 
varying use of antibiotic prophylaxis while on 
ECLS, reflecting the uncertainty in  the benefit 
of prophylactic antibiotics.67,68 A review of 
the literature of studies regarding antibiotic 
prophylaxis while on ECLS found no significant 
difference in infection rate regardless of 
prophylactic antibiotic usage.69 

Neurologic System

Newborns have the highest rate of neurologic 
complications of any age group reported to the 
ELSO Registry and these complications are 
associated with higher mortality and adverse 
neurodevelopmental outcomes.62 Neurologic 
injury can be attributed to the underlying 
disease process leading to ECLS as well as 
to accompanying hypoxia, hypotension, and 
hypocarbia. An analysis of brain injury in 
neonatal ECLS patients found that patients 
who developed neuroradiographic evidence of 
cerebral ischemia had higher relative increase 
in pH in the first 24 hours of bypass and larger 
PaCO2 fluctuations while on ECLS. This 
finding underscores the importance of PaCO2 
monitoring in neonatal ECLS patients.70 With 
cannulation there are further alterations in 
cerebral blood flow related to ligation of the 
right jugular vein and the right carotid artery, 

potentially resulting in cerebral ischemia 
and reperfusion injury. Anticoagulation with 
bleeding complications and thrombosis with 
embolic phenomenon are competing risks 
which need careful management to avoid 
cerebral injury. Loss of cerebral autoregulation 
is an additional risk factor for neurologic injury, 
and severe impairment in autoregulation is 
reported in children who experience neurologic 
injury.71 Risk factors for neurologic injury 
identified in a ELSO Registry study include 
lower birth weight and gestational age, need for 
cardiopulmonary resuscitation prior to ECLS, 
and use of VA ECMO.62 For these reasons, 
ongoing assessment of the neurologic exam, 
head ultrasound, and consideration of newer 
neurodiagnostic modalities are warranted. 
Patient selection, earlier use of ECLS, and 
improved management practices on ECLS have 
the potential to improve survival and neurologic 
outcome. Prompt recognition and intervention 
for potentially treatable conditions are essential.

Neuromonitoring

Current techniques for neuromonitoring of 
the neonatal ECLS patient include neurologic 
exam, head ultrasound, transcranial doppler, 
EEG, amplitude integrated EEG (aEEG), and 
NIRS. Close and frequent monitoring of the 
neurologic exam is warranted; however, multiple 
authors report that patients with neurologic 
injury had no clinical evidence of neurologic 
deficits at the time of injury detection.72,73 A 
recent survey of neuromonitoring during ECLS 
by the EuroELSO Neurologic Monitoring and 
Outcome Working Group found that the majority 
of centers (79%) performed neuromonitoring 
in addition to neurologic examination.72 The 
modalities used were NIRS (66%), intermittent 
EEG (35%), transcranial Doppler (29%), and 
brain biomarkers (25%). 

Head ultrasound (HUS) is frequently 
performed prior to ECLS to identify preexisting 
intracranial hemorrhage or significant ischemic 
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lesions because these may impact the decision 
to proceed with cannulation. Ongoing daily 
head ultrasounds are performed often for 
5-7 days when the risk of hemorrhage is the 
highest and then less frequently, depending on 
the assessment of risk or new clinical findings, 
including seizures or drop in hematocrit.74,75 
Head ultrasound has a limited field of view 
and is unable to detect small hemorrhages 
or ischemic areas and the study has a poor 
correlation with later neuroimaging and 
neurodevelopmental outcomes.73,76-79 Since HUS 
and clinical assessments are poor predictors of 
neurodevelopmental abnormalities, a brain MRI 
following ECLS is essential to identify injury 
and plan for neurodevelopmental  interventional 
therapies.8,73

EEG and aEEG identify electrographic 
seizure activity as well as providing information 
about background brain activity and organization. 
Background activity on either EEG or aEEG 
is well correlated with neurodevelopmental 
outcome in neonates with hypoxic ischemic 
encephalopathy and neonates on ECLS.80-83 
Pappas et al. performed serial aEEG recordings 
and reported that aEEG predicted death or 
moderate-to-severe intracranial injury with a 
sensitivity of 1.0 and specificity of 0.75.84 

EEG is the gold standard for seizure 
detection whereas aEEG is best used for 
screening for seizures and determining the 
background pattern. A single center study 
by Lin et al. reported electrographic seizure 
activity in 9% of neonatal respiratory failure 
patients (n=35), while ELSO Registry data in 
2021 reported 5% with electrographic seizures 
and 2.4% with clinical seizures.85 In the Lin 
study, seizures were subclinical in 83% and 
patients with seizures had higher mortality and 
unfavorable outcomes. 

NIRS has emerged as a continuous, non-
invasive technique which allows real-time 
measurement of regional oxygenation of cerebral 
and somatic tissue such as the kidney, providing 
useful information about hemodynamic status 

and identifies those at highest risk of adverse 
developmental outcomes with poor cerebral 
oxygen delivery and risk for cerebral injury. 
In the Cvetkovic study of neuromonitoring 
on ECLS, NIRS was used in 66% of those 
performing neuromonitoring.89 Near-infrared 
light is emitted from a light source on a sensor, 
passes through the infant’s underlying skin and 
tissue, and is partially absorbed by oxygenated 
and deoxygenated hemoglobin before being 
reflected back to a detector. A tissue saturation 
level (rSO2) is then calculated, reflecting a ratio 
of arterial and venous blood (approximately 
25%:75%) and the regional balance between 
oxygen supply and demand of the underlying 
tissue. Tsou et al. reported on the use of NIRS 
monitoring in 153 neonatal and pediatric 
patients.86 A decline in cerebral saturation, 
defined as any rSO2 ≤50% and any values >20% 
from baseline, was associated with abnormal 
short-term neurologic outcome, abnormal 
neuroimaging, and mortality.

Therapeutic Hypothermia

Neonatal ECLS programs should be 
prepared to provide therapeutic hypothermia 
on ECLS for newborns who meet institutional 
criteria for therapeutic hypothermia. Cooling 
on ECLS is easily performed using the ECLS 
heater/cooling device to maintain a core patient 
temperature of 33-34 degrees o C.87 Due to the 
potential for a higher risk of bleeding with 
cooling on ECLS, an analysis of ELSO Registry 
data was performed.88 No differences in 
complications or mortality were found between 
neonates with HIE who received (n=78) and 
who did not receive cooling on ECLS (n=109).

The Neonatal ECLS Study of Temperature 
(NEST) was a randomized controlled trial 
performed to determine if mild hypothermia 
to 34° C would improve the outcome at 2 years 
of age in newborns receiving ECLS when 
compared to normothermia.89 The use of mild 
hypothermia for newborns requiring ECLS 
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without evidence of moderate or severe HIE 
did not result in an improved outcome.

Sedation and Analgesia

Infants with severe respiratory failure 
frequently receive analgesia, sedation, and 
paralytics prior to cannulation. On ECLS, 
paralysis is usually discontinued; however, 
sedation and analgesia are continued due to 
the risks of agitation and concern for catheter 
security and decreased venous return. Excessive 
sedation limits the ability to interpret the 
neurologic exam. Opioids and benzodiazepines 
have unknown neurodevelopmental effects 
and prolonged use has been associated with 
tolerance, physical dependency, and subsequent 
withdrawal; therefore, the goal is always 
minimal sedation.90 Routine pain level scoring 
should be implemented and appropriate 
responses evaluated throughout the ECLS 
course. Strategies to decrease cumulative 
doses and duration also merit consideration.90 
Commonly used drugs for analgesia and sedation 
include fentanyl, morphine, midazolam, and 
demedetomidine. Soothing music and a quiet 
environment should be considered to optimize 
nonpharmacologic management as well. No 
clinical guidelines have been published for 
sedation and analgesia for neonates on ECLS 
and this is an area that deserves further study. 

ECLS Circuit Considerations in the Neonate

Configuration and Cannulas

VA ECMO is the most commonly used 
mode for respiratory support in newborns and 
provides direct hemodynamic support. VV 
ECMO has been used less frequently because 
one major brand of double-lumen VV catheter 
was recalled from the market in 2018, and there 
were several reports of cardiac perforations and 
cannula-related complications with bicaval 
double-lumen (BCDL) catheters.91 (Figure 9-5). 

A new double lumen mid-atrial cannula was 
FDA-approved in 2021 and is currently being 
used in neonates in the U.S. It can be placed 
either via open cutdown or percutaneously. 
Preliminary results are promising, and if 
confirmed by larger studies, this configuration 
might overcome the limitations of BCDL and 
multisite cannulation.92 Others have described 
the feasibility of multisite jugular-femoral 
venvenous cannulation in newborns.93 The 
access cannula is placed at the SVC (superior 
vena cava)/RA (right atrium junction) and return 
occurs in the common femoral vein (CFV). 
Detailed discussion regarding cannulation 
techniques are discussed in Chapter 4.

Pump Selection

A retrospective analysis of the ELSO registry 
from 2002 to 2017 showed a progressive shift 
from roller heads to centrifugal pumps. In recent 
years, the proportion of roller pumps became 
negligible in the pediatric population while they 
still account for at least more than one-third of 
the neonatal runs.94 

Hemolysis is a known problem with 
centrifugal pumps due to the shearing force 
on blood components created by the vortex in 
the pump head, resulting in elevated plasma-
free hemoglobin (pfHb). Despite design 
improvements, there are recent reports of patients 
supported on centrifugal pumps exhibiting 
hemolysis.95 According to a retrospective 
analysis of the ECLS registry from 2002 to 
2017 (65,000 patients), hemolysis significantly 
increased in neonates with an overall incidence 
of 10.3% and an annual increase of 5.1%. A 
recent retrospective propensity-matched cohort 
study of the ELSO Registry showed increased 
mortality, hemolysis, and ECLS complications 
(cardiovascular, mechanical, renal, metabolic, 
neurologic, pulmonary, infectious, limb) in 
ECLS patients less than 10 kg supported with 
centrifugal pumps. Hemolysis was identified 
as a potential mediator of the relationship 



148

Chapter 9

between centrifugal pump use and mortality.96 
In a metaanalysis of four studies, O’Halloran et 
al. found that roller pumps were associated with 
improved survival to discharge, fewer episodes 
of hemolysis, mechanical complications, 
cardiac complications, renal complications, 
and less inotropic support.96,97 The studies 
mentioned above are retrospective and cannot 
demonstrate a causal relationship between 
centrifugal pumps use and mortality. As pump 
technology evolves, prospective data collection 
and comparative effectiveness research are 
essential to direct future clinical practice.97,98 

Tubing

The typical neonatal ECLS circuit 
comprises 1/4” polyvinylchloride (PVC) tubing, 
directly matching the cannula connectors. 
Reducing the tubing surface area is also 
essential to limit the inflammatory response 
and coagulation activation due to blood 
exposure to foreign plastic surface circuitry.99 
Although different kinds of coating (eg, heparin, 
phosphorylcholine) may help, clotting remains 
a significant problem in the neonate due to its 
intrinsic procoagulant state. Circuit clots are 
reported more commonly in neonates (25.8%) 
when compared to pediatric patients (20.4%) 
and adults (13.0%).94

Figure 9-5. Picture showing anatomic (A) and radiologic correlates (CT scan reconstruction of the 
heart and great vessels [B], ultrasound long axis bicaval view [C]). The superior and inferior vena 
cava (IVC) lie on different planes (dashed lines). When the cannula is correctly positioned, the tip with 
the distal aspiration ports (DAPs) sits in the IVC, whereas the infusion port (IP) faces the tricuspid 
valve (TV) and the proximal aspiration ones are located in the superior vena cava (SVC) (A, C). HV 
= hepatic vein, PAP = proximal aspiration port, RA = right atrium, RV = right ventricle.
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Oxygenators and Gas Flow

The new generation of polymethylpentene 
(PMP) hollow fiber oxygenators are highly 
efficient in terms of ease of priming, reduced 
hemodynamic resistance, and less impairment 
of the coagulation cascade compared with the 
silicon membrane oxygenators. 

Sweep gas flow is initiated at a 1:1 ratio of 
gas to blood flow and targeted to an arterial pCO2 
of 40-45 mmHg. When initiating ECLS support, 
it is critical to correct hypercapnia slowly and 
thus some centers now initiate a lower sweep 
gas to blood flow by protocol. Rapid changes 
in blood carbon dioxide levels may increase 
the incidence of neonatal brain injury.100 The 
use of an in-line blood gas analyzing system is 
an important adjunct to monitor circuit carbon 
dioxide and blood pH levels.

Circuit Prime

Priming practices are variable between 
centers. To prevent hemodilution and 
hemodynamic instability, the neonatal ECLS 
circuit is primed with packed red blood cells 
(PRBCs) and fresh frozen plasma (FFP) or 5% 
albumin to a hematocrit of 35-45%. Washing of 
PRBCs is not recommended because it damages 
the cells. FFP is preferred to albumin in many 
centers because of a lower tendency to foam 
during the priming process. PRBCs stored for 
less than seven days should be used to minimize 
the risk of hyperkalemia. Critically ill neonates 
are relatively immune-deficient and more prone 
to graft versus host disease and leukotropic 
virus transmission from the white blood cells 
contained in PRBCs. Use of leukodepleted 
PRBCs for priming is advisable.101,102 The blood 
prime is heparinized and calcium is added to 
correct the hypocalcemia caused by citrate 
anticoagulation. Acidosis is corrected with 
bicarbonate. Priming is recirculated with the 
sweep gas set at minimal flow with 0.21 FdO2. 

The blood prime is warmed to 37º C unless the 
infant is undergoing hypothermia therapy.58 

Pump Flow

After cannulation, once ECLS is initiated, 
pump flow should be increased over several 
minutes. When going on VV bypass this is 
most important because prime blood may 
have elevated potassium levels that can cause 
myocardial dysfunction and even asystole if 
it is not introduced slowly into the systemic 
circulation. On VA bypass, flow is adequate 
if the venous saturation is greater than 70% 
and the patient is not acidotic or hypotensive 
after pressors have been weaned off, and the 
ventilator support is decreased to rest settings. 
On VV ECMO, support is adequate if arterial 
saturation is in an acceptable range on resting 
ventilator settings and the patient is not 
hypotensive or acidotic. Pump flow can range 
from 80-150 ml/kg/min. Flows in the higher 
limits are generally needed on VV ECMO to 
compensate for recirculation.

If the infant on VV bypass remains 
hypotensive or hypoxic, pressors can be 
continued, and ventilator pressures and FiO2 
increased to supplement ECLS support until 
the underlying barrier to delivering adequate 
oxygen through the circuit is corrected. These 
interventions can include:  increasing ECLS 
pump flow, improving venous drainage, 
decreasing recirculation, PRBC transfusion. 
VV to VA conversion is sometimes necessary.

Cephalad Jugular Drainage

Cephalad jugular drainage has been used to 
augment venous drainage if the primary cannula 
position is in an optimal position and venous 
drainage is inadequate to meet the oxygen 
demands of the patient. With VV ECMO, a 
cephalad drainage has several theoretical 
advantages including augmented venous return, 
reduced recirculation, and cerebral venous 
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decompression. One study found a lower 
incidence of intracranial hemorrhage in VA and 
VV newborns managed with a cephalad drain 
compared to a historical cohort.103 A single-
center study of use of DLVV with cephalic 
drain reported that this approach supported 
85% of their neonatal respiratory failure cases 
with a higher survival (89%) and lower rates 
of complications than reported by the ELSO 
Registry.104 Challenges to cephalad cannula 
use include cannula placement, securing the 
cannula, and avoiding cannula clotting by 
monitoring with a flow probe.

Nursing Management

Neonatal patients on ECLS have special 
nursing requirements and practices should be 
reviewed and aligned to meet the needs of this 
unique group of patients. Together, the ECLS 
team must develop, verbalize, and implement 
patient management goals, which include review 
and assessment of daily patient and circuit 
parameters including hemodynamic monitoring, 
medications, anticoagulation management, 
and sedation guidelines. Joint rounding at the 
bedside is important in achieving this goal. Eye, 
bowel, and skin care are very important but easily 
overlooked by busy teams. Communication 
with all members of the multidisciplinary team 
must be clear, concise, and consistent to enable 
all team members to have a clear understanding 
of patient management. In summary, the nursing 
management of a neonate on ECLS must be 
individualized, goal directed, and holistic.105 

Family Support

Interventions when caring for a neonate 
on ECLS must focus on family-centered care 
beginning with the referral process. Maternal 
transport to allow a mother to follow her 
baby to the ECLS center is often helpful. 
Families commonly are in crisis, finding it 
extremely difficult to process information. 

Nursing interventions should promote positive 
psychosocial care to decrease these feelings of 
stress, anxiety, and loss of control. NICU nursing 
care now emphasizes parental involvement and 
positive touch as essential, and parents should 
be shown how they can touch, care for, and 
interact with their newborn on ECLS. Some 
ECLS centers report encouraging patient 
holding for bonding time with parents, and this 
is not only in the event of palliation, but rather 
as a routine daily practice. Parents should be 
empowered to develop a relationship with 
their baby despite the complexity of care. The 
ECLS team has to cope with parental distress 
and feelings of powerlessness. If parents require 
interpreters, the team members must access this 
support so the parents can ask questions and feel 
fully informed, thereby reducing their stress and 
anxiety. In the event of patient deterioration, 
hope of recovery must be balanced with the 
prospect of a negative outcome. This allows 
families to develop coping strategies. When 
faced with futility, the parents must never be 
made to feel that the decision to transition 
to comfort care from intensive care depends 
only on them.106 Providing some control in the 
situation can be helpful (eg, creating a memory 
box, photographs, handprints and footprints, or 
saving locks of hair).

Other healthcare professionals with skills 
in end-of-life care include pastoral care, social 
workers, psychologists, and liaison nurses. 
These teams provide invaluable resources to 
aid the multidisciplinary team, parents, and 
other family members throughout this traumatic 
experience. The ECLS team should inquire 
about specific care needs, be aware of religious 
practices and beliefs, and ensure parents take 
regular breaks in order to eat, sleep, and take 
care of their personal needs. 

One way of improving communication and 
complementing face-to-face communication 
is by encouraging parents to keep a diary of 
events. It acts as a tool for memory, not only for 
the parents, but for the child later in life. The 
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diary allows the parents to write down notes, 
questions, or concerns, and assists in keeping 
other family members updated. Improving the 
quality and quantity of communication benefits 
the patient, family, and team while improving 
overall family wellbeing and satisfaction. By 
providing emotional support, clear and honest 
information, and communicating effectively, 
parents are enabled to feel safe, involved, and 
confident during this difficult time. 

Summary

It has been over 45 years since ECLS was 
first successfully used to treat Esperanza, a 
newborn with respiratory failure in 1975. As of 
January 2022, the ELSO Registry includes over 
34,000 neonates with respiratory failure with 
an overall survival of 73%. The data gathered 
through the ELSO Registry, randomized 
controlled trials, and smaller clinical studies 
continue to demonstrate the success of ECLS 
in the neonatal population, especially when 
compared to other age and diagnostic groups. 
Therapies such as iNO, surfactant, intrapartum 
antibiotic prophylaxis, and HFOV have led to a 
decrease in the utilization of ECLS for certain 
neonatal disease states. This trend has resulted 
in fewer patients receiving ECLS treatment, and 
those that do have longer, more complicated 
runs with lower survival rates. More research 
is needed to understanding the growing “other” 
category so we can better manage this diverse 
and complex group of patients. Patient and 
circuit related complications continue to be a 
source of morbidity and mortality, with bleeding 
and clotting being the most common. The future 
challenge for neonatal ECLS centers lies in 
developing strategies to limit complications 
and improve survival, while treating fewer and 
more complex patients.
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Weaning and Decannulation in Neonatal Respiratory Failure

Giles J. Peek and Chris Harvey

The guiding principle of this phase of patient 
care is that, in most cases, patients should not 
be decannulated if adequate gas exchange using 
lung protective ventilation cannot be achieved. 

Newborns who require ECLS for respiratory 
failure usually have persistent pulmonary 
hypertension of the newborn (PPHN) as their 
dominant pathophysiology. As such, as soon 
as the pulmonary artery pressures become 
subsystemic, right to left shunting reverses and 
the patients improve dramatically. However, 
this by itself is insufficient. It is also essential 
to check that the lung compliance and chest 
x-ray appearance has returned to more normal 
levels and to estimate the pulmonary artery 
pressure using echocardiography to ensure 
that it has fallen to around half systemic. If 
this is the case, then the patient may be ready 
to wean from ECLS. Conducting a Cilley Study 
can give an indication of recovery. To do this 
the FiO2 is turned to 100% and the patient’s 
peripheral saturation is observed. If it rapidly 
climbs to 100% then pulmonary gas exchange 
has returned.

There is much confusing terminology 
employed to describe what happens next; 
however, the following definitions will be used 
throughout this chapter:

Weaning is the process where ECLS flow 
is reduced to determine if the patient is ready 
to trial-off ECLS. 

Trialing-Off is the process where ECLS 
support is completely withdrawn allowing 
the patient’s gas exchange and respiratory 
mechanics to be assessed to determine if the 
patient is ready to be decannulated.

Decannulation is the process of removing 
the ECLS cannulas.

Weaning 

The weaning process will be identical for 
patients who are on both VV and VA ECMO. 
The aim is to reduce the amount of ECMO 
support and begin the assessment of native 
gas exchange. The ability of the lungs to 
oxygenate blood usually returns before lung 
compliance will allow adequate ventilation 
for CO2 removal because it is a function of the 
resolution of PPHN. Leaving the ventilator on 
rest settings of PC 20/10, SIMV 10, PS 10, Ti 
1 sec, the FiO2 is turned up to 60% and the flow 
is turned down from full flow of 100-120 ml/
kg/min to around half flow. The sweep flow is 
left unchanged as oxygenation alone is being 
assessed. If the peripheral oxygen saturation is 
maintained, an arterial blood gas is drawn after 
around 20 minutes. If the PaO2 is greater than 
100 mmHg, then the ventilation can be partially 
normalized to PC 25/6, SIMV 15, PS 15, Ti 0.7, 
while the sweep is reduced to half its previous 
amount or CO2 bleed in (FsCO2) is doubled. 
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The lung mechanics are assessed, ventilation is 
optimized, and an arterial blood gas is repeated 
after 20 minutes. If the PaCO2 is 35-45 mmHg 
it is likely that the patient can proceed with a 
trial-off. If a tidal volume of 6 ml/kg cannot 
be obtained with a PIP of 25, if the PaCO2 is 
elevated, if the PaO2 drops, or if there is any 
kind of hemodynamic instability, then the 
patient is not ready to be weaned. They should 
be placed back onto rest settings and the ECLS 
flow and sweep returned to preweaning settings. 
It may also be possible to reduce ECLS flow 
and sweep gas flow and FsO2; however, these 
protocols tend to be used instead of trialing the 
patient off. They can be used as a prelude to a 
trial-off if desired. It is important to maintain 
circuit flow above 200 ml/min for a neonatal 
circuit (ie, one with a neonatal sized oxygenator 
and pump). If patient flow needs to be set 
lower than this, a bridge can be inserted and a 
Hoffman partial occlusion clamp (gate clamp) 
can be used to set the desired patient flow whilst 
circuit flow is maintained. Two Doppler flow 
meters (eg, Transonic Flow Monitors) should 
be used to calibrate this arrangement. Patients 
who are more likely to need gradual reduction 
or a prolonged weaning period include marginal 
congenital diaphragmatic hernia patients who 
may require 24-48 hours of gradual adjustment 
of ventilation and weaning of flow and sweep. It 
is important to remember that VA ECMO should 
not be run without sweep gas as this can result 
in fatal hypoxia. 

Trialing-Off

This process will be different for VV and 
VA ECMO.

VV ECMO Trial-Off 

Ventilation is increased, and the sweep gas is 
disconnected. Membrane CO2 transport ceases 
immediately. Extracorporeal oxygenation 
slowly reduces until the venous drainage and 

return lines are the same color as the circuit 
becomes fully mixed with the patient’s blood. 
Full mixing usually takes 20 minutes. If the flow 
has been previously weaned it should be turned 
back up to full flow to speed up the mixing. An 
arterial blood gas is taken every 20-30 minutes 
and ventilation is adjusted accordingly. The 
aim should be to have normal blood gases 
with FiO2 <60% and PIP <28 cmH2O. If more 
pressure is required or a higher FiO2 then 
the patient is not ready to decannulate. An 
echocardiogram performed during the trial-off 
should demonstrate a PA pressure lower than 
2/3rd systemic. If the PAP is higher that this the 
patient is not ready for decannulation. One of 
the advantages of VV ECMO is that the circuit 
blood flow continues to circulate and therefore is 
at no increased risk of clotting. Anticoagulation 
is left unchanged and any infusions running 
into the circuit are undisturbed. This is also 
true of Continuous Renal Replacement therapy 
(CRRT) connected to the circuit, which can be 
continued without alteration during the trial-off. 
Some patients are marginal during the usual 
2-hour trial-off procedure, but the team may 
feel that ventilation or PA pressure may become 
acceptable with time for pulmonary toilet, 
adjustment of ventilation, sedation, and gentle 
lung recruitment. In this case, the trial-off can 
be extended until acceptable blood gases and 
PA pressures are obtained on lung protective 
ventilator settings. It is unusual to extend a 
VV trial-off beyond 24 hours because in most 
patients a decision to decannulate or go back 
onto ECMO can be made before 24 hours of 
trial-off. If performing a prolonged VV trial-off, 
blood gas frequency is reduced stepwise down 
to 6 hourly as the trial progresses.

VA ECMO Trial-Off 

Classic VA Trial-Off

Often known as a “Clamp-Trial” or 
“Clamping-Off”. Although this is considered 



159

Weaning and Decannulation in Neonatal Respiratory Failure

the standard procedure, it is a laborious, labor 
intensive, and potentially dangerous technique. 
It can only run for 1-2 hours because the risk 
of cannula and circuit clot formation gradually 
increases as time goes on. The first step is to 
ensure all infusions are running into the baby 
rather than the circuit. This needs to be done 
several hours in advance to prevent swings 
in drug delivery caused when the circuit is 
clamped off. Next, the anticoagulation must 
be split between the circuit and the baby with 
a separate infusion for each. The dose of each 
infusion should be half of the total previous 
dose, each increased by approximately 10%. 
Use a bigger increase if the circuit has a 
significant clot burden. Now insert the bridge 
between the arterial and venous lines of the 
ECMO circuit. Then increase the ventilation 
to normal levels, clamp the patient off ECMO, 
recirculate around the bridge, and turn the 
sweep off. At 9 minutes draw an arterial blood 
gas and ACT sample from the patient and 
an ACT sample from the circuit. This will 
require 4 hands and two ACT machines. At 
10 minutes clamp the bridge, open the venous 
and arterial lines, and allow flow to the baby 
for 20 seconds. This is called “flashing the 
cannulas.” Ignore the massive swing in arterial 
pressure, it will occur in both directions as the 
bridge, venous and arterial lines are clamped 
and unclamped not entirely simultaneously. 
It only requires action if recovery to baseline 
is not prompt. Clamp off again and open the 
bridge. The ACTs should read in the next 2-4 
minutes, adjust the anticoagulation on the baby 
and the circuit, including boluses if necessary. 
The blood gas should have read by now, adjust 
the ventilation as required. If no adjustments 
were made, repeat the ABG and ACTs again 
at 19 minutes. At 20 minutes and every 10 
minutes thereafter flash the cannulas again. 
Repeat ABGs and ACTs just before the flash 
when needed. Once reasonable gas exchange is 
assured, measure the pulmonary artery pressure 
using echocardiography as described for VV 

ECMO above. After 1 hour, make a tentative 
decision about decannulation. Decannulate or 
cap the cannulas before two hours. If the trial-off 
is deemed to have failed, restart the sweep and 
go back on ECMO, reset the ventilator to rest 
settings, put the anticoagulant infusion back to 
a single access point, and reset the dose. Make 
sure a backup circuit is readily available in 
case the circuit stops functioning. If the Pump 
Controlled Retrograde Trial-Off (PCRTO) 
technique (below) is adopted, it is very rare that 
this classic technique is needed.

Pump Controlled Retrograde Trial-Off (PCRTO)

The pump controlled retrograde trial-off 
offers the advantage of permitting continued 
blood flow through the VA ECMO circuit and 
therefore eliminates the need for additional 
anticoagulation and significantly reduces 
the risk of circuit thrombosis.1,2 The pump 
RPM is reduced until the patient’s systemic 
pressure exceeds that generated by the ECMO 
pump and blood begins to flow in the reverse 
direction through the arterial cannula, around 
the ECMO circuit, before returning to the 
patient via the venous cannula. Depending on 
the pump manufacturer, it may be necessary 
to reverse the flow probe in order to measure 
the amount of retrograde flow. The pump now 
acts like a brake with increased RPM reducing 
the flow. A retrograde flow of around 100-150 
mls/min is targeted because this is sufficient 
to maintain cannula patency without adverse 
effects on systemic blood flow and pressure. If 
retrograde flow is insufficient, then a 10 ml/kg 
bolus of fluid or a low dose epinephrine infusion 
(<0.1 µg/kg/min) may be all that is required to 
generate a sufficient driving pressure. With the 
sweep gas disconnected, the ventilation can then 
be adjusted as per arterial blood gas analysis. 
The bedside specialist needs to be aware that 
changes in the patient’s arterial blood pressure 
lead to changes in flow and pump RPM may 
need adjusting throughout the trial-off. By 
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utilizing this technique, it is possible to trial 
respiratory neonates cannulated for VA ECMO 
support for longer periods than with the classic 
technique. Trial-offs for up to 8 hours have 
been possible without circuit complications in 
neonates whose respiratory function remains 
marginal. As with a VV trial-off, the retrograde 
technique permits all drugs and CRRT running 
on the circuit to remain in place throughout 
the procedure with the need for additional 
intravenous access only once suitability for 
decannulation is established. 

Occasionally, if a small 8 Fr arterial cannula 
is in situ and the clot burden in the oxygenator 
is such that the transmembrane gradient is 
higher than usual then this technique may fail, 
necessitating a return to the classic bridge 
technique.

Leaving Cannulas in Place

Occasionally it is necessary to leave 
ECMO cannulas in place for a short period of 
time.3,4 This eventuality may arise because of 
uncertainty regarding a patient’s readiness to 
separate from ECMO, or for logistical reasons 
regarding OR and surgeon availability for 
decannulation. Finally, some patients on VV 
ECMO and CRRT may have difficult access 
for continued CRRT. In this situation the 
(dl)V-V or V-V single lumen cannulas can 
be used for continued hemofiltration. When 
electing to leave V-A neck cannulae in situ, the 
anticoagulation to the patient is continued and 
the cannula is flushed with heparinized saline 
10 u/ml. This is achieved by cutting the tubing 
around 5 cm from the connector and inserting a 
blind ended ¼” ¼” leur connector with a pigtail. 
The blood is expelled from the cannula with the 
heparinized flush until the cannula is mostly 
clear of blood. An infusion of the same solution 
is then administered via the cannula at a rate of 
1-5 ml/hr depending on institutional protocol. 
It is not recommended to use this technique to 
keep cannulas in for extended periods, but it 

appears to be safe when used for a few hours 
or even overnight.

Decannulation

The decision to decannulate is based 
on balancing several factors. These include 
resolution of the underlying disease process 
(eg, PPHN), development of complications 
such as intracranial hemorrhage, success margin 
of the trial-off, difficulty of recannulation, 
and finally the number and circumstances of 
previous trials off. This decision should be 
made by the multidisciplinary ECLS team, but 
the final casting vote must go to the person who 
will be tasked with recannulation in the event 
it is necessary. If recannulation is not to be 
offered in the event of subsequent deterioration 
this should be explicitly discussed with the 
parents prior to decannulation).5,6 Informed 
consent should be obtained from the parents and 
documented according to institutional protocols. 
The procedure is different for the semi-Seldinger 
V-V cannulation, and for the V-V with ligation 
and V-A cannulation, which require formal 
surgical decannulation.

Semi-Seldinger V-V Decannulation 

The cannulation site is prepared and draped 
in the usual sterile fashion. The patient is placed 
30 degrees head down, sedation is administered. 
Ketamine 1-2 mg/kg is often used. Paralysis 
is not essential but reduces the risk of air 
embolism, the risk of which is small in a patient 
receiving PEEP and in the Trendelenburg 
position. It is important to establish whether 
paralysis will lead to significant decreases in 
minute ventilation beforehand. For example, 
some patients may have satisfactory gas 
exchange when spontaneously triggering 
the ventilator but become hypercarbic when 
paralyzed. It is best to use a relatively short 
acting agent such as atracurium and adjusting 
mechanical ventilation to compensate for the 
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loss of spontaneous effort. A horizontal mattress 
suture (u-stitch) is placed in the skin around 
the cannula using 2-0 silk (or equivalent). The 
patient is clamped off ECMO. As the cannula 
is removed by an assistant, the suture is tied. It 
is not usually necessary to hold pressure on the 
vein because there is rarely any bleeding. In fact, 
holding pressure is detrimental to underlying 
vein patency which is usually preserved by 
this technique. Apply a breathable dressing 
and reposition the patient. The suture can be 
removed after a week.

Formal Surgical Decannulation

When the cannulas are ligated into the 
vessels, a formal surgical operation is required. 
Ensure that cross-matched blood is available at 
the patient’s bedside. The patient is positioned 
as for cannulation, general anesthesia is 
administered, and the cannulation site is 
prepped and draped in the usual sterile fashion. 
The patient is clamped off and the circuit is 
recirculated around the bridge. The sutures 
which were used to close the cannulation wound 
are removed and the tip of the suction is used 
to remove blood clot, Surgicel, and exudate 
from around the vessels. If the cannulas have 
been in for more than 2 weeks, there may 
be healing around the vessels and dissection 
with electrocautery may be required. Gentle 
manipulation of the cannula in the vessel may 
aid in this, but beware if the cannula is loose in 
the vessel, or if the wound is obviously infected 
because vessel integrity may be compromised. 
It is best to approach one vessel at a time, with 
the artery being done first. The reason for this 
is that the arterial tissue is more robust than the 
vein and is less likely to disintegrate. Having 
the artery controlled gives different options 
for control of the vein. Place a right-angle 
instrument such as a Dennis-Brown around the 
carotid arterial cannula and use it to pull either 
a silastic vessel loop or a heavy silk tie around 
the artery. Clip each end of this separately on 

either side so that the loop will not interfere with 
the access. Dissect upwards and downwards so 
that the artery above and below the two ligation 
points is exposed. Put a vascular clamp on the 
artery caudal to the caudal ligature, only fasten 
it to one click. This serves to hold the cannula in. 
Using a 15 or 15c blade, cut the fixation sutures 
on the skin. Cut the cephalad ligature on the 
cannula, this leaves the cephalad ligation of the 
artery intact. Double check that the patient is 
clamped off ECMO. Hold the knot of the caudal 
ligature with DeBakey forceps. With a fresh 
blade, incrementally cut the caudal ligature near 
the knot using a stroking motion. It is usually 
possible to cut the ligature without damaging 
the artery. Hold the artery with DeBakey forceps 
behind the cannula, if the artery is transected 
hold the free edge of the arteriotomy instead. 
With the other hand hold the vascular clamp, 
ensure that you have an unobstructed view of 
the arteriotomy. Also ensure that your eyes are 
not directly in line with the vessel so that you 
are not blinded by the jet of blood. Release the 
clamp but keep it poised. Ask the assistant to 
remove the cannula on the command, apply the 
clamp. If reconstruction is planned, proceed 
(see below). If not, apply two titanium vascular 
clips to secure the artery, ensure that they are 
all the way across the vessel with no tissue in 
the clip apart from the artery. Apply one clip 
cephalad to the remaining ligature, remove the 
remaining ligature. Now remove the venous 
cannula in the same manner. Remember to warn 
the assistant that there is 6-8 cm in the patient 
and that there are multiple side holes. A natural 
reaction of inexperienced and insufficiently 
briefed assistants is to stop moving when they 
see blood. Of course, as soon as the first side 
hole of the cannula comes out of the vein it 
will bleed copiously, the remainder should be 
removed smartly. Only one vascular clip is 
needed on each end of the vein. 

Irrigate the wound with antibiotic saline 
and obtain hemostasis as needed. If the wound 
appears relatively clean, a central venous 
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catheter can be tunneled through the superior 
skin flap and inserted into the stump of the 
jugular vein.7 The easiest technique is to use a 
micropuncture needle passed through the skin 
flap, holding the caudal stump in forceps in 
one hand and then advancing the needle in line 
with the vein whilst sucking on the syringe until 
blood is obtained. Usually this will be within 
1 cm, care must be taken not to pass the needle 
into the chest. Having aspirated dark blood, 
pass the Seldinger wire then the micropuncture 
sheath, ensure it still aspirates freely, then 
exchange it for the line of choice. This line can 
then be removed as if it were percutaneously 
placed. The wound is closed by a single figure 
of eight Vicryl suture to bring the sternomastoid 
over the vessels. The skin is closed with either 
clips or interrupted monofilament sutures 
because it is usually quite inflamed.

If control of the artery is lost, it is often 
possible to grab it with DeBakey forceps and 
then either reapply the clamp or occlude it 
with a second pair of forceps. It can then be 
either secured with Ligaclips or oversewn 
with 5-0 Prolene. If the end cannot be grasped, 
digital pressure is applied which will usually 
achieve hemostasis. Once lost blood volume 
has been replenished and the hemodynamics 
have stabilized, the finger can be removed and 
the retracted end of the carotid can usually be 
found and grabbed in the few seconds before it 
starts bleeding again. Remember that the venous 
line is still in and can be used as a transfusion 
asset if required. 

Once the arterial cannula is out and the 
artery secured or reconstructed, attention is 
turned to the venous cannula. If control of the 
vein is lost, and the steps described above for 
the artery are ineffective because the vein has 
disintegrated, it is possible to achieve hemostasis 
by the following method. The wound is rapidly 
closed with an over and over suture of the skin. 
The vein will bleed dramatically during this time 
and transfusion needs to keep pace. The wound 
is then compressed over the vein using a gauze 

swab which should achieve rapid hemostasis 
and restore stability. Pressure should be held 
without looking for 20 minutes. If bleeding 
recurs pressure should be reapplied for a further 
20 minutes. This may need to be repeated until 
the anticoagulation has either worn off or been 
reversed. Using these two techniques it is almost 
never necessary to perform a median sternotomy 
to regain control.

Occasionally, the venous cannula may have 
been inserted by guidewire exchange of an in 
situ jugular central venous line. As such, the vein 
may not have been dissected during cannulation. 
In this case the artery can be decannulated as 
described above, the wound can then be closed, 
and the venous line can be removed using the 
V-V semi-Seldinger technique with a u-stitch 
in the skin. If the venous cannula and vein are 
seen during arterial decannulation, they should 
be decannulated surgically as described above.

Vascular Reconstruction

There is much institutional variation 
and discussion regarding whether the neck 
vessels should be reconstructed.8-11 Against 
reconstruction is the risk of aneurysm 
formation,12 risk of embolization, and long-
term outcome of the reconstructed vessels. 
For reconstruction is the maintenance of four 
artery cerebral perfusion and the preservation 
of the vessels for future cannulation. Vessel 
reconstruction should not be attempted if 
the wound appears to be infected or severely 
inflamed, as is often the case after several weeks 
on ECLS. Neither should vessels be repaired 
if the anastomosis would be under tension. 
The two techniques in common use are direct 
closure of the arteriotomy and resection of the 
cannulation site with end-to-end anastomosis. 
Prior to reconstruction the artery and vein are 
bled from each end to ensure patency and that 
there is not clot present. Standard vascular 
surgical technique is used with magnification. 
Continuous 6-0 or 7-0 Prolene sutures are 
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used. If the vein is fragile an interrupted 
technique with 8-0 Prolene can be used; 
however, reconstruction of small fragile veins 
is questionable in terms of long-term patency. 
Post reconstruction low dose anticoagulation 
such as heparin 10 u/kg/h or bivalirudin 0.05 
mg/kg/h is continued until three doses of aspirin 
(1-5 mg/kg/day) have been given.

Conclusion

Coherent decision making, accompanied by 
smooth weaning, trialing-off and decannulation 
is essential in the delivery of high quality 
neonatal ECLS support. Clear communication 
with the parents is especially important during 
this phase of care. Particular attention should 
be directed to discussion regarding whether a 
second period of ECLS support is to be offered 
in the event of a recrudescence of primary 
illness. 



164

Chapter 10

References

1.  Westrope C, Harvey C, Robinson S, et al. Pump 
controlled retrograde trial off from VA-ECMO. 
ASAIO Journal. 2013;59(5). 

2.  Mattke CA, Haisz E, Pandya N, et al. Creating a 
controlled arterio-venous shunt by reversing the 
extracorporeal membrane oxygenation blood flow: 
A strategy for weaning patients off veno-arterial 
extracorporeal membrane oxygenation. Pediatric 
Critical Care Medicine. 2017 Oct 1;18(10):973–6. 

3.  Bobillo-Perez S, Cuaresma A, Girona-Alarcon M, et 
al. Weaning from neonatal and pediatric ECMO with 
stand-by cannula. Journal of Artificial Organs. 2021 
Dec 1;24(4):507–10. 

4.  Thompson JL, Griffeth E, Rappa N, et al. Delaying 
Decannulation After Extracorporeal Membrane 
Oxygenation Is Safe and Advantageous. World 
journal for pediatric & congenital heart surgery. 2019 
Jan 1;10(1):98–100. 

5.  Cooper DS, Thiagarajan R, Henry BM, et al. 
Outcomes of Multiple Runs of Extracorporeal 
Membrane Oxygenation: An analysis of the 
Extracorporeal Life Support Registry. Journal of 
Intensive Care Medicine. 2022 Feb 1;37(2):195–201. 

6.  Meehan JJ, Haney BM, Snyder CL, et al. Outcome 
after recannulation and a second course of extracor-
poreal membrane oxygenation. Journal of Pediatric 
Surgery. 2002;37(6):845–50. 

7.  Rauth TP, Scott BP, Thomason CK, et al. Central 
venous catheter placement at the time of extracorporeal 
membrane oxygenation decannulation: is it safe? 
Journal of Pediatric Surgery. 2008 Jan;43(1):53–8. 

8.  Sarioglu A, McGahren ED, Rodgers BM. Effects 
of carotid artery repair following neonatal 
extracorporeal membrane oxygenation. Pediatr Surg 
Int. 2000;16(1-2):15-8. 

9.  Duggan EM, Maitre N, Zhai A, Krishnamoorthi H, et 
al. Neonatal carotid repair at ECMO decannulation: 
Patency rates and early neurologic outcomes. Journal 
of Pediatric Surgery. 2015;50(1):64–8. 

10.  Spector ML, Wiznitzer M, Walsh-Sukys MC, et al. 
Carotid Reconstruction in the Neonate Following 
ECMO. Vol. 26, Journal of Pediatric Surgery. 1991. 

11.  Baumgart S, Streletz LJ, Needleman L, et al. 
Right common carotid artery reconstruction after 
extracorporeal membrane oxygenation: Vascular imaging, 
cerebral circulation, electroencephalographic, and 
neurodevelopmental correlates to recovery. The Journal 
of Pediatrics. 1994;125(2):295–304. 

12.  Jacobs JP, Goldman AP, Cullen S, Rocco D, 
Samanli U, Macrae DJ, Elliott MJ. Carotid artery 
pseudoaneurysm as a complication of ECMO. Ann 
Vasc Surg. 1997 Nov;11(6):630-3.



165

11

Congenital Comorbidities and Extracorporeal Life Support for Respiratory Failure

Kevin P. Lally, Javier Kattan, Yigit S. Guner, Matthew T. Harting, Denise M. Suttner

Overall, use of ECLS in the newborn 
peaked in the early 1990s. Availability of nitric 
oxide, high frequency ventilation, and surfactant 
have resulted in a significant decline in several 
indications. Today, congenital diaphragmatic 
hernia (CDH) is the most common indication 
for ECLS in the newborn. The category “other” 
is the second most common (see Chapter 8). 
In this chapter, we discuss CDH as well as the 
other congenital comorbidities that may be 
faced both in determining indications as well as 
contraindications for initiation of ECLS.

Congenital Diaphragmatic Hernia

As reported by the ELSO Registry, CDH is 
now the most common indication for neonatal 
respiratory ECLS. ECLS allows neonates with 
CDH the opportunity to recover from pulmonary 
hypertension and pulmonary hypertensive crisis, 
acute respiratory deterioration, and/or cardiac 
dysfunction. Approximately 30% of all CDH 
patients will receive ECLS and roughly half 
of infants undergoing ECLS for CDH do not 
survive. Although randomized clinical trials 
(RCT) have shown ECLS to be an effective 
intervention in neonatal respiratory failure, 
RCT-level evidence specific to CDH are lacking. 
In an effort to rectify this, Jancelewicz, using the 
CDH Study Group (CDHSG) data, showed that 
ECLS treatment results in improved survival, 

particularly among high-risk patients, compared 
to children treated with maximal medical 
management alone.1 This study also highlighted 
the importance of high quality ECLS and the 
value of center CDH volume, showing that 
centers managing over 10 patients annually had 
significantly improved outcomes for high-risk 
patients with increased ECLS use. In light of 
this evidence, ECLS should be considered an 
important component in a multidimensional 
approach to CDH management. This section 
will highlight key recommendations and 
principles of ECLS for CDH. Recent ELSO 
guidelines include additional details specific 
to CDH.2

Early Postnatal, Pre-ECLS Management

The primary goal of initial management 
after birth is to appropriately address the 
known, overarching pathophysiologic 
derangements, such as pulmonary hypertension, 
pulmonary hypoplasia, and cardiac dysfunction, 
mitigating progressive respiratory failure 
and cardiopulmonary decompensation. Many 
institutions have developed management 
guidelines such that the vast majority of 
infants with CDH after birth are managed 
with endotracheal intubation and mechanical 
ventilation.3 Care should be taken to avoid 
ventilator associated trauma by keeping peak 
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pressures below 26 mmHg, even with the 
initial intubation. Gastric decompression, 
arterial and venous access, and a controlled, 
calm environment are cornerstones of early 
management. Blood pH and gas exchange 
including preductal pulse oximetry, should be 
assessed, and monitored.2,3 Chest radiography 
(Figure 11-1), echocardiography, and head 
ultrasonography provide critical information 
prior to ECLS initiation.

Prenatal Diagnosis

Prenatal imaging can enhance the ability 
to predict severity of lung hypoplasia and 
subsequent outcome in CDH patients.4-5 The 
most widely used and validated measure of 
prenatal CDH severity is the observed/expected 
lung-to-head ratio (o/e LHR), measured using 
ultrasound.6 A second important marker of 
severity is the location of the liver or presence 
of liver herniation into the thorax (“liver up”). 
Magnetic resonance imaging (MRI)-based 
total fetal lung volume (TFLV) measurements 
have been shown to accurately predict the need 

for ECLS in patients with CDH.4 Syndromic 
presentation, abnormal genetic testing, and 
other significant anomalies including structural 
cardiac disease are important considerations 
for ECLS support. Major structural defects 
seen on fetal echocardiography require 
special consideration when determining ECLS 
candidacy.7 In summary, a high risk of mortality 
and likelihood of ECLS may be expected with 
the following prenatal assessments8,9: 

•	 LHR: <1 (less accurate outside gestational 
age 24-26 weeks),

•	 o/e LHR: <25%,
•	 Liver herniation: >20%,
•	 Observed/expected TFLV (o/e TFLV): 

<25%.

Postnatal Risk Assessment

Between 20 and 40% of infants born with 
CDH are not detected prenatally. Multiple 
strategies for postnatal risk assessment exist.10 
The Brindle CDH mortality risk model is the 
updated version of the CDHSG equation and 
uses an integer score comprising low birth 
weight, low or missing Apgar scores, severe 
pulmonary hypertension by echocardiography, 
major cardiac anomaly, and chromosomal 
anomaly.11 The probability of ECLS use in 
CDH patients can also be estimated using 
early postnatal blood gases and Apgar scores.12 
CDH-specific ECLS mortality risk models 
have also been developed and can be useful 
for risk assessment of both survivors and 
nonsurvivors.13 

Indications for ECLS

The degree of respiratory failure and overall 
magnitude of clinical illness in CDH depends 
on the severity of the existing pulmonary 
hypertension, pulmonary hypoplasia, and 
ventricular dysfunction. Therefore, most 
neonates with CDH who fail maximal manage-

Figure 11-1. Chest radiography in CDH. Chest 
radiograph of a left CDH at diagnosis.
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ment are candidates for ECLS, assuming there 
are no exclusion criteria. It is important to note 
that infants with CDH differ from other neonates 
with respiratory failure, such as meconium 
aspiration, given the anatomic changes in the 
thorax/vasculature, decreased lung volumes/
degree of pulmonary hypoplasia, pulmonary 
hypertension secondary to pulmonary 
vasculopathy, and cardiac involvement.14 Limits 
to medical management are different for CDH 
to avoid the cycle of hypoxemia, hypercarbia, 
acidosis, and barotrauma and volutrauma. When 
incorporated with a strategy of pressure-limited 
(gentle) ventilation and permissive hypercapnea, 
early use of ECLS may help minimize ventilator 
induced lung injury (VILI).2 Many centers use a 
specific limit on ventilator parameters to avoid 
VILI and transition to ECLS support when 
a patient does not meet prespecified criteria. 

Exceeding peak inspiratory pressure (≤26 cm 
H20), HFOV to a MAP of 14-15 cm H2O, and 
inability to maintain pH >7.2 (usually PaCO2 
<70 mmHg) are criteria commonly used as 
indications for ECLS.2 General indications for 
ECLS in CDH are listed in Table 11-1.15

Contraindications for ECLS

The most common contraindications 
to ECLS support in CDH are shown in 
Table 11-2.13,16 ECLS support for neonates <34 
weeks and <2 kg has been studied using the 
ELSO Registry.17 Mortality rate was 71% for 
the BW <2 kg group, and 56.3% for the GA <34 
weeks group. Low BW CDH infants had 2-fold 
increased odds of mortality compared to infants 
weighing >2 kg at birth.17 For infants born with 
GA <34 weeks, there was a greater risk of severe 

ECMO INDICATION RECOMMENDATIONS 
Oxygenation & Ventilation 
Failure 

1. PIP >26-28 or MAP >15-18 to achieve preductal O2 sats >85%. 
2. Inability to achieve or maintain preductal SpO2 >85% 
3. Persistent severe respiratory acidosis (pCO2 >70-80 mmHg) 
with pH <7.20 

Cardiovascular Failure 1. Inadequate systemic oxygen delivery with metabolic acidosis 
2. Severe refractory systemic hypotension 
3. Severe left and/or right ventricular dysfunction 

Acute Clinical Deterioration 1. Preductal desaturation with inability to recover 
2. Rapid cardiovascular deterioration 
3. Escalating lactic acidosis 

 Table 11-1. Indications for ECLS in patients with CDH.

RELATIVE CONTRAINDICATIONS 
Significant congenital anomalies (specific major 
cardiac or neurologic anomalies) 
Lethal chromosomal abnormalities (Trisomy 18) or 
other lethal malformations 
Grade III/IV intracranial hemorrhage 
Weight <1.8 kg 
Gestational age <32-34 weeks 
Prolonged mechanical ventilation receiving 
prolonged high pressure (MAP >15-18 x 7 days) 

 
Table 11-2. Relative contraindications to initiating 
ECLS support in the CDH patient.
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neurological events. This report showed that 
survival below 34 weeks of gestational age and 
2 kg weight limit is possible, albeit with higher 
complications, consistent with other indications 
for ECLS. 

Short-term survival is possible in patients 
with both CDH and congenital heart disease 
treated with ECLS.18 Superimposed pulmonary 
hypoplasia/hypertension, with abnormal 
cardiopulmonary physiology, present difficult 
challenges when the goal is long-term survival, 
particularly congenital heart defects with 
single ventricle physiology. Paradoxically, high 
pulmonary vascular resistance (PVR) may delay 
increases in pulmonary blood flow, allowing 
time for interdisciplinary discussion. Use of 
ECLS in the setting of concomitant congenital 
heart disease and CDH should be done on a 
case-by-case basis and at centers with such 
experience. 

Mode and Pump Type for CDH

Infants with CDH often require more 
hemodynamic support compared to other 
conditions that require neonatal ECLS such as 

meconium aspiration. Traditionally, VA ECMO 
(used in more than 80% of CDH cannulations)-
as opposed to VV ECMO (<20%)-is more 
commonly used.19 Despite this, multiple 
studies have shown that patients with CDH 
can be effectively treated with both VA and 
VV ECMO modes. The most recent ELSO 
analysis did not identify any differences in 
mortality or rates of severe neurologic events 
when comparing VA and VV.20 It is important 
to note that VV cannulation is not always 
anatomically possible due to venous vascular 
or mediastinal anatomic anomalies. Mediastinal 
shift is common and may make accurate cannula 
placement (with either VA or VV) difficult 
(Figures 11-2, 11-3). VV may not be possible in 
cases of extremely poor cardiac function such 
as significant biventricular dysfunction or in the 
rare setting of extracorporeal cardiopulmonary 
resuscitation (ECPR). Lastly, type of ECLS 
pump has also been specifically studied in a 
range of indications using ELSO data and, for 
patients <10 kg, roller pumps offered a survival 
advantage and centrifugal pumps were more 
likely to be associated with hemolysis.21,22

Figure 11-2. Chest radiography of Left CDH 
cannulation. Chest radiograph of left CDH 
on venoarterial ECLS. Note the mediastinal 
shift toward the contralateral hemithorax, and 
shifted cannula position to the right.

Figure 11-3. Chest radiography of Right CDH 
cannulation. Chest radiograph of right CDH 
on venoarterial ECLS. Note the mediastinal 
shift toward the contralateral hemithorax, and 
shifted cannula position to the left.
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Diaphragm Repair Relative to ECLS

Strategies for repair of the diaphragmatic 
defect in the setting of ECLS support include early 
repair (within 24-72 hours after cannulation), 
late repair prior to decannulation, or repair 
after decannulation (if able to discontinue 
ECLS). The challenges of surgery on ECLS 
include shifts in fluid status and increased 
risk of hemorrhage while anticoagulated. The 
potential advantages of surgery while on ECLS 
include avoidance of nonrepair (which has a 
100% mortality), and the relief of intrathoracic 
compression early, allowing optimal pulmonary 
parenchymal expansion with pulmonary 
perfusion and restoration of normal anatomy. 

Some evidence suggests that repair after 
decannulation is associated with optimal 
survival. A recent ELSO study evaluating 2224 
patients with propensity matching showed that 
on-ECLS repair was associated with a greater 
than 3-fold higher odds of mortality compared 
with repair after ECLS.23 Unfortunately, 
selection bias affects these studies, along with 
the inability to accurately risk stratify or predict 
successful weaning from ECLS. Also, there is 
an inability to account for the group of infants 
who died on ECLS prior to repair. In contrast, 
repair on ECLS may offer the best chance for 
survival. The most recent investigation from the 
CDH study group evaluated 1581 patients with 
CDH who received ECLS and performed two 
comparisons: 1) repair on ECLS to repair after 
ECLS, and 2) repair early on ECLS to repair 
later on ECLS. These groups were matched 
based on propensity scores and, importantly, 
the study accounted for nonrepaired patients. A 
center strategy of CDH repair on ECLS resulted 
in a 46% reduction in mortality rate compared 
to a strategy of repair after ECLS, while early 
repair on ECLS was associated with a 49% 
reduction in mortality rate compared to late 
repair on ECLS.24 A risk-based strategy and an 
institution-based algorithm may be a hybrid 
approach which optimizes the strengths and 

minimizes the weaknesses regarding timing of 
diaphragmatic repair relative to ECLS, in that 
the highest risk infants who are unlikely to be 
weaned from ECLS may benefit from early 
repair at centers who do this routinely. Repair 
after ECLS is also a potentially valid option 
for specific infants with an optimized routine 
and with acknowledgment of the limitations of 
risk stratification, along with the potential for 
missing the repair window which optimizes 
survival.

The abdominal approach to repair is optimal 
for mitigating hemorrhage risk while allowing 
diaphragmatic defect repair (usually with a 
patch). Minimal dissection of the posterior rim 
of diaphragm is recommended, as this is an 
area of high risk for postoperative hemorrhage. 
Utilization of electrocautery and argon beam 
coagulation minimizes raw surface hemorrhage 
risk. A temporary abdominal closure (Gore-Tex® 
patch or temporary Silastic® sheet/silo) may be 
necessary and routine tube thoracostomy both 
allow the opportunity to expeditiously identify 
and correct hemorrhagic complications.25 
Surgicel®, Floseal®, or other hemostatic agents 
are used for coagulopathic hemorrhage. These 
measures collectively minimize bleeding risk 
and maximize the opportunity to identify and 
manage post-operative hemorrhage early.

Optimal management of anticoagulation 
prior to, during, and after the procedure must 
occur to limit bleeding complications. There 
is a dearth of evidence for optimal strategies 
in this area, so most institutional practices are 
based on anecdotal experience. Operating on 
ECLS includes the use of aminocaproic acid, 
decreasing anticoagulation parameters (such as 
ACT and/or Anti-Xa) to minimally acceptable 
levels, and optimizing platelet counts. Notably, 
there are a range of acceptable practices 
that vary based on surgeon and institutional 
experience and nuance.
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Length of Support and Weaning Strategies

According to ELSO data, CDH is the most 
common cause of neonatal ECLS runs >3 
weeks.26 Although prolonged ECLS support 
and second courses are associated with worse 
outcomes and increased risk of complications, 
more severe disease may require longer runs, 
and survival is possible after durations in excess 
of 4 weeks (Figure 11-4).27 Data suggest that 
prolonged ECLS runs beyond 4-6 weeks may 
be of limited benefit, although universally 
accepted limits on length of treatment have 
not been established. Survival to discharge, 
related to length of ECLS treatment in CDH, 
has been shown to be approximately 50-60% 
after 2 weeks of ECLS, 40-50% at 3 weeks, 
and 20-40% at 4 weeks. After 5 weeks of ECLS, 
survival dropped to 15%, and after 40 days of 
ECLS support there were rare survivors.27,28 
Thus, arbitrary cutoffs for short duration of 
ECLS for CDH patients on ECLS may not be 
ideal. A prolonged run may be of benefit in 
selected patients. 

The ability to wean ECLS in the CDH 
patient is dependent upon recovery of 
ventricular function and improvement of 
pulmonary hypertension. Indicators of readiness 
to begin weaning include improvement in 
pulmonary hypertension, low ventilator 
settings, ventilator FiO2 <0.4-0.5, adequate 
heart rate, minimal to no requirement for 
vasoactive support, and stable mixed venous 
oxygen saturation. Most CDH patients who 
receive ECLS demonstrate suprasystemic RV 
pressures on echocardiography, so a decrease 
in these pressures to subsystemic levels 
prior to decannulation is ideal, though not 
always achievable. In some cases, pulmonary 
hypertensive pharmacotherapy may be needed 
to improve cardiopulmonary function to either 
reach readiness for a trial off or facilitating a 
successful trial off. Options may include the 
use of sildenafil, bosentan, epoprostenol, and/
or iNO. Their use may depend on institutional 
availability and practice patterns.

Protocols for trialing-off of ECLS vary by 
institution and by mode of support (see Chapters 
10 and 19). If lung function is adequate at 
acceptable ventilator settings for a prolonged 
period of time, decannulation can be considered. 
The goal is to have a reasonable amount of 
latitude for worsening clinical condition such 
that increased need for ventilatory support and 
oxygenation can still be maintained. However, 
no specific guidance on ideal ventilator type or 
settings to optimize decannulation exist. 

Long-term Outcomes of CDH

CDH overall, and particularly those who 
receive ECLS, is associated with significant 
long-term morbidity. Overall, the reported 
incidence of chronic lung disease (CLD) in 
survivors of CDH is 33-52%, with ECLS 
utilization associated with a 9-fold increase in 
this complication. Many survivors require long-
term treatment of pulmonary hypertension.29 
CDH survivors receiving ECLS also have an 

Figure 11-4. Survival over time in CDH pa-
tients receiving ECLS. Scatterplot of CDH 
patients in the ELSO database receiving ECLS 
(2000-2019, n= 5408 total patients) showing 
duration of ECLS management by mortality. 
Each dot represents an individual patient, with 
survivors on the 0 and deaths on the 1. Locally 
weighted scatterplot smoothing (LOWESS) 
curve demonstrates the association between 
ECLS duration and risk of mortality.



171

Congenital Comorbidities and Extracorporeal Life Support for Respiratory Failure

increased risk of growth failure. Up to 50-80% 
of CDH infants are diagnosed with clinical 
gastroesophageal reflux disease, with the highest 
risk seen in those requiring ECLS and/or a patch 
repair.30 The potential for neurologic sequelae 
in CDH survivors is high, especially for those 
requiring ECLS hence, close neurodevelopment 
followup is warranted (see Chapter 12).

Congenital Comorbidities and Neonatal 
ECLS

With the evolution of intensive care and 
ECLS, more complex and severe cases are 
selected to receive ECLS. Consequently, 
neonatal ECLS has seen an increase in mortality. 
Special attention to neonatal comorbidities 
during ECLS will help clinicians anticipate 
complications and perhaps impact outcome. 
Comorbidities related to ECLS for neonatal 
hypoxic respiratory failure (HRF) can be 
congenital or acquired. Congenital comorbidities 
are the primary focus of this section. Acquired 
conditions are discussed in Chapter 8.

Genetic

ECLS has been used in children with 
genetic syndromes with good results, including 
high survival and few complications. Uppu 
conducted a retrospective review of children 
with congenital heart disease (CHD) and 
genetic syndromes who received ECLS 
and showed that ECLS duration, hospital 
LOS, and mortality were similar to patients 
without genetic abnormalities. In patients with 
genetic conditions, defined as chromosomal 
or syndromic abnormalities confirmed by a 
geneticist, renal insufficiency and need for 
dialysis were associated with mortality.31

Trisomy 21 

Cashen reported on 30 years of data from 
the ELSO Registry, including 623 patients 

with Down Syndrome (DS). During this period, 
there was no significant difference in survival 
between patients with or without DS.32 Despite 
differences in indications for ECLS, by itself, 
the diagnosis of DS should not be considered a 
risk factor for ECLS.

Trisomy 13 and Trisomy 18

In the 2013 ELSO Neonatal Respiratory 
Failure Supplement to the ELSO General 
Guidelines, both Trisomy 13 and 18 are 
listed as “lethal chromosome disorders” and 
contraindications to ECLS. In a 2016 article, 
Nelson reviewed the survival and surgical 
interventions for these diagnoses and found 
that, while most died in the first year of life, 
the 10-year survival was higher than previously 
reported.33 A survey of ELSO Neonatal ECMO 
centers reported some would consider ECLS 
support for this population of patients.34 In a 
recent review of the ELSO Registry, Alore 
found that while complications are frequent, 
the survival rate in 28 patients with Trisomy 13 
and 18 was close to 45%. They concluded that 
these syndromes alone should not be viewed as 
absolute contraindications to ECLS, but rather 
considered during the evaluation of a patient’s 
potential candidacy.35

Del22q11

Prodhan compared institutional outcomes 
in patients with CHD on ECLS with and 
without del22q11 (DiGeorge) syndrome. 
Del22q11 syndrome did not confer a significant 
mortality or morbidity risk, including infectious 
complications or duration of ECLS.36

Pulmonary

Disease categories for pulmonary congenital 
comorbidities can be grouped as: surfactant 
protein deficiencies, alveolar capillary 
dysplasia (ACD), anomalies of airways and 
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lung parenchyma, thoracic dystrophies, and 
disorders of the diaphragm.

Neonates with an irreversible pulmonary 
dysplasia such as ACD, surfactant protein 
deficiency, and pulmonary lymphangiectasis 
may have a deteriorating clinical course 
requiring ECLS. These neonates are often 
difficult to distinguish from those with PPHN 
(Figure 11-5). However, an irreversible 
pulmonary dysplasia should be considered 
when ECLS is initiated on day of life ≥5 and/
or the duration of ECLS ≥10 days.37 In patients 
with an unusual presentation or ECLS course, 
further workup should be considered, including 
genetic testing and possible lung biopsy. 

Gastrointestinal

Congenital abdominal wall defects, 
especially omphalocele, may be associated 
with significant alterations in lung development. 
Although some patients may develop HRF, the 
use of ECLS to support these patients seems 
rare, likely due to the associated, irreversible 
pulmonary hypoplasia.38

Renal

Newborns with congenital renal disease 
(CRD) may develop HRF from pulmonary 
hypoplasia, delayed lung maturation, or 
pulmonary hypertension.39 Historically, the 
prognosis was poor, although successful support 
with ECLS in neonates with CRD has been 
reported.39 Factors associated with successful 

Figure 11-5. V-A ECLS in a newborn with PPHN, finally diagnosed as an alveolar capillary dyspla-
sia by a biopsy. A: x-ray on ECLS; B & C: histology showing vascular and capillary misalignment.
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long-term outcome include renal disease 
amenable to surgical correction, aggressive 
nutritional support, and a reliable social support 
system. Wightman utilized the ELSO Registry 
to investigate the prevalence and survival to 
discharge of neonates with underlying kidney 
disease who received ECLS from 1989 to 
2012. The survival was much lower in neonates 
with kidney disease, 49% vs. 82% (pulmonary 
indication without congenital diaphragmatic 
hernia), 25% vs. 51% (pulmonary indication 
with congenital diaphragmatic hernia), and 21% 
vs. 41% (cardiac indication), suggesting that 
kidney disease be considered when evaluating 
ECLS candidacy.40 Pre-ECLS evaluation should 
include serum creatinine and consideration for 
renal ultrasound if clinically warranted.

Hematologic

A family history of blood dyscrasia should 
alert the clinician to possible hemostatic 
problems. Diagnostic confirmation in the 
neonatal period often proves difficult due to 
the dynamic nature of coagulation factors 
associated with gestational age and the impact 
of illness on neonatal levels. ECLS may mask 
congenital disorders due to consumption and 
replacement of coagulation factors. Suspicion 
of a congenital hematologic disorder may 
require workup after decannulation and disease 
recovery.

Malignancies

The peak cancer incidence in children 
is the first year of life, and 13% of these 
cases are diagnosed in the neonatal period. 
The most common neonatal malignancies 
include neuroblastoma, leukemia, renal tumors, 
and sarcoma.41 Some genetic conditions, 
such as Trisomy 21, are associated with 
neoplasms. Survival rates generally are lower 
for malignancies presenting in the neonatal 
period; however, newer drug therapies and 

interventions have resulted in a wide variation 
in survival rates and detailed evaluation of the 
malignancy is required for prognostication 
and will need to be considered to determine a 
neonate’s candidacy for ECLS.

Neurologic

Hypoxic Ischemic Encephalopathy

Hypoxic Ischemic Encephalopathy (HIE) is 
associated with a poor prognosis.42 Therapeutic 
hypothermia has become the standard treatment 
in neonates with moderate to severe HIE, with 
several trials showing improved long-term 
neurodevelopmental outcome.43 Some patients 
with HIE will also have severe HRF and will 
meet criteria for ECLS.44 With improved 
outcomes due to cooling, the decision regarding 
ECLS support in this high-risk population 
has become more complex. Currently, there 
are no clear set of measures that define how 
severe the damage must be to exclude an 
infant from ECLS. Additionally, the need to 
make a rapid decision in combination with 
medications such as narcotics, sedatives, and 
antiepileptic medications make performing a 
thorough neurologic evaluation to determine 
ECLS candidacy challenging. The decision to 
offer ECLS in this population has increased. 
Weems reported on a survey conducted in 
2016. Compared to a similar survey in 2008, 
the number of providers who would never offer 
ECLS to a neonate with severe HIE decreased 
to 27% from 48%.4

Vascular Variants

Common origin of the carotid arteries 
(COCA) is a normal anatomic variant reported 
in approximately 11% to 15% of the general 
population. Comparing institutional outcomes, 
Lamers found no difference in neurologic 
outcome or sequelae in neonates with and 
without COCA receiving VA ECMO. Despite 
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concerns for vascular obstruction by the arterial 
cannula in this variant, COCA does not appear 
to increase the risk of neurologic injury.46

Arteriovenous Fistula 

ECLS can support severely ill neonates 
with high-output heart failure secondary to 
intracranial arteriovenous fistula (AVF). Burry 
described the first successful novel approach 
to the management of high-output heart failure 
secondary to an intracranial AVF, performing 
an embolization in conjunction with ECLS. 
This was also the first report in which an ECLS 
cannula was used for intraarterial access for 
cerebral angiography.47

Inborn Errors of Metabolism 

Acute signs of an inborn error of metabolism 
leading to clinical decompensation can present 
in a newborn as severe metabolic acidosis, 
cardiovascular failure and respiratory failure. 
Organic aciduria, urea cycle disorders, maple 
syrup urine disease, and fatty acid oxidation 
disorders can present with life threatening 
conditions. In addition to cardiac and 
respiratory support, ECLS in combination with 
hemodialysis can provide an efficient method 
to address hyperammonemia.48

Conclusions

Many neonates who meet ECLS criteria 
have comorbidities that may or may not impact 
outcome. The exclusion criteria for neonatal 
ECLS continues to evolve due to advances in 
care. Recent outcomes of ECLS in neonates 
reflect a more complex population. When time 
allows, thorough multiorgan evaluation and 
review of current guidelines remain important 
in determining ECLS candidacy. 
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Introduction

The use of ECLS for life-threatening, 
reversible cardiorespiratory failure has trans-
formed neonatal intensive care management, 
resulting in excellent survival outcomes over 
the years.1-6 To date, almost 34.000 neonates 
have been treated with ECLS for neonatal 
respiratory failure, with an overall survival to 
discharge or transfer of 72% as reported to the 
ELSO Registry.7 With such improved survival 
outcomes for neonatal ECLS, there is a growing 
population of childhood survivors. However, 
the long-term medical and neurodevelopmental 
outcomes remain of concern, particularly in 
certain diagnostic groups such as congenital 
diaphragmatic hernia (CDH).4,5,8-11 If not 
appropriately identified and promptly managed, 
these may evolve over time into significant 
long-term neuropsychological sequelae with 
wide ranging implications for the health, 
education, and societal integration as these 
children grow into adulthood.12

In this chapter, we will review complications 
and survival outcomes and focus particularly 
on recently published data on long-term 
medical and neurodevelopmental outcomes 
after ECLS for severe respiratory failure 
in neonates. Outcomes in neonates with 
cardiac disease and those supported after 
extracorporeal cardiopulmonary resuscitation 

are covered in Chapter 22. We will discuss 
outcomes in neonates with CDH supported 
on ECLS separately because this subgroup 
is different with respect to survival rates and 
associated morbidities. Moreover, supported 
by the current literature, we will provide a 
structured framework and recommendations 
for multidisciplinary, longitudinal followup and 
discuss the recently published ELSO guidelines 
for followup.13

Early Survival Outcomes and Complications

The survival outcome of neonates supported 
on ECLS for acute hypoxemic respiratory 
failure varies with the primary diagnosis, 
ranging from 97% in those supported for 
meconium aspiration syndrome (MAS) to as 
low as 50% in those supported for CDH.1,14-18 
The percentage survival to hospital discharge 
for different diagnostic categories is available 
on the ELSO Registry website.7

Due to the critical illness leading to 
ECLS and the complex nature of this therapy, 
neonates on ECLS are at risk of developing 
complications, some of which have significant 
impact on the outcome. The ELSO Registry 
reports an extensive list of complications 
within different categories in their biannual 
international summary.19 In general, neonates 
who develop complications during ECLS have 
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lower survival rates (Table 12-1).19 We focus 
on some of the major complications that have 
an impact on survival and long-term outcome.

Bleeding, Thrombosis, and Hemolysis

Complications related to bleeding, throm-
bosis, and hemolysis are relatively high and 
significantly add to the complexities of ECLS 
management in neonates. In a prospective 
observational study conducted in 8 hospitals 
(BATE study), Dalton et al. reported a high 
incidence of bleeding events (60%), thrombotic 
events (44%) and hemolysis (40%) in neonates 
on respiratory ECMO support. Circuit related 
thrombosis was reported in 40%, including 
entire circuit thrombosis in 28%, and bleeding 
related to cannula site (26%) and surgical 

site bleeding (25%) was seen in a quarter of 
patients.20 Surgical procedures such as repair of 
CDH on ECLS can also lead to substantial blood 
loss, requiring multiple blood transfusions.21,22

The management of anticoagulation on 
ECLS is often described as walking a tight rope 
balancing the risks of bleeding versus clotting. 
Factors unique to the neonatal population 
include developmental hemostasis coupled with 
hemostatic alterations that occur during ECLS.23 
Furthermore, mechanical factors such as small 
size of vessels, relatively large circuit volume to 
total blood volume, lower flows, and hemolysis 
from centrifugal pumps have been identified as 
important features that influence hematologic 
complications. In an ELSO Registry based 
propensity matched cohort study, O’Halloran 
et al. reported that hemolysis in centrifugal 

COMPLICATION INCIDENCE SURVIVAL 
Mechanical   

Thrombosis/clots in circuit 33.6% 53% 
Cannula problems 14.5% 58% 

Oxygenator failure 5.4% 51% 
Pump failure 0.6% 48% 

Hemorrhagic   
Hemolysis (Hgb > 50 mg/dl) 13.2% 52% 

Surgical site bleeding 6.7% 64% 
Cannulation site bleeding 6.3% 64% 

Neurologic   
CNS hemorrhage (US/CT) 7.3% 41% 

CNS infarction (US/CT/MRI) 2.7% 37% 
Seizures 2.4% 51% 

Other CNS hemorrhage 4.0% 37% 
Renal   

Renal replacement therapy required 24.9% 48% 
Cardiovascular   

Inotropes on ECLS 14.1% 58% 
Cardiac arrhythmia 4.3% 53% 

Hypertension(vasodilators) 3.8% 60% 
Pulmonary   

Pulmonary hemorrhage 4% 38% 
Infectious   

Culture proven infection  2% 37% 
Metabolic   

Hyperbilirubinemia 9.7% 48% 
 

Table 12-1. Important ECMO complications and outcome.11
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pumps was associated with increased mortality 
in those weighing <10 kg, whereas Dalton et 
al. did not find any association of hemolysis 
and mortality. This issue continues to generate 
debate and discussion.20,23,24

Neurological Complications 

While mechanical complications related 
to thrombosis and clots in the circuit are most 
commonly reported (33.6%) in the ELSO 
Registry, neurological complications are the 
most worrying, with serious potential for 
mortality and significant neurologic morbidity 
in later life.4,12,18,19,25-27 The prevalence of 
intracranial abnormalities in ECLS-treated 
neonates varies from 10 to 59%.28 In an ELSO 
Registry study of 7190 neonates, Polito et 
al. reported that 20% of neonates developed 
neurologic complications, with significantly 
higher mortality than those without neurologic 
complications (62% vs. 36%). 29 

Based on severity and impact on outcomes, 
intracranial hemorrhage is a catastrophic 
complication.30 It is also the most common 
patient-level complication that has shown to 
potentially add a further contribution of 28% 
to mortality.18 

The BATE study identified relatively higher 
incidence of intracranial bleeding (22.5%) as 
compared to intracranial infarction (3%) in 
neonates on respiratory ECMO.20 However, 
cerebral infarction from microthrombi may be 
altogether missed, undetected due to challenges 
in identification and thus underreported, 
leading to silent neurological injury that may 
potentially contribute to later neurologic 
morbidity.19,30 Seizures during ECLS can result 
from hemorrhagic and/or ischemic lesions. The 
ELSO Registry reports an incidence of 2.4% 
and 5% (clinically evident and EEG confirmed, 
respectively), and they are associated with 
increased mortality and have a negative impact 
on neurodevelopmental outcomes.29,31

Risk factors for cerebral complications 
consist of individual risk factors and factors 
related to ECLS itself.32 The pre-ECLS individual 
factors that have been identified to increase the 
risk of cerebral complications include lower 
gestational age at birth, birth weight < 3 kg, 
acidosis, pre-ECLS bicarbonate use, sepsis as 
the primary diagnosis, coagulopathy, age at 
initiation of ECLS, need for cardiopulmonary 
resuscitation prior to ECLS, prior ECLS 
exposure, fibrinogen concentration, VA ECMO, 
and use of therapeutic hypothermia.32-34 
Important risk factors related to ECLS therapy 
that are implicated in cerebral injury include 
disturbed autoregulation, alterations in cerebral 
blood flow, vascular cannulation, venous 
congestion, loss of arterial pulsatility, rapid 
shifts in carbon dioxide levels, blood pressure 
at initiation of ECLS, bloodstream contact 
with plasticizers, inflammatory response to 
ECLS, VA-bridge, bladder box alarms, and 
high intravascular volume administration.32,35-38

In a single-center study, Anton-Martin 
et al. showed that the traditional coagulation 
parameters were not different between the ones 
who developed neurological complications 
(intracranial hemorrhage and infarct) and the 
controls without neurological complications.39,40 
While it is important to meticulously monitor 
anticoagulation and maintain within therapeutic 
targets, it is crucial to remember that there may 
be a complex interplay of other interdependent 
and/or independent factors contributing towards 
cerebral injury.

There has been recent renewed interest in 
the concept of impaired cerebral autoregulation 
on ECLS.37,38 Animal studies in the 1990s 
showed that both prolonged hypoxia, vascular 
ligation, and the initiation of ECLS can disturb 
cerebral autoregulation.41,42 This has been 
postulated to be due to altered endothelial 
function as described in this animal model.43 
Disturbed autoregulation leads to ischemic 
lesions due to hypoperfusion or hemorrhagic 
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complications due to hyperperfusion and can 
thus cause cerebral damage.44

In neonates with hypoxic ischemic 
encephalopathy, Cashen et al. reported that use 
of therapeutic hypothermia was independently 
associated with intracranial hemorrhage during 
the first 7 days of ECLS.33 This is in contrast 
with an ELSO Registry study which found no 
differences in complications or mortality with 
hypoxic ischemic encephalopathy between 
those neonates who did and did not receive 
therapeutic hypothermia.45 

Renal Complications 

In neonates on ECLS, acute kidney 
injury (AKI) is a commonly seen important 
complication and up to 25% of neonates may 
need renal replacement therapy.19,46-49 Pre-ECLS 
factors such as lower pre-ECLS pH, need for 
cardiorespiratory resuscitation, inotropic drugs, 
the use of VA ECMO, and high lactate levels 
predominate as predisposing risk factors.30,49  

Zwiers et al. in their study of 242 neonates on 
ECLS, reported AKI in 64%: 30% qualified 
as at risk, 23% as injury and 11% as failure.48. 

Dalton et al. reported that the presence of 
hemolysis (daily plasma free hemoglobin) was 
independently associated with development of 
renal failure during ECLS but not mortality. 
Furthermore, use of in-line renal replacement 
therapies may in turn increase hemolysis.50 
Neonatal nonsurvivors experienced more AKI 
than survivors (OR 3.2; p<0.001) and underwent 
more often renal replacement therapy (OR 2.5; 
p<0.001).46 Liao et al. also found increased 
mortality in neonates with AKI.49 Neonates with 
renal complications tend to have a longer ECLS 
run time.47 Development of AKI and need for 
renal replacement therapy mandates appropriate 
dose adjustment of renally eliminated drugs and 
avoidance of nephrotoxic drugs.51 Long-term 
followup of children with previous AKI on 
ECLS is described below.

Infection

Critically ill neonates on ECLS are at 
increased risk of developing nosocomial 
infections and the incidence ranges from 2% in 
the ELSO Registry to 4.6% in other literature, 
depending on definitions used.52 Bizzaro et 
al. reported an incidence of culture proven 
infection of 10.1/1000 ECLS days in neonates. 
The longer the ECMO run, use of VA ECMO, 
and a greater number of procedures for ECMO 
cannula placement have been reported as risk 
factors for acquired infection during ECMO.53,54 
The most common organisms include coagulase 
negative staphylococci and candida spp, and 
hence close surveillance and prompt treatment 
is important. Infections are associated with 
higher mortality rates and longer durations of 
hospital stay.19,52 There is no current evidence to 
support use of prophylactic antibiotics for the 
prevention of nosocomial infections.52

Key Factors Influencing Outcome

The key factors that influence outcome are 
patient selection, pre-ECLS status, the primary 
diagnosis and ECLS indication, timing of 
initiation of ECLS, associated morbidities, the 
ECLS run itself (type of cannulation, duration 
of ECLS, complications on ECLS), and post-
ECLS morbidity and course.1,15,55 It is notable 
that the use of VA ECMO has emerged as 
an important risk factor for complications. 
Over time, VA ECMO has become the most 
frequently used mode for neonatal respiratory 
failure, reflecting in part the preselection of 
sicker patients with hemodynamic instability 
for advanced life support, and to a lesser extent 
the nonavailability of appropriate VV cannulas. 
This change in the landscape of critically ill 
neonates requiring ECLS has led to longer 
ECLS run times, higher mortality rates, and 
increased long-term sequelae in survivors. 
Decreasing ECLS-related complications and 
ensuring long-term followup is essential in 
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optimizing outcomes from this technically 
complex life-saving therapy for a specific subset 
of critically ill neonates.

It is important to recognize that not only 
complications arising during ECLS runs 
influence short-term outcome (survival) and 
long-term outcome (neurodevelopment). 
Very few of these risk factors are modifiable. 
A multicenter, randomized controlled trial 
conducted in the UK to study the benefit of 
systemic hypothermia in neonates supported 
on ECLS showed no benefit of hypothermia 
versus normothermia, but did highlight that up 
to 50% of neonates at 2 years had some form 
of neurodevelopmental issues as assessed by 
formal testing with Bayley Scales of Infant 
Development.56 

Table 12-2 outlines the potential deter-
minants of impaired outcome following 
neonatal ECLS.

Late Survival Outcomes

Few studies describe long-term survival 
after neonatal ECLS. There is attrition over 
the years, influenced mainly by the presence of 
comorbidities related to the primary diagnosis 
and sequelae from complications. Iguchi et 
al. showed in a single-center retrospective 
study of 741 children (neonates and pediatric 
respiratory ECMO) that late death was related 
to comorbidities. Infants who were alive at 90 
days had five-year survival estimates that were 
highest for MAS 97.9% (95% CI, 92.0-99.5%) 
and lowest for CDH 73.6% (52.3-86.5%).14 

OUTCOME PARAMETER RISK FACTOR 
Lung function/airflow obstruction Diagnosis of RDS, diagnosis of CDH, 

prolonged duration ECMO, chronic lung disease 
Exercise capacity No significant determinants reported 
Physical growth Diagnosis of CDH 
Sensorineural hearing loss Diagnosis of CDH, prolonged duration 

ventilation,* prolonged duration ECMO, 
sepsis/bacterial meningitis,* administration of 
aminoglycosides,* severe birth asphyxia,* 
intracranial abnormalities,* clinical seizures 
before ECMO  

Motor function development Chronic lung disease, intracranial abnormalities, 
low feelings of social competence, reduced 
sport participation, diagnosis of CDH, duration 
of hospitalization 

Intelligence Low maternal education level, diagnosis of 
CDH, duration of hospitalization 

Neuropsychological outcome Highest mean airway pressure before ECMO, 
structural brain abnormalities, maximum vaso-
inotropic score, chromosomal abnormality, 
acute neurologic event on ECMO, time to 
lactate clearance  

Behavior Need for extra help at school 
*not specific for ECMO-treatment but for neonatal intensive care treatment; CDH=congenital 
diaphragmatic hernia; ECMO=extracorporeal membrane oxygenation; RDS=respiratory 
distress syndrome 

 
Table 12-2. Potential determinants of impaired outcome following neonatal ECMO.7
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Long-term Medical Outcomes in Children 
without CDH

Lung Function

Despite the fact that severe respiratory 
failure is the most common indication for 
ECLS in the neonatal period, lung function at 
followup usually reveals only mildly reduced 
forced expiratory flows. In survivors of the only 
randomized controlled neonatal ECLS trial 
recruited between 1993 and 1995, Beardsmore 
et al. showed slightly better lung function at 
1-year followup in ECLS-treated children than 
in children receiving conventional treatment.57 
Lung function results of these UK ECMO 
Trial survivors did not significantly differ from 
those of a cohort of ECMO-treated infants born 
several years later.58 In neonatal ECLS survivors, 
airflow obstruction is usually mild at school 
and adolescent age 11 and it remains stable over 
time in those without CDH.12,59 Unfortunately, 
data on lung morphology after neonatal ECLS 
treatment is currently not available. Risk 
factors reported in the literature for persistent 
airflow obstruction after neonatal ECLS are: 
diagnosis of respiratory distress syndrome, 
CDH, prolonged duration of ECLS support, and 
having chronic lung disease (CLD).12

Exercise Tolerance

Maximal exercise capacity  at school age in 
ECLS survivors has been reported to be normal 
after ECLS for meconium aspiration syndrome 
or decreased in comparison to healthy peers in 
larger series that also included children who 
needed neonatal ECLS for other diagnoses.12,60

In a longitudinal study of 120 neonatal 
ECLS survivors aged 5 to 12 years, maximal 
exercise tolerance deteriorated significantly 
over time, irrespective of the underlying 
diagnosis.61 Maximal exercise tolerance did not 
have any significant relationships with: time 
on ECLS, duration of ventilatory support prior 

to ECLS, total duration of ventilatory support, 
prevalence of CLD, physical growth parameters, 
spirometry results, and sports participation. 
Interestingly, the levels of exercise capacity 
estimated by the parents correlated positively 
with the measured maximal exercise tolerance 
scores.61 

Renal Function

Neonates with acute kidney injury (AKI) 
during critical illness and ECLS are at risk of 
developing chronic kidney disease (CKD) in 
childhood.46,48,62 In a group of 169 neonatal 
ECLS survivors both with and without AKI, 
at least one sign of chronic kidney disease 
(proteinuria or eGFR <90 ml/min per 1.73 m2) 
and/or hypertension was observed in 54 (32%) 
of children at a mean age of 8 years.62 There is 
underappreciation and more often no long-term 
monitoring and screening for CKD in neonatal 
ECLS survivors.

Somatic Growth

Physical growth is usually normal in 
children who required neonatal ECLS for 
diagnoses other than CDH.12,63

Vision

Visual impairment is uncommon in children 
who underwent neonatal ECLS. At the 7-year 
followup of survivors recruited in the UK 
ECMO trial, seven (12.5%) children had mild 
to severe visual impairment, with only one 
having severe impairment, in comparison 
to 5.9% of controls with any kind of visual 
impairment.5 Madderom et al. reported normal 
vision in 93.2% of five-year-old neonatal ECLS 
survivors, with only one child who had severe 
visual impairment.25
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Sensorineural Hearing Loss (SNHL) 

Bilateral sensorineural hearing loss (SNHL) 
has been reported with a prevalence ranging 
from 3%-26% in early studies on neonates who 
received ECLS in the 1980s and 1990s.64-66 A 
more recent Dutch study in 136 five-year-old 
neonatal ECLS survivors born between 1992 
and 2005 reported a much lower prevalence 
at 3.7%.67 Risk factors identified relate to the 
pre-ECLS clinical condition (seizures, PaCO2 
<30 mmHg, pH >7.5, use of furosemide) and 
neonatal intensive care therapies such as 
the use of aminoglycosides, neuromuscular 
blocking agents, and loop diuretics rather than 
ECLS-treatment itself.8,12,66,68 This is attested 
by the finding that the proportion of SNHL 
was same (12%) in both the ECLS-treated 
and the conventionally treated neonates in the 
UK ECMO trial.8 New studies are needed to 
establish whether innovations in intensive care 
treatment modalities have reduced the incidence 
of SNHL in neonatal ECLS survivors.

However, late presentation and identification 
of SNHL has been described despite normal 
initial clinical auditory brainstem responses 
before neonatal ICU discharge, which 
highlights the need for early, routine, audiologic 
evaluations throughout childhood for all ECLS 
survivors.69 Early detection of hearing loss also 
provides a significant advantage for language 
and communication skills which is supported 
by the fact that in the Dutch study, language 
development was favorable.67

Long-term Neurodevelopmental Outcomes

Neurodevelopmental  sequelae are 
commonly described in several ECLS 
followup studies.35,70,71 We describe the different 
neurodevelopmental and neuropsychological 
outcomes. 

Neuropsychological Development 

The mental development scores of neonatal 
ECLS survivors when tested at the preschool 
age are generally favorable, with several 
reporting normal development, both with 
respect to overall cognition, and speech 
and language development.4,67,72 In the UK 
ECMO trial, severe disability (defined as 
developmental quotient <70 on the Griffiths 
Mental Developmental Scales) was found in 
only 4% of ECMO-treated infants at 1 year 
and 17% at 4 years of age.4,8 Interestingly, 
one third (33%) of the survivors experienced 
hyperactivity or behavioral difficulties when 
tested at 4 years.8

A recent study of neonatal ECLS survivors 
(n=24) reported developmental delay in nine 
children on assessment at 36 months with 
the Ages and Stages Questionnaire (parent 
administered questionnaire), with two-thirds 
showing abnormalities (ischemic changes, 
hemorrhage, or white matter changes) on 
magnetic resonance imaging (MRI) brain scan. 
In contrast, MRI abnormalities were noted less 
frequently in children without developmental 
delay.73 In another study of 56 neonates who 
underwent neuroimaging (MRI or CT) post 
ECLS, 59% had ischemic and/or hemorrhagic 
abnormalities that correlated significantly with 
survival and pediatric cerebral performance 
score evaluated 3-4 years post ECLS discharge.74

Studies of children, when assessed at 
5 years of age, have reported normal range 
of intelligence with one reporting language 
development even above average population 
norms.25,75-77 However, at this age, new problems 
such as difficulties with visual-spatial and 
memory tasks may become apparent, which are 
often associated with concomitant behavioral 
problems such as hyperactivity, somatic 
complaints, and reported impaired health.8,25,75 

Few studies have reported on neuro-
developmental outcomes after the age of five 
years. In those tested, normal range intelligence 
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scores at school age were not an unusual 
finding.9,76 In the UK ECMO Trial, the cognitive 
outcome classification at 7 years of age was 
normal in 68% of the ECMO survivors and 70% 
in the conventionally treated group.5 However, 
in the UK trial, 39% of children needed 
either special support at regular education or 
special educational needs. In a nationwide 
Dutch cohort, this was noted even in 48% 
of ECLS survivors.5,9 Both studies reported 
problems with visual and spatial information-
processing, hyperactivity, and attention or 
concentration problems (low working-speed).5,9 
These sometimes subtle neurodevelopmental 
deficits that preschool and school age children 
experience can put them at higher risk for 
school failure when compared to healthy 
children.75,78 More profound neuropsychological 
assessments at 8 years in a cohort of children 
who survived neonatal critical illness revealed 
that intelligence was average, but children had 
problems with sustained attention and both 
immediate and delayed verbal memory as 
well as visuospatial memory.26 The maximum 
dose of vasoactive medication was negatively 
associated with verbal and visuospatial memory, 
leading to the speculation that early cerebral 
hypoperfusion may have contributed. That 
similar findings were observed in children with 
CDH—also the group who did not need ECLS 
support—suggests that the severity of neonatal 
critical illness rather than treatment with ECLS 
determines these long-term neurodevelopmental 
problems.26 A recent review of studies that used 
advanced neuroimaging techniques support this 
assumption.79

Parents reported more somatic problems 
for their 8-year-old children when compared to 
healthy peers.9 On a positive note, these children 
seem to possess well-developed self-confidence 
and self-esteem.9

Thus far, only one study reported on 
neurodevelopmental assessments after school 
age. Adolescents treated with neonatal ECLS 
showed problems with short-term and long-

term verbal memory, visual-spatial memory, 
and working memory. They reported more 
withdrawn or depressed behavior, somatic 
complaints, and social problems. However, they 
also reported positive feelings of self-esteem 
and an average health status.27

A recent U.S. study of adults who underwent 
ECLS for neonatal respiratory failure confirmed 
these positive feelings and less use of health 
care services in the past 12 months compared 
to national cohorts.80 Interestingly, this study 
cohort had more education than national cohorts 
but learning problems were reported by 29.5%, 
along with significant limitations of physical, 
mental, and developmental domains. The results 
of this study may be biased by the low response 
rate of 8.9% of eligible candidates.80

Neonatal  ECLS survivors without 
severe neurologic impairment usually have a 
neuropsychological profile that is characterized 
by an average intelligence; however, with 
significantly lower scores on attention or 
concentration (linked to working-speed and 
information processing speed) and memory 
tasks. Selective memory loss in late childhood 
has been identified in neonatal ECLS survivors 
without overt neurological impairment; however, 
a significant proportion did have reduced 
bilateral hippocampal volumes on brain MRI 
scans.81,82 These problems highlight a significant 
concern because they put the children at risk of 
encountering difficulties as they get older when 
more demanding tasks require information to 
be processed faster, attention or concentration 
needs to be held longer, and more information 
must be stored in the (working) memory. These 
more subtle learning deficits can be classified 
as ‘executive functioning skills’; skills needed 
to develop academic, behavioral, and social 
functioning. As these neuropsychological 
functions start to develop in early childhood 
but continue into young adulthood, these 
children are at risk for ‘growing into deficits’.83 
Evaluation of intelligence is insufficient to detect 
neuropsychological deficits in an adequate 
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and timely manner. When intervention is not 
provided at a young age, the neuropsychological 
deficits may put the child in a downward spiral, 
leading to academic failure and in consequence 
to emotional and behavioral problems. Children 
with visuospatial memory deficits may benefit 
from Cogmed Working Memory Training and 
timely guidance by local educational services 
should be advocated.84

Motor Function Development 

At preschool age, the motor function 
development scores of neonatal ECLS survivors 
are usually favorable, too.12,72 In the UK ECMO 
Trial, significant motor function delay (scores 
<-2 SD) at 1 year of age was observed in 
9% of ECMO-treated neonates and in 8% of 
those who had been treated conventionally.4 
However, when motor function tasks become 
more complex at older age, neonatal ECLS 
survivors here also seem to grow into their 
deficits: while 84% were reported normal at 
1 year, only 43% reported normal at 5 years.4,5 
In the longitudinal nationwide Dutch study of 
neonatal ECLS survivors in the Netherlands, 
motor function performance was evaluated 
at 5, 8, and 12 years. Motor function was 
normal in 74, 75, and 41%, respectively.85 Most 
problems were encountered with gross motor 
function, ie, ball skills and balance skills.85 
Interestingly, their actual motor function was 
worse than self-perceived motor function. In 
the same nationwide Dutch cohort, Toussaint 
and coworkers showed that in 135 eight-year-
olds, standard deviation scores of perceived 
motor competence, social competence, and 
self-worth were all significantly higher than in 
healthy children: 0.18(0.94); 0.35(1.03); and 
0.32(1.08), respectively. Self-reported feelings 
of social competence did correlate weakly but 
significantly with actual motor performance, 
but perceived motor competence and feelings 
of self-worth did not. The same cohort reported 
that their overall quality of life was impaired.86 

This suggests that neonatal ECLS survivors may 
‘overrate’ their actual motor performance and 
that monitoring of actual motor performance 
and education provision are important to enable 
timely and successful intervention. Further 
studies are needed to determine whether their 
parents are able to estimate adequately the 
motor performance.

Outcomes Following ECLS in Congenital 
Diaphragmatic Hernia

Medical Outcomes

Lung Function. Not surprisingly, CDH 
patients who need ECLS treatment are those 
with the most hypoplastic lungs and the most 
severe critical illness, needing prolonged 
ventilation and intensive care treatment. A 
longitudinal study on infant lung function 
testing in CDH patients at 6 and 12 months 
showed evidence of hyperinflation and abnormal 
airway patency indicative of impaired lung 
growth. Hyperinflation was most prominent in 
ECLS-treated infants who developed CLD.59 
The first studies in ECLS-treated CDH patients 
showed that lung function deteriorated over 
time: mean (SD) z-score FEV1 decreased from 

-0.71 (0.40) at 5 years to -2.73 (0.61) at 12 
years.87,88 Later studies in children with CDH 
at school age—also the ones who did not need 
neonatal ECLS—revealed persistent airflow 
obstruction and reduced diffusion capacity 
which was more severe in children who had 
been treated with neonatal ECLS. Deterioration 
of airflow obstruction between 8 and 12 years 
was observed in all CDH patients, irrespective 
of ECLS treatment.89 Worsening of airflow 
obstruction over time was recently confirmed; 
diaphragmatic defect size and need for oxygen 
at discharge but not ECLS-treatment had 
been reported as independent risk factors.90 
Ventilation-perfusion mismatch as a result of 
perfusion deficits on the ipsilateral side seem 
to deteriorate over time as well, especially in 
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those with large diaphragmatic defects and 
need for oxygen at discharge.91 Longitudinal 
MRI lung perfusion measurements have shown 
significantly reduced perfusion MRI values at 2 
years in those who needed ECLS.92 At 10 years, 
similar reduction of ipsilateral lung perfusion 
values was observed, with significantly lower 
pulmonary blood flows in those who needed 
neonatal ECLS. The ipsilateral pulmonary blood 
flow correlated positively with spirometric 
FEV1.

93

A significant deterioration of FEV1 but to a 
much lesser extent has also been described in a 
longitudinal study of conventionally ventilated 
young adult CDH patients with mean (SD) 
z-score FEV1 decreasing from -0.8 (1.2) to 

-1.3 (1.4) between 12 and 26 years of age.88 
Evaluations of lung function in young adults 
born with CDH who underwent neonatal ECLS 
treatment are currently being performed.

To date, only one study on long-term 
development of lung morphology using 
hyperpolarized 3He MRI in CDH patients is 
available, showing microstructural changes 
with significant differences in the ipsilateral 
and contralateral lungs.94 In a case-control study 
of school-aged children with CDH, CT scans 
showed significantly more frequent subpleural 
triangles, architectural distortion, and linear 
opacities in CDH that in healthy controls.95 In 
this single center cohort, the use of ECLS was 
not reported.

Exercise Tolerance. Although maximal 
exercise tolerance in ECLS-treated CDH 
patients tended to be worse than in other 
neonatal ECLS survivors, this difference was 
not statistically significant.61 Maximal exercise 
capacity longitudinally evaluated in children 
with CDH at 5, 8, and 12 years has shown that 
the exercise capacity was below normal in all 
and deteriorated over time, with significantly 
lower values in those who underwent neonatal 
ECLS. It was negatively associated with 
duration on initial hospital stay and positively 
with diffusion capacity of the lungs.96

SNHL. Recently published data on SNHL 
in CDH patients show contradictory results, 
with the prevalence of significant SNHL ranging 
from 2.5% to 32%.67,97-99 Differences may be 
partly explained from age at followup and 
selection bias. Illness severity (eg, need for 
prolonged ventilation or ECLS) is a predictor 
of SNHL in this population. 

Neuropsychological Development

A recent study of fetuses with CDH has 
identified small cerebellum and reduced middle 
cerebral artery flows on prenatal ultrasound 
examinations. However, the clinical significance 
for neurodevelopment is subject to future 
studies.100 From the currently available data on 
neurodevelopmental outcome, it seems that the 
pathway of neuropsychological development 
in ECLS-treated CDH survivors is comparable 
to that of neonates treated with ECLS due to 
other underlying diseases. However, the CDH 
survivors are the ones that seem to experience 
the greatest deficits. Still, most studies reporting 
on neurodevelopment in children born with 
CDH within the first years of life do not provide 
separate data for the ECLS patients. Overall, 
the cognitive and language development scores 
at preschool age are normal to mildly delayed 
and the need for ECLS—amongst other factors 
indicating disease severity—is reported as 
an independent predictor of impaired mental 
development.101,102 

At school age, intelligence is found in 
the average range but at eight years the 
mean (SD) IQ score was 84 (12) and 100 
(20) in ECLS-treated and non-ECLS treated 
CDH patients, respectively.26,103,104 Mean 
intelligence in ECLS-treated CDH children 
was 10 points lower than those who underwent 
ECLS for other underlying diagnoses in the 
neonatal period.26 Eight-year-olds—both 
ECLS-treated and non-ECLS treated CDH 
patients—also experience concentration and 
attention problems, and have impaired verbal 



187

Complications, Followup, and Outcomes of Neonates with Respiratory Failure

and visuospatial memory problems.26,103 ECLS-
treated CDH patients have significantly lower 
scores on visual motor integration compared 
with other neonatal ECLS patients; however, 
these scores are in the average range.9 Verbal 
and visuospatial memory problems in children 
with CDH were not significantly worse than in 
children who needed ECLS for other causes 
of neonatal respiratory failure.26 The children 
report that their perception of general health 
is reduced when compared to the reference 
norm, positively, they also report to have a 
well-developed feeling of self-confidence.86,103

Motor Function

Preschool motor development scores in 
CDH patients are usually reported to be normal 
or below the norm and seem to improve between 
1 and 3 years of age.101,102,105 In a study of  47 
children with CDH where 26% were treated 
with ECLS, mild to severe motor function delay 
was reported in 45% and 19% at 1 and 3 years, 
respectively. At 5 years, 47% of ECLS-treated 
CDH children had normal motor function, the 
remaining 53% had motor delays, mainly in the 
gross motor function domains.104 

Longitudinal  evaluat ion of  motor 
performance through the years (5-8-12 years), 
revealed that children born with CDH who 
needed ECLS experience motor problems at all 
ages.85,104 A recent longitudinal study in children 
with CDH showed that motor performance was 
below normal at 5 years irrespective of ECLS 
treatment. However, at 8 and 12 years, the 
estimated mean z-scores for motor function 
in non-ECLS treated participants were not 
significantly lower than the norm scores, 
whereas the scores of ECLS-treated children 
with CDH were.106 Irrespective of ECLS 
treatment, the length of initial hospital stay was 
significantly negatively associated with motor 
performance.106

Recommendations for Long-term Followup

All neonatal ECLS survivors should have 
general and specialist followup regardless 
of whether they have suffered neurological 
complications on ECLS. 13 Long-term followup 
should be offered as a standard of care in a 
structured and standardized approach. 

T h e r e  a r e  m u l t i p l e  r i s k  f a c t o r s 
(eg, significant hypoxemia, severe acidosis, 
hemodynamic compromise, cardiac arrest, or 
acute neurological events on ECLS) that may 
categorize some neonates at increased risk for 
neurodevelopmental difficulties (see Appendix, 
p.773). It is important to identify and recognize 
these risk factors from the start of ECLS therapy 
and institute a structured, longitudinal followup 
for all neonates from discharge to adolescence 
tailored to the needs of the child and family.13

Most single-center published studies 
that have incorporated followup have used 
standardized assessments. However, substantial 
heterogeneity occurs with different instruments 
used for assessments at variable followup 
intervals after ECLS. The assessment tools 
recommended for use in any followup program 
have to be guided by culturally appropriate and 
locally available tests with age-appropriate 
references. As of now, there is no universal 
reporting of long-term outcome in the ELSO 
Registry. Restricting focus exclusively to 
hospital discharge offers an incomplete 
understanding of the relationship between 
therapy and disease, and their combined effects 
on health in later life.107 

Routine standardized followup programs 
are offered by very few ECLS programs. 
A recent European survey of neurological 
followup reported marked variability in 
neurodevelopmental followup as well as in 
neuromonitoring practices during ECLS.108 
Longitudinal studies from the Netherlands 
have unequivocally demonstrated the value and 
benefits of early identification and intervention 
to the children and their families.9,25,84,85 Other 
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ECLS programs have conducted followup 
assessments with a view to understanding 
the prevalence of the problem or as part 
of research trials, but few have long-term 
followup by a multidisciplinary team of 
specialists.4,5,8,10,56,72,75,109-111 However, patients 
in followup studies are subject to an inherent 
selection bias because there is a higher mortality 
in those with neurologic complications on 
ECLS.19 In addition, children who survive with 
severe neurodevelopmental disabilities might 
either refuse to join followup programs or, 
when they participate, be unable to perform the 
standardized tests. These children usually show 
lifelong morbidity related to cerebral damage 
and profound mental and motor disability. Since 
predictability of outcome increases when the 
outcome at young age is more severe, followup 
of these patients should focus on providing 
optimal management of their disabilities and 
preventing further complications.112 In addition, 
honest evaluation of the costs and benefits 
of ECLS treatment for this group of children 
is desirable because insight into this matter, 
apart from 4- and 7-year evaluation of the UK 
neonatal ECMO trial, is largely lacking.113,114

Neonatal ECLS survivors without ‘overt’ 
neurologic complications usually have favorable 
outcomes in the first years of life, but they are 
at risk for academic, behavioral, and motor 
function problems at later age for which they 
need to be monitored. For this group, more 
subtle insults to the brain might have led to 
minor lesions, which may interfere with normal 
brain maturation. Moreover, they are at risk for 
reduced maximal exercise capacity, chronic 
kidney disease, and, in the case of CDH, for 
deterioration of lung function. Their long-term 
followup should focus on early recognition and 
offering timely interventions. 

Neonates with an identified risk factor or who 
have developed a neurological complication on 
ECLS will benefit from more targeted followup. 
The ideal algorithm would incorporate followup, 
neuroimaging, and sequential age-appropriate 

neuropsychological testing up to adolescence in 
a risk stratified process depending on clinical 
neurological signs and MRI findings73,74,115

The recently published ELSO guideline 
for followup after neonatal and pediatric ECLS 
outlines recommendations for medical and 
specialist followup from hospital discharge 
until adolescence, individualized depending 
on clinical status and neurodevelopmental 
morbidities (see Appendix, p.773).13 As it 
is now becoming increasingly clear that 
exclusive assessment of intelligence does not 
capture the full range of learning deficits that 
underlie academic and behavioral problems, 
structured assessment of specific domains 
of neurodevelopmental skills at different 
ages seems essential. Internationally agreed 
recommendations, made in conjunction with all 
ECLS centers, are crucial to reduce variability, 
inform, integrate, and improve followup care 
with the aim of engaging families, community 
health, and educational psychology services. 
With different followup protocols, including 
neuroimaging and neuropsychological testing, 
reflecting the degree of variability in the 
followup data that are acquired, a longitudinal 
followup pathway integrating neurological 
assessment starting from the time of referral 
of the child for ECLS right up to adolescence 
should be planned by the individual ECLS 
program with the guidelines set out in the ELSO 
guidelines.13 An example of a followup schedule 
is shown in the Appendix (p.773). 

Having a structured followup plan in place 
early facilitates family engagement and helps 
them understand the importance of followup. 
Involving parents right from the start is 
crucial to the success of the followup program. 
Furthermore, standardized followup pathways 
provide information and knowledge for local 
pediatricians and neonatologists who may or 
may not be aware of the later neurocognitive 
issues and neuropsychological sequelae and 
thus ensures evaluation and support for the 
child’s ongoing developmental needs.116 Finally, 
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if this information was collated and analyzed, 
it could lead to greater understanding and 
identification of risk factors for specific patterns 
of brain injury and neurological deficits in 
neonatal ECLS survivors.

Conclusions

•	 Pre-ECLS and on-ECLS risk factors need to 
be taken into account during post discharge 
followup programs. Neurological injury 
may be ‘silent’ in neonates.

•	 Locally available standardized assessment 
tools should be used in these programs. It 
is important to bear in mind that IQ alone 
is insufficient to track neurodevelopmental 
problems.

•	 ECLS survivors may ‘grow into their 
deficits,’ ie, early, subtle brain injuries may 
become more evident later in life when 
higher cognitive functioning is needed. 
Therefore, followup should be continued 
into adolescence

•	 ECLS healthcare professionals should 
inform parents about potential sequelae 
and recommend seeking advice in case of 
growth failure; reduced exercise tolerance; 
or neurodevelopmental problems, such as 
clumsiness, poor academic performance, 
or problems in behavior, concentration, or 
memory.

•	 Early recognition of morbidities and timely 
intervention is important to optimize 
participation in society.
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Initiating Extracorporeal Life Support for Pediatric Respiratory Failure 

Thomas V. Brogan, Ryan P. Barbaro, Pierre Tissieres, Luregn J. Schlapbach, Heidi Dalton

Careful management of patients with 
moderate to severe lung disease (eg, pediatric 
acute respiratory distress syndrome [PARDS]) 
may obviate the need for ECLS or increase 
the likelihood of success once a patient is 
cannulated for ECLS. Unfortunately, strong 
evidence for the management of children with 
severe hypoxemic respiratory failure is sparse. 

ECLS provides a means of patient 
support when mechanical ventilation proves 
inadequate or injurious. Decades of research 
have demonstrated that acute lung disease can 
be exacerbated by mechanical ventilation and 
even by enthusiastic spontaneous breathing. 
ECLS provides excellent gas exchange while 
permitting the clinician to minimize hazardous 
mechanical ventilation.

Therapeutic Conditions that May Harm the 
Lung

Ventilator induced lung injury (VILI) 
results from the additive effects of conventional 
mechanical ventilation load (tidal volume, 
driving pressure, positive end expiratory 
pressure [PEEP], I:E ratio, flow and respiratory 
rate), considered as the “mechanical power” 
to injured lung parenchyma.1 At the bedside, 
evaluation of mechanical power is made 
through analysis of three components: 
respiratory system elastance (overdistension/

recruitment), airway resistance, and PEEP. 
Practically, high mechanical power was shown 
to be associated in children with ARDS with 
fewer 28-day ventilator free days.1 The effect 
of high mechanical power may prove to be 
particularly relevant in young children (<2 years 
of age), where higher chest wall compliance 
and increased energy transmission to the lung 
rather than the chest wall may predispose to 
increased VILI if treated with lower PEEP and 
high driving pressure.1 

The pivotal studies of Amato et al. found 
that, among 3562 adults, driving pressure (DP) 
was most strongly associated with survival 
even in patients receiving “protective plateau 
pressures and Vt”.2 Studies showed that 
children managed with DP under 15 cmH2O 
had lower duration of MV, ICU LOS, and more 
ventilator-free days at day 28.3,4 Recently, in 
a cohort of 222 children with pediatric acute 
respiratory failure, higher driving pressure was 
independently associated with increased time 
to extubation, while patients with DP under 
15 cmH2O had increase 28-day ventilator free 
days. Importantly, it was shown that dynamic 
airway pressure gradients overestimated driving 
pressure.5 

Patients self-inflicted lung injury (P-SILI) 
can occur in patients with lung injury who have 
increased respiratory drive. Intense inspiratory 
effort that may worsen lung injury through 
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different mechanisms (eg, overdistension, 
pendelluft, atelectrauma, increased vascular 
transmural pressure), likely aggravating 
preexisting lesions.6 In patients on conventional 
mechanical ventilation (CMV), detection of a 
strong respiratory effort (through inspection 
of airway pressure wave forms or esophageal 
pressure monitoring) as well as patient-ventilator 
asynchrony (identification of breath stacking) 
should warrant immediate intervention by 
optimizing sedation, neuromuscular blockade, 
and PEEP levels.6

Additionally, high levels of inspired oxygen 
can be damaging to the lung. Arterial saturations 
should be maintained between 88-92% in 
moderate to severe ARDS by titration of FiO2. 
This becomes particularly relevant when 
inhaled nitric oxide (iNO) is used in patients 
with suspected pulmonary hypertension because 
production of peroxynitrite can aggravate 
lung injury and promote fibrosis, especially in 
younger infants where postnatal alveolarization 
may be impaired. Persistent requirement of 
FiO2 >60% should be avoided.7 Not only does 
high FiO2 potentially exacerbate lung injury 
but it also worsens ventilation-perfusion 
(VA/Q) mismatch and may destabilize low 
VA/Q units, resulting in absorption atelectasis. 
Permissive hypercapnia with serum pH goals 
between 7.15-7.30 has been recommended for 
patients with severe lung disease. Bicarbonate 
infusion to improve pH, however, is not 
recommended. Persistent acidosis, especially 
with hemodynamic or cardiac compromise, may 
indicate the need for ECLS.

Pre-ECLS Patient Management 

Currently, for children with moderate to 
severe PARDS (Table 13-1), data to guide 
the choice of CMV mode are lacking.8 When 
employing CMV, data in the adult population 
show improved outcomes when limiting 
tidal volume to 6 cc/kg ideal bodyweight 
(IBW), compared to 12 cc/kg.7 In the absence 
of comparable data in children, limiting Vt 
seems logical. The PALICC guidelines suggest 
keeping Vt below 8 cc/kg IBW and limiting 
inspiratory pressure to 28 cm H2O unless there 
is increased chest wall elastance (increase to 
29-32 cm H2O).7 

PEEP adjustment to optimize gas exchange 
is an important component of ventilator 
management prior to ECLS—following the 
ARDSnet PEEP/FIO2 table can be helpful 
(although not well applied in pediatrics).9 Lower 
PEEP than recommended has been associated 
with increased mortality in children with 
severe respiratory failure. One study compared 
observed PEEP in 1134 children vs. suggested 
PEEP according to the FiO2 from the ARDSnet 
graph. Outcomes were based on severity of 
PARDS.9 Clinicians tended to use higher 
PEEP than suggested when the FiO2 surpassed 
0.5. PEEP set below that recommended by 
the ARDSnet protocol was associated with 
greater mortality, consistent across all initial 
PaO2/FiO2 subgroups. When PEEP exceeded 
protocol levels by 1 to 4 cm H2O, mortality 
was lowest. Lung recruitment maneuvers are 
not routinely recommended. However, when 

NONINVASIVE 
MECHANICAL VENTILATION* 

INVASIVE 
MECHANICAL VENTILATION 

 Mild Moderate Severe 
PaO2/FiO2 < 300 4< OI <8 

5< OSI <7.5 
8< OI <16 

7.5< OSI <12.3 
OI >16 

OSI >12.3 
*Facemask, BiPAP, or CPAP >5 cmH2O 
Oxygenation Index (OI)=Mean Airway pressure x FiO2 / PaO2 (post ductal)  
Oxygen Saturation Index (OSI): Use SpO2 in place of PaO2 

 
Table 13-1. Severity of illness scores for pediatric acute respiratory distress 
syndrome (PARDS).
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used they should include PEEP assessment 
for oxygenation improvement, avoiding 
barotrauma. 

High frequency oscillatory ventilation 
(HFOV) has been used with success in children 
with severe ARDS, but no studies demonstrate 
its superiority to CMV. The same holds true 
for high frequency jet or percussive ventilation 
(HFJV, HFPV, respectively).  PALICC 
recommends considering HFJV with severe 
airleak disease and to consider HFPV in PARDS 
with secretion-induced atelectasis.7 Also, airway 
pressure release ventilation (APRV) can be 
considered, but no evidence suggests that it 
decreases mortality or progression to ECLS.7 
We recommend that clinicians employ ventilator 
modes with which they are most experienced 
when managing children with severe respiratory 
failure.

Data on prone positioning in children have 
shown enhanced gas exchange with improved 
ventilation-perfusion (V/Q) matching but 
not better outcomes. Prone positioning also 
produces more homogeneously distributed 
stress and strain.4,10 However, the strong 
outcome data in adults and the physiologic 
underpinnings of prone positioning support 
the use of this maneuver whenever safe prior 
to ECLS.10 Complications related to prone 
positioning are few. 

Conflicting evidence exists for the use of 
inhaled nitric oxide (iNO) before ECLS. In 
a multicenter study of 55 children, iNO was 
associated with increased ECLS-free survival 
(92% vs. 52%)11 while in another study, 
responders to iNO  (≥20% improvement in 
oxygenation by 6 hours) had lower use of ECLS 
but not improved survival.12 In a retrospective, 
propensity matched study not limited to children 
with moderate to severe PARDS, iNO was not 
associated with decreased mortality.13 PALICC 
recommend a pre-ECLS trial of iNO, especially 
in those with pulmonary hypertension or RV 
dysfunction, but in unstable patients the use of 
iNO should not delay cannulation.7 

Neuromuscular blockade (NMB) has been 
employed with improved outcomes early in 
adults with severe ARDS. In a small prospective, 
case-control study, children with PARDS treated 
with NMB had lower mortality than those not 
so treated.14 NMB should be considered early 
in the course of severe hypoxemic respiratory 
failure, especially when sedation alone does not 
adequately aid ventilatory management.7

Other adjunctive therapies, including 
surfactant and corticosteroids, lack sufficient 
data to support their use in children with severe 
hypoxemic respiratory failure. 

Children with respiratory failure are 
considered for ECLS candidacy when 
conventional support does not provide adequate 
gas exchange, if they are receiving dangerous 
levels of ventilator support, or if they have severe 
barotrauma. ECLS may also be employed to 
facilitate other procedures (eg, airway surgery)
(Table 13-2).15,16 Updated recommendations 
from the Pediatric Acute Lung Injury Consensus 

 

NEONATAL SURVIVAL 
CDH 55% 
MAS 91% 
PPHN/PFC 73% 
Sepsis 51% 
Pneumonia 41% 
Air Leak 66% 
Other 72% 

PEDIATRIC SURVIVAL 
Viral pneumonia 71% 
Bacterial pneumonia 74% 
Pneumocystis 80% 
Aspiration 70% 
ARDS/postop, trauma 70% 
ARDS/not postop/trauma 69% 
Acute resp failure 67% 
CDH=congenital diaphragmatic hernia; 
MAS=meconium aspiration syndrome; 
PPHN=persistent pulmonary hypertension of 
newborn; PFC=persistent fetal circulation; 
ARDS=acute respiratory distress syndrome 

 
Table 13-2. Outcomes with ECMO by 
diagnosis (Data adapted from International 
ELSO Registry, April 2021, 2016-2020).
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Conference (PALICC 2) for care of PARDS and 
for ECLS are available.7 Due to a lack of high-
quality published studies, recommendations 
remain general and outline the need for future 
studies. 

ECLS recommendations include: 1) ECLS 
should be considered to support children 
with severe PARDS where the cause of the 
respiratory failure is believed to be reversible, or 
the child may be a candidate for transplantation 
or other destination therapies; 2) Children 
with severe PARDS should be evaluated for 
ECLS when lung protective strategies result in 
inadequate gas exchange; 3) Serial evaluation 
of ECLS eligibility is more useful than single-
point assessment; 4) Decisions to institute ECLS 
should be based on a structured evaluation of 
case history and clinical status by an established 
expert team; 5) Current evidence does not 
support extracorporeal carbon dioxide removal 
(ECCO2R) technology in children but it may be 
appropriate in select patients.

PALICC recommendations for respiratory 
failure include evaluating oxygenation indices 
(PaO2/FiO2, Sat/FiO2, OI, OSI) every six hours 
from onset of PARDS for the first 24h and 
serially thereafter as clinically indicated to 
stratify PARDS severity, risk of mortality, and 
illness trajectory.16 Severity of illness measures 
are shown in Table 13-2.17 Despite evidence that 
OI levels <16-20 are associated with increased 
death, values at ECLS initiation remain above 
30-40 in most reports. When patients have OI 
levels >16-20, it is recommended that they be 
cared for in a center where ECLS can be applied 
in a timely fashion.

Overview of ECLS for Respiratory Support

Among children outside of the neonatal 
period (between 28 days and 18 years), ECLS 
use increased with 600-800 cases per year 
between 2015 and 2020.17-19 There are no 
randomized clinical trials informing care of 
children beyond the neonatal period, but clinical 

trials in neonates and adults support ECLS in 
acute respiratory failure.20-22 ECLS is used in a 
complex and diverse group of pediatric patients 
(Table 13-3).23,24 Children with respiratory 
failure may be supported with either VA or VV 
ECMO. Roughly one-third of children have 
their carotid artery cannulated for respiratory 
ECMO.18 

Pediatric Acute Respiratory Distress Syndrome 
(PARDS) and Acute Respiratory Failure

There are no established thresholds for 
initiating ECLS in PARDS or acute respiratory 
failure.25,26 Observed clinician practice suggests 
this transition commonly occurs at a median 
oxygenation of index of 40 (despite evidence 
that lower levels of OI are also associated with 

 

CATEGORY EXAMPLES 

Infectious  
 Viral infection 

Adenovirus, Enterovirus human 
metapneumovirus, cytomegalovirus, 
herpes simplex virus, SARS-CoV-19, 
etc 

 Bacterial infections 
Pertussis, legionella, etc 

 Fungal infections 
Malignancy  Parasitic infections 

Pneumocystis jirovecii pneumonia 
Malignancy/Immune Dysfunction  
 Common pediatric malignancies  
 Hematopoietic stem cell transplantation 
 Chimeric antigen T-cell (CAR-T) 

therapy 
 Human immunodeficiency virus (virus) 
 Hemophagocytic lymphohistiocytosis 

(HLH) 
 Langerhans cell histiocytosis 
 Multi-inflammatory syndrome in 

children (MIS-C) 
Pulmonary Hemorrhage  
 Diffuse alveolar hemorrhage 
Diffuse Lung Injury  
 Toxin exposure 

Drug overdose  
 Vaping injury 
 Amniotic fluid embolism 
 Gas inhalation 
Special Pulmonary Pathologies  
 Acute chest syndrome/sickle cell 

disease 
 Hepatopulmonary syndrome 
 Plastic bronchitis 
 Cystic fibrosis 
 Lung transplantation 
Trauma/Burn  
Airway Surgeries  
 Airway reconstruction/slide 

tracheoplasty 
 Endobronchial tumor 

 
 Table 13-3. Examples of successful use of 

respiratory ECMO in children.
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increased mortality) and a PaO2/FiO2 ratio of 
approximately 60.24,27 Outcomes among children 
with acute respiratory failure are favorable 
relative to other indications of ECLS support, 
with reported mortality rates from multicenter 
studies ranging between 25 and 40%.23,28,29 ECLS 
support was delivered on average for 13 days to 
children with acute respiratory failure.28 

Status Asthmaticus 

ECLS has been applied to children with 
refractory status asthmaticus with survival 
approaching 90% and an average ECLS run of 
6 days.24 A review of the ELSO Registry data 
from 1986-2007 and separately 2009-2014 
found 60/64 (94%) and 72/84 (86%) children 
with asthma survived to hospital discharge, 
respectively.24,30 Patients typically had severe 
hypercarbic respiratory failure with median pH 
6.96 (IQR 6.78-7.28) and PaCO2 123 mmHg 
(IQR 70-237 mmHg).30 ECLS was used generally 
as a rescue after other asthma therapies failed. 
Once on ELCS, experts suggested severe 
hypercarbia should be reduced by 10-20 mmHg 
per hour30 to avoid cerebral complications from 
acute changes in cerebral blood flow.31

Respiratory ECLS in Complex Conditions 

Respiratory ECLS is increasingly employed 
in complicated conditions ranging from chronic 
respiratory failure to malignancy and burn 
injury. In a ELSO Registry report, 35/59 (59%) 
of children receiving ECLS in the setting of 
chronic respiratory failure survived to hospital 
discharge.24 ECLS was also used as a bridge to 
lung transplant in 68 children from 2004-2019, 
although numbers may be increasing as lung 
transplant in children expands overall.32 Pediatric 
lung transplant was most often offered for chronic 
respiratory diseases such as cystic fibrosis, but 
7 (10%) children had acute respiratory failure.32 
Among children successfully bridged to lung 
transplant with ECLS, 11/68 (16%) died prior 

to hospital discharge and the estimated 5-year 
survival was 54% (95% confidence interval 
39-66%). 

ECLS has also been used to support 
respiratory failure in cancer, hemophagocytic 
lymphohistiocytosis (HLH), after hematopoietic 
stem cell transplant (HSCT), and in numerous 
other immunocompromised states as well.34,35 
Estimated survival to hospital discharge has 
ranged from approximately 40-50% in cancer,24,33 
35-40% in HLH,35 and 15-20% in HSCT.34 

Severe pulmonary hemorrhage represents a 
significant risk given the need for anticoagulation, 
but ECLS has been successfully employed 
for children with this condition, with survival 
rates of 60% or more.23,24 Case series reported 
reducing anticoagulation targets to address the 
bleeding risk.36,37 Children with severe airway 
abnormalities have also been supported with 
ECLS prior to surgical repair for physiologic 
stabilization, and postoperatively for optimal 
healing of the surgical site without mechanical 
irritation from endotracheal tubes or positive 
airway pressure.37-39 ECLS has been used in the 
setting of burns or smoke inhalation injury with 
survival rates of 56%, but complications were 
common.40

Prolonged Respiratory ECLS 

Prolonged ECLS, defined as greater than 21 
days of ECLS support, was reported in 12% of 
respiratory ECLS in a 1993-2007 review of the 
ELSO Registry, with survival rates of 38%.41 
Survival gradually declines with increasing 
duration of ECLS, but prognostication in 
prolonged ECLS support remains difficult. 
Consequently, it is prudent not to discontinue 
care based on prognostication, but rather if major 
complications arise that preclude adequate long-
term quality of life. Recent data has reported 
that lung regeneration seems to occur, even in 
adults, and prolongation of ECLS duration is 
now occurring for months to allow lung recovery. 
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Introduction

 ECLS can be used to effectively support 
children with reversible severe pediatric acute 
respiratory distress syndrome (PARDS) who 
are refractory to conventional intensive care, 
providing the patient time for recovery of end-
organ function. In this chapter, we focus on 
the many challenges faced by teams caring for 
pediatric patients with severe respiratory failure 
beyond the neonatal period and how the wider 
multidisciplinary team can best support the 
patient during an ECLS run. We will focus on 
specific management strategies as well as the 
essential holistic aspects of pediatric ECLS care.

Predicting Outcomes

The indications for ECLS in children with 
respiratory failure have broadened over time as 
the technology, management techniques, and 
understanding of respiratory physiology have 
further developed (see Chapter 13).1 Established 
PICU severity of illness scores, such as the 
pediatric risk of mortality score (PRISM III), 
pediatric index of mortality (PIM 2), and 
pediatric logistic organ dysfunction score 
(PELOD) perform poorly at predicting pediatric 
ECLS mortality.2 Historically, the Oxygenation 
Index (OI) was used as a clinical indicator 
to guide timing to cannulation onto ECMO 

support.3-5 This approach has recently been 
challenged and may be less useful than 
previously thought.5 OI is not routinely used in 
many well-established ECLS centers. 

Experience in adult respiratory failure has 
backed the early deployment of ECLS, as used 
in the treatment algorithm of the EOLIA study,7 
as well as the adult respiratory failure scores 
such as RESP,8 and PRESERVE.9 However, a 
recent study highlighted the absence of a hard 
‘cutoff’ in terms of pre-ECLS days of ventilation, 
emphasizing that the decision to initiate 
ECLS must be informed both by available 
evidence as well as institutional experience and 
knowledge.10 

Management of the ECLS Circuit

It is important to review all aspects of 
ECLS support for pediatric respiratory failure 
multiple times a day to ensure the settings 
are optimized and potential complications 
are prevented or detected and acted on early. 
Key areas to consider during an ECLS run for 
respiratory failure are blood flow, sweep gas 
flow, blender oxygen delivery, anticoagulation, 
and transfusion triggers. Excellent care of 
the circuit, including the membrane lung, is 
essential. Targets for SaO2, SvO2, and PaCO2 
must be established. These areas will be 
adjusted depending on the mode of ECLS 
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utilized. In this section, we will focus on VV 
ECMO as the most common form of respiratory 
ECMO support.

When setting adequate blood flow targets 
on VV ECMO, it is important to consider the 
mode of cannulation. In patients with a poorly 
positioned double lumen ECMO cannula, 
recirculation of oxygenated blood from the 
return (or reinfusion limb) of the ECMO 
cannula into the drainage limb of the ECMO 
cannula may occur, especially when the ECMO 
flow is increased. If this occurs, the oxygen 
saturation of the blood from the drainage limb 
of the circuit will increase, while the patient’s 
arterial and venous saturations may remain 
static or even fall. An easy, quick bedside 
check will be noting the color of the blood in 
the drainage ECMO tubing to be similar to the 
reinfusion or return tubing. The percentage of 
re-circulation can be estimated by calculating 
the recirculation fraction, where SpreO2 is 
the oxygen saturation of blood entering the 
membrane and SpostO2 the saturation of blood 
leaving the membrane oxygenator. The SvO2 is 
not a true central venous saturation but often 
estimated from blood sampled from a central 
line placed in either the superior or inferior 
vena cava:

(SpreO2 – SvO2) / (SpostO2 – SvO2) x 100

If VV ECMO is utilized via a well-placed 
bicaval cannula, the potential impact of 
recirculation will be less and often negligible. 
If VV ECMO is deployed via a two-cannula 
approach, with a femoral venous drainage 
cannula and a jugular return, the potential 
recirculation will also be minimal as long as 
the drainage cannula is sited inferiorly to the 
right atrium and the tip of the return cannula is 
not directly in the right atrium.

Blood flow, FsO2, and hemoglobin 
concentration directly affect a patient’s oxygen 
arterial saturation. It should be remembered that 
in VV ECMO, an SaO2 >75% may be adequate 

as long as the patient’s venous saturations 
and other markers of end organ function are 
adequate. One does not need to target SaO2 
>90% in patients on VV ECMO. There is 
evidence from all aspects of intensive care as 
to the deleterious impact of hyperoxia, and the 
field of ECLS is no different.11 

Ensuring clear targets for PaCO2 targets 
are essential. At initiation of ECMO, rapid or 
precipitous falls in PaCO2 can increase cerebral 
vascular resistance and are associated with 
worse neurological outcomes.12,13 

Management of the ECLS circuit also 
includes paying close attention to any increase 
in transmembrane pressures which may signify 
evolution of clots in the membrane and, if 
significant, would warrant a change out of 
the membrane lung (or potentially circuit) 
(see Chapter 7). Changes in transmembrane 
pressures tend to occur gradually and prior to 
any change in gas exchange, which is a late sign 
of this complication of ECMO. Early discussion 
with perfusion team members will guide this 
assessment.

Other aspects of ECMO circuit management, 
including cannula care and anticoagulation, are 
covered in the later sections of this chapter. 

Ventilatory Management

Optimal ventilator management for patients 
supported with ECLS for respiratory failure is 
center-dependent and often based on anecdote 
rather than published evidence. Nonetheless, 
the overwhelming expert consensus is to avoid 
using damaging ventilator settings. The goals 
of ECLS support are to minimize barotrauma, 
volutrauma, atelectrauma, and biotrauma 
associated with injurious ventilator settings, in 
order to promote lung healing.

The current recommendations in the 
updated ELSO guidelines on pediatric 
respiratory ECMO management suggests 
initial ventilator settings with FiO2 <50%, peak 
inspiratory pressure (PIP) of <25 cmH2O, and 
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PEEP between 5-15 cmH2O. Respiratory rate 
of 10-20 breaths per minute and inspiratory 
times of 0.8-1 second are recommended by 
the authors, depending on patient age and size. 
When adjusting the ventilator settings once the 
patient is on ECLS, the underlying pathology 
must be considered in determining how best 
to support the underlying lung pathology. For 
example, a patient with significant air leak 
and pneumothoraces may be best served by 
a period of complete lung rest without any 
positive pressure, merely ensuring some 
humidification at the end of the endotracheal 
tube. A patient in status asthmaticus will require 
reduced inspiratory times and respiratory rate 
to avoid gas trapping. Ventilator management 
strategies must be tailored to the underlying 
pathophysiology.

Perhaps the most important lesson for lung 
management during respiratory ECMO support, 
learned over many years by the authors, is to 
understand the underlying disease process 
and be patient to allow the necessary lung 
remodelling and recovery to occur. This may 
take weeks to months in certain disease states, 
and the key message is not to expect recovery 
too soon which could cause further secondary 
lung injury. This is very different than cardiac 
ECMO when early reintervention, if required, 
and weaning from ECMO is a primary focus. 
Long periods of respiratory ECMO support can 
be effective and enable patient recovery when 
delivered by a well-trained team. 

To facilitate a lung protective strategy during 
a prolonged ECLS run, it is recommended to use 
lower ventilator settings including CPAP. Some 
centers, after a period of appropriate training, 
may choose to progress to extubation as part of 
an ‘awake’ period of ECMO support.14,15 There 
are no clear data to guide the use of specific 
ventilation modes once the pediatric patient 
is on ECLS, (eg, pressure controlled or high 
frequency ventilation). Once again, institutional 
experience is important, and a patient-centered 
approach should be taken. 

As part of a lung protective strategy, any 
significant pneumothoraces or hemothoraces 
should be drained in a timely fashion by a 
skilled team. If left untreated, a progressively 
enlarging pneumothorax or hemothorax may 
impair ECMO drainage, cardiac function, and/
or lung recovery. Should an air leak develop 
secondary to significant lung pathology, the 
patient should have a drain placed and positive 
pressure ventilation limited, or ceased all 
together, to allow the lung injury and air leak 
time to heal. Nonetheless, the decision to drain 
any pleural collection is an extremely important 
one which needs to factor in the risks and 
potential benefits of the procedure. Converting 
a small pleural effusion into a large hemothorax 
by inexpert chest drain insertion will not help 
the patient (see Chapter 51).

In an international survey of ventilation 
practices for pediatric and adult patients on 
ECLS, 27% of the pediatric centers queried 
would consider extubating their patients, 14% 
of whom would consider this in the first week 
of support.16 In adult ECLS centers, 68% will 
extubate an ECLS patient, with 41% doing 
this in the first two weeks of support. This 
represents a major shift in respiratory support on 
ECLS in recent years; however, the challenges 
to managing an awake extubated patient on 
respiratory ECMO safely need to be weighed 
against the risks, not only at an institutional 
level but also at an individual patient level. In 
centers practicing extubation on ECLS, a clear 
pathway and training are essential, including 
the presence of well-trained staff required 
for rapid establishment of an airway in the 
event of a significant circuit complication or 
cardiovascular instability. There should be 
clear plans for patient management prior to 
decannulation or other procedures and other 
specifics should be outlined for each patient.17

A recent survey described the low frequency 
of the routine use of tracheostomy in ECMO 
patients, performed in only 12% of surveyed 
pediatric centers.16 Tracheostomy is not seen as 
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routine practice in pediatric respiratory ECMO 
patients.

Prone positioning in ARDS has become a 
part of routine management in many patients 
with severe respiratory failure.18-20 However, 
whether it adds additional benefit to patients 
already on ECLS remains unclear. 

The role of the physiotherapist/respiratory 
therapist is essential in any respiratory ECMO 
run (see Chapter 47). Their role is multifaceted 
and includes assessing and assisting in the 
optimization of the recovering lung, as well 
as the neuromuscular and neurodevelopmental 
aspects of a holistic ECLS care package. 
Respiratory physiotherapy input to patient care 
becomes essential as the patient progresses 
after the initial stages of care, when the lung 
injury is at its greatest. The importance of 
avoiding any secondary lung injury from 
exposure to high concentrations of inspired 
oxygen or significant inspiratory pressures on 
manual breaths are essential. The role of lung 
recruitment maneuvers is controversial and are 
not routinely recommended in adult patients 
with ARDS.21,22

Patients with pulmonary hypertension may 
receive therapies such as inhaled nitric oxide 
or intravenous pulmonary vasodilators prior 
to ECLS. Continuation of these medications 
once on ECLS is controversial. In general, 
routine discontinuation of inhaled nitric oxide or 
other vasodilator medications is recommended. 
The only caveat is for VV ECMO patients 
with severe right heart failure secondary to 
pulmonary hypertension, in whom pulmonary 
vasodilators may improve right heart function. 

Flexible bronchoscopy is increasingly being 
used safely as a diagnostic tool in pediatric 
ECMO patients with a relatively high yield, eg, 
diagnosing airway anomalies, tube malposition, 
or microbiological confirmation of ventilator-
associated pneumonia. Initial bronchoscopy 
findings often guide the need for future 
bronchoscopies during an ECLS run. Multiple 

case series have demonstrated the value of 
bronchoscopies in pediatric ECLS.23-27

In recent years, there has been a burgeoning 
interest in point of care ultrasound (POCUS) to 
assess lung pathology and illness. This has been 
followed by similar publications in patients 
supported with ECLS.28-30 

Evidence from an experienced Swedish 
ECLS center demonstrated that CT imaging 
identified findings requiring interventions in 
18% of their respiratory ECMO patients.31 

Similarly, in a small case series in pediatric 
patients, CT imaging led to interventions in 
84% of patients.32

A pragmatic approach to investigating 
respiratory ECMO patients is to support the 
development of POCUS in any respiratory 
ECMO center and have a low threshold for 
undertaking both thoracic CT imaging and 
flexible bronchoscopy.

Cardiovascular Management

Many patients with severe respiratory 
failure will require vasoactive support prior to 
the initiation of ECLS. Unless intrinsic cardiac 
disease is present, much of this need relates to 
the underlying condition causing the hypoxia 
and/or hypercarbia and the high-pressure 
ventilatory support necessary to sustain life. 
Once ECLS is initiated, ventilator support can 
be reduced allowing for a reduction in mean 
airway pressure and, therefore, an improvement 
in systemic venous return. Additionally, with 
the improvement of oxygen delivery due to 
the membrane lung, the effect of hypoxia on 
the myocardium is resolved, leading to the 
return of normal cardiac function. Frequently, 
vasoactive/inotropic agents can be weaned off 
as both systemic blood pressure and peripheral 
perfusion improve. 
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Renal and Fluid Management

Patients on ECLS require careful con-
sideration of renal function and fluid balance 
due to the high risk of developing acute kidney 
injury, which is associated with increased 
hospital mortality.33 A recent metaanalysis 
of pediatric ECLS patients reported a pooled 
estimated incidence of AKI and severe 
AKI requiring RRT of 61.9% and 40.9%, 
respectively.33 The mechanism of AKI in 
patients on ECLS is multifactorial, with a 
combination of hemodynamic alterations 
associated with baseline disease, capillary leak, 
failure of renal homeostasis, fluid overload, and 
inadequate renal perfusion.34 Fluid management 
options that are commonly utilized to maintain 
renal perfusion and manage extravascular fluid 
shifts include optimization of intravascular 
fluid volume, pharmacological therapies (eg, 
diuretics), and RRT. 

Patients requiring ECLS often require fluid 
resuscitation to maintain their hemodynamic 
profile during resuscitation and stabilization. 
They may also continue to require volume 
replacement in the initial stages after cannulation 
to optimize venous return and facilitate adequate 
circuit flows. With ensuing capillary leak, 
volume resuscitation may result in significant 
tissue edema and reduced intravascular fluid 
volume, which can reduce renal perfusion. 
Fluid overload is associated with adverse 
outcomes, such as increased mortality in the 
pediatric ECLS population.35 It is important, 
therefore, to ensure strict fluid balance with 
the aims of avoiding hypovolemia and ensuring 
renal perfusion while preventing tissue edema. 
Important considerations include specifying 
overall fluid allowance, including medication 
infusions and nutrition in intake calculations, 
concentrating medications were possible, and 
ensuring accuracy of outputs.

Diuretics can be administered via bolus 
doses or continuous infusions and are commonly 
used in ECLS patients to help manage evolving 

tissue edema. Loop diuretics are commonly 
used and have been shown to reduce volume 
overload and achieve adequate urine output. 
Care must be taken to titrate drug doses to 
clinical effect and prevent any nephrotoxicity.

Renal replacement therapy is used to 
maintain fluid balance, support renal function, 
maintain electrolyte balance, and potentially 
clear inflammatory cytokines (see Chapter 
42).36 The timing of initiation of RRT is often 
individualized for each patient based on fluid 
status and any biochemical derangement. 
Continuous renal replacement therapy (CRRT) 
is most commonly used due to a reduction 
in rapid fluid shifts. The provision of CRRT 
can be in a parallel system to the ECLS 
circuit or integrated within the circuit itself. 
The benefit of an integrated approach is that 
additional vascular access and anticoagulation 
are not needed; however, care must be taken to 
avoid potential disadvantages (eg, risk of air 
entrainment). High access or return pressures 
may be outside the alarm limits for the CRRT 
device, resulting in interruption of treatment.37 
The benefit to running parallel systems is 
that the difficulty in providing RRT related to 
pressure limits has been removed. On the other 
hand, there is a need to insert separate vascular 
access, which can carry substantial risks in 
children on ECLS support. 

Pediatric data have reported improved 
accuracy with fluid management when CRRT is 
utilized, which may contribute to shorter ECLS 
runs.35,38 In addition, a previous systematic 
review of 19 studies reported that ECLS 
survivors who had received CRRT had a lower 
fluid balance than those who did not.39 This 
review concluded that the combination of CRRT 
and ECLS appeared to be safe and effective 
with regard to improving management of both 
fluids and electrolytes; however, this study 
noted an increased mortality in patients who 
required both ECLS and CRRT as opposed 
to ECLS alone (Odds Ratio: 5.89; 95%CI: 
4.38-7.92. p<0.00001). This may reflect a 
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potentially higher illness severity in patients 
requiring both ECLS and RRT. The review 
demonstrated that recovery of renal function 
appeared to be satisfactory, with no evidence 
of chronic renal failure in patients receiving 
CRRT on ECLS. A more recent metaanalysis 
of 43 studies with 21,624 patients reported that 
mortality rates for ECLS patients changed as the 
use of RRT increased. As RRT rates increased 
from 30% to 50%, total mortality tended to 
decrease. The risk ratio for mortality was also 
reported to increase the longer the initiation of 
RRT was delayed, suggesting benefit to earlier 
initiation of therapy.40

Gastrointestinal and Nutrition Management 

Adequate nutrition is essential for healing 
during any acute illness and intensive care 
stay. This can be provided by enteral feeding, 
parenteral nutrition (PN), or a combination 
of both. Enteral feeding has been shown 
to be safe and effective during ECLS in all 
groups of patients and may limit the need for 
total parenteral nutrition and its associated 
complications.41

In patients unable to tolerate nasogastric 
(NG) feeds, the placement of a nasojejunal 
(NJ) feeding tube can be helpful in establishing 
enteral feeds. An NJ tube can be placed safely in 
a patient while on ECLS support if undertaken 
by a trained individual. 

Recent evidence suggests that the use 
of early PN may be associated with poorer 
outcomes. The PEPaNIC trial demonstrated that 
late introduction of PN in a pediatric intensive 
care stay (day 8 of admission to PICU) was 
associated with a shorter duration of mechanical 
ventilation and a shorter intensive care stay 
when compared to early initiation of PN 
(started within 24 h of admission of admission 
to PICU).42

There is no strong evidence base to guide 
the caloric, protein, or other nutritional goals 
that should be targeted in pediatric patients 

supported on ECLS. A recent study of adult 
ECLS patients demonstrated that they had 
a resting energy expenditure lower than 
traditional expectations.43

The early initiation of a bowel management 
strategy is essential in any ICU patient, 
including pediatric ECLS patients. A recent 
study showed an incidence of constipation in 
33% of pediatric ECLS patients. The early use 
of laxatives or stool softeners is essential to 
encourage effective and safe enteral nutritional 
delivery.44 

Nursing Management

Awake Patients

Maintaining normal sleep-wake cycles 
for patients is important. Intensive care units 
are noisy, and lights may be left on 24 hours a 
day.45 The ECLS bedspace can be the busiest 
in the unit, with multiple caregivers, alarms, 
and procedures. Caregivers should be aware 
of the sleep-wake cycle and diminish these 
interruptions. Overhead lights should be turned 
off at night and localized lighting used to 
assist in the maintenance of a normal circadian 
rhythm. Consider the level of sound at the 
ECLS bedspace, including alarm levels, and 
decrease extraneous noise as much as possible. 
Noise levels have been associated with negative 
effects on sleep, thus contributing to delirium.46 
Ensuring that ‘quiet time’ is observed in the 
afternoon and an appropriate ‘lights out for 
nighttime’ ritual will aid in decreasing delirium 
and sleep-deprivation hallucinations, leading to 
a more suitable environment.

Activities and Mobilization

Awake patients require age-appropriate 
stimulation and activities. Pediatric institutions 
may have Child Life specialists—experts in 
child development who promote effective coping 
mechanisms through education, preparation, 
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and play—or other similarly trained individuals 
who act as a valuable resource to determine 
the best activities for patients. A team that 
includes physical, speech, and occupational 
therapists should be created to support the 
ECLS center and establish specific protocols 
for the patient. Protocols should include both 
awake and somnolent patients, with the ability 
to alter therapy as needed. All sizes of patients 
must be considered. Mobilization of the ECLS 
patient should be considered when medically 
feasible. Patients may sit, walk, and even ride a 
tricycle while on ECMO, as long as cannulation 
strategies, medical stability, and the patient’s 
abilities are included in the decision.47 Early 
mobility may lead to decreased hospitalization 
duration and improved mental status of the ICU 
patient.48,49

Eye Care

Patients who remain deeply sedated require 
frequent assessment of the eyes. Critically 
ill patients who are mechanically ventilated, 
sedated or unconscious have decreased tear 
production and reduced or absent blink reflexes. 
These patients are consequently at high risk for 
exposure keratopathy and other ophthalmic 
complications.50 Intensive care nurses should 
perform a focused eye assessment at least once 
every 12 hours to evaluate for ability to maintain 
eye closure, eyelid swelling, conjunctival 
redness, corneal hazing, and discharge or 
crusting on the eyelid. These are the early 
signs of dry eye that may progress to corneal 
ulceration or eye infection.51,52

The inclusion of eye care into the routine 
care provided to all ICU patients is a key 
component of nursing care. Standard practice 
includes instillation of a lubricant every two 
hours. For patients who have an inability to 
maintain eyelid closure, one can use properly 
installed polyethylene covers which may be 
more effective at providing a barrier against 
tear evaporation and exposure to air currents.53 

The nursing team should use normal saline 
soaked gauze to clean from the inner to the 
outer canthus at least every eight hours. Any 
sign of abnormality should be reported to the 
clinical care team with consideration of an 
ophthalmology consult. 

Skin Care

The ECLS patient is at considerable risk for 
pressure areas due to the critical nature of their 
illness, the use of anticoagulant therapy, and 
immobility. The head and neck are frequently 
edematous due to the lack of mobility. Large 
cannulas sutured in place, endotracheal/
oronasal tubes, and other intensive care devices 
increase risk for pressure ulcers.54 In 2007, the 
National Pressure Ulcer Advisory Panel made 
the prevention and treatment of pressure ulcers 
in infants and children a key priority.55 The 
use of the Pediatric Braden Q Scale or other 
similar scores for pressure area staging can 
assist the nursing team in the early awareness 
and assessment of pressure ulcers, providing 
appropriate and timely interventions. Basic 
nursing interventions that may lower the risk 
of development of pressure ulcers, include 
avoiding injury due to shear forces, turning the 
patient every two hours, use of positioning aids, 
and changing dirty or wet linen accordingly. 
Pediatric patients should have soiled diapers 
changed as soon as possible. Avoiding the use 
of multiple layers and plastic lined protective 
barriers is recommended to assist in the flow 
of blood in the prevention of pressure ulcers. 
ECLS patients may also have a higher risk 
of pressure areas due to the use of paralytic 
medications. Additionally, difficulty in cannula 
positioning may make regular patient turning a 
challenging endeavor. In these cases, the nurse 
may use fluidized positioners for extremities, 
head, and shoulders. The careful manipulation 
of these positioners every two hours will serve 
to reposition the patient so that pressure areas 
are rotated. Finally, the ECLS patient may be 
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placed on a special mattress such as an air-filled 
bed or action bed designed to reduce pressure 
on the skin.56

Oral Care

Intensive care patients are at high risk for 
poor oral health. ECLS patients have additional 
risks of anticoagulation and possibly poor 
nutrition. Pediatric patients can present several 
different oral health dilemmas, including the 
presence of braces or other orthodontic devices 
and natural tooth loss. The nurse must perform 
a comprehensive oral assessment and provide 
mouth care as prescribed. Frequency of mouth 
care varies but is recommended hourly for high-
risk patients, eg, unconscious ones, because 
lack of care between 2-6 hours can significantly 
reduce the benefits of any oral intervention 
previously performed.57 Many mouthwashes 
contain alcohol, which can cause a burning 
sensation in the mouth, may increase existing 
inflammation, and are not recommended as 
part of an oral care protocol. Chlorhexidine 
gluconate (CHG) has been shown to be a very 
effective antibacterial mouthwash. Saline is a 
nonirritant mouthwash and can be useful in 
situations where other rinses are not available. 
Toothbrushes can effectively remove plaque 
when used correctly. If a patient is conscious 
and of a suitable age, allowing them to brush 
their own teeth is beneficial because nurses may 
have difficulty in assessing how hard to brush. 
ECLS patients are at risk for oral bleeding due 
to the need for anticoagulation so firm bristled 
brushes should be avoided. Foam swabs are 
useful for cleaning the oral cavity but only when 
soaked in CHG. Remove orthodontic devices 
when possible. If not, the use of dental wax to 
protect the inner lips may be beneficial. Finally, 
lip care is also a part of oral health. Lubricants 
(eg, petroleum jelly) are often recommended 
but should be avoided because they can increase 
tissue dryness. Water based or aloe based lip 
balms should preferably be used.58

Wound Care 

Most ECLS centers have an institutional 
protocol for dressing of intravascular devices as 
part of a Central Line-Associated Bloodstream 
Infection (CLABSI) policy. The protocol may 
include types of catheters, assessment tools, 
frequency and types of dressing changes, and 
prevention techniques. All breaks in the skin 
must be considered wounds and carry risks of 
hemorrhage or infection.

The nurse should routinely assess all 
cannulation sites, including integrity and type 
of dressing, drainage or bleeding, catheter 
position, stability, and security. Additionally, the 
skin around the cannula is assessed for redness, 
swelling and breakdown. Cleaning the cannula 
site is best done utilizing CHG. CHG swabs or 
pads may be used to gently clean the incision 
site. Other cleaning agents include betadine and 
sterile saline wipes. The types of dressing used 
on ECLS cannulas vary greatly but are typically 
considered dry dressings. They may be simple 
gauze or gauze pads. Transparent film dressings 
have a thin layer of plastic that covers a wound 
area, creating a barrier. They allow some 
oxygen exchange to reduce bacteria growth. 
These dressings are best for dry, nonexudative 
sites. Removal of transparent dressings can 
tear the underlying skin, so caution must be 
exercised. Once a site begins to bleed or drain, 
the use of these dressings is contraindicated due 
to the frequent removal that may result in skin 
tears. Stable bloody drainage is preferentially 
left alone until the dressing is required to be 
changed. This allows the clot to strengthen and 
prevent further blood loss. Foam dressings have 
an adsorptive and protective effect for at-risk 
sites or pressure ulcers. They are self-adherent 
and easily cut to fit for specific sites. Tape may 
be used to secure dressings in place. Available in 
paper, cloth, or plastic, selecting a type that best 
fits the need of the dressing, without putting the 
skin under unnecessary risk, is important. Many 
patients also have sensitivities to tape, which 
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must be considered. Cannula sites, which are 
typically in the neck or groin, can be difficult 
to dress. Pediatric patients vary in size and 
movement, which also must be considered when 
choosing a dressing.59 

Pharmacology 

ECLS and critical illness affect the 
pharmacokinetics and pharmacodynamics of 
many medications (see Chapter 49). Close 
consultation with critical care pharmacists 
and therapeutic drug monitoring should be 
undertaken when available, especially for 
medications which may cause acute kidney 
injury (eg, vancomycin, aminoglycosides).60,-62 

Sedation may be necessary in the ECLS patient 
to reduce the risk of cannula dislodgment and 
promote patient comfort. Nonetheless, ECLS 
per se does not mandate sedation. There are a 
multitude of reports supporting the maintenance 
of wakefulness during ECLS.63- 66

Neurological Management

Neurological insults are a potential 
complication during ECLS in both adult and 
pediatric patients.67,68 The mechanisms of 
neurological insult are multifactorial, including 
critical illness, inflammatory processes, 
metabolic disturbances, and hematological 
sequelae.69 In a systematic review of 44 studies 
evaluating adult patients on ECLS, the median 
risk of acute neurological complications 
was 13%.67 These complications included 
intracranial hemorrhage (5%), ischemic stroke 
(5%), and seizures (2%). The median mortality 
in patients with neurological complications 
during ECLS was significantly higher than 
those who did not experience an adverse 
neurological event (83% vs. 42%, p<0.001).67 

In the pediatric respiratory ECMO population, 
intracranial hemorrhage was reported in 5% 
of patients and was also associated with high 
mortality (79%).70 

Performing a baseline clinical neurological 
examination of an ECLS patient is important 
to identify any changes on subsequent serial 
assessment. Concerning features include 
unstable hemodynamics, changes in pupillary 
reactions, seizures, identification of new focal 
neurological deficits, or changes identified on 
routine neuromonitoring (eg, near infrared 
spectroscopy [NIRS], electroencephalography 
[EEG]).

Cranial ultrasound has been used as a 
means of neuro surveillance in younger ECLS 
patients.71 The benefits to performing cranial 
ultrasound scans, which are only possible in 
young children with an open fontanelle, are that 
it allows a fast, portable, low cost, no-radiation 
mode of assessment. This modality does not, 
however, predict neurodevelopmental outcomes 
and may have less inter-observer reliability 
when compared to other imaging modalities.71,72 

In a survey of European ECMO centers, 
73% of pediatric centers used cranial ultrasound 
as a form of routine monitoring.73 The frequency 
of ultrasonography varied between centers, with 
reported frequency ranging from daily (25%), 
twice weekly (20%), thrice weekly (17%), to 
only when clinically concerned (15%). The 
majority of centers in this survey reported 
that they would undertake brain computed 
tomography (CT) if clinical concerns were 
identified (74%). The most commonly used 
modality of neuromonitoring in this survey, 
across both adult and pediatric populations, 
was NIRS (48% vs. 80%). A prospective study 
assessed the prognostic value of cerebral 
NIRS in infants less than three months of age 
on ECLS and determined that nonsurvivors 
had significantly lower NIRS readings than 
survivors.74 Retrospective studies have 
also reported associations between cerebral 
desaturation detected by NIRS and neurological 
complications, reporting that 70% of patients 
who have an acute intracranial event have 
had a differential greater than 10% between 
left and right recordings of cerebral NIRS.75 
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Electroencephalography is another option 
for neuromonitoring of ECLS patients which 
can be used in an intermittent or continuous 
fashion. Retrospective, single-center studies 
have shown that 16-24% of children on ECLS 
who have continuous EEG monitoring show 
electrographic seizure activity, which was 
associated with intracranial hemorrhage. 76,-78 
The severity of EEG findings was also felt to 
correlate with the severity of findings on follow-
up neuroimaging.78 A high proportion of pediatric 
centers offer predischarge neuroradiological 
assessment for patients.73 

An important consideration for pediatric 
ECLS patients is neurodevelopmental followup 
(see Chapter 16). Pediatric studies have 
reported the potential for neuropsychological 
deficits and learning difficulties in ECLS 
survivors.79,80 There are also reports of impaired 
executive functioning.79 It is worth noting that 
neuropsychological dysfunction and lower 
psychomotor development scores are associated 
with reduced cerebral NIRS values. A nadir in 
cerebral NIRS of less than 35%, or less than 
40% for more than 10 minutes, is of particular 
concern.81,82 

Anticoagulation, Thrombosis, and Bleeding 
Management 

Anticoagulation can be challenging 
in pediatric ECLS patients because of 
differences in developmental hemostasis and 
variability in factor levels.83-85 Management 
of anticoagulation for pediatric respiratory 
failure patients follows the same guidelines 
as set out for all ECLS patients in ELSO’s 
Anticoagulation Guidelines.86 The choice 
of anticoagulant is usually unfractionated 
heparin, but direct thrombin inhibitors have 
recently become more popular. There is no 
good evidence that any of the present laboratory 
markers of anticoagulation are superior in 
preventing bleeding or thrombosis. Heparin 
effect is measured with ACT, aPTT, antiXa, or 

a combination of these, depending upon patient 
age and center practices. Anticoagulation in 
this patient population is generally initiated 
according to protocol but should later be 
individualized, with anticoagulation decisions 
being made according to patient response, not 
absolute numbers.87,88 

Blood product replacement also requires a 
protocol within each center, but again needs to 
be customized for each patient depending upon 
existing requirements. A platelet count between 
50-100 x 109/L is usually maintained in children 
receiving ECLS. A lower count can be safely 
maintained in adolescents who are not at high 
risk of bleeding. Red blood cell transfusions 
are also often required because oxygenation 
can be optimized either by increasing ECMO 
circuit blood flow or by raising hemoglobin 
concentrations to increase blood oxygen content. 
The adequacy of oxygenation is more important 
than adhering to a fixed number, but usual 
transfusion thresholds are between 8 to 10 g/
dL, depending on the clinical circumstances, 
assessment of global oxygen delivery, and age.

Thrombi in the circuit are a common 
complication of ECLS (see Chapter 6).89 These 
are generally small and of little significance 
but require close monitoring. If the circuit 
has a heavy clot burden—detectable by direct 
observation, failing oxygenator performance, or 
rising plasma free hemoglobin—then component 
or circuit exchange may be necessary. Bleeding 
is also common, with cannula or surgical site 
bleeding being the most frequent. This generally 
responds to blood product support and local 
measures. If not, withholding anticoagulation 
may become necessary, but this should be 
regarded as a last resort in children. The smaller 
the patient, the more concerning it is to withhold 
anticoagulation because it risks catastrophic 
circuit thrombosis.90
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End of Life Planning

ECLS is a lifesaving therapy and should 
only be deployed when there is a chance the 
patient will survive. However, complications 
may arise which preclude continuation of 
ECLS. In these challenging circumstances, 
goals of care change to providing the family 
time to prepare for, and be involved in, the final 
minutes, hours, or days of their child’s life.47 

A careful end-of-life care plan must be agreed 
across the multidisciplinary team. Involvement 
of chaplaincy, pastoral care, and social work 
may also be beneficial during this difficult time. 

Families will differ in their wishes but may 
wish to cuddle their child as they are extubated 
prior to cessation of ECLS support. Others 
may wish ECLS support to be ceased and 
the cannulas removed prior to extubation. A 
flexible patient- and family-centered approach 
is essential because some families will wish 
to be present for each step and others will not. 
Consideration of stabilization of the cannula 
sites is undertaken and methods such as bracing, 
wrapping, and supporting the patient while 
transitioning to a parent’s lap will allow this to 
occur with minimal risk. Parents may wish to 
lie in bed with their child. Ideally, there should 
be no time limit as to how long the family may 
hold their child, as well as how many members 
of the family wish to hold them or spend time 
with them. While this may not be convenient 
to staff, the importance of recognizing what 
the family wishes for their child is paramount. 

Removal of the ECLS circuit may be 
performed while the patient is in a parent’s arms. 
Consider clamping the cannulas and leaving 
them in situ to avoid an unnecessary surgical 
procedure, which may not allow the family to 
be present at the time of death. Cutting away 
the ECMO circuit and capping the cannulas will 
allow the family to continue to hold as long as 
they wish. Specialists should be considerate 
of the potential for blood spillage during the 
cutting of the tubing. Pinching the ECMO 

tubing while applying the clamps can be very 
effective in reducing the spillage of blood 
at this time. Consider whether removing the 
endotracheal tube for a clear facial appearance 
is feasible. Additionally, cannulas and tubing 
may be tucked under a blanket or gown to allow 
a more ‘natural’ appearance of the child. 

Family Support

Communication with family members is 
a key challenge during any period of ECLS 
support. It is essential that there are transparent 
and timely discussions with the family and 
carers and that the ECLS team have a similar 
mental model for a communication strategy 
with the family. A recent paper by Moynihan 
et al91 gives a very helpful overview of one 
particular communication strategy. 

Conclusion

Management of the child receiving res-
piratory ECMO requires meticulous attention 
to achieve optimal outcomes and limit the 
iatrogenic complications associated with 
intensive care. Minimization of ventilator 
induced lung injury or associated renal or 
myocardial injury is key to a successful 
outcome. A current area of focus is the limitation 
of sedation, allowing the patient to be in an 
‘awake’ state which may facilitate extubation 
in highly selected patients. Aligned to this is 
the aggressive use of early neurorehabilitation, 
both in patients receiving ECLS and after 
decannulation. Excellent nursing care is 
essential to support the patient and the family. 
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Weaning and Decannulation of Children with Respiratory Failure

Thomas Pranikoff and Graeme MacLaren

ECLS offers critically ill patients many 
benefits during their illness. Associated with these 
benefits are significant risks. Discontinuation 
of support should be considered when the 
risk:benefit ratio increases and patients are able 
to be cared for by less invasive techniques. After 
a period of initial stabilization, the question of 
whether discontinuation of ECLS is possible 
should be frequently evaluated as the patient’s 
condition improves. 

Strategies to Expedite Withdrawal of ECLS

At the initiation of extracorporeal support, 
it should be estimated how long the patient will 
require support. When improvement of lung 
function begins to appear, a trial off ECLS may 
be attempted. In this way, patients are subjected 
to the potential risks of extracorporeal support 
for the least amount of time.

The need to avoid ventilator-induced 
lung injury has led many clinicians to utilize 
ventilatory strategies while on ECLS which 
are designed to minimize injury primarily 
by lowering airway pressure and FiO2. An 
extreme offshoot of this strategy, now being 
used in some centers, is elective extubation 
while on ECLS. In one single-center study, 
extubation during ECLS permitted increased 
physical activity in cannulated pediatric patients 
and the opportunity to prevent the physical 

deconditioning associated with long ICU 
stays.1 Spontaneous ventilation may have been 
effective in promoting spontaneous reaeration, 
cough, and secretion mobilization in patients 
with severe pulmonary consolidation. However, 
it remains unknown whether positive pressure 
of any sort is harmful or helpful in an injured 
lung. What this study did not answer is whether 
extubation speeds or delays resolution of lung 
injury and alveolar reinflation.1

One survey of international centers which 
participate in the ELSO Registry found that 27% 
of centers have a specific ventilation protocol 
for patients on VV ECMO. Lung rest was the 
primary goal in 77% of respondents and lung 
recruitment or a combination of both in 18% 
of respondents. Eighty percent of centers 
used a PEEP of greater than 5 cmH2O. Most 
centers (90%) prioritized weaning from ECLS 
over the ventilator. Weaning from ECLS was 
accomplished by reduction of sweep gas in 43% 
and flow rates in 21%.2

Several strategies have been suggested by 
individual centers that may potentially decrease 
the duration of an ECLS run. In a matched pair 
analysis, Hermon et al. compared seven pediatric 
ECLS patients given porcine surfactant with 
seven who were not.3 Groups were matched 
based on age, weight, and underlying diagnosis. 
The most common diagnosis in both groups 
was ARDS. Mean tidal volume improved 
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significantly over time in the surfactant group 
(100% at baseline vs. 186.2% at 10 hours 
after surfactant application) compared to the 
control group (100% vs. 98.7%; p=0.0053). 
Similarly, mean compliance values increased 
significantly over time in the surfactant 
group (100% before vs. 176.1% at 10 hours 
after surfactant application) compared to the 
control group (100% vs. 97.6%; p=0.0067). 
Radiographic scores tended to decrease in the 
surfactant group within 48 hours following 
surfactant application. ECLS flow tended to 
decrease in this group within 10 hours following 
surfactant application but not in the control 
group. Mortality was not affected by treatment.4  
Two other studies showed an improvement 
in pulmonary mechanics and a decrease in 
ECLS duration in term neonates on ECLS who 
received multiple doses of surfactant.4,5

The use of prone positioning to redistribute 
pulmonary blood flow into regions of the lung 
that are better aerated and mobilize edema has 
been advocated for patients with ARDS but the 
efficacy remains controversial. Many centers 
that care for patients with ARDS with ECLS 
have used this technique safely (Chapter 47).6,7

Weaning Support and Trialing

Indications of lung recovery on venovenous 
support include increasing saturation of venous 
blood returned to the circuit, increasing PaO2, 
or decreasing PaCO2 without changes in either 
extracorporeal flow or ventilator settings. 
Increasing lung compliance, clearing of the 
chest radiograph, and increased VO2 and VCO2 
measured via the airway are also seen. When 
this process begins, it will usually continue 
until termination of extracorporeal support 
is possible unless a new problem, such as 
pneumonia or sepsis, intervenes.

When lung function begins to improve, 
weaning from support may be possible. It 
is important to understand that weaning is a 
diagnostic rather than a therapeutic maneuver. 

The purpose of weaning is to obtain information 
to help make the decision of whether support 
can be discontinued and transitioned to 
mechanical ventilation alone. Since lung rest 
is the major benefit from venovenous support, 
the decision to terminate support must include 
careful consideration of the clinical situation. In 
the ideal situation, at the time of decannulation, 
ventilator support will be at a level considered to 
be safe (low inspiratory pressure and FiO2). In 
some situations, these goals must be modified. 
For example, in a patient with bleeding 
(eg, postoperative, intracranial, gastrointestinal) 
which cannot be controlled by medical means, 
there needs to be an assessment of the risks of 
continuing with ECLS vs. discontinuing ECLS 
while utilizing mechanical ventilation at higher 
FiO2 and airway pressures than otherwise might 
be desired. 

Weaning can be accomplished in patients on 
venovenous support by setting the ventilator to 
acceptable levels (eg, Pplat <30 cmH2O, PEEP 
8-12 cmH2O, FiO2 <0.5-0.6), then discontinuing 
the sweep gas flow across the oxygenator while 
continuing blood flow. This is accomplished by 
simply turning off the sweep gas flow. If room 
air is allowed to flow across the membrane lung, 
this can provide ongoing gas transfer. During 
this time, the patient is closely monitored for 
changes in respiratory rate, SaO2, agitation, 
heart rate, and blood pressure. Spontaneous 
ventilation usually augments lung function, but 
some patients may need additional sedation. 
Anticoagulation should be continued, except in 
percutaneously cannulated patients where it is 
generally favorable to cease anticoagulation one 
hour prior to removing the cannulas and putting 
pressure on the site. The ventilator is adjusted 
according to arterial blood gases. Often the 
goals of support should be modified to accept 
levels of PaO2 in the 60-80 mmHg range and 
PaCO2 in the 40-60 mmHg range. This will 
allow the use of lower airway pressures and 
FiO2 to protect the recovering lungs. If the trial 
continues with stable blood gases at acceptable 



221

Weaning and Decannulation of Children with Respiratory Failure on ECLS

level of respiratory support for several hours, 
decannulation can be planned. In children 
with respiratory failure receiving VA ECMO, 
weaning and decannulation is performed 
similarly to patients receiving cardiac support 
(Chapter 19).

Technique for Decannulation of Patients on 
VV ECMO

Most patients on VV ECMO will be 
cannulated percutaneously. Some patients, 
mostly newborns, may be cannulated by a 
surgical cutdown. For these patients, it is 
advisable to use a brief general anesthetic with 
neuromuscular blockade. This will ensure 
the optimal conditions and prevent negative 
pressure using a Valsalva maneuver which could 
cause air embolus when the vein is open or if 
the side holes are exposed while the cannula 
is being withdrawn. The wound is sterilely 
prepped and opened. The cannula cutdown site 
is exposed and clot is removed for visualization. 
A ligature is placed around the cannula and 
vein and left untied. The circuit is clamped and 
patient ventilator settings are adjusted to insure 
that support off ECLS will be tolerated. The 
skin sutures and sutures around the vein are 
divided and the cannula is rapidly removed by 
one person and the previously placed ligature 
is tied by a second person. The wound is closed 
after hemostasis is assured. Situations which 
make this more challenging include tearing of 
the vein with complete division and not enough 
stump left to control (usually the result of a long 
ECLS run). For the former, if the vein can be 
grasped with a forceps, it can then be either 
simply ligated or suture ligated. For the latter, 
it is sufficient to place a purse string suture in 
the tissue around the vein to close off the soft 
tissues since venous pressure is quite low and 
usually easy to control.

For percutaneously cannulated patients, 
either sedation or local anesthesia will usually 
suffice. The patient should be placed supine 

rather than in a sitting position to lower the risk 
of air embolus. The skin and cannula are sterilely 
prepped and draped. Two options are available 
for hemostasis. After clamping the circuit and 
dividing the skin sutures the cannula can be 
rapidly removed (so that air does not enter the 
side holes and exit the end hole into the vein) 
and direct pressure held over the cannulation 
site. Usually 5–10 minutes of pressure will 
provide hemostasis. The alternative is to place 
a purse string suture in the skin close to the 
cannula exit site in the skin. Monofilament 
suture (nylon or polypropylene) slides better 
and is easier to tie. One person can rapidly 
remove the cannula while another ties the purse 
string; it is unnecessary to hold pressure using 
this technique. Hematoma formation is unusual 
due to the relatively low venous pressure.

Continuing Venous Access after Decannulation

Venous access is often challenging in 
critically ill children, especially after completing 
ECLS. When considering decannulation, future 
access needs should be assessed and a plan 
established. As children are often edematous 
at this point in their illness, using peripheral 
venous sites can be challenging. Establishing 
new central venous or dialysis catheter access 
may even be technically impossible, in which 
case a technique of guidewire exchange can be 
used. Although this carries risks of thrombosis 
and infection, it may be the only practical 
solution in some patients. The cannulation site, 
cannula, connector, and tubing are prepped and 
sterilely draped. A purse string suture is placed 
around the skin at the access site and left untied. 
The circuit and cannula are clamped, leaving 
room on the tubing between the clamp and the 
cannula connector. The line kit is opened and 
the guidewire is prepared. It is important to 
have a guidewire of at least twice the length 
of the ECLS cannula, which may not be in the 
kit and thus should be obtained separately. The 
introducer needle is then placed through the 



222

Chapter 15

tubing until blood is aspirated and the guidewire 
is advanced through the connector and into 
the cannula lumen (Figure 15-1). A second 
person prepares to tie the purse string suture 
and places a single throw of the knot which is 
tightened to prevent hemorrhage as the cannula 
is withdrawn, being sure the guidewire remains. 
The line is then placed over the guidewire to the 
appropriate depth and the purse string suture is 
tied to provide hemostasis. The line is aspirated 
and flushed to assure patency and securely 
sutured to the skin. 

Approaches to Inadvertent Decannulation

If unplanned removal of the venous cannula 
occurs, immediate action is necessary. The 
bedside ECLS Specialist must be familiar 
with managing this emergency since they will 
often be the only team member at the bedside. 
Priorities in this situation are hemostasis and 
respiratory support. Direct pressure will provide 

hemostasis. Simultaneously, ventilation must 
be escalated to provide adequate respiratory 
support. Hand ventilation may provide this, 
but using a conventional or high-frequency 
ventilator is usually necessary. Depending on 
the amount of lung dysfunction that remains, 
two scenarios are possible. The first is that 
ventilation and oxygenation are adequate at 
acceptable levels of ventilation and FiO2. In 
this case, mechanical ventilation should be 
continued and weaned as possible, utilizing a 
lung protective strategy. The second scenario 
is that, even with high levels of ventilation and 
FiO2, the patient is not adequately supported. 
In this situation, ECLS should be reestablished 
expeditiously, while supporting the patient as 
best as possible. If possible, separate teams 
should be responsible for each of these tasks 
(Chapter 7).

Figure 15-1. Introducer needle placed through tubing. 
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Complications, Followup, and Outcomes of Pediatric Patients with Respiratory 
Failure

Susan L. Bratton, Parthak Prodhan, Maayke Hunfeld, Lakshmi Raman

History

ECLS in children with respiratory failure 
was an accepted “rescue therapy” for decades 
before its use in adult patients.1 However, 
attempts to directly demonstrate efficacy by a 
randomized trial comparing it to conventional 
ventilation and supportive care in children 
were hampered by both the lower incidence 
of hypoxic respiratory failure2 and lower 
mortality in pediatric compared to adult patients. 
Concurrent improvement in survival rates with 
lower tidal volume ventilation and permissive 
hypercapnia made clinicians unwilling to 
predict sufficiently high expected mortality for 
potential subjects to meet eligibility for study 
randomization.3,4 Currently, the strongest study 
design report of ELCS in pediatric respiratory 
failure comes from a secondary analysis of 
a prospective study,5 comparing those who 
received ECLS as part of their care to those 
who did not. Ninety-day mortality was similar 
in both groups (25% for ECLS vs. 30% non-
ECLS patients).6 

ECLS is currently used to “rescue” pediatric 
patients (age groups defined by ELSO) as 
infants (>28 days to <1 year) and children 
(>1 to <18 years) with primary respiratory 
failure unresponsive to other therapies.7 
Survival with ECLS requires that: 1) the 
underlying pulmonary process is reversible or 

can be stabilized and rescued later by organ 
transplantation,8 2) additional organ injury 
and failure are prevented by ECLS support, 
and 3) rapid identification and correction of 
ECLS related complications associated with 
mortality are prevented or mitigated (eg, an 
atrial septostomy with left atrial hypertension 
causing pulmonary hemorrhage and poor 
coronary artery perfusion).

Outcomes

Hospital Survival

Survival has steadily improved from 56% 
in 2001 to 62% in 2014,9-10 and more recently 
to 67%11 to 70%, based on a report from 
North American Centers.6 However, patient 
complexity has increased, with more comorbid 
conditions such as cancer or genetic conditions, 
and acute complications such as cardiac arrest 
and acute renal failure (ARF) noted.6,12 

ECLS to treat pediatric respiratory failure is 
a relatively rare event, with the highest number 
of annual ECLS runs reported to ELSO in 2019 
(n=870) internationally, with a median annual 
center volume for neonates and children for all 
indications of 8 (IQR 2.17) cases.11 Thus, single-
center studies have relatively small sample sizes, 
while most multicentered ECLS studies either 
use ELSO13 or administrative databases.14-15  
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A limitation of such administrative data 
sources is that medical procedure codes 
(eg, renal replacement therapies [RRT]) that 
treat ARF do not meet criteria for ARF and the 
timing of diagnosis codes (eg, cardiac arrest) 
are not specified in relationship to ECLS 
deployment. Some diagnosis codes such as 
a cancer or genetic conditions likely reflect 
preexisting conditions. 

Demographic and Clinical Features Associated 
with Survival

Demographic and clinical features of 
ECLS for pediatric respiratory failure by 
hospital survival are shown in Table 16-1 using 
data provided by ELSO during 2001-2013.9 

Significantly lower hospital survival was 
noted in children >10 years (53%) and among 
those with severe acidosis and severe hypoxia 
(Table 16-1).

ECLS Mode

VA ECMO provides cardiorespiratory 
support while VV ECMO relies on the lungs 
to provide additional oxygenation and the 
patient’s native cardiac function to sustain 
adequate blood pressure and perfusion. VA 
use is associated with greater organ failure at 
the time of ECLS initiation. In contrast, VV 
use is associated with greater protection from 
systemic air/clot embolization from the ECLS 
circuit, substantially lower central nervous 
system complications,12 and lower hospital 
mortality compared to VA.9

A steady increase in VV ECMO and 
double-lumen VV catheters compared with 
V-A cannulation has been observed. From 
1993 to 2007, VV increased from 35% to 
46%, and use of double-lumen VV catheters 
from 1% to 19%.12 The 2016-2020 ELSO 
International Report showed V-V cannulation in 
55-63% of annual runs for pediatric respiratory 
failure.11 Like patients initially treated with VA, 
those transitioned from VV to VA had similar 
mortality.11,12,16 

Prolonged Duration of Ventilation Before 
ECLS

Prolonged use of large tidal volume 
breaths and high airway pressures targeted 
to normalize PaCO2 are well known to cause 
ventilator induced lung injury(VILI). ECLS 
when implemented after irreversible lung 
injury has occurred17 will only extend time to 
death from multiorgan failure. Early reports 
of ECLS to rescue pediatric respiratory failure 
recommended less than 10 days of pre-ECLS 
mechanical ventilation for infants and no 
more than 5-7 days for older children.10,18 
The reported median duration of mechanical 
ventilation prior to ECLS was 6 days, but 
noted that 8% of children ventilated >14 days 
had significantly greater mortality.9-10 However, 
the median duration of pre-ECLS mechanical 

 
FEATURES SURVIVED* 

N (%) 
DIED** 
N (%) 

P-
VALUE 

Age in Years 
 <1***  
 1-2 
 3-5, 1 
 6-9 
 >10 

 
 1139 (46) 
 452 (18) 
 242 (10) 
 185 (7) 
 477 (19) 

 
 886 (48) 
 271 (15) 
 165 (9) 
 119 (6) 
 416 (22) 

p=0.003 

Mechanical Ventilation 
 >14 Days 

 
 157 (6) 

 
 184 (10) 

p<0.001 

pH prior to ECLS 
 <7.11 
 7.11-7.34 
 >7.34 

 
 647 (26) 
 1172 (47) 
 676 (27) 

 
 572 (31) 
 937 (50) 
 348 (19) 

p<0.001 

VV ECMO  1239 (50)  626 (34) p<0.001 
Primary Pulmonary 
Diagnosis 
 Other 
 Asthma 
 Aspiration 
 RSV 
 Sepsis ARDS 
 Pertussis 

 
  
 1645 (66) 
 134 (5) 
 100 (4) 
 309 (12) 
 276 (11) 
 47 (2) 

 
  
 1260 (68) 
 30 (2) 
 37 (2) 
 152 (8) 
 311 (17) 
 93 (5) 

p<0.001 
 
 
 
 
 
 

Coexisting Conditions 
 Structural heart disease 
 Chronic lung disease 
 Cancer 
 Immunodeficiency 
 Myocarditis 
 Cardiac arrest 
 Acute renal failure 
 Acute liver necrosis 

 
 232 (9) 
 85 (3) 
 60 (2) 
 34 (1) 
 22 (1) 
 316 (13) 
 301 (12) 
 8 (0) 

 
 193 (10) 
 76 (4) 
 101 (5) 
 42 (2) 
 29 (2) 
 335 (18) 
 522 (28) 
 68 (4) 

 
p=NS 
p=NS 
p<0.001 
p=0.027 
p=0.046 
p<0.001 
p<0.001 
p<0.001 

*N=2495; **N=1857; ***excludes infants <30 days of age at ECLS 
initiation; 
NS=not statistically significant; RSV=Respiratory syncytial virus; 
ARDS=Acute Respiratory Distress Syndrome 

 

Table 16-1. Select demographic and clini-
cal features reported to ELSO for pediatric 
respiratory failure patients. (Adapted from 
Bailly et al.9)
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ventilation has decreased to a median of 2.5 days 
(IQR 1-5 days) in a recent report among infants 
>2 weeks to 18 years of age.6 Those patients 
being evaluated for ECLS after prolonged 
ventilatory support should be evaluated for 
the duration of  potentially harmful ventilator 
settings.

Comorbid Conditions

Cancer and Hematopoietic Stem Cell 
Transplantation (HSCT) 

Obviously, cancer care can be complex 
with infectious complications, organ failure 
due to regimen-associated toxicity, engraftment 
status, and varying long-term prognosis across 
different malignancy types. Survival after 
HSCT and ECLS (reported to ELSO from 
1990-2019) has historically been low (19%), 
but over the last decade has increased to 26%.19 

A recent propensity matched study from 2011-
2018 found that patients treated with ECLS 
to provide respiratory support compared to 
control subjects had 61% survival to hospital 
discharge, but the ECLS patients had lower 
platelet counts, received greater platelet 
transfusions, and suffered greater rates of new 
neurologic impairment. (46% vs. 20%).20 A 
multidisciplinary panel provided “a clinical 
decision support tool for pediatric hematologists, 
oncologists, and critical care physicians during 
the difficult decisionmaking process of ECMO 
candidacy and management.”21 Cancer patients 
treated with ECLS had lower median platelet 
counts, received more platelet transfusions, and 
had a greater risk of thrombotic complications 
and death.22 Maue et al.23 reported oncology 
and HSCT patients had a higher mortality 
and received more blood products while on 
ECLS than general pediatric intensive care unit 
patients, despite similar pre-ECLS hypoxia.

Primary Pulmonary Process

Among pulmonary diagnostic categories, 
hospital survival is significantly greater for 
status asthmaticus, aspiration pneumonia, and 
respiratory syncytial virus (RSV), bronchiolitis, 
or pneumonia, but significantly lower for 
pertussis and acute adult respiratory failure 
due to sepsis compared to “other” conditions, 
with a median mortality of 43% (Table 16-1).9 
Two models have been developed for mortality 
prediction among pediatric patients with severe 
respiratory failure.9-10 Table 16-2 compares 
the two prediction models to aid in evaluation 
of candidates for ECLS, as well as for use in 
risk adjustment. The models are quite similar 
with use of blood gas measurements analyzed 
as either continuous or discrete grouped 
variables. Bailly et al.9 used both receipt of renal 
replacement therapies (RRT) and diagnosis 
codes for ARF prior to ECLS, which made ARF 
much more common compared to Barbaro et 
al.10 (19% vs. 2%), as well as pre-ECLS cardiac 
arrest (15% vs. 5%). 

Such scores could be used to adjust for case 
mix and performance and may be useful for 
counselling parents about estimated mortality. 
A generalized model for mortality prediction 
risk regardless of indication and pediatric age, 
the PEP score,24 was developed using data from 
the prospective observational study of bleeding 
and thrombosis during ECLS Study (BATE)25 
for all pediatric patients.

Prolonged ECLS

Brogan et al.26 reported an analysis that 
included first ECLS runs among children with 
acute respiratory failure reported to ELSO 
from 1993-2007. They found that 75% received 
ECLS for <14 days, with 12% supported for 
≥21 days (38% survival). The survival to 
hospital discharge with 22-28 days of ECLS 
declined to 30%, and with 29-45 days of 
ECLS, survival was 25%. No patient with 
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>52 days of ECLS survived. No significant 
differences were found between survivors and 
non survivors among patients with prolonged 
ECLS for pre-ECLS clinical features; however, 
ECLS complications increased with duration of 
ECLS.26 The 2016-2020 International ELSO 
Summary documented that the mean duration 
of ECLS was much lower (13 days), while the 
longest annual run ranged from 111 days to 250 
day when compared to 2000-2005 data, when 
the longest annual run ranged from 36 to 101 
days.11 This suggests that technical support 
of acute respiratory failure with ECLS has 
improved over time and further analysis of 
prolonged ECLS support in more recent years 
regarding patient selection with survival and 
morbidity are needed. 

A recent analysis of 1818 ELSO patients 
treated from 1998 to 2015 with multiple ECLS 
runs during the same hospital admission 
reported hospital survival of 37% for 2 runs 
and 29% for >3 runs. Pediatric patients had 
less mortality than adults (OR: 0.5 [95% 
CI: 0.02-0.8]). Cardiac support on the first 
run was associated with higher mortality 
than pulmonary support, regardless of final 
run indication [OR:1.4 (95%CI: 1.1-1.8)].16 
Recannulation poses technical challenges as 
many centers do not reconstruct the carotid if 
the ECLS run has been greater than 2-3 days 
because of the risk of delayed stroke. When 
the carotid arterial catheter is removed both the 
proximal and distal ends are ligated.

 
 

CHARACTERISTICS Peds RESCUERS10 P-PREP9 
Blood gas values pH, PaCO2 pH 
  7.11-7.34 
  >7.34 
PaO2/FiO2 Not included <100 
  101-200 
  201-300 
  >300 
Mean Airway Pressure   
 Conventional Ventilator Not included 
 High Frequency 

Oscillatory Ventilation 
 

Hours from admission to 
initiation of ECLS 

Log transformed Not included 

Hours from starting 
mechanical ventilation 

Log transformed Days >14 

Milrinone prior to ECLS Yes Not included 
Mode of ECLS Not included V-A vs. V-V 
Year of ECLS Not included Year 
Comorbid Conditions Cancer Cancer 
  Acute Renal Failure 
  Cardiac Arrest pre-ECLS 
  Acute Liver Necrosis 
Primary Pulmonary 
Process 

Asthma Asthma 

 Bronchiolitis RSV 
 Pertussis Pertussis 
  Aspiration Pneumonia 
  Sepsis Acute Respiratory 

Failure 
Area under the Receiver 
Operator Curve-
development 

0.69 0.69 

Area under the Receiver 
Operator Curve-validation 

0.63 0.66 

 
Table 16-2. Comparison of mortality prediction tools for pediatric respiratory failure.
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ECLS Complications and Mortality 

Neurologic 

Neurologic complication rates reported by 
ELSO include determination of death based on 
neurologic criteria (2%), diffuse brain ischemia 
(1%), central nervous system hemorrhage 
(4%), brain infarction (4%), and clinical 
seizures (2%).11 Table 16-3 lists the various 

complications collected by ELSO from 2016-
2020. All neurologic complications are more 
frequent with VA than VV ECLS and pediatric 
respiratory failure patients with neurologic 
complications (excluding seizures) are less 
likely to survive to hospital discharge. 

Daily neurologic assessments should be 
performed in all patients while on ECLS with 
sedating medications doses as low as possible. 
Multimodal neuromonitoring is recommended 

 
1 

 

 

Membrane Lung 
Failure  

Change indicated due to clot formation, gas exchange failure or blood 
leak 

Blood Pump Failure Change indicated due to equipment failure 
Raceway Rupture In a roller pump rupture of the raceway tubing 
Other Tubing 
Rupture 

Rupture of ECLS tubing 

Circuit Change Entire circuit (except cannulas) changed due to clot formation or 
mechanical failure 

Cannula problems Requiring intervention (reposition or exchange) for misplacement, 
dislodgement, replacement due to clots/fibrin, mechanical failure, or 
inappropriate position 

Temp Regulator 
Malfunction 

Malfunction of temperature regulation device leading to unintentional 
(< 35o) hypothermia or hyperthermia (> 39o)  

Clots and Air Emboli If a clot or an air embolus causes a mechanical failure or change out of 
a circuit component 

Thrombosis/Clots: 
Circuit Component 

Circuit component (eg, pigtails, connectors, bridge, arterial or venous 
tubing) requiring change due to clot formation or mechanical failure 
of the component 

Clots in Hemofilter Clots in hemofilter causing hemofilter to need to be changed or to fail 
Air in Circuit Requiring circuit intervention or circuit clamping for bubble detector 

alarm, visualized air, air entry into patient 
GI Hemorrhage  Upper or lower GI hemorrhage requiring PRBC transfusion 

(>20ml/kg/24 hrs of PRBCS or >3U PRBCs/24 hrs in neonates and 
pediatrics, and/or, endoscopic intervention, and/or hemostatic agent 
deployment 

Peripheral, 
Mediastinal 
Cannulation Site or 
Surgical Site 
Bleeding 

Site bleeding requiring PRBC transfusion (>20ml/kg/24 hrs of 
PRBCS or >3U PRBCs/24 hrs in neonates and pediatric and/or, 
surgical intervention (includes intravascular hemostatic agent 
deployment). A reperfusion cannula is a type of peripheral cannulation 
site. 

CNS Complications Brain death; seizures (clinical vs. electrographic); CNS diffuse 
ischemia, localized ischemia, intraparenchymal, subdural or 
subarachnoid bleed, > grade 2 intraventricular hemorrhage, 
Neurosurgical procedure performed during ECLS run (eg, intracranial 
pressure monitor, external ventricular drain, craniotomy) 

Creatinine 1.5 – 3.0  
or > 3.0 

After ECMO start time, patient has a new creatinine serum 
measurement of 1.5- 3.0 or > 3.0 mg/dL 

Renal Replacement  Any form of dialysis or fluid removal 
CV Complications CPR, a treated dysrhythmia, tamponade treated for blood or other 

fluid  
Pulmonary 
Complications 

Pneumothorax treated with chest tube, hemorrhage requiring PRBC 
transfusion (>20ml/kg/24 hrs of PRBCS or >3U PRBCs/24 hrs in 
neonates and pediatric and/or, surgical intervention 

Table 16-3. Mechanical and patient complications during ECLS reported to ELSO.
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to monitor brain function, consisting of 
near infrared spectroscopy and augmented 
electroencephalography (EEG), particularly 
in the setting where clinical parameters are 
limited because of sedation and use of muscle 
relaxants. For patients with open fontanelles, 
frequent ultrasonography of the head should 
be checked, particularly in the first 3 days of 
ECMO support. If there are any concerns for 
a change in mental status, or focal neurologic 
finding, then computed tomography of the head 
is indicated.27

In the future, neuromonitoring modalities 
will likely be expanded with techniques such 
as transcranial doppler, quantitative EEG, 
noninvasive cerebrovascular autoregulation 
monitoring, or plasma cerebral biomarkers.28 
It is recommended to perform brain MRI prior 
to hospital discharge.27,28

Acute Renal Failure and Use of Renal Replace-
ment Therapy

Exposure of blood to the oxygenator 
membrane is frequently associated with 
cytokine release and fluid overload (FO). 
Swaniker et al.29 noted that surviving children 
with acute respiratory failure receiving ECLS 
had lower average FO of 9% when ECLS was 
initiated that decreased to 4% at the time when 
ECLS was discontinued. The mean FO when 
ECLS started among nonsurvivors was 25% 
and increased to 35% by the time of death.29 

A secondary analysis of the Kidney 
Interventions During Membrane Oxygenation 
(KIDMO) Study Group30 reevaluated FO in 256 
neonates and older infants.31 AKI was defined 
by serum creatinine-based criteria alone and FO 
was based on patient weight at ICU admission. 
During the ECLS course, 71% had FO and 
51% had severe AKI. The authors evaluated FO 
when RRT was initiated and 63% of patients 
with <20% FO had lower hospital mortality 
(47%) but as FO increased (30 to <40%, 40 to 
<50% and >50%), hospital mortality increased 

(63%, 74% and 68%, respectively). The authors 
concluded that patients in whom RRT was 
initiated when the FO% was lower had greater 
decreases in FO%, shorter duration of ECLS, 
and improved survival.31 This requires further 
investigation as other reports present conflicting 
conclusions where the use of RRT is associated 
with longer duration of ECLS and greater odds 
of death during ECLS.9,30

Hemorrhage, Hemolysis and Thrombosis 

Variability in anticoagulation strategies 
for monitoring and treatment continues across 
various institutions. While on ECLS, it remains 
unclear what the optimal therapy and monitoring 
strategy is mitigating both hemorrhage and 
thrombosis. Hemorrhage is one of the most 
frequent complications during ECLS support 
and is associated with decreased survival.32 
Hemorrhagic complications defined as blood 
loss leading to a transfusion or an intracranial 
hemorrhage are more common in children 
(30%) compared to neonates (16%).25 This 
higher rate of hemorrhage in older children 
compared to neonates occurs at these anatomic 
sites: cannula (11% vs. 5%), surgical (8% vs. 
5%), gastrointestinal (4% vs. 1%), pulmonary 
(6% vs. 2%) and blood sampling for testing 
(55% vs. 75%). Blood sampling was the only 
bleeding source for at least one transfusion in 
66% vs. 40%. The rate of overall thrombotic 
events was 11.0 per 100 days. Patient-related 
4.5/100 days and circuit related thromboses was 
7/100 days.25  

Hemolysis was not associated with pump 
type but was associated with turbulent and 
greater flow rates. Hemolysis, typically defined 
as a plasma free hemoglobin >50 mg/dL, was 
present in 27% of pediatric vs. 40% of neonatal 
respiratory failure ECLS patients. Additionally, 
hemolysis was associated with use of a 
hemofilter, with RRT, and greater transfusion of 
blood products. Finally, it was associated with 
later thrombotic complications and duration 
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of ECLS but not mortality.25 During care of 
children >31 days and <18 years, Dalton et al. 
reported that 34% of respiratory failure pediatric 
patients had circuit related thrombosis or clot 
and required exchange of the entire circuit 
(15%), or its components (6% oxygenator; 
5% bladder, 5% tubing, 4% clots in the arterial 
cannula, 4% hemofilter).25

Mechanical Complications

Mechanical failure occurred in about 15% 
of ECLS courses reported to the ELSO Registry 
over a 20-year period,29 with a decreasing trend 
in the current era. The prevalence of mechanical 
failure in pediatric respiratory failure were 
7% oxygenator failure, 0.2% raceway rupture, 
6% clots in hemofilter, 5% air in the circuit, 
17% circuit change, 13% hemolysis, and 
23% thrombosis or clot in circuit component. 

Infectious Complications

Patients are at high risk for nosocomial 
infections. Factors increasing the infection risk 
include a need for invasive procedures and 
prolonged use of support devices, including 
central venous, arterial, and urinary catheters. 
Furthermore, alterations in the immune response 
often accompany critical illness and exposure of 
the blood and surfaces of the ECLS circuit.32,33 
Infections are associated with a prolonged need 
for support, an increased risk of mechanical and 
patient-related complications, and increased 
hospital mortality.33 Older children on ECLS for 
pulmonary indications have a higher prevalence 
of culture-proven infections compared to 
neonates (17% vs. 6%).33 Infection prevalence 
almost doubles among patients who require 
ECLS for >14 days (30%) compared to those 
with shorter runs (8-14 days [16%] and <7 days 
[6%]).34 

Post Discharge Mortality and Morbidity

Pathan et al.36 reported the one-year 
outcomes of children supported on ECLS for 
acute respiratory failure and found the severity 
of hypoxia and the presence of shock were 
associated with patient posthospital discharge 
mortality, whereas comorbid conditions were 
not. If shock complicated the initial ECLS run, 
one year later survival decreased to 46%.

In another single-center study, Gupta 
et al.37 reported 22 ECLS runs ≥28 days. 
Only 45% (n=10) of cases were successfully 
decannulated from ECLS. Six patients (27%) 
were alive 30 days after decannulation, and 
only 4 patients (19%) survived to hospital 
discharge. Of the three living children, two had 
significant neurologic issues with brain atrophy 
and developmental delay, one awaited renal 
transplant, and all three survivors had chronic 
lung disease. 

Decreased Health Related Quality of Life 
(QoL) after respiratory failure treated with 
mechanical ventilation (with only rare use of 
ECLS) occurred in 19% of infants and children 
and was associated with pre-PICU admission 
features, duration of mechanical ventilation, and 
inadequate pain and sedation management.38 
Long-term followup studies of pediatric patients 
(nonneonates) are largely lacking. A recent 
long-term study of survival after neonatal 
ECLS found that a third had either hypertension 
and/or chronic kidney disease.39 

Long Term Neurodevelopmental Outcomes 

Data on long-term neurodevelopmental 
followup after pediatric respiratory ECLS 
are scarce. Kakat et al.40 described one-year 
followup of 98 neonates (77%) and children 
(23%) after respiratory ECLS. Thirty survivors 
had neurologic problems, including seizures, 
motor or vision abnormalities (n=8), hearing 
problems (n=8), and behavior problems (n=6). 
Eight children had difficulties in multiple 
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domains. Bembea et al.41 assessed neurologic 
and neurocognitive outcomes in neonatal and 
pediatric cardiac and respiratory survivors at 6 
months (n=31) and 12 months (n=34). Scores 
for adaptive behavior and cognitive, neurologic, 
and quality of life assessments were all below 
the general population norms. Jen et al.42 
reported that, among 87 nonneonatal cardiac 
and respiratory ECLS survivors, 56 (63%) of 
whom had a median followup of 3.7 years, 
16% had neurologically debilitating conditions 
such as epilepsy (7%) and developmental delay 
(9%).42

Health related QoL of pediatric ECLS 
survivors was evaluated by surveying the 
patient and parent proxies (primary respiratory 
failure occurred in 81%).43 Followup ranged 
from 1 to 7.5 years with an age range of 
2 to 21 years. Four children required special 
education classes. Seventy percent indicated a 
normal QoL assessed with Pediatric Quality of 
Life Inventory (PesQL). However, psychosocial 
scores (a subscale of PedsQL) revealed 
impaired QoL in 50%. 

Followup

ELSO long-term followup guidelines were 
revised in 2021.44 It recommended that ECLS 
centers offer long-term followup as standard 
of care in a multidisciplinary, structured, 
and standardized way, promoting the early 
detection of neurologic and neurodevelopmental 
problems to trigger early interventions. ELSO 
is now recommending that all pediatric patients 
treated with ECLS have a structured followup 
with a multidisciplinary clinic to promote 
recovery, follow known organ dysfunction/
recovery, and detect unanticipated problems 
such as learning impairments, long-term kidney 
disease complicating AKI and long-term 
pulmonary function (see Appendix, p.773). 
Children of multiple ages can receive ECLS for 
acute respiratory failure, so the initial timing of 
followup is related to hospital discharge while 

the later followup is related to the child’s age 
(Figure 16-1).

In addition, structured followup creates 
the opportunity for evaluation of outcome data 
and effectiveness. This followup should begin 
predischarge with medical and neurologic 
evaluation and family education. After discharge, 
specific care for underlying or acquired diseases 
are needed with neurodevelopmental care, 
including school performance. Proposed 
followup times are at 3, 6, and 12 months. 
Followup through school age and adolescence 
should be individually tailored to patient 
needs. Health care providers should inform 
parents about possible sequelae and should 
advise parents to seek medical review in case 
of problems.

Challenges to followup of children treated 
with ECLS for respiratory failure include that it 
is a rare event in a very heterogenous population 
for both patient event age and etiology of 
respiratory failure. Patients frequently have 
co-existing conditions such as cancer, immune 
deficits, or genetic conditions that may also 
limit survival and quality of function. Although 
recent reports of followup for children at risk 
of neurologic injury after intensive care are 
more common,38 traditionally pediatric critical 
care providers have not organized follow-up 
for ECLS patients. Additional challenges 
include barriers to followup at tertiary centers 
(distance, transportation), low reimbursement 
for follow-up after critical illness, and poor 
access to neuropsychology expertise for timely 
assessment and interventions.
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Pre-Discharge
Identify medical 

conditions that require 
follow up:

tolerance to medications, 
sleep problems, 

deconditioning, seizures, 
acute kidney injury, 

surgical site care

Goal to 
evaluate 

the Child’s: 
Physical, 

Cognitive, 
Emotional 
& Social 
Health

Medical examination, vital signs, 
neurodevelopmental assessment, 

neurocognitive testing, motor 
examination, renal function-

blood and urine

MRI head 
and other 
baseline 
imaging & 
testing per 
individual
patient need 

Post-
Discharge
3, 6, 12 & 
30 months

Goal to Detect 
Problems and 

Implement 
therapy. 

When child  is 5, 
8, 12, & 17 years 

old

Long term
Follow -up

Maximal 
exercise,

neurocognitive 
testing

&

Figure 16-1. Recommended multidisciplinary followup of pediatric respiratory failure: assessments 
and suggested timing.
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Introduction

ECLS has an established role for the 
management of acute decompensated heart 
failure in children with congenital (CHD) or 
acquired heart disease who fail to respond to 
conventional medical and surgical interventions. 
In the 1970s, modified CPB circuits were 
used to provide prolonged ECLS in children 
undergoing corrective and palliative cardiac 
surgical procedures for CHD.1,2 These early 
experiences combined the growth of pediatric 
cardiac surgery for children with CHD to 
establish the importance of ECLS in children 
for managing refractory cardiopulmonary 
dysfunction in children with heart disease. With 
increasing familiarity and access, ECLS has 
grown substantially and is now commonplace 
in centers providing cardiac critical care and 
cardiac surgical services for children with 
heart disease.3 Indeed, in some countries it has 
become a required standard of care for centers 
undertaking surgery for CHD.4

VA ECMO is the most common configura-
tion used in children when cardiopulmonary 
recovery is expected following a short duration 
of ECLS.5 For those in whom long-duration 
support is required, such as a bridge to heart 
transplantation, durable Ventricular Assist 
Device (VAD) is preferred.5 

ECMO offers several advantages when used 
to support acute cardiorespiratory dysfunction 
in neonates and children with heart disease. 
These include speed and ease of deployment, 
deployment at the point of care, ability to 
provide respiratory in addition to cardiac 
support, and applicability across a broad range 

of patient sizes and intracardiac anatomy. 
Furthermore, familiarity and refinement of care 
based on vast experience with VA ECMO have 
helped ensure its successful and safe use. 

Data from the ELSO Registry (October 
2021), gathered from over 400 ECLS centers 
across the globe, reported that over a 5-year 
period (2016-2020), 7861 (11%) of a total 
73,635 ECMO runs were used to support 
neonates and children for cardiac indications.6 
In this subgroup, survival to hospital discharge 
was 51% for neonates and 59% for older 
children. There is an increasing trend in the use 
of cardiac ECMO in both neonates and children 
(Figure 17-1), underlining the importance 
of ECMO in this population. In this chapter, 

Figure 17-1. Trends in neonatal and pediat-
ric ECMO utilization from ECLS Registry 
Report International Summary October 2021. 
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we provide the readers with an overview of 
indications and contraindications for ECLS 
use in children with congenital and acquired 
heart disease. We recognize that indications 
and contraindications will evolve over time 
with improvement in ECLS management and 
technology.

General Indications and Contraindications 
for ECLS Support in Children with Heart 
Disease 

Table 17-1 shows common indications and 
contraindications for ECLS use in children 
with heart disease. ECLS to support children 
with severe cardiorespiratory dysfunction 
following surgery for congenital heart disease 
is a common indication for cardiac ECMO. In 
general, ECLS is deployed when conventional 
medical or surgical therapies have failed to 
reverse the trajectory of cardiopulmonary 
dysfunction, and cardiac arrest is imminent. 

Although timing of ECLS deployment varies 
widely among providers, successful outcomes 
depend on early or timely ECLS deployment 
prior to the onset of permanent end-organ 
dysfunction or cardiac arrest.7  

Contraindications for ECLS also vary 
widely among providers and have changed 
over time. When considering candidacy 
for any ECLS support, it is important to 
recognize that ECLS is merely a support 
modality and does not offer any therapeutic 
benefit. Thus, only those with a reversible 
cause and anticipated good prognosis for the 
primary disease-causing cardiopulmonary 
failure are likely to survive ECLS support and 
subsequent hospital discharge. Additionally, 
for children with heart disease, those who 
are candidates for heart transplantation in the 
setting of insufficient cardiac recovery may 
benefit from ECLS support. However, if it 
is determined that a patient would not be a 
candidate for longer term support such as a VAD 
or for transplantation, then ECLS may not be 
appropriate. Children in whom cardiopulmonary 
failure is nonrecoverable, those with poor 
prognosis from their primary disease, those 
with established multiorgan failure, or with 
pre-ECMO severe neurologic injury, may not 
benefit from ECLS. ECLS support in children 
with severe bleeding not amenable to medical 
or surgical interventions may not be possible. 
Similarly, providing adequate ECLS support 
through peripheral vessel cannulation (eg, 
internal jugular vein and carotid artery) in small 
sized neonates (body weight <2 kg) and those 
with multiple peripheral vessel occlusions may 
require central cannulation.8 Finally, the high 
incidence of intracranial hemorrhage with 
anticoagulation used for ECLS in premature 
neonates (gestational age <34 weeks) requires 
very judicious use of ECLS.9 

Treating clinicians should assess each 
potential ECLS candidate individually, weighing 
benefits, risks, technical challenges, and 
outcomes prior to recommending ECLS support. 

 

INDICATIONS 
Congenital Heart Disease 

• Preoperative Stabilization 
• Postcardiotomy ECMO 

o Refractory cardiopulmonary failure 
o Failure to wean from cardiopulmonary 

bypass 
Noncongenital and Acquired Cardiac Disease 

• Refractory Acute Decompensated Heart Failure 
o Acute Viral Myocarditis 
o Cardiomyopathy 
o Sepsis 
o Noncardiac Systemic Disease 

Both Congenital and Acquired Heart Diseases 
• Refractory Cardiac Arrhythmia 
• Pulmonary Hypertension 
• Procedural Support 
• Cardiac Arrest (ECPR) 
• Bridge to Durable Ventricular Assist Device or 

Heart Transplantation 
CONTRAINDICATIONS 

Poor prognosis from primary disease 
Established multiorgan failure 
Severe pre-ECMO neurologic injury or intracranial 
hemorrhage 
Severe surgical or visceral bleeding 
Prematurity (<34 w gestation) 
Size (<2 kg) 
Family preference 

 

 

 

Table 17-1. Indications and contraindica-
tions for cardiac ECMO.



239

Initiating Extracorporeal Life Support for Cardiac Failure in Children

Finally, and most importantly, a detailed and 
realistic discussion of the risks and benefits of 
ECLS with the family and caregivers should 
occur prior to deploying ECLS. However, 
as ECLS may be required emergently in the 
setting of acute decompensation or cardiac 
arrest, it is also important to recognize that an 
exhaustive discussion or assessment of risks 
and benefits of ECLS is not always possible. 
In these circumstances, ECLS can be deployed 
after a brief discussion to obtain consent, when 
possible. An in-depth discussion can then be 
held with the family regarding the pros and cons 
of continuing ECLS support after achieving 
stability. Furthermore, for high-risk surgical 
cases it is good practice to have discussions 
about the potential need for ECLS with the 
family before the surgery. Similarly, if the team 
believes ECLS would not be appropriate should 
the patient deteriorate, this should be discussed 
with the family and wider team and documented 
before surgical or catheter-based intervention 
is undertaken.

ECLS for Congenital Heart Disease

Cardiac ECMO support for children with 
CHD, especially in the perioperative period 
following cardiac surgery, is not uncommon 
(Figure 17-2).6 A recent publication using data 
from 41 U.S. children’s hospitals reporting to 
the Pediatric Health Information System (PHIS) 
database estimated that 3% of all surgical 
procedures for repair or palliation of CHD 
required postoperative ECLS support (median 
ECMO utilization: 2.8% range 0-5.67%). As 
expected, ECLS was more commonly utilized 
in children undergoing complex surgical 
procedures.9 Common indications for ECLS 
support in children with CHD are highlighted 
below.

Preoperative Stabilization

ECLS can be used for preoperative 
stabilization in neonates and children with 
CHD presenting with refractory profound 
cyanosis, cardiogenic shock, or cardiac arrest 
as a bridge to a corrective or palliative 
procedures.11 Brunetti et al., using data from 
23 cardiac intensive care units in the United 
States reporting to the Pediatric Cardiac Critical 
Care Consortium, estimated that preoperative 
support was used in 10% of cardiac surgical 
patients requiring ECLS support.11 Bautista-
Hernandez et al. described ECLS use for 
preoperative stabilization in 26 children 
with CHD.11 Refractory hypoxemia was the 

Figure 17-2. Cardiac diagnosis in neonatal 
and pediatric cardiac ECMO from ECLS 
Registry Report International Summary 
October 2021.
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most frequent indication for ECLS support. 
Refractory hypoxemia can be seen in the 
setting of insufficient pulmonary blood flow 
and in neonates with obstructed total anomalous 
venous return. ECLS was used as a bridge 
to a corrective or palliative cardiac surgical 
procedure in all patients. Survival to hospital 
discharge was 62%. Little information exists 
about timing of cardiac surgery after stabilization 
with ECLS. However, early intervention prior 
to ECLS complications seems prudent.

Postoperative ECLS Support 

ECLS to support children with post-
cardiotomy cardiopulmonary dysfunction 
following surgery for CHD is well established 
and a common indication for cardiac 
ECMO.7,13-19 The indications for ECLS in the 
postoperative period after cardiac surgery are 
varied and include failure to separate from CPB, 
postoperative low cardiac output syndrome due 
to myocardial dysfunction, residual cardiac 
lesions, pulmonary hypertension, intractable 
arrhythmias, or to aid cardiopulmonary 
resuscitation (CPR) following cardiac arrest 
(ECPR). ECLS provides hemodynamic stability 
and end-organ perfusion while awaiting 
myocardial recovery, treatment of pulmonary 
hypertension, or the treatment of arrhythmia. 
In addition, it can provide the opportunity 
to investigate, diagnose, and intervene on 
significant residual lesions.16,20 It is imperative 
to investigate residual lesions because cardiac 
catheterization and transcatheter interventions 
on ECLS have been shown to be performed 
with a low rate of complications, and earlier 
performance of cardiac catheterization in these 
patients is associated with higher survival.21 
ECLS use for failure to separate from CPB after 
surgery carries high mortality risk.22 However, 
ECLS support in this situation can provide an 
opportunity to investigate and correct residual 
lesions or serve as a bridge to durable VAD or 
heart transplantation.

Respiratory Failure

In children who develop respiratory failure 
after cardiac surgery due to primary lung disease, 
severe pulmonary hypertension, pulmonary 
hemorrhage, or insufficient pulmonary blood 
flow (eg, systemic to pulmonary artery 
shunt obstruction), ECLS provides excellent 
respiratory support until these issues are treated 
or resolved. In some cases, primary respiratory 
failure in children with CHD, including those 
with single ventricle CHD, can be supported 
successfully with VV ECMO.23  

Cardiac Arrest

Cardiac arrest in the postoperative period 
unresponsive to CPR can be rescued with rapid 
ECMO deployment (ECPR).24 This indication 
is discussed in more detail later in this chapter.

Postoperative Procedural Support 

ECLS can be deployed prophylactically 
to provide safety for interventional cardiac 
catheterization procedures for residual lesions 
that cannot be addressed surgically. For 
example, an unstable patient with branch 
pulmonary artery obstruction after Tetralogy 
of Fallot repair can be considered for ECLS 
to provide stable perfusion and gas exchange 
for cardiac catheterization to dilate pulmonary 
arteries. 

ECLS in CHD Outcomes

Survival to hospital discharge for patients 
receiving ECLS following cardiac surgery 
ranges from 33-60%. Survival varies by age, 
indication for postcardiotomy cardiac ECMO, 
surgical complexity, bleeding complications, 
and duration of ECLS.13,14,16,17,25 As previously 
mentioned, timing of ECLS deployment prior 
to the onset of multiorgan dysfunction or 
cardiac arrest is crucial to successful outcomes 
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for postcardiotomy patients. Finally, residual 
lesions are common in children requiring 
cardiac ECMO after congenital cardiac surgery. 
Prompt diagnosis and intervention are crucial 
to successful ECLS support and survival in 
these patients.20,26 Echocardiography can 
underestimate residual lesions once a patient 
is on ECLS, and consideration should be given 
for early cardiac catheterization or cross-
sectional imaging to exclude residual lesions in 
any patient requiring ECLS following cardiac 
surgery. 

Extracorporeal Cardiopulmonary 
Resuscitation (ECPR)

ECLS can be rapidly deployed during 
CPR for cardiac arrest in children with 
cardiac disease when there is no return of 
spontaneous circulation (ROSC) despite 
ongoing high-quality conventional CPR.24,27,28 
In these situations, ECPR can provide stable 
systemic perfusion and gas exchange to 
enable diagnosis and treatment of conditions 
leading to cardiac arrest. Since the description 
of ECPR use in postoperative children with 
heart disease in 1992, it has now become a 
common indication for use of ECLS in children 
following cardiac surgery.27-29 In postoperative 
patients, access to the right atrium and aorta 
via recent sternotomy provides an opportunity 
for rapid central cannulation for ECLS. ECPR 
can also be effectively utilized in children with 
nonsurgical acquired heart disease, such as 
acute fulminant viral myocarditis, typically 
via peripheral cannulation of the right internal 
jugular vein and carotid artery.27 Although 
there is wide variability in ECPR utilization 
across ECLS centers, reports document 9–10% 
of in-hospital cardiac arrests are supported 
with ECPR.29,30 Survival to hospital discharge 
for ECPR is reported to be 17-50%.12,27,31,32 
Lasa et al. demonstrated improved survival to 
hospital discharge with favorable neurologic 
outcome in children with ECPR compared 

with conventional CPR in children after an 
in-hospital cardiac arrest, including cardiac 
surgical patients.33 Ideal candidates for ECPR 
have sustained a witnessed cardiac arrest, have a 
reversible reason for the cardiac arrest, and have 
received immediate and effective CPR prior 
to ECLS deployment (see Chapter 21). Both 
ready access to ECLS equipment and team are 
required for successful ECPR. Children with 
CHD who have physiologic constraints that 
limit effective conventional CPR may be poor 
candidates for ECPR.34

ECLS for Single Ventricle Congenital 
Heart Disease

Neonates with single ventricle congenital 
heart disease such as Hypoplastic Left Heart 
Syndrome (HLHS) are at increased risk for 
postcardiotomy ECLS support due to complex 
circulatory physiology posed by palliative 
procedures such as the Norwood operation for 
HLHS or systemic to pulmonary artery shunt 
operations for pulmonary atresia. Among 
patients undergoing the Norwood operation, it 
is reported that 9-17% of patients are supported 
with ECLS following surgery.18,35,36 Indications 
for ECLS following the Norwood operation 
include failure to separate from CPB, refractory 
low cardiac output, cardiac arrest, and acute 
hypoxemia due to systemic to pulmonary 
artery shunt thrombosis or obstruction.15 
The Single Ventricle Reconstruction Trial, 
reflecting 549 patients following the Norwood 
operation across 15 centers, found birth weight 
less than 2.5 kg, older age at operation, and 
reoperations following the original operation 
were risk factors for ECLS.37 A single-center 
study of neonates supported with ECLS after 
the Norwood operation found that birth weight 
<2.5 kg and longer duration of CPB, lactic 
acidosis, and the need for larger doses of 
inotropes were all associated with increased 
ECLS usage.36,38 These factors can help identify 
neonates who may be at risk of requiring ECLS. 
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However, ECLS and ECPR are risk factors 
for poor survival in neonates requiring ECLS 
after the Norwood operation.37 Survival to 
hospital discharge in neonates requiring ECLS 
after the Norwood operation is reported to be 
31-44% in those placed on ECLS for failure to 
wean from CPB, and those placed on ECLS for 
cardiopulmonary dysfunction are at increased 
odds of death.38,39 

ECLS can be considered for single ventricle 
patients with cavopulmonary circulations 
(Bidirectional Glenn [BDG] and Fontan), both in 
the immediate postoperative period and during 
subsequent admissions for cardiorespiratory 
failure.40-42 Indications for ECLS in these 
patients include postcardiotomy or systolic and 
diastolic heart failure, atrioventricular valve 
regurgitation, hypoxemia due to lung disease 
including infections, or rarely plastic bronchitis. 
Providing adequate ECLS support in these 
patients may require transthoracic cannulation 
for the Glenn and multisite venous drainage for 
the Fontan circulation. Because patients with 
BDG or Fontan circulation presenting with 
acute decompensated heart failure have high 
systemic venous pressure, neurological and end-
organ injury following CPR is common and may 
reduce good ECPR outcomes.43 Evaluation for 
heart transplantation may be required in children 
with BDG or Fontan circulation presenting with 
acute decompensated heart failure who fail to 
promptly wean from ECLS. Survival to hospital 
discharge for children with BDG or Fontan 
circulation is poor because the need for ECLS 
often represents endstage cardiac failure. Issues 
related to longer term direction of therapy such 
as suitability or not for transplantation should 
be carefully considered when making decisions 
regarding candidacy for ECLS.40-42   

ECLS for Myocarditis and MIS-C

ECLS can be effectively used to rescue 
children with acute fulminant myocarditis 
presenting with cardiogenic shock or cardiac 

arrest. These patients have the highest survival 
compared to any other group.44,45 Cardiac 
recovery usually occurs in 7-10 days and 
patients can be successfully weaned off ECLS. 
Need for ECLS can be anticipated in patients 
with acute myocarditis with cardiogenic shock 
or malignant arrhythmias despite medical 
management. In a single center series of 
patients with acute fulminant myocarditis, Teele 
et al. reported those who were supported with 
ECLS presented with end-organ dysfunction 
and dysrhythmias.45 Although forms of 
temporary VADs have emerged as alternative 
support modalities in patients with acute 
myocarditis, their use is limited by size and 
availability, and ECMO remains the mainstay of 
mechanical circulatory support for children with 
myocarditis.5 In addition, ECMO cannulation 
for this population is generally peripheral, 
sparing myocardial cannulation. Children who 
do not recover cardiac function as expected 
in acute myocarditis should be evaluated and 
transitioned to a durable VAD as a bridge to 
recovery or heart transplantation. It is important 
to keep in mind that left atrial decompression 
is a protective factor for mortality in patients 
with myocarditis, and decompression of the 
left heart is essential for myocardial recovery.46 
This should be performed early after initiation 
of ECLS, given earlier time to decompression 
following ECLS cannulation is associated with 
shorter duration of ECLS and intensive care unit 
(ICU) length of stay.47

Acute cardiogenic shock and cardiac failure 
in children with SARS-CoV-2 associated 
Multisystem Inflammatory Syndrome (MIS-C) 
unresponsive to conventional medical 
management can be successfully supported 
with ECLS. Data on ECLS utilization in patients 
with MIS-C remains sparse, limited to case 
reports and small case series. Based on currently 
available reports, patients with MIS-C requiring 
ECLS recover within 7-10 days.48,49 In addition, 
patients acutely ill with SARS-CoV-2 infection 
can present with respiratory or cardiac failure 
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requiring ECLS support. For both types, early 
diagnosis and appropriate therapy can improve 
recovery.50

ECLS for Procedural Support

ECLS can be deployed electively to 
provide hemodynamic support for critically 
ill children with heart disease requiring 
interventional cardiac catheterization for 
correction of structural defects or ablation 
of hemodynamically significant arrhythmias. 
The primary goal of ECLS in these instances 
is preservation of end-organ function and 
prevention of cardiac arrest. Zaleski et al. 
reported on the successful use of prophylactic 
ECLS for procedural support in a small series of 
children with heart disease from a single center 
experience.51 The authors emphasized the need 
for multidisciplinary discussion to consider the 
risk and benefits ECLS prior to deployment. 
Planning for preprocedural support should 
include a plan for the proposed intervention, 
including technical, personnel, and equipment 
required for successful support. Many children 
requiring ECLS for procedural support can be 
weaned off ECLS soon after the successful 
intervention.

ECLS for Intractable Arrhythmias

ECLS can be deployed in patients with 
acute decompensated heart failure from 
tachyarrhythmias unresponsive to medical 
therapies.52 ECLS in these instances can 
help optimize antiarrhythmic medications 
and provide stability for ablation procedures. 
A recent study by Ghaleb and colleagues 
reported a 65% survival for children supported 
with ECLS for supraventricular arrhythmias.53  

ECLS in Pulmonary Hypertension

Pediatr ic  pulmonary hypertension 
guidelines published by the American Heart 

Association/American Thoracic Society in 2015 
recommended use of ECLS in children with 
CHD with refractory pulmonary hypertension 
and cardiac failure following cardiac surgery.54,55 
ECLS has also been used to bridge children 
with primary pulmonary hypertension to lung 
transplantation.55 

ECLS as a Bridge to Heart Transplantation

ECLS as a mechanical support modality for 
bridge to transplantation has been largely replaced 
with the availability of durable pediatric VADs, 
given survival to transplant is higher on durable 
VADs compared to ECLS or temporary VADs.56 
Durable VADs can provide the long duration 
of support required while waiting for organ 
availability, with the ability to provide physical 
and nutritional rehabilitation that are important to 
ensure good posttransplant outcomes.50,57 Where 
possible, if the intent of ECLS in a patient with 
acute decompensated heart failure is bridge to 
heart transplantation, VAD should be chosen. 
In patients listed for heart transplantation, 
ECLS can be deployed to improve end-organ 
function in children with acute decompensated 
cardiac dysfunction with eventual transition to 
durable VAD once end-organs have recovered. 
Finally, ECLS can provide excellent support for 
cardiopulmonary dysfunction related to early 
graft failure following heart transplantation with 
good outcomes.58

In summary, ECLS is an invaluable support 
modality for children with congenital and 
acquired heart disease. Easy deployment in 
patients of all sizes and cardiac anatomical 
differences, and the vast experience with 
its use have established its importance in 
the management and rescue of critically ill 
children with heart disease. It is anticipated 
that indications and contraindications for use of 
cardiac ECMO will continue to evolve over time.
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Introduction

The medical care of the patient on ECLS or 
other forms of mechanical circulatory support 
(MCS) continues to be challenging. With 
ongoing evolution in technology and a growing 
variety of diseases for which ECLS is used, 
an in-depth understanding of unique patient 
anatomy, physiology, and the impact of ECLS 
physiology on patient physiology is essential 
for all team members.1,2 

This chapter will address pertinent 
medical considerations for pediatric patients 
requiring ECLS for cardiovascular indications. 
Consideration of current clinical state, patient 
age, level of clinical stability, underlying disease, 
comorbidities related to that disease, knowledge 
of potential cardiac surgical interventions, 
potential for organ replacement, and type 
of durable MCS that might be possible are 
important aspects of caring for these patients.3 
The goals of medical care need to be tailored 
according to the indication for ECLS with 
attention to improving physiology, addressing 
common challenges, applying knowledge of 
outcomes where possible, and addressing the 
needs of the patient and family.

Utilization of Cardiovascular ECLS

While this chapter is focused on the 
management rather than the initiation of 
ECLS for cardiac failure, management is often 
dictated by both the circumstances and goals of 
mechanical support. There are a few overarching 
pathways for which ECLS is used to support 
cardiac patients, which are important to provide 
context for any discussion of management while 
on ECLS. Most commonly, ECLS is used as 
a bridge to recovery. Failure to separate from 
cardiopulmonary bypass after surgery, or a 
subsequent unremitting low cardiac output state 
is a common scenario. Here, time for ventricular 
recovery, or opportunity for additional surgical 
or interventional therapies may allow successful 
separation from ECLS. ECLS may provide time 
for diseases such as myocarditis or intractable 
arrhythmias to improve while supporting vital 
organ function.4 Stabilization with ECLS prior 
to surgical intervention may be necessary in 
certain cases with very unstable physiology. If 
recovery is unlikely despite ECLS support, or 
additional interventions to improve physiology 
are not possible, ECLS may be used to bridge to 
an alternate durable MCS or organ replacement 
therapy (Chapter 20). Finally, ECLS can be 
used as emergent rescue therapy in the setting 
of cardiopulmonary arrest (Chapter 21). 
Cardiac patients generally require a relatively 
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short duration of ECLS, which affects the 
approach to managing the ECLS course. In 
all situations, management is directed at 
maximizing myocardial perfusion to aid cardiac 
recovery, addressing important residual lesions 
if present, and maintaining or improving end 
organ function.

Management of Common Issues for the 
Cardiac ECLS Patient 

Overall, evidence shows that some factors 
will be predictive of a good outcome, such as 
weight >3.3 kg, biventricular anatomy, low 
inotrope score, elective ECLS initiation rather 
than during CPR, pH >7.28, clearance of lactate 
within 24 hours of initiating ECLS, absence 
of renal failure, good hemostasis, absence of 
chromosomal disorders, and ability to separate 
from ECLS in <5 days.5,6

Myocardial Stun

Although cardiac stun can happen with 
any initiation of ECLS, it is more likely 
to be seen in the patient with myocardial 
dysfunction prior to MCS. The sudden decrease 
in preload and increase in afterload to the poorly 
functioning heart will often induce a period 
of worsened cardiac function with minimal to 
no pulse pressure. This expected phenomenon 
requires diligent monitoring to ensure adequate 
myocardial perfusion and assurance of adequate 
ECLS flows to support end organ function and 
allow time for improvement. The generally 
expected time course for recovery of cardiac 
stun is 3-7 days.7 

Ensuring Adequate Ventricular 
Decompression

ECLS does not completely or automatically 
decompress the systemic ventricle in a two-
ventricle circulation unless there is an atrial 
or ventricular communication or a specific 

cannula to vent the systemic atrium. Even 
with full VA support, there will be blood return 
to the left ventricle (LV). In the setting of a 
poorly functioning ventricle, either due to 
the underlying disease process or ventricular 
arrhythmias, the ventricle can no longer 
empty the blood returning to it and becomes 
increasingly distended with resultant left atrial 
(LA) hypertension and pulmonary edema. 
Importantly, the elevated intracavitary pressure 
will decrease myocardial perfusion pressure 
and cause subendocardial ischemia. This 
can further damage an already compromised 
myocardium. Adequate decompression is 
critical to myocardial recovery and reduction 
of myocardial injury on VA ECMO.

Signs of inadequate decompression include 
any of the following: 1) pulmonary edema 
on chest radiograph or lung ultrasound (US); 
2) new bleeding from the endotracheal tube; 
3) absence or loss of systemic pulse pressure that 
was previously present; 4) LV distension or lack 
of aortic valve opening on echocardiography; 
5) spontaneous contrast in the LV and/or LA on 
echocardiography.

Appearance of spontaneous contrast in the 
ventricle on echocardiography indicates stasis 
of blood suggesting that decompression would 
be advantageous. Echocardiographic findings 
of LV or LA dilation, poor function, and 
transseptal gradients are all helpful, but the last 
of these can be misleading and underestimate 
LA pressure. Even if there is pulsatility of 
the arterial waveform, the LV end diastolic 
pressure (LVEDP) may be unacceptably 
high, so presence of a pulse pressure alone is 
inadequate to conclude that decompression is 
not needed in the absence of intracardiac shunt 
or a functioning LA vent. While there is a 
paucity of clear survival benefit, expert opinion 
advocates for LV decompression to maximize 
myocardial recovery for the above physiologic 
reasons. Also, there is clear evidence that 
decompression shortens the ECMO course.8-11 
It should be noted that long-term LV function, 
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neurological function, and survival in patients 
with LA decompression for ECLS needs further 
study.

Options for LA decompression include 
a surgically placed vent cannula into the LA, 
catheter-based creation and dilation of an atrial 
septal communication, or use of a percutaneous 
micro-axial ventricular assist device (VAD) for 
those who are of adequate size.10-15 Use of an 
LV vent has also been described.8 A low flow 
probe on the tubing of the vent is recommended 
because it helps confirm that there is adequate 
decompression and that the vent is working. 
Thrombosis of the vent can easily occur due to 
its small size and low blood flow. Positioning of 
these vents are crucial and, if the vent adheres 
to the atrial wall, drainage can be impaired 
or cease and risk thrombus formation in the 
vent tubing due to stasis. If this occurs, the 
decompression of the atrium will no longer be 
adequate unless improvement in ventricular 
function has already occurred. Finally, an LA 
pressure monitor may be added surgically to 
provide monitoring of LA pressure if there is a 
concern about adequate decompression.

Bleeding

Bleeding is common in patients on cardiac 
ECMO. In a multicenter analysis, nearly half 
of children with cardiac disease on ECLS 
had hemorrhagic complications, and this was 
associated with increased mortality risk.16 
Additionally, neonates who undergo CPB are 
at greater risk of needing ECLS if there is 
excess postoperative bleeding.17 Risk factors 
for hemorrhagic complications during ECLS 
include mediastinal exploration prior to ECLS, 
greater surgical complexity, early postoperative 
cannulation, and longer bypass time.16,18 
Hemorrhage from surgical sites and generalized 
seepage puts patients at risk for tamponade, 
even with an open sternum. Bleeding also 
impedes the ability to provide appropriate ECLS 
flows. Early postoperative bleeding may resolve 

over 12-24 hours with aggressive support 
for volume loss and meticulous attention to 
correcting factors contributing to bleeding, such 
as thrombocytopenia. Decisions regarding the 
need for or timing of mediastinal reexploration 
must consider the potential to disturb clot that 
is appropriately forming versus the importance 
of uncovering surgically correctable causes 
of bleeding. Anticoagulation targets are 
also commonly altered, and on occasion 
prothrombotic products, such as activated factor 
VII may be given but as a last resort, because 
it risks thrombus formation within the circuit. 
It is important to have the capability for rapid 
replacement of the ECLS circuit should circuit 
thrombosis result. Once better hemostasis has 
been achieved for several hours and patient 
hemodynamics are acceptable, anticoagulation 
is generally increased for circuit maintenance. It 
is not uncommon to have increased thrombus in 
the ECLS circuit or early membrane failure after 
large volume blood product replacement for 
bleeding, and this needs expectant monitoring. 

Single Ventricle Physiology 

ECLS has been used in single ventricle 
circulations.19-22 A multicenter database study 
suggested overall 59% weaned from ECLS, 
and 31% survived to hospital discharge. Risk 
factors for mortality in that study included black 
race, mechanical ventilation prior to ECLS, 
longer ECLS duration, and once on ECLS, 
development of multiorgan complications 
or acidosis. In addition, failure to separate 
from CPB as an indication for ECLS showed 
decreased survival.19 This is generally consistent 
with previous series that have shown better 
outcomes with reversible problems (eg, shunt 
thrombosis) and a short ECLS course,20,21 
and perhaps early deployment and patient 
selection may be important determinants 
of outcome.19,22 Although early initiation of 
ECLS may be helpful, the observation that 
ECLS initiated due to failure to separate from 
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CPB is associated with higher mortality19 may 
reflect that the inability to ever separate from 
bypass sometimes results from a different set 
of problems than does the inability to maintain 
cardiac output several hours later. Use of ECLS 
for single ventricle patients has increased over 
time and is costly.19,20 Further study to define 
the best use of ECLS in the single ventricle 
population is still required.

Regardless of the evolution of this data, 
understanding physiology in the single 
ventricle patient on ECLS is imperative to 
appropriately supporting the patient. Higher 
ECLS flows (150-200 mL/kg/min) are often 
required to support flow across the Blalock-
Taussig-Thomas (BTT) shunt, open PDA (with 
or without stenting), and hybrid palliation 
strategies when present. This is to overcome 
the relatively higher volume of blood flow to 
the lower pressure bed of the lungs compared to 
the higher pressure bed of the systemic vascular 
system while the patient is on ECLS. The goal 
of ECLS flow is to provide adequate flow to 
maintain circulation rather than providing a 
specific amount of flow, which has systemic 
and pulmonary perfusion in parallel, rather than 
in series. It is also important to recognize that 
the mixed venous saturation from the ECLS 
circuit does not represent cardiac output, circuit 
function, or recirculation since the common 
atrial chamber is decompressing the systemic 
ventricle and generally contains fully mixed 
pulmonary and systemic venous return. If 
the lungs are healthy, the pulmonary venous 
return will be well oxygenated because of the 
flow from the arterial cannula through the BTT 
shunt to the lungs, and the “mixed” venous 
saturations in the venous drainage cannula 
are higher than in those with two-ventricle 
physiology. If the lungs and BTT shunt are 
working normally it is possible to support 
the patient using the ECLS circuit without a 
membrane oxygenator, sometimes called ‘no-
MO,’ used as a paracorporeal VAD. Alternately, 
one can review shunt patency by ‘capping’ the 

oxygenator and removing all gas exchange 
capability of the circuit. Thus, in the setting of 
good arterial cannula position, adequate lung 
volumes, and appropriate ventilation strategies 
blood gases should demonstrate appropriate 
PaO2 and PCO2 for a single ventricle circulation. 
If this trial is unsuccessful, shunt patency 
(or ductal patency) should be discussed and 
addressed as appropriate prior to attempts 
to separate from ECLS. Of note, outside of 
testing shunt function by functionally removing 
the oxygenator, the target blood gases and 
oxygenation should be as they are for any other 
VA ECMO patient. Another strategy to manage 
the parallel rather than in-series circulation 
present is to surgically constrict the BTT 
shunt. This approach adds some risk of shunt 
thrombosis, even after removing the constriction. 
It is now well understood that the shunt must be 
left open during ECLS as previous attempts to 
manage the shunt by totally occluding it resulted 
in 100% mortality, although partial occlusion 
can be effective to allow better systemic and 
myocardial perfusion at more manageable flows. 
For any patients with a BTT shunt cannulated 
for ECLS via the ipsilateral internal carotid 
artery, there is risk of slippage of the arterial 
cannula into the shunt, which will be reflected 
as sudden loss of all cardiac output supported 
by the circuit. In the event that a preoperative 
newborn with ductal dependent systemic, or 
even pulmonary circulation, is placed on ECLS 
and the ductus remains fully open, banding of 
the branch pulmonary arteries can be used to 
control pulmonary blood flow while on MCS.

As pulmonary blood flow supplied by a 
right ventricle to pulmonary artery (RVPA) 
conduit has become a more popular way to 
perform stage I single ventricle reconstruction 
for Hypoplastic Left Heart Syndrome (HLHS), 
it is important to understand that this type 
of circulatory pattern is inherently different 
than the BTT shunt in terms of accounting 
for pulmonary blood flow with ECMO flow 
rates. With a BTT shunt (or pulmonary artery 
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bands), the flow to the lungs comes directly 
from the aorta and therefore must be accounted 
for as part of the ECMO flow, since the blood 
returned to the aorta by the ECMO circuit will 
directly perfuse the lungs as well as the body. 
With an RVPA conduit, blood flow to the lungs 
comes from the ventricle, which sits between 
the venous and arterial cannulas of the ECMO 
circuit. Therefore, one need only account for 
systemic blood flow with the ECMO circuit 
since any pulmonary blood flow will be 
supplied by whatever venous return is not taken 
up by the venous cannula. Therefore, there 
would generally be no benefit to restricting an 
RVPA conduit for a single ventricle patient on 
ECMO with this source of pulmonary blood 
flow. Similarly, this limits the ability to use 
ECMO without an oxygenator, as the ECMO 
circuit would serve as a direct right to left shunt 
as it would in a biventricular circulation.23 
Thus, in a patient with a BTT shunt the general 
goal should be to aim for high ECMO flows, 
whereas in patients with an RVPA conduit the 
aim should be to minimize ECMO flow to allow 
for antegrade flow through the RVPA conduit to 
promote pulmonary blood flow and minimize 
risk of clotting of the RVPA conduit.

RV-dependent coronary circulation in the 
setting of Pulmonary Atresia/Intact Ventricular 
Septum (PA/IVS) is worthy of special note. 
The myocardium is dependent on adequate 
preload, and efforts need to be made to keep 
the heart ejecting as a surrogate that the heart 
is adequately pre-loaded. Case reports have 
suggested the role of an aorto-RV shunt in 
extreme cases to try and maintain coronary 
perfusion during ECLS.23 

ECLS support utilized in the cavopulmonary 
connection and Fontan circulation21,22 has 
included: 1) VV support to provide improved 
oxygenation while awaiting a decrease in PVR 
and improved flow through the cavopulmonary 
connection(s), or 2) VA support more commonly 
used to stabilize the patient prior to take down of 
Fontan or Glenn connections. In both instances, 

management of the patient requires vigilant 
observation for development of superior vena 
cava (SVC) syndrome, or venous congestion 
due to failure of flow through the pulmonary 
bed that can be difficult to recognize with 
maintenance of oxygenation by the membrane 
and/or support of cardiac output in the patient 
on VA ECMO. The anatomy of those with a 
bidirectional Glenn shunt requires a choice 
of the venous cannulation site for mechanical 
support. Use of the SVC can decompress 
the cerebral venous system and support 
oxygenation but may provide little cardiac 
output support. Cannulation of the atrium can 
support both oxygenation and cardiac output 
to a greater degree due to the larger amount of 
blood returning to the heart from the lower part 
of the body and is the generally recommended 
approach. It relies on passive flow through the 
lungs to decompress the SVC, so monitoring 
for SVC syndrome is still important. If there 
is obstruction of the pulmonary bed (eg, 
increased PVR or atelectasis in the setting 
of pulmonary infection), CVP elevation may 
worsen neurologic outcomes by reducing 
cerebral perfusion pressure. Atrial cannulation 
can be performed via a full sternotomy, a limited 
right 4th space anterior thoracotomy, or via the 
McEverdy approach to the IVC. 

Residual Cardiac Lesions

When a postoperative cardiac patient 
requires ECLS, additional investigation for 
residual lesions is of utmost importance and early 
detection significantly improves survival.24-26 
Investigation with cardiac catheterization to 
clarify the physiologic impact of residual lesions 
should be pursued early in the postoperative 
patient. Echocardiography alone is usually 
insufficient to identify all residual lesions 
(as few as 20%) and cardiac catheterization 
can provide valuable detailed hemodynamic 
and anatomical data in conjunction with 
an opportunity to address residual burdens 
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using catheter-based interventions. Negative 
studies can be helpful too, as defining a lack of 
significant residual lesion or physiologic burden 
aids in prognostication of cardiac and overall 
patient recovery.

The ECLS circuit can hamper the search 
for useful data, so studies need to consider 
the approach, ability to clamp the circuit at 
critical data collection points, and the correct 
interpretation in conjunction with other anatomic 
and physiologic investigations. Cardiac MRI is 
not technically possible. The presence of an 
open sternum, dressings, or cannula position 
can obscure echocardiographic windows. 
Furthermore, hemodynamic measurements by 
echocardiography or catheterization may be 
unreliable in the face of the limited intracardiac 
flows or ventricular filling on ECLS. Flow 
through the aortic cannula may produce or 
exacerbate aortic insufficiency. Therefore, 
certain diagnostic procedures or maneuvers 
may require temporary reduction or cessation 
of ECMO flow.

Despite these challenges in obtaining 
accurate data, it is important to acknowledge 
that residual lesions have been found in 
70-80% of cases that require postoperative 
ECLS24,27 and up to 75% of these patients benefit 
from subsequent surgical or catheter-based 
reintervention. Furthermore, those taken to the 
catheterization lab early (mean of 1.6 days after 
ECLS) had better outcomes.28 Finally, the use 
of CT-angiography to identify residual lesions 
has been shown to improve survival.25 

Cardiovascular Assessment and Monitoring

Rhythm and Heart Rate

Often during a period of cardiac stun, or 
in the inflamed heart, patients may experience 
low voltages on continuous telemetry or severe 
bradycardia. With adequate ECLS flows, these 
abnormalities should not prove problematic and 
return of appropriate heart rate or sinus rhythm 

can signal cardiac recovery. Additionally, and 
particularly in a postoperative patient, epicardial 
pacing may be required to demonstrate 
improvements in ventricular function that 
can be difficult to assess in the presence of 
atrioventricular dyssynchrony.

Arrhythmias that would otherwise cause 
hemodynamic instability or cardiovascular 
collapse are generally not as problematic 
while on ECLS. However, converting the 
patient back to sinus rhythm generally reduces 
myocardial demand and promotes ventricular 
recovery.29 Decompressing the heart alone and 
the subsequent improvement in myocardial 
oxygen delivery may lead to resolution of the 
arrhythmias. 

Blood Pressure

Patients on ECLS present challenges in 
blood pressure monitoring. Pulsatile MCS 
devices have a relatively normal arterial 
waveform, but continuous flow ventricular 
assist devices or ECLS with poor ventricular 
function show a flat waveform with little pulse 
pressure. It should, nonetheless, reflect mean 
arterial pressure. For the ECLS patient, arterial 
waveform changes can also reflect blood loss, 
impaired pump flow or function, hypertension 
related to volume overload or other issues.29-31 
For all MCS devices, determining adequacy 
of support is accomplished by assessing 
hemodynamic status, vital signs, capillary 
refill, warmth and color of extremities, urinary 
output, and neurological status.29,32  Providing 
adequate systemic blood flow (which may 
or may not be represented by mean arterial 
pressure) minimizes secondary injury to tissues 
and organs. Normalizing elevated lactate 
within 24-48 hours is associated with improved 
outcomes.33
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Central Venous Pressure and Fluid 
Management

A simple way of estimating intravascular 
volume status is trending CVP in combination 
with ECLS inlet pressure. This is an important 
determination since MCS devices are dependent 
on adequate preload. If device flow is impaired, 
inlet pressures are very negative, and CVP is 
low, generally volume replacement is required. 
But when device flow falls with a high CVP in 
combination with more negative inlet pressures, 
a search for tamponade or right heart failure 
should ensue. If device flow is maintained 
with high CVP, hypervolemia may be present 
and should be treated. These generalizations 
must be qualified by recognizing the limitation 
of CVP. This number not only represents 
volume status but is also affected by cardiac 
and vascular compliance. Studies note the poor 
correlation between CVP and actual cardiac 
filling volume.29 Fluid management therefore 
involves not only optimal goals for the patient, 
but attention to circuit function. Increasingly 
negative venous pressure, low flow, or circuit 
‘chattering’ may occur in the circuit when the 
patient is intravascularly depleted. Volume 
repletion may improve circuit function, but 
a reassessment needs to be made not only of 
fluid status, but for potential causes of impaired 
venous return such as tamponade or cannula 
obstruction.29

Echocardiography

Echocardiography should be performed to 
assess residual lesions and to monitor ventricular 
function and complications (eg, tamponade, 
signs of inadequate decompression). Serial 
studies are often indicated to correlate clinical 
findings, especially during clamp trials off 
ECLS, with detailed cardiac volume and 
functional status. Standard echocardiographic 
indices to assess ventricular function for 
children and neonates during ECLS are scant. 

Assessments of RV and LV function including 
chamber size, ejection fraction, velocity-time 
integral of the LV outflow tract, tissue Doppler 
lateral mitral/tricuspid annular peak systolic 
velocity, tricuspid annular plane systolic 
excursion, and strain can be used during 
ECLS.34 One particular caution in interpreting 
echocardiographic measurements of ventricular 
function while on ECLS is that function can 
change dramatically when the ventricle goes 
from unloaded to fully loaded during a clamp 
trial. This can occur when preload exposes good 
contractility via the Frank-Starling mechanism, 
or when afterload exposes poor contractility.

As mentioned previously, spontaneous 
contrast and a closed aortic valve may contribute 
to blood stasis or thrombosis in the LV or 
ascending aorta. Echocardiography should be 
repeated more frequently to recognize such 
clinical situations and may guide adjustment of 
flow rate, inotropic agents, and anticoagulation. 
The need for LV decompression can be 
considered for increased risk of pulmonary 
edema.11,35 

The confirmation of cannula position by 
echocardiography ensures adequate venous 
drainage and optimal performance of ECLS 
because cannula malposition is associated 
with increased mortality and morbidity.36 
Echocardiography can help to detect other 
complications, such as pericardial effusion, 
tamponade, and hypovolemia (Chapter 48). 

Ventilator Management

Cardiac and Pulmonary Considerations

Respiratory care of ECLS patients with 
an open lung strategy and good pulmonary 
toilet for patients with cardiovascular failure 
optimizes lung function and maintains the 
ability to separate from ECLS when cardiac 
recovery has occurred, generally within days. 
Patients may suffer pulmonary edema as a 
manifestation of inadequate LV decompression; 
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however, noncardiogenic lung edema from fluid 
retention and capillary leak after large volume 
blood product transfusions, inflammatory 
response to CPB, and reperfusion after periods 
of low output can occur. While many cardiac 
patients benefit from a lower positive end-
expiratory pressure (PEEP) ventilation strategy, 
during ECLS support a higher PEEP (generally 
10 cmH20) can maintain lung volume and 
prevent microatelectasis. This is utilized while 
being careful to avoid stretch and therefore 
a smaller tidal volume is beneficial. Whether 
using volume control or pressure control modes 
of ventilation, target tidal volume aims for a 
maximum of 6-8 mL/kg with peak inspiratory 
pressures <18-20 cmH20 and low rate (generally 
10 breaths per minute), recognizing that the 
targeted values may be inappropriate in patients 
with an open sternum, or those with poor lung 
compliance secondary to atelectasis, pulmonary 
hemorrhage, or intrathoracic hematoma. 
Settings need to be reassessed on a continuous 
basis and adjusted based on evolving patient 
status and goals of ECLS.29

Most cardiac patients on ECLS have normal 
lung function and compliance and maintaining 
ventilator settings used in the absence of ECLS 
may prove optimal to improve cardiopulmonary 
interactions. Furthermore, the impact of 
ventilator strategies on venous return, PVR, 
and systemic ventricular afterload need to be 
carefully considered, and may dictate different 
targets in airway pressure or PaCO2.

29 In select 
situations, it may be appropriate to extubate 
a patient without lung pathology or allow 
spontaneous breathing with pressure support.

Inotrope/Vasoactive Medications

Supporting Cardiac Function

Although the ECLS circuit effectively 
replaces cardiac function, it is important to 
support cardiac function and recovery beyond 
‘rest’ on the circuit. As discussed earlier, 

maintaining LA decompression is important. 
Inotropic support such as with low-dose 
epinephrine (and/or milrinone or levosimendan) 
may be useful to promote native cardiac 
function. These need to be balanced with 
potential cardiac toxicities and consideration for 
increased myocardial oxygen demand, although 
their short-term use for ECLS patients has not 
been studied.29 While there is very limited 
evidence to support any one specific approach, 
levosimendan has generally been used as a last 
resort and with very mixed outcomes, perhaps 
because of its more recent introduction to the 
list of available inotropic agents and its limited 
availability in North America.37 

Supporting Organ Perfusion

Vasoactive agents such as norepinephrine, 
vasopressin, phentolamine, and nitroprusside 
may serve as adjuncts to MCS to support 
blood pressure and organ perfusion. There is 
some support for use of nicardipine to treat 
hypertension on ECLS.38 Particularly for 
centrifugal devices, increased afterload reduces 
pump flow, potentially necessitating vasodilator 
agents to ensure adequate flows and systemic 
support.

The rapid restoration of cerebral perfusion 
with VAD insertion has been associated with 
transient encephalopathy in adults; a condition 
improved by lowering device flow.39 Similarly, 
severe hypertension occurs commonly upon 
initiation of MCS, at least in infants,40,41 
although linkage to intracranial hemorrhage 
has been variable. Alternatively, when flows 
are clearly adequate and the patient remains 
hypotensive, use of vasoconstricting agents 
often improve organ perfusion pressure.29
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Other Organ System Considerations Specific 
to the Cardiac ECLS Patient

Infection

General considerations for appropriate 
monitoring and treatment of infection, renal 
dysfunction, or neurologic complications reflect 
those of the noncardiac ECLS population. 
However, a few specific issues should be 
mentioned. Leucopenia occurs commonly 
after large volume transfusion of packed 
red blood cells, platelets and plasma, and 
may not adequately reflect the presence (or 
absence) of infection, and blood temperature 
in the circuit can be manipulated by the 
heater-cooler, potentially masking a fever. 
Vigilant monitoring is required with attention 
to potential for endocarditis or endovascular 
infection, particularly in the presence of 
mechanical valves, synthetic grafts, or stents.

Renal

Renal dysfunction may be exacerbated in 
the cardiac patient due to impaired renal blood 
flow prior to ECLS cannulation and use of 
nephrotoxic drugs. Mobilizing tissue edema 
and achieving fluid removal generally improves 
myocardial compliance and cardiopulmonary 
interactions, and so renal recovery and renal 
replacement therapy are an important priority 
in cardiac ECLS to allow for earlier separation 
from ECLS. Ongoing debate and much literature 
examines the association of poor outcomes and 
continuous renal replacement therapy (CRRT) 
in ECLS patients (see Chapter 42).42-46 

Neurologic

Neurologic monitoring with head ultrasound 
(for patients with open fontanelles) and 
assessing for risks of strokes or hemorrhage 
is important in cardiac ECLS patients. 
Neurologic complications may occur more 

commonly in the congenital heart disease 
patient population because many have baseline 
neurologic injury or dysfunction in association 
with their heart disease that can impact 
decisions about monitoring and investigations 
after ECLS initiation. Seizures during the 
postoperative phase are associated with poor 
late developmental outcome47 and continuous 
(amplitude integrated) electroencephalogram 
(aEEG) monitoring may be considered in 
patients who underwent neonatal bypass, where 
seizures commonly follow.48,49 Patients with 
a longer duration of hypotension and poorly 
perfused states, or those who have had cardiac 
arrest, may require EEG monitoring due to the 
risk of post-hypoxic seizures. However, no 
evidence exists that treatment of subclinical 
seizures changes neurologic outcome for these 
patients, and further investigation is required.

Near infrared spectroscopy can be used as 
an adjunct for monitoring adequate cerebral 
perfusion. Although use is variable, there is 
some evidence of predictive value in identifying 
changes in cerebral perfusion. 50,51

Analgesia and Sedation

Strategies for minimizing use of sedation 
allow spontaneous breathing, participation 
in care, and interaction with staff and family 
members.3 Minimizing sedation is a growing 
trend for patients on ECLS, although occurring 
more commonly with VAD, where the 
expectation is often that the patient will be 
fully ambulatory or even go home with a device 
in place. In some centers, use of neuromuscular 
blocking agents commonly occurs for ECLS 
patients, but many are moving away from 
this practice. Potential benefits include better 
neurologic assessment and possibly less 
long-term muscle weakness.1,3
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Endocrine

Glycemic control has been the subject of 
several large trials in critically ill adults and 
children, but controversy regarding the optimal 
approach persists. With regard to pediatric 
patients on ECLS, a recent study revealed that 
both hyperglycemia and hypoglycemia, together 
recognized as dysglycemia, were not associated 
with increased mortality after adjustment for 
weight, severity of illness, pre-ECLS lactate, 
and ECLS indication.52 The patients in this study 
were mostly neonates, and ECLS use suggested 
critical and unresolved medical issues. Other 
work has shown that the marginal contribution 
of hyperglycemia to adverse outcomes after 
pediatric heart surgery is less for neonates 
and those with residual cardiac lesions.53 
Taken together, these studies suggest that tight 
glycemic control for cardiac patients on ECLS 
is, at most, of secondary importance. 

Nutrition

Few data regarding appropriate caloric 
targets or optimal nutritional routes for patients 
on ECLS exist. Recent work suggests that early 
parenteral nutrition may be detrimental in 
critically ill children.36 Studies have assessed 
the success of enteral rather than parenteral 
nutrition.54-57 Hanekamp reported that 87% 
of neonates on VA ECMO received enteral 
nutrition and just over half of those achieved 
40% of overall caloric goals by day 3 of support. 
In general, published reports suggest minimal 
risk to enteral feeding and potential benefit, as 
well as cost savings in adults on ECLS.54,55

Skin Care and Immobility

Iatrogenic pressure injuries (PIs) are 
associated with increased morbidity, hospital 
length of stay (LOS), and increased expense 
in pediatric patients.58-60 Various medical 
devices,61 immobility, inadequate surface 

support, suboptimal nutrition, friction and 
shear, decreased tissue perfusion, and excess 
moisture have been implicated in PI formation 
in critically ill pediatric patients.58,59 61 Each of 
these factors, along with immobility related to 
cannula position and safety concerns related to 
patient movement, is associated with a higher 
risk for the development of PI in patients 
supported by ECLS, with an incidence of 4.2%,62 
and overall incidence of 10.2% in critically ill 
infants and children, with those supported by 
ECLS noted to be at greatest risk.63 Infants 
and young children who require prolonged 
immobilization and/or have neck cannulation 
for ECLS are particularly at risk for occipital PIs 
due to a larger surface area of the head,62 while 
older children are more vulnerable to injuries 
of the buttocks, sacral, and coccyx regions.59,61 
Additionally, ears and heels are areas that are 
vulnerable to wound formation. A proactive 
approach should be instituted to decrease 
the incidence of PIs. Strategies to reduce 
the development of PIs in pediatric patients 
receiving ECLS include daily skin assessment, 
utilizing specialty support surfaces, managing 
moisture and protecting skin from cannulas 
with foam dressings, fluidized positioners to 
offload pressure from boney prominences and 
the occiput, floating heels off the bed surface, 
along with frequent changes in position (ideally, 
every two hours).63-65 A bundled care approach 
of PI prevention has shown to be effective in 
reducing injury in pediatric patients receiving 
ECLS.65 The use of mirrors is helpful to assess 
vulnerable areas that are not easily visible, or 
amenable to full body turns for inspection.62 

Regardless of cannula position, most 
patients should tolerate listing (minor degrees 
of turning) without incident, to redistribute and 
relieve pressure from existing areas at risk for 
PI.65 Bedrolls, fluidized positioners, pillows, 
and wedges may all be used for changing 
patient position; however, care must be taken 
to prevent accidental cannula dislodgement 
and any interruption in ECLS flow. Peripheral 
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perfusion should be assessed with any position 
change to ensure adequate flow. Maintaining 
proper body alignment, especially with femoral 
cannulation, is crucial to decrease the risk 
of peripheral nerve injury. The institution 
of passive range of motion exercises and 
stretching muscles in immobilized patients 
as tolerated may be helpful (see Chapter 47). 
Measures to reduce contractures, such as the 
use of pressure-relieving boots to prevent foot 
drop and injury to heels, should be instituted 
whenever possible. Patients who require ECLS 
are prone to bone demineralization, muscle 
atrophy, motor dysfunction, and nerve injury 
requiring physical therapy and rehabilitation 
following the discontinuation of ECLS support, 
due to critical illness, prolonged immobility and 
body malalignment.66

Eyes

ECLS patients are at risk for corneal 
abrasion and eye injury due to critical illness 
and pharmacological muscle relaxants causing 
an inability to blink, close eyes, and produce 
natural tears. Administering eye lubricants, 
ensuring full closure of lids, and regular 
scheduled evaluations as indicated, will assist 
in decreasing deleterious effects of eye pain, 
infection, and impairment. Incorporating an 
eye care bundle that includes these elements of 
care can be useful in mitigating the incidence 
of injury for patients at risk during ECLS 
support. 67

Family Support

Having a child in intensive care exacts an 
emotional toll on a family that may increase 
further with the need for ECLS support. Family 
members of patients who were on ECLS may 
experience anxiety and emotional distress 
lasting beyond the hospitalization.68,69 Lewis 
et al.68 found that 20% of parents whose 
children were on ECLS experienced ongoing 

posttraumatic stress symptoms months after 
ECLS decannulation, highlighting the need for 
psychological support for families of children 
with critical illness prior to cannulation, during 
an ECLS course, and beyond discharge or death. 
Curley and Meyer70 reported that many parents 
expressed fears related to pain, suffering, and 
the possible death of their child during ECLS, 
and that daily conversations and details of 
progress with clinical team members helped 
to ameliorate concerns. It is important to 
maintain multidisciplinary support and open 
communication with the family to identify issues 
of significance to them. Goals of therapy should 
be discussed early and reviewed regularly.29 
Furthermore, the potential that ECLS proves 
unsuccessful for patient recovery needs to 
be communicated early. The involvement of 
palliative care services may assist in family 
support and aid in the identification of important 
care goals.

Summary

Managing children with cardiovascular 
disease using ECLS presents many challenges. 
With a thorough understanding of the problems 
unique to the population, knowledge of 
patient specific anatomy and physiology, 
combined with an understanding of ECLS 
and the interaction of this therapy with patient 
physiology, management is improved and 
the potential for successful decannulation 
maximized. The mainstay of cardiac ECMO is 
to ensure adequate systemic oxygen delivery 
while maximizing myocardial recovery by 
adequately offloading the heart, and to search 
for possible residual lesions as soon as possible. 
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Weaning and Decannulation of Children with Cardiac Failure

D. Michael McMullan, Laurance Lequier, Lara Shekerdemian

Introduction

Successful ECLS weaning is generally 
defined as survival after discontinuation 
of ECLS without the need for reinitiating 
mechanical support.1 Survival to decannulation 
after temporary pediatric cardiac ECLS 
occurs in 67% of patients,2 and the outcome 
and overall survival are often influenced by 
factors unrelated to ECLS. In most instances, 
ECLS is removed at a stage when the patient 
remains fragile in their course of recovery 
but, in general, the risks of continuing support 
heavily outweigh the benefits of continuing. 
The timing and manner of weaning ECLS can 
significantly impact survival. There are only 
limited published data to guide clinicians as 
to which clinical parameters predict patient 
readiness for discontinuation of ECLS. ELSO 
has published a number of useful clinical 
practice guidelines on a variety of modes 
of ECLS based on expert opinion, informed 
by available evidence, with targeted clinical 
recommendations. The pediatric cardiac 
failure guideline is applicable to neonates and 
children with cardiac failure as an indication for 
ECLS and addresses patient selection, patient 
management, and pathways for weaning support 
or bridging to other durable, longer-term 
therapies.3 While there are studies that have 
helped to prognosticate death after discontinuing 

ECLS, most of the identified parameters relate 
to underlying patient characteristics rather than 
factors associated with the weaning process 
itself. Therefore, ECLS weaning remains as 
much art as science and the clinician must rely 
on experience and expert opinion to navigate 
this process.

Timing of Weaning of ECLS

Following ECLS cannulation, daily 
assessment of a patient’s readiness to wean 
should occur. There are many factors to 
consider before weaning ECLS, including the 
original indication for support; assessment of 
myocardial and, where appropriate, pulmonary 
recovery; and adequacy of other end organ 
function. Discontinuation of ECLS for cardiac 
support is generally not considered during the 
first 48 hours of ECLS, and after a period of 
stable support with adequate tissue oxygen 
delivery, ventricular decompression, hemostasis, 
correction of metabolic disturbances, and 
exclusion of residual lesions.4

Myocardial Injury and Recovery

Myocardial injury after open heart surgery 
with CPB results from a combination of 
inflammatory, ischemia-reperfusion, and 
surgical insults. Additionally, the intrinsic 
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circulatory physiology, as well as the presence 
of residual lesions and pulmonary performance, 
will impact the ECLS course and ability to wean. 
The peak effect of CPB on myocardial function 
occurs within the first 24 hours postoperatively.5 
The clinical course of myocardial dysfunction 
is a major determinant of the expected timing 
of weaning and ultimate removal of ECLS. In 
the absence of other significant causes for post-
cardiotomy myocardial failure, improvement 
in myocardial performance would be expected 
within a few days after CPB. The recovery 
may be more prolonged in the cases of primary 
myocardial dysfunction, prolonged preoperative 
myocardial ischemia or residual or new surgical 
concerns.6 Early indicators of myocardial 
recovery include increasing pulse pressure, 
increasing systolic pressure, rising end-tidal 
CO2, and improving ventricular systolic 
function on echocardiography.7 However, it 
is important to note that recovery cannot be 
determined with confidence to be sufficiently 
present, or absent, without a formal trial of 
weaning.

While the cardiac ECLS is most often 
initiated for patients after cardiotomy, 
patients with primary myocardial dysfunction 
(eg, myocarditis) represent a group where the 
pattern and timing of recovery may be less 
predictable. Recovery after circulatory failure 
secondary to primary myocardial dysfunction 
(eg, myocarditis) may occur over weeks to 
months, or may not occur at all. A subset of 
these patients with profound and likely long 
term or even end stage myocardial failure may 
require conversion to a ventricular assist device 
(VAD) as a bridge to recovery or transplantation. 
An ELSO database review of 255 ECMO 
patients with an underlying diagnosis of 
myocarditis demonstrated that 61% survived 
to hospital discharge over a 10-year period.8 
Seven of the patients (3%) underwent heart 
transplantation and six survived to discharge. 
With the current commercially available VAD 
devices, it is increasingly clear that, in any 

age group, ECMO may not be the best form 
of mechanical circulatory support beyond two 
weeks when adequate myocardial recovery has 
not occurred.9

Special Considerations 

Residual Lesions:  Postoperative ECLS is 
at times required when preoperative physiology 
specifically predisposes to postoperative 
myocardial failure. Examples include late 
presentation of transposition of the great arteries 
with deconditioned left (systemic) ventricular 
function, congenital coronary abnormalities 
such as anomalous origin of the left coronary 
artery from the pulmonary artery (ALCAPA), 
and left heart obstruction with ventricular 
dysfunction. Some of these patients may benefit 
from longer support to facilitate myocardial 
recovery. ECLS can also be useful as a 
bridge to identify and repair of unrecognized 
lesions. Examples include undiagnosed critical 
aortic valve stenosis and intractable cyanosis 
despite balloon septostomy in patients with 
transposition of the great arteries and pulmonary 
hypertension. In the course of ECLS support 
after cardiac surgery, and particularly when 
weaning is not successful or possible, it is 
important to seek and intervene on residual 
lesions such as vessel or valvar obstruction 
or residual shunting. In these instances, the 
patient can often be immediately weaned after 
appropriate intervention. Early cardiac catheter 
evaluation has been shown to improve survival 
and reduce duration of ECLS when patients fail 
an attempt at weaning ECLS in the absence of 
echocardiographic evidence of a residual lesion 
or significant myocardial dysfunction.10

Left atrial decompression:  In patients 
whose support includes a left atrial vent or atrial 
septostomy, lower vent flows coincident with a 
drop in circuit venous oxygenation may suggest 
left ventricular recovery. Initial steps in weaning 
ECLS should include occlusion and removal 
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of the left atrial or left ventricular vent when 
ventricular recovery is observed. 

Systemic to pulmonary artery shunts:  Some 
patients undergo partial occlusion of a systemic 
to pulmonary artery shunt to achieve sufficient 
systemic perfusion and end-organ oxygen 
delivery while on ECLS. In these situations, it is 
essential to address this temporary intervention 
and ensure that shunt flow is optimized during 
weaning and trialing off ECLS. 

Recovery from postoperative events:  Sudden 
adverse events during the early postoperative 
period, such as bleeding, tamponade, shunt 
obstruction, airway compromise, refractory 
arrhythmias, or cardiac arrest may necessitate 
ECLS as part of the resuscitation. The timing 
of ECLS weaning in these challenging patients 
will depend on resolution of the insult and the 
degree of organ injury related to the event. 
When alternative vascular access sites for ECLS 
support are limited, such as may be the case in 
children who have had a remote sternotomy 
and have been supported for a prolonged period 
of time via cervical cannulation, successful 
recannulation of the cervical vessels may be 
challenging or impossible if vessels have 
previously been ligated. In this situation, greater 
certainty regarding successful weaning may be 
beneficial before discontinuing ECLS.

Indeterminate Prognosis:  ECLS may be 
emergently initiated in the setting of pending 
or actual cardiopulmonary resuscitation, 
without a full understanding of the etiology of 
a patient’s decompensations. When it becomes 
apparent that further support is futile based 
on the underlying disease or severe ECLS 
complications, the perception of prognosis 
and optimal clinical direction may differ 
between team members. Clear and consistent 
communication that elicits input from each 
member of the care team is very beneficial in 
these challenging situations.

Predictors of Successful Weaning 

We a n i n g  E C L S  s h o u l d  o n l y  b e 
considered when there are objective signs 
of myocardial recovery and adequate 
resolution of complicating factors, such as 
the systemic inflammatory response and 
pulmonary dysfunction. Myocardial function 
assessed by echocardiography during full 
ECLS support does not predict myocardial 
performance under preload and afterload 
conditions encountered after separation from 
ECLS. Because myocardial loading conditions 
impact the assessment of ventricular systolic 
function on ECLS, assessment of myocardial 
contractility during ECLS is most helpful 
when evaluated as a trend over time and under 
realistic loading conditions, with appropriate 
vasoactive support. Parameters such as aortic 
velocity time integral ≥10cm, left ventricular 
ejection fraction >20–25%, and lateral mitral 
annulus peak systolic velocity ≥6cm/s under low 
flow conditions have been demonstrated to be 
predict successful ECLS decannulation in adult 
patients with cardiogenic shock (Chapter 29).11

Echocardiography under low flow 
conditions as part of a weaning trial represents 
a cornerstone of most pediatric cardiac ECLS 
weaning protocols. The target is not near-normal 
or normal ventricular function but rather enough 
function to allow adequate organ oxygen 
delivery, a marker that remains ill-defined in 
the pediatric population and may vary between 
patients. In patients whose support includes a 
left atrial vent or atrial septostomy, the ability 
of the left ventricle to increase native ejection 
when the left atrial vent is clamped or removed 
is an important sign of myocardial recovery. 
Currently, no biomarkers have been shown to 
be predictive of myocardial recovery in patients 
on ECLS for cardiogenic shock.12
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Weaning and Trialing-off ECLS

Weaning is the term applied to the reduction 
of ECLS flow, which accompanies myocardial 
or cardiopulmonary recovery. It may be 
conducted over several hours to several days. 
The purpose of weaning ECLS flow is to 
determine if the patient is ready to trial off 
and eventually successfully be removed from 
ECLS. The weaning process varies according 
to institutional and patient factors but typically 
occurs over 4-12 hours. During this time ECLS 
flow should be gradually decreased while 
optimizing ventilation, intravascular volume 
status, and vasoactive medications. Vasoactive 
medications such as inotropes and vasopressors 
should be administered at low doses, and would 
typically include catecholamine inotropes, 
as well as inodilators (such as milrinone) 
and/or vasoconstrictors such as vasopressin 
or norepinephrine.13 In addition, consideration 
should be given to the addition of inhaled nitric 
oxide for patients at risk of, or with, elevated or 
labile pulmonary vascular resistance.

Clinical examination, targeted echo-
cardiography, and serial laboratory parameters 
should be used to assess the adequacy of cardiac 
output and ventricular function during ECLS 
weaning. Throughout the weaning process, 
adequacy of ventricular function is assessed 
by echocardiography, as well as clinical and 
biometric indicators of adequate cardiac output, 
oxygenation, and ventilation. When myocardial 
recovery is judged to be sufficient, the patient 
is optimized for decannulation. A recent study 
of pediatric cardiac ECLS patients revealed left 
ventricular outflow tract velocity time integral, 
divided by pulmonary artery wedge pressure (left 
atrial pressure) were a significant independent 
predictor of successful weaning from ECLS.14 
Qualitative assessment of ventricular function 
and dilatation by continuous transesophageal 
echocardiography during an extensive weaning 
protocol that included volume and inotropic 
challenges, has been shown to be predictive 

of successful decannulation in adult patients.15  
No other pediatric studies have examined 
echocardiographic predictors of successful 
ECLS weaning, and the applicability of adult 
findings is limited by differences in patient size, 
image acquisition challenges in small patients 
with an open sternum, and variable cardiac 
anatomy. Once a patient has demonstrated 
satisfactory hemodynamics on minimum ECLS 
flow of approximately 25-50 ml/kg/min (or for 
small infants, as low a flow as can be safely 
sustained on the pump), it is reasonable to trial 
off ECLS for a period of 30 minutes to 2 hours 
to determine whether the patient is ready for 
decannulation. 

Trial-off strategies

A clamp trial is the classic approach used 
in the majority of ECLS centers. Clamping the 
cannulas or circuit tubing distal (on the patient 
side) to a bridge connection allows complete 
separation of the patient from circuit support 
while circuit flow is maintained through the 
bridge connection. During the trial period, 
there is increased risk of thrombus formation 
due to reduced flow through the circuit and 
an increase in non-laminar flow through the 
bridge connection. The cannulas should be 
intermittently flushed by releasing the clamps 
and clamping the bridge for 15–30 seconds 
every 5–15 minutes. Careful inspection of the 
circuitry and cannulas should be performed 
through the trial-off period to prevent circuit 
embolism to the patient due to thrombus 
formation. In some centers, the use of an open 
bridge that regulates flow with an adjustable 
thumb clamp on the bridge allows patient flow 
to be decreased to low levels (10 ml/kg/min) 
and is used to test whether a patient is ready to 
be removed safely from ECLS.16 This method 
avoids intermittent periods of clamping that 
may increase the risk for potential thrombus 
formation and thromboembolism to the patient. 
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Some programs advocate the use of a 
pump-controlled retrograde trial-off technique, 
which avoids manipulation of the ECLS circuit 
without insertion of an arteriovenous bridge 
and need for circuit clamping to reduce the 
risk of clot formation in the ECLS circuit.17 An 
additional potential benefit of this technique is 
that it imposes additional afterload and therefore 
provides some reassurance that the patient has 
recovered sufficiently to decannulate.18 

The main risk during a trial off ECLS is circuit 
thrombus formation and thromboembolism to the 
patient. This is particularly important in patients 
who are supported with central cannulation. 
ECLS flow should not be reduced below the 
lowest flow rate established for the circuit’s 
oxygenator, and systemic anticoagulation 
should be adjusted preemptively. The overall 
risk of thrombus formation is dependent upon 
anticoagulation strategy, circuit size, existing 
clot burden, and circuit complexity. It is not 
uncommon for ECLS trial-off periods to last 
for 1-2 hours before decannulation. Ideally, full 
therapeutic anticoagulation during ECLS trial-
off should be maintained. 

Rate of Weaning

The pace at which increasing myocardial 
loading conditions will affect the chances of 
successful weaning of an individual patient 
from ECLS can be very variable. Thus, the 
weaning strategy must be individualized 
for each patient based on duration and level 
of support, the underlying pathology, and 
subjective and objective evidence of myocardial 
recovery. Patients with longstanding ventricular 
dysfunction or chronically deconditioned 
ventricles may benefit from progressive 
increases in myocardial workload over longer 
periods of time, although objective evidence 
to support such an approach in ECLS patients 
has not been published. Conversely, patients 
who experience rapid recovery of ventricular 
function may successfully separate form 

ECLS following a rapid wean. Patients with 
a systemic-to-pulmonary shunt that has been 
adjusted to optimize ECLS can be particularly 
challenging. In such cases, readiness to wean 
may have to be determined without reducing 
pump flow, as doing so may lead to significant 
desaturation. These important aspects of 
weaning are shown in Figure 19-1.3

Preparing and Optimizing for Decannulation 

Optimization of the patient should begin 
several hours prior to a weaning trial. Low-dose 
inotropes and vasopressors should be initiated 
with adequate time to ensure they are infusing 
into the patient. Ventilation settings should be 
adjusted and lung recruitment initiated to ensure 
adequate oxygenation and ventilation. Inhaled 
nitric oxide or other pulmonary vasodilator 
therapy should be initiated in patients at risk of 
pulmonary hypertensive crises. When possible, 
the patient should be euvolemic to optimize 
preloading conditions and volume expanders 
should be immediately available. Hematocrit 
should also be optimized according to the 
patient’s underlying physiology. Metabolic 
abnormalities should be corrected, with 
special attention given to serum potassium, 
calcium, magnesium, phosphate, and glucose. 
All lines should be checked to ensure accurate 
intravascular pressure monitoring and drug 
delivery. Pacing wires should be attached to a 
pacemaker and tested to confirm appropriate 
function. Therapeutic anticoagulation should 
be continued to minimize the risk of thrombus 
formation within the circuit during periods 
of reduced flow. Thrombocytopenia and 
hypofibrinogenemia should be corrected and 
packed red blood cells should be available. 
Appropriate vascular access should be obtained 
in patients who have been supported with 
continuous renal replacement therapy via the 
ECLS circuit if post-ECLS renal support is 
anticipated. Anesthetic and resuscitation drugs 
should be prepared and available and, in general, 
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patients should be fully sedated in preparation 
for, during, and for several hours after the wean, 
in order to minimize systemic and myocardial 
oxygen consumption.

ECLS Decannulation

ECLS decannulation may be performed 
in the ICU or the operating room. Personnel, 
equipment, medications, and blood products 
are organized as detailed above for the 
decannulation procedure. Complications such 
as low cardiac output, pulmonary hypertension, 
bleeding, arrhythmias, and the need to reinitiate 
ECLS must all be anticipated and discussed 
in the ‘time out’. A thorough, coordinated, 
and clearly defined plan of action should be 
developed in the event of clinical deterioration 
after discontinuation of ECLS, which would 
include preemptive planning as to candidacy for 
re-cannulation and plan of action in the event 
of cardiac arrest. The timing of decannulation 

should take into consideration the availability of 
resources in the event that reinitiating of ECLS 
is required. When possible, decannulation 
procedures should occur early in the day to 
increase the likelihood of immediate availability 
of procedural personnel.

Surgical Aspects of Decannulation 

In preparation for a decannulation procedure, 
it is important to determine whether the patient 
will be a candidate for additional periods of 
ECLS. When possible, vascular structures 
should be reconstructed in such a way to 
facilitate recannulation in the future. Circulatory 
instability is common early after decannulation, 
and while this typically resolves with careful 
medical management, the ECLS circuit should 
be managed in such a way during this time that 
urgent re-cannulation and reinitiation of support 
is possible. As with any surgical procedure, a 
standardized procedural checklist should be 

Figure 19-1. ECMO weaning flowsheet.

Patient on VA ECMO
(Assess for discontinuation/conversion every 48 hrs)

Step 1
Assess Cardiac Function

Step 2
Assess Respiratory Function

ADEQUATE 
Cardiac Function

INADEQUATE 
Cardiac Function

ADEQUATE Cardiac
ADEQUATE Respiratory

ADEQUATE Cardiac
INADEQUATE Respiratory

INADEQUATE Cardiac
ADEQUATE Respiratory

INADEQUATE Cardiac
INADEQUATE Respiratory

Legend
Red: Cardiac
Blue: Respiratory
Solid Line: Adequate
Dotted Line: Inadequate

DECANNULATE CONVERT TO VV ECMO CONVERT TO VAD CONTINUE VA ECMO

ASSESS CARDIAC FUNCTION ASSESS RESPIRATORY FUNCTION
For Example: 
Assess the following on low flow (30-50 mL/kg) and/or clamped for at least 
15 min with or without vasoactive support:
• Heart rate and blood pressure appropriate for age
• Pulse pressure ≤25% systolic
• Invasive measures of diastolic and pulmonary pressures if available
• Surrogates of oxygen delivery: MVSat/lactate/NIRS
• Echocardiographic measures of ventricular systolic function and 

pulmonary pressures

For Example: 
• Ensure resolution or address pulmonary pathology on chest X-ray  

(drain effusions, address atelectasis, promote diuresis).
• Assess the following on low flow (30 – 50 mL/kg) and/or clamped for a 

minimum of 30 minutes, with safe ventilation parameters adequate 
for a patient not on ECMO (TV 5-8 mL/Kg/, PIP < 30, FiO2 < 0.6).

• Lung Compliance
• Ventilation and Oxygenation

Note: Disconnection of the sweep gas is not feasible as it will result in net 
right to left shunt and hypoxemia.
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utilized and a pre-procedural ‘time-out’ should 
be performed. (Table 19-1).

Central decannulation:   A portion of the 
circuit tubing beyond each cannula connector 
should be prepped and included in the sterile 
operative field. Heparin/direct thrombin 
inhibitor infusion is discontinued and circuit 
flow is gradually weaned. During this time, 
the surgical site is opened and the patient is 
observed for clinical evidence of inadequate 
end-organ oxygen delivery by evaluating 
the hemodynamic state (BP, HR, CVP), 
arterial blood gas, and blood lactate level. 
Direct visual inspection of the heart may 
provide useful estimations of contractility and 
intravascular volume status. At the time of 
decannulation from ECLS, the surgeon should 
take all measures possible to prevent bleeding, 
as hemorrhage can preclude decannulation 
in an otherwise ‘ready’ patient. Additionally, 
thrombus removal should be undertaken to 
gain unrestricted access to the arterial and 
venous cannulas, but excessive manipulation 
of the heart and extensive dissection should be 
avoided to prevent bleeding that may destabilize 
the patient. In patients who have a systemic-
to-pulmonary shunt that has been partially or 
completely occluded with a surgical clip, the 

clip should be removed and the shunt briefly 
compressed to confirm absence of occlusive 
thrombus. Once a consensus decision has been 
made about proceeding with decannulation, 
ECLS is fully discontinued and arterial and 
venous cannulas/tubing are clamped. ECLS 
cannulas are then sequentially removed and 
purse-strings may be either tied or secured with 
clips or buttons to facilitate urgent recannulation 
in patients who are at risk for early failure. The 
arterial and venous limbs of the circuit on the 
field can then be joined with a connector and 
recirculation of blood through the circuit can, if 
felt necessary, be initiated to preserve the circuit 
until the care team is satisfied that the patient 
will be capable of maintaining hemodynamic 
stability. 

After decannulation from central ECLS, 
the mediastinum should be irrigated and chest 
tube patency should be confirmed. Standard 
chest closure may be performed in patients with 
adequate ventricular function, good markers of 
systemic perfusion, and good lung function. In 
all other cases, the chest should be left open 
and cannulation purse-strings should be snared 
and left in the chest. When leaving the chest 
open, debridement should be minimized until 
the time of chest closure to avoid blood loss 
and instability. Any visual evidence of purulent 
mediastinitis should be evaluated by culture, 
Gram- and fungal-stain. Some centers routinely 
send a mediastinal swab for microscopy and 
culture in all centrally cannulated patients at 
the time of decannulation.

Peripheral decannulation:   The preparation 
and management of the ECLS circuit are 
similar to those already described for central 
decannulation. Surgical sites are opened 
and vessels are mobilized so that a length 
of vessel above and below the cannulation 
site are available for managing bleeding. 
Additional time for dissection and control of 
vessels may be necessary for those in whom 
percutaneous cannulation had been performed. 
Once a consensus decision has been made about 

 

DECANNULATION CHECKLIST 
Inotropes and vasopressors in line 
Anesthetic and resuscitation drugs available  
Temporary pacemaker attached to wires  
Euvolemic state, volume expanders 
available  
Packed red blood cells available 
Platelets 80x109/L and fibrinogen 1.5g/L  
Proper endotracheal tube placement 
Adequate pulmonary recruitment 
Normal electrolytes  
Appropriate surgical instruments available 
Established recannulation plan 
Additional cannulae available 
Additional ECMO circuit Available 

 

 
Table19-1. Sample decannulation checklist.
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proceeding with decannulation, ECLS can be 
discontinued and arterial and venous cannulas/
tubing should be clamped. It is important to 
apply clamps to the cannula/tubing at each 
cannulation site to prevent exsanguination 
when two venous cannulae have been utilized. 
Vascular clamps or tourniquets are used to 
control each cannulation site. ECLS cannulas are 
then sequentially removed and the arterial and 
venous limbs of the ECLS circuit are connected 
for recirculation of blood. Cervical vessels 
may be repaired or ligated in neonates. There 
are risks and benefits in favor or against both 
repair and ligation, and long-term neurologic 
outcome data has not clearly defined which 
(if any) approach is optimal. While the long-
term risk of cerebrovascular disease following 
carotid artery repair after neonatal ECMO is not 
known, it would appear that short-term carotid 
artery patency is excellent after reconstruction 
in neonates and approximately half of these 
patients have a normal carotid Doppler flow 
pattern four years after reconstruction.19 
Cervical vessel reconstruction at time of ECLS 
decannulation also facilitates subsequent 
recannulation if a patient requires ECLS at some 
point in the future.20 Cervical and peripheral 
vessel reconstruction is recommended for 
non-neonatal patients. After cannulas have 
been removed, clamps/tourniquets are 
sequentially released for a brief moment to 
confirm patency of each vessel. Absence of 
bleeding from the proximal or distal segment 
of a vessel suggests thrombotic obstruction and 
thrombectomy should be performed. Depending 
on the cannulation technique utilized, vascular 
reconstruction may involve tying of the purse 
string suture, primary suture closure of the 
arteriotomy/venotomy site, or oblique incision 
with end-to-end anastomosis reconstruction. 
Vessel patency is recommended by palpation or 
Doppler before standard surgical site closure is 
performed. Careful routine evaluation of lower 
limb perfusion should be performed for 24 

hours after femoral vessel decannulation has 
been performed. 

Failure to Wean 

When the trajectory of cardiovascular 
and/or pulmonary recovery appears to be 
inadequate to achieve successful separation 
from ECLS, early and aggressive investigation 
should be undertaken to identify and address 
residual lesions, unrecognized structural 
or functional abnormalities, inadequate 
support, infection, and pulmonary disease.21 
Echocardiography, chest ultrasound, CT 
angiography, cardiac catheterization, and 
electrophysiology studies can reveal lesions 
amenable to surgical or interventional correction, 
such as effusions, valvular regurgitation, outflow 
tract obstruction, coronary abnormalities, 
determinants of balance of pulmonary and 
systemic blood flow, and arrhythmias. Early 
cardiac catheterization has been shown to 
reduce ECLS duration and increase survival 
in children who fail an initial attempt at 
separation from ECLS without a clear reason 
for failure identified by echocardiography.10 
In a single-center series of patients supported 
on ECLS after cardiac surgery, one-third of 
patients had hemodynamically significant 
residual lesions that required correction for 
successful decannulation.22 Additionally, the 
early detection of residual lesions within 
the first 3 days of ECLS is associated with a 
higher rate of successful decannulation and 
better survival to hospital discharge. Cardiac 
catheterization may detect many clinically 
important residual lesions that are not identified 
by echocardiography.23 Timely diagnosis and 
correction of residual lesions reduces the 
likelihood an otherwise predictable trajectory of 
ECLS-related complications, multiorgan failure 
and death. Premature weaning and separation 
from ECLS in such patients increases the risk 
of end-organ damage secondary to low cardiac 
output, which may exclude them from future 
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VAD or transplant candidacy. Conversely, 
unnecessarily prolonged ECLS may expose 
patients to increased cumulative risk of ECLS-
related complications. 

Significant lung disease secondary to 
pneumonia, residual pulmonary edema, 
pneumothorax, atelectasis, or effusion can 
all delay successful weaning from cardiac 
ECLS. All efforts should be made to optimize 
pulmonary function prior to the weaning process. 
Consideration should be given to converting 
from VA ECMO to VV ECMO in patients who 
have evidence of complete or near-complete 
myocardial recovery in the setting of persistent 
severe pulmonary disease. This is particularly 
important in patients who are supported with 
peripheral VA ECMO cannulation in order to 
reduce the likelihood of inadequate cerebral 
and myocardial oxygen delivery (differential 
hypoxemia). 

Frank and transparent discussions with 
family members and clinical decision-makers 
should occur on a regular basis so that they 
are aware of the increasing risk of mortality 
associated with longer duration ECLS. 
Expectations and goals of care in the event of 
failure of organ recovery should be established 
and revised throughout the course of ECLS, 
with a goal of shared values informing end-of-
life care. A structured approach to end-of-life 
care encompasses preparatory family meetings, 
management of symptoms and discomfort, 
circuit management, and bereavement support.24

Risk Factors for Mortality

The hospital mortality associated with 
pediatric cardiac ECLS ranges between 
45% and 50%, depending on the indication 
for support.25 Risk factors for mortality in 
children on ECLS for cardiac disease include 
acute renal failure, bleeding, pre-ECLS lactic 
acidosis with delayed resolution post-ECLS 
initiation, and duration of ECLS.26 Underlying 
cardiac pathology has a significant bearing 

on mortality. This is particularly evident in 
patients with single-ventricle physiology.27 
When myocardial function remains poor despite 
optimization of ECLS and identification and 
management of residual lesions, consideration 
may be given to transiting to longer-term 
device support strategies. Formal assessment 
for heart transplantation candidacy should occur 
when considering longer-term VAD support.28  
VAD support may be considered within 10 
days in some patients, such as those with 
acute decompensation of chronic myocardial 
dysfunction (cardiomyopathy) or in patients 
with recalcitrant myocarditis.

Conclusion 

Separating from ECLS is a complex process 
that is affected by multiple patient, circuit, and 
system factors. Careful planning and assessment 
for decannulation readiness should begin from 
the time of initiation of ECLS. Early initiation of 
ECLS and meticulous attention to the adequacy 
of support facilitates successful weaning and 
separation from ECLS. An early and aggressive 
approach to the diagnosis and management 
of residual lesions should be undertaken in 
children who fail to follow an expected course 
of myocardial recovery. Finally, children who 
fail to wean from ECLS should be considered 
for alternative forms of longer-term support 
to avoid ECLS-related complications. More 
experience is required to identify clinical 
parameters that predict successful weaning from 
ECLS and better define best practice in this area.
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Bridging Children with Cardiac Failure

Peta M.A. Alexander, Sebastian C. Tume, Mark S. Bleiweis

Introduction

In contrast to adult patients, the pediatric 
population has a very wide spectrum of 
etiologies which can present with cardiac failure. 
Congenital heart disease and cardiomyopathies 
represent by far the most common causes. 
Frequently, children with symptomatic cardiac 
failure present in shock and when medical 
therapies fail to halt clinical deterioration, 
deployment of mechanical circulatory support 
is crucial to support organ systems. ECLS is the 
most utilized mechanical circulatory support in 

neonates and children with refractory cardiac 
failure, facilitating respiratory gas exchange 
and cardiac output for tissue oxygen delivery 
while allowing time for myocardial recovery 
or diagnosis and repair of anatomical lesions. 
Survival for children with heart disease 
supported with VA ECMO has improved over 
the past decade, despite expanding indications 
and increasing patient complexity. Institution 
of high-quality ECMO support for pediatric 
cardiac indications necessitates systems, 
protocols, interdisciplinary teams, and training 
(Figure 20-1, Figure 20-2). VA ECMO should 

Assess

• Reversible causes of cardiopulmonary compromise
• Cardiac and vascular anatomy
• Candidacy for ECMO

Equipment

• Secure vascular access and airway
• Available fluid, blood products and resuscitation medications
• Monitoring, patient position
• Surgical equipment including diathermy

Team

• Team leader/Event manager, Cardiosurgical team, ECMO primer, scrub nurse
• Blood bank notified
• ‘Time out’ prior to incision with clearly stated roles

Plan

• Pre-cannulation; Determine and communicate cannulation strategy, anesthesia plan and antibiotics required 
• At-cannulation; Heparin administration, electrolyte correction and afterload titration
• Post-cannulation; 

• imaging to confirm cannula position and evaluate left ventricle decompression, 
• assess adequacy of support according to vital signs, end organ  function and biochemical surrogates of tissue oxygen delivery
• determine ultrafiltration requirement,  blood product replacement and  anticoagulation strategy 

Figure 20-1. Cardiac ECMO cannulation preparation and planning.
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be considered in patients with severe, refractory 
circulatory failure with four primary strategies 
for ECMO support:

•	 Bridge to recovery: In patients with 
reversible underlying disease processes 
where cardiac function recovery can occur 
with time, medical intervention, or surgical 
correction 

•	 Bridge to bridge: In patients with acute 
single organ disease who can be supported 
with temporary or durable ventricular assist 
device (VAD)

•	 Bridge to decision: In patients who may 
recover end organ function, facilitate 
diagnosis, or determine candidacy for 
alternative support 

•	 Bridge to organ transplantation: In patients 
who may require cardiopulmonary support 
until heart transplantation

In children supported with ECMO for 
cardiac indications, cannulation site and 
strategy are determined by the patient’s size, 
underlying cardiac anatomy, the anatomy and 
surgical palliation of congenital heart disease 
(CHD) and any recent surgical intervention 
(Table 20-1).1,2 This chapter is designed to 
give the reader an understanding of the issues 
associated with VA ECMO support of neonatal 
and pediatric patients with cardiac dysfunction 
and what might be realistic expectations for 

successful separation from VA ECMO. An 
attempt is also made to review related issues 
regarding patient support, highlighting common 
consequences of ECMO support that have 
significant bearing on outcomes. 

Bridge to Recovery

The majority of neonatal and pediatric 
cardiac VA ECMO is commenced with the 
intention of bridging to cardiopulmonary 
recovery. Adequacy of VA ECMO support 
should be assessed by surrogates of tissue 
oxygen delivery (blood lactate, arteriovenous 
O2 difference, mixed or central venous oxygen 
saturation, near-infrared spectroscopy [NIRS], 
measures of end-organ function eg, urine output, 
creatinine, liver function tests) and assessment 
of cardiac decompression (see Chapter 18).3 

The clinical course of myocardial impro-
vement may be rapid (eg, 24 hours to 5 days 
postcardiotomy, cardiopulmonary bypass, or 
acute rejection). Myocardial recovery can 
be more prolonged in the case of primary 
myocardial dysfunction such as primary 
cardiomyopathies, myocarditis, or prolonged 
ischemia before correction of cardiac lesion.4-6 
While the former may be well supported with 
VA ECMO, those with prolonged myocardial 
dysfunction (>7-10 days) should be considered 
for other forms of MCS as end-organs recover 
(Figure 20-3). For the subset of patients who 
are neither recovered or stable enough to 
undergo durable MCS or transplant, an option 
may be a temporary support device, often 
providing left ventricular support. When 
recovery appears unlikely, contraindications 
for advanced therapies may include significant 
acute brain injury, lung, liver, or kidney failure, 
or psychosocial factors such as lack of family 
support. Poor prognostic outlook should be 
disclosed to families, with iterative discussions 
to facilitate shared decision-making toward 
goal-concordant care.7 Withdrawal of ECMO 
support occurs when care is futile, and families 

Figure 20-2. Cardiac ECMO cannulation at 
the CICU bedside. Image used with permission.
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Table 20-1. ECMO cannulation considerations for neonatal and pediatric patients, including congenital 
heart disease and surgically palliated anatomy.

Figure 20-3. Bridging to recovery, bridge, decision or long-term support for patients supported on 
ECMO for cardiac disease.

 
ANATOMY CIRCULATION 

DESCRIPTION 
CIRCULATION OF 

BLOOD FLOW 
ANATOMICAL CANNULATION 

CONSIDERATIONS 
FUNCTIONAL CANNULATION 

CONSIDERATIONS 
Normal cardiac anatomy or 
Biventricular Circulation  

Two-ventricles in series  Systemic venous blood 
returns via the right atrium, 
through lungs to left atrium 
to systemic circulation 

Sized based cannulation 
considerations only  
- carotid-internal jugular for small 
children 
- femoral-femoral for larger children 

Peripheral cannulation unless early 
post-operative (0 to ~10-14 days).  
Central cannulation standard right 
atrium to aorta. 
Early assessment and consideration 
of left heart decompression. 

Single Ventricle Circulation:  
Preoperative with patent 
ductus arteriosus, or post-
Stage 1 palliation with 
systemic-to-pulmonary artery 
shunt 

Single-ventricle parallel 
circulation with pulmonary 
blood flow dependent on 
patency of ductus 
arteriosus, shunt or conduit 

Systemic venous blood to 
single ventricle, to systemic 
and pulmonary circulations 

Small babies – carotid-internal 
jugular if peripheral. Concern for 
excess pulmonary blood flow and 
potential for systemic hypoperfusion 

Peripheral cannulation unless early 
post-operative (0 to ~10-14 days). 
Central cannulation standard 
common or right atrium to aorta. 
If patent ductus or shunt based 
pulmonary blood flow, location of 
arterial return cannula may cross 
into pulmonary circulation – 
requires early assessment of cannula 
position 

Single Ventricle Circulation:  
Post - bidirectional 
cavopulmonary connection 
(Glenn) or Hemi-Fontan 
circulation 

Single-ventricle parallel 
circulation with pulmonary 
blood flow via superior 
vena cava 

Inferior vena cava blood to 
single ventricle to systemic 
circulation; Superior vena 
cava blood through lungs 
passively, to single ventricle 
to systemic circulation  

May require multiple venous 
drainage cannula to completely 
decompress (see Figure 4). If cannula 
in IVC or atria alone – Glenn 
circulation must be maintained 
through lungs in order for upper body 
(SVC) blood flow to return to atria 

Peripheral cannulation unless early 
post-operative (0 to ~10-14 days). 
Central cannulation standard right 
atrium to aorta and may require 
SVC cannula to completely 
decompress. 
 

Single Ventricle Circulation:  
Post- total cavopulmonary 
connection or Fontan 
circulation 

Single-ventricle series 
circulation 

Systemic venous return 
through lungs passively to 
single ventricle to systemic 
circulation 

Either standard or may require 
multiple venous drainage cannula to 
completely decompress – depending 
on surgical anatomy 

Peripheral cannulation unless early 
post-operative 0 to ~10-14 days). 
Central cannulation standard Fontan 
baffle to aorta and may require SVC 
cannula to completely decompress. 
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are in agreement with this strategy. In these 
situations, communication with the family and 
other providers should reach consensus that 
ECMO support will not be reinitiated. 

Patients with Single Ventricle Circulation

Children post initial single-ventricle 
palliation for hypoplastic left heart syndrome 
(HLHS) are the most common pediatric 
population to receive postoperative ECMO 
support.8 Particular attention should be paid 
to cannulation strategy when attempting to 
support this population (Table 20-1). The 
indication for initiation of ECMO in infants 
with single-ventricle physiology is associated 
with survival in 81% of patients cannulated for 
hypoxemia, but only 29% of those cannulated 
for hypotension survive to hospital discharge.9 
Children with single-ventricle circulation 
palliated with cavopulmonary connections 
(bidirectional Glenn and Fontan circulations) 
frequently need multisite cannulation for optimal 
venous drainage (Table 20-1, Figure 20-4). In 

all stages of single-ventricle palliation, long-
duration ECMO, inotropic support, and renal 
failure are associated with higher mortality. In 
rare instances when patients have adequate 
cardiac function and only require lung support, 
VV ECMO can be used, and the cannulas for 
drainage and return are both placed in the 
venous circulation.

Postcardiotomy ECMO

Postcardiotomy ECMO is utilized in 
children with cardiac failure after CHD surgery 
for those who fail to wean from CPB due to 
significant compromise of ventricular function, 
suffer thrombosis of systemic-to-pulmonary 
artery shunts in patients with palliated single 
ventricle circulation, intractable arrhythmias, 
postoperative low cardiac output syndrome, 
and/or cardiopulmonary arrest. Of all neonates 
and children undergoing surgical repair or 
palliation for CHD, between 0.5-6% of patients 
receive ECMO support in the postoperative 
period.8-10 Postcardiotomy ECMO may bridge 
patients to myocardial recovery, but in those 
with persistent myocardial or cardiopulmonary 
failure, may be used as a temporary bridge to 
decision for cardiac transplantation or durable 
MCS. VA ECMO has also been utilized 
as bridge to CHD surgery in the setting of 
profound preoperative cyanosis, cardiogenic 
shock, or preoperative cardiac arrest.11 

Central cannulation is commonly used in 
the post-cardiopulmonary bypass period or in 
the presence of a recent sternotomy (ie, less 
than 10-14 days), with right atrial access for 
venous drainage and cannulation of the aorta for 
arterial return (Table 20-1). This strategy allows 
for direct left atrial decompression utilizing 
another venous drainage cannula if necessary 
for left heart decompression. Patients supported 
with ECLS in the postcardiotomy period should 
undergo thorough diagnostic evaluation to 
evaluate contributing factors including the 
presence of residual lesions, arrhythmias, or 

Figure 20-4. ECMO cannulation considerations 
for patient with single-ventricle circulation 
surgical ly  pal l ia ted  to  b idi rect ional 
cavopulmonary connection (Glenn). Image 
Credit: Emily Harris, Boston Children’s 
Hospital.
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failure of normal sinus conduction.5 Cardiac 
catheterization during ECMO support can be 
performed safely, and may exclude, confirm, 
or identify unexpected residual lesions.12,13 
Early diagnostic cardiac catheterization in this 
population has been associated with earlier 
decannulation from ECMO without increased 
complications or mortality.14

ECMO for Myocarditis or Cardiomyopathy

Neonates and children presenting with 
myocardial failure, cardiogenic shock, or 
arrhythmias with or without cardiopulmonary 
arrest associated with cardiomyopathy or 
myocarditis comprise 8% and 5%, respectively, 
of the cardiac ECMO reported to the ELSO 
Registry.11 Early assessment and management 
of ventricular function post-ECMO cannulation 
and adequacy of left heart decompression is 
essential for this population. Decompressing 
the hypertensive left atrium can be achieved 
by atrial septostomy, left atrial cannulation 
(directly or via catheter crossing the atrial 
septum), left ventricular venting via an open 
approach,12 or an axial transaortic valve pump 
(Impella Abiomed, Danvers, MA) device.15 Left 
atrial decompression performed early (<18h 
post cannulation) minimizes duration of ECMO 
and mechanical ventilation. 

Bridge to Decision

The goal of VA ECMO is to provide 
hemodynamic stability to facilitate recovery 
of end-organ and, ideally, cardiopulmonary 
function (Figure 20-3). This time period, 
where ECMO support is used for support of 
organ systems while allowing clinicians to 
more accurately determine the disease process 
or course, is often termed as ‘bridging’ to a 
decision. As the expectation of cardiac recovery 
recedes, an evaluation for heart transplantation 
or alternate support strategies, including 
durable VAD, may be necessary. However, 

active infections, unknown neurologic status, 
neoplasms, as well as end-organ injury or 
failure can result in contraindications to listing 
for heart transplantation and LVAD. While 
some pediatric VAD programs offer destination 
support, the majority of children transitioned 
from ECMO to VAD support are considered as 
bridging to transplantation. A careful evaluation 
by the multidisciplinary team assessing patient 
risk factors, contraindications, complications 
prior to or during ECMO, and the center 
experience guides the decision making for the 
most appropriate therapy for the individual 
patient. 

Bridge to Bridge and Bridge to 
Transplantation

Patients considered for transplant or 
durable VAD normally proceed through a 
multidisciplinary evaluation process including 
a number of diagnostic studies and specialist 
consultations. Patients cannulated for ECMO 
are generally acutely decompensating, which 
precludes this thorough assessment of the 
patient prior to initiating support. Once stability 
has been achieved, a more thorough review 
of the patient’s medical, surgical, and social 
situation can be undertaken to determine 
potential candidacy for cardiac transplantation. 

VA ECMO provides excellent short-term 
support. However, consequences of support in 
the form of complications limit routine medium- 
or long-term use. The average duration of 
VA ECMO support for cardiac dysfunction is 
6-7 days, with risks of complications increasing 
with duration of support.11 Transplant waitlist 
survival for children attempting to bridge to 
heart transplantation with ECMO was only 
45% in a study combining ELSO Registry 
data with the Organ Procurement Transplant 
Network database.16 Further, VA ECMO 
utilization is consistently associated with poor 
post-transplantation outcomes.17 Despite this, 
up to 8.6% of heart transplant recipients in past 
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eras were bridged with ECMO (Table 20-2).17 
Importantly, while it is recognized that a 
prolonged ECMO run may negatively affect 
clinical outcomes of transplant recipients, a 
recent study demonstrates that some patients 
who receive ECMO and transition to VAD 
remain at risk of poor outcomes.16 In this study 
of the International Society for Heart and Lung 
Transplantation (ISHLT) registry, survival for 
patients with CHD and dilated cardiomyopathy 
was similar in patients with VAD or no MCS 
prior to transplant, but pretransplant ECMO, 
even in those transitioned to VAD, was strongly 
associated with mortality after transplant, 
particularly in children with CHD. 

The pretransplant risks of ECMO use 
are established within the pediatric heart 
transplantation community. The imperative 
for the treating clinical team is thus to ensure 
that potential bridge-to-transplantation patients 
are adequately resuscitated and rehabilitated 
to otherwise remain as optimal candidates for 
this therapy. Avoidance or management of renal 
injury and minimizing mechanical ventilation 
which both, along with prior cardiac surgery, 
affect complexity of posttransplantation 
management and survival.17 In the USA, the 
United Network for Organ Sharing (UNOS) 
criteria for the most urgent waitlist criteria 
(Status 1A) changed for pediatric patients 

in 201619 As a result, patients awaiting heart 
transplantation for cardiomyopathy without 
hemodynamically significant CHD were only 
considered Status 1A when supported with 
mechanical ventilation, intraaortic balloon 
pump or MCS, while those patients with CHD 
would be eligible for Status 1A listing for these 
indications, as well as when receiving inotropic 
infusions as a hospital inpatient. While there 
was concern in the community for the safety 
of children with restrictive or hypertrophic 
cardiomyopathy on the waitlist, a recent review 
of ISHLT registry data demonstrated no change 
in wait-list times pre- and post- the change in 
policy for this group.20

Of note, adult patients supported with 
VA ECMO for cardiogenic shock and later 
transitioned to LVAD therapy prior to cardiac 
transplantation may have equivalent outcomes 
to those bridged without pre-VAD ECMO 
support.21 While this may be true for pediatric 
patients with cardiomyopathy, the same does 
not appear to be the case for pediatric patients 
with CHD bridged via ECMO to VAD support, 
with higher mortality associated with ECMO 
support persisting in this group through to post-
transplantation mortality.18

 
 

CHARACTERISTIC 
1992-2000 
 (n=3,666) 

2001-2009 
 (n=4,476) 

2010-JUN 2018 
 (n=5,307) 

P-
VALUE 

No Mechanical 
Circulatory Support Used 

- 86.3% 74.3% <0.0001 

Extracorporeal 
Membrane Oxygenation 

4.4% 8.6% 4.4% <0.0001 

Intraarterial Balloon 
Pump 

1.1% 0.5% 0.5% 0.0114 

Ventricular Assist Device - 9.8% 20.0% <0.0001 
Biventricular Assist 
Device 

- 3.7% 5.4% <0.0001 

Total Artificial Heart - 0.2% 0.3% <0.0001 

Table 20-2. Use of mechanical circulatory support bridging to pediatric heart transplant recipients. 
Adapted from The International Thoracic Organ Transplant Registry of the International Society for 
Heart and Lung Transplantation: Twenty-fourth pediatric heart transplantation report - 2021; focus 
on recipient characteristics.17
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Care of the ECLS Patient on the Transplant 
Waitlist 

In addition to the general principles of 
management of the neonate or child supported 
with VA ECMO for cardiac indications,3 the 
following considerations are specific to patients 
on the heart transplant waitlist.

Preventing and Treating Pulmonary Edema 
on ECMO

In patients with biventricular circulation, 
VA ECMO increases systemic ventricular 
afterload which can exacerbate any prior cardiac 
insult and myocardial dysfunction, decreasing 
stroke volume, raising end diastolic pressure, 
resulting in pulmonary venous hypertension and 
pulmonary edema. Left ventricular distention 
leading to pulmonary edema and hemorrhage 
affects candidacy for alternative MCS strategies, 
as well as complicating posttransplant care, 
since lung injury may impact right ventricular 
function postoperatively. In patients with 
ECMO support for irreversible heart failure, 
strategies to prevent pulmonary compromise 
during support should be considered. Invasive 
or cardiac catheterization-based monitoring 
of LA pressures and maintaining the arterial 
pulse pressure >10 mmHg, as well as echo-
cardiography assessment of aortic valve 
opening, left ventricular dimensions, and the 
presence of thrombus. Treatments for systemic 
ventricular distention include decreasing ECMO 
flow to facilitate ejection, intravenous inotropes 
to improve native contractility, and left atrial or 
ventricular venting (see section above, ECMO 
for Myocarditis or Cardiomyopathy).15 To 
determine when weaning might be possible, 
assessment of hemodynamic parameters and 
cardiac function should be done throughout the 
duration of ECMO support (Figure 20-3). 

Preventing and Recognizing Neurological 
Injury on ECMO

Neurologic injury including ischemic and 
hemorrhagic strokes are feared complications 
in ECMO and smaller strokes may be silent 
but potentially pose a risk with the initiation 
of CPB during transplant.22 Additionally, 
VA ECMO may be associated with hypoxic 
ischemic brain injury related to hyperoxia, 
reperfusion injury, and loss of pulsatile 
blood flow. Recommendations to identify 
and reduce brain injury include multimodal 
neurologic monitoring programs including 
clinical neurologic exams, transcranial Doppler, 
electroencephalography, and cranial ultrasound 
or computed tomography.23 

Renal Injury 

Up to 50% of children supported with 
ECMO receive some form of renal replacement 
therapy.24 Multiple mechanisms of injury are 
suspected to cause a reduction in renal oxygen 
delivery, including abnormal blood flow, lack 
of pulsatility, inflammation, disrupted renin-
aldosterone hormonal system, and worsening 
volume overload. Renal injury is an independent 
risk factor for failure to wean from ECMO 
and mortality, in addition to being a relative 
contraindication for transplantation.

Infection

Infection and sepsis are reported in over 
40% of patients, associated with duration of 
ECMO, age, comorbidities, and cannulation 
site.11 Unsurprisingly, infection increases 
mortality and is related to bacterial translocation 
from the gut and impairment of the immune 
system related to activation by the ECMO 
circuit. Infection may be challenging to identify 
since fever is blunted by the ECMO circuit and 
leukocytosis, leukopenia, thrombocytopenia, 
and other biomarkers do not correlate with 
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infection in this population. Although it is 
common practice among ECMO centers, no 
strong data support antibiotic or antifungal 
prophylaxis, surveillance cultures, or deviation 
from standard ICU practices used in non-
ECMO patients. Presence of risk factors such 
as open chest, immunocompromised state, 
and immunosuppression should be strongly 
considered when making therapeutic and 
prophylactic decisions.

Blood Product Transfusion 

Several factors increase the need for 
transfusions in this population. Multiple 
large bore vascular access sites, the often 
emergent nature of cannulation, and the need 
for systemic anticoagulation to prevent system 
clotting, combined with the inflammatory 
and prothrombotic response and hemolysis 
associated with the ECMO circuit, all contribute 
to blood loss and anemia while on VA ECMO.25,26 
No high quality data exist on targets for 
transfusion, but patient-specific transfusion 
thresholds may reduce unnecessary transfusion. 
Patients bridging to heart transplant with LVAD 
have higher sensitization with increased platelet 
transfusions (less so with leuko-reduced red 
blood cells transfusions).27 Regardless, the 
goal of transfusion should be to maintain 
adequate oxygen delivery and perfusion while 
attempting to minimize overall transfusions 
and HLA sensitization.28,29 There are not yet 
standardized methods for desensitization in this 
population, but intravenous immunoglobulin, 
plasmapheresis, and antibody therapy should 
be considered on an individual or center basis.

Nutrition

Enteral nutrition should be initiated early via 
gastric or postpyloric routes unless there is shock 
and high vasopressor requirements. Concern 
for accelerated degradation of contemporary 
membrane lungs by the solutes within parenteral 

nutrition is not supported by data. Further, 
parenteral nutrition and supplements are not 
significantly sequestered by the ECMO tubing, 
suggesting administration can be effective when 
the enteral route is contraindicated. 

Ambulation and Rehabilitation 

Muscle atrophy, neuromuscular weakness, 
and impairment of normal activity are common 
sequelae during treatment of the critically ill, 
especially those treated with ECLS. These 
can be further exacerbated in the setting of 
steroid and neuromuscular blockade use. 
Physical therapy and ambulation may be 
feasible for pediatric patients receiving ECLS 
support during bridging. Successful strategies 
for physical therapy and ambulation consist 
of a multidisciplinary approach, including 
occupational and physical therapy, respiratory 
therapy, providers, nursing, and ECMO 
specialists, and should be tailored based 
upon center experience and staff comfort. 
Development of early mobility protocols with 
dedicated teams allowing for the development 
of expertise can maximize rehabilitation time 
for appropriate patients and minimize adverse 
events (see Chapter 47).30

Conclusion

The utilization of VA ECMO for bridging 
is core because ECMO is not an ultimate 
destination for the patient, but a transitional 
support to another therapeutic destination. In 
every instance of ECMO support, determination 
of the patient’s strategy for liberation from 
ECMO is paramount. The majority of neonates 
and children supported with VA ECMO are 
expected to bridge to recovery; however, in a 
small proportion of children with prolonged 
myocardial or circulatory failure, bridging 
to heart transplant or a durable VAD can be 
considered. 
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Extracorporeal Cardiopulmonary Resuscitation in Children

Anne-Marie Guerguerian, Jeffrey P. Jacobs, Peter C. Laussen, Ravi R. Thiagarajan

Introduction

Outcomes following in-hospital cardio-
pulmonary arrests treated with conventional 
cardiopulmonary resuscitation (CPR) have 
improved, in part due to more arrests happening 
in PICU settings, where survival to hospital 
discharge is 32% in pulseless, and up to 63% 
in bradycardic, CPR events.1,2 Survival has not 
changed for out-of-hospital arrest and remains 
<25%.3,4 ELSO has reported the use of ECLS 
with CPR (ECPR) in children since 1992.5,6 
Since then, ECPR use has steadily increased 
in neonates and children (Figures 21-1 and 
21-2). Of 1828 neonatal and pediatric ECPR 

cases in the ELSO Registry (2011-2015), 94% 
were witnessed and over 75% occurred in 
highly monitored environments such as the 
ICU (72%) or operating room (6%), while 
<2% were for out-of-hospital arrests.7 Recently, 
the American Heart Association Emergency 
Cardiovascular Care (AHA ECC) guidelines 
proposed that “ECPR may be considered as an 
intervention for selected infants and children 
(e.g., pediatric cardiac populations) with IHCA 
refractory to conventional CPR in settings 
where resuscitation systems allow ECPR to 
be well performed and implemented (weak 
recommendation, very low-quality evidence). 
There is insufficient evidence in pediatric OHCA 

Figure 21-1. Neonatal ECPR Runs reported 
to the ELSO International Registry in October 
2021 with the % survival to hospital discharge 
on the left axis and black line and the number 
of runs (#) reported annually in grey bars.

Figure 21-2. Pediatric ECPR Runs reported 
to the ELSO International Registry in October 
2021 with the % survival to hospital discharge 
on the left axis and black line and the number 
of runs (#) reported annually in grey bars.
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to formulate a treatment recommendation for 
the use of ECPR.”8-10 ELSO Guidelines for 
ECPR in children and adults were published 
in 2021.11,12

Definition of ECPR

ECPR is the rapid deployment of V-A 
ECMO or cardiopulmonary bypass to 
provide cardiopulmonary support during 
cardiopulmonary arrest when conventional 
CPR is ongoing but unsuccessful in achieving 
sustained return of spontaneous circulation 
(ROSC). Sustained ROSC is deemed to have 
occurred when chest compressions are not 
required for 20 consecutive minutes and signs 
of circulation persist.13 In 2018, ECPR was 
additionally defined to include ECLS within 20 
min of ROSC without ongoing compressions.14

Objectives of ECPR 

The objective of ECPR is to reduce ischemic 
injury to organs, especially the brain and heart.15 
High quality conventional CPR only provides 
partial blood flow to organs. By providing 
more flow and better gas exchange, ECPR may 
permit return of circulation in circumstances 
where CPR alone cannot. ECPR can serve as 
a bridge to recovery, therapy, transition to a 
ventricular assist device, transplantation, or 
palliative care. ECPR or ECLS may be used to 
assist in rewarming patients with cold exposure 
associated deep hypothermia (see below).16 

Epidemiology, Utilization, and Outcomes

The ELSO Registry October 2021 report 
included 2,261 neonatal ECPR runs (70% 
survived to decannulation, 42% survived to 
hospital discharge) and 5,682 pediatric ECPR 
runs (59% survived to decannulation, 42% 
survived to hospital discharge).17 Only cases 
that successfully achieve ECLS flows are 
included in the registry.

Survival after ECPR

Survival data from registries, administrative 
databases, and trials is reported at decannulation, 
ICU discharge, and/or hospital discharge. Only 
recently have some studies reported long-term 
outcomes. In the initial ELSO Registry paper 
from 2007, survival to hospital discharge was 
38%.18 A 2014 ELSO Registry neonatal ECPR 
study reported hospital discharge rates of 39% 
in term neonates and 25% in preterm neonates.19 
Analysis of the Asia Pacific ELSO Registry 
for two periods during the years spanning 
1999-2016 of 321 ECPR cases found survival to 
hospital discharge increased to 51% in the most 
recent era.20 A study of 593 cases from the ELSO 
Registry (2010-2014) linked with the American 
Heart Association Get With the Guidelines-
Resuscitation Registry (76% were postcardiac 
surgery) reported 41% survival to hospital 
discharge.21 Noncardiac diagnoses, preexisting 
renal insufficiency, longer CPR duration before 
ECLS, and adverse events during ECLS were all 
associated with worse outcomes. Other reports 
of mostly retrospective series in predominantly 
cardiac patients have variable survival rates of 
35%-65%.22-25

Neurologic Outcomes

Data from ELSO reports that 22% of ECPR 
patients had acute neurologic injury: 11% 
brain death, 7% cerebral infarction, and 7% 
intracranial hemorrhage.26 Hospital mortality 
in patients with acute neurologic injury was 
89%. After adjustment, pre-ECLS factors 
such as a diagnosis of cardiac disease and 
less acidosis were associated with decreased 
probability of neurologic injury. ECLS factors 
associated with neurologic injury included 
pulmonary hemorrhage, CPR during ECLS, 
and use of dialysis.17 The highest risk of death 
was associated with neurologic complications 
during ECLS over any other system.21 ECPR 
patients who survive to hospital discharge 
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have good neurological outcomes, with 84% 
discharged to home rather than to inpatient 
rehabilitation.

Long-term Outcomes 

Secondary analyses of the THAPCA 
trials have allowed better understanding of 
the functional and neurologic outcomes of 
ECPR survivors.27 Of 147 children receiving 
ECPR, 85% had a cardiac condition and 51% 
were postcardiac surgery. Of these 61/147 
(41%) survived to 12 months, 55% had 
Vineland Adaptive Behavior Scales II (VABS 
II) scores >70 and on neurologic examination, 
and 60% had no or mild impairment. Many 
ECPR survivors had favourable functional 
outcome at 12 months, but many showed a 
decline from prearrest baseline in all domains. 
Neurocognitive outcome scores remote from the 
hospitalization are lower than population means 
despite favorable global outcomes at discharge. 
Quality of life reported by parents is reasonably 
good in ECPR survivors.

Patient Selection

ECPR in Children with Cardiac Disease

High quality ECPR is a complex intervention 
and should not be applied in patients as an ad-
hoc procedure. ECPR is best suited in select 
populations when delivered by organized 
systems.5,6 ECLS deployment prior to cardiac 
arrest may be preferred in patients for whom 
CPR is likely to be ineffective such as patients 
with28 : 1) limited stroke volume with chest 
compressions, 2) limited effective pulmonary 
blood flow and oxygenation with compressions, 
3) limited cerebral perfusion with compressions. 

Cardiac Surgical

The most common indication for ECPR 
remains the period after cardiac surgery.29 

Because the risk of cardiac arrest is high 
in neonates with univentricular physiology 
undergoing cardiac surgery, ECPR is frequently 
used to support these neonates.30

Cardiac Medical

Patients with medical cardiac disease such as 
acute fulminant myocarditis, or dysrhythmias are 
ideal candidates for ECPR.31 CPR duration before 
ECPR deployment is longer in medical cardiac 
patients compared to surgical cardiac patients. 

Periprocedural Support

ECPR can be used to rescue children who 
have cardiac arrest during cardiac catheterization. 
Preprocedural evaluation of high-risk patients 
and their suitability for elective ECLS to 
support the procedure are valuable for both 
clinicians and families.

ECPR in Children with Noncardiac Disease 

Medical and Surgical Diseases 

Acute respiratory failure, sepsis, or 
pneumonia were the most frequent diagnosis 
in a study of ECPR.32 ECPR outcomes are 
universally worse in children without cardiac 
disease compared to children with cardiac 
disease. Some patients have underlying 
physiology making conventional CPR 
ineffective; early ECPR should be part of a 
predefined cardiopulmonary arrest care plan 
in these cases. Examples include patients with:

•	 obstructed pulmonary blood flow from a 
large pulmonary embolus, 

•	 severe hyperkalemia with new onset 
leukemia or lymphoma and tumor lysis 
syndrome, 

•	 terminal respiratory failure listed for lung 
transplantation, and 

•	 severe forms of pulmonary hypertension. 
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In patients with pulmonary hypertension, 
preventing cardiopulmonary arrest is key, as 
the pulmonary circulation will not be effective 
for gas exchange and perfusion, and right 
ventricular hypertension impedes coronary 
perfusion during compressions. A recent ELSO 
Registry study of 106 ECPR of 605 ECLS 
runs (2007-2018) for pulmonary hypertension 
documented 27% survival.24 Cardiopulmonary 
arrests that have a higher likelihood of being 
refractory to conventional CPR include those 
associated with poisoning from channel 
calcium blockers and those associated with 
severe rhabdomyolysis-associated overdoses 
and concomitant hyperkaliemia.33 ECPR is 
rarely used in children with noncardiac surgical 
diagnosis.18 ECPR may be applied in trauma 
patients or in general surgery patients suffering 
anesthetic or perioperative complications 
(eg, patients with refractory hyperkaliemia 
in malignant hyperthermia, congenital 
diaphragmatic hernia, other congenital thoracic 
anomalies). 

ECPR in Children with Out-of-Hospital 
Cardiac Arrest

There are insufficient data to support a 
recommendation for the use of ECPR in out-of-
hospital cardiopulmonary arrest in children.22 In 
a recent ELSO Registry analysis, <2% of ECPR 
(2011-2015) were from out-of-hospital arrest. 

ECPR in Accidental Hypothermia

Severe hypothermia defined with core 
temperatures <28o C may occur with drowning, 
cold outdoor exposure, or snow burial. Some 
organizations include ECLS in their algorithms 
for rewarming in cases of outdoor exposure and 
severe hypothermia with absent signs of life 
or cardiopulmonary arrest; however, pediatric 
specific guidelines are lacking. Survival to 
hospital discharge for pediatric and adult 
drowning was reported as 23% in a study from 

the ELSO Registry. Those with pre-ECLS 
cardiac arrest had worse survival compared 
to those without. ECPR may be beneficial in 
patients where hypothermia is the cause of the 
arrest, rather than the consequence of it.

Equipment

Circuit and Equipment

An ECLS circuit must be readily available 
(dry or wet primed), self-contained, and easily 
portable. Centrifugal pumps are the most 
frequently used for ECPR. Polymethylpentene 
or polypropylene are the membranes commonly 
used.7 Heat exchangers can provide targeted 
temperature management (TTM).

Anticoagulation

Anticoagulation before cannulation and 
connection to the ECLS system for ECPR 
should follow local ECLS protocols (Chapter 4). 

Prime and Transfusion Therapies

Blood or crystalloid solution can be 
used for priming. The majority of circuits 
used in pediatric ECPR cases are blood 
primed according to ELSO.7 Delays in ECLS 
deployment while awaiting blood should be 
avoided.

System and Team

Decision and Initiation 

The decision to initiate ECPR and the timing 
of ECPR initiation should be separate steps. The 
decision to initiate ECPR or not should be made 
early; it can also be made in anticipation of a 
high-risk event in a specific patient. Patients at 
high risk for needing ECPR should be evaluated 
for possible ECPR initiation in detail. This 
evaluation includes formal ultrasonographic 
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assessment of the patency of all vessels that 
may be potentially used for cannulation. Timing 
of ECPR initiation should also be based on the 
expected time needed to achieve extracorporeal 
blood flow if sustained ROSC does not occur. 
The ELSO Registry reports that 30% of cases 
are cannulated <30 minutes after start of 
compressions and the median time to achieve 
ECLS flow is 40 minutes.7 Some organizations 
set process benchmarks at <30 minutes or <40 
minutes to ECLS flow and expect clinicians 
to make the decision to deploy within 5 and 
launch within 10 minutes following start of 
compressions. 

The Team

ECPR requires a well-coordinated team 
whose roles and responsibilities are defined 
in advance. Standard resuscitation measures 
should be initiated by the first team who focus 
on high quality CPR with minimal interruptions 
before and during ECLS deployment. A second 
group of individuals are dedicated to ECPR 
with rapid priming and cannulation. A paging 
system is useful to mobilize the ECPR team and 
resources. Because ECPR is a low-frequency, 
high-risk event, medical simulation training 
is helpful (Chapter 54). In some organizations, 
ECPR teams are available 24/7. This approach 
may not be sustainable for all organizations.

Resuscitation Measures 

Three key discrete times (t0, t1, t2) and four 
intervals (i1, i2, i3, i4) delineate phases of care 
when applying ECPR. Conducting each step 
while optimizing the duration of each phase is 
critical for success (Figure 21-3):

•	 Interval 1 (i1): Interval from time of 
cardiopulmonary arrest (t0) to start of CPR 
(t1), where (i1=t1-t0). 

•	 Interval 2 (i2): From start of CPR (t1) to 
launching ECPR (t2), where (i2=t2-t1). 

•	 Interval 3 (i3): From ECPR Launch (t2) to 
achieving adequate ECLS perfusion (t3), 
where (i3=t3-t2). 

•	 Interval 4 (i4): Interval from establishment 
on ECLS (t3) to on-going targeted post-
cardiac arrest care on ECLS (E-PCAC) 
where (i4=tx-t3). This is not uniform or 
predictable; it may occur when the patient is 
separated from ECLS or when post-cardiac 
arrest care interventions are completed 
while still on ECLS i.e., which ever comes 
first at time x (tx).

Approaches to Minimize Ischemia and 
Reperfusion Injury 

Current high-quality CPR metrics apply 
to high quality ECPR (compression-to-breath 
ratios, diastolic blood pressure, and ETCO2) 
and should be used to guide CPR during ECLS 
cannulation: 

•	 Limiting Interval 1: Witnessed and in-
hospital events offer the best conditions 
where the period of no-flow prior to starting 
conventional CPR is kept to a minimum to 
increase the chance of myocardial recovery 
and reduce the risk of brain injury. Ideally, 
Interval 1 is < 1 minute (i1=t1-t0 <1 min). 
Unwitnessed arrests may not be suited 
for ECPR as the duration of ischemia 
from the no-flow Interval is unknown.  

•	 High quality conventional CPR during 
Intervals 2+3: Ensured by close monitoring 
of the effectiveness of delivering airway 
management, compressions, defibrillation 
and/or medications, and additional 
interventions focused on reversing the 
cardiopulmonary arrest. In hospital, this 
monitoring includes: 

	♦ continuous monitoring of ECG, 
	♦ plethysmography, 
	♦ pulse oxymetry, 
	♦ capnography, 
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Figure 21-3. Key times and intervals of a cardiopulmonary arrest and resuscitation measures with ECPR.

Legend: 

Interval 1 (i1) Interval from the start time of car-
diopulmonary arrest (t0) to the start of conventional 
CPR (t1) where (i1=t1-t0). 

•	 Recognize cardiopulmonary arrest and initial 
rhythm

Interval 2 (i2): Interval from start time of conven-
tional CPR (t1) to launching the ECPR system (t2) 
where (i2=t2-t1). 

•	 Start CPR measures 
•	 Call Code Resuscitation Team 
•	 Maintain high quality CPR with intra-arrest 

monitoring
•	 Anticipate refractory CPA response to con-

ventional CPR
•	 Determine if patient may be suitable to resus-

citate with ECPR
•	 Make decision that patient is suitable for 

ECPR
•	 No ROSC 
•	 Launch ECPR system

Interval 3 (i3): Interval from time of launch of 
ECPR system (t2) to achieving return of circula-
tion (t3) with adequate flow and perfusion where 
(i3=t3-t2).

•	 Patient in cannulation location: continue to 
optimize high quality CPR

•	 Patient not in a cannulation location: transport 
to cannulation location with CPR

•	 Team members assemble at cannulation loca-
tion

•	 Notify Blood Bank 
•	 Assemble equipment and prime at cannulation 

location
•	 Position patient and maintain high quality CPR 
•	 Reconnect to bedside intra-arrest monitoring 

if arrives from arrest location
•	 Patient identification verified and clock timed 

(Time out #1)
•	 Heparin bolus delivered
•	 Cannulation plan verified
•	 Cannulation start (+/- sternotomy)
•	 Cannulation completed 
•	 Cannulas matched to drainage and return 

tubing of circuit (Time out #2)
•	 Cannulas connected to ECMO system
•	 Pump flows increased to 100 ml/kg/min as 

default or 2-3 L/min
•	 Gas flow meter and FdO2 adjusted

Interval 4 (i4): Interval from time of return of cir-
culation (t3) to on-going targeted post cardiac arrest 
care on ECMO (E-PCAC) where (i4=tx-t3). 

•	 Pump flows adjusted to target mean blood 
pressure 

•	 Ventilator adjusted and FiO2 weaned
•	 Circuit and patient arterial blood gas measured
•	 Lactate and Complete Blood Count
•	 Inotropes and inhaled nitric oxide wean
•	 Point of care testing for anticoagulation
•	 Temperature target verified
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	♦ intra-arterial blood pressure, 
	♦ cerebral near infrared spectroscopy, 
	♦ minimal interruptions to 
compressions, and 
	♦ prompt recognition of rhythms that 
may require defibrilliation. 

Delivery of resuscitation medications and 
documentation of interventions are essential.  

•	 High quality ECPR: During Interval 
3, the team prepares for ECPR without 
compromising the quality of CPR. The 
transition may involve:
 

	♦ intra-hospital transport to the 
cannulation location, 
	♦ positioning the patient with rolls 
under the shoulders or under the 
pelvis, and 
	♦ turning the head to the side, or 
preparation for chest re-opening and 
providing open chest CPR (OC-CPR).

In this context, it becomes important to 
have protocols in place that assign roles and 
responsibilities for resuscitation, priming and 
cannulation.

Cannulation Location

The patient, equipment, and team members 
involved in ECPR require a large amount 
of space. A space map helps to organize 
team members and equipment around the 
bed. Cannulation locations and transport 
protocols should be preapproved (eg, ICU 
or Catheterization Laboratory). CPR quality 
must not be compromised during transport.34 
The location chosen is a compromise between 
the difficulties of transporting during CPR 
and cannulating in an austere environment. 
When the arrest location can be immediately 
transformed to deliver ECPR, Interval 3 is most 

often shorter (i3=t3-t2) than when transport is 
necessary.35

Cannulation 

Cannulation for ECPR must be rapid and 
effective (Chapter 4). In children with vessels 
accessed previously, it is essential to have 
easily available documentation of occluded 
vessels to prevent delays in cannulation. A 
cannulation strategy should be planned in high-
risk patients.36

Vascular Approach and Impact on CPR 
Quality 

Peripheral and transthoracic cannulation 
will affect resuscitation differently. The impact 
of transitioning from conventional CPR 
measures to ECPR preparation has an effect 
on mean compression numbers, End-Tidal 
Carbon dioxide (ETCO2) during resuscitation 
and need for interruptions in the ECPR phase.37 
Peripheral approaches are less likely to interfere 
with chest compressions than chest cannulation, 
where there may be more interruptions while 
reopening the chest and initiating open-chest 
CPR (OC-CPR). Little is known about the 
impact of head rotation on cerebral perfusion 
pressure during neck cannulation. No data exists 
to inform which cannulation approach provides 
the best cardiopulmonary and cerebral perfusion 
in general.38 The need to have an immobile 
surgical field during cannulation will interrupt 
compressions. During these interruptions, clear 
calm communication between cannulators 
and the resuscitation team leader is important. 
Counting seconds of no CPR out loud can be 
helpful. Restarting CPR without the surgeon 
being ready can result in a complete failure 
of cannulation and can be avoided by good 
teamwork and communication. Transthoracic 
cannulation may be faster than peripheral 
cannulations, especially in postoperative 
patients.35 In postoperative patients, it is difficult 
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to untangle the relationship between their 
more favorable outcomes, shorter duration of 
i1+i2+i3, the use of central cannulation, and the 
application of OC-CPR.27 Transthoracic central 
cannulation may also be used in the context 
of penetrating trauma of the heart and great 
vessels, intra-operative cardiopulmonary arrest, 
or refractory severe septic shock (Chapter 36).39

ECPR Protocols

A written protocol enhances performance 
and minimizes disruptive variability. Such 
protocols define roles and responsibilities, 
order tasks, and provide individual and shared 
checklists with process algorithms. The protocol 
should address location for cannulation (as 
discussed above) and should also include 
general patient selection and initiation criteria 
(Figure 21-3). The algorithm should also 
contain ‘time-outs’ to verify safety checks and 
a target total duration (i1+i2+i3) to attain full 
ECLS flows as an important benchmark.

Quality Measures

Institutions should establish internal 
quality measures to assess the safety and 
efficacy of all ECPR events, whether they 
resulted in a successful cannulation or not 
(Chapter 55). These quality measures serve as 
an important mechanism to detect vulnerable 
areas in the algorithm (eg, decisionmaking vs. 
cannulation procedure vs. circuit readiness). 
No universally accepted time-to-cannulation 
benchmarks for in-hospital events formally 
exist; however, given the increase in ECPR, 
some measure similar to the best practices 
recommended in adult out-of-hospital ECPR are 
emerging.40 Prolonged times to attaining return 
of extracorporeal circulation with ECPR blood 
flow are associated with worse outcomes.21 
For in-hospital cardiopulmonary arrests, some 
organizations aim to have processes in place to 
achieve return of circulation within 30 minutes 

either by initiation of extracorporeal circulation 
or ROSC. If ROSC occurs within 30 minutes, 
the responsible physician decides whether 
or not to pursue extracorporeal circulation. 
Understanding the process lag times and the 
Intervals required to launch the ECPR helps 
the team leader direct care. Benchmarks can be 
used for performance review and for team and 
system training using simulation. Debriefing 
after all ECPR events is necessary to understand 
what worked well and what deficiencies need 
to be fixed.41 Debriefs should be conducted as 
a team immediately after real and simulated 
events (‘hot’) or later (‘cold’), as team and 
individual debriefs.

Early ECLS Postcardiac Arrest Care 
(E-PCAC)

Postcardiac arrest care in patients who 
receive ECPR begins immediately after ECLS 
flow is established at t3. ECLS blood flow must 
be adjusted, and end-organ perfusion restored 
to optimize tissue oxygen delivery. Adequate 
ECLS flow may be indicated by: 

•	 improved clinical perfusion and neurologic 
function, 

•	 improvement and resolution of laboratory 
markers of ischemia (eg, metabolic acidosis 
or lactate), and 

•	 restoration of urine output.

E-PCAC is focused on minimizing ongoing 
ischemia reperfusion injury, particularly in 
the brain, heart, and lungs.42,43 Diagnostic 
or therapeutic procedures may include 
radiological imaging and interventional 
cardiac catheterization, which should be safely 
undertaken without delay. Children with signs 
of left atrial hypertension and pulmonary 
edema or hemorrhage require prompt diagnosis 
and emergent left ventricular decompression 
(Chapters 4,18). Adequate coronary perfusion is 
a key target. Institutions who offer ECPR must 
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be able to optimize patients once cannulated or 
transfer them to another institution that can.44 
The risk of neurological injury is greater with 
ECPR patients compared to ECLS patients 
thus the means to assess, monitor, and image 
the brain is paramount during i4. Neurologic 
assessment includes: 

•	 sedation hold with awakening and clinical 
assessment, 

•	 neuromonitoring (cerebral near infrared 
spectroscopy, continuous EEG), 

•	 neuroimaging, 
•	 consultation with a neurologist, and
•	 repeat neuroimaging as necessary, both 

before and after decannulation.

ECLS Blood Flow,  Gas  Exchange , 
Temperature, and Blood Pressure

ECLS Flow

ECLS flow is guided by the resolution of 
markers of ischemia such as lactate, MVO2 and 
NIRS. Inotropes should be weaned as tolerated 
to decrease afterload and allow ECLS flow to 
be increased. Repeated epinephrine boluses 
pre-cannulation may be associated with: 

•	 increased afterload from increased systemic 
and cerebral vascular resistance, impairing 
the increase in ECLS flows, and/or 

•	 increased cerebral ischemia and worse 
neurologic outcomes. 

While we do not advocate changing 
established CPR protocols, it is sensible to avoid 
giving a timed epinephrine dose a few seconds 
before ECLS flow is established. Pulmonary 
vasodilators can also be weaned. Setting 
daily hemodynamic perfusion pressure goals 
(systolic, diastolic, and mean pressure in the 
absence of pulsatility) is necessary to enhance 
myocardial recovery. 

Gas Exchange 

No published clinical evidence exists 
to guide membrane gas management during 
or after ECPR deployment in children, but 
retrospective research in adult ECPR suggests 
that hyperoxia may be associated with worse 
neurologic outcomes.45 Most pediatric centers 
use blended gases on their standard ECLS 
circuits (O2 and Air) to titrate FsO2 and attempt 
to minimize hyperoxia because it may worsen 
ischemia-reperfusion injury. From published 
work in pediatric ECLS,46 out-of-hospital 
adult ECPR,47 and pediatric preclinical48 and 
clinical resuscitation literature,49 an association 
exists between postresuscitation hyperoxia 
and mortality. NIRS devices do not require 
pulsatility to estimate the oximetry of the 
underlying tissue, making them more useful 
than standard pulse oximetry when pulsatility 
disappears. Bilateral probes may be applied to 
the prefrontal area and/or to the calf muscles 
(when femoral cannulation is used) to monitor 
for asymmetry, hyperoxemia, and ischemia. 
In pediatric ECLS, hypocapnia in the first 48 
hours may be associated with increased risk 
of a neurologic event.46 Sweep gas flow when 
initiating ECLS should therefore be carefully 
controlled to prevent profound and rapid 
hypocapnia, which may be associated with 
cerebral ischemia at a time when the cerebral 
vascular reactivity is altered by ischemia and 
acidosis. Sweep flow should not exceed blood 
flow initially and early measurement of arterial 
blood gases is essential to avoid inadvertent 
hypocapnia or hypercapnia, which may 
influence neurologic outcome. 

Temperature 

The ELSO Registry reports therapeutic 
hypothermia use in more than half of neonatal 
and pediatric ECPR cases.7 No comparative 
trials suggest an optimal target temperature, 
and no randomized control trials support one 
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target temperature versus another. Nevertheless, 
the target temperature should be deliberate and 
defined by the responsible physician based on 
patient factors and/or institutional protocols; 
hyperthermia should not be tolerated. When 
a heat exchanger device is not used, a patient 
monitoring device must be used to measure 
continuous core or central temperature (ie, 
esophageal, rectal, or bladder temperature). 
External or skin temperature measurements 
are not sufficient post-resuscitation due to poor 
peripheral perfusion. 

Other Pharmacological Cointerventions and 
Aseptic Technique

Aseptic technique is used for cannulation 
and OC-CPR. Little guidance exists about 
the standard use of surgical antimicrobial 
prophylaxis for ECPR and for transthoracic 
cannulation. No specific guidance exists about 
the use of steroids during ECPR. Dosing of 
prostaglandins to maintain ductal patency and 
other vasoactive agents are center-specific and 
guided by individualized patient physiology.

Anticipating End-of-Life Care in the ECPR 
Patient and Their Family

The probabili ty of death and new 
neurological injury is high for children who 
require ECPR. Accordingly, well integrated 
end-of-life practices are an essential component 
of an ECPR program.50 Patient- and family-
centered care plans should encompass gradual 
end-of-life discussions and communication. The 
large proportion of ECPR patients who survive 
to decannulation but die before discharge 
highlights the importance of starting end-of-life 
communication during ECLS.

Duration of CPR and Time to ECLS Flow

The ELSO Registry reports that the 
median duration of CPR prior to ECLS flow 

was 40 minutes (IQR=25–61 minutes) and 
73% received CPR <60 minutes.7 In a study 
completed with merged registry data, the 
median duration of CPR prior to ECLS initiation 
was 48 minutes (IQR=28–70 minutes).21 In this 
study, a longer duration of CPR before initiation 
of ECLS was associated with decreased odds of 
survival. However, they also reported that half 
of survivors had CPR duration of >42 minutes 
prior to ECLS initiation, and 30% of survivors 
had CPR duration >1 hour.21 Esangbedo et 
al. examined the relationship between CPR 
duration before achieving flows and mortality.23 
Of 46 studies that analyzed CPR duration, only 
15 showed an increase in risk of mortality with 
increasing CPR duration. Long-term neurologic 
outcomes at 12 months are worse with longer 
CPR duration.27 Organizations should monitor 
the duration of Intervals 1, 2, and 3 to understand 
the source of delays and solve each specifically. 
Unwitnessed events in most settings have a 
poor prognosis and are considered a relative 
contraindication for ECPR, given the unknown 
duration of Interval 1. Ideally, Interval 1 is 
<1 minute if the event is witnessed. Interval 2 
with high quality CPR would ideally be long 
enough to provide time for interventions to 
reverse the cardiopulmonary arrest, anticipate 
the likelihood of the refractory nature of the 
event, make the decision about suitability of 
ECPR, and obtain return of circulation. Most 
systems know their average duration required to 
transition from conventional CPR to achieving 
ECLS flows with transthoracic or peripheral 
cannulation. Based on this knowledge, some 
centers pre-set the duration of Interval 2 to 
3-10 minutes, to prompt ECPR launch and 
achieve ECLS flows within 30-60 minutes. In 
events that occur in locations of the hospital 
where cannulations cannot be performed, the 
system needs to build in the time to transport 
to the cannulation location during Interval 3.
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Resources

An ECPR system has significant costs and 
resource implications. In systems that already 
care for high-risk cardiac surgical children, 
the additional resources necessary to build 
an ECPR system may be less compared to an 
institution that does not. On average, 12-15 
skilled individuals are deployed, and they must 
interrupt their responsibilities to focus on ECPR. 
Additionally, an ECPR system requires response 
systems across the hospital such as a strong 
resuscitation team, an efficient blood bank, and 
sufficient redundant resources and expertise 
to ensure that these skilled individuals can be 
emergently reallocated for an unplanned ECLS 
cannulation and initiation that may require 
1-2 hours of stabilization, all without impacting 
the care of other patients. Institutions which 
do not offer cardiac surgery or interventional 
cardiology and opt to offer ECPR should form 
part of a hub-and-spoke network to allow safe 
transfer on ECLS during Interval 4 to a center 
that can provide comprehensive E-PCAC.

Ethics and Informed Consent

Because of the rapid nature of ECPR 
deployment, obtaining informed consent 
for ECPR while the process is unfolding is 
challenging. In high volume cardiac surgical 
centers, information is given, and consent 
secured at the time as the preoperative consent. 
Oversight for informed consent should follow 
the process for conventional CPR rather 
than ECLS. Patients eligible for ECLS may 
not be automatically suited for ECPR. The 
subtle differences in indication should be 
explained to guardians of children with 
complex conditions (eg, patients with severe 
pulmonary hypertension before a cardiac 
catheterization laboratory study) or listed for 
solid organ transplantation (eg, heart or lung). 
These special circumstances illustrate that a 
single recommendation is not sufficient to 

serve all these situations and their local context. 
In unexpected ECPR events, parents should 
be informed as soon as possible and when 
reasonable. These conversations ideally include:

 
•	 potential reasons for the arrest; 
•	 the time-limited purpose for ECLS based 

on institutional bridging options; 
•	 the care plan that involves the possibilities 

of survival, survival with morbidities, and 
of death; and

•	 prognosis. 

These conversations are best conducted 
on a frequent regular or daily basis, which 
allows guardians to be aware of the changes in 
condition and the evolving status of the child.51

Summary

ECPR utilization has increased in neonatal 
and pediatric resuscitation. Offering ECPR 
requires institutions to commit to sustaining 
a system able to provide additional expertise 
and resources to ensure that high quality ECPR 
is followed by comprehensive E-PCAC and 
family centered end-of-life care. Data about 
short- and long-term outcomes of survivors 
and their families are emerging and will guide 
further research on how to improve outcomes. 
Patient selection must continue to be one of the 
key topics of inquiry. As we develop the ability 
to predict and anticipate which patients may 
be at risk of cardiopulmonary arrest, clinicians 
need data to inform their decisions. If the patient 
is suitable for resuscitation, the clinician must 
contemplate the following five scenarios when 
their patient deteriorates:

1. responds to clinical management (no ECLS, 
no cardiopulmonary arrest);

2. be cannulated for ECLS before a 
cardiopulmonary arrest;
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3. have a cardiopulmonary arrest, followed by 
sustained ROSC, and be cannulated later 
for ECLS;

4. have a cardiopulmonary arrest and undergo 
successful ECPR; or

5. have a cardiopulmonary arrest and undergo 
unsuccessful ECPR.

A robust ECPR system will ensure that 
patient selection includes deciding when to 
deploy ECPR, but also includes upstream 
decisionmaking about the management needed 
to prevent cardiopulmonary arrest. Such 
upstream decisionmaking may involve elective 
ECLS or undertaking other interventions that 
may help reverse the driver of the deteriorating 
physiology.
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Introduction 

The most common indications for ECLS 
in children with heart disease are acute 
postcardiotomy failure, refractory cardiac arrest, 
severe cardiac dysfunction, cardiogenic shock, 
or arrhythmias unresponsive to conventional 
medical therapy.1 Over the last decade, the use 
of ECLS to support children with cardiovascular 
disease has increased2,3 relative to respiratory 
indications, particularly in neonates.4,5 ECLS 
utilization within congenital heart surgery 
programs is on average 2-3% of cardiac 
surgical cases.6 Congenital heart disease 
(CHD) remains the most common neonatal and 
pediatric cardiac diagnosis requiring support.5 
The overall survival to discharge is currently at 
43% for neonates and 53% for children,4 and 
has remained relatively unchanged over the 
last decade.4,7

In this chapter, we will review complications 
linked to worse outcomes that are frequently 
seen in children with cardiovascular diseases, 
namely, bleeding and thrombosis,8 renal failure,9 
and acute neurological events.10 Particular 
attention to long-term neurodevelopmental 
outcome, and quality of life will be presented. 
Awareness, early intervention, and protocolized 
followup of these potential complications in the 
ICU setting may enable the use of protective 
measures.

Common Complications During ECLS 

Acquired comorbidities during ECLS can 
impact in-hospital mortality and contribute to 
longer-term morbidity. Although many types 
of complications can occur, some of the most 
devastating are neurologic events, acute kidney 
injury (AKI), bleeding, and thrombosis.

Bleeding, Thrombosis, and Hemolysis

Bleeding and thrombosis remain signif-
icant complications despite advancements 
in technology, circuitry, and monitoring. 
Hemorrhage commonly occurs at the cannulation 
site, surgical site, in the central nervous system, 
and gastrointestinal tract. The prevalence of 
hemorrhagic complications on ECLS ranges 
from 12-70%,11,12 with bleeding most commonly 
noted at the surgical (17%) and cannulation 
site (14%).8 Dalton et al. reported 37.5% of 
ECLS patients had a thrombotic event, with the 
majority occurring in the circuit as compared 
to the patient.12 Hemolysis (defined by plasma-
free hemoglobin >50 mg/dl) occurs in 7-41% of 
children and neonates receiving cardiac ECMO 
support.4, 8,12 

ECLS necessitates the contact of blood 
and a nonendothelial surface, which results in 
coagulation and fibrinolytic pathway activation 
plus an inflammatory response (Chapter 6).13 The 
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prothrombotic state requires vigilant monitoring 
of anticoagulation not only to prevent clotting 
but avoid bleeding complications. In 2022, 
ELSO published updated anticoagulation 
guidelines.14 Both bleeding and clotting often 
coexist in the same patient and contribute to 
significant morbidity and mortality.8,11,15 In a 
subset analysis of 727 cardiac failure patients, 
Dalton et al. described bleeding events during 
cardiac ECMO, which were associated with 
reduced survival by 33% in neonates and 32% 
in children.8 A similar decrease in survival 
likelihood was associated with thrombotic 
complications for both neonatal (RR 0.56; 95% 
CI, 0.38–0.82) and pediatric cardiac failure 
patients (RR 0.63; 95% CI, 0.49–0.82).8 

Children with cardiac disease may be more 
susceptible to bleeding events, particularly those 
postcardiotomy. In a subset analysis, Werho 
et al. reviewed 8905 children with cardiac 
disease and showed a significantly higher rate 
of on-ECMO hemorrhage in cardiac patients as 
compared to noncardiac patients (49% vs. 32%). 
The highest group was cardiac surgical patients, 
with a 57% rate of hemorrhage as compared to 
cardiac medical patients (38%).11 A Pediatric 
Cardiac Critical Care Consortium (PC4) 
Registry analysis revealed that 83 of 329 (25%) 
of cardiac surgical ECMO patients experienced 
bleeding requiring reoperation, and those with 
a bleeding event on ECMO had significantly 
increased mortality rates (34% with hemorrhage 
versus 20% without hemorrhage).16

Oxidative damage from hemolysis can 
cause an increase in vascular resistance, 
induce renal tubular toxicity, and contribute 
to abnormal coagulation. 17 A major source 
of hemolysis is the pump head, with data 
to suggest centrifugal pumps create less 
hemolysis,18 but this remains controversial.19,20  

Elevated plasma free hemoglobin levels are 
associated with mortality,21 predictive of 
a subsequent thrombotic event,12 and may 
trigger blood product transfusion. Increased 
transfusion of blood products has also 

been associated with worse outcomes.22,23 
Identifying anticoagulation targets, unifying 
their measurements, understanding effects of 
circuit design,24 and developing evidenced 
based guidelines is critical to reduce the risk of 
bleeding and thrombosis.

Acute Kidney Injury (AKI)

Renal failure during ECLS is a frequently 
associated with mortality. AKI is common in 
children treated with ECLS25 and reported as 
high as 90% in postcardiotomy patients based 
on pRIFLE scoring,26 with cardiac surgery as 
an independent risk factor for development of 
AKI.9 The need for renal replacement therapy 
(RRT) during ECLS is also associated with 
increased mortality,9,21,25,27-30 identifying RRT 
as an independent factor associated with poor 
survival.31 Gupta et al. reported on 3502 cardiac 
surgical ECMO patients from the Pediatric 
Health Information System database, with 484 
(14%) receiving RRT.9 Significantly increased 
mortality was noted in patients receiving 
RRT compared with no RRT (70% vs. 38%).9 

Although the presence of AKI is associated with 
worse outcome, it is potentially recoverable 
in the majority of survivors.32 However, 
‘recovery of renal function’ commonly refers 
to normalization of serum creatinine or return 
of native urine output, whereas attention must 
be paid to true long-term recovery. 

Neurologic Events

Acute neurologic events (ANE) are 
relatively common in the cardiac ICU. Nearly 
8% of all children admitted to the cardiac 
ICU may experience neurologic injury, with 
the need for ECLS independently associated 
with the presence of an ANE.33 Given that 
central nervous system (CNS) complications 
on ECLS are associated with the use of 
ECPR, LVAD, VA ECMO, bicarbonate, and 
inotropes,34 such complications are inherently 
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more likely in children with cardiovascular 
disease. The neurological complications 
commonly seen during ECLS include clinical 
or encephalographic (EEG) seizures, hypoxic-
ischemic injury, thromboembolic stroke, and 
intracranial hemorrhage.11,34-38 The reported 
incidence of any type of neurologic event on 
ECLS was 24% in neonates and 20% in children, 
as compared to 9% in adult cardiac patients.4 
In neonates and children supported for cardiac 
indications, ELSO Registry data show that over 
a 5-year period from 2016 to 2020, seizures 
were reported in 6-8%, cerebral infarction or 
ischemia in 4-7%, and intracranial hemorrhage 
in 6-11%.4 Postcardiotomy pediatric patients 
supported with ECLS have a high (12%) 
incidence of stroke.35 CNS complications 
reported to the ELSO Registry should be viewed 
as minimal estimates because the registry data 
is inherently limited by the voluntary nature 
of reporting, the methods of evaluation are not 
systematic, and the context in which data are 
collected is acute, intensive care based, and 
short term.

Protecting the brain and mitigating any 
injury are of paramount importance to any 
critically unwell child supported on ECLS. 
Early identification and intervention to minimize 
neurological morbidity may be masked by 
sedative medications and muscle relaxants, 
which can hinder neurological assessment, 
particularly for seizures. Recent studies utilizing 
continuous EEG monitoring have shown 
that nonconvulsive seizures including status 
epilepticus may be more common on ECLS 
than previously reported, ranging from 17% to 
23%.38-41 Seizures on ECLS have been shown 
to correlate with lower IQ scores, cerebral palsy, 
and increased mortality.38,40,42 

Additional neuromonitoring modalities 
on ECLS include near-infrared spectroscopy 
(NIRS), cranial ultrasound scan (CUS), cerebral 
function analysis monitor, transcranial doppler, 
computed tomography (CT), and brain injury 
biomarkers.36,40,43-47 Brain magnetic resonance 

imaging (MRI) is a superior imaging modality 
but is incompatible with ECMO circuitry. A 
systematic review of neuromonitoring during 
ECLS reported a large variability in the timing 
and definitions of the neurological event and 
the outcome measure.48 No single modality 
can reliably, continuously, and safely predict 
neurological events; however, a combination of 
modalities may yield a higher chance of early 
detection of ANE during and after ECLS.46,49 

In-hospital mortality is higher in neonates 
and children who have suffered an ANE as 
compared to those without.10,33,50 An ELSO 
Registry study published in 2015 demonstrated 
a mortality rate of 73% in neonates who 
suffered an ANE as compared to 53% in those 
without neurologic injury, with higher risk in 
low weight babies, those with worse acidosis 
and following ECPR.10 Multiple studies 
have shown that neurological complications 
on ECLS in the form of an ANE are closely 
linked to neurodevelopmental morbidity.37,51-54 
Furthermore, there may be subtle neurological 
concerns that may not be identified as an ANE, 
yet have an impact on the neurodevelopmental 
profile.52 Hence, all children supported on 
ECLS, including those supported for cardiac 
disease, need follow up and targeted outpatient 
neurologic evaluation.55-57 

Early Survival Outcomes

Survival to hospital discharge in children 
with cardiovascular disease supported with 
ECLS varies by age, indication for mechanical 
support, the type of cardiac defect, and the 
operative intervention that the child has 
undergone.6 An ELSO Registry publication 
describing 4471 neonates supported on ECLS 
for cardiac indications from 2001-2011 reported 
an overall survival rate of 41%.7 In a recent 
summary of ECLS outcomes from ELSO 
in 2020, there were 531 neonates and 1064 
children who received cardiac support, with 
52% of neonates and 60% of children surviving 



302

Chapter 22

to hospital discharge.4 Right-sided obstructive 
lesions were associated with shorter runs and 
higher survival (up to 68%),5 as compared to 
children supported for failure to wean from 
cardiopulmonary bypass, who had a survival 
rate of 45%.58 

Risk Factors for Early Morbidity and 
Mortality

Cardiac ECMO outcomes are influenced by 
several factors, such as the specific indication 
for support, patient age, timing of initiation, type 
of cardiac pathology being supported (eg, single 
ventricle vs. biventricular circulation), and 
presence of underlying genetic or congenital 
abnormalities (Chapter 11). Prenatal brain 
development and challenges with critical 
illness in early life further augment the risk for 
neurodevelopmental difficulties. Embedded 
in these are a series of composite patient and 
case-specific risk factors associated with worse 
outcomes that must be highlighted. These 
include palliated single ventricle anatomy,7,59-64 
prolonged duration of ECLS,30, 61, 66-68 associated 
AKI, 9,30,59,64,69 and postcardiotomy cardiac failure 
with residual lesions.70 Additionally, several 
studies have demonstrated an association 
between mortality and lower pre- and post-
canulation pH;7,10,61,62,65 failure to clear lactate 
on support;61,64,65,71 prematurity or birth weight 
<3 kg;7,10,31,60,61,72 and the need for ongoing 
inotrope support,68 emphasizing not only the 
need for high-quality resuscitation but attention 
to the adequacy of systemic perfusion on 
ECLS.73 Notably, a large database study of 2908 
children, showed that the duration of time from 
cardiac surgery to ECLS initiation is not in itself 
associated with increased mortality, but rather 
with prolonged ECLS duration and ICU stay.74 

Early recognition of residual lesions in 
postoperative patients, particularly neonates, 
is crucial to improving survival in the 
postcardiotomy ECLS population.75 It is critical 
to investigate and characterize the extent, nature, 

and, when possible, the hemodynamic burden of 
residual cardiac lesions. It has been reported that 
residual lesions are present in approximately 
25% of postcardiotomy patients receiving 
ECLS. The impact of such residual lesions on all 
postoperative cardiac surgical patients are now 
well recognized.76 Early recognition (within 
72 hours) and intervention on such lesions can 
improve survival after postcardiotomy ECLS.61 
The decision to intervene and the optimal timing 
of this can be difficult and should be based on 
the specific clinical situation, with a goal to 
mitigate the ongoing hemodynamic burden as 
rapidly as possible. 

Specific Populations

There are important considerations that can 
influence outcome regarding disease specific 
factors which are discussed below.

Single Ventricle

According to the Society of Thoracic 
Surgeons (STS) database, the most frequent 
postcardiotomy ECLS indication is hypoplastic 
left heart syndrome (HLHS) after stage one 
palliation (S1P), at 17%. These infants also 
have a high early mortality rate up to 57%.5 
The indication for support is typically to 
support progressive low cardiac output  or 
acute hypoxemia, with poorer outcomes linked 
to cardiac failure, organ dysfunction and 
ECLS complications.65,77,78 Survival appears 
to be influenced mainly by the particular 
indication and the duration to full flow ECLS 
deployment.70 The overall management of these 
patients is complicated by the challenge of 
striking the right balance between promoting 
systemic blood flow and the runoff through 
either an aortopulmonary shunt or a right-
ventricular-to-pulmonary-artery shunt. Any 
evidence of inadequate systemic oxygen 
delivery requires early recognition and should 
prompt consideration of physical restriction of 
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the shunt to limit runoff and thereby increase 
systemic blood flow.73 

Outcomes for patients with single ventricle 
circulation are substantially worse that those 
with biventricular circulations7,59,62,64 even after 
the Glenn and Fontan operations.79 Much of 
this risk is related to technical challenges of 
cannulating multiple venous sites to provide 
adequate cardiac decompression and ECLS 
flow, along with the persistence of systemic 
venous hypertension in the face of seemingly 
adequate support.70 Based on ELSO Registry 
data, 230 patients with Fontan circulation 
supported on ECLS experienced 35% survival 
to discharge80 and 103 patients with Glenn 
circulation supported on ECLS experienced 
41% survival to discharge.60 A recent, more 
encouraging study of 40 single ventricle ECLS 
patients—the majority being HLHS patients 
after S1P—reported a survival rate of 53%.81 

Myocarditis

Consistently higher survival rates ranging 
from 60% to 83% are noted in children 
supported with myocarditis,2, 5,82-85 one exception 
being neonatal enteroviral myocarditis (survival 
rate 33%).86 The reversible nature of myocardial 
dysfunction and short time frame for recovery 
makes ECLS a very suitable mechanical support 
strategy for patients with cardiogenic shock from 
fulminant myocarditis. Longer-term survival 
outcomes in myocarditis patients successfully 
weaned from mechanical circulatory support 
are high. One center reported 95% (46 of 48) 
of survivors were alive at a mean of 5.5 years 
post discharge.87 In children with myocardial 
dysfunction that does not recover, ECMO 
has been used as a bridge to transplantation 
(Chapter 20). 

Multisystem Inflammatory Syndrome in 
Children (MIS-C)

Coronavirus disease 2019 (COVID-19) 
can later develop into a life-threatening 
inflammatory disease with manifestations similar 
to toxic shock syndrome or Kawasaki disease, 
now known as multisystem inflammatory 
syndrome in children (MIS-C).88,89 Cardiac 
manifestations are common with MIS-C and 
include ventricular dysfunction, coronary 
artery dilation and aneurysms, arrythmias, and 
conduction abnormalities.88-90 Severe cases can 
present as vasodilatory or cardiogenic shock,89,91 
even progressing to ECLS.92 A systematic 
review of the literature described 917 children 
with MIS-C including 58 that received ECLS. 
Overall mortality rate (those with and without 
ECMO) was 1.9%.89 As of October 2021, there 
were 222 children with MIS-C reported to the 
ELSO Registry, with 114 surviving to hospital 
discharge (51% survival rate) (Peter Rycus, 
personal communication). 

Long-Term Survival 

To compound a relatively high early mortality 
rate faced by children with cardiovascular 
disease on ECLS, there is evidence of additional 
late mortality of 4% to 12%.62,63,93-98 A cohort of 
169 children with various types of heart disease 
supported on ECLS had a 5-year survival rate 
of 32%, with 6% post discharge mortality.99 The 
authors demonstrated a significantly increased 
rate of late death in children with cardiac disease 
as compared to meconium aspiration.99 The 
Children’s Hospital of Philadelphia reviewed 
396 cardiac ECMO patients, with only 43% 
(n=170) surviving to discharge. At 6-year 
median follow up, 66% of the children were 
deceased.100 Longer-term outcomes may be 
worse in single ventricle patients. For example, 
of 15 neonates with functional single ventricle 
surviving postcardiotomy ECPR, late cardiac 
attrition was noted as 5 infants (33%) died 
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before followup at a median age of 22 months.71 
In a cohort of 64 infants with HLHS supported 
on ECLS after a Norwood operation, only 
16 (25%) survived to their Fontan operation.30 

Long-Term Neurodevelopmental Outcomes

Published studies related to longer-term 
neurodevelopmental outcomes of children 
supported on ECLS for cardiac indications are 
displayed in Table 22-1. A significant amount 
of pathology is present in survivors, with the 
incidence of neurodevelopmental deficits 
ranging from 20% to 73%, depending on the 
study design, type of test used, inherent case 
mix, and local practice variations.62,93,94,99-104 
The neurodevelopmental difficulties described 
in this population vary across different domains 
including deficits in gross and fine motor skills, 
cognitive function, language, visual perception, 
processing speed, sustained attention, verbal, 
visuospatial, and working memory, academic 
achievement, executive functioning, behavior, 
and psychosocial adjustment.103 The majority 
of studies are single center, incorporate mixed 
age and mixed diagnosis cohorts, are followed 
up at a wide range of time intervals post 
support, use a range of evaluation methods, 
and present variable thresholds to determine 
a favorable neurologic outcome, all of which 
limits interpretation of the results. Recent 
studies support a neurobiologic correlate 
for critical illness in early life in the form 
of reduced hippocampal volumes and white 
matter microstructural abnormalities,105 and 
impairment of perioperative brain volumes in 
children with CHD (d-Transposition of Great 
Arteries and single ventricle physiology) who 
had exposure to ECMO, worse in those with 
multiple exposures.106

ECPR survivors represent a unique subset 
who potentially have a higher incidence of 
neurological complications on ECLS and are 
at risk of neurodevelopmental sequelae. An 
ELSO Registry study on ECPR outcomes 

reported a high incidence (22%) of neurological 
complications on ECLS.50 As a secondary 
analysis of hypothermia after cardiac arrest, 
Meert et al. reported the 1-year survival and 
neurobehavioral outcomes using Vineland 
Adaptive Behavior Scales (VABS, Second 
Edition) at baseline and at 1-year followup 
in survivors of ECPR for in-hospital arrest.54 
While comparing baseline VABS score with the 
1-year score, they found that one-third (30.5%) 
had VABS ≥70 points (good neurobehavioral 
outcome) while it was decreased by ≤15 points 
in 22.1%.54 Importantly, many cardiac ECMO 
outcome studies include a significant proportion 
of children supported with ECPR, which may 
impact on the overall neurodevelopmental 
outcome findings.69,100,104

Post ECMO Quality of Life (QoL) 

The evaluation of QoL has gained increased 
emphasis in recent years, with the development 
of new methods for assessment in children and 
growing interest in the functional outcomes 
of patients with congenital heart disease.107-109 

The assessment of QoL remains challenging 
in young children and in those with significant 
cognitive delays because the child needs to 
complete the questionnaire themselves. The 
most commonly used child self-report and 
parent proxy-reported questionnaire is PedsQL 
4.0 (Pediatric Quality of Life Inventory)110 and 
the Pediatric Cardiac Quality of Life Inventory 
(PCQLI).109 The PedsQL 4.0 was designed to 
measure the core health dimensions (physical, 
mental, social and school functioning) in 
children aged 2 to 18 years110 and the PCQLI 
was developed as a disease-specific pediatric 
cardiac QoL measurement for children aged 
8-18 years.109 

Available studies documenting quality of 
life in children after being supported for cardiac 
indications are harder to come by than mixed 
populations or respiratory cases and are listed 
in Table 22-2. These studies report 18% to 53% 
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of cardiac ECMO survivors had significantly 
diminished QoL scores as compared to age-
matched, healthy peers.100,111-116 It is unclear if 
the QoL outcomes are associated with ECLS 
itself or the patients’ underlying cardiac disease, 
their prior hospitalizations, and complications 
preceding ECLS. In comparison to children 
with CHD who have had no exposure to ECLS, 
children supported on ECLS have worse 
QoL. In prospective, multicenter studies in a 
heterogeneous CHD cohort at 6 weeks and 6 
months after cardiac surgery,117 and in the single 
ventricle population at 6 years of age,118 worse 
QoL scores were reported. Worse physical 
scores117 and adaptive behavior118 in the ECLS 
treated children indicate that these are a high-
risk group that need screening and intervention 
with potential for improvement as noted in 
psychosocial and total scores at 6 months.117

Followup

It is well known that children grow-
ing up with congenital heart disease have 
a significantly increased risk for neuro-
developmental disabilities in the areas of 
intelligence, academic achievement, language 
(development, expressive and receptive), 
visual construction and perception, attention, 
executive functioning, fine motor skills, gross 
motor skills, and psychosocial maladjustment 
(internalizing and externalizing problems). 
Similar neurodevelopmental issues may 
be found in survivors after ECLS. The 
‘2012 American Heart Association (AHA) 
scientific statement on the evaluation and 
management of neurodevelopmental outcomes 
in children with congenital heart disease’ lists 
ECLS as an important high-risk group for 
neurodevelopmental followup and recommends 
that all ECLS patients should be referred for 
formal medical and developmental evaluation 
and future reevaluation, whether or not 
any developmental concerns are present.57 
Longitudinal followup that supports assessment 

at regular intervals is of paramount importance 
because neurodevelopmental problems 
can manifest late, often after the child has 
started school. Neurodevelopmental status 
may be evaluated through CNS imaging, 
EEG, and the assessment of intelligence 
quotient (IQ), academic achievement, 
neuropsychological outcome, and motor skills. 
In addition, evaluation of speech and language, 
auditory abilities, as well as behavioral and 
emotional functioning is useful in this high-
risk population. A 2021 ELSO publication 
outlines recommendations for medical and 
specialist followup for neonatal and pediatric 
ECLS survivors from hospital discharge 
until adolescence, individualized depending 
on clinical status and neurodevelopmental 
morbidities.56 A proposed model for long-term 
followup in children after ECLS is shown in 
the Appendix (p.773). Although described as 
an example after ECLS in neonates, this is 
generalizable to all children supported on ECLS. 
In addition, the 2012 AHA scientific statement 
describes a proposed screening and surveillance 
algorithm with age-specific tests at regular 
intervals. The recommended assessments are 6 
months, 9 months or at 1 year, 18 months, 24 
months, 30 months and 4 years, 8 years, middle 
school (11-14 years of age), and high school 
(15-18 years of age), with referral to early 
intervention services and/or special education 
services. These should be applied to children 
with cardiac disease who have been supported 
on ECLS. 

Conclusions

Given the complex and high-risk nature of 
ECLS and underlying diverse health care needs 
of children with cardiac failure, the evaluation of 
complications and outcomes is a crucial part of 
patient care. Around half of children undergoing 
cardiac ECMO will survive to hospital discharge, 
with a significant proportion of the survivors 
experiencing longer-term neurodevelopmental 
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problems. A clearer understanding of the 
precise mechanisms, timing and consequences 
of the diverse brain injuries in these children is 
essential to the development of interventions 
aimed at preventing them or mitigating their 
effects. Due to the variability of outpatient 
surveillance between ECLS centers, ELSO 
has recently published international guidelines 
for followup after neonatal and pediatric 
ECLS with recommendations from hospital 
discharge until adolescence.56 We recommend 
that ECLS programs should adapt and apply 
these recommendations to improve the ultimate 
outcomes for cardiac ECMO survivors.
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Table 22-1. Long-term neurological outcome studies in pediatric cardiac ECMO patients. 
Abbreviations are defined below. 

TIMEFRAME OF 
FOLLOWUP

METHOD OF OUTCOME 
EVALUATION

AFTER ECMO SUPPORT AS APPROPRIATE FOR 
AGE

25/67 (37%) Median: 43 months Parent report: 80% Good or excellent health 
status. 12% fair and 8% poor 

One late death Range: 11- 92 months Pediatrician report: 59% with mod- severe 
neurologic impairment

Of 67, 11 VAD patients
14/53 (26%) 72% normal motor outcome

Two late deaths 50% normal cognitive outcome
28/90 (31%) Mean 4.5 years

Three late deaths Range 4 months to 9 years
22/49 (45%) Mean 4.6 years 

Three late deaths Range 0.7 to 11.1 years
13 of 22 were cardiac for cardiac patients only

Median 7.2 years Administered: POPC
Range 3.9 months to 12.6 
years

Telephone questionnaire to 
parents for quality of life  

16/39 (41%) Administered: BSID, WPPSI Behavioral concerns in 88%
Two late deaths Hearing evaluation Mental delay in 50%

Questionnaire: ABAS, MAHSC Motor or sensory disability in 12%

63/95 (66%) 1.7 years 66% good outcome
Six late deaths Range: 1 to 4 years 22% mild disability

10% moderate and 2% severe

50/98 (51%) Median of 48 months Administered: WPPSI, BB-VMI, 
FSIQ, VIQ, PIQ 

Mean IQ in 41 survivors without 
chromosomal abnormalities was 79.7

Fourteen late deaths Range: 39 to 52 months Visual and Hearing testing 
performed 25% had IQ > 2SD below mean

Parent Questionnaire: ABAS Hearing loss in 8%

Median 4.5 years of age Administered: WPPSI, BB-VMI

Minimum 6 months post 
ECPR Visual and Hearing evaluation 

28/184 (15%) Median: 19 months Administered: BSID-III

Six late deaths Range: 13-28 months Parent Questionnaire : BSEAB, 
ITSEA or BASC-2

71% had VABS-II scores > 70 (mean=100, 
SD=15) 
54% had cognitive testing scores > 70

57/99 (57%) 40/99 (40%)
entire cohort Three late deaths

19 of 40 survivors were 
“cardiac failure”

REFERENCE
SURVIVAL TO 

HOSPITAL 
DISCHARGE

PROPORTION 
AVAILABLE AT 

FOLLOWUP
OUTCOME DESCRIPTION

Ibrahim 200093 27/67 (40%)
Telephone questionnaire to 
parents, neurologic outcome 
questionnaire to pediatricians 

Hamrick 200394 17/53 (32%) Assessment at 1, 1.5, 2.5 and 
4.5 years

Administered: BSID, SBIS, 
MSCA, WPPSI

Chow 200495 31/90 (34%) Telephone questionnaire to 
parents 

Administered: POPC and PCPC  

54% normal neurological outcome

Wagner 2007101 25/49 (51%)
Administered: Neurologic exam 
by pediatric neurologist, BSID, 
WPSSI, NEPSY

Overall 73% and 9 of 13 cardiac patients 
(69%) moderate to severe cognitive 
impairment 

Taylor 2007119 69/211 (33%) 69/211 (33%)
Only 105 cardiac patients in cohort with 24 
surviving (23% survival), five with mod - 
severe disability (21%)

Lequier 200862 18/39 (46%) 2 years 

Chrysostomou 
201363 69/95 (73%)

General adaptive function median score of 65 
(score of < 70 is 2 SD below the mean)

Ryerson 2015 98 64/98 (65%)

GarciaGuerra 
2015121 25/51 (49%) 17/51 (33%)

Mean full scale intelligence quotient 76.5 
(lower than the population mean) with 24% 
having intellectual disability

Kuraim 2018122 13/20 (65%) 9/20 (45%) Assessment 2 years post Parent Questionnaire: ABAS-II

ND scores at least 1 SD below mean for gross 
motor skills (61%), language (43%), and 
cognitive (29%) 

Administered: VABS=II, MSEL, 
WASI

Bembea 202053 Within 12 months 
Administered: VABS-II, MSEL 
or WISC-IV, PSOM-NSE, 
PCPC

Only 39 cardiac failure patients in cohort 
with 19 surviving (49%). Of those 19, 37% 
(n=7) with adaptive behavior function >1 SD 
below the mean

Sadhwani 2019104 82/184 (45%)

Meert 201954 55 ECPR survivors in 
THAPCA study N/A 12 months 

Bayley Scales of Infant Development II (BSID) Pediatric Stroke Outcome Measure – Short Neurologic Exam (PSOM‐NSE)

Beery‐Butenica Developmental Test of Visual‐Motor 
Integration‐ fifth edition (BB‐VMI) Performance intelligence quotient (PIQ)

Full‐scale intelligence quotient (FSIQ) Stanford Binet Intelligence Scale (SBIS)
McCarthy Scales of Children’s Abilities (MSCA) Verbal intelligence quotient (VIQ)
Mullen Scales of Early Learning (MSEL) Vineland Adaptive Behavior Scales‐II (VABS‐II)
Neuropsychological assessment (NEPSY) Weshler Abbreviated Scale of Intelligence (WASI)
Pediatric Cerebral Performance Category (PCPC) Weshler intelligence scale for children IV (WISC‐IV)
Pediatric Overall Performance Category (POPC) Weschler Preschool and Primary Scale of Intelligence III (WPPSI)

Adaptive Behavior Assessment System (ABAS) Infant‐Toddler Social and Emotional Assessment (ITSEA)
Bayley Social‐Emotional and Adaptive Behavior Questionnaire 
(BSEAB) Multiattribute Health Status Classification System (MAHSC)
Behavior Assessment System for Children‐ second edition 
(BASC‐2)

Neurodevelopment Tests

Parental Questionnaires
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REFERENCE POPULATION & PROPORTION 
AVAILABLE AT FOLLOWUP*

TIMEFRAME OF 
FOLLOWUP

METHOD OF OUTCOME 
EVALUATION OUTCOME DESCRIPTION

Children with CHD supported on ECMO Quality of life mean score 0.75 (+/- 0.19) 
14/32 (44%) compared to full score of 1.0
Children receiving ECMO – Median 7.2 yrs post support 71% good
 mixed cohort (range 3.9 mo to 12.6 yrs) 23% moderate 
69/211 (33%) 6% poor quality of life
Children with CHD supported on ECMO Median age 7 years Physical summary scores lower than mean:  
41/397 (10%) (range 1.1 to 14 years) 42.4 (+16.4)
94 eligible patients
41 parent proxies 
Children with cardiomyopathy bridged to 
transplant

Median 3.1 years post-
transplant

Physical and psychosocial scores equivalent 
to non-bridged transplant (slightly lower than  

26/33 (79%) (range 1-6.3 yrs) normal).
Children who received ECLS for cardiac 
reasons

Mean summary scores 64.9, significantly 
lower than chronic health conditions and 

47/98 (47%)  treated with ECMO
Children receiving ECLS, majority (92%) 
with cardiac disease Child and parent reported mean scores were  

98/396 (25%) significantly lower (63.6 and 68.3) than 
65 phone survey normative scored (86.2 and 84.9)
33 written survey
Children receiving MCS, predominantly KINDL Questionnaires, Parent-reported health-related QoL is lower 
cardiac disease than healthy children
19/50 (38%) SF -36 Health Survey

Peds QL 4.0 Patient reported QoL at or below threshold 
for significantly impaired 

Peds QL 3.0 cardiac module
ECPR majority (79%) with cardiac  Peds QL Median Peds QL score was 84 (76-89) and 
disease McMaster Family Assessment MMFAD was 1.62 (1.33-1.83) which is s
36/56 (64%) imilar to heathy controls 

Wray 2021117 27 children who received ECLS after 
cardiac surgery

At 6 weeks and 6 months 
post-surgery Peds QoL 4.0

At both time points, physical HRQoL was 
significantly worse in ECLS patients as 
compared to a morbidity-free control 

*Unless stated the patients not assessed were reported deceased.

ECMO patients had significantly lower QoL 
scores in every domain as compared to 
healthy cohort, lowest being school 
functioning

Meenaghan 
2021120

Children who received ECMO for cardiac 
reasons (n=39)

Range 5 months to 12 years 
post support Peds QoL 4.0

Friedland-Little 
2017114

Children who received ECMO after 
Norwood operation (n=12)

Median 7 years (range 3-12 
yrs) post support

Torres-Andres 
2018123

Median 3 years (IQR 1.5-
4.5 yr) post support

Elias 2017100 Median age 7.3 years post 
support Peds QL 4.0

Fleck 2017116 Median 4.5 years (range 0.3-
11.3 years) post support

Wray2012 115 Pediatric Quality of Life 
Inventory (PedsQL) 4.0

Garcia Guerra 
2014112

Median age 3.2 years post 
support Peds QL 4.0

Taylor 2007119 Health State Utility Index

Costello 2012111 Child Health Questionnaire

Mahle 2005 96 1-year post support Health Utilities Index 2

Table 22-2. Quality of Life (QoL) studies in pediatric cardiac ECMO patients.
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Initiating Extracorporeal Life Support for Adult Respiratory Failure

Purnema Madahar, Giacomo Grasselli, Daniel Brodie, Eddy Fan

Introduction

The role of ECLS as a supportive therapy 
for respiratory failure has expanded since its 
first successful use in 1971 in an adult patient 
with acute respiratory distress syndrome 
(ARDS),1 both due to advances in ECLS 
technology and the findings of several clinical 
studies.2,3 Recent trials on ECLS for severe 
ARDS suggest a potential trend towards 
improved mortality in a highly-selected patient 
population.4–7 However, for most other types 
of respiratory failure, ECLS has little evidence 
base with a lack of randomized control trials 
demonstrating a mortality benefit compared to 
conventional treatments. ECLS is also resource-
intensive and has a high rate of complications 
related to the device. Initiating ECLS for 
respiratory failure should be considered on 
a case-by-case basis as part of a specialized, 
multidisciplinary assessment for patients who 
have a) failed conventional therapies despite 
optimization and remain at high risk for death, 
b) a potentially reversible cause of respiratory 
failure without comorbidities that limit short-
term life expectancy, and c) no contraindications 
to ECLS. This chapter will focus on elucidating 
these principles based on current literature, 
guidelines and expert opinion. 

Rationale for ECLS in Respiratory Failure

Respiratory failure may lead to severe gas 
exchange abnormalities, often necessitating 
support with invasive mechanical ventilation, 
with known sequelae of developing ventilator-
induced lung injury (VILI), particularly 
in the setting of poor lung mechanics and 
low compliance. In this setting, ECLS can 
potentially a) manage derangements in gas 
exchange using the artificial membrane lung 
(which itself mimics the role of the pulmonary-
alveolar capillary membrane), thereby serving 
to bridge a patient with refractory hypoxemia 
and/or severe respiratory acidemia and, 
b) particularly in the case of ARDS, reduce 
the risk of VILI by allowing the use of lower 
ventilator pressures, volumes and respiratory 
rates than would be possible without ECLS. 

Modes of Support for Respiratory Failure

VV ECMO is the most common mode for 
supporting respiratory failure. If concomitant 
vasodilatory shock or hypoxemia-induced 
right ventricular (RV) dysfunction is present, 
VV ECMO may still be the appropriate initial 
strategy since RV dysfunction and shock 
may improve once gas exchange is corrected. 
However, if other shock states, including RV 
failure due to chronic pulmonary hypertension 
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are present, VA or VVA ECMO should be 
considered and are discussed separately in 
Chapter 27.3,8,9

Clinical Conditions Considered for ECLS in 
Respiratory Failure

Establishing whether the underlying disease 
process is potentially reversible is the guiding 
principle when considering which clinical 
entities are suitable for ECLS as a bridge to 
recovery. Acute hypoxemic respiratory failure 
and ARDS are the most common etiologies for 
initiating ECLS for acute respiratory failure, 

and is often triggered by bacterial, viral or 
aspiration pneumonias.10 Other diagnoses 
that are considered reversible and that may be 
supported with ECLS as a bridge to recovery 
include acute eosinophilic pneumonia, status 
asthmaticus, pulmonary hemorrhage syndromes, 
traumatic lung injury, inhalational injury, large 
bronchopleural fistula, and primary graft 
dysfunction after lung transplantation.3,11 If the 
underlying lung disease is chronic or irreversible, 
ECLS can still be considered, but only if eligible 
as a bridge to lung transplantation. 

Figure 23-1. Algorithm for management of acute respiratory distress syndrome, including 
indications for ECMO. Reproduced with permission: Abrams et al.20

*With respiratory rate increased to 35 breaths per minute and mechanical ventilation settings 
adjusted to keep a plateau airway pressure of <32 cmH2O. 
†Consider neuromuscular blockade. 
‡There are no absolute contraindications that are agreed upon except end-stage respiratory failure 
when lung transplantation will not be considered; exclusion used in the EOLIA trial can be taken 
as a conservative approach to ECMO contraindications. 
∫For example, neuromuscular blockade, high PEEP strategy, inhaled pulmonary vasodilators, 
recruitment maneuvers, and high-frequency oscillatory ventilation. 
¶Recommend early ECMO as per EOLIA trial criteria; salvage ECMO, which involves deferral 
of ECMO initiation until further decompensation (as in the crossovers to ECMO in the EOLIA 
control group), is not supported by the evidence but might be preferable to not initiating ECMO 
at all in such patients. 
ECMO, extracorporeal membrane oxygenation; EOLIA, Extracorporeal Membrane Oxygenation 
to Rescue Lung Injury in Severe Acute Respiratory Distress Syndrome; PaCO2, partial pressure 
of carbon dioxide in arterial blood; PaO2:FiO2, ratio of partial pressure of oxygen in arterial blood 
to the fractional concentration of oxygen in inspired air; PEEP, positive end-expiratory pressure.
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Initiating ECMO for Refractory Hypoxemia

ECMO for ARDS

Early referral for ECMO is crucial in order 
to allow for appropriate patient assessment, 
medical optimization, and commencement of 
ECMO in appropriate candidates. The optimal 
timing of initiation of ECMO remains unclear, 
but it is generally accepted up to the first 7 
days of invasive mechanical ventilation, as 
prolonged duration of mechanical ventilation 
prior to ECMO is associated with increased 
mortality before and after ECMO.11–14 Strategies 
to optimize gas exchange and lung mechanics 
should be trialed first, according to the evidence-
based algorithm for managing patients with 
ARDS.2,15–21 Early and appropriate use of these 
interventions can often improve gas exchange 
sufficiently to obviate the need for ECMO; 
particularly, a trial of prone positioning, 
which should be strongly considered prior to 
evaluation for ECMO (Figure 23-1).20

If gas exchange remains inadequate or 
substantial ongoing injurious lung ventilation 
persists despite maximal medical optimization, 
ECMO should be considered in appropriate 
candidates. Recent studies suggest early 
initiation of VV ECMO for severe ARDS may 
have a potential mortality benefit.5–7 Commonly 
accepted criteria for initiating ECMO for 
severe ARDS are based on the inclusion criteria 
from the ECMO to Rescue Lung Injury in 
Severe ARDS (EOLIA) study, an international, 
multicenter randomized controlled trial, and are 
comprised of the following.5

•	 PaO2:FiO2 ratio <50 mmHg for >3 hours 
despite optimization of mechanical 
ventilation (FiO2 ≥80%, tidal volume = 
6 cc/kg and trial of PEEP ≥10 cmH2O); or,

•	 PaO2:FiO2 ratio <80 mmHg for >6 hours 
despite optimization of mechanical 
ventilation as listed above; or,

•	 Arterial blood pH <7.25 with PaCO2 
≥60 mmHg for >6 hours despite an 
optimized respiratory rate of at least 35 
breaths per minute and optimization of 
ventilation settings to maintain a plateau 
pressure ≤ 32 cmH2O. 

Earlier studies prior to EOLIA, such as the 
Conventional ventilation or ECMO for Severe 
Adult Respiratory failure (CESAR) randomized 
controlled trial, which compared conventional 
mechanical ventilation strategies to care at a 
specialized center for consideration of ECMO, 
and the current extracorporeal life support 
organization (ELSO) guidelines, have overall 
similar criteria and are equally acceptable 
(Table 23-1).4,11 Initiation of ECMO outside of 
these criteria may be considered when a patient 
is unstable and cannot safely progress through 
the ARDS algorithm because conventional 
strategies (eg, prone positioning) cannot safely 
be performed or are unavailable at the treating 
center, and ECMO is required for safe transport 
to an experienced center, known as “rescue” 
ECMO.20 Similarly, if a patient has progressed 
beyond the standard criteria and the decision to 
initiate ECMO is delayed, ECMO might still be 
considered as a “salvage” therapy.5,20

ECMO for ARDS due to Coronavirus Disease 
2019

The use of ECMO for severe ARDS due 
to coronavirus disease 2019 (COVID-19) 
continues to expand as the pandemic evolves, 
despite its resource-intensive setup. Given the 
multiple shortages, capacity limitations and 
finite resources available during a pandemic, 
patient selection for ECMO should be judicious 
and focus on patients who carry the best 
possible prognosis.22,23 Minimum criteria to 
initiate ECMO for ARDS due to COVID-19 
remains the same as the currently accepted 
recommendations listed above.3,5,24 More 
stringent contraindications are now being 
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considered for initiating ECMO, based on a 
growing body of evidence revealing worsening 
outcomes in patients supported with ECMO 
for COVID-19-related ARDS as the pandemic 
progresses based on analyses comparing 
outcomes from the first and later waves.25,26 
The most recent report from the international 
ELSO Registry noted a 90-day in-hospital 
mortality rate of 51.9% (95% CI 50-53.8) 
in those supported with ECMO after May 
1st, 2020, compared to 36.9% (95% CI 34.1-
39.7) prior to May 1st, 2020, at centers which 
provided ECMO support throughout the 
pandemic. Centers that adopted ECMO later 
in the pandemic (after May 1st, 2020) had 90-

day in-hospital mortality rates of 58.9% (95% 
CI 55.4-62.3). Advanced age, multiple pre-
ECMO comorbidities - particularly malignancy, 
cardiac arrest prior to ECMO and acute kidney 
injury - were associated with increased risk 
of mortality.25 The 2021 ELSO guidelines for 
ECMO for COVID-19 recommend identifying 
patients who meet standard ECMO criteria 
and are not at high risk for mortality despite 
ECMO support (ie, chronic organ failure, acute 
multi-organ failure, severe neurologic injury 
with poor prognosis for recovery, etc.) while 
balancing capacity and resources available at 
the treating center.24 

EXPERT SOCIETY 
OR CLINICAL 
TRIAL GROUP 

CESAR4 EOLIA5 ELSO11 

Inclusion Criteria/ 
Considerations for 
ECMO 

 Age 18-65 years 
 Potentially reversible 

severe respiratory failure 
 Murray score ≥ 3*, or 
 pH < 7.20 after ventilator 

optimization 

 Age ≥ 18 years 
 PaO2:FiO2 < 50 mmHg > 3 

hours,¶ or 
 PaO2:FiO2 < 80 mmHg > 6 

hours, ¶ or 
 pH <7.25 with PaCO2  ≥ 60† 

 PaO2:FiO2 < 80 mmHg,¶  or 
 pH <7.25,† or 
 Ventilatory support as 

bridge to lung 
transplantation 

Exclusion Criteria/ 
Contraindications for 
ECMO 

 Mechanical ventilation > 7 
days with peak inspiratory 
pressures > 30 cmH2O and 
FiO2 > 80% 

 CNS hemorrhage 
 Contraindications to 

anticoagulation 
 Planned limitation of life 

sustaining treatment 
 

 Mechanical ventilation ≥ 7 days 
 Pregnancy 
 BMI > 45 kg/m2 
 Chronic lung disease requiring 

oxygen or noninvasive 
ventilation 

 HIT 
Malignancy with fatal 
prognosis in < 5 years 

 Need for VA-ECMO 
 SAPS II >90 
 Non-drug-induced coma 

following cardiac arrest 
 Irreversible neurologic injury 
 ECMO cannulation not possible 

due to vascular access or device 
availability 

 Planned limitation of life 
sustaining treatment 

Absolute: 
 Irreversible underlying 

condition and anticipated 
nonrecovery 

 
Relative:  
 CNS hemorrhage 
 Significant CNS injury 
 Irreversible and 

incapacitating CNS 
pathology 
 Systemic bleeding 
 Contraindications to 

anticoagulation 
 Immunosuppression 
 Older age 
 Mechanical ventilation > 7 

days with plateau pressures 
> 30 cm H2O and FiO2 > 
90% 

*Murray score is a composite score including imaging characteristics, PaO2:FiO2 ratio, PEEP and compliance. Higher scores are 
associated with more severe respiratory failure.12 
¶ Despite optimization of mechanical ventilation: FIO2 ≥80%, tidal volume = 6 cc/kg and trial of PEEP ≥10 cm H2O, including a 
trial of proning if feasible  
† Despite a respiratory rate of at least 35 breaths per minute and optimization of ventilation settings to maintain a plateau 
pressure ≤ 32 cm H2O for EOLIA and ≤30 cmH2O for ELSO.  
ARDS=acute respiratory distress syndrome; BMI=body mass index; CNS=central nervous system; CESAR=conventional 
ventilatory support versus extracorporeal membrane oxygenation for severe adult respiratory failure; EOLIA=extracorporeal 
membrane oxygenation to rescue lung injury in severe acute respiratory distress syndrome; HIT=heparin induced 
thrombocytopenia; PaCO2=partial pressure of carbon dioxide in arterial blood; PaO2:FiO2,=ratio of partial pressure of oxygen in 
arterial blood to the fractional concentration of oxygen in inspired air; PEEP=positive end-expiratory pressure; SAPS 
II=simplified acute physiology score; VA=venoarterial; VV=venovenous. 

 

Table 23-1. Criteria for initiating VV ECMO for patients with severe ARDS according to expert 
society and clinical trial groups.
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ECMO for Other Types of Hypoxemic 
Respiratory Failure

Limited data exist to support the use of 
ECMO for other forms of respiratory failure 
and patient selection should be considered on 
a case-by-case basis for the clinical entities 
discussed in this section. 

Primary graft dysfunction (PGD) is a type 
of acute lung injury that occurs within 72 hours 
of lung transplantation and its severity is graded 
similarly to ARDS, based on extent of alveolar 
infiltrates and  PaO2:FiO2 ratio, with the most 
severe form (grade 3) defined as a PaO2:FiO2 
ratio less than 200.27 ECMO has been utilized 
at several transplant centers for management of 
grade 3 PGD and small, mostly retrospective, 
single-center studies have shown comparable 
rates of 30-day survival, bronchiolitis obliterans 
syndrome-free survival, and acute rejection 
episodes, to post-transplant patients who did 
not require ECMO.28–30

Select cases of hemoptysis and bleeding due 
to pulmonary hemorrhage syndromes, including 
diffuse alveolar hemorrhage (DAH) and 
associated-vasculitides, have been  supported 
with ECMO.31–34 Often these cases will require 
holding or lower levels of anticoagulation while 
accepting the potentially increased risk of device-
related complications. A recent systemic review 
looking at ECMO for DAH, primarily caused by 
autoimmune syndromes, demonstrated a 30-day 
mortality rate of 10.5%.33 Patient selection is 
crucial and the ability to bridge to recovery 
via alternate treatments is necessary in order to 
have a potentially successful outcome, which 
may include management with embolization, 
immunosuppression, or surgery, depending on 
the underlying etiology for bleeding.

Other potential roles for ECMO include 
airway obstruction or large bronchopleural 
fistula pending definitive treatment, unilateral 
pneumonia, acute eosinophilic pneumonia 
or lung injury due to trauma or inhalational 
exposure, leading to severe hypoxemia despite 
conventional therapies.11,34–38 

Contraindications to ECLS for Respiratory 
Failure

The only absolute contraindication to initiate 
ECLS for respiratory failure is the presence 
of an irreversible underlying condition and 
anticipated non-recovery in patients ineligible 
for lung transplantation.3,11 Potential relative 
contraindications relate to risk factors associated 
with overall poor prognosis despite initiation 
of ECLS, and to a lesser extent, pre-ECLS 
comorbidities that would hinder device-related 
access or management. Irreversible neurologic 
injury, moribund status, untreatable metastatic 
cancer, uncontrollable systemic bleeding 
(particularly in the central nervous system), 
contraindications to anticoagulation, prolonged 
mechanical ventilation with high airway pressures 
and FiO2, and advanced age should be assessed 
as part of patient selection criteria and discussed 
with a multi-disciplinary team specializing in 
ECLS. Similar contraindications were exclusion 
criteria in the major randomized-controlled trials 
for ECLS (Table 23-1).4,5,39,40

Summary

ECLS can effectively support a variety of 
conditions that lead to respiratory failure. Recent 
evidence favors early initiation of VV ECMO in 
severe ARDS when conventional therapies are 
failing. Criteria for initiating ECMO for COVID-19 
related ARDS remains the same, if not more 
stringent, than currently accepted recommendations. 
The role of ECLS for other types of respiratory 
failure should be considered on a case-by-case 
basis at experienced ECLS centers. Appropriate 
candidate selection and assessment of the risk to 
benefit ratio due to device-related complications is 
crucial in achieving improved patient outcomes 
when considering this resource-intensive 
intervention.
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Management of Adult Patients with Respiratory Failure
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General Principles

Medical management of adult patients with 
respiratory failure supported on VV ECMO is 
complex. Ideally, patients should be treated at 
experienced centers with established protocols 
and sufficient case volume.1,2 Increased ECLS 
center volume is associated with lower mortality 
due to protocolized evaluation of candidates, 
decreased complication rates, and adherence 
to evidenced-based care principles for ARDS.3,4 
Additionally, these centers often employ 
multidisciplinary care teams, which have also 
been shown to improve outcomes.5

Physiologic Optimization

The main treatment goals for patients on 
VV ECMO are to utilize the circuit to optimize 
oxygenation and carbon dioxide (CO2) clearance, 
treat reversible causes of respiratory failure, 
promote lung rest, minimize ventilator-induced 
lung injury (VILI), and avoid or minimize harm 
from complications.6,7 Additional aims are to 
minimize sedation, promote safe spontaneous 
breathing when possible, and mobilize patients.8 
Blood flow through the circuit should be 
adjusted to maintain adequate oxygen delivery 
(DO2). The initial oxygenation goal is an 
arterial oxygen saturation (SaO2) 80–90%, 
although this varies considerably between 

centers.9 Lower SaO2 may be tolerable if there 
are signs of adequate systemic DO2, including 
preserved tissue perfusion, normal lactic 
acid levels, and intact end-organ function. 
Carbon dioxide (CO2) removal is primarily 
determined by sweep gas flow rate. While 
initial settings are often targeted to maintain 
an arterial partial pressure of carbon dioxide 
(PaCO2) in the normal range, the primary aim 
of sweep gas is to correct acidemia. The sweep 
gas flow rate should be adjusted to target a 
physiologic pH of at least ≥7.30, although it 
may not be possible to offset severe metabolic 
acidosis.9,10 Of note, rapid decreases in PaCO2 
are associated with neurological complications, 
likely due to alterations in cerebral blood flow, 
so hypercapnia should be corrected slowly 
(eg, over 4–8 hours) after ECLS initiation. 

Respiratory Support and Ventilator 
Management

Lung Protective Ventilation

Lung protective ventilation is the 
cornerstone of ARDS management and all 
patients with respiratory failure on VV ECMO 
should receive low tidal volume ventilation 
(≤6 ml/kg or ideal body weight [IBW]) with 
airway plateau pressures ≤30 cmH2O. More 
recent studies in ARDS have emphasized the 
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importance of optimizing PEEP, minimizing 
driving pressure, and reducing mechanical 
power. The gas exchange provided by VV 
ECMO facilitates ultraprotective ventilator 
settings to provide lung rest.11 Lung rest 
entails minimizing the risk of VILI by utilizing 
lower driving pressure, plateau pressure, and 
respiratory rate, and decreasing the fraction 
of inspired oxygen (FiO2) to reduce oxygen 
toxicity.12

Ultraprotective lung ventilation, or ‘lung 
rest’ ventilation, is a widely adopted approach 
to mechanical ventilation in ECMO-supported 
patients. While the optimal ventilator strategy 
is unproven, certain targets are considered 
best practice.13 The use of moderate to high 
PEEP (eg, 10-15 cmH2O) is associated 
with decreased mortality.14 PEEP should be 
titrated to maintain alveolar recruitment and 
respiratory system compliance while avoiding 
alveolar overdistention. Low tidal volume 
ventilation (≤4–6 ml/kg of IBW) should target 
inspiratory plateau pressures of ≤24 cmH2O 
and minimization of driving pressure.15 
Transpulmonary pressure measurement can 
be used to adjust ventilator settings where 
appropriate expertise is available, and may be 
particularly helpful in severely obese patients. 
CO2 clearance should be achieved primarily 
via ECLS, allowing for a low respiratory rate 
of 4–10 breaths/minute to decrease mechanical 
power. FiO2 should be reduced as low as 

possible while maintaining DO2, with a goal 
FiO2 <50% to avoid oxygen toxicity. 

Multiple ventilator modes can be utilized to 
achieve lung rest. Pressured-control ventilation 
is most common, but volume assist control 
ventilation, and airway pressure release 
ventilation (APRV) with enhanced lung 
protective approaches are also acceptable 
strategies.13,14 These modes were utilized in 
the two randomized controlled trials of VV 
ECMO for severe respiratory failure, and 
those protocols can provide guidance for initial 
ventilator management (Table 24-1).2,15 Once 
‘lung rest’ is achieved, oxygenation and CO2 
targets should be maintained by adjusting the 
ECLS settings, not by increasing ventilator 
support. 

Spontaneous Breathing and Awake Extubation

There is increasing evidence that one of the 
main benefits of ECMO in respiratory failure 
is mitigating or avoiding VILI.8 Patients with 
ARDS may be additionally at risk for patient 
self-induced lung injury (P-SILI), both when 
they are not intubated, and when breathing 
spontaneously on mechanical ventilation.16,17 
However, after the initial phase of ARDS, 
a degree of spontaneous breathing may 
be beneficial for improving lung function, 
maintaining respiratory muscle strength, and 
preventing diaphragm atrophy.16 

 

 PRESSURE 
CONTROLLED 
VENTILATION  

VOLUME ASSIST 
CONTROL 

VENTILATION  

AIRWAY PRESSURE 
RELEASE 

VENTILATION 
Trial protocol  CESAR3 EOLIA27 EOLIA27 

Lung protective 
ventilator setting 

Inspiratory pressure 
of 10 cm H2O 

Tidal volume targeted 
for plateau pressure 

<24 cm H2O 

High pressure <24 cm 
H2O 

PEEP (cm H2O) 10 >10 >10 
Respiratory rate 
(breaths/minute) 

10 10–30 Spontaneous 

Fraction of inspired O2 0.30 0.30–0.50 0.30–0.50  
 
 Table 24-1. Modes of mechanical ventilation used in trials of ECMO.
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For patients supported on ECLS as a 
bridge-to-lung transplantation, endotracheal 
extubation with spontaneous breathing is often 
safe and desirable to promote ambulation and 
nutritional support.8,18 While endotracheal 
extubation in patients with ARDS is possible, it 
is often more challenging due to high respiratory 
drive and low pulmonary compliance.19 When 
invasive mechanical ventilation remains 
necessary to minimize ongoing lung injury, 
efforts should be made to keep patients awake 
with gentle spontaneous breathing rather than 
accepting prolonged periods of deep sedation 
or neuromuscular blockade.10,12 

Bronchoscopy 

Bronchoscopy is performed frequently in 
patients on VV ECMO for airway clearance, 
investigation for infection, and diagnosis 
and treatment of airway bleeding.20 Flexible 
bronchoscopy is safe in patients on ECLS and 
anticoagulation generally does not need to be 
interrupted. It may be performed routinely 
during the ECLS run, particularly when found 
to be effective at secretion clearance or if 
respiratory cultures are required. In cases of 
airway hemorrhage, a cryoprobe can be safely 
and effectively used for blood clot extraction 
where expertise is available. 

Tracheostomy

Tracheostomy is commonly performed 
in patients supported with ECLS, although 
the optimal timing remains controversial.20 
The goals of tracheostomy are to provide a 
secure airway, decrease airway resistance, 
facilitate secretion clearance and oral hygiene, 
and decrease the need for sedative agents. 
Tracheostomy can be performed safely for 
patients on ECLS. Anticoagulation should be 
held 6 hours prior to the procedure, and resumed 
6-12 hours afterwards, depending on the extent 
of any bleeding. Percutaneous dilatational 

tracheostomy is the preferred technique. While 
major complications are rare, local bleeding and 
the need for transfusion are common. 

Refractory Hypoxemia and Prone Positioning 

In patients that remain hypoxemic despite 
VV ECMO support, efforts should be made to 
improve oxygenation while maintaining lung 
rest. The main strategy for improving systemic 
oxygenation to increase the ratio of VV ECMO 
flow to native cardiac output. This is typically 
achieved by increasing ECMO blood flow, 
provided this can be done without worsening 
recirculation or causing hemolysis. If sufficient 
blood flow cannot be achieved with the existing 
ECMO configuration, an additional drainage 
cannula with conversion to VV-V ECMO 
cannula configuration can be considered. 

An alternative strategy to increase blood 
oxygen content and therefore DO2 is through 
red blood cell transfusion and an increased 
hemoglobin target. However, any putative 
benefit needs to be balanced against the potential 
harms of transfused blood, which can include 
increased mortality, infection, volume overload, 
and transfusion-related acute lung injury.21,21 
Therapeutic hypothermia to 33° C can be used to 
improve oxygenation by decreasing metabolic 
demand. Neuromuscular blockade can similarly 
improve oxygenation by decreasing metabolic 
demand and promoting ventilator synchrony. 
Beta-blockade, most commonly achieved with 
esmolol due to its short half-life, can be used 
to decrease native cardiac output and improve 
oxygenation saturation. However, as the 
consequent reduction in cardiac output may 
reduce systemic DO2, this method must be used 
cautiously, if at all, with close monitoring for 
signs of tissue hypoxia.

Prone positioning during ECLS is the 
subject of much interest, given the survival 
benefit demonstrated in ARDS for patients who 
are not receiving ECLS. Retrospective studies 
have found that prone positioning on ECLS is 
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safe, improves oxygenation, and potentially 
reduces in-hospital mortality.23,24 Based on this, 
prone positioning for ECLS-supported patients 
with ARDS can be considered where expertise 
is available, pending more robust evidence 
(Chapter 47).

Sedation and Analgesia

Sedation targets should be set using the 
Richmond Agitation-Sedation Scale (RASS), 
or similarly validated scales, and medications 
should be titrated to the desired sedation level.25 
In the initial period after ECLS initiation, 
deep sedation is favored to maintain lung rest 
and ventilator synchrony, and neuromuscular 
blockade is frequently required.9 The most 
common pharmacologic agents used are 
propofol, benzodiazepines, and opioids.26 
Neuromuscular blockade should be weaned 
shortly after cannulation to minimize the risk 
of critical illness myopathy, accurately titrate 
sedation, and monitor for seizure activity. 
However, partial neuromuscular blockade can 
be used to achieve lung protective ventilation 
in patients with excessive respiratory drive 
and high sedation requirements.27 Given 
evidence that benzodiazepine use is correlated 
with worse outcomes in critically ill patients, 
nonbenzodiazepine sedation regimens are 
recommended when appropriate.28 

A robust body of evidence suggests that 
minimizing sedation use is beneficial for 
critically ill patients, and these same principles 
should be applied to appropriate patients 
supported on VV ECMO. After an initial 
stabilization period of 24-48 hours, a RASS goal 
of 0 to -1 should be targeted to promote gentle 
spontaneous breathing and early mobilization. 
In addition to analgesia, sedatives that can be 
used for lighter sedation are oral antipsychotics, 
dexmedetomidine, and ketamine. Additionally, 
respiratory drive can be decreased by titrating 
sweep.

Hemodynamic Monitoring and Management

Monitoring

All patients on VV ECMO should have 
continuous telemetry, central venous access, and 
an arterial line for blood pressure monitoring 
and sampling. All patients ideally should have 
echocardiographic evaluation prior to the 
initiation of ECLS to determine the optimal 
mode of hemodynamic support. Once a patient 
is on VV ECMO, echocardiography can be 
used to assess ventricular function, volume 
status, cannula position, and for evaluation of 
inadequate flow. Pulmonary artery catheters are 
not routinely recommended.

Cardiovascular Impact of VV ECMO and 
Hemodynamic Management 

VV ECMO does not provide direct 
cardiovascular support. Following initiation 
of VV ECMO, fluid and electrolyte shifts can 
lead to hypotension and intravenous fluids 
or vasopressors may be required. If a patient 
supported on VV ECMO suffers a cardiac 
arrest, ACLS should be initiated and emergent 
conversion to either VV-A or V-VA ECMO 
should be considered, when appropriate.

After cannulation and the initial stabilization 
period, there is usually improvement in 
cardiovascular function due to correction of 
acidosis and hypoxemia resulting in improved 
cardiac contractility and vascular tone.29 
Additionally, VV ECMO leads to a reduction in 
pulmonary vascular resistance—due to reversal 
of hypoxic pulmonary vasoconstriction and 
reduction in mechanical ventilation pressures 
which decreases right ventricular (RV) afterload. 
These effects lead to a decrease in pulmonary 
artery pressure after ECLS initiation, and 
improved RV function and cardiac output. 
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Fluid Status and Renal Support 

In patients with ARDS, a conservative 
fluid management strategy is associated with 
improved outcomes, and similar principles 
should be applied to patients with respiratory 
failure on ECLS. Immediately following 
initiation of VV ECMO, intravenous fluids 
may be needed for hemodynamic stabilization 
and achieve adequate blood flow; however, 
following this, efforts should be made for fluid 
removal with the goal of returning patients to 
their dry weight and minimizing the risk of 
pulmonary edema.10 Positive fluid balance early 
in the ECLS course is associated with increased 
mortality, so diuresis should begin as soon as 
is feasible.30

Acute kidney injury in ECLS-supported 
patients is associated with worse outcomes.31 
For patients with severe kidney injury who 
cannot maintain electrolyte homeostasis or 
volume control with diuretics, renal replacement 
therapy is safe and effective. Continuous 

renal replacement therapy (CRRT) is favored 
over intermittent hemodialysis. CRRT can be 
integrated into the ECMO circuit (postpump) 
or run in parallel via separate access.31 The 
decision of which CRRT method to use should 
be based on the patient’s risk profile and 
institutional experience.

Infection Diagnosis and Treatment

Infectious Causes of Respiratory Failure 

Identification and treatment of the 
underlying etiology of respiratory failure 
is essential, so all patients should have a 
thorough infectious evaluation, unless the 
cause for respiratory failure is already known 
(eg, traumatic pulmonary contusion or asthma). 
This includes obtaining broad diagnostic 
testing for all patients and expanding the 
workup based on exposure history and for 
immunocompromised patients (Table 24-2).32 
For patients without a clear etiology of 

 MICROBIOLOGIC TESTING 
IN ALL PATIENTS 

ADDITONAL TESTING BASED 
ON EXPOSURE AND IMMUNE 

STATUS 
Respiratory tract • Sputum/BAL gram stain and 

culture 
• Respiratory viral PCR test 
• SARS-CoV-2 PCR 
• MRSA nasal swab PCR 

screening 
• TB microscopy, culture, and 

PCR testing. 

• Fungal culture / staining 
• PCP staining and PCR 
• BAL cell count 
• BAL cytology 
• Transbronchial or open lung 

biopsy 
• Testing for local specific 

pathogens 
Blood • Bacterial aerobic / anaerobic 

cultures 
• HIV testing 

• Beta D Glucan 
• Galactomannan 
• CMV and EBV PCR 
• Herpes Virus PCR 
• Thin / thick smear 
• Tick borne illness testing 
• Testing for local specific 

pathogens 
Urine • Urinalysis 

• Urine culture 
• Urine Streptococcal antigen 
• Urine Legionella antigen 

• Urine Histoplasmosis antigen 
• Testing for local pathogens 

BAL=bronchoalveolar lavage, CMV=cytomegalovirus, EBV=Epstein-Barr virus, MRSA=methicillin 
resistant Staphylococcus aureus, PCP=pneumocystis pneumonia=Pneumocystis jirovecii pneumonia, 
PCR=polymerase chain reaction, SARS-CoV-2=severe acute respiratory syndrome coronavirus 2 

 
 Table 24-2. Initial infectious evaluation for adults with respiratory failure requiring extracorporeal life 

support. Broad recommendations for infectious evaluation of adult patients with respiratory failure 
should be tailored based on the individual patient and treatment setting.
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respiratory failure, cross-sectional imaging and 
bedside ultrasound is generally warranted.32 In 
patients with pneumonia without an isolated 
organism, empiric broad-spectrum antibiotics, 
including coverage for atypical organisms, is 
recommended based on the local microbiome, 
and the patient’s risk factors. Antibiotics should 
be narrowed based on culture data. 

Infection as a Complication of ECLS

The incidence of infection in adults is 
approximately 30/1000 ECLS days, and 
infections are associated with increased 
mortality (Chapter 6).8,33 The most common 
types of infections are ventilator-associated 
pneumonia, bloodstream infections, and 
infections related to indwelling catheters 
and cannulas. Based on ELSO Registry data, 
the most common isolated organisms are 
Staphylococcus species, Pseudomonas species, 
and Enterobacterales.34 Fungal infection should 
also be considered and there is an increased risk 
for aspergillosis. 

Close monitoring for signs of sepsis is 
necessary. When an infection is suspected, 
repeat broad cultures are recommended. If there 
is suspicion for indwelling catheter infection, 
the line should be removed when feasible. 
While ECLS cannulas can become infected, this 
is relatively rare. Therefore, changing cannula 
sites for suspected infection is not routinely 
recommended given the inherent risks. Until a 
pathogen is identified, patients should be treated 
with broad spectrum antibiotics and antifungal 
agents should be considered. Despite the serious 
nature of infectious complications on ECLS, 
prophylactic antimicrobials should not be used 
unless an alternate indication is present.35 

Hematologic Monitoring and Management

Anticoagulation 

The hematological management of patients 
on VV ECMO is an important aspect of care. 
The coagulation process is dysregulated both by 
critical illness and the blood-circuit interaction 
of ECLS, placing the patient at increased risk 
of both bleeding and thrombosis (Chapter 6). 
The goal is to lower the risk of thrombosis 
while minimizing the risk of major bleeding. 
There are no randomized controlled trials to 
inform selection of anticoagulant or method of 
monitoring and practices vary widely by center. 
Heparin is the most used anticoagulant and 
has the longest history of use, although direct 
thrombin inhibitors are gaining popularity.36 

Direct Thrombin Inhibitors (DTIs), such 
as argatroban and bivalirudin, represent an 
alternative to heparin as anticoagulation in 
ECLS. DTIs are indicated in patients with 
heparin induced thrombocytopenia (HIT) but 
may also be used in patients who appear to 
be resistant to heparin therapy or for patients 
with thrombocytopenia of unknown etiology. 
Additionally, there is increasing experience 
for using DTIs as the primary method of 
anticoagulation. These drugs may be safer in 
ECLS patients because of their short half-life 
and fewer necessary titrations. 

Coagulation Monitoring

A consistent and protocolized approach 
to anticoagulation monitoring based on 
institutional practices is recommended. In an 
international survey of heparin monitoring, 
42% of centers used partial thromboplastin 
time monitoring, 30.0% used activated clotting 
time (ACT), and 22.7% used anti-Xa activity.36 
While all of these are reasonable methods, they 
are performed differently and measure distinct 
aspects of the clotting process.
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Activated partial thromboplastin time 
(aPTT) is considered the standard measurement 
for the titration of unfractionated heparin. It is 
important for the laboratory to result aPTTs 
within an hour, and to not adjust heparin 
more than every 6 hours. In general, VV 
ECMO can be managed with lower levels of 
anticoagulation than VA ECMO (eg, target 
aPTT 40-60 seconds).15 These targets should 
be individualized as necessary in complex cases 
(eg, in COVID-19 patients or those with specific 
comorbidities).

Anti-Xa level monitoring is gaining 
popularity as an alternative to aPTT in patients 
anticoagulated with heparin at centers where 
it can be reliably and efficiently performed. 
Anti -Xa levels  measure  the  hepar in-
antithrombin complex and are thus specific 
to the anticoagulation effect of heparin and 
may be more accurate than aPTT. Of note, 
high levels of elevated free hemoglobin 
and hyperbilirubinemia, both markers of 
hemolysis, can artificially lower the anti-Xa 
value. The usual goal for anti-Xa level is 0.2 to 
0.3 units/ml.15 

Thrombotic Complications

Venous thromboembolism (VTE) and 
circuit thrombosis are the common clotting 
complications associated with VV ECMO. 
Given the frequency of venous thrombosis, 
there should be a low threshold to screen 
for deep venous thrombosis or evaluate 
for pulmonary embolism. One common 
contributing factor to VTE is HIT, which should 
be considered when a patient receiving heparin 
develops thrombocytopenia. When detected, 
the treatment for HIT is stopping heparin and 
initiation of DTIs.

Clot formation within the ECLS system 
can lead to decreased gas transfer efficiency, 
impaired blood flow, and increased hemolysis. 
Even with adequate anticoagulation, clot can 
form in small gauge tubing, low flow zones, 

and at areas of turbulent flow such as kinks 
or connection points. Direct visualization 
of the oxygenator and circuit tubing with a 
high intensity flashlight can help in detecting 
fibrin deposition and thrombosis. Clinically 
significant oxygenator clot burden should 
be suspected with transmembrane pressures 
>60 mmHg, consistently rising transmembrane 
pressures without changes in flow rate, or with 
decreases in the gas transfer efficiency.

Hemolysis

Hemolysis in patients on ECLS can be 
related to underlying medical conditions but 
is most commonly relate to the ECMO circuit. 
Red cell damage from shear stress is worsened 
by high flow rates, increased membrane 
pressure gradients, very negative drainage 
pressure, fibrin deposition, and suction events. 
Plasma free hemoglobin is the gold standard for 
identifying intravascular hemolysis on ECLS 
and a level >0.5 g/L is diagnostic.37 However, 
as plasma free hemoglobin tests can have a long 
turnaround time, and levels may be elevated 
in sepsis, additional laboratory markers of 
hemolysis including lactate dehydrogenase, 
indirect bilirubin, haptoglobin and urinalysis (to 
detect hemoglobinuria) should also be obtained. 
When hemolysis is identified, measures should 
be taken to decrease contributing factors. 
This may include decreasing pump flow and 
minimizing oscillations in drainage pressure. 
Changing the oxygenator or entire circuit 
may also be required, particularly if there is 
accumulation of fibrin and clot, or in the setting 
of massive hemolysis. Transfusion goals should 
be similar to those used for critically ill patients 
not supported with ECMO.15 

Bleeding Complications

Bleeding complications on ECLS are 
common due to anticoagulation, underlying 
critical illness, and a high occurrence of conditions 
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with bleeding diatheses (eg, renal failure, sepsis, 
thrombocytopenia, acquired von Willebrand 
factor deficiency). Bleeding can also occur 
with procedures, such as chest tube placement, 
or from excessive inline suctioning, so all 
procedures should be performed with caution. 
Minor cannula-site bleeding is the most common 
bleeding complication. However, serious 
bleeding complications do occur, including 
oropharyngeal and gastrointestinal bleeding, 
pulmonary hemorrhage, and hemothorax.8 
The most significant bleeding complication 
is intracranial hemorrhage (ICH), although 
studies show a high rate of neurologically 
intact survival.38 When significant bleeding or 
ICH is identified, anticoagulation should be 
immediately stopped, coagulopathy should be 
reversed, and platelets should be maintained 
>50,000/mm3. Anticoagulation can be safely 
held for prolonged periods, particularly if 
blood flow is >2.5–3 L/min, and should be 
resumed only when the bleeding is controlled. 
Any change in neurologic exam should 
prompt evaluation for ICH, and if identified, 
neurosurgery consultation is recommended.

Nutrition

Nutritional recommendations for patients 
on ECLS do not differ than those for critically 
ill patients with ARDS, and society guidelines 
are recommended.39 Nutrition can be provided 
enterally or parenterally, but the former is 
preferred to reduce infectious complications. 
The use of neuromuscular blockade or prone 
positioning should not interrupt enteral feeding. 
Early enteral nutrition, and reaching caloric 
and protein goals by the second week of ECLS 
support, are factors associated with improved 
survival.40 

Physical Therapy

Physical therapy is an important component 
of care for patients with respiratory failure as data 

suggests it may improve functional outcomes, 
decrease rates of delirium, and potentially 
reduce the duration of mechanical ventilation. 
Multiple studies have demonstrated the safety 
and feasibility of early mobilization for patients 
on ECLS.41 It is particularly important for 
patients bridging to lung transplant to maintain 
conditioning. Physical therapy is not always 
possible if patients are severely hypoxemic, 
hemodynamically unstable, or heavily sedated, 
but it is recommended if feasible. For a detailed 
discussion, Chapter 47.

Integument and Eye Care

Skin and eye care is an important aspect 
of treatment in critically ill patients in order 
to prevent pressure ulcers, dermatitis, skin 
breakdown, and exposure keratitis.42,43 Patients 
on ECLS are at increased risk for skin and 
eye complications due to their long courses 
of critical illness, immobility, and increased 
number of access points. Cannula dressing 
and suture integrity should be assessed as a 
component of routine care and dressing changes 
or reinforcement of sutures should be performed 
in a sterile manner. Minimizing complications 
from pressure injury development can have 
a significant role in decreased morbidity and 
mortality. The movement and repositioning of a 
patient should be a key component in the routine 
care, with a coordinated team of all disciplines 
to insure stable cannula positions. This patient 
group often requires eye protection to maintain 
ocular surface integrity. Prevention of ocular 
surface disease is important in minimizing 
complications and patient discomfort. 

Psychosocial Support

The care team should communicate 
regularly with patients’ family members. 
Involving palliative care services early may 
be beneficial for collaboration, symptom 
management, and support.44 For patients that 
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survive ECLS, there is a high incidence of 
anxiety, depression, and posttraumatic stress 
disorder (Chapter 26), so follow-up in a post-
ICU clinic is recommended.45 The use of ICU 
diaries may be an effective strategy to improve 
survivors’ health-related quality of life. 

Patients on VV ECMO often have prolonged 
ICU stays, with high rates of morbidity and 
mortality, and this can have a detrimental impact 
on caregivers and providers. The challenge of 
a successful ECLS program is to not only care 
for patients’ and family members’ psychological 
wellbeing, but also ICU staff. A program 
should strive to have a support system that can 
monitor for potential burnout and provide stress 
management tools and psychological support. 
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Weaning and Decannulation in Adult Respiratory Failure

Brian E. Malley, Raj Ramanan, Vin Pellegrino, Chris Harvey

Introduction

VV ECMO is the modality of extracorporeal 
support most used for isolated adult respiratory 
failure. Clear criteria for the initiation of 
VV ECMO have been published in ELSO 
guidelines.1 These are based on the CESAR 
and EOLIA randomized trials and are widely 
accepted among ECLS centers.2,3 

In general terms, weaning a patient off VV 
ECMO consists of the following: 1) recognition 
of lung recovery, 2) decreasing the oxygenation 
and CO2 removal provided by the ECMO 
circuit as the patient’s native lung function 
improves, 3) performing a sweep gas trial 
off,and 4) decannulation following a successful 
trial. Weaning ECLS can consist of reducing 
some or all of the extracorporeal blood flow 
(EBF), sweep gas flow (SGF), and fraction of 
delivered oxygen in the sweep gas (FsO2). 

Within the aforementioned general 
constraints, there are multiple reasonable 
approaches to weaning and decannulation 
in VV ECMO which are based on expert 
opinion.4-6 No prospective randomized trials 
aimed at comparing methods have been 
conducted to date. However, recent evidence 
does suggest that instituting a systematic 
approach to weaning and decannulation—
analogous to the spontaneous breathing trial in 
mechanical ventilation—may allow for earlier 

safe liberation of patients from extracorporeal 
support.5,7-11 As there is not a single universally 
accepted method, in this chapter we will focus 
on the major concepts that are part of the four 
steps of weaning and decannulation listed above.

Appropriateness for Liberation Trials and 
Indicators of Recovery

Evaluating if a patient can begin the process 
of liberation from VV ECMO can be broken 
down into the following: 1) Is the patient 
generally clinically appropriate for liberation 
trials? and 2) Are there indicators of adequate 
native lung function? 

The first question of general appropriateness 
depends strongly on the indication for ECLS. 
We will mostly address acute respiratory failure 
requiring VV ECMO support as a bridge-to-
recovery. To be appropriate for liberation trials, 
these patients should first be in the expected 
recovery phase of the process which initially 
caused their respiratory failure (eg, viral or 
bacterial pneumonia, traumatic pulmonary 
contusion, inhalational injury, etc.). Additionally, 
a patient should be generally stable aside from 
their respiratory failure, without any ongoing 
processes which would foreseeably cause severe 
worsening of respiratory function. Specifically, 
patients should be hemodynamically stable 
(minimal or no vasopressor support), should not 
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have evidence of untreated active pulmonary 
superinfections, and should not have signs 
of sepsis. Recovery of renal function often 
takes longer than recovery of the lungs and the 
continued need for renal replacement should 
not preclude attempts to liberate the patient 
from ECLS. For patients receiving ECMO 
circuit-based renal replacement, planning for 
alternative access should precede decannulation. 
In the case of other indications for VV ECMO 
such as support during surgical procedures 
(eg, tracheobronchial reconstruction) or as 
bridge-to-transplant in endstage respiratory 
disease, the timing of general appropriateness 
for weaning is largely determined by the 
outcome of the therapeutic procedure. In rare 
instances, the risks of ongoing extracorporeal 
support outweigh the benefits, such as in 
uncontrolled bleeding or recalcitrant blood 
stream infections. In these cases, premature 
ECMO separation may be judged to be in the 
best interests of the patient, sometimes with 
the possibility of subsequent re-cannulation if 
required.

The second factor to consider in readiness 
for liberation is recovery of lung function. In 
the case of VV ECMO as a bridge-to-recovery, 
the goal of ECLS is to mitigate ventilator-
induced lung injury (VILI), facilitate lung 
rest, and replace native lung function. In 
respiratory failure, the forces exerted on the 
lung by either patient effort or mechanical 
ventilation can further exacerbate lung injury. 
We will focus mainly on patients who remain 
on mechanical ventilation during VV ECMO 
because this is the most common scenario.12,13 
Detailed discussion of ventilator management 
for patients on VV ECMO is covered elsewhere 
in this book. However, as a brief recap, studies 
of ECMO ventilator management show that 
the majority of centers use what are termed 

“lung protective” or “ultra-protective” ventilator 
settings, consistent with ELSO guidelines.12,14,15 
These guidelines include targeting positive 
end-expiratory pressure (PEEP) ≥10 cmH2O, 

tidal volume (Vt) of no more than 4-6 mL/kg 
of predicted body weight (PBW), inspiratory 
plateau pressure (Pplat) <25 cmH2O (though 
further reductions may improve outcomes), 
respiratory rate (RR) 4-15 breaths per minute or 
spontaneous breathing, and fraction of inspired 
oxygen (FiO2) 30-50% (but as low as possible).1 
Studies have shown that higher PEEP and lower 
mechanical power delivered to the lungs during 
the early course of an ECMO run are associated 
with improved outcomes, so there may be a 
point at which it is too early to begin weaning 
ECLS.15-17

Indicators of lung recovery include 
improved compliance (indicated by increased 
Vt on pressure control mode or decreased 
Pplat on volume control mode), improvement 
radiographic appearance of the lungs, and 
either improvement in PaO2 and PaCO2 on 
unchanged ECMO support or unchanged blood 
gas values on reduced ECMO support.18,19 The 
exact indicators for a given patient will vary 
depending on the mode of ventilation in use and 
which ECLS parameters (EBF, SGF, FsO2) are 
adjusted during routine daily care. Individual 
centers have also investigated quantitative 
comparisons of native and membrane lung CO2 
clearance, protocolized lung ultrasound, and 
transpulmonary pressure targeted ventilator 
titration.17,20,21 No single set of indicators of lung 
recovery has shown to be superior in predicting 
readiness for weaning from VV ECMO in adult 
respiratory failure.

Weaning

Clinical Assessment

Traditionally, readiness has generally 
been determined by the treating physicians’ 
judgment of indicators of recovery. More 
recently, multiple centers have trialed structured 
protocols analogous to the spontaneous 
awakening trials (SAT) and spontaneous 
breathing trials (SBT) that are standard of care 
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in management of sedation and mechanical 
ventilation. This includes both protocols 
driven by physicians and protocols driven by 
respiratory therapists or perfusionists, just as 
with SAT and SBT protocols.9 These methods 
have shown promise with reductions in both 
time to first sweep gas off trial and time to 
decannulation without increased adverse 
events.8,9,11 These trials have even shown 
success with liberating patients from VV 
ECMO safely at higher levels of support than 
traditionally would have indicated a sweep gas 
off trial was warranted. While no single protocol 
has shown to be superior to others, current 
evidence suggests that institutions should 
implement a local standardized VV ECMO 
liberation protocol. 

Ventilator Management During Weaning

When the patient’s native lung function 
improves and allows for weaning ECLS, 
ventilatory support will need to be augmented 
from “ultra-protective” to traditional lung 
protective settings. Regardless of the ventilator 
mode, the FiO2 should remain at 30-60%, PEEP 
should remain at least 5-10 cmH2O, and RR ≤30 
breaths/min. For volume control mode, the Vt 
can be increased in increments of 1-2 mL/kg of 
PBW to a maximum of 6-8 mL/kg of PBW with 
acceptable plateau pressures (Pplat ≤28 cmH2O). 
For pressure control or pressure support modes, 
the driving pressure can be increased to no 
more than 15-20 cmH2O with delivered Vt in 
the 6-8 mL/kg of PBW range.1 The majority of 
patients will still be on mechanical ventilation 
when weaning, and if a patient is breathing 
spontaneously, they should be monitored for 
signs of respiratory distress or increased work 
of breathing because patient self-inflicted 
lung injury (P-SILI) is possible, regardless of 
whether they are intubated or not.1,12

Sweep Gas Management

Sweep gas management consists of sweep 
gas flow (SGF) and sweep gas composition 
(primarily FsO2). The SGF should be weaned 
with the goal of maintaining safe lung ventilation, 
systemic oxygenation, and adequate CO2 
clearance. Many centers judge adequate CO2 
clearance based off a normal arterial blood 
pH rather than a normal arterial CO2 because 
metabolic compensation of hypercapnia is seen 
frequently in patients requiring VV ECMO. 

Because the proportion of total CO2 
clearance performed by the membrane is not 
routinely measured, and may not be represented 
solely by SGF setting, the effects of any 
reduction in SGF are somewhat uncertain.20,22 
For this reason, weaning SGF is an important 
part of routine care for stable or improving 
patients. This can be done either in a gradual set 
stepwise fashion (over hours/days) in response 
to signs of lung recovery, or more rapidly as a 
sweep gas off trial with close observation (and 
reintroduction if required) when local criteria 
are met. Irrespective of the extracorporeal 
blood flow (EBF), once the SGF ceases, ECMO 
support effectively ceases. 

VV ECMO weaning using the titration 
of FsO2 is more complex. The sweep gas 
provides the oxygen which is transferred in 
the membrane lung. However, in a properly 
functioning membrane lung even very low 
flows (SGF=1-2 LPM or less) of unenriched 
air as sweep gas (FsO2=0.21) should result in 
a saturation close to 100% in the blood leaving 
the membrane lung.7 Therefore, it is the ECMO 
blood flow rate and the patient’s hemoglobin 
which are the major drivers of oxygen delivery 
and these along with the patient’s total cardiac 
output which determine arterial blood oxygen 
saturation (SaO2).1,7,10 This physiology is 
discussed in greater detail in Chapter 5. 
Although some centers do titrate FsO2, it is 
not considered necessary to titrate the sweep 
gas FsO2 at any time (or for the purposes of 
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weaning) and some centers always use oxygen 
(FsO2=1.0) as the sweep gas for VV ECMO for 
safety and simplicity. 

Extracorporeal Blood Flow (EBF) 
Management

The extracorporeal blood low (EBF) is 
directly related to the oxygen delivered to the 
patient by VV ECMO. EBF is determined 
by multiple factors as discussed elsewhere 
in this book (see Chapters 3 and 5). Higher 
pump speeds and higher EBF are associated 
with hemolysis, while very low flow rates 
raise concern for stagnation and blood clot 
formation.10 The exact range of safe EBF rates 
will vary with equipment and patient factors, 
although for general adult patients EBF of 3-6L 
is a safe range. EBF need not be adjusted outside 
this range to perform a weaning trial.

Some centers treat the EBF as a largely 
fixed parameter unless a patient has inadequate 
oxygenation and requires increased flow.5,6 
Other centers have more recently advocated for 
an approach of routine adjustment of EBF to 
meet patient needs during daily care.10 This can 
be protocolized and performed on daily rounds 
or more frequently. Primarily, the benefit of this 
approach is that in order to maintain higher EBF, 
patients require some combination of larger 
cannulas (associated with greater thrombosis), 
additional cannulas (associated with increased 
complications), higher pump speeds (associated 
with greater hemolysis), increased intravascular 
volume (associated with worsened native 
lung function), and/or decreased mobility and 
increased sedation (associated with worse 
outcomes).1,7,10,23 In summary, conservative 
EBF settings which maintain oxygenation may 
reduce these complications and a decreasing 
EBF requirement implies lung recovery and 
suggests the patient is appropriate for a weaning 
trial. 

Anticoagulation Management

Anticoagulation on VV ECMO is covered 
in Chapter 24. However, there are a few points 
particularly relevant to the weaning and 
decannulation process that we will address. 
First, although some anticoagulation is usual 
in VV ECMO care, it is possible to manage VV 
ECMO patients completely off anticoagulation 
and this remains true in the weaning and 
decannulation period. Secondly, reducing 
EBF rates likely increases the risk of circuit 
thrombosis and the need for anticoagulation. 
There are not clear cutoffs for safe blood flow 
rates on and off anticoagulation because this 
depends on multiple patient and equipment 
factors, but sources estimate a minimum EBF 
of 1-2 L as a bare minimum for safety and, 
more commonly, most centers do not drop 
flows below 2-3 L.10,24 There is currently wide 
practice variation in regards to anticoagulation 
management, from centers that rarely use 
anticoagulation with VV ECMO to centers that 
keep patients on therapeutic anticoagulation 
throughout the weaning process, including the 
decannulation procedure itself. For patients on 
anticoagulation, current guidelines state that it 
is prudent to hold anticoagulation for at least 
30-60 minutes prior to decannulation.1 Local 
practices may vary, guided by the clinicians 
performing the procedure. 

Decannulation

The first step toward safely decannulating 
a patient from VV ECMO is the sweep gas 
off trial in which the gas flow is turned fully 
off or even disconnected. Functionally, this 
completely eliminates all extracorporeal support 
because no oxygen is added, or carbon dioxide 
removed despite blood still moving through 
the circuit. It is important to emphasize that 
the simple sweep gas off trial applies only to 
VV ECMO and would be dangerous in the V-A 
or V-VA ECMO configurations. The sweep gas 
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off trial is the standard of care for predicting 
successful VV ECMO decannulation. Other 
methods such as SGF thresholds or a 100% 
oxygen challenge test on the ventilator have 
been shown to be less reliable.19 During the 
trial the patient is closely monitored for hypoxia, 
hypercarbia, or unsafe increase in work of 
breathing. Monitoring normally consists 
of standard clinical observation, cardiac 
monitoring, and pulse oximetry as well as serial 
ABGs. Exact cutoffs vary between institutions 
but patients should remain within the bounds of 
lung protective ventilation as described above, 
should have adequate oxygenation with SpO2 
≥88-92% and PaO2 ≥70 mmHg, and should have 
pH ≥7.30.1,5,6,8,9 In addition, patients should not 
have significant new tachycardia, hypertension, 
hypotension, or increased work of breathing.1,6 
Ultimately, it is up to the treating clinician to 
determine if a patient has passed their sweep gas 
off trial and should proceed to decannulation. 
Various lengths of time for sweep gas off trials 
have been used, ranging from 2-24 hours. In 
a study of 192 sweep gas off trials from VV 
ECMO, no significant changes in blood gas 
parameters were found after 2 hours from 
the time sweep gas was turned off.25 ELSO 
guidelines recommend a minimum of 2-3 hours 
for a sweep gas off trial.1 Longer trials are rarely 
necessary. 

Most patients will still be mechanically 
ventilated at the time of decannulation.13 For 
spontaneously breathing patients, there are 
variations within accepted practice. Some 
centers perform decannulations on awake 
spontaneously breathing patients, while other 
centers routinely reintubate patients for the 
decannulation procedure to facilitate sedation 
and lower the risk of entraining air during 
cannula removal. Particularly for patients with 
long ECLS runs, it is advisable to formally 
reassess pulmonary compliance prior to 
decannulation to ensure that safe, controlled 
positive pressure ventilation is possible in the 
event it is required following decannulation. 

After the decision has been made to 
decannulate the patient, the procedure is 
relatively straightforward. If a cannula was 
placed using a surgical cutdown approach then 
it should be removed surgically and the vessel 
ligated or repaired.26 However, most VV ECMO 
cannulas are placed percutaneously and can 
be removed at the bedside. The same general 
technique can be used to remove single-lumen, 
multistage single-lumen, and double-lumen 
cannulas. Usual preparations include having 
an active blood type and screen, making 
preparations for sedation/paralysis if needed, 
and in extubated patients ensuring nil per os 
(NPO) status in accordance with local protocols.1 
Patients reliant on renal replacement therapy via 
the ECMO circuit should have plans made for 
ongoing renal replacement access. As discussed 
previously, a decision on anticoagulation 
management should be made ahead of time, 
with usual guidelines recommended holding 
for at least 30-60 minutes prior to the procedure. 
Plans for hemostasis should be made in advance, 
with the most common methods being sutures 
and direct pressure. There is some variation in 
practice regarding methods of bleeding control, 
with some centers advocating for extended 
direct pressure of 20-60 minutes alone, some for 
placement of sutures without any direct pressure 
for hemostasis, and some for sutures followed 
by extended pressure. Sutures assist with 
hemostasis and shorten the period of venous 
compression, which may help reduce the risk 
of local venous thrombosis. Conversely, there 
are risks to placing sutures near a nonsterile 
active ECMO cannula. We will describe the 
decannulation procedure below as if both 
extended pressure and sutures are being used, 
but providers may choose to omit one or the 
other in their routine local practice. 

The decannulation procedure is generally 
performed in a semi-sterile fashion as complete 
sterility is not possible with the existing 
cannulas. Experienced providers familiar with 
the procedure and capable of managing acute 
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bleeding should be at the bedside and staff 
trained to manage the ECMO circuit, often 
certified perfusionists, should be present. If one 
of the cannulas being removed is in the internal 
jugular (IJ) vein, then the patient should be 
placed in the Trendelenburg position as with 
any IJ central catheter removal. Generally, 
both cannulas are removed in a coordinated 
fashion by two operators. First, if sutures are 
to be used, a suture of strong material is placed 
but not tied down. The sutures are placed 
around each cannula where it enters the skin 
using 0 silk and either a pursestring or mattress 
suture. Extreme care must be taken when 
suturing near any ECMO cannula. Then any 
other sutures or devices securing the cannulas 
should be removed and the operators should 
hold the cannulas in place. Pressure is held 
over the entry sites with gauze either by the 
operators or by assistants. If an IJ cannula is 
present, then at this point the ventilator should 
be placed on a brief inspiratory hold. If the 
patient is spontaneously breathing, they should 
bear down, hold exhalation, or hum. Then in 
a coordinated fashion, the circuit is clamped 
near the cannula at the return limb and then the 
drain limb, the pump is stopped, and then each 
operator removes their cannula by withdrawing 
it with a smooth, rapid, single movement. At 
this point, the ventilator or patient may resume 
normal respiration. If sutures are being used, 
they are then tied down securely. Pressure 
should then be held either just until hemostasis 
is achieved or for an extended period depending 
on operator preference.7 

Decannulation is generally well tolerated 
but there is the possibility of immediate 
complications. Sudden hemodynamic or 
respiratory decompensation should prompt rapid 
evaluation for life-threatening complications 
including pulmonary embolism, air embolism, 
and bleeding. Pulmonary embolism can occur 
when a cannula associated deep vein thrombus 
is dislodged. Similarly, removal of cannulas 
(particularly multistage drains) can lead to 

entraining air resulting in air embolus. Bleeding 
is possible but normally controlled with sutures 
and local pressure as described above.

There is a case report of modifying the 
above procedure to prevent the loss of the blood 
in the circuit for an anemic patient who could 
not receive blood due to religious restrictions. 
In this case, the drain limb of the circuit was 
clamped first and sterile saline infused into the 
circuit until the blood in the circuit had been 
returned to the patient, then the return limb 
was clamped and the cannulas removed.27 This 
process is not usually required but has been 
described as a safe option in exceptional cases.

Immediate Post-ECLS Management

Post-Decannulation Systemic Inflammatory 
Response Syndrome (SIRS)

The phenomenon of fever, leukocytosis, 
and vasodilation leading to tachycardia or 
vasopressor use has been described in the 24-
48 hours after decannulation. There are limited 
studies in this area, but there is an estimated 
incidence of fever or SIRS of 50-60% in the 
48 hours after decannulation.28,29 Limited 
evidence and anecdote suggests this may be 
more common after longer ECMO runs. In this 
critically ill patient population, these symptoms 
frequently prompt an infectious workup, and 
studies have shown various rates of confirmed 
infection ranging from 8-35% of febrile 
patients.28,29 In the above studies, the presence of 
post-decannulation fever or SIRS in the absence 
of diagnosed infection was not associated with 
increased mortality. Currently there is no clear 
evidence for prophylactic antibiotic use around 
the time of VV ECMO decannulation. 

Post-Decannulation Venous Thromboembolism

Cannula-associated venous thrombus is a 
very frequent complication in adult VV ECMO 
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patients. Multiple studies using CT venography 
or Doppler ultrasound for surveillance have 
estimated the prevalence of deep vein thrombosis 
(DVT) to be over 60% post decannulation, even 
in patients anticoagulated while on ECLS.23,30 
One small study of VV ECMO patients with 
COVID-19 showed 100% had evidence of DVT 
or pulmonary embolism.31 Risk factors for DVT 
include femoral cannulation site, larger cannula 
size (eg, dual lumen cannulas), and lower aPTT 
values on anticoagulation.23,30 Given the very 
high rates of cannula-associated DVT, routine 
surveillance of all patients decannulated from 
VV ECMO is warranted. Some centers obtain 
ultrasounds of all limbs given that VV ECMO 
patients are critically ill, relatively immobile, 
and at high risk of venous thromboembolism. 
Doppler ultrasound assessment of at least the 
cannulated vessels should be performed 24 
hours after decannulation from VV ECMO for 
all patients.1

Conclusion 

There are multiple reasonable approaches to 
liberation of patients from VV ECMO, and while 
randomized studies have not been conducted, it 
is unlikely that different approaches within 
the above framework will result in significant 
enduring outcome differences. Recent studies 
appear to show some benefits from establishing 
a standardized approach at least at the local 
level, with protocols for weaning analogous 
to spontaneous breathing trials in mechanical 
ventilation, but clinical efficacy trials are 
lacking. Such protocols should address the 
safety of attempted weaning by including 
criteria regarding which patients are appropriate 
for possible liberation. The general approach to 
weaning can consist of ongoing (daily) weaning 
of ECLS leading up to eventual qualification for 
a sweep gas off trial or a more rapid approach 
to weaning ECLS triggered by indications of 
lung recovery. Weaning of oxygenation support 
generally means decreasing blood flow, it 

can also involve FsO2 titration but this is not 
required. Weaning of CO2 removal is done 
by decreasing the sweep gas flow rate. The 
hallmark of VV ECMO weaning is the sweep 
gas off trial once a patient has reached a low 
enough level of extracorporeal support that their 
native lungs can attempt to provide all needed 
oxygenation and CO2 removal. Passing a sweep 
gas off trial should include a patient maintaining 
adequate oxygenation and ventilation while not 
exceeding lung protective levels of ventilator 
support. Finally, safe decannulation from VV 
ECMO can generally be done at the bedside and 
bleeding controlled with sutures and/or pressure. 
After decannulation, the ECLS team should 
be vigilant for rare serious complications and 
systems should be in place to handle common 
complications such as SIRS and DVT. 
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Complications, Followup, and Outcomes of Adults with Respiratory Failure

Nicholas A. Barrett, Thomas Müller, Alain Vuylsteke, Carol L. Hodgson

Short Term Outcomes

Survival from severe ARDS has pro-
gressively improved over the last 20-30 years.1 
According to data from the ELSO Registry, 
survival for patients managed with ECLS for 
severe ARDS has steadily improved, with 
approximately two-thirds of patients surviving 
to decannulation and 55-60% being discharged 
from hospital alive.2 The attributable survival 
benefit from ECLS has been explored in two 
randomized controlled trials, CESAR and 
EOLIA.3,4 A recent metaanalysis combined the 
data from these two trials and demonstrated 
that ECLS was associated with improved 
outcomes for patients with severe ARDS over 
conventional ventilation, with a relative risk 
of death when receiving ECLS of 0.75, 95% 
confidence interval 0.6-0.94; p=0.013).5

Outcomes from ECLS for severe respiratory 
failure are known to be impacted by several 
factors. The etiology of respiratory failure is 
particularly important. It is well established 
that infective causes of ARDS, including viral 
or bacterial pneumonia, have a better outcome 
than noninfectious aetiologies (60-65% survival 
vs. 50-57% survival).2 Severe asthma requiring 
ECLS has a survival of approximately 95%.6 
The patient characteristics at the onset of ECLS 
impact outcome, with higher degree of severity 
of illness and having three or more organ 

failures, or undergoing cardiac arrest all being 
associated with lower survival.5,7 Patient factors 
associated with better survival are younger age 
(18-49 years vs. others, OR 3.15 [2.17-4.15]) 
and higher weight (OR 0.67 [0.31-10.2]), while 
immunocompromise is associated with worse 
outcomes (OR 0.53 [0.35-0.85]).7 Medical 
management prior to commencement of ECLS 
is of prognostic importance. Increased duration 
of mechanical ventilation before ECLS of 5-7 
days or more is associated with reduced survival 
(OR 0.58 [0.31-0.81]) while undertaking 
therapies proven to provide lung protective 
ventilation, including limiting plateau pressures 
and tidal volumes, using neuromuscular 
blockade and ventilation in the prone position, 
all are associated with improved survival.7,8 
Another factor is clinician and team experience 
and there is a well-documented association 
between higher volume centers and improved 
survival.9 

Short term (90 day) survival from 
COVID-19-related ARDS requiring ECLS have 
worsened during the pandemic.10 Mortality prior 
to May 2020 (first wave) was reported as 36% 
and this rose to 52% during the second wave 
(May-December 2020).10,11 The reasons for this 
are unclear but it may be due to changes in the 
dominant variant of the virus, response to or 
complications from therapies prior to ECMO, 
or clinicians offering ECLS to patients with 
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intractable conditions. In later waves, patients 
had progressed to needing ECLS despite 
receiving therapies associated with an improved 
outcome and this may have placed them in a 
poorer prognostic group. Patients in later waves 
were more likely to have additional bacterial 
coinfections, possibly as a consequence of 
immunosuppression for COVID-19 and these 
infective complications were associated with 
increased mortality.12,13

Mortality prediction tools including the 
RESP and PRESERVE score have been 
developed for patients with severe ARDS using 
the associations described above.8,14 These 
tools, similar to other population level scoring 
systems, may be able to help guide clinicians 
and families about prognosis but are not 
necessarily predictive on an individual level. It 
is important to appreciate that these scores were 
generated with data from patients who had been 
commenced on ECLS, therefore their ability to 
be used as a predictive tool prior to the decision 
to cannulate is unclear.

Complications of VV ECMO

The  morb id i t y  and  mor t a l i t y  o f 
extracorporeal respiratory support is significant 
even as techniques and clinical management 
are improving. Complications directly related 
to using VV ECMO impact patient outcomes, 
with one metaanalysis estimating that the 
mortality due to complications during VV 
ECMO is around 6.9%.15 The iatrogenic insult 
caused by the ECMO circuit explains why 
VV ECMO is not used as soon as possible in 
adult patients with acute reversible respiratory 
failure but only after failure of conventional 
support. Awareness and early recognition of 
complications related to the use of VV ECMO 
allow prompt treatment, improved outcome, and 
support the development of new technical or 
clinical preventative strategies. Complications 
of VV ECMO can be divided into circuit-related 

complications, complications associated with 
cannulation, and coagulation-related issues.

Circuit-related Complications

Early ECLS systems were prone to 
catastrophic mechanical failures, including 
rupture of tubing, plasma leak, or over heating of 
pumps. The development of polymethylpentene 
membrane oxygenators and centrifugal 
pumps reduced the occurrence of these issues. 
Mechanical or electrical failure are still possible 
and result in a life-threatening event requiring 
emergent pump or circuit exchange (Chapter 7). 
Backup components and trained staff must 
therefore be immediately available. 

There are no standard and agreed indications 
to change components or a circuit at regular 
intervals during VV ECMO. The level of 
systemic anticoagulation, duration of support, 
configuration of the circuit, make of components, 
and patient physiopathology will affect how 
often or how quickly a component may fail. 
Progressive clotting of the membrane lung with 
accompanying hyperfibrinolysis and reduction 
in gas transfer was reported in an ELSO Registry 
analysis in 16.8 % of 7579 adult patients (noting 
that patients with preexisting coagulopathy, 
disseminated intravascular coagulation, active 
bleeding, or stroke had been excluded).16 A 
single center analysis in 265 adult patients 
on VV ECMO devices found that at least one 
component needed changing in 83 patients, with 
45% acute and 55% elective interventions.17 
Reasons included pump head thrombosis, 
acute oxygenator thrombosis, progressive 
clot formation, worsening of gas exchange, 
ongoing device-associated coagulation disorder, 
or suspected circuit infection. Progressive 
clot formation in the membrane oxygenator 
can be monitored by serial measurement 
of D-dimers in the plasma,18-20 although 
no cutoff value is indicative of a need to 
change the circuit. Levels of D-dimers can 
be influenced by other clinical conditions 
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(eg, deep vein thrombosis) or pharmacological 
interventions (eg, antifibrinolytic medications). 
Contamination and colonization by bacteria of 
membrane oxygenators in septic patients have 
been described and can be associated with 
hyperfibrinolysis and bleeding.21

A small amount of hemolysis commonly 
occurs during VV ECMO, and previous studies 
often did not differentiate between VA and VV 
ECMO. Hemolysis, defined by plasma free 
hemoglobin greater than 500 mg/L within 
24 hours after cannulation, occurred in 3.9% 
of survivors and 15.9% of nonsurvivors in 
a study of 154 adult patients receiving VA 
and VV ECMO.22 A Cox proportional hazard 
analysis identified hemolysis as an independent 
predictor of mortality (OR 3.4, 95% confidence 
interval: 1.3-8.8, p=0.01).22 A retrospective, 
single-center study of 318 adult patients 
with acute respiratory failure concluded that 
marked hemolysis was not common in VV 
ECMO with modern devices.23 Several studies 
suggested a link between degree of hemolysis 
and outcome. In 2022, Nunez et al. reported 
a prevalence of 5.3% hemolysis and this was 
associated with increased mortality (adjusted 
OR 1.38 (1.05, 1.81).16 Multiple trauma, need 
for renal replacement therapy, increased daily 
red blood cell transfusion requirements, and 
high blood flow rates (3.0–4.5 L/min) through 
small-sized cannulas significantly increased 
hemolysis. Clinically relevant hemolysis can be 
caused by pumphead thrombosis.23 Hemolysis 
was observed in 1063 adult consecutive patients 
with VA and VV ECMO and was significantly 
more frequent in VA ECMO when compared 
with VV ECMO (4% vs. 2%). Hemolysis due to 
pumphead thrombosis was more frequent in VV 
ECMO compared with VA ECMO (9% vs. 2%). 
ECPR and cardiac surgery are both associated 
with an increase in the incidence of hemolysis, 
irrespective of the use of ECLS.24 Hemolysis 
may be more frequent in the pediatric and 
neonatal population. Hemolysis in VV ECMO 
can be decreased by ensuring the circuit access 

pressures are above -100 mmHg and avoiding 
turbulent flow and high flow velocity. Routine 
monitoring of hemolysis might help to detect 
clot formation in the pumphead. 

Air entrainment in the ECMO circuit is a 
complication that can cause the pump to fail 
to propel blood. Air will be entrained by the 
negative pressure generated on the drainage side 
and may originate from any intravascular access 
located in a major vein, or partial decannulation. 
Access ports to the circuit before the pump are 
a risk and should only be used by teams trained 
in detecting and correcting any air entrainment 
immediately.

Complications of Cannulation

Complications related to the insertion of 
a cannula are similar to those encountered 
with any central venous cannulation but are 
likely magnified as the cannula size increases 
(Chapter 4). A combined analysis of the 
EOLIA and CESAR trials reported a fatal 
complication rate related to cannulation in 
3 of 225 patients (1.3%).5 The ELSO Registry 
(April 2021) reported cannula problems 
in 5.5% of adult patients with respiratory 
support,25 while Nunez et al. described 9.8% 
of cannulation site bleeding.16 The cannula 
or guidewire can lead to cardiac perforation 
with associated tamponade, or major blood 
vessel injury resulting in retroperitoneal bleed 
or hemothorax. Cannulation using ultrasound 
guidance and fluoroscopy or transoesophageal 
echocardiography decreases the risk of major 
cannulation complications.26 Ischemia of 
the cannulated limb is common in arterial 
cannulation (VA ECMO) and can occasionally 
occur in VV ECMO by compression of the 
adjacent artery, hematoma at the insertion site, 
or injury of the artery during cannulation.27 

The team should be prepared to deal with a 
perforation at the time of cannulation, including 
but not limited to the immediate availability 
of red blood cell concentrates. Experience in 
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central venous cannulation is required, and 
adjuvants such as fluoroscopy while inserting 
cannulae might prove useful.

Deep vein thrombosis (DVT) during 
or after ECLS has been underdiagnosed for 
many years. Rastan et al. in 2006 described 
25 clinically unrecognized DVT or pulmonary 
embolism (PE) in 78 postmortem examinations 
of patients who were supported with ECLS 
after cardiotomy.28 The prevalence of DVT 
in cannulated vessels has been reported at 
8.1/1,000 cannula days.29 In a prospective study 
of 172 patients who were still alive after ECLS 
decannulation, any thrombosis was identified 
in 106 patients (62%), with 48 (28%) being 
deemed clinically significant.30 The incidence of 
DVT was higher in patients with a mean aPTT of 
≤50 seconds (odds ratio, 1.02; p=0.013) and in 
patients with a sustained elevation of D-dimers 
following decannulation.30 Routine venous 
Doppler ultrasound following decannulation 
might inform subsequent anticoagulation 
management, although no randomized control 
trial has established the risk/benefit ratio of 
this. Attempting to decrease the incidence of 
DVTs is one of the reasons to continue using 
systemic anticoagulation in patients supported 
with ECLS.

Cannulas should be secured with care 
and attention, as dislodgement would be life 
threatening. Infection at the cannula insertion 
site was seen in 14% of patients supported 
with ECLS in the EOLIA trial.3 Percutaneous 
insertion is preferrable to decrease the risk of 
infection. Meticulous fixation and nursing care 
are required.

Coagulation-related Issues

The coagulation system is affected during 
VV ECMO. This activation is part of a wider 
inflammatory response initiated by the exposure 
of blood to a foreign surface. It is in part 
mitigated by the administration of heparin or 
other anticoagulants. All patients supported 

with extracorporeal circulation usually develop 
an acquired von Willebrand syndrome, at least 
partially explaining the increased incidence of 
bleeding.31 This disturbance recovers quickly 
after discontinuation of ECLS.

In the EOLIA trial, patients supported 
with ECLS had significantly higher rates of 
very severe thrombocytopenia than those 
in the control group (<20,000 platelets per 
cubic millimeter; 27% vs. 16%; absolute risk 
difference, 11 percentage points; 95% CI, 0 to 
21) and more bleeding events leading to packed 
red-cell transfusion (46% vs. 28%; absolute 
risk difference, 18 percentage points; 95% CI, 
6 to 30).3 The rate of ischemic stroke was lower 
in the ECLS group than in the control group 
(no patients vs. 5%; absolute risk difference, 
-5 percentage points; 95% CI, -10 to -2), and the 
rate of hemorrhagic stroke was similar in the 
two groups. Among all the patients who were 
treated with ECLS, the rate of bleeding was 
53% and the rate of hematoma at the cannula 
insertion site was 6%.3

The most commonly observed coagulation 
issue while on VV ECMO is the activation and 
destruction of platelets. Thrombocytopenia 
appears to be an important risk factor for 
intracranial bleeding while on ECLS.32 In a meta-
analysis and systematic review, Jiritano et al. 
found a prevalence of severe thrombocytopenia 
(defined as less than 50 000/µl) of 25.4% in 
VV ECMO (95% CI 10.6-61.4; 4 studies).33 A 
similar incidence has been reported by others.34 
APACHE II score and platelet count at the time 
of ECLS initiation were predictors for severe 
thrombocytopenia but the duration of ECLS was 
not.3 Lebreton et al. reported a lower incidence 
of 18% of severe thrombocytopenia in a series 
of patients with COVID-19.35 Weingart et 
al. found a decrease in the platelet count to 
60% of the platelet counts measured prior to 
ECLS.36 This decrease was not observed in 
patients treated with interventional lung assist, 
a pumpless arteriovenous CO2 removal device. 
There is no consensus on the platelet count at 



349

Complications, Followup, and Outcomes of Adults with Respiratory Failuret

which transfusion is recommended, although 
some have advised a liberal platelet transfusion 
strategy (Chapter 24).32 Platelet counts usually 
recover rapidly after discontinuation of 
ECLS.36,37

Thrombocytopenia can be the result of 
heparin-induced thrombocytopenia (HIT). 
HIT is a clinical syndrome that can occur 
in patients treated with heparin and can 
have devastating consequences. Antibodies 
against heparin-platelet factor 4 complexes 
lead to the formation of arterial and venous 
thrombus and thrombocytopenia. The diagnosis 
of HIT in ECLS patients is difficult. The 
incidence of HIT during ECLS range widely 
between studies, perhaps because of a lack 
a standardized diagnostic workup, merging 
different types of ECLS, or various patient 
populations. Jiritano et al. reported a prevalence 
of HIT of 3.7% (95% CI 1.8-5.5; 12 studies) 
in VV ECMO33; whereas, Choi et al. found 
an incidence of confirmed HIT of 17% in an 
analysis of 309 patients in 6 retrospective 
studies.38 Arachchillage et al. described an 
incidence of 5.1% of HIT in 156 patients on VV 
ECMO, which was not different to VA ECMO 
(11 HIT/142 patients).37

Thrombocytopenia and the presence of 
thromboembolic complications should trigger a 
detailed workup with hematologists to confirm 
or exclude heparin induced thrombocytopenia 
(HIT). Using an alternative anticoagulant such 
as argatroban or bivalirudin is advisable while 
HIT testing is performed. A platelet aggregation 
test or serotonin release assay are required to 
confirm the diagnosis in the presence of clinical 
signs. The ELISA test for platelet-factor-4 
antibodies is not reliable due to a high false 
positive rate but might be useful when negative 
in the presence of a high clinical suspicion (ie, 
HIT can be excluded if the test is negative when 
the clinical presumption is high). It is not clear 
if heparin-coated circuits should be replaced in 
patients with HIT. A single center experience in 
455 patients with confirmed HIT in 14 patients 

demonstrated no increased mortality when 
continuing with heparin-coated circuits despite 
discontinuing systemic heparin.39

Infection and ECLS

Infections are common in patients receiving 
ECLS for severe respiratory failure, either as 
the primary initiating event or as a secondary 
complication.2,40 Staphylococcus aureus, 
Enterobacterales, and yeasts are the most 
commonly reported cultured organisms. 
Infections are associated with an increased 
duration of ECLS support and increased 
mortality.12,40 Patients with severe asthma, 
influenza, or COVID-19 are more likely to be 
supported with ECLS if they have a bacterial 
or fungal infection at presentation.10,13

Secondary infections while on ECMO 
are more likely in older age, with underlying 
immunodeficiency, and with increasing severity 
of illness.40 Exposure of blood to circuit 
components may cause immune dysfunction 
leading to an increased risk of infections,41 
but in one randomized trial, blood stream 
infections, ventilator associated pneumonia, 
and other nosocomial infections were not more 
frequent than in patients with a similar severity 
of illness not supported with ECLS.3 Similarly, 
the incidence of fungal infections is not higher 
than in the general ICU population, even if 
associated with a high mortality for patients 
supported on ECLS.42 Nonetheless, source 
control can be harder to achieve during ECLS 
(Chapter 6).

Reports describe infection of the cannula 
site and/or the ECMO membrane,21,43 including 
some shown through culture or DNA analysis of 
removed circuit components. The true incidence 
of cannula or circuit infections is unknown 
and is hampered by the lack of an accepted 
definition.40 The impact of circuit component 
infection on patient outcome is not known.
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Followup and Long-term Outcomes after 
ECLS

Advances in critical care medicine have 
resulted in an increased number of patients 
surviving after a severe illness requiring ECLS 
support. However, survival is associated with 
long-term morbidity and healthcare utilization.44 
Patients on VV ECMO may have prolonged 
ICU and hospital length of stay, often exceeding 
a month.45 Evaluation of the impact of ECMO 
on long-term recovery, including pulmonary 
function, quality of life (QoL) and physical, 
psychological and cognitive functioning, is 
crucial for clinical decisions about use of the 
therapy. The current evidence is limited due to 
the large number of single-center studies with 
small sample sizes, the lack of information 
about the level of functioning prior to the 
critical illness, and the lack of standardized 
definitions.44,46 

In a recent systematic review of the QoL 
of adult patients on VV ECMO for ARDS, 
eight studies were eligible for inclusion, 
including one randomized controlled trial 
(n=44147). Regardless of the followup time, 
all included studies showed a decrease in the 
health-related QoL (HRQoL) score of patients 
with ARDS after VV ECMO. Compared to 
a matched general population, HRQoL was 
lower in patients with ARDS after VV ECMO. 
However, in survivors of ARDS, HRQoL was 
similar between ARDS patients treated with VV 
ECMO and conventional ventilatory support. 
In one single-center study, survival was similar 
in patients managed on ECLS compared to 
conventional ventilatory support at one year 
(22/33 vs. 28/47, 66% vs. 59%), and pulmonary 
function and computed tomography were almost 
normal in both groups.48 Patients managed on 
conventional ventilatory support had lower 
HRQoL scores and higher rates of posttraumatic 
stress disorder, although this may have been due 
to baseline differences in comorbidities, which 
were more common in patients on conventional 

ventilatory support. One of the largest studies 
published to date reported outcomes of 84 
survivors at 6 months.14 In that cohort, 36% 
reported exertional dyspnea and 30% were still 
receiving pulmonary treatment at a median of 
17 months followup. HRQoL in 80% of the 
survivors revealed satisfactory mental health 
but persistent problems with physical and 
psychological function.

The COVID-19 pandemic has resulted in 
a large number of adults being managed with 
ARDS on ECLS, raising questions about the 
long-term outcomes of this group. A recent 
international multicenter retrospective review 
of 132 patients with severe COVID-19-related 
ARDS supported with ECLS reported six-month 
mortality of 53% (70 of 13249). Importantly, pre-
ECLS cannulation determinants of six-month 
outcomes were identified. Patients ≥60 years of 
age and patients with a pH <7.23 were found to 
have a higher six-month mortality. This study 
provided insight into the long-term outcomes 
(six months) of patients requiring ECLS for 
COVID-19 related ARDS.
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Initiating Extracorporeal Life Support for Adult Cardiac Failure

Silvia Mariani, Joseph E. Tonna, Hergen Buscher, Justin A. Fried, Katarzyna Hryniewicz,
Roberto Lorusso

Introduction

Cardiogenic Shock: Definition, Epidemiology, 
and Pathophysiology

Cardiogenic shock (CS) is a life-threatening 
clinical syndrome characterized by cardiac dys-
function resulting in end-organ hypoperfusion 
and tissue hypoxia.1 The diagnosis of CS is 
marked by clinical signs of hypoperfusion, 
such as cold sweated extremities, oliguria, 
confusion, dizziness, and narrow pulse pressure. 
Additionally, hypoperfusion, tissue hypoxia 
and organ dysfunction are evident through 
metabolic acidosis and elevated serum lactate.1,2 
Despite the fact that previous definitions 
of CS included hemodynamic parameters, 
such as hypotension (systolic blood pressure 
<90 mmHg for more than 30 min), reduced 
cardiac index (CI <2.2 L/min/m2), elevated 
pulmonary capillary wedge pressure (PCWP) 
or the need for catecholamines, compensatory 
mechanisms may preserve blood pressure 
through vasoconstriction, even as tissue 
perfusion and oxygenation are significantly 
decreased.1,2 

The precipitating causes of CS are diverse 
and include acute events such as acute 
myocardial infarction, myocarditis or malignant 
arrhythmias, as well as the progression of 
chronic heart failure. CS can also result as 

a complication of cardiac surgery, coronary 
angioplasty, pulmonary embolism or pulmonary 
diseases. Cardiac arrest represents the most 
extreme cardiac compromise (Chapter 32).

CS accounts for 2-5% of all patients 
presenting with acute heart failure (AHF) and 
is associated with an in-hospital mortality 
of 30-60%.1 About half of in-hospital deaths 
occur within the first 24 hours of presentation.1 
Historically, the most common cause of CS has 
been acute coronary syndrome (ACS). Indeed, 
5-10% of patients with a myocardial infarction 
may develop CS.3-8 However, the contribution 
of ACS has declined over the past two decades 
and the incidence of other etiologies, such as 
acute decompensated chronic heart failure, are 
increasing.9,10 Overall, CS resulting from causes 
other than ACS are often more complex to treat 
but may have a better or at least comparable 
short-term outcome.1

The pathophysiology of CS begins with an 
initial cardiac insult which impairs myocardial 
contractility and consequently cardiac output, 
leading to elevated cardiac filling pressures 
and hypotension.1 After this first trigger event, 
the pathological spiral of cardiogenic shock 
can rapidly result in multiorgan systemic 
dysfunction and death (Figure 27-1).
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Classification of Cardiogenic Shock and Role 
of ECLS

CS management must simultaneously 
target the underlying cardiac condition 
and stop the consequent negative cascade 
which can be described according to the 
Society for Cardiovascular Angiography and 
Interventions11 classification (Figure 27-2). 
Stage C is characterized by hypoperfusion, 
which may include signs of organ failure and 
the requirement for inotropes, vasopressors, or 
mechanical support, including ECLS. In stage 
D the patient deteriorates despite these initial 
interventions, with a mortality rate higher than 
40%.12 The threshold for the use of ECLS has 
so far not been clearly defined but it seems 
reasonable to consider ECLS from stage D 
or, if modified by cardiac arrest, from stage C. 
Overall, ECLS should be considered in case of 
refractory CS within 6 hours of its occurrence, 

and in patients with reversible circulatory 
collapse or eligibility for durable ventricular 
assist device (VAD) or transplantation.13 
Ideally, VA ECMO should be initiated before 
the onset of irreversible end-organ damage and 
anaerobic metabolism. Indeed, arterial lactate 
equal or greater than 10 mmol/L (90.1 mg/dL) 
at ECLS initiation and its delayed clearance 
in the first 12-24 hours identifies patients with 
poor outcomes.14-16 Etiologies compromising 
appropriate ECLS function should be 
considered as potential contraindications 
(Table 27-1). Poor life expectancy, severe liver 
disease, acute brain injury, vascular disease, 
and immunocompromise represent exclusion 
criteria for ECLS application.13

Acute Coronary Syndrome 

ACS remains the leading cause of morbidity 
and mortality worldwide, despite significant 

Figure 27-1. Pathophysiological Response to Cardiogenic Shock. LVEDP=left ventricular end-diastolic 
pressure; NO=nitric oxide; SVR=systemic vascular resistance.
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- Cardiac recovery unlikely and no indication for heart transplant or durable left ventricular (LV) assist device  
 

- Poor life expectancy (end-stage peripheral organ disease, malignant tumor, massive pulmonary emboli in 
cancer patients, chemotherapy-induced chronic cardiomyopathy, etc.) 
 

- Severe aortic valve regurgitation 
 

- Severe vascular disease with extensive aortic and peripheral vessel involvement (calcification, stenosis, and 
closure), including axillary arteries 
 

- Acute Type A or B aortic dissection with extensive aortic branch (ascending, supra-aortic and femoral) 
involvement (pre-operatively) 
 

- Severe neurologic impairment (eg, prolonged anoxic brain damage, extensive trauma and bleeding) 
 

- Severe immunologic disease with marked blood and coagulation disorders 
 

- Liver cirrhosis (Child-Pugh class B and C) 
 
Table 27-1. Contraindications to ECLS initiation for cardiac failure in adult patients. Adapted with 
permission from Lorusso et al.13

Figure 27-2. Society for Cardiovascular Angiography and Interventions 
(SCAI) staging for cardiogenic shock. CS=cardiogenic shock.
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improvements in access to medical care and 
revascularization.17-19 Indeed, the 30-day 
mortality of patients suffering from ST-segment–
elevation myocardial infarction (STEMI) is 
around 14%, with the highest mortality of 
patients experiencing CS. Of the 5-10% of 
myocardial infarction patients affected by CS, 
30–40% of cases develop it at admission, while 
60–70% occur later during the hospitalization.1 
Overall, the prevalence of CS following STEMI 
has decreased in the last few decades, but in-
hospital mortality has remained unchanged at 
35–50%.1,17-19 

Initial evaluation of CS following STEMI 
(STEMI-CS) should include a Swan-Ganz 
catheter, lactate, calculation of cardiac output, 
cardiac power output (CPO, with normal 
values >0.6) and pulmonary artery pulsatility 
index (PAPI, with a normal value >1.85), 
which is strongly associated with in-hospital 
mortality and right ventricular dysfunction.20 
Further mortality predictors are presented in 
Table 27-2.21-23  

Although primary percutaneous coronary 
intervention (PCI) of the culprit vessel is 
a Class 1 ACC/AHA recommendation for 
treatment of STEMI, recent data suggests 
that, in patients with STEMI-CS, restoration 
of circulation with mechanical circulatory 
support (MCS) may be beneficial prior to 

revascularization24 and may be considered 
depending on patient age, comorbidities, 
neurological function, and the prospects for 
long-term survival and quality of life (2021 ESC 
guidelines: Class IIb, Level of evidence C).2,18 

In patients with isolated left ventricular 
dysfunction, temporary left ventricular assist 
device (eg, Impella, Abiomed, Danvers, USA) 
can be considered as first line MCS.25 In patients 
with advanced, SCAI D or E shock, including 
patients in cardiac arrest, VA ECMO is the only 
device that can provide full cardiopulmonary 
support and should be implemented prior to 
revascularization.26,27 In addition, percutaneous 
right ventricular assist device (RVAD) can be 
considered in isolated right ventricular failure 
due to inferior STEMI. Finally, in patients 
suffering from STEMI-CS and supported 
with peripheral VA ECMO with LVEF <30%, 
low pulse pressures (<20 mmHg) and/or 
elevated pulmonary capillary wedge pressure 
(PCWP >18 mmHg), it is recommended to 
consider further LV unloading as described in 
Chapter 44.

Acute Decompensated Chronic Heart Failure 

In parallel with the decrease in the overall 
incidence of STEMI-CS,19 non-ACS etiologies 
such as acute decompensated heart failure 
(ADHF) have become more frequent. In an 
analysis of 2093 patients admitted to North 
American cardiac care units from 2017 to 2020, 
67% percent of patients had CS unrelated to 
ACS.28 

There is growing evidence that ADHF-CS 
may have distinct characteristics to ACS, and it 
necessitates a unique approach.29-33 In contrast 
to patients with AHF or STEMI-CS, patients 
with preexisting cardiomyopathy are less likely 
to achieve sufficient ventricular recovery to 
liberate from ECLS support without the need 
for heart replacement therapy (eg, durable 
VAD or heart transplantation). In a study of 
52 patients with chronic heart failure that 

CLINICAL PARAMETER 

Age >73 years 1 

Prior stroke 2 

Glucose >10.6 mmol/L (191 mg/dl) 1 

Creatinine >132.6 μmol/L (1.5 mg/dl) 1 

TIMI <3 after PCI  2 

Lactate >5 mmol/L 2 
 

Table 27-2. IABP-SHOCK II trial predictors of 
30-day mortality in acute coronary syndrome 
related cardiogenic shock.21,23
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underwent ECLS for cardiogenic shock, 44.2% 
underwent durable VAD placement during 
the index hospitalization with a survival to 
discharge of 82.6%, while of the 29 patients 
who did not receive durable VAD, the survival 
to discharge was only 17.2%.30 This emphasizes 
the need for early evaluation for VAD (ECLS 
as bridge-to-VAD) or heart transplantation 
(ECLS as bridge-to-transplantation) in patients 
with ADHF-CS who are placed on ECLS. Their 
potential candidacy for heart replacement 
therapies should be considered in the decision 
to initiate ECLS support (Chapter 30). 

Historically, posttransplant outcomes 
of patients bridged with ECLS have been 
poor,34 although high volume ECLS and heart 
transplant centers may be able to achieve 
better outcomes.35 While heart transplantation 
after ECLS has increased, it remains a viable 
option for only a small minority of adults, given 
donor organ scarcity.36 At the same time, the 
use of ECLS as bridge to durable VAD has 
significantly increased in the new VAD era.37-39 
ECLS is an option for select ADHF-CS patients 
who are not candidates for heart transplant, as 
well as patients who are eligible for transplant 
but at high risk for further decompensation 
and mortality during the waiting time. ECLS 
provides systemic perfusion and can facilitate 
preoperative optimization before VAD 
implantation. Despite this, preoperative use 
of ECLS has been associated with higher rates 

of mortality and adverse event rates in the 
early postoperative period following durable 
VAD implantation.40 As the complication rate 
of ECLS tends to increase with duration of 
support, transition to durable VAD should occur 
in a timely fashion after recovery of end-organ 
function is achieved in suitable candidates. It 
is important to note that while one of the major 
benefits of ECLS is its capacity to unload 
the right ventricle, assessment of native RV 
function and risk of postoperative RV failure 
after VAD implantation may be challenging 
while patients are supported with ECLS.

Isolated Right Ventricular Failure

Pathophysiology and Etiology of Right 
Ventricular Failure

In adults the RV shape and function is 
profoundly related to the interplay with the LV, 
based on the role of the interventricular septum 
which intrudes into the RV. Vice versa, a failing 
RV negatively impacts on the LV through a 
distortion of its functional capacity as well as 
through a reduction in preload. This is the basic 
pathophysiological pattern which can develop 
in case of RV failure due to increased pulmonary 
resistance, fulminant acute RV disease, or 
decompensation of chronic conditions as listed 
in Table 27-3.41 Furthermore, most of these 
conditions require mechanical ventilation which 

ACUTE CONDITIONS DECOMPENSATED CHRONIC 
CONDITION 

Acute core pulmonale 
- Pulmonary embolism 

o Thromboembolic 
o Fat embolism 
o Air embolism 
o Amniotic fluid 

- ARDS 
- LV failure 

Primary RV failure 
- RV myocardial infarct 
- Valvular regurgitation 

Chronic core pulmonale 
- Interstitial lung disease 
- Obstructive lung disease 
- Alveolar hypoventilation 
- Primary pulmonary hypertension 

Congenital cardiac disease 
Intra-cardiac shunt 
Connective tissue disease 
Chronic cardiomyopathy  
Post implantation of left ventricular assist 
devices 

ARDS=acute respiratory distress syndrome; LV=left ventricle; RV=right 
ventricle. 

 Table 27-3. Etiology of right ventricular failure.
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by itself increases RV afterload and reduces 
preload.42 

In all these cases, ECLS should only be 
considered if first-line treatments fail, are not 
available or contraindicated, and the underlying 
condition can be treated. In case of acute 
decompensation of chronic RV failure, very 
poor long-term outcomes are expected.43 Thus, 
ECLS should only be considered if a bridge 
to a heart transplantation or durable VAD is 
possible. A special group of patients who might 
experience RV failure are those suffering from 
severe COVID-19, as discussed below.

Options for MCS of the Right Heart

Mechanical RV circulatory support can be 
subdivided in options which only support the 
right heart and those providing biventricular 
support (Table 27-4). While the latter always 
provides oxygenation, RV support can be 
initiated without an oxygenator. However, many 
of the conditions listed in Table 27-3 have an 
intrinsic respiratory failure component and may 
require extracorporeal oxygenation.

Although VV ECMO does not provide 
direct circulatory support, it does have an 
indirect effect on RV function favoring the 
reduction of pulmonary vascular resistance and 
facilitating lung protective ventilation. However, 
judging if this indirect effect is sufficient in 

cases of RV failure requires a case-specific 
discussion within the interdisciplinary ECMO 
team. VA ECMO provides excellent support 
for the RV but requires arterial cannulation and 
may be complicated by differential hypoxia. 
However, it is the modality of choice whenever 
biventricular failure is present. Alternative 
configurations such as venovenoarterial (VVA) 
ECMO may provide the benefits mentioned for 
VV and VA ECMO and can avoid differential 
hypoxia. Venopulmonary (VRA-VPA) ECMO 
avoids the negative effect of an increase in 
LV afterload but requires direct access to the 
pulmonary artery via a sternotomy or through 
the use of a ProtekDuo® double lumen 
cannula.44 In specific situations such as fixed 
pulmonary hypertension, right atrium-left 
atrium (VRA-ALA) ECMO could be considered. 

Finally, an intracardiac placed pump such 
as the Impella RP® (Abiomed, Danvers, USA) 
drains blood directly from the RV and returns it 
into the pulmonary artery without the addition 
of an oxygenator (Chapter 44).44

ECLS in Cardiac Surgery

ECLS is increasingly utilized to provide 
biventricular support for patients prior to, during 
or after surgical procedures (Figure 27-3) as 
prophylactic or rescue treatment. These patients 
are characterized by specific comorbidities and 

 VV 
ECMO 

VA 
ECMO 

VV-A 
ECMO 

VRA-VPA 
ECMO 

VRA-ALA 
ECMO 

ProtekDuo Impella 
RP 

Venous 
cannulation 

++ + ++ + + + + 

Arterial 
cannulation 

 + + + +   

Oxygenation ++ (+) + ++ ++ +  
RV support (+) ++ + ++ ++ ++ ++ 
LV support  ++ +     
Recirculation +       
LV=left ventricle; RV=right ventricle; VA=venoarterial; VPA=venopulmonary; 
VV=venovenous; VV-A=venovenoarterial; RA=right atrium; LA=left atrium; PA=pulmonary 
artery 

 
Table 27-4. Options for mechanical circulatory support of the right heart.
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conditions that should be considered in the 
ECLS management and outcomes (Table 27-5).

The application of ECLS before surgery 
might be considered in patients with poor 
organ perfusion, acidosis, or cardiac arrest to 
improve the preoperative condition and enhance 
the intraoperative and postoperative outcomes 
(2020 EACTS/ELSO/STS/AATS expert 
consensus: Class IIb, Level C).45 Most patients 
requiring preoperative ECLS suffer from 
ACS with multivessel disease, acute valvular 
diseases, acute progression of chronic valve 
diseases, traumatic lesions and endocarditis. 
Additionally, in the presence of STEMI-related 
ventricular septal defect, surgery might be 
delayed allowing partial myocardial healing 
and fibrotic tissue formation while the patient 
is supported with ECLS, conditions that aid in 
achieving a better surgical result and successful 
outcome (2020 EACTS/ELSO/STS/AATS 
expert consensus: Class IIb, Level C).45 

The use of prophylactic, intraoperative 
ECLS to allow for gradual recovery of 
myocardial function after cardiac surgery 

has gained importance in high-risk patients 
with impaired general condition, severely 
reduced cardiac function, or when a complex 
perioperative course is anticipated (2020 
EACTS/ELSO/STS/AATS expert consensus: 
Class IIb, Level C).45 The main advantage of 
this prophylactic approach is the initiation 
of ECLS in a logistically favorable condition 
while weaning off cardiopulmonary bypass 
(CPB) weaning, preventing implantation in an 
emergency situation. 

Besides the abovementioned cases, most 
ECLS cannulation in cardiac surgery occurs 
in patients suffering from postcardiotomy 
cardiogenic shock (PC-CS).46 ECLS for PC-CS 
should be initiated prior to end-organ injury 
or onset of anaerobic metabolism (lactate 
<4 mmol/l) in the absence of uncontrollable 
bleeding (2020 EACTS/ELSO/STS/AATS 
expert consensus: Class I, Level B).45 Also, 
ECLS should be considered in the following 
situations:

Figure 27-3. Summary of goals and indications for the use of extracorporeal life support in cardiac 
surgery. CPB=cardiopulmonary bypass; HTx=heart transplantation; LVAD=left ventricular assist 
device; LVEF=left ventricular ejection fraction; RVF=right ventricular failure; STEMI=ST-elevation 
myocardial infarction.
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•	 Patients supported with an IABP and 
optimal medical therapy but experiencing 
a failure to wean from CPB or marginal 
hemodynamics (2020 EACTS/ELSO/STS/
AATS expert consensus: Class I, Level B).45 

•	 Severe primary graft dysfunction (PGD) 
following a heart transplant (2020 EACTS/
ELSO/STS/AATS expert consensus: Class 
IIa, Level B).45 

•	 Severe refractory RV failure after durable 
VAD implantation (2020 EACTS/ELSO/
STS/AATS expert consensus: Class IIb, 
Level C).45 

An Oxy-RVAD may be considered in 
patients with isolated RV dysfunction and 
concomitant respiratory compromise or 
in patients undergoing pulmonary artery 
embolectomy and suffering from RV failure.

Despite the increasing use of postcardiotomy 
ECLS, survival rates to discharge have not 

improved over time, ranging from 20-40%.45,47-

49 Mortality is particularly high in patients 
with significant comorbidities, advanced age, 
elevated lactate level, and renal injury. All 
these risk factors are associated with death and 
should be carefully considered prior to ECLS 
initiation (2020 EACTS/ELSO/STS/AATS 
expert consensus: Class IIa, Level B).45 

Interventional and Transcatheter Procedures 

The field of interventional cardiology and 
transcatheter procedures has grown as one of 
the emerging indications for ECLS, including 
transcatheter aortic valve implantation (TAVI) 
patients, patients with advanced heart failure 
requiring MitraClip (Abbott Laboratories, 
Abbot Park, USA) implantation, or ventricular 
tachycardia (VT) ablation. All these patients 
are at risk of hypotension, decompensated heart 
failure, shock, or arrhythmias that may lead 

BASELINE 
CHARACTERISTICS 

- Older patient age 
- Higher rate of comorbidities and organ damage before 

surgery 
- Higher number of pre-ECLS medications 

(anticoagulants, antiplatelets, diuretics, cardioactive 
drugs) 

- Type, duration and prognosis of the underlying disease 
- Previous cardiac surgery 
- Infection at the time of surgery (eg, endocarditis) 

OPERATION-RELATED 
CHARACTERISTICS 

- Complex procedures (eg, multiple valves operation, 
aortic dissection) 

- Cardiopulmonary bypass +/- circulatory arrest 
- Myocardial ischemia 
- Vasoplegia 
- Bleeding 
- Presence of other mechanical circulatory supports (eg, 

IABP, Impella, VAD) 
POSTOPERATIVE 

CHARACTERISTICS 
- Central vs. peripheral cannulation 
- Delayed chest closure 
- Wound infections 
- Re-operations 

ECLS=post-cardiotomy extracorporeal life support; IABP=intra-aortic balloon pump; 
VAD=ventricular assist device. 

 Table 27-5. Specific characteristics of the postcardiotomy patient that might differ from other 
cardiogenic shock etiologies.
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to rapid hemodynamic deterioration, cardiac 
arrest, or death.

One of the most common interventional 
procedures for which ECLS support might be 
indicated is high-risk PCI (2021 ACC/AHA/
SCAI guidelines: Class IIb, Level B-R).17 It 
refers to PCIs performed in patients with one or 
more of the following features: unprotected left 
main coronary artery disease, intervention of the 
last patent vessel with reduced left ventricular 
ejection fraction (<35%), complex 3-vessel 
disease, or comorbidities including severe aortic 
stenosis or mitral regurgitation.50,51 In these 
patients, elective placement of MCS with either 
an IABP, Impella (Abiomed, Danvers, USA), 
TandemHeart (CardiacAssist, Pittsburgh, USA), 
or VA ECMO may be reasonable to prevent 
hemodynamic compromise during PCI.50,51 

Similarly, patients with severely reduced LV 
ejection fraction undergoing VT ablation might 
benefit from the use of temporary MCS to avoid 
acute decompensation during the procedure 
(2019 HRS/EHRA/APHRS/LAHRS expert 
consensus: Class of recommendation IIa)52 
and to allow mapping and ablation of unstable 
VTs in selected cases (2019 HRS/EHRA/
APHRS/LAHRS expert consensus: Class of 
recommendation IIb).52 It is estimated that up 
to 11% of patients undergoing VT ablation 
develop intraprocedural acute hemodynamic 
decompensation due to altered preload and 
afterload caused by volume resuscitation and 
repetitive electrical instability.53 To better 
identify high-risk patients who might benefit 
from prophylactic MCS, a PAINESD risk score 
≥15 might be used.54,55 Moreover, patients 
with biventricular failure with elevated filling 
pressures or suffering from CS before the 
VT ablation and patients with heterogenous 
ventricular tachycardia and undergoing 
prolonged procedures should be considered 
for MCS. Continuous hemodynamic monitoring 
with a Swan-Ganz catheter is advised and 
awake VA ECMO with monitored anesthesia 

care should be the first choice, but endotracheal 
intubation should be considered in case of CS.

A similar situation can be identified for 
TAVI procedures where the prophylactic use 
of ECLS has demonstrated better survival 
compared to emergent implantation.56,57 Patients 
might benefit from the use of MCS during TAVI 
in case of preprocedural heart failure requiring 
hospitalization and stabilization, moderate or 
severe LV and/or RV failure, hemodynamic 
instability during balloon aortic valvuloplasty, 
borderline hemodynamics during procedures 
with central venous pressure/pulmonary 
capillary wedge pressure >20 mmHg, mean 
pulmonary artery pressure >40 mmHg and 
cardiac index <2.0 with no improvement 
with inotropes, slow recovery from rapid LV 
pacing, high vasopressor requirements during 
general anesthesia, and concomitant high-risk 
percutaneous coronary intervention.56

The use of temporary MCS has also 
been described in association with MitraClip 
implantation in a few cases.58 

Myocarditis, Infection, and Non-Infection-
Related Indications

Myocarditis is an inflammatory cardiac 
disease that may be caused by infection, exposure 
to toxic substances, and immune system 
activation.59 Its clinical presentation includes 
both acute and chronic forms, with recovery 
of cardiac function in about 50% of cases.60 
Among the acute forms, 26.6% of patients 
might be affected by LV systolic dysfunction, 
ventricular arrhythmias, or cardiogenic shock,59 
while fulminant myocarditis (FM) accounts 
for 8.6% of total cases. In such patients, 
inotropes such as milrinone, levosimendan, 
or dobutamine, and temporary MCS may 
be considered as bridge to durable MCS, 
transplant or recovery.59,60 In these patients, 
an MCS strategy that decreases afterload may 
increase the likelihood of ventricular recovery 
or remission while reducing myocardial 
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inflammation.59.60 Therefore, peripheral VA 
ECMO should always mandate consideration of 
LV venting. Alternatively, IABP or intraaortic 
axial pumps (eg, Impella) could be considered. 
If no weaning from MCS is possible after 2-3 
weeks of support, durable VAD implantation or 
urgent heart transplant should be considered.59

A unique type of infection-related 
myocardial disease requiring MCS is the one 
derived from COVID-19. Although respiratory 
symptoms have dominated COVID-19 clinical 
presentation, up to 20-25% of overall patients 
show cardiac involvement.61-65 The underlying 
mechanisms for cardiac failure are severe 
immune system over‐reaction, thrombosis, 
pulmonary embolism, direct damage to 
the cardiomyocytes and arrhythmias.66 The 
right heart might be particularly affected by 
increased pulmonary afterload and loss of RV 
radial function.67 Lastly, COVID-19 patients 
suffering from severe systemic hypoxia are 
at risk of type 2 myocardial infarction.68 VV 
ECMO has been the most used configuration 
in COVID-19 patients,69,70 while VA ECMO 
or other ECLS configurations have been used 
in 4-5% and 2-3% of patients, respectively.69-71 
Despite this, 3-4% of COVID-19 patients 
supported with ECLS require conversion to a 
different configuration such as hybrid ECLS72 
to provide full cardiorespiratory support.73 
Successful experiences with the use of an 
OxyRVAD in COVID-19 patients have been 
described, with a survival rate ranging from 61-
75%.74-76 As a general guide, the use of cardiac 
support including VA ECMO, hybrid ECLS 
configurations, and OxyRVAD in COVID-19 
patients is recommended for patients with 
COVID-19 and severe cardiopulmonary failure 
who meet the traditional criteria for MCS in 
cardiac arrest and CS.77,78 

Cardiogenic Shock from Other Nonsurgical 
Etiologies 

Situations of severe unstable arrhythmias 
such as ventricular tachycardia or electrical 
storm might result in CS for which the 
traditional criteria for ECLS can be applied. 
However, clinical and scientific experience 
with this specific use of ECLS are still limited 
and ECLS is mainly applied in case of 
ventricular arrhythmias related to myocarditis 
or unstable acute coronary syndromes.79-80 
Arrhythmias might also complicate events such 
as hypothermia or poisoning (Chapter 37). 

A further indication for ECLS is represented 
by the Takotsubo syndrome (TS), which is 
a form of acute heart failure characterized 
by wall motion abnormalities of one or both 
cardiac ventricles, dynamic LV outflow tract 
obstruction (LVOTO), LVOTO-related severe 
mitral regurgitation, and severe reduction of 
cardiac function, which typically recovers 
within days to weeks.81-83 In Takotsubo patients, 
10–15% develop cardiogenic shock82,84-86 
and 5-10% experience cardiac arrest or 
require cardiopulmonary resuscitation.84,85 
The pathogenesis of this disorder is not well 
understood but a role of the sympathetic 
nervous system and circulating endogenous 
catecholamines has been proposed.82,83,85,87 
Hence, catecholamines, and especially 
inotropes, should be avoided and MCS should 
be considered as a valid bridge-to-recovery 
option.82-83 Of note, IABP potentially worsens 
LVOTO and should be avoided in TS patients.88 
Thus, VA ECMO, intraaortic axial pumps, or the 
combination of both are the supports of choice. 

Pregnancy, Trauma, Sepsis, Poisoning, and 
Malignancy

For further discussion of ECLS indications 
associated with pregnancy (including post-
partum cardiomyopathy), trauma, sepsis, 
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poisoning, and malignancy, please refer to 
Chapter 34-37 and 39.

Conclusions

The application of ECLS for cardiac 
etiologies is increasing both in terms of the 
number of treated patients and involved centers. 
Indeed, advances in technology, expertise, and 
transport of critically ill patients, has further 
expanded the population of possible ECLS 
candidates (Figure 27-4). The combination 
of devices and hybrid ECLS forms have also 
contributed to the continuous expansion of 
ECLS indications. Finally, the prophylactic 
use or the performance of so called “protected 
procedures” in interventional cardiology and 
cardiac surgery has promoted the idea of using 
ECLS to prevent hemodynamic compromise 
during high-risk interventions. New indications 
are also constantly emerging (intoxication, 
TS, infections, etc.), indicating that ECLS 
represents a reliable intervention to improve CS 
outcomes. Timing, however, is also increasingly 
considered as one of the most critical aspects 
for successful ECLS. Initiating support prior 
to profound CS or within a few hours from the 

onset of cardiac compromise  must be always 
considered, avoiding the application of ECLS 
as a last resort when any possible recovery is 
unlikely.

ECLS is gaining a pivotal role to optimize 
patients’ conditions prior to interventions, 
prevent hemodynamic deterioration, or bridge 
patients to cardiac recovery or advanced 
therapies in cases where the acute damage 
and/or the underlying disease hamper any 
attempt to restore the pre-acute injury cardiac 
state. The right system, at the right time, at the 
appropriate place represent the most effective 
triad in the decision-making. Ongoing studies 
will most likely provide additional and critical 
information to indicate the actual role and 
efficacy of ECLS in cardiogenic shock.

Figure 27-4. Common (dark gray) and emerging situations (light gray) for extracorporeal life support 
in the context of cardiogenic shock. AMI=acute myocardial infarction; APE=massive pulmonary 
embolism; LVAD=left ventricular assist device; Sepsis=sepsis-associated cardiomyopathy. Adapted 
with permission from Lorusso et al.13
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Venoarterial ECMO is a widely accepted 
short-term hemodynamic support modality 
for cardiogenic shock and its implementation 
depends upon close attention to interprofessional 
collaboration and multifaceted clinical 
management to achieve optimal outcomes.

Patient and Circuit Monitoring

Patients undergoing VA ECMO will 
receive standard hemodynamic and respiratory 
ICU monitoring (Figure 28-1 and Table 
28-1). The primary goal of VA ECMO is to 
stabilize the systemic circulation and promote 
myocardial recovery by ensuring acceptable 
cardiac loading conditions. Therefore, specific 
hemodynamic monitoring to assess cardiac 
load and residual transpulmonary flow is often 
warranted and a pulmonary artery catheter 
and/or repeated echocardiography can provide 
valuable information to timely recognize 
potentially detrimental cardiac overload or other 
unfavorable hemodynamic conditions.

To identify worsening of a patient’s clinical 
status or impending complications from VA 
ECMO early, regular, and careful evaluation 
of the patient’s condition (Table 28-1)1 include:

•	 Changes in arterial pulsatility, development 
of pulmonary edema, and systemic or local 

hypoperfusion with an emphasis on limb 
ischemia,

•	 Neurological assessment regarding 
consciousness, pupillary reaction, and 
focal deficits,

•	 Check of devices, pumps, IV lines, and 
tubing,

•	 Check of mechanical ventilator for changes 
in lung compliance, oxygenation and 
ventilation,

•	 Adequacy of end-organ perfusion and 
related functions (eg, liver, kidney, bowel).

Regular circuit checks are mandatory and 
must include:

•	 Safe position and good visibility of the 
device (display),

•	 Connection to (emergency) power supply,
•	 Gas connections (O2 and air) to blender,
•	 Cannulas and tubing (no kinks), sutures, 

tie-bands, and connectors,
•	 Entire circuit (tubing and oxygenator) 

inspection for clots and/or fibrin,
•	 Gas blender settings, blood color difference 

between arterial and venous circuit limb,
•	 Pump parameters and alarms: minimum 

pump speed and blood flow rate,
•	 Emergency equipment: clamps, emergency 

hand crank, appropriately sized connectors, 
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Figure 28-1. ICU monitoring for VA ECMO patients; reproduced with permission from the Mayo 
Foundation for Education and Research. 
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Table 28-1. Approach to Monitoring and Managing the VA ECMO Patient, adapted from Chung.1

  MONITOR FOR TREATMENT
Antiarrhythmics
Cardioversion
Pacing
Ablation

Hypotension (MAP ≈ CO × SVR)    
 (i) Inadequate VA ECMO flow (i) See ‘Flow’ below
 (ii) Inadequate SVR (ii) Start vasoconstrictor
Lack of pulsatility on arterial waveform caused by If poor myocardial function, consider:
  (i) poor myocardial function  decreasing VA ECMO flow
  (ii) excessive VA ECMO support  starting or increasing inotrope
  (iii) Inadequate preload  starting or increasing vasodilator
  (iv) RV failure  IABP
May result in  myocardial decompression (venting)
  (i) thrombus
  (ii) myocardial ischemia
  (iii) pulmonary edema (CXR, wedge)
Low flows (assuming centrifugal pump)    
 (i) Inadequate preload (i) Volume: crystalloid/colloid/transfusion

  (a) Hypovolemia (may see hemolysis, circuit chattering)   Release of mechanical obstruction

  (b) Mechanical obstruction (ii) Exchange oxygenator, relieve cannula kink, 
vasodilator to decrease SVR

 (ii) Excessive afterload (thrombus, kink, SVR) (iii) Increase RPM
 (iii) Inadequate RPM

    Inadequate PaO2  
    Inadequate or excessive CO2 elimination 
     (i) VA ECMO settings (i) If hypoxemia, increase FsO2 or flow.
      (a) FsO2    If hypercarbia, increase sweep. 
      (b) Blood flow If hypocarbia, decrease sweep or add CO2.

      (c) Sweep gas flow rate (ii) Increased and inadequate arterialization of post-
oxygenator gases suggests oxygenator malfunction

     (ii) Oxygenator function (iii) Increase pulmonary venous O2 content
Gas exchange   (a) Pre- and post-membrane pressures  Adjust FiO2 and/or PEEP

  (b) Pre- and post-oxygenator gases  Treat etiology of pulmonary dysfunction
 (iii) Upper body hypoxemia (femoral-femoral cannulation)  Increase VA ECMO flow

 Change to axillary/carotid cannulation
 V-VA ECMO
 VV ECMO

Decreased SvO2 and increasing lactate suggest inadequate 
oxygen delivery (DO2 = CO × CaO2)

   

 (i) VA ECMO flow (i) Increase VA ECMO flow
 (ii) Hemoglobin (ii) Transfuse
 (iii) SaO2   (iii) Ensure adequate gas exchange
Excessive oxygen consumption (ER = VO2/DO2)
 (i) Febrile (i) Antipyretics
 (ii) Shivering (ii) Consider agents such as meperidine or

dexmedetomidine
Loss of pulses Femoral-femoral cannulation:
Cyanosis and coolness of limb DP or PT anterograde perfusion catheter

Anticoagulation Adequate heparinization by PTT  

Temperature Normothermia unless therapeutic hypothermia  

Distal limb 
ischemia

Rhythm Dysrhythmias such as ventricular fibrillation that may 
prevent ventricular ejection

MAP

Pulsatility

Flow 
(liters/min)

Oxygen 
delivery: SvO2 

and lactate
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tubing, shears, rapid access line, tie-gun/ 
straps and a primed backup circuit,

•	 Position and performance of associated 
devices (eg, IABP, Impella).

Cardiovascular Management

Widely accepted hemodynamic targets are a 
mean arterial blood pressure (MAP) >65 mmHg, 
a systolic blood pressure >90 mmHg and, 
when additionally using a pulmonary artery 
catheter, a cardiac index of >2.2 L/min/m2 
and a pulmonary capillary wedge pressure 
<15 mmHg. Importantly, the measurement 
of cardiac output using a pulmonary artery 
catheter only accounts for the native pulmonary 
circulation. Moreover, correct thermodilution of 
transpulmonary flow depends on proper catheter 
position and may interfere with dynamically 
changing venous flows around the drainage 
cannula. End-tidal CO2 monitoring can be a 
useful surrogate estimate of transpulmonary 
blood flow. Thresholds of an end-tidal CO2 
<14 mmHg in conjunction with a pulse pressure 
<15 mmHg may predict a low native cardiac 
output <1L/min with good accuracy.2

Achieving these hemodynamic goals can 
be challenging and strongly positive fluid 
balances are associated with poor outcome, 
while high-dose vasopressors can impede the 
microcirculation, and liberal use of inotropes 
may hamper myocardial recovery.3 However, 
patients supported by VA ECMO for refractory 
shock are typically in need of well-tailored fluid 
resuscitation and vasopressors to manage the 
vasoplegic aspects of shock, while inotropes aid 
to stimulate the myocardial contractile reserve 
and insure cardiac flow and ejection. Pulsatility 
on the arterial waveform in the presence of an 
IABP may provide false reassurance. Assessing 
aortic valve opening with echocardiography is 
important. 

In some patients, it may be necessary to 
increase VA ECMO flow to higher blood flow 
rates, eg, >4 L/min. However, higher VA ECMO 

flows increase the risks of certain adverse 
effects, including impaired cardiac ejection, 
left ventricular overload, and pulmonary 
congestion. This occurs because VA ECMO 
constitutes partial cardiopulmonary bypass. 
Blood flow not captured by the venous drainage 
cannula continues as native cardiac output and 
residual transpulmonary blood flow through 
the right ventricle (RV) to the left ventricle 
(LV). With a competent aortic valve and poor 
LV function, peripheral VA ECMO pressurizes 
the aorta resulting in proportionally excessive 
LV afterload, more so when right ventricular 
contractility is preserved.4 Without adequate 
LV ejection into the aorta, the LV overdistends, 
which may rapidly culminate in severe 
pulmonary edema, pulmonary hemorrhage, 
and increased risk of LV cavity and aortic root 
thrombosis. Detection of these phenomena 
requires careful assessment of reduced arterial 
line pulsatility possibly indicating LV overload, 
bedside echocardiography to evaluate LV in- 
and outflow,5-7 elevated pulmonary capillary 
wedge pressures, decreased end-tidal CO2,

2,8 
and reduced lung compliance and oxygenation. 
This last point can lead to hypoxemic blood 
entering the left heart. Upon LV ejection, the 
hypoxemic blood reaches the proximal aorta 
and its branches including the coronary and 
cerebral arteries, potentially causing significant 
ischemia to heart and brain. This phenomenon, 
differential hypoxemia, is more pronounced 
with poor pulmonary gas exchange and 
preserved or improving left ventricular ejection 
upon cardiac recovery. Therefore, timely 
detection of evolving differential hypoxemia 
is essential and easily monitored by pulse-
oximetry on the right arm, as an accessible 
branch of the proximal aorta, and near-
infrared spectroscopy (NIRS) on the forehead 
(Figure 28-1). Differential hypoxemia should be 
managed by adequate pulmonary oxygenation 
and may require switching peripheral VA 
ECMO to venovenoarterial (V-VA), subclavian 
V-A, or central V-A cannulation. Alternatively, 
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strictly draining deoxygenated venous blood 
from the superior vena cava has been proposed 
to mitigate differential hypoxemia.9,10 The 
dynamic balance between systemic support 
and cardiac protection should always be borne 
in mind while meeting the circulatory and 
respiratory needs of the patient through tailoring 
of VA ECMO support (Chapter 5).4,11,12 

Mechanical Ventilation Management

Although there is limited evidence to 
guide the practice of invasive mechanical 
ventilation while on VA ECMO, the goal is to 
optimize support of gas exchange, decrease 
workload of breathing, and minimize ventilator 
induced lung injury (VILI), while maintaining 
cardiac performance for oxygen delivery to 
organs perfused with native cardiac output. 
Achieving these goals is not only dependent 
upon mechanical ventilatory support and native 
cardiopulmonary function but also cannulation 
strategy, ECMO support, transfusion thresholds, 
and hemodynamic targets.

The prevalence of radiologic pulmonary 
edema during peripheral VA ECMO is reported 
to be 18-32% in small cohorts of patients in 
cardiogenic shock,13,14 compared to up to 80% 
with moderate or severe pulmonary edema in 
postcardiotomy shock.15 Postmortem pulmonary 
histopathologic evaluation of patients who 
received ECMO for cardiac support revealed 
pulmonary hemorrhage (68%), thromboembolic 
disease (48%), hemorrhagic infarct (23%) and 
diffuse alveolar damage (20%).16

In addition to the hydrostatic alveolar-
capillary barrier damage directly attributable 
to heart failure, the lung injury related to VA 
ECMO is a dynamically changing, complex mix 
of hydrostatic pulmonary edema, pulmonary 
hemorrhage, inflammatory infiltration, and 
lung embolism and/or ischemia (Figure 28-2).17 
Indistinguishable from simple fluid overload 
on chest radiography, this heterogenous 
pattern of lung injury also contributes to 

altered regional distribution of energy 
imposed on the lung tissue during each 
mechanically ventilated breath, which is 
believed to contribute to VILI and hypoxemia 
from ventilation-perfusion mismatch.18 
Additionally, the decreased transpulmonary 
blood flow, increased physiologic dead space, 
decreased lung compliance, and increased 
work of breathing may result in hypercapnia, 
ventilator asynchrony,19,20 and increased oxygen 
consumption.21 

A well-grounded mechanical ventilation 
strategy, in concert with proper ECMO and critical 
care management, has important implications 
for recovery of this cardiopulmonary injury but 
there is a paucity of research in this area.22,23 
There are over 30 different commercially 
available ventilators with approximately 500 
names for 50 different modes24 of mechanical 
ventilation, hence we recommend a control 
mode selection most familiar to the local 
care team because no one mode has proven 
superiority during VA ECMO. Lung protective 
mechanical ventilation, ie, tidal volume 
3-6 ml/kg, plateau pressure <27 cmH2O,22,25 
low driving pressure <14 cmH2O,26,27 and 
moderate positive end-expiratory pressure 
(PEEP) (8-10 cmH2O), when no obstructive 
shock or severe right ventricular dysfunction 
is suspected,28-30 are generally acceptable 
initial settings. Additionally, a respiratory 
rate of 6-12/min with a minute ventilation 
proportional to transpulmonary blood flow, 
while monitoring for intrinsic PEEP and non-
injurious FiO2 settings, can be adopted from the 
ARDS literature.31,32 Most CO2 clearance should 
occur extracorporeally in order to minimize the 
risk of VILI.

Special attention should be directed 
to optimal PEEP selection considering the 
complex interaction between intrathoracic 
pressures,33 visceral and renal perfusion,34,35 
lung recruitment,36 transpulmonary blood flow, 
ventilation, and native cardiac output33,36,37 
(Figure 28-3). PEEP will affect biventricular 
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load with disproportionate effects on right 
ventricular function and transpulmonary blood 
flow.19,38,39 Critically low transpulmonary 
blood flow (<1 L/min), as indicated by arterial 
pulse pressure <15 mmHg or end-tidal CO2 
<14 mmHg2, should prompt adjustments in 
minute ventilation and PEEP to avoid blood 
flow stagnation and severe alkalosis of natively 
ejected blood. 

Generic targets for SaO2, PaO2,  PaCO2, 
and pH are challenging to recommend and 
can be difficult for clinicians to manage due 
to regional variations in oxygen delivery,40 
based on cannula configuration and competing 
native and  VA ECMO circulations.41,42 It 
is important to individualize these targets 
based on individual clinical settings. Factors 

determining patient PaO2 and PaCO2 include 
where the measurement is taken, native heart 
function, native lung function, transpulmonary 
blood flow, mechanical ventilator settings 
(mean airway pressure, FiO2 and minute 
ventilation), ECMO settings (blood flow 
rate, sweep gas flow rate, FSO2), cannula 
configuration9 and left ventricular venting 
strategy, where relevant. Despite the known 
potential adverse effects of tissue hyperoxia 
(PaO2 >100-300 mmHg) and hypocarbia 
(PaCO2 <30), these are common on VA 
ECMO23,43 and may have deleterious side effects, 
including poor neurologic outcomes.52,44-47 
Likewise, hypercarbia (PaCO2 >45) is well 
known to promote pulmonary vasoconstriction 
and thereby increasing pulmonary vascular 

Figure 28-2. Lung injury related to VA ECMO; reproduced with permission from Mayo Foundation 
for Education and Research.
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resistance and right ventricular afterload. Future 
practice may be informed by results of studies to 
evaluate the effect of conservative versus liberal 
oxygen strategy during VA ECMO (Blender- 
ClinicalTrials.gov Identifier: NCT038410840). 

Complications During Mechanical Ventilation

Mechanical ventilation management of 
differential hypoxemia is an important aspect 
of VA ECMO care. As myocardial recovery 
is dependent upon adequate myocardial 
oxygen delivery, appropriate oxygenation 
and ventilation of transpulmonary blood 
flow is crucial. Ventilator adjustments for 
differential hypoxemia include FiO2 and 
PEEP titration, potentially guided by an 

esophageal balloon for transpulmonary pressure 
measurements,48 and assessment of lung 
recruitability.49 Additional interventions which 
have been employed include neuromuscular 
blockage,50 optimal patient positioning, inhaled 
pulmonary vasodilators such as inhaled nitric 
oxide (iNO), inhaled prostacyclin/analogs (eg, 
epoprostenol, iloprost, treprostinil), inhaled 
phosphodiesterase III inhibitors (milrinone) 
or inhaled levosimendan,51 beta-blockers to 
decrease transpulmonary blood flow when 
intrapulmonary shunt is excessive, the addition 
of a venous return cannula for hybrid V-VA 
ECMO, conversion to central or axillary VA 
ECMO, or specific positioning of the drainage 
cannula in the superior caval vein.9 While some 
of these simpler interventions may be worth 

Figure 28-3. Pulmonary and cadiovascular effects subject to PEEP management; reproduced with 
permission from Mayo Foundation for Education and Research.



378

Chapter 28

attempting in selected patients, they are often 
ineffective or of marginal utility. Sustained, 
worsening differential hypoxemia should 
usually prompt cannula reconfiguration.

Optimal mechanical ventilator management 
is also relevant with respect to LV overdistention. 
When promoting LV ejection or initiating 
adjunct venting strategies, it is important to 
maintain proper oxygenation of the ejected 
blood using strategies outlined above on 
differential hypoxemia, with an emphasis on 
PEEP titration in concert with an adequate FiO2.

 Ventilator associated pneumonia occurs 
frequently on VA ECMO and can be challenging 
to diagnose.52 Potentially effective strategies 
to decrease this include reducing duration 
of mechanical ventilation, avoiding over-
sedation and prolonged paralytics, maintaining 
oral hygiene (see ENT section), and semi 
recumbent body position (head of bed 30-45 
degrees). Bronchoscopy may be necessary to 
establish the diagnosis of pneumonia, assess 
radiographic abnormalities and clear secretions, 
and can be safely performed on VA ECMO.53 
Chest physical therapy and mobilization are 
also effective techniques at clearing retained 
secretions54 and reserving tracheal suctioning 
when indicated to <15 sec may decrease 
mucosal trauma and associated tracheitis.55,56

Ventilator asynchrony and weaning from 
mechanical ventilation generally increase work 
of breathing and oxygen consumption,57,58 
thus tolerance is dependent upon recovery 
of underlying cardiopulmonary function and 
hemodynamic stability. While supported on 
ECMO, the excessive efforts of spontaneous 
breathing may be better tolerated,59 but the 
threats of lung and diaphragm injury by patient 
induced self-inflicted lung injury (P-SILI) as 
well as ventilator induced diaphragm injury 
(VIDI) require careful monitoring.60,61 

In summary, mechanical ventilation 
management on VA ECMO requires an 
awareness of the complex interaction between 
ECMO-associated changes in lung condition, 

pulmonary blood flow, and the cardiopulmonary 
effects of mechanical ventilation. Early 
management of congestive pulmonary edema, 
pulmonary hemorrhage, ventilator associated 
pneumonia and minimizing transfusions while 
optimizing gas exchange using lung protective 
mechanical ventilation are reasonable strategies 
while comprehensively monitoring and awaiting 
cardiac recovery on VA ECMO.

Analgo-sedation, Neurologic Monitoring, 
Physical Therapy and Mobility

Optimal sedation management in patients 
on ECLS is complex because of specific ECLS-
related, pharmacokinetic, and pharmacodynamic 
considerations.62 In general, analgo-sedative 
drugs must be administered in a very targeted 
manner to allow rapid discontinuation of 
sedation and promote rehabilitation, while 
maximizing patient comfort and minimizing 
the risk of delirium. However, ECLS can 
significantly alter both the pharmacokinetics and 
pharmacodynamics of commonly administered 
drugs. For example, fentanyl, midazolam, 
propofol, and dexmedetomidine may require 
high dosages to achieve desired therapeutic 
effects (Chapter 49). 82,63

The so called awake VA ECMO approach 
is a very demanding strategy for the medical 
and nursing team because it requires increased 
monitoring during patient mobilization to 
ensure safety and proper fixation of the devices, 
but has proven feasible and safe in otherwise 
stable patients (Chapter 47).64,74,153 Awake 
ECMO has been successfully established 
in well-selected patients as a bridge to 
lung transplant65 (Chapter 40) but its use in 
cardiogenic shock has also been reported.66,67 
It can allow patients to actively perform 
physical therapy, express themselves freely, 
and facilitates easier neurological assessment. 
In addition, mobilizing and maintaining 
spontaneous breathing can prevent diaphragm 
dysfunction, pneumonia, and other negative 
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sequelae of controlled mechanical ventilation 
and immobilization.68,153 

Although standardized neuromonitoring 
on ECLS may improve outcomes,69 there 
is no widely accepted standard. Cranial 
computed tomography (CT), NIRS, brain 
ultrasound and transcranial doppler (TCD), 
electroencephalogram (EEG) and serum 
biomarkers can help to reveal brain injury. Some 
centers perform cranial CT before initiating 
ECLS, but, in general, its use is limited to a 
clinical indication and requires intrahospital 
transport of a patient on ECLS, with all inherent 
risks and challenges. Newer, portable CT 
scanners may make this easier in the future.

NIRS is widely used as a monitoring system 
for early detection of cerebral hypoxemia, eg, as 
a result of differential hypoxemia.70 The absolute 
regional brain oxygen saturation (rScO2) value 
varies significantly between individuals and 
has not sufficiently been validated; however, a 
drop of >25% from baseline may be sensitive 
to reflect acute brain injury, which emphasizes 
the importance to monitor trends.71

Transcranial Doppler (TCD) can detect 
microemboli.72 However, its interpretation 
can be difficult because the specificity of 
TCD tracings for different types of circulatory 
assistance (ECMO, Impella, etc.) need to be 
considered.73

EEG, continuously or upon clinical 
indication, can be used for the detection 
of seizures but also as a diagnostic and 
prognostic tool in the setting of post cardiac 
arrest care and to detect cerebral ischemia.74,75 
Neuromonitoring of the critically ill remains 
an important, challenging field which is rapidly 
evolving.76

Eyes, Ears, Nose and Throat Care

Care for the eyes, ears, nose, and 
throat requires diligent attention to prevent 
complications, maintain comfort, and promote 
functional recovery. In ECLS patients, orogastric 

tube insertion may be preferred over NGT 
when possible due to the high incidence of 
epistaxis.77,78 Conservative bedside management 
with external nasal pinching or nasal packing 
typically suffices to control bleeding but 
otolaryngology consultation and surgical 
packing using temporary hemostatic gauze may 
be necessary in more severe situations.79,80,81

Although no consensus exists on optimal 
oral healthcare in the critically ill and the use 
of chlorhexidine is falling out of favor, it seems 
pragmatic that comprehensive oral hygiene 
be performed routinely and gently to avoid 
gingival trauma and bleeding.82,83

Nutrition and Gastrointestinal Dysmotility

Enteral nutrition (EN) confers a survival 
benefit in critically ill patients and is an accepted 
standard of care when patients are unable to 
meet their nutritional needs after seven days.84

EN is frequently withheld in patients 
receiving VA ECMO based on safety concerns, 
such as EN intolerance or acute mesenteric 
ischemia. Both may not be directly related to 
EN but are rather a reflection of the severity of 
the underlying disease.85 Nonetheless, mounting 
evidence has demonstrated the safety of early 
EN in patients undergoing VA ECMO. Recent 
data even point to a reduced risk of mesenteric 
ischemia and survival benefits with early 
initiation of EN in these patients.86,87 Prokinetic 
agents, eg, metoclopramide or erythromycin, 
can be helpful to overcome EN intolerance but 
care has to be taken because of their effects on 
the QT interval.88

Patients typically exhibit a significant 
catabolic stress response, thus determination of 
energy requirements usually follow established 
recommendations with 20–25 kcal/kg/d for 
caloric intake and 1.5 g/kg/d for protein.89 
Vitamin and micronutrients monitoring may be 
of value during prolonged ECMO runs.90
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Renal Management

Acute kidney injury (AKI) occurs in an 
estimated 47-56% of patients supported by 
VA ECMO and has an associated mortality 
of 33%.91 ELSO Registry data demonstrated 
a 3% prevalence of chronic kidney disease 
(CKD)91  and a 14% prevalence of preexisting 
AKI (defined as a serum creatinine >1.5 mg/dL 
(>132 umol/L) with or without renal replacement 
therapy).92 While the exact mechanism of VA 
ECMO-associated AKI is not well understood, 
factors including systemic hypoperfusion as 
a result of the shock state requiring ECLS 
and premorbid kidney disease are major 
contributors. VA ECMO-related renal injury 
may occasionally be the result of hemolysis 
byproducts, hemoglobinuria, microemboli, and 
inflammatory effects of blood exposure to the 
circuit and membrane.93-97 

Defining and monitoring the degree of 
AKI during VA ECMO can be done using 
RIFLE,98 AKIN,99 or KDIGO96 criteria, which 
largely utilize urine output and serum creatinine 
change over time. All of these demonstrate that 
a worse outcome is associated with worsening 
AKI. Treatment and prevention of AKI 
requires avoiding renal congestion, optimizing 
renal perfusion pressure and optimizing 
oxygen delivery by maintaining an adequate 
hemoglobin, oxygen saturation and renal blood 
flow. Optimizing the patient’s fluid status 
remains challenging even with the use of serial 
echocardiograms and ultrasound assessments 
of the inferior vena cava (IVC). Ultrasound 
assessment of volume responsiveness to 
improve perfusion can overcome the challenges 
of using the traditionally unreliable central 
venous pressure (CVP).100,101 Empiric fluid 
challenges may be expeditious and pragmatic 
but detrimental, as increasing evidence 
underscores that excessive fluid is harmful.3,101 
In situations of IVC congestion, the use of 
diuretics may be helpful.102 Local blood 
flow and renal perfusion may be affected by 

cannula positioning and point of care Doppler 
ultrasound can be used to monitor changes.103 
Using the lowest possible VA ECMO flow 
and pump speed with appropriately sized and 
positioned cannulas to maintain adequate end 
organ oxygen delivery, as indicated by central 
venous oxygen saturation, lactate clearance, 
and an adequate urine output, minimizes the 
detrimental effects of VA ECMO-associated 
hemolysis and blood shear stress.96,104,105 

CKD pat ients  may need a  higher 
MAP (70-85 mmHg) to ensure adequate renal 
perfusion.106 Nephrotoxic medications should 
be avoided if possible and dose adjustments 
should be undertaken. 

Hematological and Coagulation Management 

VA ECMO protocols routinely include the 
use of therapeutic systemic anticoagulation, 
with the primary goal of minimizing circuit 
thrombosis and avoiding thromboembolic 
complications. Unfractionated heparin (UFH) 
is widely used due to its ease of titration, 
monitoring, and rapid reversal with protamine. 
When heparin-induced thrombocytopenia 
(HIT) or heparin resistance develops, a direct 
thrombin inhibitor (DTI) such as bivalirudin or 
argatroban may be used.77 Although evidence is 
growing in support of primary use of DTIs, large 
clinical trials are still necessary.107-109

The optimal anticoagulation strategy for VA 
ECMO has not been established110 and ideally 
requires the integration of multiple laboratory 
measures of hemostasis (Table 28-2) with the 
clinical hemostatic state of the patient.107 

Hemorrhage

The cumulative incidence of any bleeding in 
VA ECMO patients in the ELSO Registry was 
33%, with a significant impact on outcome.111 
Major bleeding is a less common but serious 
complication and may occur at various sites 
that require specific actions.112,113
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Table 28-2. Coagulation Test and Lab 
Monitoring Frequency, adapted from 
McMichael112

 

 

 

 

 

 

 

 

LABORATORY TEST FREQUENCY COMMENTS 
ACT Q1H-Q2H q1 hr until heparin 

dose unchanged for 6 
hours, then q2 hr  

aPTT Q6H-Q12H  
Anti-factor Xa Assay Q6H-Q12H or 4 hours after each 

heparin change  
Platelets Q6H-Q12H  
INR Q12H-Q24H  
Fibrinogen Q12H-Q24H  
CBC Q12H-Q24H  
Antithrombin level Daily-PRN  
Plasma free hemoglobin Daily  
Thromboelastometry Daily- PRN 

bleeding or 
thrombotic 
complications 

 

ACT=activated clotting time; aPTT=activated partial thromboplastin time; 
CBC=complete blood count; INR=international normalized ratio 

Management of bleeding involves rapid 
diagnosis and control at the site of bleeding 
in parallel with estimating the degree of 
hemorrhage, rate of loss, and control of 
anticoagulation intensity. Major bleeding with 
hemodynamic compromise should prompt 
urgent volume resuscitation including packed 
red blood cells, fresh frozen plasma and platelets 
as necessary, corrective surgery where indicated, 
discontinuation of systemic anticoagulation 
infusion, consideration of reversal agents, and 
tranexamic acid. In the more extreme cases, 
activated factor VII, prothrombin complex 
concentrate, and mechanical compression 
packing may be necessary.114,115

Determining the presence of any associated 
clotting defect is a cornerstone of medical 

bleeding management for which laboratory 
testing and thromboelastography may guide 
therapy116 (Table 28-2).

The decision to continue transfusion of 
red blood cells should be based on active 
clinical bleeding and/or evidence of decreased 
systemic or regional oxygen delivery, rather 
than a fixed hemoglobin level. However, 
insufficient evidence is available to define a 
safe lower threshold in VA ECMO.117 The target 
platelet count should be increased to 50,000-
100,000/mm3 and fibrinogen concentrations 
should be maintained >1.5 g/L (150 mg/dL) 
(Table 28-3).107

Management of the patient’s hematological 
system during VA ECMO can be complicated. 
Low levels of factor XIII 118 and acquired 
von Willebrand syndrome119 are common. 
Some centers have a dedicated team to 
oversee anticoagulation and blood product 
management.120

Thrombosis

A 15.6% incidence of circuit thrombosis 
on VA ECMO has been described, 8.2% of 
which were oxygenator thrombosis.121 Small 
fibrin deposits (white) and clot (dark) formation 
on the pre-oxygenator side of the circuit are 
common and pose little risk to the patient 
because embolized material will be captured 

 GOAL PRODUCT TO TRANSFUSE 
Platelets >50,000-100,000 x 109/L (bleeding patient) 

>20,000-50,000 x 109/L (non-bleeding 
patient) 

Platelets 10ml/kg (max 2 units) 

INR <1.5 (bleeding patient) 
<3 (non-bleeding patient) 

Fresh frozen plasma 10ml/kg 
(max 2 units) 

Fibrinogen >1.5 g/L (bleeding patient or before surgical 
intervention) 
>1 g/L (non-bleeding) 

Cryoprecipitate 1 Unit/5kg (max 
6 units) 

Hemoglobin >70-90 g/L (consider higher goal for 
unstable patient, lower goal for stable 
patient) 

Packed RBC 10ml/kg (max 2 
units) 

RBCs=red blood cells; INR=international normalized ratio; UFH=unfractionated heparin 
 

 

Table 28-3. Transfusion Thresholds and Targets, adapted from McMichael112
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by the oxygenator. Clinical practice guidelines 
recommend regular monitoring of the circuit and 
oxygenator with a flashlight and measurement 
of pre- and post-oxygenator pressures and blood 
gases. Declines in oxygenator efficiency and 
worsening trans-oxygenator pressure gradients 
may necessitate oxygenator exchange.122

Thrombotic complications may also 
induce a consumptive coagulopathy based 
on a complex interplay of a multitude of pro- 
and anticoagulant factors. Consequently, an 
increased thrombotic and bleeding risk may 
arise. In order to control this balance between 
thrombotic and hemorrhagic diathesis, the 
degree of such a consumptive coagulopathy 
should carefully be monitored by checking 
D-dimer, markers of hemolysis (plasma free 
hemoglobin, LDH), decreasing fibrinogen and 
platelet count, and/or changes in viscoelastic 
testing. Significant consumptive coagulopathy 
may arise rapidly after initiation of ECLS 
despite therapeutic levels of anticoagulation 
and should prompt evaluation for ECMO 
component or circuit exchange.123

Nosocomial Infection 

Nosocomial infection is one of the most 
frequent complications during ECLS, with 
reported rates between 9-65% and associated 
with increased mortality, duration of ECMO 
support, mechanical ventilation, and ICU and 
hospital lengths of stay.124,125 Risk factors for 
developing infections during VA ECMO are 
highlighted in Chapter 6.124 The most common 
infections are lower respiratory tract infections, 
bloodstream infections (BSI), and surgical site 
infections.126,127

It can be difficult for clinicians to differentiate 
infection from systemic inflammatory 
syndromes in patients on ECLS.128 Moreover, 
fever as a clinical sign will be absent because 
the blood temperature is regulated by an 
efficient extracorporeal heater/cooler system. At 
present, traditional microbiological approaches 

alongside innovative molecular techniques may 
facilitate rapid identification of the etiological 
agent of BSIs.129,130 

The most frequent infective agents during 
ECLS are coagulase-negative staphylococcus 
(CoNS), Candida species (spp.), Pseudomonas 
aeruginosa, Enterobacterales, Staphylococcus 
aureus, and Enterococcus spp.131 When 
infection is clinically suspected during ECLS, 
empiric broad-spectrum antibiotic therapy 
is administered immediately after collecting 
samples for microbiology.132

Prevention of infections in the critically 
ill should follow locally supported bundled 
interventions for central line associated 
bloodstream infection, catheter associated 
urinary tract infection, ventilator associated 
pneumonia and surgical site infections.133 There 
is no current data to support the use of routine 
antibiotic prophylaxis in ECLS patients.127,134,135 
Therapeutic drug monitoring is discussed in 
Chapter 49.

Skin and Cannula Site Management

Cardiogenic shock is associated with 
cutaneous hypoperfusion, increasing the 
incidence of deep cutaneous ulcers and 
associated tissue injury.136,137 Hemodynamic 
instability may lead to apprehension in turning 
patients, increasing the risk of hospital-acquired 
pressure ulcers. Special attention should be 
given to patients at high risk (Braden Scale 
score <15).138 Impaired tissue perfusion 
and skin dysfunction may contribute to the 
18% incidence of percutaneous cannulation 
site infection.139 Prevention strategies are 
therefore important and include a bundled 
cannula insertion plan with full sterile barrier 
precautions and dressings method. This can be 
augmented by daily chlorhexidine baths for skin 
decontamination and at least a daily change of 
dressings depending on the amount of serous 
or serosanguineous discharge at the cannula 
insertion site. Transparent semipermeable 
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dressings which permit visual inspection 
of the insertion site for bleeding, erythema, 
purulence, securement, and migration are used 
in a majority of ECLS centers and also allow to 
check and document a stable cannula position 
and recognize possible gradual migration 
over time.140 Theoretically, chlorhexidine-
impregnated dressings could help to further 
reduce the risk of infection although there is 
currently insufficient evidence for routine use in 
ECLS patients. To prevent pressure ulcers and 
injury at the cannula insertion site, hydrocolloid 
or foam pads can be placed beneath the cannula. 
Hydrocolloid pads equipped with a cannula 
attachment device have the advantage of adding 
fixation points to secure the cannula position 
without the risks of skin lesions.

T h e  p o t e n t i a l l y  l i f e - t h r e a t e n i n g 
consequences of limb ischemia make monitoring 
of distal limb perfusion during VA ECMO 
of utmost importance. Although there is no 
standardized approach to monitoring, current 
practices focus on dedicated clinical observation 
including monitoring of clinical findings 
(decreasing skin temperature, discoloration of 
the skin and increasing stiffness of the ankle 
joint, increasing calf stiffness and circumference, 
rising creatine kinase), in conjunction with tissue 
oxygenation as monitored by NIRS,141,142 and 
Doppler ultrasonography. If clinical observation 
and/or NIRS suggest limb ischemia, more 
invasive diagnostic measures, eg, angiography, 
and expert consultation will become necessary 
(Chapter 4).141 If ischemia is irreversible, limb 
amputation must be considered early to avoid 
additional life-threatening complications from 
release of toxic metabolites or development of 
gangrene.

Special Considerations for Acute Coronary 
Ischemia Post Percutaneous Coronary 
Intervention (PCI) ECLS

Management of VA ECMO support initiated 
directly before or after percutaneous coronary 

intervention (PCI) requires special attention 
to antithrombotic or anticoagulation strategy, 
myocardial protection, and hemodynamic 
monitoring.

Antithrombotic and anticoagulation therapy 
are an essential part of post-PCI and VA 
ECMO care to prevent potentially deleterious 
thromboembolic events, eg, in-stent thrombosis, 
membrane thrombosis, left ventricular and 
aortic root thrombus formation. Hemorrhagic 
complications are a major concern, especially 
with triple therapy, ie. dual antiplatelet therapy 
(DAPT) and systemic anticoagulation on VA 
ECMO.143,144 

Although data is limited, it is reasonable 
for acute coronary syndrome (ACS) patients 
post-PCI on VA ECMO support without active 
bleeding to receive systemic anticoagulation 
with heparin or bivalirudin, and antithrombotic 
therapy with aspirin and a P2Y12 receptor 
inhibitor such as cangrelor (considering its 
parenteral route and rapid onset), which can be 
switched to clopidogrel once enteral absorption 
is assured.144-146 

ACS patients demand careful monitoring for 
myocardial ischemia while on VA ECMO. Serial 
or continuous multilead electrocardiography and 
the regular assessment of biomarkers reflecting 
the success of coronary revascularization and 
or relapsing myocardial ischemia are pivotal 
elements of bedside monitoring. Clinical 
signs of gradual or progressive hemodynamic 
deterioration such as a disproportionate need 
for fluid resuscitation, significant increase of 
vasopressive or inotropic support, a higher 
degree of VA ECMO blood flow, or a decrease of 
arterial pulsatility should always prompt urgent 
diagnostics. Although the differential diagnosis 
is inherently broad, consideration should 
be given to extensive myocardial ischemia, 
late complications of an acute or subacute 
myocardial infarction (eg, interventricular 
septal or papillary muscle rupture), cardiac 
tamponade, and complications related to 
cardiac catheterization such as retroperitoneal 
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hematoma. Here, echocardiography and point 
of care ultrasound play important roles for 
early diagnostics (Chapter 48).7 Pulmonary 
artery catheters may be useful, but specifically 
in inferior and inferoposterior myocardial 
infarction, right ventricular involvement should 
be excluded because manipulation of a catheter 
within an ischemic right ventricular cavity may 
promote troublesome ventricular arrhythmias 
and increase the risk of perforation.

Unresolved issues in the care of these 
patients include the optimal anticoagulation 
and antithrombotic strategies, hemoglobin 
transfusion targets,147 and the role of IABP 
or transaortic microaxial pumps to optimize 
coronary artery flow and reduce subendocardial 
ischemia.11,148,149

Special Considerations for Postcardiotomy 
ECLS

Postcardiotomy VA ECMO is being 
increasingly used with a prevalence reported 
between 0.4% and 3.7%.150 The most common 
indication for postcardiotomy  ECLS imple-
mentation is intraoperative failure to wean 
from cardiopulmonary bypass. It may also be 
implemented for delayed refractory cardiogenic 
shock or postoperative cardiac arrest in the 
ICU.151 Postcardiotomy VA ECMO can be 
considered as a standard-of-care in postcardiac 
transplant graft dysfunction (Chapter 41).

Possible predictors of the need for 
temporary postcardiotomy ECLS include old 
age, renal failure, prior myocardial infarction, 
left main coronary artery disease, left ventricular 
dysfunction, and redo cardiac surgery.152,153 
In the absence of early cardiac recovery 
(48-72 hours), LVAD or cardiac transplantation 
may be pursued for appropriate candidates.154 
Determining that a patient has reached a 
therapeutic ceiling with irrefutable evidence 
of medical futility should be considered in a 
timely manner and be based on clear criteria that 
demonstrate a lack of recovery, noncandidacy 

for durable mechanical circulatory support, 
or progression to an unsurvivable condition. 
Currently, the following factors negatively 
influence survival after postcardiotomy ECLS: 
lactate levels immediately prior to ECLS, as 
well as its highest level 12-48 hours post-ECLS 
initiation; renal, liver or respiratory failure; and 
the duration of ECLS support.151

Peripheral cannulation may be preferred to 
reduce the risks of infection and bleeding.127,155,156 
Published experience demonstrates a weaning 
rate of around 50%. Survival to hospital 
discharge is far less common (<40%), although 
the majority who survive to discharge are 
still alive at 1-year followup. The survival of 
patients who received postcardiotomy ECLS for 
postcardiac transplant graft dysfunction is better 
because post-graft dysfunction is frequently 
reversible.157

Special Considerations for Acute Massive 
Pulmonary Embolus

Massive acute pulmonary embolism 
(MAPE), defined as pulmonary embolism (PE) 
with cardiogenic shock refractory to supportive 
measures, is associated with high mortality rates 
of up to 50%.158 If MAPE decompensates to 
cardiac arrest, mortality is >80%.159

VA ECMO is a reliable, fast way to reduce 
right ventricle (RV) overload and restore 
tissue perfusion and oxygenation, while 
awaiting resolution of the pulmonary vascular 
thrombus load by initiation of systemic 
thrombolysis, catheter based therapy, and/or 
surgical embolectomy.160,161 In MAPE patients 
supported with VA ECMO, higher survival was 
associated with those aged <61 years old and 
those treated with surgical embolectomy.162

Although poorer outcomes result when 
ECLS was instituted during cardiopulmonary 
arrest and worsened further if initiated greater 
than 30 min from the time of arrest, short-
term survival rates of 34% is a significant 
improvement from thrombolysis alone.162,163
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Frequently, patients with MAPE are 
placed on ECLS as a salvage intervention. 
However, a protocolized strategy involving 
early institution of VA ECMO appears to be 
an effective method to optimize outcomes in 
patients with MAPE, thereby serving as a bridge 
to recovery or facilitating the implementation 
of other advanced interventions.164 Current data 
show that ECLS with anticoagulation alone 
can eventually lead to sufficient RV recovery 
to allow decannulation.165 However, RV strain 
markedly improves in 24 to 48 hours with 
percutaneous interventions, faster than with 
anticoagulation alone.166,167 Major bleeding 
post thrombolysis for PE is 9% and intracranial 
bleeding 1.5%,168 which increases in the setting of 
VA ECMO with percutaneous catheter-directed 
therapy or surgical thrombectomy. Therapeutic 
strategies should be individualized.162,169 
Major bleeding within 24 hours of systemic 
thrombolytic administration can be treated with 
cryoprecipitate and tranexamic acid.

Given the heterogeneity in regard to 
management of PE, an increasing number of 
institutions are establishing multidisciplinary 
pulmonary embolism response teams (PERTs) 
in an effort to providing optimal acute and long-
term care.161
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Weaning and Decannulation in Adult Cardiac Failure

Vinodh Bhagyalakshmi Nanjayya, Jae Seung Jung, Guillaume Lebreton, Kiran Shekar

Introduction 

VA ECMO is used as a bridge to recovery, 
surgery, durable mechanical circulatory support 
(MCS), heart transplantation (HTx), or decision 
in selected patients with cardiogenic shock 
(CS) or refractory cardiac arrest (CA). Timely 
weaning assessment is critical to the success 
of VA ECMO. Premature weaning without 
allowing time for cardiac and end-organ 
function recovery may lead to worsening 
organ dysfunction and death. Delayed weaning 
prolongs the support duration and exposes 
patients to the risk of complications and 
mortality.1 Once the patients pass the weaning 
assessment, decannulation occurs to liberate 
patients from VA ECMO. 

Pathophysiology of Weaning VA ECMO 

Bypassing of blood from the right atrium 
(RA) leads to reduced right ventricular (RV) 
preload, RV ejection fraction (EF), RV cardiac 
output (CO), and left ventricular (LV) preload. 
Simultaneously, returning blood into the arterial 
system increases LV afterload, which leads to 
a reduction in LV stroke volume, increased 
myocardial oxygen demand, and increased 
LV filling pressure.2 Decreases in preload and 
increases in afterload reduce LVEF and CO. 
In patients with severe LV dysfunction, the 

increased afterload may lead to LV distension 
causing myocardial edema, worsening LV 
dysfunction, and delaying ventricular recovery. 
Therefore, it is important to reduce VA ECMO 
blood flow and assess the impact of increasing 
RV and LV preload and reducing LV afterload 
on hemodynamics and cardiac contractility. 
When the cardiac function has sufficiently 
recovered to meet physiologic requirements at 
an acceptable level of pharmacological support, 
the patient can be liberated from ECLS. 

Tools to Assess Cardiac Recovery 

A combination of parameters is used. The 
clinical parameters include evaluation of 
peripheral perfusion, CVP, MAP, pulsatility, 
pulse pressure (PP), and extent of vasoactive 
support. Invasive hemodynamic monitoring 
devices such as pulmonary artery (PA) 
catheters can provide additional parameters, 
eg, PA systolic and diastolic pressures, mean 
PA pressure, PA pulsatility, pulmonary capillary 
wedge pressure, and CO. However, due to 
suction pressure in the RA by the access 
cannula, these parameters need to be carefully 
interpreted. 

Echocardiography is a valuable, noninvasive, 
bedside evaluation tool to assess cardiac 
recovery.3,4 It provides information about 
ventricular size and function, CO, valvular 
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function, and pericardial effusion. It can also 
provide estimates of PA pressure and LAP. 
Generally, transthoracic echocardiography 
(TTE) is used as first-line, and transesophageal 
echocardiography (TEE) as second-line 
modality because TEE is more invasive. Only 
when the transthoracic acoustic windows are 
inadequate should TEE be used. 

Biomarkers such as lactate can help 
assess organ function and cardiac recovery 
time.5-7 Microcirculation monitoring using 
incident dark-field imaging of sublingual 
microcirculation has also been attempted.8 

Prerequisites for VA ECMO Weaning 

Allowing sufficient duration for stabilization 
of end-organ function and resolution of the 
etiology of CS in important before a weaning 
trial (Table 29-1). Generally, weaning trials 

are performed 48-72 hours after initiation.7,9-13 
The duration might be less than 48 hours in 
specific etiologies such as drug toxicity and 
ECPR. Patients in a stable rhythm with MAP 
>60-65 mmHg on low dose vasoactive agents 
with good and consistent pulsatility on the 
arterial line trace have stable hemodynamic 
parameters for weaning. In patients with LV 
distension, weaning trials should be considered 
only after LV unloading. If the patient is 
intubated, the patient should be well oxygenated 
on safe mechanical ventilation settings with 
FiO2 <0.6. In some centers, FsO2 is also set to 
0.5 during the weaning trial. A clear chest x-ray 
generally indicates resolution of any pulmonary 
edema and no focus of early sepsis. Generally, 
metabolic parameters such as lactate should 
be normalized before the weaning study. If 
there is evidence of significant hypovolemia 
on echocardiography, patients may need a fluid 

 

PRECONDITIONS 
1. Cardiac pathology consistent with weaning* 
2. Appropriate time frame for recovery from the etiology  

• Depends on the etiology of CS/CA 
• Shorter in patients with drug toxicity, ECPR 
• Longer in patients with AMI with myocardial stunning 

3. Stable hemodynamics on no or low dose vaso-active agents** 
• Stable rhythm (If in AF, rate well controlled) 
• Good and consistent pulsatility on arterial line trace 
• MAP > 60 mmHg 
• Appropriate LV venting, in case of LV distension 

4. Stable or recovering organ function 
• Lung function 

 Good oxygenation on safe lung ventilation with FiO2 < 0.6 
 Clear chest X-ray 

• Liver function recovered 
• Normal lactate level  
• Renal function stable with or without continuous renal replacement therapy 
• Optimal fluid balance 

5. Multidisciplinary team consensus on prognosis 
CS=Cardiogenic shock, CA=cardiac arrest, ECPR=ECMO assisted cardiopulmonary resuscitation, 
AMI=Acute myocardial infarction, AF=Atrial fibrillation, MAP=Mean Arterial Pressure, LV=Left ventricle, 
FiO2=Fraction of inspired oxygen. 
*Examples include myocarditis, primary graft dysfunction post-orthotopic heart transplantation, pulmonary 
embolism, acute myocardial infarction, arrhythmia induced cardiomyopathy, post cardiotomy, drug toxicity, 
ECPR. 
**Epinephrine <0.05 μg/kg/min, Dobutamine <5 μg/kg/min, Milrinone <0.375 μg/kg/min, Norepinephrine 
<0.05 μg/min, or Vasopressin <0.02 U/min. Vasoactive inotropic score (VIS) <10 can also be used as low 
dose support [VIS= Dopamine dose (μg/kg/min)+Dobutamine dose (μg/kg/min)+100 x epinephrine dose 
(μg/kg/min) +100 X norepinephrine dose (μg/kg/min)+ 10,000 x vasopressin dose (U/kg/min)+ 10 x 
milrinone dose (μg/kg/min)] 

 

Table 29-1. Preconditions for weaning from VA ECMO.
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bolus to optimise ventricular preload before 
weaning assessment.

In some situations, weaning assessment 
may need to be initiated earlier. For example, in 
patients with irreversible severe LV dysfunction 
who are ineligible for HTx or durable MCS, 
clinicians may proceed with a one-way wean 
after optimizing as many potentially reversible 
conditions as possible. Also, in patients with 
multiple ECMO-related complications, weaning 
may need to be attempted earlier. 

Weaning Techniques

All the VA ECMO weaning techniques 
are based on strategies to reduce ECMO flow 
to improve ventricular preload and reduce LV 
afterload to assess cardiac recovery. However, 
flow reduction increases circuit thrombosis risk. 
Hence, adequate anticoagulation is essential. 
Several weaning protocols are described.14-18 
They are:

 
1. Reduction of blood flow and assessment 

of cardiac recovery using clinical and 
echocardiography parameters.5,7-13,19-24

2. Addition of an arteriovenous (AV) bridge 
in the circuit.25

3. Pump-controlled retrograde trial off 
(PCRTO).26,27

1) Reduction of ECMO Blood Flow and 
Cardiac Assessment

In this method, circuit flow is reduced 
stepwise with cardiac assessment at each stage. 
The flow decrement can be done in 0.5-1 L/min 
intervals or as a percentage of ECMO blood 
flow at baseline (eg, 66% and 33%).7,10,13,19 
This can be done over 10-15 minutes at each 
step or gradually over several hours.9,12,20,28 
The principle is to allow sufficient time for 
cardiorespiratory adaptations and assessment 
at each step. If using echocardiography, 10-15 
minutes is adequate to demonstrate LV and 

RV changes. In the final stage, the flow is 
reduced to the minimum possible rate and 
cardiorespiratory assessment is made. If the 
patient meets the criteria for weaning at low 
flow (eg, 0.5-1 L/min), then the process of 
decannulation can begin. 

Clinical parameters of hemodynamic 
stabili ty include pulsatil i ty and MAP 
≥60 mmHg on low vasoactive agent support. 
On echocardiography, the general LV function 
parameters which are shown to be associated 
with successful weaning are LVEF >20-25%, 
LV outflow tract velocity time integral 
(LVOT VTI) ≥10 cm using pulsed wave Doppler, 
and lateral mitral annulus peak systolic velocity 
(TDSa) ≥6 cm/s.10,28 The main RV parameters 
associated with successful weaning are RVEF 
>25% estimated using 3D echocardiography,22 
absence of significant RV dilatation with 
concurrent reduction in LV size,29 and absence 
of severe tricuspid regurgitation.20 In a weaning 
protocol that used a unique system called 
hemodynamic TEE (hTEE), lack of LV or RV 
distension at the end of the weaning protocol was 
associated with successful weaning.19 Recently, 
lateral tricuspid annulus systolic peak velocity 
(RV S’)/RV systolic pressure >0.33 measured 
at a median VA ECMO flow of 3.2 L/min has 
been described to be a better predictor than the 
traditional echocardiography parameters in 
a single-center study.30 Any change in lateral 
mitral annulus early diastolic peak myocardial 
velocity (lateral e’ velocity) and >10% change 
in the RV S’ when the ECMO flow is reduced 
to 30-50% of baseline for 15 minutes has also 
been proposed as more sensitive than LVEF, 
LVOT VTI and TDSa for predicting successful 
weaning.11 However, most of these tests require 
further validation. 

The main advantage of this technique is that 
it is easy to do at the bedside without any circuit 
manipulation. The main caveat is that evidence 
for this technique is mostly from retrospective 
single-center studies with small sample 
sizes. There was significant heterogeneity in 
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the diagnostic groups with a substantial risk 
of selection bias. For example, not all the 
patients who met the weaning criteria were 
weaned in the prospective studies.10 Therefore, 
prospectively validation of these parameters is 
needed. The other caveat is that full RV loading 
is not achieved for accurate RV assessment. 
In addition, echocardiography parameters 
are based on Doppler techniques and care is 
needed with Doppler alignment and range 
gate placement during image acquisition. In 
pathologies sparing or involving only the basal 
anterolateral wall segments, TDSa will not be a 
good predictor of weaning. The weaning studies 
using this technique require a significant time 
commitment from echocardiography personnel. 
If TTE is inadequate, TEE is needed, which may 
not be readily accessible in all ECMO centers. 

2) Use of AV Bridge in the Circuit

This technique, used in pediatric ECMO 
weaning, has been recently described in adult 
VA ECMO weaning.25,31,32 An AV bridge is 
created by adding a length of tubing connecting 
three-way taps between the arterial and venous 
limbs of the circuit. Patient blood flow is then 
reduced gradually over an extended period. 
This is usually accomplished using a releasable 
clamp (eg, Hoffman clamp) on the bridge or 
return tubing after the y-connector towards 
the arterial cannula. If hemodynamics remain 
stable when there is low flow in the circuit, both 
the access and return cannulae are isolated by 
turning the three-way taps off to the cannulae. 
Heparin flush lines are added to both access and 
return cannulae or the cannulae are manually 
flushed using heparinized saline intermittently 
to prevent thrombus formation. As the blood is 
diverted through the bridge, the circuit flow is 
kept high to avoid clot formation in the circuit. 
Full RV loading can be achieved using this 
method, and both LV and RV assessment can be 
done independently of the ECMO circuit. Also, 
in patients with hypoxia, this can help determine 

whether the patient needs to be reconfigured 
from VA to VV ECMO. If the hemodynamics 
remain stable and echocardiography shows 
adequate contractility and CO with low 
vasoactive agent support, decannulation may 
proceed. 

The main advantage of this technique is 
that patients can be kept off the ECMO circuit 
to assess LV and RV accurately. The main risk 
is the risk of air entrainment during circuit 
manipulation. Also, adequate anticoagulation is 
still needed because thrombus can still form in 
areas in the bridge close to the three-way taps. 
The blood flow through the bridge needs to be 
monitored to prevent thrombus formation in the 
bridge. The evidence for this strategy is again 
based on small, single-center studies. 

3) PCRTO Technique

This technique was first demonstrated in 
neonatal and pediatric ECMO weaning.32,33 

Once the patient is ready for weaning, the RPM 
is gradually reduced. If the hemodynamics 
remain stable, the blood is allowed to flow 
retrograde to the circuit flow by decreasing the 
pump speed to <1000 RPM to achieve around 
0.5-1.0 L/min flow to create a left to right 
shunt.26,27 Slow titration of the RPM is done to 
avoid an abrupt drop in LV afterload due to flow 
reversal with concomitant vasopressor support 
requirement. During PCRTO, the oxygen to the 
circuit is removed. This helps in the assessment 
of the native lung function independent of 
ECMO. Also, the distal perfusion cannula 
is disconnected, and a heparin flush line is 
connected to the distal perfusion to avoid 
thrombus formation. If the hemodynamics 
remain stable on a low to moderate dose of 
vasoactive agent support and echocardiography 
shows good biventricular contractility without 
any worsening lactate levels, the patient is 
deemed suitable for weaning. Anticoagulation 
is essential to prevent circuit thrombosis.
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The main advantage of this technique is 
that there is full RV loading, and therefore, RV 
assessment can be done. If hemodynamics do 
not change even with the additional resistance 
offered by the circuit, the patient is most likely 
to wean from ECMO. However, this creates 
an AV shunt (“systemic flow steal”), and the 
amount of shunting needs to be regulated. 
Otherwise, patients may go into RV failure or 
high cardiac output failure. Only two small, 
single-center studies have been conducted 
in adults so far.26,27 Although the results are 
encouraging, further validation is required. 

Predictors of Successful ECMO Wean 

No single factor can predict successful 
weaning from VA ECMO. It is a conglomeration 
of multiple factors, and the results need to be 
interpreted in the context of the overall CS and 
heart failure trajectory (Table 29-2). 

Weaning in Special Situations 

1) Mechanically Unloaded LV

Weaning is complicated in the presence 
of an LV vent because it further reduces LV 
preload. Patients could have LA or LV vents  

PREDICTORS 
Hemodynamic parameters on no or low vasoactive agent support* 
MAP ≥60 mmHg 
CVP <15 mmHg or CVP rise <5 mmHg 
Echocardiography Parameters 
On minimal ECMO flow  

• LV 
 No significant LV dilatation 
 LVEF > 20-25%10 
 LVOT VTI > 10 cm10 
 TDSa ≥6 cm/sec10 

• RV 
 Less than 2 of RVEDD ≥35 mm, TAPSE <1.5 cm, RVS’<10 cm/sec, Poor RVEF, 

Severe TR20** 
 3D RVEF >24.6%22** 
 RV dilatation with reduction in LVEDV** 

 
On reduction of ECMO flow by 30-50%11** 

• Any change in lateral e’ (cm/sec) 
• >10% change in RVS’ 

 
On Full ECMO support30* 

• RVS’/RVSP >0.33 
VA ECMO=Venoarterial extracorporeal membrane oxygenation, MAP=Mean arterial pressure, CVP=Central 
venous pressure, LV=Left ventricle, LVEF=Left ventricular ejection fraction, LVOT VTI=Left ventricular 
outflow tract velocity time integral, TDSa=Lateral mitral annulus peak systolic velocity, RV=Right ventricle, 
RVEDD=Right ventricular end diastolic dimension, TAPSE=Tricuspid annular plane systolic excursion, 
RVS’=Lateral tricuspid annulus systolic peak velocity, RVEF=Right ventricular ejection fraction, TR-
Tricuspid regurgitation, 3D RVEF=3D derived Right ventricular ejection fraction, LVEDV=Left ventricular 
end-diastolic volume, Lateral e’=Lateral mitral annulus early diastolic peak myocardial velocity, RVSP=Right 
ventricular systolic pressure (also called Pulmonary artery systolic pressure). 
*Epinephrine <0.05 μg/kg/min, Dobutamine <5 μg/kg/min, Milrinone <0.375 μg/kg/min, Norepinephrine 
<0.05 μg/min, or Vasopressin <0.02 U/min. Vasoactive inotropic score (VIS) <30 was used in one study 
[VIS= Dopamine dose (μg/kg/min)+Dobutamine dose (μg/kg/min)+100 x epinephrine dose (μg/kg/min) +100 
X norepinephrine dose (μg/kg/min)+ 10,000 x vasopressin dose (U/kg/min)+ 10 x milrinone dose 
(μg/kg/min)]. 
#Based on small single or two-center studies. Need external validation. 

 

 
Table 29-2. Summary of predictors of successful weaning from VA ECMO.
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(Chapter 4).34 During weaning, when the 
ECMO flow is reduced, the venting cannulas 
will still be accessing blood from the LA or 
LV, and the LV preload will not be optimized. 
The effect on LV preload of a transapical LV 
vent is greater because the cannula is shorter 
and broader. Therefore, even at lower ECMO 
flow, more blood may be drained from LV 
than the RA. Gate clamps may need to be 
used to reduce the flow through the vent 
during weaning. However, this increases the 
risk of thrombus formation in the vent. Hence, 
anticoagulation needs to be optimized. Cases 
in which Impella (Abiomed, Danvers, MA) 
is used for LV venting, the minimum flow 
setting is P2, and the estimated blood flow is 
around 1-2 L/min. Hence, weaning assessment 
using normal echocardiography parameters is 
further complicated. One may need to consider 
removing these devices before performing 
weaning studies or consider a transition to a 
single device strategy (eg, Impella alone) and 
then wean the patient. When an intraaortic 
balloon pump (IABP) is used as a venting 
strategy, it is easier to perform the regular 
weaning study because there is minimal impact 
on LV preload.35 

2) Isolated RV Failure

Another notable group to consider is 
patients with isolated RV failure, such as 
massive pulmonary embolism (PE), RV 
infarction, or severe pulmonary hypertension 
(PHT). Failure to wean such patients generally 
manifests with progressive RV dilatation, 
worsening tricuspid regurgitation, elevations 
in PA pressure and CVP, and hypotension 
during weaning. With PE, there is improvement 
in RV function following thrombolysis or 
systemic anticoagulation, and successful 
weaning is possible. Similarly, in patients 
with RV infarction, timely revascularisation 
may restore some RV function, and the patient 
may be weaned. If the patients fail recurrent 

weaning trials, then options of RV assist devices 
(RVAD) may need to be explored. Generally, 
patients with severe PHT are challenging to 
wean because the RV distends and fails during 
weaning. VA ECMO is instituted usually as a 
bridge to surgical intervention such as pulmonary 
thromboendarterectomy in patients with chronic 
thromboembolic pulmonary hypertension, or 
heart-lung transplantation. Another group that 
develops RV failure is patients with severe 
ARDS on VV ECMO. These patients may need 
VVA ECMO or oxyRVAD. Once RV function 
recovers, weaning parameters are generally 
very similar to the weaning of patients with 
isolated RV failure (Table 29-3). Generally, VVA 
patients are reconfigured to VV ECMO once 
RV function recovers, and then VV ECMO is 
weaned.36 

3) Differential Hypoxemia

The main question in patients with differential 
hypoxemia is whether reconfiguration to VV 
ECMO from VA ECMO or VVA ECMO is 
needed. In one study, these patients were 
identified by reducing the FsO2 to 0.21 and 
titrating ventilator FiO2.

10 Occurrence of hypoxia 
with significant elevation in ventilator FiO2 was 
deemed an indication for reconfiguring to VV 
ECMO. In our practice, we generally identify 
these patients with worsening hypoxia by noting 
a considerable increase in FiO2 (eg, FiO2 >0.7) 
during the weaning study without reducing 
FsO2. In the AV bridge and PCRTO techniques 
discussed above, lung assessment is done 
independently of the circuit because the blender 
oxygen is disconnected from the circuit.

Adjuncts to VA ECMO Weaning

In patients who have failed a weaning study, 
IABP and levosimendan have been proposed 
to increase the success of further weaning 
attempts. Evidence for IABP is conflicting and 
limited to observational studies (Chapter 44). 
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In these studies, IABP was inserted before or 
after ECMO cannulation to reduce LV afterload 
rather than at the time of weaning. Therefore, 
it is difficult to tease out whether IABP has 
an adjuvant role in patients who have failed 
ECMO weaning. Evidence for levosimendan 

comes from several observational studies with 
or without propensity matching.37 Results from 
a large, double-blind, randomized placebo 
control trial are awaited to further elucidate its 
role in weaning.38 

 

SUMMARY OF WEANING 
1. Prerequisites 

• Ensure adequate time for resolution of pathology (eg, resolution of pneumonia) or 
definitive surgical intervention      
(eg, Lung transplantation, Pulmonary thromboendarterectomy) 

• Ensure adequate time for organ function stabilization 
2. Ensure safe lung ventilation and oxygenation 

• For Oxy-RVAD-turn off fresh gas flow for more than 2 hours and check ABG36 
• For VA ECMO-ensure FiO2 ≤0.6  
• Check ABG for adequate systemic oxygenation, and normal PaCO2 level or 

adequate metabolic compensation, if patient has hypercapnia 
3. Ensure adequate anticoagulation  
4. Reduction of Oxy-RVAD/ VA ECMO blood flow 

• Stepwise reduction of blood flow 0.5-1.0 L/min to 2.0 L/min with monitoring of 
hemodynamics and vasoactive support  

• Ensure stable hemodynamic parameters on low vasoactive support* for at least 24 
hours with flow at 2.0 L/min prior to the next step 

• Final echocardiography guided stepwise reduction of blood flow at 0.5 L/min every 
15 minutes to the minimum acceptable blood flow (usually 0.5-1 L/min)  

• Leave at minimum acceptable flow for <15 minutes only to prevent circuit 
thrombosis 

4. Acceptable hemodynamic parameters on low vasoactive agent support* 
• MAP ≥60 mmHg 
• CVP <15 mmHg or CVP rise <5 mmHg 

5. Acceptable echocardiography parameters 
On minimal ECMO flow  

• LV parameters similar to the once shown in Table 2.**  
• RV parameters# 
 No RV dilatation with reduction in LVEDV 
 Recruitment of right ventricular systolic function to normal or mild RV 

dysfunction 
 TAPSE >10 mm36## 
 No worsening of tricuspid regurgitation 
 Increment in RVOT VTI  

VA ECMO=Venoarterial extracorporeal membrane oxygenation, Oxy-RVAD=Oxygenated right ventricular 
assist device, ABG=Arterial blood gas, FiO2=Fraction of inspired oxygen, RV=Right Ventricle, MAP=Mean 
arterial pressure, CVP=Central venous pressure, LV=Left ventricle, LVEDV=Left ventricular end-diastolic 
volume, TAPSE=Tricuspid annular plane systolic excursion, RVOT VTI=Right ventricular outflow tract 
velocity time integral. 
*Epinephrine <0.05 μg/kg/min, Dobutamine <5 μg/kg/min, Milrinone <0.375 μg/kg/min, Norepinephrine 
<0.05 μg/min, or Vasopressin <0.02 U/min. Vasoactive inotropic score (VIS) <30 was used in one study 
[VIS= Dopamine dose (μg/kg/min)+Dobutamine dose (μg/kg/min)+100 x epinephrine dose (μg/kg/min) +100 
X norepinephrine dose (μg/kg/min)+ 10,000 x vasopressin dose (U/kg/min)+ 10 x milrinone dose 
(μg/kg/min)]. 
**Particularly important in patients with severe long-term pulmonary hypertension who might have a small 
LV cavity with coexistent LV dysfunction.  
#Based on authors’ personal experience. For RVOT VTI, no cut-off value has been defined.  
##TAPSE is normally reduced in patients after lung transplantation and cardiac surgery. Therefore, it is not 
reliable in the assessment of weaning of RV support in these patient groups. 

 

 Table 29-3. Summary of weaning from VA ECMO or Oxy-RVAD in isolated RV failure.
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Proposed Weaning Strategy

The proposed weaning strategy is 
summarised in Figure 29-1. Based on current 
evidence, we recommend hemodynamic and 
echocardiography guidance for VA ECMO 
weaning.

Failure to Wean from VA ECMO 

Despite treatment optimization, some 
patients cannot be weaned and require further 
evaluation for durable MCS or HTx (Chapter 30). 
One of the primary considerations in patients 

eligible for LVAD is RV function, to determine 
whether the patient needs RVAD (temporary 
or durable) along with LVAD. Therefore, 
determining RV function on echocardiography 
during the weaning study is critical. No 
one parameter can predict this. Clinicians 
must depend on serial hemodynamic and 
echocardiography evaluation of the RV to 
determine the need for temporary or durable 
RVAD.39,40,41 In patients deemed ineligible for 
long-term MCS, clinicians must decide about 
a one-way wean from VA ECMO or palliative 
care measures, after discussions with patients 
and families. 

Figure 29-1. Proposed VA ECMO Weaning Algorithm. (VA ECMO=Venoarterial Extracorporeal 
Membrane Oxygenation, aPTT=Activated partial thromboplastin clotting time. Refer to Table 3 for 
VA ECMO in isolated RV failure. *Refer to Table 1 for preconditions. **Refer to Table 2 for weaning 
parameters. #Significant hypoxia-Requiring FiO2  >0.7 to maintain oxygenation.)
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Decannulation 

After a successful weaning study, patients 
are left on partial VA ECMO support while 
awaiting decannulation. During decannulation, 
the cannula is disconnected from the circuit, 
flushed with heparinized saline, and kept 
clamped for some time (usually 15 min). 
Decannulation is done if the patient remains 
stable (Figure 29-2). Some patients will fail 
decannulation despite optimization for weaning. 
Therefore, patient suitability for re-instituting 
VA ECMO always needs to be made before 
decannulation. 

In the case of surgical cannulation, cannulas 
must be removed using open surgical techniques. 
For percutaneously placed femoral cannula 
removal, open surgical removal is commonly 
performed because the size of the arterial 
cannula is large, and patients may need vascular 
patch repair.7,10,12,19,22 In addition, some patients 
may need embolectomy to prevent lower limb 

ischemia due to distal embolization of residual 
thrombus. However, surgical decannulation 
generally requires operating theater access. 
Also, surgical decannulation has associated 
risks such as wound infection, bleeding, 
scar formation, and wound breakdown. An 
alternative approach is the application of 
manual compression after cannula removal 
followed by prolonged compression using a 
femoral artery compression device. However, 
this procedure is associated with a higher risk 
of vascular complications needing open repair. 
In a retrospective, propensity-matched study, 
percutaneous decannulation was associated 
with 15% vascular complications compared to 
3% of surgical decannulations.42 

The use of percutaneous vascular closure 
devices for femoro-femoral VA ECMO 
decannulation has increased recently.43 The 
main advantage of these devices is avoidance of 
surgical incision and the resulting complications. 
However, this requires a trained clinician to 

Figure 29-2. VA ECMO decannulation techniques. VA-ECMO=Venoarterial Extracorporeal 
Membrane Oxygenation, OT=Operation theater
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perform the procedure in the interventional 
cardiology suite, operating theatre, or at the 
bedside, depending on the operator’s preference. 
Also, some of the closure devices need the 
suture to be placed in the vessel at the time 
of cannulation which raises the possibility of 
infection in patients with long ECMO runs.44 In 
some devices, the cannula is punctured to insert 
the guidewire of the closure devices before 
decannulation. Again, this could lead to infection. 
Also, the possibility of distal embolization 
remains with these closure devices, particularly 
in patients with distal perfusion catheters in the 
superficial femoral artery because thrombus can 
form in the zone between the arterial cannula 
and the distal perfusion cannula.45 Patients 
may need angiography to confirm that the 
closure devices are appropriately positioned 
and there is no leak or pseudoaneurysm. 
Vascular ultrasound after decannulation to show 
perfusion in the distal limbs is also essential. 
Recently published small, single-center case 
series show the feasibility of these devices 
for ECMO decannulation.45-50 However, there 
are no large, randomized controlled trials 
currently comparing the vascular closure device 
with surgical decannulation. More evidence 
demonstrating the safety of this approach is 
needed before widespread adoption of this 
technology, particularly the risk of infection and 
the possible need for operative interventions 
after decannulation.

Monitoring Post-ECMO Decannulation

Due to the risk of distal embolization 
following arterial cannula removal, it is 
recommended to monitor lower limb perfusion. 
This could be done using clinical parameters and 
handheld Doppler ultrasound devices by bedside 
clinicians. Vascular ultrasound evaluation of the 
lower limb vessels following decannulation 
would identify thrombus in arteries and cannula-
related deep vein thrombosis. Monitoring upper 
limb perfusion in patients with subclavian artery 

cannulation is also recommended for early 
identification of limb ischemia. 

About 60% of patients after ECMO 
decannulation develop post-decannulation 
systemic inflammatory syndrome (SIRS) with 
new-onset fever, leucocytosis, or worsening 
vasopressor requirement.51 In some patients, 
SIRS may last for a week after decannulation. 
Those with SIRS related to an underlying 
infection seem to have worse outcomes. 

Conclusions

Weaning is a crucial stage in the management 
of patients on VA ECMO. In general, once end-
organ function has stabilized, pulsatility is 
restored, fluid status is optimized, and inotropic 
support is minimized, weaning should be 
attempted. All the weaning strategies reduce 
ECMO support and assess hemodynamics and 
echocardiography parameters. Decannulation, 
done after a successful weaning study, can 
be done using open surgical techniques, 
percutaneously, or with percutaneous closure 
devices. The evidence for percutaneous closure 
devices is steadily accumulating. 
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Bridging Adult Patients with Cardiac Failure

Christopher Wilcox, Glenn J.R. Whitman, Amy E. Hackmann, Leonardo Salazar, Alain Combes

Introduction

As ECLS is increasingly utilized in emergent 
lifesaving situations, caregivers are recognizing 
the pitfalls of its institution when performed 
without consideration for an exit strategy. 
Prior to supporting patients with ECLS, it is 
incumbent upon the ECLS team to determine 
the pathways that the patient might follow that 
would allow for ECLS discontinuation. In every 
case, one can consider ECLS as a “bridge” to 
an outcome, as follows:

•	 to cardiac surgery,
•	 to recovery,
•	 to decision, where the ECLS team gains 

time to facilitate an evaluation to determine 
if any of the following pathways are options, 
or whether ECLS should be withdrawn,

•	 to transplantation, directly off ECLS,
•	 to durable mechanical circulatory support, 
•	 to temporary mechanical support in 

preparation for transplantation. 

The chapter that follows is designed to 
give the reader an understanding of the issues 
associated with bridging and what might be a 
realistic expectation for successful separation 
from VA ECMO. An attempt is also made to 
review related issues regarding patient support, 
while highlighting common complications 

encountered during ECLS support that can 
have a significant bearing on outcomes. Refer 
to the accompanying algorithm which gives 
an overview of how to approach these patients. 
(Figure 30-1).

ECLS in Preparation for Cardiac Surgery

A number of cardiac surgical emergencies 
carry profound mortality risks despite 
intervention, due in part to the hemodynamic 
instability and subsequent multiorgan 
dysfunction accompanying that condition at 
initial presentation. In certain instances, VA 
ECMO can be used to stabilize these patients 
prior to definitive surgical correction.

For some patients, support may only be 
required for a relatively short period, such 
as those presenting with shock from acute 
mitral regurgitation, coronary dissection as a 
cardiac catheterization laboratory complication, 
or acute mitral regurgitation after balloon 
valvuloplasty for mitral stenosis.1 Use of ECLS 
in these situations stabilizes the hemodynamics 
to allow patient transfer to the appropriate 
operating room facility, recovery of organ 
perfusion, and then intraoperative support prior 
to cannulation.

Acute cardiogenic shock after myocardial 
infarction (MI) carries a 40-67% in-hospital 
mortality in patients who fail to respond 
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to inotropic and less invasive mechanical 
circulatory support (eg, intraaortic balloon 
pump).2,3 In these patients presenting in 
cardiogenic shock with systemic hypoperfusion, 
VA ECMO as a bridge to revascularization 
may lessen the degree of multi-system organ 
failure pre-operatively.4 Overall, outcomes in 
acute MI shock supported with ECLS tend to 
be worse than other more reversible causes of 
heart failure.5

Complications of acute MI such as 
papillary muscle rupture causing severe mitral 
regurgitation or postinfarction ventricular septal 
defect (VSD) are relatively rare and associated 
with high mortality.6 Use of VA ECMO prior to 
operative repair may allow recovery of severe 
hypoxemia and pulmonary edema, acute renal 
insufficiency, and shock liver. In VSDs, ECMO 
can be used to allow healing of the ventricular 
muscle prior to attempted repair. Outcomes 
improve significantly if repair is performed 

more than seven days after acute MI, however, 
waiting would not be feasible in many patients 
without ECMO support.7

The management of pulmonary embolism 
(PE) with hemodynamic instability can 
include VA ECMO support as a bridge to 
definitive management of the clot. More 
commonly, endovascular therapies such as 
mechanical thrombectomy or catheter-directed 
thrombolytics or thrombus suction are used to 
treat significant or massive PEs. Patients who 
fail these therapies and have central thrombus 
or clot in transit may be surgical embolectomy 
candidates.8 

In the setting of ischemic stage D-E 
cardiogenic shock, outcomes are abysmal, and 
ECLS should be strongly considered, if an 
exit strategy exists. In general, severe aortic 
valve insufficiency (AI) is a contraindication 
because retrograde flow from the ECMO 
circuit will further distend the compromised left 

V-A ECMO no cardiac recovery

Neurological recovery No

Yes

Withdrawal support

Active Infection, hepatic or renal failure

No

Hard to transplant
(Obesity, sensitization)

Durable LVAD

Yes

Temporary VAD

Infection and organ recovery

Yes

No Withdrawal support

Easy to transplant Hard to transplant
(Obesity, sensitization)

Heart transplant
Durable LVAD

Awake V-A ECMO, treat LV distension,  avoid limb ischemia

Easy to transplant

Heart transplant

Figure 30-1. A proposed algorithm for the VA ECMO patient without expected cardiac recovery 
regarding a) cessation of ECMO, b) bridging to heart transplant or a durable VAD directly, or c) 
bridging to temporary mechanical circulatory support, to bridge to transplant or VAD.
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ventricle. Aortic dissection might also represent 
a contraindication (although no conclusive 
evidence exists in this respect) because ECMO 
may propagate the dissection further and is 
commonly associated with acute AI. However, 
a recent successful salvage with ECPR of a type 
A aortic dissection challenges this approach.9 

The timing of decannulation from ECLS in 
these settings is variable. ECLS is transitioned 
to traditional cardiopulmonary bypass for the 
operative procedure, and in many cases, patients 
can be weaned off bypass as with routine 
operations. After VSD repair specifically, ECLS 
support postoperatively may allow improved 
repair durability by decreasing ventricular 
wall tension, although this aspect requires 
further elucidation based on the known effect 
of retrograde flow against LV ejection.10 The 
addition of direct LV decompression with an 
Impella device may also facilitate recovery by 
decreasing pressure on the repair as well as 
unloading the left ventricle.

Bridge to Recovery

Cardiac recovery on VA ECMO may occur 
at different time points based on the disease 
process for which support was initiated. In a 
mixed cohort, the median duration of support was 
8 days in one review.11 At approximately three 
days of support, patients with viral myocarditis, 
primary graft dysfunction posttransplant, or 
postcardiotomy shock from poor LV protection 
intraoperatively may have sufficient recovery to 
begin weaning. By seven days of support, lack of 
recovery should prompt consideration of other 
advanced therapies, the evaluation for which 
could have been started at the commencement 
of ECLS. Thus, in almost all cases, by 10-14 
days of VA ECMO support, a definitive plan for 
the patient can be created. In a subset of patients 
who have not recovered and are not stable 
enough to undergo durable MCS or transplant, 
an option may be another temporary support 
device, often providing univentricular support. 

This may include percutaneous LVAD or RVAD 
support but could initially involve changing 
the ECMO cannulation strategy to allow more 
prolonged weaning attempts.

When recovery  appears  un l ike ly, 
contraindications for advanced therapies may 
include significant acute brain injury (frequently 
associated with ECPR), lung, liver, or kidney 
failure, medical contraindications such as poorly 
controlled diabetes or a recent cancer diagnosis, 
or psychosocial factors such as substance 
abuse or lack of family support. Families and 
patients, when possible, need to be kept aware 
of the trajectory of the patient on ECLS and the 
decision making that occurs when recovery has 
not occurred. Withdrawal of ECLS is common 
when care is futile, and families often support 
this strategy. In these situations, communication 
with the family and other providers should reach 
consensus that ECLS will not be reinitiated.

Bridge to Decision

The goal of VA ECMO is to provide 
hemodynamic stability while a patient’s 
therapeutic options are determined. This time 
period, after ECMO has been instituted but 
with no clarity as to what are appropriate 
options, can be viewed as “bridging” to a 
decision. If the possibility of cardiac recovery 
has been excluded, evaluation for heart 
transplantation (HTx) or a durable, Left 
Ventricular Assist Device (LVAD) is required. 
However, neurologic compromise, active 
infections, as well as hepatic and renal failure 
all can result in absolute contraindications for 
HTx and LVAD.12 A careful evaluation by the 
multidisciplinary team assessing patient risk 
factors, contraindications, complications prior 
to or during ECLS, and the center experience 
guides the decision making as to the most 
appropriate therapy for the individual patient. 
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Bridging to Transplantation or Durable 
Mechanical Support 

Patients considered for transplant or 
LVAD normally proceed through a complex 
evaluation process, including a number of 
diagnostic studies and specialist consultations. 
Patients placed on ECLS are generally acutely 
decompensating, which precludes this thorough 
assessment of the patient prior to initiating 
support. Once stability has been achieved, a 
more thorough review of the patient’s medical, 
surgical, and social situation can occur. 5-20% 
of VA ECMO patients may proceed to LVAD or 
transplantation, but recovery is the only option 
for the majority of patients placed emergently 
on VA ECMO.13 

VA ECMO provides excellent short-term 
support. However, inevitable complications 
prevent its use for the medium or long term.14 
Data from the ELSO Registry suggests that the 
average duration of VA ECMO support is 5-9 
days, with the risk of complications beginning 
within days of its initiation and increasing with 
duration of support. A prolonged VA ECMO run 
negatively affects clinical outcomes.15 Hence, 
the goals for a patient’s clinical course is to 
bridge to a modality that allows separation 
from ECMO as rapidly as possible prior to 
complications developing. 

Regard ing  t r ansp lan ta t ion ,  r ena l 
insufficiency is associated with reduced 
posttransplant graft survival,16,17 while 
mechanical ventilation at the time of transplant 
confers a roughly 2.5 times higher 1-year 
mortality18 and dramatically complicates early 
postoperative recovery due to nosocomial 
infections and higher primary graft dysfunction. 
Extubation while on VA ECMO prior to 
transplantation has led to excellent outcomes, as 
recently reported by a large European transplant 
center.19

Nevertheless, VA ECMO has been 
historically associated with poor outcomes, 
with a 1-year posttransplant survival of only 

57.8%.16 However, with the change in transplant 
allocation in 2018, ECMO as a bridge to 
transplantation has increased.20 In the old 
allocation system, VA ECMO patients had the 
same priority status as more stable patients (eg, 
those supported with LVADs). However, it 
was felt that the system disadvantaged ECMO 
and temporary support patients who had long 
wait list times with high wait list mortality. 
The new allocation system gives higher wait 
list priority to these patients.21 As a corollary, 
VAD patients are now disadvantaged such that 
far fewer (21%) patients are transplanted from 
VAD, while those bridged on temporary support 
devices have increased, as follows: VA ECMO 
(+5 %), intraaortic balloon pump (+21%), and 
temporary ventricular assist devices (+5 %). 
Gratifyingly, waitlist mortality has dropped 
from 37% to 16.2%.

As mentioned above, a high-volume French 
transplant center has recently reported that 
with careful selection, minimizing ECMO 
complications, increasing pre-transplant 
extubation, and continuing ECMO support after 
HTx, transplantation with or without ECMO 
as a bridge showed no difference in survival 
(1-yr: 85.5% and 3-yr: 80.3% vs non-ECMO 
patients, 1-yr: 80.7%; 3-yr: 72%).19 In short, 
the strategy-bridge cardiogenic shock to HTx 
is changing from durable LVADs to short term 
MCS, mostly VA ECMO. 

When the duration of support is long due 
to donor scarcity or patient complications, 
ECMO to heart transplantation should be 
avoided, but rather transitioning to temporary 
ventricular assist devices for support. VA 
ECMO patients without cardiac recovery and 
with contraindications to transplant but not to 
durable support should obviously be bridged 
to LVAD.

Implanting a durable LVAD as a mechanical 
circulatory device in an INTERMACS 1 profile 
patient is associated with increased mortality 
and morbidity.22,23 However, VA ECMO as 
a strategy to improve organ function before 
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durable LVAD implantation in cardiogenic 
shock patients has been reported.24 ECMO was 
shown to improve hemodynamic profiles and 
creatinine and bilirubin levels by the time of 
VAD implant. One-year survival in VA ECMO 
bridged to LVAD therapy should now be 
viewed as comparable to the general population 
(77% vs. 88%, p 0.6).25 

ICU Care of Candidates Bridging to MCS 
or Transplant

Preventing and Treating Pulmonary Edema 
during ECLS

VA ECMO increases LV afterload, which 
can exacerbate the prior cardiac insult, 
decreasing stroke volume, raising LV end 
diastolic pressure, causing pulmonary venous 
hypertension and pulmonary edema. In cases 
of ECMO support for irreversible heart failure, 
clinicians caring for VA ECMO patients 
must take this into consideration to prevent 
pulmonary compromise during support. In 
these cases, comprehensive consideration of 
other strategies (eg, IABP, Impella, direct LV 
venting) is essential for successful clinical 
support so as to bridge to transplantation or 
durable LV support. 

Left ventricular distention leading to 
pulmonary edema and pulmonary hemorrhage 
affects candidacy for advanced therapies 
because lung injury may impact right ventricular 
function postoperatively. This can be done by 
monitoring LA pressures with pulmonary artery 
catheterization and maintaining the arterial 
pulse pressure >10 mmHg. Echocardiography 
is an important adjunct to this assessment, with 
a focus on aortic valve opening, LV size, and 
the presence of any sign of LV blood stasis 
or thrombus. Treatments for LV distention 
include decreasing ECLS flow to facilitate 
ejection, intravenous inotropes to improve 
native contractility, and left ventricular venting 
by IABP or percutaneous LVAD, direct surgical 

vent placement, or atrial septostomy. To 
determine when weaning might be possible, 
assessment of hemodynamic parameters and 
cardiac function should be done throughout 
the duration of ECMO support at relatively 
standard intervals. 

Limb Ischemia

There is significant risk of limb ischemia 
ipsilateral to the femoral artery cannulated, 
whether by a percutaneous access or cut-down 
technique. Contralateral vein cannulation to 
avoid venous hypertension along with antegrade 
distal limb perfusion is recommended to reduce 
the risk of limb ischemia.26-28 Early monitoring of 
the distal limbs with near-infrared spectroscopy 
in addition to bedside Doppler and clinical 
examination can detect early malperfusion 
and allow timely intervention where necessary. 
This has been shown to decrease the need for 
fasciotomy or amputation.29

Organ System Considerations While Bridging

Neurologic injury including ischemic 
and hemorrhagic  s t rokes  are  feared 
complications of ECLS. Smaller strokes may 
be silent but potentially pose a risk with the 
initiation of cardiopulmonary bypass during 
transplantation.30 Additionally, VA ECMO 
is associated with hypoxic ischemic brain 
injury related to hyperoxia, reperfusion injury, 
loss of pulsatile blood flow, and differential 
oxygenation.31,32 Recommendations to reduce 
brain injury include targeting a PaO2 at or less 
than 120 mmHg with a right radial arterial 
line and cerebral near infrared spectroscopy 
monitoring to detect low or discordant cerebral 
oxygenation.33 Additionally, multimodal 
neurologic monitoring programs including 
clinical neurologic exams, transcranial Doppler, 
electroencephalography, brain-injury specific 
blood biomarkers, somatosensory evoked 
potentials, and computed tomography are 
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feasible and detect a high percentage of 
neurologic complications.34 

Mechanical ventilation is associated with 
ventilator-induced lung injury and risk for 
ventilator associated pneumonia.35 In order 
to reduce volutrauma, low tidal volume 
ventilation, typically 6 ml/kg ideal body weight, 
is recommended.35 Liver dysfunction is common 
and can be identified by elevations in aspartate 
transaminase, alanine aminotransferase, and 
alkaline phosphatase, however higher peak 
bilirubin is most associated with increased 
mortality.36,37 Bilirubin elevation is not typically 
associated with ischemia and the mechanism of 
injury may be related to complex organ interplay 
and abnormal hormonal response.38

Renal failure requiring dialysis occurs 
in 30-50% of patients supported with VA 
ECMO.39,40 Multiple mechanisms of injury are 
suspected to cause a reduction in renal oxygen 
delivery including abnormal blood flow, lack 
of pulsatility, inflammation, disrupted renin-
aldosterone hormonal system, and worsening 
volume overload.40 Renal replacement therapy 
is an independent risk factor for failure to wean 
from ECMO and mortality, in addition to being a 
relative contraindication for transplantation.40,41

Infection and sepsis are reported in over 
40% of patients, associated with duration of 
ECLS, age, comorbidities, and cannulation 
site.42,43 Unsurprisingly, infection is associated 
with increased mortality (Chapter 6). Cannulas 
themselves are less likely to be infected than 
indwelling central lines.44 Although it is 
common practice amongst ECLS centers, no 
strong data support antibiotic or antifungal 
prophylaxis, surveillance cultures, or deviation 
from standard ICU practice used in non-ECMO 
patients.42,43

Regarding transfusions, several factors 
increase the need for transfusions in this 
population. Multiple large bore vascular access 
sites, the often emergent nature of cannulation, 
and the need for systemic anticoagulation to 
prevent system clotting, combined with the 

inflammatory and prothrombotic response and 
hemolysis associated with the ECMO circuit, 
all contribute to blood loss and anemia during 
VA ECMO.45 In fact, bleeding is one of the most 
common complications of VA ECMO, leading 
to the need for transfusions in virtually 100% 
of patients. Central cannulation is associated 
with even greater transfusion requirements. No 
high-quality data exist on targets for transfusion 
specific to this population and patient specific 
transfusion thresholds may reduce unnecessary 
transfusion. Patients bridging to transplant with 
LVAD have higher sensitization with increased 
platelet transfusions (less so with leuko-reduced 
red blood cells transfusions).46,47 Regardless, 
the goal of transfusion should be to maintain 
adequate oxygen delivery and perfusion while 
attempting to minimize overall transfusions 
and HLA sensitization. There are not yet 
standardized methods for desensitization in this 
population, but intravenous immunoglobulin, 
plasmapheresis, and antibody therapy should 
be considered on an individual or center basis.46

Nutrition

Multiple trials have shown enteral nutrition 
(EN) initiated within 24 hours of cannulation 
is safe and reduces in-hospital mortality.48 EN 
should begin as early as possible via the gastric 
or postpyloric route unless there is shock and 
high vasopressor requirements, in which case 
parenteral nutrition should be considered to 
reduce the risk of bowel ischemia. Concern 
for accelerated degradation of the oxygenator 
membrane by the solutes within parenteral 
nutrition is not supported by data. Furthermore, 
parenteral nutrition and supplements are not 
significantly sequestered by the ECMO tubing 
or oxygenator.49

In VA ECMO, patients are frequently 
underfed and increasing caloric and protein 
intake to meet actual energy expenditure has 
been associated with decreased mortality.50 
Indirect calorimetry can be used to measure 
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oxygen uptake as well as CO2 elimination, 
both across the ventilator and the ECMO 
circuit oxygenator, and values applied to the 
Weir equation to calculate individual energy 
expenditure.51 Energy expenditure calculations 
using pre- and post- oxygenator blood gases 
may represent a straightforward, universally 
applicable approach to calculate energy 
expenditure and optimize nutrition, but requires 
further validation.51

Ambulation and Rehabilitation 

Patient functional and nutritional status at 
the time of surgery are directly related to both 
candidacy and outcome in heart transplantation 
and durable LVAD implantation.52 Muscle 
atrophy, neuromuscular weakness, and 
impairment of normal activities are common 
sequelae during treatment of the critically ill, 
especially those treated with ECLS. Physical 
therapy and ambulation are feasible for patients 
receiving ECLS support during bridging 
(Chapter 47).53 An important consideration 
for VA ECMO is cannula positioning. Often 
implanted with urgency due to cardiogenic 
shock, the femoral artery and vein are frequent 
sites for cannulation which may limit, but not 
necessarily preclude, therapy and ambulation. 
If the situation allows, consideration should be 
given for other cannulation strategies including 
central catheters or a venous jugular cannula 
with subclavian, axillary, or innominate arterial 
access.54

Successful strategies for physical therapy 
and ambulation consist of a multidisciplinary 
approach including occupational and physical 
therapy, respiratory therapy, providers, nursing, 
and ECLS specialists, and should be tailored 
based upon site experience and staff comfort. 
Development of early mobility protocols with 
dedicated teams allowing for the development 
of expertise can maximize rehabilitation time 
for appropriate patients and minimize adverse 
events.53

Evaluation and Prevention of Fragility and 
Deconditioning

Evaluation of a patient’s fragility may 
identify patients that will benefit most from 
intensive nutritional and rehabilitation 
interventions while bridging. Traditional 
methods of assessing the neuromuscular 
junction and strength, such as electromyography, 
may be limited initially by sedation or be 
less available in the ICU setting. Bedside 
ultrasound of quadriceps echogenicity provides 
a potential assessment for muscle atrophy and 
can be compared over time to determine the 
effectiveness of interventions.55 Additionally, 
assessing the quality of skeletal muscle has 
been demonstrated by reviewing the fatty 
muscle fraction within paraspinal muscles, 
with increasing percentages associated with 
significantly higher 1-year mortality.56 Although 
further clinical data is needed, these non-
invasive measures can be considered to monitor 
anabolic states in response to physical therapy 
and nutrition, and possibly to predict success in 
bridging to definitive therapy. 

Conclusion

The concept of VA ECMO for bridging 
is central because it is never a destination in 
and of itself, but always a support to another 
destination. In every instance of ECMO 
support, determination of the patient’s strategy 
for liberation from ECMO is the first order of 
care. When a patient presents in extremis with 
a cardiac structural or vascular insufficiency 
problem, ECLS may be used to stabilize the 
patient hemodynamically and to allow any 
organ insult to resolve prior to a definitive 
procedure (eg, open heart surgery or a catheter-
based solution). However, in many situations, 
ECMO is placed urgently in the face of cardiac 
collapse with no therapeutic cardiac procedure 
as an option. In these cases, there are only 3 
choices: recovery, heart transplant, or a durable 
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ventricular assist device. In no situation is 
successful bridging guaranteed because the 
mortality associated with achieving any one of 
these outcomes is significant.
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Introduction

From the year 2000, more adults than 
children are alive with congenital heart disease 
(CHD).1-5 Each year, more of these adults with 
congenital heart disease (ACHD) undergo 
surgery. Furthermore, many of these operations 
are reoperations in ACHD and are associated 
with unique risks.2 

Increased long-term survival after complex 
neonatal heart surgery has resulted in a 
rapidly growing population of ACHD.3-5 This 
increased survival of neonates with CHD is 
attributable to advances in multiple domains, 
including:  diagnostic imaging, preoperative 
care, surgical technique, cardiopulmonary 
bypass, postoperative care, ECLS, and VAD use.

Nevertheless, many ACHD suffer from 
progression of their disease or late sequelae 
of their childhood repair. Furthermore, ACHD 
may develop any of the myriad diseases 
that otherwise healthy adults can acquire. 
Consequently, many ACHD require surgical or 
transcatheter intervention or both. Analysis of 
The Society of Thoracic Surgeons Congenital 
Heart Surgery Database (STS CHSD) reveals 
that “a history of previous cardiac surgery 
does not independently confer a significant 
incremental risk of operative mortality, but 
that patients with greater number of previous 
operations appear to be at higher risk.”2

Approximately 20% of ACHD undergo 
cardiac surgery in adulthood to treat a 
combination of congenital and acquired 
lesions.6,7 Surgery in ACHD is marked 
by unique challenges and risks, including 
operative complexity coupled with adult-onset 
comorbidities.8,9 ACHD may require ECLS in 
a variety of settings including:  preoperative, 
intraoperative, postoperative, and nonoperative. 
In this chapter, we explore some of the unique 
challenges related to ECLS in ACHD.

Scores and Tools for Evaluating Need for and 
Risk of ECLS in ACHD 

Multiple tools and scoring systems are 
available to assess the need for and risk of ECLS 
in both children and adults, and many of these 
scoring systems can be applied to ACHD. In 
this section, we discuss important limitations 
and considerations needed when using these 
scoring tools for ACHD.

ACHD often have different baseline arterial 
and mixed venous oxygen saturations secondary 
to congenital or acquired intracardiac shunts 
and/or systemic and pulmonary circulations 
that are partially or completely parallel rather 
than in series. Examples include patients 
with functionally univentricular circulations, 
patients with systemic-to-pulmonary artery 
shunts, patients with superior cavopulmonary 



420

Chapter 31

anastomosis(es) (Glenn), and patients 
with fenestrated Fontan circulations. Such 
challenging patients present important issues 
in multiple areas:

•	 Indications for ECLS
•	 Expected outcomes from ECLS
•	 Cannulation strategies for ECLS
•	 Strategies for initiating ECLS
•	 Strategies for weaning from ECLS
•	 Strategies for bridging to more durable 

support.

It must be remembered that most scoring 
systems were fundamentally designed to assess 
the need for and risk of ECLS in patients 
without CHD. Their application to ACHD must 
be modified to account for the circulation of a 
given patient, as well as their baseline arterial 
and mixed venous oxygen saturations. 

Scoring Systems for Isolated Respiratory 
Failure and Potential VV ECMO

Selection of ACHD for VV ECMO in 
hypoxic respiratory failure is similar to patients 
without ACHD, with the exception that the 
baseline saturation of ACHD may be different. 
The aim is to select patients with a potentially 
reversible etiology of their respiratory failure. 
Additionally, the purpose of VV ECMO in 

respiratory failure is to allow a patient’s lungs 
to recover without the barotrauma of high-
pressure mechanical ventilation. ACHD may 
develop isolated respiratory failure and ARDS 
independent of their congenital cardiac disease. 
ACHD may also develop isolated respiratory 
failure and ARDS after surgical or transcatheter 
intervention for their CHD in the postoperative 
or postinterventional setting.10

ECLS became an established modality for 
treating respiratory failure in neonates before 
adults; thus, the first ECLS scoring system, 
oxygenation index (OI), was developed for 
neonates with hypoxic respiratory failure 
(Figure 31-1).11,12 An OI >40 despite optimal 
medical therapy is accepted as an indication 
for initiation of ECLS in term or late preterm 
neonates.13,14 However, in adults with hypoxic 
respiratory failure due to ARDS, OI alone is not 
a strong predictor of mortality.15 Thus, multiple 
tools and scoring systems have been developed 
and evaluated for use in adults.

Combining OI with age, the age-adjusted 
oxygenation index (AOI), is a stronger 
predictor of mortality in adults with severe 
respiratory failure, with a C-index (or AUC) of 
0.72-0.75.15 However, AOI score is calculated 
using plateau pressure rather than mean airway 
pressure because mean airway pressure was 
not routinely reported in the databases used to 
create this score. Specifically, it is calculated by 
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𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂2 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑂𝑂𝑂𝑂)
 

 
Figure 31-1. Oxygenation Index (OI) Formula. FiO2, fraction of inspired oxygen; PAW, mean airway 
pressure; PaO2, partial pressure of arterial oxygen.

Figure 31-2. Age-Adjusted Oxygenation Index (AOI) Formula. FiO2, fraction of inspired oxygen; 
PaO2, partial pressure of arterial oxygen; Pplateau, plateau pressure.
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multiplying plateau pressure (cmH2O) by FiO2 
as a whole number divided by PaO2 (mmHg) 
(Figure 31-2). Adjusted for age, an AOI >80 is 
an indication for initiating ECLS in adults with 
respiratory failure. When AOI is ≥60 but <80, 
mortality risk is greater than 50%, and ECLS 
should be considered.

Another tool for assessing the severity of 
acute lung injury in adult respiratory failure is 
the Murray Score.16 This score was validated 
by Peek and colleagues in a randomized 
controlled trial (the CESAR trial)17 and is 
calculated as the average of four variables 
graded 0-4 (Figure 31-3): 1) consolidation 
on chest x-ray (CXR), 2) PaO2/FiO2 ratio, 
3) positive end-expiratory pressure (PEEP, cm 
H2O), and 4) lung compliance (mL/cm H2O). 
A Murray Score of 0 suggests no lung injury, 

0.1-2.5 suggests mild to moderate lung injury, 
and >2.5 suggests severe lung injury. A Murray 
Score of ≥3.0 is an indication for ECLS, while 
patients with scores between 2.0-3.0 should be 
considered for ECLS.

The Age, PaO2/FiO2, and Plateau Pressure 
Score (APPS) is another tool that may be used 
to stratify the severity of respiratory failure in 
adults.18 The APPS was derived and validated in 
two separate cohorts of 300 patients with ARDS 
and was predictive of in-hospital mortality. This 
score is calculated at 24 hours after a diagnosis 
of ARDS while on mechanical ventilation using 
three variables: 1) age (years), 2) PaO2/FiO2, 
and 3) plateau pressure (cm H2O). Each variable 
is graded as 1-3 and added together with a 
minimum total score of 3 and a maximum score 
of 9 (Figure 31-4). An APPS of 8 or higher is  

 
 Point Allocation 

1 Point 2 Points 3 Points 
Age (years) < 47 47 – 66 > 66 
PaO2/FiO2 Ratio > 158 105 – 158 < 105 
Pplateau (cm H2O) < 27 27 – 30 > 30 
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 Figure 31-3. Murray Score. CL, lung compliance; CXR, chest x-ray; FiO2, fraction of inspired oxygen; 

PaO2, partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure; PIP, peak inspiratory 
pressure; VT, tidal volume.

 

 
 Point Allocation 

1 Point 2 Points 3 Points 
Age (years) < 47 47 – 66 > 66 
PaO2/FiO2 Ratio > 158 105 – 158 < 105 
Pplateau (cm H2O) < 27 27 – 30 > 30 
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 Figure 31-4. Age, PaO2/FiO2, and Plateau Pressure Score (APPS). FiO2, fraction of inspired oxygen; 

PaO2, partial pressure of arterial oxygen; Pplateau, plateau pressure.  

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚)
𝐹𝐹𝐹𝐹𝐻𝐻𝐻𝐻𝑂𝑂𝑂𝑂2 (%) × 100

 

 
Figure 31-5. Horovitz Index. FiO2, fraction of inspired oxygen; PaO2, partial pressure of arterial 
oxygen.
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associated with greater than 80% mortality and 
is thus an indication for ECLS.

A simpler tool is the Horovitz index, also 
known as the P/F ratio, which only requires 
two variables but is not as strongly predictive 
of mortality as other scoring tools.19 The P/F 
ratio was validated by the ARDS Definition 
Task Force to develop the Berlin definition, 
predicting mortality with an AUC of 0.577.20 
The Horovitz index is calculated by dividing 
PaO2 (mmHg) by FiO2 as a whole number 
(Figure 31-5). Using the P/F ratio, ARDS is 
stratified by severity as follows:

•	 >300 is not ARDS, 
•	 >200-300 is mild ARDS, 
•	 >100-200 is moderate ARDS, and 
•	 ≤100 is severe ARDS and may be considered 

an indication for ECMO if FiO2 >90% 
(Chapter 23).

Scoring Systems for Cardiac Failure and 
Potential VA ECMO

While the previously described scores have 
been created and evaluated among patients 
with isolated respiratory failure, cardiac 
failure resulting in cardiogenic shock is a 
separate entity that requires separate scoring 
systems to predict survival with and without 
VA ECMO. Notably, there are no established 
cutoffs for initiating VA ECMO using these 
scoring systems, and multiple other measures 
should be attempted prior to consideration for 
ECMO, including:  volume administration, 
inotropic support, mechanical ventilation, other 
pharmacological therapies, and potentially 
intraaortic balloon counterpulsation. 

Additionally, the following scores were 
developed without considering patients not 
supported with ECMO and are thus not 
appropriate for guiding initiation of VA ECMO 
but rather for predicting survival after VA 
ECMO is initiated. The decision to initiate VA 
ECMO should be based on clinical judgment in 

patients with refractory cardiogenic shock. In 
patients who are deemed to be good candidates 
for VA ECMO, the following scores may help 
predict survival. Once again, these scoring 
systems have not been validated in ACHD. Thus, 
their application to ACHD must be performed 
with consideration of the pathway of the flow of 
blood in a given patient, as well as their baseline 
arterial and mixed venous oxygen saturations.

The Survival after VA ECMO (SAVE) 
score was created based on a group of 3,846 
patients with refractory cardiogenic shock to 
identify pre-ECMO factors affecting hospital 
survival.21 It was internally validated with an 
AUC of 0.68 and externally validated in a group 
of 161 patients with an AUC of 0.90.21 The score 
incorporates 12 variables to stratify patients 
into one of five risk classes. To calculate the 
SAVE score, each of the 12 variables is scored 
as displayed in Table 31-1. Etiology of acute 
cardiogenic shock should be scored as one of 
five groups, including:  myocarditis (3 points), 
refractory ventricular tachycardia or fibrillation 
(2 points), post heart or lung transplantation 
(3 points), CHD (-3 points), and other diagnoses 
(0 points). 

Mortality increases with increasing SAVE 
risk classification, with a SAVE-score of 0 
representing approximately 50% mortality. 
These SAVE scores are further classified:

•	 SAVE risk class I: score > 5 and is associated 
with 25% mortality. 

•	 SAVE risk class II: score of 1 to 5 and is 
associated with 42% mortality. 

•	 SAVE risk class III: score of -4 to 0 and is 
associated with 58% mortality. 

•	 SAVE risk class IV: score of -9 to -5 and is 
associated with 70% mortality. 

•	 SAVE risk class V:  score ≤ -10 and is 
associated with 82% mortality. 

Of note, patients who received post-
cardiotomy ECLS or ECPR were excluded 
from this study. Importantly, the SAVE score 
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PARAMETER POINT ALLOCATION 

Acute Cardiogenic Shock Diagnosis Group (may select multiple) 
Myocarditis 3 

Refractory VT/VF 2 
Post Heart or Lung Transplantation 3 

Congenital Heart Disease -3 
Other 0 

Age (years) 
18 – 38 7 
39 – 52 4 
53 – 62 3 

≥ 63 0 
Weight (kg) 

≤ 65 1 
65 – 89 2 

≥ 90 0 
Acute Pre-ECMO Organ Failures (may select multiple) 

Liver Failure1 -3 
Central Nervous System Dysfunction2 -3 

Renal Failure3 -3 
Chronic Renal Failure4  

Yes -6 
No 0 

Duration of Intubation Prior to Initiation of ECMO (hours) 
≤ 10 0 

11 – 29 -2 
≥ 30 -4 

PIP ≤≤ 20 cm H2O 3 
Pre-ECMO Cardiac Arrest -2 
Pre-ECMO Diastolic Blood Pressure ≥≥ 40 mmHg5 3 
Pre-ECMO Pulse Pressure ≤≤ 20 mmHg5 -2 
Pre-ECMO Bicarbonate ≤≤ 15 mmol/L5 -3 
Constant Value Added to All Calculations -6 
Total SAVE Score -35 to 17 

 
RISK CLASS TOTAL SAVE SCORE 

I > 5 
II 1 – 5 
III -4 – 0 
IV -9 – -5  
V ≤ -10 

PIP=peak inspiratory pressure; VT=ventricular tachycardia; VF=ventricular fibrillation. 
1 Defined as bilirubin ≥ 33 µmol/L or elevation of serum aminotransferases (AST or ALT) > 70 UI/L. 
2 Includes neurotrauma, stroke, encephalopathy, cerebral embolism, seizure, and epileptic syndromes. 
3 Defined as acute renal insufficiency (creatinine > 1.5 mg/dL) with or without renal replacement therapy. 
4 Defined as either kidney damage or glomerular filtration rate < 60 mL/min/1.73 m2 for ≥ 3 months. 
5 Any recorded value within 6 hours prior to ECMO cannulation. 

 
 Table 31-1. Survival after venoarterial extracorporeal membrane oxygenation (SAVE) Score and 

classification. Adapted from original article.21
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recognizes and accounts for the increased 
risk of the presence of CHD; in fact, CHD 
is recognized and valued as the highest risk 
etiology of cardiac failure in this system, with 
a value of negative three points.

Another potential scoring tool that predicts 
survival after initiation of VA ECMO is 
the prEdictioN of Cardiogenic shock 
OUtcome foR AMI patients salvaGed by 
VA-ECMO (ENCOURAGE) risk score.22 The 
ENCOURAGE risk score predicts 30-day 
and 6-month survival after ECMO initiation. 
The score was developed among 138 patients 
with cardiogenic shock secondary to acute 
myocardial infarction who were treated with 
VA ECMO. The ENCOURAGE risk score 
was internally validated with an AUC of 0.84. 
It accounts for seven pre-ECMO parameters 
and classifies patients into one of five groups 
(Table 31-2). Variables required to calculate 
the ENCOURAGE mortality risk score are 

measured prior to the initiation of ECMO and 
include:  age, sex, body mass index (BMI), 
Glasgow coma score, creatinine, lactate, and 
prothrombin activity. The ENCOURAGE risk 
score is unique among VA ECMO scores in that 
it predicts long-term survival. However, it is 
limited to use in cardiogenic shock secondary 
to acute myocardial infarction and does not 
account for the presence or absence of CHD.

While the SAVE score and ENCOURAGE 
score provide helpful prognostic information in 
patients supported with VA ECMO, these scores 
are static. The PREDICT VA ECMO score 
was developed as a dynamic prognostic model 
among a group of 205 patients treated with 
VA ECMO and included patients undergoing 
cannulation for VA ECMO during CPR.23 The 
PREDICT VA ECMO score may be calculated 
at six and 12 hours after initiation of ECMO 
to predict hospital survival. In an external 
validation cohort, the AUC was 0.718 for the 
six-hour PREDICT VA ECMO score and 0.735 
for the 12-hour PREDICT VA ECMO score. 
The scoring system is based on point-of-care 
biomarkers including lactate, blood pH, and 
standard bicarbonate concentration. The six-
hour PREDICT VA ECMO score relies on 
labs drawn at six hours only, while the 12-hour 
score requires lab measurements at one hour, 
six hours, and 12 hours after ECMO initiation. 
Labs may be collected within 30 minutes of each 
respective time point. Although the PREDICT 
VA ECMO score was evaluated in patients with 
cardiogenic shock and patients who received 
ECPR, it performs better in patients with 
cardiogenic shock. Notably, the PREDICT VA 
ECMO does not account for the presence or 
absence of CHD.

Each of these scoring systems can provide 
useful information. However, it is critical 
to contextualize the information derived 
from these scoring systems with the unique 
pathological and physiological features of 
ACHD.

 

 
PARAMETER POINT 

ALLOCATION 
Age (years) 

        ≤60 0 
>60 5 

Sex 
Male 0 
Female 7 
Body Mass Index (kg/m2) 

≤25 0 
>25 6 

Glasgow Coma Score 
≥6 0 
<6 6 

Creatinine (µmol/L) 
≤150 0 
>150 5 

Serum Lactate (mmol/L) 
<2 0 
2–8 8 
>8 11 

Prothrombin Activity (%) 
≥50 0 
<50 5 

 
 

 

Table 31-2. Prediction of Cardiogenic 
Shock Outcome for Acute Myocardial 
Infarction Patients Salvaged by Venoarterial 
Extracorporeal Membrane Oxygenation 
(ENCOURAGE) risk score.
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Evidence-Based Medicine and Randomized 
Trials Related to ECLS

Although ECLS was first successfully 
used in an adult24 and then later in a neonate25 
(in 1971 and 1974, respectively), the first 
randomized, controlled study of ECLS was 
published in 1979.26 The use of ECLS in 
adults subsequently decreased in the following 
years; however, several studies subsequently 
evaluated ECLS in both adult and pediatric 
populations, popularizing its use. Although 
congenital heart surgeons were among the 
first to conduct randomized controlled trials 
of ECLS, none of these studies focused on 
the use of ECLS in ACHD. Nevertheless, it is 
important to understand the evidence base in 
order to comprehend the rationale for the use 
of ECLS in ACHD.

The first randomized, controlled study 
of ECLS was conducted by Zapol et al. in 
adults with acute respiratory failure.26 In 
this multicenter study across nine medical 
centers, patients were randomized to undergo 
VA ECMO or conventional medical therapy. 
After enrollment of 90 patients, the study 
was prematurely suspended because of high 
mortality of 90% in both groups. Zapol et 
al. concluded that ECLS was not associated 
with improved survival in adults with acute 
respiratory failure. The use of ECLS in adult 
patients essentially ceased after this report27; 
however, Bartlett and colleagues in Michigan 
continued to support neonates with ECLS.28

Neonatal Randomized ECLS Trials

Subsequent randomized studies of ECLS 
were conducted in neonates. Bartlett and 
O’Rourke designed innovative “play the 
winner” studies, which showed benefit.20,23,29,30 
These trials were followed by Field and the 
United Kingdom (UK) Collaborative ECMO 
Trial Group, who performed a conventional 
randomized study of neonatal ECMO31 that 

was stopped early due to a significantly higher 
survival of 70% in those supported with 
ECMO vs. 41% among patients treated with 
conventional management. This trial paved the 
way for the widespread use of ECLS in neonates 
with respiratory failure, eventually prompting 
the reevaluation of the use of ECLS in adults.

Randomized ECLS Trials in Adults

In 2009, Peek et al published the CESAR 
trial, which compared ECMO to conventional 
ventilatory support in adults with severe 
respiratory failure using a design similar 
to that used by the United Kingdom (UK) 
Collaborative ECMO Trial Group.17 Patients 
randomized to ECMO had higher survival at 
6-month followup compared to those allocated 
to conventional management. Based on their 
findings, Peek et al. recommended that adult 
patients with severe, potentially reversible 
respiratory failure with a Murray Score >3.0 
or a pH <7.20 despite optimal conventional 
management be considered for support with 
ECLS.

Combes et al. conducted the ECMO to 
Rescue Lung Injury in Severe ARDS (EOLIA) 
trial32 to address some of the shortcomings of 
the CESAR trial. The crossover design meant 
that there was no significant difference in 
mortality between the ECMO and control arms; 
however, there was a difference in treatment 
failure, favoring ECMO. An individual patient 
metaanalysis of the 429 patients in both CESAR 
and EOLIA showed a significant increase in 
survival in the ECMO patients.33

Insights in the Use of ECLS in Patients with 
COVID-19 Infection

ECLS is increasingly utilized to support 
patients with COVID-19. As described above, 
none of the previously described randomized 
trials focused on the use of ECLS in ACHD. 
Similarly, ACHD may develop COVID-19, 
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and it is important to understand the evidence 
base for using ECLS to support patients with 
COVID-19, even although this evidence base 
does not specifically analyze the impact of 
COVID-19 on ACHD.

The COVID-19 pandemic has had a 
far-reaching impact on society and has been 
associated with significant mortality. As of 
December 31, 2021, 287,365,929 patients had 
been diagnosed with COVID-19 worldwide, 
with 5,433,469 deaths (1.9% mortality).34 In 
the United States alone over the same period, 
the mortality rate has been 1.5%, with a total 
of 54,443,678 cases and 824,630 deaths.34 Early 
experience in Wuhan was not promising, with 
only 1 of 6 patients surviving ECMO.35 However, 
subsequent reports were more promising.36-44 
Compared to nonsurvivors of COVID-19 
supported with ECMO, survivors were younger 
and intubated sooner after diagnosis, and those 
who required VV ECMO rather than VA ECMO 
had higher survival. Older age and obesity 
appear to be risk factors, and prone positioning 
appears to be beneficial. Overall, it appears that 
between 35%-50% of patients with COVID-19 
supported with ECMO ultimately survive and 
are discharged home.36-44 This information may 
be useful when considering ECMO support for 
COVID-19 in ACHD.

Respiratory ECMO for ACHD

Some ACHD may have isolated respiratory 
failure and benefit from VV ECMO.10 Multiple 
unique challenges exist with providing VV 
ECMO in ACHD. As discussed above, ACHD 
often have different baseline arterial and 
mixed venous oxygen saturations secondary 
to congenital or acquired intracardiac shunts 
and/or systemic and pulmonary circulations 
that are partially or completely parallel rather 
than in series. When contemplating VV ECMO 
in ACHD, baseline arterial and mixed venous 
oxygen saturations must be considered when 
setting goals and expectations. The anatomy, 

morphology, pathology, and pathophysiology 
of the congenital cardiac malformation must 
be thoroughly understood. Cannulation can 
be extremely challenging in ACHD secondary 
to multiple factors including congenitally 
abnormal systemic and pulmonary venous 
connections, surgically altered systemic and 
pulmonary venous connections, residual 
systemic-to-pulmonary communications, and 
the loss of patent blood vessels secondary to 
multiple cardiac catheterizations and cardiac 
surgical procedures. All ACHD should undergo 
detailed ultrasound as soon as the team starts to 
consider ECLS, in order to assess the patency 
of femoral and neck vessels. The conduct of 
ECLS can be challenging secondary to residual 
systemic-to- pulmonary shunts and should 
only be undertaken by those with experience 
in managing ACHD. In patients with residual 
systemic-to-pulmonary communications, return 
cannula position relative to the shunt is critical 
to avoid residual shunting of deoxygenated 
blood in the setting of pulmonary hypertension 
and/or right ventricular failure. In ACHD 
with pulmonary hypertension, utilization 
of respiratory ECMO with creation of an 
oxygenated right-to-left shunt may be adequate 
vs. VA ECMO, in cases with respiratory failure, 
a patent shunt, and preserved left ventricular 
function.45

•	 In patients with superior cavopulmonary 
connections (Glenn), the superior vena 
cava (or bilateral superior vena cavae) is 
not connected to the heart but is instead 
connected to the pulmonary artery.

•	 In patients with total cavopulmonary 
connection (TCPC) type Fontan connections, 
blood in the inferior vena cava does not 
drain into the systemic venous atrium but 
instead drains to the pulmonary artery. 
Patients with a ‘classic’ atriopulmonary 
Fontan, however, may use the right atrium 
as part of the Fontan pathway.



427

Extracorporeal Life Support for Adult Congenital Heart Disease

•	 In patients with interrupted inferior vena 
cava, the femoral vein will not drain in the 
usual pathway through the inferior vena 
cava to the heart. Instead, the inferior vena 
cava is interrupted and femoral venous 
blood will drain to the heart via an azygous 
continuation.

Cardiac ECMO for ACHD

As ACHD age, there is an increased 
prevalence of heart failure, as well as other 
noncardiac comorbidities. In fact, health care 
utilization among ACHD has grown steadily in 
both inpatient and outpatient settings, and those 
with complex forms of CHD have the highest 
rates of emergency department utilization, 
hospitalization, and critical care needs.46 In 
parallel with survivorship, the complexity of 
CHD in ACHD has increased substantially over 
the past two decades, and there is an increased 
need for options of mechanical circulatory 
support.47

Multiple indications for ECLS in ACHD 
exist:

•	 ECLS may be a useful tool in stabilizing 
ACHD who present with cardiogenic 
shock, low cardiac output state, or 
cardiomyopathies due to acute coronary 
injury.

•	 ECLS may be used as a rescue therapy 
i n  A C H D  u n a b l e  t o  w e a n  f r o m 

cardiopulmonary bypass or those who need 
peri-procedural support.

•	 ECLS is appropriate in cases where 
there are reversible causes of ventricular 
dysfunction and may serve as a bridge-to-
decision or bridge-to-transplant.48

•	 ECLS may be appropriate during cardiac 
arrest in patients with CHD and should be 
considered early in resuscitation efforts.49 

•	 Table 31-3 lists potential indications and 
relative contraindications for ECLS in 
ACHD.

As discussed above, ACHD often have 
complex anatomy and may have undergone 
multiple prior interventions, resulting in 
limitations to vascular access. It is also 
important to consider potential comorbidities 
which may be present in ACHD, because renal, 
neurologic, and pulmonary complications 
are associated with worse survival following 
ECLS. The prevalence of renal disease is 
higher in ACHD than in the general population, 
and 9% of ACHD have at least moderately 
decreased renal function (ie, glomerular 
filtration rate <60 ml/min/1.73 m2) which is 
associated with a three-fold increase in overall 
mortality.50 ACHD are also at an increased 
risk of stroke, neurodevelopmental disorders, 
cognitive impairment, psychiatric disease, and 
epilepsy.51 Patients who have undergone prior 
thoracotomy may have restrictive lung disease, 
and obstructive sleep apnea is underdiagnosed  

POTENTIAL INDICATIONS RELATIVE CONTRAINDICATIONS 
Mean arterial pressure < 60 mmHg Multi-system organ failure 
Left atrial pressure >20 mmHg Sepsis with systemic vasoplegia 
Low cardiac index (<2 L/min/m2) Neurologic damage 
Rising lactate Severe aortic regurgitation 
Failure to respond to vasoactive agents Unwitnessed arrest  
Failure to wean from cardiopulmonary bypass Prolonged resuscitation (>60 min) 
Evidence of end-organ damage No hope of recovery or transplant option 

 
Table 31-3. Potential indications and relative contraindications for ECMO in ACHD.
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and undertreated in ACHD. Pulmonary arterial 
hypertension related to CHD affects 5%-10% 
of ACHD and is associated with significant 
morbidity and mortality.52 ACHD may also 
have hepatic dysfunction.53 ACHD with the 
highest prevalence of liver disease include:  
Fontan circulation, congestive heart failure, and 
other conditions associated with chronically 
elevated right atrial pressures, such as tricuspid 
valve disease, tetralogy of Fallot with severe 
pulmonary regurgitation, transposition of the 
great arteries with atrial switch repair, and 
Eisenmenger syndrome.

Hematologic issues in ACHD include:  
coagulopathies, iron deficiency, and bleeding 
disorders.

Dolgner et al. examined predictors of 
ECLS support after cardiac surgery in ACHD 
from the Pediatric Health Information Systems 
database from 2003 to 2014.54 During that time, 
4665 ACHD underwent cardiac surgery in 39 
pediatric hospitals. Fifty-one patients (1.1%) 
were supported with ECLS and 64 (1.4%) 
died without it. Of the 51 patients who were 
supported with ECLS, 34 (67%) died. Risk 
factors for death included older age, increased 
surgical complexity, functionally univentricular 
physiology, preoperative hospitalization, and 
the presence of noncardiac complex chronic 
conditions.

The same group of investigators have more 
recently reported on outcomes of ACHD from 
the ELSO Registry from 1994-2016.54 They 
identified 368 ACHD who received ECLS after 
cardiac surgery, with an overall mortality of 
61%. Pre-cannulation risk factors for mortality 
included55:  Fontan physiology, weight >100 
kg, female gender, delayed cannulation, and 
neuromuscular blockade. After adding post-
cannulation features into the multivariate 
model, the following factors were associated 
with increased mortality55:  renal complications, 
neurological complications, and pulmonary 
hemorrhage.

Adults with Fontan physiology have 
notably poor outcomes after ECPR. Multiple 
potential reasons exist for the poor outcomes 
in these patients, one of which is difficulty 
in administering CPR, as chest compressions 
result in increased intrathoracic pressure which 
may limit effective pulmonary blood flow and 
therefore oxygenation. Compressions also 
result in increased cerebral venous pressure, 
which may impair cerebral perfusion. By the 
time cannulation occurs, irreversible end-organ 
damage may have occurred. Many contributing 
factors to poor outcomes in these patients 
relate to the inability to maintain adequate 
venous drainage and systemic perfusion, which 
results in neurologic injury. Use of more than 
one cannula from more than one site should 
augment venous return, yet, unfortunately, 
many of these patients have central venous 
occlusions from multiple prior interventions.

ECLS and VAD as a Bridge to Heart, Lung, 
or Heart and Lung Transplantation

The use of ECLS or VAD to bridge patients 
to transplantation is described in detail in the 
following chapters:

•	 Chapter 30 (Bridging adult patients with 
cardiac failure), 

•	 Chapter 40 (Lung transplantation), and
•	 Chapter 41 (Cardiac transplantation).

Specific issues related to ACHD are 
highlighted in this section.

In general, ACHD are a challenging group 
to bridge to transplantation. They typically have 
undergone multiple operations, placing them 
at substantial risk of mediastinal adhesions 
and vascular complications, such as venous 
stenosis or thrombosis. These factors increase 
the technical complexity and risks of inserting 
mechanical circulatory support devices, as 
can specific anatomic diagnoses and the 
nature of previous operations. For example, 
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in patients with Transposition of the Great 
Arteries palliated with a Senning or Mustard 
operation, the atria are unlikely to accommodate 
venous drainage cannulas. ACHD have often 
received multiple blood product transfusions 
and been exposed to allograft material.56-58 
The consequent alloimmunization may delay 
finding a suitable donor organ and thus prolong 
the duration of mechanical circulatory support.

While ECLS has the advantage of 
providing support to both the lungs and the 
pulmonary and/or systemic ventricle, survival 
to transplantation is higher with the use of VAD 
in most circumstances.59-61 ECLS is typically 
used as a bridge to transplantation in ACHD 
when VAD insertion is technically difficult or 
impossible,62 there is significant concomitant 
lung disease or pulmonary hypertension, or 
waitlist times are short.

The regional or national mechanisms for 
determining the priority of allocation for cardiac 
transplantation may have an important influence 
on outcomes when comparing ECLS to VAD. 
Recent data from the Interagency Registry for 
Mechanically Assisted Circulatory Support 
(INTERMACS) and the United Network for 
Organ Sharing (UNOS) databases demonstrated 
no difference in posttransplant mortality whether 
ECLS was used as a bridge directly to cardiac 
transplantation or as a bridge to VAD.63 Other 
variables such as age, the degree of critical 
illness, and mechanical ventilation can influence 
the choice of mechanical support device, making 
unadjusted comparisons between outcomes 
associated with ECLS and VAD unhelpful.64 
Fundamentally, the decision whether to bridge 
an ACHD to transplantation with ECLS or VAD 
is influenced by a number of factors, including 
waitlist times and local surgical expertise, and 
needs to be individualized to the needs of the 
patient and the expertise of the center.

Detailed planning as to the most appropriate 
form of mechanical circulatory support and how 
it should be inserted is critically important.65 
Some intensive care units have standardized 

workflows where the candidacy of each patient 
for ECLS is documented on admission, and 
the relevant vessels and cannula sizes are 
charted at the bedside. As discussed above, 
this documentation should include the status 
of the patency of each of the relevant vessels. 
The axillary artery may be one valuable 
approach because it can be surgically accessed 
without a need to dissect mediastinal adhesions 
and its use can facilitate extubation and 
mobilization, thus providing optimal conditions 
for bridging to transplantation. In patients with 
cavopulmonary connections in whom ECLS 
is needed, consideration should be given to 
drainage of both vena cavae. 

ECLS and VAD as a Bridge to Combined 
Heart-Liver and Heart-Liver-Kidney 
Transplantation in ACHD

Improvements in surgical technique and 
perioperative management have resulted 
in patients with CHD surviving well into 
adulthood.1-5,66 Patients with functionally 
univentricular physiology and the Fontan 
palliation are a subgroup of patients with CHD 
that are more vulnerable than most to late 
complications and have limited life expectancy, 
with less than 50% alive at 30 years.67 These 
patients are prone to heart failure as they get 
older, often with concurrent severe liver and/or 
kidney failure. The reasons for this end-organ 
failure are believed to be related to chronic, 
elevated systemic venous pressures secondary 
to the absence of a functional right ventricle, 
chronic low cardiac output, and organ injury 
that may have occurred over the complex 
surgical and medical course.68

The liver failure seen with Fontan physiology 
differs from that seen in typical congestive heart 
failure because these patients with functionally 
univentricular circulation develop extensive 
fibrosis secondary to a fibroinflammatory 
response, making it a nonreversible form of 
hepatic failure that progresses to cirrhosis at 
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times.69 Thus, the need for combined heart-
liver (HLT) or heart-liver-kidney (HLKT) 
transplantation is necessary if this subgroup of 
patients with CHD is to survive longer term and 
have a satisfactory quality of life.

The first heart-liver transplant occurred in 
1984.70 Between 1987 and 2015, the UNOS 
database showed that only 41 patients with 
CHD underwent HLT.71 A more recent analysis 
from 2009 to 2020 showed a 5-fold increase 
in HLT in patients with CHD, which now 
surpasses the group of patients without CHD.72 
There are several reasons for this recent increase 
in HLT in patients with CHD.

•	 Over 1,000 Fontan operations are performed 
each year in the United States.73 

•	 With improved surgical techniques, 
perioperative care, and long-term outpatient 
management, these patients are living into 
adulthood, though in a chronic state of 
compensated heart failure.74

•	 By 20 years, 21% of these patients require 
cardiac transplantation.75

•	 Because these ACHD are relatively 
younger compared to adult patients needing 
transplant for acquired heart disease or 
cardiomyopathy, they are often in better 
physical condition, so transplant teams are 
more willing to take a risk on using more 
than one organ in a single patient to try to 
extend the life of these patients with CHD.

•	 In addition, the 5-year survival of patients 
with CHD undergoing HLT is identical 
to patients with CHD undergoing cardiac 
transplantation alone (~85% [72]), making 
HLT in ACHD a reasonable risk with little 
controversy in a suitable candidate. 

•	 Lastly, transplanting a heart with the 
liver confers a degree of protection from 
rejection for the heart.76

The use of VA ECMO to support patients 
with Fontan circulation beyond the original 
acute postoperative period is very challenging. 

VA ECMO requires adequate capture of 
venous drainage to help pump output to the 
systemic circulation. Because the Fontan 
circulation is in series and does not have a 
typical right atrial reservoir, dual upper and 
lower peripheral venous cannulation may be 
necessary if peripheral V-A cannulation is 
being used.77 In some patients with Fontan 
circulation, a compliance chamber such as the 
BetterBladder™ is necessary to compensate 
for the lack of a native systemic venous atrium. 
In the largest, retrospective series from the 
ELSO database, the outcome of 230 patients 
with Fontan circulation supported with ECMO 
between 1987 and 2009 was analyzed.78 The 
overall survival to discharge was only 35%, and 
when looking at the most recent two years of 
data (30 patients), only 36% survived despite 
advances in the practice of ECMO. In the largest 
single center study that included 20 patients 
from 1984 to 2002, 50% of the patients survived 
to discharge, although only 5 patients (25%) 
were alive at a median follow up of 35 months.79

Given our current experience with 
supporting patients with Fontan circulation 
with ECLS, the limited availability of organs, 
and the length of time for organs to become 
available, ECLS as a bridge to a combined 
HLT or HLKT does not appear to be a prudent 
approach with a predictably favorable outcome. 
Instead, VA ECMO may serve a role as a 
very temporary bridge to a durable VAD if a 
VAD is not immediately available or feasible. 
Experience with mechanical circulatory 
support of patients with Fontan physiology 
with successful HLT or HLKT at the time of 
writing is extremely limited and not reported 
in the literature. Based on current evidence, 
Fontan HLT or HLKT should be limited to high 
volume centers that can optimize the selection of 
patients, preferably without the need for ECLS, 
and have the capability to provide mechanical 
circulatory support in the perioperative setting 
if necessary. Nevertheless, as these techniques 
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evolve and improve, it is highly likely that 
indications will expand.

The Future of ECLS in ACHD

It is likely that the growing population of 
complex ACHD will stimulate increasing use 
of ECLS for perioperative support; intercurrent 
illnesses; and bridge to decision, device, 
or transplantation. Gene therapy,80 stem 
cell treatments,81 use of non-heart beating 
organ donors,82 and transgenic porcine heart 
transplantation83 will all require patients with 
endstage disease to have physiologic support 
while awaiting definitive treatment. ECLS 
will remain one of the central pillars of this 
support. Technological improvements in circuit 
design with improvements in surface coating 
and more intelligent servo regulation may 
make ECLS support for ACHD safer, easier, 
and less labor intensive. As such, ECLS is 
becoming an increasingly used tool rather than 
an extraordinary last-ditch measure. 

Summary

ACHD represent a highly challenging 
cohort of patients. Supporting ACHD with 
ECLS involves multiple unique challenges but 
also saves many lives. Many of the techniques 
available to support ACHD with ECLS in the 
current era were simply unavailable 20 years 
ago. As the art and science of ECLS evolves, it 
is likely that many new techniques will evolve 
over the next decade and that these techniques 
will save more lives.
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The incidence of sudden cardiac arrest is 
substantial, with in-hospital (IHCA) and out-
of-hospital cardiac arrest (OHCA) estimated 
at 200 and 140 individuals per 100,000 adult 
multiday admission/population, respectively, 
and significant variation between countries, 
regions, and hospitals. Survival to hospital 
discharge after cardiac arrest is low; IHCA 
6-26% and OHCA typically <10%,1 but in 
well-organized systems this can be as high 
as 27% for OHCA.2,3 The most important 
interventions that improve outcome in cardiac 
arrest are high-quality, uninterrupted chest 
compressions, and early defibrillation.4 When 
an arrest proves refractory to these interventions, 
the chances of survival fall and extracorporeal 
cardiopulmonary resuscitation (ECPR) may 
be considered when the appropriate expertise 
and system infrastructure is available and 
established.

ECPR is the application of rapid-
deployment VA ECMO to provide circulatory 
support in patients with cardiac arrest in whom 
conventional CPR (CPR) is unsuccessful in 
achieving sustained return of spontaneous 
circulation (ROSC).5 Through a return of 
assisted circulation, ECPR can provide precious 
time for diagnosis, therapy, and recovery. 
ECPR is a time-sensitive, complex intervention 
that requires teamwork, clearly defined roles, 

optimal logistics, and well-trained health care 
providers.

Despite the lack of high-quality evidence 
supporting its use, the deployment of ECPR 
has increased for both in- and out-of-hospital 
cardiac in recent years (<100 in 2009 to >1500 
in 2019),5 and is recommended to be considered 
in specific circumstances for particular patient 
populations in both National and International 
guidelines.6-8 This chapter will provide a 
summary of current evidence surrounding the 
use of ECPR, practical guidance regarding its 
implementation, and outline key areas regarding 
post-ECPR management. 

Evidence for ECPR

In the first published report on ECPR, eight 
cardiac arrest patients managed with ECPR 
resulted in one patient surviving to hospital 
discharge, neurologically intact.9 This initial 
publication highlighted the requirement for 
readily available teams able to rapidly establish 
assisted circulation, and the vital role of CPR as 
the basis for successful resuscitation. Key areas 
of subsequent research include identification of 
which patients are most likely to benefit, timing 
of implementation, the site of cannulation, and 
how to optimize cannulation and postarrest 
strategies. 
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Patient Selection

Optimal patient selection for ECPR remains 
to be determined. Protocols and guidelines 
suggest identifying those most likely to 
survive with favorable neurological outcomes 
and with very low chance of survival with 
conventional means. For each, therefore, the 
potential benefits must be weighed against 
complications (individual risk vs. benefit) and 
resource implications (societal risk vs. benefit). 

A number of selection criteria have been 
published, in line with the inclusion criteria 
for the major randomized trials in OHCA 
(Table 32-1). For IHCA, the relation with initial 
rhythm may be less stringent, as shown in a large 
registry study where more than 50% of patients 
had an initial rhythm of PEA or asystole.10 
Indeed, PEA may have a better prognosis 
during IHCA than OHCA because many events 
occur in monitored areas, with immediate high-
quality CPR, and the possibility of pseudo-PEA 
(reflecting merely profound hypotension/low 
cardiac output state rather than cardiac arrest 
with electromechanical dissociation). Since 

ECPR can only act as a bridge to recovery or 
longer-term therapy, patients with potentially 
reversible etiologies should be targeted. These 
may include acute myocardial infarction, 
tachyarrhythmias, pulmonary embolism, deep 
hypothermia, myocarditis, and drug toxicity.

A risk score (RESCUE-IHCA) has been 
published intended to predict hospital mortality 
for adult ECPR in IHCA. Here, preexisting 
patient characteristics (patient type, presenting 
rhythm, time of day, age, and renal insufficiency) 
together with the potentially modifiable event 
characteristic (duration of arrest) demonstrated 
a score performance of 72% prediction ability 
(external validation 68% prediction ability).

Timing of ECPR Initiation 

Central to ECPR stands the definition of 
a refractory arrest. However, definitions differ 
(ranging between 10-60 mins) within the 
literature. Numerous studies have demonstrated 
that survival declines after 10 minutes of CPR 
without ROSC, and in these patients ECPR may 
be beneficial, even if overall resuscitation times 

Table 32-1. Inclusion criteria of three randomized trials on ECPR in OHCA.5

EXAMPLE OF INCLUSION CRITERIA FOR ECPR 
Age <70 years 

Witnessed arrest 
Arrest to first CPR (“no-flow interval”) <5 minutes (ie, bystander 
CPR)  
Initial cardiac rhythm of VF/pVT/PEA 
Arrest to ECMO flow <60 minutes “low flow interval”* 
ETCO2 >10 mmHg (1.3 kPA) during CPR before annulation for 
ECMO 
Intermittent ROSC or recurrent VF 
“Signs of Life” during conventional CPR may be a positive 
predictive factor for survival 
The absence of previously known life limiting comorbidities (eg, 
endstage heart failure/chronic obstructive pulmonary 
disease/endstage renal failure/liver failure/terminal illness) and 
consistent with patient’s goals of care 
No known aortic valve incompetence (>mild aortic valve 
incompetence should be excluded 
*Unless other favorable prognostic features are present: eg, periods of 
intermittent ROSC/hypothermia prearrest/young age/signs of life during CPR.  
CPR=cardiopulmonary resuscitation; ECMO=extracorporeal membrane 
oxygenation; ECPR=extracorporeal cardiopulmonary resuscitation; 
ROSC=return of spontaneous circulation. 
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are prolonged.12,15 Prolonged CPR in patients 
who undergo ECPR is, however, consistently 
associated with worse outcomes and thus 10-
20 minutes of CPR without ROSC is often 
quoted as the point where ECPR should be 
considered.2,16,17 As rapidity of establishing 
ECPR is a main determent of survival6; based 
on available evidence the goal is to implement 
ECPR on average within 60 minutes and 
ideally within 45 minutes of the cardiac arrest. 
It appears that after 30 minutes of CPR, every 
additional minute without ECPR initiation adds 

~2-2.5% mortality rate. 

Outcomes in ECPR

There is little high-quality data supporting 
the use of ECPR in IHCA, and emerging data 
regarding its use in OHCA. Key studies in 
ECPR are summarized in Table 32-2. 

IHCA

There are currently no randomized 
controlled trials addressing ECPR in the in-
hospital setting. Single-center, retrospective, 
and observational studies showing ECPR in 
IHCA is feasible and may improve outcomes. 
A study by Chen and colleagues reported 
almost a third of 135 patients with neurological 
successful outcome with an average of 55.7 
(+/-27 min) of CPR before ECMO initiation.6 

Time-to-ECMO was directly related to survival. 
Two propensity matched studies and a meta-
analysis provide further observational evidence 
to the potential of ECPR in IHCA.14,18

OHCA

There are currently two published 
randomized trials on ECPR in OHCA with 
mixed results. The ARREST trial was a Phase 
2, single-center open label RCT where patients 
with a shockable rhythm were randomized 
on hospital arrival to CPR vs. ECPR. The 
trial was stopped early due to protocol based 
prespecified superiority criteria after enrollment 
of 30 patients.11 It demonstrated a significantly 
higher survival to discharge in the ECPR group 
(43% vs. 7%, HR 0.16 [CI 0.06-0.41]). The 
second trial randomized adults with witnessed 
refractory OHCA of presumed cardiac origin 
to either invasive (intra-arrest transport to 
a center for ECPR and invasive assessment 
and treatment) or a standard (continued CPR 
delivered on site) strategy. This trial was stopped 
prematurely because of futility, demonstrating 
a nonsignificant difference in primary outcome 
(6-month survival neurologically intact 31.5% 
(ECPR) vs. 22% (CPR), p=0.09).12 The study 
also showed that 6- month survival was 
statistically superior with ECPR. The Prague 
trial, similar to the ARREST trial, provided 
further evidence that for prolonged duration 

Table 32-2. Key studies in ECPR.

 

  ARREST11 PRAGUE12 INCEPTION13 

Age 18-75 years 18-65 years 18-70 years 
Initial rhythm VF/pVT1 Witnessed, 

presumed cardiac 
etiology 

Witnessed, 
VF/pVT, 
bystander CPR 

Resuscitation No ROSC after 3 
shocks 

>5 min ALS2 No ROSC after 3 
rounds of ALS 
CPR2 

Timing Transfer time to 
ED <30min 

 Arrival ED <50 
min of arrest 

1pulseless ventricular tachycardia. 2Advanced Life Support (ie, ambulance protocol) 
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of resuscitation, ECPR may improve survival 
compared to standard CPR. In the subgroup 
with neurologically intact survival after CPR 
duration >45 min, 24/26 patients had received 
ECPR, including 4 crossovers from the standard 
therapy arm, indicating that there may still 
be benefit from ECPR despite prolonged 
resuscitation in certain patient populations. 

Practicalities and Techniques
Current international guidelines offer a 

weak recommendation for ECPR as a rescue 
strategy for select patients with cardiac arrest of 
a potentially reversible etiology in whom CPR 
is failing, undertaken within established, highly 
functioning systems of care.19-22

Initiation of ECPR

Who: There are no absolute inclusion/
exclusion criteria for patients to be considered 
for ECPR; however, based on current evidence, 
examples of inclusion criteria are shown in 
Table 32-1. In IHCA, established scores may be 
used to attempt to predict in-hospital death, but 
each case should be considered on an individual 
basis.14 Patients with shockable presenting 
rhythms (reflective of a high prevalence of 
coronary artery disease) between 18-75 years 
old, who have had intermittent ROSC and can 
be supported within 60 minutes from their initial 
arrest, should be strongly considered in capable 
and organized systems.

When: Considering initiation of ECPR, 
there are time-lags inherent in all systems of 
care, each of which must be minimized for 
optimal outcomes within organised systems of 
care. These include: 

•	 cardiac arrest → CPR (no flow),
•	 CPR start → ECPR decision,
•	 CPR start → ECPR initiation (low flow),
•	 ECPR decision to return of assisted 

circulation with VA support, 
•	 ECMO.

Assessment for ECPR candidacy should 
occur early, with current recommendations 
suggesting cannulation be considered in suitable 
patients after 10-20 mins of failed resuscitation, 
aiming to establish adequate ECMO flow at 
least within 60 mins of cardiac arrest onset 
and to minimise the low flow duration once the 
decision is made to initiate ECMO.5

Where: The optimal place to initiate ECPR 
has not yet been determined. In OHCA, data 
does not demonstrate superiority or inferiority 
of prehospital ECPR vs. transportation under 
CPR to an ECPR center. Within hospitals, 
successful practice has been demonstrated 
in the emergency department, the cardiac 
catheterization laboratory, and the intensive 
care unit. The optimal location will depend 
on local infrastructure, staffing, and logistical 
considerations. A preprimed circuit is a 
significant asset in achieving fast on pump 
times and should be considered within a 
system. Availability of fluoroscopy and/or 
echocardiography may facilitate faster and more 
precise cannulation (Chapter 4).

By whom:  Whether  for  IHCA or 
OHCA, ECPR will be provided by a trained 
multidisciplinary ECMO team with 24/7 
coverage, and delivered withing a highly 
functioning specialist unit.9,23-25 Successful 
cannulation for ECPR has been demonstrated 
in numerous different models, including by 
cardiovascular surgeons, emergency department 
clinicians, intensivists, and trained ECPR 
cardiologists.26,27 Mobile teams consisting of 
highly trained resuscitation physicians and 
paramedics that serve a larger population 
in multiple health care systems have been 
successfully deployed in Minneapolis and 
Paris.28

How: The aim is to minimize both low-flow 
time and complications related to cannulation. 
Percutaneous peripheral cannulation is the most 
frequently used approach (except immediately 
postcardiotomy). After determining suitability 
for ECPR, the next preparatory steps include 
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identification of the code leader (not engaged in 
the cannulation process, but providing oversight 
of the parallel ongoing CPR and preparation 
and initiation of ECPR), undertaking a team 
brief (determining all essential equipment and 
team members are immediately available), 
ensuring the circuit is primed and ready, that 
the femoral vessels are adequately visualized 
using ultrasound, and the patient is draped in a 
sterile fashion. Key stages to consider include 
the following. 

External cardiac massage must continue 
throughout cannulation, potentially assisted by 
use of an automated mechanical compression 
device, taking care to avoid device migration 
towards the abdomen or the upper chest.29 
Throughout cannulation, pauses in chest 
compressions must be kept to a minimum. 
CPR should be continued as defined by the 
code leader and according to standard ACLS 
protocols. The only modifications to ACLS 
include: 1) in the event of refractory VT/
VF, defibrillation attempts are temporarily 
suspended during guidewire insertion until 
established on VA ECMO support, and 2) 
discontinuing adrenaline boluses when the 
circuit is being connected to the cannulas (to 
avoid inadvertent hypertension).

Choice of cannula size  should be 
determined by the vessel size and flow required 
(generally arterial 15-17 Fr and venous 25-27 
Fr multistage, although a single-stage drainage 
cannula is acceptable).30 In larger males, a 17-19 
Fr arterial return cannula may be used. 

Cannulation is most usually via the 
common femoral artery and vein using a modified 
Seldinger technique.31-33 As unsuccessful 
cannulation is potentially fatal, cannulators 
must be meticulous in their approach, ensuring: 
1) Identification of the target vessels for 
cannulation. This is determined by vessel 
size and operator(s) and may be unilateral 
or bilateral. Unilateral cannulation can help 
localization of the second vessel to be found and 
punctured for guidewire insertion; 2) Imaging 

the vessels in real-time during cannulation. 
US guidance is highly recommended to avoid 
multiple punctures and vascular complications. 
Fluoroscopy with angiography can also be useful, 
facilitating guidewire insertion, followed by 
cannulation using the angiography introducer. 
Aim at the common femoral artery above 
the bifurcation. Visualization of venous and 
arterial guidewires (ultrasound, transthoracic/
transesophageal echo/fluoroscopy) to confirm 
correct cannulation is very important and avoid 
liver lacerations or perforations. Verify freedom 
of the wire tip to assure proper placement of 
the cannulas intravascularly. Aim the venous 
cannula at mid right atrial position. Flushing 
the first cannula with heparinized saline (or 
intermittently backflushed) to prevent clot 
formation. In the event of pulmonary embolism, 
ultrasound visualisation is mandatory to avoid 
inadvertent cannulation of a thrombosed vein. 

Please see www.elso.org for two videos 
of cannulation for ECPR to show steps 
needed for cannulation. Videos provided by D. 
Yannopoulus.

Connection of circuit and cannulas: 
Despite time pressures, as with every VA 
ECMO initiation, all air should be purged 
during connection and final checks should be 
undertaken to avoid risk of embolization. RPMs 
are gradually increased to generate adequate 
positive pressure in the return limb of the circuit. 
Finally, clamps are removed to ensure antegrade 
ECMO flow, at which stage mechanical chest 
compressions can be discontinued. The code 
leader should anticipate that vasopressor/
inotrope infusions may need to be rapidly 
weaned to avoid hypertension. A heparin bolus 
can be given as soon as the system is connected 
and adjusted accordingly per institutional 
protocols. This may be omitted in hypothermic 
or near-drowning victims because of the risk of 
hemorrhage. Many patients initially develop 
vasoplegia and require 2-3 vasopressors 
and large intravenous volume resuscitation. 
Consider progressive correction of acid base 
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balance and regulate pressors to maintain a 
mean arterial pressure of >60-65 mmHg.

Cardioversion is not emergent after ECLS 
initiation and waiting for a few minutes to 
establish perfusion seems to lead to more 
successful and sustained organized cardiac 
rhythm.

The patient will require a right radial 
arterial pressure line to assess right innominate 
arterial saturation and oxygen content as cardiac 
function recovers, and a distal perfusion catheter 
inserted in the superficial femoral artery to avoid 
leg ischemia and necrosis. NIRS may also be 
useful to monitor for this complication. An 
intraaortic balloon pump, intravenous cooling 
catheters, or other supporting devices can be 
considered based on local practices.

Immediate Steps Post-initiation of VA ECMO

Key steps in immediate postarrest 
management that are specific (or particularly 
key) in ECPR are shown in Table 32-3. Where 
femoral cannulation has been used and a 
distal perfusion cannula has not already been 
positioned, this should be undertaken (ideally 
within 4 hours) to reduce the risk of limb 
ischemia.34

Post-resuscitation Care 

Key to successful management of a patient 
with cardiac arrest (once resuscitated) is reversal 
of any potential underlying cause. In particular, 
as studies using protocolized catheterisation 
post-ECPR initiation demonstrated increased 

Table 32-3. CPR-specific immediate postarrest management (minutes).
 

 

ISSUE ACTION NOTES 
Access cannula • Confirm position (echo and/or 

fluoroscopy)  
• Secure 
• Dress 

• Drainage cannula tip in RA 
(SVC-RA junction) 

Mean arterial pressure • Measure right-upper limb 
arterial line 

• Although no optimal MAP 
demonstrated, aim 60-80 mmHg 

• May need to rapidly down-
titrate/hold 
pressors/inotropes 

PaO2 • Measure from right-sided 
arterial line 

• Avoid hyperoxia if 
possible 

• If hypoxemia, consider 
differential hypoxia 

Arterial blood gases • Titrate sweep gas flow & 
mechanical ventilation if ROSC 
has occurred 

• Aim to avoid hypocarbia 

Ensure adequate 
drainage & flows 

• If drainage insufficiency despite 
appropriate placement, consider 
fluids/transfusion 

• If flow (VA + native) 
excessive, may consider 
reducing VA-ECMO flow 

Cardiac pathology/LV 
decompression 

• Echocardiography  
• 12-lead ECG 

• Comprehensive study by 
experienced imager 

• ? failure of LV 
decompression 

General measures • ETT placement & end-tidal CO2 
• Establish central access (if not 

already 
• Review sedation/analgesia 
• CXR 

• To assess native 
cardiopulmonary 
circulation 

Formal laboratory 
investigations 

• Standard post-arrest including 
cardiac biomarkers  

• Anticoagulation 
profile/targets must 
consider increased 
bleeding risk post-arrest 
+/- PCI35,36 
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survival, emergent coronary angiography should 
be undertaken for all ECPR patients without 
an obvious noncardiac cause, independent of 
age and presenting rhythm. Other potentially 
reversible cardiac causes for cardiac arrest 
should be addressed according to standard 
international guidelines. Further ECPR-
specific post-resuscitation care after initial 
stabilisation includes that of standard post-arrest 
management. Additional key considerations are 
shown in Table 32-4.

Where the cause of cardiac arrest is unclear, 
additional investigations may include CT 
brain, abdomen/pelvis, and CT pulmonary 
angiography. 

Ongoing Management

Further management will be as with any 
patient receiving VA ECMO and in the postarrest, 
critical care setting, with a typical VA run of 3-4 
days (Chapter 28).37 Similarly, patients who 
survive ECPR neurologically intact, but fail 
to recover sufficient cardiac function to be 
successfully weaned from VA ECMO should 
be discussed early with a referral centre with 
transplant and durable VAD capability as 
soon as this situation becomes apparent. The 
prevalence of brainstem death is significantly 
higher in patients undergoing ECPR vs. 
CPR, but without significant differences 
in rates of organ donation.38 A number of 
challenges exist around decisionmaking in these 
patients, including timing of withdrawal, and 
mechanisms by which brainstem death may be 
declared. The protocols around withdrawal of 
life-sustaining therapies and brainstem death 
testing are, however, the same as any patient 
receiving VA ECMO. 

Additional Organizational Considerations

Provision of ECPR is highly resource-
intensive, and depends upon coordination of a 
trained multidisciplinary team working within 

an appropriate organisational infrastructure 
in a service that is experienced in ECMO 
provision.5,39 Prehospital EMS/ECPR team/ 
hospital communications, operational pathways, 
cost, and outcomes sharing are of fundamental 
importance for a successful program.28 A 
successful program should include rigorous 
training, quality improvement, and governance, 
ideally with all patients either part of a formal 
clinical trial or registry. A number of factors 
are mandatory to ensure optimal outcomes 
(Table 32-5). 

Conclusion 

ECPR offers the promise of improving rates 
of survival after cardiac arrest with functional 
and neurological recovery. Sufficient data exist 
to support initiation as an extension to CPR in 
select individuals, with reversible aetiology, 
minimal (no) no-flow time, and minimal low-
flow time. Emerging data support the potential 
use of ECPR in selected cases with OHCA as 
part of a healthcare system where ECPR is part 
of a highly functioning system (ie, high-volume 
with trained teams and established coordination 
between systems of care). Although there are 
ethical challenges—in particular, considering 
individual vs. societal benefit and avoidance of 
futility—ongoing trials will determine optimal 
patient selection and management in the future, 
with the potential to transform outcomes in 
selected individuals. 
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Table 32-4. CPR-specific early postarrest management (within hours).

ISSUE ACTION NOTES 
Identification of 
underlying cause 

• Coronary angiography 
unless obvious non-
cardiac cause 

• CT-PA 
• Comprehensive 

echocardiography 
• Repeat ECGs 

• Irrespective of age or presenting 
rhythm 

• Will need appropriate phasing to 
ensure adequate PA opacification 

 
 

Circuit flow instability • Search for potential blood 
loss or ECMO-driven LV 
distension 

• Cardiac tamponade, intra-
abdominal and thoracic 
hemorrhage should be excluded 

Restoration of 
potentially perfusing 
rhythm 

• Refractory arrhythmia: 
consider further attempts 
of electrical cardioversion 
aiming to restore sinus 
rhythm as soon as 
possible 

• If unsuccessful:  
o Consider potential causes (ie, 

coronary ischaemia) 
o Correct arterial blood gas 

abnormalities & all other 
potentially precipitating 
factors 

LV distension/no 
pulsatility 

• Consider LV venting • Options:  
o IABP, direct LV vent, 

Impella, atrial septostomy 
Post-arrest pulmonary 
oedema 

• Exclude LV distension 
• Ensure adequate PEEP 

• Aiming to avoid hypocarbia 

Avoid hyperoxia • Carefully blend ECMO 
gas flow with air and 
oxygen mix targeting 
patient arterial oxygen 
saturation 92-97% 

• Hyperoxia may be associated with 
worse neurological outcome, 
including in the ECPR population  

Targeted temperature 
management  

• Accurately achieved using 
heat exchanger 

• Aim 33-36 for first 24h, 
then gradually rewarm to 
37C 

• Recommendations extrapolated 
from non-ECPR patient 
populations 

Limb ischemia • If not already done, insert 
distal perfusion cannula 
on side of femoral arterial 
cannulation 

 

• Should be undertaken within 4h 
of cannulation but should not 
delay cardiac reperfusion/other 
urgent diagnostic 
imaging/interventions 

Brain structure/function • CT brain 
• Neuro-care bundle 

implementation 
• Neuroprognostication 

aligned with CPR 
practices 

• Neuro-care bundles used in 
addition to standard post-CPR 
multimodality 
neuroprognostication8 

Ensuring adequate 
monitoring 

• Initiate cerebral and 
peripheral tissue NIRS 

• Repeated measurement of 
surrogates of end-organ perfusion 
and repeated echocardiography 
may be needed in initial hours 
post-ECPR 
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Table 32-5. Key factors for ECPR program logistics.5

 

ISSUE COMMENTS 
Program development • Should be part of an established ECMO programme 

• Multidisciplinary & multiprofessional engagement mandatory 
• Eligibility criteria should be clear and reproducible 
• In-house ECPR protocols must be robust, and agreed through 

the hospital governance processes 
• ECPR for OHCA provides a significant logistical obstacle: 

integrated prehospital protocols (including patient 
identification, timely transport with high-quality CPR) are 
key, and should be integrated into ongoing training and 
education processes 

Training and education • Regular individual, system and team-based simulation 
recommended 

Quality Improvement • Data monitoring, audit and quality improvement strategies 
should be embedded in the programme 

• Quality of care & outcome metrics should be measured, 
reported and reviewed regularly 

• Case reviews should be undertaken for every case 
Governance • Every ECPR programme should have a robust governance 

process 
• Ideally every patient should be part of an ongoing clinical trial 

and/or registry to allow for benchmarking and optimise 
research opportunities 
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Complications, Followup, and Outcomes of Adults with Cardiac Failure

Hannah Rando, Sung-Min Cho, Daniele Camboni, Michael Mazzeffi

Introduction

VA ECMO is used to support adults 
with cardiogenic shock from multiple 
etiologies including myocardial infarction, 
massive pulmonary embolism, drug overdose, 
poisoning, electrical storm, rejection after 
heart transplantation, and postcardiotomy 
shock following cardiopulmonary bypass 
(CBP). VA ECMO is also used for ECPR for 
patients with refractory cardiac arrest. Although 
venovenoarterial (VVA) ECMO is sometimes 
used in the management of adult patients with 
combined cardiac and respiratory failure, our 
principal focus will be on VA ECMO and its 
associated complications.

Complications of VA ECMO for Cardiac 
Failure

Despite recent advances in ECMO care, 
the frequency of complications for VA ECMO 
remains high, with up to 60% of all VA ECMO 
patients experiencing an adverse event during 
their treatment.1 Complications associated 
with ECMO cannulation itself are discussed in 
Chapter 4, but here we will use a system-based 
approach to discuss the most common major 
complications that occur during VA ECMO 
support.

Neurologic

Neurologic complication represents one 
of the most severe complications for adult VA 
ECMO patients. In a cohort study performed 
by Hou et al. in 2021, approximately 21% of 
VA ECMO patients experienced a neurologic 
complication, including ischemic stroke, 
intracranial hemorrhage (ICH), differential 
hypoxemia (previously referred to as North 
South syndrome or Harlequin syndrome), or 
brain death.2 The true incidence of neurologic 
complications is likely underestimated, 
however, because of the lack of standardized 
neuromonitoring and difficulty obtaining 
neuroimaging in critically ill VA ECMO 
patients. An autopsy study performed by 
Rastan et al. demonstrated a 30% rate 
of undiagnosed thromboembolic events, 
reinforcing discrepancies between clinical and 
postmortem neurologic injury.3 A similar study 
performed by Cho et al. demonstrated acute 
brain injury in 68% of ECMO patients, with the 
most common acute brain injury being hypoxic-
ischemic brain injury (44%) followed by ICH 
and ischemic infarct.4 

For this reason, implementation of 
standardized neuromonitoring protocol has 
been suggested to improve neurologic outcomes. 
After instituting a standardized approach 
including neurologic examinations, transcranial 
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Doppler (TCD), electroencephalography (EEG), 
somatosensory evoked potentials (SSEPs),, 
and neuroimaging, Cho et al. demonstrated 
more frequent diagnosis of acute brain injury 
as well as a greater proportion of patients 
with favorable neurologic outcome at time of 
discharge.5,6 Others have advocated for regular 
measurement of neuron-specific enolase 
levels, a serum biomarker that corresponds 
with neurologic outcome and mortality and a 
potential adjunct in determining ideal timing 
of neuroimaging, although ongoing hemolysis 
in ECMO may confound the interpretation.7 
Cerebral near-infrared spectroscopy (NIRS) 
has also shown promise in early detection 
of acute brain injury, with a demonstrated 
sensitivity of 86% and specificity of 55% in a 
prospective cohort study performed by Hunt et 
al.8  Further research is needed to determine the 
optimal components and timing of neurologic 
monitoring for VA ECMO patients.

Hypoxic ischemic brain injury (HIBI) is 
a result of global cerebral ischemia caused 
by reduced cerebral blood flow or oxygen 
delivery. It represents one of the most common 
complications in VA ECMO patients and 
can be seen in up to 14-61% of cases.9 In the 
majority of cardiac ECMO patients, HIBI 
occurs prior to cannulation due to hemodynamic 
instability. Early reversal of hypoxia and 
ischemia is the primary tenet of management. 
Other management strategies are similar to 
standard cardiac arrest management and include 
targeted temperature management, neurological 
monitoring, and management of neurologic 
sequelae such as seizures and cerebral edema.9

Another common neurologic complication 
noted in VA ECMO patients is ischemic 
stroke, which occurs in 4-7% of patients, and 
is most commonly from thromboembolism, 
highlighting the importance of adequate systemic 
anticoagulation and routine surveillance of 
ECMO circuit clot and intracardiac thrombus.10 
Unfortunately, intracranial hemorrhage (ICH) 
occurs at an only slightly lower frequency 

and has an extremely high mortality of 80-
90% when it occurs. The clinician is therefore 
tasked with balancing the opposing risks of 
thromboembolism and hemorrhage when 
managing anticoagulation in a VA ECMO 
patient. ICH tends to occur earlier during the 
ECLS course, while ischemic strokes tend to 
occur later in the course of a VA ECMO run. 
Risk factors for ICH include low platelet count, 
female sex, and central cannulation, whereas 
ischemic stroke is more likely to occur in the 
setting of renal replacement therapy and ECMO 
circuit mechanical failure.10,11

Differential hypoxemia is a complication 
unique to peripheral  VA ECMO. The 
phenomenon occurs when deoxygenated 
blood that is ejected antegrade from the heart 
mixes with well oxygenated blood that flows 
retrograde up the descending thoracic aorta, 
putting any organ perfused by the mixed or 
deoxygenated blood (ie, heart or brain) at risk 
for ischemia. The location of the mixing point 
depends on intrinsic cardiac function and its 
recovery against the amount of ECLS support 
provided. Patients that are especially susceptible 
to differential hypoxemia are those with 
recovered native cardiac function but persistent 
pulmonary insufficiency. Since the lungs are 
unable to perform effective gas exchange, 
deoxygenated blood returns to the left ventricle 
and is subsequently ejected into the aorta, where 
it mixes with blood that flows retrograde from 
the ECMO circuit. Differential hypoxemia is 
estimated to occur in approximately 9% of 
peripheral VA ECMO patients, and can manifest 
as coronary, cerebral, and/or upper extremity 
hypoxemia.12 Diagnosis is typically made with 
arterial blood gases sampled from the right 
radial artery, as the innominate artery is the first 
to receive deoxygenated blood from the aortic 
arch. Management options include increasing 
ECMO blood flow, augmenting oxygenation of 
pulmonary blood flow by adjusting ventilator 
settings, converting to central cannulation, 
or placement of an additional cannula into 
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the right internal jugular vein (V-VA ECMO 
configuration) to direct oxygenated blood into 
the right atrium. 

Pulmonary

While less commonly discussed, pulmonary 
pathology represents an important source of 
morbidity and mortality in adult VA ECMO 
patients. Patients are at risk for many of 
the same pulmonary complications as other 
critically ill patients, including pneumonia, 
pulmonary embolism, pulmonary edema, 
and pulmonary hemorrhage. Multifactorial 
respiratory failure commonly occurs in patients 
with critical illness myopathy or neuropathy, as 
the diaphragm begins to atrophy by the fourth 
day of mechanical ventilation support.13 During 
VA ECMO support, there is significant risk for 
pulmonary embolism, due to the formation 
of thrombus on the venous cannula and deep 
venous thrombosis. The risk persists even after 
decannulation because of the frequent presence 
of post-decannulation deep venous thrombosis, 
estimated to occur in up to 30% of patients.14 
There is a paucity of data regarding management 
of venous thromboembolism in the adult cardiac 
ECMO population, but given the frailty of 
this patient population and the possibility of 
clinically occult disease, some advocate for 
routine screening with Doppler ultrasound 
after decannulation, or regular prescription of 
therapeutic anticoagulation for three months 
after decannulation.14,15

Pulmonary congestion is one of the most 
widely recognized sequelae of VA ECMO 
cannulation and is multifactorial. First, left 
ventricular dysfunction causes inadequate left 
ventricular ejection, particularly in the setting of 
increased afterload with retrograde blood flow in 
the aorta (peripheral VA ECMO). Increased left 
ventricular diastolic pressure leads to increased 
left atrial and ultimately increased pulmonary 
capillary pressure. Management strategies for 
pulmonary edema include increasing cardiac 

contractility and strategies aimed at reducing 
left heart pressures. These include use of 
inotropic agents, mechanical unloading with 
an intraaortic balloon pump (IABP), Impella, or 
catheter-mounted left ventricular assist device 
(LVAD), performing an atrial septostomy to 
reduce left atrial pressure, or surgical placement 
of a left ventricular vent via the right superior 
pulmonary vein.16,17 

Pulmonary malperfusion can occur during 
VA ECMO because of decreased transpulmonary 
blood flow. In a porcine model, Vardi et 
al. demonstrated a significant reduction in 
pulmonary capillary blood flow as VA ECMO 
blood flow was increased.18 This reduction, 
in conjunction with increased left atrial 
pressure, resulted in a decreased transpulmonary 
perfusion gradient and the potential for 
pulmonary malperfusion. Strategies to reduce 
lung ischemia during VA ECMO include 
reducing ECMO blood flow to maintain partial 
pulmonary perfusion or converting to VVA 
ECMO with a cannula in the jugular vein to 
provide oxygenated blood within the pulmonary 
arteries.16  

The frequency of pulmonary complications 
in adult VA ECMO patients is not well described. 
The ELSO Registry does not provide data on 
complications such as pulmonary edema or 
embolism. There is some data on pulmonary 
hemorrhage, which frequently occurs as 
a consequence of pulmonary congestion, 
ischemia, thrombocytopenia, and systemic 
anticoagulation. Although seen more commonly 
in VV ECMO patients, pulmonary hemorrhage 
was described in 2.8% of VA ECMO patients in 
the 2017 ELSO Registry report.19  

Cardiac 

During VA ECMO, blood flow from the 
arterial cannula generates supraphysiologic 
afterload, which can cause left ventricular 
distension, increased myocardial wall tension, 
and increased myocardial oxygen demand. 
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In patients with cardiogenic shock from left 
ventricular failure, elevated left ventricular 
end diastolic pressure results in progressive 
subendocardial ischemia and impaired 
myocardial recovery.20 Furthermore, if left 
ventricular distension is left unattended, blood 
continues to accumulate under pressure until 
ventricular and systemic pressures equalize. 
This can result in severe pulmonary edema, 
intracardiac thrombus, and fatal pulmonary 
hemorrhage. For this reason, either use of 
a pulmonary artery catheter to monitor left 
sided filling pressures or routine and regular 
use of echocardiography to measure left 
ventricular distension is advised. Management 
of left ventricular distension consists of cardiac 
augmentation with inotropic agents, mechanical 
unloading of the left ventricle, or surgical vent 
placement. Mechanical unloading is often 
performed with an IABP, which simultaneously 
decreases afterload and enhances diastolic 
coronary blood flow, or an Impella, which 
offloads the left ventricle by aspirating blood 
from the ventricle and ejecting it into the aorta. 
Direct ventricular decompression can also be 
performed through a preexisting sternotomy or 
mini thoracotomy with surgical vent placement 
via the right upper pulmonary vein or left 
ventricular apex. Surgical vents utilize larger 
cannulae, thereby providing improved venous 
drainage and left ventricular unloading, but 
carry a higher risk of bleeding compared to 
minimally invasive strategies (Chapter 4).21

Vascular 

Access site vascular complications 
are estimated to occur in 20% of ECLS 
patients and include posterior vessel wall 
perforation, dissection, pseudoaneurysm, 
and thrombosis.22,23 ECLS patients are also 
susceptible to large hematoma formation, even 
with relatively minor vascular injury because 
of systemic anticoagulation, thrombocytopenia, 
and coagulopathy that occurs during ECLS. 

Many vascular complications can be managed 
conservatively, while others require open 
or endovascular repair. A study performed 
by Tanaka et al. in 2016 demonstrated a 
discharge rate of 18% in patients with vascular 
complications, compared to a 49% discharge 
rate in those without, highlighting the important 
impact that vascular complications can have on 
patient outcome.24  

Lower extremity ischemia ipsilateral to 
the ECMO return cannula is another important 
vascular complication, although the rate 
of critical limb ischemia requiring surgical 
intervention is low (<2%) in experienced 
ECMO centers.25 Lower extremity ischemia is 
caused by either thromboembolism or vessel 
occlusion from the cannula itself and presents 
with pallor or cool extremities. Other commonly 
described manifestations of limb ischemia such 
as pain and neurologic deficits may be difficult 
to identify due to patient sedation. In a pooled 
analysis of 1866 patients supported on VA 
ECMO, the authors reported lower limb ischemia 
in 17% of patients, with 10% developing 
compartment syndrome and 5% ultimately 
requiring lower extremity amputation.26 
Risk factors for limb ischemia include large 
cannula size, preexisting peripheral arterial 
disease, and multiple cannulation attempts.27,28 
If limb ischemia is not detected promptly, it 
can result in rhabdomyolysis, acute kidney 
injury, compartment syndrome, and potential 
limb loss. For this reason, the contemporary 
standard of care is to perform antegrade distal 
lower extremity perfusion. Additionally, regular 
monitoring of distal leg perfusion using near-
infrared spectroscopy (NIRS) and/or Doppler 
ultrasound is recommended, although protocols 
vary by institution. Use of Doppler ultrasound 
may be deceptive as continuous ECMO flow 
may make distal pulses less pulsatile and 
therefore less detectable. NIRS monitoring 
can be advantageous in this setting as it 
monitors the difference between oxygenated 
and deoxygenated hemoglobin and does not 
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require pulsatile blood flow. Patton-Rivera et 
al. recently demonstrated utility in comparison 
of NIRS in both cannulated and noncannulated 
extremities to differentiate between cannula-
related obstruction and other sources of 
hypoperfusion (eg, high dose vasopressors).29 

Hematologic

Bleeding is the most common major 
complication that occurs during VA ECMO, 
reported in 30%-70% of patients.30-32 Common 
locations of bleeding include the site of 
cannulation, oropharynx, upper and lower 
gastrointestinal tract, thorax, cranium, or 
retroperitoneum. Bleeding is in part related 
to systemic anticoagulation, but is likely 
multifactorial in nature. Other contributing 
factors include acquired von Willebrand 
syndrome, endothelial dysfunction from 
nonpulsatile blood flow, thrombocytopenia, 
platelet surface receptor shedding, abnormal 
platelet aggregation, increased tissue 
factor pathway inhibitor levels, and the 
trauma associated with CPR and invasive 
procedures.23,33-36 The risk of bleeding is 
highest in the postcardiotomy population and 
commonly occurs at the surgical site.37

In an individual patient, bleeding risks 
must be balanced with thromboembolic risks. 
Although thromboembolic complications 
are less prevalent with the introduction of 
biocompatible ECMO circuit materials, they 
remain relatively common and can have 
devastating clinical consequences including 
ischemic stroke or limb ischemia, as previously 
described. Anticoagulation with unfractionated 
heparin remains the most widely used approach 
at this time, with a variety of coagulation assays 
available to assess anticoagulant effect. The 
optimal intensity of anticoagulation, as well 
as the potential for novel anticoagulant use 
remain under active clinical investigation, but 
currently anticoagulation strategies remain 
center and patient specific and best guided by 

clinical judgement. Although some centers have 
moved towards using no anticoagulation during 
VA ECMO, this practice is not widespread and 
may be associated with a higher frequency of 
thrombosis (eg, circuit thrombosis rate up to 
50%), with very limited clinical data available 
at present.38

Renal

Acute renal failure is reported in up to 
60% of VA ECMO patients, and is associated 
with increased mortality.39 Up to 46% of 
patients require continuous renal replacement 
therapy (CRRT), which can be initiated by 
connecting the CRRT circuit into the ECMO 
circuit.26 There are few studies (although 
no randomized controlled trials) comparing 
early versus late initiation of CRRT in ECLS 
patients, which demonstrate no difference in 
mortality.40 Factors contributing to acute renal 
failure in ECLS patients include refractory 
hypotension prior to cannulation, hemolysis 
resulting in hemoglobinuria, microemboli to 
the renal vasculature, and kidney hypoperfusion 
secondary to renin angiotensin aldosterone 
system dysfunction.23 

Outcomes in Adult Cardiac ECMO Patients

Survival Outcomes

Survival for VA ECMO patients is variable 
depending on treatment duration, ECMO 
indication, and multiple patient factors, 
such as preexisting comorbidities.41 The 
ELSO Registry reports overall survival to 
decannulation of 59% in adult cardiac patients, 
with 44% surviving to hospital discharge.42 
The survival outcome is better in patients 
with decompensated congestive heart failure 
causing cardiogenic shock, with probability 
of survival of approximately 40-50%.41,43 In a 
single-center observational cohort study, risk 
factors independently associated with higher 
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mortality included severe liver or renal failure 
and female sex.44 Similarly, in a retrospective 
cohort study of 3,846 patients using ELSO 
Registry data, Schmidt et al. found higher 
mortality in individuals with chronic renal 
failure and pre-ECMO organ failure, suggesting 
precannulation comorbidities play a significant 
role in outcomes.41  

Survival for adult patients requiring 
ECPR is the lowest with only 25-35% of 
patients surviving to discharge (Chapter 32). 

Furthermore, acute brain injury is common 
in ECPR patients with only 40% of patients 
having a good functional outcome, even in 
high-volume ECLS centers.45 Younger patients 
appear to have better neurologic outcomes with 
ECPR, as do those with shorter time from arrest 
to ECMO cannulation.46,47 Postcardiotomy 
VA ECMO patients have similar survival to 
discharge outcomes of around 20-40%.48,49 

Retrospective observational studies have 
suggested risk factors for in-hospital mortality 
in this patient population included advanced age, 
diabetes, obesity, renal insufficiency, and high 
operative and postoperative lactate.50,51

Long-term Outcomes and Followup 

Long-term survival and quality of life 
outcomes are difficult to characterize for adult 
ECLS patients, as most longitudinal outcome 
studies are in neonatal or pediatric patients 
or are based on single-center experiences. A 
metaanalysis performed by Wilson-Smith 
et al. in 2019 sought to better characterize 
long-term outcomes for VA ECMO patients 
with cardiogenic shock. In a combined cohort 
of 17,515 patients, the survival rates at 
1, 2, 3, and 5 years were 36.7%, 34.8%, 
33.8%, and 29.9%, respectively, suggesting 
relatively stable survival expectations following 
hospital discharge.52 Similar results have 
been shown in the postcardiotomy shock 
population. A metaanalysis performed by Meani 
et al. evaluated fifteen studies and included 

2,852 patients supported on VA ECMO for 
postcardiotomy shock. When comparing 
reported in-hospital survival and one-year 
survival, differences ranged from 0% to 21%, 
suggesting relatively low long-term mortality in 
those who survive initial hospitalization.49 The 
study was limited by the variability in followup 
time, and the authors noted that only six articles 
reported 5-year survival and only two reported 
10-year survival.

Of equal importance is the long-term 
assessment of quality of life in VA ECMO 
patients. Several single-center studies have 
demonstrated lower Short-Form 36 (SF-36) or 
EuroQol (EG-5D) scores for patients supported 
on ECMO, suggesting persistent sequelae 
that can impact health-related quality of life, 
although it should be noted that these scores 
were more favorable than many other chronic 
health conditions such as congestive heart 
failure or chronic renal insufficiency.44,53 These 
patients may therefore benefit from longer term 
psychosocial or physical rehabilitation targeted 
to their individual needs. Both posttraumatic 
stress disorder and anxiety disorders are 
relatively common after VA ECMO, occurring 
in up to 40% of patients.54

There are currently no formal recommen-
dations for patient followup after VA ECMO 
decannulation, in part related to the deficit in 
research on long-term outcomes. Given the 
potential for late onset complications such 
as venous thromboembolism,14,15 as well as 
the evidence of reduced quality of life after 
hospitalization, there may be a role for multi-
disciplinary ECLS clinics to optimize patient 
care after decannulation. Clinical trials would 
be of value in ascertaining the benefit of regular 
followup visits or imaging in the adult cardiac 
population.

Conclusions

VA ECMO is used to support adult patients 
with refractory cardiogenic shock, ECPR for 
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out-of-hospital and in-hospital cardiac arrest, 
and postcardiotomy shock characterized by 
an inability to wean from CPB. The outcomes 
in the adult cardiac population remain poor 
and patients are susceptible to irreversible 
neurologic, pulmonary, cardiovascular, and 
renal complications. Future research should be 
targeted towards identification of modifiable 
risk factors and development of targeted 
interventions to reduce ECLS-associated 
complications and improve functional outcomes.
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Pregnancy

Cara Agerstrand, Emily Naoum, Kollengode Ramanathan, Farah Siddiqui, Priya Nair

Introduction 

The fundamental principles of ECLS 
management in pregnant patients are similar 
to nonpregnant patients; however, pregnancy 
introduces a level of complexity given the need 
to consider the health of both the patient and 
developing fetus. A thorough understanding 
of the physiologic changes and potential 
complications of pregnancy and demands of the 
fetus are required to optimize outcomes for both.

There is growing global clinical experience 
caring for this population, although evidence 
guiding management is limited.1-3 Much of the 
early experience with peripartum ECLS was 
gained during the 2009 influenza A (H1N1) 
pandemic.2-4 Since that time, ECLS has 
been used for a variety of cardiopulmonary 
indications, including for severe cases of 
COVID-19.5-8 This chapter will review the 
physiologic changes of normal pregnancy 
and offer guidance for patient selection and 
management in this uniquely challenging 
population. 

Physiological Changes During Pregnancy 

Respiratory

Pregnancy-related changes in lung 
mechanics become apparent by the mid-

second trimester. There is a slight decrease 
in total lung capacity and a marked decrease 
in functional residual capacity due to 
diaphragmatic elevation.9-10 Spirometry is 
largely unchanged.11 Late in pregnancy there 
is a 30% reduction in chest wall compliance 
with an associated decrease in total respiratory 
system compliance.12,13 

Minute ventilation increases 50% during 
pregnancy due to a progesterone-mediated 
increase in tidal volume, which results in a 
respiratory alkalosis with a pH of 7.40-7.47, 
partial pressure of arterial carbon dioxide 
(PaCO2) of 30-32 mmHg and a compensatory 
increase in bicarbonate excretion.9 The relative 
depletion of buffering capacity renders the 
pregnant patient less adaptable to metabolic 
acidosis (eg, in the setting of sepsis). Oxygen 
consumption increases by 20% and CO2 
production by 60% at term, due to increased 
metabolism and fetal demands.9

Cardiovascular

Cardiovascular changes begin early in the 
first trimester, with most plateauing by late 
second trimester. Cardiac output increases as 
much as 45% due to changes in stroke volume 
and heart rate, blood pressure decreases 
5-10 mmHg and systemic vascular resistance 
(SVR) decreases 35-40%.14 In the third trimester, 
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mechanical compression of the vena cava may 
limit venous return and result in lower blood 
pressure and cardiac output, particularly while 
supine.9,15 In that setting, uterine blood flow and 
transplacental gas exchange may be impaired.16 

Hematologic

Plasma volume increases by nearly 50% 
during pregnancy.13,17 Despite a concomitant 
increase in red cell mass, this hemodilution 
results in a 25% decrease in hematocrit.18 
Pregnancy is a hypercoagulable state and 
carries a substantially increased risk of arterial 
and venous thromboembolism.19 The risk of 
pelvic and left lower extremity thromboses are 
particularly increased due to vascular stasis 
from the gravid uterus.19 

Immunologic

Immunologic changes during pregnancy 
render the patient more susceptible to infection, 
particularly to organisms requiring a cell-
mediated immune response, such as viruses, 
fungi, and mycobacteria.20 Pregnancy also 
increases the risk of developing severe infection, 
as has been demonstrated with influenza and 
COVID-19, where there is higher likelihood 
of requiring  invasive mechanical ventilation or 
ECLS compared to non-peripartum patients.21,22

Etiology of Severe Cardiopulmonary Failure 
during Pregnancy

Acute Respiratory Distress Syndrome

 Pregnancy is associated with an increased 
incidence of the acute respiratory distress 
syndrome (ARDS), which occurs in 1 of 5000 
deliveries.23 ARDS is the most common indication 
for ECLS in the peripartum period.1,2,7 Survival 
is similar to that in non-peripartum patients of 
child-bearing age, including in those requiring 
ECLS support.3,10 The etiology of ARDS during 

pregnancy may be due to conditions seen in 
nonpregnant patients (eg, bacterial pneumonia 
or gastric aspiration) or from pregnancy-specific 
conditions (eg, preeclampsia).

Status Asthmaticus

Pregnancy may worsen underlying asthma 
due to alterations in lung mechanics and 
immunologic response, particularly in the late 
second and early third trimesters and in patients 
with poor baseline asthmatic control.9,24 Asthma 
during pregnancy is associated with multiple 
comorbid conditions including preeclampsia, 
placenta abruption, placenta previa, obstetric 
hemorrhage and preterm delivery.25

Cardiac Failure

Pregnancy-related cardiac failure can 
result from chronic conditions, including 
exacerbation of an existing cardiomyopathy, 
pulmonary arterial hypertension, or severe 
valvular disease. The risk of decompensation 
is highest in the third trimester and parturition, 
due to fluctuations in intrathoracic pressure and 
volume status. Following delivery, an abrupt 
increase in venous return and SVR places the 
patient at risk of fluid overload and pulmonary 
edema, as well.17,26,27 Cardiac failure during 
pregnancy may also result from acute processes, 
such as arrhythmia, pulmonary embolism or 
peripartum cardiomyopathy, the last of which 
develops late in pregnancy or postpartum in 
patients without underlying cardiac disease.7,28-30 

ECLS Considerations during Pregnancy

The physiologic changes of pregnancy and 
the presence of the fetus necessitate certain 
special considerations for ECLS initiation 
and management beyond what is generally 
practiced in the care of a nonpregnant patient. 
Critically ill pregnant patients at risk of cardiac 
or pulmonary decompensation should receive 
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early referral to an ECLS center with both 
maternal fetal medicine and neonatal intensive 
care capabilities. 

Indications for Therapy

The general approach to ECLS during 
pregnancy should be similar to that in 
nonpregnant patients. Pregnant patients with 
ARDS and status asthmaticus should be 
cannulated onto VV ECMO. In ARDS, gas 
exchange criteria for ECLS initiation should 
align with the Extracorporeal Membrane 
Oxygenation for Severe Acute Respiratory 
Distress Syndrome (EOLIA) trial, taking 
into account patient trajectory and fetal 
considerations.31 ECLS is indicated when the 
patient is unable to achieve adequate, stable 
gas exchange despite optimized conventional 
management or for signs of fetal instability in 
a patient with borderline gas exchange. Status 
asthmaticus, refractory hypercapnic acidosis, 
barotrauma, hemodynamic instability, or fetal 
distress should prompt consideration of VV 
ECMO.32-34 

VA ECMO should be considered in severe 
cardiac failure, including right heart failure from 
pulmonary arterial hypertension, when there 
are signs of deterioration in hemodynamics or 
systemic perfusion despite inotropic support, or 
in the setting of fetal instability.27 VA ECMO 
has also been used successfully as ECPR in 
peripartum patients suffering cardiac arrest.1,7 

Contraindications 

There  a re  no  pregnancy-spec i f ic 
contraindications to ECLS. In general, the 
relatively young patient age, absence of major 
comorbid conditions, and acuity of the disease 
processes favor the use of ECLS in appropriate 
circumstances. Although the risk of bleeding 
and thrombosis are increased during pregnancy, 
the potential benefit of ECLS outweighs 
these risks. Successful outcomes have been 

reported even in patients with massive obstetric 
hemorrhage and profound coagulopathies prior 
to ECMO cannulation, and neither should be 
considered contraindications to ECLS initiation 
in this specific population.1,35 

Mechanical Ventilation and Gas Exchange 
Targets

Pregnant patients with ARDS receiving 
ECLS should be managed with a lung rest 
approach to mechanical ventilation, with 
consideration of fetal demands.36 Fetal 
oxygenation is dependent on several factors 
including uterine artery blood flow, uterine 
arterial oxygen content, hemoglobin level, 
and oxygen saturation. Therefore, impairment 
in gas exchange as well as hypotension, 
vasoconstriction, and uterine contractions can 
affect placental oxygen delivery.9

Pregnant patients receiving ECLS should 
maintain PaO2 ≥70 mmHg and SaO2 ≥95% to 
ensure adequate fetal oxygenation.37,38 Adequate 
PaO2 is also required to maintain fetal acid-base 
status. If patient hypoxemia occurs, the ECLS 
circuit should be preferentially used to augment 
systemic oxygenation. Positive end expiratory 
pressure should be applied with caution given 
the potential for decreased cardiac output and 
impairment in placental perfusion at elevated 
intrathoracic pressures. 

Fetal CO2 clearance is dependent on 
a transplacental gradient of 8-10 mmHg.39 
As baseline PaCO2 is 30-32 mmHg during 
pregnancy, sweep should be titrated to maintain 
a mild respiratory alkalosis. Caution must be 
taken to avoid significant hypocapnia, which 
may result in fetal alkalosis, uterine artery 
constriction and leftward shift of the fetal 
oxygen dissociation curve resulting in fetal 
hypoxia.37,39,40 Severe hypercapnia with a 
PaCO2>60 mmHg should also be avoided, as 
rightward shift of the dissociation curve may 
limit oxygen binding to fetal hemoglobin.37 
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Hemodynamic Targets

Strategies of cardiovascular support should 
be similar to those used in nonpregnant 
patients, including volume optimization and 
use of inotropes, vasopressors, and pulmonary 
vasodilators, as appropriate. A MAP ≥65 mmHg 
should be maintained and indicators of systemic 
hypoperfusion (including lactate, creatinine, 
transaminases, and urine output) should be 
monitored.37 Hypertension during pregnancy 
predisposes to life-threatening complications, 
such as intracranial hemorrhage, and requires 
pharmacologic control.41,42 Significant 
hypotension can result in reduced placental 
perfusion and fetal bradycardia, so drastic 
drops in blood pressure should be avoided. 
Administration of crystalloid can reduce the 
risk of fetal distress when using intravenous 
antihypertensive medications.43 

Cannulation Strategies

The augmented cardiac output of pregnancy 
often requires a high ECLS blood flow to 
maintain systemic oxygen delivery.44 Pre-
cannulation vascular ultrasound is recommended 
to facilitate selection of the largest cannula that 
can be safely accommodated in the vessel.

 Both single-site and dual-site cannulation 
approaches to VV ECMO have been used 
in pregnancy.1,5 In the third trimester, caval 
compression by the gravid uterus may limit 
drainage from the femoral venous cannula; 
however, left lateral positioning (15 degree tilt 
achieved with a wedge under the right hip) may 
alleviate this compression.45 Inability to achieve 
adequate blood flow despite optimized patient 
positioning and judicious intravascular volume 
administration may require insertion of a second 
venous drainage cannula.

Anticoagulation 

Heparin and direct thrombin inhibitors can 
be administered using conventional targets.46 A 
low-dose approach to anticoagulation similar to 
that of nonpregnant patients is recommended, 
with close monitoring of circuit function and 
evaluation for signs of systemic thrombosis, 
bleeding and DIC.1,3,31 

Pharmacology

Pharmacokinetics are complex during 
pregnancy, given the increased volume of 
distribution combined with decreased serum 
albumin concentrations and drug elimination.47 
Sequestration of lipophilic medications further 
complicates medication administration.48 

The risk-benefit of all medications should 
be considered with input from specialists 
familiar with their risk profiles. Medications 
with the lowest risk of morbidity to both patient 
and fetus should be selected, although use 
of potentially fetotoxic medications may be 
required if suitable alternatives do not exist. 
When considering steroids, prednisolone has 
less placental transfer than dexamethasone. 
Prolonged use of both dexamethasone and 
betamethasone has been associated with 
childhood neurocognitive and neurosensory 
disorders.49 Benzodiazepines and opiates may 
result in neonatal respiratory depression and 
withdrawal syndromes. 

Fetal Monitoring and Management

Fetal Monitoring and Optimization

Patient stability is often reflected in fetal 
status. Fetal monitoring is routinely performed, 
but practices vary by institution, gestational 
age, neonatal resuscitative resources, and 
patient and family preference. A viability scan 
by transabdominal ultrasound can detect a 
fetal heartbeat from 12 weeks gestation. Daily 
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fetal ultrasounds are routinely performed as 
the pregnancy progresses. Continuous fetal 
heart rate monitoring serves as a marker of 
adequate uteroplacental perfusion; however, 
appropriateness of use depends on the potential 
for respiratory and hemodynamic optimization 
and feasibility of intervention for acute fetal 
concerns (Table 34-1).50 

Neonatal survival has been reported from 
22 weeks, although survival is less likely in 
the presence of severe maternal illness. A 
course of antenatal steroids is recommended 
between 24-36 weeks gestation to promote 
fetal lung development and mitigate the risk of 
neonatal respiratory distress and intraventricular 
hemorrhage.51,52 Magnesium sulphate infusion 
should be considered for deliveries less than 
32 weeks because it has been shown to improve 
the infant’s neurodevelopmental score.52 In the 
third trimester, positioning the patient with a 
left lateral preference whenever possible may 
improve uterine artery blood flow and placental 
perfusion.53

Timing of Delivery

The decision of whether to deliver the 
fetus is a major challenge when caring for an 
antenatal patient receiving ECLS (Figure 34-1). 
While ECLS is not an indication for delivery, 
its initiation should prompt a multidisciplinary 
risk assessment of continuing the pregnancy 
and the development of a delivery plan.50 

The Society for Maternal Fetal Medicine has 
supported the use of ECLS to facilitate in utero 
fetal development in patients with refractory 
hypoxemia due to COVID-19 at less than 
32 weeks’ gestation.54

Prolonging pregnancy is generally in the 
interest of the fetus; however, the principal 
consideration must be whether delivery will 
improve the patient’s cardiopulmonary status. 
This should include an assessment of the burden 
of the fetoplacental unit on the patient’s oxygen 
consumption because oxygen delivery to the 
placenta accounts for 10% of cardiac output 
(600-700 mL oxygen/min) at term, balanced 

 
MODE OF MONITORING USE 

Fetal Heartbeat Scan/sonic 
aide/handheld 
Dopper 

Fetal viability, can 
be used from 16-
week gestation 

Easy access to 
assess fetal life, 
absence of fetal 
heartbeat should be 
confirmed with 
scan 

Fetal Growth 
Assessment 

Ultrasound scan Assess estimated 
fetal size, useful in 
predicting chronic 
placental disease. 
Useful to confirm 
placental location 
particularly 
placenta previa 

Scans are also 
useful for 
additional 
information such as 
multiple pregnancy, 
polyhydramnios 
(increased liquor) 
that can increase 
diaphragmatic 
elevation 

Umbilical and 
Fetal Dopplers 

Ultrasound scan-
continuous pulsed 
Doppler 

Indication of 
chronic fetal 
hypoxia or 
acidemia  

 

CTG Cardiotocograph 
used after 26 
weeks 

Used to predict 
acute fetal hypoxia 
or acidemia 

A trained midwife 
or obstetrician 
required to interpret 
results 

 Table 34-1. Mode of monitoring.
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against the risk of deterioration that may 
result from delivery-related hemodynamic, 
immunologic, and hemorrhagic insults.9

Although the health of the patient is 
the primary indication for delivery, clinical 
deterioration in either the patient or fetus 
should prompt a multidisciplinary discussion 
regarding the risk-benefit calculus of delivery. 
This calculus will likely evolve as the pregnancy 
progresses and needs to be frequently revisited. 
Experienced members of the intensive care, 
cardiology, ECLS, obstetric, maternal fetal 
medicine, anesthesiology, neonatology, 
hematology, nursing, and pharmacy teams 
should be included in these multidisciplinary 
discussions, as appropriate.55

Mode of Delivery

Planning for the mode of delivery is also 
crucial. Patient-specific factors, such as the 
etiology of cardiopulmonary failure, ECLS 
configuration and clinical stability should be 
considered when determining delivery mode. 
Successful outcomes have been reported with 
both cesarean and vaginal deliveries, though 
cesarean delivery is more common.7 Vaginal 
birth by induction of labor is often challenging 
because oxygenation, blood pressure and pain 
may be more difficult to control, and it carries 
risk of intrapartum fetal hypoxia and acidosis. 

When delivery is  anticipated,  the 
multidisciplinary delivery plan including 

Delivery plans
Elective and in case of 

emergency. 
Mode of delivery. 
Time and place of 

Delivery 

Gestation 

Fetus Status 

Fetal Wellbeing 
tests 

Maternal 
Status 

Obstetric Complications 

Premature rupture of membranes, 
chorioamnionitis, pre eclampsia, etc 

lndtcation for ECMO 
Number of Days on 

ICU and ECMO 
Vasopressor use 

Evidence of clinical 
deterioration 

Co morbidities, 
raised BMI, 

asthma, 
congenital heart 

disease, 
previous VTE 

Figure 34-1. Illustrates important and dynamic factors to consider in timing of delivery, including the 
health and stability of the patient, the presence of obstetric complications and fetal gestational age 
and wellbeing. It also highlights the need to ensure a delivery plan is in place for any pregnant patient 
supported with ECMO. BMI=Body mass index, VTE=Venous thromboemobolism.
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anesthetic, hemodynamic, hematologic, ECLS, 
and neonatal management should be reviewed. 
Anticoagulation can be held, with close 
monitoring of circuit function. Equipment 
needed for emergent delivery as well as neonatal 
care should be readily accessible.56

Pregnancy Complications 

Preeclampsia

Preeclampsia is an important diagnosis 
in the spectrum of hypertensive disorders of 
pregnancy, severe forms of which are associated 
with devastating complications including 
eclamptic seizures, intracranial hemorrhage, 
posterior reversible encephalopathy syndrome, 
ARDS, hepatic subcapsular hematoma and 
rupture, renal failure, and placental abruption. 
Hemolysis, elevated liver enzymes, and low 
platelets (HELLP) syndrome is considered 
a severe form of preeclampsia and is also 
associated with these complications.41,42,57 

Suspicion of preeclampsia should arise 
in patients with hypertension or proteinuria. 
Preeclampsia with severe features (systolic 
blood pressure >160 mmHg, diastolic blood 
pressure >110 mmHg, thrombocytopenia, 
impaired liver function, renal insufficiency, 
pulmonary edema, cerebral or visual symptoms) 
warrants treatment with magnesium sulfate 
to reduce seizure risk. Of note, magnesium 
therapy is associated with pulmonary edema, 
neuromuscular weakness and uterine atony and 
requires monitoring to prevent supratherapeutic 
concentrations.41,42 

Placental Abruption

Abruption of the placental bed can result 
in severe hemorrhage, coagulopathy, and 
fetal death. Risk factors for abruption include 
hypertension, advanced maternal age, trauma, 
tobacco or cocaine use, and preterm, premature 
rupture of membranes. Even mild abruption 

may result in fetal compromise and spontaneous 
labor with the potential for miscarriage. 
Aggressive management of blood loss and 
treatment of coagulopathy is crucial, as is 
multidisciplinary planning regarding timing 
and mode of delivery. 

Amniotic Fluid Embolism

Amniotic fluid embolism (AFE) is a 
catastrophic complication of pregnancy that 
occurs during labor or immediately postpartum 
and results in a complex and profound 
inflammatory response characterized by 
pulmonary hypertension, myocardial depression, 
central nervous system injury, activation 
of the coagulation cascade, and ARDS.58 
AFE classically presents with hypoxemia, 
hypotension, and coagulopathy, possibly with 
hemorrhage and cardiac arrest. ECLS may 
improve the likelihood of neurologically intact 
survival in patients with AFE.7

Fetal Demise

Patients with severe systemic illness have 
increased risk of fetal demise. A retained fetus 
predisposes to infection and DIC, therefore 
delivery should be considered. Vaginal delivery 
may be preferred in this scenario. If spontaneous 
labor does not develop, induction of labor 
may be required. Due to the risk of severe 
hemorrhage during parturition, cessation of 
anticoagulation should be considered and 
uterotonics readily available.

Postpartum Hemorrhage

Postpartum hemorrhage may occur due 
to uterine atony, surgical incisions, cervical 
or vaginal lacerations, retained placenta 
or coagulopathy.59,60 Uterotonics including 
oxytocin, carbetocin, methylergonovine, and 
prostaglandins should be considered. Cell 
salvage may be used in the setting of cesarean 
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delivery, as well. Additional interventions 
include uterine compression sutures, uterine 
artery ligation or embolization, intrauterine 
balloon tamponade, and hysterectomy.59 
Vigilance should be maintained postpartum to 
monitor for late bleeding.

Sepsis

Pneumonia, pyelonephritis, chorioamnio-
nitis and endometritis are the most common 
causes of sepsis in the parturient.61,62 Identify-
ing sepsis during pregnancy can be challenging 
due to the physiologic changes of normal preg-
nancy, including increased heart rate, decreased 
blood pressure, and increased white blood cell 
concentration. Traditional screening tools for 
sepsis have limited sensitivity and specificity 
in pregnant patients and therefore early warn-
ing systems have been developed.62,63 Early and 
appropriate antibiotic therapy is imperative to 
reduce mortality. 

ECLS Complications

ECLS-related complications are similar to 
those seen in non-peripartum patients. Bleeding 
is the most common complication, estimated 
in 20-50% of cases, with some recent studies 
suggesting comparable rates to non-peripartum 
patients.7, 8, 27, 64, 65 Reassuringly, an analysis of 
over 250 cases of peripartum ECLS did not 
identify bleeding as a risk factor for mortality.6 
Given the hypercoagulability of pregnancy, 
there is concern regarding the risk of thrombotic 
events and DIC; however the extent of the issue 
is unclear.7,8,27,65 

Outcomes 

Early referral to an ECLS center is 
recommended for all critically ill pregnant 
patients due to an estimated high number of 
preventable deaths.66 Favorable outcomes 
have been reported when using ECLS for 

both respiratory and cardiac indications in 
an antenatal population.1-3,7,64 Based on a 
systematic review of over 350 ECLS-supported 
peripartum patients, 81 of whom were pregnant 
while receiving ECLS, the median age was 29.5 
years and median gestation was 24 weeks.7 
Roughly one-third of patients delivered on 
ECLS.7 Survival outcomes are impacted by the 
underlying disease process, but are reported to 
be 70-80% for patients with both respiratory 
and cardiac indications for ECLS.2,7 Excellent 
survival has also been reported with ECPR 
in this population, with improved outcomes 
compared to non-peripartum patients.7,64 In 
cases of peripartum cardiomyopathy, one-tenth 
of survivors required bridge to ventricular 
assist devices or heart transplantation, with 
favorable hospital survival.27 While outcomes in 
COVID-19 continue to evolve, ELSO Registry 
data of 100 peripartum patients suggests 
survival superior to a matched non-peripartum 
cohort.8 Fetal survival in ECLS-supported 
pregnant patients is reported at 65-70%, though 
outcomes vary based on indication for ECLS 
and gestational age at cannulation.1,2,7,67
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Trauma and Environmental Injury

Justyna Swol, Robert B. Laverty, Erik DeSoucy, Shingo Ichiba, Jeremy W. Cannon

Introduction

Unintentional injuries are the leading cause 
of death in the U.S. for ages ≤44, for which 
the mortality burden is far greater at younger 
ages.1 Hemorrhagic shock is the leading 
cause of preventable mortality following 
trauma,2,3 and, for those that survive the initial 
hemorrhagic insult, multiorgan failure further 
contributes to mortality in this population.4,5 
Respiratory failure is the most common type 
of organ failure seen in these patients and is 
also associated with the highest mortality.6 
Historically, acute respiratory distress syndrome 
(ARDS) occurs upwards of 30%  of patients 
with severe traumatic brain injury and 5-10% 
of all severely injured patients, a figure which 
appears to be decreasing over time, likely 
due to advances in lung protective ventilation 
strategies and reduction in crystalloid based 
resuscitation.7,8 ARDS is associated with 
mortality rates of 19-26% in patients following 
blunt and penetrating trauma, a figure which 
unfortunately has remained unchanged over the 
last few decades.9-11 

The first ever clinical application of ECLS 
was in 1972 for an adult trauma patient following 
a motor vehicle crash, who sustained an aortic 
injury and developed respiratory failure after 
open repair. He was ultimately trialed on VA 
ECMO and survived to hospital discharge.12 

Over the last 10 years, there has been a marked 
increase in ECLS use in trauma patients as 
shown in results from the ELSO Registry 
(Figure 35-1).13 This chapter will provide an 
overview of indications and management of 
ECLS in adult and pediatric trauma patients. 
Military ECLS data is presented along with its 
application to the civilian setting, mass casualty 
events, blast lung injury, and burns. We also 
provide an overview of ECLS for environmental 
injuries such as hypothermia and Tsunami 
lung, an entity mechanistically similar to near 
drowning. 

Patient Selection 

Respiratory Failure 

For patients with reversible injuries, ECLS 
can offer supplemental cardiopulmonary 
capacity in the early resuscitation phase for 
patients with specific injury patterns (eg, 
mainstem bronchial injury) and during treatment 
of secondary complications (eg, ARDS). Chest 
injuries cause many deaths every year and 
blunt thoracic trauma is an especially vexing 
mechanism of injury in severely injured trauma 
patients. The blunt force of the injury typically 
produces an underlying pulmonary contusion, 
decreased functional lung volume, shunt, and 
ventilation-perfusion mismatch leading to 
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respiratory failure. Indications for the initiation 
of ECLS in trauma patients largely mirror those 
in other populations; respiratory failure is the 
most cited indication and initiation should 
be considered when patients meet criteria 
according to ELSO guidelines.14 Pulmonary 
contusions, inhalation injuries, blast injury, 
direct tissue injury, and atelectasis can all lead 
to ARDS. In the setting of tracheal-bronchial 
tree disruption, profound hypoventilation may 
result, and ECLS cannulation is lifesaving, 
acting as a bridge to further reconstructive 
surgery.15 VV ECMO is typically used in these 
patients.10,13,16-20 Retrospective cohort studies 
have reported survival rates ranging from 44% 
to 87% in trauma patients.20-27

Burns and Inhalation Injury

Patients with severe burns develop a 
vasodilatory, hyperdynamic state secondary to 
activation of systemic inflammatory mediators 

from thermal dermal injury and require large 
amounts of initial fluid resuscitation. These 
patients are at high risk for pulmonary edema 
as well as pneumonitis and pneumonia due 
to inhalation injury, direct thermal airway 
injury, and sepsis. Respiratory failure is the 
major cause of mortality in burn injury. ECLS 
provides time for lung recovery in the setting 
of inhalation injury with or without cutaneous 
burns.28,29 Early debridement is a tenant of 
modern burn care. However, these procedures 
may be performed while on ECLS, if necessary, 
with the expectation of significant blood product 
transfusion requirements. Increases in oxygen 
consumption and cardiac output can be difficult 
to overcome with VV ECMO due to failure to 
capture a high enough proportion of the venous 
return. Configuration change with an additional 
oxygenator may be helpful in this situation.30 
Scald burns show a tendency of higher survival 
than flame burns.28,29 The survival rate for 
ECLS in burn patients ranges between 17% 
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and 66%31 for adults and between 53% and 
67% in children.32 According to retrospective 
data from the ELSO Registry, overall survival 
to hospital discharge of 58 adult burn patients 
with severe ARDS was 43%. Multivariate 
logistic regression analysis identified acidosis 
(pH <7.16) and use of inotropic/vasopressors 
before ECLS as risk factors associated with 
increased risk of mortality. Non survivors 
had higher rates of renal replacement therapy 
utilization (70% vs. 36%, p=0.016).18,33  

Blast Lung Injury

Blast lung injury (BLI) is the result of 
exposure to the primary blast wave and the 
sudden increase in pressure associated with 
detonation of traditional explosive munitions 
or improvised explosive devices during combat 
or terrorist attacks. Primary BLI is defined as 

“radiological and clinical evidence of acute lung 
injury occurring within 12 hours of exposure 
and not due to secondary or tertiary injury.”34,35 
Explosions produce high pressure energy waves 
and extreme heat, inducing direct lung injury. 
Blast survivors often also exhibit sequelae of 

Figure 35-2. “Butterfly” pattern in the initial stage of blast lung injury when an improvised explosive 
device detonated very close to the 8 years old boy. With permission from Barnhard et al., NEJM 2013.36

the secondary and tertiary effects including 
penetrating and blunt trauma, hemorrhage, 
pneumothorax, and may develop multiorgan 
failure.36 Blast lung injury can be rapidly fatal 
in up to 20% of patients.34,35,37 Chest x-rays often 
show a ‘butterfly’ pattern in the initial stage 
(Figure 35-2)36 which is characterized by diffuse 
alveolar edema secondary to the inflammatory-
mediated capillary permeability, often beginning 
within the first 72 hours of injury, and lasting 
between 7 and 10 days.38 Although published 
experience with BLI supported on ECLS is still 
very limited, early implementation of ECLS in 
battlefield hospitals has been shown to improve 
survival in combat injured patients.38 Advances 
in ECLS technology have extended the use 
of this lifesaving device to resource-limited 
austere medical facilities to stabilize combat 
injured patients with severe respiratory failure 
unresponsive to lung protective ventilatory 
strategies.27,39,40
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Cardiogenic Shock and Cardiac Arrest in 
Trauma 

ECLS may also be used in the setting of 
cardiogenic shock or cardiac arrest, which is 
known to occur following traumatic injuries.41,42 
Indications for ECLS cannulation include 
myocardial contusion, cardiac arrest, and 
impairments in cardiac output unresponsive 
to conventional cardiopulmonary resuscitation 
and support. A recent review of the ELSO 
Registry reported survival to hospital discharge 
rates of 50% in trauma patients supported on 
ECLS following cardiac failure and 25% for 
those rescued with ECPR.13 These patients are 
managed with a VA configuration to provide 
both gas exchange and perfusion support. 
Similarly, trauma patients who underwent 
a resuscitative thoracotomy and were then 
immediately cannulated for ECLS were shown 
to have survival rates of 48% and a trend 
towards improved mortality versus those who 
underwent resuscitative thoracotomy alone.4 
However, it is important to keep in mind that 
some of these patients may have had noncardiac 
causes for arrest such as tension pneumothorax 
or exsanguination. Work in this area is ongoing 
and includes clinical trials such as induced deep 
hypothermia after traumatic arrest to preserve 
brain function (ClinicalTrials.gov Identifier: 
NCT01042015). Population demographics can 
influence trauma epidemiology and associated 
risks of cardiovascular events leading to 
cardiogenic shock in need of ECLS support. 
Thus, aging individuals may suffer severe 
injury (eg, when driving) following myocardial 
infarction44 and blunt thoracic trauma can cause 
acute myocardial infarction.45 Thus, evaluation 
of underlying cardiac function and coronary 
perfusion is recommended. 

Bleeding and Hemorrhagic Shock 

Patients who have severe but potentially 
survivable injuries treated may still succumb to 

the compounding effects of hypovolemic shock, 
hypoxemia, hypothermia, metabolic acidosis, 
and coagulopathy. However, trauma related 
bleeding conditions and coagulopathies have 
previously been considered contraindications 
for the use of ECLS. While ECLS is not a direct 
therapy for coagulopathy, when used without 
anticoagulation it can correct hypercarbia and 
hypoxemia, ameliorate metabolic acidosis, help 
to restore hemodynamic stability and correct 
hypothermia, thus addressing at least 2 of the 
components of the ‘triad of death’ and serving as 
a bridge to surgical or endovascular intervention 
for hemorrhage control.41,46 Endovascular 
interventions such as thoracic aorta endovascular 
repair (TEVAR) and resuscitative endovascular 
balloon occlusion of the aorta (REBOA) are 
relatively new adjuncts in the management of 
the trauma patient and have reported improved 
mortality over their open alternatives.47,48 In 
cases of distal malperfusion due to the aortic 
injury morphology or the need for aortic cross 
clamping during surgery, cannulation for ECLS 
has been reported to preserve distal aortic 
perfusion while awaiting definitive repair or 
when bypass is not available.49,50 

Special Considerations

The use of ECLS in patients with traumatic 
brain injuries (TBI) remains controversial due to 
the recommendation for anticoagulation and the 
risk of lethal intracerebral bleeding.51 However, 
a prolonged (>5 days) anticoagulation-free 
ECLS course is possible.52 In TBI patients, 
femoral-femoral cannulation for VV ECMO 
should be considered standard due to the risk 
of jugular venous outflow obstruction from 
internal jugular cannulation. A systematic 
review reported survival rates of 60%-93% 
in patients with TBI who were subsequently 
placed on ECLS.7,53 These studies demonstrated 
a trend towards lower anticoagulation use 
in these patients and no deaths related to 
intracranial hemorrhage.54 
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Special consideration for ECLS should 
be given to patients with certain injuries 
that can make conventional management of 
ARDS difficult, such as those with spinal cord 
injuries which may preclude the use of head 
of bed elevation and proning.14 Other unique 
populations are those with extremity injuries 
in whom consideration should be given to 
modifying ECLS cannulation approaches to 
avoid exacerbating ischemic limb injuries 
by obstructing arterial inflow or venous 
outflow.16,55,56 

Pediatric Patients 

ECLS in pediatric trauma patients has 
comparable survival to other ELSO cohorts 
undergoing ECLS for non-traumatic causes.57 
Drowning (38.7%) was the most common 
mechanism, followed by burns (21.1%), and 
thoracic trauma (17.8%). The majority of 
patients (62.3%) were male and on VA ECMO 
(54.5%) in a cohort of 573 patients with a 
median age of 4.82 years identified in the 
ELSO Registry. Complication rates were high 
(at 81.9%), with the most frequent types being 
cardiovascular, mechanical, and hemorrhagic. 
However, the incidence of complications 
(overall and by type) was similar to those 
reported in other ELSO cohorts. Overall 
survival was 55.3%; 74.3% for patients on VV 
ECMO compared to 41.7% for those on VA 
ECMO.57 

Special Considerations in Environmental 
Injury 

Severe Accidental Hypothermia

Severe accidental hypothermia, defined by 
a core temperature <28° C, is a special cause 
of cardiac arrest associated with significant 
morbidity and mortality but potentially good 
neurological outcomes.58 A recent metaanalysis 
reported a mean survival rate of 46% and good 

neurologic outcome in 40% of patients requiring 
ECLS for accidental hypothermia.59 

The Hypothermia Outcome Prediction 
after ECLS (HOPE) score, also available as an 
online calculator at www.hypothermiascore.
org, was developed as a predictive algorithm 
to determine the survival probabilities of 
these patients.60 Advocates called a cutoff of 
≥10% predicted survival to use extracorporeal 
rewarming, generally performed via VA 
ECMO.61 

Hypothermic patients with asystole may 
be rewarmed with ECLS until the inhibited 
myocardium resumes electrical activity (usually 
around 28-30° C), with shockable rhythm 
defibrillation being required to achieve the 
return of spontaneous circulation (ROSC). 
At core temperatures <30° C, ventricular 
fibrillation is often resistant to pharmacotherapy 
and defibrillation; however, it may be successful 
when ECLS provides adequate blood flow 
and a stable rate of rewarming.61 After ROSC, 
normothermia (35-36° C) is recommended 
during the first 24 hours.62 Rapid rewarming 
rates of about 4-5° C/hour are recommended 
until ROSC and adequate perfusion, followed by 
slower rewarming at 1-2° C/hour. After ROSC 
patients often develop severe coagulopathy 
and multiple organ failure, with cardiac and 
respiratory failure requiring further advanced 
organ support with ECLS beyond initial 
rewarming.63 Normothermia, along with 
stabilized metabolic, hemodynamic, and 
pulmonary function are the requirements for 
ECLS weaning and decannulation.61 

Submersion and Nonfatal Drowning During 
Tsunami 

Drowning in a tsunami wave is considered 
to differ markedly from drowning in fresh or 
saltwater bodies. The landfall during a tsunami 
carries various objects along with it (eg, soil, 
sand, buildings, vehicles, dust/wastes, oil, 
etc.). Aspiration of these contaminants lead 
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to severe lung damage called ‘tsunami lung,’ 
characterized by a combination of chemical 
induced pneumonitis and bacterial pneumonia 
affecting the entire lung.64 Most victims will die 
of drowning. Those who survive transport to a 
medical facility should be closely monitored for 
progressive respiratory failure due to tsunami 
lung. Due to resource limitations during disaster 
and mass casualty events, case reports of 
tsunami lung managed with ECLS are sparse.

Contraindications

Patient selection for ECLS support in 
trauma incorporates thoughtful consideration 
of the injury severity, prognosis and possibility 
for definitive therapy, the patient’s age and 
comorbidities, severity of cardiopulmonary 
dysfunction, the physiology and state of other 
organs dysfunction (eg, brain, kidney, and liver), 
and resource availability.13,19 Patients with 
confirmed or suspected nonsurvivable injuries 
should not be placed on ECLS, although the 
extracorporeal organ support has been utilized 
in some cases as a bridge to organ donation, 
although this may present additional ethical and 
legal hurdles (Chapter 45). 

Anticoagulation

A recent systematic review of trauma 
patients on ECLS showed that 86% received 
systemic anticoagulation, largely with 
unfractionated heparin.65 Activated clotting 
time and activated partial thromboplastin time 
were the two most common laboratory assays 
used for monitoring, with therapeutic goals 
of 180-220 sec and 40-80 sec, respectively.65 
Viscoelastic testing thromboelastography (TEG) 
and rotational thromboelastometry (ROTEM) 
can also be used to monitor anticoagulation 
during ECLS.66 The heparinase assay can be 
particularly useful uncovering underlying 
coagulopathy independent of heparin that 
can be addressed with targeted therapeutic 

interventions. Heparin-bonded circuits are also 
available and have been shown to decrease the 
need for systemic anticoagulation in trauma 
patients.41 ECLS runs without anticoagulation 
for a limited time is possible while the primary 
injuries are being evaluated and treated.52 

Furthermore, a combination of traumatic, 
hemodilution, and ECLS-induced coagulopathy 
may occur. When possible, correct preexisting 
coagulopathy, with general goals being an 
INR ≤1.5, platelet count ≥50 k, and fibrinogen 
≥150 mg/dL. Patients who develop bleeding 
complications on ECLS should be evaluated 
promptly for need of surgical or procedural 
intervention. Consideration should be given to 
the cessation of systemic anticoagulation and 
initiation of aminocaproic acid or tranexamic 
acid, both of which have been shown to 
decrease rates of surgical site bleeding in 
pediatric patients on ECLS.67,68 

Surgery During ECLS 

Trauma patients on ECLS may have a 
need for operative intervention during their 
hospitalization (Chapter 51). Hemostasis, 
however, remains challenging given all 
the aforementioned factors. It may also be 
difficult to define bleeding from operative 
sites after ECLS started vs. bleeding as a 
complication of surgery while already on ECLS. 
Retrospective reviews have suggested it is safe 
to perform required surgical procedures but 
with expected increased rates of postoperative 
bleeding complications.69 Development of 
hemothoraces, pneumothoraces, or pleural 
effusions requiring tube thoracostomy is another 
known clinical sequela in these patients. These 
can typically be managed with a small-bore 
(14 Fr) pigtail catheter without the need for 
holding anticoagulation. Patients managed with 
ECLS for a protracted period of time will also 
commonly need conversion to tracheostomy 
during their stay.70 Early tracheostomy during 
the first 10-14 days after intubation bridges 
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to spontaneous breathing and weaning from 
mechanical ventilation71 and can be safely 
performed in this population. Higher rates of 
bleeding may be seen when performed via 
a percutaneous technique.72,73 Institutional 
protocols vary, but most hold anticoagulation 
1-6 hours prior to the procedure.

Complications

As al luded to ,  the  most  common 
complications seen in trauma patients on ECLS 
are bleeding and thrombosis, underscoring 
the need for meticulous anticoagulation 
management. A systematic review reported 
bleeding rates of 23%, most commonly 
from surgical sites followed by cannulation 
sites.65 Furthermore, 19% of patients had a 
thrombotic complication, with femoral deep 
vein thrombosis reported as the most common 
followed by clotting of the oxygenator and/or 
circuit. Less commonly reported complications 
include abdominal compartment syndrome, 
cannula dislodgement, access site injury (acute 
limb ischemia), and need for fasciotomy. 

Outcomes and Survival 

Retrospective cohort studies in trauma 
patients on ECLS for respiratory support have 
reported survival rates ranging from 44%-
87%, several of which demonstrated a survival 
benefit when matched to controls treated with 
conventional ventilation management alone.20-27 
More recent retrospective reviews, however, 
have reported improved survival rates and show 
that the number of trauma facilities utilizing 
ECLS has been increasing over recent years to 
include use by the U.S. Department of Defense 
for severely injured civilian and military 
patients.14,16

Conclusion

The decision to initiate ECLS in trauma 
patients is complex and should involve a 
multidisciplinary team. The strongest evidence 
remains for respiratory failure refractory to 
conventional ventilatory management, but 
emerging data supports use in the setting of 
severe thoracic trauma including blast injury, 
traumatic brain injuries, and burns. ECLS in 
the setting of traumatic arrest is an area of 
active, ongoing research. For trauma patients 
managed on ECLS, teams must balance the 
risk of bleeding and thrombotic complications 
in this patient population and closely monitor 
anticoagulation regimens. 
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Septic Shock

Graeme MacLaren, Nicolas Bréchot, Warwick Butt

Introduction

In adult patients, sepsis is defined as “life-
threatening organ dysfunction caused by a 
dysregulated host response to infection,” while 
septic shock is a “subset of sepsis in which 
underlying circulatory, cellular, and metabolic 
abnormalities are associated with a greater risk 
of mortality than sepsis alone.”1 In practical 
terms, adult septic shock is infection associated 
with: 1) persistent hypotension requiring 
vasopressors to maintain a mean arterial 
pressure ≥65 mmHg and 2) a serum lactate >2 
mmol/L despite fluid resuscitation.1 Known 
as Sepsis-3, these definitions were conceived, 
validated, and applied without consideration 
for children. While the general underlying 
principles may be applied to children, they have 
not been validated in large cohorts and have not 
yet been widely adopted in pediatric medicine. 

Sepsis was historically regarded as a 
contraindication to ECLS. In the 1990s, 
however, a number of studies demonstrated that 
it could be potentially lifesaving in neonatal and 
pediatric septic shock,2-5 a view strengthened 
by later reports involving larger numbers of 
patients.6-9 ECLS for refractory septic shock 
in neonates is now regarded as a standard 
indication, with in-hospital survival rates of 
approximately 75-80%.10,11 However, universal 
acceptance of ECLS for septic shock in older 

patients has been limited by retrospective 
study designs, historically poor outcomes in 
some centers, lack of comparative evaluation 
of cannulation strategies, and perhaps by an 
underappreciation of the pathophysiological 
and hemodynamic responses to infection 
with changes in age. The most common 
hemodynamic pattern of septic shock in adult 
patients, distributive shock, is widely regarded 
as a contraindication to ECLS in the absence of 
other indications because of poor outcomes.12

Sepsis is associated with only one 
pulmonary pathophysiological response, acute 
respiratory distress syndrome (ARDS); but 
several hemodynamic responses, including 
dilation and failure of one or both ventricles, an 
increase in pulmonary vascular resistance, and a 
fall in systemic vascular resistance, all may exist 
in relative isolation or in combination.10 ECLS 
can be used to support patients with sepsis and 
any combination of:

•	 ARDS
•	 Right heart failure
•	 Left heart failure, and/or
•	 Distributive shock.

This chapter will outline the indications and 
contraindications for ECLS in sepsis; review the 
hemodynamic responses to infection in patients 
of all ages and the implications these have for 
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cannulation; discuss circuit management in 
sepsis; and summarize outcomes. The chapter 
will focus on the use of ECLS as mechanical 
circulatory support in refractory septic shock, 
which requires more detailed consideration than 
isolated respiratory failure from sepsis.

Indications

Pneumonia or sepsis-induced ARDS usually 
presents without the need for mechanical 
circulatory support, in which case the indication 
for ECLS is similar to other causes of hypoxic 
respiratory failure (Chapters 8, 13, 23). Some 
of these patients may have hypotension caused 
by severe hypoxia, hypercapnia, pulmonary 
hypertension, and right heart dysfunction. 
However, these secondary cardiovascular 
effects usually improve substantially with 
venovenous (VV) ECMO, with its attendant 
benefits on oxygenation, acid-base balance, 
carbon dioxide, temperature, and intrathoracic 
pressure.

In neonatal and pediatric septic shock, the 
use of ECLS as mechanical circulatory support 
is regarded as a therapy of last resort, when 
refractory shock progresses despite all attempts 
at ventilatory strategies, fluid, pharmacological, 
and disease-modifying therapy, or when cardiac 
arrest has occurred. One study of 80 children 
receiving VA ECMO for refractory septic shock 
demonstrated that ECMO was associated with 
better outcomes only if the predicted risk of 
mortality was >50%.9 The rapidity of shock 
progression and physiological decline is more 
important than the absolute amount of inotropic 
support, but in general, ECLS should be 
considered if a child: 

•	 is receiving doses of >0.8-1 mcg/kg/min of 
epinephrine or its equivalent (ie, an inotrope 
score13 >80-100)

•	 has had adequate fluid resuscitation 
and other appropriate pharmacological 
strategies10,14

•	 continues to deteriorate with rising lactate, 
acidosis, worsening hypotension or 
multiorgan dysfunction.

In adult septic shock, several observational 
series have demonstrated poor outcomes with 
the use of ECLS for distributive shock.15-17 
More recently, a study of 82 adult patients 
demonstrated that the use of VA ECMO in 
refractory sepsis-induced cardiogenic shock 
was associated with decreased mortality 
compared to 130 matched controls.18 The 
indications for ECMO in this study were:

•	 hemodynamic compromise, defined as 
an inotrope score >75 or serum lactate 
>4 mmol/L

•	 severe myocardial dysfunction, defined 
as a cardiac index <3.0 L/m/m2 or left 
ventricular ejection fraction (LVEF) <35%.

The speed at which ECLS can be initiated is 
institution-dependent and this must be borne in 
mind by clinicians seeking to try every possible 
less invasive strategy in patients with rapidly 
progressive shock. 

Contraindications

The standard contraindications apply in 
septic patients being considered for ECLS, such 
as preexisting severe neurological dysfunction 
or incurable malignancy. An additional 
consideration in sepsis is the oncology patient. 
These patients have been historically regarded 
as poor ECLS candidates, but contemporary 
outcomes are acceptable in many instances.19-21 
Neutropenic sepsis is not a contraindication 
to ECLS, but can be challenging because of 
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other commonly associated problems, such 
as thrombocytopenia and fragile integument. 
Nonetheless, successful outcomes have been 
reported.22

The nature of the infecting organism should 
not be regarded as a major determinant of 
the appropriateness of ECLS, although some 
organisms, most notably Bordetella pertussis 
and disseminated herpes simplex virus in 
infants, are associated with poorer outcomes.23,24 

Cannulation strategies

Cannulation is one of the most important 
management issues in ECLS for sepsis and 
must be individually tailored to the patient’s 
circulatory and respiratory status (Chapter 4). An 
understanding of the pathophysiology of septic 
shock coupled with adequate hemodynamic 
information is important in planning an 
appropriate cannulation strategy. 

For sepsis-induced isolated respiratory 
failure requiring ECLS, VV cannulation is 
preferred because it is associated with better 
outcomes. VV ECMO avoids the complications 
of VA ECMO such as systemic embolization, 
arterial trauma, and increased left ventricular 
afterload, while preserving pulmonary blood 
flow, pulsatile systemic flow, and oxygenation 
of blood in the systemic ventricle and thus the 
coronary arteries. VV ECMO is also preferred 
in those patients with ARDS that persists after 
resolution of shock, when the patient is ready to 
be weaned off mechanical circulatory support 
but not ready to cease extracorporeal gas 
exchange because of ongoing severe respiratory 
failure. In these instances, consideration should 
be given to changing to VV cannulation if it is 
anticipated that lung recovery will require more 
than 1-2 days of additional ECLS. 

If ECLS is being considered primarily as 
mechanical circulatory support for refractory 
septic shock, then the patient’s hemodynamic 
response to sepsis must first be established. 
Septic shock has three principle hemodynamic 

manifestations based on the most compromised 
part of the circulation: right heart failure, left 
heart failure with inadequate systemic oxygen 
delivery, or distributive shock with poor oxygen 
extraction.10

Right heart failure associated with persistent 
pulmonary hypertension of the newborn (PPHN) 
is the most frequent manifestation of septic 
shock in neonates. Right heart failure from 
a combination of sepsis-induced ventricular 
dysfunction and high positive-pressure 
ventilation can also be seen in older patients. 
After the neonatal period, septic children often 
suffer from isolated left ventricular failure 
with preserved vasomotor tone and impaired 
oxygen delivery. The age at which a child 
will alter their hemodynamic response from 
left heart failure (‘cold’ shock) to distributive 
shock (‘warm’ shock) is highly variable and 
cannot be reliably predicted from the child’s 
age. However, by late adolescence and into 
adulthood, the most common hemodynamic 
response to sepsis is distributive shock. This 
is characterized by a reduction in ventricular 
function and vasomotor tone, an increase in 
heart rate, and often by a reduction in oxygen 
extraction at a cellular level. The categorization 
of shock requires a combination of clinical 
assessment; blood tests (eg, venous oximetry, 
lactate); echocardiography; and an assessment 
of cardiac output. It is best performed by an 
experienced critical care physician.10 

Possible ECLS cannulation strategies 
become apparent once the hemodynamic pattern 
of shock has been identified (Table 36-1). 
Those with right heart failure and concomitant 
respiratory failure can be supported with VV 
ECMO if the shock is not particularly advanced, 
as the consequent reduction in intrathoracic 
pressure and optimization of oxygenation and 
carbon dioxide clearance may be sufficient 
to improve myocardial performance and 
peripheral circulation, especially in small 
children. Otherwise, peripheral VA ECMO or 
central ECMO can be used.
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In pediatric left heart failure, peripheral 
or high flow central ECMO is appropriate. 
Serial echocardiograms should be performed 
to monitor left heart distension. If this is 
worsening, then steps should be taken to 
alleviate it before left atrial distension and 
hypertension lead to hemorrhagic pulmonary 
edema.25 Increasing circuit flows may limit atrial 
distension. If this is unsuccessful, then options 
include, 1) percutaneous atrial septostomy, 2) 
mini-thoracotomy and insertion of a left atrial 
vent cannula via the left superior pulmonary 
vein, 3) submammary incision and insertion 
of an apical left ventricular cannula, or 4) a 
direct left atrial vent cannula can be inserted on 
central ECMO, ie, biatrial drainage (Chapter 4). 
If the femoral artery is used in older children 
or adults, then an additional perfusion cannula 
should be inserted to supply oxygenated blood 
to the affected leg to prevent limb ischemia.26,27 
An additional consideration in patients on 
peripheral VA ECMO is that coronary and 

cerebral arterial blood may be supplied by 
the left ventricle and not the ECMO circuit 
(ie, differential oxygenation). It is thus important 
that an appropriate amount of oxygen is provided 
by the ventilator and that a surrogate marker of 
coronary oxygenation (eg, right radial artery 
blood, near infrared spectroscopy, right hand 
pulse oximetry) is used to monitor for possible 
complications, such as differential hypoxemia. 
If there is decreased oxygen saturation in the 
right arm, then increasing peripheral VA flow 
(if possible) and thus decreasing flow through 
the pulmonary circulation may be sufficient 
to allow for adequate coronary and cerebral 
oxygenation. If not, then an additional venous 
drainage cannula may provide sufficient flow to 
avoid cerebral hypoxia, either as an additional 
drainage cannula to increase total circuit flow 
or as a return cannula to oxygenate blood as it 
traverses the pulmonary circulation. This last 
solution, venovenoarterial (VVA) ECMO, is 

 
 
 
 

CANNULATION 
STRATEGY 

TYPICAL 
PATIENT 

ADVANTAGES DISADVANTAGES 

Venovenous Neonate  • No differential 
hypoxemia 

• Rapid cannulation 
• One cannula 

• No direct circulatory 
support 

• Inappropriate in 
advanced shock 

Peripheral 
venoarterial (carotid) 

Infant  • Direct circulatory 
support 

• Rapid cannulation 

• Limited flow rates 

Peripheral 
venoarterial (femoral) 

Young adult with 
septic 
cardiomyopathy 

• Direct circulatory 
support 

• Rapid cannulation 

• Risk of differential 
hypoxemia  

• Limb ischemia 
Veno venoarterial Adolescent or 

adult with severe 
combined 
circulatory and 
respiratory failure 

• Corrects differential 
hypoxemia  

• Proportion of 
respiratory and 
circulatory support 
easily adjusted to meet 
physiological needs 

• Requires 3 cannulas 
• Gate clamp on the 

return venous limb 
may increase the risk 
of hemolysis 

Central (atrioaortic) Child • Highest possible flow 
rates 

• No differential 
hypoxemia 

• Associated with lower 
mortality in children9,29 

• Requires cardiac 
surgical services 

• Increased risks of 
local bleeding and 
mediastinitis 

Table 36-1. Basic ECMO cannulation strategies in septic shock.
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technically challenging in small children but 
easily performed in adolescents and adults.28

Central Cannulation in Children

Central cannulation is commonly used 
in most major pediatric and adult cardiac 
transplantation centers for other indications. With 
this technique, analogous to cardiopulmonary 
bypass, a cardiac surgeon performs a sternotomy 
and cannulates the right atrium directly. Venous 
blood is pumped through the circuit and returned 
through a cannula placed in the ascending 
aorta. The largest available cannulas should be 
placed to maximize laminar flow and minimize 
excessive suction pressure. The latter requires 
monitoring because hypovolemia or cannula 
obstruction will limit inflow and create an 
increase in suction, with resultant turbulent flow, 
microcavitation, and hemolysis. The pump inlet 
pressure should be measured at the connection 
between the atrial cannula and the inlet tubing 
and should be maintained between -20 mmHg 
and zero. If the pressure is consistently more 
negative than -20 mmHg, then it should be 
assumed that the pump revolutions have been 
set too high, the patient is hypovolemic, or the 
cannulae are kinked, obstructed, or too small. 
Suggested cannula sizes and estimated flow 
ranges are listed in Table 36-2. If possible, the 
skin should be sutured around the cannulas 
to reduce bleeding, and the defect between 
the sternal edges closed over with a silastic 
membrane sutured into place.

Possible benefits of this technique include:

•	 Achieving high flow rates, which may lead 
to faster resolution of shock 

•	 Avoiding differential hypoxemia 
•	 Complete cardiac and pulmonary support

Possible disadvantages include:

•	 Requires specialty cardiac surgical services
•	 Risk of mediastinitis 
•	 Risk of local hemorrhage is greater than 

with percutaneous techniques

There is some evidence that high flow, 
central ECMO is associated with improved 
survival in pediatric septic shock. In one single 
center study of 45 children with refractory 
septic shock, 73% of patients who received 
central ECMO survived compared to 38% 
who received peripheral ECMO (p=0.05).6 
In a subsequent case series from the same 
center, 17 (74%) of 23 children supported with 
central cannulation for septic shock survived 
to hospital discharge, some of whom had 
suffered from distributive shock and recurrent 
cardiac arrest.8 These patients received long-
term followup. None of the survivors suffered 
from severe disability and the majority made a 
complete recovery. A more recent multicenter 
study demonstrated an association between 
the use of central ECMO and decreased 
mortality in children with septic shock when 
compared to peripheral cannulation (OR 0.31, 
95%CI 0.1-0.98, p=0.05).9 Another multicenter 
study found that high flow ECMO (>150 ml/
kg/min) was associated with better survival 
than standard ECMO flows or no ECMO in 
refractory septic shock (82% vs. 43%, vs. 48%, 
respectively, p=0.03).29

Management during ECMO

For patients with circulatory failure on 
VA ECMO, the goals of ECMO are the same 

 
PATIENT 

WEIGHT (kg) 
ATRIAL 

CANNULA (Fr) 
AORTIC 

CANNULA (Fr) 
ANTICIPATED 
FLOWS (L/min) 

<10 14-28 10-16 1-2 
10-20 20-36 14-20 3-4 
21-40 24-46 18-21 4-6 
41-60 28-50 20-24 6-8 
>60 36-52 22-24 8-10 

 

Table 36-2. Suggested cannula sizes for 
pediatric central ECMO.8
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as for other indications: restore organ blood 
flow and adequate tissue oxygenation while 
awaiting recovery, without causing further 
damage to the lungs or heart. The ECMO pump 
now becomes analogous to the heart. Instead of 
adjusting inotropes to enhance cardiac output, 
circuit flows ‘replace’ the cardiac output and 
thus must be titrated to provide adequate 
oxygen delivery. A term that is frequently used 
when referring to ECMO circuit flows is ‘full 
flow’ and is taken from the cardiac operating 
room. However, this term is misleading and 
should be abandoned in ICU. Analogous to 
the concept that no given cardiac output can 
ever be considered ‘normal’,30 there is no 
circuit flow that can be regarded as ‘full flow’. 
The term fails to take oxygen consumption 
into consideration and falsely implies that 
there is a universally applicable level above 
which no benefit would be seen from further 
increases in flow. Instead, circuit flows should 
be goal-directed, targeting rapid normalization 
of lactate, improvement in SvO2 >65-70%, 
and restoration of age-appropriate mean 
arterial pressures. In sepsis, this may require 
very high flows (eg, >150-200 ml/kg/min in 
young children).29 Appropriate monitoring of 
pump inlet pressures (see above) and regular 
measurement of plasma free hemoglobin should 
be used to detect excessive pump revolutions or 
cannula misplacement. Hemolysis is a serious 
complication, and every attempt should be 
made to prevent it. One study of 207 children 
on ECLS demonstrated that those patients with 
severe hemolysis (plasma free Hb >1 g/L) had 
a six-fold increased risk of death compared to 
those who did not.31 Similar findings have been 
seen in adult patients.32

Inotropes can usually be weaned off or to 
minimal doses within a few hours of achieving 
adequate circuit flows. Vasoconstrictors may 
be necessary to maintain age-appropriate 
mean arterial pressure, but it is not unusual to 
see systemic hypertension ensue around this 
time, particularly with the high flows of central 

ECMO, in which case short-acting vasodilators 
(eg, sodium nitroprusside) can be initiated to 
improve centrifugal pump flow and improve 
peripheral circulation. Ventilation should be 
reduced to lung-protective settings (eg, rate 
5-10, peak inspiratory pressure <20 cmH2O, 
PEEP 5-12, FiO2 <0.5) unless on peripheral VA 
ECMO, in which case the FiO2 and PEEP must 
still be set sufficiently high to preserve coronary 
oxygenation. If differential hypoxemia becomes 
apparent, then conversion to central or VVA 
ECMO may be appropriate, depending on the 
patient’s age and local surgical expertise.8,28

The coagulation cascade is intricately 
involved in the process of inflammation and 
septic patients frequently have disseminated 
intravascular coagulation (DIC). Thrombus 
may form in parts of the ECMO circuit or 
patient while there is hemorrhage in other 
areas. DIC should be aggressively treated with 
blood products while heparin is titrated to 
activated clotting times (ACT), activated partial 
thromboplastin times (APTT), or anti-Xa levels. 
In septic children, the target ACT is generally 
2 times normal unless bleeding is profuse, 
in which case the target may be temporarily 
lowered to 1.5 times normal until the bleeding 
slows or stops. Adequate blood product 
support with recombinant factor replacement, 
fresh frozen plasma (aiming INR <1.3-1.5), 
cryoprecipitate (aiming fibrinogen >2.0 g/L), 
and platelets (aiming >50-80 x 109/L, depending 
on the patient’s age) is standard. Coagulopathy 
should not be allowed to replace controlled 
pharmacological anticoagulation in circuit 
management. 

Other measures such as effective empiric 
antibiotics and immediate treatment of any 
septic foci are vital. The pharmacokinetics of 
many antibiotics in patients receiving ECLS 
have been inadequately studied (Chapter 49). As 
failure to provide adequate and timely empiric 
antibiotics has been associated with substantial 
increases in mortality,33,34 initial antibiotics 
should be given as early as possible, cover 
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all likely pathogens, and be at the maximum 
dose recommended by standard formularies, 
especially those with a wide therapeutic index 
such as β-lactam antibiotics. Therapeutic drug 
monitoring should be used whenever possible.

Outcomes

ECLS for neonatal sepsis is associated 
with in-hospital survival rates of approximately 
75-80%.11 In pediatric septic shock, historical 
experience suggested that the use of ECLS in 
older children was associated with survival to 
hospital discharge of 50% at best,6,10 although 
this may have recently improved.35 The use of 
high flow, central ECMO is associated with 
survival rates approaching 75%.6,8

The increasing use of ECLS for adult septic 
shock has demonstrated that peripheral ECMO 
for distributive shock is generally associated 
with poor outcomes.12,15-17 However, in adult 
patients with refractory septic cardiomyopathy, 
ECLS may have an important role.18,36,37 In 
one study of 212 adult patients with septic 
cardiomyopathy, 60% of patients supported on 
VA ECMO survived vs. 25% without ECMO 
(risk ratio for mortality 0.54, 95% CI 0.40-0.70, 
p<0.0001).18

Conclusions

The use of ECLS for highly selected 
patients with refractory septic shock has 
increased in recent years, with the majority of 
patients of all ages surviving to discharge in 
experienced centers.8,18,35,36 ECLS is generally 
required very early in the course of sepsis, 
usually before antibiotics have taken effect.7 
The optimal approach to cannulation should 
be individualized and varies with the age of the 
patient, the hemodynamic pattern of shock, and 
the experience of the center.37 
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Poisoning

Adam Blumenberg, Eleonore Valencia, Giles Peek, Amy Dzierba

Introduction

Poisoning is a prevalent cause of severe 
disease and death worldwide. The consequent 
cardiovascular and/or respiratory failure may be 
refractory to conventional supportive therapies 
and potentially lethal, in which case ECLS 
may be lifesaving. Specifically, the acuity of 
disease secondary to certain poisonings and 
the rapidity by which it progresses may limit 
the effect of antidotes and affect the body’s 
natural metabolism of the toxin. Additionally, 
most toxic substances do not have a specific 
antidote and critical illness is treated with 
hemodynamic and ventilatory support until 
recovery or death. ECLS may be utilized as a 
bridge to native recovery or transplantation in 
select patients. Ongoing challenges to the use 
of ECLS in the setting of poisoning include 
cases in which the type of toxic substance(s) and 
disease-reversibility are indeterminate, as well 
as the optimal timing to cannulate or transfer 
to an ECMO-capable center.

Epidemiology

According to 2019 data from the World 
Health Organization, the global mortality 
rate attributed to unintentional poisoning was 
1.1 per 100,000 population, and Africa remains 
disproportionately afflicted.1 Although the 

mortality rate has decreased by more than 
25% over the past two decades, it is likely an 
underestimate, given the lack of infrastructure 
for accurate data collection in many countries. 

The American Association of Poison 
Control  Centers (AAPCC) comprised 
of 55 poison centers serving the United 
States, American Samoa, Federated States of 
Micronesia, Guam, Puerto Rico, and the US 
Virgin Islands, has reported a gradual decline 
in poisonings over time. The exposure rate 
was 6.3 per 1000 population in 2020 compared 
to 8.0 per 1000 population in 2000. Children 
<5 years predominated in exposure rates, but 
only comprised a minority of fatalities (1.3%), 
with most deaths occurring in persons aged 30 
to 39 years. The vast majority of cases were 
unintentional, with intentional overdoses more 
associated with clinically significant and severe 
disease. Four percent of poisonings required 
critical care. The leading substances implicated 
in fatal cases included sedatives, hypnotics, 
antipsychotics, pharmaceutical and illegal 
opioid preparations, acetaminophen, alcohols, 
stimulants, and street drugs.2 

There are important geographic differences 
in the patterns of poisoning among children 
and adults. In a multicenter, international 
pediatric study of acute poisoning presentations, 
unintentional ingestion of therapeutic drugs 
was most frequent in South America, North 
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America, Northern Europe, Southern Europe, 
and the Western Pacific. Unintentional ingestion 
of household products predominated in Western 
Europe and the Eastern Mediterranean.3 
Pesticides, commonly organophosphates, 
aluminum phosphide, and paraquat, continue 
to be the predominant toxins implicated in 
unintentional ingestions in rural Southern Asia, 
South-Eastern Asia, Africa, South America, and 
Central America; however, there are increasing 
reports of intentional ingestions in urban 
areas also.4-6 Drugs, such as benzodiazepines, 
antidepressants, and prescription opioids, as 
well as illicit opioids, remain a prevalent source 
of poisoning in high-income countries and 
are becoming ubiquitous in low- and middle-
income countries, too.7-9 

General Approach to the Poisoned Patient

Toxic substances exert their effects on the 
human body through a variety of mechanisms. 
Many pharmaceuticals lose receptor specificity 
in toxic concentrations and may cause organ 
dysfunction beyond an extrapolated form of 
their therapeutic effect in a process known as 
toxicodynamics. For example, while aspirin 
is used therapeutically as a cyclooxygenase 
inhibitor, in toxic concentrations it is a 
mitochondrial poison. Certain drugs may 
have longer durations of action and different 
distribution patterns in the setting of toxic 
rather than therapeutic doses in a process 
known as toxicokinetics. For example, while 
therapeutic doses of loperamide do not reach 
the systemic circulation due to hepatic first-
pass metabolism and P-glycoprotein efflux, in 
overdose these enzymes become saturated and 
loperamide may poison the heart and brain. 
Life-threatening effects of poisoning include 
hemodynamic collapse through cardiogenic 
shock, diffuse vasodilation, acute respiratory 
distress syndrome (ARDS), mitochondrial 
failure, altered mental status leading to loss of 
airway reflexes, status epilepticus, refractory 

ventricular dysrhythmias, and refractory cardiac 
arrest. 

Direct cardiac toxins such as beta blockers 
and calcium channel blockers may cause acute 
cardiogenic shock and low cardiac output 
via bradydysrhythmias, negative inotropy, 
and decreased peripheral vascular resistance. 
Vasodilators such as calcium channel blockers 
may cause distributive shock as well as high 
output cardiac failure in which heart rate and 
cardiac output fail to compensate for low 
vascular resistance. Ion channel inhibitors, such 
as drugs with sodium or potassium channel 
inhibition, may cause cardiogenic shock and 
refractory ventricular dysrhythmias due to 
acquired channelopathy. Such drugs include 
class I antiarrhythmics, antiepileptic drugs, 
cocaine, antipsychotics, local anesthetics, 
and antidepressants.10,11 Stimulant drugs 
such as methamphetamine, cocaine, ecstasy 
(3,4-Methylenedioxymethamphetamine) 
may induce acute cardiomyopathy due to 
catecholaminergic excess and subsequent 
demand ischemia.12 Substances which inhibit 
mitochondrial function such as carbon monoxide, 
aluminum phosphide, cyanide, and azide may 
induce shock.13,14 Toxins may induce respiratory 
failure due to direct tissue destruction from 
caustic agents such as hydrocarbons, lye, or 
phenol,15 or due to pulmonary toxicity such as 
with bleomycin, amiodarone, or paraquat.16,17 
Respiratory failure may also occur secondary 
to pulmonary edema from stimulants or 
opioids and naloxone, or intoxication-related 
aspiration.18-20 

Intentional ingestions during suicide 
attempts may involve multiple drugs and drug 
classes.2 The exact doses and substances may 
be unknown because the ingestion history is 
often incomplete or unreliable. While some 
substances (such as acetaminophen, ethanol, 
salicylates, and lithium) are quantifiable at 
many regional hospitals in real time, most toxins 
cannot be reliably confirmed in a clinically 
relevant time frame. A multidrug overdose 
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may include a potentially lethal quantity of one 
or more drugs as well as benign dose of other 
substances. Treatment should be based on the 
clinical syndrome as well as the likely toxin(s).

First Line Treatment 

Care for critically ill poisoned patients 
requires a multidisciplinary team and should 
be performed in consultation with a medical 
toxicologist. Many countries have poison 
centers available by phone any time of day, 
however only 47% of WHO member states 
have a poison center.1 If available, local 
poison center contact information should be 
easily available in all healthcare environments. 
Most critically ill poisoned patients should 
be monitored and treated with supportive 
therapies in the ICU such as administration of 
intravenous fluids, optimization of electrolytes 
and metabolic derangements, and utilization 
of vasoactive medications. Respiratory failure 
may require endotracheal intubation and 
mechanical ventilation. Altered mental status 
may also require intubation if airway reflexes 

are impaired. Certain poison ingestions are 
amenable to gastrointestinal decontamination 
with activated charcoal, gastric lavage, or 
whole bowel irrigation, all of which have 
potential complications and are not indicated 
in most poisonings.21,22 A flowchart proposing 
management is available in Figure 37-1.

Specific antidotes and targeted treatments 
have improved the prognosis for patients with 
certain toxicities. Opioid-induced respiratory 
failure may be reversed with naloxone and 
digoxin-induced cardiac failure with digoxin 
immune fab. Liver failure from acetaminophen 
may be prevented with n-acetyl cysteine (NAC), 
and renal failure from ethylene glycol may be 
prevented with fomepizole or ethanol. Certain 
poisons such as aspirin, lithium, and metformin 
may be removed via hemodialysis.23-25 

Many toxic substances do not have 
an antidote, and sometimes conventional 
treatments fail. Mortality may reach 10-20% 
in the setting of cardiovascular failure and may 
reach 90% when hemodynamic impairment is 
refractory to standard treatment.26,27 

Consult a medical toxicologist

Cardiogenic shock Severe respiratory failure

Referral to an extracorporeal membrane oxygenation (ECMO) center

Cardiovascular dysfunction unresponsive to 
standard therapies:
• Fluid optimization
• Vasopressors / inotropes
• Electrolyte corrections
• Antiarrhythmics

Poor gas exchange unresponsive to standard 
therapies:
• Mechanical ventilation with lung protective 

ventilation
• Adequate sedation
• Prone positioning
• Neuromuscular blocking agents
• Fluid optimization
• +/- pulmonary vasodilators

ECMO

Specific Antidote
Or treatment 

Suspicion of life-threatening poisoning

Figure 37-1. Poison management flowchart.
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Rationale for VA and VV ECMO in 
Poisoning

A general principle of most poisonings is 
that organ dysfunction is temporary because the 
human body can metabolize toxic substances. 
Over the course of hours to days, the kidneys 
excrete toxins, and the liver chemically 
modifies toxic to nontoxic substances. The 
duration of toxicity depends on the dose, 
the toxicokinetics of a given substance or 
combination of substances, and the function of 
the organ responsible for metabolizing it. Since 
hemodynamic and/or pulmonary dysfunction is 
typically transient, there is a strong rationale for 
using mechanical cardiopulmonary assistance 
in severely poisoned patients. ECLS provides 
stable perfusion and gas exchange through the 
time required to metabolize toxic substances 
from the body. Additionally, ECLS provides 
support when the therapy of the toxic substance 
may worsen hemodynamics.28 For example, 
iron toxicity may cause shock but is optimally 
treated with the chelator deferoxamine 
which may exacerbate hypotension. Toxic 
alcohols and aspirin poisoning may require 
hemodialysis, which can only be performed 
on a hemodynamically stable patient.29 There 
are reports of ECLS used to support patients 
receiving hemoperfusion,30 plasma exchange,31 

plasmapheresis,35 CytoSorb,36 and other 
modalities (Chapter 42). 

Antidotes exist for certain poisons such 
as digoxin immune fab for cardiac glycoside 
toxicity. Often, antidotes may take time to 
acquire, administer, or reach therapeutic effect. 
ECLS may provide support during periods 
of hemodynamic instability or ventricular 
dysrhythmias until the antidote takes effect.28,37 
Certain toxic substances may lead to permanent 
organ failure which is optimally treated with 
organ transplant. For example, lung destruction 
secondary to a caustic agent or paraquat may 
be supported by ECLS while awaiting organ 
availability.38 

Animal Studies

ECLS has been studied in three major 
animal models of drug poisoning. In a model 
of lidocaine poisoning in dogs consisting of a 
30 mg/kg IV injection, 8 dogs received ECLS 
support over 90 minutes and were compared 
to 8 dogs treated conventionally (mechanical 
ventilation, vasopressors, cardioversion, and 
antiarrhythmics). All dogs in the ECLS group 
survived, compared to only two in the control 
group. Interestingly, ECLS-treated animals 
had a drug clearance comparable to normal 
individuals in this experiment.39 In a model of 
cardiac arrest following desipramine infusion 
in dogs, ECLS also rescued all animals 
(6/6), while only 1/6 animals survived in the 
conventional treatment group.40 Lastly, in a 
model of amitriptyline poisoning in which 
20 swine were receiving 0.5 mg/kg/min 
amitriptyline until the blood pressure dropped 
below 30 mmHg for 1 min (near-lethal toxicity), 
ECLS rescued all animals (10/10), while 9/10 
died in the conventional treatment group.41

Human Studies

Despite an absence of randomized clinical 
trials for ECLS in acute poisoning, there is 
a strong pragmatic basis for its use. To date, 
ECLS has been used as a salvage therapy in 
patients presenting with cardiogenic shock 
or arrhythmia refractory to conventional 
treatment. There are no randomized controlled 
trials of ECLS in poisoned patients. The 
literature on the application of ECLS for 
human poisoning is limited to case reports, 
retrospective analyses of single and multicenter 
data, and systematic reviews. Specific criteria 
regarding patient selection, timing, indications 
and contraindications for individual poisonings 
remain elusive.42 

The reported use of ECLS as salvage 
therapy for severe poisoning is low. Data from 
the AAPCC suggests that ECLS utilization is 
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increasing, with a reported use of 0.007% in 
2020.2 In a more recent, longitudinal study of 
the AAPCC’s National Poison Data System, 
Cole et al described an increasing use of ECLS 
from 2000 to 2018, in particular among adults, 
for a variety of both single- and multi-substance 
ingestions involving pharmaceuticals and non-
pharmaceuticals. The rate of survival remained 
stable over time at 70%, with the highest 
mortality occurring in cases of hematologic 
and metabolic toxins. Interestingly, the authors 
reported higher ECLS utilization in urban 
regions of the United States.43 

In 2009, Daubi et al. reported the outcomes 
of 17 patients supported with peripheral VA 
ECMO for acute poisoning.44 Fifteen suffered 
from cardiotoxic intoxication including 11 with 
membrane stabilizing agents, combined with 
various antipsychotic drugs. All had severe 
myocardial dysfunction at the time of ECMO 
implantation, received high dose catecholamines, 
and suffered multiple organ failure. Seven 
received ECPR with a mean low-flow time of 
101 ± 55 min. Time from admission to ECMO 
was 6.4 ± 7 hrs. Cannulation was performed in 
the operating room for 13 patients and at the 
bedside for 4. Fifteen patients were weaned 
from ECMO, and 13 (76%) were discharged 
alive without neurological sequelae. Mean 
ECMO duration was short (4.5 ± 2.4 days), but a 
high rate of complications occurred: 6 episodes 
of limb ischemia and 2 episodes of cannulation 
site bleeding. The authors concluded that 
despite a high morbidity associated with the 
technique, VA ECMO could rescue patients with 
refractory myocardial dysfunction associated 
with drug poisoning. 

In 2012, Masson et al. reported the 
outcomes of 62 patients with severe shock or 
persistent (>30 min) cardiac arrest after drug 
poisoning.45 Fourteen patients underwent 
VA ECMO, whereas 48 were managed 
conventionally. Patients treated with or without 
ECMO at ICU admission were on high 
dose vasopressors and had comparable drug 

ingestion histories, Simplified Acute Physiology 
Score (SAPS II score) (66 ± 18), Sequential 
Organ Failure Assessment (SOFA) score 
(median: 11 [IQR, 9-13]), Glasgow Coma 
Scale score (median: 3 [IQR, 3-11]), need 
for ventilator support (n=56) and extrarenal 
support (n=23). Survival rate was 86% in 
the ECMO group, compared to only 48% in 
patients who received conventional therapies 
and none of the patients with persistent cardiac 
arrest survived without ECMO support. In a 
multivariate analysis, adjusting for SAPS II 
and beta-blocker intoxication, ECMO support 
remained significantly associated with lower 
mortality (Adjusted Odds Ratio, 0.18; 95% CI, 
0.03-0.96; p=0.04). Interestingly, none of the 6 
ECMO-treated patients who were intoxicated 
with membrane stabilizing agents died, whereas 
death occurred in 15 of the 23 patients managed 
conventionally in this setting. In a sensitivity 
analysis of the 52 intoxicated patients who 
did not have cardiac arrest, ECMO remained 
associated with survival (OR for death 0.28; 
95% CI 0.05-1.48, p=0.17), although the 
difference did not reach statistical significance. 
The mean time from admission to ECMO was 
short (8 ± 7 hours), as well as ECMO duration 
(6 ± 2.9 days).

In 2015, Wang et al. evaluated 10 cases 
of poisoning who received ECMO referred to 
the ToxIC registry out of 26,271 toxicologic 
exposure cases who were reported during the 
study period. The ToxIC registry is a practice-
based, multicenter research and surveillance 
network with data on tens of thousands of toxic 
exposures.29,46 Six patients were under 18 years 
old and 4 were adults. The toxins were carbon 
monoxide, a cyanogenic amine, methanol, 
psychiatric drugs, cardiovascular drugs, 
analgesics, antidiabetics, and sedative/hypnotics. 
Most patients developed hemodynamic 
instability, seizures, dysrhythmias, metabolic 
acidosis, and multiorgan failure. Other 
interventions included vasopressors, CPR (4), 
continuous renal replacement therapy (CRRT) 
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(5), bicarbonate (4), intravenous fat emulsion 
(2), and hemodialysis (1). ECMO was initiated 
on average 35 hours into their course and lasted 
an average of 170 hours, and 8/10 survived. 

In 2019, Weiner et al. evaluated 104 cases 
of poisoning who received VA ECMO referred 
to the ELSO Registry out of 15,511 VA ECMO 
cases who were reported during the study 
period.47,48 The median patient age was 34 
years and 53.5% were male. The toxins were 
47.2% cardiovascular drugs, 8.7% opioids, 
3.8% cocaine, 3.8% antidepressants, with 
the remainder unknown or unspecified. Prior 
to initiation of VA ECMO, 92.4% received 
vasopressor infusion for hemodynamic support, 
85.9% received two or more vasopressors, and 
33.0% had a cardiac arrest prior to cannulation. 
The median duration of VA ECMO was 68 hours 
with an interquartile range of 48 to 113 hours, 
and 52.9% of the cases survived to discharge. 
Specific toxin, demographics, and nature of 
pre-ECMO support was similar in survivors and 
nonsurvivors, except that a greater proportion 
of nonsurvivors had placement of an intraaortic 
balloon pump. VA ECMO improved parameters 
reflecting hemodynamics (MAP, SBP, and DBP), 
acidosis (pH, bicarbonate), and oxygenation 
(pO2, SpO2, and SvO2). Nonsurvivors showed 
persistently low pH 24 hours after VA ECMO 
initiation compared to survivors. Ramanathan 
et al. also examined the ELSO database and 
found in 83 patients who received ECMO 
for poisoning an overall 41% survival rate 
and nearly 90% survival in patients who 
received VV ECMO for inhalational injuries 
or aspiration.49 

In 2020, Cole et al. evaluated 407 cases 
(332 adults and 75 children) of poisoning 
who received ECLS referred to the National 
Poison Data System.43 The National Poison 
Data System is a central database for the USA’s 
55 poison centers containing over 74 million 
case records.50 The median patient age was 27 
years with 47.5% female. A single substance 
was responsible for toxicity in 51.5% of cases 

and the median was 3. Overall survival with 
ECLS was 70%, and patients with metabolic or 
hematologic poisoning (eg, carbon monoxide, 
aluminum phosphide) had a lower likelihood 
of survival than those poisoned by other 
substances (49% vs. 72%; p=0.004).

In 2021, Upchurch et al. systematically 
reviewed the English-language literature and 
analyzed 156 articles regarding poisoned 
patients who received ECMO. The authors 
recommended consideration of VA ECMO in 
absence of contraindications for all patients 
with acute poisoning and refractory cardiogenic 
shock or refractory cardiac arrest. The authors 
recommend VV ECMO in poisoning be 
considered by the same criteria as in nonpoisoned 
patients.51,52 The authors noted that while there 
are no absolute contraindications to ECMO, it 
might be hypothetically ineffective in certain 
toxicities such as those that cause cellular 
respiratory failure or severe coagulopathy. 

In 2022, DiNardo and colleagues reviewed 
the US experience of ECLS for poisoning in 
children as reported to the ELSO Registry 
between 2003 and 2019. Eighty-six children with 
a median age of 12.0 year were reported; 52.9% 
were female. The most commonly reported 
substance exposures were hydrocarbons (n=17; 
19.8%), followed by chemical asphyxiants 
(n=14; 16.3%), neuroactive agents (n=14; 
16.3%), opioid/analgesics (n=13;15.1%), and 
cardiovascular agents (n=12; 14.0%). 83.7% 
of the cases had a single substance poisoning. 
The intention of the exposure was unknown 
in 65.1%, self-harm in 20.9%, and 10.5% was 
unintentional. Overall survival was (65.1%). 
Most patients received VA ECMO. A bimodal 
distribution of ECMO support was observed 
among two age groups: less than or equal 
to 3 years (n=34) and 13–17 years (n=41). 
Hemodynamic and metabolic parameters 
improved for all patients with ECMO. Persistent 
systolic hypotension, acidemia/metabolic 
acidosis, and elevated PaO2 after 24 hours of 
ECMO support were associated with mortality. 
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ECMO duration and PICU length of stay were 
significantly longer in survivors compared to 
nonsurvivors (139.5 vs. 70.5 hr; p=0.007 and 
25.0 vs. 4.0 d; p=0.002, respectively).53 

Ethical Considerations

Approximately a third of poisoning fatalities 
are due to intentional self-harm or suicide 
attempts.54 The majority of patients who recover 
from these do not repeat suicide attempts.55,56 
The four ethical pillars of autonomy, beneficence, 
nonmaleficence, and justice are issues that 
must be addressed on an individual basis.57 
Honoring patient autonomy may be particularly 
challenging if the reason for critical illness is 
attempted suicide, however ECMO should 
not be withheld from a patient on the basis of 
suicidality or psychiatric illness. 

Technical Considerations and Potential 
Contraindications of ECLS in Poisoning

There is no major difference in decision 
making in using ECLS for poisoning than 
in any other scenario. ECLS can be used to 
support respiratory, cardiac, or cardiorespiratory 
function for patients in whom the poison has 
depressed these organ systems so severely that 
conventional supportive measures are failing. 
The majority of patients will have a mixture 
of cardiac and respiratory insufficiency and 
will therefore be cannulated for VA ECMO 
support using the age-appropriate techniques 
discussed in Chapter 4. Patients with poisoning 
predominantly affecting the lungs, or example 
paraquat or diesel fuel aspiration, may be 
treated with VV ECMO as for any other type 
of ARDS. However, if electing to use VV 
support, clinicians should observe for evolving 
right ventricular (RV) dysfunction. If RV 
function is deteriorating, the patient may need 
to be switched to VVA support or to RV-PA 
cannulation. Another important consideration 
is potential reversibility, for instance a patient 

who has developed cerebral herniation related 
to acetaminophen (paracetamol) toxicity would 
not be an appropriate ECLS candidate. On the 
other hand, certain toxins may induce central 
nervous system depression that can mimic 
brain death lasting for days or weeks only to 
completely resolve; and clinicians should not 
conclude medical futility based on prolonged 
encephalopathy.58 

Certain specific toxins and treatments 
may interact with ECLS circuits. Intravenous 
fat emulsion, which may be used to treat 
cardiotoxicity caused by calcium channel 
blockers and beta blockers, may interfere 
with ECLS by cracking stopcocks (23.8%), 
causing fat agglutination (26.2%), clogging 
the membrane lung (4.8%), and increasing 
blood clot formation in the circuits (4.8%).59 
Hydroxocobalamin, the preferred antidote for 
cyanide poisoning, is a bright red pigment and 
may activate blood leak alarms on hemodialysis 
machines.60 Methylene Blue, the preferred 
treatment for acquired methemoglobinemia, 
may dye the fluid in the ECMO heat exchanger 
due to diffusion across the polyurethane heat 
exchange fibers.61 Additionally, certain drugs 
such as midazolam, acetaminophen, lorazepam, 
fentanyl, and morphine have been shown to 
adsorb to the ECLS circuit (Chapter 49).62,63 It 
is possible that other toxic substances and their 
pharmacological treatments may be absorbed 
by the ECLS circuit.

Some toxic substances may induce 
coagulopathy or hemolysis, which could 
potentially make ECLS less effective or more 
dangerous. Toxin-induced hemorrhagic disease 
may be exacerbated by central cannulation 
and by the anticoagulation needed for ECLS. 
Rattlesnake (Crotalidae) venom includes 
enzymes that digest cellular membranes and 
proteins, and may cause thrombocytopenia, 
fibrinolysis, and excessive bleeding.64 Acute iron 
toxicity may cause disseminated intravascular 
coagulation and gastrointestinal hemorrhage.65 
Similarly, toxin-induced hemolysis such as 
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in the setting of arsine gas poisoning may be 
exacerbated by mechanical circulatory support. 

One peculiarity of ECLS support in 
poisoning is when the poison causes disruption 
to normal coupling of oxygen delivery and 
consumption and depresses oxygen consumption 
at a cellular level. In this situation, the clinician 
is faced with a patient on VA support who does 
not seem to be using enough oxygen. SvO2 
and NIRS may both be above 90% with flow 
of 100-120 ml/kg/min.66 In this situation one 
should not be tempted to reduce flow, as it seems 
the patient is profoundly supply dependent. The 
resumption of normal metabolism is heralded 
by a reduction of SvO2 and NIRS to normal 
levels. It is theoretically possible that poisoning 
with drugs which stimulate the metabolism 
(eg, salicylates and dinitrophenol) could 
create increased oxygen consumption. In this 
situation, it is recommended that ECMO flow 
be increased as much as necessary to reestablish 
a normal DO2:VO2 and obtain SvO2 >65%. 
This may necessitate increasing VA flows to 
200 ml/kg/min or even more, which may require 
insertion of additional venous drainage cannulas 
or even trans-thoracic cannulation. 

Autoregulation of systemic vascular 
resistance may also be affected by poisons, 
for instance calcium channel blocker 
overdoses cause profound vasodilation, while 
amphetamines cause vasoconstriction. It 
may be necessary to manipulate the patient’s 
SVR in these situations with vasopressors or 
vasodilators. These drugs should be titrated to 
optimize VA ECMO flow as discussed above, 
and the SVR adjusted to give an age-appropriate 
mean blood pressure. Complications of ECMO 
are no different from those seen with other 
indications, with the exception of complications 
related to the poisons themselves, such as limb 
ischemia caused by ergot-alkaloids as described 
by St. Anthony in 1676.67 

Conclusion 

ECLS can be used to successfully support 
adults and children following poisoning to allow 
bridge to recovery or transplantation. There is 
reasonable evidence from laboratory studies 
and case series that ECLS increases survival 
in patients who have failed conventional 
supportive care, particularly those in cardiac 
arrest. The lack of randomized controlled trials 
of ECLS vs. conventional care in poisoning 
should not deter clinicians from initiating 
ECLS when indicated. Specific treatment for 
the poisoning itself should be guided by advice 
from a toxicologist and a National Poisons 
Information service, if available.
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Elderly Patients

Roberto Lorusso, Koji Takeda, Shinichiro Ohshimo, Mariusz Kowalewski, Anna Mara Scandroglio, 
Giovanni Landoni, Yih-Sharng Chen

Introduction

Venoarterial ECMO represents a compelling 
treatment modality and is increasingly used 
in adults with refractory cardiogenic shock 
(CS).1-6 According to ELSO Registry data, a 
dramatic increase in the number of ECLS 
cases among elderly (>70 years old) patients 
has been seen over the last 2 decades, with a 
rise of 280% between the years 2005-2010 and 
2011-2015,7 an increase nearly 50% greater in 
the elderly than in their younger counterparts. 
More sophisticated VA ECMO technology, 
more clinical confidence in implantation and 
postoperative management, as well as inclusion 
in resuscitation protocols (ie, ECPR), have 
been associated with broadening of ECMO 
indications. Consequently, VA ECMO has now 
become an important and potentially valid 
solution for patients previously not considered 
candidates for temporary mechanical circulatory 
support (MCS), to permit and promote organ 
recovery or to facilitate transition to more 
advanced and durable therapies. At the same 
time, VA ECMO is resource-intensive and often 
burdened by a complicated postimplantation 
course, which is particularly true in elderly 
patients. In most elderly patients, the general 
objective of VA ECMO is as a ‘bridge to 
recovery’ because more advanced approaches 
such as heart transplantation or durable left 

ventricular assist devices (LVAD) implantation 
are either contraindicated or considered futile. 

Epidemiology and Trends in the Use of ECLS 
in the Elderly 

Temporary mechanical circulatory support 
and ECLS use for patients with acute circulatory 
or respiratory failure has dramatically increased 
in the past decades. In the United States, an 
estimated 11,887 patients received temporary 
MCS for circulatory failure between 2004 and 
2011.1 The rise of percutaneous device use was 
particularly remarkable, with an increase of 
1511%, whereas rates of in-hospital mortality 
have been stable or decreased over time. In 
Germany, 45,647 patients were treated with 
ECLS from 2007 to 2018.2 Of those, the number 
of VV ECMO cases increased by 236% from 
825 in 2007 to 2,768 in 2018. Hospital mortality 
declined from 70.1% in 2008 to 53.9% in 
2018. ECLS use for respiratory failure has 
been paralleled by an increase in the use of VA 
ECMO for cardiogenic shock in the United 
States.3 According to the 2021 ELSO Registry 
report, there were 75,735 adult ECLS runs in 
the world and included in the registry.4 

Population ageing is a global phenomenon. 
In 2019, there were 703 million persons aged 
65 years or over in the global population. This 
number is projected to double to 1.5 billion 



504

Chapter 38

in 2050.5 As the general population grows 
older, the number of elderly patients at risk 
of acute circulatory or respiratory failure 
further increases. For example, the incidence 
of cardiogenic shock complicating acute 
myocardial infarction (AMI) in patients over the 
age of 75 had increased nearly by 5% within 7 
years in the United States.6 The rapid growth and 
positive outcomes of temporary MCS or ECLS 
use in acute circulatory and respiratory failure 
has resulted in a reduced treatment threshold 
to apply these therapies to elderly patients, 
although increasing age is a widely reported 
risk factor and is associated with increased 
mortality.8 In the National Inpatient Sample 
analysis, patients over 65 years old accounted 
for 39.6% of patients on temporary MCS from 
2004 to 2007 in the U.S. From 2008-2011, 
this age group grew to represent 47.2%.1 In 
the German registry, the largest increase of 
VA ECMO use was observed in the 75 to 80 
year-old age groups from 2007 to 2018.2 In the 
analysis of Impella (Abiomed, Danvers, MA) 
use for the treatment of patients with AMI at 
U.S. centers between 2009-2016, there were 
4164 patients (29.8%) over 70 years old. Of 
those, 1108 patients (26.6%) were over 80.7 
A recent ELSO Registry analysis from 1992 
to 2015 found that patients over 70 years old 
accounted for 13.6% of patients on VA ECMO 
for cardiogenic shock. From 1993-1998 to 2011-
2015, this age group grew from 7.6% to 14.8%. 
The mean age of this cohort was 75.3 +/- 4.5 
years, and 63.9% were male. ECLS was more 
frequently used for postcardiotomy shock in the 
elderly cohort.9 

Thus, there is a world-wide trend of liberal 
utilization of temporary MCS and ECLS over 
time. This chapter highlights the indication, 
management, and outcomes of ECLS and 
temporary MCS in the elderly. 

Circulatory Support

Previous reports comparing elderly versus 
younger patients undergoing VA ECMO for 
CS showed that in-hospital mortality was 
significantly higher in the former group.8 
The reports on outcomes across elderly 
populations undergoing VA ECMO therapy 
vary in terms of mortality rates.7-27 Reasons for 
the observed divergent rates in these reports 
are multifactorial, including 1) different age 
thresholds to define “elderly”; 2) different 
etiologies of CS; 3) combining VA and VV 
ECMO patients; 4) diverse risk profiles and 
different indications for ECMO. In addition, 
the vast majority of previous studies are single-
center experiences, often subject to selection 
bias. Besides, results in elderly patients may be 
less likely to be published for various reasons, 
including higher mortality, reluctance to share 
poor results, and reports often being limited to 
uncontrolled case series. Nevertheless, some 
reports are available. One recent report from 
the ELSO Registry7 demonstrated that the total 
number of elderly patients increased each year 
(from 7% to 15%) within the frames of the 
registry (Figure 38-1).

 1 

 

 1 

 

Figure 38-1. The in-hospital survival rates of 
elderly patients (≥70 years of age) submitted to 
VA ECMO for cardiogenic shock and enrolled 
in the ELSO Registry collected as of June 
2015. A slight decline in survival rate was 
seen during the last year-group but was not 
statistically significant. (Used with permission 
from Lorusso R, et al.)16
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One important finding of this report was 
that overall outcomes were not necessarily 
unacceptable. Patient selection most likely 
plays a critical role in the chance of achieving 
favorable results. 

Another recent study,23 again using ELSO 
Registry data and including 2,644 patients over 
70 years old, was the first on this scale to address 
the trends of application, outcomes, and mortality 
predictors in elderly populations undergoing VA 
ECMO for cardiogenic shock. Besides showing 
a trend in the increase of VA ECMO use 
among the elderly for CS, it demonstrated that 
a significant proportion of patients underwent 
VA ECMO for postcardiotomy CS. Overall in-
hospital mortality in this challenging setting 
was 68.3%, with the highest crude mortality 
observed in the 75-79 year old subgroup 
(70.1%). Interestingly, when observing age-
adjusted outcomes, even the most advanced 
age group (ie, ≥ 80 years old) had in-hospital 
mortality rates which did not necessarily 
contraindicate the use of ECMO. 

Postcardiotomy and Non-postcardiotomy 
Shock

Elde r ly  pa t i en t s  have  pa r t i cu la r 
characteristics with regard to indications 
for ECMO. The most frequent condition for 
VA ECMO implantation appears to be non-
postcardiotomy CS, in contrast to what has 
already been shown in several other studies.16-18 
Figure 38-2 lists the indications and associated 
mortality. Regardless of age, several settings 
exist such as myocarditis, posttranscatheter 
aortic valve replacement (TAVR) CS, and acute 
coronary syndromes (ACS), where survival 
rates can be relatively favorable. Conversely, 
sepsis and decompensated heart failure in 
octogenarians supported with VA ECMO have 
dismal prognoses. 

The situation is even more complex when the 
postcardiotomy setting is considered. While this 
population at baseline generally have relatively 
robust general health in order to undergo major 
elective heart surgery, postcardiotomy shock as 

 1
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Figure 38-2. Analysis of mortality indices in elderly patients according to indication for VA ECMO in 
non postcardiotomy cardiogenic shock. (Reproduced with modifications from Kowalewski M et al.)23
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an indication for VA ECMO is less common in 
older patients compared to younger subjects.7 
It may be explained, in part, by the fact that 
VA ECMO for postcardiotomy indications has 
been recently associated with poor results.6 It 
is, however, more likely because of pre-ECMO 
comorbidities, the impact of preoperative 
cardiac illnesses and complicated surgical 
procedures, together with intraoperative features 
(eg, cannulation strategy19) as well as the type of 
complications more frequently observed such 
as bleeding and stroke.6 Figure 38-3 depicts 
mortality in the postcardiotomy population, 
taking into account the division by age groups 
and type of surgery performed.

Respiratory Support

According to ELSO Registry data,28 
annual VV ECMO usage has continued to 
rapidly increase since 2009, reaching 18,000 
cases/year in 2020. With advancing age, the 

thorax becomes stiffer and the strength of the 
respiratory muscles decreases. During exercise, 
pulmonary arterial pressure increases with age. 
Reduced ciliary motility delays the clearance 
of pathogenic microorganisms in the airway. 
The PaO2 also gradually decreases with age, 
while the pH and PaCO2 do not significantly 
change. In this way, respiratory control, thoracic 
movement, and gas exchange capacity all 
decline with age.

Since VV ECMO is essentially a supportive 
therapy, it is not indicated when the lungs are 
affected by an irreversible process. However, 
the latest ELSO guidelines29 do not define a 
clear age threshold for VV ECMO, although 
older age is a relative contraindication. Age 
has been widely known as a risk factor for 
the development of ARDS. However, the 
pathophysiological mechanisms underlying 
the increased risk and severity of ARDS in 
the elderly have not been well understood. 
Patients with ARDS often have multiple risk 
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factors and comorbidities, some of which may 
be influenced by age itself. Therefore, it is 
difficult to completely separate the effects of 
age and comorbidity on ECMO outcomes. Data 
on the use of ECMO in the elderly are limited 
and are generally from retrospective studies. 
Available data suggest that older age alone is not 
a contraindication to ECMO, but rather its use 
should be determined on a case-by-case basis.30

In earlier eras of ECLS, advanced age was 
considered a relative contraindication. For 
example, the pivotal CESAR trial only included 
patients below 65 years of age.31 While the 
EOLIA trial did not have any specific upper 
age limit, the mean age of the participants was 
52 years old.32 A review of ELSO Registry 
data from 1990 to 2013 by Mendiratta et al. 
identified a total of 368 patients over the age 
of 65 receiving ECLS for respiratory failure.30 
In-hospital survival was 41%, lower than that of 
all other adults (55%), although selection bias 
may have been an issue. The authors also noted 
that over two thirds of cases were performed 
after 2010.

A multicenter study in South Korea from 
2014 to 2015 reported 51 cases in patients older 
than 65 years from a total of 209 VV ECMO 
patients.35 Survival was around 30% in elderly 
patients, and almost twice that in patients 
younger than 50 years of age.

The COVID-19 pandemic caused a new 
surge in ECMO research, with many series 
published from centers around the world. The 
mean age of patients treated with ECMO in 
ELSO Registry publications was 50 years 
of age, in line with that of previous series.34 
However, experience varied considerably 
between countries. In Germany, for example, a 
nationwide cohort analysis of 3875 VV ECMO 
runs between January 2020 and November 2021 
included 924 patients over 65 years of age.2 
The study reported an overall survival rate of 
34%, substantially lower than previous reports 
of ECMO for ARDS in Germany before the 
pandemic. As only 18% of elderly patients were 

discharged alive, the authors recommended 
against initiation of ECMO in these patients. 
The experience from Japan was rather different: 
while only 35 ECMO runs were reported among 
4695 in-hospital elderly patients, half of them 
survived to hospital discharge.35

Predicting Outcomes in the Elderly

Various scoring systems have been 
suggested to predict the survival of patients 
with VV ECMO and VA ECMO (Table 38-1). 
The PRESERVE score was developed to predict 
6-month survival after ECMO in patients with 
severe ARDS.36 The RESP37 and Roch38 scores 
were developed to predict survival at discharge. 
The PRESET score was developed to predict 
ICU survival,39 while the ECMOnet score 
was developed to predict in-hospital survival 
in patients with severe influenza A(H1N1) 
influenza.40 A VV ECMO mortality score was 
developed to predict overall mortality.41 Three 
of these scoring systems included age as a risk 
factor: PRESERVE score (3 points for age >55, 
2 points for age 45-55, 0 points for age <45), 
RESP score (-3 points for age >60, -2 points 
for age 50-59, 0 points for age <49), and Roch 
score (1 point for age >45, 0 points for age 
<45). The remaining 3 scores did not include 
age. Furthermore, these scoring systems only 
predicted an increase in mortality and did not 
suggest that age alone was a contraindication 
to ECMO. These scoring systems include other 
variables such as obesity, immunosuppression, 
other organ dysfunction (SOFA score, platelets, 
total bilirubin, creatinine, mean blood pressure, 
central nervous system impairment), ventilatory 
and hospitalization days before starting ECMO, 
ventilator settings (PEEP, plateau pressure, peak 
inspiratory pressure), arterial blood gas analysis 
(pH, PaCO2), use of supine position and muscle 
relaxants, primary disease of ARDS, circulatory 
failure (lactate levels), anemia, and many other 
factors. This suggests that older age alone does 
not determine poor outcomes following VV 
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ECMO, but rather that multiple other factors 
are involved. Scoring systems are also available 
for VA ECMO and include REMEMBER and 
SAVE scores. The Survival after VA ECMO 
(SAVE) Score42 predicts survival in adult 
patients after ECMO for refractory CS. While 
patients receiving CPR during cannulation 
were not included in the derivation of the 
SAVE Score and, therefore, the score may not 
apply to these patients, age over 63 years was 
associated with a 50% increase in mortality 
compared to 18-38 year olds, regardless of other 
comorbidities. The (pRedicting mortality in 
patients undergoing venoarterial Extracorporeal 
MEMBrane oxygenation after coronary artEry 
bypass gRafting) REMEMBER43 score was 
created with six pre-ECMO parameters: older 
age, left main coronary artery disease, inotrope 
score >75, CK-MB >130 IU/L, serum creatinine 
>150 umol/L, and platelet count <100 × 109/L, 
but was limited to patients undergoing isolated 
coronary surgery. 

What needs to be addressed in future 
research is a risk stratification tool and a scoring 
system for both circulatory (postcardiotomy 
and non-postcardiotomy) and respiratory 

support which combines the predictive abilities 
of available scoring systems but is validated 
among a wider group of patients, rather than 
being limited to single indications.44

Complications and Discontinuation of 
Therapy

A limited number of studies have specifically 
evaluated complications occurring in elderly 
patients using VV ECMO. However, following 
similar studies in VA ECMO,45 it is clear that 
hemorrhagic, renal, mechanical, metabolic, 
neurological, and infectious complications are 
also more common in elderly patients with 
VV ECMO. The risk of these complications is 
particularly high because the duration of VV 
ECMO is longer than that of VA ECMO. It is 
important for physicians to promptly recognize 
these complications and appropriately treat 
them. Although older age is associated with 
a higher risk of complications, there is no 
established threshold above which ECMO is 
futile.46

ECMO

Scoring system PRESERVE ECMOnet RESP Roch-Score  VV ECMO mortality PRESET

Publication year 2013 2013 2014 2014 2016 2017
Age included in the 
score Yes No Yes Yes No No

ECMO
Scoring system SAVE ENCOURAGE PREDICT VA-ECMO REMEMBER
Publication year 2015 2016 2018 2019
Age included in the 
score Yes Yes No Yes

VA ECMO

BMI=body mass index; MAP=mean arterial pressure; NMB=neuromuscular blockade; NO=nitric oxide; PaCO2=partial pressure of arterial carbon dioxide; PEEP=positive end-
expiratory pressure; PIP=peak inspiratory pressure; SOFA=sequential organ failure assessment.

Other variables 
considered

CKD, ventilation prior to 
ECMO initiation, pre-ECMO 
organ failures, pre-ECMO 
cardiac arrest, CHD, pulse 
pressure, weight, acute 
myocarditis, heart transplant, 
VT or VF, blood pressure, 
bicarbonate level

female sex, body mass 
index >25 kg/m(2), 
Glasgow coma score <6, 
creatinine >150 μmol/L, 
lactate (<2, 2-8, or >8 
mmol/L), and prothrombin 
activity <50%. 

lactate, pH and standard 
bicarbonate concentration

left main coronary artery 
disease, inotropic score 
> 75, CK-MB > 130 IU/L, 
serum creatinine 
> 150 umol/L, and platelet 
count < 100 × 109/L.

VV ECMO

Other variables 
considered

BMI, immunocompromised 
status, prone positioning, days 
MV, sepsis-related organ 
failure, plateau pressure and 
PEEP.

bilirubin value, MAP, 
HCT, preECMO hospital 
length of stay and sCr 
levels

immunocompromised status, 
days of MV, diagnosis, central 
nervous system dysfunction, 
acute associated non-pulmonary 
infection, NMB or NO use, 
bicarbonate infusion, cardiac 
arrest, PaCO2, and PIP

SOFA score, and a 
diagnosis of influenza 
pneumonia

immunocompromised 
status, duration of 
mechanical ventilation 
and SOFA score

Admission pH, MAP, 
lactate, platelet 
concentrations, and pre-
ECMO hospital stay

Table 38-1. Comparison of scoring systems for predicting outcomes of VV and VA ECMO.
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Conclusions

Although advanced age is associated with 
limited success rates following ECLS, age alone 
is not directly related to an ominous prognosis. 
Rather, the comorbidities and frailty that are 
linked with age further drive poor outcomes. 
It may be that careful patient selection may 
ultimately provide some elderly patients with 
results comparable to their younger counterparts.
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Malignancy and Immunodeficiency

Matteo Di Nardo, R. Scott Stephens, Jonathan C.Yeung, Peter Schellongowski, Matthieu Schmidt, 
Melania M. Bembea

Introduction

Concerns over whether ECLS should 
be offered to immunocompromised patients 
have led to many controversial and thought-
provoking discussions in the last decade. The 
lack of specific criteria and uncertain prognosis 
for ECLS use in this subset of patients renders 
ECLS candidacy more challenging. This chapter 
provides current insights and, where possible, 
new data on ECLS candidacy in patients with 
solid and blood cell tumors, patients receiving 
hematopoietic stem cell transplantation (HSCT), 
and those with autoimmune diseases or Human 
Immunodeficiency Virus (HIV). 

ECLS Support in Pediatric and Adult 
Patients with Solid Organ and Blood Cancer

Pediatric and adult cancer patients account 
for approximately 15%-40% of all intensive care 
unit (ICU) admissions.1,2 Though historically 
dismal,3 outcomes for critically ill cancer 
patients have improved in recent years, and 
current ICU and hospital survival stands at 
over 50%.4-8 Furthermore, substantial evidence 
suggests that many adult ICU survivors regain a 
favorable quality of life and tolerate continued, 
and potentially curative, anticancer therapies. 
At the same time, novel and highly effective 
anticancer therapies, including immune 

checkpoint inhibitors (ICI) and immune effector 
cells, carry the risk of significant toxicity, 
including fulminant cardiopulmonary failure, 
but with the potential for long-term control or 
cure of the malignancy.9 This is particularly 
important because long-term survival after 
critical illness is defined by the prognosis of 
the underlying malignant disease, and may 
not differ from cancer patients who were 
never admitted to the ICU.1,2 Thus, a uniform 
reluctance to admit to provide advanced critical 
care support to patients with cancer can no 
longer be justified.6  

ECLS Utilization in Patients with Malignancy

Conventional criteria for ECLS candidacy 
have focused on otherwise healthy patients with 
respiratory and/or cardiac failure. In many cases, 
these criteria have excluded patients with active 
malignancy.10 However, over the last decade, 
ECLS use has increased in pediatric and adult 
patients with malignancy.11-17 This may be due 
to a combination of increased use of ECLS in 
complicated patient populations and improved 
cancer-specific survival rates. 

Data on ECLS outcomes in patients with 
malignancies are limited, and predominantly 
include single-center studies and case series. 
There are a few exceptions, and these larger 
studies may be the most informative with 
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regards to outcomes. In 2010, an analysis of 
the ELSO Registry reported an overall hospital 
survival rate of 32% in 72 adult patients with 
malignancy undergoing ECLS support.12 
Respiratory failure was the most common 
reason for ECLS. There was no difference 
in survival according to type of malignancy 
(solid vs. hematologic), but patients with 
respiratory failure had worse outcomes than 
patients with cardiac failure. Specific to 
pediatric patients, a review of children from 
the ELSO Registry from 1994-2007 by Gow 
et al. included 107 patients with oncologic 
disease (HSCT patients were excluded), with 
35% survival to discharge.18 More recently, 
an abstract by Armijo-Garcia et al. reported 
178 ECLS patients with malignancy (also 
excluding HSCT patients) from 2008-2012, 
with a 48% survival to discharge, despite similar 
complication rates compared to those reported 
previously. Hematologic or solid malignancy 
did not impact survival.19 Recently, Bridges et 
al. reported a multicenter cohort of children with 
cancer who were supported with VV ECMO 
for respiratory failure.11 Analysis of this cohort 
of 21 patients demonstrated 38% pediatric 
ICU survival. Type of cancer (hematologic vs. 
solid tumor) was not associated with survival. 
In these patients, survival was not different for 
those placed on ECLS within one month of 
diagnosis as compared to being more remote 
from diagnosis. 

To add to this evidence, larger series 
reporting outcomes of immunocompromised 
patients supported with ECLS are also 
informative. Schmidt et al. reported a 30% six-
month survival rate in 203 immunocompromised 
patients with ARDS.20 Hematologic malignancy 
patients had significantly worse outcomes 
than other immunocompromised patients. 
Older age, thrombocytopenia, hypercapnia, 
and higher driving pressures were all 
associated with mortality, while recent-onset 
immunosuppression was associated with a 
lower risk of mortality. More recently, a series 

of 118 immunocompromised patients supported 
with ECLS for respiratory failure reported 
a 34% hospital survival rate and a 25 % six-
month survival rate.21 However, hematologic 
malignancy patients had particularly poor 
outcomes (0% six-month survival).

Indications, Contraindications, and Specific 
Considerations

There are no definitive indications and 
contraindications for ECLS support in patients 
with malignancy. Thus, the decision whether 
ECLS deployment is appropriate should be 
informed by specific status details of the 
patient’s malignant disease and chance of 
survival, whether cancer-specific treatment 
has commenced, the likelihood of successful 
treatment, the time frame in which treatment 
might take effect, secondary organ involvement 
(eg, kidney, liver, etc.), and whether the critical 
illness is potentially reversible.22 During this 
complex decisionmaking, it is worth noting that 
5-year survival for many cancers is similar to or 
better than that for other conditions for which 
ECLS support is common (eg, bridge to lung 
transplant, extracorporeal cardiopulmonary 
resuscitation).23,24 Thus, survival-to-hospital 
discharge may not be the most important outcome 
to be evaluated in the clinical decisionmaking 
surrounding ECLS candidacy, but rather ‘good 
long-term survival’, “which includes adequate 
neurological, psychological and functional 
recovery coupled to an acceptable quality 
of life.”24 In addition, predicted survival is 
continuously changing with the advent of novel 
anticancer therapies with high efficacy. Thus, 
since standardized criteria for ECLS candidacy 
do not currently exist in cancer patients, ECLS 
should be evaluated on a case-by-case basis 
searching for interdisciplinary consensus 
between the ECLS, oncology, and palliative 
care teams, the patient (when feasible), and 
family. 
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Additional specific considerations regarding 
ECLS in patients with malignancies include the 
risks of bleeding and infections while on ECLS. 
Many cancer patients are thrombocytopenic 
due to the underlying malignancy or to 
chemotherapy-induced myelosuppression. 
Thrombocytopenia may preclude the use of 
anticoagulation while on ECLS if platelet 
counts cannot be adequately maintained 
with transfusions. Infection is a major risk in 
immunocompromised cancer patients, and 
may either be the cause for requiring ECLS 
support (eg, pneumonia leading to ARDS) or 
can develop while on ECLS. In patients who 
are severely immunocompromised, infections 
are the most common cause of respiratory 
failure and septic shock. Evaluation of the 
patient’s immune status is crucial in these 
circumstances. Since ECLS is not a therapy, 
physicians should carefully evaluate patients’ 
immune status before considering ECLS. Some 
infections, in fact, can be cured only when 
immune reconstitution has recovered. Thus, 
ECLS should be considered with extreme 
caution in patients with refractory neutropenia 
or thrombocytopenia. 

Of note, ECLS should not be the reason 
to postpone or withhold chemotherapy.25-27 
For example, in the case of a patient with life-
threatening mediastinal mass, reduction in tumor 
burden with urgent chemotherapy may rapidly 
improve the patient’s condition.28 However, 
when chemotherapy is given, attention to the 
changes in pharmacokinetics during ECLS 
should be considered.29  

ECLS in Patients with Massive Mediastinal 
Masses

The induction of anesthesia for patients 
with massive anterior mediastinal masses 
(lymphomas, germ cell tumors, lymphoblastic 
leukemias, etc.) for diagnostic or therapeutic 
reasons is challenging and may require the use 
of ECLS.30-34 These masses are slow growing 

and may result in significant mass effect on the 
airway and cardiovascular structures which 
are compensated by the awake patient, for 
example, with avoidance of the supine position 
and tension of the airway muscles to maintain 
patency. Upon induction, these mechanisms are 
lost, potentially leading to rapid loss of airway, 
compression of great vessels, and cardiovascular 
collapse. The change from atmospheric pressure 
ventilation to positive-pressure ventilation 
and the arterio- and venodilation caused by 
anesthetic agents may additionally promote 
cardiovascular collapse following induction. 
Clinically, high-risk patients can be identified 
by the inability to lie supine. Consequently, 
diagnostic biopsies should be performed awake 
wherever possible.

Assessment of the patient should include the 
aforementioned clinical exam, cross-sectional 
imaging, and echocardiography. High-risk 
patients potentially requiring ECLS may 
include ones with superior vena cava syndrome, 
pulmonary artery compression, tracheal or 
bronchial compression >50% (particularly of 
the distal trachea/carina where an endotracheal 
tube cannot be easily passed), and/or cardiac 
compression. Pediatric patients are at high risk 
even when tracheal compression is <50%. In 
these circumstances, consideration should be 
given for an ECLS circuit to be kept primed 
in the operating theater with femoral access 
sheaths prepared with local anesthesia.28 
After that, awake fiberoptic intubation can be 
attempted to secure the airway. If intubation fails 
or the patient develops peri arrest symptoms, the 
patient should be immediately repositioned 
upright to reestablish awake physiology. Awake 
ECLS should then be initiated as a bridge for 
temporary cardiopulmonary stabilization for 
induction of anesthesia and surgery. If the 
patient arrests despite best attempts, ECLS via 
the existing groin sheaths should be undertaken, 
but the surgical team should not focus solely on 
this modality for rescue. Cannulation can often 
take >5 minutes, by which time neurological 
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compromise may already have occurred. 
Simultaneous rapid sternotomy to relieve the 
intrathoracic pressure should be considered to 
maximize outcomes in this difficult situation. 

ECLS in Patients Undergoing HSCT

In the last decade, survival of critically 
ill patients admitted to ICU and receiving 
allogeneic or autologous HSCT has increased, 
particularly in children.35-39 In light of these 
results, a renewed interested in ECLS has grown, 
especially in pediatric patients receiving HSCT, 
based on recent data showing improved survival 
compared with previous years.40-46 Allogeneic 
stem cell transplantation has been generally 
considered an absolute contraindication for 
ECLS because of poor survival.47,48 In contrast, 
ECLS in patients receiving autologous stem 
cell transplantation appeared to show better 
outcomes, even although few cases were 
reported.13,49,50 Recent data in pediatrics show 
that there is no difference in term of ECLS 
survival between patients receiving autologous 
vs. allogeneic HSCT46; however, it is well 
known that both are associated with different 
transplant-related mortality, which is lower in 
autologous (<5%) than in allogeneic HSCT 
(up to 10-20%).51,52 Pooled data from European 
adult centers showed very poor outcomes 
in allogeneic stem cell transplanted patients 
who received ECLS, with a survival ranging 
from 10 to 20% and the only survivors were 
admitted long after engraftment (>100 days).48 
Recovery of immune reconstitution is essential 
to face infectious causes of respiratory or 
cardiac failure. In the first three months after 
engraftment, immune reconstitution is still 
impaired and this may explain the poor outcomes 
reported in adults, especially when particular 
types of HSCT are used (eg, T-B depleted or 
haploidentical HSCT). For these reasons, many 
adult centers currently consider allogeneic 
HSCT as an absolute contraindication for ECLS. 
A different perspective is viewed in pediatric 

patients receiving allogeneic HSCT, where the 
use of adopted immunotherapies (eg, donor 
third-party cytotoxic lymphocytes) showed 
effective treatment of bacterial, viral, and fungal 
pathogens when immune reconstitution is still 
impaired, even during ECLS.53

Cur ren t ly,  ECLS cand idacy  and 
management of HSCT patient receiving ECLS 
for respiratory and/or cardiac failure is based 
on retrospective studies, case series and case 
reports; however, there is general consensus 
that ECLS could be considered in children 
receiving HSCT for nonmalignant disease or 
with malignancies at low risk of recurrence 
with a reasonable disease-free survival.53 ECLS 
candidacy in adult patients receiving HSCT is 
still controversial and should be evaluated on a 
case-by-case basis and with an interdisciplinary 
team.

Technical Considerations on ECLS Candidacy

ECLS candidacy in HSCT patients includes 
evaluation of the underlying disease treated 
with HSCT (eg, hematologic disease [benign 
vs. malignant], inborn errors of metabolism, or 
immune deficiency), the current critical illness 
requiring ECLS and its potential reversibility 
in a reasonable amount of time, the organ 
reserve prior to ECLS, and the refractoriness 
of thrombocytopenia.53 Other valuable details 
supporting the decisionmaking are the type 
of conditioning regimen used (myeloablative 
vs. nonmyeloablative) before HSCT, the type 
of HSCT (autologous vs. allogeneic), the 
graft source (peripheral blood, bone marrow, 
umbilical cord blood) and its manipulation, as 
well as the human leukocyte antigen (HLA)-
matching. 

Use of ECLS to Manage Respiratory Failure 
after HSCT 

Acute respiratory failure and cardiac failure 
due to septic shock are the most common causes 
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of ICU admission after HSCT. Acute respiratory 
failure may be due to infectious or noninfectious 
causes and etiology has an important impact 
on outcomes. Pulmonary infections before 
neutrophil engraftment are often difficult to 
manage without the support of the innate and 
the adaptive immune responses.54,55 When 
pulmonary infections occur after neutrophil 
engraftment, bacterial infections are more 
successfully treated than viral and fungal 
infections, which remain challenging because 
of the absence of functional lymphocytes. 
However, early detection of infections and 
specific adoptive immunotherapies (virus 
specific T-cells and third-party T-cells directed 
to viral and fungal pathogens) may allow for 
effective treatment when immune reconstitution 
is still impaired.56. Therefore, ECLS may 
be considered after neutrophil engraftment 
when the likelihood of recovery of the critical 
illness is high in a reasonable period of time 
(2-3 weeks) with the use of these advanced 
treatments.53

Noninfectious causes of acute lung injury 
after HSCT are related to the process of immune 
recovery. Early diagnosis of these diseases and 
appropriate therapy can avoid the use of ECLS 
and its related risks (bleeding, infection, etc.).57 
Idiopathic pneumonia syndrome (IPS) is a group 
of lung diseases characterized by noninfectious 
involvement of the lung after HSCT, which may 
affect the pulmonary parenchyma, the vascular 
endothelium, or the airway epithelium. Recent 
data obtained in both adults and children show 
that IPS has a good clinical response to steroids 
and tumor necrosis factor-alpha inhibition. 
Refractory IPS may benefit from ECLS.58,59 
Diffuse alveolar hemorrhage (DAH) is another 
form of IPS that was historically regarded as an 
absolute contraindication to ECLS. Systemic 
glucocorticoids are considered the mainstay of 
therapy; however, there is a high variability in 
dosing and duration of therapy. Recent pediatric 
data have shown successful outcomes with the 
use of ECLS to manage patients unresponsive 

to maximal medical treatment.60,61 Bronchiolitis 
obliterans represents a late complication 
of HSCT and occurs almost exclusively in 
allogeneic recipients with chronic GVHD. 
ECLS can be used in bronchiolitis obliterans as 
a bridge to lung transplantation in patients who 
remain in remission of their primary disease and 
who have not developed secondary malignancies 
and/or have active chronic GVHD.62,63 Currently, 
there is insufficient data to recommend the use 
of ECLS to manage respiratory and/or cardiac 
failure in patients with sinusoidal obstruction 
syndrome or transplant associated thrombotic 
microangiopathy. Decision regarding ECLS 
candidacy in patients with these complications 
should be made with caution and on a case-by-
case basis.53

Use of ECLS to Manage Heart Failure after 
HSCT 

Congestive heart  failure can be a 
complication of HSCT, especially in patients 
receiving autologous transplantation. Potentially 
cardiotoxic exposures unique to HSCT include 
myeloablative conditioning with high-dose 
chemotherapy (alkylators, anthracyclines, 
antimetabolites, antimicrotubules, and 
antibodies) and total body irradiation.64,65 
Viral myocarditis can be a fatal complication 
after HSCT due to the impaired immune 
reconstitution. Antiviral treatments, adoptive 
immunotherapies with virus specific T-cells 
and immunoglobulin supplementations may 
be of help to improve cardiac function, while 
immunosuppressive therapies may of help in 
virus-negative myocarditis.66 

Anticoagulation Management in Patients 
Receiving HSCT

Tailored anticoagulation management 
balancing the risks of bleeding and thrombosis 
is essential in HSCT patients receiving ECLS. 
In HSCT patients supported with ECLS, we 
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recommend maintaining the platelet count 
higher than 40.000/µL.53 We also suggest to 
maintain fibrinogen levels higher than 200 
mg/dL and antithrombin activity between 
80-100% with plasma-derived concentrate.53 
In patients at high risk of bleeding, some 
centers reported positive data with the use 
of ECLS without any anticoagulation. This 
was achieved using high blood flow (eg, 
2 L/min for VA ECMO and 3-3.5 L/min for 
VV ECMO).67-69 However, data are lacking in 
this population. Notably, in refractory bleeding, 
thrombocytopenia and acquired von Willebrand 
syndrome should be considered.70 

ECLS in Adult Patients with HIV

Pulmonary infections and respiratory failure 
are the most common causes of ICU admission 
in HIV patients. Although the frequency of 
ICU admission has decreased since the use of 
Highly Active Antiretroviral Therapy (HAART), 
several cohorts have described the use of ECLS 
in patients with HIV and respiratory failure.71 
In a retrospective multicenter study including 
203 immunocompromised patients on ECLS, 
6-month survival was 24% in patients with HIV. 
Besides, a low pre-ECLS platelet count was 
an independent predictor of mortality.72 These 
results were recently confirmed in 126 patients 
with HIV from the ELSO Registry.71 Overall 
survival to discharge was 36%. Respiratory 
ECLS was the primary indication (78%) 
with 39% survival, while cardiac and ECPR 
indications accounted for 16% and 6% of 
patients, with survival rates of 30% and 12.5%, 
respectively. 

Pneumocystis jirovecii Pneumonia 

The main cause for ECLS in immuno-
compromised HIV-positive patients is 
Pneumocystis jirovecii Pneumonia (PJP). 
Capatos et al. reported an aggressive approach 
to the management and cannulation of HIV 

patients with severe respiratory failure within 
three institutions in South Africa.73 Survival to 
discharge among their 22 HIV-positive patients 
was 68%, and 60% in those with PJP. However, 
these apparently good outcomes, approaching 
those reported for bacterial or viral ARDS,74,75 
has been tempered by more recent studies.71 
In summary, the survival rate of patients with 
HIV-related ARDS treated with ECLS appears 
lower than those reported in the CESAR74 or 
the EOLIA75 trials. 

ECLS in Autoimmune Disease

Patients with autoimmune diseases 
may present with acute respiratory failure 
or cardiovascular failure due to different 
etiological categories: exacerbation of the 
underlying disease or complications thereof, 
including bleeding, pulmonary embolism, 
infections, macrophage activation syndrome, 
or complications of the treatment, such as 
infections, toxicity, and myocarditis.76-78 The 
experience with ECLS in adult patients with 
autoimmune diseases is limited to mostly smaller 
case series or single case reports.79,80 Therefore, 
ECLS candidacy and management still remains 
an interdisciplinary and individualized process. 
Furthermore, in some patients, the diagnosis 
of an autoimmune disease is only made during 
ECLS. In these situations, ECLS may serve 
as bridge to recovery or as a bridge to lung 
transplantation.

In general,  the prognosis of acute 
respiratory failure in immunosuppressed 
patients with unidentified etiology is poor.81 
Besides infectious complications, diffuse 
alveolar hemorrhage (DAH) has been the most 
common reason for acute respiratory failure 
necessitating VV ECMO in autoimmune 
disease.79 Successful treatment of DAH with 
VV ECMO has been reported in patients 
with lupus erythematosus, polymyositis, anti-
MDA5 dermatomyositis, polyarteritis nodosa, 
Wegener´s granulomatosis, microscopic 
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polyangiitis, antiphospholipid syndrome, as 
well as secondary vasculitis (eg, immune-
mediated vasculitis to medication).79,82-84 Earlier 
reports stated that systemic anticoagulation was 
administered to most patients despite DAH.85 
However, it is unclear if this remains necessary 
with the latest generation devices, improved 
biocompatibility, as well as heparin-coated 
cannulas and lines. Survival rates of VV ECMO 
treated patients with DAH have been as high as 
90% in some patient series.86 However, recent 
reports also emphasize the high risk of bleeding, 
including central nervous systemic bleeding.84 
VA ECMO has been used successfully in 
cases of lupus-associated myocarditis with 
refractory cardiogenic shock, eosinophilic 
granulomatosis with polyangiitis, Takayasu 
arteritis and rheumatoid arthritis,87 as well as 
in patients with catastrophic antiphospholipid 
syndrome accompanied by fulminant pulmonary 
embolism.88 In the largest case series of patients 
with autoimmune disease treated with ECLS, 
a total of 90 patients were treated with either 
VV ECMO for respiratory failure (53%), or VA 
ECMO for cardiovascular failure (47%).80 The 
combined hospital survival rate was 49% but 
survival was higher in patients with vasculitis. 
Of note, the respective survival rates for VV 
and VA ECMO patients matched the general 
outcomes of the ELSO Registry.80 

The use of ECLS to manage pediatric 
autoimmune disease is relatively rare and 
limited to brief reports.89-94 A recent analysis 
of the ELSO Registry reported that the use 
of ECLS in children with immune-mediated 
disorders has progressively increased in the 
last decade, with survival rates to hospital 
discharge of 50%.89 Of note, survival decreased 
over time and differed between respiratory and 
cardiac cases, the latter being more successful. 
Respiratory comorbidities (eg, pulmonary 
haemorrhage, pulmonary infections) are the 
most critical complications of autoimmune 
diseases and may be successfully supported 
with ECLS. Patients with juvenile idiopathic 

arthritis, dermatomyositis, and hemophagocytic 
lymphohistiocytosis (HLH) had the worst 
prognosis.89 Currently, the use of ECLS to 
manage HLH remains controversial because of 
poor outcomes27,90,91,95,96 and should be evaluated 
on a case-by-case basis.

In conclusion, patients with refractory acute 
respiratory and/or cardiac failure complicating 
autoimmune diseases represent a poorly studied 
and complex population. ECLS candidacy 
requires an interdisciplinary and individualized 
evaluation while aggressive therapy for the 
primary disorder is promptly instituted.
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Lung transplant remains an effective 
therapeutic option for endstage lung disease. 
With continued efforts to refine operative 
technique, patient selection, and optimization 
of postoperative care, both the short- and 
long-term survival for lung transplant has been 
gradually improving. 

The use of ECLS plays a major role to 
support during transplant procedures, as well 
as before and after transplantation. Lung 
transplant centers must be very familiar with 
this technology in order to properly care for this 
patient population. Significant improvements 
in ECLS associated technologies, as well as 
a better understanding of ECMO physiology, 
have led to less morbidity and a more liberal 
use of this support modality. In 2020, nearly 
7% of lung transplants were supported on 
ECMO preoperatively.1 In this chapter we will 
discuss the use of ECLS as a bridge to lung 
transplantation, as an intraoperative strategy, 
and finally for posttransplant support.

ECLS as Bridge to Lung Transplantation

As their pulmonary disease progresses, 
listed patients awaiting lung transplant 
may deteriorate and require mechanical 
support for their failing lungs. These support 
strategies include extracorporeal membrane 
oxygenation and CO2 removal technologies 

to supplement or entirely replace pulmonary 
function. Furthermore, some patients require 
hemodynamic support for the right ventricle, 
or more rarely develop biventricular failure. 
The principal goals of these bridging strategies 
are to restore acceptable physiology, avoid 
end-organ injury, and maintain or improve 
functional capacity and physical conditioning 
while awaiting transplantation. 

Hypoxemia and/or Hypercapnia

VV ECMO is the preferred option for 
bridging patients with isolated hypoxemia and/
or hypercapnia in the absence of hemodynamic 
instability or significant right ventricular 
dysfunction. This can be typical of cystic 
fibrosis (hypercapnia) or pulmonary fibrosis 
(hypoxia) patients. In this population, VV 
ECMO provides superior results compared 
to VA ECMO, especially by providing better 
central oxygenation and decreased risks of 
ECMO-related complications. In patients with 
VV ECMO as a bridge to lung transplantation, 
periodic evaluation of right ventricular 
function should be performed. In cases where 
hemodynamic support is needed, conversion 
to OxyRVAD or VVA ECMO support should 
be considered depending on center experience, 
urgency of the situation, and patient size 
characteristics. Peripheral VA ECMO alone 
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is not sufficient to restore oxygenation with 
normal LV function in these patients, while 
antegrade flow provided by central cannulation 
strategies is acceptable.

In select circumstances where hypercapnic 
respiratory failure is the predominant issue, 
extracorporeal CO2 removal (ECCO2R) can 
effectively be used as a bridging strategy.2

The theoretical advantages over ECMO 
in this select population is the need for only 
single-site, relatively small-bore, upper body 
access. Continuous evaluation of progressive 
hypoxia should be evaluated to guide if and 
when alternative bridging strategies such as full 
ECMO are required. In addition, ECCO2R can be 
associated with higher bleeding complications 
given the need for higher anticoagulation with 
low flow in these circuits, as well as increased 
shear stress on blood cells at low flow. 

To facilitate ambulation and physiotherapy, 
single site dual lumen cannulas (i.e., Crescent, 
Medtronic or Avalon Elite, Getinge) are 
preferred at some centers for patients bridged 
on VV ECMO to transplantation. However, in 
larger patients with significant lung function 
impairment, these cannulas can often provide 
insufficient flow to fully support oxygenation.

Some patients may be better served with a 
conventional 2 cannula VV ECMO approach, 
such as when cannulation is very urgent or the 
expected requisite flows are higher than those 
which single site cannulas can provide. This 
is a very effective mode of support and, with 
careful planning, full ambulation even with 
femoral venous cannulas has been demonstrated 
to be safe and effective.3 Thus, femoral venous 
cannulation is not a contraindication for 
ambulation. 

Right Ventricular Failure

Patients listed for lung transplantation with 
pulmonary hypertension should be considered 
for bridge with mechanical support when 
clinical signs of right heart failure are evident, 

such as need for inotropes, poor mixed venous 
saturation, and early signs of kidney and liver 
dysfunction.

Patients developing severe right-sided heart 
failure require comprehensive care, including 
treatment of factors causing or contributing to 
heart failure, fluid management, and strategies 
to improve cardiac function. MCS should be 
initiated when the clinical course suggests that 
significant right heart failure is present and 
associated with imminent secondary organ 
dysfunction despite optimized medical therapy.4

The most common MCS approach for 
patients with pulmonary hypertension is 
VA ECMO. VA ECMO placed under local 
anesthesia via the femoral vessels is well 
tolerated and safe. However, femoral VA 
ECMO limits mobilization and is associated 
with risks of ischemic limb complications if 
support is required for several weeks. Thus, 
many centers have preferred the use of central 
VA ECMO, either via cannulation of the axillary 
artery, innominate artery, or ascending aorta.5,6 
Some recent reports with the use of central VA 
ECMO via minianterior right thoracotomy in 
the 3rd intercostal space have shown promising 
results, both in terms of durability and patient 
mobilization.7 A few centers use pulmonary 
artery-left atrium pumpless interventional 
Lung Assist Device (iLA, Novalung, Xenios). 
In this mode, the device is placed in parallel 
with pulmonary circulation. Due to its very low 
resistance, it provides an excellent means of 
decompressing the right ventricle. In a previous 
report, over 80% of patients were successfully 
bridged with this approach.4 Although a very 
useful strategy, this device is not available in 
all jurisdictions. The use of right ventricular 
assist devices is generally not recommended in 
patients with PAH awaiting lung transplantation 
due to the high risk of pulmonary hemorrhage. 
However, some evidence may suggest that this 
technique can be useful when an OxyRVAD is 
kept at low flow in patients with chronic lung 
disease or post COVID-19 ARDS complicated 
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with secondary pulmonary hypertension as a 
bridge to transplant.8 Some patients with PAH 
and large atrial septal defect may be bridged 
with VV ECMO.9

Sepsis

Patients bridged with ECMO may develop 
significant pulmonary sepsis leading to secondary 
organ dysfunction. Especially in patients with 
cystic fibrosis and bronchiectasis on mechanical 
ventilation, secretions tend to accumulate with 
multidrug-resistant organisms and uncontrolled 
sepsis can develop despite broad antibiotic 
coverage. In 2016, Cypel and colleagues 
performed bilateral pneumonectomies (to 
remove the source of sepsis) in conjunction 
with central VA ECMO and PA-LA Novalung 
(biventricular support).10 A successful bilateral 
lung transplant was performed six days later. 
Barac and colleagues repeated this approach, 
albeit with a slight modification (a shunt 
between the left pulmonary artery and left 
pulmonary vein was used).11 Again, a successful 
double lung transplant was performed less 
than a week after the pneumonectomies. 
Given the small experience to date with this 
approach, it should be considered only in 
exceptional situations and in centers with large 
experience both in mechanical support and lung 
transplantation. 

Bridge to Lung Transplant in Patients with 
Acute Lung Injuries

Very selected patients with ARDS, including 
influenza- and COVID-19-related ARDS 
supported with ECMO, can be considered for 
transplantation in the absence of any signs of 
lung recovery. As we gain experience in this 
setting, the conditions to consider a patient for 
transplantation may include: Age less than 65 
years old, absence of second-organ dysfunction 
(possibly excluding acute renal failure), absence 
of signs of lung recovery despite prolonged 

ECMO support, evidence of lung fibrosis 
or bullous destruction on CT, ability to 
consent for transplantation, participation in 
physiotherapy, and meets all other standard 
criteria for lung transplantation (including 
social support).12,13 The decision of how long 
to wait for recovery prior to transplantation 
remains under investigation. More data is 
accumulating to better inform such decisions. 

Recent data from the scientific registry 
of transplant recipients (SRTR) in the United 
States reported 118 COVID-19 ARDS patients 
who underwent lung transplantation. The 
30- and 90-day mortality was 1.7 and 3.4%, 
respectively.14 Importantly, given the prolonged 
hospital stay of many of these patients, their 
recovery may be lengthy as well.

Patient Management

For patients bridged with ECMO to lung 
transplantation, several aspects of management 
require focused attention. First, as patients 
are often on support for a prolonged time, 
ICU care focused on increasing rehabilitation 
efforts and supporting adequate nutrition during 
this catabolic state are important. Also, to 
limit immunologic challenges posttransplant, 
transfusions should be limited. Lastly, care of 
the patient should focus on avoiding multiorgan 
dysfunction to improve transplant candidacy 
and long-term outcomes.

Intraoperative Mechanical Support

The use of mechanical support devices 
provides several advantages in routine lung 
transplantation. These include hemodynamic 
stability; facilitating dissection of the pulmonary 
hilum; and allowing for protective reperfusion 
and ventilation. Some of these advantages 
are somewhat diminished by risks such as a 
higher rate of intraoperative blood transfusion, 
reoperations, activation of proinflammatory 
cytokines, and a higher rate of non-pulmonary 
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complications. However, there is now evidence 
that most of these disadvantages are mostly 
associated with the use of cardiopulmonary 
bypass rather than ECMO. Indications for the 
use of mechanical support during the lung 
transplant operation is shown in Table 40-1.

One of the most beneficial effects of 
VA ECMO during lung transplantation is 
graft protection against reperfusion injury. 
When performing a sequential bilateral lung 
transplantation without MCS, the first implanted 
graft is exposed to the full cardiac output, 
a situation which can augment ischemia-
related damage, and can lead to the ‘first lung 
syndrome.’ The positive effect of controlled 
reperfusion on primary graft function achieved 
through a routine VA ECMO strategy has been 
recently highlighted.15 Of note, ECMO flows 
should target about 50-70% of patient cardiac 
output so that continuous perfusion of the 
newly implanted lung is achieved. To that end, 
maintaining adequate patient volume status is 
critical, and the surgical team, anesthesia team, 
and perfusionist should communicate to achieve 
this goal. 

VA ECMO vs. Full Cardiopulmonary Bypass 

While for many years the traditional 
intraoperative support system during lung 
transplant has been CPB, VA ECMO has 
become the preferred mode for intraoperative 
support in lung transplantation at certain centers. 

VA ECMO has demonstrated several advantages 
related to patient outcomes when compared to 
CPB. This includes decreased rates of bleeding 
complications, neurologic complications, 
reoperations, primary graft dysfunction, and 
renal dysfunction.16-20 Thus, CPB is currently 
mostly reserved for transplant procedures 
where concomitant cardiac surgical procedures 
are also required. It can also be used in cases 
where the technical complexity or difficult 
exposure requires complete decompression of 
the cardiac structures to allow better conduct 
of the operation. The bypass circuit may be 
modified in order to switch quickly from VA 
ECMO to cardiopulmonary bypass, if needed. 

VA ECMO vs. VV ECMO

The preferred mode of MCS during lung 
transplantation is VA ECMO. As explained 
above, VA ECMO diverts blood flow from the 
pulmonary circulation, protecting the new graft. 
In addition, it provides hemodynamic support 
during manipulation of the mediastinum. 
Although VA ECMO may have potential 
benefits over CPB, it is important to consider 
that this is a closed system with constant 
suction pressure and requires careful attention 
to prevent venous injuries that can lead to air 
entrainment in the circuit. The two limbs of 
the VV ECMO circuit can be joined with a 
Y connector to use as the venous drainage on 
VA ECMO (ie, VV-A cannulation). 

1 
 

 

RECIPIENT RELATED DONOR RELATED 
Primary pulmonary hypertension High risk donor: Long ischemic time, edema, others 
Secondary pulmonary hypertension (IPF) Lobar transplant 
Secondary pulmonary hypertension (IPF)  
Patient with ischemic heart disease  
Hypoxemia or high PAP after contra-
lateral pneumonectomy; needing FiO2 

>70% or PAP >50 mmHg 

 

Bleeding from PA or LA  
Small chest  
Pediatric transplant  
Airway difficulties  

 Table 40-1. Indications for mechanical support during lung transplant operations.
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 Some patients that are bridged to transplant 
on VV ECMO can stay on that mode of 
support during the operation if they maintain 
hemodynamic stability and do not have 
significant pulmonary hypertension. This 
is typically the case in cystic fibrosis and 
emphysema patients.21 

Central vs. Peripheral ECMO

Both the use of central and peripheral 
ECMO have been successfully reported 
to support patients during lung transplant 
operations. However, most centers prefer 
central cannulation due to ease of access and 
ability to provide full support. 

Anticoagulation

Most centers run intraoperative ECMO on 
low ACT targets. Generally, patients receive 
60 IU/kg of heparin to bring the ACT above 
200-250 seconds for cannulation. Subsequent 
ACTs are maintained between 160-180 seconds 
during the procedure. Some recent reports 
have described the intraoperative use of 
ECMO without therapeutic anticoagulation 
for patients with high risk of bleeding.22 Using 
a circuit without anticoagulation should only 
be considered in select circumstances, such as 
patients bridged to retransplantation where the 
risk of bleeding is significantly higher. 

ECMO for Patient Support after Lung 
Transplantation 

Maintaining ECMO support after lung 
transplant provides several advantages during the 
early postoperative period. It secures immediate 
respiratory and possibly hemodynamic stability. 
It allows progressive initiation of reverse 
cardiac remodeling in pulmonary hypertension 
patients. Furthermore, it avoids deterioration 
of dysfunctional donor lungs which may need 
emergent secondary ECMO for severe graft 

failure. On the other hand, it carries additional 
risks of bleeding because of anticoagulation and 
coagulopathy, vascular access complications, 
infection, venous and/or arterial thrombosis, and 
pulmonary embolism because of cannulation. 

There are currently two main situations 
when MCS is utilized at the end of lung 
transplant: 1) Severe Primary Graft Dysfunction 
(PGD) reflected by hypoxemia, hypercapnia, 
and secondary high pulmonary artery pressures 
and 2) The patient is at high risk for severe 
primary graft dysfunction—such as significant 
intraoperative transfusion requirements 
or prolonged donor ischemic times—and 
‘prophylactic’ MCS prolongation aims to 
improve the early postoperative phase.

VV ECMO has been preferred over VA 
ECMO for recipients with severe PGD. While 
the resolution of PGD may take longer with 
VV ECMO compared to VA due to absence 
of protective flow, the rate of complications 
may be significantly less.23-25 By correcting 
hypoxemia and acidosis, VV ECMO can 
improve pulmonary artery pressures and 
improve right ventricular performance even 
in patients with some early hemodynamic 
compromise.23

However, patients with PGD and severe 
hemodynamic compromise may require 
peripheral or central VA ECMO. In this 
situation, it is critically important to use 
partial flows to ensure aortic flow pulsatility. 
This pulsatility is needed to avoid stasis in the 
pulmonary circulation and allow for proper 
graft perfusion and to prevent thrombosis of 
the right ventricle or pulmonary circulation. In 
the case of postoperative VA ECMO support, 
more infrequently seen but clinically important 
nonetheless, is the possibility of pulmonary 
vein thrombosis, reinforcing the importance of 
maintaining some pulsatility and initiation of 
anticoagulation when postoperative bleeding 
has decreased. 

Peripheral cannulation has been increasingly 
used in cases of VV and VA support for 
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postoperative PGD or hemodynamic instability. 
Preoperative planning may be needed to have 
adequate vascular access available in high-risk 
cases that can be difficult to obtain late during 
the procedure. Placing a second right internal 
jugular vein access or switching the Swan 
Ganz catheter to the left internal jugular vein 
can be considered for this purpose. Peripheral 
cannulation may also allow complete chest 
closure in certain cases and may be associated 
with less risk of bleeding. 

Conclusion

The role of ECLS in lung transplantation 
has been increasing in recent years, especially 
as patients undergoing lung transplant become 
sicker at presentation. Patients can be supported 
with ECLS in all phases of lung transplant 
care. Understanding both the strengths and the 
limitations of different modalities and strategies 
is crucial to ongoing success.
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Context Outcomes of Heart Transplantation 
in Adults and Children

ECLS has been used as a bridge to heart 
transplantation for patients with heart failure 
not responsive to medical therapies. This has 
become more common in adults in the USA 
since the changes in the Organ Procurement 
and Transplantation Network/United Network 
for Organ Sharing (OPTN/UNOS) criteria in 
2018.1 Technical aspects of ECLS for heart 
transplantation are common to ECLS in general 
and are discussed in Chapters 4, 6, and 51. 
Matters related to children are further delineated 
in Chapters 17-20 and to adult patients in 
Chapters 27-29 and 31. Bridging strategies 
and pretransplant management are discussed 
in Chapter 20 for children and Chapter 30 for 
adult patients. This chapter will discuss the 
use of ECLS in the treatment of primary graft 
dysfunction (PGD) after heart transplantation 
and the use of ECLS when late failure of the 
graft occurs.

Primary graft dysfunction/failure (PGD) 
refers to poor function of the transplanted 
heart after weaning from cardiopulmonary 
bypass and has been defined by Kobashigawa 
(Table 41-1).2 Only the most severe cases will 
require ECLS.

The pathology in failed grafts3 is a 
combination of ischemic changes +/- vascular 

thrombosis. It is not possible to know 
whether thrombosis or necrosis occurs pre 
or postimplantation. Other mechanisms of 
damage to dysfunctional donor hearts may 
be catecholamine excess during brain death 
or prolonged ischemic time.4 Secondary graft 
dysfunction refers to graft failure where a 
surgical, anatomical, or immunological factor 
is clearly implicated (eg, acute rejection, 
myocardial ischemia, pulmonary hypertension, 
vasoplegia).

Adult heart transplantation has a one-year 
survival of 84-86% and a five-year survival 
(conditional on survival at 1 year) of 86%. The 
principal causes of early death are PGD and 
acute rejection.5 Primary graft dysfunction is 

  
 

DONOR RISK 
FACTORS 

RECIPIENT RISK 
FACTORS 

PROCEDURAL 
FACTORS 

Age 
Cause of death 
Trauma 
Cardiac dysfunction 
Inotropic support 
Comorbidities 
Cardiac arrest downtime 
Drug abuse 
Left ventricular 
hypertrophy 
Valvular disease 
Hormone treatment 
Wall motion 
abnormalities 
Sepsis 
Marginal donor 
allocation 
Troponin trend 
Hypernatraemia 

Age 
Weight 
Mechanical support 
Congenital heart disease 
Reoperations 
Comorbidities, renal or 
liver dysfunction 
LVAD explant 
Ventilator dependent 
Multiorgan transplant 
Allosensitization 
High PVR 
Infection 
Retransplant 

Ischemic time 
Donor recipient sex 
mismatch 
Weight mismatch 
Noncardiac organ 
donation 
Procurement team 
experience 
Center volume 
Cardioplegic solution 
Increased blood 
transfusion 
Emergency or elective 
transplant 

Table 41-1. Risk factors for primary graft 
dysfunction after Kobashigawa.2
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the early complication of heart transplantation, 
occurring in 10-22% of adult heart transplant 
recipients.6-8 Early graft failure caused the 
deaths of 3.6% of adult recipients in the 
registry report by Lund.9 The mortality of 
primary graft dysfunction treated with ECLS 
is between 25-53% of the patients affected. In 
adults, factors that are implicated are donor 
age, recipient diabetes mellitus, pretransplant 
mechanical support, duration of operation, and 
the donor ischemic time.10-12

Pediatric heart transplantation has a one-
year survival of 90% and a five-year survival 
(conditional on survival at 1 year) of 90%. In 
pediatric transplantation, the incidence of PGD 
of a severity to require ECLS is 5-17%. PGD is 
associated with 25-46% mortality in published 
series.13-15 Predisposing factors are younger 
age, preoperative ECLS, longer ischemic time, 
higher serum bilirubin and congenital heart 
disease.2 

The categories ‘high risk recipient’ and 
‘marginal donor’ are occasionally used and give 
a poorly calibrated but sensible indication of risk 
that is related to the donor diagnosis, duration 
of ischemic time, condition of the recipient, 
and state of preservation of the donor organ.16,17 
Unit experience and good coordination of the 
transplant organ retrieval will help. The use 
of hearts from DCD donors is becoming more 
common,18 as is the use of ex vivo perfusion.19 
The latter can reduce the ischemic time, which 
may reduce PGD (Chapter 45).

The Transplant Operation

The operation is the consequence of 
lengthy assessment and consent procedures. 
Coordination with the donor center, likely 
cross clamp time, presence of VAD or ECLS 
pretransplant, difficulty of dissection, and other 
precautions required should all be discussed 
at the presurgical meeting. Surgical process 
is dissection, institution of cardiopulmonary 
bypass, cardiectomy, graft implantation, 

followed by reperfusion and separation from 
cardiopulmonary bypass.

Assessment of Cardiac Function

Dur ing  and  a f t e r  wean ing  f rom 
cardiopulmonary bypass, assessment of donor 
cardiac function is done by visual inspection, 
TEE (or epicardial echo in smaller patients), 
near infrared spectroscopy, and hemodynamic 
measurements including pulmonary artery 
pressures and thermodilution cardiac output. 
Laboratory adjuncts include arterial blood 
lactate, base deficit, and mixed venous saturation, 
which can provide additional information about 
perfusion adequacy. 

Patients commonly require low dose 
inotrope and vasoconstrictor requirements, but 
those who remain hemodynamically unstable 
(CVP >15, SBP <90 mmHg, MAP<70, PCWP 
>20 mmHg, and CI <2.0) despite one or two 
attempts to separate from bypass with a need 
for high dose inotropes should be considered 
for additional circulatory support (Table 41-2). 
Pulmonary artery hypertension may be present, 
so many centres routinely use selective 
pulmonary vasodilators such as inhaled nitric 
oxide or inhaled epoprostenol to support right 
heart function in the early post-operative 
period.20 In adults, an intraaortic balloon pump 

 
 
PGD LEFT 
VENTRICLE 
(PGD-LV) 

Mild PGD LV one of 
the criteria must be met 

1. LV Ejection fraction <40% 
2. RAP >15 mmHg or PCWP >20 
and CI <2 L/min/m2 on low dose 
inotropes for more than one hour 

 Moderate PGD-LV 
must have one criterion 
from A and one from B 

A 
1. LV Ejection fraction <40% 
2. RAP >15 mmHg or PCWP >20 
and CI <2 L/min/m2 with 
hypotension <70 mmHg for more 
than one hour 

  B 
1. On high dose inotropes, score >10 
2. Newly placed IABP independent 
of inotropes 

 Severe PGD-LV Dependence on single or 
biventricular support more than an 
IABP including ECMO 

PGD RIGHT 
VENTRICLE 
(PGD-RV) 

Diagnosis requires both 
1 and 2, or 3 alone 

1. RAP >15 mmHg, PCWP <15 and 
CI <2 L/min/m2 
2. TPG <15 mmHg and PA systolic 
pressure <50 mmHg 
3. Need for RVAD 

 
 Table 41-2. Classification of Primary Graft 

Dysfunction (PGD), after Kobashigawa.2
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(IABP) may be considered for further therapy 
for impaired left ventricular dysfunction21; 
however, in the case of refractory graft failure, 
early ECLS provides greater systemic blood 
flow and is easily placed in the operating 
room. If femoral ECLS cannulation was to be 
used, a femoral IABP may obstruct ECLS flow 
and increase the risk for peripheral vascular 
complications.12,22,23 In the case of a known 
marginal donor or increased risk factors such 
as a prolonged ischemic time, ECLS may be 
instituted prophylactically to ensure adequate 
perfusion in the early post-operative period. 

In pediatric practice, similar methods 
of assessment are used.24 Patients with good 
function, low filling pressures and low lactates 
will not require ECLS. However, donor 
heart performance can be idiosyncratic and 
unpredictable. Assessment depends on the 
clinical data available and team experience. 
While poor function is often evident at the time 
of implantation, it may deteriorate in the hours 
after admission to the ICU. Should the heart 
appear suboptimal from the start, for instance 
when a ‘marginal donor’ is used as part of a 
strategy to deal with the waiting list, the use of 
ECLS may be deployed electively.25

Threshold for ECLS in Primary Graft 
Failure

Numerous risk factors have been identified2 
and two risk scores have been reported.11,26 
Early studies of PGD were limited by variable 
definitions used by different centres. The ISHLT 
consensus guidelines of 2014 standardized 
the diagnosis, enabling more consistent 
reporting. In recipients who have several of 
the acknowledged risk factors for PGD, many 
centers now have a low threshold for the 
implementation of early support with ECLS. 
The diagnosis is almost always clinical once 
anatomical or surgical problems are excluded. 

Timing

Diagnosis of PGD must be made within 
24 hours of transplant and exclude secondary 
causes such as bleeding, technical issues, and 
hyperacute rejection. In pediatric practice, 
there are more marked size discrepancies 
between donor and recipient hearts,27 a similar 
relationship between ischemic time and 
hypotension after transplantation, but a higher 
chance of pulmonary hypertension complicating 
the procedure.20

The current consensus is that earlier ECLS 
initiation is better. Many prefer to cannulate 
to ECLS in the operating theater rather than 
in the ICU with a patient with borderline 
hemodynamics and graft function.

Aims of Support 

The goal of ECLS after heart transplantation 
is to allow for the allograft to rest and recover 
while maintaining adequate organ perfusion. 
Hemodynamics should be closely monitored, 
and cardiac recovery frequently assessed 
with echocardiography. Neurologic, renal, 
hepatic, pulmonary, and other end organ 
perfusion should be maintained, and appropriate 
replacement therapy used when indicated. In the 
immediate postoperative period, one can run 
without heparin until hemostasis is assured; this 
strategy requires ready availability of another 
circuit in case of circuit thrombosis, particularly 
in children. After restarting anticoagulation, 
the team should monitor for cerebrovascular 
events and gastrointestinal hemorrhage. If 
acute rejection is suspected, endomyocardial 
biopsies should be obtained via right heart 
catheterization and immunosuppression 
augmented as indicated. 

Left Heart Decompression

In addition to the venting techniques 
discussed in Chapter 4 and 51, there is an 
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opportunity for the surgeon to create an ASD 
in the graft during implantation or leave an 
existing atrial communication. This may help 
avoid the need for a vent. 

Coagulation Management

Standard techniques are used (Chapters 18, 
28, and 51).

Assessing Recovery

Recovery usually occurs between 2-5 days 
after implantation.28 Evidence of recovery 
includes return of pulsatility in the presence 
of adequate, but not excessive, inotrope use. 
If the overall condition of the patient allows, 
elective reduction in flow and echo assessment 
with RV filling should follow.29 If propitious, 
weaning continues and the patient can then 
be ‘clamped off’ ECLS prior to decannulation 
(Chapters 19 and 29). Decannulation takes place 
in the operating theater. The chest is left open 
for 24 hours or more and closed later.30 

Immunosuppression

Local immunosuppression protocols should 
be managed while the patients are supported 
on ECLS, including early intravenous steroids, 
and combination therapy. The volume of 
distribution of the ECLS circuit and potential 
for adsorption to the circuit components may 
complicate dosing of immunosuppressants, so 
levels (tacrolimus, mycophenolate derivatives) 
or cell counts (thymoglobulin–CD3) must be 
monitored to ensure therapeutic dosing.

Outcome

Most of the early deaths after heart 
transplantation in adults and children are due to 
failure to recover from PGD, multiorgan failure 
(which is often a consequence of PGD), and 
some with brain injury which is a consequence 

of the cardiovascular failure from PGD. Early 
complications are graft failure, acute rejection, 
infection, and multiorgan failure.5 In pediatrics, 
postoperative ECLS support also increases the 
risk of stroke.31 Vasoplegia occurs in 16% of 
the adult group.32 Primary graft dysfunction 
is associated with increased costs and higher 
mortality.33

Successful weaning of ECLS has been 
reported in 60-100% of PGD patients and 30-
day or survival-to-discharge has been reported 
between 46-100%.12,34 In children who require 
ECLS after transplantation, survival typically 
reaches 50-60%15,24 If a patient survives 
the early period, ECLS-treated PGD is not 
associated with decreased survival at 1 or 5 
years.13,14

The choice for mechanical assist device 
for severe PGD is understudied. Taghavi found 
similar survival between patients supported 
with RVAD or ECLS in isolated right-sided 
dysfunction, but overall graft recovery was 
improved in the ECLS-treated patients.35 PGD 
has also been successfully managed with short-
term paracorporeal VAD, although a direct 
comparison with ECLS was not made.36

Failure to Recover Donor Heart

Should the graft not recover, then 
a critical assessment of the donor heart 
with echocardiography, CT, and cardiac 
catheterization may be required. A biopsy 
to assess the degree of rejection can be 
performed on ECLS. If rejection is discovered, 
immunosuppression is augmented. A discussion 
on the likelihood and feasibility of successful 
medium-term support to recovery or re-
transplantation should then take place.37,38 

ECLS for Late Graft Failure after Heart 
Transplantation

Patients who suffer graft failure beyond 
the first 48 hours of heart transplant can be 
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supported with ECLS. This ‘late graft failure’ 
usually occurs due to acute cellular mediated 
rejection or chronic allograft vasculopathy. 
When indicated, ECLS should be considered 
soon after presentation to provide support during 
periods of augmentation of immunosuppression. 
Kittleson showed improved outcomes when 
ECLS was used as preemptive therapy as 
opposed to an element of cardiopulmonary 
resuscitation. Survival to discharge was 79% 
in the former group, although only 26% were 
alive at one year.39,40

ECLS deployed to support augmentation 
of immunosuppression may be effective 
and allow assessment of recovery, VAD, or 
retransplantation. The last of these is less likely 
to be successful within one year of the initial 
transplant, and is a risk factor for early death in 
6-17 year old patients.41

Conclusion

Primary graft failure is a life-threatening 
complication of heart transplantation and 
requires careful evaluation. Once surgical and 
immunological factors have been excluded, 
management should be to support cardiac 
function to recovery while minimizing 
complications. Early initiation of VA ECMO 
in the operating room is an effective therapy 
that will improve the early outcome of this 
disorder. The complications are those of 
cardiac ECMO, although attention to dosing 
of immunosuppression is required. Recovery of 
cardiac function can be expected within 7 days.

Late graft failure has different and more 
intractable causes. A recipient who presents 
with this who is not in a peri-arrest condition 
may benefit from short-term support to maintain 
life, investigate the cause, and augment 
immunosuppression. Subsequent therapy will 
need thoughtful discussion and suitability for 
retransplantation may depend on the cause of 
deterioration. 
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Introduction 

As the volume and complexity of patients 
receiving cardiac and/or respiratory support 
with ECLS increases, so does the use of 
additional extracorporeal organ support. For the 
patient supported with traditional extracorporeal 
membrane oxygenation, other extracorporeal 
organ support therapies can be used in line with 
the ECLS circuit. The ECLS circuit can serve as 
a platform in which other extracorporeal organ 
support therapies can be added. In this chapter, 
we will outline the other forms of extracorporeal 
organ support and elimination therapies that can 
be used in conjunction with ECLS.

Kidney Replacement Therapy During ECLS

Acute Kidney Injury and Fluid Overload

Acute kidney injury (AKI) is common in 
patients supported with ECLS and is associated 
with significant morbidity and mortality in 
both single and multicenter studies across 
the age spectrum.1-3 The incidence of AKI in 
ECLS is highly variable, ranging from 40-85%, 
with approximately 40-45% requiring kidney 
replacement therapy (KRT, also known as 
renal replacement therapy, RRT).1-4 The Kidney 
Disease: Improving Global Outcomes (KDIGO) 
consensus definition, and the neonatal (age 

<28 days) modification are used to diagnose 
AKI based on changes in serum creatinine or 
urine output.5,6 ELSO defines AKI by serum 
creatinine or need for dialysis.7 A summary 
of the KDIGO and ELSO AKI definitions are 
included in Table 42-1. 

Pathologic fluid overload (FO) is also 
highly prevalent in patients supported with 
ECLS.8-11 FO often precedes initiation of ECLS, 
and unfortunately, many patients continue to 
accumulate additional fluid while on ECLS.11,12 
Like AKI, FO is also associated with increased 
morbidity and mortality.3,8,10,11 In fact, fluid 
homeostasis and AKI are interrelated, and 
the effects of pathologic FO and AKI appear 
to synergistically worsen outcomes.12,13 The 
threshold of pathologic FO is unknown. 

Table 42-1. Acute Kidney Injury Definitions 
by KDIGO and ELSO. (Neonatal modification 
not included.)

 
KDIGO DEFINITION 

 Serum Creatinine Urine Output 

Stage 1 
1.5-1.9x baseline 
OR 
≥0.3mg/dL (≥26.5 µmol/l) increase 

<0.5ml/kg/h for 6-12 hours 

Stage 2 2.0-2.9x baseline <0.5ml/kg/h for ≥12 hours 

Stage 3 

3.0x baseline 
OR 
≥4mg/dL (≥353.6 µmol/l) 
OR 
Initiation of RRT 
OR 
In patients < 18 years, decrease in 
eGFR to <35ml/min/1.73m2 

<0.3ml/kg/g for ≥24 hours 
OR 
Anuria for ≥12 hours 

ELSO DEFINITION (Serum Creatinine) 
> 1.5 mg/dL 
>3 mg/dL 
Dialysis 
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However, most studies have used a cutoff of 
10% and evaluated its impact on outcomes prior 
to ECLS initiation, peak during ECLS, and at 
ECLS termination.6,9,12 

Kidney Replacement Therapy and ECLS 

KRT is an important tool used for the 
management of AKI and FO for patients 
supported with ECLS. A recent international 
survey disseminated by the Kidney Inter-
ventions During Membrane Oxygenation 

(KIDMO) group demonstrated that among 60 
centers, 85% of respondents used KRT for the 
prevention or treatment of FO. Just under 50% 
of respondents indicated that KRT was used for 
AKI and/or electrolyte derangements.14 Multiple 
KRT modalities exist, and the mode of clearance 
can be modified based on center practices, 
type of filter, patient need, or the desired 
effect (ultrafiltration, diffusion, convection, or 
both). The KRT modalities, advantages, and 
disadvantages are summarized in Table 42-2. 

Table 42-2. Description of kidney replacement therapy modalities.

 
MODALITY DESCRIPTION/INDICATION ADVANTAGES DISADVANTAGES 

Continuous 
Kidney 
Replacement 
Therapy 
(CKRT)* 

SCUF: Removes excessive fluid 
from the blood via ultrafiltration  

• No dialysate or 
replacement fluid needed 

• Can be performed with an 
in-line filter or an external 
device 

• Cheaper than other forms 
of CKRT 

• Use of an in-line filter 
results in decreased 
fluid removal 
precision 

CVVH: Removes large volumes 
of fluid via convection; 
replacement fluid is added 

• Removal of large 
molecules 

• Precise control of fluid 
balance with an external 
device (integrated or in 
parallel) 

• Patient 
immobilization 

• Expensive 

CVVHD: Removal of fluid 
mainly by diffusion using 
dialysate 

• Removal of small to 
medium sized molecules 

• Precise control of fluid 
balance with an external 
device (integrated or in 
parallel) 

CVVHDF: Both convection and 
diffusion are used and requires 
an external device 

• Removal of a range of 
molecule sizes 

Sustained low 
efficiency 
dialysis 
(SLED)** 

Conventional IHD machines are 
used to provide extended 
duration KRT (8-12 hours) in 
critically ill patients with 
hemodynamic instability 

• Potentially lower costs 
• Can be performed without 

anticoagulation 
• Removal of small and 

mid-sized molecules 

• Unfamiliarity 
• Unclear effects on 

drug 
pharmacokinetics 

• Hypophosphatemia 

Intermittent 
hemodialysis 
(IHD) 

A separate device that is either 
integrated into the ECLS circuit 
or applied through separate 
vascular access.  

• Lower cost than CKRT 
• Patient mobilization 

between sessions 

• More rapid fluid 
removal may result in 
ECLS circuit issues 
and hemodynamic 
issues 

• Disequilibrium 
syndrome  

• Requires special 
nursing expertise 

*CVVH and CVVHD can be performed with an in-line filter by adding IV pumps for replacement 
fluid and/or dialysate. **Sustained low efficiency dialysis also referred to as prolonged intermittent 
renal replacement therapy (PIRRT).  
Abbreviations: SCUF=slow continuous ultrafiltration, CVVH=continuous venovenous 
hemofiltration, CVVHD=continuous venovenous hemodialysis, CVVHDF=continuous venovenous 
hemodiafiltration.  
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KRT can be performed using an in-line 
filter or an external device. The use of an 
in-line filter is a common practice in some 
neonatal and pediatric ECLS centers. An in-
line filter is typically placed after the pump 
and before the oxygenator to trap air and clots. 
The positive pressure from the pump drives 
the blood through the filter and it is returned 
to the ECLS circuit before the oxygenator. 
Slow continuous ultrafiltration (SCUF) is 
the most common modality used with this 
setup. However, continuous venovenous 
hemofiltration (CVVH) and continuous 
venovenous hemodialysis (CVVHD) can be 
delivered by adding replacement fluid or dialysis 
fluid respectively using standard infusion pumps. 
With this modality, ultrafiltration is regulated 
by connecting a standard infusion device to 
the effluent port of the hemofilter. There are 
several advantages to using an in-line hemofilter, 
including low cost, smaller priming volume, 
and the ability to generate large ultrafiltration 
volumes. Unfortunately, there are also several 
important disadvantages. Fluid removal 
precision is decreased, amounting to differences 
as much as 800 ml/day.15 There is also limited 
solute clearance and the requirement for an 
external infusion device to control ultrafiltration 
and delivery of replacement fluid. These 
hemofilters are often not designed for high 
pressure systems and the volume delivery of 
the infusion pump is often limited to 1 liter/hour, 
and thus convective and diffusive clearance is 
less than with conventional membranes. Finally, 
flow rates are limited by either a stopcock or 
flow restrictor, both of which generate flow 
turbulence that can trigger hemolysis and 
thrombus formation. 

An external device can either be connected 
to the ECLS circuit or placed in parallel through 
separate venous access points. In this parallel 
setup, no manipulation of the ECLS circuit 
is needed and the dose and modality can be 
adjusted based on center specific protocols 
and patient needs. The major disadvantages of 

this methodology include the need for separate 
venous access points—which in small pediatric 
patients may be challenging, if not impossible. 

Many centers use a KRT device in 
conjunction with the ECLS circuit. The inflow 
line of the KRT device is placed after the pump, 
either before or after the oxygenator to avoid 
air entrapment, and the return line is placed 
postpump and preoxygenator to avoid sending 
air or clot to the patient (Figure 42-1). Because 
the access pressures of the KRT device are 
usually negative, attention should be paid to 
the set pressure limits of both the ECLS circuit 
and KRT device. 

Unfortunately, there are no consensus 
statements on what constitutes the best timing 
for KRT initiation. Furthermore, the theoretical 
benefits of early initiation for rapid resolution of 
FO have been refuted by several trials evaluating 
an early vs. late start KRT strategy in critically 
ill adults not supported by ECLS.16-18 Paek 
and colleagues evaluated the timing of KRT 
initiation in patients supported by ECLS. Early 
initiation was defined as <72 hours after ECLS 
initiation. They found no difference in mortality 
between the early and late KRT groups.19 Based 
on the existing data, one should consider KRT 
when the host response alone is maladaptive 

Figure 42-1. Extracorporeal life support circuit 
with CKRT device integration. The access 
portion of the CKRT device is connected after 
the oxygenator or before the oxygenator and 
after the pump. The return line is post pump 
and before the oxygenator.
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in processes such as electrolyte homeostasis, 
managing azotemia in the setting of bleeding 
and neurologic impairment, or when there is 
inadequate native urine output. Indeed, KRT 
may also be necessary when proper nutrition 
cannot be delivered.20,21 The 21st Acute Disease 
Quality Initiative (ADQI) group concluded 
that there was insufficient evidence for the 
preemptive use of KRT in patients treated with 
ECLS, and its use should be based on absolute 
and relative indications in critically ill patients.22 

Outcomes and Recovery of Renal Function

Severe AKI, AKI requiring KRT, and FO 
in ECLS supported patients are associated 
with mortality in both children and adults.1,4,23A 
recent metaanalysis demonstrated a pooled 
adjusted odds of mortality in adult patients 
requiring KRT on ECLS of 3.3,1 although there 
seems to be an era effect, with a 20% reduction 
in the most recent 5 years (2015-2020).1,23 
Similarly, the adjusted odds of mortality in a 
metaanalysis of pediatric patients requiring KRT 
and ECLS was 3.6-fold greater than patients 
with no AKI.4 In a subanalysis of the KIDMO 
database including only pediatric ECLS 
patients who received KRT, FO was reduced 
at KRT discontinuation among survivors. FO at 
both KRT initiation and discontinuation were 
associated with increased ECLS duration and a 
10-20% increased adjusted odds of mortality.9 

Among adults, the risk of subsequent major 
adverse kidney events (MAKE) at one year after 
AKI are significant,24,25 in addition to notable 
decrements in glomerular filtration rate.25 
Recovery of kidney function was observed in 
96% of children receiving ECLS and KRT from 
a single center.26 Additional longitudinal studies 
are needed to assess the impact of severe AKI or 
FO needing KRT on both survival and chronic 
kidney disease (CKD). Zwiers et al. reported 
on the incidence of CKD and hypertension 
among a cohort of neonates treated with ECLS. 
The median followup duration was 8.2 years, 
and 32% had at least one sign of CKD and/
or hypertension. Severe AKI was associated 
with 4-times greater odds of signs of CKD or 
hypertension.27 

Therapeutic Plasma Exchange During ECLS

Therapeutic plasma exchange (TPE) is an 
extracorporeal procedure that removes plasma 
from other blood components and replaces it with 
5% albumin and/or fresh frozen plasma. TPE 
has the benefit of removing proinflammatory 
mediators, cytokines, antibodies, pathogenic 
autoantibodies, pro- and anticoagulant proteins, 
immunoglobins, and toxic macromolecules.28-32 
TPE is performed using a centrifugal based 
system or with a highly permeable membrane. 
These allow for the separation of plasma from 
the cellular elements contained within the blood. 
With centrifugation, the system extracts the 

 

 CENTRIFUGE MEMBRANE 
Mechanism Centrifugal force Capillary membrane filter 
Plasma extraction (%) 80 30 
Anticoagulation Citrate Heparin or bivalirudin 
Separation Specific gravity Molecular size 
Blood volume in the circuit (mL) 180 125 
Molecular weight cutoff (kD)  N/A 3000 

Fluid replacement Albumin and/or 
fresh frozen plasma 

Albumin and/or fresh 
frozen plasma 

 

 

 

Table 42-3. Comparison of centrifugation and membrane therapeutic plasma exchange. 
(Adapted from Williams and colleagues.65)
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whole blood, adds anticoagulant, separates the 
blood components, collects specific components, 
and returns the uncollected components back to 
the patient. With this method, blood components 
are separated based on specific gravity (density) 
rather than molecular size. With membrane 
filtration, plasma is separated from the blood by 
a plasma filter membrane or a protein solution 
postfilter. Blood components are separated 
based on molecular size using convection. 
The replacement fluid, in conjunction with 
the patient’s blood and cellular components 
are then returned to the patient. A comparison 
of centrifugation and membrane plasma 
exchange is included in Table 42-3. Single or 
multiple TPE sessions lasting 3-4 hours can be 
performed in isolation or in tandem with other 
extracorporeal therapies including ECLS and/or 
CKRT. The amount of plasma exchanged with 
each treatment course can vary and is typically 
1-2 times the total plasma volume. 

The American Society for Apheresis 
(ASFA) recently updated the guidelines for 
the use of TPE and encompasses a broad array 
of conditions graded by level of evidence.33 
Overall, there is a paucity of data on the use of 
TPE with ECLS. Technically, performing TPE 
concurrently with ECLS is done in a similar 
fashion to CKRT (Figure 42-2). In fact, the TPE 

device can be connected to the ECLS circuit 
with CKRT without interrupting the flow of the 
ECLS circuit. TPE can also be performed using 
a separate access point. In a recent study of 
TPE performed in patients on ECLS, there was 
relatively good tolerance, with hypocalcemia 
being the most common complication.34 

TPE in tandem with ECLS is most reported 
in patients with septic shock and multisystem 
organ failure. ASFA has categorized this as a 
class III recommendation (optimum role of TPE 
is not established and decision making should be 
individualized) and Grade 2B recommendation 
(weak recommendation, moderate quality of 
evidence).33 TPE is thought to improve organ 
function in sepsis by removing inflammatory 
mediators and replenishing anticoagulant 
proteins, with an improvement in mortality 
in a retrospective study of pediatric patients 
with thrombocytopenia associated multiple 
organ failure (TAMOF).35 The first randomized 
controlled trial by Kawai and colleagues 
demonstrated a reduction in the risk of death 
and fewer organ failures for children and adults 
treated with TPE versus conventional therapy.36 
Unfortunately, prospective studies evaluating 
the use of TPE in children and adults have been 
largely conflicting,37-40 and a large systematic 
review and metaanalysis concluded that there 
was insufficient evidence to recommend TPE 
as an adjunctive therapy for patients with septic 
shock.41 

TPE is a standard treatment for thrombotic 
thrombocytopenic purpura (TTP), a condition 
that results in severe thrombocytopenia, 
microangiopathic hemolytic anemia, and 
neurologic abnormalities. TAMOF is thought 
to be a unique sepsis phenotype in which there 
is a microangiopathy like TTP, with platelet 
consumption and organ failure secondary to 
microvascular thromboses.36-42 TPE is beneficial 
in TTP because it results in the repletion of 
ADAMTS13 and removal of thrombogenic 
von Willebrand factor multimers. Nguyen and 
colleagues performed a randomized controlled 

Figure 42-2. Extracorporeal life support circuit 
with therapeutic plasma exchange device 
integration.
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trial in children with TAMOF, and found that 
no patients who received TPE died, while 
80% who were randomized to standard sepsis 
management died.39 In ECLS-supported patients 
with critical cardiac disease and TAMOF, TPE 
use was associated with recovery from organ 
failure.42 

Therapeutic Cytapheresis 

Therapeutic cytapheresis refers to the 
removal of the cellular components of blood. Red 
blood cell exchange, in which a patient’s native 
red blood cells are removed and replaced with 
donor red blood cells, is commonly performed 
in patients with complications of sickle cell 
disease such as neurologic changes from stroke 
or acute chest syndrome. The removal of white 
blood cells, or leukocytapheresis, has been used 
to reduce the hyperviscosity and symptoms 
of severely elevated white blood cell counts 
observed with acute leukemia. Guidelines and 
the available evidence for the use of therapeutic 
cytapheresis are available from the ASFA.43

One of the most reported indications for 
cytapheresis for patients supported with ECLS 
is therapeutic leukocytapheresis for infants 
with severe pertussis. Infants with severe 
pertussis can suffer from hypoxia, pulmonary 
hypertension, and cardiovascular failure that is 
refractory to conventional therapy. Historically, 
infants requiring ECLS for pertussis have 
had a high mortality rate. There is evidence 
that the refractory hypoxia and pulmonary 
hypertension in severe pertussis is mediated 
by the hyperleukocytosis that is associated 
with the disease, and that the degree of 
hyperleukocytosis is independently associated 
with increased mortality.44,45 In postmortem 
exams of infants with fatal pertussis, there is 
evidence of leukocyte thrombi in the pulmonary 
vasculature.46,47 There have been attempts to 
attenuate the hyperleukocytosis associated with 
severe pertussis with the hopes of improving 
the outcomes of these critically ill children. 

In 2006, Grzeszczak et al. described the use 
of leukocytapheresis in a 5-week-old patient 
requiring support with ECLS for pertussis. 
In this case report, leukocytapheresis was 
temporally associated with a normalization of 
the white blood cell count, cardiopulmonary 
stability, and eventual survival to hospital 
discharge.48 

In a single-center review of 19 critically 
ill infants with severe pertussis, patients 
treated after the institution of a leukodepletion 
strategy had a mortality of 10% compared to 
a historic mortality of 44% before the use of 
leukodepletion.49 A retrospective, multicenter 
study of infants requiring ECLS for severe 
pertussis demonstrated an overall survival 
of 28%. Younger age, lower PaO2/FiO2 ratio, 
the need of vasoactive infusions, pulmonary 
hypertension, and decreased time from intubation 
to cannulation onto ECLS were associated 
with increased mortality. A multivariate 
analysis demonstrated that infants treated with 
leukocytapheresis during ECLS support for 
pertussis had increased survival to hospital 
discharge.50 

Hemoadsorption Therapies 

In recent decades, extracorporeal hemo-
adsorption has been suggested as an adjunctive 
treatment option for different clinical conditions, 
particularly for patients in severe inflammatory 
states. So far, the evidence for a clinical benefit 
from the use of hemoadsorption devices is 
scarce and no study has shown a survival 
benefit.51 Hemoadsorption devices have to be 
incorporated in extracorporeal blood circuits; 
therefore, their use in combination with ECLS 
is feasible.52,53 

Technical Aspects and Implementation in 
ECLS Circuits

When CKRT is already in place in the 
ECLS circuit, the adsorber can be incorporated 
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in series with the hemofilter in line with the 
CKRT circuit (Figure 42-3). If no CKRT 
device is used in conjunction with ECLS, the 
hemoadsorption circuit should be connected 
to ports with a positive pressure difference 
between the inlet and outlet ports, enabling the 
recommended forward blood flow through the 
device (Figure 42-4). It is important to note that 
the return port in this configuration is situated in 
a negative pressure zone with centrifugal pumps, 
and this can lead to disastrous air emboli upon 
accidental disconnection. 

Clinical Evidence for the Use of 
Hemoadsorption in Combination with ECLS

The removal of endotoxin, inflammatory 
cytokines, or other harmful substances directly 
from the patient’s blood may be a sound rationale 
for the use of hemoadsorption; but to date, there 
is only limited data demonstrating a clinical 
benefit when used in combination with ECLS.53 
Case reports and single-center case series of 
patients supported with hemoadsorption in 
combination with ECLS suggest a benefit of this 
treatment for patients with severe respiratory 
failure, sepsis, and cardiovascular failure.54-57 
However, studies comparing patients treated 
with hemoadsorption to a control group have 
not confirmed a significant treatment effect 

with respect to a reduction of inflammatory 
parameters or clinical improvement.58-60 In a 
retrospective observational study, a negative 
effect of hemoadsorption on patient survival 
after cardiac arrest was suggested.61 Similarly, 
in randomized controlled trials assessing the 
effect of hemoadsorption in combination with 
ECLS or cardiopulmonary bypass during 
cardiac surgery, no conclusive evidence for a 
benefit of hemoadsorption could be found.58,62-66 
A randomized trial in patients with severe 
COVID-19 supported with venovenous ECLS 
even showed a survival disadvantage for patients 
treated for the first 72 hours after initiation of 
ECLS with the CytoSorb adsorber.67,68 

Taken together, there may be a sound 
pathophysiological rationale for the combined 
use of hemoadsorption and ECLS and its 
technical application is feasible and seemingly 
safe. However, current evidence does not 
support its routine clinical use. Without a proven 
benefit in rigorously conducted clinical trials, 
the routine use of hemoadsorption in patients 
supported with ECLS cannot be recommended. 

Extracorporeal Liver Support 

Extracorporeal liver support has been used 
in patients with acute and acute-on-chronic liver 
failure as both a bridge to recovery and bridge to 

Figure 42-3. Adsorption filter in parallel to 
the ECLS circuit and in series with the CKRT 
circuit.

Figure 42-4. Adsorption filter circuit in 
parallel to the ECLS circuit with filter flow 
determined by pressure gradient.
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transplant. Extracorporeal liver support includes 
single-pass albumin dialysis (SPAD), molecular 
adsorbent recirculating system (MARS®), 
Prometheus® fractionated plasma separation 
and adsorption system, and high-volume 
plasma exchange. SPAD can be performed with 
a commercially available continuous kidney 
replacement therapy device. With SPAD, blood 
flows through a hemofilter countercurrent to a 
dialysate solution containing albumin to remove 
protein bound molecules that are not typically 
removed by standard kidney support therapy. 
As the used albumin solution is discarded, this 
process requires a large volume of albumin 
and incurs considerable cost.69 With the MARS 
system, blood also flows through a hemofilter 
with a countercurrent dialysate fluid with 
albumin to remove protein bound solutes. The 
spent albumin solution then undergoes dialysis 
to remove water soluble toxins and then passes 
through an anion exchanger resin adsorber 
and a charcoal absorber. The replenished 
albumin solution is then reused and recycled 
through the primary circuit. The Prometheus 
system filters albumin from the patient’s blood, 
and the albumin enriched plasma is passed 
through a resin adsorber column and an anion 
exchanger adsorber column to remove protein 
bound toxins. After passing through the two 
adsorber columns, the replenished albumin 
solution passes through the primary circuit for 
the removal of water-soluble molecules using a 
hemofilter and conventional dialysis.69-70 High 
volume plasma exchange, as described in a 
previous section, has been used in both pediatric 
and adult acute liver failure. In some centers, 
therapeutic plasma exchange is used in tandem 
with continuous kidney replacement therapy to 
remove both protein bound and water soluble 
toxins and to treat fluid overload in patients with 
acute liver failure.71,72

There are a few reports on the use of 
extracorporeal liver support in conjunction 
with traditional ECLS. A case series of adult 
ECLS patients with severe hyperbilirubinemia 

who were supported with MARS had a survival 
of 40% compared to historic controls that had 
no survivors with severe hyperbilirubinemia.73 
In a retrospective, single center study of adult 
ECLS patients with acute liver failure, patients 
supported with ECLS and MARS therapy had 
an ECLS survival of 64% vs. an ECLS survival 
of only 21% in the standard medical care group 
(p=0.02). There was a trend in improved 30-
day mortality in the ECLS patients supported 
with MARS, 43% vs. 14% in the ECLS with 
standard care group, but this difference was not 
statistically significant.74 

Conclusion 

The use of additional organ support 
therapies in conjunction with traditional ECLS 
will continue to increase as the number and 
acuity of patients placed on ECLS support while 
awaiting recovery of native organ function or 
bridge to organ transplant increase. There is 
still a great deal of work needed to determine 
the best timing, technique, and application of 
these forms of extracorporeal organ support and 
elimination therapies. 
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Extracorporeal Carbon Dioxide Removal

Matthew E. Cove, Christian Karagiannidis, Elena Spinelli, Darryl Abrams, Antonio Pesenti

Introduction

Over the past 50 years, extracorporeal 
carbon dioxide removal (ECCO2R) has 
developed in parallel to ECMO. Although the 
therapies overlap and share similar equipment, 
the primary aim of ECCO2R is carbon dioxide 
(CO2) removal alone; whereas, ECMO aims to 
provide both oxygen delivery and CO2 removal. 
From the earliest animal experiments in the 
1970s, ECCO2R has been recognized as a tool 
for uncoupling pulmonary CO2 elimination from 
oxygenation.1 Its earliest clinical applications 
were the support of low-frequency ventilation 
in patients with ARDS,2,3 but perhaps the true 
potential of ECCO2R was only recognized in 
the early 2000s,4,5 when lower tidal volume 
ventilation was firmly established as a lifesaving 
intervention in ARDS6 and the principles of 
ventilation-induced lung injury (VILI) were 
more completely understood.7 

Recent technological advances have led 
to the development of a variety of ECCO2R 
devices. These have been used in an attempt 
to help a range of patients with respiratory 
failure, including the support of ultra-low tidal 
volumes in ARDS,8-11 expedited ventilator 
weaning in patients with chronic obstructive 
pulmonary disease (COPD),12,13 and as an 
alternative to invasive mechanical ventilation 
(IMV) in patients with exacerbations of chronic 

pulmonary diseases,14,15 providing a bridge to 
recovery (BTR) or a bridge to transplantation 
(BTT).16 This chapter focuses on the principles 
of ECCO2R compared to ECMO and highlights 
the current clinical evidence and procedures for 
its use in patients with respiratory failure.

ECCO2R Compared to ECMO

The primary aim of ECCO2R is the direct 
removal of CO2 from blood; whereas, that 
of ECMO is both oxygen delivery and CO2 
removal. Since both therapies involve gas 
exchange, the basic components are similar, 
principally a blood pump and membrane 
lung. The latter is typically constructed using 
gas permeable, liquid impermeable, hollow 
fibers, but important differences between CO2 
and oxygen transport in blood affords greater 
flexibility in the design of ECCO2R circuit 
components. Oxygen is poorly soluble and 
transported bound to hemoglobin; whereas, 
CO2 is transported mostly in the form of 
soluble bicarbonate. Constraints imposed by 
hemoglobin saturation kinetics result in ECMO 
requiring much higher blood flow rates than 
ECCO2R.

The implication of hemoglobin saturation 
kinetics is that blood cannot carry significantly 
more oxygen when hemoglobin oxygen 
saturation reaches 100%. Further increases in 
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partial pressure of oxygen (PaO2) are possible, 
but they contribute little to total oxygen content 
because solubility is so poor.17 As a result, 
each liter of venous blood can only carry an 
extra 40-60 mL/L of oxygen, assuming normal 
hemoglobin (15 g/dL) and mixed venous 
saturation.4,18 This principle determines the 
normal range for cardiac output. An average 
resting 75 kg adult consumes approximately 
250 mL of oxygen per minute (3.3–3.5 
ml/kg/min19-21) and, given the oxygen-carrying 
capacity of venous blood, they need a blood 
flow of 4 to 6 L/min to meet this demand.22 To 
achieve the therapeutic goal of oxygen delivery, 
ECMO requires similar blood flow rates.

Compared to oxygen, each liter of blood 
carries substantially more CO2, albeit mostly 
in the form of bicarbonate. Metabolically 
produced CO2 diffuses into red blood cells, 
where it reacts with water yielding bicarbonate 
(HCO3

-) and hydrogen ions (H+), a slow 
reaction accelerated by carbonic anhydrase. The 
formation of bicarbonate and hydrogen ions 
is favored because deoxygenated hemoglobin 
has a high affinity for binding hydrogen ions. 
This has the effect of lowering the relative 
concentration of hydrogen ions and, by 
Le Chatelier’s principle, shifts the reaction 
equilibrium towards the production of more 
hydrogen ions and bicarbonate. 

The process is reversed when blood passes 
through the lungs. Oxygenated hemoglobin 
loses its affinity for hydrogen ions, raising 
the concentration of free hydrogen ions and 
causing bicarbonate to be converted back 
into CO2, facilitating pulmonary elimination. 
These interactions are known as the Haldane 
effect,23 which is simply the more familiar 
Bohr effect viewed from the aspect of CO2 
transport physiology.24 The ability of increased 
hydrogen ion concentration to release CO2 from 
bicarbonate has been exploited experimentally 
to improve ECCO2R efficiency. Electrodialysis 
and acidic compounds have been used to elevate 
the hydrogen ion concentration in blood passing 

through the membrane lung, increasing the 
amount of CO2 removed.25-27

Under normal circumstances, about 80% of 
CO2 is transported bound as bicarbonate,28 and 
venous blood with a pH of 7.37 and PaCO2 of 
46 mmHg contains approximately 26 mmol/L of 
bicarbonate,28 the equivalent of nearly 600 ml of 
CO2.

29 Since an average 75 kg adult at rest 
produces about 250 ml of CO2 every minute, 
each half litre of blood contains more CO2 than 
that produced metabolically each minute. This 
means ECCO2R can be achieved at much lower 
blood flow rates than ECMO. Current devices 
aim to provide ECCO2R with rates between 
250 mL and 1500 mL/min, depending on the 
technical circumstances.

Current ECCO2R Strategies

In general, ECCO2R systems may be 
grouped into pumpless and pump-driven systems. 
Pumpless systems rely on the arteriovenous 
(AV) pressure gradient to generate circuit flow. 
AV ECCO2R systems usually operate passively 
at blood flow rates of 1-1.5 L/min, depending 
on cannula size, and may remove 50-60% of 
total CO2.

30 Effective operation of these devices 
requires a preserved cardiac output and the 
absence of shock, frequently precluding their 
use in critically ill patients.

Pump-driven systems are more commonly 
used. Some devices are derived from renal 
replacement therapy units and driven by roller 
pumps, whereas others are derived from high-
flow ECMO circuits and therefore driven by 
rotational, mostly centrifugal, blood pumps. 
The efficacy of ECCO2R systems depends 
mainly on the blood flow rate and secondarily 
on the sweep gas flow and membrane lung 
surface area.31-34 Very low blood flow rates of 
250 mL/min, such as those currently used in 
continuous renal replacement therapy, have 
only a minor impact on CO2 removal, removing 
about 40-60 mL of CO2 per minute.35 Blood 
flow rates around 500 mL/min remove between 



555

Extracorporeal Carbon Dioxide Removal

60 and 80 ml of CO2 per minute, which can be 
nearly doubled by increasing the flow rate to 
1000 mL/min, achieving CO2 removal rates 
around 150 mL/min. Sweep gas flow has a 
weaker impact on CO2 removal.33 In daily 
clinical practice, sweep gas flow should be 
carefully titrated to avoid large arterial CO2 
differences within a short time. 

It is important that the surface area of 
membrane lungs used in ECCO2R systems is 
matched to the flow range, to avoid clotting risk 
from long blood passing times in membrane 
lungs with large surface areas. Very low surface 
areas of 0.4 m2 should be used for blood flow 
rates of 500 mL/min or less, whereas surface 
areas of 0.8 m2 or more are suitable for blood 
flow rates above 500 mL/min.31

Many pump-driven ECCO2R systems rely 
on rotational pumps designed for the high 
blood flow rates used in ECMO, but this creates 
technical challenges. Reducing the blood flow 
rate with rotary pumps designed for higher 
flow rates changes the flow characteristics 
considerably,  dramatically increasing 
recirculation and shear stress, which amplifies 
hemolysis and bleeding complications.36,37 
Of note, hemolysis is one of the major 
complications shown to worsen clinical 
outcomes and is independently associated with 
mortality.38,39 Recent studies have demonstrated 
significant bleeding complications in patients 
with acute exacerbation of COPD supported 
with ECCO2R.38,40,41 Similar observations were 
reported in neonatal and pediatric patients.42 

Although cannula size and design have less 
often been a focus of interest, recent simulations 
show that current cannulas have regions of 
static flow conditions at lower blood flow rates, 
potentially leading to more clotting.43 Overall, the 
use of lower blood rates may allow for smaller 
cannulas and more options in the choice of 
pump compared to ECMO, but simply providing 
ECCO2R with components designed for higher 
ECMO flows is likely to increase complications.

Clinical Considerations for ECCO2R

In general, ECCO2R has been used to 
support two broad groups of patients, those 
with respiratory failure from ARDS and those 
with exacerbations of chronic lung diseases, 
such as asthma, COPD, and pulmonary fibrosis. 
In all these patients, the goal of ECCO2R is to 
reduce the intensity, facilitate the removal of, 
or provide an alternative to IMV.

Acute Respiratory Distress Syndrome (ARDS)

ECCO2R is a potential strategy to facilitate 
very low tidal volume ventilation in moderate 
forms of ARDS, so-called ultra-lung-protective 
ventilation.44 Lung protective ventilation, 
defined as targeting tidal volumes of 6 ml/kg 
predicted body weight (PBW) or less, and 
plateau airway pressures less than or equal to 
30 cmH2O, has been demonstrated to improve 
survival in ARDS and is the current standard 
of care.6 However, animal and human studies 
suggest there may be additional protection 
when targeting even lower tidal volumes 
and airway pressures by further reducing 
VILI,8,9,45,46 especially in patients with higher 
respiratory system elastance,47,48 but the ability 
to implement these ultra-lung-protective 
ventilation strategies is limited by hypercapnia 
and acidosis.49 ECCO2R provides a means to 
mitigate the development of hypercapnia and 
acidosis, thereby facilitating the application of 
ultra-lung-protective ventilation.50 

Despite the pathophysiological rationale 
and encouraging preliminary data,2,8,9,51-54 the 
largest randomized controlled trial to date, the 
pRotective vEntilation With Veno-venouS 
Lung assisT in Respiratory Failure (REST) 
study, did not demonstrate decreased mortality 
in patients receiving lower tidal volumes 
supported by ECCO2R, and actually showed 
fewer ventilator-free days, compared to those 
receiving conventional low tidal volume 
ventilation (6 ml/kg PBW).11 This may be 
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partly because the reduction in tidal volume in 
ECCO2R-supported patients was smaller than 
planned (4-4.5 ml/kg compared to the target 
of ≤3 ml/kg) and was achieved at the price of 
higher respiratory rates, greater hypercapnia 
and respiratory acidosis, as well as longer use of 
neuromuscular blocking agents and mandatory 
modes of ventilation, perhaps reflecting the 
low efficiency of the ECCO2R device used. 
In particular, overlooking the respiratory rate 
ignores the fact that it is an important determinant 
of mechanical power, and thus increases the risk 
of VILI.55 Experimental studies have shown 
that reducing the respiratory rate improves 
lung protection in ARDS.56,57 The negative 
results may also have been affected by the fact 
that patients were enrolled based on the level 
of hypoxemia alone (PaO2 to FiO2 ratio ≤150 
mmHg), without necessarily meeting criteria for 
ARDS.11 While using oxygenation criteria alone 
is pragmatic for a large randomized controlled 
trial, prognostically enriches the population, 
and helps with generalizability if the trial were 
positive, it also means it cannot be certain all 
patients enrolled would necessarily benefit from 
the lower tidal volumes supported by ECCO2R.

The REST trial highlights the invasive 
nature of ECCO2R therapy and, in relatively 
unselected patients with acute hypoxemic 
respiratory failure, that the risks related 
to anticoagulation and cannula placement 
may exceed any potential benefits. The use 
of ECCO2R in ARDS still requires further 
investigation: assessing the risks of VILI and 
hypercapnia, determining the most effective 
targets for ultra-lung protective ventilation, and 
identifying the patients most likely to derive 
benefit.58 

Exacerbations of Chronic Lung Disease

ECCO2R may be considered in intubated 
patients with acute-on-chronic lung disease 
when hypercapnia and respiratory acidosis 
persist despite the use of IMV, or it may be 

applied as an alternative to IMV with the aim of 
avoiding endotracheal intubation and ventilator-
associated complications. 

During acute exacerbations of COPD, 
patients receiving IMV can experience 
worsening dynamic hyperinflation; ventilation/
perfusion mismatch; and increased CO2 
production, all of which contribute to the 
development of severe respiratory acidosis. 
ECCO2R can disrupt this vicious cycle by 
reducing the amount of CO2 that needs to be 
cleared through the native lungs, facilitating a 
reduction in tidal volume and set respiratory rate, 
in turn allowing for a more prolonged expiratory 
time. Several case series have demonstrated 
the ability of ECCO2R to correct severe acute 
respiratory acidosis12,13,41,59,60 and facilitate 
extubation.12,60 In some circumstances, early 
implementation of ECCO2R in nonintubated 
patients has been found to decrease the work 
of breathing and correct respiratory acidosis, 
preventing the failure of noninvasive respiratory 
support and thus avoiding the inherent risks of 
IMV altogether.13,38,41,61,62 

Despite a good physiological rationale, the 
potential benefits of minimizing IMV in COPD 
patients are not straightforward. Matched 
studies with historical controls have reported 
conflicting results both in terms of decreased 
need for intubation and mortality rates.41,62 
Furthermore, the incidence of ECCO2R-related 
complications varies in these patients and has 
been reported to be as high as 44%.38 Successful 
application of ECCO2R in COPD patients 
will depend on identifying optimal timing 
of initiation, patient selection, and technical 
considerations (eg, cannula size selection, 
minimization of device-related complications). 

A less frequent indication for ECCO2R 
therapy is severe, refractory status asthmaticus,63 
to specifically prevent the deleterious 
consequences of IMV on lung hyperinflation and 
hemodynamic stability. Currently, the data for 
such use is limited to observational studies.64-67 
Similarly, exacerbations or progression of 
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chronic lung diseases in patients awaiting lung 
transplantation may benefit from initiation 
of ECCO2R when the goal is avoidance of 
intubation and IMV, which may otherwise 
compromise transplant candidacy. Small 
retrospective studies have reported successful 
use of ECCO2R as a bridge to transplant in 
experienced centers.68,69

Initiating and Managing ECCO2R

ECCO2R is a tool that can help clinicians 
modify ventilation support to mitigate the 
harmful effects of IMV, ultimately reducing 
VILI. Successful ECCO2R therapy, therefore, 
demands careful attention to ventilator 
management (or avoidance of IMV altogether), 
as well as management of the ECCO2R circuit 
itself.

Physiological Targets and Ventilator 
Management

In patients with ARDS, the greatest 
contributor to morbidity and mortality is 
believed to be from VILI,70 and therefore greater 
emphasis should be placed on reducing the 
factors contributing to VILI (eg, excess lung 
stress, strain, and shear forces) by applying 
ultra-lung-protective ventilation.71 Most 
ECCO2R trials have targeted tidal volumes 
of 3 to 4 ml/kg PBW with a corresponding 
decrease in plateau airway pressures, while 
maintaining or reducing respiratory rates below 
pre-ECCO2R settings.8,9,11,50,71 In the absence of 
prospective randomized data that definitively 
defines optimal ventilator settings during 
ECCO2R, it may be reasonable to apply the 
ventilator parameters used in the ECMO arm of 
the EOLIA trial, in other words, plateau airway 
pressure ≤24 cmH2O and PEEP ≥10 cmH2O, 
corresponding to a driving pressure ≤14 cmH2O 
and tidal volumes well below 6 ml/kg PBW.72 
Using ECCO2R to achieve similar settings 
in ARDS patients has been shown to reduce 

inflammatory markers associated with VILI.8 
Respiratory rates ranged between 10 and 30 
breaths per minute in the EOLIA trial but, given 
the potential contribution of respiratory rate 
to VILI,55,73 it may be reasonable to target the 
lowest rate feasible.71 Of note, the application 
of these ventilator settings, in combination with 
ECCO2R, may worsen underlying hypoxemia 
through a variety of proposed mechanisms, 
potentially necessitating the use of a higher 
FiO2.

71,74

In obstructive airway diseases, there may be 
a greater emphasis on and rationale for removal 
of IMV, owing to the contribution of positive 
pressure ventilation to dynamic hyperinflation 
and increases in intrinsic PEEP (ie, autoPEEP), 
along with the fact that dyspnea and increased 
respiratory drive may persist despite the ability 
to achieve adequate pH and arterial partial 
pressure of carbon dioxide (PaCO2) with IMV 
alone. Endotracheal extubation may have 
additional advantages in this patient population, 
including avoidance of ventilator-associated 
pneumonia and VILI, more effective delivery 
of inhaled medications and enteral nutrition, 
and a greater likelihood of success with early 
mobilization.12,75,76 The same rationale may be 
applied to patients with endstage lung disease 
receiving ECCO2R as a bridge to transplantation, 
given the importance of avoiding ventilator 
complications and maximizing pretransplant 
physical conditioning.16

The ability to either minimize ventilator 
settings or remove IMV altogether will depend 
on the ability of ECCO2R to maintain pH and 
PaCO2 within acceptable ranges, which will vary 
by a given device’s efficiency at carbon dioxide 
removal. Notably, in the SUPERNOVA pilot trial, 
devices with relatively higher extracorporeal 
blood flow rates (eg, 0.8-1.0 L/min) were more 
successful at facilitating ultra-lung protective 
ventilation targets than a device set to lower 
blood flow rates (eg, 0.3-0.5 L/min).10,50

In most circumstances, and without a 
significant concomitant metabolic acidosis, 
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the sweep gas flow rate should be adjusted 
to achieve a near-normal pH. In the subset of 
patients receiving ECCO2R who have chronic 
hypercapnia with a compensatory metabolic 
alkalosis and who may be candidates for lung 
transplantation, the sweep gas flow rate should 
be adjusted to achieve a slightly alkalemic pH 
(eg, 7.41-7.45) to allow for a gradual reversal 
of the alkalosis in anticipation of improved 
ventilatory capacity and native gas exchange 
after transplantation. It is important to note, 
however, that intracranial hemorrhage (ICH) 
during ECLS has been associated with a rapid 
decrease in PaCO2 post-ECLS initiation,77 
highlighting the importance of achieving a 
gradual correction of PaCO2 over several hours 
rather than an abrupt decrease at the time of 
cannulation. 

Anticoagulation Strategy 

Thrombotic risk within the circuit generally 
increases as extracorporeal blood flow rates 
decrease. This may be particularly true with 
current ECCO2R technology, which tends to 
couple low blood flow rates with a relatively 
high extracorporeal membrane surface area. The 
use of low levels of systemic anticoagulation 
(as has increasingly been adopted for ECMO 
management75,78) increases the thrombotic risk 
even further. The existing literature reports 
varying rates of circuit thrombosis at blood 
flow rates less than 1 L/min when activated 
partial thromboplastin times of ~1.5 to 2 times 
baseline are targeted.11,13,41 If, in fact, ECCO2R 
is associated with higher rates of thrombosis 
than ECMO, it might necessitate higher 
anticoagulation targets to mitigate that sequela 
and the concomitant bleeding risk would then 
have to be taken into consideration when 
assessing the risk-benefit profile of ECCO2R. 
Ultimately, more data is needed to determine the 
optimal level of anticoagulation for ECCO2R, 
which will depend, in part, on the blood flow 
used. 

Additionally, it is important to consider 
that currently available circuit pumps are 
generally designed for optimal performance 
at >4 L/min of blood flow, with lower blood 
flows (eg, <2 L/min) associated with higher 
rates of hemolysis and recirculation within the 
pump, greater loss of high molecular weight von 
Willebrand factor multimers, decreased platelet 
aggregation, increased platelet destruction, and 
prolonged clotting times in various ex vivo, in 
vitro, and computational models.36,37,79 

Management Considerations in the Event of 
Circuit Failure

In the event of circuit failure, the manage-
ment of patients should rely on conventional 
management of hypercapnia while the circuit 
malfunction is corrected. In endotracheally 
intubated patients, minute ventilation should 
be increased as needed. In nonendotracheally 
intubated patients, noninvasive positive-
pressure ventilation should be considered. If 
noninvasive ventilatory support is insufficient, 
endotracheal intubation and IMV should be 
initiated.

Weaning ECCO2R

In patients receiving ECCO2R as BTR, 
assessments of readiness to wean should be 
undertaken as the acute process is resolving. 
In patients receiving IMV, the sweep gas flow 
rate may be reduced in order to maintain normal 
pH, while ventilator settings are liberalized 
within the limits of lung-protective ventilation 
as native lung function improves (eg, 6 ml/kg 
PBW, plateau airway pressure ≤30 cm H2O). 
In patients who are breathing without the 
assistance of the ventilator, the sweep gas 
flow rate may be incrementally lowered with 
corresponding assessments of both the patient’s 
respiratory status and pH by arterial blood gas 
to ensure adequate spontaneous ventilation 
without excess work of breathing. In patients 
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with acute exacerbations of COPD or status 
asthmaticus, there should be close monitoring 
for dynamic hyperinflation or increased work 
of breathing as ECCO2R is weaned.

Conclusions

ECCO2R has the potential to support a 
range of patients with respiratory failure. While 
current clinical indications include status 
asthmaticus and BTT, questions remain over 
appropriate patient selection, optimal timing 
of therapy, and the right balance between the 
level of invasiveness of the ECCO2R strategy 
and efficiency of CO2 removal, particularly for 
ARDS and acute exacerbations of COPD. Until 
there are clearer answers to these questions, 
ECCO2R should be used cautiously and, where 
possible, only in studies designed to answer 
such questions.
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Other Mechanical Circulatory Support

Federico Pappalardo, Roberto Lorusso, Ravi R. Thiagarajan, Timothy Maul, Alain Combes

Introduction

In this chapter, we will discuss the use of 
Mechanical Circulatory Support (MCS) other 
than ECMO in both adults and children. This 
will include the use of the Impella, Intra-Aortic 
Balloon Pump, Implantable and Paracorporeal 
Ventricular Assist Devices (VAD), and the Total 
Artificial Heart (TAH). We will also consider 
using these devices in conjunction with ECMO 
and also with an oxygenator in the VAD circuit.

Impella

The Impella pump (Abiomed Inc., Danvers, 
MA) is a catheter mounted, constant speed, 
axial flow pump. The Impella is a family of 

products, which can generally be split into two 
categories: pumps intended for the heart’s left 
side (Impella 2.5, CP, 5.0, LD, and 5.5), and 
for the right side (Impella RP) (Figure 44-1). 
Impella effectively volume unloads the LV and 
increases forward flow, reducing myocardial 
oxygen consumption, and reducing pulmonary 
capillary wedge pressure. The right side Impella 
RP pump has its inlet located in the inferior vena 
cava at the level of the diaphragm, and crosses 
two valves to propel blood into the outlet 
within the pulmonary trunk, bypassing the right 
ventricle. The intravascular Impella pumps are 
driven by a miniature motor, which is located at 
the tip of a catheter shaft and is actively purged 
with a glucose solution. The nitinol-reinforced 

  

Figure 44-1. Impella Family.
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thin wall cannula spans across the valve(s), 
connecting the pump inlet and outlet.

The main differences between the left side 
Impella types are the maximum blood flow 
rate they can deliver and their overall size; the 
larger pumps can deliver more flow, with the 
tradeoff of insertion site bore size. Therefore, 
pump selection should be made at baseline 
according to the expected flow required by the 
clinical conditions. Impella 2.5 and CP—with 
12 Fr and 14 Fr cannula and motor sizes, and 
9 Fr catheter size—can deliver ~2.5 L/min and 
~3.7 L/min of mean flow, respectively, and are 
intended for percutaneous femoral insertion. 
They are both approved for up to 4 days of use 
in the United States and 5 days in Europe. The 
larger Impella pumps are capable of delivering 
full cardiac support and maximum LV unloading 
and are surgically inserted via the axillary artery 
or ascending aorta, which allows the patient to 
ambulate while on support. The Impella 5.5 has 
been significantly downsized as compared to its 
Impella 5.0/LD and can accomplish a higher 
blood flow rate, with peak flows around 6 L/min 
(Figure 44-2). Preliminary clinical experience 
with the Impella 5.5 appears favorable.1 

One randomized study and some retro-
spective and registry studies have evaluated the 

outcomes of cardiogenic shock patients treated 
with Impella devices. The SHOCK (IMPRESS) 
trial included 48 STEMI patients randomized 
to receive Impella CP or IABP. Day 30 and 
6-month mortality were similar (50% vs. 46% 
and 50% vs. 50%, p=0·92) for Impella and IABP 
patients, respectively, while more bleeding 
events occurred in the Impella group.2 More 
recently, a retrospective study matched 237 
AMI patients who received Impella support 
for AMI-induced cardiogenic shock with 237 
patients from the IABP-SHOCK II trial. There 
was no significant difference in 30-day all-cause 
mortality (48·5% vs. 46·4%, p=0·64). Severe 
or life-threatening bleeding (8·5% vs. 3·0%, 
p<0·01) and peripheral vascular complications 
(9·8% vs. 3·8%, p=0·01) were more frequent in 
the Impella group.3 In the Premier Healthcare 
Database including 4782 patients undergoing 
PCI at 432 hospitals, Impella use was associated 
with more adverse events and higher costs.4 After 
propensity score adjustment, and accounting for 
clustering of patients by hospitals, Impella use 
was associated with death (odds ratio, 1·24 
(95% CI, 1·13-1·36); bleeding (odds ratio, 
1·10 (95% CI, 1·00-1·21) and stroke (odds 
ratio, 1·34 (95% CI, 1·18-1·53). Similarly, 
among 1680 propensity-matched pairs of 

 

Figure 44-2. Impella 5.5.



567

Other Mechanical Circulatory Support

AMI cardiogenic shock patients who received 
Impella or IABP in the CathPCI and the Chest 
Pain-MI registries, the use of the intravascular 
microaxial left-ventricular assist device was 
associated with higher mortality (45% vs. 34%; 
absolute risk difference, 11%, 95% CI, 8%-14%; 
p<0·001) and higher risk of in-hospital major 
bleeding (31% vs. 16%; absolute risk difference, 
15%, 95% CI, 13%-18%; p<0·001).5 These 
associations were consistent regardless of 
whether patients received a device before or 
after PCI. A large, randomized trial comparing 
the Impella CP with conventional treatment in 
360 AMI cardiogenic shock patients is ongoing 
(NCT01633502). 

The Impella RP, intended for percutaneous 
support and unloading of the right heart, has 
a preformed cannula shape for insertion via 
the femoral vein. With a 22 Fr cannula, 21 Fr 
motor and 11 Fr catheter, the Impella RP is 
able to deliver ~4 L/min of mean blood flow. 
It is approved for 14 days in the United States 
and Europe.

Combining Impella and ECMO (ECpella)

Simultaneous use of ECMO and Impella is 
possible and can vary in type and motivation. 
Most notably, patients supported by VA ECMO 
may require Impella implantation to unload 
the LV. In the setting of severe LV dysfunction, 
the increased afterload of VA ECMO can 
lead to increases in LV cavity pressure and to 
pulmonary venous hypertension with subsequent 
pulmonary edema. There is also heightened 
myocardial wall stress due to increased LV 
end diastolic pressure, which contributes to 
ischemia, decreased O2 delivery to heart muscle, 
and ventricular arrhythmias, all of which hinder 
cardiac recovery. Furthermore, inadequate 
unloading of the LV, in association with stasis, 
can lead to thrombus formation within the heart 
chambers and pulmonary circulation. This 
complication is a major determinant of poor 
outcome, limiting options for recovery, heart 

transplantation, or transition to long-term VAD 
systems. Traditional management strategies 
for LV decompression (commonly referred to 
as venting) include several surgical techniques, 
unique cannulation strategies such as LAVA 
(VA ECMO with LA drainage), or the IABP 
(Chapter 4). These methods may not effectively 
volume unload and decompress the left ventricle. 
Active unloading of the LV with Impella CP or 
Impella 5.5 while on VA ECMO, referred to 
as ECpella (sometimes also called ECMella 
or ImpECMO), is an attractive percutaneous 
option because it not only decompresses the 
ventricle but also augments forward flow. It 
actively volume unloads the LV, increases 
microcirculation, and rests the heart while on 
VA ECMO support. ECpella also provides an 
attractive option to wean the extracorporeal 
circuit as soon as practical, and to leave the 
patient solely on Impella support.6-9 

In an international, multicenter cohort 
study of 686 patients with cardiogenic shock 
treated with VA ECMO, use of left ventricular 
unloading with Impella was associated with 
lower mortality, especially if the pump was 
inserted very early after ECMO initiation. 
However, the ‘ECpella’ strategy was also 
associated with higher risks of complications, 
such as severe bleeding or interventions because 
of access site–related ischemia.8

Patients supported with Impella alone 
may require subsequent ECMO implantation, 
particularly if the chosen Impella device is not 
able to provide adequate flow for the patient’s 
clinical conditions. If the LV remains dilated 
with Impella only, adding ECMO at an early 
enough stage can significantly support recovery 
because full unloading by a small Impella is 
only achievable if part of the cardiac output is 
taken by the VA ECMO circuit. Similarly, early 
weaning from the ECMO is desirable to reduce 
complication rates.9
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Table 44-1. Clinical evidence of the effects of associated intraaortic balloon counterpulsation with 
venoarterial extracorporeal membrane oxygenation.

AUTHORref SETTING PATIENT/ANI-
MAL/MODEL STUDY DESIGN EFFECTS/OUTCOMES

Meani 1 Postcardiotomy and 
ECPR 10 Retrospective

IABP was effective in 8/10 patients to 
allow reopening of the aortic valve which 
was protractedly closed during peripheral 
VA ECMO

Chen 2 Postcardiotomy shock 60 Single-center, 
Retrospective

Better short-term outcome – Better long-
term outcome in patient after heart 
transplant

Brechot 3 All etiologies 259 (104 with IABP)
Single-center, 
Retrospective  
Propensity Matching 

Lower rate of pulmonary edema and more 
days off mechanical ventilation

Kida 4 Cardiogenic shock, all 
etiologies 519 (459 with IABP) Registry VA ECMO+IABP significantly associated 

with reduced risk of short-term mortality

Li 5 All etiologies (29 studies) 4576
Systematic 
Review Meta-
analysis

VA ECMO+IABP associated with 
decreased in-hospital mortality – No 
difference in relation to complications

Chen 6 Postcardiotomy 152 Single-centre, 
Retrospective

Concurrent ECMO and IABP application 
had better short-term survival and reduced 
peripheral perfusion complications

Char 7 All etiologies
283 (68 pts with 

IABP and 72 
ECMO+Impella)

Single-centre, 
Retrospective 

Association ECMO+IABP reduced 
morbidity and mortality at hospital 
discharge and at 180 days

Vallabhajosyula 8 All etiologies 4653
Systematic 
Review Meta-
analysis

ECMO + IABP has 18.5% lower mortality 
than ECMO alone in AMI pts, whereas no 
influence in overall cardiogenic shock 
etiologies

Gass 9 All etiologies 135 Single-centre, 
Retrospective

Prior IABP use independent predictor of 
reduced in-hospital mortality, stroke and 
vascular injury

Huang 10 Postcardiotomy 
cardiogenic shock 2251

Systematic 
Review  Meta-
analysis

VA ECMO+IABP did not Improve either 
weaning nor survival

Wuang 11 All etiologies (12 
Observational studies)

3704 Review Meta-
analysis

Improved Weaning rate, but no effect on in-
hospital mortality

Wang 12 Cardiogenic Shock, all 
etiologies (3 Studies)

Systematic 
Review

Improved Weaning rate, but no effect on in-
hospital mortality

Cheng 13 Cardiogenic Shock, all 
etiologies (16 Studies)

1517 Systemic Review No difference on in-hospital survival

Lin 14 All etiologies 529 (302 
ECMO+IABP)

Single-centre, 
Retrospective 
Propensity Matching

ECMO+IABP did not improve in-hospital 
outcome

Belohlavek 15

Prolonged cardiac arrest 
(comparing ECMO 
alone, femoro-femoral 
or femoro-subclavian) 
versus ECMO + IABP

11 pigs Animal study VA ECMO+IABP reduced coronary 
perfusion

Reymond 16 Silicon mock circulation Phantom model In-vitro study
VA ECMO+IABP improved coronary flow 
(more pronounced at lower rate, decreased 
with more severe heart failure)

Positive Effects

Neutral Effects

Experimental Models

IABP=intra-aortic balloon pump; ECMO=extracorporeal membrane oxygenation; pts=patients; All etiologies include cardiogenic shock and cardiac arrest patients.
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Combining IABP and VA ECMO 

The use of VA ECMO and IABP is the 
subject of much practice variation between 
centers because the actual impact of such a 
mechanical support device over left ventricular 
unloading and outcome is not fully elucidated 
yet. There are a few specific aspects which 
characterize the dual device action. The first 
one is directly connected to the effects of the 
IABP on the circulation, whereby the IABP 
enhances LV ejection (and therefore unloading) 
by reducing aortic systolic blood pressure. 
This combination of severely reduced LV 
contractility and the presence of peripheral VA 
ECMO may easily lead to protracted closure 
of the aortic valve, preventing the aortic valve 
from opening. By inserting an IABP, the aortic 
valve may start to reopen in all heart beats.10 

The second aspect is the timing of insertion 
of IABP in ECMO patients. Concomitant 
application of VA ECMO and IABP may be 
associated with better outcomes then late 
insertion of IABP.11

The beneficial effects of IABP in reducing 
LV end diastolic pressure and thereby pulmonary 
capillary pressure has been highlighted by 
Brechot and colleagues, who showed reduced 
rate of pulmonary edema in patients with the 
combination of ECMO and IABP.12 Kida and 
colleagues, in a study analyzing more than 
500 VA ECMO patients supported after acute 
myocardial infarction, found that combined 
ECLS-IABP was associated with a reduced 
risk of 30-day mortality.13 Other studies, 
either single-center or systematic review and 
metaanalyses, have shown beneficial effects 
of IABP in VA ECMO patients (Table 44-1). 
The largest study published to date from 
the ELSO Registry confirmed the improved 
outcomes of patients receiving LV mechanical 
unloading. In this study, IABP was associated 
with similar mortality and lower rates of renal 
injury and medical and surgical site bleeding 
than the Impella.6 However, neutral effects of 

IABP in VA ECMO have also been described, 
underlining the need for dedicated prospective, 
randomized studies in this respect (Table 44-1).

Escalation and De-escalation of MCS

Outcomes may be improved with either 
simultaneous or consecutive combinations 
of MCS devices, with correct timing and 
indications for implantation, escalation, and 
de-escalation, customized for each patient and 
clinical scenario. Previous studies demonstrated 
a temporal relationship between the early use 
of percutaneous MCS and improved clinical 
outcomes in cardiogenic shock patients.14-16

Escalation

Criteria and Timing

As the dynamics of myocardial dysfunction 
are extremely complex in cardiogenic shock due 
to the interplay between primary and secondary 
myocardial dysfunction, and eventually the 
occurrence of right ventricular failure, clinical 
assessment and judgment should trigger the 
need for escalation of mechanical circulatory 
support and selection of the most appropriate 
configuration (eg, ECMO and IABP, ECPella, 
ECMO and ProtekDuo, BiPella, Impella, VAD). 
Aortic regurgitation should be addressed at this 
stage.

Reasons for Escalation:

•	 Persistence of shock,
•	 Pulmonary edema,
•	 Right ventricular failure, 
•	 Vasoactive Inotrope Score (VIS) >2017

•	 Inability to wean from inotropes.
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Possible Uni- or Biventricular Escalation

Multiparametric evaluation is fundamental 
to make the correct diagnosis of persistent 
cardiogenic shock isolated to the left (systemic) 
ventricle or related to both ventricles, and 
consequently to select the appropriate timing 
and MCS escalation strategy (Figures 44-3 
and 44-4). 

Univentricular dysfunction (isolated LV 
dysfunction with preserved right ventricular 
contractility) allows elective MCS escalation 
(a few to 24 hours). Usually, first line MCS 
in patients with poor LV function and SCAI 
stage C is femoral percutaneous devices (either 
Impella CP or VA ECMO). In cases of more 
profound cardiogenic shock (SCAI stage D 
or E), VA ECMO or transition from femoral 
percutaneous to an upper body approach with 
a more powerful pump (Impella 5.0/5.5) is 
advised. 

Advantages of the Impella 5.0/5.5 vs. 
VA ECMO, which remains a reasonable option 
in this context, are the following:

•	 Impella 5.0/5.5 provides full cardiac 
support, even in the absence of residual 
LV function.

•	 Axillary Impella 5.0/5.5 may be associated 
with lower vascular complication rates than 
VA ECMO18,19 

•	 The longer duration of support allows 
time to evaluate myocardial recovery and, 
if not present, Impella 5.0/5.5 represents 
a valuable bridge-to-decision device 
towards long-term therapies such as 
LVAD implantation or heart transplant 
(Chapter 30). 

Biventricular dysfunction with concomitant 
right heart failure development requires urgent 
decision-making and MCS escalation. 

The precise diagnosis of the underlying cause 
of RV failure is fundamental for undertaking the 
correct escalation strategy. RV failure should 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RV: Right Ventricular; LV: Left Ventricular CVP: Central Venous Pressure; WP: Wedge Pressure 

 
 

Figure 44-3. MCS Escalation.
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be detected both with hemodynamic and 
echocardiographic monitoring, eg, increased 
central venous pressure (>16 mmHg), reduced 
RV function on echocardiography (eg, Tricuspid 
Annulus Peak Systolic Excursion and tissue 
doppler S’ wave), and/or invasive parameters 
(eg, low PAPi <1.8 or high RAP/PAOP ratio 
>0.6). First, the most common differential 
diagnoses of RV failure have to be ruled out: 
primary lung problems (eg, pneumothorax, 
pleural effusion, atelectasis), pulmonary 
embolism, right ventricular outflow obstruction, 
tamponade, LV pump displacement or suction, 
and persistence of metabolic decompensation 
(acidosis, hypercapnia). Second, in order 
to select the best MCS escalation strategy, 
correct classification of the underlying cause 
is important: 

Secondary RV failure is characterized by 
increased LV filling pressure and requires LV 
MCS escalation with upgrade of LV unloading 
by increasing pump flow or with a more 
powerful pump (see univentricular dysfunction).

Primary RV failure presents normal LV 
filling pressure values and requires escalation 
with direct RV MCS support. Biventricular 
MCS strategies are VA ECMO support, addition 
of an RVAD with ProtekDuo®, or BiPELLA.20 

Ventricular Dysfunction in Single 
Ventricle Congenital Heart Disease. Patients 
with univentricular hearts who have undergone 
palliation by means of the Norwood and Fontan 
pathways are presenting with heart failure in 
increasing numbers. They may present at any 
stage in the palliation and at any age. Patients 
with cavopulmonary connections (Glenn and 
Fontan Circulations) often have elevated venous 
pressures with accompanying cirrhosis, renal 
impairment, and protein losing enteropathy. 
Presentation is usually subacute, resembling 
the time course of isolated left ventricular 
failure described above. MCS is challenging 
and strategies to support these patients are still 
evolving. Further information can be found 
below and in Chapters 4, 20, 31, and 41.

Figure 44-4. MCS De-escalation.

VA ECMO

Impella CP/ 5.0

Recovery No Recovery

VA ECMO Long-term LVAD/ HTx

De-escalation

When: as soon as possible after resuscitation phase 
(inotropes de-escalation, serum lactates <2mmoI/L)

How: ECMO removal after Impella implantation
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De-escalation

VA ECMO is still considered the standard 
MCS in patients with profound cardiogenic 
shock (INTERMACS / SCAI E patients) or 
refractory cardiac arrest (ECPR). VA ECMO 
is a reasonable rescue therapy in refractory 
cardiogenic shock patients, although it is 
associated with substantial complication rates. 
Weaning may be successful in up to 60% 
of patients surviving the acute phase of 
cardiogenic shock. However, some of these 
patients may require long-term VAD support 
or heart transplantation, due to the lack of 
myocardial recovery. When a bridge to LVAD 
implantation is discussed, switching VA ECMO 
for Impella 5.0/5.5 represents a potentially 
valuable bridge-to-decision to test RV function. 
In the case of severe RV failure, two Centrimag 
intrathoracic devices (for RV and LV support) 
may be used for midterm (6-8 weeks) support 
in patients who are not immediate candidates 
for VAD or heart transplant surgery. Using the 
Impella 5.0/5.5 via axillary surgical access 
has also been proposed by some authors as a 
strategy for MCS de-escalation after VA ECMO. 

Total Artificial Heart

Two orthotopic artificial hearts have been 
developed. They have unique advantages over 
other machines because they solve problems of 
persistent ventricular arrhythmias, RV failure, or 
severe heart valve diseases. The CARMAT TAH 
(C-TAH) is a biventricular, pulsatile, electrically 
powered, hydraulically actuated flow pump 
with all components embodied in a single 
device, mimicking the natural heart implanted 
in the pericardial sac. Its most original feature 
is the use of bioprosthetic materials, similar 
to those used for bioprosthetic heart valves 
to reduce the need for anticoagulation. The 
SynCardia Temporary CardioWest Total 
Artificial is a biventricular, pneumatic, pulsatile 
pump that totally replaces the native ventricles. 

Over 1,000 implantations have been performed 
worldwide over the last 4 decades and the recent 
development of a smaller driving console may 
allow greater patient mobility and eventually 
discharge from the hospital.

TandemHeart

The TandemHeart is a percutaneous VAD 
consisting of an extracorporeal centrifugal 
continuous flow pump that drains blood from 
the left atrium and then pumps it into the 
femoral artery at a flow rate of up to 4 L/min. 
The left atrial catheter is usually inserted via 
the femoral vein into the right atrium and then 
across the atrial septum into the left atrium. 
The TandemHeart increases cardiac output and 
mean arterial pressure and decreases cardiac 
filling pressures by venting the left atrium. This 
effect may be partially offset by the increased 
LV afterload due to retrograde blood flow up the 
aorta toward the aortic root. The TandemHeart 
was associated with significant improvements 
in hemodynamic and metabolic outcomes when 
compared to IABP in two small, randomized 
trials. However, survival was not improved, 
and there were more complications in patients 
treated with the TandemHeart.20-22

Specific Pediatric Considerations

While ECLS modalities such as VA ECMO 
are frequently utilized in pediatric patients 
for cardiorespiratory failure because of their 
ease of deployment, they may not be the 
optimal strategy for recovery or bridge to 
transplantation. Considerations for patients 
in isolated cardiac failure such as extended 
duration, LV decompression, mobilization/
rehabilitation, and blood product sensitization 
may make other forms of MCS a superior option. 
Many patients find themselves in a bridge-to-
bridge, bridge-to-transplantation, or bridge-to-
decision situation that warrants a change from 
VA ECMO to more durable MCS such as VAD 



573

Other Mechanical Circulatory Support

(Chapter 20). Indeed, short VA ECMO runs prior 
to VAD implantation have been demonstrated 
to be useful in some circumstances.24 The 
decision to utilize a VAD or ECMO in pediatric 
heart failure is multifactorial and fluid (Figure 
44-5). The underlying cardiac dysfunction 
plays an important role in decisionmaking. 
Historically, cardiomyopathy has been the main 
diagnosis requiring MCS in pediatrics, but 
congenital heart disease has increasingly been 
seen as an indication for MCS.24-26  Because 
pediatric patients have considerable variation 
in size, MCS strategies vary accordingly from 
paracorporeal to implantable devices. For the 
purposes of this chapter, we will describe 
utilization in terms of modality (paracorporeal 
or implantable) and category (continuous or 
pulsatile). 

Paracorporeal Continuous

Paracorporeal continuous MCS devices 
include centrifugal pumps that are frequently 
utilized for ECMO, but without an oxygenator.27 
Cannulation strategies include standard ECMO 
cannulas or specific paracorporeal MCS 
cannulas directly connected to the atrium or 
ventricle (left or right) and artery (pulmonary or 
aorta), which are tunneled through the skin to 
facilitate sternal closure. Percutaneous insertion 
for right ventricular support is possible for larger 
children (>1.2m2 BSA), who are comparable in 
size to small adults. Paracorporeal continuous 
MCS has been reported to offer three times 
longer support duration and improved survival 
over traditional ECMO. Nonetheless, VA ECMO 
has been successfully used to bridge patients to 
cardiac transplantation even after many months 
of support.28

 

Acute presentation 
w/ cardiac arrest 

and/or pulmonary 
failure 

VA ECMO 

VAD 

Durable Temporary 

Recovery, 
Transplantation, or 

Death 

Recovery 
Possible? 

No Yes 

No Yes 

Figure 44-5. Pediatric Heart Failure Decision Tree: VAD or VA ECMO.
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Paracorporeal Pulsatile

Paracorporeal pulsatile MCS devices have 
experienced the longest history in pediatrics. 
From adult devices employed in larger pediatric 
patients to specifically designed pediatric 
devices that can range down to patients under 
3 kg, these devices have demonstrated superior 
outcomes to ECMO when they are able to be 
placed electively.24 Currently, the Berlin Heart 
GMBh Excor is the only commercially available 
device. Pulsatile VADs in the paracorporeal 
setting are pneumatically driven devices with 
blood-filled polymer sacs enclosed in hard 
external housings. Filling and emptying of 
the blood sac are controlled through vacuum-
assisted refilling and applied pneumatic pressure, 
respectively. The pneumatic system controls the 
timing of systole and diastole and can adjust 
the applied vacuum or pressure to compensate 
for changes in preload and afterload. One-
way valves (polymeric trileaflet) positioned at 
the entrance and exit of the blood sac create 
unidirectional flow through the device and are 
key areas of concern for thrombus formation.29,30 
A mobile air compressor provides the necessary 
pneumatic power, which has seen significant 
reduction in size from washing machine sized 
devices without battery backup in the 1990s 
to suitcase-sized systems with more than 5 
hours of battery life today. Specific cannulas 
designed to interface with these devices are 
used and are tunneled through the skin to 
permit sternal closure. These cannulas are also 
suitable for long term transthoracic ECMO and 
paracorporeal continuous flow VAD use and 
are becoming increasingly popular (Chapter 4).

Implantable Continuous

The continued miniaturization of adult 
implantable continuous flow VADs has afforded 
some adolescent children the ability to navigate 
transplant wait-list times and rehabilitate. Some 
may even receive care at home, although 

outpatient VAD care still carries the potential 
for serious life-threatening complications.31-33 
These devices are typically centrifugal or 
axial flow pumps that directly connect to the 
ventricle and have an outflow graft that is sewn 
to the corresponding artery. The main body of 
the VAD remains in the pericardial space, and 
only a small driveline that conveys power and 
control to the VAD exits the skin. The driveline 
is an important source for infection, which can 
be highly resistant to treatment. The future 
hope of fully implantable pumps without a 
driveline (wireless connectivity) will potentially 
negate this risk, leading to a major positive 
improvement in patient experience. Current 
implantable continuous flow VADs are intended 
to support patients with a BSA >1.2 m2. While 
reported adult outcomes have been excellent, 
published pediatric experience is limited, with 
recent FDA approval occurring in December 
2020, and no currently approved status for 
children in Europe.32, 34 

VAD + Oxygenator (OxyVAD)

One of the advantages of paracorporeal 
MCS in pediatric patients is that those who 
develop pulmonary failure secondary to 
cardiac failure can take advantage of hybrid 
ECMO approaches by adding oxygenators 
into these paracorporeal VAD systems. The 
addition of an oxygenator to a paracorporeal 
VAD is a relatively straightforward process, 
essentially splicing tubing, and connectors 
at the VAD outlet to interpose an oxygenator. 
The published experience with OxyVAD 
configurations demonstrates both frequent use 
and reasonably good short-term outcomes.35-41 
The PEDIMACS registry of pediatric VADs 
reported only 7% of their patients had prior 
ECMO runs, but this nearly doubled to 13% 
having respiratory failure within 3 months of 
implantation.42 Overall outcomes were positive, 
with only 5 patients (19%) expiring on support 
or within 1 month of decannulation, which is 
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better than the 54% mortality reported in the 
ELSO Registry for pediatric cardiac ECMO.43 
However, in certain contexts, there may be 
no actual benefit conferred to the patient by 
utilizing OxyVAD configurations compared to 
multiple combined modalities.41 

There are many reasons for adding an 
oxygenator to a paracorporeal VAD rather than 
initiating separate ECMO support, or instituting 
ECMO in the place of the VAD. These include 
avoiding additional surgical procedures to 
minimize short-term procedural risks, as well 
as long-term complications including access 
vessel thrombosis and infection while avoiding 
simultaneous management of two complex 
mechanical circulatory support systems. 
Important factors to consider prior to initiating 
OxyVAD include patient age and size, disease 
process, anticoagulation requirements, and 
the capabilities and comfort of the center in 
managing infrequently used, nontraditional 
systems. Smaller patients (<10 kg) have a higher 
incidence of pulmonary and biventricular failure, 
requiring multiple modalities in their bridge-to-
transplantation process compared to their larger 
counterparts.42,44 These patients also require 
smaller devices with lower margins for error 
that are not well equipped for overcoming high 
resistances. Primary respiratory failure (viral 
or pulmonary edema) can easily be managed 
with a OxyVAD configuration, while bacterial 
sepsis involving multiorgan dysfunction and 
cardiovascular instability will benefit from 
the control and vascular access afforded by 
conversion to VA ECMO.40 Anticoagulation 
on a OxyVAD patient is primarily dependent 
upon left- or right-sided support and mirrors that 
provided to similar ECMO patients due to the 
additional surface area of the oxygenator. The 
experience of the entire medical management 
team from physicians to nurses, perfusionists, 
and respiratory therapists is a significant 
factor to consider. Teams that are comfortable 
with the day-to-day management of ECMO 
patients are likely to be successful with 

OxyVAD configurations because personnel 
are well equipped to troubleshoot technical 
issues with each of the specific devices and 
are more equipped to recognize and respond 
to emergencies.

Outcomes

Successful bridge to transplantation or 
explantation to recovery (81% at 1 year) 
with a VAD is dependent on multiple factors, 
including device classification, underlying 
patient conditions, and the transplant landscape. 
Implantable continuous VADs offer superior 
survival outcomes, followed by pulsatile 
paracorporeal, and worst in those supported 
on short-term paracorporeal continuous pumps 
(reflecting high-risk patient substrate).24,45 
Infants, weight <20 kg (even higher if <5 kg), 
INTERMACS 1 classification, congenital heart 
disease, and biventricular VAD support are 
among the high-risk factors for mortality.24-26,45,46 
Right ventricular failure after primary durable 
LVAD implantation is associated with adverse 
outcomes,47 and the need for right ventricular 
assist device (RVAD) or delayed implantation 
increases risk for death on-device (hazard 
ratio 6.9, >3 months), which makes early 
intervention with temporary/durable RVAD 
support and prioritization towards a higher 
waitlist status necessary.47 Finally, regional 
differences in transplantation availability can 
also prove challenging, with children waiting 
longer in Europe (early transplant rates of 
35% at 6 months) compared to the US (50% at 
6 months).25
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Introduction

Over the last 10 years, the use of ECMO 
and the number of ELSO registered ECMO 
centers have increased significantly worldwide. 
Currently, there are more than 700 ELSO 
registered centers and more than 17,500 ECMO 
cases per year are being reported.1 This rapid 
increase in the acceptance of the technology, 
greater clinical expertise, patient selection, 
and more ECMO healthcare providers are 
key factors in the rapid growth of ECMO in 
all areas of clinical practice where cardiac 
and/or respiratory support are needed, and 
this snowball effect is no different in organ 
procurement and transplantation. 

In 2006, the Institute of Medicine (IOM) 
published a report titled “Organ Donation; 
Opportunities for Action.”2 The IOM 
recommendation was to increase the pool of 
donated organs by successfully recovering and 
transplanting organs donated after circulatory 
death (DCD). The report estimated that 22,000 
additional donors could be candidates for DCD 
after uncontrolled cardiac arrest (uDCD). The 
IOM recommended expansion of the population 
of potential donors via the implementation 
of initiatives to increase DCD donation, and 
research on organ quality and enhanced organ 
function. Since this report, organ procurement 
organizations (OPOs) have joined forces to 

maximize DCD donation in the U.S. and these 
joint efforts have shown excellent results. In 
2021, there were 41,354 organ transplants and 
13,861 deceased donors in the U.S., a historical 
record high as reported by the United Network 
for Organ Sharing (UNOS). In addition, UNOS 
reported a total of 4,187 DCD donors in 2021, 
an increase of 29.9% compared to 2020, as well 
as a steady increase in DCD donation over the 
last 10 years.3 However, despite record highs in 
total number of transplants performed and total 
number of deceased donors in 2021, the lack of 
organs suitable for transplantation continues to 
be a major problem in transplantation. Based 
on Organ Procurement and Transplantation 
Network (OPTN) data as of June 1, 2022, 
there were 116,447 patients on the organ 
transplantation list. 

ECMO provides normal tissue perfusion 
in the absence of cardiac activity and has 
the potential to improve organ quality when 
initiated following cessation of circulation 
and declaration of death in DCD donors. The 
use of ECMO in DCD donation is referred to 
as Normothermic Regional Perfusion (NRP). 
A few centers worldwide have over 15 years 
of experience with ECMO-assisted organ 
donation of abdominal organs (liver, kidney, and 
pancreas).4-10 Recently, the technology has been 
adapted to include recovery of thoracic organs 
(hearts and lungs).11-16 This chapter summarizes 
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the principles of organ donation, discusses the 
importance of understanding the physiology of 
brain death and presents the experience with the 
use of ECMO-assisted organ donation. ECMO 
support for organ donation has been applied 
in 3 different clinical settings as described in 
Table 45-1.

Understanding Deceased Organ Donation

A guiding principle of vital organ donation 
is the dead donor rule (DDR), which is an 
ethical principle rather than a legal doctrine.18 
A vital organ cannot be removed until the 
donor is determined to be dead according 
to medical standards and legal criteria and 
removing a vital organ cannot cause the 
death of the donor. Even autonomous choice 
cannot override the DDR: patients who do 
not meet the criteria for death cannot donate 
vital organs (eg, heart, whole liver), no matter 
how fervent their desire to be a donor. In the 
United States, the Uniform Determination of 

Death Act (UDDA) states, “An individual who 
has sustained either: 1) irreversible cessation 
of circulatory and respiratory functions; or 
2) irreversible cessation of all functions of the 
entire brain, including the brain stem, is dead. 
A determination of death must be made in 
accordance with accepted medical standards.”19

In deceased organ donation, two pathways 
can lead to the diagnosis of death: diagnosis of 
death based on neurological criteria—donation 
after brain death (DBD) also called donation 
after neurologic determination of death (NDD). 
In this summary we will refer to these donors 
as DBD and diagnosis of death based on 
circulatory criteria—donation after circulatory 
death (DCD).

Donation after Brain Death (DBD)

Isolated brain death causes apnea that 
results in cardiac arrest in minutes. If apnea 
is prevented by mechanical ventilation, vital 
organ function gradually progresses from 

 
 

 

DONOR 
TYPE* 

MAASTRICHT 
CATEGORY DESCRIPTION COUNTRIES WITH 

SUCCESSFUL DCD PROTOCOLS 

Uncontrolled 
DCD 
(uDCD) 

Maastricht 
Type I and II 

Individuals that suffer 
cardiac arrest and are 
declared dead because the 
treating team determines that 
they cannot be resuscitated. 

Australia, Belgium, Czech Republic, 
France, Israel, Italy, Latvia, Lithuania, 
Netherlands, Poland, Portugal, Russia, 
Spain, Switzerland, UK 

Maastricht Type 
IV 

Brain dead donors that either 
suffer cardiac arrest prior to 
organ recovery and follow 
the DCD organ recovery 
pathway. 

N/A 

Controlled 
DCD 
(cDCD) 

Maastricht Type 
III 

Deaths that occur following 
planned WLST (mechanical 
and pharmacological) 
support. 

Australia, Austria, Belgium, Canada, 
China, Czech Republic, France, 
Ireland, Italy, Netherlands, New 
Zealand, Norway, Spain, Switzerland, 
Sweden, UK, USA 

DBD or 
NDD N/A 

A patient who becomes brain 
dead while ECMO support 
was started as a resuscitative 
effort. 

China, France, Italy, Taiwan, USA 

*Modified from the Non-heart Beating Donors Maastricht Categories.17 
DBD=donation after brain death; DCD=Donors after circulatory death; NDD=Neurologic death donors; WLST=Withdrawal of 
life sustaining treatment; N/A=Not applicable 

 
Table 45-1. Clinical scenarios for ECMO support assisted organ donation.
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normal to failure in a reproducible, identifiable, 
and relentless fashion.20,21 Transplanting 
organs from brain dead donors into recipients 
with organ failure became a reality after the 
publication of the Harvard criteria for brain 
death in 1968.22 The window for recovering 
organs for transplantation is only as long as the 
period between brain death and organ failure—
approximately 48 hours. Understanding 
the pathophysiology of brain death is the 
background for procuring organs from brain 
dead subjects for transplantation.

After brain death (with mechanical 
ventilation) and after the “Cushing response” 
of hypertension and bradycardia, vital organ 
function remains normal for 6-12 hours. The 
first manifestation of organ malfunction is loss 
of distal tubular function in the kidney, resulting 
in profound diuresis (diabetes insipidus). 
This is from a lack of antidiuretic hormone 
secretion from the brain. Untreated, diabetes 
insipidus leads to hypovolemia and organ 
failure from hypovolemic shock. When diabetes 
insipidus is prevented by administration of 
vasopressin (antidiuretic hormone), blood 
volume is maintained, and vital organ function 
continues for another 12-24 hours. The next 
manifestation of organ failure is loss of systemic 
vasomotor tone, resulting in vasodilation, 
relative hypovolemia, and hypotension. The 
physiologic picture resembles anaphylaxis. 
Untreated, this phenomenon results in cardiac 
arrest from hypovolemic shock within a few 
hours. This vascular collapse can be treated 
with systemic alpha-adrenergic agents and 
infusion of fluids. But after about 6 hours 
of this treatment (24-48 hours from brain 
death), increasing dosages of pressors are 
required to maintain blood pressure, and 
generalized capillary leakage begins, resulting 
in generalized edema. Continuous infusion 
of fluid is required to maintain the blood 
volume, and those organs that malfunction 
while edematous begin to fail. Pulmonary 
edema results in lung dysfunction. Cardiac 

edema results in a loss of diastolic compliance 
and decreased cardiac output. Intestinal 
edema results in profuse diarrhea. Eventually 
a combination of hypoxemia, hypercarbia, 
acidosis, and low cardiac output results in 
cardiac arrest. In some ways, this multiple organ 
failure syndrome resembles an accelerated 
version of the loss of other hormones secreted by 
the brain (adrenocorticotropic hormone, thyroid 
stimulating hormone, and vasopressin). But 
administration of these hormones in large doses 
(or administration of secondary hormones like 
thyroid hormone and adrenal cortical steroids) 
has only a slight delaying effect on the multiple 
organ failure syndrome.

Donation after Circulatory Death (DCD)

When death is pronounced based on 
the absence of circulation, vital organs are 
exposed to severe hypoxia at normothermic 
temperatures. Nevertheless, under certain 
conditions, organ donation can take place. 
Kootstra et al. described four categories of 
DCD donors17 that are still in use today, albeit 
with some modifications (Table 45-1). We now 
refer to uncontrolled (uDCD) and controlled 
(cDCD) DCD donation, where “uncontrolled” 
refers to the fact that the circulatory arrest is 
unexpected and unanticipated, as is the case in 
a failed resuscitation or a potential DBD donor 
who suddenly suffers a cardiac arrest. On the 
other hand, in cDCD the circulatory arrest is 
expected and anticipated. Indeed, when the 
treating team of a patient on life sustaining 
treatment has decided, in agreement with the 
family, that further treatment is futile and life 
sustaining treatment will be withdrawn, the 
pathway of cDCD donation can be started. 
In this case, the withdrawal of life sustaining 
treatment (WLST) takes place in a scheduled 
fashion with the organ procurement teams 
standing by. Like DBD donation, a DCD 
program requires rigorous adherence to legal 
and ethical protocols.
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In comparison to DBD donation, DCD 
donation is associated with a lower yield 
of transplantable organs and higher rates 
of posttransplant complications which may 
increase morbidity and mortality. Livers 
suffer an increased risk of ischemic biliary 
complications and primary nonfunction, 
while kidneys are at higher risk of primary 
nonfunction or delayed graft function.23-25 The 
reason is that the organs begin to sustain warm 
ischemic (WI) injury when the circulation stops. 
Nevertheless, once organ function of a DCD 
organ has recovered, the long-term outcomes 
are good and comparable to those after DBD 
donation.26-28 To decrease the risk of these 
ischemia-related posttransplant complications, 
well-established DCD donation protocols can 
include in situ organ preservation (ECMO-
assisted organ donation, or Normothermic 
Regional Perfusion (NRP), and/or ex-situ 
resuscitation, evaluation, and repair of organs 
post-procurement by isolated organ perfusion. 
Both cDCD and uDCD offer great potential 
for tissue donation. The success of a DCD 
program requires the establishment of protocols 
that include national ethical, professional, and 
legal frameworks to address both public and 
professional concerns with all aspects of the 
DCD pathway.29

Donation of Abdominal Organs from DCD

Methods for DCD Organ Recovery

Rapid Recovery (RR, conventional) 
technique for procuring abdominal DCD 
organs: Rapid recovery (RR) instituted after 
declaration of death is the standard procedure 
for DCD organ retrieval in many centers. 
After cessation of circulation, a ‘stand-off’ or 
“no-touch” period is respected to ensure that 
circulation does not recover spontaneously 
(cardiac autoresuscitation). Although this 
period is 5 minutes in most countries and 
centers, it can vary between 3 and 20 minutes. 

After this ‘stand-off’ period, and in the absence 
of spontaneous recovery of circulation, the 
patient is declared dead and organ procurement 
can start. In RR, a rapid sterno laparotomy is 
performed, the infrarenal aorta is cannulated and 
after the descending aorta is clamped (usually 
above the diaphragm), cold preservation 
solution is flushed through the aortic cannula. 
The peritoneal cavity is filled with slush ice 
for topical cooling. In parallel, heart and lungs 
can also be procured (see section, ‘Donation 
of cardiac grafts from cDCD’). When the cold-
flush is finished, liver, pancreas, and kidneys are 
removed, flushed on the back table, and stored 
until transplantation. Another technique of rapid 
recovery, historically used in uDCD but now 
mostly abandoned, includes cannulation of the 
femoral artery for immediate cold perfusion of 
the body before opening the abdomen. 

ECMO-assis ted DCD donat ion or 
Normothermic Regional Perfusion (Figure 45-1): 
Normothermic Regional Perfusion (NRP) 
was first used in 1989 by Spanish transplant 
surgeons using a percutaneously placed regional 
perfusion cardiopulmonary bypass circuit.30

NRP involves placement of femoral arterial 
and venous cannula either percutaneously or 
via cut down, or placement of the arterial and 
venous cannulas directly in the aorta and vena 
cava or in the iliac vessels.31 Depending on the 
clinical scenario and local practice, the cannula 
may be placed prior to, or following, declaration 
of death.31 The circuit consists of, at a minimum, 
a centrifugal pump and an oxygenator. A heat 
exchanger may or may not be included in the 
circuit. If included, circulation is normothermic 
(37˚ C). If not included, ECMO occurs at ambient 
room temperature (~30˚ C).9 Historically, 
hypothermic temperatures (<20° C) were 
also used, but this practice has not been 
reported after 2005.25 The entire system is 
about the size of a hemodialysis unit and can 
be transported on a wheeled cart. A proximal 
aortic occlusion balloon is inserted into the 
thoracic aorta to enable selective perfusion of 
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the abdominal organs, or the descending aorta 
is clamped (usually above the diaphragm). 
This improves the efficiency of the ECMO 
circuit by limiting the circulating volume and 
it avoids re-establishing perfusion to the brain. 
Typically, ECMO target flow is >50 mL/kg/min 
(2–3 L/min).31

NRP Compared to RR

There are several logistical and physiologic 
hurdles to the utilization of organs from 
DCD. The chief physiologic barrier is warm 
ischemia. The rational to reestablish the flow 
of oxygenated blood after the declaration of 
death using ECMO is the reversal of anaerobic 
metabolism by replenishing mitochondrial 
stores of adenosine triphosphate (ATP) creating 
an ischemic-preconditioning environment;32-34 
and the facilitation of the assessment of organ 
function and viability after reperfusion.25,31 

Outcomes of Abdominal Organs Transplanted 
after NRP

A recent systematic review and metaanalyses 
showed that transplantation of uDCD livers and 
kidneys after NRP is associated with inferior 
graft and patient survival relative to DBD.25 
Some kidney registry analyses suggest NRP 

decreases primary nonfunction and delayed 
graft function rates compared to RR in uDCD. 
No studies comparing NRP with RR in uDCD 
for the liver are reported, reflecting a hesitancy 
to transplant uDCD livers without some 
form of perfusion (in situ or ex situ).25 While 
transplantation of uDCD liver and kidneys 
after NRP should not necessarily be avoided 
altogether, these organs should be used with 
caution, weighing risks of continued waiting 
against risks of utilising uDCD grafts, even 
with NRP.25

In cDCD, there is currently no evidence that 
NRP reduces risks of primary nonfunction or 
mortality after liver transplantation compared 
to RR, although metaanalyses suggest NRP 
leads to a significant reduction in overall biliary 
complications (eg, ischemic cholangiopathy by 
75%, anastomotic strictures by 65%) compared 
to RR.25

In kidney transplantation, variable rates or 
primary nonfunction and delayed graft function 
are described. A direct comparison with RR in 
DCD suggests reduced delayed graft function 
with NRP.35 There is no evidence that the risk 
of DGF after NRP is different compared to 
that in DBD kidney transplantation, while it is 
well-known that RR leads to higher DGF rates 
compared to DBD. Kidney graft survival rates 
with NRP appear good, but variable definitions 

Figure 45-1. Schematic of Normothermic Regional Perfusion (NPR).
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are used. Pancreas transplantation after NRP is 
feasible and safe, but large series have not been 
reported.9, 24

Donation of Cardiac Grafts from cDCD

DCD is rapidly emerging as an important 
pathway to heart transplantation from adult 
deceased donors with the potential to increase 
total heart transplant activity by more than 
20%.36  Following the first report of successful 
distant retrieval and transplantation of three 
adult DCD hearts in 2014,37 adult DCD heart 
transplant programs have commenced in the 
UK, Europe, Australia, and North America.13,15,38 

Recently, a preliminary report of the US 
multicenter DCD heart trial demonstrated 
improved 2-year survival of recipients of hearts 
from DCD donors compared to recipients 
of hearts from DBD donors.38 While upper 
age limits for acceptance of DCD donors for 
heart transplantation vary between centers, 
in general the upper age limit has been lower 
than for DBD donors (typically restricted to 
those <50 years). This is due in part to the 
more limited ability to screen the DCD donor 
for preexisting heart disease and due to the 
concern regarding the susceptibility of the heart 
from the older donor to the obligatory period 
of warm ischemia that is intrinsic to the DCD 
pathway. An echocardiogram demonstrating 
normal biventricular and valve function prior 
to WLST is the major requirement.

Assessing Functional Warm Ischemia During 
Withdrawal of Life Support

Preclinical studies suggest that provided the 
functional warm ischemia time (fWIT) is less 
than 30 minutes, the heart of the DCD donor 
is fully recoverable and transplantable.39,40 
However, whereas progression to circulatory 
death in these preclinical models is rapid and 
predictable, the time course of progression to 
circulatory arrest in human DCD donors is 

more variable.41 In addition, although there 
is agreement that a sustained fall in systolic 
blood pressure below normal marks the onset 
of fWIT following WLST, there is ongoing 
debate as to what level of systolic blood 
pressure should be used, 90 or 50 mmHg.41 In 
the US DCD Heart Trial, warm ischemic time 
was defined as time from when mean systolic 
blood pressure (SBP) was <50 mmHg or 
peripheral saturation <70% to aortic crossclamp 
and administration of cold cardioplegia in 
the donor.38 Recently, Sanchez-Camara and 
colleagues from Spain performed serial 
endomyocardial biopsies in noncardiac human 
donors who underwent a DCD withdrawal 
protocol.42 They reported that biomarkers of 
calcium homeostasis, mitochondrial function, 
and cellular viability remained unchanged up 
to the time of circulatory arrest and only began 
to become compromised 10 minutes after 
circulatory arrest.42 These findings strongly 
suggest that the asystolic warm ischemic 
time (aWIT) (defined as the period between 
circulatory arrest and either administration 
of preservation flush solution or restoration 
of the circulation in situ discussed in the next 
section) is the critical interval in determining 
the extent of myocardial ischemic injury during 
WLST. The major clinical implication of this 
finding is that the location of WLST (ICU vs. 
anesthesia bay vs. operating table) is the major 
modifiable determinant of the duration of aWIT. 
In a systematic review of liver transplantation 
from DCD donors, Cao et al. reported that 
posttransplant survival was better and ischemic 
cholangiopathy was less when WLST occurred 
in the operating room compared with WLST in 
the ICU.43 Similarly, an increase in the aWIT has 
been reported to be an independent predictor 
of primary nonfunction and graft failure after 
kidney transplantation from DCD donors.44
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Cardiac Graft Retrieval Protocols

Jurisdictional variations regarding 
the diagnosis of circulatory death and the 
interventions that are permitted before and 
after death have influenced the development 
of specific retrieval protocols (Table 45-2).45 

Antemortem interventions including 
administration of heparin43,46 and placement 
of guidewires or perfusion cannulas prior 
to WLST15,47 reduce the risk of postmortem 
thrombosis and shorten the fWIT respectively 
but are not allowed in some jurisdictions. 
Where this is possible, death is only declared 

after the ‘stand-off’ period (time until a clinical 
status of death is reached). The mandated 
‘stand-off’ time between circulatory arrest and 
commencement of retrieval surgery varies 
from 2 to 20 minutes and obviously has a major 
impact on fWIT. Finally, there is variation 
regarding what postmortem interventions are 
permitted, specifically re-establishment of the 
circulation in situ, which is prohibited in some 
jurisdictions. In jurisdictions that do not permit 
re-establishment of the circulation after death, 
direct procurement of the DCD heart followed 
by normothermic machine perfusion has been 

 
 

 ST VINCENT’S 
(Aus)12 

PAPWORTH 
(UK)13,14 

LIEGE 
(Belgium)15, 47 VANDERBILT16 

Donor age 
group Adult < 55 years Adult < 55 years Adult and 

pediatric Adult < 35 years 

Location of 
WLST 

ICU / Anesthesia 
bay 

ICU or 
Anesthesia bay Operating room Not stated 

Ante-
mortem 
interventions 

None None 

Heparin 

Heparin 
Perfusion 
cannulas 
TEE + Swan-
Ganz 

Sedation 
(Comfort 
care) 

Variable Variable Sevoflurane Variable 

Death 
Circulatory 
arrest:   
2–5 min 

Circulatory 
arrest:  
>5 min 

Arterial BP < 30 
mmHg  
Circulatory 
arrest: > 5 min 

Circulatory arrest: 
2–5 min 

fWIT <30 min after 
SBP < 90mmHg 

<30 min after  
SBP < 50 
mmHg 

Not Stated* <35 min after 
SBP < 50mmHg 

Post-mortem 
interventions 

Cold flush (direct 
procurement) 

NRP OR Cold 
flush NRP NRP 

Graft 
retrieval DP-NMP 

DP-NMP, NRP-
NMP for distant 
retrieval 

NRP-SCS (co-
located, or 
interhospital 
transfer) 

NRP-SCS for 
distant retrieval NRP-SCS (co-

location) 
*Expected fWIT <30min; DP-NMP=Direct procurement followed by normothermic machine perfusion; 
fWIT=Functional warm ischemic time; ICU=Intensive care unit; NRP=Normothermic regional perfusion NRP-
NMP=Normothermic regional perfusion followed by normothermic machine perfusion; NRP-
SCS=Normothermic regional perfusion followed by static cold storage; SBP=Systolic blood pressure; 
TEE=Transesophageal echocardiogram; WLST=Withdrawal of life sustaining treatment. 

 
Table 45-2. Current published DCD retrieval protocols for retrieval of the adult DCD heart 
highlighting variability between centers due to regional differences in legislation (adapted 
from Crespo-Leiro et al.45)
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the technique that has allowed successful 
transplantation of DCD hearts (Figure 45-2).48,49

In jurisdictions that permit reestablishment 
of the circulation after death, thoracoabdominal 
normothermic regional perfusion after isolation 
of the cerebral circulation has allowed 
resuscitation and functional assessment of 
the DCD heart in situ prior to retrieval and 
transplantation (Figure 45-2).13,15,16,47 The 
procurement techniques are outlined below.

Direct procurement followed by ex situ 
normothermic machine perfusion: Following 
sternotomy, blood is rapidly drained from 
the right atrium via a large bore cannula into 
a collection bag containing heparin. More 
recently, tirofiban has been added to the 
collection bag to prevent platelet activation.50 
This blood is used to prime the ex situ perfusion 
circuit. Cold preservation solution is then 
administered, terminating the fWIT. The heart 
is excised and connected to the normothermic 
machine perfusion device (OCS, TransMedics, 
MA, USA), after which ex situ normothermic 
perfusion is commenced. Cardiac viability is 
assessed from a combination of perfusion and 

metabolic parameters including myocardial 
lactate extraction.41, 48

In situ thoracoabdominal normothermic 
regional perfusion followed by machine 
perfusion or static cold storage: Following 
sternotomy and crossclamping of the head 
and neck vessels (sometimes in combination 
with either open or active drainage) to prevent 
recirculation to the brain, thoracoabdominal 
normothermic regional perfusion using ECMO 
is instituted.13,51 The fWIT ends with the 
resumption of circulation with oxygenated 
blood via the ECMO circuit. Following a period 
of ECMO perfusion, the heart is weaned from 
support and its function assessed in situ. The 
Papworth group initially transported the DCD 
heart using the Transmedics OCS; however, 
they and more recently others have reported 
successful transport of DCD hearts using static 
cold storage.14-16,46 

Whether one technique is better than the 
other remains to be adequately studied. If 
in situ reanimation followed by static cold 
storage demonstrates noninferior outcomes to 
direct procurement with ex situ normothermic 

Figure 45-2. Schematic of ECMO-Assisted Cardiac Graft Retrieval Protocols.
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perfusion, it may be preferred in jurisdictions 
that permit thoracoabdominal normothermic 
regional perfusion due to the ability to study the 
reanimated heart in situ and lower cost since the 
transport machine will not be required.

Ethical and Legal Considerations in NRP 
DCD Donation

The processes of death determination and 
subsequent organ recovery should be guided 
by established protocols and uphold ethical 
and legal requirements. A recent Consensus 
Statement, drafted by a working group of the 
European Society of Organ Transplantation, 
details the minimal ethical, logistical, and 
technical requirements that form the foundation 
of a safe and effective NRP program.31 As NRP 
is an integral part of DCD procedures, DCD 
ethical considerations apply, keeping in mind 
that compliance with national, professional, 
and institutional guidelines is essential and may 
further direct ethical discussions.31,52-55

It is fundamental that NRP procedures are in 
accordance with the DDR. As such, the definition 
of circulatory arrest and determination of death 
should be performed according to medical, 
professional, and national standards.31,56-58 
From an ethical viewpoint, the definition of 
death in DCD settings is generally accepted 
as the permanent rather than the irreversible 
cessation of circulation.59-65 ‘Permanent’ means 
that no efforts are made to restart circulation 
and autoresuscitation is no longer possible. This 
point is commonly accepted to be achieved after 
5 minutes of continuous apnea, circulatory loss, 
and unresponsiveness, but in some countries, 
legislation requires a longer observational 
period.63 

In NRP-settings, ‘permanent’ has an 
additional dimension, since NRP restores 
circulation to a limited vascular region.51 Brain 
reperfusion would negate permanence, and any 
NRP technique needs to ensure brain reperfusion 
does not occur.66-68 Technical adaptations to 

the NRP procedure have been proposed,51 
but the debate on if and how to safeguard the 
criterion of cessation of circulation continues.69 
Transparent protocols, in accordance with the 
latest standards in medical care, are needed.31 

ECMO-assisted DBD Organ Donation

In addition to maintaining circulation 
after cardiac cessation in DCD, ECMO can 
also be used to support brain dead donors that 
have severe cardiac or pulmonary dysfunction, 
including cardiopulmonary arrest that occurs 
before the team is assembled to recover organs.6 
While this is an unusual indication for ECMO, 
it may allow organs to be recovered in a setting 
where recovery of viable organs would have 
been otherwise impossible. In this situation, the 
aortic occlusion balloon can be omitted to speed 
up placing the donor on ECMO since there is 
no need to avoid blood flow to the coronary and 
carotid arteries. In this case, it is important to 
note the following:

ECMO effect on drug pharmacokinetics:70 
Patients on ECMO have an increased volume 
of distribution, decreased drug metabolism, and 
decreased excretion secondary to multiorgan 
failure, which affects agents such as sedatives 
and neuromuscular blockers (Chapter 49). 
These factors may lead to residual drug effects 
and potential confounding if insufficient time 
or interventions (eg, dialysis) are provided 
for clearance. Therefore, extra time and the 
therapeutic drug monitoring may be required to 
exclude drug effects prior to determination of 
death in patients on ECMO. In addition, the use 
of antagonizing agents becomes an alternative 
when time is limited, or drug assays are not 
available. In case of a potential drug effect, any 
ancillary test must be performed in addition to 
clinical examination.

Apnea test on ECMO for brain death 
determination: ECMO rapidly and efficiently 
clears CO2. Therefore, ECMO settings need 
to be modified to ensure adequate increase 



588

Chapter 45

of CO2 while maintaining normoxemia. This 
is achieved by decreasing the sweep gas flow 
to the membrane lung (ML); however, at 
very low flows hypoxemia and hypercapnia 
may occur without significant acidemia if 
the pH is normalized early in the process. In 
addition, patients on VA ECMO require special 
attention to the location of arterial blood gas 
sampling, since not all vascular sites necessarily 
reflect cerebral blood composition. The 
following interventions need to be considered 
to successfully perform an apnea test on ECMO:

 
•	 Collect baseline blood gases from both 

peripheral cannula and post ML, 
•	 Observe patient respiratory efforts (lower 

chest and abdomen) because any respiratory 
efforts preclude neurologic death,

•	 Set ML sweep gas FsO2 to 1.0,
•	 Adjust ECMO blood flow to ensure SpO2 

>92% during apnea testing,
•	 Reduce sweep gas to 0.5-1 L/min to induce 

hypercapnia (adding 5% CO2 may be 
required),

•	 Disconnect patient from the ventilator,
•	 After 5 min, obtain blood gases to ensure 

that CO2 is rising and modify sweep gas 
flow or CO2 concentration as needed,

•	 Repeat blood gases every 5-10 minutes 
until thresholds have been met (PaCO2 
>60 mmHg, rise in PaCO2 >20 mmHg, 
pH <7.28),

•	 Once the apnea test is completed, return to 
baseline ECMO parameters.

When Patients on ECMO Become Donors

Finally, it is important to note that some 
patients on ECMO can become DBD or DCD 
donors. As mentioned previously, following 
specific protocols to maintain the legal and 
ethical definition of death is critical. If the 
ECMO patient meets DBD criteria after 
following the steps for the definition of death 
described above, it is our experience that ECMO 

support continues in a classical way throughout 
the donor surgery. When the retrieval team is 
ready, cold organ flushing is started via the 
existent ECMO arterial cannula. If the ECMO 
patient meets criteria for DCD, then ECMO 
supports must be stopped during WLST to 
assure determination of circulatory death as 
previously described. Once death is determined, 
several approaches have been used: 1) a sterno 
laparotomy is performed and the descending 
aorta is clamped above the diaphragm followed 
by flushing of the abdominal organs via 
the ECMO cannulas; 2) placement of an 
intravascular balloon (thoracic aorta) via the 
femoral artery cannula or the femoral artery to 
avoid cerebral perfusion, then restarting ECMO 
during NRP until organ procurement, aiming 
to minimize fWIT; 3) a sternotomy or sterno 
laparotomy with clamping of the thoracic aorta 
is an alternative means before starting NRP.
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Transport

David Zonies, Cara Agerstrand, Erin August, Mackenzie R. Cook, Bernadette S. Elliott, 
Ahmed Labib, Demetris Yannopoulos

History

Transport of patients supported with ECLS 
dates to the 1970s when Dr. Robert Bartlett and 
colleagues described the interhospital transport 
of two pediatric patients.1 In the decades that 
followed, both ground and air transport of 
ECLS-supported patients has been utilized 
by select centers globally, with the bulk of 
early experience originating from several 
medical centers in the United States, Sweden, 
France, Germany, and Taiwan.2-11 Neonates, 
pediatric, and adult patients receiving ECLS 
for both respiratory and cardiac support have 
been successfully transported, with survival 
outcomes comparable to the ELSO Registry and 
patients not requiring interinstitutional ECLS 
transport.4,8,9,12,13 

As ECLS has become increasingly 
incorporated into management strategies for 
patients with severe cardiopulmonary failure 
and ECLS equipment has become more 
compact, lightweight, and mobile, the number 
of centers conducting ECLS transport has 
increased. The influenza A (H1N1) pandemic 
of 2009 and the coronavirus disease 2019 
(COVID-19) pandemic have further promoted 
the expansion of ECLS transport, with the 
establishment of regional and national referral 
networks and the goal of increasing access to 

ECLS and improving outcomes for the most 
critically ill patients.13-15

Outcomes of Transport

Transport of critically ill patients on 
multiorgan support presents unique challenges 
and can be associated with morbidity and 
mortality. To address this issue, professional 
organizations, including ELSO, have issued 
specific guidance for transportation of the 
critically ill patient.16 A dedicated transport 
team utilizing specialized equipment improves 
quality of transport of extremely sick patients 
with cardiorespiratory failure.17,18 Outcomes of 
transport on ECLS can be described in terms of 
safety and efficacy. Several single-center reports 
spanning the last two decades suggest transport 
on ECLS is safe and feasible.4,7

Recent multicenter systematic reviews offer 
the advantage of large sample size, varying 
transport platforms, team composition, and 
cannulation protocols while still demonstrating 
infrequent complications and very rare transport-
associated fatalities. Javidfar demonstrated a 

“safe mobile ECLS culture” after reviewing 
110 mobile ECLS missions during the peak 
of COVID-19.19 Good clinical outcomes 
after transport have been widely described. 
Interestingly, outcome is occasionally better 
in those patients who have ECLS implantation 
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at a referring facility, often perceived to be 
a less familiar and potentially less equipped 
environment.20,21 

Transport System Models of Care

Patients who are cannulated at a referral 
hospital by the ECLS transport team and 
subsequently returned to the ECLS center are 
referred to as a primary transport. Patients who 
are successfully placed on ECLS at an outside 
hospital and then transferred by a transport team 
are referred to secondary ECLS transport. In 
addition to traditional primary and secondary 
ECLS transport, patients with ECLS may be 
transported between hospitals (interhospital) 
or within the same center for therapeutic 
and/or diagnostic purposes (intrahospital). 
The overriding priority at all times is patient 
and medical personnel safety. Whatever the 
indication, distance or duration of transport, 
the same principles and preparation must be 
followed. Logistics of transportation can be 
categorized under the following: equipment 
(essential and optional), manpower, and 
platform.

The most  common indicat ion for 
transporting a patient supported with ECLS 
is the need to move a patient from a center 
that does not provide ECLS, or which does 
not have the means to provide care beyond 
initiation of ECLS to an established ECLS 
center. Mobile ECLS services available 24/7 are 
needed to provide effective logistics and reliable 
infrastructure for patient safety.22 ELSO has 
assisted in providing foundations and resources 
to ECLS transport centers, as well as centers 
looking for ECLS support by means of ELSO 
transport guidelines and the ELSO website 
member directory.

Transport mode, team composition, required 
life support devices, and patient weight can all 
limit patient movement options. A larger team 
can be transported by ground because it is the 
least restrictive. Flight options will be limited 

by space and weight, with rotor wing being 
the most restrictive. It is critical for the team 
to understand these limitations when decisions 
are made. Current ELSO transport guidelines 
recommend ground transport up to 400km 
(250-300 miles), rotor wing for distances up 
to 650km (300-400 miles), and fixed wing 
for further distances. It is also important to 
remember that with fixed wing transport, 
additional ground transport will be required. 

The most established transport system is 
one that uses a hub (the ECLS center) and 
spoke hospital model. The hub ECLS center 
is typically a quaternary cardiopulmonary 
care center. Spoke hospitals can widely vary 
depending on the resources available. Care 
agreements for receiving patients after ECLS 
has been removed are in many cases necessary 
due to the ICU bed constraints in most large 
centers. Those agreements need to be in place 
for smooth operations and collaboration to be 
successful.

Transport Team Composition 

ECLS transport team composition is 
based on various factors, including whether 
patients are initially placed on support by 
the team (primary transport), already on 
support (secondary transport), and overall 
team expertise. Safety is the key to a successful 
transport, whether the ECLS center has 
a hospital-based team, partnership with a 
transport service, or uses a third party. Common 
team compositions include any of the following: 
surgeon, intensivist, operating room nurse, 
operating room technician, perfusionist, ECLS 
specialist (RN), respiratory therapist, and 
ICU RN. Space and weight restrictions on 
aircraft or an ambulance will influence these 
options. The minimum required personnel 
include a cannulator with ECLS experience 
(eg, surgeon/intensivist) and ECLS specialist 
(eg, ECLS trained nurse or respiratory therapist). 
If using a third party, it is recommended to 
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verify a cannulating physician’s credentials 
and privileges. In the United States, this may 

vary based on the state you are in or look to 
transport from. 

Team members may be exchanged or 
omitted based on partnerships with EMS/flight 
teams who have flight RNs and paramedics as 
required for modality safety standards of all 
crew members on board. In many cases, the 
flight team (nurse/paramedic) complements 
the ECLS team and can manage the ventilator 
and infusion pumps, permitting the ECLS team 
to focus on ECLS specific tasks.23 In a high-
stakes environment, procedural checklists, team 
pauses (eg, “time-outs”) are essential to ensure 
high quality care (Figure 46-1). It is highly 
recommended to be as regimented as possible 
when mobile.3,24

Indications and Contraindications for 
Mobile Transport

The utilization of a mobile ECLS team 
to facilitate initiation of ECLS for patients 
in need can be broadly implemented within 
healthcare systems that have shared care 
agreements and established collaborations. 
Once communications are established between 
the referring center, the ECLS center and the 
accepting ECLS critical care physician, a decision 
of whether a patient needs to be transferred for 
ECLS cannulation at the accepting facility or a 
team needs to be dispatched to initiate ECLS 
support followed by transport needs to be made. 
For those decisions to be made efficiently, 
institutional and interprofessional trust needs 
to be established in order to optimize care and 
outcomes for individual patients. 

The main variable for the decision and 
timing to transfer a patient with or without 
ECLS support is their overall severity of illness 
and prediction of clinical deterioration with 
high risk of death without ECLS. Along with 
clinical indications, transport complexities such 
as mode (air vs. ground), weather, traffic and 
team expertise are equally important. 

� Referral intake form completed

� Criteria met to accept (2 physi-

cian agreement)

� Activation declared and commu-

nicated to referring and transfer

� Ground/Flight Service activated

� Equipment checklist verified

� Emergency Privileges obtained 

at referring facility (sent emer-

gency packet)

� Pre-arrival equipment/supplies 

sent to referring

� Patient re-assessed and deter-

mined to remain candidate?

� Patient devices secured prior to 

transport

� Leave ECMO documentation 

with families

� Obtain family contact informa-

tion for updates

� Notify receiving facility of 

estimated arrival time and any 

special equipment needs

Figure 46-1. Example transport team 
checklist.
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The decision whether to send a team to 
cannulate or not depends on the indications. 
In general, pulmonary ECLS support for 
most causes can be initiated after transporting 
the patient to the receiving ECLS center. 
These patients are partially supported with 
ventilatory strategies that allow for some 
period with adequate support. The same is 
true for patients that are slowly progressing 
with cardiopulmonary failure needing ECLS 
support if they are identified early. Patients 
with severe cardiogenic shock and cardiac 
arrest are in general supported first with 
ECLS and subsequently transferred due to the 
unpredictability of their clinical course. In those 
patients, death can be imminent with complex 
arrhythmias and circulatory and respiratory 
collapse that cannot be effectively treated 
enroute with standard less invasive therapies.

When selecting patients for mobile ECLS, 
the most common contraindications are those 
discussed elsewhere in this book for ECLS 
support. Clinical contraindications may be 
evident prior to transport dispatch, and it is 
also possible that between the time of dispatch 
and team arrival at the referring hospital, 
there is sufficient clinical change such that 
ECLS support is no longer appropriate. The 
ECLS transport team must possess sufficient 
expertise to recognize this clinical change and 
communicate compassionately and effectively 
with the referring team and the patient’s family. 
An important consideration in mobile ECLS 
support is that some patients, if they were 
physically located at the receiving institution, 
would not require ECLS support but are too 
unstable for transport to the receiving facility 
without ECLS.25,26  

The decision to activate a mobile ECLS 
team should also include the physical and 
human resources of the receiving institution. 
These patients can be incredibly resource-
intensive and lack of available resources to care 
for them is an increasingly common problem 
in the COVID-19 era.27 Physical and human 

resource contraindications may be partially 
mitigated with proactive sharing of regional 
resources among a number of ECLS capable 
centers.28,29

An additional contraindication that must be 
considered in mobile ECLS is the availability 
of a safe transport solution. While often not 
directly the purview of the clinical team, close 
coordination with transport logistics and an 
understanding of available transport options is 
essential. The pilots, drivers, transport nurses, 
and technicians represent equal stakeholders 
who may risk violation of duty hours, crew rest, 
and expertise in particular airframes that can 
accommodate the patient. A close relationship 
with the logistical partner of the ECLS transport 
team can help predict and mitigate these barriers 
and it behooves the mobile ECLS team to recall 
that safety in the air and on the road should 
always be the team’s primary concern.

Mobile Transport Equipment

Equipment should be standardized with 
few optional aspects only based on specific 
limitations. For example, a nonessential item may 
be excluded based on the particular case, weight 
restrictions, distance, and team composition. 
Minimal requirements include a pump, circuit 
power cables, cannulas, and ancillary supplies 
required for ECLS cannulation and emergencies 
(Figure 46-2a,b). Assuming the flight service 
supplies standard ACLS equipment, devices 
including a monitor, defibrillator, ventilator, 
infusion pumps, portable ultrasound, circuit 
device warmer, near-infrared spectroscopy 
or alternate perfusion monitoring may not be 
required from the ECLS team. Redundancy 
should be carefully considered for essential 
items to prevent transport failures and mitigate 
emergencies in the event of malfunction.

Most transports will occur with a local EMS 
agency (air or ground). Initial and ongoing cross 
training is essential for a highly reliable team. 
For flight operations, most services require 
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annual flight safety updates. This also gives a 
good opportunity for the ECLS team to become 
more comfortable with equipment and resource 
locations. Specifically, teams should become 
familiar with vehicle configuration, power and 
oxygen capacities, and weight limitations for 
aircraft. Ground vehicles often provide larger 
working areas and team comfort, at the cost 

of time in transit. Aircraft afford faster travel, 
but at the cost of space and weight capabilities. 
Fixed wing transport incurs additional loading 
and unloading risks, as well as additional patient 
movements.

Team Training

Team training and provider education 
for a successful mobile ECLS program 
should be designed around avoiding common 
complications, preparing for known challenges, 
and creating a team capable of managing 
unforeseen events (Chapter 54). Building a 
mobile capability into an established ECLS 
program that provides in situ ECLS support 
allows the nascent transport program to draw 
upon significant institutional experience.28 If 
possible, this is the preferred approach rather 
than creating a de novo transport program. 

While there are no established standards 
for mobile ECLS team composition, in order to 
meet these challenges, the mobile ECLS team 
members should be among the most experienced 
in the group.7,30,31 Experience with cannulation 
and initiation as well as clinical management 
and troubleshooting gained at the bedside in 
the home institution is invaluable when on a 
mobile ECLS run. Specific credentialing may 
be considered for physicians to provide mobile 
ECLS care.

A standardized approach to mobile ECLS 
eases the cognitive load upon transport team 
members. Development and implementation 
of institutional checklists and clinical practice 
guidelines is advisable. The ELSO guidelines 
on safe ECLS transport include examples 
of checklists to be run prior to departure for 
transport to and from the referring hospital.25

When training the team, it is important 
to consider that cannulation will frequently 
occur at the bedside in the referring ICU with 
limited or no access to fluoroscopy. A dual-
site cannulation approach for VV ECMO, 
with sonographic confirmation of guidewire 

Figure 46-2. a) ECMO transport equipment. 
Backpack with supplies, cannula carrying 
case, ECMO pump, and ECMO circuit; b) 
Multicompartment ECMO backpack for 
transport.
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positioning and cannula position supported by 
plain radiography may be the most versatile, 
and therefore preferred, strategy.3,22,28,32,33 
Cross training of nurses and ECLS specialists 
to assist with cannulation may also allow for 
smaller transport teams, potentially improving 

response time and extending the practical range 
for mobile ECLS retrieval. 

Particularly when growing a transport 
program, institutional and individual experience 
with mobile ECLS can be rapidly expanded by 
bringing extra team members on transports as 
observers.28 It is advisable to only add members 

 

ELSO Clinical Intake Form: ECMO Referral for Transport 

Patient Information Form (ECMO Referral) 
 

 
• Patient location (Hospital, City, State, Unit/Bed #): 
 
• Requesting provider: 

 
• Call back phone number:  

 
• Is family aware of potential for ECMO? Yes/No (circle one) 
 
• Consent/assent obtained, by whom? 
 
• Admission diagnosis:  

 
• Mode of ECMO Support:    
 
• Brief patient history (working diagnosis, past medical history, reason for ECMO, etc.): 

________________________________________________________________________________________________________
________________________________________________________________________________________________________
_____________________________________________________________________________ 

Current and admission weight:  
Height:  
Chronic renal failure? Yes/No (circle one) 
Dialysis? Yes/No (circle one) 
Acute renal failure? Yes/No (circle one) 
Active bleeding? Yes/No (circle one)  If yes, where? 
Requiring transfusion Yes/No (circle one)  
Current continuous medications:   
Current neurological status:      
 
Latest laboratory results 
WBC:     Na:        ALT:    INR:       
HGB:     K:     AST:                 PT: 
Platelets:   Urea   Total bilirubin:          APTT:       
Fibrinogen:     Creatinine:   Albumin:     Glucose:  
Lactate:       HCO3:                 LDH:      Pregnancy test: 
Procalcitonin:   Blood type:  (please have 2 units PRBC available.)    
 
Latest ABG 
pH:  
pCO2:  
pO2:  
Base excess: 
 
Chest X-Ray 
Findings:  
 
 
ECHO 
Ejection fraction:  
Aortic Valve status:  Mitral Valve status:   Pericardial effusion? Yes/No (circle one) 
CT Head:   CT Chest/Abdomen:   
 

Latest Vitals 
HR:  
ABP:  
Resp:  
SpO2:  
Temp:  

Ventilator settings 
Date of intubation:  
Mode:  
FiO2:   
PEEP:  
When was the FiO2 last < 60%?  
 

I/O status 

Last 24 hours  

Since admission:  

Nutrition: 

Date/Time: 
Patient Name: 
Patient Health Number: 
DOB: 
Admission date: 
 
 Flu positive? Yes/No (circle one) 
Viral panel:  
COVID-19? Yes/No (circle one) 

Cardiac arrest this admission? Yes/No (circle one) 
Trauma? Yes/No (circle one) 
Surgery/type/date: 

Figure 46-3. ECMO referral intake form.
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with prior ECLS experience to the mobile team, 
to allow them to build upon baseline knowledge 
and skills as they adapt to the challenged of 
mobile ECLS. Routine case reviews should 
be undertaken by the whole mobile ECLS 
group (regardless of the presence or absence 
of complications) to accelerate knowledge 
acquisition, spur process improvement, support 
team learning, and speed the onboarding of new 
members.28,34  

High fidelity simulations with group 
debriefs likely have a similarly important role 
in building, maintaining, and expanding an 
effective mobile ECLS team. Well-constructed 
high fidelity simulation events will help 
experienced and new team members develop, 
test, and implement the behaviors and skills 
necessary to respond to the challenges of an 
ECLS transport.28,34-38 In a high functioning 
system, complications and challenges identified 
during debriefings can be added into the high-
fidelity simulation events to improve future 
team performance.

Transport Considerations

Receiving referrals should be a streamlined 
process for efficiency with standardized criteria 
and intake data collected for decision making 
of acceptance or declination for candidate 
patients (Figure 46-3). Gathering candidate 
information from more than one source of the 
referring team can save valuable hours of travel 
to a patient who is not a candidate for ECLS 
but was accepted without a comprehensive 
understanding of status and comorbidities. The 
type of support should be determined from 
the outset so all key stakeholders participate 
in the referral (eg, VA ECMO may require a 
shock team or cardiac surgeon; VV ECMO may 
require an intensivist). Best practice includes a 
detailed discussion on a recorded transfer center 
phone line whether the patient is accepted or 
declined. Multifactorial considerations are 
made for each accepted transport, to include 

resource allocation, physiologic status, unit 
census, facility, and team capacity. The decision 
of acceptance or declination often requires 
concurrence of two or more providers to 
ensure patient selection consistency. Once a 
patient is accepted, best practice also includes 
sending the referral center a document outlining 
expectations and necessary standard equipment 
that should be available at bedside prior to the 
team’s arrival (Figure 46-4). This document can 
include the availability of consenting persons 
for transport, the team responsible for obtaining 
consent and contact persons for questions 
or issues incurred as the transport team is 
advancing. Most important for providers is the 
need for emergency privileges. This is usually 
requested through an on-call administrator with 
delegated authority of the hospital medical 
executive board or the chief medical officer. If 
the team is crossing state or provincial lines, 
specific state licensure may be required for both 
providers and nurses. 

Next, the transport team will communicate 
with the transport service to verify mode of 
transport based on availability and projected 
timeline. This should also be communicated to 
the referring center with as much lead time as 
possible. Another best practice is to have basic 
reading material available to be left with family 
or medical decision makers to understand what 
ECLS entails. This literature is helpful as the 
family will process the information on varied 
timelines. 

Once the patient is assessed at the bedside, 
updates are provided by the referring team, 
and the decision is finalized to proceed with 
ECLS, consent should be obtained. Transport 
team members will perform the duties within 
their roles to ensure cannulation equipment is 
prepared and the circuit is primed and ready for 
initiation. Cannulation should not be performed 
until all emergency equipment and cannulation 
equipment are prepared and readily available. 
Postcannulation care should include securement 
of all tubes and lines for movement, transfer 
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to the transport gurney or sled, transition of 
all monitors, ventilator, and infusions to the 
transport team equipment with reassessment of 
patient status throughout (Figure 46-5). 

Prior to departure, the team should permit 
the family to see the patient if possible. The 
receiving team should be notified and updated 

with patient status and estimated time of arrival. 
Documentation of the cannulation and transport 
status throughout should maintain facility 
requirements for post procedure patients and 
unstable critical care patients until settled in 
the ICU (Figure 46-6). 

Referring Checklist ECMO, Rev. Dec, 2021 

ECMO TRANSPORT 

Thank you for your patient referral and the opportunity to serve your patient’s needs. 

What to expect: 

Our team will initiate ECMO at the patient bedside. Cannulas are inserted percutaneously via Seldinger 
technique. For veno-venous (VV) ECMO, we will use a femoral vein and an internal jugular vein or the 
bilateral femoral veins. For veno-arterial (VA) ECMO, we will transition the patient to our ECMO circuit. 

Once ECMO is initiated, support will be titrated to the patient’s pulmonary and cardiac needs. Once stable 
on ECMO, we will begin preparation for transport back to OHSU. However, if there are complications or 
ongoing instability, we may remain at your facility for a few hours before departing. 

Please address the following tasks to expedite ECMO initiation. 

Administrative: 
 Consent: Have the patient’s legal surrogate present or available by phone for consent. 

Ensure the patient’s family knows that their loved one is being considered for ECMO and that our team 
will reach out to them for consent. We will provide an overview of ECMO including a discussion regarding 
risks and benefits.  

 Emergency Credentialing:  Provide our physician with contact information and email of credentialing 
office, administrator on call, or chief medical officer to request emergency privileges.  We will send a 
privilege packet over for review and approval.   

 Medical Records: Have patient chart and medical records available (including H&P and most recent notes, 
labs, and imaging). 

Patient Preparation: 
 Reverse coagulopathy ensuring hemoglobin >7.0 g/dL, platelets > 100K, and INR < 2.0. 
 Ensure an arterial line is in place. 
 Place and verify central lines for medications if not already in place. 
 Current labs available:  

□ Current Type and Screen
□ CBC
□ Coagulation panel
□ ABG

ICU Preparation: 
 Clear room of non-essential equipment. 
 Clear a space behind the head of the patient placing the ventilator and all pumps to one side. 
 Have ultrasound machine and two bedside tables in the room. 
 Have one bedside table outside the room 
 Have crash cart with defibrillator outside the room.  
 Have a norepinephrine infusion available. 
 Have one liter crystalloid bolus primed and in a pressure bag inside room 
 Four units of PRBC/FFP prepared and ready, but do not need to have at bedside.   

Personnel: 
 Please have someone to meet the ECMO team on arrival and escort them to the patient. 

We will bring personnel and equipment to place the ECMO cannulas and operate the pump. We will rely on 
your facility for bedside nursing, respiratory therapy, radiology, and other support. 

Figure 46-4. Prearrival checklist provided to referring institution.
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The ECLS team should communicate 
their needs with the transporting crew to 
plug equipment into either an ambulance or 
aircraft power supply. This assures that power 
requirements are met, and fire risk is minimized. 
Power inverters or transformers on ground or 
air transport in the USA are usually supplied 
to convert current from 115V/400 Hz to 60 Hz 
standard power. Specific to air medical transport, 
ECLS equipment and monitors should be 
verified to be compliant via airworthiness 
certification. This provides a measure of safety 
for both the aircrew, team, and patient. The 
ECLS team must verify that equipment does 
not generate radio interference with any aircraft 
navigation or communication systems. Finally, 
power requirements must be verified, especially 
as some peripheral ECLS equipment can draw 
significant power (eg, high amperage heater-
cooler devices). Having a datasheet with all 
equipment listing power requirements (voltage 

and amperage) readily available will assist the 
transport team. 

Oxygen capacity is a critical issue during 
ECLS transport. In most cases, sufficient oxygen 
supply is available from on-board medical 
aircraft or ambulances. However, one must be 
prepared for unexpected delays (eg, patient, 
weather, etc.) and have an understanding of 
oxygen consumption and cylinder capacity for 
both the ECLS circuit and ventilator. Simple 
calculators are available on-line to make such 
calculations once the team knows the types of 
oxygen cylinders, transport time estimation, 
and flow rates. It is imperative to verify that 
cylinders are fully charged with enough capacity 
for 150-200% requirements.39 If the transport 
crosses international borders, ensure that the 
correct electrical and gas adapters are carried.

Special Physiologic Concerns during 
Transport

Transport transitions add additional risk to 
the ECLS patient. Transfer between the facility 
and ambulance, ambulance to ambulance, and 
ambulance to aircraft puts patients at risk of 
hypothermia, especially in colder climes and 
in small children. Hypothermia can lead to 
coagulopathy and may be associated with worse 
clinical outcomes. Significant effort should be 
made to assure both external (blankets) and 
central warming (heating bath) adjuncts when 
available for adults, children, and neonates. 

Additional stressors of flight exist during 
ascent and descent. The team should be aware 
of the effects of acceleration and deceleration 
during critical moments of flight which may 
contribute to temporary venous insufficiency to 
the circuit and pump. As previously mentioned, 
the risk of hypothermia increases with increased 
altitude and should be closely monitored. 
Similarly, during long distance transport, 
insensible fluid losses increase due to lower 
humidity and partial gas pressure at altitude. 
Similarly, based on Boyle’s law, gas volume will 

Figure 46-5. Patient secured to transport 
stretcher with ECMO pump. Tubing should 
be long enough to maneuver around the 
patient. 
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expand at altitude so gas filled spaces should 
be decompressed for safety. This includes 
gastric decompression if not already completed. 
Although Dalton’s law stipulates a more 
hypoxic environment with increasing altitude, 
it is negligible for patients on ECLS support at 
typical 5000-8000’ cabin altitude pressure. 

Mobile ECLS Complications

The technical, hemorrhagic, thrombotic, 
and infectious complications associated with 
ECLS cannulation and long-term support 
do not appear to be significantly different in 
patients who have ECLS initiated prior to or 
after transport and are addressed elsewhere 

 

hjjjj 

Figure 46-6. Transport medical record documentation.
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in this book (Chapters 6,7,12,16,22,26,33). 
Nonetheless, there are specific mobile ECLS 
related complications that warrant discussion, 
both because they can be prepared for and 
because at least one complication may be seen 
in up to a quarter of all transports.22,24 

Death during ECLS transport is very 
rare and mobile ECLS deaths appear to be 
primarily related to cannulation complications 
and underlying patient illness, rather than 
transport specific etiologies. The most common 
transport specific complication is actually not 
ECLS related but rather sudden ventilator 
failure or airway dislodgement.24,40 Pump 
specific complications are uncommon but can 
be catastrophic if not managed acutely. This 
includes loss of blood flow, air entrainment, 
oxygenator thrombosis, and access site 
insufficiency.24,32 A higher rate of pump 
related complications have been reported 
with fixed-wing transport, likely related to 
the additional loading and unloading from 
ambulance to aircraft that is usually required. 
Pump and ventilator complications during 
transport warrant specific attention during team 
preparation, debriefing, and training due to their 
common occurrence en route, the challenges 
associated with responding to these issues under 
cramped and adverse circumstances, difficulties 
with team communication, and the potentially 
significant patient impact.

Special Circumstances

The COVID-19 pandemic has highlighted 
additional challenges in ECLS transport, 
including the need for an adaptive approach 
to ECLS utilization during surge conditions 
and health system stress (Chapters 53,57,59). 
Pandemic related resource constraints may 
affect ICU bed capacity, the availability of 
ECLS equipment, as well as the number of 
trained personnel. Development of centralized 
networks within healthcare systems, as well as 
regionally and nationally, has been employed to 

optimize resource utilization and increase access 
to ECLS when demand vastly overwhelms 
capacity. 

Components of such strategies may include 
an assessment of local, regional, and national 
ECLS capacity, including ICU beds, ECLS 
circuits, disposable equipment, the alignment 
of ECLS referral and eligibility criteria at 
varying levels of surge conditions, the creation 
of centralized communications and referral 
hubs, coordination of interhospital transport, 
and dissemination of information to hospitals, 
public health, and governmental entities. Such 
systems, ideally in place before surge or crisis 
conditions are reached, may more effectively 
and equitably allocate limited ECLS resources. 

The safety of the ECLS transport team 
must be considered, as well. COVID-19 
adapted ambulances, with the driver ’s 
compartment completely separated from the 
patient compartment and incorporation of high 
efficiency particulate air filters with external 
exhaust systems have been used to mitigate 
viral transmission in the confined space of the 
ambulance.41 Viral and bacterial filters may be 
placed on all mechanical ventilators during 
patient transport. ECLS transport teams should 
have protocols in place for the donning and 
doffing of personal protective equipment, as 
well as for minimizing contamination of the 
ECLS supply bag. A transport route (between 
the ambulance and intensive care unit) should 
be selected to minimize potential exposure to 
others. 
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Introduction

Patients requiring ECLS for severe acute 
respiratory and cardiac failure are frequently 
managed with deep sedation and neuromuscular 
blockers, particularly in the first few days after 
initiation.1 In the case of acute respiratory 
failure, particular attention is given to applying 
a protective lung ventilation strategy which may 
include prone positioning.2,3 As a result of the 
severity of the illness, and the requirement for 
sedation and paralysis, patients managed on 
ECLS often have long periods of immobility 
and bedrest.

The combination of critical illness and 
prolonged immobility have been identified 
as key factors in poor functional recovery in 
ICU survivors. In a multicenter cohort study 
of 222 survivors of acute lung injury, muscle 
strength and physical function were measured 
over two years after the onset of the acute lung 
injury.4 Duration of bedrest during the critical 
illness was the only factor associated with 
the development of prolonged neuromuscular 
weakness.4 Prolonged immobility has been 
associated with physical and cognitive deficits 
that may persist for up to 5 years after the ICU 
stay.5 

Intensive Care unit acquired weakness 
(ICUAW) has been defined as neuromuscular 
weakness that is usually symmetrical, 

predominantly affects the proximal limbs and 
respiratory muscles, develops during critically 
illness, and has no other explanation aside 
from the critical illness itself.6 A number of risk 
factors have been identified for development of 
ICUAW and can be divided into preadmission 
risk factors and factors related to the ICU 
stay.6 Pre-ICU risk factors include age, the 
type and number of comorbidities, frailty and 
the level of independence prior to admission.6 
Risk factors that may be related to the ICU 
admission, and commonly seen in patients 
managed on ECLS, include hyperglycemia, 
sepsis and inflammation, severity of illness, 
prolonged duration of mechanical ventilation, 
and prolonged immobility or duration of bed 
rest.6 

Early rehabilitation in ICU is one strategy 
to mitigate the development of ICUAW and  
improve muscle strength and physical function.7 
The timing of early rehabilitation in ICU varies 
considerably in the literature.7 The rationale for 
starting rehabilitation early is based on the rapid 
physiological deterioration in muscle structure 
and function observed within the first few days 
of an ICU admission.8 

Early rehabilitation in the ICU has been 
shown to be safe and feasible in general ICU 
populations.7,9 In a systematic review and 
metaanalysis of safety of rehabilitation in the 
ICU that included over 7,500 patients and 
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22,000 rehabilitation sessions, the incidence 
of any potential safety events was low (2.6%), 
and very rare (0.6%) for events that required 
additional care requirements.9 A number of 
guidelines have been published recommending 
the implementation of early rehabilitation 
in ICU.10 Factors that have been identified 
that facilitate a culture that prioritizes early 
rehabilitation are leadership including a 
mobility champion, and adequate resources 
and training.11 

In pilot studies and phase II clinical trials, 
patients who receive early rehabilitation in 
ICU have demonstrated improved rates of 
independent functioning at hospital discharge,12 
improved muscle strength,7 earlier liberation 
from mechanical ventilation, reduced rates of 
delirium, shorter length of stay in ICU and 
hospital,12 and more days alive and out of 
hospital at 6 months.7 

In summary, while early rehabilitation in 
general ICU populations has increased, the 
use of ECLS is often associated with periods 
of very prolonged immobility and bedrest. 
This is as a result of deep sedation, respiratory 
or hemodynamic instability, anticoagulation 
and bleeding, cannula position, and fear of 
kinking or dislodging the cannulas.13 Current 
literature shows that in most centers, standard 
care includes minimal active rehabilitation 
during ECLS.

Awake ECLS 

The term Awake Extracorporeal Life 
Support (ECLS) was first coined in the study by 
Fuehner et al. published in 2012.14 The patients 
treated with this strategy were described as 
awake and liberated from mechanical ventilation, 
which led to proactive involvement in physical 
therapy (PT). Therefore, the milestone of 
this strategy is embedded in the concept of 
a patient being extubated and cognitively 
alert.15-31 Initially, the respiratory status eligible 
to commence an awake strategy is defined 

as “spontaneous breathing.” The elasticity of 
this concept evolved since the early days of 
ECLS and has allowed for a wider inclusion 
of different practices: patients are considered 
involved in an awake ECLS strategy, despite 
being still supported with invasive mechanical 
ventilation through an endotracheal tube or a 
tracheostomy. This concept allowed for a shift 
in prioritizing the focus in the awake ECLS 
approach away from extubation towards the 
cognitive state of the patient, which has further 
promoted early rehabilitation to restore function. 
The use of a sedation scale to assess the patient’s 
level of alertness or agitation may optimize the 
weaning of sedation. The Richmond Agitation 
Sedation Scale (RASS),13,20,21,32,33 the Riker 
Sedation Agitation Scale (SAS),34 and the 
Ramsay Sedation Scale26 are the most common 
assessment tools reportedly used to assess 
awake status.

A third element particular to the awake 
ECLS strategy is early rehabilitation and 
mobilization. The aim is to achieve ambulatory 
status to maintain and improve patients’ motor 
function and nerve function.35-40 In patients 
bridging to transplant (BTT), ambulatory 
status has been associated with a reduction 
of secondary complications and an improved 
overall success of the procedure, including 
survival.15,41,42 As such, ambulation during 
ECLS in patients who are BTT is widely 
supported to improve outcome.27,29,43-46 

There is increasing literature that supports 
the benefit of ICU rehabilitation for patients 
receiving ECLS. In a small, multicenter, pilot 
randomized trial, Hodgson et al reported a higher 
level of functional independence at hospital 
discharge for those survivors who participated 
in early mobilization and rehabilitation when 
compared to patients receiving standard 
care.6 Participation with physical therapy 
was associated with higher level of function 
and activity tolerance to either be discharged 
home (24%) or to acute rehabilitation centers 
(69%).32 However, as this was a small pilot 
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trial, these results are preliminary and need to 
be considered hypothesis generating. There are 
no large, randomized trials to confirm the safety 
and benefit of early rehabilitation of patients 
during ECMO. Further trials are in currently 
in progress (ClinicalTrials.gov Identifier: 
NCT05003609).

In a retrospective cohort study in Toronto in 
2017, after controlling for clinical baseline and 
severity of illness, it was reported that patients 
receiving physical therapy while receiving 
ECLS had 42% lower ICU mortality than those 
who did not receive therapy.34 Similarly, in a 
small retrospective study of patients cannulated 
in the right internal jugular vein with VV 
ECMO, Boling et al reported a greater survival 
rate at time of hospital discharge for patients 
who achieved ambulatory status (12/18, 67%) 
when compared to all ECMO patients (45%).15 
In a systematic review including over 300 
patients, rehabilitation during ECLS was 
associated with a decrease in duration of 
mechanical ventilation, ICU days and cost.47 
Finally, Bain et al., in a retrospective study in 
2016 that compared hospital cost for patients 
who achieved ambulation status while on ECLS 
vs. a nonambulatory group, found there was a 
22% reduction in total hospital costs and 73% 
reduction in post-transplant ICU cost in the 
ambulatory ECLS group.48 

Barriers to Early Mobilization 

In a recent scoping review of early 
rehabilitation of patients during ECLS, 
facilitators and barriers were identified in 69 and 
29 studies, respectively.13 The most common 
facilitators were upper body cannulation, 
weaning sedation, and having a multidisciplinary 
team with expertise in ECLS management. The 
most common barriers to early rehabilitation 
during ECLS were the use of heavy sedation 
and medical instability.13 

Other barriers to early mobilization in 
patients receiving ECLS for ARDS include 

the concerns of patient-self-induced lung 
injury (P-SILI). ARDS patients usually have 
a high respiratory drive, even with values of 
PaO2 and PaCO2 normalized by the ECLS 
system.49,50 This is due to the stimulation of 
lung mechanoreceptors by the inflammation 
itself, leading to an intense and profound 
inspiration that may further damage the alveoli 
and other structures due to a huge increase 
in transpulmonary pressure. During the first 
phases of ECLS support (24-72 hours), the 
lung injury induced by the ventilator must be 
minimized and P-SILI must be avoided. In later 
phases, sedatives and neuromuscular blockers 
should be titrated down and withdrawn. In this 
phase, the intensity of breathing should be 
monitored, for example by esophageal pressure 
monitoring.51 Some centers use low doses 
of neuromuscular blockers to minimize the 
transpulmonary switch.52 Studies with animal 
models are currently exploring ways of blocking 
the neural networks.53 

Initiation of Early Rehabilitation and 
Mobility 

Table 47-1 provides an example of a 
checklist for rehabilitation and mobilization of 
patients during ECLS. Rehabilitation begins 
with a thorough review of the electronic 
medical record with a focus on understanding 
the underlying medical condition leading to 
the need for ECLS support, the hospital course 
including ECLS, mechanical ventilation 
support, vasoactive and ionotropic infusions, 
level of sedation, nutritional status, and 
laboratory findings. The therapist is looking 
for stable hemodynamics without increasing 
doses of medications or changes in arterial 
blood gases, and stable ventilatory settings if 
present, especially FiO2 and PEEP levels. The 
therapist should verify with the critical care 
team that the cannulas are correctly positioned 
and are secured with no frank bleeding. Nursing 
staff should review the flow at rest and with 
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basic procedures (such as repositioning in bed 
and washing). Finally, the therapist should 
verify the level of sedation and the presence 
of any neuromuscular blockers. If the patient 
is moderately or heavily sedated (eg, the 
RASS is less than -2), the critical care team 
should discuss if the sedation can be lightened 
so the patient can actively participate in 
rehabilitation.32,54 

The patient supported on ECLS who is orally 
intubated should be able to participate in active 
rehabilitation and mobilization. In general, 
patients who are orally intubated may be more 

anxious and uncomfortable and will require 
reassurance from the healthcare team and they 
may require anxiolytics before mobilization. 
If the patient is undergoing a weaning trial on 
the ventilator, rehabilitation may be hindered 
if weaning is occurring concurrently due to 
increased oxygen consumption. Sufficient 
ventilatory support needs to be maintained to 
allow functional progression without increasing 
the risk of cardiorespiratory compromise and 
undo stress and anxiety to the patient. In this 
case, the healthcare team need to discuss and 

 
Pre-Rehabilitation 
Planning 

·    Identify potential candidates for rehabilitation early 
·    Confirm candidates for rehabilitation amongst the medical, nursing and 

physiotherapy staff, including the ECMO specialists 
·    Organize additional staff as required 
·    Coordinate a time for rehabilitation with all staff 
·    Confirm parameters for the ECMO Fresh Gas Flow (FGF) and blood flow with 

the ECMO specialist 
·    Discuss roles during rehabilitation and an agreed back-up plan or escalation 

pathway during the rehabilitation session if required 
·    Discuss the rehabilitation plan with the patient to ensure treatment goals are 

agreed 
·    Ensure all equipment required for an emergency is at the bedside (e.g. 4 clamps) 
·    Prepare the ventilator for portable operation if required 
·    Check cannulae are secured and stable 
·    Check the ETT / tracheostomy is secure and suction prior to mobilisation to 

ensure integrity of the tube 

Considerations 
During Rehabilitation 

·    Notify the consultant immediately prior to the rehabilitation session   
·    Do not commence rehabilitation unless the consultant and medical team are 

available to assist if required 
·    Confirm each staff members role during the rehabilitation session immediately 

prior to commencing 
·    Confirm with the patient that they are ready to participate and continue to assess 

throughout the rehabilitation session 
·    Assess the cannulae stability regularly, including during and after every position 

change 
·    Assess the patient physiology continuously during the session 
·    Titrate FGF and blood flow as needed 

Post-Rehabilitation 
Checklist 

·    Check the patients’ vitals to confirm stability – contact the primary team 
immediately if they are not stable 

·    Reassess the patient (eg, pain, level of exertion, SOB, tolerance of the rehab 
session) 

·    Confirm the cannulae position is unchanged and that they are secure, including 
checking the cannulae length 

·    Return the oxygen gas line to the wall as appropriate 
·    ECMO specialist to check ECMO FGF and blood flow and return to pre-

rehabilitation settings if it is safe to do so 
·    The senior physiotherapist documents the rehabilitation session, including the 

rehabilitation dose (distance, time, highest mobility level), the response to 
rehabilitation, symptoms, vital signs, and number of staff required 

·    ECMO nurse documents any changes to ECMO settings 

 
 Table 47-1. Checklist for early rehabilitation of patients during ECMO.



611

Physiotherapy and Mobilization

decide prioritization of the ventilator weaning 
schedule and the rehabilitation plan. 

Active mobilization comes with risks and 
benefits that the therapist needs to consider 
when planning each session. With every 
session, the therapist should complete an 
assessment of cognitive function, delirium, the 
ability to follow commands, and engage the 
patient in the therapy process. The therapist 
should try to assess anxiety that may become 
a barrier to active mobilization. Techniques 
such as breathing control or slower mobility 
progression may reduce anxiety. The therapist 
should complete a neuromuscular assessment 
to determine if the patient is safe to perform 
functional tasks. The use of the ASIA (American 
Spinal Injury Association) impairment scale 
is a standard objective tool that may be used 
to complete these serial assessments and 

detect neuromuscular changes, particularly 
in the presence of femoral cannulation.55 Hip 
flexion to at least 90 degrees to assess ECLS 
flows should also be assessed for patients with 
femoral cannulation prior to transferring to a 
seated position. 

The patient may begin with bed-level 
activities (Figure 47-1) and progress according 
to tolerance and participation, based on 
interdisciplinary team discussion and 
collaboration (Table 47-2). Prior to initiation 
of out-of-bed mobility, the goals of the session 
should be discussed and agreed upon by the 
multidisciplinary team. Once the team has 
agreed on a rehabilitation plan, it should be 
discussed with the patient and family to ensure 
their understanding, engagement, and consent 
prior to initiation of mobility.

Advancing a patient to initiate gait training 
and safe ambulation (Figure 47-2 and 47-3) 
requires a coordinated effort of the healthcare 
team and should be decided with input from 
the medical staff responsible for the patient’s 
management. Once agreed by the healthcare 
team, it is recommended that gait training be 
initially directed by the physical therapist so 
a comprehensive neuromuscular assessment 
can be completed to assure patient safety. 
Once it is determined the patient is safe to 
ambulate with less than minimal assistance, 
and demonstrates no significant gait deviation, 
nursing can also contribute to ambulating 
the patient if trained in safe patient handling 
techniques. The therapist should gather a 
sufficient number of staff members and clearly 
assign roles. Each team member should 
communicate any issues to the therapist who 
is overseeing the ambulation session. It is vital 
that the ECLS specialist support the cannulas, 
monitor flows, and maintain a distance between 
patient and the ECLS device to avoid tension 
on the cannulas. The team should plan for 
and be prepared to address any adverse event 
during ambulation (eg, having a chair nearby if 
required and emergency equipment in case of 

Figure 47-1. Bed level activity with supported 
on ECMO. Printed with patient permission 
from Vall d'Hebron University Hospital 
Barcelona. 
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cannula dislodgement or bleeding). Finally, at 
the conclusion of any ambulation, the cannula 
sites should be inspected to detect and address 
migration or bleeding (Table 47-1). 

Complications during Mobilization 

Reported complications during ECMO 
mobilization are generally uncommon and 
can be categorized into major and minor. 
Efforts should be made to prevent and manage 
these complications.13 Major complications 
are events that require an emergent response 

and could cause serious harm or death to the 
patient. These ECLS-specific complications 
include accidental decannulation, cannula 
fracture, significant cannula migration, severe 
bleeding from insertion site, cannula kinking 
that can lead to interruptions to blood flow with 
cardiorespiratory instability, and ECLS machine 
malfunction or circuit failure (Chapter 7).13 
Other major complications that may occur (and 
are not specific to ECLS) include cardiac arrest, 
stroke, pulmonary emboli, cardiac arrythmias, 
and falls. Minor complications are events that 
do not require an emergent response and the 

Table 47-2. Activity progression while supported on ECMO.81

FUNCTIONAL LEVELS BED DEPENDENT CHAIR DEPENDENT AMBULATORY
ꞏ   General strength in primary functional 
muscles group <3/5

ꞏ  General strength in primary muscle 
groups 3/5 to 4/5

ꞏ  General strength in primary muscle groups ≥ 
4/5

ꞏ   ≥ moderate assistance with bed mobility and 
supine to sit transfers

ꞏ  < moderate assistance with bed 
mobility and supine to sit transfers

ꞏ  < minimal assistance with bed mobility and 
supine to sit transfers

ꞏ   ≥ static sitting balance ꞏ  < minimal assistance with sitting and 
standing balance ꞏ  ≤ close contact with sitting balance

ꞏ   < 20 minutes of activity tolerance ꞏ  ≤ Minimal assistance for sit to stand ꞏ  ≤ minimal assistance with sit to stand 
transfers

ꞏ  20 to 30 minutes of activity tolerance ꞏ  ≤ contact guard with standing balance

ꞏ  ≤ minimal assistance with gait training
ꞏ  30 – 40 minutes of activity tolerance

ꞏ  Bed mobility ꞏ  Bed mobility ꞏ  Sit-to-stand transfers
ꞏ  Sitting balance training ꞏ  Advanced sitting balance  ꞏ   Advanced standing balance
ꞏ  Sitting tolerance ꞏ  Sit-to-stand or lateral transfers ꞏ  Gait training
ꞏ  Pretransfer training (sit-to stand and lateral 
transfers, sit pivot) ꞏ  Standing balance Pediatric:

Pediatric: ꞏ  Pre-gait training ꞏ  gait with or without push toy
ꞏ  bed level play skills Pediatric: ꞏ  riding adaptive bike/trike

ꞏ  ring sitting in bed ꞏ  sitting play either on mat or bench ꞏ  utilization of active video games

ꞏ  lift transfer parent or caregivers lap ꞏ  standing and cruising
ꞏ  utilization of ride-on toy
ꞏ  gait training in gait trainer

Muscle strength: low 
repetitions, high resistance, 
2–3 sets, short recovery time

Closed kinetic exercises: leg press; terminal 
knee extension; hip abduction and extension; 
dorsiflexors; scapular depression; latissimus 
dorsi, triceps, trunk, and extremity PNF; hand 
putty

Modified sit-to-stand transfers, modified 
step-ups, reverse SLR, continue with 
closed kinetic exercises for previous 
level, add shoulder flexion and abduction

Continue with closed kinetic chain exercises and 
advance previous exercises. Add squats, step-
ups, deltoids, and biceps exercises

ꞏ    Rhythmic stabilization in supine or side-
lying position ꞏ  Rhythmic stabilization in sitting ꞏ  Rhythmic stabilization in standing

ꞏ    PRE: Leg press, reverse SLR, Shoulder 
extension and triceps ꞏ  Progress PRE ꞏ  PRE Squats and step-ups, modified military 

press-ups and triceps
ꞏ    Restorator for UE and LE ** ꞏ  Modified sit-to-stand transfer. ꞏ  Marching in place

ꞏ   Restorator for UE and LE** ꞏ  Restorator for UE and LE**
ꞏ  General ROM of extremities, trunk, 
scapular, pelvis, dorsiflexion and hamstring 
muscle extensibility

ꞏ  Trunk, spine, scapular, pelvis 
mobility

ꞏ  manage any joint contracture ꞏ  Continue with extensibility exercises

ꞏ  Joint mobilization management
ꞏ  Restorator for UE and LE**
ꞏ  Ambulation

ꞏ  Airway clearance
ꞏ  Breath control exercises
ꞏ  Ventilatory strategies  
ꞏ  Breathing pattern facilitation
ꞏ  Inspiratory muscle training

Pulmonary ꞏ  Continue and advance previous 
section ꞏ  Continue and advance previous section

SLR=straight leg raise; UE=upper extremity; LE=lower extremity; ROM=range of motion; PRE=progressive resistive exercise.
**Will be dependent on cannulation sites. Monitor cannulation sites closely for bleeding and cannulation security.

Definitions

Functional Progression 
Training

Muscle endurance: 30–90 s 
of high intensity interval 
training, 3–5 intervals, 
active recovery

ROM/ Joint Integrity ꞏ  Continue and advance previous level

Aerobic, continuous work 
for 6 min

ꞏ  Restorator for UE and LE** ꞏ  Restorator for UE and LE**
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patient is not at immediate risk of injury or 
death, and may resolve with discontinuation 
of, or modification to, the mobilization activity. 
These include minor cannula migration (not 
requiring repositioning), minor bleeding at 
insertion sites that ceases spontaneously or 
with manual pressure, interruptions in blood 
flow without cardiorespiratory instability, 
transient desaturation, minor arrythmias, or 
hypotension.13 

Multidisciplinary Team Approach

It is important to acknowledge that early 
rehabilitation combined with an Awake ECLS 
strategy is time- and labor-intense for the 
team implementing mobilization and ensuring 
cannula and patient safety.56 This approach 
requires both a culture of multidisciplinary 

collaboration and institutional resource 
investment, which will allow sustainability.57 

Investing in specific and consistent 
rehabilitation and mobilization training for the 
multidisciplinary team is deemed pivotal for 
the practice to be successful.29,32 It will better 
identify barriers and optimize timing, dosage, 
and safety concerns. Regular meetings with 
multidisciplinary team members is considered 
important to screen patients for suitability to 
mobilize during ECLS.58 

Introducing active mobilization for patients 
during ECLS increases the workload and 
complexity of care for the nursing staff. With 
other healthcare team members, the nursing 
team must assess and determine suitability for 
mobilization. The introduction of a standardized 
screening tool allows more homogenous 
assessment among multidisciplinary team 
members (Table 47-1).32 

The multidisciplinary team is responsible 
for monitoring the patient during mobilization, 
including the ECLS cannula site(s) and 
bleeding, neurological changes, ECLS flows, 

Figure 47-2 a(left), b(right). Mobility 
progression while supported on VA ECMO. 
Printed with patient permission from 
University of Maryland Medical System.
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hemodynamic stability, respiratory stability, and 
the response to mobilization. Each organization, 
however, has a responsibility to identify the 
number and type of healthcare professionals 
required to safely monitor the ECLS circuit and 
the patient during rehabilitation.59 

The members of the healthcare team needed 
to perform rehabilitation and mobilization with 
patients on ECLS is variable and depends upon 
the complexity of the patient and the number of 
lines, tubes and devices in use, organizational 
protocols, and legal requirements in different 
countries. It is important that the ECLS team 
discusses local guidelines for staffing of 

rehabilitation activities, including the number of 
staff required, the types of professions involved, 
the role of each profession, the education and 
training requirements, as this will maximize 
safety and efficiency of the rehabilitation 
service. 

After completing the preintervention 
screening (Table 47-1), therapeutic exercises in 
bed or in a chair should be able to be completed 
with one therapist. During routine positioning 
of ECLS patients, two or three staff may be 
needed, based on medical and cannula stability. 
For active mobilization, the multidisciplinary 
team must include at least one specialized ECLS 

Figure 47-3. Ambulation while supported on ECMO. Printed with patient 
permission from Vall d'Hebron University Hospital Barcelona.



615

Physiotherapy and Mobilization

staff member present to monitor the cannula, 
the circuit and adjust settings as required (such 
as sweep gas flow rates and increased oxygen 
demand).44 

Outcome Measures to Objectively Document 
Rehabilitation Progress and Potential 

It is important to objectively document 
the functional status in a systematic manner 
to track progress and alert the team when 
there is functional regression. A core set of 
outcome measures to utilize in the evaluation of 
patients on ECLS has been published, including 
outcome measures for complications during 
ECLS, mortality and the level of recovery at 
6-months.60 

The Function Status Scale ICU61 and the 
ICU Mobility Scale62 are valid and reliable tools 
to track basic function and level of mobility in 
critically ill patients. For the measurement of 
muscle strength, the Medical Research Council 
Sum Score (MRC-SS) is the most common 
measure and weakness on this scale has been 
associated with increased mechanical ventilation 
days, ICU length of stay, and mortality in the 
general adult ICU population.63-65 It is more 
challenging to assess muscle endurance in this 
population depending on the cannulation sites. 
There are 3 accepted sit-to-stand tests (5 times, 
30 or 60 second tests) but caution needs to be 
taken if the patient is femorally cannulated. The 
use of an upper limb ergometer can be used to 
document muscle endurance in the cases of 
femoral cannulation if there are concerns with 
site bleeding or pain. To document functional 
status, the Activity Measure for Post-Acute 
Care (AM PAC) Basic Mobility and Activities 
of Daily Living are easy to complete and are 
useful in tracking progress and assisting in 
discharge recommendations.66,67 The AM PAC 
Cognition,  MOCA, or SLUMs can be used to 
objectively document the cognitive status of 
patients on ECLS support.68,69 

Finally, to assess activity tolerance upon 
recovery, the core outcome set for ECLS 
recommends using the modified Rankin scale, 
the EQ5D and the Instrumental Activities of 
Daily Living (IADL) at 6-months after ECMO 
initiation.60 In addition, the 6 MWT or an 
ergometer test can be objectively used.70 

Prone Positioning

To date, prone positioning (PP) is one of the 
most effective treatments for severe ARDS.71 
By homogenizing lung-aeration distribution,72 
lung ventilation, lung perfusion, and ventilation/
perfusion ratio,73 PP can enhance lung protection, 
while improving oxygenation and reducing 
mortality.71 Besides, PP homogenizes the 
distribution of transpulmonary pressure, thereby 
mitigating the ventilator-induced lung-injury 
risk attributable to alveolar overstretching and 
cyclic atelectasis.74 

Theoretically, the combination of PP with 
VV ECMO is promising because it could further 
enhance lung protection. However, its use is 
recent and mainly reported by experienced 
ECLS centers.75-77 For instance, only 10% and 
15% of patients were prone positioned during 
ECLS in the EOLIA trial1 and the LIFEGARDS 
study,2 respectively. More recently, several 
studies have suggested benefits when these 
two therapies are combined. In a retrospective, 
single-center study over 8 years including 298 
VV ECMO treated adults with severe ARDS and 
64 patients proned during ECMO, a propensity-
score–matched analysis compared patients with 
PP during ECMO and those without.78 Although 
both groups had similar ECMO durations, PP-
ECMO patients’ 90-day probability of being 
weaned off ECMO and alive was higher (0.75 vs. 
0.54, p=0.03) and 90-day mortality was lower 
(20% vs. 42%, p<0.01) than for no-PP-ECMO 
patients. This 22% lower ICU mortality was 
close to that reported for the PROSEVA trial.71 
Similarly, Guervilly et al and Giani et al reported 
lower mortality rates when PP was added to 
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ECLS for retrospective case-series,75,76 whereas 
only shorter ECLS durations were reported in 
another study.79 Recently, a metaanalysis that 
included 13 studies with a combined population 
of 1836 patients, highlighted that the use of 
prone positioning in ARDS patients receiving 
VV ECMO was associated with a significant 
improvement in 28-day survival (74% vs. 
58%, p<0.001). Survival was also improved at 
60-days, 90-days, ICU and hospital discharge. 
However, the duration of mechanical ventilation 
was increased in VV ECMO patients with PP.80

Some studies have tried to identify which 
patients are more likely to respond to PP on 
ECMO because of the fear of life-threatening 
complications and uncertainty regarding 
PP benefits. An improvement in the static 
compliance may define a PP-responder during 
ECLS. Pre-PP quantitative lung computed 
tomography analysis showed that, despite 
similar dorsal lung-tissue distributions, patients 
with increased static compliance post-PP had 
lower percentages of nonaerated or poorly 
aerated lung tissue in ventral and medial–ventral 
regions.81 However, if there is benefit to PP on 
ECLS, the best time to initiate this procedure 
and the optimal duration of PP is unknown. 

Ongoing randomized controlled trials should 
help to answer that question.

Absolute or relative contraindications 
for PP on ECMO are listed in Table 47-3. To 
prevent potential complications associated 
with the procedure (eg, cannula dislodgement 
or suddenly decreased extracorporeal blood 
flow) (Table 47-4), the procedure should be 
protocolized and the healthcare team should 
have been trained ideally with simulation 
programs. Interestingly, ECLS-related comp-
lication rates were very low and frequently 
similar to the group of patients who were not 
placed in PP, when performed in experienced 
ECLS centers.1,75 Notably, rare accidental 
extubation or decannulation occurred during 
the PP procedure, supporting its safety when 
performed by well-trained staff. 

After carefully securing the ECLS cannula, 
checking the position of the tip of the femoral 
drainage cannula into the right atrium, and 
applying thin hydrocolloid dressing for pressure 
ulcer prevention, at least six experienced staff 
will be needed for the procedure. ICU lines and 
drains that are instead above the waist should 
be positioned towards the head of the bed and 
lines and tubes below the waist are positioned 

SEVERE COMPLICATIONS LESS SEVERE COMPLICATIONS 
• Transient desaturation 
• Lower ECMO flow 
• Hemodynamic instability 
• Accidental extubation 
• Accidental decannulation 
• Central line displacement 

• Pressure ulcers 
• Vomiting 
• Increases in need for sedation + 

paralysis 
• Nerve damage 
• Bleeding from ECMO cannula 

sites 
 

Table 47-3. Absolute and relative contraindication for proning during ECMO.

Table 47-4. Potential complications of prone positioning during ECMO.

ABSOLUTE 
CONTRAINDICATIONS 

HIGH RISK RELATIVE 
CONTRAINDICATIONS 

OTHER RELATIVE 
CONTRAINDICATIONS 

• Suspected raised 
intracranial pressure 

• Spinal instability 

• Recent sternotomy 
• Facial surgery 
• Severe hemodynamic 

instability 

• Open abdomen 
• Pregnancy 
• Multiple trauma with 

unstable fractures 
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towards the foot of the bed. EKG leads should 
be repositioned to avoid the patient lying on 
them. Prior to turning the range of motion of the 
cervical spine and shoulders should be cleared 
to identify any necessary positional alterations 
that will be necessary to avoid musculoskeletal 
or neurological injuries. One person at the head 
will hold the endotracheal tube and the jugular 
cannula; another person at the feet will guide 
the procedure while holding the cannulas and 
avoiding any tension, and two persons will stand 
on each side of the bed to perform the double 
sheets technique for turning. Mechanical lifts 
can be used to assist staff in proning, especially 
with large patients, and can lead to using fewer 
staff if the team is well trained in the use of 
lifts. A transverse positioning device can be 
placed under the pelvis and the chest to limit 
intraabdominal pressure, which could reduce 
the ECMO flow. As in the PROSEVA trial, PP 
duration on ECMO should be maintained for at 
least 16 hours even if the optimal duration on 
ECMO is unknown.
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Ghislaine Douflé,  Erik Su, Ravi R. Thiagarajan, Dirk W. Donker, Eddy Fan

In recent years, bedside ultrasound (US) 
has gained wide acceptance within critical 
care. Bedside US is particularly advantageous 
for comprehensive imaging on ECLS, as it is 
readily available, low risk, and avoids a labor-
intensive intrahospital transport. This chapter 
will focus on US modalities, presenting specific 
aspects pertaining to ECLS.

Pre-ECLS

The role of echocardiography pre-
ECLS is essential to confirm indication and 
choice of configuration. Comprehensive 
echocardiography should be performed to 
document any cardiovascular abnormalities, 
including for patients with respiratory failure 
needing VV ECMO.1  Indeed, patients 
with severe hypoxemia due to left-sided 
valvular disease or severe left ventricular 
(LV) dysfunction may require a different 
management strategy. 

In severe right ventricular (RV) dysfunction, 
signs of chronicity should be identified as these 
patients may require VA or VVA ECMO.2 
Alternatively, patients with acute RV failure due 
to ARDS often stabilize once on VV ECMO but 
may develop differential hypoxemia if placed 
on peripheral VA ECMO, and may need to be 
switched to VV or VVA ECMO.3-8

Patients requiring circulatory support 
need a thorough assessment of cardiac 
function (ie, biventricular morphology and 
function, presence of intracardiac thrombus). 
Contra indicat ions  (eg ,  severe  aor t ic 
regurgitation, aortic dissection) or pathologies 
requiring surgical interventions (eg, papillary 
muscle, interventricular septal rupture) must 
be diagnosed before proceeding to cannulation. 
The presence and consequences of a pericardial 
effusion should be evaluated precannulation. 
Right atrial anatomy (eg, presence of a 
prominent Eustachian valve, Chiari network, 
or atrial septal defect), presence of RA or RV 
thrombi, position of pacemaker leads, and 
patency of the superior and inferior vena 
cava (SVC and IVC) should also be assessed 
precannulation (Figures 48-1 and 48-2).9

ECLS Procedural Guidance

Ultrasound-guided Vascular Access

A thorough examination of the peripheral 
vessels around the expected puncture point 
is crucial to exclude occlusive thrombi or 
stenosis.10-13 The size of the vessel will determine 
the cannula size that can be safely inserted 
(Fr = 3 x narrowest vascular diameter in mm). 
A small gap of a few Fr is recommended for 

Figures: All figures are at the end of this chapter.
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between cannulas, direction of the reinjection 
jet, and location of the main draining point 
within multistage cannulas.21,22 The position 
of the drainage cannula needs to account for 
potential loss in lung volume that may occur 
with a lung rest strategy once the patient is 
on ECLS. This may cause the diaphragm 
to shift upward and change the cannula 
position within the IVC and in relation to the 
cardiac chambers.23 Therefore, the drainage 
cannula may be placed within the RA and its 
position reassessed after ventilatory adjustment 
(Figure 48-8). The reinfusion cannula may not 
always be visualized in the SVC but should be 
a few centimeters above the SVC/RA junction 
(Figure 48-9). For femorofemoral V-V ECMO, 
the drainage cannula may be placed within the 
RA and the single stage reinfusion cannula mid 
RA. This allows adequate flows and minimal 
recirculation as long as a sufficient distance is 
maintained between the proximal drainage hole 
and the tip of the reinjection cannula.24

Single site cannulation. Dual-lumen bicaval 
cannulas (DLBC) and RA-PA cannulas can 
be placed under echo guidance.25-30 Constant 
monitoring of the wire is of the utmost 
importance during dilations and insertion of 
the cannula. For DLBC, the wire should be far 
into the IVC beyond the takeoff of the hepatic 
veins and should remain straight when inserting 
the cannula.31,32 Alternating between the ME 
bicaval and IVC views is required. The IVC-
RA junction may be challenging to visualize on 
TEE; switching between TEE and TTE subcostal 
views may provide a better visualization of the 
cannula in the IVC. The reinjection jet should 
be in the RA and directed towards the tricuspid 
valve. For RA-PA cannulation, one needs to see 
the wire up to the PA and carefully follow the 
cannula over the wire.33,34 It may be challenging 
to image the whole cannula at once but the 
RVIO allows visualization of the cannula’s 
progression through the RA, RV, and main PA. 
The cannula tip should be 2 to 3 cm above the 
pulmonary valve but should not be selective in 

ease of insertion and patient safety. Realtime 
ultrasound-guided vascular puncture is 
recommended for faster access and minimizes 
the risk of vascular complications.

Echocardiography Guidance for ECLS

Both transthoracic and transesophageal 
echocardiography (TTE and TEE) can be 
used to guide cannulation. In mechanically 
ventilated adult patients, visualization of the 
guidewires is enhanced on TEE compared to 
TTE.14,15 Adequate echocardiography training is 
mandatory to safely guide ECMO cannulation, 
as both wires and cannula can generate 
significant scattering and artifacts, and rapid 
switching between views is needed.14 Once 
vascular access is obtained, guidewires can be 
advanced under realtime echo guidance. The 
TTE views needed are the subcostal views of 
the IVC and descending aorta for VA ECMO.16 
The subcostal RV inflow outflow (RVIO) and 
the parasternal RV inflow (RVI) may better 
visualize the wires in the RA. On TEE, the key 
views are the midesophageal (ME) bicaval and 
IVC views, and the descending aorta for VA 
ECMO.17  

VV ECMO

Two cannulation sites. Both wires should 
ideally be in both vena cava so that they do 
not inadvertently abut against any cardiac 
chambers (Figure 48-3 and 48-4). Careful 
monitoring of the wires during sequential 
vascular dilations is needed, as wires may 
coil in the heart, cross the interatrial septum, 
or enter a subhepatic vein (Figure 48-5).9,18,19 
Wires looped in the RA or RV may lead to 
dysrhythmias and increase the risk of cardiac 
perforation (Figures 48-6 and 48-7).20 The 
final position of the cannula should maximize 
drainage while avoiding clinically relevant 
recirculation. Several factors affect the amount 
of recirculation, such as configuration, distance 
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the PA branches. This can be ascertained from 
the ME RVIO, ME view of the pulmonary 
valve, and the PA upper esophageal view 
(Figure 48-10).

VA ECMO

Similar principles apply for the insertion 
of the drainage cannula as on VV ECMO. As 
recirculation is not a concern on VA ECMO, the 
drainage cannula can be advanced across the RA 
and within the SVC. The arterial wire should 
be seen in the aorta. The reinfusion cannula is 
usually not seen on echocardiography but may 
be seen on a pelvic ultrasound in the femoral or 
iliac artery. One should check for the absence 
of aortic dissection post cannulation.35

For all cannulations, the absence of a 
new pericardial or pleural effusion should be 
ascertained postprocedure, and the size of a 
preexisting effusion must be reassessed.

Monitoring on ECLS 

Echocardiographic Monitoring on VV ECMO

Echocardiography plays an integral role 
in managing patients supported with VV 
ECMO.6,36 TTE views provide adequate 
echogenicity in most cases, especially when 
tidal volumes are minimal.37 In addition to 
monitoring cardiac function (more specifically 
RV function), echocardiography is helpful 
to troubleshoot persistent hypoxemia and 
inadequate flows that cannot be explained by 
circuit failure. Even if the initial position was 
deemed adequate, cannula position should 
be reassessed with echocardiography in case 
of lower flows, as x-rays are not as sensitive 
to locate the cannula position relative to the 
cardiac chambers.38,39 Echocardiography 
allows discrimination between hypovolemia, 
cannula malposition, and thrombus formation. 
If needed, cannula repositioning should be done 
under echo guidance. In case of hypoxemia, 

echocardiography can help diagnose insufficient 
ECMO flows in proportion to the patient’s 
cardiac output. Ultrasound dilution technique 
combined with echocardiography can also help 
quantify the recirculation fraction.35,40 Moreover, 
colour Doppler is helpful in visualizing the 
reinjection flow direction of DLBC on the 
TTE RVI, RVIO, and subcostal views. On 
TEE, the ME bicaval, modified bicaval, and 
proximal IVC views are best to assess flow 
direction of DLBC. Loss in lung volumes may 
change the relative position of the cannula 
within the RA and cause the reinjection flow to 
become intrahepatic, thus causing inefficient 
oxygenation and elevation of liver enzymes 
(Figure 48-11a and 48-11b).15 On VV ECMO, 
impaired venous return due to pericardial 
tamponade will have the same hemodynamic 
consequences as without ECMO. However, 
pulsus paradoxus and its echocardiographic 
equivalent (transmitral and transtricuspid 
respiratory variations) may be missing in case 
of minimal tidal volumes. RA compression may 
not always be evident as the ECMO flow may 
be initially maintained. 

Echocardiographic Monitoring on VA ECMO

Echocard iographic  assessment  i s 
indispensable throughout the course of VA 
ECMO. Frequent evaluation of biventricular 
geometry and function and valvular pathologies 
(mitral and aortic regurgitation) are necessary 
to ensure adequate ventricular unloading while 
maintaining sufficient circulatory support and 
organ perfusion. Complex interactions between 
ventricular preload and afterload make it 
challenging to accurately measure intrinsic 
ventricular contractility; all parameters should 
be interpreted with caution and reported with 
the ECMO flows at the time of assessment. 
Increased LV afterload due to ECMO flows 
(especially retrograde aortic flows with femoral 
VA ECMO) can lead to LV overdistention, 
increased ventricular filling pressure, and 
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pulmonary edema. A transient decrease in LV 
systolic function in infants or “cardiac stun” on 
VA ECMO is well described in the literature.41 
Daily echocardiographic assessment paired with 
perfusion parameters allows optimization of 
ECMO and inotropic support while monitoring 
for signs of recovery or lack thereof. When 
LV contractility is severely impaired, opening 
of the aortic valve may be limited or absent 
despite lower ECMO flows and inotropic 
support. This further increases LV distension 
and can lead to thrombi formation in the 
aortic root and ventricles, with the possibility 
of complete thrombosis of either ventricular 
cavity (Figure 48-12).14 Adequate opening of 
the aortic valve at different ECMO flows can be 
monitored with echocardiography. Consistent 
loss of pulsatility and a significant amount of 
spontaneous echo contrast, despite inotropic 
support and adequate fluid loading, may prompt 
insertion of a venting device.42-46 The diagnosis 
of tamponade is even more challenging on VA 
ECMO, as organ perfusion and hemodynamics 
may be initially maintained. Additionally, the 
RV may be underfilled and collapsed from the 
ECMO drainage alone. Loss of pulsatility may 
occur, while drops in flows may be delayed, 
especially for loculated effusions. Serial 
echocardiography may be needed to monitor 
the evolution and size of the effusion.

Lung Ultrasound (Lung US)

Lung US can be used to assess for presence 
of pleural effusions, pneumothoraces, and 
assess lung aeration. Caution should be used 
when diagnosing a pneumothorax on ECMO 
with ultraprotective ventilation. Even in the 
absence of pneumothorax, lung sliding may 
not be observed due to complete lung collapse 
while a lung pulse will still be present. In 
two pilot studies monitoring patients with 
lung US, lung US scores (LUS) did not differ 
between survivors and non survivors at the 
time of ECMO initiation. Improvement of 

LUS was observed in patients who improved 
and could be decannulated from VV ECMO, 
while persistently high LUS portended a poor 
prognosis.47,48 Others described the potential use 
of LUS as a surrogate for lung compliance.49

Neuromonitoring with Transcranial Doppler 
(TCD)

It is important to recognize that continuous 
flow confounds traditional measurements of 
pulsatility on VA ECMO and is well described 
in the pediatric literature. Arteriospasm may 
be masked in situations where the heart is 
contributing little to cerebral blood flow, 
but some series indicate that an increase in 
pulsatility index, not otherwise associated with 
improved cardiac function, may indicate an 
acute neurological injury and remains an area 
for investigation.50,51 The first 3-5 days after 
cannulation have been identified as the highest 
risk for intracranial hemorrhage in infants.52 
This has supported the concept of using daily 
screening with head US during the first week of 
ECMO support, as mentioned in recent ELSO 
guidelines.53,54 Yet, concerns exist regarding the 
sensitivity of US. In one autopsy and imaging 
study, 19 of 74 patients had neurologic or MR 
imaging sequela despite a normal head US.55,56 
Reports of TCD use in adults on ECMO have 
largely been descriptions of feasibility. As 
in children, overall pulsatility is diminished 
by the proportion of cardiac output captured 
by the continuous flow on VA ECMO.57,58 
Considerations for use of TCD in brain death 
evaluation have been discussed: in cases of 
pulsatile blood flow, there is agreement that 
oscillating arterial flow, absence of diastolic 
flow with short systolic spikes, and absence of 
flow, in comparison to a previously documented 
flow on TCD performed by the same operator, 
are consistent with brain death.59 The absence 
of flow is potentially problematic on VA ECMO 
in case of poor cardiac ejection, as continuous 
cerebral blood flow may be difficult to detect.60,61
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Weaning

On VV ECMO, hypoxemia and hypercapnia 
may worsen RV function during weaning of VV 
ECMO, but there is, to our knowledge, no study 
focusing on RV function in this setting.

Weaning from VA ECMO is an intricate 
process requiring integration of clinical and 
echocardiographic parameters.62 Attempts at 
liberating from VA ECMO should be made 
as soon as possible to avoid complications 
from prolonged ECMO support. Evaluation 
of cardiac size and function with a stepwise 
reduction in ECMO flows (as low as 1 L/min in 
adult patients) provides invaluable information 
to guide the timing of separation from ECMO. 
Parameters described to assess readiness for 
liberation include biventricular function as 
measured with LV ejection fraction (EF) 20-
25%, tissue Doppler S’ at the mitral annulus 
≥6 cm/s, LVOT velocity time integral ≥10 cm, 
and ventricular interdependence.63,64 2D strain 
values were not different between weaned and 
non-weaned patients.65 As RV failure portends 
a worse prognosis, it is crucial to specifically 
evaluate RV function.66 A 3D RVEF above 24% 
has been shown to be the best parameter to predict 
successful liberation from VA ECMO, while RV 
strain, RV fractional area of change, and central 
venous pressure were independently associated 
with RVEF.67 Ventricular interdependence 
has also been described as a predictor of 
successful decannulation.68 Unless the ECMO 
circuit is clamped, assessing true RV intrinsic 
contractility may be difficult since the RV is not 
fully loaded, even at low flows. To minimize 
the risk of circuit clotting, some authors have 
suggested using an arteriovenous bridge or 
pump controlled retrograde trial off.69-71 More 
recently, indices assessing RV coupling to 
the pulmonary circulation (tricuspid annular 
S’ velocity/right ventricular systolic pressure 
(RVSP), tricuspid annular plane systolic 
excursion (TAPSE)/RVSP, RV free wall lateral 
strain/RVSP with cut-off values of ≥0.33, 

0.45, 0.45, respectively) performed better at 
predicting successful weaning than previously 
described parameters, even at moderate flows.72 

Post-ECLS Care

The incidence of cannula-related thrombosis 
after ECLS is a frequent complication despite 
adequate anticoagulation, with an incidence 
ranging from 18.1% to 100% (the latter 
incidence was from a small cohort of patients 
supported with VV ECMO for COVID-19 
ARDS), thus warranting systematic vascular 
imaging of previous cannulation sites.73-76

Specific Neonatal and Pediatric Consider-
ations

Unique considerations regarding US in 
neonates and children on ECMO exist by 
virtue of cannulation strategy, patient size, 
and body composition. Understanding the 
particularities of US for neonates and children 
is paramount for diagnostic accuracy and 
appropriate management. Smaller face size of 
probes promotes mobility and may help small 
structures appear larger on screens, while larger 
probes are needed for children approaching 
adult body habitus. Children, particularly 
neonates, demonstrate higher water content and 
bone immaturity, which facilitate ultrasound 
transmission.77 Conversely, it may be difficult to 
locate a window in small children covered with 
dressings. Modified and foreshortened views 
may be the only views available. 

In patients with congenital diaphragmatic 
hernia (CDH), diaphragm position, lung 
inflation, and abnormal cardiac position may 
complicate interpretation of cannula position. 
Cannula position can change in patients with 
right sided CDH and after CDH surgical 
intervention.

With right carotid artery return cannulas, 
optimal placement should be at the junction 
of the right brachiocephalic artery (BCA) 
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and the ascending aorta (Figure 48-13). A 
cannula protruding in the aorta can direct 
more proportional flow towards the aortic 
root, thereby reducing aortic valve opening, 
impeding decompression of the left ventricle, 
and increasing left atrial pressure. A cannula 
placed higher in the BCA or carotid artery is 
feasible but becomes a concern for increased 
risk of dislodgement. For neonates, one may 
also consider obtaining ductal views of a 
patent ductus arteriosus (PDA) to determine 
directionality of flow and the contribution 
of right-to-left shunting through the PDA as 
a source for systemic desaturation on VA 
ECMO.78,79 

Conclusion

The use of bedside ultrasound is an integral 
part of the management of patients on ECLS. 
From indication and initiation to weaning, 
it is an indispensable tool that allows rapid 
assessment of patients on ECLS. Physicians 
managing ECLS patients should be familiar 
with specificities of ultrasound on ECLS to 
accurately assess and interpret ultrasonographic 
findings. 
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Figure 48-1. TEE ME bicaval views showing two right atrial thrombi at the SVC and RA junction. 
Decision was made to proceed with Femorofemoral V-V ECMO cannulation to avoid dislodging the 
thrombi during cannulation.

Figure 48-2. TEE ME four chamber view focused on the RV (top left). A RV thrombus is seen within 
the RV. ME RVIO view showing part of the RV clot (top right). Modified ME RV view showing the 
multilobular clot attached to the subvalvular apparatus of the tricuspid valve (bottom Left). Transgastric 
RVI view showing the clot (bottom right).
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Figure 48-3. TEE. View at the esophageal and gastric junction showing the IVC with the femoral wire 
being advanced (left). ME bicaval view showing both wires across the RA and both vena cavae (right).

Figure 48-4. TEE ME view of the ascending aorta with a guidewire inadvertently inserted in the 
ascending aorta after transfixing the internal jugular vein. The guidewire was removed, and a new 
venipuncture was performed.
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Figure 48-5. ME bicaval view depicting a secundum atrial septal defect with corresponding view 
with colour flow Doppler added showing a left to right shunt (top). ME long axis view showing the 
guide wire crossing the atrial septal defect and ending in the LA (bottom left). ME long axis view 
with the guidewire in the LA (bottom right).
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Figure 48-6. ME bicaval view. The femoral guidewire is seen looping within the RA. The wire was 
repositioned in the SVC before insertion of the cannula.
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Figure 48-7. Modified ME view of the RV. A guidewire is seen looping in the RV.

Figure 48-8. ME view of the RA and the SVC showing the tip of the drainage cannula.



634

Chapter 48

Figure 48-9. ME view of the RA and the SVC showing the tip of the reinjection cannula.
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Figure 48-10. TEE ME views showing a RA-PA cannula. The drainage holes can be seen in the RA 
(top left). The cannula itself is seen lying along the wall of the RV (top right), with the tip of the 
cannula 2 to 3 cm above the pulmonary valve (bottom left). Cannula with reinjection flow seen with 
colour flow Doppler (bottom right).
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Figure 48-11a(top), b(bottom). TEE views ME modified bicaval of a patient with a dual lumen bicaval 
cannula. The jet was  initially directed towards the tricuspid valve. However, a few days later, without 
any significant change in the cannula position the patient remained hypoxemic. A repeat TEE showed 
that the reinjection flow was predominantly reinjected in the hepatic veins. The comparison of the 
two-chest x-ray showed a significant loss in lung volumes and subsequent elevation of the diaphragm. 
The relative position of the reinjection hole in relation to the cardiac chambers changed causing the 
reinjection flow to be reinjected within the liver instead of in the RA. The cannula was withdrawn 
under TEE guidance until the reinjection was seen in the RA.
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Figure 48-12. TTE views of a patient on peripheral VA ECMO for dilated cardiomyopathy. Para-
sternal view showing no opening of the aortic valve and significant spontaneous echo contrast in the 
aortic root (top left). Parasternal short axis of the aortic valve of the same patient with spontaneous 
contrast in the RV, PA and in the aortic root (top right). Apical four chamber view with LV thrombus 
and spontaneous echo contrast (bottom left). Apical two chamber view focused on the LV with the 
apical thrombus (bottom right).
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Figure 48-13. TTE view of an infant: Parasternal arch view depicting the ascending aorta (AAo), the 
brachiocephalic artery (BCA) containing a correctly positioned aortic return cannula (C). The trans-
verse aortic arch (TAo) is also depicted with a bright artifact crossing the arch horizontally between 
the ascending and transverse aortic arch.
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Introduction

Safe and effective pharmacotherapy 
during ECLS requires an understanding of 
multiple interdependent factors that impact the 
pharmacokinetics (PK) and pharmacodynamics 
(PD) of a given drug or combination of drugs. 
Critical illness influences drug absorption, 
distribution, metabolism, and elimination via 
alterations in total body water and plasma 
proteins, inadequate tissue perfusion, and 
impaired end organ function. ECLS further 
compounds these pharmacokinetic alterations 
through drug adsorption to ECLS circuitry, 
a larger volume of distribution (Vd), and 
decreased clearance (CL), all of which challenge 
the use of standard medication dosing and may 
necessitate individualization. Moreover, ECLS 
technology continues to evolve and experiences 
among different centers and populations 
vary, which may decrease the applicability of 
available literature. Therefore, to avoid life-
threatening treatment failure or toxicity, it is 
essential to understand and monitor the dynamic 
interactions between critically ill patients, drug 
physiochemistry, and the ECLS circuit.1 

Pharmacokinetics and Pharmacodynamics 
in ECLS

Attaining a therapeutic drug concentration is 
dependent on medication-specific bioavailability, 
Vd, and clearance. Bioavailability is the amount 
of functional drug at its site of action and is 
affected by drug administration, distribution, 
and metabolism. Vd is the theoretical volume 
needed to dilute a drug to its effective serum 
concentration and is determined by the 
physiochemical properties of drugs including 
protein binding, lipophilicity, and distribution 
into tissues. Drugs that are hydrophilic have 
a lower Vd, and their concentrations are 
primarily influenced by changes in volume 
status. Highly lipophilic medications have better 
tissue penetration, resulting in lower plasma 
concentrations and increased Vd. Medications 
that are highly protein bound to plasma proteins 
(eg, albumin) will predominantly remain in the 
intravascular space and have higher Vd based on 
free serum drug concentrations.2,3 Medication 
clearance is mainly dependent on kidney and 
liver function. Therefore, changes to Vd or 
clearance may impact the expected half-life of 
a drug, the basis for determination of both dose 
and frequency of administration.4



644

Chapter 49

Physiological Influences on Pharmacokinetics 
and Pharmacodynamics

Developmental changes in total body 
water, fat stores, plasma proteins, and 
metabolic enzymes during maturation create 
age-dependent PK and PD.4,5 Neonates and 
children have higher body water, lower fat 
stores, and immature enzymatic and drug 
transport function compared to adults, which 
impacts drug bioavailability and Vd. Therefore, 
extrapolation of neonatal and pediatric data 
regarding pharmacology during ECLS to adults, 
and vice versa, should be undertaken with 
caution or not at all.5,6

Patients on ECLS may have substantial 
shifts in the distribution of intravascular and 
extravascular volume due to excess total body 
water, injury to the vascular endothelium, 
deranged concentrations of plasma proteins, or 
end-organ dysfunction. The therapeutic effect 
of a hydrophilic drug may be lessened in a 
patient with intravascular volume overload 
but may be more pronounced in patients with 
depleted intravascular volume. Critical illness-
associated catabolism, common in cases of 
sepsis or trauma, decreases plasma proteins, 
which increases the level of unbound drug and 
risks toxic effects from highly protein-bound 
drugs. Bioavailability can be affected by 
decreased absorption of enterally administered 
medications in critically ill patients with delayed 
gastric emptying or ileus. Finally, metabolism 
and elimination are usually dependent on 
hepatic and renal function, while the biliary tract, 
feces, lungs, and other proteolytic mechanisms 
contribute less. Therefore, standard dosing of 
a given medication may result in treatment 
failure or toxicity in patients who have 
altered hepatic metabolism or renal clearance. 
Importantly, these pathologies rarely occur in 
isolation and can be additive, and therefore 
must be considered for safe and effective drug 
administration during critical illness.4,6,7

Figure 49-1 highlights the pharmacokinetic 
alterations in critically ill patients that create 
a delicate balance between treatment failure 
and adverse reactions related to drug toxicity. 
Medications must be vigilantly monitored and 
adjusted in critically ill patients to ensure safe 
and efficacious therapy.1,6,7,8

Circuit Influences on Pharmacokinetics and 
Pharmacodynamics

The ECLS circuit impacts PK and PD 
via hemodilution and drug sequestration 
(Figure 49-1).8 Hemodilution predominantly 
results from the additive effect of circuit volume 
to a patient’s native circulating volume and can 
have a significant impact on Vd. The extent 
of hemodilution is dependent upon a patient’s 
size in relation to the circuit; therefore, an 
infant will experience greater hemodilution 
than an adult. Hemodilution and the resultant 
alterations in Vd can also result from blood 
product and intravenous volume administration, 
fluid retention, extravascular fluid redistribution, 
and decreased plasma protein concentrations.7

Drug sequestration is a phenomenon in 
which a drug is adsorbed to or absorbed or 
deactivated by the ECLS circuit and can lead 
to decreased bioavailability and higher Vd.6,7,8 
The degree of sequestration is dependent 
on multiple factors, including the chemical 
properties of a given drug, administered colloids 
(eg, blood prime, albumin), and the materials 
and surface areas of the ECLS circuit and 
membrane lung.9,10,11 ECLS materials, often 
made of plastic and/or silicone, react with 
certain drugs and comprise a large surface 
area, leading to decreased bioavailability of 
drugs as they become sequestered.8,9,11,12 Highly 
lipophilic and protein bound medications are 
prone to sequestration because of their affinity 
for circuit materials and colloids.6,7 A recent PK 
study of antimicrobials during ECLS showed 
that highly protein bound drugs have greater 
circuit sequestration with resultant decreases 
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in Vd.13 A saturation point may exist after 
which liberation of a sequestered drug back 
into the circulation may occur; however, this 
concept has not been well studied.7 Finally, 
drug sequestration has been demonstrated 
to have a temporal association, with greater 
sequestration occurring in newly primed circuits 
and decreased sequestration in older circuits.9 
This is important to consider when a circuit 
change is indicated after medication therapies 
have been established. 

Medica t ion-Spec i f i c  In f luences  on 
Pharmacokinetics and Pharmacodynamics

The chemical properties of drugs can 
impact the degree to which hemodilution and 
sequestration occur. In general, medications 
with low Vd are considered to be hydrophilic 
and, therefore, will be more impacted by 

changes in volume status.14 On the other hand, 
medications that are highly protein bound 
or distributed into the tissues have larger Vd 
and will thus be more affected by changes 
in plasma protein concentration and circuit 
sequestration.14 This is particularly important to 
understand in the case of medications for which 
therapeutic drug monitoring is unavailable.

Log P values measure the partition or 
octanol-water coefficient between hydrophilic 
and lipophilic properties of a specific chemical. 
Higher log P values are associated with 
increased lipophilicity, which may indicate 
a higher likelihood of binding to circuit 
components or distribution into adipose 
tissue.15 Wildschut and colleagues correlated 
log P values to medication recovery for seven 
commonly used medications in ECLS. Those 
with higher log P values were less likely to be 
recovered post-oxygenator, suggesting that 

 

Figure 49-1. Risks associated with altered PK during critical illness and ECLS.
Assumes intravenous administration and standard dosing.
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medications with higher partition coefficients 
have higher affinities for circuit surfaces.16,17 In 
2015, the ASAP ECMO (Antibiotic, Sedative 
and Analgesic Pharmacokinetics during 
Extracorporeal Membrane Oxygenation) Study 
consortium reported similar results for both 
lipophilic and highly protein bound medications 
suggesting that, in addition to having higher 
Vd, they also bind to the circuit, substantially 
decreasing bioavailability.13 

ECLS components, patient-specific clinical 
factors, and the physicochemical properties 
of medications have dynamic interdependent 
effects on drug PK and PD. Although much 
of the available literature may be limited to ex 
vivo studies, case series, and ECLS registry 
data, clinical applicability of these data can be 
expanded when discussed in conjunction with 
PK properties. 

Practical Guidance for Medication Dosing 
in ECLS

The continuously changing physiology 
of critically ill  patients limits dosing 
standardization and necessitates vigilant 
monitoring and adjustment in medication 
management. The ASAP ECMO Study group 
has highlighted the primacy of PK and its 
impact on medication management during 
ECLS to decrease morbidity and mortality.13 
In the absence of clinically applicable empiric 
data, PK parameters can be used to develop 
an individualized dosing regimen that can 
be continuously updated based on patient, 
circuit, and medication-specific variables. It 
is imperative when making decisions about 
medication dosing to strongly weigh benefit 
more so than manageable risk. Aggressive 
dosing with close surveillance for the emergence 
of adverse drug reactions (ADRs) should direct 
medication management strategies. Once a 
decision is made on initial dosing, therapeutic 
drug monitoring, when available, can be used 
to tailor and adjust medication regimens to 

ensure appropriate serum concentrations, while 
avoiding toxicity.

Using Pharmacokinetics and 
Pharmacodynamics for Medication Dosing

The impact of altered Vd in patients requiring 
ECLS cannot be underestimated. Hydrophilic 
drugs have lower Vd and will be significantly 
affected by frequent volume shifts during 
ECLS. Therefore, increased loading doses 
and/or more frequent administration should 
be considered for patients with hypervolemia 
to achieve therapeutic concentrations more 
rapidly. For many drugs, as protein binding 
and lipophilicity increase, higher doses are 
needed due to changes in plasma protein 
concentrations or sequestration into the circuit. 
Very lipophilic medications or those that are 
significantly protein bound should be avoided, 
if possible, to prevent prolonged underdosing. 
If unavoidable, significantly higher, and more 
frequent dosing may be required at initiation and 
after circuit changes to decrease sequestration 
effects. Lastly, the presence of renal or hepatic 
dysfunction may also affect medication 
clearance. Table 49-1suggests strategies for 
medication dosing based on PK properties.

Therapeutic Drug Monitoring

Therapeutic drug monitoring (TDM) is the 
practice of measuring serum concentrations 
of drugs at a designated time and adjusting 
doses as needed to attain maximally effective 
concentrations.18 It is particularly useful in 
managing medications that have a narrow 
therapeutic window, increased risk of toxicity, 
or require specific serum concentrations to 
achieve a desired outcome. The challenges 
in dosing medications during ECLS can be 
navigated with TDM when available. Well-
documented TDM strategies include those 
associated with vancomycin, aminoglycosides, 
and immunosuppressive therapy, which may 
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lead to use of alternative dosing strategies 
including more frequent administration, higher 
dosing, or prolonged infusions.4,19,20,21 However, 
expanding technology has allowed for the 
use of TDM for other medications, including 
a variety of antimicrobials and antifungals. 
In a position paper about the use of TDM in 
critically ill patients, multiple international 
infectious disease experts established the need 
for practical TDM, including readily available 
laboratory services to improve outcomes in 
pediatric and adult patients. They provided 
guidance for how to use TDM to monitor a 
wide variety of antimicrobials, antifungals, and 

antiviral agents.22 Providers should work with 
their laboratory and pharmacy colleagues to 
develop TDM protocols for critical medications 
used during ECLS

Pharmacokinetic and Pharmacodynamic 
Modeling

More recently, researchers have been 
investigating the use of PK-PD modeling-based 
algorithms to better predict initial antimicrobial 
dosing within the context of individual 
variables.5,13,19 Building on fundamental 
population PK-PD principles, these studies use 

Protein Binding X Log P
Volume of Distribution 

(L/kg)
Risk

Dosing Strategy
Recommend close monitoring for ADEs when using higher 

dosing or increased frequency
Use TDM if concerns for therapeutic failure or toxicity at any 

time during treatment

Low ECLS-specific dose adjustment not needed

Moderate to High in 
neonates and infants

In neonates and infants Vd can be significantly increased by 
the ECLS volume - increasing risk of underdosing - consider 

higher doses or increased frequency

1-2 1-5 Low to moderate

>2 >5 Moderate
Consider higher doses or increased frequency when 

appropriate

Low to moderate ECLS-specific dose adjustment not needed

Moderate to High in 
neonates and infants

In neonates and infants Vd can be significantly increased by 
the ECLS volume - increasing risk of underdosing - consider 

higher doses or increased frequency

1-2 1-5 Moderate
Consider higher doses or increased frequency when 

appropriate

>2 >5 Moderate to High
Use higher loading and/or maintenance doses and/or 

increased frequency when appropriate

Moderate

Moderate to High in 
neonates and infants*

1-2 1-5 Moderate to High
Use higher loading and/or maintenance doses and/or 

increased frequency when appropriate

>2 >5 High

Avoid combinations if possible.  If required – use higher 
loading doses and/or maintenance doses and increased 

frequency if appropriate. Follow medication levels if 
available.

X log P=experimental octanol-water coefficient of medication as a measure of lipophilicity; ADE=adverse drug event; TDM=therapeutic drug monitoring

Low
(<30%)

Moderate
(30-60%)

High
(>60%)

<1 <1

<1 <1
Consider higher doses or increased frequency when 

appropriate

<1 <1

Table 49-1. Therapeutic implications of pharmacokinetic changes during ECLS.7,14
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mathematical models to predict the likelihood of 
attaining therapeutic drug levels for patients on 
ECLS.5,13,23 As more studies become available, 
ECLS dosing guidelines can be formulated 
to assist clinicians in choosing appropriate 
medication therapy. Advancements in the 
availability and understanding of population-
specific PK-PD modeling and practical TDM 
have the potential to significantly improve both 
empiric and targeted drug regimens for patients 
requiring ECLS.

Antimicrobial Therapy

The most prevalent types of infections in 
ECLS patients are bloodstream infections, lower 
respiratory tract infections, and urinary tract 
infections.24 The Surviving Sepsis Campaign 
recommends the use of broad-spectrum 
antibiotics in the initial management of patients 
with sepsis and septic shock.25 However, 
once the pathogen(s) are identified and their 
susceptibilities become available, empiric 
antimicrobials should be deescalated to 
more narrow spectrum agents to promote 
therapeutic appropriateness and reduce costs.26 
It is imperative to have rapid microbiological 
and susceptibility testing available to guide 
the choice of antimicrobial agent and ensure 
sufficient dosing.

The recent surge of multidrug resistant 
organisms (MDRO) combined with diminishing 
antibiotic development has highlighted the need 
to optimize the use of existing antimicrobials.27 
This becomes even more important in critically 
ill patients as pathogens isolated in the ICU 
are commonly less susceptible to standard 
antimicrobials.28, 29 ECLS patients are at even 
more significant risk for MDRO infections as 
they often require a higher number and longer 
duration of invasive devices. 

Pharmacokinetic and Pharmacodynamic 
Dosing Considerations

Therapeutic antimicrobial effect is strongly 
associated with attainment of PK and PD 
targets specific to the underlying infection and 
chosen medication.30 In preclinical studies, 
antimicrobial dosing based on PK-PD principles 
has been shown to minimize the risk of 
emergence of resistance by avoiding ineffective 
antibiotic exposure.30,31 

In initiating broad spectrum empiric 
therapy, understanding drug physiochemistry 
is key to predicting the degree of drug loss 
to the ECLS circuit. Recently, multicenter 
prospective, open label PK studies in adults 
have developed PK-PD models to estimate 
appropriate empiric dosing of broad-spectrum 
antibiotics. Their findings highlight the need 
to use alternative dosing strategies such as 
prolonged infusions of piperacillin-tazobactam, 
loading doses of vancomycin, and lower doses of 
cefepime during ECLS with dosing adjustments 
for body mass index (BMI) and estimated 
creatinine clearance.32,33,34,35 Table 49-2 lists 
the physiochemical properties and PK for 
common antimicrobials and antifungals used 
during ECLS and provides recommendations 
for empiric therapy and monitoring.

Sedation and Analgesia

ECLS is invasive in nature and for this 
reason necessitates both sedation and analgesia 
which involves choosing and managing the 
correct drug to ensure patient safety and comfort. 
In targeting a set level of sedation, the choice 
of agent should keep the desired physiological 
endpoint in mind while understanding the 
interplay of PK-PD in a critically ill patient 
on ECLS.36,37 Most commonly, an opioid will 
be used to address analgesia in combination 
with a sedative agent. There can be synergism 
from the combination of these agents; thus, 
dose-dependent side effects of any one agent 
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Antimicrobial or 
antimicrobial class 

Physicochemical 
properties 

Pharmacokinetic 
implications Dosing and management Recommendation 

Aminoglycosides 

Hydrophilic 
 

Low to moderate protein 
binding 

Minimal sequestration 
 

Low Vd 
 

Altered Cl 

Adjust individual agents based on PK per Table 49-1 
 

Utilize TDM  
guided dosing 

Beta-lactams 
Relatively hydrophilic 

 
Variable protein binding 

Relatively hydrophilic 
 

Moderate to  
higher Vd 

 
Altered clearance 

Higher doses and more frequent or prolonged 
infusion may be considered for altered PK 

 
Adjust individual agents based on PK per Table 49-1 

 
Adjust per clearance 

 
Utilize TDM if available 

Carbapenems 
Relatively hydrophilic 

 
Variable protein binding 

Relatively hydrophilic 
 

Low Vd 

Higher doses and more frequent or prolonged 
infusion may be considered for altered PK 

 
Adjust individual agents based on PK per Table 49-1 

 
Adjust per renal function 

 
Utilize TDM if available 

Fluoroquinolones 

Lipophilic 
 

Moderate  
protein binding 

Increased sequestration 
 

Higher Vd 
 

Altered Cl 

Higher or more frequent doses may be needed 
initially to overcome sequestration  

 
Adjust individual agents based on PK per Table 49-1 

Utilize TDM if available 

Caspofungin 
 

 Micafungin 

Low lipophilicity 
 

Highly protein-bound 

Moderate sequestration 
 

Higher Vd 

Higher loading doses may be needed to overcome 
Vd 

 
Adjust individual agents based on PK per Table 49-1 

Utilize TDM if available 

Vancomycin 

Hydrophilic 
 

 Moderate to high  
protein binding 

 Minimal sequestration 
 

Higher Vd 
 

Altered Cl 

Higher loading doses may be needed to overcome 
Vd 

 
Adjust individual agents based on PK per Table 49-1 

 
Utilize TDM  
guided dosing 

Voriconazole 
High lipophilicity 

 
Moderate protein-binding 

High  
sequestration 

 
Higher Vd 

Significantly higher initial loading and daily doses 
 

Utilize TDM if available 

Vd=volume of distribution; Cl=clearance; TDM=therapeutic drug monitoring 
aMinimal sequestration characterized by logP <1 and protein binding less than 30%; moderate sequestration determined by logP between 1 
and 2 and protein binding between 30-60%; high sequestration determined by logP >2 and protein binding greater than 60%. 
*Arbitrary cut-off points for degree of sequestration and protein binding 

Table 49-2. Summary of dosing recommendations for relevant antimicrobials.14
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can be minimized while achieving a similar 
endpoint. The role of PK-PD in choosing the 
most appropriate agent will be further discussed 
in the agent-specific review section.

Pharmacokinetic Dosing Considerations: 
Analgesics

Opioids are indispensable analgesics used 
in intensive care and, except for methadone, 
are generally pharmacodynamically similar. 
In international surveys, fentanyl remains one 
of the most popular agents used for analgesia 
in ECLS, followed by hydromorphone and 
morphine.38,39 Fentanyl is a highly lipophilic 
opioid and has been shown to have a mean drug 
loss of 97% into an ex vivo ECLS circuit at 24 
hours and clinically requires dose escalation 
over time.19,38,39 The demonstration of ex vivo 
circuit drug loss and the ongoing need for dose 
escalation has not curbed the usage of this 
opioid across institutions. Proponents have 
described the advantage of inactive metabolites 
as a reason for the drug’s choice, especially in 
patients with renal dysfunction. 

Morphine is another commonly used opioid 
that, unlike fentanyl, appears to be minimally 
sequestrated in ex vivo models, with less 
than 1% drug loss at 24 hours.8,40 However, 
morphine was similarly shown to require dose 
escalation over time which correlated with 
decreasing plasma concentrations.37 Despite this 
phenomenon, based on the limited clinical data, 
it has been suggested as a superior alternative 
to fentanyl, due to its better PK profile in 
ECLS.38,39

Hydromorphone is a synthetic opioid that 
has low lipophilicity and protein binding. In a 
recent retrospective review of 52 adult ECLS 
patients, the use of hydromorphone resulted in 
lower sedation usage over 48 hours as compared 
to fentanyl.42 There were many limitations to 
this study; however, clinically, when comparing 
the PK-PD parameters of both medications, 
hydromorphone is less likely to require 

dosage escalation over time due to limited risk 
of interaction with the circuit or underlying 
physiology.

Enteral methadone has been used as an 
adjunctive opioid in ECLS. With its long 
duration of action, it has been shown to temper 
escalation of other agents and may have a role in 
reducing withdrawal symptoms.43 It is important 
to note that methadone is very highly protein 
bound and may not be an ideal agent in patients 
who are experiencing ongoing protein losses or 
dramatic protein shifts.

Pharmacokinetic Dosing Considerations: 
Sedatives

Sedatives are widely used in combination 
with analgesics to maintain patient comfort and 
safety during ECLS. Midazolam, a commonly 
used benzodiazepine in the ICU for sedation, 
has been shown to be significantly sequestrated 
in ex-vivo models, with only 13% drug recovery 
at 24 hours.8 Clinically, there has been one 
retrospective study demonstrating the need 
for significantly higher doses of midazolam or 
equivalents in ECLS patients.44 Another group 
showed comparatively decreased daily dose 
requirements without dose escalation but this 
was in combination with high-dose fentanyl 
for analgesia.45 However, it can be anticipated 
from expected PK changes on ECLS that 
higher loading and maintenance doses should 
be considered.14 

Propofol is a highly lipophilic and 
significantly protein-bound sedative that is 
significantly sequestered within the ECLS 
circuit and even theorized to undergo oxidative 
breakdown.46 In an ex vivo model of a whole-
blood primed ECLS circuit, 70% of propofol 
drug concentration diminished within the first 
30 minutes of the experiment, and after 5 hours, 
only 11% of the initial concentration remained.47 
Based on these limited data, it appears that 
higher doses of propofol may be required 
over time for optimal sedation.14 Moreover, 
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maximal doses need to be further defined in this 
population due to the risk of propofol-related 
infusion syndrome with prolonged infusions. 

Dexmedetomidine has gained popularity in 
the ICU for its absence of respiratory depression, 
potential reduction of delirium, and unique 
sedation profile characterized by anxiolysis and 
analgesia.48 Consistent with its high lipophilicity 
and protein binding, much of the drug is lost 
through circuit adsorption.49 Higher infusion 
rates or bolus doses may be required especially 
at ECLS initiation and circuit change.

Ketamine is pharmacodynamically distinct 
from other sedatives and is often used as 
an adjunctive agent in ECLS 50 An initial 
retrospective study showed a sedative-sparing 
effect with concurrent decrease in vasopressor 
requirements; however, this was not seen in a 
subsequent randomized controlled trial.51 Of 
note, the protocols in this study were not tailored 
to ketamine’s unique PD.50,51 It is recommended 
to use the lowest effective infusion doses to 
avoid the adverse psychomimetic phenomena 
commonly associated with ketamine. 

Other Medications

Many cardiovascular medications are 
titrated to effect, making dosing in ECLS 
patients significantly less challenging than other 
classes of drugs. However, some medications 
may need higher loading doses and more 
aggressive rates of infusion based on PK-PD 
parameters. For example, larger doses of both 
alprostadil and sildenafil—both commonly used 
in neonates with congenital heart disease—are 
needed in patients on ECLS likely due to their 
larger Vd.52,53

The antiarrhythmics amiodarone, esmolol, 
lidocaine, and procainamide may require higher 
bolus doses and rates of infusion to achieve their 
desired effect due to increased protein binding 
and lipophilicity.54,55 Amiodarone is extremely 
lipophilic (log P=7.6) and significantly protein 
bound (99%), dramatically increasing Vd. Not 

surprisingly, an ex vivo study of three different 
circuit priming fluids showed that amiodarone 
is extensively sequestered into the circuit 
(~70-80%).56 Use of infusion rates as high as 
25 mcg/kg/min have been reported.55 

Anticonvulsant medications may also be 
affected by the ECLS circuit. Case reports have 
shown up to 15-35% losses of fosphenytoin 
into circuits while phenobarbital levels may 
be subtherapeutic with traditional dosing as 
well.57,58 Larger loading and maintenance 
doses will be required to achieve therapeutic 
levels. Standard doses of levetiracetam have 
been shown to be effective in adults, even 
with the addition of CRRT.59 Due to the high 
risk of subtherapeutic dosing, it is prudent to 
preferentially use medications with readily 
available TDM.

Conclusion

Medication dosing during ECLS requires 
multidisciplinary cooperation to design 
efficacious treatment plans with vigilant 
monitoring and adjustment. Advances in TDM 
and expansion of PK-PD modeling in ECLS 
populations may lead to better and more 
accurate initial dosing in the future. Until then, 
the team can use known drug-specific PK and 
PD interactions with patient and circuit factors 
to estimate empiric dosing and continuously 
tailor therapy based on clinical assessment, 
TDM, and ongoing surveillance for ADRs. 
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Anesthesia

Jonathan Hastie, Madelyn Kahana, Susana Cruz Beltran, Nicholas Moore, Viviane G. Nasr

Introduction

As increasing numbers of adults and children 
are supported with ECLS, anesthesiologists will 
be called upon to provide care for those patients 
who require an intervention. Anesthesiologists 
are expected to have a breadth and depth of 
understanding of pharmacology and physiology 
while caring for patients supported with ECLS.

Anesthetic Pharmacology and Physiology

Pharmacology in the ECLS patient is 
discussed in Chapter 49. This section focuses 
on anesthetic medications and physiologic 
principles specific to the anesthetic care of 
patients supported with ECLS.

Pharmacology of Intravenous Agents

Medication levels may vary unpredictably 
during ECLS therapy. This unpredictability is 
due to complex interaction of mechanical and 
patient factors, disease-specific pathophysiology, 
and medications.1 Mechanisms by which 
pharmacokinetics may be altered include an 
increased volume of distribution, sequestration 
of the therapeutic agent in the different 
components of the circuit, and reduction in 
elimination.1 Moreover, pharmacokinetics may 
change throughout the time when a patient is 

supported with ECLS.2 Failure to consider 
alterations in pharmacology may lead to 
therapeutic failure or medication toxicity.3

Significant alterations in propofol, 
midazolam, fentanyl, and morphine plasma 
levels have been reported when ECLS is 
initiated in both in vivo and ex vivo models.4,5 
Reductions in concentration may require a 
significant increase in the administered dose 
to achieve therapeutic plasma levels of active 
medications and their metabolites. These 
increased requirements may persist for the 
duration of ECLS support.4 While maintaining 
the patient’s comfort and relieving anxiety are 
important for intensive care, ensuring adequate 
sedation becomes paramount in the context of 
potentially noxious surgical and interventional 
stimulus.

An agent’s physical properties determine 
the way the ECLS circuit may alter the 
pharmacokinetics. Sequestration in the ECLS 
circuit is thought to be significant for lipophilic 
medications and those that are highly protein-
bound, while hemodilution with an increased 
circulating volume is relevant for hydrophilic 
medications.1 Propofol, a protein-bound and 
highly lipophilic medication is also sequestered 
in the ECLS circuit. In vitro studies have 
demonstrated propofol concentrations between 
20% and 32% of predicted in the simulated 
ECLS patient.6 For sequestered medications, 
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the tubing may act as a reservoir, and slowly 
release the medication once the infusion is 
discontinued.1 Medications typically considered 

“short-acting” may thus have a prolonged 
duration of effect.

Precise understanding of the pharma-
cokinetics of intravenous anesthetics is limited 
by the variability of patient and ECLS circuit 
factors, as well as heterogeneity of research. 
The anesthesiologist should consider the 
likelihood of increased volume of distribution, 
sequestration of medications, and reduced 
elimination. Practically, this means bolus doses 
in general may need to be increased (particularly 
for hydrophilic medications), infusion rates will 
likely be substantially higher than those in the 
non-ECLS patient, and the duration of effect of 
infusions may be prolonged after cessation of 
the medication (Table 50-1).

Pharmacology of Anesthetic Vapors

Volatile agents commonly used in anesthesia 
care are associated with two main concerns: 
the variability of anesthetic uptake in severely 
diseased lungs and the impact of oxygenator 
design on the potential for elimination of 
anesthetic vapors via the ECLS membrane.

Unlike the CPB circuit, which uses a 
microporous membrane oxygenator that 

is constructed from polypropylene and is 
permeable to anesthetic vapors,7 modern ECLS 
circuits use diffusion membranes made from 
polymethylpentene.8 The diffusion membrane 
presents a physical barrier between gases 
and blood to minimize plasma leakage over 
time, and postoxygenator gas analysis has 
shown minimal uptake of volatile agents.9 As 
such, ECLS circuits using polymethylpentene 
diffusion oxygenators do not include vaporizers 
to administer volatile agents, nor do they 
significantly eliminate volatile agents. The 
administration of an inhalational anesthetic 
for a patient supported with ECLS would thus 
require the use of either an anesthesia machine 
or a vapor-conserving device used for high 
fresh-gas flow use of ICU ventilators.10,11

The nature of a patient’s pathophysiology 
should be considered. A patient supported 
with high flow VV ECMO for severely 
diseased lungs may have inadequate uptake of 
inhaled volatile agents to achieve satisfactory 
blood concentrations, and hence intravenous 
medications are required. However, a patient 
requiring a lower level of support and with 
adequate lung function may have sufficient gas 
exchange, allowing the use of a volatile agent.

In addition to consideration of gas exchange 
in the patient’s lungs, the circulation itself 
should be considered in deciding whether to 

ANESTHESIA MEDICATION CONSIDERATIONS 
Propofol Lipophilic. Sequestration in ECLS circuit. Higher doses 

commonly needed for therapeutic effect. Risk of propofol 
infusion syndrome when used in ICU; may safely be used 
in short-term anesthetic care. 

Midazolam Lipophilic. Sequestration in ECLS circuit. Higher doses 
commonly needed for therapeutic effect. Prolonged effect 
after cessation of infusion. 

Fentanyl Lipophilic. Sequestration in ECLS circuit. Higher doses 
commonly needed for therapeutic effect. Prolonged effect 
after cessation of infusion. 

Morphine Hydrophilic. Increased volume of distribution. 
Neuromuscular blockade Increased volume of distribution. 
Dexmedetomidine Commonly used as adjunct sedation in the ICU.  

 
Table 50-1. Pharmacokinetic considerations of anesthetic medications in the patients 
supported with ECLS.
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use volatile agents in anesthetic care. In a 
patient supported with VA ECMO with femoral 
venous and arterial cannulation with relatively 
preserved cardiac function, the upper body 
circulation receives blood primarily from the 
native cardiac ejection. If volatile agents are 
used, the brain may therefore receive blood 
with adequate concentrations. The lower body 
may primarily receive blood reinfused from 
the ECLS circuit, whose diffusion membrane 
oxygenator should have no significant effect 
on volatile agents.

Patients with minimal cardiac ejection, from 
either depressed cardiac function or relatively 
high flow VA ECMO support, are expected to 
have minimal pulmonary blood flow and would 
therefore be poor candidates to be anesthetized 
with volatile agents. Patients supported with 
more complicated configurations, such as 
VVA ECMO, likewise may be more reliably 
anesthetized with intravenous agents.

Respiratory Physiology and ECLS

This section highlights a few salient points 
regarding respiratory physiology for the 
anesthesiologist caring for the ECMO patient.

VV ECMO is predominantly used for 
impaired gas exchange, or occasionally to 
allow healing of bronchopleural fistulas.12,13 
Understanding that the aim of ECLS is to aid 
lung function is key to planning ventilation 
strategies. Furthermore, when clinical situations 
change, adjustments to either ECLS or to patient 
gas exchange can compensate for the changes.

The effectiveness of ECLS gas exchange 
can be assessed in multiple ways including 
arterial blood gas analysis, pulse oximetry, 
and tissue saturation. The location from which 
an arterial blood gas is drawn will affect its 
interpretation. Pre- and postoxygenator blood 
gas analysis will demonstrate the effect of 
the ECMO membrane gas exchange. Pulse 
oximetry and tissue saturation monitoring 
using near infrared spectroscopy may also 
be used, particularly when there is concern 
for differential hypoxemia during femoral VA 
ECMO, for example.

The anesthesiologist should assess the 
patient’s current support and recent trajectory 
over the last 24-48 hours. A comprehensive 
assessment of the patient’s condition depends 
on discussion with the intensive care clinical 
team. Ventilator and ECLS settings should 
be noted (Table 50-2). As a starting point, an 
anesthesiologist may aim to maintain similar 
mechanical ventilation settings periprocedurally, 
though they may be modified as the clinical 
situation changes.

Based on patient and procedure factors, 
appropriate plans for monitoring oxygenation 
and ventilation should be made (Table 50-3). 
Most modern anesthesia machines can replicate 
the ICU ventilator settings, but institution-
specific knowledge and planning are crucial. 
Additional options include using a transport 
ICU ventilator or changing the location of the 
procedure, if feasible. 

During a procedure, acidosis may develop 
from poor perfusion, sepsis, or other reasons. 

VENTILATOR ECMO 
Mode of ventilation Cannulation strategy 
Tidal volume Pump speed 
Respiratory rate Blood flow rate 
Inspiratory time FsO2 
FiO2 Sweep gas flow rate 
Positive end-expiratory pressure  

 
Table 50-2. Respiratory assessment of the ECMO patient.
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While the underlying reason for the acidosis 
is addressed, temporizing measures may 
be undertaken. To increase CO2 clearance, 
increasing the sweep gas flow rate may be more 
effective and be associated with less risk of 
lung injury than increasing the patient’s minute 
ventilation on the ventilator. Administration of 
a metabolic buffer may be appropriate at other 
times to temporarily mitigate acidosis. 

Lastly, transport to and from the procedural 
area (when the procedure is not performed in 
the ICU) merits special concern for planning 
respiratory care. This is discussed at length in 
Chapter 46. 

Cardiac Physiology and ECLS

The anesthesiologist should have a thorough 
understanding of cardiac physiology in patients 
supported with ECLS. This is discussed at 
length in Chapters 27 and 28. Important points 
are reviewed here.

In patients supported with VV ECMO, 
an underfilled heart may benefit from fluid 
resuscitation or transfusion. Evidence of 
pulmonary congestion may prompt the initiation 
of an inotrope or fluid removal with diuresis or 
ultrafiltration. In other instances, the physiologic 
effects of impaired gas exchange may have 
hemodynamic effects which are amplified in 
the periprocedural setting. Hypoxemia can 

lead to an increase in sympathetic tone, or a 
decrease in myocardial performance. Acute 
hypercarbia will produce acidosis, which 
likewise can increase sympathetic tone when 
mild, or may lead to vasodilation and a decrease 
in myocardial function when more significant. 
The effect of vasoactive mediations may be 
attenuated in an acidotic milieu. Correcting the 
acidosis may improve responsiveness.

Central venous pressure (CVP) monitoring 
may be useful, but also misleading in certain 
situations. A cannula with a venous return 
near the CVP port may lead to erroneous 
measurements. Measured SVC pressure 
may not correlate with right atrial pressure. 
Regardless, the CVP trend during a procedure 
is likely a meaningful measurement.

Another potential hemodynamic effect of 
VV ECMO is the delayed effect time of a bolus 
of intravenous medication, as some or most of 
the delivered dose may be bypassed through the 
ECMO circuit before returning to the patient’s 
right atrium. The magnitude of this effect will 
be a function of the proportion of venous return 
that is drained, the location of medication 
administration and venous drainage catheters, 
and the length of the ECMO circuit. Accounting 
for a delay in effect should prompt caution in 
repeating doses when managing hemodynamic 
instability. 

PROCEDURE EXPLANATION 
Coronary artery bypass grafting Insufflation of leg for saphenous vein 

harvest leads to absorption of CO2 and 
increased minute ventilation needs. 

Laparoscopy Abdominal insufflation leads to absorption 
of CO2 and increased minute ventilation 
needs. 

Thoracoscopy Insufflation of the chest may lead to 
absorption of CO2. One-lung ventilation 
decreases ability to clear CO2. 

Bronchoscopy Airway procedures may be associated with 
apnea or decreased ability to ventilate. 

Laryngoscopy Decreased intraprocedure ventilation 
  

 
Table 50-3. Procedures with special considerations regarding ventilation.
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The magnitude of the hemodynamic 
effect of VA ECMO depends on many factors, 
including patient size, native cardiac function, 
volume status, ECMO cannulation strategy, 
and ECMO pump speed. Understanding of 
the patient’s circulatory state requires realtime 
monitoring of electrocardiogram (ECG) and 
arterial blood pressure tracing. CVP and 
pulmonary artery (PA) catheter monitoring may 
provide supplementary information.

Arterial pulsatility in the patient with VA 
ECMO will typically reflect native cardiac 
output. The pulse pressure, in combination with 
assessment of mean arterial pressure (MAP) and 
CVP further characterizes the patient’s cardiac 
output. If a PA catheter is present, this can yield 
information in at least two important ways. One 
is that a mixed venous oxygen saturation can 
be used to calculate the cardiac output by the 
Fick Principle.14 This calculated cardiac output 
reflects the global balance of oxygen supply 
and demand of the tissues. By subtracting 
the measured ECMO flow, the clinician may 
estimate the native cardiac output. Second, a 
PA catheter may be helpful in cases in which 
it is critical to maintain circulation across the 
lungs, such as a patient who has undergone 
mechanical mitral valve replacement or a lung 
transplant recipient at risk for pulmonary vein 
thrombosis at the site of anastomosis.

For surgical procedures, VA ECMO 
support may lead to improved intraoperative 
hemodynamics and better tolerance for 
changes associated with the procedure, such 
as surgical traction or compression of vital 
organs. For this reason, VA ECMO may be 
the preferred mode of intraoperative support 
for patients with marginal cardiac function 
undergoing lung transplantation.15,16 However, 
the anesthesiologist should watch for surgical 
changes that can impair ECMO support 
itself. Changes in patient position, such as 
Trendelenburg or reverse Trendelenburg 
position, can affect cannula position or may 
impair venous drainage. Lateral positioning 

may have similar effects. Abdominal or 
intrathoracic insufflation may impair venous 
drainage. Intraprocedure hemorrhage leading 
to hypovolemia will reduce the ability of ECLS 
to provide support. The degree of impairment 
of ECLS flow support may vary in a nonlinear 
fashion with volume status. 

Preoperatively, the anesthetist should assess 
the hemodynamic impact of the ECLS circuit 
on the patient and observe for changes. The 
magnitude of negative pressure in the drainage 
cannula is reflective of cannula position relative 
to the vein, and a change can suggest a change 
in position or a change in circulating volume. 
Likewise, chatter of the drainage limb of the 
circuit or a drop in pump flow are consistent 
with decreased circulating volume. Some 
situations may require liberal fluid resuscitation 
or transfusion, while others benefit from 
a restrictive strategy. Adjustment in pump 
settings or change in vasopressor dose may be 
appropriate in which a restrictive strategy is 
used. As with all clinically significant decisions, 
changes in ECLS support are typically made in 
collaboration with the primary team managing 
the ECLS circuit.

Developing and Implementing an Anesthesia 
Plan

This section highlights the practical aspects 
of managing patients supported with ECLS and 
undergoing a surgical procedure. 

Patient Assessment

Patients supported with ECLS may 
have a variety of airway support, including 
endotracheal tubes, tracheostomy tubes, high-
flow nasal cannula oxygen, or noninvasive 
positive-pressure ventilation (NPPV). For 
patients without invasive airways, a standard 
airway assessment should be made.17 For 
those with invasive airway equipment, the 



660

Chapter 50

anesthesiologist should assess position, ease of 
insertion, stability, and duration.

As outlined in the Respiratory Physiology 
and ECLS sect ion  above,  vent i la tor 
settings should be noted (Table 50-2). The 
anesthesiologist should address feasibility and 
appropriateness of mimicking these settings 
during transport and in the procedural area. 
Coordination with the respiratory therapist may 
allow use of the ICU ventilator on battery power 
to facilitate stability during transport.

Inhaled therapies, such as bronchodilators 
and pulmonary vasodilators, should be reviewed. 
Maintaining continuous inhaled therapies 
(eg, nitric oxide or epoprostenol) requires 
collaboration with a respiratory therapist. 
Vasoactive support, including continuous 
infusions and intermittently dosed medications 
must also be reviewed. 

The patient’s analgesic and sedative 
requirements to achieve the current status and 
anticipated surgical or interventional stimulation 
should be reviewed. The sedative dosages 
are a function of both pharmacodynamic 
tolerance and pharmacokinetic factors, such as 
sequestration. 

Lastly, additional invasive therapies bear 
special relevance particularly for transport and 
anesthetic planning. The presence of IABP or 
intravascular heart assist pumps may require 
additional personnel to assist with transport 
and arrangement. Confirmation of correct 
positioning, or diagnosing malpositioning with 
imaging may be desirable, depending on the 
context and planned procedure.

Procedural Considerations in the ECLS 
Patient

A multitude of procedures have been reported 
in patients supported with ECLS (Chapter 51). 
Despite the breadth of procedural considerations, 
common anesthetic considerations are reviewed 
below. 

First, procedure location will have several 
implications, including whether the patient will 
be transported from the ICU and the need for 
an elevator. The location of the procedure also 
will determine proximity to resources, including 
pharmacy, laboratory services, blood bank, and 
support staff. Qualified clinicians to assist with 
unexpected events may be readily available in 
the operating room environment, somewhat less 
available in catheterization labs or endoscopy 
suites, and significantly less available in other 
remote locations.

Second, positioning of the ECLS patient 
for procedures should be considered. Supine 
position is ideal for managing patients supported 
with ECLS. However, the anesthetist should 
anticipate the effect of the patient’s position 
(lateral or other) on cannula position, flow, and 
hemodynamics. 

Third, the anticipated degree of noxious 
stimulation should be assessed and will be 
discussed further in the next section. 

Fourth, hemodynamic and respiratory 
effects of the procedure are anticipated. These 
may result from pressure on or displacement 
of vital organs, induced arrhythmias, or 
insufflation of the chest or abdomen. Expected 
blood loss and fluid shifts should be considered. 
Certain procedures, such as lung transplantation 
in an ECLS patient with cystic fibrosis with 
chronic infection, may provoke a significant 
inflammatory response with vasodilation.

Lastly, additional routine considerations 
may include airway issues, equipment 
availability, use of fluoroscopy, or fire risk.

Special Considerations for General Anesthesia

As described above, the patient’s physiology 
and the ECLS strategy have implications on 
the anesthetic plan. Despite the limitations 
of volatile anesthetic agents, their use may 
have benefit in delivering general anesthesia 
in a patient who otherwise has tolerance 
or who requires large doses of intravenous 
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medications owing to volume of distribution 
and sequestration. The anesthesiologist should 
ensure that therapeutic levels of the volatile 
anesthetic reach the cerebral circulation. 
Monitoring of the depth of anesthesia must 
be performed using end-tidal monitoring, and 
processed EEG monitoring, when available, in 
patients who receive neuromuscular blockade.

In addition to patient factors, the use of 
a volatile anesthetic may be challenging due 
to the limited availability of an anesthetic 
machine in remote locations, or the lack of 
scavenging systems to prevent contamination 
of the workspace with exhaled gases.

Special Considerations for Monitored 
Anesthesia Care

If Monitored Anesthesia Care (MAC) is 
planned for the ECLS patient, sedation can be 
accomplished using opioids, sedative hypnotic 
agents such as propofol and benzodiazepines, 
sedatives such as dexmedetomidine, and 
nonopioid adjuvant medications.  The 
pharmacokinetic principles described in the 
first part of this chapter remain relevant when 
considering dosing strategy and response. The 
anesthesiologist should consider the need 
and possibility to urgently convert to general 
anesthesia. These considerations include 
changes in position that will be required, airway 
management, and notification of additional team 
members.

Special Considerations for Regional Anesthesia

Regional anesthesia may be considered 
in patients supported with ECLS. Specific 
considerations include:

1. The location of the procedure and patient 
position when performing the regional 
block.

2. The coagulation status of the patient. A 
patient with significant coagulopathy or 

need for continuation of anticoagulant 
medications may be ineligible for neuraxial 
blockade, although a peripheral nerve block 
may be an option, particularly if there is 
perceived benefit in avoiding a general 
anesthetic.

3. The ability of and need for the patient to 
cooperate during the regional blockade.

4. The ability to develop a contingency plan 
in case the regional anesthetic fails.

These considerations together can create 
widely divergent scenarios relating to the 
appropriateness of a regional anesthetic. A 
patient who needs a toe amputation, who has 
normal coagulation, who can remain in the 
supine position, and who is cooperative and able 
to tolerate general anesthesia if needed may be 
a reasonable candidate for a regional anesthetic, 
such as ankle block or sciatic nerve block in the 
popliteal fossa. By contrast, a coagulopathic, 
noncooperative patient would not be eligible 
for an epidural.

Special Considerations for Care of the 
Pediatric or Neonatal Patient

ECLS has been used in the pediatric 
population for nearly fifty years, and prior to 
the 2009 H1N1 pandemic, pediatric respiratory 
failure was the predominant context in which 
ECLS was used.18,19 In current practice, 
however, ECLS in the neonatal and pediatric 
populations is used for respiratory support, 
cardiac support (bridging to mechanical 
circulatory support device, organ recovery, 
or cardiac transplantation), ECPR, and as 
preemptive support during anticipated times 
of hemodynamic instability during high-risk 
procedures20-22 In these cases the pediatric 
anesthesiologist may care for these patients.

The anesthesiologist should consider that 
ECLS circuit design and configuration for 
neonates and pediatric patients accounts for 
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their size and metabolism. Oxygen delivery for 
neonates in respiratory failure is approximately 
6 ml/kg/min,23 for pediatric patients 4-5 ml/
kg/min,24 while for adults 300 ml/m2/min, or 
approximately 3 ml/kg/min.25 In VA ECMO, 
flow rates for neonates are 100-150 ml/kg/min 
and 70-100 ml/kg/min for pediatric patients.26

As previously discussed, the alterations 
in pharmacokinetics in the patient supported 
with ECLS are typically characterized by a 
larger volume of distribution and prolonged 
elimination, with a return to baseline after 
decannulation. However, some studies have 
suggested that some factors such as younger 
age, thoracic cannulation, and prolonged use of 
muscle relaxants are associated with an increased 
dosage requirement of benzodiazepines and 
opioids to achieve therapeutic effect.27

Pediatric cannulation strategy is based on 
the size of the patient. Small children are best 
cannulated via the neck vessels. The exact size, 
age, and weight for femoral arterial cannulation 
varies between operators and institutions 
(Chapter 4).28 

Bleeding and thrombosis are of particular 
concern in pediatric patients supported with 
ECLS.29,30 Anticoagulation with unfractionated 
heparin infusion is the most common clinical 
approach, and the clinician should recognize 
that heparin effect varies with age and 
depends on adequate antithrombin (AT) levels. 
Some institutions have adopted the use of 
direct thrombin inhibitors, which function 
independently of AT.31 Transfusion strategies 
are typically institution-specific. For pediatric 
ECLS patients, phlebotomy for lab assessments 
contributes to transfusion requirements and 
should be done judiciously.32 In general, the 
following parameters are targeted: INR <2, 
fibrinogen >100-150 mg/dL, and platelet 
>80,000-100,000.32

Vascular access in the critically ill pediatric 
patient is a common challenge, and patients 
supported with ECLS are no different. Continuous 
renal replacement therapy may be provided via 

the ECLS circuit.33 Adequate vascular access 
is of particular importance in anesthesia care 
when rapid fluid shifts and procedural blood 
loss require prompt resuscitation. In some 
cases, the ECLS circuit may be the most 
efficient, reliable, and accessible access for 
administration of emergency medications and 
volume resuscitation. The anesthetist should 
be familiar with institutional practice and 
experience in these cases.

Other common principles of pediatric 
anesthetic care remain relevant for the pediatric 
ECLS patient, including fluid management and 
heat conservation. Optimal care delivery is 
provided by an anesthesiologist with expertise 
in pediatric anesthesiology and well versed in 
advanced cardiac and respiratory support.

Team-Based Care

Teamwork among the multidisciplinary 
team is essential for best patient care. The 
anesthesiologist’s role is prominent during 
transport care before and after the surgical 
procedure, while maintaining hemodynamic 
stability throughout the procedure, and while 
managing times of unexpected instability. 
Coordinating the team for transport of the 
ECLS patient involves confirming appropriate 
designation of team members to transport roles, 
ensuring adequate preparation has been made, 
and facilitating a team that is responsive to each 
of its members’ concerns (Chapter 46). The use 
of checklists may facilitate that comprehensive 
safety measures are in place. 

When unexpected instability occurs 
during a procedure, the anesthesiologist will 
have first-hand knowledge of the patient’s 
cardiopulmonary status and can alert the team 
accordingly. Close communication between 
the anesthesiologist and the team member 
managing the ECLS circuit will ensure 
notification and shared understanding. Likewise, 
the proceduralist and the anesthesiologist will 



663

Anesthesia

coordinate their management, with mutual 
updating about anticipated changes.

At times, anesthesia care for ECLS patients 
will be delivered in off-site locations which 
were not designed for large pieces of equipment 
and large teams. The anesthesiologist should 
be in tune to the space in which a procedure 
is performed and anticipate issues that may 
arise. These may include maximizing the 
ergonomics—and hence safety—of the 
workspace; minimizing exposure of the team 
to ionizing radiation; assessing the need 
and availability of gas outlets, suction, and 
scavenging systems; and confirming the 
adequacy of electrical sources and placement 
of power cords.

Conclusion

Anesthesia care is commonly done in 
a variety of settings for ECLS patients, for 
cannulation, decannulation, cannula adjustment, 
and other invasive procedures. These procedures 
may be performed in the ICU, the operating 
room suites, the catheterization laboratory, or 
other remote locations. Specific challenges 
include the pharmacology of anesthetic agents 
and their interaction with the ECLS circuit, the 
critical illness of the patient, and the interactions 
of anesthetics and the procedure on the patient’s 
cardiac and respiratory physiology. Patient 
safety and optimal care can be provided by an 
anesthesiologist with an in-depth understanding 
of these principles who thoughtfully constructs 
an anesthetic plan and exercises team leadership.
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Introduction

The evolution of ECLS circuitry and 
management techniques over the last 50 years 
has enabled complex procedures and operations 
to be performed safely on ECLS patients. We 
no longer need to deny patients the chance 
of ECLS support based solely on their need 
for an operation. Nevertheless, surgical and 
interventional procedures on ECLS carry risks 
of life-threatening bleeding which should not 
be underestimated. This chapter addresses the 
basic principles and decisionmaking framework 
for successful procedures on ECLS and then 
provides an overview of such procedures. 

In 1992, Atkinson et al. found that 14% 
of pediatric ECLS patients received surgical 
procedures (excluding cannulation and 
decannulation).1 Noncardiac surgical procedures 
are performed in 20 to 50% of adult ECLS 
patients.2,3 Most commonly, procedures included 
general surgical procedures (predominantly 
abdominal exploration, bowel resection, or 
fasciotomy), vascular procedures (control of 
vascular hemorrhage), and thoracic procedures 
(tracheostomy, lung biopsy, exploratory 
thoracotomy, lobectomy).2 High mortality rates 
occurred in patients who received noncardiac 
procedures (NCP) on ECLS, with a trend 
to worse survival than when NCP were not 
performed. Other documented procedures 

included open cholecystectomy, craniotomy 
with hematoma evacuation, pericardial window, 
and urologic procedures.3

Prolonged experience with surgical 
interventions in children on ECLS indicates 
that such procedures are technically feasible 
with the best results achieved when the patient 
undergoes rapid post-procedural decannulation.4 
Nagaraj et al. described 48 procedures in 
37 neonates on ECLS and concluded that 
cardiac defects, diaphragmatic hernia, lobar 
emphysema, and other conditions can be 
safely corrected. However, hemorrhagic and 
thoracic complications, and multiple surgical 
interventions were associated with significantly 
higher mortality.1,4 In a retrospective single-
center study in children, approximately one in 
seven children required surgical intervention 
during ECLS, of whom almost 90% developed 
a complication, resulting in a 50% mortality 
rate.5 Data demonstrate that few procedures 
are prohibitive to intervention providing that 
the proceduralists are sufficiently experienced 
and take the necessary precautions because of 
the increased risk of mortality.

Decision Threshold – Three Questions

The first question that the proceduralist 
must ask is, “can the procedure be avoided?” 
This question is more useful than, “is the 
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procedure necessary?” because it focuses 
attention on the consequences for the patient if 
the procedure were not performed. An example 
of this could be a child on VV ECMO for a left 
sided pneumonia with a large left hemothorax 
that has been slowly growing for the last week. 
A chest drain or thoracotomy would carry a 
risk of bleeding, but without the procedure the 
child is unlikely to inflate the pneumonic lung 
sufficiently to separate from ECLS. A caveat to 
this question is, “does this procedure achieve 
the therapeutic aim with the least risk to the 
patient?”

The second question is, “when is the best 
time to perform the procedure?” In the above 
case the procedure can be planned semielectively 
with an ideal team and operating environment. 
In contrast, a tension hemothorax that impedes 
venous drainage requires emergency drainage. 
Some procedures can be deferred until after 
decannulation (eg, grafting a burn or repairing a 
fractured bone). This question balances the need 
for the procedure against the need to ensure 
optimal operating conditions by transfusing 
clotting factors and platelets, altering heparin 
infusions and administrating antifibrinolytics.

The third question is, “am I the right person 
to perform this procedure?” Stirling Moss, the 
famous British racing driver of the 1950s and 
60s, had a rule that he would never drive at more 
than 80% of his capacity so that he always had 
some driving ability in reserve to cope with 
unforeseen circumstances. The operator should 
therefore ensure that the proposed procedure 
falls well within their competency. In general 
terms, for more complex procedures, the best 
operator should be called upon within the 
timeframe allowable in Question 2.

General Principals

Preparation and Communication

A thorough preoperative briefing should 
address equipment requirements, proposed 

procedures, areas of responsibility and 
authority, and potential complications with 
their solutions, preferably by using a checklist. 
The specific questions of antibiotic prophylaxis, 
anticoagulant management, and the preparation 
of a primed standby circuit should also be 
covered. There should always be someone 
present who is thoroughly knowledgeable with 
regards to the hemodynamic consequences and 
limitations of the ECLS.

Avoid Air in the Circuit

Venting the left atrium, right atrium, 
manipulating stopcocks and cannula bungs can 
entrain air into the circuit. In addition, cardiac 
catheterization can allow air to enter around the 
hemostatic sheath after catheter introduction 
if the venous pressure is low and the pump 
RPM is creating significant suction. Therefore, 
all precautions should be taken to avoid the 
entrainment of air.

Obtain Absolute Hemostasis

With many procedures, residual bleeding 
often persists but usually settles quickly. 
When operating on ECLS patients, one should 
strenuously attempt to ensure total hemostasis 
including aggressive packing, draining, and 
sometimes closing the cavity or wound to 
achieve tamponade or leaving it open to 
facilitate exploration. Bleeding from irritation 
around a tracheostomy can be easily controlled 
by removing the tracheostomy, intubating the 
patient orally and packing the tracheostomy 
wound. Usually, in several days, the oral tube 
can be removed, and the tracheostomy tube 
replaced. 

General Measures

Specific protocols for performing 
procedures during ECLS can increase safety 
and decrease complications. These procedures 
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can be interventional, surgical, diagnostic, 
therapeutic, or any combination of these. 
Specific procedures require unique approaches.

Anticoagulation

Antifibrinolytics (aminocaproic acid, 
aprotinin, and tranexamic acid) reduce 
bleeding complications.5,6,7 Aminocaproic 
acid significantly reduced the rate of surgical 
site bleeding in 298 pediatric ECLS patients 
undergoing surgical procedures but was 
associated with increased numbers of circuit 
changes6 (100 mg/kg bolus followed by 
30 mg/kg/hr for 72 hrs). No difference in 
thrombotic complications (CNS infarct or 
major vessel thrombosis) occurred. Tranexamic 
acid significantly reduced bleeding at the 
surgical site in neonates undergoing congenital 
diaphragmatic hernia repair while on ECLS.7 

Aprotinin has effectively been used in the past 
but is no longer easily available. 

Routine ECLS anticoagulation protocols 
may need to be temporarily altered to reduce 
the risk of procedural bleeding. Discontinuation 
of heparin or direct thrombin inhibitor 
administration may be appropriate for some high-
risk procedures. Furthermore, pharmacologic 
agents (eg, protamine) and blood components 
(plasma complexes, platelets) may be required 
to more rapidly optimize the coagulation state 
of ECLS patients undergoing those procedures 
associated with an increased risk of life-
threatening complications (eg, neurosurgical 
procedures). Careful consideration must be 
given to the potential increased risk of circuit 
thrombosis and thromboembolism versus 
reduced risk of procedural bleeding.

ECLS Management

Alterations in clotting and bleeding 
precipitated by procedures or by manipulating 
anticoagulation can impact ECLS effectiveness. 
Prior to procedures, it may be necessary to 

prepare to support the patient with conventional 
measures, such as ventilation, inotropes, and/
or blood products in case of inadequate ECLS 
support. For some patients on VA ECMO, 
it may be appropriate to cool the patient 
either to 32° C or even to 18° C to provide 
neuroprotection during the procedure if ECLS 
must be discontinued and the patient is not felt 
to be capable of sustaining circulation with 
adequate gas exchange for a sufficient period.

Patient Transport

Members of the ECLS team should be 
notified prior to transporting patients for 
procedures. Support from the multidisciplinary 
team should immediately be available in case 
of accidental decannulation or other mechanical 
complications during transport (Chapter 46). A 
backup ECLS circuit should remain available 
during transport and the procedure. 

ECLS Circuit Related Procedures

When changing the ECLS circuit, or its 
parts, interruption of cardiopulmonary support 
should be as brief as possible. Some centers 
have devised ways to replace ECLS without 
interrupting support by implanting a parallel 
circuit.8 Others simply go ‘as quickly as possible’ 
while temporarily increasing standard intensive 
care support, such as ventilation and/or 
inotropes, if necessary. Training for these events 
can decrease the likelihood of complications 
(Chapter 54).

Revision of ECLS cannulas can be 
necessary to improve positioning, upgrade 
size, or remove cannula related clots. Migration 
of cannulas can also occur during ECLS, 
potentially compromising flow or causing 
injury to surrounding tissue, including the right 
ventricle, right atrium, or inferior vena cava. 
Therefore, malposition of the cannula should 
be corrected expeditiously using fluoroscopy, 
echocardiography, and/or guidewires.9
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Diagnostic Procedures

Radiologic Procedures

Ultrasound, roentgenograms, and computed 
tomography (CT) are standard diagnostic 
procedures for patients on ECLS. Ultrasound 
studies and most plain radiographs can 
be performed safely at the bedside. Other 
radiological investigations, including CT scans, 
require careful attention during transfer to safely 
complete the studies. In a study of pediatric 
ECLS patients who underwent CT, clinically 
significant findings leading to changes in patient 
management were identified in the majority of 
patients who were not progressing after 7-18 
days on respiratory ECLS. When interpreting 
CT angiography, one should consider that 
VA ECMO changes filling and blood flow of 
the cardiac chambers and pulmonary vessels 
as well as altering the path of the injected 
contrast.10-12 Although experimental MRI has 
been performed in an ECMO animal model,13 

wire-enforced cannulas could not be used and 
no commercially available MRI certified ECLS 
system currently exists. 

Transesophageal Echo

Transesophageal echocardiography (TEE) 
has become an important diagnostic tool in 
ECLS management.14 In VAD and respiratory 
ECLS patients, TEE can determine appropriate 
cannula placement, especially dual-lumen VV 
ECMO cannulas (Chapter 48).15 In cardiac 
ECLS patients, TEE can diagnose (residual) 
cardiac defects or pericardial effusion, evaluate 
ventricular function, determine the need for left 
atrial decompression, facilitate bedside atrial 
septostomy or interatrial stenting, and guide 
weaning.16,17 Systemic anticoagulation is not 
a contraindication for TEE. Contraindications 
and complications in ECLS patient are similar 
to those in non-ECLS patients. Although 
TEE is considered safe, even in neonates, and 

complications occur rarely, the benefit-risk ratio 
should be examined in each case.

Bronchoscopy

In patients on VV or VA ECMO, flexible 
bronchoscopy, bronchoalveolar lavage (BAL) 
and bronchial washings have been found to be 
safe and effective in both adults and children.18,19 

Indications include central airway obstruction, 
persistent atelectasis, secretion clearance, 
evaluation of suspected pulmonary infection 
with BAL, or foreign body aspiration.19,20 It is 
not usually necessary to adjust anticoagulation. 
Spontaneously resolving blood-tinged 
secretions occurred after approximately 
20-30% of flexible bronchoscopies. It is not 
yet clear if bronchoscopy should be performed 
routinely or only based on clinical suspicion 
of need. A pragmatic approach of routine early 
bronchoscopy which can be repeated as required 
is an effective approach.

Cardiac Catheterization

Residual anatomic lesions have a strong 
negative influence on survival among postcardiac 
surgical ECLS patients. When echocardiography 
does not definitely exclude or diagnose residual 
lesions in these patients, cardiac catheterization 
can provide insight into adequacy of the surgical 
repair and hemodynamics.21 Also, cardiac 
catheterization improves outcomes in ECPR 
patients.22 Other indications include assessment 
of coronary anatomy; endomyocardial biopsy; 
electrophysiologic studies; arrhythmia ablation; 
transcatheter patent ductus arteriosus (PDA), 
atrial septal defect (ASD) or ventricular 
septal defect (VSD) closure; and left heart 
decompression.23-26 

Early cardiac catheterization has been 
shown to reduce ECLS duration and increase 
survival in children who fail an initial attempt 
at separation from ECLS without a clear reason 
for failure identified by echocardiography.27 In 
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a retrospective study, no major complications 
occurred in 28 cardiac catheter studies in 
22 children on ECLS.28 Booth et al. studied 
60 cardiac catheterizations on ECLS. 
Complications included two myocardial 
perforations (3%), one during atrial stenting for 
LV decompression, and the other was presumed 
to be through the left ventricular free wall.29 

Both patients received pericardial drains. In 
both studies, management was adjusted based 
on cardiac catheterization data in approximately 
80%.28,28 Callahan et al. described 36 pediatric 
patients undergoing a total of 40 cardiac 
catheter studies. They noted no complications 
related to patient transport, one nonvascular 
complication (hypotension), and five vascular 
complications (compartment syndrome, limb 
edema, oozing from cannulation site, temporary 
pulse loss, venous thrombus). Survival to 
discharge was 72%. Unexpected diagnostic 
information was found in more than half (52%) 
of catheterizations.30

Tachyarrhythmias in children on ECLS have 
been safely managed with ablation. Silva et al. 
described 39 patients, median age 5.5 months, 
on MCS because of tachyarrhythmias. The 
majority could be treated with antiarrhythmic 
medication. Thirteen patients (33%) underwent 
successful ablation without complications 
related to MCS or anticoagulation.24 In adults 
with tachycardia-induced cardiomyopathy, 
ablation of the aberrant rhythm focus has also 
been safe and successfully described for atrial 
and ventricular tachycardias.31-33

Vascular access for catheterization in ECLS 
patients can prove challenging, especially in 
small children or in adult patients cannulated 
through the femoral vessels. The use of 
ultrasound-guided percutaneous puncture of 
femoral vessels is advocated.28 Sometimes, 
surgical cutdown is necessary. Access for the 
cardiac catheter can be afforded through an 
accessory limb connected to the arterial cannula, 
terminated with a hemostatic valve.34-36 This 
may be the best solution because it avoids 

the risks of inserting and removing additional 
catheters during ECLS. It is also possible to 
puncture the ECMO cannula itself to insert the 
catheter access (Chapter 4). While this approach 
is not recommended for long-term support, it is 
a useful conduit for percutaneous vessel closure 
devices on decannulation.

Endoscopy

Gastrointestinal (GI) bleeding occurs in 
3% to 6% of patients receiving ECLS.37 It may 
require transfusions and diagnostic or therapeutic 
interventions such as gastroduodenoscopy and/
or colonoscopy. Endoscopic electrocautery can 
safely help control GI bleeding.

General Surgical Procedures 

Vascular Access

The insertion of central venous lines and 
arterial catheters can be challenging in the 
ECLS patient due to the increased risk of 
bleeding and the presence of edema. Catheter 
insertion should be performed by experienced 
caregivers. Surgical cutdowns may be a safer 
or necessary option in some circumstances but 
carry a higher risk of ongoing bleeding.

Thoracotomy Drains 

Pneumothorax and hemothorax occur in 
up to 10% of patients on ECLS.38,39 Placing a 
chest tube carries a significant risk of bleeding 
complications.40 A recent analysis of the Kids 
Inpatient Database (KID) demonstrated that 
chest drain placement did not affect survival 
rates.41 The assessment of the necessity for 
a chest tube or whether a patient can be 
decannulated without the drain may prove 
difficult. Jackson et al. proposed that, in children 
on ECLS, indications for chest tube placement 
include situations in which pleural collections 
compromise pump flow or oxygenation, 
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indicating tension physiology, or when they 
preclude weaning from ECLS.41 When instilled 
via thoracostomy tube, the fibrinolytic agent 
tissue plasminogen activator has been used 
to effectively break-up and evacuate complex 
loculated intrapleural fluid collections without 
the need for additional thoracostomy or 
thoracotomy in some children.42 Small pleural 
collections that are unlikely to compromise lung 
function can be expectantly managed while on 
ECLS.

Tracheostomy

Placement of a tracheostomy can be 
helpful during prolonged ECLS support by 
enabling spontaneous breathing, minimizing 
sedation, vasopressor and inotropic requirement, 
encouraging physiotherapy and ambulation, 
and reducing time on ECLS.43,44 Bedside 
percutaneous and open tracheostomies in adult 
ECLS patients have repeatedly been shown to 
be safe if heparin is withheld 1-4 hours pre and 
postprocedure.45-47 Bleeding complications are 
minor, but which approach incurs less bleeding 
remains uncertain.45,48 With careful optimization 
of coagulation management, complication rates 
of tracheostomies can be low and comparable 
to those of other critically ill patients when 
performed by experienced operator.47,49

Experience with tracheostomy in children 
on ECLS is more limited.45 Agar et al. described 
11 pediatric patients (median age 69.5 months) 
who underwent tracheostomy. Ten received 
tracheostomy for prolonged respiratory support 
and 1 to manage tracheal stenosis with no 
complications.50 Schwartz et al. described 
9 patients (7-25 years old) who underwent 
bedside tracheostomies while on ECLS with 
temporary cessation of anticoagulation. Only 
three patients had superficial bleeding and 
sedation could be weaned in all patients, 
enabling them to participate in rehabilitation.51 

A 2022 ELSO Registry study showed that 
tracheostomies in children were uncommon 

(2.6% of 3685 children) and surgical site 
bleeding was reported in 26%.52

Cesarean Section

ECLS is increasingly being used during 
pregnancy (Chapter 34). Successful cesarean 
section during ECLS has been increasingly 
reported prior to and during the COVID-19 
pandemic.53-59 In two reports, periprocedural 
heparin administration was discontinued for 
several hours and standard (Pfannenstiel) 
cesarean section was performed without 
bleeding or thromboembolic complications.58,59 

Two additional reports described the use 
of ECLS immediately prior to emergency 
cesarean section to facilitate anesthetic safety 
and to maintain adequate circulation in women 
with peripartum cardiomyopathy.56,57 Park et 
al. used fluoroscopy-assisted insertion of a 
guidewire during cannulation of the inferior 
vena cava (IVC) because of concerns of IVC 
injury compressed by the gravid uterus. After 
cannulation, no heparin was started, and an 
uneventful emergency cesarean section was 
performed. Anticoagulation was started 3 days 
after delivery.57 

Miscellaneous

Other infrequent  general  surgical 
procedures in ECLS patients include reports 
of liver transplantation,60 gastrorrhaphy,61 and 
debridement of soft tissue infections.62

Trauma and Burn Patients

Trauma

ECLS can be effective in trauma patients 
with severe cardiopulmonary failure. Survival 
in trauma patients who receive ECLS is 
similar to that observed in nontrauma ECLS 
populations.63 In a 2015 ELSO Registry study 
of 85 patients with blunt thoracic trauma, 12 
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patients (14.1%) underwent invasive procedures 
on ECLS, including cranial, thoracic, abdominal, 
or vascular operations, thoracostomy tube 
placements, and tracheostomy placements 
(Chapter 35).64  Hemorrhagic complications 
occurred in one-third of patients, including 
surgical site bleeding (14%), cannula site 
bleeding (19%), and hemolysis or disseminated 
intravascular coagulation (8%). Subjects with 
injuries at high risk for hemorrhage or who 
underwent invasive procedures were not more 
likely to have a hemorrhagic complication.64 

Strategies to decrease the risk of bleeding 
include withholding anticoagulation therapy 
temporarily or, if possible, postponing the 
procedure until after separation from ECLS. 

In chest trauma patients with airway 
disruption, ECLS can be used to guarantee gas 
exchange during repair of the airway.65 Data 
from the ELSO Registry indicates that ECLS 
survival in adult burn victims is similar to that 
observed in non-burn patient populations treated 
with ECLS.66 Chou et al. describe two burn 
patients with ARDS who underwent several 
escharotomies on ECLS. By maintaining ACTs 
under 140 seconds, keeping platelets above 
100x109, and infusing desmopressin, they 
encountered no hemorrhagic complications.67 

Abdominal Surgery 

Laparotomy for bowel resection, abscess 
removal, relief of abdominal compartment 
syndrome, or placement of peritoneal drainage 
catheters can be necessary procedures in 
patients during ECLS support.68 An ELSO 
Registry study of 196 pediatric patients, who 
underwent a laparotomy while on ECMO, 
showed that surgical site bleeding was not 
associated with mortality.69

Abdominal compartment syndrome (ACS) 
can cause abdominal ischemia, limit venous 
return, and impair the ability to maintain 
adequate ECLS flows. ACS, defined by 
progressive intraabdominal distension and 

intraabdominal pressures >15 mmHg in 
children and >20 mmHg in adults, has many 
different causes.69 ACS can be alleviated by 
decompressive laparotomy or, when significant 
ascites is present, by placing a drainage 
catheter.70 Although ACS is a rare condition 
(2-10%) in adult ECLS patients, its presence 
may be associated with considerable mortality. 
The necessity of abdominal packing, because 
of severe bleeding, seems to be a risk factor 
for increased mortality.68,71 As a possible 
noninvasive alternative to decompressive 
laparotomy, total water-assisted colonoscopy 
to alleviate ACS was successfully described 
by Martucci et al. in three adult patients on VV 
ECMO.72

In children with ACS on ECLS, successful 
placement of a peritoneal dialysis catheter 
has been described in small case series, 
using periprocedural aminocaproic acid.73 

Drainage of ascites led to improvement in 
hemodynamics and oxygenation. Rollins et 
al. performed decompressive laparotomies 
without complications, via midline incision 
from the xiphoid process to the pubis, using 
electrocautery in 7 pediatric patients that 
significantly improved venous return and 
oxygen delivery.74 Furthermore, leaving the 
abdomen open after decompressive laparotomy 
while on ECLS is not contraindicated.75

Other forms of compartment syndromes 
include limb and orbital compartment syndrome, 
an extremely rare condition.76,77 In retrospective 
studies, limb compartment syndrome requiring 
fasciotomy occurred in 7%-20% of patients with 
femoral artery cannulation.78,79

Neurosurgery

Evacuation of intracranial blood or clots can 
be necessary in trauma patients. Friesenecker 
et al. described an adult trauma patient who 
developed a massive intracerebral hemorrhage 
on VA ECMO. Anticoagulation was adjusted to 
achieve ACTs of 150 seconds. He underwent 
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successful craniotomy without bleeding 
complications and survived with a GCS of 
11.80 Craniotomy or craniectomy can also be 
performed in children supported with ECLS, 
but extreme precaution must be taken regarding 
anticoagulation.81,82

With increased use of mechanical circulatory 
support (MCS) as a bridge to transplantation or 
as destination therapy, patients presenting with 
neurological complications resulting from MCS 
are becoming more frequent. Limited knowledge 
exists regarding decisive treatment, patient 
selection, management of anticoagulation, and 
early estimation of prognosis. Krenzlin et al. 
described discouraging results in 11 adults and 
one child on ECLS requiring craniotomy for 
life-threatening intraparenchymal hemorrhage, 
of whom 75% experienced recurrence despite 
correction of coagulation abnormalities. Nine 
patients (75%) died in hospital, two survived 
in a vegetative state, and one survived with 
severe disability.83 Wilson et al. described 
36 of 330 adult LVAD patients who suffered 
ICH.84 With suspension of anticoagulation, no 
device failures were seen. Intraparenchymal 
hemorrhage had the worst outcome with 59% 
30-day mortality. Traumatic subarachnoid 
hemorrhages did not lead to any deaths at 30 
days while traumatic subdural hemorrhages had 
13% mortality at 30 days. Five of their patients 
with intraparenchymal hemorrhage underwent 
a neurosurgical intervention and 4 died. No 
patient with an initial GCS <11 survived beyond 
30 days.84 The poor outcome of craniotomy for 
intraparenchymal hemorrhage in ECLS patients 
has been described in other smaller reports in 
adults and children.85 Evacuation of subdural 
hematomas carries better prognosis with 
survival and minimal neurological deficits.84-86

Death is related primarily to progression of 
intracranial hemorrhage and not to thrombotic 
complications.84 No specific anticoagulation 
guidelines exist for this patient population 
and decisions should be based on patient and 
device specifics.86 In general, anticoagulation 

and antiplatelet therapy should be immediately 
reversed upon diagnosis of ICH in LVAD 
patients. Withholding aspirin for 1 week 
and warfarin for 10 days reduces the risk of 
hemorrhage expansion or rebleeding while 
minimizing the risk of thromboembolic events 
and pump failure for adults supported with 
LVAD.84

Specific Surgical Procedures in Respiratory 
ECMO

Thoracotomy

Pleural effusions or empyema may need 
to be drained using chest drains. Furthermore, 
pulmonary abscesses, cysts, bullae, or necrotic 
tissue may develop, requiring surgical 
intervention. Ideally, thoracotomy is postponed 
until after decannulation.87 Nonetheless, 
occasionally it cannot be avoided, such as 
removal of a septic focus or to fully expand 
the lung despite the risk of bleeding. Bressman 
et al. reported bilateral thoracotomies in 
patients undergoing pulmonary resection due 
to complications of pneumonia. The authors 
withheld heparin for 24 hours and reported no 
complications.88

Lung Biopsy

Lung biopsy can diagnose lung pathologies 
in ECLS patients of all ages and can help guide 
therapy or decisions to withdraw treatment. 

Lung biopsy may be indicated in neonates 
who show no signs of improvement after 10-14 
days on respiratory ECLS. Open lung biopsy 
can be safely performed in the ICU or in the 
operating suite without major complications.89 

Most centers do not use antifibrinolytics, adjust 
ACT levels to 160-180 seconds, maintain 
platelets >100-150x109, and fibrinogen >2 g/l 
prior to interventions with a significant risk of 
bleeding. No studies report on bronchoscopic 
transbronchial lung biopsy in pediatric ECLS 
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patients, probably because of concerns of 
bleeding. Air leaks rarely occur after biopsy, 
probably due to low thoracopulmonary 
compliance, low tidal volumes, and low 
ventilating pressures in patients supported with 
ECLS. 

In 9 adult ECLS patients with ARDS on 
VV ECMO, transbronchial biopsy was shown 
to be safe. However, patients did require a 
median of 3.4 units of packed red blood cells 
because of bleeding, despite the fact that 50% 
were not on systemic anticoagulation during 
the procedure.90

Congenital Diaphragmatic Hernia

Repair of congenital diaphragmatic hernia 
can safely be performed on patients supported 
with ECLS.91 The ideal timing of surgery 
has been the focus of debate for many years 
(Chapter 11). Most centers use antifibrinolytics 
for 24-72 hours to control postoperative 
bleeding.91

ECLS for Procedural Support in Thoracic 
Surgery

ECLS may also be used to support gas 
exchange during thoracic surgical procedures. 
For some high-risk patients, this can be decisive 
in making their lesion operable ECLS may allow 
extensive resection, airway reconstruction, 
or enable protective lung ventilation during 
surgery. It is essential to understand the 
pathophysiology of the underlying disease and 
of the different ECLS modes, as well as the 
variety of cannulation options to adequately 
apply the different escalation and de-escalation 
strategies in accordance with the clinical 
situation (Table 51-1).92

Establishment of Technical Operability

ECLS may allow complete resection 
of locally advanced tumors, especially if 

ventilation or perfusion of both lungs must be 
completely interrupted, or if surgery involving 
the heart and great vessels is planned.93-96

ECLS has possible advantages over the 
use of cardiopulmonary bypass (CPB) to 
facilitate such resections. CPB requires full 
anticoagulation with high dose heparin and 
consequently there is an increased risk of 
bleeding. There can also be a risk of tumor cell 
spread via blood aspirated from the surgical 
field using CPB suction, which is returned 
to the patient through the open reservoir 
system.97 Using intraoperative VA ECMO to 
perform complex tracheobronchial or extensive 
pulmonary resections of locally advanced 
tumors98 prevents potential tumor cell spreading 
due to the closed circulatory system. 

For extended lung and airway resections 
with airway interventions in hemodynamically 
stable patients, high-flow VV ECMO is 
preferred and may be sufficient. In addition 
to the necessary interruption of ventilation 
during tracheal or carinal resection,94,95 this 
ECLS mode has also been shown to be 
effective for lung resection in patients with 
previous contralateral pneumonectomy,93,99-101 
sleeve pneumonectomy,102,103 and esophageal 
surgery,104 showing the efficacy and safety of 
VV ECMO compared to the more invasive VA 
approach. Up to 40 minutes of intraoperative 
apnea has been reported.101 Heparin-free ECLS 
 

HOW TO PERFORM LUNG SURGERY ON ECMO 

Increase ECLS flow to maximal possible 

Disconnect the ventilator and deflate both the lungs 

Perform the surgery 

Maintain SaO2 >75% and age-appropriate blood pressure  

Hand bag ventilation with 100% FiO2 for a few breaths 
can be used if the patient desaturates 

Decortication is easier with the lung ventilated rather than 
collapsed 

 
Table 51-1. Technique for lung surgery on 
ECLS.
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has also been reported to support tracheal 
stenting.105

Establishment of Functional Operability

Patients with lung cancer and compromised 
lung function are often excluded from surgery 
due to functional limitations. In such cases, 
VV ECMO serves as a useful tool to establish 
functional operability. The successful use of 
bicaval high-flow VV ECMO for extensive 
tumor resections in patients with preoperatively 
impaired pulmonary function has been 
reported.101,106

Also, patients with compromised lung 
function due to lung emphysema and chronic 
obstructive pulmonary disease (COPD) are 
often declared to be inoperable. Single-
site low-flow VV ECMO intraoperatively 
increases patient safety and allows functional 
operability during single lung ventilation, 
thereby avoiding hypercapnia-associated 
hemodynamic instability and allowing for 
protective lung ventilation. This experience was 
recently reported in COPD patients undergoing 
lung volume reduction surgery (LVRS), who 
presented with preoperative hypercapnia.107

However,  ECLS offers  safety not 
only intraoperatively but also in the initial 
postoperative course, especially in patients with 
impaired lung function requiring noninvasive 
ventilation. In addition, awake ECLS may 
possibly also be helpful during weaning 
from ventilation and supports respiratory 
therapy in those functionally compromised 
patients.108,109 Airway and lung surgery can be 
safely facilitated by ECLS, often electively 
during lung transplantation or pneumonectomy 
(Chapter 40).110-112

Specific Surgical Procedures in Cardiac 
ECMO

Sternotomy/thoracotomy

Blood clots can fill the pericardial or 
pleural space impairing venous return or 
pump flow, especially in ECLS patients with 
central cannulation. Clot evacuation may 
prove necessary in these patients. In neonates 
with shunt-dependent circulation, clotting 
or obstruction of the systemic-pulmonary 
shunt may lead to acute hypoxia or loss of 
systemic circulation, sometimes requiring MCS. 
Revision of the shunt can be safely performed 
on VA or VV ECMO or after conversion to 
bypass, leading to improved outcomes.113,114 

Unloading the Left Ventricle (LV Venting) 

When the left ventricle (LV) fails to eject, 
it can become overdistended during ECLS, 
resulting in acute pulmonary venous congestion 
and edema, or inadequate myocardial recovery. 
Treatment is decompression of the LV. Elective 
LV decompression may reduce the duration 
of ECLS115,97  and can be done surgically by 
cannulating the left atrium or a pulmonary 
vein, percutaneously by atrial septal stenting 
or balloon atrial septostomy,25,116-118 or via the 
transdiaphragmatic route into the LV apex.119 
In adults and children, echocardiographically-
guided percutaneous blade and balloon 
atrial septostomy can be performed safely 
at the bedside.120-122 Barbone et al. described 
introducing a pigtail catheter into the femoral 
artery and advancing it through the aortic 
valve into the LV under TEE guidance in 4 
adult patients.123 Ruprecht et al. have reviewed 
cardiac decompression during ECLS.106,124 A 
small left lateral thoracotomy can be made and 
the LV apex can be cannulated directly for LV 
decompression.
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Intracardiac Operations

The removal of intracardiac clots, infective 
endocarditis,125 or surgery for residual lesions 
usually requires transfer to CPB in the operating 
room (see Table 51-2). 

Conclusion

Few procedures in the lexicon of the surgeon 
and interventionist cannot be performed safely 
on ECLS with good preparation.

  

HOW TO PERFORM CARDIAC SURGERY ON ECLS 

Use the ECLS circuit for support The ECLS circuit is used to maintain oxygen delivery 
and circulatory support whilst the surgery is 
performed.  

Use the ECLS circuit for DHCA Simple procedures such as repair of obstructed total 
anomalous pulmonary venous drainage can be carried 
out by cooling on V-A ECMO to around 18o C. 
Cardioplegia is given by hand syringe and the 
operation can be carried out. Care must be taken to 
prevent distention of the heart during cooling and 
rewarming, sometimes some slow cardiac massage is 
helpful. Use of a cell saver is essential. 

Convert to CPB • Cool patient to 32o C while opening the chest on 
ECLS 

• Give 3mg/Kg Heparin and allow to circulate, check 
ACT >500 sec. 

• Clamp ECLS circuit, connect CPB circuit to ECLS 
cannulas, or additional cannulas if necessary. Go on 
CPB 

• Connect ends of ECLS circuit together and 
recirculate, turn the sweep off. Flash sweep for a 
few seconds if blood becomes deoxygenated. 
Check ACT, blood gas periodically. 

• Perform the surgery.  
• If patient will not come off CPB, then reconnect to 

the same ECLS circuit if it is clean. If it was due to 
be changed, prime a new one.  

• If the patient does come off CPB, their passivated 
ECLS circuit can be kept on standby for 6-12 
hours. 

 
Table 51-2. CPB: cardiopulmonary bypass. DHCA: deep hypothermic circulatory arrest. Two 
examples for using the ECLS circuit for support: a) A patient on VV ECMO can have their 
Blalock-Thomas-Taussig shunt revised on ECLS. Vascular clamps are applied to the shunt and 
pulmonary artery to control blood loss. A cell saver can be useful. b) A patient on VA ECMO 
can have their coronary arteries grafted using off-pump coronary artery bypass graft equipment 
and techniques.
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Introduction

The increase in ECLS use since 2009 
was associated with a concomitant rise in the 
number of ECLS centers.1 Starting new ECLS 
programs may be less of a challenge than in 
the past because of the increased awareness 
of educational opportunities, expanding 
literature on the use of ECLS, accessibility to 
educational resources, and the availability of 
ELSO guidelines.2,3 This chapter will discuss 
establishing a new ECLS program, including 
the needed infrastructure, engagement, launch, 
and maintenance plan. While an ECLS program 
can impact hospital revenue, the program’s 
organizational structure, services, patients, and 
clinical provider relationships may be viewed 
within a business framework (Figure 52-1). 
When approached this way, ECLS program 
leaders may evaluate opportunities to improve 
efficiency, safety, and effectiveness early 
in establishing a program. Furthermore, 
consideration may be given to interrelated 
critical elements of a program when considering 
subsequent changes to a program, such as 
adding transport ECLS, ECPR, or the use 
of ECLS for mechanical cardiac support in 
a comprehensive heart failure management 
strategy. We will utilize the five phases of the 
project management framework developed by 
the Project Management Institution (PMI)4,5 

with modifications tailored to the nature of the 
program, then describe the Plan, Do, Check, 
Act, and cycle (PDCA) to fit ECLS program 
maintenance and sustainability for any proposed 
area of program progression.6,7

Phases to start a new ECLS program:

Five phases of project management 
will guide the successful launch of a new 
ECLS program. These phases are initiation, 
planning, execution, auditing, and development 
(Figure 52-1).7 

Phase 1: Initiation phase

This phase will define the scope and 
goals of an ECLS service, survey available 
resources, identify stakeholders and program 
leads, confirm the institutional commitment, 
and develop an ECLS program charter. 

1. Define scope and goals of ECLS service

The scope of ECLS services in a center 
must clearly state and align with the hospital’s 
range of services, the population served, and 
available services elsewhere in the region. 
Some forms of ECLS require more resources 
and specialty services than others to provide 
comprehensive care. For example, cardiac 
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ECMO as mechanical circulatory support 
(MCS) may be more challenging to implement 
and maintain than respiratory ECMO due to the 
increased resources required, including cardiac 
surgery, cardiac catheterization laboratories, 
and cardiac critical care facilities.8 It is essential 
to consider the type of ECLS needed to fit the 
available resources and institutional goals. 
To assess the needs of the target population, 
the leadership can leverage market data to 
understand local dynamics and opportunities. 
Additionally, a historical review of patient 
admissions and ECLS inclusion criteria can 
provide insight into the theoretical volumes a 
center could support.

2. Surveying the available resources and the 
potential program needs

ECLS is a resource-intensive service, 
both financially and in terms of staffing 
requirements. Therefore, it is vital to understand 
current institutional resources and ensure the 
commitment of hospital leadership to starting a 

new ECLS program. Required resources include 
initial investments in purchasing equipment and 
consumables, team training, and recruitment. 
There must also be a firm commitment to the 
ongoing needs of the program concerning 
training and education, service maintenance, 
adequately designed and staffed ICUs, and the 
availability and readiness of non-ICU services 
such as other interventional services, surgery, 
laboratory, and blood bank capabilities.

3. Identify stakeholders and program leads

More than many other advanced therapies, 
the safe and effective provision of ECLS relies 
on a multidisciplinary approach to patient 
management. Consequently, a multidisciplinary 
Steering Committee directs well-organized 
and highly functioning ECLS programs. This 
committee will play an important role in 
program development, policy development, 
strategic planning, and education. The ECLS 
steering committee’s size and structure should 
reflect the local hospital environment’s unique 

 
 

 

     Figure 52-1. Five phases of a new project management developed by the Project Management Institute 
(PMI).
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clinical setting and needs. The ECLS steering 
committee becomes the governing body 
responsible for developing policy, establishing 
care pathways and guidelines, overseeing 
provider credentialing, establishing educational 
goals and expectations, and engaging in routine 
safety and quality improvement activities. The 
success of a program is highly dependent on 
how well these activities are performed and 
whether consensus is achieved among critical 
stakeholders and the groups they represent.

It is necessary to identify a motivated 
and knowledgeable ECLS program director 
responsible for broad oversight of the program 
and serves as the program’s champion. Ideally, 
the program director is an experienced ECLS 
provider. However, when identifying a leader 
with robust clinical experience is not feasible 
(eg, a new ECLS program in resource-limited 
environments), the program director should have 
completed an ELSO-endorsed or equivalent 
training program. Ultimately, the director is 
responsible for liaising between the multiple 
services and care teams involved in ECLS 
patients and represents the ECLS program to 
hospital clinical and administrative leadership. 
Finally, the hospital organizational leaders 
should clearly define the ECLS reporting 
structure. The ECLS program director should 
meet regularly with the hospital corporate 
leaders who have oversight of the program.10

Identifying a talented leader to fill the 
ECMO Coordinator/Manager role is equally 
crucial to a program’s success. As the ECMO 
Coordinator, it is desirable to have someone 
experienced in ECLS. They will work with 
the program director in a partnered leadership 
model, running daily operations, budgeting, 
equipment management, staff deployment, and 
education.

4. Administration and institutional commitment

It is essential to ensure institutional 
commitment when starting a new ECLS 

program. A successful program requires support 
from the highest levels of leadership within 
an organization. It will need a strategic plan 
aligned with the hospital’s mission and strategic 
plan.11

5. Develop ECLS program charter

The ECLS program director and Steering 
Committee should develop the ECLS program 
charter early in establishing a program. The 
charter should include the entire process of 
planning and assigning the subcommittee to 
achieve tasks either of clinical or operational 
importance. There should be clear timelines, 
objectives, deliverables, and outcomes. Many 
charter templates are available online.12

Phase 2: Planning Phase

This phase will include a preset plan during 
the program charter’s initiation. 

1. Policies and procedures

The ECLS Steering Committee should 
create a task force to establish policies and 
procedures related to ECLS candidate selection 
and exclusion. The task force is responsible for 
a comprehensive review of the literature and 
drafting policies and procedures consistent 
with ELSO Guidelines.13 The policies and 
procedures are drafted to provide ECLS 
clinicians with clear expectations for clinical 
and administrative responsibilities and explicit 
expectations for escalation. For example, ECLS 
centers will need to develop a process to ensure 
skills retention, a minimum number of annual 
pump hours, regular opportunities for high-
fidelity didactic training, hands-on refresher 
courses, and periodic recertification. The 
Steering Committee will evaluate and approve 
these documents before initiating clinical 
ECLS activities. Once adopted, policies and 
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procedures serve as the road map for operational 
activities and clinical management.

2. Team composition and assignment

A d e d i c a t e d  a n d  w e l l - t r a i n e d 
multidisciplinary ECLS team is the key to 
success. Recruiting new team members to 
supervise and train bedside staff may be 
necessary.14

a. ECLS cannulating physicians may be 
anesthesiologists, intensivists, general 
surgeons, cardiothoracic surgeons, vascular 
surgeons, cardiologists, emergency 
medicine physicians, or other specialists, 
depending on the human resources 
available and the program’s unique 
needs. Cardiac and pediatric surgeons 
typically perform pediatric and neonatal 
cannulations. Intensive care specialists 
perform percutaneous ECLS cannulation 
in children at some centers. In centers 
that utilize nonsurgeon providers for 
cannulation, the ECLS team must develop a 
reliable strategy for timely surgical backup 
assistance. The Steering Committee should 
review cannulation competence on an 
ongoing basis as part of a robust quality 
assurance program. The program director 
and an experienced surgeon can regularly 
provide direct, hands-on assistance to 
evaluate clinical competence and provide 
experienced-based education for ECLS 
team members.15

b. ECLS physicians are ECMO-trained 
physicians who provide medical expertise 
for cannulated patients. In addition, the 
ECLS physicians have the required 
practical knowledge and technical skills 
for troubleshooting and circuit interventions 

c. ECLS  specialists  are clinical care 
providers with specialized knowledge and 
training in managing ECLS equipment 
and patients. ECLS specialists typically 

perform direct bedside care of ECLS 
patients for the duration of extracorporeal 
support. ECLS specialist staffing models 
may vary according to the available 
personnel and specific clinical needs.16,17 
Clinical perfusionists, ICU nurses, 
respiratory therapists, and physicians 
may undergo thorough training to become 
ECLS specialists. Many centers utilize a 
multiprovider model of care, especially 
for neonatal and pediatric ECMO. The 
ECLS specialist is primarily responsible 
for ECLS equipment, and a nurse is 
primarily responsible for the patient. In 
such a model, it is advantageous for the care 
team members to undergo some degree of 
crosstraining to leverage the individual’s 
unique strengths in a complementary 
manner. A single provider of care model 
has been adopted as an accepted standard 
as integrated ECLS equipment became 
available. In this model of care, the nurse 
ECLS specialist provides comprehensive 
nursing care for the patient and manages 
the ECLS circuit, with or without backup 
support from a perfusionist.

d. ECLS coordinator is typically an ECMO 
specialist. They supervise and train technical 
staff, maintain equipment, and collect 
patient data. In addition, research, Key 
Performance Indicators (KPIs), outcome 
measures, and ELSO Registry participation 
require data collection as a required 
responsibility of the position.

3. Training and education

Proper training and education are essential 
for the success of a program. Therefore, 
centers should develop a program-specific 
approach to education, maintenance, knowledge 
dissemination, skill acquisition, and competency 
verification.

The program director, ECLS coordinator, 
and Steering Committee should develop 
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an ECLS education program following 
the ELSO “Guidelines for Training and 
Continuing Education of ECMO Specialists” 
and “Guidelines for ECMO Centers,” and the 
ELSO Specialist Training Manual.14 ELSO 
training guidelines recommend an ECLS 
training course that runs for up to one week 
and includes 24-36 hours of didactic teaching 
and 8–16 hours of ‘hands-on’ training.18 
ECMO centers may perform ‘hands-on’ ECLS 
education in various settings, such as a training 
room, wet lab, animal laboratory, or simulation 
facility (Chapter 54). Educators incorporating 
high-fidelity simulation can enhance learning 
by providing immediate feedback, allowing 
repetitive practice, increasing difficulty with 
attaining skills, addressing various learner 
strategies, and permitting clinical variation 
in learner responses.17 ELSO also provides 
educational conferences hosted by established 
ECLS institutions and several professional 
organizations.

The ELSO guidelines recommend that 
these training sessions are available to all 
ECLS clinicians at least every six months, 
with a recommendation for annual institutional 
recertification. 

4. Supply and equipment

ECLS equipment should be evaluated and 
selected by members of the Steering Committee 
or appropriately knowledgeable delegates. The 
equipment inventory acquired should be based 
on the target or expected number of ECLS 
patients per year and the median duration of 
ECLS run according to the type of support. 
Clinical ECLS volume varies significantly by 
geographic region, proximity to other ECLS 
centers, patient demographics, and hospital 
mission. A minimum of two ECLS devices are 
required to start a program. The second device 
is the backup system available in the event of 
catastrophic equipment failure. It is essential 
to liaise with local equipment distributors to 

establish protocols for replacing and exchanging 
devices and consumables.18

Phase 3: Execution Phase

1. Implementation

The Steering Committee must set a realistic 
timeline for implementing and developing 
an ECLS clinical service during the planning 
process, with a launch date that avoids 
additional risks associated with a lack of 
readiness. Ideally, a program should begin with 
low-complexity ECLS patients to minimize 
complications, maximize the likelihood of 
survival, and provide essential opportunities 
for staff education. In addition, early success 
raises the morale of the care team. Finally, it 
incentivizes hospital leadership to continue its 
support for the program. 

2. First case

Another critical early guiding principle is 
that a new ECLS center should not endeavor 
to provide the full scope of ECLS. Initially, 
patients with favorable ELSO Registry outcome 
data are optimal candidates. Early successful 
outcomes allow confidence to develop among 
the team members. As the program matures, the 
Steering Committee may introduce increasingly 
complex forms of ECLS, including ECPR, 
interhospital ECLS transport, and bridge to 
organ transplantation. The evolution of the 
ECLS program will require additional resources, 
medical and surgical expertise, and staffing.

3. Maintenance

The sustainability of an ECLS program 
is related to quality, efficiency, and patient 
outcomes. Therefore, ongoing training, 
education, and competency assessment are 
critical to maintaining an ECLS program.
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ECLS centers should develop center-specific 
continuous education and training guidelines, 
including didactic, hands-on simulation training, 
water drills, and proctored bedside training. The 
ECMO director and ECMO Coordinator are 
responsible for developing an ongoing schedule 
to evaluate ECLS clinical competency for all 
ECMO clinicians. Assessments include written 
tests of clinical knowledge and simulation 
lab-based psychomotor assessments of clinical 
judgment and decision-making; for example, 
patient and circuit troubleshooting, crisis 
management, team communication, and 
day-to-day and emergency scenario ECLS 
tasks. Observing ECLS care providers during 
actual patient situations provides invaluable 
information about competency and mastery 
of the clinician’s skills. The program’s total 
of ECMO-patient days will impact the time 
frame for ECLS specialists to acquire the skills, 
competence, and confidence to safely and 
independently care for ECLS patients. 

Appropriate data collection and analysis 
resources will support a new center’s philosophy 
of transparency and data sharing within the 
ECLS community. In addition, maintaining 
ELSO membership and up-to-date reporting 
to the ELSO registry provides the clinical 
benchmarks for the next phase of program 
development and auditing. 

Phase 4: Auditing Phase

1. Benchmark and key performance indicators

A realistic estimate of patient outcomes and 
comparing clinical results against benchmark 
data provides administrators with a reasonable 
indicator of resource needs. The semiannual 
ELSO Registry reports contain center-specific 
data. It provides a complete analysis of center 
data that guides monitoring the center KPIs 
and outcomes. The Registry aggregates data 
from similar reporting centers, allowing 
comparative benchmarking analysis and 

enabling continuous benchmarking of a 
center’s results and comparing its data locally 
or internationally.1

2. Tracking effort and cost

Monitoring the actual program performance 
against the planned implementation timeline is 
a continuous process via establishing an internal 
database, regular data collection, and analysis. 
Sets of performance indicators should monitor 
the adherence to program structure, process, and 
outcome, identify deficiencies, deviations from 
protocol, and opportunities for improvement.

3. 'Kick-off' meetings

Official meetings should be held regularly, 
depending on the center’s volume, to discuss 
available analytic data. The administrative 
leaders may use meeting minutes to review 
the program’s progress and performance and 
outline recommendations for improvement and 
implementation of a plan.

Phase 5: Development Phase

This phase is essential for programmatic 
success by leveraging a continuous quality 
improvement paradigm. Programs should 
evaluate and update goals at the predetermined 
timeline established in the initial charter. There 
are always opportunities for improvement in 
each program. These may include but are not 
limited to privileging, credentials, advanced 
training, competency assessment, evaluation 
of center volume (as determined by the needs 
of the community), increased scope of ECLS 
coverage, patient selection, and integration of 
clinical research. 

In the development phase, a team may 
consider expanding the scope of service to 
include additional ECLS services, such as 
respiratory, circulatory, ECPR, or ECLS 
transportation, as well as expanding the range of 
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patient selection, which may contribute to center 
volume expansion. The new ECLS program’s 
data collection for research and evaluation 
purposes should be prioritized. A detailed and 
complete database should be integral to the 
development of a program.

The ELSO Center of Excellence (Awards 
of Excellence) provides the Path to Excellence, 
which guides and supports new centers 
with tools to develop structures rooted in 
continuous process improvement. The aim is 
to offer early guidance, which will position 
programs to achieve the level of quality that 
will deserve obtaining the Gold level Award of 
Excellence and, ultimately, the Platinum level 
of Excellence (Chapter 55).5 Adherence to the 
award’s requirements will improve the quality 

of programs, which cannot be achieved without 
continuous improvement and development. 

It is essential to follow the five phases to 
launch a new ECLS program successfully. The 
Path to Excellence award may contribute to 
program progression for two years. Within two 
to three years, the PDCA cycle can be used for 
each task of improvement or expansion of the 
program to get the Gold Award of Excellence. 
Finally, the same cycle might be repeated to 
keep improving for an extra two years with 
the goal of achieving the Platinum Award of 
Excellence. (Figure 52-2).

 
 

 Figure 52-2. The graph depicts an ECLS program's launch timeframe and subsequent quality 
improvement. Using the five phases of development is essential in the first six to twelve months of 
building the program. Ongoing PDCA cycles and the path to excellence may then help the program's 
growth and progression for two to three years, with the goal of achieving the gold award of excellence. 
Finally, within one to two years, the program expands and reinforces itself through repeated PDCA 
cycles, with the aim of obtaining the Platinum award of excellence.



692

Chapter 52

New ECLS Centers in Special Situations

COVID-19 pandemic

Previous guidelines recommended against 
starting new programs during a pandemic.18 
However, updated ELSO Coronavirus Disease 
2019 (COVID-19) guidelines suggest that 
centers may accomplish ECLS support in 
select cases.19 The general guidance in starting 
a new ECLS program during a pandemic is 
not to jeopardize the preparedness of primary 
healthcare requirements and infrastructure by 
diverting critical resources from other patients. 
Therefore, hospitals may develop a new ECLS 
program in regions with appropriate healthcare 
infrastructure and resource capabilities. 
Supervision by ECLS experts, affiliation with 
a local ECLS center, education and training 
assistance, and conservative patient selection 
are the main requirements for favorable 
outcomes.20 The planning mentioned above 
could be expedited to start a new ECLS program 
during the pandemic. While ECLS training is 
crucial before beginning the service, relying on 
expert centers, experienced clinicians, or ELSO 
for guidance during a surge is practical. The 
newly formed ECLS team should manage the 
first few cases under expert supervision.

Conclusion

The key to success in starting a new 
ECLS program is a multidisciplinary team 
led by a clinical champion who serves as a 
director, obtains institutional commitment, 
focuses on continuous education and training, 
and ensures ECLS program development by 
continuous improvement. In addition, ELSO 
plays an essential role in launching and 
maintaining ECLS programs by providing 
the required policies, guidelines, education, 
training, certification, and quality benchmarks 
to guide and monitor the program’s progression. 
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Introduction 

Regionalization, or the establishment 
of healthcare networks at a regional level, 
can be a huge step towards better care 
delivery, particularly in medical emergencies 
such as those requiring ECLS. However, 
regionalization also comes with challenges, 
including definitions, difficulties in sharing 
mental models, stakeholder alignment, and 
value in health care.

A major barrier to regional network 
development in some countries is the concern for 
a decrease in revenue. A value-based care model 
may be a better approach to regional network 
development, which emphasizes quality of care, 
patient experience, and appropriateness of care. 
In the future, high-quality care at reduced cost 
(value) will be defined by the ability of the 
whole system to deliver prompt, coordinated, 
and patient-centered care.1 

Healthcare systems that can align 
resources to assist referring hospitals through 
regionalization will be better positioned to 
accomplish this because efficiency can be 
improved by sharing resources and capabilities 
across facilities.2-6 Although difficult to attain 
when networks cross regional or national 
boundaries, or those of multiple healthcare 
systems, shared mental models among 
stakeholders are essential to pursue this goal.7

Case Volume and Outcome 

Over the past 2 decades, there has been 
considerable growth in both the number of 
ECLS runs and the number of centers reporting 
to the ELSO Registry (Figures 53-1 and 53-2).8 
This expansion of case volume is particularly 
relevant in the adult patient population, although 
the median number of cases per center is <18 
patients/year.

Accumulating evidence demonstrates 
improved clinical outcomes when patients are 
managed in higher volume centers by specialized 
care teams. This has been demonstrated for 
various surgical procedures and medical 
conditions, including sepsis, stroke, ARDS, 
STEMI, and cardiac arrest.9-25 Lower mortality 
is reported by high-volume centers for both 
adult and pediatric patients requiring ECLS,26-

28 although the degree varies among specific 
patient populations.26 Previous experience with 
various configurations of extracorporeal support 
could contribute to outcome improvement. This 
favorable impact has been observed in both 
postcardiotomy VA ECMO29 and for VV ECMO 
patients with COVID-19.30,31

Nevertheless, data also exist showing that 
lower ECLS center volume do not necessarily 
decrease the rate of favorable outcomes.32,33 
It is likely that additional factors influence 
outcome, including training, protocols, and 
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team leadership, among others. Case volume 
might be a valid starting point along the pathway 
to excellence, but a high-quality program is not 
the same as a high-volume program. 

The difference between high-performing 
teams and poor performers is not necessarily 

determined by case volume, but more so 
how they practice. Barbaro et al. state a 
multidisciplinary team is required to provide 
care to ECLS patients and the whole team needs 
to grow together to improve performance.26 
Shutting down low volume programs is not the 

Figure 53-1. Centers reporting to ELSO (ELSO ECLS Registry Report International Summary, 
April 2022).

 

 

 

 

Figure 53-2. Adult ECLS runs reported to ELSO (ELSO ECLS Registry Report International 
Summary, April 2022).
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answer.34-36 Minimum volume requirements may 
induce a perverse incentive, exposing patients to 
unnecessary ECLS in order to maintain annual 
center volume. Similarly, a well-designed ECLS 
simulation program can mitigate the lack of 
exposure to ECLS among staff at low-volume 
centers and help maintain high standards of care 
for these patients (Figure 53-3)

Regionalization

Collaboration is essential in regionalization 
of medical care. Regionalization is particularly 
appropriate for conditions which are time-
sensitive and require specialized resources 
charac te r ized  by  a  volume-outcome 
relationship, with the potential benefit of 
improving the quality of care at a population 
level. Regionalization is differentiated from 
‘rationing’ and ‘centralization’. Rationing is the 
redistribution of scarce resources to better meet 
the needs of a given population (ie, relocation 
of ECMO hardware during a pandemic). 

Centralization is the reorganization of highly 
specialized services into a smaller number of 
units with more advanced material resources 
and experienced teams, while regionalization 
focuses on delivery of specialized care capable 
of treating more patients more effectively 
and efficiently.38,39 Regionalization of care is 
dynamic and may involve centralization or 
decentralization.40

I m p o r t a n t l y,  a n y  e f f o r t  t o w a r d 
regionalization will be ineffective unless the 
underlying governance and accountability 
structures are addressed transparently.37-39 
Outcomes will be determined by the right 
care, at the right place, at the right time.41 
In practice, professionals collaborate in a 
variety of different dynamic networks, often 
overcoming limitations imposed by location, 
with telemedicine and other tools, including 
messaging applications.30 Telemedicine can 
help support parts of a network42 and expands 
operational efficiency, including by potentially 
crossing geographic boundaries.2 

 
Figure 53-3. Conceptual model linking annual age group–specific hospital ECLS volume and 
outcome; modified from Barbaro et al.26 
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Practical Experience with Regionalization

The Michigan regional collaborative 
improvement program (funded by a for-profit 
insurance company) enhanced healthcare 
quality related to different clinical conditions 
and reduced costs in several clinical areas. 
For vascular surgery, a 2.6% decrease in 
surgical complications was observed among 
participating hospitals, with 2,500 fewer patients 
per year experiencing surgical complications. 
Estimated savings from this collaborative 
project approached $20 million annually.43 
In a conference abstract of an observational 
study including 520 consecutive patients with 
cardiogenic shock (CS) treated in a regionalized 
network across 34 spoke hospitals in Maryland 
which implemented dedicated protocols and 
expedited transfer algorithms, similar 30-day 
mortality and associated short-term outcomes 
were reported for patients initially presenting 
to either hub or spoke centers.44 

Welke et al.  simulated a model of 
regionalization for congenital heart surgery 
in the U.S. to higher volume centers to 
assess the impact of this type of system. If all 
congenital heart surgery in the U.S. was done 
in hospitals that performed more than 300 
cases per year, 116 lives could be saved each 
year.45 Sweden halved the number of congenital 
cardiac centers in the 1990s and there was an 
associated reduction in surgical mortality from 
9.5% to 1.9%.46 Tung and Chang, analyzing 
acute ischemic stroke admissions through 
Taiwan’s National Health Insurance Research 
Database, observed that regionalization might 
improve stroke care, including timely access 
to thrombolytic therapy, potentially enhancing 
outcomes.47 Ely et al. found decreased overall 
mortality for patients undergoing major 
pulmonary resection for cancer within their 
integrated health care system before and after 
thoracic surgery regionalization.9 Among 
patients with STEMI in California from 2006 
to 2015 (n=139 494), Shen et al. observed that 

regionalization was associated with increased 
access to a PCI-capable hospital, greater use 
of PCI, lower 7-day mortality, and lower 
30-day readmission rates.48 These examples 
provide evidence of the potential benefits of 
regionalization if thoughtfully constructed.

Barriers 

The main barrier to regionalization may be 
the need for a cultural shift. Regionalization 
within the United States, for example, has 
been historically limited due to the competitive, 
fee-for-service  market-based system. 
Regionalization demands standardization 
through cooperation rather than competition and 
might favorably impact resource utilization and 
global expenditure. This could promote efforts 
toward regionalization, together with growing 
evidence supporting its implementation, as 
certain conditions are met.38 Moreover, when 
debating about regionalization models, the lack 
of a standardized nomenclature could be an 
additional limitation.49

Challenges in Regionalization

The following list is comprised of challenges 
common in regionalization:

1. Shar ing  menta l  models  ( requi res 
collaboration in financial, medical, and 
political domains);

2. Formal versus informal coordination 
(this mandates a change in culture, with 
collaboration as the main tool rather than 
competition);

3. ECLS is not ‘one size fits all’ (different 
patients, pathophysiology, and types of 
support);

4. Political oversight (local or national 
political involvement is critical);

5. Financial (eg, fee per service);
6. Hospital status;
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7. Data systems (especially important in 
allocating patients, benchmarking, and 
accountability); and

8. Nomenclature.

Integrated Model

The integrated web format has emerged 
as the ideal model, as both the funnel and 
hub-and-spoke model demonstrate primarily 
unidirectional patient flow and a resource 
hierarchy that is more related to centralization 
(Figure 53-4). Crafting an integrated web 
system from healthcare facilities that formed 
through market forces and largely operate by 
competitive economic motivation has proven 
to be an ongoing challenge.38 Yet, improving 

patient outcomes benefits both providers and 
insurance companies.50 Martinez and Carr argue 
for a network of interconnected institutions and 
providers, sharing quality and performance 
targets, to replace a system mainly relying on 
transfer and referral of patients to specialized 
centers.1,51 In their vision, this strategy might 
improve outcomes of emergency care across 
time and conditions.1

In their position paper for the organization 
of ECLS programs for cardiac failure in 
adults,52 Abrams et al. recommend that local 
and referral centers without the ability to 
initiate extracorporeal support build networks 
around regional referral or comprehensive care 
centers capable of deploying mobile teams 
to initiate ECLS  and transfer patients. The 

 
Figure 53-4. Integration and organization within regionalized networks of care according to 3 
models, with arrows indicating patient flow. The integrated web model has emerged as the desired 
conception of a regionalized and integrated system of care (modified from Walton et al.38).
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authors also recommend a formal partnership 
between local referral centers and regional 
comprehensive care centers, agreeing on 
indications, contraindications, criteria for 
initiation, and cannulation technique. Support 
should include planning, training, and 
consultation from experienced personnel, as 
required, for institutions starting new ECLS 
programs. Previously, Combes et al. in their 
position paper for the organization of ECLS 
programs for respiratory failure in adults,36 
advocated for the creation of networks of 
hospitals at a local, regional, or inter-regional 
level around each referral ECLS center. They 
suggested to introduce among these networks 
standardized, shared protocols for patient 
management before ECLS initiation, and for 
ECLS implementation, and to promote meetings 
to discuss network activities. In both consensus 

papers, the establishment and coordination of 
mobile experienced ECLS teams available for 
retrieval 24/7 was deemed advisable for high-
volume referring centers. The tiered network 
designed by Bonadonna et al. (Duke ECLS 
Transport Program) is shown in Figure 53-5.53

Central Coordination

In their initial interim guidelines for 
COVID-19, ELSO recommended employing 
central coordination of ECLS services to serve 
the increasing demand for ECLS and ensure 
equitable care across regions. The updated 
ELSO guidelines for implementing ECLS 
during the pandemic4 stressed that centers 
should consider pooling available experienced 
human and material resources to optimize ECLS 
capacity within regional networks. Over the  

 

 
 

Figure 53-5. Levels of ECLS competences per center.
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past 2 years of the COVID-19 pandemic, many 
different experiences of regionalization and 
central coordination have been implemented 
to increase ECLS availability safely and 
effectively. Successful expansion of ECLS 
availability according to ELSO indications has 
been reported from the U.S.54-57 and across the 
globe.3,30,58,59 Lebreton and colleagues reported 
on organization in Greater Paris, where central 
regulation of ECLS indications and pooling of 
resources were implemented, with six mobile 
ECLS teams available for the region. Galvagno 
et al. described a critical care coordination 
center in the state of Maryland staffed 24/7 
by a critical care physician and emergency 
medical service clinicians.56 During a 6-month 
period, 1,006 critical care consultations were 
made and directed 578 patient transfers to 58 
hospitals within the region. ECLS referrals 
were requested for 58 patients, 50 of whom 
were cannulated. Four-hundred twenty-eight 
patients (42.5%) were not transferred and 
were managed with consultation only. Rabie 
et al. reported favorable outcomes for selected 
ECLS patients managed in newly established 
centers, thanks to the supervision and training 
by experienced regional experts.3 These 
experiences provide examples of successful 
integrated regionalization with central 
coordination.

According to MacLaren et al. “centers 
should collaborate to identify and disseminate 
best practices, reduce variation, and improve 
outcomes”.35 Leung et al. state “transforming 
the current state of regionalization into a 
coordinated, accountable system requires 
a critical assessment of administrative and 
clinical challenges and barriers.”.2 The ECLS 
Collaborative Project involved 4 ECLS 
programs within a single healthcare system 
serving patients in 47 counties and 52 hospitals 
in Texas. Standardized guidelines, order sets, 
data collection, and performance feedback 
were implemented. The coordination and 
standardization across the 4 programs led to 

improved survival to discharge and transfer 
in the post-collaborative compared to the 
pre-collaborative period (107/185, 57.8% vs. 
113/243, 46.5%, p=.03), predominantly due to 
improved outcomes among patients receiving VA 
ECMO (hazard ratio, 0.61; 95% CI, 0.41-0.91). 
The proportion of patients successfully weaned 
from ECLS increased from 58.9% (109/185) to 
70% (170/243) (p=0.02). Complication rates 
decreased by 40% (incidence rate ratio, 0.60; 
95% CI, 0.49-0.72). Payment-per-case and 
contribution-margin-per-case both decreased 
significantly.60 

In 2013, The Duke University Medical 
Center began formalizing their ECLS transport 
program, promoting relationships between 
centers through communication; standardized 
ECLS referral and consultation processes; 
education; and training, all tailored based on 
ECLS capability or lack thereof, in a regional 
network of referring centers. Urgency and 
geographical location of ECLS cannulation 
were determined based on patient status, 
transfer logistics, and local capabilities (no 
extracorporeal support; post cardiotomy ECLS 
failure to wean from bypass and no ECLS; 
limited ECLS capabilities; and established 
ECLS centers but with no VAD or transplant 
capability).53

Aubin et al. described the implementation of 
a network for a rapid-response mobile service 
to apply VA ECMO within a defined regional 
setting in Germany. In this selected, high-risk 
cohort of patients with refractory circulatory 
failure, often with ongoing cardiac arrest, they 
reported an overall survival of 33% at long term 
followup, 97% of whom had good neurological 
outcomes. This favorable outcome supports the 
feasibility and the effectiveness of such a model 
in expanding the provision of ECLS support, 
even in an emergency setting.61 

The Academic Leaders in Critical Care 
Medicine Task Force of the Society of Critical 
Care Medicine stated that systems thinking (a 
holistic view of the organization in relation to 
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its environment), business planning and control, 
and essential infrastructure development are 
critical for assisting critical care organization 
in regionalization efforts. The authors identified 
four conditions required for successful 
regionalization of critical care medicine 
services: heterogeneity in quality, scarce 
resources, identifiable centers of excellence 
(according to ELSO), and identifiable patients. 
They detailed this for trauma, stroke and ECLS 
(Figure 53-6).2 

Regionalization models continue to evolve. 
There is evidence that support a regionalized 
model for the provision of ECLS, which can 

improve access and outcomes, both worthy 
goals. 

Conclusions

Regionalization and centralization are 
important concepts to consider when planning 
effective ECLS services in specific jurisdictions. 
Concentrating highly complex medical 
interventions such as ECLS in dedicated centers 
may lead to better outcomes.26,36,52 Several 
countries now have such systems in place with 
government oversight to ensure equitable access 
to ECLS services for patients.62

 
 
 
 

Figure 53-6. Regionalization model for ECLS services: 4 conditions required for success and lessons 
learned (modified from Leung et al.,2 *according to ELSO Award for Excellence in Extracorporeal 
Life Support).
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Introduction

The rapid growth of ECLS has pushed 
practitioners and administrators to reimagine 
this technology’s role within their healthcare 
systems. The most recent two global pandemics 
(Influenza A[H1N1] and COVID-19) accelerated 
the creation of new centers worldwide. While 
the total global impact is challenging to quantify, 
in 2009 and the beginning of the influenza 
A(H1N1) pandemic, the ELSO Registry 
included 165 member centers internationally. As 
of the 2021 report, that number has grown to 543 
registered member centers. Safe, economical, 
and effective use of ECLS requires specific 
institutional resources and effective strategies 
to maintain optimal quality in care delivery. 
The foundation of achieving quality clinical 
care is the presence of an established and 
institutionally supported ECLS education and 
training program. 

To assist centers by outlining institutional 
requirements for effective use of ECLS, ELSO 
developed ‘ELSO Guidelines for ECMO 
Centers’ that details the ideal structure and 
organization of ECMO resources.1 The ‘ELSO 
Guidelines for Training and Continuing 
Education of ECMO Specialists’ is a guide 
to design training and educational programs 
for ECMO specialists.2 ELSO recognizes 
that differences in regional and institutional 

regulations impact each ECMO center, and 
these variations may result in deviation from 
these guidelines. Nevertheless, these guidelines 
establish standards for assessing current and 
future ECMO centers. 

In recent years, further critical work 
has been completed in the realm of ECMO 
education. In 2019, a position paper by Zakhary 
et al. presented a twofold approach to the review 
of ECMO education. This review described the 
state of education worldwide, noting limitations 
and challenges. In addition, it also aimed to 
create an educational road map that would 
illustrate a model for a global, standardized, 
and multidisciplinary approach to ECMO 
training.3 Some of the preliminary work of this 
collaborative will be highlighted in this chapter.

Educational Process

ECLS education is challenging because 
of the different skill sets that a member of the 
patient care team must achieve before being 
considered knowledgeable and competent 
to deliver ECLS care. Furthermore, the 
composition of an institution’s ECLS patient 
care team continues to evolve as different 
models of care are developed, incorporating 
advances in technology. The ECLS team is 
multidisciplinary and includes clinicians with 
responsibilities to the patient and/or the ECLS 



708

Chapter 54

circuit. The responsibilities can be divided 
or provided by a single individual with the 
appropriate training. 

For this chapter, an ECLS physician 
is defined as a critical care physician or 
surgeon who has had specific ECLS training 
outlined by their institutional credentialing 
guidelines. An ECLS specialist is defined as a 
technical specialist with a different professional 
background, trained and experienced in 
managing the ECLS system and patient’s 
clinical needs on extracorporeal support under 
the direction and supervision of an ECLS 
licensed independent practitioner.1 We have 
used the term ‘ECLS practitioner’ to identify all 
medical professionals who participate in direct 
ECLS patient care.

 With the diversity in ECLS program 
structures and staffing compositions, each center 
should develop a training program based on 
the patient populations served, equipment, and 
assigned responsibilities of team members. 
Since the educational backgrounds of ECLS 
team members differ, each center must tailor 
its training program to its staff providing 
direct patient care to the ECLS patient and 
ECLS system. For example, respiratory care 
therapists may require more time to learn about 
transfusion procedures, intravenous pumps, 
and medications. In contrast, nurses may 
need more gas physics and circuit component 
physiology education. Perfusionists may need 
to know more about the effects of long-term 
extracorporeal life support and patient care 
assessment. The interprofessional composition 
of an ECLS team utilizes the strengths of each 
discipline to address the multisystem challenges 
in the care of these complex patients.

ECLS centers must create a training 
program curriculum based upon guidelines, 
policies, procedures, and evidence-based 
practice paradigms. Since educational theories 
support using an active learning environment, 
most ECLS centers supplement their traditional 
didactic courses with practical training to 

optimize skill acquisitions and maintenance, 
and the technical and behavioral skills (team 
interaction, communication, leadership skills) 
essential to excellent care.4 Equally important to 
creating an effective ECLS educational activity 
is the understanding that the typical learner’s 
attention span wanes after 15 to 20 minutes. 
After the 20-minute threshold, lectures become 
less effective.5 Effective learning can be further 
enhanced by applying new information to a 
learner’s professional background and previous 
clinical experience.6

The framework for clinical education and 
assessment was eloquently described by Miller. 
The essay figuratively describes the ascent to 
attaining knowledge using a four-tiered triangle 
as the assessment model; hence the learning 
process is known as “Miller’s Triangle.”7 ELSO 
recommends that each center develop training 
programs that accomplish the first three steps 
of Miller’s Triangle framework, to allow the 
successful implementation of the “does” phase 
for each learner that should ideally occur in a 
mentored environment. Adaption of Miller’s 
Triangle to ECLS clinical practice is illustrated 
in Figure 54-1. 

Establishing ECLS Competency

The ECLS medical director and coordinator/
manager are responsible for assuring the 
ongoing competency of the ECLS Team. 
The Joint Commission International defines 
competency assessment as the process by 
which the organization validates, via a defined 
process, that an individual can perform 
the task consistent with the education and 
training provided.8 Training and education 
provide the foundation for competency; 
however, competency assesses three attributes: 
knowledge, technical skills, and ability. These 
essential elements are required to provide safe 
patient care. The roles of the ECLS coordinator/
manager and medical director in competency 
assessment are to evaluate individual ECLS team 
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member qualifications and job responsibilities, 
determine competencies required for each role, 
identify staff development needs, implement a 
system competency verification, and develop an 
individual remediation plan for employees who 
do not meet the defined standards. 

Bedside nursing staff (not responsible for 
ECLS equipment) require specialized training 
in the care of these patients. Therefore, ECLS 
coordinator/manager and unit-based nursing 
educators should develop and implement a 
competency class for the care of patients on 
ECLS. The primary objectives should include 
ECLS physiology, equipment safety, patient 
safety, cannula care, resource management, and 
emergency patient management.

Representatives from other patient care 
services involved with the ECLS program 
should participate in basic ECLS training. 

Multidisciplinary exposure to ECLS improves 
communication among hospital services, 
allowing other caregivers to understand and 
anticipate the needs of the ECLS patient. 
Good team communication is an essential skill 
to maintain, and the ECLS training process 
should include team-building activities across 
all disciplines. Optimal care of ECLS patients 
requires specialized knowledge from multiple 
disciplines to be integrated. Integration is best 
accomplished through frequent, respectful 
interaction and competent communication. 
These skills can be taught and practiced in 
the training environment. It is recommended 
that Crisis Resource Management (CRM) 
proficiencies are embedded in the training 
program to help understand and develop 
human factors and behavioral skills required 

Figure 54-1: Miller's Triangle - adapted to ECLS clinical practice.
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for effective team working and communication 
across multiple disciplines.9

The training guidelines for experienced 
centers are very similar; didactic instruction and 
simulation lab exposure content remain a vital 
component of ECLS training in experienced 
centers and bedside orientation with an ECLS 
preceptor. In addition, ongoing training for 
the team members provides professional 
development and, through simulation, 
the experienced team can improve team 
communication and focus on human factors.

Development of Core ECLS Curriculum

The primary goal is to utilize an education 
program that provides standardized, effective 
multidisciplinary content where all providers 
are exposed to a single curriculum for initial 
ECLS training. This approach alleviates strict 
dependence on an individual discipline or 
practitioner to troubleshoot complex ECLS 
complications. 

With the increased global uptake of ECLS 
over the past decade, there has also been a 
concurrent upsurge in ECLS educational 
activity. However, while ongoing education 
and training are desirable to ensure familiarity 
and comfort for caring in the ECLS patient and 
providing high quality patient care, no universal 
consensus on the structure and delivery of these 
programs was available. 

ELSO guidelines recommend that a new 
program offer a didactic (lecture) course, 
followed by water drills using closed-loop 
priming circuits and/or animal sessions. 
Although high fidelity simulation is not listed in 
the guidelines, simulation training in ECLS has 
gained popularity by providing a standardized 
and controlled environment to cover challenging 
clinical scenarios, focusing on the behavioral 
skills, as opposed to the technical and cognitive 
skills acquired in other pedagogical forms.10 A 
recent study demonstrated that more than 70% 
of ELSO sites report that ECLS simulation 

is active or in development at their center,11 
thus illustrating the increasing popularity and 
value that simulation adds to ECLS training 
programs. Most programs require additional 
time with an instructor or a bedside preceptor 
until the specialist-in-training has gained a 
solid understanding of ECLS management 
principles and is deemed fully competent in 
managing acute emergencies. In addition, the 
use of checklists may be beneficial in identifying 
specific tasks and tracking the volume of the 
trainee’s cases.

Didactic Course – Lecture Curriculum

There are many topics to include in a 
didactic course. ELSO has developed both 
educational and clinical practice guidelines 
for ECLS provision and provides quality 
assurance for clinical use of ECLS via the 
ELSO Registry. ELSO continues to be the 
largest registry of centers across the globe. As 
such, ELSO was ideally situated to play a key 
role in setting minimum standards for ECLS 
education and to developing processes that 
facilitated course and workshop development 
as well as the endorsement of training programs. 
An endorsement process will ensure that 
a given course or workshop achieves an 
educational quality as set by ELSO while 
ensuring standardization and consistency across 
courses. Using Kern’s six-step approach to 
curriculum development for education and 
use of the Delphi technique, in the winter of 
2021, a standardized core ECLS curriculum 
was introduced to the ECLS community in 
the form of an online course called ELSO 
Foundations.12,13 A comprehensive list of 
ELSO’s core adult ECLS curriculum can be 
seen in Figure 54-2. This list can also be found 
on the ELSO website (www.elso.org) under 
the Endorsement Course Process section (titled 
Appendix I).

Centers can now use the Adult ELSO 
Foundations course curriculum as the basis for 
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their training program, or centers can buy site 
licenses for their specialists to register for access 
to the self-paced online course to complete the 
didactic portion of ECLS training. In addition, 
work is underway to create a core curriculum for 
the neonatal and pediatric population utilizing 
the same educational methodology.

Most centers begin their course with 
an ‘Introduction to ECLS,’ which includes a 
discussion of the history of ECLS (Chapter 1). 
Understanding of past successes and failures 
provide a better understanding of the basis for 
current practice. Other introductory discussions 
may include different forms of ECLS support, 
general indications for ECLS, the risks and 
benefits for specific populations, as well as 
recent clinical research trials that outline the 
current status of ECLS therapy and its outcomes. 

Other topics recommended for ECLS team 
member education include the pathophysiology 
of diseases and current medical therapies 

in patients with severe respiratory failure. 
Institutions using ECLS for cardiac support 
may also have education on the anatomy, 
circulation, myocardial preservation and 
recovery, surgical procedures and common 
opera t ions ,  cardiopulmonary bypass , 
postoperative management, the pathophysiology 
of cardiomyopathy and myocarditis, and 
principles of transplantation medicine.

Review of the pre-ECLS setting and 
management are also recommended, including 
pre-ECLS orders, informed consent for ECLS 
and blood transfusions, pre-ECLS laboratory 
sampling tests, neuroimaging studies, and 
echocardiography. Room setup, circuit priming, 
ECLS initiation, and necessary documentation 
tools are also important topics to be reviewed. 
These topics may also be incorporated into 
training labs discussed in the next section. 

Each ECLS team member must gain a 
comprehensive understanding of blood gas 

Figure 54-2: Didactic course components.

Introduction to ECMO
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p
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interpretation and gas exchange. This includes 
knowledge of the principles involved with 
oxygen content, delivery, and consumption, 
and carbon dioxide production and elimination 
in normal physiologic and extracorporeal 
support conditions (Chapter 5). In addition, 
all team members must understand the impact 
of ECLS pump flow and sweep gas flow 
changes upon gas exchange. To reinforce the 
lung protective aspects of ECLS, ventilator 
and airway management while on ECLS is a 
vital management discussion to include in the 
curriculum. A thorough demonstration of ECLS 
physiology and oxygen physics by the ECLS 
team members is highly recommended at the 
conclusion of ECLS training.

Each center may focus training on 
site-specific ECLS techniques; however, a 
discussion regarding variations in support in 
use at other centers may assist interhospital 
communication and exchange of ideas. 
Blood product administration, coagulation 
management, medications commonly used 
during ECLS, weaning, and decannulation 
procedures must also be reviewed. In addition, 
a basic understanding of intrahospital and 
interhospital ECLS transport requirements is 
recommended (Chapter 46).

All ECLS team members must obtain a 
thorough understanding of ECLS equipment 
and circuit design used in their institution 
and potential mechanical complications 
and preventative measures (Chapters 3,6,7). 
Institutional guidelines need to define the 
essential equipment and emergency skills each 
ECLS team member must maintain. 

Patient and circuit management lecture 
topics cover a broad range of subjects, including 
the fundamentals of the daily management of 
an ECLS patient and recognition of medical 
emergencies that may occur during support. 
ECLS team members in training will also 
benefit from lectures on ethical and social issues.

Training Labs – Psychomotor Skills Training

ELSO reported over 17,000 cases of 
ECLS worldwide in 2021.14 Despite the 
increased volume in recent years, ECLS is still 
considered a high-risk, low-volume therapy in 
most programs. This creates a challenge for 
practitioners to the clinical opportunities to 
practice and maintain necessary skills.

Technical and behavioral skills necessary 
for effective ECLS team training can be 
accomplished using different hands-on training 
methods. These training methods offer a unique 
opportunity to create, test, refine, and streamline 
ECLS processes without disrupting patient 
care or endangering patients. Water drills have 
been utilized to demonstrate the function of 
ECLS components and to practice technical 
skills. Animal labs historically allowed ECLS 
physiology to be shown in an in vivo model. 
However, the introduction of high-fidelity 
simulation into ECLS training sessions has 
enabled the learner to experience a realtime 
situation with realistic sensory cues that mimic 
the acute care setting with an ECLS patient. For 
this discussion, these hands-on training sessions 
will be categorized as ‘training labs’.

Training lab sessions are recommended to 
allow additional discussion and demonstration 
of ECLS equipment, the management of 
mechanical and medical emergencies, and 
observation of ECLS team members’ bedside 
care performance. To optimize hands-on 
experience by each participant, a limited 
number of participants is recommended to 
maximize exposure to the circuit and skill. 
The recommended list of technical skills for 
training lab sessions is shown in Figure 54-3. 
Institutional variations will exist based upon 
equipment and circuit configurations. 

The recommended introductory course 
training lab topics include a discussion and 
demonstration of all equipment, including 
an explanation of the circuit configuration 
and function, alarm functions, and a routine 
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circuit assessment: a ‘circuit check’. Basic 
and emergency procedure drills can also be 
developed based upon a center’s equipment 
selection and practiced in the training labs. 
Standard emergency drills include managing 
power failures, emergency circuit clamping, 
hand cranking the pump (if applicable), deairing 
a circuit, and managing accidental decannulation. 
Individual programs will define each team 
member’s role, thus determining if advanced 
skills such as priming, replacing a circuit, 
oxygenator, and/or individual components 
will be practiced. The goals of these training 
labs are to prepare each ECLS team member 
to identify any mechanical circuit problems 
and promptly initiate the appropriate problem-
solving response. The clinician responsible 
for correcting the problem will depend on the 
defined responsibilities of a center’s ECLS 
team members.

Water Drills

Water drill sessions can include ECLS 
circuits assembled, filled with fluid, and 
conducted in nonclinical settings. This allows 
for opportunities to mimic many of the 
situations that occur during an actual ECLS 
run. In addition, water drills can assist with 
mastering technical skills necessary for safe 

ECLS management (eg, changing broken 
segments of an ECLS circuit). 

Animal Labs

Animal labs are performed in accordance 
with institutional animal care guidelines. 
The advantage of animal laboratory training 
is realtime coagulation management and 
blood gas management, which are difficult 
to simulate in either water drills or ECLS 
simulation laboratory settings. During these 
sessions, participants can practice tasks such 
as blood product administration, intravenous 
solution and medication administration, and 
blood sampling. The physiologic impact of 
the pump sweep gas regulation and heparin 
infusion adjustments can be demonstrated in 
an in vivo model. While animals have played a 
vital role in learning historically, many centers 
have difficulty accessing a vivarium for training, 
causing a decrease in the use of animals for 
ECLS training. Animal labs have become 
increasingly difficult to perform due to cost, 
availability of approved facilities, and rigorous 
institutional animal care guidelines, prompting 
the development and adoption of hands-on 
simulation-based training methods.

Figure 54-3: Technical skills for training lab sessions.
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High Fidelity Simulation

High fidelity simulation has become a widely 
accepted educational tool for anesthesiology, 
surgery, obstetrics, neonatology, and critical 
care training programs.15 High fidelity 
simulation enhances learning through multiple 
factors, including repetitive practice, increasing 
difficulty with attaining skills, addressing 
various forms of learner strategies, permitting 
clinical variation in learner responses, and 
providing immediate feedback.16 Simulation 
also addresses the traditional educational 
method deficiencies of technical and behavioral 
skill development by immersing the trainee in 
realistic environments populated with working 
equipment, a patient simulator capable of 
generating authentic physiologic cues, and 
living human beings who respond realistically 
to the events of the scenario. Creating a highly 
realistic environment where trainees must 
respond to problems with both the circuit and 
the patient creates a more realistic and valuable 
learning opportunity. To further illustrate the 
benefits of simulation-based training in ECLS 
care, a randomized controlled study designed 
to evaluate simulation based ECLS training 
vs. training methods in novice critical care 
fellows demonstrated superior performance in 
the simulation-based group (SBG). In addition, 
the SBG had improved long-term scores on 
written knowledge exams and reductions in the 
time to critical actions for emergency circuit 
management.17

Simulation training can bridge the 
educational gap, providing the opportunity for 
providers to master and demonstrate competency 
in skills. This training lab environment offers 
an advantage over water drills and animal 
labs due to the added ability to adjust the 

“patient’s” physiologic parameters following 
the participant’s ECLS management decisions. 
This educational tool has been introduced in 
many ECLS centers as an alternative training 

tool for both new and experienced specialists 
and physicians.18 

High fidelity ECLS simulation and in situ 
ECLS training provide the opportunity for 
multidisciplinary team training. Using scripted 
scenarios, the newly developed and established 
team can problem solve and practice routine 
or emergency situations in a realtime setting, 
such as initiation of ECLS, or equipment 
failure. These types of simulations can improve 
patient care and allow the team to develop 
nontechnical skills such as situational awareness, 
communication, decisionmaking, teamwork, 
and leadership. It is widely recognized such 
human factors independently influence patient 
outcomes, with good team behaviors being 
associated with better patient outcomes. 

Perhaps the most important aspect of 
simulation-based learning is the role of 
debriefing in enhancing the educational 
experience.19 As discussed earlier, active 
participation of the adult learner increases the 
learning effectiveness. An essential element of 
successful debriefing is a trained facilitator (the 
debriefer) who can direct the discussion and 
extract maximum dialogue from the learners 
to achieve the defined learning objectives. 
Formal training for simulation-based healthcare 
education is recommended for a new facilitator 
to acquire the basic skill sets to develop into a 
capable, confident, conversant debriefer.20 The 
pairing of a novice debriefer with an expert role 
model and exposure to a variety of simulation 
settings are required to develop the skills and 
comfort level of the debriefer.21

Delivering ECLS Education 

As per the ELSO ECLS education taskforce 
recommendations, delivery of educational 
content can be achieved through comprehensive 
courses, workshops, and online education. A 
Comprehensive Simulation-Based ECLS course 
meets all ELSO ECLS Practitioner Curricular 
requirements and maintains an immersive 
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simulation experience with a structured 
debriefing. Of note, the debriefing is a key 
feature of this high-level course. The course 
typically runs over 3-4 days, with simulation 
making up approximately 50% of course 
content. ECLS courses are designed to meet 
the requirements of ECLS curricular knowledge 
and psychomotor skill learning objectives. In 
general, they target all healthcare professionals 
involved in providing direct bedside ECLS care 
and involve robust learner assessments and 
course evaluations. 

ECLS workshops refer to more focused 
educational activities that may either be 
confined to, or expand, beyond the core 
curriculum. Such settings are ideal for catering 
to advanced topics or subspecialties not fully 
addressed in ECLS courses. Thus, they are 
limited in scope and duration and are often 
done in collaboration with societal meetings 
or as standalone workshops that focus on skill 
sets such as ECLS cannulation or extracorporeal 
cardiopulmonary resuscitation. 

Online ECLS education has garnered 
more popularity with the advent of travel 
restrictions following the COVID-19 pandemic. 
Such platforms enable the global dispersion 
of standardized learning materials with an 
opportunity for learners to provide realtime 
feedback. This tool can also prepare learners 
ahead of hands-on courses, focusing on flipped 
classroom strategies during the onsite sessions. 
ECLS educators are actively exploring the 
optimal way of delivering telesimulation and its 
effects on learning when travel restrictions still 
affect the traditional way of simulation teaching 
in many countries.22

The concept of free open access to medical 
education (FOAMed), referring to the open 
sharing of educational resources primarily 
through social media, emerged in the past 
decade as a potent tool for developing and/or 
disseminating valuable educational content. 
The critical care world, specifically the ECLS 
community, quickly understood the great 

potential of social media to support ECLS 
related education and training, and partially 
moved to the online space. 

In Figure 54-4, some valuable ELSO and 
non-ELSO online ECLS educational resources 
and FOAM resources, are highlighted. 

Maintaining Competency Standards-
Assessing Competency of ECLS Practitioners

ECLS competency can be assessed by 
observing actual clinical settings or simulated 
settings. When assessing competency, the three 
skills to consider include cognitive (critical 
thinking), technical, and behavioral. Skill 
assessment is the objective process of assuring 
that a staff member can perform competencies 
based on specific performance criteria used to 
ensure accurate and safe practice. Performance 
criteria must be outlined in a policy, procedure, 
standard, guideline, or reference. Institutional 
certification of ECLS team members is 
achieved when performance criteria for clinical 
competency are fulfilled. The ELSO guidelines 
recommend that all ECLS specialists take an 
annual oral and/or written exam.

In 2022, ELSO launched its validated 
knowledge assessment tool, the ELSO-Adult 
ECLS Certification Exam (E-AEC). This exam 
was created in concert with the curriculum 
development process outlined above, which 
identified over eighty learning objectives as key 
elements that programs should include in ECLS 
Training Program curricula. Exam questions 
were created that directly tie back to each 
identified learning objective. This has defined 
a minimum knowledge and skills standard for 
those providing ECLS services, allowing for 
standardization of ECLS practice across sites 
and healthcare disciplines and recognizing of 
the unique skill set required for the competent 
practice of ECLS. The ultimate goal of 
establishing ECLS certification is to improve 
the quality of care and patient outcomes. 
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Technical skills include psychomotor 
activities within the role’s primary responsibilities. 
Training labs provide a simulated environment 
to observe the competence of a team member 
in performing the technical skills necessary 
for the care of an ECLS patient in routine and 
emergent situations. Simulation provides the 
closest assessment of “shows how” competency. 
True competency, the apex of Miller’s Triangle, 
“does,” can only be verified by observing actual 
patient situations, under real-life, stressful 
situations.23 Experience from Advanced Cardiac 
Life Support training has shown that retention 
of skills begins to decay after six months.24 
Therefore it is recommended that ECLS team 
members must practice infrequently used skills 
regularly.

Behavioral skills reflect the ability to 
communicate effectively with individuals and 

groups. Professional communication skills 
include written, spoken, and nonverbal skills. 
ECLS team members may identify others 
who lack the appropriate interpersonal skills. 
The difficulty lies in objectively identifying 
those skills. Some behavioral communication 
indicators include demonstrating courtesy, 
being respectful, and practicing good listening 
and feedback skills. The behavioral skills 
measured by the Stanford CAPE group in their 
original study measuring the effectiveness of 
high-fidelity simulation in ECLS training are 
as follows25:

•	 Familiar with ECLS equipment and bedside 
environment

•	 Anticipates and plans for crisis
•	 Assumes a leadership role
•	 Communicates effectively

Figure 54-4: Examples of virtual ECMO courses.

ELSO and Collaborative Virtual Courses ELSO FOAM Resources
ELSO Foundations Adult ECMO training course: self-paced course 
consisting of 53 modules, covering over 80 learning objectives foundational to 
adult ECMO patient care (patient selection, configurations including ECMO 
initiation, cannulation, ECLS physiology, patient monitoring and management, 
circuit, medical and mechanical complications, weaning) for a total learning 
time of 7-8 hours, and multiple knowledge checks. Meets "didactic course" 
definition among criteria to apply for E-AEC.

The ELSO guidelines for respiratory and circulatory/cardiac support in 
adult, pediatric, and neonatal patient populations, for ELSO centers 
organization and ECMO education and training. The guidelines are 
intended for educational use, to build knowledge of HCPs in assessing and 
managing ECLS patients, and to support informed decision-making. 
Regularly updated, guidelines describe what are believed to be useful and 
safe practices; these are published on ASAIO Journal and are owned and 
freely available at www.elso.org/resources/guidelines.

ELSO ECMO management course: 2-day live virtual course designed to 
train multidisciplinary team on all elements of VV/VA ECMO, and on basics of 
caring for adults with severe respiratory or cardiac failure requiring ECLS 
(indications/contraindications, configurations, cannulation techniques, patient 
physiology, and management on ECMO, decision-making, programmatic 
design). Meets "didactic course" definition among criteria to apply for E-AEC.

ELSO & its Chapters have channels on Youtube, a popular platform for 
free video sharing, where recording of webinars, selected talks and 
sessions from annual conferences, presidential addresses and other useful 
resources are uploaded. ELSO channel (also hosting live events) available 
at bit.ly/ELSOyoutube; EuroELSO channel: available at 
bit.ly/EuroELSOyoutube; LATAM ELSO channel: 
bit.ly/ELSOLATAMyoutube

ECMO Masterclass: joint courses with other medical societies such as 
ELSO/SCCM, ELSO/STS, or EuroELSO/ESICM that focus on specific areas 
of ECLS based on the joint needs established between the organizations.

ECMO 101: a web-based course addressing basic elements in ECMO 
delivery (consisting of 6 modules: introduction and history of ECMO, 
indications and evidence, circuit, physiology of ECLS, general patient 
management, common scenarios and complications). The course is an 
introduction to ECMO for basic orientation; requires ~ 6 hours to complete. 

corECMO: an e-learning program developed by researchers of University of 
Washington, as part of a multimodaility ECMO curriculum, along with high-
fidelity simulation and bedside clinical training, aimed to facilitate interactive 
asynchronous education, and composed of core content and simulated 
interactive cases for both VV and VA ECLS. See www.corECMO.com.

ED ECMO Project is aimed to bring extracorporeal life support to Eds and 
ICUs around the world. This site aims to be a comprehensive resource to 
learn about the background, logistics, and evidence for resuscitative 
ECMO, and to raise awareness of ECLS in the Emergency Department. 
This blog posts interviews with experts in the field. See www.edecmo.org.

ECMOMODEL: a mathematical model of gas exchange during veno-venous 
ECMO support, developed by researcher at the University of Milan, suitable 
simulations of pediatric and adult patients. This software can be a useful 
teaching tool and might support decision-making for the management of 
refractory hypoxemia in patients supported by VV ECMO. See 
www.ecmomodel.unimi.it.

INTENSIVE blog: educational website for HCPs training in or practicing 
intensive care medicine hosted by LITFL and provided by the Alfred ICU in 
Melbourne, Australia. Blog includes an "Everything ECMO", a developing 
series of peer-reviewed case-based Q&A posts covering all aspects of 
ECLS management in critically ill patients. See intensiveblog.com.

Virtual ECMO Education Resources

Non-ELSO FOAM Resources*

*Note: These are examples and are not an endorsement of these resources from ELSO, nor their sustainability.
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•	 Distributes workload optimally
•	 Allocates attention wisely
•	 Utilizes all available resources
•	 Calls for help early
•	 Maintains professional behavior

Maintaining ECLS Competency

Since ECLS is a high-risk, low-volume 
therapy, centers must establish a process 
to ensure that all team members obtain the 
appropriate education and experience to retain 
their skills. Each center must determine a 
timeline for competency evaluation based on 
their specific needs, program patient volumes, 
and defined responsibilities of the clinician 
members of the ECLS team. ELSO guidelines 
recommend that training lab sessions be held at 
a minimum of every six months and an annual 
examination be used to verify the knowledge 
and skills of the ECLS Team. Each program 
should determine the minimum number of 
pump hours for ECLS specialists, or the annual 
volume of patients independently managed 
by licensed independent practitioners (LIP) 
within an established time period to maintain 
institutional certification. If the number of 
hours is not met, a policy outlining a retraining 
program is recommended.

Most ECLS centers schedule team meetings 
on a regularly to discuss clinical and operational 
issues, quality assurance review findings, 
and other topics pertinent to the team. Team 
meetings also provide an opportunity to offer 
continuing education sessions with case 
reviews and multidisciplinary morbidity and 
mortality conferences. The frequency of these 
meetings is determined based on the size of 
the team and the volume of ECLS patients 
treated. Attendance of team members at these 
meetings is monitored, and criteria for minimal 
attendance are defined to ensure maintenance of 
institutional certification. Information on patient 
followup could be included here, allowing 
team members to become familiar with patient 

outcomes and appreciate the risks and benefits 
of ECLS. 

Institutional Certification of ECLS Team 
Members

Each institution is responsible for 
evaluating and certifying its team members and 
maintaining a written evaluation of the training 
history of those members. Most centers include 
documentation of course attendance; successful 
performance at water drills, animal sessions or 
training labs; and completion of all required 
skills lists and competencies in the evaluations. 
In addition, each specialist must obtain a passing 
score on written and/or oral exams. After 
completing the training course requirements and 
passing the exam, institutional certification can 
be granted. Sample institutional certification 
requirements for ECLS specialists are:

•	 Minimum of 1-year critical care experience 
prior to training

•	 Attendance at all didactic sessions
•	 Attendance at all training lab sessions
•	 Participation in ECLS emergency drills
•	 Completion of pump time with a preceptor
•	 Completion of technical skills list and/or 

competencies
•	 Successful completion of written/oral exam 

with passing score

A periodic review of the ECLS team 
member’s knowledge and skill level is essential. 
The frequency and skills to be assessed 
depending on center-specific recertification 
requirements. All training expectations and 
criteria indicating success (eg, a passing score 
on a test and a minimum number of pump 
hours) must be established. In addition, yearly 
requirements for attendance and participation in 
team meetings will need to be fulfilled. 
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Feedback

All educational activities should include 
providing the learner with timely feedback on 
their knowledge and understanding, including 
identifying development and further learning 
areas. The learner must also provide structured 
feedback on the education and process they 
have received. All training courses must 
include formal feedback to ensure the course 
has met and delivered its educational aims and 
objectives, including whether the participants 
have found it helpful, accessible, and effective 
in gaining new knowledge. All courses should 
be reviewed and developed based on such 
feedback. 

Summary

Although providing ECLS to critically ill 
patients is complex, using many healthcare 
resources can be very rewarding to the 
institution, staff, and, especially, the infants, 
children, adolescents, adults, and families 
served. The foundation of an exceptional ECLS 
program relies upon the multidisciplinary ECLS 
team’s education, training, and certification. To 
assist with the developing these comprehensive 
programs, the ELSO guidelines exist to 
provide educational requirements for clinicians 
responsible for monitoring and maintaining 
ECLS support. The educational process should 
follow adult based learning principles and 
be based upon Miller’s Triangle for clinical 
assessment. Training and education must also 
address training for new providers and existing 
providers from all disciplines, including 
specialists and physicians. This should be 
enhanced by continuing educational research 
on the various methods of effective teaching 
and course and workshop content assessment. 
Continuing education and assessment of 
clinical competency should be an integral part 
of the program, including the competencies of 
ECLS specialists, physicians, and surgeons. A 

program can only achieve clinical excellence 
in life support with robust ECLS education 
and training.
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Introduction

ECLS is an invasive, high-risk, low-volume, 
and expensive tool that is essential to achieving 
excellent outcomes in most critical care units. 
Therefore, a robust approach to constantly 
assess quality and safety of care provided 
via this technology is an essential aspect of 
any ECLS program.1 As will be discussed 
in detail in this chapter, ECLS quality and 
safety programs look to continually assess 
outcomes, complications, team and equipment 
performance, and resource utilization. In 
addition to examination of internal program 
data, participation in registries is helpful to 
provide benchmarking to understand if a 
specific center’s ECLS program is achieving 
their goals. 

The approach to quality assessment for an 
ECLS program is built on the standard concepts 
of quality and safety in medicine popularized by 
Avedis Donabedian. These include the Model 
for Improvement and the Define-Measure-
Analyze-Improve-Control (DMAIC) approach 
from Lean/Six Sigma methodology.2,3 The use 
of registries dedicated to ECLS, most notably 
the ELSO Registry, or registries primarily 
designed for broader populations of critical care 
patients capture clinical patient data, such as 
the Pediatric Cardiac Critical Care Consortium 
(PC4), the Virtual Pediatric Systems (VPS), or 

the American Heart Association Get-With-The-
Guidelines – Resuscitation® registries, all of 
which have been used to study practices and 
outcomes of ECLS in infants and children.4-8 
Participation in registries can provide both 
new and established ECLS programs with 
benchmarking data and communities of like-
minded professionals who can support quality 
efforts.

While collecting data regarding use and 
outcomes of ECLS is an essential base for 
any assessment of quality, the way in which 
data are used to inform organization of the 
ECLS program and to sustain high-performing 
ECLS teams ultimately determines the value 
of the ECLS quality program at a given 
institution. Resources and references are 
available including numerous guidelines on 
the ELSO website (www.elso.org), articles 
detailing organization of ECLS programs,1 
and models for education and team training, 
including detailed approaches to simulation to 
improve performance.9,10

This chapter will discuss these concepts and 
resources, with a focus on

•	 Commitment to quality and safety, 
•	 Data collection and performance meas-

urement,
•	 Quality improvement processes for ECLS 

programs,
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•	 Variability in quality processes among 
ECLS programs,

•	 Innovation and new technologies.

Commitment to Quality and Safety

ECLS is utilized when other therapies are 
insufficient to sustain life; therefore, its failure 
could be fatal. Quality and safety are at the 
forefront of ECLS management and should 
include evidence-based guidelines, or, when 
evidence is lacking, expert consensus statements. 
Quality improvement should be implemented by 
the ECLS team and supported by the hospital 
for all disciplines involved in ECLS care (ie, 
critical care, emergency, and surgical care teams, 
ECMO specialists, perfusionists, blood bank, 
pharmacists, and others).

Individual programs typically use published 
guidelines to educate staff and create detailed, 
institution-specific policies and protocols that 
are adapted to their facility’s and their country’s 
healthcare system and relevant regulations. 
ECLS program managers or coordinators 
are responsible for periodically assessing 
compliance with institutional policies and 
protocols, identifying barriers, and developing 
action plans to overcome barriers to utilization 
and compliance with institutional policies and 
protocols; the series of which is called a ‘quality 
improvement program’.

Barrier identification and mitigation 
procedures should be available at each facility, 
with a process typically following 5 steps: 
1) Assemble the Interdisciplinary Team; 
2) Identify Barriers; 3) Summarize Barrier Data; 
4) Prioritize the Barriers; and 5) Develop an 
Action Plan for Each Targeted Barrier.11 

Similar to other areas in medicine, QI 
projects related to ECLS may be met with 
skepticism on the part of physicians or the 
multidisciplinary team.12 Concerns may 
include the lack of high-quality evidence to 
inform clinical practice guidelines, perception 
of QI as misplaced priority and focusing 

on what is measurable rather than what is 
important for optimal patient outcomes, or 
fear that quality measurement might be used 
as a reason for blame. Thoughtful planning, 
long-term commitment and adequate time and 
administrative resources are all needed for 
physicians and other staff to treat ECLS QI 
initiatives as high priority activities. 

Data Collection and Measuring Quality

Donabedian’s quality methodology of 
measuring structure, process, outcomes create 
the data elements that inform quality for ECLS 
programs. Data are available for each of these 
aspects and should be part of any ECMO 
program’s consistent commitment to improving 
quality for the patients they serve. 

ELSO provides several tools for programs: 
1) the ELSO Registry is a global database of 
data elements that capture important data for 
each patient run; 2) data definitions provided 
by ELSO help to achieve a common set of 
definitions and therefore better data; 3) live 
registry filtering available for easy access 
to major data items, available in real time 
without a data request for quick benchmarking; 
4) a quality dashboard that every program has 
access to; and 5) clinical practice guidelines.13 

Performance Measurement

Patient outcomes and complications data 
relate to performance. Donabedian’s approach 
to measuring quality answers the question 
‘what goes on here?’.14 Performance can be 
assessed through data, observation, and a team 
commitment to improving performance. 

Benchmarking a program’s performance 
relative to others is now available through the 
ELSO Registry and quality dashboard, which 
provides a center the ability to review their own 
data relative to the ELSO Registry in similar 
patient populations. Risk adjustments were built 
separately for each age group and support type, 
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enabling benchmarking to understand a center’s 
performance in an appropriate context. 

Establishing a system for reviewing 
performance is essential to providing a high-
quality program, which is especially important 
for new programs. Every case - and the 
performance data, processes, and outcomes 

- should be reviewed early on such that the 
entire ECLS team can learn how their work 

collectively impacts performance and outcomes 
(Figure 55-1). ECLS programs are eligible for 
the ELSO Path to Excellence or the Award of 
Excellence in Life Support; applications allow 
self-evaluation as well as external evaluation 
in seven categories: systems, environment, 
workforce, knowledge management, quality 
focus, process optimization, and patient 
and family (Table 55-1). A Comprehensive 

Table 1.  Domains of the ELSO Award for Excellence in Life Support Application 

DOMAIN COMPONENTS (selected) 
Systems ● Availability of specialty medical services, laboratory, blood bank, operating rooms,   

   occupational and physical therapy, nutrition, pastoral care, etc. 
● ECLS transport capabilities 
● Roles and responsibilities of the ECLS medical director and ECLS coordinator 

Environment ● Single- vs multiple-ICU ECLS program 
● Back-up equipment and circuit components 
● Contingency plan for increased census 

Workforce ● Pre-requisites to become an ECLS Specialist (ES)a 
● Patient to staff (ES, nurse) ratio, primer availability in-hospital or on call 
● Debriefing and management of staff moral distress 

Training and 
competencies 

● Initial and continuous credentialing for ECLS for physicians, advanced practice  
   nurses, physician assistants, nurses, ES 
● Water drills and simulation sessions for basic circuit and emergency management 
● Annual pump time requirements, bedside training, and exam 

Quality ● Best practices related to workforce management 
● Improved value of care delivered 
● Maintaining knowledge and incorporating current ECLS practice into each center’s  
   clinical practice 

Process optimization ● Process for case reviews (e.g., Morbidity and Mortality Conference) 
● Review and integration of ELSO benchmarking data 
● Monitoring process for anticoagulation during ECLS 

Patient and family ● Educational materials provided to families 
● Integration of family members into the daily care of ECLS patients 
● Long-term followup process  

ECLS=extracorporeal life support; ICU=intensive care unit; ES=ECLS specialist 
aECLS Specialist: individual designated to care for the ECLS circuit 

 

Figure 55-1. Sample ELSO Quality Dashboard Output.

Table 55-1. Domains of the ELSO Award for Excellence in Life Support Application.
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ELSO Award of Excellence Evaluation and 
Improvement Tool as well as a Readiness 
Tool are available on the ELSO website to 
assist new or growing ECLS centers with the 
implementation and maintenance of quality 
improvement programs.15

Quality Improvement Processes for ECLS 
Using the Model for Improvement

The Model for Improvement is a simple yet 
powerful tool that has been used successfully 
by hundreds of health care organizations to 
improve many different health care processes 
and outcomes. Developed by Associates in 
Process Improvement as the framework for 
the improvement process, the model has three 
fundamental principles:

•	 Set clear aims,
•	 Establish measures that will tell if changes 

are leading to improvement,
•	 Identify changes that are likely to lead to 

improvement.

There are 6 steps to follow using the Model 
for Improvement.

Step 1: Form the QI team. Finding the right 
people to work on a quality project is critical 
to the project’s success. People who do the 
work should improve the work, so select team 
members who are doing or who are affected by 
the work you are trying to improve. Consider 
the system that relates to your QI project. Ensure 
that the team includes members familiar with 
all the different parts of the process. Bedside 
staff are the experts at how care processes are 
delivered to our patients. Ad hoc members from 
pharmacy, the supply chain, respiratory therapy, 
or other disciplines should be added to QI teams 
as needed and might be essential to improving 
specific ECLS-related processes. 

Step 2: Define the QI project and establish 
aims. Choose a topic that is meaningful to 
ECLS, patients, and/or staff. A meaningful 

improvement project is much more likely to 
create buy-in from staff at the bedside.16

Ideas for Projects include: improving 
satisfaction of staff, patients, and/or families; 
reducing waste and cost of supplies and 
improving utilization of storage space; reducing 
loss of instruments, equipment or supplies; 
reducing the unit’s impact on the environment; 
improving inventory processes (eg, reducing 
inventory, improving storage, standardizing 
supplies, and/or reducing costs and expired 
supplies); improving patient outcomes by 
reducing central line-associated bloodstream 
infections (CLABSI), catheter-associated 
urinary tract infections (CAUTI), or other unit-
specific ECLS outcomes.

Improvement work requires a specific 
SMART aim to help get the work done. SMART 
aims are specific, measurable, achievable, 
realistic, and timely. The SMART aim should 
define the population of patients that will be 
affected by the improvement project.17

Examples of Effective Aim Statements 
include: increasing the number of days without 
bloodstream infections in ECLS patients by 
50% by [date]; reducing the number of ECLS 
supplies that expire by 20% by [date]; increasing 
the number of ECLS patients that are cannulated 
within [X] hours of the decision to cannulate 
by 25% by [date]; achieving 100% compliance 
with anticoagulation protocol in ECLS patients 
in the ICU by [date]; or improving ECLS staff 
satisfaction by 20% within 60 days by providing 
snacks to staff on days they are understaffed.

Step 3: Identify quality improvement 
measures. Measurement is an essential 
component of the improvement process and 
can tell you if the change that you made has 
improved process and/or outcome. Measurement 
for improvement involves small tests of change 
that are sequential and build upon each other 
to accelerate the rate of improvement. Using 
improvement methods such as the 5 Why’s 
help to identify why changes need to be made.17
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Outcome measure examples include: ECLS 
survival; patient satisfaction; adverse drug 
events/1000 doses.

Process measures include: % ECLS patients 
rounded on every [X] hours; % access sites on 
ECLS with alcohol caps; % sepsis patients with 
lactic acid measured per protocol.

Balancing measures include: number of 
ECLS with 2nd run; number of reintubations; 
number of circuit changes.

Step 4: Evaluate evidence of improvement. 
Decisions about patient care should be based 
on available scientific evidence, of which the 
highest form of evidence is a well-performed 
randomized clinical trial. Using evidence-based 
practices (EBP) should enable the caregiver to 
provide high quality care, improve processes, 
and reduce variations in care. A model to using 
EBP includes the following:

•	 Recognize that the gap between one’s 
knowledge and the knowledge needed 

to answer the relevant clinical question 
requires review of scientific evidence.

•	 Formulate a specific question about 
improving patient care to be answered. 

•	 Search for the relevant evidence to answer 
the question, which might include print or 
electronic sources. 

•	 After a review of the evidence, a specific 
answer to the question is formed. 

Step 5: Test whether changes result in 
improvement. While all changes do not all lead 
to improvement, all improvement does require 
some type of change. The ability to develop, 
test, and implement changes is an essential 
skill to acquire for an organization that wants 
to continuously improve itself. There are many 
kinds of changes that will lead to improvement. 
To support small-scale tests of change in real 
work settings, one option is using Plan-Do-
Study-Act (PDSA) cycles (Figure 55-2). Teams 
plan a test, try it, observe the results, and act 
on what is learned. It is critical for tests to be 

● Plan the test or observation, 
including a plan for collecting 
data. 
● State the objective of the test. 
● Make predictions about what 
will happen and why. 
● Develop a plan to test the 
change: Who? What? When? 
Where? What data need to be   
collected?

● Try out the test on a small scale. 
● Carry out the test.  
● Document problems and 
unexpected observations.  
● Begin analysis of the data. 

● Set aside time to analyze the 
data and study the results.  
● Complete the analysis of the 
data.  
● Compare the data to your 
predictions.  
● Summarize and reflect on 
what was learned. 

● Refine the change, based on 
what was learned from the 
test. 
● Determine what 
modifications should be made.  
● Prepare a plan for the next 
test. 

PlanAct

DoStudy

Figure 55-2. The Plan-Do-Study-Act Cycle applied to ECLS.
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small and rapid (eg, a test with two ICU patients 
tomorrow). This is the scientific method applied 
to action-oriented learning.18 The following 
are ideas for change: eliminating waste; 
improving work flow; optimizing inventory; 
changing the work environment; improving 
patient/customer satisfaction; managing time; 
focusing on variation to reduce errors; or error 
proofing. The last of these, error proofing, can 
be accomplished by finding ways to redesign 
the system or processes to make it less likely for 
people to make errors. One way to error proof 
a system or process is to make the information 
necessary to perform a task available by writing 
it down as a policy, creating a checklist, or by 
making it inherent in the product or process. 

Step 6: Implement and evaluate the 
project. So far you have formed your team, 
defined your problem and set your aims, 
measured and collected pre-project data, 
selected changes based on evidence, and 
performed small tests of change using PDSA 
cycles. Now is the time to implement selected 
changes to a larger population and evaluate 
how those changes have improved care, flow, 
etc., and demonstrated success of the project. 
Implementation is a permanent change to the 
way work is done and involves building the 
change into the organization. It may affect 
documentation, written policies, hiring, training, 
compensation, and aspects of the organization’s 
infrastructure that are not engaged in the testing 
phase. Implementation also requires the use of 
the PDSA cycle.

Steps for Implementing a Project: 
1) Create a two-way communication plan. 
2) Educate staff and other stakeholders. 
3) Provide needed documentation (policies, 
procedures, checklists, doc flow sheets). 
4) Create process for monthly data collection to 
measure how the change is going. 5) Use PDSA 
cycles when implementing change so you can 
see if the plan is successful.

Steps for Spreading Changes: 1) Creating 
awareness of the need for change. 2) Tell 

stories, share data. 3) Create staff desire for 
supporting the change. 4) Tell patient or staff 
stories, share data. 5) Educate staff so they have 
the knowledge to change. 6) Foster ability by 
providing opportunities for staff to learn new 
skills or behaviors. 7) Celebrate successes 
and continuously reinforce new changes with 
feedback and audits. 8) Continue to use PDSA 
cycles as needed to continuously improve 
project.

Simulation as Quality Improvement Tool 
for ECMO

Simulation equips learners with the 
ability to identify and solve problems they 
might encounter while caring for patients.19 
High-fidelity simulation exercises can build 
confidence in ECLS teams to emergency 
situations in a nonpatient setting. This can build 
confidence, competence, and improve patient 
outcomes. 

Engaging learners in simulated activities 
fosters deep learning and opportunity to 
improve the quality of the activity or process 
being simulated. ECMO processes that can 
be improved easily using simulation include 
responses to emergencies, the development of 
policies, and improving the effectiveness of 
standardized procedures. Simulation can be 
thought of as a field experiment to understand 
the physical patient space, while improving the 
quality and safety of the procedures created to 
care for them.20 Emergencies lend themselves 
well to simulation with the ability to assess 
both the individual practitioner’s response and 
the accuracy of available work tools/checklists 
used by the ECMO specialist to respond to 
the emergency. Debriefing during simulations 
will generate ideas, solve problem issues, and 
improve the way the processes work at the 
bedside. Costly errors can be prevented when 
staff provide input as they can readily see 

“The Why” improvement was needed during 
debriefing.
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Starting a simulation QI project is as simple 
as asking staff what is not working well.21 Plan 
for the upcoming simulation by finding a space 
that best recreates the environment where 
ECMO is provided. 

•	 Define your anticipated outcome with a 
Smart Aim.

•	 Determine how you will measure im-
provement.

•	 Provide background information to staff 
that will help them analyze current practices 
and brainstorm during the event. Examples 
include: literature review, current policy/
procedure, reviewing policy from a different 
organization 

•	 Manage the simulation, providing direction 
and clarity of intention: attend the event 
as an observer, facilitating learning and 
providing feedback. 

•	 Debrief the simulation: evaluate the 
effectiveness of the event as quality 
improvement; record ideas for improvement; 
rewrite policy/procedure/education and 
complete further testing. 

•	 Document in a PDSA format or hospital 
preferred format.19 

It is important to choose the right metrics 
when using simulation for QI. Sometimes the 
outcome desired is easy to measure, such as 
reducing the number of steps to prime a circuit 
or reducing the time to prime. If you are looking 
to standardize a process, create a simulation to 
review process reliability following a guideline 
or checklist and count the number of vital 
steps that were completed in the correct order. 
If you narrow a process down to a few vital 
steps, compliance in performing these steps 
could be collected over time. Individual times 
can be collected on a graph to show overall 
team improvement.22 Helping staff to See-Feel-
Change using simulation for QI improves buy-
in and helps to reinforce changed behavior.23

Variability in Quality Processes

Several studies note variability in outcomes, 
including a COVID-19 update that demonstrated 
newer ECLS programs had slightly worse 
outcomes during the first year of the pandemic.24 
Outcomes represent an indicator of the quality 
of a program. Reviewing variation in outcomes 
or other performance indicators can lead to 
improvements. 

ELSO provides variability measures in the 
international summary reports that are released 
twice a year. In addition, the Quality Dashboard 
can provide a real-time view of variability for 
each program relative to the ELSO Registry.

Peer groups can be created within the quality 
dashboard13 to further advance understanding of 
where variability could be reduced to improve 
outcomes. Peer groups require agreement 
among peers, at least 10 centers (Figure 55-3). 

Following evidence-based best practices 
can help with improving quality and reducing 
variation. ELSO provides guidelines related 
to clinical practice management for different 
ECLS patient populations and related ECLS 
settings. Adherence to guidelines can help 
reduce variation and generally improve 
performance. 

Innovation and New Technologies

Data collected through the ELSO Registry 
provide clinical performance information to 
ECLS manufacturers. Industry can ask for data 
on their equipment, which ELSO provides in 
a manner that maintains the confidentiality of 
other industry competitors, as well as that of 
participating centers and patients therein. This 
information can be important for industry to 
play a role in improving patient outcomes. 

Advances in technology since 2020 include 
integrated ECMO systems; single-site access, 
dual-lumen catheters with improvements 
in patient mobility and catheter placement 
efficiencies; and oxygenator designs that reduce 
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corners and decrease blood side pressure drop.25-

28 The first was released in 2020 and was also 
the first device cleared by the FDA for ECMO.25 

Technology innovations will continue to 
improve usability, reduce complications, and 
ultimately improve patient outcomes. These 
improvements rely on data in nonclinical 
settings before clinical settings. The ELSO 
Registry data has increasingly been a source for 
data on clinical setting equipment performance. 

In summary, many play a role in improving 
quality: ECLS teams; the institutional, national, 
and global ECLS community; technology 
partners; health systems; and regulatory 
agencies. Quality measures connect these 
different stakeholders together, as does a 
collective commitment to improving quality 
and outcomes. 

Figure 55-3. Sample Peer Group Data in the ELSO Quality Dashboard.
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Introduction

Recent years have seen a rapid expansion 
in the use of ECLS around the globe.1 
Advances in equipment, technology, training, 
and a more sophisticated understanding of 
pathophysiology have allowed more patients 
with cardiopulmonary compromise to benefit 
from this therapy. Clinical evidence supporting 
the use of ECLS must be accompanied by 
an equally rigorous understanding of the 
economics underlying the deployment of this 
therapy. Politicians, unelected administrators, 
and healthcare professionals are all expected 
to contribute to the value judgements that will 
shape the services offered within a region. 

An exhaustive discussion of the economics 
of ECLS deployment in every existing 
healthcare system is beyond the scope of this 
chapter. Instead, a framework will be presented 
which can be applied to the general question 
of how to assess the value of ECLS. Specific 
attempts to answer this question under focused 
conditions will be reviewed. The intent is to 
provide readers with an understanding of how 
to approach this issue in the context of their 
own healthcare system, and to participate 
meaningfully as decisions regarding resource 
allocation are made.

Fundamental Considerations

The costs of ECLS include those materials 
and professional services required to institute, 
maintain, and wean a patient from extracorporeal 
support. They can be categorized as fixed or 
variable, although there is some overlap.

Fixed costs are those that are invoked once 
an ECLS service is established and do not 
vary significantly with the volume of services 
rendered. Fixed costs may include durable 
equipment (pumps, monitors, lab equipment) 
and personnel (dedicated technicians, nurses, 
and physicians). These costs are not fixed in an 
absolute sense and will vary as the capacity of 
the planned service is increased or decreased 
and would be aligned with the market in terms 
of salaries and/or equipment and related costs. 
Conceptually, these fixed costs are divided 
equally amongst all the cases performed. 
Efficiency is then maximized by supporting the 
greatest number of ECLS cases possible with 
the resources allocated. 

Variable costs are only incurred when an 
individual patient undergoes ECLS therapy. 
Most variable costs are related to consumable 
goods such as single-use circuit components, 
pharmaceuticals, and blood products. These 
costs relate directly to the number of patients 
supported with ECLS and will rise or fall in 
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direct proportion to service volume, patient 
complexity, and duration of support. 

Despite wide variation in the mechanisms 
for financing healthcare around the world, 
there are fundamentally three sources of 
such revenue—individual patients, health 
insurers, or governments. Individual patients 
may be asked to bear the total cost of medical 
therapies such as ECLS in regions where 
the medical infrastructure is heterogenous 
and access is determined largely by free 
market principles, with little governmental 
regulation or support. Under such conditions, 
the total fixed and variable costs per patient 
for ECLS will typically exceed the financial 
means of all but the wealthiest. Both private 
companies and governmental entities may 
provide insurance that will reimburse healthcare 
systems for patient care. The reimbursement 
rates for a broad range of services including 
ECLS will usually be negotiated between the 
insurance company and the healthcare entity 
in advance. Such payment agreements often 
include stipulations for the appropriate use 
of particularly expensive or resource intense 
services. Healthcare professionals should 
ideally be involved in the creation of such 
agreements to ensure that the appropriate use 
criteria are medically reasonable. In some 
regions, healthcare is centrally funded by 
government as a public service, either in part or 
as a comprehensive offering. When government 
is the sole source of revenue for healthcare 
providers, the specific services that can be 
accessed by patients become a matter of public 
policy. Under such models, the exchange of 
information between regulators and healthcare 
professionals is critical to prioritizing resources.

Costs

It is difficult to accurately estimate the true 
costs of an episode of healthcare due to many 
challenges associated with the reporting of 
costs. Within some healthcare systems, such as 

the United States, the most readily accessible 
financial data may be reported as charges. 
Unfortunately, charges are often closely linked 
to the structure of payment contracts and may 
have little or no relationship to actual costs. 
The internal accounting systems of hospitals 
may also make tracking the costs allocated to 
individual patients and services impossible. 
Even when granular healthcare cost data are 
available, they still may not accurately account 
for the total costs incurred by a specific type of 
care. Direct costs (consumable supplies) may 
have their acquisition cost linked to an episode 
of patient care, but indirect costs (equipment, 
support personnel, facility maintenance) may be 
simply and grossly divided between all patients 
cared for, or “rolled up” to specific departmental 
operating budgets. 

With these limitations in mind, a recent 
systematic review identified 14 studies that 
reported hospital costs for ECLS for adults after 
cardiac arrest, post cardiotomy, cardiogenic 
shock, lung transplantation, and respiratory 
failure from Europe, the United States, Taiwan, 
Japan, and Australia.2 The total reported hospital 
costs ranged from $22,305 to $334,608 (all 
costs converted to 2019 US dollars).2 Reported 
costs were lower among those studies reporting 
costs for ECPR and were higher in studies 
reporting costs for patients with respiratory 
failure and lung transplantation. 

These findings reveal several fundamental 
principles that can be applied broadly. First, the 
costs associated with ECLS equipment are high, 
representing between 11%-20% of the total 
costs for each hospitalization.2 Next, labor costs 
associated with ECLS are also significant drivers 
of total costs (11%-52%).2 Additionally, patient 
factors associated with increased costs include 
the need for mechanical ventilation, hospital 
length of stay, and in-hospital mortality.2 The 
higher costs among those who die likely reflect 
the increased resources required to care for the 
sickest patients, both on and off ECLS, and 
they may also reflect the “sunk cost effect”, 
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when clinicians are hesitant to limit care after 
significant resources, time, and effort has been 
invested in a patient.3

While hospital costs for those who receive 
ECLS are high, economic evaluations must 
also consider the healthcare costs incurred 
by ECLS survivors after discharge over the 
remainder of their life. There are no published 
studies describing the lifetime healthcare costs 
for ECLS survivors. Previous research has 
demonstrated that ARDS survivors continue to 
have high healthcare costs up to 5 years after 
their critical illness.4 We might infer the same 
for ECLS survivors, but the lack of long-term 
data for ECLS survivors is a critical knowledge 
gap. 

Outcomes 

Expensive technologies can be justified if 
they result in significant improvements for both 
survival and quality of life. Unfortunately, there 
is limited data informing on long-term outcomes 
for ECLS survivors. The followup time for pri-
mary outcomes in the CESAR and EOLIA trials 
were both less than one year (6 month and 60 
days respectively).5,6 A systematic review of 
long-term outcomes for patients with respiratory 
failure who had received ECLS (prior to EOLIA) 
found that there was a paucity of published data 
describing these patients’ long-term health 
related quality of life.7 In analyses pooling 
data from 3 studies and 245 patients (116 who 
had received ECLS), and with follow up times 
ranging from 6-16 months, all survivors had 
poor long-term quality of life.7 ECLS recipients 
had lower overall quality of life as measured by 
the SF-36 compared to non-ECLS survivors 
(MWD 5.40; 95% CI, 4.11-6.68).7 Though 
a concerning finding, the pooled studies had 
significant qualitative heterogeneity, were 
observational, and reported outcomes for a 
small number of survivors. While there is 
limited evidence reporting long term data for 
ECLS survivors, there is a robust and growing 

body of evidence that clearly demonstrates 
significant reduction in quality of life and 
sustained functional disability among many 
survivors of critical care.4,8-12 These outcomes 
data are likely applicable to those who receive 
ECLS, and they highlight the importance of 
considering long-term quality of life beyond 
merely survival when considering outcomes. 

The Quality Adjusted Life Year (QALY)

International best practice guidelines for 
the conduct of cost-effectiveness analyses 
recommend that health outcomes be measured 
using a standardized metric called the ‘quality 
adjusted life year’ or ‘QALY’.13 The QALY 
is a ‘quality adjusted survival’ score that 
incorporates both the length of time alive after 
an intervention, as well as the health-related 
quality of life (HRQoL) over that time. Health 
related quality of life is defined as “the value 
assigned to duration of life as modified by the 
impairments, functional states, perceptions, 
and social opportunities that are influenced 
by disease, injury, treatment, or policy.”14 To 
calculate QALYs, perfect health is assigned 
a value of 1 and death is assigned a value of 
0. Preference-based weighted scores, or utility 
weights, are assigned to a range of potential 
states of health between 0 and 1.15 

Preference-based utility weights can be 
derived through time tradeoff or standard 
gamble exercises with a random sample of 
individuals chosen from the public.13 More 
commonly, they are elicited via indirect, 
generic, multi-attribute scales such as the 
EuroQol EQ-5D, the Health Utilities Index, 
or the SF-6D.16-18 The EQ-5D, for example, 
asks respondents to score 5 dimensions of 
their quality of life (mobility, self-care, usual 
activities, pain/discomfort, anxiety) with 3 or 
5 levels within each attribute.16 Each potential 
response to the questionnaire describes a 
specific ‘health state’.16 Preference-based 
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weightings or utility weights are available for 
each of the potential health states. 

To calculate a QALY, the utility weight for a 
given health state is multiplied by the amount of 
time spent in that health state. For example, an 
individual alive for 1 year in a health state with a 
utility weight of 0.5, and 2 years in a health state 
with a utility weight of 0.3, will accumulate 1.1 
QALYs over a three-year period.13,16 

QALYs describe HRQoL in a way that 
allows decision makers to compare the health 
gains achieved between different health 
programs, eg, the number of QALYs gained by 
funding a new cancer therapy versus funding a 
new population-based immunization program. 
When health budgets are constrained, this 
information can help decision makers identify 
programs that have the potential to provide the 
greatest societal benefit.

QALYs are not perfect tools. They are 
criticized as being biased against the elderly 
and the disabled.19 Some have criticized that 
community-based preference weights derived 
from the public may undervalue health states 
compared to the weights that would be elicited 
from those with lived experience in the health 
state.13 Despite these criticisms, the QALY 
remains the preferred method for reporting 
health outcomes in economic evaluations 
because it provides decision-makers with a 
transparent, empirical, and robust framework 
within which to assess health outcomes and 
inform decisionmaking.13,20

Assessing the Value of ECLS

In scenarios where a technology has 
the potential to save a life, as with ECLS, 
international best practice guidelines recommend 
that value analyses consider the costs and health 
gains accumulated over a patient’s lifetime.13,20 
The relative value is often quantified and 
reported as the incremental cost-effectiveness 
ratio (ICER), which reflects the relative costs 
and health gains between two therapies.13,20 An 

ICER reporting the cost utility of ECLS, for 
example, would be calculated according to the 
following formula: 

(Total Costs ECMO–Total Costs Standard Therapy) /
(Total QALYs ECMO–Total QALYs Standard Therapy)
   =  Incremental Cost/QALY with ECMO

The ICER can be plotted on the cost-
effectiveness plane (Figure 56-1) to assess its 
value. When new therapies are more effective 
and more costly than standard care, the ICER 
will fall in the upper right quadrant. In these 
cases, its cost effectiveness is judged against a 
willingness to pay (WTP) threshold, which is 
the amount of money a decisionmaker or society 
is willing to pay for a unit of health outcome.21 
If the cost per unit of a health gain is less than 
the WTP threshold, the technology could be 
considered cost effective.

Determining an appropriate “willingness to 
pay threshold” is challenging. Some jurisdictions 
use explicit thresholds. The UK National 
Institute for Health and Care Excellence uses 
a threshold of £30,000 (GBP) per QALY.22 

In North America, a value of approximately 
$50,000-$100,000 (USD) per QALY is often 
cited.23 The World Health Organization’s 2001 
Commission on Macroeconomics in Health 
had suggested thresholds based on multiples 
of per capita gross domestic product; however, 
this suggestion has received criticism and was 
inappropriately interpreted by some as a blunt 
decision-tool.24-26

Some argue that the economics of these 
thresholds are flawed. Health economists 
in the UK aimed to identify the ideal WTP 
threshold considering the opportunity cost, ie, 
the marginal reductions in funds to extant health 
and social services resulting from investment in 
new technologies.27 Their analysis suggested 
that a WTP threshold for the UK of £12,936/
QALY would best balance the gains in health 
associated from new investments against the 
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health losses from disinvestment in other 
areas.27

In addition to the uncertainty of the 
economics of explicit thresholds, analyses of 
societal value assessments for end-of-life care 
are mixed. A recent review identified 23 studies 
reporting societal value assessments for end-of-
life care.28 A premium for end-of-life care was 
reported in 8 studies, 4 had mixed results, and 
11demonstrated no increased value for end-of-
life care.28 A subsequent study demonstrated 
that societal value for end-of-life care varies by 

patient age, severity-of-illness, and the potential 
magnitude of QALY gain.29 

The above data demonstrates the challenges 
associated with determining the appropriate 
WTP threshold for expensive, potentially life-
saving therapies such as ECLS. Given its cost 
and use in patients who are critically ill and who 
might otherwise die, a WTP for ECLS must 
be determined regionally, considering local 
economic data, opportunity costs, and societal 
preferences. 

Decreasing health gains Increasing health gains

Increasing costs

Decreasing costs

More effective 
More costly

More effective 
Less costly = accept

Less effective 
Less costly

Less effective 
More costly = reject

Accept

Accept

Reject

Reject

A
B

CD
E

F

Figure 56-1. Incremental cost-effectiveness plane. Each of the quadrants on the cost-effectiveness plane 
represent potential combinations of incremental costs and incremental health gains associated with a 
new therapy compared to existing standard therapy. The dashed line represent a given willingness to 
pay threshold. The incremental cost-effectiveness ratio (ICER) can be plotted on this plane to determine 
its value. If the ICER falls in either plane C or F, it would be accepted or rejected, respectively. If the 
ICER is more costly and more effective and falls below the WTP threshold (B), its costs are acceptable, 
and it would be accepted. If the ICER falls above the WTP threshold (A), its relative costs for health 
gains are too high, and it would be rejected.
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Assessing the Cost Effectiveness of ECLS

There are a small number of published 
economic evaluations that report on the cost 
effectiveness of ECLS, which is dependent 
on local variables including local health 
system costs; labor costs; population health; 
societal preferences and values; and health 
system infrastructure, capacity, and quality. 
These studies cannot be taken at face value as 
transferable to other jurisdictions. 

Evidence on the cost effectiveness of ECLS 
for newborns with hypoxemic respiratory 
failure was published in 2006. While now over 
15 years old, this landmark trial randomized 185 
newborns to either ECLS at one of the nation’s 
four ECLS centers (n = 93), or conventional 
management (n = 92), and then followed the 
survivors up to 7 years of age.30 The overall cost 
effectiveness of neonatal ECLS was expressed 
in terms of incremental cost per additional life 
year gained and incremental cost per additional 
disability-free life year gained. Mean health 
service costs during the first 7 years of life were 
£30,270 in the ECLS group and £10,229 in the 
conventional management group, generating a 
mean cost difference of £20,041 per patient that 
was statistically significant.30 The incremental 
cost per life year gained was estimated at 
£13,385.30 The incremental cost per disability-
free life year gained was estimated at £23,566.30

The authors of the CESAR trial conducted 
a parallel economic evaluation alongside their 
clinical trial.6,31 In their base-case analysis 
limited to clinical trial data with a 6-month time-
horizon, the ICER for ECLS was £250,162/
QALY.6 The ICER for the life-time time-
horizon, calculated using Markov modelling, 
was £19,252 (95% confidence interval £7622 
to £59,200).6 These results demonstrate that 
the ICER was sensitive to the time-horizon, 
and that the QALYs gained over the survivors’ 
lifetime after ECLS were needed to make it 
cost effective. 

A model-based economic evaluation 
identified similar results. ECLS was not cost 
effective in their analysis using a 5-year time 
horizon (ICER of $198,601(CAD)/QALY).32 It 
was cost effective using a lifetime time-horizon 
(ICER $36,001(CAD)/QALY).32 The authors of 
this evaluation concluded that ECLS is likely 
cost effective for adults with respiratory failure, 
but that it should only be considered in patients 
with a high likelihood of a good long-term 
functional outcome.

The use of ECLS in the setting of 
cardiopulmonary resuscitation (ECPR) is 
becoming more common and has been endorsed 
by the AHA.33 It is not surprising that there 
have been several economic evaluations 
published relating to ECPR in the past several 
years. A Dutch study used Markov modelling 
to calculate incremental costs and QALYs up 
to 20 years after ECPR for in-hospital cardiac 
arrest (IHCA).34 Their model parameters were 
informed by published data and they reported 
an ICER of €10,818/QALY.34 Bharmal and 
colleagues used data from their US institution 
and reported an ICER of $56,156/QALY.35 
However, they only reported costs and outcomes 
up to hospital discharge and assumed 100% 
mortality in the comparator group.35 A Japanese 
study used clinical trial data from the SAVE-J 
study, which evaluated outcomes for ECPR with 
out of hospital cardiac arrest (OHCA) and then 
modelled lifetime costs and QALYs.36,37 They 
reported an ICER of ¥2,619,692/QALY with 
ECPR.37 The Health Technology Assessment 
body in Ontario, Canada, conducted a health 
technology assessment of ECPR in 2020, and 
they reported an ICER of $18,722(CAD)/life 
year gained for IHCA, and $28,792(CAD)/life 
year gained for OHCA.38 While these studies 
indicate that ECPR may be cost effective, 
successful ECPR programs require significant 
organization, training, and coordination of 
the ECPR teams.39 The budget impact and 
additional costs required to support these 
programs have not been included in the above 
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mentioned evaluations. More comprehensive 
evaluations that consider these system costs are 
needed to fully evaluate its cost effectiveness. 
Finally, inequitable access to ECPR as a result 
of differing geographical proximity to ECLS 
centers may influence assessments of the cost 
effectiveness of ECPR. It may have a lower 
relative societal value if access is not equitable 
across a region. 

Funding ECLS in Emerging Economies

Emerging economies face the reality of 
having only limited or inadequate resources 
to bear the cost of ECLS, primarily due to low 
government spending as a percentage of GDP 
on healthcare. There is, however, significant 
economic heterogeneity between and within 
these emerging economies. Most patients 
rely on self-funding, external charitable 
organizations, or private healthcare models with 
limited insurance options. 

In India, for example, medical tourism and 
public-private partnerships are becoming more 
popular and have contributed to the availability 
of bringing sophisticated healthcare including 
ECLS within the reach of many middle and 
lower income groups. In Thailand, the results 
of recent health technology assessments and 
increasing volumes have led to ECLS being 
reimbursed by the Universal Coverage Scheme. 
In Indonesia and the Philippines, ECLS is 
mainly limited to private hospitals, with some 
access to ECLS in government hospitals funded 
through hospital budgets with supplementation 
by universal health schemes. 

Many patients in emerging economies have 
no health insurance, or only minimal coverage, 
and must therefore pay for health services out 
of pocket. To improve access, health systems 
in emerging economies must continually strive 
to reduce the cost wherever possible, without 
compromising the quality of care. Countries 
with large populations can take advantage of 
economies of scale. India’s ECLS programs 

are growing rapidly and the total number of 
ECLS centers has recently increased from 130 
to 250. The COVID-19 pandemic has seen 
significant increases in volumes, including the 
transport of patients from remote locations for 
ECLS support, conversions of existing units 
to ECLS units, and even the use of ECLS to 
bridge to lung transplant.40 The expansion of 
ECLS services in India and other emerging 
economies has required a careful and strategic 
approach to the cost of consumables for it to 
be both accessible and sustainable in the long 
term. For example, an Indian hospital with 
a large cardiac surgery program and a high 
volume ECLS program successfully negotiated 
lower prices for their consumables given their 
volume of ECLS cases. This center further 
reduced costs by adapting ECLS circuits to use 
locally available products while still adhering 
to international standards. They have now 
performed over one thousand ECLS runs over 
the last 15 years at a substantially reduced cost. 

Highly trained personnel are also crucial 
to the success of ECLS programs in emerging 
economies. Many of these ECLS centers are led 
by clinicians who received their ECLS training 
abroad and who subsequently return and train 
local staff. Some centers have also adapted 
staffing models based on local labor markets. 
Flórez et al. recently reported a successful 
cost-effective model of care in Columbia, with 
nurses trained as ECLS specialists supported by 
a multidisciplinary team.41 This ‘lean’ staffing 
model was combined with reduced (and 
simpler) circuitry and laboratory monitoring to 
further reduce costs.

Through reducing the costs of consumables, 
employing economies of scale, and utilizing 
alternative reimbursement schemes, ECLS is 
becoming increasingly available for those living 
in emerging economies. 
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Conclusions

There is a growing body of evidence 
demonstrating that ECLS is a high-value therapy, 
with the potential to save lives. Even in emerging 
economies with a lower per capita GDP, efforts 
to reduce costs are helping to increase access 
to this technology. The relative value of ECLS 
must be determined locally because its value 
will be highly dependent on the local economy, 
health system characteristics, societal values 
and preferences, and the opportunity costs 
associated with funding ECLS. Patient selection 
is a key driver of value: the costs associated with 
the therapy are likely justified when there is the 
potential for a significant number of QALYs 
and life years gained. The lack of data on long-
term HRQoL and costs for ECLS survivors is 
a crucial knowledge gap and an important area 
for future research.
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Introduction

In addition to the various clinical and 
technical aspects of providing ECLS support 
described throughout this book, those using 
ECLS in their patients will also be faced with 
challenging ethical questions. These ethical 
dilemmas may pertain to the indication and 
selection of patients eligible for ECLS using 
a limited evidence base; the need to make 
decisions of great consequence to patients 
under time constraints and with varying degrees 
of uncertainty about history or prognosis; the 
definition of treatment goals; or the provision 
of ECLS in situations of resource limitations, 
as many centers have experienced during 
the COVID-19 pandemic, among others. 
These issues apply across all forms of ECLS, 
while some are more specific. For instance, 
unique and difficult questions and challenging 
situations arise specifically from the use of 
ECLS in children. In this chapter, we will 
review some of the key ethical questions that 
practitioners may encounter. By its very nature, 
this exercise cannot cover all potential scenarios 
that clinicians will confront during the use of 
ECLS across adult, pediatric, and neonatal 
populations and in the setting of the use of VV 
ECMO, VA ECMO or ECPR, nor can we give 
definitive answers to most questions. The main 
goal is to build awareness around the existence 

of the issues and to inform an ethical approach 
to these patients.

Challenges with Patient Selection

A strong evidence base defining the 
criteria for or against the use of ECLS in 
individual patients is lacking for VA ECMO 
and particularly for ECPR, and to a lesser extent 
for VV ECMO, although the evidence base is 
growing.1-10 This is even more true for pediatric 
patients.11-15 Therefore, current guidelines still 
cannot provide absolute certainty surrounding 
the indications and contraindications for ECMO 
use.16-19 

ECLS is offered as part of routine clinical 
care in some clinical scenarios and settings. 
Nevertheless, considering the resources that 
are required to provide ECLS and the uneven 
distribution of those resources throughout the 
world, it cannot be available for the treatment 
of all cases of severe respiratory or cardiac 
failure in which it is technically indicated. 
Consequently, in addition to medical criteria, 
ethical issues, as well as issues of equity, will 
arise at times in the decision for or against 
ECLS. 

Patients may be able to survive with 
ongoing ECLS support for weeks or even 
months. ECLS is not a therapy in the strictest 
sense, but merely a temporary support option 
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to replace the gas exchange function of the 
lungs or to attempt to establish and maintain 
adequate blood circulation, normally provided 
by the heart. At present, ECLS requires ongoing 
care be provided in an ICU, therefore, it is most 
commonly initiated as a bridging measure under 
one of four conditions; bridge to recovery when 
organ failure is potentially reversible; bridge 
to transplant when the patient is eligible for 
transplantation; bridge to bridge or bridge to 
device when the patient is eligible for temporary 
or durable left ventricular assist device (LVAD); 
or bridge to decision in cases of uncertain 
prognosis or to facilitate decision-making when 
the best interests or patient’s preferences are 
uncertain. If ECLS is considered an appropriate 
support option by the clinical treatment team, 
it is equally important to involve the patients 
and surrogate decision-makers in the decision-
making process as early as possible.20,21  

In situations where there is no hope of 
achieving any of the desired outcomes, ECLS 
support is not indicated and should therefore not 
be initiated. In any individual case, the potential 
benefits and known risks of ECLS must be 
weighed against each other and the likelihood 
of any expected short- and long-term outcomes 
should be determined, to whatever degree that is 
possible, with guidance from prognostic scores 
or models, where they exist.22-26 

Indications for ECLS in Individual Patients

Medical activities provided by physicians 
to patients should be guided by two major 
principles: indication and an individual patient’s 
values and preferences.27 Indication refers to 
a rational clinical justification for treatment 
decisions. Each diagnostic or therapeutic 
procedure should be based on the careful 
assessment of the chance for recovery with or 
without the specific measure, such as ECLS. 
This assessment should consider the prospects 
for a certain quality of life and the degree to 
which therapeutic goals are in accordance with 

the values and preferences of the individual 
patient. 

In contrast to this, some suggest the use 
of ECLS as a salvage therapy or ultima ratio 
(or “last resort”) support option, even without 
careful consideration of the prospects for 
recovery.28 Ultima ratio use of ECLS might 
leapfrog a careful and ethically valued decision, 
thus contributing to injudicious use of ECLS in 
critically ill patients. 

The indication for ECLS for the individual 
patient should be based on a careful assessment 
of all relevant demographic, medical, and 
prognostic parameters to avoid nonbeneficial 
treatments and high ECLS-associated mortality 
rates.29 However, even when taking all 
relevant information into account, individual 
prognostication is extremely challenging, 
leaving treating physicians with a high degree 
of uncertainty surrounding indications. 

Center Characteristics and Patient Logistics

According to several retrospective analyses, 
survival of patients supported with ECLS 
may depend on the experience of the centers 
and the number of ECLS runs performed at 
these centers.30-32 The randomized controlled 
trial Efficacy and Economic Assessment of 
Conventional Ventilatory Support Versus 
Extracorporeal Membrane Oxygenation for 
Severe Adult Respiratory Failure (CESAR) 
concluded that referral of a patient to an ECLS 
center improved survival over conventional 
management at centers not providing ECLS 
support as part of a comprehensive support 
algorithm for acute respiratory failure.5 
Therefore, to provide equitable access to the 
best possible therapy for the maximum possible 
number of patients, hospitals should consider 
organizing themselves formally or informally 
into a so-called hub-and-spoke system, in which 
patients can be transferred to an ECLS center, 
if indicated.31,33  
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Challenges Specific to ECPR

The prognosis of patients undergoing 
cardiopulmonary resuscitation (CPR) is 
uncertain and this is equally true for ECPR.34 
ECPR is particularly resource-intensive, 
and any ECPR program implies significant 
training needs in addition to high staffing and 
sophisticated technical requirements.35 This 
effort may also touch on important issues of 
distributive justice, as resources needed for 
ECPR may be lacking in some areas.36

Decisions for or against ECPR often must 
be made in a high-pressure environment, with 
considerable time constraints and a high degree 
of uncertainty about history or prognosis. 
Moreover, it can be very difficult – and in many 
cases even impossible – to elicit with reasonable 
certainty the patients’ presumed preferences 
in such a situation.37 Consequently, when 
ECPR is initially able to establish circulation, 
the ongoing support with VA ECMO in these 
patients is often intended as a bridge to decision. 
Yet, like in other contexts of ECMO use, this 
can lead to a “bridge to nowhere” situation, 
when a patient may be stabilized with ongoing 
ECMO support, but recovery, durable device 
support, or organ transplantation are not options. 
Therefore, in patients who have undergone 
ECPR, provisions should be made for these 
scenarios, including early communication 
surrounding goals of the therapy, anticipated 
milestones, frequent updates on progress 
towards the goals and discussions with the 
patients’ surrogate decision-makers that include 
discussion of discontinuation of support devices 
that are no longer clinically beneficial.38-41  

Many patients supported with ECPR 
will eventually die in hospital. Survival of 
patients receiving ECPR is approximately 
30% after in-hospital cardiac arrest (IHCA) 
and only 10% after out-of-hospital cardiac 
arrest, although selected reports suggest more 
favorable outcomes may be possible for selected 
patients with the investment of considerable 

resources.8,42 Therefore, treatment and care for 
patients after ECPR is not only resource intense 
but it also creates moral distress among the staff 
that may be further aggravated if the treatment 
is not felt to be ultimately beneficial to the 
patient. Families are also often in crisis in the 
emergent situations where ECLS is required, 
leading to a need for even greater staff support. 
These pressures can lead to overwork and 
burnout among healthcare workers, ultimately 
resulting in the loss and further depletion of 
this important, but scarce resource.43 For these 
reasons, it may be reasonable for a society to 
recognize a special responsibility or ethical 
obligation for the wellbeing of healthcare 
workers.44 

Challenges for Performing ECLS During a 
Crisis

The need for ECLS as a support option 
may increase considerably during a crisis, as 
experienced during the COVID-19 pandemic, 
and the demand for ECLS may exceed available 
resources and ultimately rationing may be 
required.45,46 On the other hand, there are severe 
structural inequalities, both within countries 
and between countries. Globally, there is 
large variation in access to advanced medical 
emergency and critical care resources.47-50 

In the first instance, governments, 
legislatures, and health administrators are 
responsible for ensuring that sufficient health 
care resources are available to meet the needs 
of the population.10 Responsible planning must 
also consider that localized and temporary 
emergencies can occur, and the need for 
resources may exceed everyday needs. During 
the COVID-19 pandemic, large numbers of 
patients suffering from severe respiratory 
failure have been treated in ICUs, many of 
whom were supported with ECLS.31,51-55 At 
times, conventional standards of care could 
not be maintained, and contingency or even 
crisis standards of care had to be invoked.56-58 
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ECLS was of particular importance because it 
was increasingly needed for the most severe 
forms of the disease. However, due to the 
special resource requirements, increasing use of 
ECLS may well have an impact on the ability 
to care for other, less seriously ill patients with 
potentially better prognoses.10

Prior to developing practical approaches to 
balancing resources between ECLS, mechanical 
ventilation and other resource-intensive 
support options, community consensus should 
be reached with respect to prioritization of 
ethical principles, including outcome-oriented 
utilitarian principles and rights-oriented 
egalitarian principles as the basis for rationing 
decisions.36,45,59 Any indicated treatment 
or support option that would be routinely 
available under conventional standards of care 
should not be withheld or reduced under crisis 
standards of care merely because of its resource 
demand. Instead, the provision or limitation 
of any treatment must be balanced against the 
background of the ethical principles agreed 
upon.45 These considerations should also apply 
when allocating limited resources between VV 
and VA ECMO support and the provision of 
ECPR during crisis.60  

Rationing decisions for the individual 
patient that may lead to the initiation of ECLS 
or to the decision to postpone or even withhold 
ECLS must be made by the treating clinicians 
at the bedside. However, they should be able to 
rely on a set of guiding principles and standards, 
mutually agreed upon in a process of fair and 
transparent deliberation considering the roles 
and perspectives of all relevant stakeholders.10,61 

In addition to focusing on the care of current 
patients, it is important to also keep an eye 
on future patients. Therefore, it is absolutely 
necessary to collect and evaluate clinical data 
and survival data from past treatments as well 
as to scrutinize pressing research questions, eg, 
on indication and selection of suitable patients, 
within well-designed prospective studies. 

As already discussed above in the context 
of ECPR, the psychological and moral distress 
of physicians and other healthcare workers 
caused by rationing decisions must be taken 
into consideration.44,62  

Finally, structural poverty and global 
inequities pose challenges with respect to 
equitable access to required resources. In many 
low- and middle-income countries, large parts 
of the population are without access to even 
basic emergency and critical care resources due 
to limited availability.47-50,63-65 Where available, 
the quality of services is often inadequate and 
far below the level that is expected as standard 
of care in high-income countries and access 
may be limited to those able to afford to pay 
for the services out of pocket.66 Consequently, 
many that would benefit from ECLS do not have 
access to such a therapy.67 

Challenges with Withdrawal of ECLS 
Support

The decision to initiate ECLS must 
sometimes be made under emergency 
conditions characterized by time constraints 
and uncertainty. In these situations, relevant 
data is not always available for a thorough 
assessment of prognosis, and it is only after 
initiation of ECLS that it becomes apparent 
that the prognosis may be poorer than initially 
expected and continuation of therapy may no 
longer be considered reasonable. To facilitate 
a “good death” it may be necessary to align 
treatment goals with end-of-life planning, 
establish escalation limits, and ultimately 
agree on ECLS decannulation and withdrawal 
of other life-sustaining therapies in regions 
where this is considered legally and ethically 
acceptable.41,68,69

Similar challenges may arise when patients 
receive ECLS as a bridge to recovery or bridge 
to transplant and the expected prognosis has 
changed since ECLS was started and recovery 
is no longer deemed possible, or transplantation 
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is no longer an option.70 In such a situation, 
often described as a “bridge to nowhere,” 
discontinuation of ECLS should be discussed 
with the patient or surrogate decision-maker. 
Although there is general agreement that 
withholding and withdrawing life-sustaining 
therapy are ethically equivalent, these decisions 
will occasionally be very difficult in clinical 
practice.38-40 

It is conceivable that a conscious patient 
may not agree with the discontinuation of ECLS 
and termination of therapy despite detailed 
explanations of the prognosis by the treating 
physicians. In such a case, ECLS should not 
be discontinued against the patient’s declared 
wish. However, patients and their surrogates 
are often overwhelmed by the situation and 
could therefore overlook important issues. It 
is therefore crucial that patients are not simply 
faced with the choice of whether or not to 
continue ECLS support. Instead, it is critical 
to support a patient through the decision-
making process and collaboratively develop 
a comprehensive treatment plan that can be 
revised over time in light of the patient’s 
individual wishes, values, goals and preferences, 
and clinical condition.21,38 It is legitimate 
for the treating physicians to recommend 
discontinuation of treatment that can no longer 
be considered beneficial.15,41,68,69,71 It may help 
a patient to understand that the choice may 
be between a controlled and comfortable 
removal of technology with family present vs. 
awaiting a more emergent and chaotic clinical 
deterioration or mechanical malfunction where 
the circumstances are harder to control.69

However, decision-making may be different 
for a patient who is unable to express his or 
her wishes, and therefore a surrogate decision-
maker, representing the patient and acting in 
the patient’s best interest, helps to define the 
goals and values of the patient as they pertain 
to the ongoing level of care. If recovery or any 
other therapeutic goal outside the ICU cannot 
reasonably be expected, and the continuation of 

ECLS may merely prolong suffering, treating 
physicians have reasonable arguments not 
to delay the patient’s death and recommend 
discontinuation of ECLS, once again, as is 
appropriate to local customs.38 In such cases, 
where the surrogate decision-maker does 
not agree with discontinuation of therapy, 
local laws and customs will dictate whether 
discontinuation of ECLS may proceed.

According to classical thinking for treating 
competent adults, the treating physicians are 
primarily obligated to their patients and not 
to the patients’ surrogates. This perspective, 
however, is challenged by the concept of 
relational autonomy, arguing that individuals, 
their preferences and choices, and their decisions 
are interconnected with and influenced by their 
cultural environment and their relationships 
with close relatives and peers.72,73 The concept 
of relational autonomy thus acknowledges the 
importance and the interests of individuals 
other than the affected patient alone in making 
decisions about life and death. 

In practice, sometimes it may be difficult to 
reach consensus between the surrogate decision-
makers and the treating physicians. Standard 
patient advance directives frequently cannot give 
specific enough guidance for decision-making 
in these situations. Instead, before initiation of 
ECLS, when obtaining informed consent, the 
likelihood of such situations in which it may be 
medically and ethically appropriate to withdraw 
ECLS support may be described and patients or 
their surrogates could, at the very least, have a 
discussion about the discontinuation of ECLS 
support framed in a way that facilitates later 
discussions.41,74 Nonetheless, the resolution of 
conflicts in these cases will depend heavily on 
local laws and customs. In these challenging 
cases, consultation by specialists in ethics and 
palliative care may be very valuable for all 
parties involved.
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Role of Palliative Care Teams and Ethics 
Consultations 

Discontinuation of ECLS support in patients 
with no prospect of recovery can be emotionally 
charged and stressful for the patient, their family 
members, and the healthcare workers involved. 
This is particularly true when patients have been 
treated for a long period of time and personal 
bonds have developed between caregivers and 
the patient and surrogates. In such situations, 
palliative care consultations may be a valuable 
resource to help support the parties involved 
and reduce moral distress.75 When there are 
perceived challenges with shared decision-
making, the goals of care, or specific ethical 
questions, additional layers of support may be 
required, eg, in “bridge to nowhere” situations 
when patients or relatives struggle to accept the 
hopelessness of the situation.20,21,76 

Challenges Specific to ECLS in Children

ECLS support in children brings additional 
challenges with important clinical implications 
and nuances for ethical decision-making.15 With 
medical and technological advances, pediatric 
ECLS use has expanded to include high-risk 
diagnoses and medically complex patients 
previously considered unsuitable, with formally 
accepted absolute contraindications now loosely 
applied or outdated.12,14 Marked variability 
exists between providers in their willingness 
to offer ECLS despite similar severity of 
illness, creating considerable heterogeneity 
in indications for support across pediatric 
populations and variable outcomes for different 
etiologies limiting capacity for evidence-based 
prognostication.11,13,77-80 Pediatric healthcare 
providers also vary in their desire for medical 
decisional authority regarding ECLS.11,13 
These clinical issues contribute to ethical 
dilemmas surrounding ECLS candidacy and 
discontinuation in children, and underpin why 
no data-driven decision-support framework 

currently informs pediatric ECLS decision-
making.15 

It is imperative that ethical considerations 
specific to children be integrated into ECLS 
decision-making. First, as most children lack 
decisional capacity or predefined wishes, 
the ethical framework most used is the best 
interest standard. Parents are typically the 
default decision-makers and collaborate 
with the medical team in a shared decision-
making process to determine those best 
interests.21 Substituted judgment is a more 
common standard for adult patients, where 
surrogates attempt to judge what the previously 
autonomous adult would have chosen for 
themselves.71 The burdens of decision-making 
for surrogates may feel different when a 
substituted judgment framework cannot apply. 
Second, childhood is also dynamic. The ethical 
obligation to include children in informed 
consent, or assent, and decision-making 
processes varies with developmental status and 
local custom.81 An older or more mature child’s 
opinions are important, even when not legally 
binding, especially when less emergent cases 
allow for deliberation. Third, pediatric life and 
death situations are particularly distressing as 
childhood death violates the natural cycle of 
one generation preceding the next into death.71 
With pediatric intensive care mortality rates in 
high-income countries below 3%, survival is 
expected even in the setting of critical illness.82

Furthermore, overlying the clinical 
complexity is the legal authority and substantial 
deference afforded to parents or other caregivers 
in decision-making.83,84 Although the child’s 
interests are primary, family interests are 
entwined. This requires thoughtful consideration 
of the child and family as an interdependent unit. 
Integration of the parent or other caregiver into 
decision-making requires effective partnerships 
between the interdisciplinary critical care 
team, caregivers, and the patient.81 This 
introduces potential for conflict over differential 
perceptions of benefits and burdens, and 
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acceptability of different outcomes.15 Growing 
societal awareness of ECLS as a therapeutic 
option and high-profile media cases increasing 
public scrutiny on medical decisions add to the 
challenges in pediatric (as well as adult) ECLS 
support.85-87 

Challenges with Determining and Declaring 
Death

As the use of ECLS becomes more 
widespread, complex questions are emerging 
about the definitions of life and death, along 
with the role of extracorporeal interval support 
for organ retrieval (EISOR) from the deceased. 
With ongoing ECLS support, it is possible to 
stabilize patients who would not otherwise 
survive. Consequently, beyond the dilemmas 
regarding the “bridge to nowhere” discussed 
above, concerns may arise as to when to declare 
death, as ECLS may confound the traditional 
declaration of cardiocirculatory death. 

There is broad consensus that all life 
support therapies have to be stopped when a 
patient fulfills criteria for brain death.88 Yet it 
may be difficult to decide about continuation 
or discontinuation of treatment in more 
ambiguous settings, when criteria for brain 
death are not met, but prognosis is considered 
very poor and the likelihood of regaining 
consciousness, interacting with others, and once 
again participating in meaningful activities is 
deemed to be prohibitively low. 

It is similarly difficult to decide when vital 
organs may be procured and donated to another 
patient. The widely accepted “Dead Donor 
Rule” (DDR) defines that the procurement of 
vital organs is only possible after the donor’s 
death has been confirmed, ie, the recovery of 
organs must not precede or promote the onset 
of death.89 This condition is fulfilled when brain 
death criteria are met (donation after brain death, 
DBD).88 

Beyond this, organ donation after circulatory 
determination of death (DCDD) has been 

proposed. For declaration of death, DCDD 
requires a predefined duration of apnea and 
cessation of circulation to comply with the 
DDR.90 However, it remains controversial 
whether it is possible to determine the 
irreversibility of death with reasonable certainty 
after 2-5 minutes of cessation of circulation, as 
may be used across programs for “controlled 
DCDD” (organ donation after a patient’s or a 
surrogate’s decision to withdraw life sustaining 
therapy).90 Similar concerns relate to the 
conditions for “uncontrolled DCDD” (organ 
donation after unsuccessful cardiopulmonary 
resuscitation). A recent analysis revealed 
overlap between protocols for uncontrolled 
DCDD and ECPR, raising the possibility of a 
small but important risk of declaring patients 
eligible for organ donation even though their 
lives might yet be saved by ECPR, at least in 
theory.91 Extreme care is therefore essential 
to distinguish efforts that might still save the 
patient from clinical interventions undertaken 
purely for organ support. 

After circulatory determination of death, 
ECLS may be used for ongoing perfusion 
of organs in situ in order to preserve the 
quality of vital organs before transplantation 
(Chapter 45).92 In order to best satisfy the will 
of the donor, one may argue that the highest 
possible organ quality should be ensured, and 
this may well be achieved through ECLS-
facilitated organ perfusion.92 Yet, the evidence 
supporting the effectiveness of ECLS in this 
context is still lacking.93   

Conclusions

Despite the high resource requirements and 
considerable demands on the treatment teams, 
the use of ECLS has been increasing globally 
for years.94 ECLS entails complex decision-
making for selection of patients, and a careful 
appreciation for indications, prognostication, 
and discontinuation of therapy when recovery of 
a patient no longer can be expected. Throughout 
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this process, ethical issues and dilemmas occur 
and need to be addressed by the responsible 
providers at the bedside. Although many 
questions cannot be definitively answered at 
this time, open discussion of salient ethical 
issues within treatment teams and with patients, 
family members, and surrogate decision-makers 
can help reduce emotional burdens and moral 
distress.
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Novel approaches are needed to further 
reduce morbidity and mortality in patients with 
heart and/or lung failure. ECLS has emerged 
as an important tool in the management of 
select patients with cardiopulmonary failure.1,2 
Given the resource intensity of ECLS, this 
represents an important challenge for most 
health systems. Importantly, we lack rigorous 
data to support such rapid, widespread adoption 
in some patient populations in which ECLS is 
already commonly used. Moreover, we lack 
rigorous data to support many interventions 
and management strategies (eg, anticoagulation, 
early rehabilitation) applied in patients 
supported by ECLS. Therefore, high-quality 
evidence is needed for stakeholders to make 
informed decisions on the use of ECLS for many 
clinical indications and to optimize patient care 
in those supported with ECLS.

One of the main challenges to obtaining 
rigorous data on the potential efficacy of ECLS 
in patients with cardiopulmonary failure is 
logistical: the likely small number of eligible 
patients for enrolment into trials at individual 
centers, the time and resources needed to 
complete such trials, and the number of centers 
with expertise in research, critical care, and 
ECLS. In addition, other substantial, but not 
insurmountable, considerations are the need to 
answer simple questions before proceeding to 
large clinical (efficacy) trials, such as the need 

to define many aspects of the standard of care 
during ECLS support and the correct patient-
centered outcomes to measure in these studies.3,4 
A successful program of research focused on 
answering these questions will necessarily 
require a collaborative of high-volume ECLS 
centers, experienced in clinical research. In 
this chapter, we will provide an overview of 
some of the key principles that have evolved 
over time for the conduct of clinical research 
in extracorporeal support.

The Need for Collaboration

Given that extracorporeal support is typically 
applied in relatively small numbers of critically 
ill patients in any given center, it is often not 
feasible to conduct rigorous, high-quality clinical 
trials without collaboration among centers. For 
example, the CESAR trial5 took nearly 9 years 
to complete enrollment of 180 patients (0.03 
patients/center/month), while the EOLIA trial6 
took nearly 6 years to complete enrollment of 
249 patients (0.06 patients/center/month). Large, 
international professional societies or research 
consortia can help to facilitate regional, national, 
and international collaborative research. ELSO 
is the largest international society focused 
exclusively on extracorporeal support with 
over 500 actively contributing ECLS member 
centers worldwide. ELSO members represent a 
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large, diverse, and captive collection of ECLS 
centers that could participate in the research, 
development, and subsequent implementation 
of novel management strategies or interventions 
associated with extracorporeal support. This 
support for multicenter research is further 
strengthened by links to the International ECMO 
Network (ECMONet) and PediECMO. ELSO’s 
infrastructure also includes data management, 

quality assurance, and statistical support for 
analyses. Finally, ELSO is actively engaged 
with a broad group of relevant stakeholders (eg, 
funding, regulatory, industry representatives), 
strengthened by regional groups working 
together, that would be critical to the success 
of future research in the field of extracorporeal 
support. A number of successful examples of 
clinical research in ECLS supported or endorsed 

AUTHOR 
(Year) 

STUDY TITLE JOURNAL 

O’Rourke 
(1993) 

Extracorporeal membrane oxygenation: 
support for overwhelming pulmonary 
failure in the pediatric population. 
Collective experience from the 
Extracorporeal Life Support Organization 

Journal of Pediatric Surgery 

Bartlett (2000) Extracorporeal life support: the University 
of Michigan experience 

JAMA 

Brogan (2009) Extracorporeal membrane oxygenation in 
adults with severe respiratory failure: a 
multi-center database 

Intensive Care Medicine 

Zabrocki (2011) Extracorporeal membrane oxygenation for 
pediatric respiratory failure: Survival and 
predictors of mortality. 

Critical Care Medicine 

Almond (2011) Extracorporeal membrane oxygenation for 
bridge to heart transplantation among 
children in the United States: analysis of 
data from the Organ Procurement and 
Transplant Network and Extracorporeal 
Life Support Organization Registry 

Circulation 

Fraser (2012) Prospective trial of a pediatric ventricular 
assist device. 

New England Journal of 
Medicine 

Schmidt (2014) Predicting survival after extracorporeal 
membrane oxygenation for severe acute 
respiratory failure. The Respiratory 
Extracorporeal Membrane Oxygenation 
Survival Prediction (RESP) score 

American Journal of 
Respiratory and Critical Care 
Medicine 

Combes (2014) Position paper for the organization of 
extracorporeal membrane oxygenation 
programs for acute respiratory failure in 
adult patients 

American Journal of 
Respiratory and Critical Care 
Medicine 

Barbaro (2015) Association of hospital-level volume of 
extracorporeal membrane oxygenation 
cases and mortality. Analysis of the 
Extracorporeal Life Support Organization 
registry 

American Journal of 
Respiratory and Critical Care 
Medicine 

Schmidt (2015) Predicting survival after ECMO for 
refractory cardiogenic shock: the survival 
after veno-arterial-ECMO (SAVE) score 

European Heart Journal 

Barbaro (2015) Development and validation of the 
pediatric risk estimate score for children 
using extracorporeal respiratory support 
(Ped-RESCUERS) 

Intensive Care Medicine 

Table 58-1. An overview of influential publications from ELSO, ECMONet, PediECMO. 
(Table continued on next page.)
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Abrams (2018) Position paper for the organization of 
ECMO programs for cardiac failure in 
adults 

Intensive Care Medicine 

Conrad (2018) The Extracorporeal Life Support 
Organization Maastricht Treaty for 
nomenclature in extracorporeal life 
support. A position paper of the 
Extracorporeal Life Support Organization 

American Journal of 
Respiratory and Critical Care 
Medicine 

Combes (2018) Extracorporeal membrane oxygenation for 
severe acute respiratory distress syndrome 
(EOLIA) 

New England Journal of 
Medicine 

Bembea (2019) Outcomes after extracorporeal 
cardiopulmonary resuscitation of pediatric 
in-hospital cardiac arrest: a report from the 
Get with the Guidelines-Resuscitation and 
Extracorporeal Life Support Registries 

Critical Care Medicine 

Zakhary (2020) Position paper on global extracorporeal 
membrane oxygenation education and 
educational agenda for the future: a 
statement from the Extracorporeal Life 
Support Organization ECMOed taskforce 

Critical Care Medicine 

DellaVolpe 
(2020) 

Joint Society of Critical Care Medicine-
Extracorporeal Life Support Organization 
task force position paper on the role of the 
intensivist in the initiation and 
management of extracorporeal membrane 
oxygenation 

Critical Care Medicine 

Barbaro (2020) Extracorporeal membrane oxygenation 
support in COVID-19: an international 
cohort study of the Extracorporeal Life 
Support Organization registry 

Lancet 

Hodgson (2021) A core outcome set for research in patients 
on extracorporeal membrane oxygenation 

Critical Care Medicine 

Barbaro (2021) Extracorporeal membrane oxygenation for 
COVID-19: evolving outcomes from the 
international Extracorporeal Life Support 
Organization Registry 

Lancet 

AUTHOR STUDY TITLE JOURNAL 

by these organizations are summarized in 
Table 58-1.

The Importance of Infrastructure–Device-
Specific Registries

ELSO maintains a registry of ECLS cases 
which included over 175,000 patients at the 
start of 2022. ELSO and the ELSO Registry 

provide important infrastructure to efficiently 
collect data on a variety of practices from 
member centers, as well the potential ability 
to embed future clinical trials and evaluations 
of novel strategies (eg, registry-randomized 
clinical trial).7,8 These real-world data are being 
used for research, quality improvement, and 
regulatory submissions to the Food and Drug 
Administration (FDA).9,10 Any member center 

Table 58-1 (Cont). An overview of influential publications from ELSO, ECMONet, PediECMO. 
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can request data from the Registry to conduct 
research or quality improvement projects. 
Indeed, in situations where randomized 
controlled trials are not feasible, the availability 
of real-world data coupled with modern 
causal inference techniques (eg, target trial 
emulation11) may provide the best effect 
estimates for interventions, such as the impact 
of ECLS support for patients with severe 
COVID-19.12 For example, a current ELSO-
embedded, National Institutes of Health (NIH)-
funded, prospective observational study has 
harmonized data collection with an ongoing 
clinical trial to study the long-term outcomes 
of ECLS-supported children with acute 
respiratory distress syndrome (ARDS) and will 
apply causal inference statistical approaches to 
better understand if and when ECLS should be 
initiated in clinical trials (ARDS in Children and 
ECMO initiation strategies impact on Neuro-
Development [ASCEND] study).

Research efforts are often hampered by 
resource limitations needed for data collection, 
including personnel. Much effort could be 
minimized by establishing coding between 
electronic health records (EHR) and research 
databases, and efforts to improve this capability 
are underway in many centers. The ability to link 
data across centers who use similar EHRs by 
sharing coding schemes may reduce resources 
needed to obtain data. Existing data sources 
do not, however, include all the necessary data 
elements (eg, granular, longitudinal data) or 
use the standardized definitions needed for 
research. The International Research Database 
for Extracorporeal Support (INDEX) and the 
Australia/New Zealand national ECMO registry 
(EXCEL) will provide ongoing evaluation 
of epidemiology, real-world effectiveness, 
safety, quality, and economic impact across 
ECLS centers globally. To complement these 
efforts, a formal consensus process to define 
core definitions and outcomes for ECLS has 
been completed and will be progressively 
implemented in future clinical trials endorsed 

by ECMONet.3,4 Finally, integrating ancillary 
infrastructure, such as biobanking or long-
term followup, in registry sites with the 
requisite expertise and resources can further 
enhance the value of these registries. Such 
efforts will be enhanced by collaboration with 
other groups such as the COVID Critical Care 
Consortium, National Heart, Lung and Blood 
Institute (NHLBI) Hemostasis Consensus 
group, the Pediatric Critical Care Blood 
Research Network (BLOODnet), Transfusion 
and Anemia Expertise Initiative – Continuous 
Assessment of Blood (TAXICab), and others 
to maintain similar definitions and goal targets 
across studies.

Innovative Clinical Trial Designs

As the pediatric ECLS community is 
preparing to undertake an RCT of red blood 
cell transfusion practices in ECLS patients 
(Trial of Indication-based Transfusion of Red 
blood cells in ECMO [TITRE]), it is clear that 
traditional RCTs are challenging in ECLS due 
to the limited population available for study, 
as well as the resources and time required for 
completion. Innovative clinical trial designs 
would allow more efficient and cost-effective 
evaluation of ECLS and related interventions. 
Two examples that could be employed in the 
field of extracorporeal support include:

1. Registry RCT (R-RCT). Using and 
expanding existing infrastructure such as 
the ELSO Registry (eg, ASCEND study), 
EXCEL (eg, the Blend to Limit oxygen in 
ECMO: a ranDomised controlled Registry 
Trial [BLENDER]), or INDEX (eg, the 
Ultra-Low Tidal Volume Mechanical 
Ventilation in ARDS Through ECMO 
[ULTIMATE] study) for trial enrollment, 
randomization, data, and outcomes would 
enhance the feasibility of ECLS clinical 
trials.7,13 Less selective populations will be 
studied resulting in greater generalizability, 
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maximizing use of existing data, and 
increasing relevance of findings to 
stakeholders. 

2. Adaptive Platform Trial. A flexible, 
adaptive algorithm for assigning treatments, 
evaluating effects, and drawing conclusions 
would allow simultaneous evaluation of 
a number of treatments, making it more 
productive than a traditional RCT.14 The 
use of such international Bayesian adaptive 
platform trials during the COVID-19 
pandemic (eg, RECOVERY, REMAP-
CAP) has provided real-world examples 
of the potential timeliness and efficiencies 
gained through this approach.15

For instance, developing an adaptive 
platform R-RCT across several centers, with 
a subset used to pilot candidate strategies or 
interventions (eg, anticoagulation, transfusion 
thresholds, and best ventilatory strategy, etc.) in 
ECLS patients, clinicians and researchers could 
move on quickly from candidate therapies or 
interventions that are not feasible or successful. 
A successful pilot could subsequently move 
forward into an international, multicenter, 
adaptive R-RCT, using the same design 
and infrastructure for ECLS and associated 
interventions.

The Future

ELSO—along with other major medical 
organizations, funding bodies, regulatory 
agencies, device developers, and societies—
could organize and lead ‘think tank’ meetings 
of relevant stakeholders to establish research 
priorities and continue to review and update 
them over time. In this model, given the 
experience and resources available, as well as 
the international collaborations available in 
the ELSO chapters, ELSO could subsequently 
function as the central hub to coordinate future 
research efforts prioritized by its members 
and the community, acting as the clinical 

coordinating center for such activities to reduce 
overlap, harmonize, and enhance collaboration 
between projects, and provide an efficient and 
effective means to collect data and conduct 
clinical trials. 

There are many important research 
questions that remain to be answered in the field 
of extracorporeal support.16 Coordination by 
international societies (eg, ELSO, ECMONet, 
PediECMO, PALISI), exploiting and expanding 
existing infrastructure (eg, ELSO Registry 
or INDEX/EXCEL), and utilizing innovative 
clinical trial designs (eg, step-wedge, R-RCT 
or Bayesian adaptive platform trials) will help 
clinicians and researchers achieve these results 
in a timely, resource-efficient, and rigorous 
manner. 
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Introduction

Emerging infectious diseases (EIDs) are 
defined as those which have newly appeared in 
a population, are rapidly increasing in incidence 
or geographic range, or which pose the highest 
threat to national security and public health.1,2 
Historically, EIDs have often facilitated deeper 
understanding of the utility of ECLS. For 
example, the influenza A(H1N1) pandemic in 
2009 catalyzed interest in ECLS among the 
adult ICU community,3 leading to a surge in 
ECLS use for ARDS which continues to this 
day. The COVID-19 pandemic demonstrated 
that clinical outcomes can change rapidly over 
time, sometimes for the worse, even in the same 
centers.4,5 EIDs can also expose weaknesses in 
regional or national ECLS service provision, 
such as a lack of inclusion in pandemic 
preparedness plans, inadequate centralization 
or coordination of services, or an inability 
to rapidly conduct relevant clinical trials. 
However, it is important to emphasize that not 
all EIDs have pandemic potential. Some EIDs 
have high fatality rates but low-to-negligible 
human-to-human transmission, such as many 
zoonoses. This chapter will summarize major 
considerations in the use of ECLS for EIDs.

Preparedness

Enabling ECLS services for a possible 
EID outbreak with high transmissibility 
must consider factors relating to personnel, 
equipment, facilities, and systems.6 Regional or 
national coordination of ECLS services should 
facilitate the creation of a roster of all ECLS-
trained clinicians and their respective roles, 
and comprehensive inventories of all available 
equipment.6-9 These should be regularly updated 
and maintained. Subsequent referral pathways 
should be widely disseminated to local hospitals. 
Refresher courses on infection prevention and 
control (IPC) protocols and ECLS simulation 
training, while wearing personal protective 
equipment (PPE) or powered air-purifying 
respirators (PAPR), should be undertaken 
among nursing, perfusion, respiratory therapy, 
and medical staff. ECLS centers within specific 
regions are advised to agree on common 
indications and contraindications to provide 
consistent and equitable care.7 These may 
require adaptation or modification over time, 
especially during crisis standards of care or 
surge. Standardized data collection ideally 
should be mandated, while facilitating patient 
enrollment into clinical trials. Communication 
networks between healthcare systems must be 
established to track ECLS utilization rates.8 
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These efforts should be undertaken as part 
of a preparedness phase rather than trying 
to implement them in the height of a major 
outbreak when demand for all clinical services 
is experiencing surge.4 The readiness phase is 
the period in a pandemic where an infectious 
disease threat is imminent but not yet impacting 
a region. For example, this would refer to 
countries other than China from January to 
March 2020 during the COVID-19 pandemic. 
In this period, it is important to review all 
preparedness efforts; research readiness; and 
standard operating procedures, and organize 
various strategies aimed at responding to surge 
by considering different scenarios at a national, 
state, and institutional level.

Assessment 

Any potential role for ECLS in the 
management of EIDs will depend upon key 
characteristics of the pathogen, including 
the transmissibility, case fatality rate, and 
mechanisms of death.10 An early assessment of 
the potential suitability of ECLS can be made 
by examining the clinical manifestations of the 
disease and likely modes of transmission. ECLS 
only provides support to the heart and lung, so 
if the mechanisms of death do not include acute 
respiratory failure, arrhythmias, or cardiogenic 
shock, and is predominantly due to hypovolemic 
shock from high-volume gastrointestinal losses 
for example, then ECLS is unlikely to be helpful. 
The effects of the illness on other organ systems 
are important to establish. 

As clinical experience grows, the apparent 
efficacy of ECLS should be assessed, monitored, 
and rapidly communicated to the scientific 
community. Preliminary experience with the use 
of ECLS for Middle East Respiratory Syndrome 
(MERS), for example, was discouraging but 
outcomes slowly improved with time and 
greater experience.11-13 Similarly, initial reports 
from China on the use of ECLS for COVID-19 
appeared to show very poor outcomes with 

ECLS,14 but this was not borne out by more 
comprehensive assessment in larger centers 
in Europe and elsewhere,15-17 highlighting the 
dangers of overreliance on observational data. If 
clinical outcomes remain poor despite substantial 
case volume in experienced centers, it should 
be considered whether ECLS can function as a 
bridge to successful transplantation.18

Other outcome measures beyond survival 
to hospital discharge should also be examined, 
including long-term mortality, functional and 
neurological outcomes, and quality of life. 
Specific strategies which may affect these 
outcomes should be studied, whether those 
relate to pre-ECLS care, management during 
ECLS, or rehabilitation after ICU discharge.20 
EIDs may affect the complication rates typically 
seen during ECLS, such as the increase in 
pulmonary emboli observed in some studies of 
severe COVID-19.15 Treatment of the EID may 
also alter the risks of ECLS, such as the use of 
immunosuppressant therapy for COVID-19 
and the subsequent increase in nosocomial 
infections.4,5 These may skew the usual risk/
benefit assessment against the use of ECLS in 
some circumstances, especially during crisis 
standards of care (Chapter 57).

Adherence to strict IPC processes is 
obviously essential in the management of EIDs, 
which can pose a substantial danger to staff 
members and affect ECLS service provision. 
For example, many centers did not offer ECPR 
to COVID-19 patients on the grounds that it 
posed too great a danger to clinicians.19 Novel 
pathogens with high case fatality rates and 
very high transmissibility (eg, those requiring 
Biosafety level 4 [BSL-4] containment) may 
render ECLS use impractical. 

Coordination

The emergence of novel pathogens 
necessitates a coordinated effective response. 
If ECLS is established as a valid management 
strategy for a given EID, then organization of 
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ECLS services at a city, state, or national level 
is imperative.6-9 A suitable model of care should 
be put in place to handle case volumes safely 
and effectively, such as a regional hub and spoke 
model (Chapter 53).7,21 While the establishment 
of new ECLS centers should ideally not occur 
during major outbreaks, there are successful 
examples of this to fulfill otherwise unmet 
regional needs.22 

Research coordination is another important 
issue. If an EID has multiple epicenters 
with established local transmission and is 
demonstrating pandemic potential, then ECLS 
networks should rapidly coordinate multiple 
clinical trials as to the efficacy, complications, 
resource consumption, and cost effectiveness 
of ECLS for that disease.8 These studies are 
likely to take a number of different but valid 
approaches, including prospective observational 
studies; cluster randomized controlled trials; 
and adaptive trial designs, such as randomized, 
embedded, multifactorial, adaptive platform 
(REMAP) trials.23 Nonetheless, the difficulty in 
coordinating and conducting randomized trials 
of highly complex, supportive interventions such 
as ECLS under the stress of a rapidly emerging 
infectious disease outbreak is considerable, 
and would only likely be successful if the 
mechanisms and infrastructure were already in 
place (Chapter 58). ECLS registries, such as that 
of ELSO, may be helpful in rapidly collecting 
multicenter data about the disease, with scope 
to combine with other registries gathering more 
disease-specific information (Chapter 60). 

Conclusions

Many EIDs will not be amenable to 
intervention with ECLS, which remains 
a resource-intensive and costly therapy. 
Nonetheless, ECLS may have a specific role 
(ideally, one tested in well-designed clinical 
trials) in the most critically ill patients suffering 
from refractory cardiac or pulmonary disease, as 
part of a broad strategy to mitigate the severe 

health consequences of emerging pathogens 
with outbreak potential.6,8,23



762

Chapter 59

References

1. Emerging infectious diseases. Available at: https://
www.niaid.nih.gov/research/emerging-infectious-
diseases-pathogens https://www.niaid.nih.gov/  
Accessed March 9, 2022.

2. Prioritizing disease for research and development 
in emergency contexts. Available at: https://www.
who.int/activities/prioritizing-diseases-for-research-
and-development-in-emergency-contexts Accessed 
March 9, 2022.

3. Noah MA, Peek GJ, Finney SJ, et al. Referral to an 
extracorporeal membrane oxygenation center and 
mortality among patients with severe 2009 influenza 
A(H1N1). JAMA 2011; 306:1659-1668.

4. Barbaro RP, MacLaren G, Boonstra PS, et al. 
Extracorporeal membrane oxygenation for 
COVID-19: Evolving outcomes from the international 
Extracorporeal Life Support Organization Registry. 
Lancet 2021; 398:1230-1238.

5. Schmidt M, Langouet E, Hajage D, et al. Evolving 
outcomes of extracorporeal membrane oxygenation 
support for severe COVID-19 ARDS in Sorbonne 
hospitals, Paris. Crit Care 2021; 25:355.

6. Ramanathan KR, Antognini D, Combes A, et al. 
Planning and provision of ECMO services for severe 
ARDS during the COVID-19 pandemic and other 
outbreaks of emerging infectious diseases. Lancet 
Respir Med 2020; 8:518-526.

7. Lebreton G, Schmidt M, Ponnaiah M, et al; Paris 
ECMO-COVID-19 investigators. Extracorporeal 
membrane oxygenation network organization and 
clinical outcomes during the COVID-19 pandemic 
in Greater Paris, France: a multicentre cohort study. 
Lancet Resp Med 2021; 9:851-862.

8. MacLaren G, Fisher D, Brodie D. Treating the most 
critically ill patients with COVID-19: The evolving 
role of extracorporeal membrane oxygenation. JAMA 
2022; 327:31-32.

9. Diaz R, Graf J, Zambrano JM, et al. Extracorporeal 
membrane oxygenation for COVID-19-associated 
severe acute respiratory distress syndrome in Chile: 
a nationwide incidence and cohort study. Am J Respir 
Crit Care Med 2021; 204:34-43.

10. MacLaren G, Fisher D, Brodie D. Preparing for 
the most critically ill patients with COVID-19: 
the potential role of extracorporeal membrane 
oxygenation. JAMA 2020; 323:1245-1246.

11. Arabi YM, Al-Omari A, Mandourah Y, et al. Critically 
ill patients with the Middle East Respiratory 
Syndrome: a multicenter retrospective cohort study. 
Crit Care Med 2017; 45:1683-1695.

12. Alshahrani M, Sindi A, Alshamsi F, et al. 
Extracorporeal membrane oxygenation for severe 

Middle East respiratory syndrome coronavirus. Ann 
Intensive Care 2018; 8:3.

13. Choi WS, Kang CI, Kim Y, et al. Clinical presentation 
and outcomes of Middle East Respiratory Syndrome 
in the Republic of Korea. Infect Chemother 
2016; 48:118-26.

14. Henry BM, Lippi G, Poor survival with extracorporeal 
membrane oxygenation in acute respiratory distress 
syndrome (ARDS) due to coronavirus disease 2019 
(COVID-19): pooled analysis of early reports. J Crit 
Care 2020; 58:27-28.

15. Schmidt M, Hajage D, Lebreton G, et  al . 
Extracorporeal membrane oxygenation for severe 
acute respiratory distress syndrome associated with 
COVID-19: a retrospective cohort study. Lancet 
Respir Med 2020; 8:1121-1131.

16. Barbaro RP, MacLaren G, Boonstra PS, et al. 
Extracorporeal membrane oxygenation support in 
COVID-19: an international cohort study of the 
Extracorporeal Life Support Organization registry. 
Lancet 2020; 396:1071-1078.

17. Whebell S, Zhang J, Lewis R, et al. Survival benefit 
of extracorporeal membrane oxygenation in severe 
COVID-19: a multi-centre-matched cohort study. 
Intensive Care Med 2022; 48:467-478.

18. Kurihara C, Manerikar A, Querrey M, et al. Clinical 
characteristics and outcomes of patients with 
COVID-19 associated acute respiratory distress 
syndrome who underwent lung transplant. JAMA 
2022; 327:652-661.

19. Worku E, Gill D, Brodie D, et al. Provision of ECPR 
during COVID-19: evidence, equity, and ethical 
dilemmas. Crit Care 2020; 24:462.

20. MacLaren G, Combes A, Brodie D. What’s new 
in ECMO for COVID-19? Intensive Care Med 
2021; 47:107-109.

21. Combes A, Brodie D, Bartlett R, et al. Position paper 
for the organization of extracorporeal membrane 
oxygenation programs for acute respiratory failure 
in adult patients. Am J Respir Crit Care Med 
2014; 190:488-96.

22. Rabie AA, Azzam MH, Al-Fares AA, et al. 
Implementation of new ECMO centers during the 
COVID-19 pandemic: experience and results from 
the Middle East and India. Intensive Care Med 
2021; 47:887-895.

23. Brodie D, Abrams D, MacLaren G, et al. ECMO during 
respiratory pandemics: past, present, and future. Am 
J Respir Crit Care Med 2022; 205:1382-1390.



763

60

The ELSO Registry

Ryan P. Barbaro, Joseph E. Tonna, Peta M. A. Alexander, Rob Hyslop, Jeffrey J. Fanning,  
Micheal Heard, Matthew L. Paden, Ravi R. Thiagarajan, Matteo Di Nardo, Peter Rycus

The charter members of the Extracorporeal 
Life Support Organization (ELSO) believed 
shared ECLS experience could generate 
knowledge that benefited future patients.1,2 
That mission remains central to the ELSO 
Registry, which aims to improve ECLS by: 1) 
attaining knowledge through scientific research, 
2) enhancing centers’ quality improvement 
efforts, 3) supporting advancement and 
evaluation of ECLS devices, and 4) advancing 
the quality and usability of ELSO data. 

Knowledge Attainment 

The diverse community of member center 
investigators bring unique experiences to 
scientific questions. Their scientific research 
realizes the vision of attaining knowledge 
through the ELSO Registry. In 2021, more than 
200 ELSO Registry data requests were made to 
address scientific questions. 

The ELSO Registry Scientific Oversight 
Committee (SOC) was established as a 
subcommittee of the ELSO Registry in 2016. 
The SOC aimed to facilitate and promote the 
development of scientific research from the 
ELSO Registry, and its primary task was to 
evaluate data requests and release data to ELSO 
investigators for the purposes of publication 
or patient care. The SOC is made up of a 
clinically and geographically diverse group of 

individuals with ECLS expertise. Each member 
commits to evaluating and discussing data 
requests. Members include physicians, nurses, 
ECLS specialists, respiratory therapists, and 
statisticians from across the globe.

Data Request Process

The review of ELSO data requests for 
scientific research was adapted from the 
National Institutes of (NIH) grant review 
process. Submitted requests are administratively 
processed, assigned for SOC member review, 
and the reviewers present the data requests 
to the SOC. Subsequently, the SOC Chair 
moderates the SOC discussion and data request 
scoring. 

The SOC considers several different factors 
when rating proposals for approval. These 
include overlap, significance, innovation, 
and approach. ‘Overlap’ with previous data 
requests is considered because data is released 
to investigators for a period of 12 months 
of exclusive access. This approach seeks to 
mitigate duplicative analyses that hurriedly or 
competitively race to publish, while also enabling 
new investigators to ask similar questions. 
‘Significance’ considers what the impact of 
the work would be if the aims of the research 
were successfully completed. ‘Innovation’ 
considers if the application introduces novel 
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concepts or scientific techniques, or challenges 
current paradigms. ‘Approach’ evaluates if 
the methods and planed analyses are feasible, 
well-reasoned and rigorous. SOC seeks to 
encourage new investigators and centers 
and so it does not evaluate investigators or 
environment, but it does sometimes suggest new 
ELSO investigators partner with experienced 
investigators if questions reflect a lack of 
familiarity with the strengths and limitations 
of the ELSO data.

Large Datasets

Proposals that request entire population 
categories of ECLS support such as all adult 
respiratory cases are subject to an additional 
level of requirements and review. Large dataset 
requests present a risk of enabling unspecified 
hypotheses to be addressed and their breadth 
increases the likelihood the request will 
overlap with future data requests. Additionally, 
the potential impact of the research obviates 
a rigorous analysis. For these reasons, large 
dataset requests require the collaborative 
participation of investigators from a minimum 
of three ELSO member centers and a named 
biostatistician. Investigators can also only have 
one large dataset request at a time. After meeting 
these requirements, the review, if approved by 

the SOC, then goes before the Large Dataset 
Committee for a second review. The Largest 
Dataset Committee is comprised of, at a 
minimum, a current or past Registry Chair, the 
SOC Chair(s), and the ELSO Executive Director. 
The committee also includes biostatisticians. 
Finally, proposals approved by the Large 
Dataset Committee are required to first remit 
their manuscript prior to journal submission 
to the SOC to ensure the research remained 
within the scope of the prespecified hypothesis 
and aims.

Transparency

The SOC discloses members, policies, data 
requests and ELSO publications on the ELSO 
website.

Enhancing Center-based Efforts to Improve 
Quality 

Since its inception, the ELSO Registry 
has reported outcomes, enabling centers to 
benchmark their performance to the average. The 
present evolution of that reporting is the result 
of a collaboration between the ELSO Registry 
Quality Subcommittee and ArborMetrix in 2016 
to create the ELSO Quality Reporting Platform. 
ArborMetrix is a Michigan-based provider of 

Figure 60-1. Example graphic of the ArborMetrix ELSO Quality Platform.
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clinically rich, realtime analytics that partners 
with numerous Registries to provide outcome 
and process reporting dashboards. ELSO 
Quality Reporting Platform displays adjusted 
center-specific ECLS outcomes through 
tools that benchmark ELSO Member Center 
performance to center selected peer institutions 
(Figure 60-1). This application can be used to 
track and display center-based performance 
across time and compare performance to peer 
centers using metrics such as survival, major 
complications, minor complications, and length 
of stay. Only the member-center is identified in 
the ELSO Quality Reporting Platform reports 
and graphics, and no fewer than 10 centers are 
presented as comparators. 

Adjustment Models

Risk adjustment for mortality prior to 
hospital discharge was built into the reporting 
platform. The platform applied a combination 
of ELSO-derived published ECLS mortality 
risk adjustment models,3-8 and ArborMetrix 
built pragmatic risk adjustment models. The 
ArborMetrix models were built with plausible 
meaningful candidate variables that were 
missing <10% of time.9 The methodology was 
publicized during international conferences, 
ELSO-hosted webinars, and reported in the 

medical literature.9 The resulting risk adjusted 
center performance is reported with confidence 
intervals (Figure 60-1). The risk adjustment 
models use generalized estimating equations to 
account for the clustering within hospitals and 
the models are reliability-adjusted as previously 
described.10 This means that if a given center 
has fewer patients, then the model shrinks 
the estimate back towards the group average 
outcome. 

Outcome Reports

The ELSO Quality Reporting Platform 
includes mortality outcome reports that can 
be presented according to patient age cohort 
(neonate, pediatric, or adult), unit where the 
patient received care (medical, surgical, cardiac, 
pediatric, or neonatal ICUs), duration of run, as 
well as per patient or per ECLS run, because 
some patients have multiple ECLS runs during a 
hospital admission (Figure 60-2). Complication 
reports are presented with the same options 
and can either cluster related complications 
(eg, Any mechanical complication, Any 
hemorrhagic complication, etc.), or each 
individual complication (eg, Oxygenator failure, 
Pump malfunction, Air in circuit, Surgical site 
bleeding, Hemolysis). Time to complications, 

Figure 60-2. Example reports included in the ArborMetrix ELSO Quality Platform.
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and complications per 1000 ECLS hours are 
also available as standard outcome reports.

Process Metric Reports

The ELSO Registry Quality Subcommittee 
has applied process metric reports specific to 
different populations of patients supported 
with ECLS. For those patients supported for 
respiratory indications, PIP ≤25 cmH2O was 
identified as a potential implementable strategy 
for ‘lung protection’ during this support in 
accordance with established practice.11-13 No 
randomized clinical trials have demonstrated 
that one mechanical ventilation strategy is 
superior, but the protocol for the ECLS group 
in the UK neonatal trial used a PIP <25 cmH2O, 
in the CESAR trial a PIP 20-25 cmH2O, and 
EOLIA a Pplat ≤ 24 cmH2O.11-13 Thus, a report 
was added to the Quality Reporting Platform 
in 2020, reflecting the proportion of patients 
who were managed with mechanical ventilation 
PIP ≤25 cmH2O at 24 hours of the ECLS run. 

The population of patients cannulated 
during ECPR represent the most critically ill 
of the cardiac patients supported with ECLS. 
As a center level process metric, the proportion 
of cardiac ECLS patients who were cannulated 
during ECPR was added to the Quality 
Reporting Platform as a metric in 2020. There 
are no established rates of ECPR associated with 
outcome, so it was chosen to represent the trend 
of proportion of ECPR in cardiac patients over 
time, anticipating that centers could chose to use 
this information to prove uptake of an emerging 
service in a new ECPR center, to demonstrate 
the impact of cardiopulmonary arrest prevention 
strategies in established centers, or to simply 
visualize utilization of this time-critical, 
resource-intensive intervention.14,15 Further 
process metrics for inclusion in the Quality 
Platform will be identified by consensus among 
clinical experts. 

Peer Groups

The ELSO Quality Platform presents 
unadjusted as well as adjusted center-based 
performance compared to peer centers for 
each of the included outcomes and process 
metrics. Preprogrammed peer groups include 
low/medium/high volume centers, age-mix of 
patients managed in centers (mixed, neonates, 
pediatrics, adults), ELSO Center of Excellence 
status, and ELSO Chapters. In addition, centers 
can identify and customize peer groups which 
may be of relevance to their practice. Peer group 
centers remain blinded in the reports, with only 
the individual member-center identified. At 
least 10 centers are included as comparators 
in each of the reports to ensure member center 
confidentiality. 

Supporting Development of Devices used 
in ECLS

In the USA, the 2016 21st Century Cures 
Act directed regulatory bodies to use real world 
evidence to support regulatory decision-making. 
The US Congress characterized real world 
evidence as data regarding the use, benefits, 
and risks of a drug using sources other than 
clinical trials. The United States Food & Drug 
Administration (FDA) clarified sources of 
real world data to be electronic health records, 
product and disease registries, claims and 
billing activities, patient-generated data, and 
data gathered from mobile devices. The ELSO 
Registry receives detailed information on patients, 
devices, health outcomes, and associated health 
complications data from over 500 active centers 
submitting over 20,000 patient cases annually 
(at the time of writing). This data is valuable 
for device evaluation by device developers or 
worldwide regulatory bodies. ELSO believes 
the extracorporeal community of patients, health 
care providers, and hospitals are served by 
sharing ELSO data with partners who strive to 
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bring new devices and services to future patients 
relying on extracorporeal care. 

Process

Consequently, ELSO developed a Device 
Developer Data Policy that described the 
process of creating reports for device developers. 
Reports are composed through a partnership 
with the device developer, ELSO Registry and 
Technology committee members, clinician and 
device experts, ELSO Executive Director, and 
biostatisticians. ELSO does not release patient 
level data. Instead, ELSO analyzes the data at 
the direction of device developers and releases 
the analysis or aggregate data. Additionally, 
ELSO does not allow the use of registry data for 
identification of competitors or for marketing. 
To date, data from ELSO Reports have been 
submitted to North American, European, and 
Asian regulatory bodies. 

Advancing the Reliability and Utility of 
Registry Data

The ELSO Registry maintains registry 
development as one of its primary commitments 
to individual members, member centers, and 
the international community. This commitment 
has resulted in the development of multiple key 
objectives and is supported by the dedicated efforts 
of the Database Development Committee,16 a 
subcommittee of the ELSO Registry Committee.

The first key objective of registry development 
is to ensure the reliability of entered data. To 
this end, significant attention is paid to two 
ongoing projects. First (established in 2017), is 
the maintenance of registry data definitions, a 
publicly available resource ensuring continuity 
of data entry among all member centers. The 
ELSO Registry Definitions Document identifies 
mandatory data elements, defines individual 
data points, sets out data entry rules, and 
illustrates examples designed to clarify nuance 
between clinical scenarios. As fields are added, 

removed, or revised, this document reflects 
these changes and serves as a baseline for the 
reliable entry of data. Second (established in 
2018), all individuals involved with management, 
oversight, or collection of registry data are 
required to complete a data entry certification 
exam. The exam presents multiple choice 
questions in patient vignette style designed to 
educate and ensure data definitions are clear and 
consistently applied.

Another equally important objective is to 
maintain the validity of registry data through 
a two-tiered strategy. First, data elements are 
internally validated at the time of data entry 
via programmed hard and soft limits. These 
minimize inadvertent entry of errors or outliers 
by flagging elements outside prescribed limits 
for review. If the user fails to enter reasonable 
or realistic data, the user is prompted to review 
the record and address these issues prior to 
submission. Second, ELSO has launched a 
pilot program with a small number of member 
centers affirming a pathway to external data 
validation through partnership with a vendor. 
The goal is to validate 10% of each center’s 
patients from the previous year (minimum of 
5 and maximum of 25) using 64 data elements 
selected for audit. Upon completion, centers will 
receive preliminary results and will be allowed 
to adjudicate any discrepancies. All processes 
for internal and external validation as well as the 
aforementioned processes for ensuring reliability, 
including those currently under development, are 
intended to educate the user and improve data 
integrity in a nonpunitive manner, thus ensuring 
the highest quality of reported data. 

In recent years, the registry has formalized 
the processes by which registry additions or 
revisions are evaluated. The first is through 
revision of primary registry content reviewed 
by the Registry Development Advisory Group.16 
This group (comprised of the Registry Chair, 
Database Development chairs, leaders within 
ELSO, and key ECLS community members) 
reviews suggested concerns regularly to 
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determine need, process, function, and 
priority for potential inclusion or revision. 
Second, potential additions or revisions may 
be accomplished through optional registry 
addenda. Currently available addenda include 
Cardiac, ECPR, SARS CoV-2, and Trauma. 
Published guidelines for registry changes ask 
for a demonstration that the addition or revision 
fulfills a need within the ECLS community, 
ensures a requisite number of centers agree to 
participate (10% of active centers), and that 
funding is considered.17 Updates following 
additional registry or addenda development are 
implemented and communicated to the ECLS 
community biannually. When circumstances 
demand greater urgency (eg, the COVID-19 
pandemic), the procedural structure may be 
modified.

While the mainstay of registry reporting 
has been dissemination of historical outcomes 
and quality metrics, realtime case reporting 
has become a necessary and final key objective 
in registry development. This paradigm shift 
allows for flexibility in data presentation to meet 
evolving ECLS community needs. The seminal 
example of this was demonstrated during the 
COVID-19 pandemic as international case 
reporting was rapidly mobilized in response 
to demand for experiential data to inform 
clinical care in an evolving and unique patient 
population.18 ELSO database development teams 
in collaboration with ELSO leadership and 
information technology quickly operationalized 
dashboard reporting made available to the entire 
ECLS community. Initial SARS-CoV-2 case 
reporting included increasingly granular case 
characteristics including incidence of SARS-
CoV-2 ECLS support and survival, patient 
demographic and ECLS support characteristics, 
median length of run, patient comorbidities, 
and complication rates. Need for live reporting 
is anticipated and expected to remain a key 
objective in registry development. 

International Engagement of Diverse 
Membership

The ELSO Registry strives to reflect 
worldwide use of ECLS. Thus, several initiatives 
have been developed to foster the engagement of 
ELSO centers and centers of diverse membership. 
During the COVID-19 pandemic, ELSO offered 
free membership to all new centers applying for 
the ELSO Registry data entry. The main goal 
of this action was both to recruit new centers 
in the ELSO community and to have a wider 
understanding of ECLS use related to COVID-19. 
With the same purpose, the European chapter 
of ELSO (EuroELSO), launched several 
initiatives to monitor the use of ECLS in adult 
and pediatric COVID-19 patients in Europe.19-21 
The ELSO Registry committees have aimed to 
have membership that broadly represent different 
areas of the world. In 2021, the Scientific 
Oversight Committee established three co-chairs 
each representing a different chapter of ELSO. 
The hope is that international leadership will 
improve ELSO and further engage members 
from around the world. 

Future Steps 

Over the last four decades, the ECLS 
Registry of ELSO has played a pivotal role in 
the advancement of ECLS scientific knowledge, 
improvement in the care of ECLS patients, and 
ECLS device development. One of the strengths 
of the registry has been its flexibility and rapidity 
of data reporting. The registry nimbly adapted 
to serve as an important repository for outcome 
information related to ECLS use during the 
SARS-CoV-2 pandemic and displayed the 
resultant data to centers in real time, making it 
an early source of emerging data.18 The ELSO 
Registry is the broadest collection of ECLS data 
in the world and, as it looks to the future, will 
strive to improve upon its reliability, utility, and 
flexibility so that it can lead the advancement 
of knowledge and care in the decades to come.
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Glossary

ACT:   Activated clotting time
AKI:  Acute kidney injury
AMI:   Acute myocardial infarction
APTT:   Activated partial thromboplastin time
ARDS:   Acute respiratory distress syndrome
AVCO2R:   Arteriovenous carbon dioxide removal
BCPC:  Bidirectional cavopulmonary connection (Glenn)
BTT shunt: Blalock-Thomas-Taussig shunt 
CI:   Cardiac index
CO:  Cardiac output
CPR:  Cardiopulmonary resuscitation
CPB:   Cardiopulmonary bypass
CRRT:   Continuous renal replacement therapy (also known as CKRT, 
   continuous kidney replacement therapy)
CVP:   Central venous pressure
CT:  Computed tomography
CVC:  Central venous catheter
DIC:   Disseminated intravascular coagulation
DTI:  Direct thrombin inhibitor
DO2:  Oxygen delivery  
ECCO2R:   Extracorporeal carbon dioxide removal
ECLS:   Extracorporeal life support
ECG:  Electrocardiography
ECMO:   Extracorporeal membrane oxygenation

 VA:  Venoarterial 
 VV:  Venovenous

    VVA:  Venovenoarterial 
ECPR:   Extracorporeal cardiopulmonary resuscitation
EEG:  Electroencephalography
EF:   Ejection fraction
ELSO:   Extracorporeal Life Support Organization
FiO2:   Fraction of inspired oxygen concentration
FsO2:  Sweep gas inlet oxygen fraction 
HFOV:   High frequency oscillatory ventilation
HIT:  Heparin-induced thrombocytopenia
IABP:  Intra-aortic balloon pump
ICU:   Intensive care unit
IHCA:  In-hospital cardiac arrest
INR:  International normalized ratio
IPPV:   Intermittent positive pressure ventilation
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Glossary

IVC:  Inferior vena cava
LA:  Left atrium
LAP:  Left atrial pressure
LV:   Left ventricle
LVEDP:  Left ventricular end diastolic pressure
MAP:   Mean arterial pressure (alternatively, mean airway pressure)
MCS:  Mechanical circulatory support
MRI:  Magnetic resonance imaging
MOF:  Multiorgan failure
NICU:  Neonatal intensive care unit
NIRS:  Near infrared spectroscopy
NIV:   Non-invasive ventilation
OHCA:  Out-of-hospital cardiac arrest
PCO2:   Partial pressure of carbon dioxide
PA:   Pulmonary artery
PAP:  Pulmonary arterial pressure
PCP:  Pulmonary capillary pressure
PO2:   Partial pressure of oxygen
PEEP:   Positive end-expiratory pressure
PICU:   Pediatric intensive care unit
PIP:   Peak inspiratory pressure
Pplat:   Plateau airway pressure
PT:   Prothrombin time
PVR:  Pulmonary vascular resistance
RA:  Right atrium
RAP:  Right atrial pressure
RPM:   Revolutions per minute
RV:  Right ventricle
ScvO2:  Central venous oxygen saturation
SvO2:   Mixed venous oxygen saturation
SVC:  Superior vena cava
SVR:  Systemic vascular resistance
TCPC:  Total cavopulmonary connection (Fontan)
TEE:  Transesophageal echocardiography
TTE:  Transthoracic echocardiography
VAD:   Ventricular assist device

 LVAD:   Left ventricular assist device
 RVAD:   Right ventricular assist device
 BiVAD:  Biventricular assist device

VILI:  Ventilator-induced lung injury
VO2:  Oxygen consumption
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Appendix

DOMAINS OF 
INTEREST ASSESSMENTS RELEVANCE/ INTERVENTION

INFANCY Growth Length, weight, head circumference Referral to dietician
Kidney function Blood pressure, urinary protein/creatinine ratio Early referral to (pediatric) nephrologist

0-2 years Hearing assessment Age-appropriate auditory tests Early referral to audiology
Neurological assessment 
including imaging MRI brain (pre-discharge) Early recognition, referral for neurorehabilitation

Early referral neurorehabilitation
Mental development Age-appropriate locally available formal test Referral to psychiatric professional
Motor development Age appropriate locally available formal test Referral to physical therapist

PRESCHOOL AGE Growth (mainly CDH) Length, weight Referral to dietician
Kidney function Blood pressure, urinary protein to creatinine ratio Early referral to (pediatric) nephrologist

2-5 years Cognitive development Age-appropriate locally available formal test Referral to child development center

Language development Age-appropriate locally available formal test Hearing assessment, referral to speech-language 
pathologist

Motor development Age-appropriate locally available formal test Referral to physical therapist

≥6 years Kidney function Blood pressure, urinary protein-to-creatinine ratio Early referral to (pediatric) nephrologist

Lung function assessment Spirometry Evaluate reversibility of airflow obstruction
Motor development Age-appropriate locally available formal test Referral to physical therapist
Exercise capacity Age-appropriate locally available formal test Sports participation and/or exercise training
Neuropsychological 
assessment Age-appropriate locally available formal test for: Referral to early school support

Behavior *Intelligence (only once in follow up) Referral to cognitive rehabilitation for acquired 
brain injury

*Memory
*Attention/concentration/information processing
Age appropriate locally available formal test for:
*Hyperactivity Referral to psychologist for support/ guidance
*Somatic problems

ADOLESCENCE Growth (mainly CDH) Length (pubertal growth spurt), weight Referral to dietician
Kidney function Blood pressure, urinary protein-to-creatinin ratio Referral to (pediatric) nephrologist

>12 years Motor function Age appropriate locally available formal test Referral physical therapist/sports participation
Exercise capacity Age appropriate locally available formal test Sports participation/exercise training

Referral to school support
Neuropsychological 
assessment Age appropriate locally available formal test  for: Career support/choice of profession

*Memory Referral to cognitive rehabilitation
*Attention/concentration/information processing

Behavior Age appropriate locally available formal test  for: Referral to psychologist for support/guidance
*Hyperactivity
*Depressed feelings/social problems
*Somatic problems

Adapted from Semin Perinatol 38:114–121, 2014

SCHOOL AGE Growth (mainly CDH) Length, weight Referral to dietician

Appendix Table-1. Proposal for, and relevance of, long-term followup after ECMO in neonates 
and children. Longitudinal multidisciplinary team followup from infancy to adolescence with 
referral to early intervention services and/or special education services. 
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