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Preface

Extracorporeal life support or extracorporeal membrane oxygenation (ECMO),
as it is often known, continues to evolve into an effective therapy for manag-
ing patients who present, regardless of etiology, with acute severe cardiogenic
shock and/or respiratory therapy.  Previously, ECMO was thought to be a salvage
therapy to be considered when all other conventional therapies had failed.
However, with evolving guidelines, protocols, experiences, and tools to assist in
patient selection, management, and various aspects of clinical (and administra-
tive) decision making, ECMO has evolved into a mainstream therapy.  With this
evolution, outcomes have improved and overall, teams have become much more
effective and efficient with regard to developing a structured “ECMO program.”
However, with thousands of cases being performed each year and with rapidly
evolving technology along with an exponential growth of knowledge in this
field, it is clear that there is still much to learn and understand.  The technol-
ogy is costly, not always readily available, and often very resource intensive—
typically requiring very advanced specialty training of all involved providers.
It is promising that there has also been an evolution of case reports, case series,
large institutional experiences, meta-analyses, and even randomized trials in this
area to help support clinical application and decision making.  Hopefully, this
text—along with the previous volumes in this area—will continue to add to the
literature on this topic in a meaningful way to help programs grow and outcomes
improve.

As experience grows, one thing that remains clear is that therapy must be initi-
ated early, and having a well-structured and integrated clinical management
team is critical to program success and good outcomes.  Starting therapy before
the development of irreversible end-organ damage is paramount.  With a better
understanding of the nuances of patient selection and management, protocols can
be developed to aid those physicians and providers who are often faced with major
decisions in which time is of the essence.  Ethical (and social) implications cannot
be overstated.  While ECMO is often considered, along with many other therapies
in healthcare currently, as a salvage option to potentially provide some hope for an
actively dying patient, the concepts of futility, palliative care, and end-of-life must
be considered.  ECMO must not be considered as a “bridge to nowhere”—implying 
a final major intervention to avoid difficult conversations regarding the reality that
everyone at some point will die.

Without doubt, as this text will hopefully illustrate and educate, ECMO continues
to evolve into an extremely important, powerful, and effective clinical tool, and 



II

Chapter 7 109
Advances in Extracorporeal Membrane Oxygenation in the Setting of Lung 
Transplantation
by Michael Mazzei, Suresh Keshavamurthy and Yoshiya Toyoda

Chapter 8 125
Extracorporeal Cardiopulmonary Resuscitation
by Abdelaziz Farhat, Cindy Darnell Bowens, Ravi Thiagarajan 
and Lakshmi Raman

Chapter 9 143
Extracorporeal Membrane Oxygenation as a Bridge to Cardiac Transplantation
by Nandini Nair and Enrique Gongora

Chapter 10 155
ECMO Weaning Strategies to Optimize Outcomes
by Jorge Silva Enciso and Kimberly N. Hong

Section 4
Organ System Management 167

Chapter 11 169
Isn’t Limb as Precious as Life?
by Prashant N. Mohite and André R. Simon

Chapter 12 187
Normothermic Regional Perfusion in Solid Organ Transplantation
by Amelia J. Hessheimer and Constantino Fondevila

Chapter 13 201
Neurologic Complications and Neuromonitoring on ECMO
by Venessa Lynn Pinto

Chapter 14 219
Anticoagulation in Pediatric Extracorporeal Membrane Oxygenation
by Jamie Weller, Lakshmi Raman, Ayesha Zia and Ali McMichael

Preface

Extracorporeal life support or extracorporeal membrane oxygenation (ECMO), 
as it is often known, continues to evolve into an effective therapy for manag-
ing patients who present, regardless of etiology, with acute severe cardiogenic 
shock and/or respiratory therapy.  Previously, ECMO was thought to be a salvage 
therapy to be considered when all other conventional therapies had failed.  
However, with evolving guidelines, protocols, experiences, and tools to assist in 
patient selection, management, and various aspects of clinical (and administra-
tive) decision making, ECMO has evolved into a mainstream therapy.  With this 
evolution, outcomes have improved and overall, teams have become much more 
effective and efficient with regard to developing a structured “ECMO program.” 
However, with thousands of cases being performed each year and with rapidly 
evolving technology along with an exponential growth of knowledge in this 
field, it is clear that there is still much to learn and understand.  The technol-
ogy is costly, not always readily available, and often very resource intensive— 
typically requiring very advanced specialty training of all involved providers. 
It is promising that there has also been an evolution of case reports, case series, 
large institutional experiences, meta-analyses, and even randomized trials in this 
area to help support clinical application and decision making.  Hopefully, this 
text—along with the previous volumes in this area—will continue to add to the 
literature on this topic in a meaningful way to help programs grow and outcomes 
improve.

As experience grows, one thing that remains clear is that therapy must be initi-
ated early, and having a well-structured and integrated clinical management 
team is critical to program success and good outcomes.  Starting therapy before 
the development of irreversible end-organ damage is paramount.  With a better 
understanding of the nuances of patient selection and management, protocols can 
be developed to aid those physicians and providers who are often faced with major 
decisions in which time is of the essence.  Ethical (and social) implications cannot 
be overstated.  While ECMO is often considered, along with many other therapies 
in healthcare currently, as a salvage option to potentially provide some hope for an 
actively dying patient, the concepts of futility, palliative care, and end-of-life must 
be considered.  ECMO must not be considered as a “bridge to nowhere”—implying 
a final major intervention to avoid difficult conversations regarding the reality that 
everyone at some point will die.

Without doubt, as this text will hopefully illustrate and educate, ECMO continues 
to evolve into an extremely important, powerful, and effective clinical tool, and 



XIV

much like every other powerful tool at our disposal, we have a great responsibility to 
make sure that we continue to use it appropriately and safely.
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Chapter 1

Introductory Chapter: ECMO – 
Rapidly Evolving Technology, 
Expanding Indications, and 
Growing Challenges
Michael S. Firstenberg and Jennifer M. Hanna

1. Introduction

This text is now the third volume in a series of books focused on extracorporeal 
membrane oxygenation (ECMO) and extracorporeal life support (ECLS) [1]. 
With each volume, it becomes clearer that there has been a rapid evolution in the 
technology and the applications of it with regard to indications, management, 
outcomes, and the challenges in offering a very resource-intensive (and expensive) 
therapy in which the overall benefits are still questioned. Nevertheless, without 
a doubt, there has been an ongoing evolution of the use of ECMO as a salvage 
therapy offered only in extreme and potentially inherently futile cases, to now a 
mainstream therapy that can be routinely offered in well-defined cases of acute 
cardiac and respiratory failure. Early experiences resulted in few survivors and 
poor outcomes, but the reasons for this were clearly complex and multifactorial 
etiologies [2]. The development of more advanced pumps and circuits, better 
resources and guidelines for patient selection and management, and a broader 
understanding of the complex interactions between humans and an extracorporeal 
pump circuit for longer periods of time all have contributed to the advances in 
ECMO as an appropriate and reasonable therapy—even, as some would debate, 
standard of care for acute respiratory failure and/or cardiogenic shock. As these 
three volumes illustrate, over the years, there has been tireless improvements in all 
aspects of the use of ECMO. However, as the chapters in this text clearly illustrate, 
there is still much to be learned and understood. Challenges remain as clinicians 
continue to push the envelope of this technology to better define a patient popula-
tion that might benefit from ECMO and how to apply and manage a very complex 
therapy to optimize outcomes [3].

As the indications for therapy evolve, there continues to be unusual and chal-
lenging clinical situations that deserve special attention for many reasons. For 
example, the chapter by Professor Nandini highlights the very complex issue that 
is becoming more common—the role of ECMO as a bridge to transplant. It was 
only a few years ago (and illustrated in the previous texts in this series) that the 
concept of ECMO as bridge to transplant was discouraged and difficult to justify 
due to the risks, concerns of limited resource allocation, and technical difficulties 
to a concept and management pathway that is routinely considered and offered to 
selected patients.

Additional chapters focus on the growing literature and experiences in other 
specific disease state or clinical situations for which ECMO might be considered. 
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One area that is particularly challenging is incorporating ECMO into the manage-
ment of patients who develop acute cardiopulmonary collapse. ECMO-assisted 
CPR (eCPR) is one of the fastest growing uses of ECMO, and many rapid 
response/code teams are increasingly using ECMO in the management of patients 
who develop cardiac arrest. The data, experiences, and outcomes in this very com-
plex area are rapidly evolving, and the controversies are substantial. The chapter 
by Dr. Lakshmi illustrates the current state of the art in this area and how patients 
can be selected and managed, with a focus on illustrating the improved outcomes 
in a patient population that was historically considered unsalvageable. Other 
similar unique applications for ECMO discussed in this text include a chapter 
on carbon dioxide removal by Dr. Morales-Quinteros. The very unusual role of 
normothermic regional perfusion in the setting of solid organ transplantation is 
discussed by Dr. Constantino.

A major focus of this volume is the specific management challenges that 
complicate the use of ECMO, especially in high-risk patient populations. Despite 
a greater awareness, peripheral cannulation techniques that are often used are 
associated with high rates of limb complications including amputation. Such 
concerns are discussed in the chapter by Dr. Prashant. Imaging of patients on 
ECMO, with an emphasis on assessing for cardiac recovery and prognosis, is 
especially important and discussed by Dr. Luigi, while the actual techniques, 
concepts, and applications of various weaning strategies are the focus of another 
chapter. Meanwhile, Dr. Weller’s chapter on anticoagulation in the pediatric 
patient and Dr. Pinto’s chapter on neurologic complications and monitor-
ing revisit some of the difficult topics addressed in the previous editions and 
emphasize the growing experiences and literature in these complex topics [4, 
5]. As some aspects of these topics have been addressed in the earlier books in 
this series, the contemporary experiences highlight that there remains much to 
understand and learn about many of these topics.

Again, it is also clear that to successfully offer ECMO as a viable therapy—
and especially to strive for reasonable outcomes—there must be alignment of all 
key stakeholders. Without a doubt, ECMO requires an extensive team of provid-
ers at all levels working together in a manner that respects professionalism, 
competencies, compassion, and strict attention to details. The substantial and 
tireless efforts of the entire team must be recognized and appreciated by all and 
at all levels [6].

A frequently asked question is “how do we start an ECMO program?” Offering 
ECMO as a therapy involves so much more than just purchasing capital equipment 
and some disposable supplies. The chapter on program development emphasizes 
the many administrative aspects that must be considered within an appropriate 
framework to establish a program. This chapter considers the importance of physi-
cian, nursing, and administrative leadership and collaboration as a foundation for 
a successful program. While a great deal has been written on the extensive medical 
and surgical aspects of the management of a patient on ECMO, the chapter by Mr. 
Botsch and colleagues reviews the many aspects of the nursing bedside care. Of 
course, these topics continue to illustrate the importance of teamwork which cannot 
be overemphasized.

As discussed in the previous editions, a highly functioning “ECMO team” is 
a cornerstone in building a successful program. The ability to initiate therapy 
at any time and place is increasingly considered an important component of a 
well-organized team. While the makeup of an ECMO team can vary across insti-
tutions; each requires a champion to provide leadership and help with structure 
and organization. A fundamental principle is effective communication and a 
multidisciplinary approach to all aspects of management. Just as importantly, all 
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members of the team—regardless of experiences, education, training, degrees, 
and titles—need to have respect and trust and place value on all aspects of the 
contributions of all members. This is the basis of crew resource management 
(CRM). The key concept of CRM is that every team member has input and 
that each voice is valued and respected. Every member of the team needs to be 
empowered to speak up, particularly when there are concerns about safety. The 
different disciplines that are represented in an ECMO Team, as mentioned, can 
vary from program to program, but given the complexities of patient selection 
and management—including, the least of which are the technical aspects of 
cannulation and cannula management—membership must be comprehensive 
with regard to surgical and medical expertise. Membership should include, but 
clearly, not be limited to:

Physicians

• Surgeons (cardiothoracic, general, trauma, emergency medicine)

• Critical care intensivists (pulmonary, surgical)

• Medical specialists (infectious disease, neurology, cardiology, nephrology)

Advanced providers

• Nursing (bedside, advanced practice providers)

• Pharmacists

• Perfusionists

• Respiratory therapists

• Social workers/case management

Palliative care

• Often physician or advance practice nurses

Hospital leadership and administration

• C-suite executives (chief executive, financial, operating, and other officers)

• Quality managers

• Marketing

It is critical that even with dedicated, hardworking, and engaged clinical teams, 
there must be support and encouragement from hospital leadership and administra-
tion (Figure 1) [7].

Many of the chapters in these volumes discuss the various indications for ECMO 
(veno-venous and venoarterial) support and special patient populations and 
circumstances. However, a critical component of any program remains the role of 
striving for optimal clinical outcomes. Regardless of the indications and popula-
tions, outcomes and clinical complications (e.g., renal failure, limb complications, 
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Advanced providers

• Nursing (bedside, advanced practice providers)

• Pharmacists

• Perfusionists

• Respiratory therapists

• Social workers/case management

Palliative care

• Often physician or advance practice nurses

Hospital leadership and administration

• C-suite executives (chief executive, financial, operating, and other officers)

• Quality managers

• Marketing

It is critical that even with dedicated, hardworking, and engaged clinical teams, 
there must be support and encouragement from hospital leadership and administra-
tion (Figure 1) [7].

Many of the chapters in these volumes discuss the various indications for ECMO 
(veno-venous and venoarterial) support and special patient populations and 
circumstances. However, a critical component of any program remains the role of 
striving for optimal clinical outcomes. Regardless of the indications and popula-
tions, outcomes and clinical complications (e.g., renal failure, limb complications, 
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transfusion rates, etc.) must be tracked and compared to published benchmarks. 
Quality conferences in which cases are discussed can help a team and program 
formally recognize their successes while looking for opportunities for collective 
improvement. As discussed previously in the introductions (and various chapters) 
of the previous volumes, outcomes still remain less than ideal with survival rates that 
range from 60 to 70% for veno-venous respiratory support and 25–35% for venoar-
terial cardiopulmonary support and eCPR [8, 9]. These less-than-ideal success rates 
should improve over time as programs gain experience and implement guidelines 
and protocols, teams learn to function more effectively and efficiently, and patient 
selection and management improve. However, poor outcomes must also be tempered 
by the concerns that outcomes that are potentially “too good” might suggest that 
potentially salvageable but higher risk patients might not be offered therapy out 
of fear of experiencing a bad outcome. Nevertheless, it becomes the priority of a 
program to develop a “culture” of how aggressive they want to be with regard to 
offering therapy to high-risk (or low-risk) patients. Fortunately, scoring systems 
for venoarterial and veno-venous support indications can assist in patient selection. 
Again, outcomes and quality metrics must be benchmarked against similar pro-
grams, like institutions and established registries. Membership in the Extracorporeal 
Life Support Organization (ELSO: https://www.elso.org) is an important component 
of tracking outcomes and can play a key role in documenting program progress and 
success. In addition, membership can provide an opportunity to establish relation-
ships with other programs to exchange ideas, share protocols, and have access to 
important and timely developments and technological innovations.

While the advances in the field of ECMO are rapid and there has been an equally 
rapid worldwide growth in programs and the number of patients supported, a key 
aspect of ECMO therapy is the ethical component of a highly invasive, resource-
intensive, and complex intervention. Because ECMO is still associated with less 
than ideal outcomes, relatively high complication rates (including neurologic com-
plications), and high resource intensivity (not to mention expensive, depending 
on the reimbursement circumstances which can vary dramatically), a fundamental 
question remains regarding not on whether we can offer and continue support, but 

Figure 1. 
ECMO “team”. Adopted from reference intro chapter in Volume 1 [1].
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within an ethical and moral framework should we offer support. The chapter by Dr. 
Aultman on the ethics of ECMO therapy explores many of the difficult decisions 
and circumstances that providers often face when considering offering or continu-
ing therapy in patients who would most likely immediately die if support is neither 
offered nor continued.

2. Conclusions

Experiences in the selection and management of patients with acute cardiac and 
respiratory failure who are treated with ECMO continue to grow. Recent trials con-
tinue to help demonstrate the effectiveness and role of ECMO as outcomes continue 
to slowly improve [10, 11]. Even though many patients treated with ECMO still die 
even in the best of circumstances, it remains important for everyone to continue 
to search for opportunities for improvement. Good outcomes must be embraced 
and shared with the entire team, as they can provide hope while also inspiring and 
motivating a team—even when there are concerns of futility (Figure 2). The goal of 
this volume is to offer further insights, experiences, and discussions of the current 
state of the art regarding many topics that challenge those who believed in the 
tremendous potential benefits of ECMO [12].

Figure 2. 
BH (center in wheelchair) with his parents after qualifying for the finals in the single-scull, arms and shoulder 
only, rowing competition in the 2016 Paralympics in Rio de Janeiro. BH, a five-time US national champion in 
the event, represented the USA in Rio as a member of the Olympic team. In 2016, he was selected US rowing 
“rower of the year.” several years prior, BH lost both legs to complications of a necrotizing soft tissue infection 
and required cardiopulmonary support with venoarterial ECMO due to overwhelming septic shock. Picture 
used by permission by all represented [11, 12] and adopted from volume 2 [13].
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Chapter 2

Nursing Implications in the ECMO 
Patient
Alex Botsch, Elizabeth Protain, Amanda R. Smith  
and Ryan Szilagyi

Abstract

Effective care and positive outcomes of the extracorporeal membrane oxygen-
ation (ECMO) patient necessitate optimal interdisciplinary management from the 
healthcare team, including expert care from specially trained registered nurses 
(RNs). It is incumbent upon the RN caring for the ECMO patient to excel in both 
time management and assessment skills, as this population often demands care 
delivery at the pinnacle of intensive care unit (ICU) acuity. Astute and nuanced 
monitoring of neurological status, bleeding risk with potential (often massive) 
transfusions, poor hemodynamics, and integrity of the ECMO pump itself are only 
the few specialized areas of focus that must share priority with traditional nursing 
considerations involving the critically ill, such as prevention of pressure injuries and 
bloodstream infections. These high-intensity medical foci must be balanced with 
ethical considerations, as the ultimate goal of returning the patient to their normal 
life is not always possible. These demands highlight the dynamic proficiency of the 
RN caring for the ECMO patient. The following chapter will highlight the impor-
tance of specialized nursing care in the critically ill patient supported with ECMO.

Keywords: ECMO patient necessitates, interdisciplinary management,  
importance of specialized nursing care

1. Introduction

The patient requiring extracorporeal membrane oxygenation (ECMO) for any 
etiology is almost always managed in the intensive care unit (ICU) and requires care 
around the clock, which is delivered by a collaboration of physicians, nurses (RNs), 
respiratory therapists, perfusionists, and many others. Close collaboration between 
care providers is crucial, particularly between the RN managing hemodynamic 
medication infusions and the ECMO specialist managing the pump. RNs provide 
extensive, holistic care for ICU patients and their families, much of it geared 
toward traditional, clinical care with the additional implications of ECMO therapy, 
which requires additional specialized training. Acuity, unpredictability, and heavy 
resource requirements of the ECMO patient, especially when initiating therapy, can 
necessitate unusual and innovative staffing models, which rely on flexibility and 
often extra hours and shifts to accommodate individual patient and unit needs.

RNs are essential to the delivery of optimal healthcare and play an integral role 
in the care of patients admitted to the ICU, so it is important that, when staffed well, 
RNs reduce the risk of inhospital mortality anywhere from 14 to 36% [10, 29].  
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A recent expert consensus suggests RN-to-ECMO patient ratios should be at least 
1:1 or 1:2 to deliver safe and quality patient care [33]. A recent survey found that 
RNs were allocated 1:1 in nearly 60% of ECMO centers internationally when also 
monitoring and intervening on the ECMO circuit [9]. This chapter will further 
discuss the nursing implications involved in the care of the ECMO patient, the RN’s 
role in prevention of associated complications, and the importance of the holistic 
approach required at the bedside.

2. Nursing implications for cannula site management

Nursing care should include monitoring of the ECMO circuit as nurses and 
associated staff, such as respiratory therapists and perfusionists, are at the bedside 
with the patient continually. ECMO cannulae require the same, if not more, atten-
tion that any peripheral or central venous catheter would, including assessment for 
erythema, purulence, adequacy of securement, and dressing integrity. It is signifi-
cantly important to monitor for fixation of the ECMO cannulae. Initial placement 
of ECMO cannulae is usually confirmed by echocardiography and the position 
reaffirmed by radiographs [19]. Thus, ensuring the securement and stability of the 
cannulae by routine and repeated physical assessment is integral, as misplaced can-
nulae, loose sutures, or distant lashing straps can lead to specific complications such 
as inadequate flows or cannula dislodgment [28]. Ideal placement of lashing straps 
and appropriate securement of cannulae can be seen in Figure 1.

It is particularly important for the nurse and other bedside clinicians to be mind-
ful of the integrity of the pump, as mispositioning of cannulae or hypovolemia can 
result in end-organ injury [11]. Suction events involve disruption of flow secondary 
to venous collapse onto the drainage cannula and can result in thrombus formation 
[11]. The occurrence of thrombi in the pump or oxygenator can be recognized by a 
visible thrombus, an increasing pressure decrease across the oxygenator, or a low 
post-oxygenator pCO2 [11].

Figure 1. 
Appropriate lashing strap distance demonstrating safe securement and appropriate tension on the ECMO 
cannulae.
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There are additional considerations that the nurse caring for the ECMO patient 
will need to exercise specific to the therapy. Disruption of innate circulatory flow 
secondary to ECMO can result in limb ischemia. Thus, it is important to monitor 
limbs, especially those distal from cannulation sites. Clinical judgment, pulse palpa-
tion, and Doppler sonography of limb vessels are effective tools for this purpose 
[28]. Another modern tool for monitoring tissue oxygenation in lower extremities 
in ECMO patients is near-infrared spectroscopy [28]. The nurse may also note that 
clinicians will often place distal perfusion catheters to help prevent or treat distal 
limb ischemia, as demonstrated in Figure 2 [28]. Harlequin syndrome can present 
in patients with venoarterial (VA) cannulation, where the heart has recovered but 
the lungs are still poorly functioning. The hallmark assessment finding for this is 
upper extremity cyanosis [28].

Vessel perforation may take place on insertion; but, symptoms may not pres-
ent immediately [28]. The most serious complication is a large retroperitoneal 
hematoma; but, considerable local bleeding at the insertion site is also possible, and 
site assessment, as well as assessment of the abdomen, flanks, and inguinal areas 
for ecchymosis, hypotension, and acutely worsening anemia, is necessary [28]. 
Additional assessment findings may include bulging or swelling at the insertion 
site, most consistent with pseudoaneurysm. Mild insertional hematomas may be 
mitigated and controlled by application of manual pressure, with subsequent moni-
toring of flows and distal pulses, both of which are imperative for clinical safety.

Infection is an associated risk of ECMO therapy as well and linked to greater like-
lihood of mortality. In one study, patients on ECMO experienced an overall mortal-
ity of 68.3:75.6% in patients with infections and 67.1% in patients without infections 
[30]. The use of steroids in acute respiratory distress syndrome (ARDS) or adrenal 
insufficiency, body temperature control, and multiple blood transfusions after 
cardiac operations for coagulopathy during ECMO can interfere with the presenta-
tion of infection in patients undergoing ECMO [30]. Thus, routine inspection and 
care of all invasive lines, including ECMO catheters, become integral. Implementing 
standard decolonization practices set forth by the nurse’s institution is appropriate 
for ECMO catheters, such as antimicrobial scrubs and occlusive dressings.

Figure 2. 
Left femoral artery perfusion catheter in place providing flow from the arterial ECMO cannula to the left 
lower extremity.
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Figure 1. 
Appropriate lashing strap distance demonstrating safe securement and appropriate tension on the ECMO 
cannulae.
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There are additional considerations that the nurse caring for the ECMO patient 
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[30]. The use of steroids in acute respiratory distress syndrome (ARDS) or adrenal 
insufficiency, body temperature control, and multiple blood transfusions after 
cardiac operations for coagulopathy during ECMO can interfere with the presenta-
tion of infection in patients undergoing ECMO [30]. Thus, routine inspection and 
care of all invasive lines, including ECMO catheters, become integral. Implementing 
standard decolonization practices set forth by the nurse’s institution is appropriate 
for ECMO catheters, such as antimicrobial scrubs and occlusive dressings.

Figure 2. 
Left femoral artery perfusion catheter in place providing flow from the arterial ECMO cannula to the left 
lower extremity.
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3. Skin integrity implications in ECMO patients

Hospital-acquired pressure ulcers (HAPUs) are seen often in the intensive care 
setting and continue to be a significant financial burden within the healthcare 
system. The costs range anywhere from $500 to $70,000 per pressure ulcer and can 
cause length of stay (LOS) to increase by as much as 11 days [26]. While incidence 
of pressure ulcer development ranges per hospital and patient population, in a data-
base of 710,626 patients, an estimated 3.6% of all patients within the adult critical 
care and step-down units developed a HAPU [31]. In the acute care setting, a range 
from 0.4 to 12% has been found [31]. Within the cardiac surgery patients which 
comprise a portion of patients on ECMO, pressure ulcer incidence as high as 29.5% 
occurs [26]. The consequences of these pressure ulcers often include infection lead-
ing to sepsis, increased pain, further disability, and sometimes death [26]. Although 
general risk factors such as age, immobility, poor nutritional status, altered sensory 
perception, moisture, diabetes mellitus, vascular disease, and other comorbidities 
have been identified, patients receiving ECMO support are also at an increased 
risk for pressure ulcer development due to multiple factors unique to this popula-
tion [7, 26]. If patients do undergo cardiothoracic surgery, factors that increase the 
likelihood of a HAPU include cardiopulmonary bypass time, vasopressor therapy, 
and body temperature while in the operating room [26]. While on ECMO support, 
hemodynamic instability related to turning can inhibit appropriate prevention 
measures, leading to higher incidence of skin breakdown. Nurses can experience 
apprehension related to routine turning due to the potential of accidental decannu-
lation or risk of worsening hemodynamic instability. High doses of multiple vaso-
pressors that are utilized in patients newly placed on ECMO can lead to decreased 
peripheral perfusion and have also been shown to increase risk of HAPU. These 
risk factors make it essential to establish a dedicated skin care regimen for patients 
receiving ECMO support to prevent HAPU.

Skin care goals for patients receiving ECMO support should largely be similar 
to any patient that is in the intensive care setting. “At-risk” patients are identified 
by using a standardized risk screening tool such as the Braden Scale score and 
treated with stratified skin care interventions implemented based on severity of 
risk. Patients with a Braden Scale score of 14 or less (moderate to high risk) receive 
maximum interventions [31]. Patients need to be turned and repositioned every 
2 h as tolerated. Turns should be scheduled and require a multidisciplinary team to 
ensure patient safety (perfusionist or respiratory therapist to hold ECMO cannulas, 
nurse for lines, etc.). For patients who do not tolerate a full turn, such as those who 
are hemodynamically unstable on ECMO, specialty beds have been shown to be 
very effective in reducing HAPU [20]. These rotation and pressure redistribution 
beds can be set to rotate every 30 min to different ranges as patients tolerate. Even 
subtle and small frequent position changes have been shown to reduce HAPUs [7]. 
Many facilities also use fluidized repositioning devices to offload pressure [31]. 
Silicone gel adhesive dressings should be utilized when possible and can be applied 
on the sacrum, elbows, and heels. Specialized heel-protective boots can also be used 
if available. Nutritional status also has a significant impact on the body’s ability 
to repair wounds. This makes dietitians an essential part of the treatment team to 
ensure these patients receive adequate nutrition in order to prevent skin breakdown 
and promote healing.

There are multiple factors all contributing to this patient population’s increased 
risk of HAPU. Staff education, awareness, and motivation are essential in delivering 
the proper skin care measures in ECMO patients. When possible, a multidisci-
plinary skin care team can address each of the challenges present in this population 
to ensure that adequate prevention measures are being implemented.
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4. Early mobility in ECMO

Early physical rehabilitation and mobility implemented in patients receiving 
ECMO support have been shown to significantly improve patient outcomes, includ-
ing decreased LOS in the ICU and hospital, decreased rate of delirium, shorter 
durations of mechanical ventilation, decreased time to ambulation, increased 
function, and increased likelihood of returning home to family versus a rehabilita-
tion facility [1, 36]. In spite of the obvious importance of early mobility in ECMO 
patients, there are limitations to this, particularly hemodynamic instability. The 
first 24–48 h after the initiation of ECMO are typically the most critical and often 
do not allow for aggressive physical therapy regardless of the type of ECMO. Most 
patients during this time are requiring the maximum amount of ventilatory and 
circulatory support. Eligibility for physical therapy is based upon hemodynamic 
stability and degree of mechanical and pharmacological support and is specific to 
each patient case.

Historically, a dual-lumen ECMO catheter would occupy one vessel, usually the 
internal jugular vein, and provide veno-venous (VV)-ECMO through one cannula-
tion site, allowing bridge-to-transplant patients to participate in early mobility more 
easily. This was optimal for ambulation because both lower extremities were free 
and the patients were seen as less high risk for accidental decannulation. However, 
recently there has been a significant push to mobilize all types of ECMO patients 
whether they are bridge-to-transplant patients or bridge-to-recovery patients, 
despite the location and type of cannulation. Whatever the level of physical therapy 
the patient can tolerate, whether this is passive range of motion or ambulation in 
the hallway has been shown to improve patient outcomes [1]. Typically, VV-ECMO 
patients are more stable than VA-ECMO patients, and thus bedside nurses are more 
comfortable with early mobility in these patients. Patients on VA-ECMO with bi-
femoral cannulation are some of the most difficult to ambulate. Fear of accidental 
decannulation, risk of hemodynamic instability, and lack of training in the physical 
rehabilitation of these patients have all been barriers to early mobilization. However, 
the study at the University of Maryland demonstrates that physical mobility is safely 
possible regardless of the type of ECMO or cannulation site [36].

Many institutions who have an established ECMO program have developed a 
dedicated multidisciplinary team highly trained in the initiation of physical therapy 
for ECMO patients [36]. These teams typically include a physical therapist, one to 
two critical care nurses, a perfusionist or respiratory therapist, and a critical care 
attending physician. When assessing for eligibility, it is helpful to have a standard-
ized screening tool [36]. The University of Maryland developed a protocol for the 
initiation of ECMO physical therapy [36]. The initial screening was composed of 
two parts: a medical screening and a physical therapy assessment [36]. The medical 
screening criteria included hemodynamic stability specific for each patient, coagu-
lopathy: no bleeding at the cannulation site, stable ECMO flows with RN activities, 
a RASS goal of −1 to 0 with a range (−2 to +2), and stability of cannulation position 
[36]. The physical therapy assessment included vital signs, assessment of mental 
status, ECMO flow remaining stable (hip flexion with femoral cannulated lower 
extremities), and documented ECMO cannulation position [36]. If both of these 
screens were passed, then the patient met the criteria for further rehabilitation as 
tolerated [36]. The common physical therapy progression included bed activities/
bed mobility such as passive range of motion and resistive training [36]. If that 
was well tolerated, then patients progressed to the edge of bed activities including 
balance training and pre-transfer activities [36]. Following this were sit-to-stand 
transfers, standing and pre-gait activities, and lastly ambulation [36]. Stabilization 
devices to secure the ECMO cannulas are recommended before physical therapy is 



Advances in Extracorporeal Membrane Oxygenation - Volume 3

16

3. Skin integrity implications in ECMO patients

Hospital-acquired pressure ulcers (HAPUs) are seen often in the intensive care 
setting and continue to be a significant financial burden within the healthcare 
system. The costs range anywhere from $500 to $70,000 per pressure ulcer and can 
cause length of stay (LOS) to increase by as much as 11 days [26]. While incidence 
of pressure ulcer development ranges per hospital and patient population, in a data-
base of 710,626 patients, an estimated 3.6% of all patients within the adult critical 
care and step-down units developed a HAPU [31]. In the acute care setting, a range 
from 0.4 to 12% has been found [31]. Within the cardiac surgery patients which 
comprise a portion of patients on ECMO, pressure ulcer incidence as high as 29.5% 
occurs [26]. The consequences of these pressure ulcers often include infection lead-
ing to sepsis, increased pain, further disability, and sometimes death [26]. Although 
general risk factors such as age, immobility, poor nutritional status, altered sensory 
perception, moisture, diabetes mellitus, vascular disease, and other comorbidities 
have been identified, patients receiving ECMO support are also at an increased 
risk for pressure ulcer development due to multiple factors unique to this popula-
tion [7, 26]. If patients do undergo cardiothoracic surgery, factors that increase the 
likelihood of a HAPU include cardiopulmonary bypass time, vasopressor therapy, 
and body temperature while in the operating room [26]. While on ECMO support, 
hemodynamic instability related to turning can inhibit appropriate prevention 
measures, leading to higher incidence of skin breakdown. Nurses can experience 
apprehension related to routine turning due to the potential of accidental decannu-
lation or risk of worsening hemodynamic instability. High doses of multiple vaso-
pressors that are utilized in patients newly placed on ECMO can lead to decreased 
peripheral perfusion and have also been shown to increase risk of HAPU. These 
risk factors make it essential to establish a dedicated skin care regimen for patients 
receiving ECMO support to prevent HAPU.

Skin care goals for patients receiving ECMO support should largely be similar 
to any patient that is in the intensive care setting. “At-risk” patients are identified 
by using a standardized risk screening tool such as the Braden Scale score and 
treated with stratified skin care interventions implemented based on severity of 
risk. Patients with a Braden Scale score of 14 or less (moderate to high risk) receive 
maximum interventions [31]. Patients need to be turned and repositioned every 
2 h as tolerated. Turns should be scheduled and require a multidisciplinary team to 
ensure patient safety (perfusionist or respiratory therapist to hold ECMO cannulas, 
nurse for lines, etc.). For patients who do not tolerate a full turn, such as those who 
are hemodynamically unstable on ECMO, specialty beds have been shown to be 
very effective in reducing HAPU [20]. These rotation and pressure redistribution 
beds can be set to rotate every 30 min to different ranges as patients tolerate. Even 
subtle and small frequent position changes have been shown to reduce HAPUs [7]. 
Many facilities also use fluidized repositioning devices to offload pressure [31]. 
Silicone gel adhesive dressings should be utilized when possible and can be applied 
on the sacrum, elbows, and heels. Specialized heel-protective boots can also be used 
if available. Nutritional status also has a significant impact on the body’s ability 
to repair wounds. This makes dietitians an essential part of the treatment team to 
ensure these patients receive adequate nutrition in order to prevent skin breakdown 
and promote healing.

There are multiple factors all contributing to this patient population’s increased 
risk of HAPU. Staff education, awareness, and motivation are essential in delivering 
the proper skin care measures in ECMO patients. When possible, a multidisci-
plinary skin care team can address each of the challenges present in this population 
to ensure that adequate prevention measures are being implemented.

17

Nursing Implications in the ECMO Patient
DOI: http://dx.doi.org/10.5772/intechopen.85982

4. Early mobility in ECMO

Early physical rehabilitation and mobility implemented in patients receiving 
ECMO support have been shown to significantly improve patient outcomes, includ-
ing decreased LOS in the ICU and hospital, decreased rate of delirium, shorter 
durations of mechanical ventilation, decreased time to ambulation, increased 
function, and increased likelihood of returning home to family versus a rehabilita-
tion facility [1, 36]. In spite of the obvious importance of early mobility in ECMO 
patients, there are limitations to this, particularly hemodynamic instability. The 
first 24–48 h after the initiation of ECMO are typically the most critical and often 
do not allow for aggressive physical therapy regardless of the type of ECMO. Most 
patients during this time are requiring the maximum amount of ventilatory and 
circulatory support. Eligibility for physical therapy is based upon hemodynamic 
stability and degree of mechanical and pharmacological support and is specific to 
each patient case.

Historically, a dual-lumen ECMO catheter would occupy one vessel, usually the 
internal jugular vein, and provide veno-venous (VV)-ECMO through one cannula-
tion site, allowing bridge-to-transplant patients to participate in early mobility more 
easily. This was optimal for ambulation because both lower extremities were free 
and the patients were seen as less high risk for accidental decannulation. However, 
recently there has been a significant push to mobilize all types of ECMO patients 
whether they are bridge-to-transplant patients or bridge-to-recovery patients, 
despite the location and type of cannulation. Whatever the level of physical therapy 
the patient can tolerate, whether this is passive range of motion or ambulation in 
the hallway has been shown to improve patient outcomes [1]. Typically, VV-ECMO 
patients are more stable than VA-ECMO patients, and thus bedside nurses are more 
comfortable with early mobility in these patients. Patients on VA-ECMO with bi-
femoral cannulation are some of the most difficult to ambulate. Fear of accidental 
decannulation, risk of hemodynamic instability, and lack of training in the physical 
rehabilitation of these patients have all been barriers to early mobilization. However, 
the study at the University of Maryland demonstrates that physical mobility is safely 
possible regardless of the type of ECMO or cannulation site [36].

Many institutions who have an established ECMO program have developed a 
dedicated multidisciplinary team highly trained in the initiation of physical therapy 
for ECMO patients [36]. These teams typically include a physical therapist, one to 
two critical care nurses, a perfusionist or respiratory therapist, and a critical care 
attending physician. When assessing for eligibility, it is helpful to have a standard-
ized screening tool [36]. The University of Maryland developed a protocol for the 
initiation of ECMO physical therapy [36]. The initial screening was composed of 
two parts: a medical screening and a physical therapy assessment [36]. The medical 
screening criteria included hemodynamic stability specific for each patient, coagu-
lopathy: no bleeding at the cannulation site, stable ECMO flows with RN activities, 
a RASS goal of −1 to 0 with a range (−2 to +2), and stability of cannulation position 
[36]. The physical therapy assessment included vital signs, assessment of mental 
status, ECMO flow remaining stable (hip flexion with femoral cannulated lower 
extremities), and documented ECMO cannulation position [36]. If both of these 
screens were passed, then the patient met the criteria for further rehabilitation as 
tolerated [36]. The common physical therapy progression included bed activities/
bed mobility such as passive range of motion and resistive training [36]. If that 
was well tolerated, then patients progressed to the edge of bed activities including 
balance training and pre-transfer activities [36]. Following this were sit-to-stand 
transfers, standing and pre-gait activities, and lastly ambulation [36]. Stabilization 
devices to secure the ECMO cannulas are recommended before physical therapy is 



Advances in Extracorporeal Membrane Oxygenation - Volume 3

18

initiated [1]. Adjustments on the sweep gas flow rates and increased oxygenation 
settings can be used during physical therapy based on clinician assessment [1].

In the aforementioned study, 167 of the 254 patients supported on ECMO 
received physical therapy [36]. One hundred and thirty-four of those patients 
had at least one femoral cannula, while 66 patients had two, 44 of which were on 
VA-ECMO and 39 of whom were on VA-ECMO with bi-femoral cannulas. Only five 
patients had a dual-lumen catheter. Only three minor events were recorded during 
physical therapy: one episode of hypotension and two episodes of arrhythmias. Of 
the patients who received physical therapy, 109 patients survived hospital dis-
charge, and 26 of those patients were discharged home. The patients who received 
physical therapy while on ECMO scored higher on their ICU mobility scale (IMS) 
than the ones who only received physical therapy after decannulation [36]. It is 
important to note that this was only possible due to a dedicated team of individuals 
specifically trained for the initiation and completion of physical therapy and mobil-
ity in ECMO patients and that the resources necessary to develop this type of team 
may not exist at all institutions who utilize ECMO support [36].

The Society of Critical Care Medicine developed the ABCDEF (Assess, prevent, 
and manage pain; Both spontaneous awakening and breathing trials; Choice of anal-
gesia and Sedation; Delirium assess, prevent, and manage; Early mobility and exer-
cise; Family engagement/empowerment) bundle as an ICU Liberation Collaborative 
[25]. A recent study measured the success of this bundle on over 15,000 patients 
spread across 68 academic, community and federal intensive care units. Patients 
who received more of the ABCDEF bundle each day showed lower delirium rates, 
less use of physical restraints, decreased length of mechanical ventilation, avoidance 
of ICU readmission, increased instances of being discharged to home, and ulti-
mately decreased mortality rates [25]. The significance of this bundle is that it can 
be applied to every ICU patient regardless of their diagnosis, including the ECMO 
patient population. Implementing the ABCDEF bundle on ECMO patients poten-
tially increases the likelihood of returning to their baseline function sooner.

5.  Nursing implications for detection and prevention of systemic 
complications related to ECMO

The use of ECMO is accompanied by a myriad of potential complications 
across multiple body systems that are considered calculated risks upon initiation 
of therapy; however, without it, mortality may increase in conditions like severe 
acute heart failure [32]. A recent, international, randomized controlled trial (RCT) 
also suggests a potential mortality benefit with the use of ECMO in severe acute 
respiratory distress syndrome (ARDS); however, it was found to not be statisti-
cally significant [8]. There is abundant literature surrounding the complications of 
ECMO; but, despite these risks, survival to hospital discharge is greater than 50% 
[4, 12]. In one recent meta-analysis, the most frequently reported complications 
associated with ECMO include acute kidney injury (AKI), bleeding, and infection 
[6]. Specialized RNs have knowledge and understanding of potential complications 
related to ECMO therapy and can assist with early detection through critical think-
ing, performing frequent assessments, and reporting them through an open dialog 
with the team of providers involved.

5.1 Renal and other intraabdominal complications

The incidence of acute kidney injury (AKI) has been reported as high as 80% of 
ECMO patients and is associated with a quadrupled mortality risk [13, 34]. Severe fluid 
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overload is one of the major reasons that renal replacement therapy (RRT) is initiated 
in this population and is often performed through the ECMO circuit but can also be 
performed after the pump, which could lower the risk of air embolism not trapped by 
the oxygenator [34]. Fluid overload is independently associated with increased mortal-
ity, prolonged LOS, prolonged ventilator time, and prolonged ECMO time [13, 34].

This consideration can lead providers to assume earlier RRT for therapeutic fluid 
removal would reduce these comorbidities; however, there is little data to suggest 
the efficacy of this. In fact, studies suggest increased mortality in ECMO patients 
who require RRT during their time on pump [16, 37]. Of ECMO patients who suffer 
AKI, an estimated 46% of survivors require RRT after ECMO is completed [6]. The 
bedside RN can assist in early identification of AKI by monitoring urine output; 
measuring strict fluid intake and output; assessing serial serum chemistry values, 
particularly serum creatinine and trends of electrolyte dyscrasias; and identifying 
physical exam findings consistent with fluid overload.

Abdominal compartment syndrome (ACS) is a known complication of ECMO 
[3]. This can be caused by massive fluid overload, which can be necessary to 
keep ECMO flows appropriate (read aforementioned suction events) [3]. This 
significantly positive fluid balance is associated with generalized edema, pleural 
effusions, and ascites, all of which are known to be causes of ACS. ACS can also 
compress femoral cannulas, thus diminishing the effectiveness of the ECMO 
therapy [28]. Clinical assessments significant for the monitoring of abdominal com-
partment syndrome include physical monitoring of abdomen for tension, distention 
(diameter), discoloration, and, if the technology is readily available, measurement 
of intraabdominal pressure.

5.2 Hematological complications

Bleeding is the most frequent complication associated with ECMO and affects 
approximately 30% of the patients receiving the therapy [2]. Bleeding may occur 
secondary to primary injury such as trauma and surgery or as a result of ECMO 
itself. Disruption of the red blood cell membrane leads to hemolysis, which is a 
common complication of patients on ECMO [11]. SIRS and contact between the 
patient’s blood and the ECMO circuit lead to activation of the coagulation cascade, 
affecting fibrinolysis, thrombin formation, and platelet function [2].

Large amounts of bleeding will cause losses and consumption of coagulation 
factors and platelets, leading providers to believe that a heparin overdose may be 
occurring, thus decreasing the heparin, leading to acute thrombosis of the ECMO 
circuit or in other places where blood flow may be stagnant [22]. Thrombosis is 
mainly associated with VA-ECMO and can occur in the atria, ventricles, upper and 
lower extremity deep vein thrombosis (DVT), pulmonary vasculature, brain, or the 
ECMO circuit [22]. Unfractionated heparin (UFH) is well known, easily monitored, 
and easily reversible, allowing its frequent use managing hypercoagulability in the 
ECMO patient. Institutional guidelines vary; but, systemic anticoagulation with 
UFH infusion to target aPTT between 50 and 70, with some variations [2]. Despite 
ease of use, UFH can be associated with complications such as heparin-induced 
thrombocytopenia (HIT), further contributing to bleeding [22]. Alternatives such 
as warfarin, lepirudin, or argatroban may also be used in lieu of UFH for anticoagu-
lation in the event of HIT [2]. The ECMO patient provides a unique challenge for 
providers, who must balance hypercoagulability with coagulopathy with careful but 
aggressive, administration of blood product transfusions and anticoagulants.

It is clear that there is a litany of reasons the patient on ECMO may experience 
bleeding and bleeding often results in the need for transfusion. Adult patients on 
ECMO may require 2–3 units of packed red blood cells (PRBCs) and up to 14 units 
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ECMO circuit [22]. Unfractionated heparin (UFH) is well known, easily monitored, 
and easily reversible, allowing its frequent use managing hypercoagulability in the 
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UFH infusion to target aPTT between 50 and 70, with some variations [2]. Despite 
ease of use, UFH can be associated with complications such as heparin-induced 
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lation in the event of HIT [2]. The ECMO patient provides a unique challenge for 
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bleeding and bleeding often results in the need for transfusion. Adult patients on 
ECMO may require 2–3 units of packed red blood cells (PRBCs) and up to 14 units 



Advances in Extracorporeal Membrane Oxygenation - Volume 3

20

of plasma or cryoprecipitate daily [11]. Additionally, platelet counts of 45,000–
60,000 count/μL are associated with mild to moderate bleeding [11]. Demands on 
bedside clinicians can be burdensome, as transfusion requirements have been reported 
to average 45 units of packed red blood cells transfused per adult ECMO patient [11].

Large transfusion volumes are independently associated with increased mortal-
ity [11]; despite this, anticoagulation remains the standard practice in patients 
undergoing ECMO due to thrombotic complications [2]. With the significant risk 
for bleeding and the subsequent need for anticoagulation, nursing can expect 
regular and repeated blood draws, transfusions, and anticoagulant titration to be a 
part of their daily practice in the care of the ECMO patient.

5.3 Infectious complications

A prospective, 1-day study identified approximately 50% of adult patients in 
over 1200 ICUs internationally whom were thought to have some form of infection, 
increasing ICU, and hospital mortality rates by over double that of patients without 
infection [35]. The literature suggests that from anywhere 13–26% of reported 
nosocomial infection rate in adults receiving ECMO (particularly VA-ECMO) is 
significantly associated with infection before initiation of ECMO, prolonged LOS, 
ECMO duration (particularly >10 days), and prolonged ventilator days [5, 14, 15, 30].  
In the ICU patient, respiratory infections are most common; however, with the 
addition of ECMO, blood stream infections become most prominent [17, 35]. Other 
reported nosocomial events in ECMO patients include respiratory, urinary, and 
surgical site infections [17].

Care provided by the specialized RN remains inherently important in the preven-
tion of infection, particularly when caring for lines and their cannulation sites with 
thorough hand, cannulation site, and patient hygiene and the application of imper-
meable site dressings. Protocols preventing ventilator-acquired pneumonia (VAP) 
are common practice and include interventions like hand hygiene, meticulous oral 
care with chlorhexidine gluconate solution, endotracheal tube cuff pressure control, 
and control of sedation [27]. Further management of routine line and cannulation 
site management are further discussed earlier in this chapter under Section 2.

5.4 Cardiopulmonary complications

Cardiopulmonary complications are often resultant of high left ventricular (LV) 
afterload, especially on prolonged ECMO (particularly VA-ECMO), which can lead 
to pulmonary edema [21]. Other cardiac sequelae include aortic valve regurgitation, 
biventricular failure, and LV thrombus which have been treated with a variety of 
modalities including intra-aortic balloon pump (IABP) and other percutaneous 
and surgical procedures to shunt elevated LV pressures [24]. Additional lung 
complications significantly associated with ECMO include pulmonary hemorrhage, 
hemorrhagic pulmonary infarct, pulmonary calcifications, and fibrinous pleuritis 
[18]. The bedside RN can assist with early detection of these complications by close 
assessment of vasopressor and inotrope requirements, endotracheal secretions, 
monitoring the ventilator for peak and plateau pressures, and ensuring daily chest 
radiographs and frequent echocardiograms which are ordered to monitor progres-
sion of cardiopulmonary disease.

5.5 Neurological complications

A study reviewing nearly 24,000 patients on ECMO revealed 10.9% of incidence 
of nearly equal prevalence of seizure, stroke, or intracranial hemorrhage (ICH) [23]. 

21

Nursing Implications in the ECMO Patient
DOI: http://dx.doi.org/10.5772/intechopen.85982

These patients who suffered ICH while on ECMO had increased mortality, while 
strokes and ICH alike both demonstrated increased LOS and increased likelihood 
of requiring placement in a skilled nursing facility (SNF) or long-term acute care 
hospital (LTACH) upon discharge [23]. Other sources suggest up to 50% of patients 
on ECMO demonstrate severe neurological sequelae [19]. Intracranial hemorrhage 
has been identified in as high as 40% of non-survivors of ECMO, and thrombotic 
events have been identified in approximately 15% of ECMO courses [2].

The clinical suspicion for stroke may be obscured in ECMO patients given the 
multitude of other systemic or metabolic derangements usually encountered in ICU 
patients [19]. The bedside RN becomes integral to monitoring subtle neurologic 
indicators such as pupilometer and bi-spectral index, which can read zero in the 
event of catastrophic neurologic injury.

6. Nursing implications in ethics and ECMO withdrawal

With the advent of advancing ECMO technology comes an expanded library for 
indications of use. VA and VV support are commonly being utilized for bridge-to-
transplant and respiratory or cardiac failure. Additionally, ECMO therapy is being 
utilized as bridge to support the body through a medical emergency in the form 
of extracorporeal cardiopulmonary resuscitation (ECPR). With the introduction 
of high-tech innovation, critical care nursing frequently encounters stressors due 
to resource scarcity, increased workloads, and moral distress related to carrying 
out aggressive life-sustaining treatments that may conflict with the patient’s best 
interests or maybe even personal preferences.

ECMO is a costly, resource-intensive therapy requiring commitment from the 
patient, family, and multiple disciplines. The impact of caring for an ECMO patient 
puts a mental and physical strain, not only on the patient and family but the entire 
medical team involved in the patient’s care. Providing the intense, complex nursing 
care impacts not only the nursing staff or ECMO provider but the entire nursing 
unit caring for the patient. Institutions employing the use of ECMO in treating 
complex, critically ill patients as one of their only means of survival must have a 
process that addresses the moral and ethical dilemmas that arise from caring for 
the critically ill. Common questions are “Who receives ECMO treatment?”, “When 
should support cease?”, and “What is the goal of therapy, quantity or quality of life?”

Allocation of nursing resources has become undoubtedly one of the most chal-
lenging aspects in caring for patients and families. Nursing staff ratios, complexity 
of patients, and the mental and physical impact on the bedside nurse become 
compounded when one critically ill patient draws a majority of a unit’s resources. 
ECMO patients can begin their treatment with significantly unstable hemodynamic 
parameters requiring multiple blood transfusions, circulatory support with several 
vasoactive medications, and frequent lab draws pulling a majority of the nursing 
unit’s resources for the care of one patient. This places an enormous burden on the 
nursing staff to be creative and flexible with patient care assignments. RN:patient 
ratios may be less than desirable, ultimately impacting the care provided to other 
patients on the unit as well. Everyone, from the unit manger to housekeeping, plays 
a hands-on role in supporting the entire unit as well as the ECMO care team.

How do we reduce some of the ethical or moral dilemmas nurses experience car-
ing for complex, critically ill patients? Communication is the key in healthcare. An 
integral part of communication is developing and maintaining a team not isolated to 
healthcare workers but also including the patient and family. Early involvement of 
the palliative care team and social work is crucial to providing consistent support to 
the patient and family. Interdisciplinary daily rounds including the bedside nurse, 
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care impacts not only the nursing staff or ECMO provider but the entire nursing 
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complex, critically ill patients as one of their only means of survival must have a 
process that addresses the moral and ethical dilemmas that arise from caring for 
the critically ill. Common questions are “Who receives ECMO treatment?”, “When 
should support cease?”, and “What is the goal of therapy, quantity or quality of life?”

Allocation of nursing resources has become undoubtedly one of the most chal-
lenging aspects in caring for patients and families. Nursing staff ratios, complexity 
of patients, and the mental and physical impact on the bedside nurse become 
compounded when one critically ill patient draws a majority of a unit’s resources. 
ECMO patients can begin their treatment with significantly unstable hemodynamic 
parameters requiring multiple blood transfusions, circulatory support with several 
vasoactive medications, and frequent lab draws pulling a majority of the nursing 
unit’s resources for the care of one patient. This places an enormous burden on the 
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ratios may be less than desirable, ultimately impacting the care provided to other 
patients on the unit as well. Everyone, from the unit manger to housekeeping, plays 
a hands-on role in supporting the entire unit as well as the ECMO care team.

How do we reduce some of the ethical or moral dilemmas nurses experience car-
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integral part of communication is developing and maintaining a team not isolated to 
healthcare workers but also including the patient and family. Early involvement of 
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family members, palliative care team, and social work are integral to find com-
monalities for all regarding goals of care. If conflict arises about treatment benefits 
or burden and the patient’s best interest is no longer being served, support from the 
ethics committee can be beneficial to the family and healthcare team. These are just 
the foundation. In critical care nursing, it is important that the nursing staff ’s voice 
be heard. It is vital to recognize the nursing assessment of not just the patient but 
the situation and to be included in the decision-making that nurses are ultimately 
responsible for performing.

6.1 Withdrawal of ECMO therapy

Unfortunately, despite a team’s best efforts, an ECMO patient may continue 
to decline, with multiple organ systems failing or a devastating systemic event. In 
such cases, withdrawing care may be imminent, and the question must be asked of 
the patient and family should be “is the patient’s preference quantity or quality of 
life?” Can the patient make their wishes known? In the case of bridge-to-transplant, 
patients may be able to make their wishes known to their families and healthcare 
team. For the critically ill patient who is dependent on their family or the healthcare 
team for their medical decisions, is this truly representative of what the patient’s 
wishes would be? Does conflict arise between the healthcare team and family 
regarding withdrawal of care? These questions are applicable in any situation 
involving ECMO; however, they cannot be answered algorithmically or methodi-
cally, as they need to be answered uniquely to each situation.

Nurses are in a unique position in healthcare. They are at the bedside for 8- or 
12-hour shifts as most consistent patient advocate. They support and inform family 
members and build personal and emotional bonds with them. Although valuable, 
this rapport can be morally taxing to the bedside RN. As nurses witness a patient 
and families suffering during clinical decline, they begin to question the continued 
aggressiveness of care that likely will not benefit from treatment, thus causing 
moral distress to the nursing staff. Sadness, frustration, and anxiety felt by the 
nursing staff for prolonged periods of time can lead to staff burnout, job dissatis-
faction, and decreased staff retention.

7. Conclusion

The ECMO patient is often the most critically ill within the hospital at any 
given moment, prompting highly trained bedside RNs as well as other healthcare 
providers, familiar with the therapy, to be readily available to provide the multi-
faceted care this population requires. In addition to routine ICU care, the ECMO 
patient necessitates additional monitoring due to associated risk factors assumed 
when being placed on pump. Medical, ethical, and emotional considerations exist 
and must be addressed regularly in order to provide the best care of this unique 
patient population. Despite high mortality associated with ECMO, the survivability 
continues to increase as time progresses and the bedside RN will continue to be 
responsible for vital functions in continuing that trend.
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Abstract

Extra-corporeal membrane oxygenation (ECMO) is a rapidly evolving therapy 
for acute lung and/or heart failure. ECMO, from a technical standpoint, is con-
ceptually simple—however, it can be very challenging to implement therapy at the 
individual patient level as well as at hospital (or healthcare system) level. ECMO 
program development involves engagement of key stake-holders including physi-
cians, nursing, and administrative leadership. The goal of this chapter is to outline 
some of the crucial steps in developing a successful ECMO program including high-
lighting the necessary resources, team members and structure, and basic program 
structure and function.

Keywords: ECMO, administration, leadership, development, guidelines

1. Introduction

Extra-corporeal membrane oxygenation (ECMO) or extra-corporeal life sup-
port (ECLS) is quickly becoming a well-established form of therapy for patients 
presenting in severe respiratory failure and/or cardiogenic shock. The fundamentals 
of therapy, while technically challenging and involving a complex dynamic human-
artificial circuit system, also requires a huge reliance on a multi-disciplinary team 
and an institutional infrastructure with robust administrative support at all levels to 
function effectively. While the medical and technical aspects of therapy are covered 
extensively in this text—and the others in this series [1, 2], a common fundamental 
question that is often asked is “how do we start and develop a program?” The devel-
opment of an ECMO/ECLS program is far more complex than organizing a small 
group of interested providers and acquiring the hardware necessary for support—as 
such, the goal of this chapter is to outline those steps necessary to help establish a 
foundation for a successful institutional program.
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2. Background

Acute respiratory failure—regardless of the etiology—remains a complex and diffi-
cult problem to treat. Management focuses on treating the primary problem and allow-
ing lung healing via lung protective ventilation strategies, while maintaining adequate 
oxygenation and ventilation [3]. Unfortunately, morbidity and mortality remain high 
in patients with severe lung injury, despite implementing standard lung protective 
strategies. Even for those patients who survive, quality of life can be severely impacted 
for many years after their initial illness [4]. Acute cardiac failure, or cardiogenic shock, 
also presents a difficult clinical problem for which even contemporary outcomes are 
less than ideal. While the most common cause of cardiogenic shock remains pump 
failure after an acute myocardial infarction, other mechanical problems such as acute 
papillary rupture (with acute mitral regurgitation), ventricular septal rupture, and 
myocarditis [5] must be considered [6]. While the use of ECMO for either acute respi-
ratory failure or cardiogenic shock (or often a combination of both) is well-described, 
in part due to more comprehensive reviews of these topics elsewhere in this text, their 
incidence and challenges—regardless of the circumstances—serve as a foundation for 
why there is a substantial interest in developing and growing ECMO programs.

There is growing evidence to support the role of ECMO in the management of 
these very difficult problems. ECMO has been shown to be an important tool in 
the armamentarium of any program that serves as a tertiary or referral center for 
complex cardio-pulmonary pathologies. In fact, excluding the survival benefit 
that has been demonstrated in patients who are supported with ECMO, there is 
also growing evidence to suggest that overall outcomes of patients with Adult 
Respiratory Distress Syndrome (ARDS) or cardiogenic shock treated at “ECMO 
Program Centers” are better regardless of whether they are treated with ECMO. In 
other words, the multi-disciplinary and administrative commitment to take care of 
patients (both adults and children) with complex and difficult cardiac and pul-
monary problems can lead to improved outcomes independent of the actual use of 
ECMO [7–10].

Two randomized clinical trials in patients with severe ARDS support the imple-
mentation and increased utilization of ECMO therapy [11, 12]. These randomized 
trials—again, topics that will be discussed elsewhere in this text—despite their 
controversies, have demonstrated a clinical benefit of ECMO in the setting of 
ARDS. These well-conducted randomized trials, in addition to the extensive body 
of literature (case series, single center reports, and Extracorporeal Life Support 
Organization (ELSO) registry reviews—far too numerous to reference) combined 
with growing society guidelines and position papers, serve as a solid foundation of 
medical science to support the development of ECMO programs worldwide [13].

3. Implementation process

The clinicians and administrators first determine the need and support for an 
ECMO program. This multidisciplinary group then operationalizes the care team 
that needs to be assembled and trained. The team includes clinical, administrative, 
ancillary, and other stakeholders, which are required to care for the patient and 
support the infrastructure, while moving the program to implementation.

3.1 Physician members

Physicians from Cardiothoracic Surgery, Pulmonary/Critical Care, and 
Cardiology form the foundation of physician support for veno-veno and 
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veno-arterial ECMO patient identification, insertion, and management. In addition 
to the core physician team, there is a need to engage neurologists and infectious 
disease specialists to understand the therapy and the unique patient care challenges 
and complications associated with ECMO support. Vascular surgeons often will get 
involved with cannulation if others are not available or comfortable with placing 
large bore cannulas—likewise, there is a growing interest by general and trauma 
surgeons [14].

In addition, the Palliative Care team must be involved from the very beginning 
of program’s development and some will advocate, especially in pediatric programs 
(while the focus of this chapter is on adult program development), Palliative Care 
providers are automatically involved and consulted on every ECMO case. As such, 
their understanding of the risks and benefits of ECMO are critical given the mar-
ginal outcomes associated with ECMO, even in the best of circumstances [15].

Inclusion of emergency physicians in the team can assist with early identifica-
tion of patients on presentation to the emergency room, and implementation of 
protocols in the emergency room for cardiogenic shock and respiratory failure [16].

3.2 Administrative stakeholders

Administrators from the executive team should be engaged early to help support 
the creation of structures to accelerate implementation, project management, and 
assurance of adequate capital and personnel resources for a sustainable program. 
Financial models, which obviously vary from system (and country) to system, 
must be considered—and given the amount of resources required to establish and 
maintain an ECMO program, it is wise to have someone to monitor the financial 
implications.

3.3 Ancillary services

Respiratory therapists assist with identifying possible candidates and work 
closely with the team ensuring the implementation of lung protective strategies. 
The growth of electronic medical records can allow for daily (if not more frequent) 
reports of those patients who might be considered for ECMO based upon ventilator 
settings and arterial blood case results.

Perfusionists must be engaged to help with setup, oversight of the ongoing treat-
ment and for their skill sets in understanding the complexities of the machines and 
testing required.

Finally, there are implications for laboratory department around testing and 
blood bank needs; as well as coordinating and consulting with case management, 
ethics, and chaplains in regard to complex shared decision-making to implement, 
care for, and remove therapy; and the rehabilitation needs for patients post-ECMO 
removal.

3.4 Nursing

In addition to leadership described previously, executive nursing leadership, 
departmental nursing leadership, nursing advanced practice providers (APP), 
and frontline nursing engagement are fundamental and are essential to assure the 
success of the program. This includes communication, input and collaboration 
with policy, procedures and evidence-based protocols, education and competency 
training of high performing clinical staff, and provision of surveillance and care of 
patients. Frontline nursing from outside the ICU are often engaged in patient flow 
and early identification of decompensating acute care patients, who may need to be 
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considered for ECLS. Since patients might require ECMO at any time, day or night, 
and given the amount of resources required to initiate and care for such patients, 
nursing administration must be involved to help develop protocols to organize 
“phone tree” lines of communication and specialized competent staff schedules to 
help recruit and arrange appropriate resources on very short notice.

3.5 Critical care transport

As the program grows beyond supporting the host hospital, it is necessary to 
engage Critical Care Transport to organize a system to transport patients from 
outside the facility with appropriate support and skill sets. This engagement is 
discussed more fully later in the chapter.

3.6 Nonclinical support

The IT department can help with order set development and the Medical Staff 
office will need to support the development of privileging requirements to assure 
consistent skill sets for new team members.

3.7 Establishing relationships with other tertiary centers

Especially in the situations with VA-ECMO use, long-term myocardial support 
may be needed. It is essential to build relationships with centers that can provide 
bridge to long-term LVAD support or transplant.

Additionally, the marketing and public relations departments engage to help 
in creating materials to help outlying hospitals and physicians have awareness of 
the program, with knowledge of how to identify patients and when to transport to 
higher levels of care for consideration of ECMO support.

4. Rapid change management

4.1 Triad leadership structure

A rapid pace for implementation is best served by a strong triad leadership: 
experienced physician leaders and champions who are experts in ECMO; nursing 
leadership; and hospital executives. All need experience in change management and 
are given support and authority to use project tools and cross-functional influence 
to fast track project goals across a wide span of departments. These members then 
must communicate progress within the executive team.

4.2 Change management approach

Following Kotter’s change management theory, a small group of physicians, nurs-
ing leadership, and administrators gather to set a vision, determine the feasibility 
and challenges of the project, then create a shared project plan for the organization, 
structure, and timeline for implementation of the program [17]. The creation of a 
Gantt chart with key requirements and milestones is helpful in the early stages of 
program development—also useful in a sense of accomplishment and motivation 
of the team. Regular recurrent frequent meetings with agendas driven by a project 
management tool to assure progress is made on key deadlines, accountability to the 
individuals and team, and to create a shared message and plan for continued commu-
nication. Initial work should focus on best practice, research-based literature review, 
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professional organization review of standards and data, then develop a gap analysis 
of clinical guidelines, equipment, skill sets, and organizational readiness. This small 
group should include Cardiothoracic surgeon(s), Pulmonologists, a “C” level execu-
tive, the cardiovascular service line, and Intensive Care nursing leadership. A small 
tactical group allows for more rapid progress through the initial stages and supports 
creation of a shared vision to accelerate momentum when the inevitable resistance 
to change surfaces—as well as working through team dynamics, comfort level, and 
building relationships. This group must strive to produce early wins, however small, 
to enable the organization to “feel the progress” as more difficult hurdles are faced. 
These can include shared clinical guidelines, order sets, and eventually patients that 
lived thanks to the program—as a true connect to purpose for all involved.

Putting screening guidelines in place and educating the teams on the benefits of 
ECMO to patients who would otherwise be terminal are very compelling when used 
in a story format.

Finally, change in management requires vigilance to newly implemented care pro-
cesses, or the tendency of the organization will slide back to previous status quo. Tools 
and strategies that assist in holding on to new skills are most effectively done through 
audits, constructive timely feedback, continuous process improvement discussions, 
and accountability to the process. While education can assist in reminding staff of the 
“why”, it is not a sticky tool in terms of cementing new behaviors into a culture.

Once the ECMO program is up and running, collaboration with the quality abstrac-
tionist and review of registry data at regular intervals generates quality improvement 
projects to assure new practice and clinical referral patterns producing the optimal out-
comes. It is also a way of preventing politics and rumors from gaining momentum as 
the facts are reviewed and discussed in larger quality forums. These forums are ideally 
multi-disciplinary and followed up with tangible action items that have due dates and 
closed-loop communication back to the CQI team, as the action items are completed.

5. Equipment

5.1 Hardware

The obvious hardware required for the program is the ECMO machine. The vari-
ables needed to make the correct choice for the program include need for portability 
of transport between facilities, as well as within the host organization, ease of use, 
skill sets of those responsible for managing the process, and the capital budget of 
the organization.

5.2 Disposables

In addition to the perfusion/ECMO machine, there is a need for a readily 
available stock of cannulas in various sizes, as well as for the variety of approaches 
that may need to be used. In addition, a well-stocked cart that allows the necessary 
equipment for sterile fields, cut-down, suturing, and possible complications of 
the cannulation procedures should be available to take to the patient’s location, as 
often the patient is not stable to transport to the OR for the procedure. As these are 
tools routinely used by perfusionists and cardiothoracic surgeons, they need to be 
engaged in selecting the appropriate sizes, manufacturers, connectors, introducers, 
wires and par levels. Many programs, as a function of the need to initiate ECMO 
therapy on short notice and in many different clinical areas, will create an “ECMO 
cart” which consist of all the key disposable equipment and tools needed to cannu-
late anywhere at any time (Table 1 and Figure 1).
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considered for ECLS. Since patients might require ECMO at any time, day or night, 
and given the amount of resources required to initiate and care for such patients, 
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Gantt chart with key requirements and milestones is helpful in the early stages of 
program development—also useful in a sense of accomplishment and motivation 
of the team. Regular recurrent frequent meetings with agendas driven by a project 
management tool to assure progress is made on key deadlines, accountability to the 
individuals and team, and to create a shared message and plan for continued commu-
nication. Initial work should focus on best practice, research-based literature review, 
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late anywhere at any time (Table 1 and Figure 1).
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Supplies Size Ref # Qty

Cannulae:

Medtronic bio-medicus single stage venous 23Fr CB96605-023 ×1

21Fr CB96605-021 ×1

Medtronic bio-medicus multi-stage venous 25Fr 96880-025 ×1

21Fr 96880-021 ×1

Maquet avalon 31Fr 10031 ×1

27Fr 10027 ×1

Medtronic bio-medicus arterial 15Fr 96530-015 ×1

Medtronic bio-medicus nexgen arterial 17Fr 96570-117 ×1

19Fr 96570-119 ×1

21Fr 96570-121 ×1

Wires/dilators/introducer kits:

Medtronic arterial introducer kit 96552 ×1

Medtronic venous introducter kit 96551 ×1

Lunderquist extra stiff G31453 ×1

Amplatz super stiff M0066401080 ×1

Sorrin dilator kit ×1

4Fr micro puncture ×4

4Fr introducer ×1

6Fr introducer ×2

8Fr Introducer ×1

Packs:

Basic pack ×1

Angiography pack ×1

Suture:

Pledgets

2-0 Prolene SH ×4

2-0 Prolene MH ×4

3-0 Prolene SH ×4

3-0 Prolene RB-1 ×4

4-0 Prolene SH ×12

4-0 Prolene RB-1 ×12

4-0 Prolene large needle pledget ×12

4-0 Prolene small needle pledget ×12

5-0 Prolene C-1 ×4

6-0 Prolene BV-1 ×4

6-0 Prolene C-1 ×4

7-0 Prolene BV-1 ×4
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Supplies Size Ref # Qty

#1 Sofsilk ×6

0 Silk popoffs CT-1 ×4

1 Vicryl CTX ×2

0 Vicryl CTX ×2

0 Vicryl CT-1 ×2

2-0 Vicryl CT-1 ×4

3-0 Vicryl SH ×2

4-0 Vicryl PS-1 ×2

4-0 Monocryl PS-2 ×2

3-0 Ethibond SH ×6

Heavy silk ties ×4

2-0 Silk ties ×4

3-0 Silk ties ×4

4-0 Vicryl ties ×4

2-0 Ethicon pacing wires ×2

Orange pacing wires ×4

Blue pacing wires ×2

#6 Sternal wires ×2

Double wires ×2

Prep:

Chloraprep ×5

Duraprep ×1

Alcohol bottles ×2

PVP ×2

CHG surgical scrub brush ×5

Blades:

#10 ×10

#11 ×10

#15 ×10

Stryker sternal blade ×4

Hall redo blade ×2

Umbilical tapes ×8

Tourniquet 4 packs ×6

Red vessel loops ×2

White vessel loops ×4

Shods 10 pack ×2

Small yellow clip racks Qty 4 ×5

Small red clip racks Qty 4 ×5
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Supplies Size Ref # Qty

Small automatic clip applier ×1

Large automatic clip applier ×1

Asepto ×2

Suction tubing ×3

Cell Saver tubing ×2

Yankauer tip ×3

Poole tip ×2

Bovie pencil ×2

Bovie pad ×2

Long bovie tips

Short bovie tips

Eye cautery ×2

Snake clamp inserts ×1

86 mm inserts ×2

61 mm inserts ×2

33 mm inserts ×2

Hemostatics:

Bone wax ×6

Felt 4×4 ×1

Felt 6×6 ×1

GelFoam ×1

Fibrillar ×5

Snow ×2

Nu-Knit ×1

Laps ×9

Baby laps ×5

Raytec ×5

Gowns ×7

Towel packs ×4

Gloves

Drapes:

Split sheets ×2

3/4 Sheets ×6

Bi-Lat split sheet ×1
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Supplies Size Ref # Qty

Cardiac drape ×1

Tegaderms

4×4s ×5

Esmark ×1

Prineo ×1

Stapler ×1

Dermabond mini ×5

Hollister horizontal tube attachment device ×2

18 Ga Hypo ×4

Hep/blunt tip hypo ×4

60 cc syringe ×2

20 cc syringe ×2

10 cc syringe ×2

5 cc syringe ×2

Defib pads ×1

Pacing cables ×2

Decanters ×2

Plasmalyte 1 L ×2

Table 1. ECMO cart supplies (sample).

Figure 1. 
(a and b): Portable ECMO cart that contains all the disposable tools needed for initiating therapy.
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6. People

6.1 Structure and team building

The ECMO team skill set crosses a variety of normal reporting structures within 
the hospital, as well as contracted services used in hospitals, including surgical 
services, nursing, laboratory, perfusion, physicians—employed and independent. 
Hence, thought must be placed into creating a strong team-based culture among 
a group of individuals who may have primary team affiliation across multiple 
departments.

The use of multidisciplinary teams to develop project goals can serve as the 
first team building structure. Recognition of the team publicly can serve to bond 
the team more closely, and debriefings can prevent “silo formation” as individu-
als must often integrate in and out of the ECMO team due to patient volume and 
clinical needs. To cement this sense of team, the leaders of the departments that 
support the ECMO program should have regular meetings to discuss issues that 
arise, including productivity and interpersonal issues. Finally, the executive 
champion of the program should assure that there is accountability from all par-
ties to the success of the program through goals and metrics, periodic meetings of 
the entire group of stakeholders, and shared public recognition of the successes 
of the program.

6.2 Who watches the patients?

Early in the development of any ECMO program, there must be a strategy for 
establishing “who watches what”—specifically, while nursing will always have 
bedside management of the patient, there must be consideration given as who has 
dedicated responsibility for the ECMO pump and circuit. As with any technol-
ogy or “machine” that is directly connected to a patient—and provides critical 
life-saving support—there must be institutional guidelines and protocols regard-
ing who monitors the functional status of the pump and circuit assuring safe and 
continuous functionality. In addition, the specific roles and responsibilities of 
this individual also need to be clearly defined. Various staffing models exist as 
described below.

6.2.1 Perfusionist based

Perfusionist is ideal bedside ECMO care providers, while initiating an ECMO 
program. Their advantages are considerable experiences in managing patients 
requiring extra-corporeal support as a function of their primary job responsibilities 
in the operating room supporting cardiac surgery procedures. Their training, cre-
dentialing, and licensure will often include formal experiences in managing patients 
requiring short-term mechanical circulatory support, including ECMO, outside of 
the operating room environment. A perfusionist-based model is appealing, however 
there are resource and financial limitations of this model. Perfusionists are usually 
limited in number (especially if they are also supporting an active clinical cardio-
thoracic surgical program) and their perspective is from a different care model 
which is focused around staffing limited time intervals in the operating room rather 
than 24/7 ICU-based ECMO care management. They are also an expensive resource 
for 24/7 daily ECMO use in the ICU. Given their availability and cost (and depend-
ing on how a program “employs” perfusionists—salary, per diem, hourly, contract 
employees, etc.), other care models are preferred for providing bedside ECMO 
support, particularly for veno-veno ECMO patients.
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6.2.2 Nursing/respiratory therapy (RN/RT) based

RN/RT ECMO specialist staffing models are becoming widely accepted and 
utilized in programs nationally—these programs and the combination structure of 
RT and RN staffing pools are mainly volume dependent to maintain competence. 
RNs have many advantages with regards to their inherent familiarity with the com-
plexities and challenges in managing sick patients who require various life-support 
therapies. For example, in many programs, nurses manage renal replacement 
therapy technologies, wean and manage ventilators directly, and even have owner-
ship in the management of both short- and long-term cardiac/ventricular support 
therapies. An additional advantage is, as a function such nurses are often extremely 
experienced in the management and assessment of critically-ill patients, they can 
serve as a valuable resource in other areas of immediate patient care—and poten-
tially with volume and competence that become a primary care model for the more 
stable ECMO patient. Although respiratory therapists (RT) often have extensive 
experience in the management—and independent assessment—of patients requir-
ing mechanical ventilatory support, it has only been relatively recently that their 
experiences and training in pulmonary mechanics and respiratory physiology, have 
they as a profession, been engaged as ECMO specialists. In theory, since most busy 
intensive care units are often staffed with a high volume of RNs and RTs, who are 
clinically high performing and engaged, the addition of monitoring ECMO pumps 
and circuits might not require a substantial investment in human resources and 
expanding staffing models. As such, using RNs and RTs might be viewed as being 
potentially less expensive—it is important to recognize that prior to using this 
human resource to monitor ECMO patients, a substantial investment in extensive 
ongoing education and training to maintain competence is needed. There are many 
courses offered by large ECMO programs, professional societies, and ELSO (see 
below) that can assist in the training of bedside ECMO specialists. Significant 
advantages in the ECMO specialist staffing model, already described as financially 
fiscal, also include continuity of nursing-based care provided by hospital staff who 
have an investment in the organization and unit, as well as the patients they serve.

6.2.3 Hybrid models

Another attractive option is a combination of various specialists—often as a 
function of the acuity of the patient and the needs of the program at any given time. 
Such a model takes advantage of the strengths of each type of healthcare profes-
sional. Even though such models can be difficult to implement as protocols defining 
individual roles and when and how handoffs can occur, nevertheless, with a strong 
collaborative team, a hybrid model can be successful. For example, for “routine” (if 
such exists) veno-veno cases of isolated respiratory failure in an otherwise hemody-
namically stable patient, a perfusionist might help initiate therapy, provide the first 
24 hours of support, and once the patient is deemed stable on ECMO, care is handed 
off to a RT or RN ECMO specialist. On-call perfusion support for technical questions 
and issues can then be easily provided from home and might not require immediate 
bedside support. Veno-arterial cases, especially in post-cardiotomy patients, might 
be more complex, and therefore might require more direct involvement of perfu-
sionists given their experiences of managing such patients in the operating room. 
The challenge in a hybrid model is to determine either objectively or subjectively—
the clinical parameters that would allow for an appropriate hand-off between one 
type (or level) of provider to another (i.e. perfusionist to RN/RT ECMO Specialist).

Regardless of the care model provided, there must be collaboration between 
the team members to build evidence-based standardized protocols, as well as 
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bedside support. Veno-arterial cases, especially in post-cardiotomy patients, might 
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sionists given their experiences of managing such patients in the operating room. 
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strong physician buy-in in terms of supporting the individuals who manage the 
patient and pump at the bedside. Availability for immediate communication, 
using current technology, should be established between the ECMO specialist 
and/or perfusionist and the in-house physician. In addition, a strong and collab-
orative relationship between the ECMO specialist, perfusionist, and the bedside 
nurse must exist. Everyone must work together—inter-personality or profes-
sional conflicts cannot be tolerated and only get in the way of safe and effective 
patient care. Strong provider leadership, such as a perfusionist team leader, can be 
extremely effective in helping mentor other providers and serving as a resource 
for some of the day to day challenges in the management of an ECMO pump and 
circuit that might involve various disciplines, each of which have various levels of 
training and experiences.

In addition, while current ECMO pumps and circuits are much more reli-
able than previous technologies, they will often have more advanced monitoring 
options. Each specialist involved in the care of the patient must have extensive 
training and a sound understanding of the functionality and troubleshooting of the 
entire circuit. Simulation training, as discussed in other chapters, plays a critical 
role in education and maintaining proficiency and, therefore, should be a key 
component—when feasible—of every ECMO program.

7. Guidelines for therapy and patient selection

7.1 Access center/system

In a multiple hospital system of care, there is not generally a need for more than 
one ECMO center for the system to accommodate the needs for non-CT surgery-
related ECMO support. A helpful resource to assure patients have rapid transfer to 
the ECMO program from other hospitals, it is useful to set up a access center process 
to assure a standardized approach to hand-offs, transport, and tracking of patient 
movement. Call system personnel trained in the indications for ECMO can assist 
critical access and other facilities in routing possible ECMO patients for evaluation at 
the Center of Excellence. Early coordination with the call center leadership will allow 
them time to develop protocols, education, and coordination with transport services 
to assure smooth operations when the first patient call is received (Figure 2).

7.2 Where is ECMO initiated

A question that is often asked early in the development of any ECMO program 
is “where the patients should be cannulated?” While each institution must identify 
the ideal location for ideal cases, it is critical to recognize the nature of ECMO often 
dictates therapy must be able to be initiated anywhere within the hospital, includ-
ing, but not limited to the following locations:

• Emergency department

• Operating rooms (cardiac and non-cardiac)

• Catheterization labs

• Obstetric labor and delivery suites

• Intensive care units (medical, cardiac, surgical, neuro, etc.)
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In fact, depending on the resources available and the resilience of the team, 
some centers will often consider initiating therapy in unusual out-of-hospital loca-
tions with the extreme example being the recent initiation of ECMO in the Louvre 
Museum in Paris, France [18].

Prior to considering the ideal location for initiating therapy, it is critical to 
outline those technologies that might be required. As discussed above, while it is 
important to have an “ECMO Cart” that contains, in a single location, all the key 
disposables that might be required, there might be a need for less portable equip-
ment. For example, for cannulation, physicians might need immediate access to 
fluoroscopy and/or transesophageal echocardiography. Such technology might only 
be readily available in an operating room or catheterization lab. As many operating 
rooms, especially major trauma centers, and cardiac catheterization laboratories 
that support STEMI programs will often have access to advanced imaging, the 
exact ideal location often is dictated not only by physician preference, but also by 
potential administrative considerations. Such administrative considerations include 
the availability of a team to support cannulation, how disruptive emergency ECMO 

Figure 2. 
Patient access/call center flow.
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cases would be to the scheduling and allocation of OR/Cath lab resources, and often 
“how comfortable” the team is with the procedures. For example, Cath lab teams 
who are more comfortable with the catheter and wire-base procedures than surgi-
cal team might be a better option for peripheral cannulation of ECMO (arterial 
and venous)—while operating room teams might be better skilled at assisting with 
central cannulation (especially if the chest is already open). Nevertheless, a core 
“ECMO team” of providers beyond physicians and perfusions must be identified 
and included in all communications so that therapy can be initiated efficiently and 
safely anywhere needed.

7.3 Order sets

Order sets provide a rapid, standardized, initiation for ECMO. The order set 
should include guidance for the perfusion team and nursing team to appropriately 
care for the patient in a variety of settings, as well as give parameters for physician 
notification to address changes in patient status quickly.

Order set elements should include:

• Instructions for ECMO machine priming

• ECMO circuit settings

• ECMO daily parameters

• Instructions for the perfusionist/nurse in charge of the machine

• Instructions to leave all catheters in if not functioning and notify physician

• Ventilatory settings

• Blood products and transfusion parameters

• Massive transfusion protocol parameters

• Post-cannulation radiology studies

 ◦ AP abdomen post-cannulation

 ◦ AP chest post-cannulation

• Radiology ◦studies

 ◦ Echocardiogram for symptoms

 ◦ Daily and routine laboratory studies

• Anticoagulation and associated laboratory monitoring and adjustments

• Triggers for notification of the ECMO physician/nurse practitioner

• Other

 ◦ Nursing care

 ◦ Sedation medications
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• Physical therapy

 ◦ Occupational therapy

 ◦ Case management

 ◦ Routine ICU parameters

8. ECMO transports

Critically ill patients requiring ECMO can be transported by ground, helicopter, 
and fixed wing aircraft. Considerations in choice of transport include distance, 
number of team members required, equipment, electrical and oxygen needs, and cost. 
Ideally, patients can be identified and transported prior to initiation of ECMO therapy, 
however there are models of care with good results in which the team goes to the 
patient and initiates ECMO, and then the patient is transported to the ECMO center.

8.1 Team members for transport

Per the 2015 ELSO guidelines, team members will vary depending on the need to 
cannulate the patient [19]. An ECMO specialist physician is required in either case, as is 
an ECMO specialist and a transport RN/RT. If cannulation is required, and the ECMO 
specialist physician is unable to perform this, there may be the need to add a cannulat-
ing physician and a surgical assistant to the team. Each team member has specific roles 
that should be delineated and understood prior to deployment to the outlying facility.

A checklist, should include all the needed equipment for the return trip with the 
patient, and should be verified prior to departure.

The equipment recommended by ELSO includes [20]:

1. Suitable blood pump, centrifugal, or roller

2. Membrane oxygenator, appropriate for the patient size

3. Device(s) for heating and regulating circuit blood temperature (less critical for 
adult transports)

4. Medical gas tanks, regulators, hoses, connectors, flow meters, and blenders for 
provision and adjustment of blended sweep gas to the oxygenator

5. Venous and arterial pressure monitoring device(s), according to center-
specific practices

6. Point-of-care anticoagulation monitoring equipment (e.g., activated clotting time)

7. Emergency pump or manual control mechanism in the event of primary pump 
failure or power failure

8. Uninterruptible power source(s) capable of meeting the electrical power needs 
of all equipment during transfer between vehicles and in the event of vehicle 
power source failure.

9. Portable ultrasound machine, if not provided by the referring facility



Advances in Extracorporeal Membrane Oxygenation - Volume 3

40

cases would be to the scheduling and allocation of OR/Cath lab resources, and often 
“how comfortable” the team is with the procedures. For example, Cath lab teams 
who are more comfortable with the catheter and wire-base procedures than surgi-
cal team might be a better option for peripheral cannulation of ECMO (arterial 
and venous)—while operating room teams might be better skilled at assisting with 
central cannulation (especially if the chest is already open). Nevertheless, a core 
“ECMO team” of providers beyond physicians and perfusions must be identified 
and included in all communications so that therapy can be initiated efficiently and 
safely anywhere needed.

7.3 Order sets

Order sets provide a rapid, standardized, initiation for ECMO. The order set 
should include guidance for the perfusion team and nursing team to appropriately 
care for the patient in a variety of settings, as well as give parameters for physician 
notification to address changes in patient status quickly.

Order set elements should include:

• Instructions for ECMO machine priming

• ECMO circuit settings

• ECMO daily parameters

• Instructions for the perfusionist/nurse in charge of the machine

• Instructions to leave all catheters in if not functioning and notify physician

• Ventilatory settings

• Blood products and transfusion parameters

• Massive transfusion protocol parameters

• Post-cannulation radiology studies

 ◦ AP abdomen post-cannulation

 ◦ AP chest post-cannulation

• Radiology ◦studies

 ◦ Echocardiogram for symptoms

 ◦ Daily and routine laboratory studies

• Anticoagulation and associated laboratory monitoring and adjustments

• Triggers for notification of the ECMO physician/nurse practitioner

• Other

 ◦ Nursing care

 ◦ Sedation medications

41

Clinical and Administrative Steps to the ECMO Program Development
DOI: http://dx.doi.org/10.5772/intechopen.84838

• Physical therapy

 ◦ Occupational therapy

 ◦ Case management

 ◦ Routine ICU parameters

8. ECMO transports

Critically ill patients requiring ECMO can be transported by ground, helicopter, 
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however there are models of care with good results in which the team goes to the 
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Per the 2015 ELSO guidelines, team members will vary depending on the need to 
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specialist physician is unable to perform this, there may be the need to add a cannulat-
ing physician and a surgical assistant to the team. Each team member has specific roles 
that should be delineated and understood prior to deployment to the outlying facility.

A checklist, should include all the needed equipment for the return trip with the 
patient, and should be verified prior to departure.

The equipment recommended by ELSO includes [20]:

1. Suitable blood pump, centrifugal, or roller
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3. Device(s) for heating and regulating circuit blood temperature (less critical for 
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5. Venous and arterial pressure monitoring device(s), according to center-
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6. Point-of-care anticoagulation monitoring equipment (e.g., activated clotting time)
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Additional equipment recommended by 2015 ELSO to improve safety includes:

1. System for servo-regulation of flow to balance venous drainage rate from the 
patient and blood return to the patient

2. Blood flow rate monitor (may be internal or external to the blood circuit)

3. Monitor(s) for circuit blood temperature, blood gas, oxygen saturation, and 
hemoglobin (may be internal or external to the blood circuit)

4. Capacitance “bladder” incorporated into the circuit

5. Bubble detector with or without automatic pump regulation function

Of note, the requirements for voltage, current, and power for all equipment 
should be verified for the transport vehicle prior to departure and monitored 
throughout transport. An adequate oxygen source must also be available with 
sufficient reserve to support high-flow 100% oxygen delivery for the duration of 
the transport. Provisions must be made to adequately secure the equipment dur-
ing transport—brackets, holders, straps, etc. should be tested prior to first-time 
transport and should be compliance with appropriate regulatory guidelines (i.e., 
Federal Aviation Administration for the United States) (Table 2).

No patient should be transported without a means of manually providing circuit 
flow in the event of an electrical pump failure or malfunction.

9. Quality and outcomes

As with all areas of medicine, the optimization of patient outcomes must be 
a priority. This concept is especially important in the context of developing and 
maintaining an ECMO/ECLS program. Many other disease therapies have an 
infrastructure for monitoring clinical outcomes and benchmarking them against 
peer groups, national, and even international programs. These infrastructures 
typically are in the form of voluntary registries and databases (although some might 
argue that participation is becoming less and less voluntary and more and more a 

Method of 
transport

Advantages Disadvantages Distance for 
transport

Ground 1. Lowest cost
2. Least noise
3. Number of team embers
4. Ease of loading equipment
5. Unlimited weight

1. Shortest ideal distance for 
transport

Up to 300 miles

Helicopter 1. Speed
2. Ease of loading equipment
3. Limited weight

1. Least number of team 
members

2. Noise
3. Higher cost

Up to 450 miles

Fixed wing 1. Speed
2. Number of team members
3. Limited weight

1. Costly
2. Can be difficult to load 

equipment
3. Noise

Unlimited

Table 2. 
Decision-making for ECMO transport options.

43

Clinical and Administrative Steps to the ECMO Program Development
DOI: http://dx.doi.org/10.5772/intechopen.84838

requirement—especially are payor sources are starting link payments to participa-
tion and eventually outcomes in such programs). Examples of these types of pro-
grams include the Society for Thoracic Surgeons (STS) Outcomes database (https://
www.sts.org/registries-research-center/sts-national-database) and the American 
College of Cardiology National Cardiovascular Data Registry (ACC NCDR: https://
cvquality.acc.org/NCDR-Home). Both organizations also for submission of patient 
characteristic data, comorbidities, therapies performed, and outcomes with the goal 
of providing program (and sometimes provider) specific outcome data—often risk 
adjusted, therapy specific, and benchmarked against other programs with provided 
summaries that can allow for continuous quality improvement initiatives.

9.1 Role of ELSO

Currently, the Extracorporeal Life Support Organization (ELSO) provides 
a mechanism for tracking and benchmarking outcomes for ECMO programs 
(https://www.elso.org/Home.aspx). The organization was founded in 1989 and is 
headquartered in Ann Arbor, Michigan, USA. While the organization serves many 
roles to assist ECMO providers and programs—voluntary membership allows for 
the submission of clinical program outcome data and in return, summary data are 
provided. The organization also provides access to clinical guidelines, discussion 
forums, announcements for relevant meetings, links to key publications and refer-
ences, and overall serves as a hub for ECMO/ECLS-related activities. Membership 
is strongly encouraged and the organization claims international membership and 
helps coordinate worldwide activities.

9.2 Interval reviews

In addition to submitting clinical patient and outcome data for benchmarking 
to ELSO, programs should also establish a formal case presentation and review 
process. Much like traditional surgical “morbidity and mortality” reviews, 
given the high-acuity and resource intensive nature of ECMO, similar periodic 
reviews of institutional ECMO outcomes should also be reviewed. While the 
focus should not be in individual practices or decision-making, ideally, each 
case should be reviewed by the team in a non-judgmental fashion to explore for 
potential areas of opportunity. Likewise, while good outcomes should be discus-
sion in the context of “what went right”—such cases should also serve as team 
learning opportunity for growth and improvement. Depending on the number 
of cases performed, such meetings should be held in a timely manner (monthly, 
quarterly, etc.) so that real-time assessments can be performed and the nuances 
of each case might still be relatively fresh in the minds of the providers. While 
the structure of such meetings can be variable, many “quality” meetings typi-
cally will only involve key stakeholders—both providers (i.e. physicians, ECMO 
specialists, perfusionists, etc.) and appropriate administrators. The benefit of 
having meetings limited is that there is then the opportunity for open, honest, 
and transparent conversations—either on a case-by-case basis or from a pro-
grammatic standpoint—in a manner that can and should be protected from legal 
disclosure under the umbrella of a formal peer-review or quality improvement 
initiative. Appropriate protections of patient data and provider involvement 
must be maintained and established from the onset.

Likewise, summary data of program outcomes—such as the number of cases, 
types of cases, and overall outcomes should be actively tracked in real-time and 
made available to institutional leadership as a gauge of program growth and success. 
Institutional leadership/administration should also be able to provide financial data 
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Additional equipment recommended by 2015 ELSO to improve safety includes:
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sufficient reserve to support high-flow 100% oxygen delivery for the duration of 
the transport. Provisions must be made to adequately secure the equipment dur-
ing transport—brackets, holders, straps, etc. should be tested prior to first-time 
transport and should be compliance with appropriate regulatory guidelines (i.e., 
Federal Aviation Administration for the United States) (Table 2).
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of providing program (and sometimes provider) specific outcome data—often risk 
adjusted, therapy specific, and benchmarked against other programs with provided 
summaries that can allow for continuous quality improvement initiatives.

9.1 Role of ELSO

Currently, the Extracorporeal Life Support Organization (ELSO) provides 
a mechanism for tracking and benchmarking outcomes for ECMO programs 
(https://www.elso.org/Home.aspx). The organization was founded in 1989 and is 
headquartered in Ann Arbor, Michigan, USA. While the organization serves many 
roles to assist ECMO providers and programs—voluntary membership allows for 
the submission of clinical program outcome data and in return, summary data are 
provided. The organization also provides access to clinical guidelines, discussion 
forums, announcements for relevant meetings, links to key publications and refer-
ences, and overall serves as a hub for ECMO/ECLS-related activities. Membership 
is strongly encouraged and the organization claims international membership and 
helps coordinate worldwide activities.

9.2 Interval reviews

In addition to submitting clinical patient and outcome data for benchmarking 
to ELSO, programs should also establish a formal case presentation and review 
process. Much like traditional surgical “morbidity and mortality” reviews, 
given the high-acuity and resource intensive nature of ECMO, similar periodic 
reviews of institutional ECMO outcomes should also be reviewed. While the 
focus should not be in individual practices or decision-making, ideally, each 
case should be reviewed by the team in a non-judgmental fashion to explore for 
potential areas of opportunity. Likewise, while good outcomes should be discus-
sion in the context of “what went right”—such cases should also serve as team 
learning opportunity for growth and improvement. Depending on the number 
of cases performed, such meetings should be held in a timely manner (monthly, 
quarterly, etc.) so that real-time assessments can be performed and the nuances 
of each case might still be relatively fresh in the minds of the providers. While 
the structure of such meetings can be variable, many “quality” meetings typi-
cally will only involve key stakeholders—both providers (i.e. physicians, ECMO 
specialists, perfusionists, etc.) and appropriate administrators. The benefit of 
having meetings limited is that there is then the opportunity for open, honest, 
and transparent conversations—either on a case-by-case basis or from a pro-
grammatic standpoint—in a manner that can and should be protected from legal 
disclosure under the umbrella of a formal peer-review or quality improvement 
initiative. Appropriate protections of patient data and provider involvement 
must be maintained and established from the onset.

Likewise, summary data of program outcomes—such as the number of cases, 
types of cases, and overall outcomes should be actively tracked in real-time and 
made available to institutional leadership as a gauge of program growth and success. 
Institutional leadership/administration should also be able to provide financial data 
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as profit/loss margins must be tracked in the context of program growth and suc-
cess. Additional benchmarking information should also be considered and tracked 
in real-time to help monitor the evolution of a program—and should include, but 
not necessarily be limited to:

(1) Patient demographics (i.e., age, gender, and major comorbidities)

(2)  Primary indications for support and etiologies of respiratory failure and/or 
cardiogenic shock

(3) Type of support (VV, VA, eCPR, and cannulation)
(4) Duration of support

(5) Blood and blood product utilization

(6) Outcomes

• Successful weaning from support

• Death on support

• Death despite successful weaning

• Major factors contributing to patient death (i.e., multi-organ failure,  
neurologic, etc.)

Such summary data should be in addition to the extensive amount of clinical and 
circuit data that is collected and tracked in the ELSO registry (see above).

9.3 Continuous quality improvement (CQI)

As discussed above, the tracking of outcome data should be a key component to 
helping measure program growth and success. Such initiatives must be established 
from the onset and involve the program champions—both clinical and administra-
tive leaders to be successful. While it is important to review cases in the context of 

Topics for review Potential desired outcome

Anticoagulation protocol Reduction in bleeding and bleeding related 
complication.
Reduction in blood product utilization

Antibiotic utilization Integration in an antibiotic stewardship program
Reduction in multi-drug resistant infections
Reduction in opportunistic infections

Time from admission/intubation to initiation of 
ECMO support

Potential impact on improving weaning and survival 
outcomes

Mortality despite successful weaning from 
ECMO

Improving overall outcomes and survival to discharge.

Medication utilization Opportunities for potential cost savings

Family/patient satisfaction scores Opportunities to improve communication with families, 
Improved satisfaction metrics

Table 3. 
Suggested topics for continuous quality initiatives
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tracking outcomes—both good and bad—from a programmatic standpoint, it is also 
important to examine outcome summary data with the focus of exploring potential 
opportunity for improvement. It should be a primary objective of the ECMO team 
to consider periodic continuous quality improvement (CQI) activities. The activities 
should be viewed as opportunities to review best practices, current literature on vari-
ous topics, and metrics with the focused goal of improving outcome metrics—while 
the primary focus should always be on improving patient survival, other metrics, 
program practices, and guidelines should also be considered as topics for review. Key 
topics can be identified, champions identified, and a timeline established for review 
and the development of potential action plans. While the specific details of how to 
develop and implement CQI is out of the scope of this topic—it does emphasize the 
importance of engaged administrative leadership individuals and team who have 
established experiences with these programmatic and institutional activities. By no 
means, comprehensive, various CQI topics are listed in Table 3.

10. Miscellaneous topics

10.1 Referral sources engagement

Once the complex set of internal processes, personnel, and patient care skills are 
established, the ECMO program has the potential to serve patients in a wide area 
around the ECMO center. To assure that other hospitals and emergency facilities 
have the information to know of the resources available, and when to engage them, 
the primary facility should engage a multi-pronged approach to raise awareness 
and clinical decision-making skills of potential patient care partners. As with all 
endeavors, this should be done in the WIIFM (What’s In It For Me) with the patient 
and practitioner at the outlying facilities interests’ in mind. A good place to begin 
this is to address the benefits to the patient, the current science that supports the 
need for ECMO, the parameters for consideration of ECMO support, the process to 
easily move the patient, and the resources to enhance education of the topic. This is 
accomplished by marketing informational materials, individual outreach to create 
awareness, an education program that includes lectures, publication of successes, a 
plan for follow-up communication to the referring institution to help them under-
stand the results of their referrals, and finally, by creating branding that helps the 
referral sources easily retain a connection to the program.

10.2 Marketing

Marketing materials should ideally be created to reflect the ECMO program as 
a larger system of care around ARDS and shock. In addition to the organization 
housing the ECMO program, clear guidance on referral processes (see Call Center 
Section), there should also be some succinct explanation of the use of VV and VA 
ECMO, parameters for initiation of referral, as well as references to studies support-
ing the decision. Consideration should be given to having two sets of guidance; one 
for critical access lower acuity facilities/ER’s and one geared toward facilities with 
ICU care directed by intensivists, as the threshold for referral will be different.

10.3 Outreach

The personal touch of a visit cannot be underestimated when establishing trusted 
referral center status for complex procedures such as ECMO. It affords a chance to 
create personal trust, as well as allowing answers to questions are procedures and 
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as profit/loss margins must be tracked in the context of program growth and suc-
cess. Additional benchmarking information should also be considered and tracked 
in real-time to help monitor the evolution of a program—and should include, but 
not necessarily be limited to:

(1) Patient demographics (i.e., age, gender, and major comorbidities)

(2)  Primary indications for support and etiologies of respiratory failure and/or 
cardiogenic shock

(3) Type of support (VV, VA, eCPR, and cannulation)
(4) Duration of support

(5) Blood and blood product utilization

(6) Outcomes

• Successful weaning from support

• Death on support

• Death despite successful weaning

• Major factors contributing to patient death (i.e., multi-organ failure,  
neurologic, etc.)

Such summary data should be in addition to the extensive amount of clinical and 
circuit data that is collected and tracked in the ELSO registry (see above).

9.3 Continuous quality improvement (CQI)

As discussed above, the tracking of outcome data should be a key component to 
helping measure program growth and success. Such initiatives must be established 
from the onset and involve the program champions—both clinical and administra-
tive leaders to be successful. While it is important to review cases in the context of 

Topics for review Potential desired outcome

Anticoagulation protocol Reduction in bleeding and bleeding related 
complication.
Reduction in blood product utilization

Antibiotic utilization Integration in an antibiotic stewardship program
Reduction in multi-drug resistant infections
Reduction in opportunistic infections

Time from admission/intubation to initiation of 
ECMO support

Potential impact on improving weaning and survival 
outcomes

Mortality despite successful weaning from 
ECMO

Improving overall outcomes and survival to discharge.

Medication utilization Opportunities for potential cost savings

Family/patient satisfaction scores Opportunities to improve communication with families, 
Improved satisfaction metrics

Table 3. 
Suggested topics for continuous quality initiatives
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stand the results of their referrals, and finally, by creating branding that helps the 
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10.2 Marketing

Marketing materials should ideally be created to reflect the ECMO program as 
a larger system of care around ARDS and shock. In addition to the organization 
housing the ECMO program, clear guidance on referral processes (see Call Center 
Section), there should also be some succinct explanation of the use of VV and VA 
ECMO, parameters for initiation of referral, as well as references to studies support-
ing the decision. Consideration should be given to having two sets of guidance; one 
for critical access lower acuity facilities/ER’s and one geared toward facilities with 
ICU care directed by intensivists, as the threshold for referral will be different.

10.3 Outreach

The personal touch of a visit cannot be underestimated when establishing trusted 
referral center status for complex procedures such as ECMO. It affords a chance to 
create personal trust, as well as allowing answers to questions are procedures and 
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processes for transfer, and expectations for communication regarding patient status 
from the ECMO center. The outreach should be well versed on all of these processes, 
as well as having the ability to provide physician to physician conversations to 
answer any outstanding issues.

10.4 Education

Education is a valued commodity for referring physicians and clinicians when 
learning a new resource for their patients. The education can include multiple for-
mats to meet the needs of the audience including lectures, educational brochures, 
webcasts, publications regarding outcomes and patient stories, and conferences 
at the ECMO center on topics related to ECMO such as current ARDS and shock 
therapies.

10.5 Follow-up communication

While clearly an avenue to enhance education, follow-up communication is 
also an important tool to create the interpersonal relationship that develops trust 
between the organizations. It is very important for referring provider to learn the 
“end of the story” regarding patients that were sent for therapy. In addition, this 
provides a transition of care so that appropriate ongoing care can be provided to 
the patient in their home medical community. This also establishes that trust of the 
referring providers that patients sent for a specific therapy will be sent back to the 
home community for the care that can be provided in that setting.

10.6 Branding

As the use of ECMO increases, the need to create a memorable brand for the 
program becomes a key component to establishing the reputation of the ECMO 
center that is distinguishable from other future programs. The program should 
ideally be branded as a part of the larger cardiothoracic-vascular/pulmonary/
critical care program of the institution. This allows the halo of the organiza-
tion’s programs to create synergistic enhancement quality outcomes and growth 
opportunities.

11. Conclusions

The initiation of an ECMO program is a comprehensive multidisciplinary 
project, which must be based on the clinical needs of the patients served. It requires 
advanced clinical capabilities and decision-making, and clear pathways for patient 
care to make it high quality and financially sustainable. As such, strong leadership is 
needed from physician leaders, nursing leaders, and administrative leaders working 
in a triad professional leadership model.

Once the clinical case for implementation is made, a multidisciplinary team 
should be identified, and given the ability to work across multiple departments and 
stakeholders to assure all quality and operational details are aligned and accom-
plished. The team is encouraged to work using change management format and 
techniques supported with strong project guidelines to assure that the internal and 
external resources needed to support ECMO care are identified, captured as project 
goals, and systematically completed prior to initiation of ECMO patient care. Use of 
tools such as order sets, access center protocols, and education tools support clinical 
standardization across the team, and provides a consistency of clinical care.
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Quality metrics are identified at project initiation and can be supported by ELSO 
tools allowing comparisons across programs internationally. The commitment to high 
quality and a relentless curiosity to find improvements that can be made, are critical to 
provide best practices to this high acuity population. The data and outcomes collected 
can help educate and encourage referrals from other programs that do not have ECMO 
capabilities, thus providing added advanced patient care options on regional basis.

The literature has previously benchmarked an 18 month ramp up to program initia-
tion as rapid deployment. Using the tools provided by others in the literature, a strong 
triad leadership process, and a dedicated multidisciplinary team with strong project 
management support, it is possible to accomplish program initiation in a six-month 
period in a hospital with an established CV Surgical program. We believe this process 
is replicable, and provides tools and implementation models that can be used by other 
hospitals to add needed ECMO support to meet their community needs [8–10].
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mats to meet the needs of the audience including lectures, educational brochures, 
webcasts, publications regarding outcomes and patient stories, and conferences 
at the ECMO center on topics related to ECMO such as current ARDS and shock 
therapies.
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also an important tool to create the interpersonal relationship that develops trust 
between the organizations. It is very important for referring provider to learn the 
“end of the story” regarding patients that were sent for therapy. In addition, this 
provides a transition of care so that appropriate ongoing care can be provided to 
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referring providers that patients sent for a specific therapy will be sent back to the 
home community for the care that can be provided in that setting.
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program becomes a key component to establishing the reputation of the ECMO 
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critical care program of the institution. This allows the halo of the organiza-
tion’s programs to create synergistic enhancement quality outcomes and growth 
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advanced clinical capabilities and decision-making, and clear pathways for patient 
care to make it high quality and financially sustainable. As such, strong leadership is 
needed from physician leaders, nursing leaders, and administrative leaders working 
in a triad professional leadership model.

Once the clinical case for implementation is made, a multidisciplinary team 
should be identified, and given the ability to work across multiple departments and 
stakeholders to assure all quality and operational details are aligned and accom-
plished. The team is encouraged to work using change management format and 
techniques supported with strong project guidelines to assure that the internal and 
external resources needed to support ECMO care are identified, captured as project 
goals, and systematically completed prior to initiation of ECMO patient care. Use of 
tools such as order sets, access center protocols, and education tools support clinical 
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Chapter 4

Finding a Bridge to Somewhere: 
An Ethical Framework for Veno-
Arterial Extracorporeal Membrane 
Oxygenation Decisions
Julie Aultman and Michael S. Firstenberg

Abstract

Extracorporeal membrane oxygenation (ECMO) is an established therapy for 
the management of acute cardiopulmonary failure. A substantial concern when 
considering ECMO therapy is whether the patient will recover enough function 
to be weaned from support and survive to discharge. The concept of “a bridge to 
nowhere” is where a patient is supported on a therapy for which there is no hope for 
recovery and would, by definition, immediately die if support is discontinued—a 
somewhat unique concept in clinical medicine, but often considered when consid-
ering short-term mechanical support for acute heart and/or lung failure. Much like 
initiating mechanical ventilator support in patients who have no chance of mean-
ingful recovery, there are concerns about embarking on or continuing with ECMO 
support in patients in whom recovery is unlikely. The purpose of this chapter is to 
review the ethical foundation and principles to support the clinical decision-making 
process when there are concerns regarding the initiation, continuation, or with-
drawal of this highly invasive, resource-intensive life-support technology. Specific 
attention will be given to well-established principles of the ethical application of 
advanced life support and how to appropriately limit offering or continuing thera-
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be on ethical analyses particular to VA-ECMO situations, illustrated through cases 
and ethical dilemmas we have encountered in the clinical setting.

Because of the distinct feature of VA-ECMO in providing both gas exchange 
and circulatory support through central or peripheral cannulation, it bears 
inherent potential problems, including, but not limited to, “separate perfusion 
of the lower and upper part of the body (watershed phenomenon), distention of 
the left ventricle (LV), and resulting pulmonary edema due to increased afterload 
produced by ECMO” [5]. Although close monitoring, optimizing vasopressor 
and inotropic support, the use of multiple cannulas, fluid offloading, alterna-
tive circuit configurations [e.g., veno-venous-arterial (VVA)], and adherence 
to guidelines [e.g., extra-corporal life support organization (ELSO)], can be 
beneficial for minimizing risks and maximizing peripheral and central VA-ECMO 
support, patients are nonetheless more susceptible to clinical risks, which con-
tribute to further ethical examination. Some studies (particularly in the pediatric 
literature), however, have shown no difference in complication rates between 
VA-ECMO and VV-ECMO [6].

Although, as Pavlushkov et al. [5] describe, the use of central VA-ECMO, is a 
particularly invasive approach for cardiorespiratory support that contributes to 
heightened risks of infection, injury, and bleeding as it requires chest opening 
(sometimes for days) for providing optimal perfusion flow. As the authors note, 
this type of ECMO is reserved for those patients, who will imminently die. Given 
the invasiveness and inherent levels of risk of central and peripheral VA-ECMO, it is 
critical for healthcare providers, patients, and families to engage in shared decision-
making based on a clear understanding of the treatment goals, and the values and 
interests of the patient regarding advance care planning.

Thus, an ethics coherence framework, and not simply a set of guidelines, prin-
ciples, or policies, is required for evaluating the complex ethical issues of ECMO, 
while guiding critical decisions in its initiation, management, and withdrawal of 
this technology, particularly given the potential for serious risks and unanticipated 
events. Specifically, we will be utilizing a theoretical model that builds upon the 
work of Nelson and others, known as the Wide Reflective Equilibrium (WRE), 
while appropriately integrating narrative approaches within this model that 
enhances the WRE and other ethical models for reflection and decision-making.

To begin, it is critical to identify and understand the ethics of ECMO as pre-
sented in the literature and based on real clinical scenarios. And while there is 
consistency among authors who have written about this subject matter, this is not 
to say the types of ethical issues and dilemmas presented are exhaustive; as ECMO 
technology, research, and clinical care becomes more widespread and advanced, it 
is likely we will encounter ethical issues unidentified by current experts. The WRE, 
however, will be a useful model for when new information needs to be considered 
for ethical decision-making. The flexibility and ability to accommodate new infor-
mation makes the WRE an attractive model for ethicists and healthcare profession-
als alike. Following a brief review of the literature and descriptions of the WRE, we 
will analyze two scenarios based on actual clinical cases to illustrate the value of the 
WRE for enhancing communication and decision-making among healthcare teams, 
patients, and their families.

2. A bridge to nowhere

Although ECMO is better known and valued among healthcare teams as a ben-
eficial stabilizing technology that is able to prolong artificial cardiac and respiratory 
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support external to the body, allowing patients to heal, if not fully recover, from 
traumatic injuries and diseases, it can be beneficial for giving patients and families 
more time with each other and for collective decision-making. However, decision-
making is at the heart of great ethical controversies from points of initiation to 
withdrawal of ECMO. Courtwright et al. [7] explain the most common ethical 
issues involving disagreements among and between healthcare teams, patients, 
family, and other surrogates, particularly when confronted with decisions about the 
continuation or withdrawal of ECMO.

When patients, who have started ECMO, are unable to be bridged to recovery, 
transplant, or destination device therapy, this “ethically challenging and emotion-
ally charged situation is sometimes referred to as a ‘bridge to nowhere’, with obvious 
implications for the patient, his or her family, the caregivers, the hospital, and the 
healthcare system” [1]. These ethical issues are further exacerbated by a need for 
evidence-based scientific research taking into account patients’ comorbidities and 
the use of ECMO, improved scoring systems for determinations of survivability, 
reliable and consistent brain death evaluation and neurological testing, comprehen-
sive advanced care planning prior to initiating ECMO, and improved availability, 
accessibility, and management of ECMO resources, particularly for disadvantaged 
populations. Essentially, since patients can be kept “alive” almost indefinitely 
while on VA-ECMO (particularly, given the lack of key tools for medical decision-
making—like determining brain death on ECMO), much emphasis is placed on 
determining those patients who have the greatest chance of survival, either being 
weaned or transitioned to transplant or a long-term support device. The primary 
goal of such scoring systems is not just to optimize the appropriate use of an expen-
sive and resource intensive therapy, but to help decision-makers prevent initiation 
of therapy in those patients for whom there is fundamentally, no hope of meaning-
ful survival. While such concepts can be vague and subjective, the approach is not 
all that much different than why certain therapies (i.e., major surgery) are not 
offered in patients with advanced cancers or end-stage heart disease. Basically, the 
progress is so poor, however, with ECMO, advances in therapy and experiences are 
occurring at such a rapid pace that such threshold is hard to define.

For example, Makdisi and Wang [2], citing Bartlett and Gattinoni [8] wrote “…
some helpful and score systems have been presented to assess the probability of 
survival with extracorporeal life support, using multivariate analysis of comor-
bidity, the history of lung or cardiac failure, and additional organ dysfunction, 
unfortunately there is no definitive measure of heart or lung failure to identify 80% 
mortality risk.” Without definitive measurements, these places undue burdens on 
healthcare teams when trying to communicate prognosis and treatment options, 
including when treatment is no longer beneficial to the patient’s survivability. This 
lack of certainty has further implications for non-beneficial treatment policies, the 
process of informed consent, determinations of patient capacity for decision-mak-
ing, palliative care resources, DNR orders, hospice care, and other spiritual, social, 
and emotional resources for patient and family and/or surrogate. Thus, the ethical 
issues are more complex than “simply” disagreements about continuing or stopping 
ECMO; there are several decisions to be made, and, in most cases, patients, family, 
and surrogates are not well-prepared for such decision-making due to several fac-
tors, including, but not limited to, poor advance care planning, miscommunication, 
and unexpected confounding issues (e.g., cardiac arrest, sepsis, etc.).

One of the greatest difficulties that families experience when faced with a loved 
one, who is doing poorly on ECMO, is helping healthcare providers understand 
what the limits of what care patient would want—how much they want to live. 
Providers try to remain objective and unbiased, but often their own experiences 
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When patients, who have started ECMO, are unable to be bridged to recovery, 
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and insights help pave a direction. For example, in the context of facing truly 
imminent death of a loved one, and often someone, who was previously perceived 
to be relatively young and healthy (which is why ECMO might have been offered 
in the first place), familiar members must very quickly prepare and come to terms 
with the reality that their loved one might not even survive. If a patient is on ECMO, 
especially if they are experiencing complications (which are quite common), then 
conversations about leg and digit amputations and major disfiguring surgery often 
occur. Even discussions about temporary therapies as further bridges to what can 
be perceived as a long and difficult recovery are unclear and difficult, such as the 
need for dialysis, feeding tubes, tracheostomies, prolonged stays for recovery in 
long-term care facilities, or nursing homes. Without a doubt, such conversations, 
time-sensitive and emotionally charged, and often financially difficult, topics can 
be very difficult to process and reconcile.

And, while the ethical issues would be less complex when patients are alert, and 
able to make their own decisions, there are instances where the “bridge to nowhere,” 
as Abrams et al. [1] describe, leave the patient in a type of limbo: without ECMO, 
they will not be able to interact with family and others with some quality of life 
at the end of life, yet ECMO is no longer beneficial for the patient’s transition to 
transplantation, VADs, or recovery and survivability. The question, then, is when 
should ECMO be withdrawn?

For Abrams et al. [1], it would be cruel and unethical to withdraw ECMO 
without the consent of the patient. But what if the patient will not consent to its 
withdrawal? What are the implications of using ECMO when it has no direct clini-
cal benefits, but acutely sustains the quality of one’s life, as measured by human 
interactions and relationships, and the ability to buy more time to make end of 
life plans? While we agree with Abrams et al. [1], it would be cruel and unethical 
to simply withdraw ECMO in such cases where patients are alert, we also argue 
that the prolonged use of clinically non-beneficial ECMO does not always provide 
a quality of life or effectively aid the patient to make end of life preparations. 
When the patient is awake on non-beneficial ECMO, the reality is they are termi-
nally ill, requiring pain management, and not necessarily in a position to make 
critical decisions. Furthermore, the patient’s quality of life may be misunderstood 
by family/surrogates and healthcare professionals at the bedside; their percep-
tions are contrary to the actual experiences and values of the patient. Thus, it is 
imperative that hospitals and ECMO facilities utilize comprehensive resources for 
providing:

1. grief counseling for patients and families;

2. access to end of life preparations (e.g., funeral homes, burial sites, family legal 
representatives, etc.);

3. ongoing and direct communication about the prolonged physical, cognitive, 
and emotional effects of ECMO on the patient (and family/surrogate), finan-
cial costs, and the scarcity of ECMO technologies, and;

4. palliative and spiritual care, to ease social, physical, and emotional pain and 
suffering and to accommodate the cultural, religious, and spiritual needs of 
the patient.

However, this assumes that such resources are available and accessible. By 
having such resources, not only the burdens of prolonged non-beneficial ECMO 
(including financial costs, inability to serve other patients in need, etc.) are 
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reduced, but healthcare teams can prepare patients and families/surrogates to 
withdraw support and accept death without fear or resistance. While it is difficult 
to determine the scope of this problem, what is clear is that as ECMO is being 
used more frequently—especially in extreme cases—there is a growing number 
of patients, who are awake and alert, but are being kept immediately alive by life 
support for which discontinuation would result in immediate death. Even patients 
who take themselves off of other forms of organ replacement therapies—such as 
dialysis and ventilators—can live for days (if not longer, depending on the circum-
stances) before slowly, and often painlessly, succumbing to the consequences of the 
lack of organ function. The facing of immediate death is what separates removing 
ECMO from removing other therapies such as dialysis or even medical therapies, 
like chemotherapy. While the literature is sparse in this area, many providers who 
are involved in the care of patients requiring long-term life support with mechani-
cal cardiac support devices (i.e., ventricular assist devices) are intimately aware of 
cases in which patients clearly took themselves off of support, essentially commit-
ted suicide, by removing or not replacing the power sources that such devices are 
dependent upon.

2.1 When surrogates disagree with the healthcare team

Ramanathan et al. [9] wrote, “Potential conflicts occur when the next of kin or 
the patient’s proxies and physician do not agree on treatment options, when options 
are scarce or unavailable, and when the options themselves are unclear because of 
uncertainties about the effectiveness or the duration of treatment” [9, 10]. While 
such events are common in medicine, in the context of ECMO, while therapy can 
continue for a long-term, often in the absence of clearly defined decision-making, 
often the decisions will be made by themselves—frankly, patients often will develop 
life-threatening (or ending) complications that will define an outcome regardless of 
objective decision-making. Massive bleeding, neurologic catastrophes, overwhelm-
ing sepsis, and infections are common in the context of ECMO and often lead to the 
obvious discussions of the fact that “nothing else can be done.”

Howe [11], in considering what clinicians should do if patients and/or loved 
ones never agree to stop treatment, wrote, “hospital authorities would stop ECMO 
if patients, loved ones, and clinicians won’t” and confirms our own experiences 
that “[P]ediatricians have told me than when children have ECMO, clinicians may 
have more discretion” [11]. Hospital authorities may be justified to intervene for 
purposes of fair resource allocation; ECMO is unavailable to patients in need due 
to continued use among patients, who are no longer benefiting from this limited 
resource. However, decision-making should not simply be about fair resource 
allocation. While children are often considered much more resilient than adults, the 
survival rates on ECMO are not that much different between adults and children, 
and there must be early discussions with families regarding this reality to help 
better manage expectations. Similar models of care and discussions are often held 
in the context of young children, who otherwise appear to be very much “alive,” but 
who are, in fact, irreversibly neurologically devastated or even brain dead.

Makdisi and Makdisi [4] explain “It is important not to force the family into 
making decisions that are against their beliefs and to provide them with adequate 
psychological support through and after the process, it is also important to under-
stand their emotional needs, and understand the program from their perspective” 
[1, 12]. However, Abrams et al. [1] argue, “a strong case can be made to discontinue 
the intervention, with appropriate concessions of timing to the surrogates. There is 
no issue of emotional or physical patient suffering in that case and it is even pos-
sible, if not probably that the patient would not want his or her life prolonged in 
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who are, in fact, irreversibly neurologically devastated or even brain dead.

Makdisi and Makdisi [4] explain “It is important not to force the family into 
making decisions that are against their beliefs and to provide them with adequate 
psychological support through and after the process, it is also important to under-
stand their emotional needs, and understand the program from their perspective” 
[1, 12]. However, Abrams et al. [1] argue, “a strong case can be made to discontinue 
the intervention, with appropriate concessions of timing to the surrogates. There is 
no issue of emotional or physical patient suffering in that case and it is even pos-
sible, if not probably that the patient would not want his or her life prolonged in 
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such circumstances” [1]. So, while the healthcare team should not force decisions 
without support, there are limits to the extent ECMO should be used for patients, 
who are no longer benefitting clinically, socially, or otherwise, and are kept alive for 
the sake of the surrogate(s) own interests. Ongoing communication and a robust 
informed consent process with detailed information (e.g., harmful outcomes of 
prolonged ECMO use) can contribute to improved family or surrogate understand-
ing and decision-making that is in the best interests of the patient. Unfortunately, 
such a comprehensive approach is not always beneficial. Shah et al. [12] suggest:

“Conversely, some may offer ‘comprehensive’ explanations inundated with technical 
points and statistical data incomprehensible to family members. Often, medical 
care in such acute situations may shift to a less desirable ‘paternalistic model’ in 
which the clinician is directing care rather than partnering with the patient or 
family acting on his behalf. These ethical dilemmas stem from the uncertainty of 
the outcome as well as lack of clarity on the intended treatment direction, whether 
bridge or lifetime support” [12].

Meltzer and colleagues [13] describe a 40-year-old Hasidic Orthodox Jewish 
mother of four children, diagnosed with large B-cell lymphoma, which contributes 
to acute heart failure and the need for ECMO treatment. Prior to treatment, discus-
sions surrounding the potential need to withdraw ECMO were discussed early on 
with the patient, her family, and their rabbi. The family agreed to stop ECMO when 
the need arises; however, when it became clear, ECMO was no longer providing 
beneficial treatment, the family refused to stop the treatment. In reflecting on this 
case, Howe [11] explains:

We do not know why the family changed their minds. Perhaps even they didn’t 
know, but primarily responded to their fear the patient would die. That the family 
changed how they felt illustrates how unsure shared decision-making can be. The 
family’s experiences convey the pain all those involved in deciding to stop ECMO 
may feel, whether clinicians decide on their own or share the decision-making [11].

This and other similar situations reveal not only simple changes in a patient’s 
story or a change of mind among family and surrogates, but also how the narra-
tive continues and develops over time with decisions and courses of action that are 
informed by new experiences, moral thinking, clinical information, emerging feel-
ings of hope, and so forth. Religious, racial, cultural, emotional, and ethnic themes 
are common in such conflicts and must be recognized very early in the discussions. 
In addition, every healthcare provider who needs to be involved with such critical 
family (and patient) conversations must acknowledge, and prepare, for the reality 
that thoughts about continuing life-sustaining therapies is very much different 
when one is dealing with the abstract (i.e., your mother might not survive therapy 
and we might need to stop support) versus the impending and immediate reality 
(i.e., your mother is not going to survive therapy and we must consider stopping 
support right now).

Furthermore, from the example illustrated by Howe [11], it is important to 
understand that the patient and her family are situated in different points of time 
with a new set of ethical considerations. A patient and family could be well-
informed and prepared for future decision-making, however, that information 
does not necessarily carry any meaning until a critical decision is required. The 
life story of the patient merely continues and is not “re-written” and the family or 
surrogate is not simply “changing their minds,” but are acquiring new information, 
i.e., the impending death of their loved one, which transforms their thoughts, 
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emotions, and behaviors such that decisions to forgo or withdraw treatment can be 
difficult and any future hope for survival is lost. Early discussions, hypothetical 
scenarios, and some shared decision-making (e.g., DNR orders) might prepare 
some patients and families, but even with such preparations they are not—at that 
time—required to make life-altering decisions or give up hope. Certainly, it may 
be the case that shared decision-making might be “unsure” because the healthcare 
team and family did maintain ongoing communication or a mutual understanding 
of each other’s values, thoughts, and overall interests.

However, even with the best communication, the moment treatment is no longer 
beneficial, it is the moment that family or surrogate decision-makers are receiving 
new information and expected to “do what is best or right” for the patient, despite 
their own emotional suffering and loss of hope. So, instead of thinking families 
and surrogates “change their minds,” which can elicit feelings of frustration among 
healthcare providers, understanding they are simply confronted with new informa-
tion and need further guidance and support in decision-making (e.g., discussions 
about quality life now versus then) can alleviate frustration and lead to better out-
comes. Caring for the family [8] and recognizing the difficulty of their predicament 
can effectively lead to a mutually supported ethical decision to withdraw ECMO 
and provide comfort care measures, allowing for a peaceful death of a loved one.

2.2 Disagreements among healthcare professionals and institutions

Besides the ethical difficulties of decision-making among surrogates, healthcare 
professionals may also encounter ethical dilemmas, when there are disagreements 
among team members or at the institutional level (e.g., policy disagreements). 
While many ethics cases focus on disagreements between the healthcare team and 
patients and/or family members, where miscommunication, misunderstanding, 
and conflicting values and interests contribute to these disagreements, similar prob-
lems can arise among healthcare professionals and institutions, particularly when 
new technologies or new uses for technologies emerge with unanticipated ethical 
issues and problems, and a lack of standards, policies, or laws to provide guidance 
toward resolution. Such disagreements might be motivated by or directly lead to 
burnout, moral distress, lack of healthcare professional autonomy, and disregard 
of team-based practices. Disagreements among the healthcare team involving the 
initiation or withdrawal of ECMO might also be related to a general lack of institu-
tional guidance (procedures, processes, and policies), conflicts of diagnostic and 
prognostic opinions, and misinterpretations of patients’ cultural and moral values 
and interests. Ongoing communication, respect for healthcare team members, and 
collaborative contributions to the improvement of guidance measures (e.g., policy 
development), are essential for minimizing disagreements and those negative 
consequences that follow.

2.3 Extracorporeal CPR and DNR

Another ethical issue presented by Abrams et al. [1] involves VA-ECMO for 
extracorporeal CPR (ECPR), which is a more evasive and resource intensive inter-
vention than traditional CPR that has the ability to cause undue suffering and harm 
to an already medically compromised patient. And ECMO, especially VA ECMO, 
“places the DNR order under severe conceptual strain both to the family and the 
physician” [9].

The prognosis for ECPR is uncertain during a cardiac arrest even when factors, 
such as the patient’s condition, available resources, expertise, and past patient 
experience of the healthcare team are known. Because the concept and application 
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such circumstances” [1]. So, while the healthcare team should not force decisions 
without support, there are limits to the extent ECMO should be used for patients, 
who are no longer benefitting clinically, socially, or otherwise, and are kept alive for 
the sake of the surrogate(s) own interests. Ongoing communication and a robust 
informed consent process with detailed information (e.g., harmful outcomes of 
prolonged ECMO use) can contribute to improved family or surrogate understand-
ing and decision-making that is in the best interests of the patient. Unfortunately, 
such a comprehensive approach is not always beneficial. Shah et al. [12] suggest:

“Conversely, some may offer ‘comprehensive’ explanations inundated with technical 
points and statistical data incomprehensible to family members. Often, medical 
care in such acute situations may shift to a less desirable ‘paternalistic model’ in 
which the clinician is directing care rather than partnering with the patient or 
family acting on his behalf. These ethical dilemmas stem from the uncertainty of 
the outcome as well as lack of clarity on the intended treatment direction, whether 
bridge or lifetime support” [12].

Meltzer and colleagues [13] describe a 40-year-old Hasidic Orthodox Jewish 
mother of four children, diagnosed with large B-cell lymphoma, which contributes 
to acute heart failure and the need for ECMO treatment. Prior to treatment, discus-
sions surrounding the potential need to withdraw ECMO were discussed early on 
with the patient, her family, and their rabbi. The family agreed to stop ECMO when 
the need arises; however, when it became clear, ECMO was no longer providing 
beneficial treatment, the family refused to stop the treatment. In reflecting on this 
case, Howe [11] explains:

We do not know why the family changed their minds. Perhaps even they didn’t 
know, but primarily responded to their fear the patient would die. That the family 
changed how they felt illustrates how unsure shared decision-making can be. The 
family’s experiences convey the pain all those involved in deciding to stop ECMO 
may feel, whether clinicians decide on their own or share the decision-making [11].

This and other similar situations reveal not only simple changes in a patient’s 
story or a change of mind among family and surrogates, but also how the narra-
tive continues and develops over time with decisions and courses of action that are 
informed by new experiences, moral thinking, clinical information, emerging feel-
ings of hope, and so forth. Religious, racial, cultural, emotional, and ethnic themes 
are common in such conflicts and must be recognized very early in the discussions. 
In addition, every healthcare provider who needs to be involved with such critical 
family (and patient) conversations must acknowledge, and prepare, for the reality 
that thoughts about continuing life-sustaining therapies is very much different 
when one is dealing with the abstract (i.e., your mother might not survive therapy 
and we might need to stop support) versus the impending and immediate reality 
(i.e., your mother is not going to survive therapy and we must consider stopping 
support right now).

Furthermore, from the example illustrated by Howe [11], it is important to 
understand that the patient and her family are situated in different points of time 
with a new set of ethical considerations. A patient and family could be well-
informed and prepared for future decision-making, however, that information 
does not necessarily carry any meaning until a critical decision is required. The 
life story of the patient merely continues and is not “re-written” and the family or 
surrogate is not simply “changing their minds,” but are acquiring new information, 
i.e., the impending death of their loved one, which transforms their thoughts, 
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emotions, and behaviors such that decisions to forgo or withdraw treatment can be 
difficult and any future hope for survival is lost. Early discussions, hypothetical 
scenarios, and some shared decision-making (e.g., DNR orders) might prepare 
some patients and families, but even with such preparations they are not—at that 
time—required to make life-altering decisions or give up hope. Certainly, it may 
be the case that shared decision-making might be “unsure” because the healthcare 
team and family did maintain ongoing communication or a mutual understanding 
of each other’s values, thoughts, and overall interests.

However, even with the best communication, the moment treatment is no longer 
beneficial, it is the moment that family or surrogate decision-makers are receiving 
new information and expected to “do what is best or right” for the patient, despite 
their own emotional suffering and loss of hope. So, instead of thinking families 
and surrogates “change their minds,” which can elicit feelings of frustration among 
healthcare providers, understanding they are simply confronted with new informa-
tion and need further guidance and support in decision-making (e.g., discussions 
about quality life now versus then) can alleviate frustration and lead to better out-
comes. Caring for the family [8] and recognizing the difficulty of their predicament 
can effectively lead to a mutually supported ethical decision to withdraw ECMO 
and provide comfort care measures, allowing for a peaceful death of a loved one.

2.2 Disagreements among healthcare professionals and institutions

Besides the ethical difficulties of decision-making among surrogates, healthcare 
professionals may also encounter ethical dilemmas, when there are disagreements 
among team members or at the institutional level (e.g., policy disagreements). 
While many ethics cases focus on disagreements between the healthcare team and 
patients and/or family members, where miscommunication, misunderstanding, 
and conflicting values and interests contribute to these disagreements, similar prob-
lems can arise among healthcare professionals and institutions, particularly when 
new technologies or new uses for technologies emerge with unanticipated ethical 
issues and problems, and a lack of standards, policies, or laws to provide guidance 
toward resolution. Such disagreements might be motivated by or directly lead to 
burnout, moral distress, lack of healthcare professional autonomy, and disregard 
of team-based practices. Disagreements among the healthcare team involving the 
initiation or withdrawal of ECMO might also be related to a general lack of institu-
tional guidance (procedures, processes, and policies), conflicts of diagnostic and 
prognostic opinions, and misinterpretations of patients’ cultural and moral values 
and interests. Ongoing communication, respect for healthcare team members, and 
collaborative contributions to the improvement of guidance measures (e.g., policy 
development), are essential for minimizing disagreements and those negative 
consequences that follow.

2.3 Extracorporeal CPR and DNR

Another ethical issue presented by Abrams et al. [1] involves VA-ECMO for 
extracorporeal CPR (ECPR), which is a more evasive and resource intensive inter-
vention than traditional CPR that has the ability to cause undue suffering and harm 
to an already medically compromised patient. And ECMO, especially VA ECMO, 
“places the DNR order under severe conceptual strain both to the family and the 
physician” [9].

The prognosis for ECPR is uncertain during a cardiac arrest even when factors, 
such as the patient’s condition, available resources, expertise, and past patient 
experience of the healthcare team are known. Because the concept and application 
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of E-CPR (the focus of other areas of this book) are so rapidly evolving with large 
spectrums of potential outcomes based upon many complex circumstances, it is dif-
ficult to establish a timely and appropriate reference for objectively engaging in dis-
cussions about outcomes and prognosis. Abrams et al. [1] wrote “If the use of ECPR 
becomes even more widespread, there is a real concern that it would be an expected 
intervention for patients suffering acute cardiac arrest. If this occurs, physicians 
would need to incorporate ECPR into advance directive discussions, potentially 
requiring the development of a DNR with ECMO order.” Regardless of infrequent or 
limited occurrences of ECPR, it is the opinion of these authors to incorporate ECPR 
into advance directive discussions whenever the situation arises, including educa-
tion, training, and policies that require ECPR to be a part of DNR orders or Medical 
Order of Life Saving Treatment (MOLST) orders. It is perplexing why healthcare 
teams would not be doing this advance care planning already when such planning 
can be reasonably done. Nevertheless, the rapid growth of the utilization of ECPR 
must prompt such conversations—especially, since it is a therapy that is currently 
not available widely, yet.

2.4 Organ preserving ECMO

Another set of ethical issues arise for those healthcare teams, who are using 
ECMO to preserve organs. Organ preserving extracorporeal membrane oxygenation 
(OP-ECMO) may be used for patients, who are already on ECMO and who become 
brain dead. In such cases, vital organs can be preserved for transplantation, which 
have obvious benefits to others who are in need of organs for survival. Dalle Ave and 
authors wrote, “Organ-preserving extracorporeal membrane oxygenation can benefit 
society by fulfilling the wishes of those who wish to donate, by making more organs 
available for transplantation and by saving the lives of patients in need of organs.” 
[14]. From a utilitarian perspective, saving several people with the viable organs of an 
individual, who no longer has quality of life and has irreversible loss of brain func-
tion, is a valid ethical justification.

Dalle Ave et al. [14] suggest that OP-ECMO is analogous to the continuation 
of mechanical ventilator for purposes of procurement. However, as these authors 
have also pointed out, there are challenges, similar to patients supported by ventila-
tor, in determining brain death. Such determinations may be even more difficult 
given that the oxygenation process of ECMO can compromise neurological testing. 
Nonetheless, despite its uncertainty, a declaration of brain death holds great ethical 
(and legal) value in ensuring that organs are not being procured from patients who 
categorically are still living. However, this leads to deeper philosophical discus-
sions as to what counts as “living” and whether brain death criteria should be 
used for purposes of organ procurement from patients, let alone ECMO patients. 
Furthermore, there is evidence in the past decade or so that patients, who were 
initially declared brain dead based on neurological standards, narrowly “escaped” 
organ harvesting by waking up prior to or during operating room preparations 
[15–19] or had reversible “brain death” determinations [15, 19, 20]. Although these 
“narrow escape” cases are few, they should give healthcare professionals pause in 
relying on existing brain death criteria and neurological testing. Furthermore, Dalle 
Ave et al. [14] have explained that ECMO can increase the potential risks of intra-
cranial bleeding, causing undue suffering among individuals, who may have some 
undetected brain activity and can hasten death [14].

Given the uncertainty of determining brain death among ECMO patients, the 
risks of the aforementioned issues may not adequately outweigh the potential 
benefits of having viable organs for procurement (and this is assuming the organs 
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will, in fact, be viable upon procurement). With further scientific data to validate 
clinical tests used with any brain-injured patient, as well as those specifically on 
ECMO for both acute and prolonged periods of time, as well as more consistency 
among medical professionals in determining brain death, the threshold of uncer-
tainty may be reduced, thus minimizing, if not eliminating, potential direct harms 
to patients, and subsequent emotional, social, and financial harms to their families 
and potential organ recipients. Nguyen [15] also adds that there have been logical 
and scientific inconsistencies when reasoning brain death at the bedside, as well 
as a general lack of understanding of the pathophysiology of the brain, where an 
absence of evidence of brain functions is not necessarily the equivalent to irrevers-
ible loss or death of the brain.

Furthermore, in his brief ethical assessment of care for the patient with (pos-
sible) brain death, Nguyen [15] emphasizes the importance of the physician’s 
moral attitudes and subsequent actions to reflect caring for the patient, motivated 
by the inherent value of the patient as person, and not by a set of ethical rules or 
principles. However, Nguyen, a Catholic physician, who is guided by non-secular 
ethics, also argues that brain death cannot be equated with the biological death of 
the person; harvesting organs from brain death donors, thus, “brings about their 
true and premature death.” His attentiveness to the inconsistencies and inadequa-
cies of brain death determination are valuable, as is his personal moral perspective, 
which aligns with the teachings of Catholicism. However, for those patients for 
whom we can identify as brain dead (or in the future with improved research, 
testing, and technologies), the definition and meaning of death should be left up 
to the healthcare team and surviving family; hence, the need to have advance care 
planning and conversations much earlier, if possible, prior to the urgency of patient 
care, and often, subsequent paternalistic decision-making. Further challenging this 
concept is the very concept that “brain death” is “death” and that any continuation 
of medical care is medically, ethically, and legally inappropriate. Even patients who 
have been appropriately declared “brain death” are often kept on support for pro-
longed periods of time for family members to completely understand the scope of 
the circumstances, and even waiting for a family member to come from out of town 
in a few days to “buy time” is not appropriate. Such events are not uncommon and 
are very dependent on experienced healthcare providers appropriately managing 
expectations and having open, honest, and transparent conversations with families 
from the onset of therapy.

3. Toward an integrated approach: the wide reflective equilibrium

Bein et al. [21] wrote, “At the end of the day, we are left alone with our own 
‘common moral.’ However, there should be a method of finding a solution for the 
individual patient and for his dignity in a sensible and faithful way if we under-
stand that the medical perspective is not the only one that needs to come to a deci-
sion.” Howe [11] in reflecting on Meltzer and colleagues [22], places importance on 
shared decision-making among healthcare professionals, patients, and their loved 
ones when the withdrawal of ECMO results in the patient’s death despite the fact 
some clinicians believe such decisions are theirs alone. Reasons why clinicians may 
want to make the decision to stop ECMO include “from wanting to spare patients 
and families the exceptional pain of making the decision to reasons that are less 
altruistic” such as alleviating suspected guilt among family and alleviating the 
burdens of decision-making, assuming family may simply want the physician to 
decide [11].
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of E-CPR (the focus of other areas of this book) are so rapidly evolving with large 
spectrums of potential outcomes based upon many complex circumstances, it is dif-
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tion, training, and policies that require ECPR to be a part of DNR orders or Medical 
Order of Life Saving Treatment (MOLST) orders. It is perplexing why healthcare 
teams would not be doing this advance care planning already when such planning 
can be reasonably done. Nevertheless, the rapid growth of the utilization of ECPR 
must prompt such conversations—especially, since it is a therapy that is currently 
not available widely, yet.
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(OP-ECMO) may be used for patients, who are already on ECMO and who become 
brain dead. In such cases, vital organs can be preserved for transplantation, which 
have obvious benefits to others who are in need of organs for survival. Dalle Ave and 
authors wrote, “Organ-preserving extracorporeal membrane oxygenation can benefit 
society by fulfilling the wishes of those who wish to donate, by making more organs 
available for transplantation and by saving the lives of patients in need of organs.” 
[14]. From a utilitarian perspective, saving several people with the viable organs of an 
individual, who no longer has quality of life and has irreversible loss of brain func-
tion, is a valid ethical justification.

Dalle Ave et al. [14] suggest that OP-ECMO is analogous to the continuation 
of mechanical ventilator for purposes of procurement. However, as these authors 
have also pointed out, there are challenges, similar to patients supported by ventila-
tor, in determining brain death. Such determinations may be even more difficult 
given that the oxygenation process of ECMO can compromise neurological testing. 
Nonetheless, despite its uncertainty, a declaration of brain death holds great ethical 
(and legal) value in ensuring that organs are not being procured from patients who 
categorically are still living. However, this leads to deeper philosophical discus-
sions as to what counts as “living” and whether brain death criteria should be 
used for purposes of organ procurement from patients, let alone ECMO patients. 
Furthermore, there is evidence in the past decade or so that patients, who were 
initially declared brain dead based on neurological standards, narrowly “escaped” 
organ harvesting by waking up prior to or during operating room preparations 
[15–19] or had reversible “brain death” determinations [15, 19, 20]. Although these 
“narrow escape” cases are few, they should give healthcare professionals pause in 
relying on existing brain death criteria and neurological testing. Furthermore, Dalle 
Ave et al. [14] have explained that ECMO can increase the potential risks of intra-
cranial bleeding, causing undue suffering among individuals, who may have some 
undetected brain activity and can hasten death [14].

Given the uncertainty of determining brain death among ECMO patients, the 
risks of the aforementioned issues may not adequately outweigh the potential 
benefits of having viable organs for procurement (and this is assuming the organs 
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will, in fact, be viable upon procurement). With further scientific data to validate 
clinical tests used with any brain-injured patient, as well as those specifically on 
ECMO for both acute and prolonged periods of time, as well as more consistency 
among medical professionals in determining brain death, the threshold of uncer-
tainty may be reduced, thus minimizing, if not eliminating, potential direct harms 
to patients, and subsequent emotional, social, and financial harms to their families 
and potential organ recipients. Nguyen [15] also adds that there have been logical 
and scientific inconsistencies when reasoning brain death at the bedside, as well 
as a general lack of understanding of the pathophysiology of the brain, where an 
absence of evidence of brain functions is not necessarily the equivalent to irrevers-
ible loss or death of the brain.

Furthermore, in his brief ethical assessment of care for the patient with (pos-
sible) brain death, Nguyen [15] emphasizes the importance of the physician’s 
moral attitudes and subsequent actions to reflect caring for the patient, motivated 
by the inherent value of the patient as person, and not by a set of ethical rules or 
principles. However, Nguyen, a Catholic physician, who is guided by non-secular 
ethics, also argues that brain death cannot be equated with the biological death of 
the person; harvesting organs from brain death donors, thus, “brings about their 
true and premature death.” His attentiveness to the inconsistencies and inadequa-
cies of brain death determination are valuable, as is his personal moral perspective, 
which aligns with the teachings of Catholicism. However, for those patients for 
whom we can identify as brain dead (or in the future with improved research, 
testing, and technologies), the definition and meaning of death should be left up 
to the healthcare team and surviving family; hence, the need to have advance care 
planning and conversations much earlier, if possible, prior to the urgency of patient 
care, and often, subsequent paternalistic decision-making. Further challenging this 
concept is the very concept that “brain death” is “death” and that any continuation 
of medical care is medically, ethically, and legally inappropriate. Even patients who 
have been appropriately declared “brain death” are often kept on support for pro-
longed periods of time for family members to completely understand the scope of 
the circumstances, and even waiting for a family member to come from out of town 
in a few days to “buy time” is not appropriate. Such events are not uncommon and 
are very dependent on experienced healthcare providers appropriately managing 
expectations and having open, honest, and transparent conversations with families 
from the onset of therapy.

3. Toward an integrated approach: the wide reflective equilibrium

Bein et al. [21] wrote, “At the end of the day, we are left alone with our own 
‘common moral.’ However, there should be a method of finding a solution for the 
individual patient and for his dignity in a sensible and faithful way if we under-
stand that the medical perspective is not the only one that needs to come to a deci-
sion.” Howe [11] in reflecting on Meltzer and colleagues [22], places importance on 
shared decision-making among healthcare professionals, patients, and their loved 
ones when the withdrawal of ECMO results in the patient’s death despite the fact 
some clinicians believe such decisions are theirs alone. Reasons why clinicians may 
want to make the decision to stop ECMO include “from wanting to spare patients 
and families the exceptional pain of making the decision to reasons that are less 
altruistic” such as alleviating suspected guilt among family and alleviating the 
burdens of decision-making, assuming family may simply want the physician to 
decide [11].
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Nevertheless, the concept of shared decision-making, making sure that patients 
and families have an increased sense of ownership and responsibility to make their 
own medical decisions that will ultimately impact both the quality and quantity of 
life, is becoming more common. This is especially true in area of medicine in which 
it is unclear of what the “best” or most appropriate decision should be and the 
responsibility is then placed in the hands of the patient. Nevertheless, as discussed 
above, some patients and families become completely paralyzed by the inability to 
sometimes even make basic medical decisions and will often defer to the concept of 
“do everything” or “do whatever you think it best.”

Such authors suggest an integrated approach, however, they do not provide 
one that might appropriately guide ethical decision-making, while taking into 
account the complex values of the healthcare team, patient, and family, as well as, 
the healthcare organization or system. Thus, we propose using the Wide Reflective 
Equilibrium (WRE), a theoretical model that builds upon contemporary philosoph-
ical theories and considerations, including narrative ethics. In the discussion of two 
case studies (based on features of existing clinical cases), we apply this model and 
illustrate its benefits in guiding pragmatic and ethical decisions prior to and during 
the use of VA-ECMO technology for patient care.

3.1 The wide reflective equilibrium (WRE)

The WRE is a theoretical model developed by Nielsen [23, 24] by extending the 
work of Norman Daniels and political philosopher Rawls [25]. This method consists 
of working back and forth among our judgments about particular situations, beliefs 
about those principles or rules that guide them, and additional considerations and 
beliefs relevant to the situation. The aim to find coherence by testing our beliefs 
against other systems of belief, moral theories, and non-moral views, revising and 
refining them, in a process of moral deliberation. The WRE as a model for practical 
ethics can be a way to recognize the value of multiple, methodologies in ethics (e.g., 
principlism, casuistry, and narrative) such that specific cases, theories, principles, 
and context (of stories or situations) matter and can contribute to the interplay of 
the WRE framework.

By using the WRE with an ethical situation, we work back and forth between 
three elements, including our initial moral judgment, background beliefs, and 
theories (e.g., social theory, clinical information, and legal laws), and ethical 
theories and principles to achieve coherence. WRE is then continually rewoven in 
light of new knowledge or circumstances, which may alter any or all elements of the 
WRE. Beauchamp and Childress [26] explain that “No matter how wide the pool of 
beliefs, we have no reason to anticipate that the process of pruning, adjusting, and 
rendering coherent will either come to an end or be perfected” ([27], p. 66). Joan 
McCarthy writes, “On this understanding, the processes of moral deliberation are 
akin to scientific processes: they involve the setting up of hypotheses that are tested 
and modified or rejected on the basis of reasoning and experience. In turn, the aim 
of unifying one’s moral beliefs and background commitments is analogous to the 
scientific goal of achieving theoretical consistency and unity” [27].

While McCarthy shows the value of the WRE that incorporates principles into 
ethical decision-making, she also identifies the benefits of a narrative ethic, which 
draws upon “narrative concepts and methodologies drawn from literary criticism 
and philosophy as tools of moral understanding and assessment,” [27] and is 
formulated through various approaches such that individual stories are closely read, 
or compared to, even woven within, other stories, giving context to existing moral 
theories and models, serving as a theory in and of itself, or promoting the emer-
gence of new ethical thought. McCarthy suggests that one can test various personal 
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narratives against various criteria similar to the way moral rules or principles are 
tested through the process of reflective equilibrium, and, thus, proposes a Narrative 
Reflective Equilibrium (NRE) to challenge and modify first person narratives. This 
narrative approach can be particularly useful for end of life decision-making, espe-
cially when healthcare professionals, surrogates, and others try to make sense of an 
incompetent patient’s life story, which can reveal multiple courses of actions that 
are compatible with and would be “meaningful and consistent with the patient’s 
self-conception” if she were the one deciding [27].

McCarthy shows that both principlism and narrative ethics provide important, 
often overlapping, ethical skills that can reinforce each other through delibera-
tive, reflective processes that aim to achieve coherence and shared understanding 
[27]. Yet, the NRE is unnecessary unless we give primacy to a narrative approach 
over other ethical approaches under consideration. That is, the WRE is able to be 
a valuable model that incorporates principlism, narrative ethics, among other meth-
odologies without be reductive to one approach or another; thus, it is unnecessary 
to have such a coherence model distinct from WRE. The other elements of WRE, 
including initial moral judgments and background beliefs and theories, including 
clinical and scientific facts, legal laws and policies, religious and spiritual beliefs 
and perceptions, and so forth are significant for not only further understanding 
the context of patients’, caregivers’, and others’ stories, but also may contribute to 
new information that have the power to create new stories, reveal multiple courses 
of action based on different interpretations of stories, including alternative ethical 
considerations. Such new information might even be an unconsidered personal 
narrative that requires coherence among not just other narratives, but also among 
the other elements of WRE. It is this WRE that embraces narrative, as well as other 
ethical theories and approaches (which are themselves often embedded in nar-
ratives), which may untangle some complex ethical issues, arriving at justifiable 
courses of action through ongoing revision and refinement. Because, we cannot 
ignore the clinical, social, legal, economical, and ethical elements of VA-ECMO, a 
framework that recognizes these elements, as well as, patient and caregiver stories, 
relationships, and values, will best guide shared decision-making and perhaps find 
a “bridge to somewhere.”

4. Finding a bridge to somewhere

To illustrate how the WRE can be a beneficial model for shared decision-making, 
we present two cases, followed by our ethical analysis.

4.1 Case 1

A critically ill 67-year-old female patient, M.J. presents to the cardiology team 
with progressive heart disease, profound cardiogenic shock, as a result of a massive 
acute myocardial infarction secondary to long-standing known coronary artery 
disease in the setting of previous coronary artery bypass surgery (CABG). As a 
result of a recently diagnosed, but medically treated breast cancer, she is neither a 
candidate for a transplant nor is a long-term ventricular assist device a reasonable 
option. Due to her ability to breathe on her own without ventilator support, she is 
on VA-ECMO without having to be in a clinically induced coma. Thus, she is alert, 
at times able to interact with family, but unfortunately has a poor prognosis and 
would die without ongoing ECMO support. The support is non-beneficial in that it 
will not be an effective bridge to survival, but simply a means to temporarily sustain 
a terminal life. M.J. is scared of dying, and feels as though if she gives up now, she 
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will be a disappointment to her loved ones. Because of the patient’s insistence to 
keep living as long as possible, the healthcare team, family, and those closest to the 
patient are uncomfortable with removing ECHO. The healthcare team sees current 
benefit in giving the patient time to make end of life plans and spend time with 
family despite the financial burdens of ECMO. The issue of this case, however, is 
that M.J. refuses to listen to the healthcare team about her impending prognosis and 
to consider end of life planning in the event she is no longer able to make decisions.

Although the case of M.J. involves the use of VA-ECMO for a “bridge to 
nowhere,” the healthcare team would like to see this not as a futile endeavor but 
one that bridge to a peaceful closure to life. For the multitude of patients who do 
not get to choose their deaths, M.J. has an opportunity to make end of life plans 
based on her values and needs, and yet the healthcare team is struggling as to why 
she is not engaged in such planning. When looking at this case through the lens of 
WRE, the initial moral judgment of the healthcare team may look like “M.J. should 
remain on ECMO.” And, as simply put, there is consensus that removing ECMO 
from M.J. at this point in time would be unethical given that it is providing benefit 
by caring for her end of life needs, e.g., seeing family; removing ECMO could lead 
to moral distress among healthcare professions, emotional and social harm to M.J 
and her family, potential legal liability, and social distrust. Looking at the benefits 
versus the risks of financial burden for family, lack of ECMO access for other 
patients, and amount of teamwork required to sustain M.J.’s life (i.e., “manpower” 
hours), as well as institutional considerations that may require alternative actions, 
e.g., transfer of care, before enacting non-beneficial treatment policies for the 
withdrawal of ECMO.

4.1.1 Initial moral judgment

In the event M.J. becomes incapacitated, we may ask the question, “For how long 
should M.J. remain on ECMO?” This new scenario and question prompts new moral 
judgments and ethical, clinical, legal, and social considerations such that “M.J. 
should not remain on ECMO due to progression of disease and unavoidable harm.” 
This judgment, loaded with clinical and social requirements, leads to concerns 
about surrogate decision-making and refusal of withdrawal, DNR and ECPR, and 
OP-ECMO. If M.J.’s family supports her decision for continuing life support even 
when she no longer has capacity, this will lead to a complex dilemma for the health-
care team and family. The initial moral judgment, then, for the healthcare team will 
be based on their ability to sustain a quality of life for M.J.

4.1.2 Background beliefs and theories

Before delving into the ethical theories and principles, an analysis of multiple 
factors, i.e., background beliefs, including existing policies, laws, family beliefs and 
social theory, clinical information, etc., is essential to work back and forth among 
the WRE elements. Healthcare professionals are not required to provide futile treat-
ment, and thus, many institutions have non-beneficial treatment or futility policies. 
Of course, the notion of futility is highly debated and this case, in point, shows how 
the concept of what is or is not beneficial may depend on the context of the situa-
tion (i.e., alert patient, family at the bedside). These conceptual considerations are 
valuable when working through the WRE, as well as the pragmatic considerations 
such that medical evidence, laws, and policies are considered. If M.J.’s surrogate 
or next of kin refuses to withdraw ECMO, the healthcare team may enact a non-
beneficial treatment policy with the option to transfer care to another facility that 
may accept M.J.
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Here is where the WRE pushes the healthcare team, ethics committee, or general 
counsel to find out if transfer of care is even possible, i.e., willingness, accessibil-
ity, and availability of other institutions. That is, M.J. may not be mobile, facilities 
may be at full capacity, they may not take cases like M.J.’s, or they may not have 
the team to support ECMO. If transfer of care is not possible, legal action is most 
likely the next course of action. To further complicate the matter, decisions of 
DNR and whether ECPR should be initiated must also be considered. While ECPR 
may sustain life, even for a short time, M.J. is still terminal and such interventions 
will not lead to clinically beneficial results. DNR discussions are essential prior to 
patients becoming incapacitated; however, given that option is no longer viable, 
such discussions need to occur with M.J.’s surrogate decision-maker. These policies, 
standards, and theoretical concepts (e.g., futility), should be considered in light of 
ethical theories and principles under the WRE model.

4.1.3 Ethical theories and principles

In light of clinical facts, existing policies, and standards, the healthcare team feels 
that it is best to withdraw support based on ethical considerations. By keeping M.J. 
“alive” on ECMO (and equally its removal) can violate the ethical principle of non-
maleficence (“do no harm”), as would initiating CPR. Quality of life was understood 
as M.J.’s ability to interact with her family although she understood that ECMO was a 
non-beneficial treatment. However, due to her current state, and progressive declin-
ing health, she no longer has quality of life, and may potentially suffer if she still has 
brain function with continued ECMO use. Thus, the healthcare team believes it is their 
ethical obligation to withdraw all support so as to do no harm, despite allowing death 
to occur, which, to some, is counter to the goals of medical care. In addition, there are 
justice issues with this scenario; it is unjust utilizing a needed public resource for a 
patient who is no longer benefitting from that resource, especially when availability 
and accessibility is limited. Furthermore, the family is accruing a potential financial 
burden, and may not be fully cognizant of the economic costs of keeping a person alive 
because they are not wanting to let her go or violate her autonomous wish to be kept 
alive. The economic burdens, in their mind, may not outweigh their unrelenting desire 
to keep her alive and abide by her wishes. Besides principle-based considerations, the 
narrative approach is also valuable in this scenario to better understand the family’s 
interests and values, and whether they are genuinely aware of M.J.s current state.

Furthermore, M.J.’s story may further reveal to the family/surrogate decision-
maker and healthcare team that her autonomous wish to be kept alive was only 
intended to be limited for when she was alert and able to interact with her sur-
roundings. If she and her family’s insistence on “doing everything possible” with 
continued ECMO support and refusal of DNR orders (a concept that, in itself, 
is somewhat misleading since the patient is, by definition, full cardiopulmonary 
life-support. As such, the term DNR is the setting of ECMO is often used to place 
objective limitations on escalation of support—such as initiating or escalating doses 
of vasoactive medications, new antibiotics, or performing additional invasive pro-
cedures) is motivated by cultural, religious, spiritual, or philosophical beliefs, these 
beliefs would then be brought into the WRE framework and pushing us to move 
back and forth between these beliefs and ethical theories and principles. Narrative 
ethics pushes us deeper into the reasoning behind our patients’ and surrogates’ 
decisions and beliefs and contextualizing the aforementioned considerations for 
further reflection and refinement. With deeper understanding, the healthcare 
team may have to utilize more resources, and justify the use of those resources, e.g., 
chaplaincy service, while possibly postponing critical decisions and the alleviation 
of M.J.’s harm and suffering.
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4.1.4 Revision, refinement, and reflection

There may be some compromises (not necessarily consensus) among patients, 
family, and the healthcare team as we move back and forth among these elements 
of the WRE. For example, the healthcare team may be able to educate the family or 
surrogate about M.J.’s poor prognosis and the possible suffering she might endure 
if prolonged on ECMO as supported by their ethical obligation to do no harm. The 
family or surrogate, possibly feeling guilt, fear, or any number emotions in confront-
ing the death of a loved one, might not want to sacrifice M.J.’s welfare for a previously 
declared request for continued treatment, and decide to withdraw. Then again, they 
may compromise and ask to have some more time with MJ, but with the acceptance of 
a DNR order. They may also be motivated to withdraw or accept a DNR order by rec-
ognizing that patients with quality lives can survive if they have access to the ECMO 
technology that is currently being utilized by M.J. The context of the decisions by 
which the healthcare will support or reject the family’s decision just may depend on 
the level of harm, whether there is a patient in need of the ECMO unit, or if a transfer 
of care is possible. Regardless, the WRE should not simply be a tool for just healthcare 
professionals to come to terms with their initial moral judgments; the WRE should 
involve the perspectives, stories, and values of all persons who have stake in the deci-
sions to be made. That is, the WRE can be a useful tool for shared decision-making, 
where considerations are presented by multiple persons and parties.

Moreover, in any of the possible outcomes, the WRE shows us that there does 
not have to be a single decision, recommendation, or outcome; some outcomes may 
be ethically preferable than others, however, the best outcome is one that has been 
carefully vetted through the WRE framework. With new information, the decisions 
may change, the patient, family and/or surrogates may be understood more fully as 
stakeholders in a shared decision-making process, and the healthcare team will have 
recognized that medical decisions, policies, and even laws may be subjected to revi-
sion and refinement. More importantly, once more permanent decisions are made 
such that ECMO is withdrawn, it is important for such decisions to be reflected on, 
asking “what other considerations might we have failed to consider?”

4.2 Case 2

A 22-year-old, previously healthy, male patient presents with severe cardiac failure 
due to fulminant myocarditis associated with a viral infection. The patient, T.K. has 
been experiencing flu-like symptoms for over 3 weeks without seeking appropriate 
medical attention. After passing out at a fast food restaurant, paramedics arrived on the 
scene and suspected cardiogenic shock, which was confirmed by his healthcare team. 
Clinical tests further confirm tachycardia, hypotension, left ventricle dysfunction, 
severe respiratory failure, and rapidly evolving multi-organ failure. Furthermore, T.K. 
did not respond to mechanical ventilation. Currently, T.K. is on ECMO as a potential 
bridge to VAD, however, due to a significant embolic stroke sustained while on ECMO, 
it is unlikely that he will survive with meaningful quality of life. T.K. has already been 
resuscitated, and the healthcare team is questioning whether to continue ECMO treat-
ment toward VAD, continue ECMO for a short time (“bridge to nowhere”), withdraw 
ECMO, or consider OP-ECMO. T.K. currently does not have decision-making capacity; 
his estranged father is at his bedside and trying to make sense of the situation.

4.2.1 Initial moral judgment

While there are several possible courses of actions, the healthcare team could 
take their initial moral judgment that is to avoid as much harm to the patient as 
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possible, while establishing a more accurate prognosis regarding T.K.’s quality of 
life. The team also believes that including T.K.’s father in ongoing discussions about 
his son’s prognosis is ethically appropriate.

4.2.2 Background beliefs and theories

When considering the risks and benefits of the options presented by the 
healthcare team that are specific to T.K. and his current status, it is clear that 
without ECMO support, there is no hope of recovery. In regard to their “hope for 
recovery,” the healthcare team reviews all of the clinical facts surrounding T.K.’s 
situation. For example, it is not uncommon for patients on ECMO to have neu-
rological complications such as ischemic stroke, however, outcomes are limited 
to few reported cases [6]. The amount of neurological damage due to embolic 
stroke and quality of life is uncertain until the patient is able to move from critical 
care to a period of recovery, where further neurological assessment can be done 
along with rehabilitative interventions. Although, it is initially suspected that 
T.K. will have a poor quality of life if he survives, uncertainty gives the healthcare 
team pause. They have seen some patients recover, and others who had to be 
withdrawn from ECMO with no survivability. T.K.’s young age and prior health 
status contribute to the team’s push to continue ECMO, while being mindful of 
the inherent and ongoing risks of continued treatment. The team can continue to 
try to manage the emerging multi-organ distress and provide medication therapy 
and other interventions to monitor and prevent further neurological damage, 
while also setting important limits to their efforts. As for using ECMO as a bridge 
to VAD, the uncertainty of the current health status of the patient prompts a more 
“wait and see” approach. With that, the team also should realistically consider the 
higher rates of long-term disability and morbidity and mortality rates with T.K.’s 
co-morbidities and the surmounting financial burdens to the patient, family, and/
or healthcare institution. However, the team’s decision should not be isolated from 
a surrogate decision-maker. Thus, they need to first establish who is the surrogate 
decision-maker before moving forward in providing continued ECMO support in 
a “wait and see” approach.

T.K. is unmarried, does not have a significant other in his life, and his only 
family is a distant cousin who lives three states away and his estranged father. His 
father left T.K. and his mother, when he was 15 years old. Since the time, T.K.’s 
mother passed away from metastatic ovarian cancer, and he has been putting 
himself through college, while working a full-time job as an apprentice carpenter. 
T.K. talked to his father a few times on the phone over the past 2 years (his father 
calls every birthday); they met once for coffee about 2 months prior to T.K.’s hospi-
talization. T.K.’s father wanted to be back in his son’s life and has been at his bedside 
nearly every day since his hospitalization. Given this information, and the legal 
requirements for next of kin (i.e., parent), the team is comfortable with providing 
ongoing communication with the father and involving him in shared decision-
making regarding his son.

T.K.’s father does not insist that “everything be done” but approaches the situa-
tion based on what he feels his son would want. He describes his son as a “fighter,” 
who is resilient, physically and emotionally strong, and would not want to be in 
a position, where he would have no quality of life or possibility to “fight” for his 
independence. The father is hopeful for his son’s recovery, and willing to put in the 
work to secure him the resources he needs, however, he has also requested that if 
nothing more can be done, to simply “let him rest in peace” without “being a guinea 
pig” for scientific discovery. His reason for leaving his wife was due to her reliance 
on homeopathic medicine, and for never giving Western medicine a chance. T.K. 
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4.1.4 Revision, refinement, and reflection

There may be some compromises (not necessarily consensus) among patients, 
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a DNR order. They may also be motivated to withdraw or accept a DNR order by rec-
ognizing that patients with quality lives can survive if they have access to the ECMO 
technology that is currently being utilized by M.J. The context of the decisions by 
which the healthcare will support or reject the family’s decision just may depend on 
the level of harm, whether there is a patient in need of the ECMO unit, or if a transfer 
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professionals to come to terms with their initial moral judgments; the WRE should 
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recognized that medical decisions, policies, and even laws may be subjected to revi-
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such that ECMO is withdrawn, it is important for such decisions to be reflected on, 
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4.2 Case 2
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due to fulminant myocarditis associated with a viral infection. The patient, T.K. has 
been experiencing flu-like symptoms for over 3 weeks without seeking appropriate 
medical attention. After passing out at a fast food restaurant, paramedics arrived on the 
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severe respiratory failure, and rapidly evolving multi-organ failure. Furthermore, T.K. 
did not respond to mechanical ventilation. Currently, T.K. is on ECMO as a potential 
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resuscitated, and the healthcare team is questioning whether to continue ECMO treat-
ment toward VAD, continue ECMO for a short time (“bridge to nowhere”), withdraw 
ECMO, or consider OP-ECMO. T.K. currently does not have decision-making capacity; 
his estranged father is at his bedside and trying to make sense of the situation.
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possible, while establishing a more accurate prognosis regarding T.K.’s quality of 
life. The team also believes that including T.K.’s father in ongoing discussions about 
his son’s prognosis is ethically appropriate.
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rological complications such as ischemic stroke, however, outcomes are limited 
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stroke and quality of life is uncertain until the patient is able to move from critical 
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along with rehabilitative interventions. Although, it is initially suspected that 
T.K. will have a poor quality of life if he survives, uncertainty gives the healthcare 
team pause. They have seen some patients recover, and others who had to be 
withdrawn from ECMO with no survivability. T.K.’s young age and prior health 
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try to manage the emerging multi-organ distress and provide medication therapy 
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or healthcare institution. However, the team’s decision should not be isolated from 
a surrogate decision-maker. Thus, they need to first establish who is the surrogate 
decision-maker before moving forward in providing continued ECMO support in 
a “wait and see” approach.

T.K. is unmarried, does not have a significant other in his life, and his only 
family is a distant cousin who lives three states away and his estranged father. His 
father left T.K. and his mother, when he was 15 years old. Since the time, T.K.’s 
mother passed away from metastatic ovarian cancer, and he has been putting 
himself through college, while working a full-time job as an apprentice carpenter. 
T.K. talked to his father a few times on the phone over the past 2 years (his father 
calls every birthday); they met once for coffee about 2 months prior to T.K.’s hospi-
talization. T.K.’s father wanted to be back in his son’s life and has been at his bedside 
nearly every day since his hospitalization. Given this information, and the legal 
requirements for next of kin (i.e., parent), the team is comfortable with providing 
ongoing communication with the father and involving him in shared decision-
making regarding his son.

T.K.’s father does not insist that “everything be done” but approaches the situa-
tion based on what he feels his son would want. He describes his son as a “fighter,” 
who is resilient, physically and emotionally strong, and would not want to be in 
a position, where he would have no quality of life or possibility to “fight” for his 
independence. The father is hopeful for his son’s recovery, and willing to put in the 
work to secure him the resources he needs, however, he has also requested that if 
nothing more can be done, to simply “let him rest in peace” without “being a guinea 
pig” for scientific discovery. His reason for leaving his wife was due to her reliance 
on homeopathic medicine, and for never giving Western medicine a chance. T.K. 
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resented both of his parents for their actions but was willing to rekindle his relation-
ship with his father, as reported by his father.

4.2.3 Moral principles and theories

In considering the clinical narrative of T.K., his father’s narrative, and the 
healthcare team’s initial moral judgment, it would seem as though the initial deci-
sions to continue ECMO and treat the existing co-morbid issues, while engaging 
T.K.’s father in ongoing conversations about treatments and prognosis aligns with 
the principles of beneficence and nonmaleficence. T.K.’s father, in considering his 
son’s needs and interests first, recognizes the importance of quality of life, end of life 
decision-making that is in the best interests of the patient, and the difficult nature 
of this clinical situation, which could change at any moment. Both the healthcare 
team and T.K.’s father mutually supports the decision to continue ECMO, treat any 
underlying problems, monitor the neurological effects from the stroke, and deter-
mine next steps. If and when T.K. should continue to decline, and ECMO is no longer 
beneficial, the team has discussed further options with his father including removal 
of ECMO. Advance care planning is guided by a care ethics approach, which involves 
caring for T.K. and his father (e.g., bereavement counseling), as well as the promo-
tion of T.K.’s autonomy through surrogate decision-making, i.e., decisions based on 
what T.K. would have wanted if he were able to decide for himself.

4.2.4 A need to refine the coherence framework with new information

T.K. continues to decline, including an LV distention and subsequent pulmonary 
edema, and the neurological effects of the embolic stroke have proven to be severe. 
T.K.’s father, distraught with the new information, and knowing this is the end for 
his sons, asks the team to continue ECMO support for purposes of organ procure-
ment, as “my son was a giving person, and I believe he would want to be able to 
help others.” However, with multi-organ failure, a viral infection, prior ischemic 
stroke, and pulmonary edema, the team suspects there are no viable organs despite 
recent success cases [28], and thus, the best decision is to remove ECMO and allow 
T.K. to have dignity at the end of his life. The inconclusive nature of brain death 
determinations on ECMO, the high probability of non-viable organs that would 
be otherwise discarded rather than donated, the lack of robust case presentations 
and evidence-based medicine regarding ECMO patients as organ donors, and the 
rapid decline of T.K., all contributed to the background belief that ECMO should 
be withdrawn without pursuing organ procurement. This belief or rather the facts 
of the case, thus support the initial moral judgment to reduce or avoid unnecessary 
harm and keep T.K.’s father well-informed. However, the “wait and see” approach 
needs to be refined given the new clinical information (i.e., T.K.’s new prognosis), 
and the meaning of “harm” can be elucidated with a deeper examination of the 
ethical theories and principles as well as the status of the medical interventions (i.e., 
ECMO is no longer beneficial).

4.2.5 Revision, refinement, and reflection

In considering the new information, the healthcare team discusses removal 
of ECMO support and the inability to procure viable organs at this time, despite 
the honorable and altruistic recommendation by T.K.’s father. The team openly 
discusses the relatively new approaches to organ procurement from patients, who 
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are on ECMO, and some of the ethical and pragmatic concerns with the father. T.K.’s 
father understands what the team is relaying and is in agreement that more harm 
than good can arise from organ procurement; however, he does question whether 
removal of ECMO is necessary, given that T.K. is rapidly declining and has no hope 
for survival anyways. The team then explains that because ECMO is no longer ben-
eficial, if T.K. were to remain on this technology for any length of time, additional 
harms, i.e., damage to his body, are likely and the team does not want to contribute 
to those harms if they can prevent them. Of note, it is difficult for everyone who has 
cared about T.K. to see him continue without any benefit (moral distress). Even if 
a non-beneficial treatment policy were to be implemented by the healthcare team, 
which permits them to forgo treatment that is not a benefit to the patient when 
family or surrogates insist to continue treatment, having the honest and open con-
versation prior any discussion surrounding hospital policy is preferable. The team 
is able to share what they mean by “harm” and have an opportunity to understand 
the family or surrogate’s point of view. Here, T.K.’s father understands that medicine 
cannot bring back his son, and collectively decides to withdraw ECMO support with 
the healthcare team. However, ethical considerations should not end simply with 
this decision; the healthcare team should reflect on the father’s experiences: losing 
his wife who refused Western medicine and losing a son with the limitations of 
Western medicine. Further care such as grief counseling, support groups, or simply 
acknowledging this difficult time should be part of the WRE; all persons involved 
ought to be considered along with those decisions or recommendations that emerge 
from achieving coherence. That is, the WRE prompts us to see all issues or concerns 
of a case or situation that involve multiple persons (healthcare team, patients, and 
family/surrogate).

Part of the ethical framework also prompts the healthcare team, institutions, 
and others to think critically about future patients, policies, and guidelines that 
could open up the organ donor pool significantly while giving family and surro-
gates the opportunity to make such decisions. In the end, while T.K.’s father agrees 
to the withdraw of ECMO treatment, there is also the possibility of future family 
members or surrogates who insist on continuing ECMO support in the effort 
to hold onto hope. In such cases, the WRE can help guide healthcare teams and 
families to understand the limits of medical technology, the importance of decid-
ing what the patient would have wanted, the harms of continuing non-beneficial 
treatment, and the resources available for bereavement and support when letting 
go of a loved one.

The case of T.K. could had a very different outcome; instead of a rapid decline 
and no benefit of ECMO, to improvement with continued ECMO support, but not 
without future extensive rehabilitation, and a loss of quality of life (i.e., T.K. no 
longer able to work, go to school, or have the same capabilities as he did prior to 
hospitalization). Such decisions, though, should ultimately be left up to the family 
or surrogate decision-maker as to whether to continue ECMO or to withdraw given 
the prognosis of a potentially poor quality of life and a lifetime of ongoing care. 
Advance care planning, then, is essential for patients and families confronted with 
these ECMO decisions, as is the understanding of “harms” and “quality of life” as 
every outcome does not lead to a complete recovery without complications. Each 
patient and family member or surrogate will have different values and interpreta-
tions that ultimately ought to be respected by the healthcare team following shared 
decision-making and a careful consideration of the elements of the WRE, especially 
as new information requires us to revise, refine, and reflect on previously held 
judgments and actions.
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5. Concluding thoughts

Although our two patients, M.J. and T.K., do not have successful outcomes with 
ECMO, and are unable to utilize this technology as a bridge to recovery; this does 
not suggest ECMO for them is simply a “bridge to nowhere.” What ECMO became 
for them was a bridge for careful ethical considerations, meaningful family and sur-
rogate engagement and support, shared decision-making with the healthcare team, 
and outcomes that preserved the quality of life at the end of life. While ECMO had 
to be withdrawn, it was not done hastily, and pushes the healthcare community, 
including clinical ethicists, to critically think about best practices, policies, and 
ethical guidance, and the future of ECMO for such opportunities as organ donation.
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not suggest ECMO for them is simply a “bridge to nowhere.” What ECMO became 
for them was a bridge for careful ethical considerations, meaningful family and sur-
rogate engagement and support, shared decision-making with the healthcare team, 
and outcomes that preserved the quality of life at the end of life. While ECMO had 
to be withdrawn, it was not done hastily, and pushes the healthcare community, 
including clinical ethicists, to critically think about best practices, policies, and 
ethical guidance, and the future of ECMO for such opportunities as organ donation.
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Abstract

Extracorporeal membrane oxygenation (ECMO) is a special form of organ 
support for selected cases of cardiovascular and severe respiratory failure. 
Echocardiography is a diagnostic and monitoring tool widely used in all aspects of 
ECMO support. The pathophysiology of ECMO, and its distinct effects on cardiore-
spiratory physiology, requires an echocardiographer with high skills to understand 
the interaction between the ECMO and the patient. In this chapter, we present the 
main application of echocardiography in ECMO patients and some general concepts 
on the ECMO working. ECMO, such as the standard cardiopulmonary bypass 
employed in cardiac surgery, V-V (veno-venous), can support the insufficient 
respiratory system by oxygenating and removing carbon dioxide from the blood. 
VA-ECMO (venous-arterial) can support haemodynamics by providing mechanical 
circulatory assistance. Today, ECMO can be used as bridge to decision, waiting for 
the development of the clinical conditions to support with other devices the evolu-
tion of cardiorespiratory failure or stop the assistance. Echocardiography (trans-
thoracic (TTE) or transoesophageal (TOE)) can be used primarily to take decisions 
regarding appropriateness of ECMO support, therefore to control cannula insertion 
and confirm final position, to modify number and position of the cannulae in case 
of malfunctioning of these, and, finally, to assess clinical progress and suitability 
for weaning from ECMO.

Keywords: echocardiography, critical care, ARDS, extracorporeal cardiopulmonary 
resuscitation, thromboembolism, tamponade, hemodynamic monitoring, 
VV-ECMO, VA-ECMO

1. Introduction

Cardiac surgeons and/or cardiac anaesthesiologists after cardiac operations 
prevalently use the ECMO in its VA-ECMO configuration for cardio-circulatory 
failure [1, 2]. Recently, ECMO in its veno-venous configuration is becoming widely 
used in ICU by intensivists to treat severe form of respiratory failure (ARDS) [3, 4] 
after the recent successes obtained with the use of ECMO in the A(H1N1) influenza 
epidemic [5, 6], linked to the results of CESAR Trial [7].

At the same time, the practice of echocardiographic investigation in intensive 
care units by the intensivists combined the echocardiographic method to haemo-
dynamic monitoring, favouring the use of echocardiography for the assessment of 
haemodynamic and respiratory instability [8].

The patient who needs extracorporeal support is thus evaluated by the echocar-
diographer who establishes the timing of the support, the need for support, and the 
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Abstract

Extracorporeal membrane oxygenation (ECMO) is a special form of organ 
support for selected cases of cardiovascular and severe respiratory failure. 
Echocardiography is a diagnostic and monitoring tool widely used in all aspects of 
ECMO support. The pathophysiology of ECMO, and its distinct effects on cardiore-
spiratory physiology, requires an echocardiographer with high skills to understand 
the interaction between the ECMO and the patient. In this chapter, we present the 
main application of echocardiography in ECMO patients and some general concepts 
on the ECMO working. ECMO, such as the standard cardiopulmonary bypass 
employed in cardiac surgery, V-V (veno-venous), can support the insufficient 
respiratory system by oxygenating and removing carbon dioxide from the blood. 
VA-ECMO (venous-arterial) can support haemodynamics by providing mechanical 
circulatory assistance. Today, ECMO can be used as bridge to decision, waiting for 
the development of the clinical conditions to support with other devices the evolu-
tion of cardiorespiratory failure or stop the assistance. Echocardiography (trans-
thoracic (TTE) or transoesophageal (TOE)) can be used primarily to take decisions 
regarding appropriateness of ECMO support, therefore to control cannula insertion 
and confirm final position, to modify number and position of the cannulae in case 
of malfunctioning of these, and, finally, to assess clinical progress and suitability 
for weaning from ECMO.
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1. Introduction

Cardiac surgeons and/or cardiac anaesthesiologists after cardiac operations 
prevalently use the ECMO in its VA-ECMO configuration for cardio-circulatory 
failure [1, 2]. Recently, ECMO in its veno-venous configuration is becoming widely 
used in ICU by intensivists to treat severe form of respiratory failure (ARDS) [3, 4] 
after the recent successes obtained with the use of ECMO in the A(H1N1) influenza 
epidemic [5, 6], linked to the results of CESAR Trial [7].

At the same time, the practice of echocardiographic investigation in intensive 
care units by the intensivists combined the echocardiographic method to haemo-
dynamic monitoring, favouring the use of echocardiography for the assessment of 
haemodynamic and respiratory instability [8].

The patient who needs extracorporeal support is thus evaluated by the echocar-
diographer who establishes the timing of the support, the need for support, and the 
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contraindications to the support and follows the phases of cannulation and func-
tioning of the extracorporeal support [9].

ECMO is a rescue therapy used to provide cardiac and/or respiratory support for 
critically ill patients in whom maximal conventional medical management failed 
[3, 4]. VV-ECMO provides adequate oxygenation and removal of carbon dioxide 
in isolated refractory respiratory failure, while VA-ECMO is used when support for 
cardiac and /or respiratory failure is needed [1] (Table 1).

1.1 General role of echocardiography

Echocardiography (ECHO) plays a pivotal role in the management of critical 
patients, particularly those supported with ECMO [9–11]. ECHO can be used to not 
only evaluate function and diagnose diseases requiring ECMO but also to detect all 
cardiac complications or vascular diseases that may arise following ECMO [12, 13].

The central role of ECHO is important to identifying various diseases such as 
cardiac /undiagnosed valve lesions and left ventricular (LV) dysfunction, which 
could be the cause of severe haemodynamic instability, as well as to exclude them to 
avoid ECMO support [11].

The detection of aortic dissection represents an absolute contraindication in 
VA-ECMO, whereas a moderate to severe aortic valve regurgitation (AVR) is a relative 
contraindication in VA-ECMO, because the LV afterload increase, determining by 
ECMO itself, leads a worsening in AVR. ECHO provides information on aortic athero-
sclerosis and then guides the intensivist to decide the suitable cannulation sites (central 
versus peripheral) or the technique (surgical versus percutaneous) [13]. ECHO also 
helps to evaluate the right heart morphology for any structural abnormality, which 
could prevent the positioning of venous cannula for VV-ECMO or VA-ECMO [14].

In addition, as stated above, ECHO has a key role during ECMO cannulation. 
First, it guides the correct placement of the ECMO cannulae [15]. TTE may not be 
able to guide ECMO cannulation because of limited spatial resolution, and therefore 
transoesophageal echocardiography (TOE) represents the examination of choice to 
guiding the insertion. Echocardiographer and intensivist have to work together in 
order to correct the final position of the cannulae [15]. In VV-ECMO the position 
of the tips of the venous cannulae is essential for the correct functioning of the 
ECMO. Indeed, the drainage cannula must be positioned just before the entrance 
of the inferior vena cava (IVC) in the right atrium (RA), while the tip of the return 
cannula must be positioned in the central part of the RA just before the tricuspid 
valve but far away from the inter-atrial septum [16].

Table 1. 
Main indications for the use of ECMO assistance.
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However, the echocardiographic evaluation is also essential for the identification 
and management of specific complications that may arise during ECMO support 
and may determine its malfunction. For the problems related to TTE resolution, 
also involving to the patient’s respiratory pathology, the TOE is preferred to make it 
clear any possible complication [17]. ECHO allows a rapid evaluation not only of the 
positioning of the cannula but mainly of the cardiac filling, of the cardiac function, 
and of the cardiac tamponade [16, 17]. Detection of cardiac tamponade and evalu-
ation of the significance of pericardial effusion or collection may be difficult in 
patients supported with ECMO because the heart is in a partially bypassed state.

In conclusion, ECHO is mandatory during the start of ECMO, cannulae insertion, 
haemodynamic monitoring, and detection of complications during weaning [16–18].

1.1.1 Ultrasonography for ECMO cannulation

In many cases, cannulation can be performed without ultrasound guidance. 
However, the use of ultrasound can help to reduce the rate of complications associ-
ated with cannulation such as haematoma, retroperitoneal haematoma, vascular 
damage, cardiac tamponade, and ischemia of the lower leg [19]. In the paediatric 
patient, the eco-guided cannulation has been shown to reduce complications, 
especially the need for surgical placement [20, 21].

The ultrasound evaluation of the diameter of the vessels to be cannulated, 
especially the femoral artery, allows to choose the right size of the cannula, avoiding 
vascular occlusions distal to the cannulation point, with consequent ischemia, for 
example, of the lower limb [15, 19]. Cannulation can be carried out echo-guided 
or echo-assisted, i.e. only by identifying the insertion point. Today the ultrasound 
shows a greater sensitivity and specificity compared to radiography in identifying 
the exact point of arrival of the cannulae. The exact position of the femoral arte-
rial cannula allows to optimise the flow, as well as the exact position of the venous 
cannula in IVC, above the hepatic vein, and contributes to an excellent drainage, 
clearly optimising hepatic drainage [22] (Figure 1). The echocardiography, after 
the positioning of the cannulae, must be performed to highlight early cardiac 
tamponade and problems of acute dilatation of the ventricles [14, 16, 23]. The use of 
colour Doppler also highlights problems of distal perfusion in the lower limb, such 
as having to provide with dedicated shunts.

Before dilating vein for venous cannulation, it is necessary to make sure that 
guide wires, percutaneously inserted, are positioned inside the heart or large vessels. 
Only after ultrasound confirmation, physicians can proceed to advance the cannulae 
on these wires. However, it is necessary to discriminate the real images from the 
echocardiographic artefacts generated by these wires and cannulae, before proceed-
ing to the final position of the cannulae. In the peripheral configurations of ECMO, 
especially in the VA-ECMO, we must assist with ultrasound the placement of the 
venous cannula in the middle of the right atrium in order to obtain an optimal drain-
age [13, 14] (Figure 2). With TOE, the bi-caval projection is able to orient perfectly 
on the optimal position of the venous cannula (Figure 3). Although the ultrasounds 
cannot indicate the level of the arterial cannula tip, which reaches the iliac artery 
from the femoral artery, they can confirm that the guide wire used in percutaneous 
arterial cannulation is located in the lumen of the aorta, before the femoral artery 
dilatation, reducing the risk of extra-arterial placement of the cannula.

1.1.2 Cannula position/complications

Therefore, summing up, it is essential to visualise in real time the positioning of 
the guide wires in the caval districts (IVC and SVC) with the middle oesophageal 
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contraindications to the support and follows the phases of cannulation and func-
tioning of the extracorporeal support [9].
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The central role of ECHO is important to identifying various diseases such as 
cardiac /undiagnosed valve lesions and left ventricular (LV) dysfunction, which 
could be the cause of severe haemodynamic instability, as well as to exclude them to 
avoid ECMO support [11].

The detection of aortic dissection represents an absolute contraindication in 
VA-ECMO, whereas a moderate to severe aortic valve regurgitation (AVR) is a relative 
contraindication in VA-ECMO, because the LV afterload increase, determining by 
ECMO itself, leads a worsening in AVR. ECHO provides information on aortic athero-
sclerosis and then guides the intensivist to decide the suitable cannulation sites (central 
versus peripheral) or the technique (surgical versus percutaneous) [13]. ECHO also 
helps to evaluate the right heart morphology for any structural abnormality, which 
could prevent the positioning of venous cannula for VV-ECMO or VA-ECMO [14].

In addition, as stated above, ECHO has a key role during ECMO cannulation. 
First, it guides the correct placement of the ECMO cannulae [15]. TTE may not be 
able to guide ECMO cannulation because of limited spatial resolution, and therefore 
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order to correct the final position of the cannulae [15]. In VV-ECMO the position 
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and management of specific complications that may arise during ECMO support 
and may determine its malfunction. For the problems related to TTE resolution, 
also involving to the patient’s respiratory pathology, the TOE is preferred to make it 
clear any possible complication [17]. ECHO allows a rapid evaluation not only of the 
positioning of the cannula but mainly of the cardiac filling, of the cardiac function, 
and of the cardiac tamponade [16, 17]. Detection of cardiac tamponade and evalu-
ation of the significance of pericardial effusion or collection may be difficult in 
patients supported with ECMO because the heart is in a partially bypassed state.

In conclusion, ECHO is mandatory during the start of ECMO, cannulae insertion, 
haemodynamic monitoring, and detection of complications during weaning [16–18].

1.1.1 Ultrasonography for ECMO cannulation

In many cases, cannulation can be performed without ultrasound guidance. 
However, the use of ultrasound can help to reduce the rate of complications associ-
ated with cannulation such as haematoma, retroperitoneal haematoma, vascular 
damage, cardiac tamponade, and ischemia of the lower leg [19]. In the paediatric 
patient, the eco-guided cannulation has been shown to reduce complications, 
especially the need for surgical placement [20, 21].

The ultrasound evaluation of the diameter of the vessels to be cannulated, 
especially the femoral artery, allows to choose the right size of the cannula, avoiding 
vascular occlusions distal to the cannulation point, with consequent ischemia, for 
example, of the lower limb [15, 19]. Cannulation can be carried out echo-guided 
or echo-assisted, i.e. only by identifying the insertion point. Today the ultrasound 
shows a greater sensitivity and specificity compared to radiography in identifying 
the exact point of arrival of the cannulae. The exact position of the femoral arte-
rial cannula allows to optimise the flow, as well as the exact position of the venous 
cannula in IVC, above the hepatic vein, and contributes to an excellent drainage, 
clearly optimising hepatic drainage [22] (Figure 1). The echocardiography, after 
the positioning of the cannulae, must be performed to highlight early cardiac 
tamponade and problems of acute dilatation of the ventricles [14, 16, 23]. The use of 
colour Doppler also highlights problems of distal perfusion in the lower limb, such 
as having to provide with dedicated shunts.

Before dilating vein for venous cannulation, it is necessary to make sure that 
guide wires, percutaneously inserted, are positioned inside the heart or large vessels. 
Only after ultrasound confirmation, physicians can proceed to advance the cannulae 
on these wires. However, it is necessary to discriminate the real images from the 
echocardiographic artefacts generated by these wires and cannulae, before proceed-
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the guide wires in the caval districts (IVC and SVC) with the middle oesophageal 
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bi-caval projection to the TOE [11] (Figures 2–4). This is to avoid incorrect posi-
tioning of the cannula in the right ventricle, in the coronary sinus, or, worse, in the 
left atrium through a patent foramen ovale (PFO) [11, 13, 16]. During the entire 
positioning manoeuvres of the venous cannulae, particular attention must be paid 
to the presence of pericardial effusion, from atrial/right ventricular trauma, and to 

Figure 2. 
Bi-caval view of the TOE: the drainage cannula from the IVC is visible in the middle atrium (arrow light blue).

Figure 1. 
Cannulation scheme in VV-ECMO. The red arrows indicate the reinfusion of oxygenated blood, the purple arrow 
indicates the recirculating blood, and the light blue arrows indicate the drainage of the venous blood. SVC, superior 
vena cava; IVC, inferior vena cava; TV, tricuspid valve; RA, right atrium.
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the possible suction of the inter-atrial septum, with the obstruction of the drainage 
flow, linked to the venous aspiration from an adherent cannula to the septum itself 
[24, 25]. In the case of loss of oxygen performance of the ECMO, when a recircula-
tion phenomenon is suspected due to a close position of the tips of the drainage and 
reinfusion cannulae, TOE can guide the correct repositioning of the cannulae [26].

1.1.3 Special cannulation (Avalon® cannula)

Compared to the classic configuration of the VV-ECMO which provides a double 
cannulation, the development of newer devices, such as the Dual Lumen Bi-Caval 
catheter (Avalon®, Maquet Cardiopulmonary GmbH Kehler Str. 31, 76,437 Rastatt, 
Germany), allowed VV-ECMO with a single cannula inserted in the right internal 
jugular vein [27]. This allows greater patient mobility, also reducing the femoral can-
nula decubitus and the infectious risk that this entails. However, being a stiffer and 
larger diameter cannula, the placement of the bi-luminal cannula involves greater 
risks of vessel injury and cardiac tamponade, in addition to the possible malfunction 
due to migration of the cannula from its original position [28, 29]. It is essential to 
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Bi-caval view to the 3D TOE: the drainage cannula from the IVC can be seen in the middle atrium (arrow light blue).

Figure 4. 
(A) Drainage cannula in IVC (light blue arrow) and (B) colour Doppler showing the flow in the cannula.
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bi-caval projection to the TOE [11] (Figures 2–4). This is to avoid incorrect posi-
tioning of the cannula in the right ventricle, in the coronary sinus, or, worse, in the 
left atrium through a patent foramen ovale (PFO) [11, 13, 16]. During the entire 
positioning manoeuvres of the venous cannulae, particular attention must be paid 
to the presence of pericardial effusion, from atrial/right ventricular trauma, and to 

Figure 2. 
Bi-caval view of the TOE: the drainage cannula from the IVC is visible in the middle atrium (arrow light blue).

Figure 1. 
Cannulation scheme in VV-ECMO. The red arrows indicate the reinfusion of oxygenated blood, the purple arrow 
indicates the recirculating blood, and the light blue arrows indicate the drainage of the venous blood. SVC, superior 
vena cava; IVC, inferior vena cava; TV, tricuspid valve; RA, right atrium.
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the possible suction of the inter-atrial septum, with the obstruction of the drainage 
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jugular vein [27]. This allows greater patient mobility, also reducing the femoral can-
nula decubitus and the infectious risk that this entails. However, being a stiffer and 
larger diameter cannula, the placement of the bi-luminal cannula involves greater 
risks of vessel injury and cardiac tamponade, in addition to the possible malfunction 
due to migration of the cannula from its original position [28, 29]. It is essential to 
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use the TOE for the correct positioning of the Avalon® catheter. In fact, the tip of 
the cannula is advanced under the TOE guide until the cannula drainage holes are 
positioned in the inferior and in the superior venae cave (like a normal two-stage 
cannula used for cardiopulmonary bypass), and the re-entry is perfectly aligned 
with the inflow of the tricuspid valve [27]. This alignment is investigated with the 
colour Doppler which will measure the linear flow in case of correct positioning or a 
turbulent flow, in case of malposition. It is best to advance and withdraw the cannula 
under the TOE guide until the flow is laminar and directed through the centre of the 
tricuspid valve. Particular attention should be paid to visualising the cannula tip in 
the hepatic vein. A malposition of the cannula will cause recirculation, because the 
oxygenated blood from the cannula is drained immediately from the suction areas of 
the cannula to the ECMO circuit before being circulated systematically [28, 30].

1.2 Veno-venous ECMO

In the treatment of severe respiratory failure (severe ARDS), VV-ECMO is a valid 
option [31]. It can be considered a bridge to the healing of the lung, allowing the thera-
pies to act effectively. Moreover, unlike the VA-ECMO it does not present problems of 
oxygenation north-south (harlequin syndrome). All this is valid if cardiac function is 
maintained normal and able to effectively support the systemic circulation. Therefore, 
before a VV-ECMO is established, a complete evaluation of both the patient’s echo-
cardiographic and haemodynamic parameters is essential [11, 16]. Echocardiography, 
both TTE and TOE, must ensure a correct evaluation of the right ventricular function 
and evaluate the degree of tricuspid insufficiency and the estimate of pulmonary 
artery pressure, potentially altered parameters in the course of ARDS, and sepsis [32].

VV-ECMO could improve the performance of the right ventricle and the whole 
heart. There is an irrelevant modification of the right preload, an increase in the left 
load due to a reduction in pulmonary pressure with a further increase in SvO2, and 
the saturation of the coronary blood. Approximately 20–25% of patients with ARDS 
develop an acute cor pulmonale (ACP) with right ventricular dilatation, inter-ven-
tricular septum shift, left ventricular hypo-diastolic status, and pulmonary hyper-
tension [32, 33]. This clinical picture is also typical of the right ventricular failure 
induced by the septic state. Echocardiography helps to choose the right timing for 
extracorporeal support and allows to follow the evolutionary state (improvement) 
of the right performance following VV-ECMO support: reduction of pulmonary 
pressure, increase in right contractility (increased systolic excursion of the tricuspid 
annular plane (TAPSE)), and improvement of the cardiac output (CO) [11, 16, 34].

TTE echocardiographic evaluation in patients with ARDS may present some 
resolution problems; therefore, normally the TOE is used, also because of low 
invasiveness as the patients are already intubated and sedated.

The presence of pulmonary hypertension and sepsis can create the conditions 
for a rapid deterioration of cardiac function, so that can worsen from initial pres-
ence of respiratory failure to cardiorespiratory insufficiency. Through echocardio-
graphic and haemodynamic monitoring, we can anticipate the worsening of the 
clinical picture and establish a cardiorespiratory support (VA-ECMO).

1.2.1 Echo in VV-ECMO

The right ventricle echocardiographic assessment in the ECMO patients with 
acute respiratory distress syndrome (ARDS) plays a key role to reduce complica-
tions and to improve the outcome [11, 14, 16, 31].

It is simple to understand the role of ECHO in the risk stratification of patients 
undergoing VV-ECMO. In fact, ARDS requires an initial aggressive ventilatory 
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treatment that brings to haemodynamic instability [33]. Patient presents high 
CVP associated to fluid accumulation in the pleural and abdominal spaces. ECHO 
shows a dilatation of the right ventricle with associated pulmonary hypertension. 
This clinical picture is described as ACP [8, 32, 33]. To minimise the impact of 
the positive end-expiratory pressure (PEEP) on right ventricular haemodynamic, 
physicians have choice a right balance between the PEEP value and cardio-
circulatory stability. The therapeutic request is the protective ventilation aimed at 
reducing right ventricular failure related to an increase in the afterload of the right 
chambers [8, 33]. The aim of the treatment is the reduction of pulmonary arterial 
hypertension to reduce enlargement of right ventricle and consequent shift of the 
inter-ventricular septum. Unfortunately, despite implementation of protective lung 
ventilation, ACP still remains until 25% [32, 33, 34]. VV-ECMO represents a real 
solution to support both the lung and the right ventricle [35, 36].

The improvement of gas exchange and the reduction of airway pressures both 
contribute at the reduction of pulmonary vascular resistance with consequent 
hemodynamic improvement.

The daily evaluation of echocardiography in this case is mandatory.
Because the high acoustic impedance is caused by high PEEP values, TTE cannot 

be straightforward, and TOE is preferred.
A recently published summary paper on the management of ECMO recommends 

that physician training in echocardiography be part in the ECMO patient care team [37].
However, the role of echocardiography in ECMO is not widely accepted and is 

still poorly described in the literature.
The echocardiographic examination of the right ventricle requires a long axis and 

a short axis view to evaluate the size of the cavity with the relationship of the left 
ventricle and the kinetics of the septum. The examination can be completed by the 
Doppler of the right ventricular outflow and tricuspid regurgitation when present, 
to measure the systolic pressure of the pulmonary artery. The measurement of the 
TAPSE, simple and useful from prognostic point of view, avoids measuring the frac-
tional area change (FAC) of the right ventricle more complicated. Right ventricle TDI 
(tissue Doppler imaging) is useful to evaluate diastolic and systolic functions [38].

Moderate to severe right ventricular dilatations, defined as a ratio greater than 
0.6 and as a ratio greater than or equal to 1, are associated with paradoxical septum 
motion at the end systole complicating the left ventricular function [8, 39, 40].

Pulmonary hypertension is usually associated with tricuspid regurgitation, 
but it also depends on right ventricular systolic function, and its value can be very 
low when associated with low CO [38, 39]. The right ventricular remodelling in 
ARDS patients is represented by the thickness of free wall, related to the increase 
in afterload [40]. Most important is also the detection of a PFO that can complicate 
the oxygenation of ARDS patients [39] (Figures 5 and 6). The displacement of 
septum due to right ventricular dilatation causes the left ventricular hypo-diastolic 
status, with a consequent low CO syndrome related to the difficult preload of the 
left ventricle. This is considered an ECHO evaluation of right ventricular function 
in pre-ECMO stage.

1.3 VA-ECMO

The purpose of the VA-ECMO is to support cardio-circulatory function in 
patients with heart failure refractory to medical therapy [1, 36]. Based on the 
INTERMACS class it belongs to, VA-ECMO can be used in major risk classes, not 
only as bridge to recovery or bridge to destination therapy (left ventricular assist 
device (LVAD) or heart transplantation (HTx)) but also as bridge to decision [41] 
(Table 2). In addition, the VA-ECMO can be used in haemodynamic support to 
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heart. There is an irrelevant modification of the right preload, an increase in the left 
load due to a reduction in pulmonary pressure with a further increase in SvO2, and 
the saturation of the coronary blood. Approximately 20–25% of patients with ARDS 
develop an acute cor pulmonale (ACP) with right ventricular dilatation, inter-ven-
tricular septum shift, left ventricular hypo-diastolic status, and pulmonary hyper-
tension [32, 33]. This clinical picture is also typical of the right ventricular failure 
induced by the septic state. Echocardiography helps to choose the right timing for 
extracorporeal support and allows to follow the evolutionary state (improvement) 
of the right performance following VV-ECMO support: reduction of pulmonary 
pressure, increase in right contractility (increased systolic excursion of the tricuspid 
annular plane (TAPSE)), and improvement of the cardiac output (CO) [11, 16, 34].

TTE echocardiographic evaluation in patients with ARDS may present some 
resolution problems; therefore, normally the TOE is used, also because of low 
invasiveness as the patients are already intubated and sedated.

The presence of pulmonary hypertension and sepsis can create the conditions 
for a rapid deterioration of cardiac function, so that can worsen from initial pres-
ence of respiratory failure to cardiorespiratory insufficiency. Through echocardio-
graphic and haemodynamic monitoring, we can anticipate the worsening of the 
clinical picture and establish a cardiorespiratory support (VA-ECMO).

1.2.1 Echo in VV-ECMO

The right ventricle echocardiographic assessment in the ECMO patients with 
acute respiratory distress syndrome (ARDS) plays a key role to reduce complica-
tions and to improve the outcome [11, 14, 16, 31].

It is simple to understand the role of ECHO in the risk stratification of patients 
undergoing VV-ECMO. In fact, ARDS requires an initial aggressive ventilatory 

77

Echocardiography Evaluation in ECMO Patients
DOI: http://dx.doi.org/10.5772/intechopen.85047

treatment that brings to haemodynamic instability [33]. Patient presents high 
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This clinical picture is described as ACP [8, 32, 33]. To minimise the impact of 
the positive end-expiratory pressure (PEEP) on right ventricular haemodynamic, 
physicians have choice a right balance between the PEEP value and cardio-
circulatory stability. The therapeutic request is the protective ventilation aimed at 
reducing right ventricular failure related to an increase in the afterload of the right 
chambers [8, 33]. The aim of the treatment is the reduction of pulmonary arterial 
hypertension to reduce enlargement of right ventricle and consequent shift of the 
inter-ventricular septum. Unfortunately, despite implementation of protective lung 
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a short axis view to evaluate the size of the cavity with the relationship of the left 
ventricle and the kinetics of the septum. The examination can be completed by the 
Doppler of the right ventricular outflow and tricuspid regurgitation when present, 
to measure the systolic pressure of the pulmonary artery. The measurement of the 
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in afterload [40]. Most important is also the detection of a PFO that can complicate 
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status, with a consequent low CO syndrome related to the difficult preload of the 
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Figure 6. 
Colour Doppler bi-caval view in which you see the shunt through the PFO.

refractory cardiac arrest that can result in patient recovery or be used as a procedure 
for donation of splanchnic organs in non-beating heart [42, 43].

Compared to other mechanical cardiac assistance devices, ECMO has the advantage.
of reduced costs and the possibility of being set up easily and quickly on the outside.
of the operating room (intensive care unit, cardiac catheterization theatre, or 

emergency departments) and also during cardiopulmonary resuscitation manoeu-
vres [43]. However, it is an invasive assistance technique with major problems such 
as the short duration of assistance, the possible increase of infections, bleeding and 
thrombosis, and the increase of the afterload of the left ventricle.

The ultrasound evaluation is important before the implantation of the 
VA-ECMO. However, the conditions of the left ventricle, the degree of aortic 

Figure 5. 
Bi-caval view in which an aneurysm of the inter-atrial septum is seen.
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insufficiency, and the presence of mitral and tricuspid valve insufficiencies 
must be carefully evaluated. The configuration of the VA-ECMO involves 
peripheral cannulations, already partially described, and central cannulations 
(right atrium and aorta) that can be performed in the cardiac surgery patient 
who has problems in weaning from the cardiopulmonary bypass.

1.3.1 Indications to VA-ECMO support: cardiogenic shock

In patients with cardiogenic shock, echocardiographic examination is necessary 
to determine cause and indication for extracorporeal support [41] (Table 1). Even 
more, the echo exam can identify situations that may contraindicate the placement 
of circulatory assistance.

The echo examination must be as complete as possible and must highlight the 
morphology and the systolic and diastolic functions of the ventricles, evaluate the 
valve continence and the presence of pericardial effusion, and seek, in greater detail, 
the cause of cardiogenic shock (i.e. regional or global dysfunction of the left ventricle) 
[39]. In the study of cardiac valvular function, the study of the aortic valve is funda-
mental since its regurgitation can create unfavourable conditions for the positioning 
of VA-ECMO, given the increase in the afterload that the VA-ECMO generates. Clearly 
aortic dissection is an absolute contraindication for VA-ECMO placement. In addition, 
the morphology and the structure of the right atrium and of the right heart in general 
must be carefully evaluated. In fact, the presence of leads (pacemaker or ICD), a 
prominent Chiari network, a PFO, a tricuspid valve prosthesis, they are all elements 
that can compromise or make atrial cannulation impossible [11].

1.3.2 Monitoring during ECMO performance

The echocardiographic examination must fundamentally focus on the systolic 
function of the left ventricle. The systolic function is evaluated with conventional 
parameters such as the size of the left ventricle (LV), ejection fraction (EF), mitral 
regurgitation dP/dt, and aortic velocity time integral (VTI) [39]. The blood flow 
of ECMO can be adjusted based on the overall assessment of ventricular systolic 
function and cardiac preload. Some authors have systematically studied the effect 
of the flow rate of oxygenation of the extracorporeal membrane on changes in 
cardiac parameters [44]. A decrease of flow from 4 to 0.7 L/min leads to a 22% 
increase in the E/E′ ratio (from 5.9 to 7.2; p < 0.001), an increase of 17% in EF (from 
15 to 17.5%; 0.001), increase of 12 and 45% of VTI (from 8 to 11.6 cm; p < 0.001), 
and increase of 12% of the left ventricular tele-diastolic volume (from 95 to 108 ml, 
p < 0.001) [44, 45].

Table 2. 
Possible uses of VA-ECMO.
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(right atrium and aorta) that can be performed in the cardiac surgery patient 
who has problems in weaning from the cardiopulmonary bypass.
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to determine cause and indication for extracorporeal support [41] (Table 1). Even 
more, the echo exam can identify situations that may contraindicate the placement 
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valve continence and the presence of pericardial effusion, and seek, in greater detail, 
the cause of cardiogenic shock (i.e. regional or global dysfunction of the left ventricle) 
[39]. In the study of cardiac valvular function, the study of the aortic valve is funda-
mental since its regurgitation can create unfavourable conditions for the positioning 
of VA-ECMO, given the increase in the afterload that the VA-ECMO generates. Clearly 
aortic dissection is an absolute contraindication for VA-ECMO placement. In addition, 
the morphology and the structure of the right atrium and of the right heart in general 
must be carefully evaluated. In fact, the presence of leads (pacemaker or ICD), a 
prominent Chiari network, a PFO, a tricuspid valve prosthesis, they are all elements 
that can compromise or make atrial cannulation impossible [11].

1.3.2 Monitoring during ECMO performance

The echocardiographic examination must fundamentally focus on the systolic 
function of the left ventricle. The systolic function is evaluated with conventional 
parameters such as the size of the left ventricle (LV), ejection fraction (EF), mitral 
regurgitation dP/dt, and aortic velocity time integral (VTI) [39]. The blood flow 
of ECMO can be adjusted based on the overall assessment of ventricular systolic 
function and cardiac preload. Some authors have systematically studied the effect 
of the flow rate of oxygenation of the extracorporeal membrane on changes in 
cardiac parameters [44]. A decrease of flow from 4 to 0.7 L/min leads to a 22% 
increase in the E/E′ ratio (from 5.9 to 7.2; p < 0.001), an increase of 17% in EF (from 
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A serious problem in the ultrasound evaluation is the detection of an evolv-
ing pericardial effusion to the cardiac tamponade (Figure 7), due to the passage 
of wires or cannulae with rupture of the cardiac chambers [11, 14, 16]. Following 
anticoagulant therapy, necessary in VA-ECMO, the pericardial blood collection can 
become consistent at many hours from the positioning, and only a series of ultra-
sound analysis allows the recognition of this clinical situation.

Thrombosis is a major complication during VA-ECMO and can be catastrophic 
when cerebral embolism occurs [46, 47]. Factors predisposing thrombosis are 
related to the blood/circuit contact and its activation as well as to the turbulence 
linked to the lumen of the cannulae [48]. Thrombosis can be more or less evident 
at ultrasound, and a real pitfall is represented by spontaneous intracavitary echo 
contrast (smoke) [49]. The evaluation of the opening of the aortic valve guarantees 
a certain pulsatility to the flow and avoids the stasis linked to the stagnant flow on 
the closed valve and predictor of thrombosis [46–49]. If the valve does not open, it 
is necessary to open the valve through changes in the flow of the VA-ECMO, the use 
of inodilator drugs, or the insertion of the intra-aortic balloon pump (IABP), which 
also favours the decompression of the left ventricle. Furthermore, in these cases it is 
necessary to optimise anticoagulation, which can be evaluated with specific point of 
care (thrombo-elastographic examination (TEG)) [50].

The increase in the afterload generated by the VA-ECMO can promote mitral-
aortic valve regurgitation, compromising myocardial oxygenation and favouring 
the left ventricular distension not good for cardiac functional recovery.

1.3.3 ECHO in VA-ECMO

The difficult management of the patient in VA-ECMO must be accompanied by 
a continuous echocardiographic evaluation, carried out at least two times a day and 
whenever there is an unforeseen haemodynamic instability. The study of cardiac 
function should allow to optimise the flows of the mechanical support and the 
concomitant therapies. The ECHO evaluation must precede the start of the ECMO, 
follow the initial support phase, evaluate the evolution of the cardiac function in 
the stabilisation phase, and evaluate the cardiac functional recovery dictating the 
weaning time from the extracorporeal support.

Figure 7. 
Presence of abundant pericardial effusion (light blue arrow) at TTE.
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1.3.4 ECMO start

At the start of the VA-ECMO, it is necessary to concentrate the attention on the 
venous drainage to be able to maintain the flow rate. Flow reduction may be due to 
obstructions (thrombus) or malposition of the cannula or hypovolaemia [11, 48]. A 
sudden reduction in perfusion pressure and low flow could lead to the search for aortic 
dissection or severe aortic valve regurgitation resulting in dilation of the left ventricle.

1.3.5 ECMO support

VA-ECMO is usually a medium-short duration assay, allowing the recovery of 
cardiac function or the bridge to other solutions (LVAD or HTx). At this time, echo-
cardiographic monitoring is essential to monitor cardiac function recovery or lack of it.

One of the major problems, especially in the peripheral configuration of the 
VA-ECMO, is the distension of the left ventricle, such as to increase the tele-diastolic 
pressure and compromise the functional recovery of the heart [51, 52]. During periph-
eral VA-ECMO, LV preload usually decreases, but the LV afterload increases, resulting 
in a distension of the left ventricle associated with failure to open the aortic valve. The 
flow thus becomes continuous and non-pulsatile with consequent stasis, tendency to 
thrombosis, and embolization. This situation compromises the recovery of the heart.

The therapeutic strategy consists in venting the left ventricle [52] (Figure 8). 
The opening of the aortic valve can be done simply by trying to reduce the ECMO 
flow, but almost always you have to proceed with the IABP or better with the use of 
Impella® (ABIOMED, Inc., 22 Cherry Hill Drive, Danvers, MA 01923, USA) [53]. 
The most effective system is the cannulation of the left ventricular apex through a 
mini-thoracotomy, a procedure that can be performed under ultrasound guidance 
[52]. Echocardiographic monitoring has a key role in monitoring the distension of 
the left ventricle which leads to an increase in capillary pressure, interstitial pul-
monary oedema, and bi-ventricular insufficiency. An alternative but less effective 
venting system is represented by an EndoVent in the pulmonary artery that, rather 
than detecting the left ventricle as it would take, reduces its preload [54]. Another 
solution for left ventricular decompression, in patients receiving extracorporeal 

Figure 8. 
The light blue indicates the presence of intraventricular vent for the unloading of the left ventricle.



Advances in Extracorporeal Membrane Oxygenation - Volume 3

80

A serious problem in the ultrasound evaluation is the detection of an evolv-
ing pericardial effusion to the cardiac tamponade (Figure 7), due to the passage 
of wires or cannulae with rupture of the cardiac chambers [11, 14, 16]. Following 
anticoagulant therapy, necessary in VA-ECMO, the pericardial blood collection can 
become consistent at many hours from the positioning, and only a series of ultra-
sound analysis allows the recognition of this clinical situation.

Thrombosis is a major complication during VA-ECMO and can be catastrophic 
when cerebral embolism occurs [46, 47]. Factors predisposing thrombosis are 
related to the blood/circuit contact and its activation as well as to the turbulence 
linked to the lumen of the cannulae [48]. Thrombosis can be more or less evident 
at ultrasound, and a real pitfall is represented by spontaneous intracavitary echo 
contrast (smoke) [49]. The evaluation of the opening of the aortic valve guarantees 
a certain pulsatility to the flow and avoids the stasis linked to the stagnant flow on 
the closed valve and predictor of thrombosis [46–49]. If the valve does not open, it 
is necessary to open the valve through changes in the flow of the VA-ECMO, the use 
of inodilator drugs, or the insertion of the intra-aortic balloon pump (IABP), which 
also favours the decompression of the left ventricle. Furthermore, in these cases it is 
necessary to optimise anticoagulation, which can be evaluated with specific point of 
care (thrombo-elastographic examination (TEG)) [50].

The increase in the afterload generated by the VA-ECMO can promote mitral-
aortic valve regurgitation, compromising myocardial oxygenation and favouring 
the left ventricular distension not good for cardiac functional recovery.

1.3.3 ECHO in VA-ECMO

The difficult management of the patient in VA-ECMO must be accompanied by 
a continuous echocardiographic evaluation, carried out at least two times a day and 
whenever there is an unforeseen haemodynamic instability. The study of cardiac 
function should allow to optimise the flows of the mechanical support and the 
concomitant therapies. The ECHO evaluation must precede the start of the ECMO, 
follow the initial support phase, evaluate the evolution of the cardiac function in 
the stabilisation phase, and evaluate the cardiac functional recovery dictating the 
weaning time from the extracorporeal support.

Figure 7. 
Presence of abundant pericardial effusion (light blue arrow) at TTE.
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1.3.4 ECMO start

At the start of the VA-ECMO, it is necessary to concentrate the attention on the 
venous drainage to be able to maintain the flow rate. Flow reduction may be due to 
obstructions (thrombus) or malposition of the cannula or hypovolaemia [11, 48]. A 
sudden reduction in perfusion pressure and low flow could lead to the search for aortic 
dissection or severe aortic valve regurgitation resulting in dilation of the left ventricle.

1.3.5 ECMO support

VA-ECMO is usually a medium-short duration assay, allowing the recovery of 
cardiac function or the bridge to other solutions (LVAD or HTx). At this time, echo-
cardiographic monitoring is essential to monitor cardiac function recovery or lack of it.

One of the major problems, especially in the peripheral configuration of the 
VA-ECMO, is the distension of the left ventricle, such as to increase the tele-diastolic 
pressure and compromise the functional recovery of the heart [51, 52]. During periph-
eral VA-ECMO, LV preload usually decreases, but the LV afterload increases, resulting 
in a distension of the left ventricle associated with failure to open the aortic valve. The 
flow thus becomes continuous and non-pulsatile with consequent stasis, tendency to 
thrombosis, and embolization. This situation compromises the recovery of the heart.

The therapeutic strategy consists in venting the left ventricle [52] (Figure 8). 
The opening of the aortic valve can be done simply by trying to reduce the ECMO 
flow, but almost always you have to proceed with the IABP or better with the use of 
Impella® (ABIOMED, Inc., 22 Cherry Hill Drive, Danvers, MA 01923, USA) [53]. 
The most effective system is the cannulation of the left ventricular apex through a 
mini-thoracotomy, a procedure that can be performed under ultrasound guidance 
[52]. Echocardiographic monitoring has a key role in monitoring the distension of 
the left ventricle which leads to an increase in capillary pressure, interstitial pul-
monary oedema, and bi-ventricular insufficiency. An alternative but less effective 
venting system is represented by an EndoVent in the pulmonary artery that, rather 
than detecting the left ventricle as it would take, reduces its preload [54]. Another 
solution for left ventricular decompression, in patients receiving extracorporeal 

Figure 8. 
The light blue indicates the presence of intraventricular vent for the unloading of the left ventricle.
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Figure 9. 
TOE (4Ch view) of patient in VA-ECMO in which there is an extensive thrombotic formation of the left 
ventricle and of the left atrium.

membrane oxygenation for myocardial failure, is represented by balloon atrial 
septostomy, used especially in paediatric patients [55, 56].

Echocardiography, through the evaluation of trans-aortic flow, is a precious 
instrument to measure CO during ECMO support as all CO monitoring methods are 
affected by errors.

The evaluation of distal perfusion is mandatory, and in most cases the distal 
hypoperfusion must be resolved by a retrograde perfusion cannula.

1.3.6 Weaning from ECMO

The echocardiographic evaluation reaches its peak in determining the timing and 
the possibility of weaning from ECMO [57]. Clearly weaning is possible only if the 
recovery of cardiac function is associated, as is evident, with the resolution of the 
pathological conditions determining the use of the VA-ECMO. An indirect sign of 
recovery of cardiac function is the increase in systolic-diastolic blood pressure. The 
echocardiographic parameters, which may suggest a safe weaning from the VA-ECMO, 
are the aortic VTI > 10 cm, the absence of cardiac tamponade, the partial recovery of 
the EF%, but above all an increase of the Sa wave at the TDI (>6 cm/s) [57, 58].

During the weaning of the VA-ECMO, the flow of ECMO is reduced, and 
clinical, haemodynamic, and echocardiographic parameters are evaluated. ECMO 
flows are usually not reduced below 1–2 L/min, due to the increased risk of throm-
bosis (Figure 9) of the low-flow circuit [59, 60]. If the patient remains with stable 
haemodynamic at low flow, they can be ready to be disconnected from the support. 
Weaning and de-cannulation are delicate phases, and careful haemodynamic and 
echocardiographic evaluation is needed to identify and promptly deal with contin-
gent problems.

The ultrasonography evaluation also allows the vascular evaluation after 
de-cannulation.

1.4 Conclusions

Ultrasounds play a fundamental role in managing patients supported with 
ECMO, during all the different stages of assistance [10, 11, 14–16, 58], from 
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indication to cannulation, monitoring, and weaning. Either during circulatory or 
respiratory assistance, ultrasounds are fundamental to evaluate the cardiac function 
of the patients, providing information that determines appropriate patient selec-
tion. They are also needed to choose the best vascular access sites, guide the inser-
tion of cannulas, monitor progress, detect complications, and help in determining 
recovery and weaning of support [10, 14–16, 34].
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Chapter 6

Extracorporeal Carbon Dioxide 
Removal for the Exacerbation of 
Chronic Hypercapnic Respiratory 
Diseases
Luis Morales-Quinteros and Antonio Artigas

Abstract

In the past, treatment of acute exacerbations of obstructive disease refractory 
to medical treatment was invasive mechanical ventilation. As a result of technical 
improvements, extracorporeal techniques for carbon dioxide removal have aroused as 
an attractive option to avoid worsening respiratory failure and respiratory acidosis and 
potentially prevent, shorten the duration of invasive mechanical ventilation (IMV), 
and serve as rescue therapy in patients with exacerbation of COPD and asthma. In this 
review, we will present a comprehensive summary of the pathophysiological rationale 
and evidence of ECCO2R in patients with severe exacerbations of these pathologies.

Keywords: COPD, asthma, ECCO2R, invasive mechanical ventilation,  
noninvasive mechanical ventilation

1. Introduction

Patients with obstructive lung diseases, such as asthma and chronic obstructive 
pulmonary disease (COPD), may experience acute exacerbations with severe hyper-
capnic respiratory failure. Hypercapnia results from acute worsening of expiratory 
flow limitation caused by the increased small airway resistance with consequent 
development of dynamic alveolar hyperinflation and intrinsic PEEP. In the most 
severe cases, these may be refractory to conventional therapies and mechanical 
ventilation, becoming life-threatening.

Extracorporeal carbon dioxide removal (ECCO2R) represents an attractive 
approach in this setting.

The last decade has seen an increasing interest in the provision of extracorporeal 
support for respiratory failure, as demonstrated by the progressively increasing num-
ber of scientific publications on this topic. In particular, remarkable interest has been 
focused on ECCO2R, due to the relative ease and efficiency in blood CO2 clearance 
granted by extracorporeal gas exchangers as compared to oxygen delivery (Table 1).

In recent years, new-generation ECCO2R devices have been developed. More effi-
cient veno-venous (VV-ECCO2R) devices have become available and have replaced 
the arteriovenous approach, having the advantage of not requiring arterial puncture.

They offer lower resistance to blood flow, have small priming volumes, and have a 
much more efficient gas exchange [1] with relatively low extracorporeal blood flows 
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(0.4–1 L/min). With ECCO2R the patient’s PaCO2 is principally determined by the rate 
of fresh gas flow through the membrane lung [2]. These devices are now comparable 
to renal dialysis equipment, which is routinely used safely as standard care in ICU.

This approach has been the subject of many animal experiments and human case 
series demonstrating improved arterial CO2 and work of breathing [3–6].

2. Pathophysiological rationale for ECCO2R

Both in asthma and COPD exacerbations, diffuse narrowing of the airways 
results in profound physiologic consequences. Airway narrowing prevents the lungs 
from completely emptying (“air trapping”) due to resistance to expiratory flow 
and bronchial closure at higher than average lung volumes. Air trapping results in 
dynamic hyperinflation (DHI) [7] which is the excessive increase in end-expiratory 
lung volume above the relaxation volume of the respiratory system, generating 
intrinsic positive end-expiratory pressure (auto-PEEP) [8]. As a result, the patient 
breathes at higher total lung volumes, depending on increased residual volume 
[9] which reduces tidal ventilation. The net effect is that the work of breathing 
increases significantly. The diaphragm, intercostal muscles, and even the abdominal 
muscles are overloaded causing respiratory muscle fatigue and dyspnea.

Pharmacotherapy with bronchodilators and systemic corticosteroids are the 
cornerstones of medical therapy, designed to reduce this pathophysiological airflow 
obstruction and improve symptoms.

Patients suffering from a combination of persistent or worsening hypercapnia, 
respiratory muscle fatigue, and a decline in mental status require mechanical venti-
lation (MV) along with lung-protective ventilator strategies (e.g., low-tidal-volume 
ventilation, relatively short inspiratory time and longer expiratory times) [10, 11].

The goal of mechanical ventilation is to provide adequate gas exchange while 
waiting for airflow obstruction to respond to bronchodilator therapy. However, 
mechanical ventilation may aggravate alveolar hyperinflation by worsening DHI, 
which may lead to worsened hypercapnia, barotrauma, and alveolar rupture leading 
to pneumothorax and further hemodynamic deterioration [12].

Furthermore, during mechanical ventilation, these patients receive sedatives or 
neuromuscular blockade to facilitate ventilatory support [13]. Sedation and paraly-
sis preclude mobilization, promoting muscular deconditioning and potentially 
contributing to the long-term cognitive sequelae of critical illness [14].

ECMO ECCO2R

Cannulas Large cannulas Double lumen catheter

Blood flow High extracorporeal flow 
(2000–>5000 ml/min)

Low flow, respiratory dialysis 
(250–1000 ml/min)

Membrane 
oxygenator

Large membrane oxygenator Medium size oxygenator

Oxygenation Full blood oxygenation No blood oxygenation

CO2 removal Full blood decarboxylation Partial blood decarboxylation

Heparin 
requirements

High Higher than ECMO

Setting High technicity, ECMO center Regular ICU

Table 1. 
ECMO and ECCO2R differences.
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When conventional therapeutic options are not successful, novel therapies such 
as extracorporeal membrane oxygenation are entertained as a possible salvage 
therapeutic modality.

During exacerbation relieving the native lung from at least part of the CO2 
elimination with ECCO2R could potentially improve the acid–base balance, reduce 
patient’s work of breathing with a consequent reduction in respiratory rate and ven-
tilatory drive, and lower alveolar ventilation. The application of ECCO2R may allow 
lower tidal volumes and respiratory rate, resulting in the extension of the expiratory 
time, suiting better the high expiratory time constant of the respiratory system 
with expiratory flow limitation. By these physiological mechanisms, ECCO2R can 
counteract the vicious circle of dynamic hyperinflation and its detrimental respira-
tory and cardiovascular consequences. The derived beneficial effects on respiratory 
mechanics, ventilatory muscle efficiency, work of breathing, and cardiovascular 
function may improve gas exchanges and relieve dyspnea, thus potentially prevent-
ing NIV failure or facilitate weaning from IMV, and, also by rapidly decreasing and 
weaning off sedation, reduce the rates of delirium, reduce feeding problems, and 
allow social contacts with friends and family, as well as allow sufficient physio-
therapy to reduce myopathy and critical care illness [14].

3. ECCO2R technical aspects and principle

ECCO2R is designed to remove carbon dioxide (CO2) and, unlike extracorporeal 
membrane oxygen (ECMO), does not provide significant oxygenation.

The device consists of a drainage cannula placed in a large central vein or artery, 
a membrane lung, and a return cannula into the venous system (Figure 1). Blood is 
pumped through the membrane lung, and CO2 is removed by diffusion. A flowing 
gas known as “sweep gas” containing little or no CO2 runs along the other side of 
the membrane, ensuring a diffusion gradient from blood to another side, allowing 
CO2 removal.

In contrast to ECMO, where the need for oxygenation requires high blood 
flow rates, ECCO2R allows much lower blood flow rates, a result of significant 
differences in CO2 and oxygen (O2) kinetics. Almost all the O2 in blood is carried 
by hemoglobin, which displays sigmoidal saturation kinetics. Assuming normal 
hemoglobin and venous O2, each liter of venous blood can only carry an extra 
40–60 ml of O2 before the hemoglobin is fully saturated. Blood flows of 5–7 L/min 
are therefore required to supply enough O2 for an average adult. Conversely, most 
CO2 is transported as dissolved bicarbonate, displaying linear kinetics without 
saturation. Considering that 1 L of blood is transported around 500 mL of CO2, a 
perfectly efficient system flow of 0.5 L/min would be enough to remove all of the 
CO2 produced [1, 15, 16]. Also, CO2 diffuses more readily than O2 across extracor-
poreal membranes because of higher solubility. However, in practice, ECCO2R is 
usually able to remove up to 25% of carbon dioxide production given the limitations 
of blood flow, blood CO2 content, hemoglobin, and membrane efficiency [17].

3.1 VV-ECCO2R

In the veno-venous configuration, blood is drawn from a central vein by a drain-
ing cannula, using a centrifugal or roller pump to generate flow across the mem-
brane. CO2 diffuses into the “sweep gas” and is returned into the venous circulation 
(Figure 1A). Single site cannulation is possible using a double lumen cannula. This 
approach allows low flow through the use of smaller cannulas (15–19F), commonly 
introduced via the right internal jugular vein. The setup is very similar to renal 
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tilatory drive, and lower alveolar ventilation. The application of ECCO2R may allow 
lower tidal volumes and respiratory rate, resulting in the extension of the expiratory 
time, suiting better the high expiratory time constant of the respiratory system 
with expiratory flow limitation. By these physiological mechanisms, ECCO2R can 
counteract the vicious circle of dynamic hyperinflation and its detrimental respira-
tory and cardiovascular consequences. The derived beneficial effects on respiratory 
mechanics, ventilatory muscle efficiency, work of breathing, and cardiovascular 
function may improve gas exchanges and relieve dyspnea, thus potentially prevent-
ing NIV failure or facilitate weaning from IMV, and, also by rapidly decreasing and 
weaning off sedation, reduce the rates of delirium, reduce feeding problems, and 
allow social contacts with friends and family, as well as allow sufficient physio-
therapy to reduce myopathy and critical care illness [14].

3. ECCO2R technical aspects and principle

ECCO2R is designed to remove carbon dioxide (CO2) and, unlike extracorporeal 
membrane oxygen (ECMO), does not provide significant oxygenation.

The device consists of a drainage cannula placed in a large central vein or artery, 
a membrane lung, and a return cannula into the venous system (Figure 1). Blood is 
pumped through the membrane lung, and CO2 is removed by diffusion. A flowing 
gas known as “sweep gas” containing little or no CO2 runs along the other side of 
the membrane, ensuring a diffusion gradient from blood to another side, allowing 
CO2 removal.

In contrast to ECMO, where the need for oxygenation requires high blood 
flow rates, ECCO2R allows much lower blood flow rates, a result of significant 
differences in CO2 and oxygen (O2) kinetics. Almost all the O2 in blood is carried 
by hemoglobin, which displays sigmoidal saturation kinetics. Assuming normal 
hemoglobin and venous O2, each liter of venous blood can only carry an extra 
40–60 ml of O2 before the hemoglobin is fully saturated. Blood flows of 5–7 L/min 
are therefore required to supply enough O2 for an average adult. Conversely, most 
CO2 is transported as dissolved bicarbonate, displaying linear kinetics without 
saturation. Considering that 1 L of blood is transported around 500 mL of CO2, a 
perfectly efficient system flow of 0.5 L/min would be enough to remove all of the 
CO2 produced [1, 15, 16]. Also, CO2 diffuses more readily than O2 across extracor-
poreal membranes because of higher solubility. However, in practice, ECCO2R is 
usually able to remove up to 25% of carbon dioxide production given the limitations 
of blood flow, blood CO2 content, hemoglobin, and membrane efficiency [17].

3.1 VV-ECCO2R

In the veno-venous configuration, blood is drawn from a central vein by a drain-
ing cannula, using a centrifugal or roller pump to generate flow across the mem-
brane. CO2 diffuses into the “sweep gas” and is returned into the venous circulation 
(Figure 1A). Single site cannulation is possible using a double lumen cannula. This 
approach allows low flow through the use of smaller cannulas (15–19F), commonly 
introduced via the right internal jugular vein. The setup is very similar to renal 
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replacement therapy, and in fact, some systems are trying to combine the two in 
one [18, 19] (NCT02590575). One of the advantages of VV-ECCO2R compared to 
the AV approach is the less invasiveness by the omission of the arterial cannulation 
and facilitates early mobilization of patients. It is also possible to set up an ECCO2R 
system through cannulation of two central veins, one for drainage and the other for 
reinfusion (femoral-femoral configuration).

3.2 AV-ECCO2R

One ECCO2R configuration is through percutaneous cannulation of the femo-
ral artery to the contralateral femoral vein and creating an arteriovenous (AV) 
bypass, equipped with an artificial gas exchanger membrane across the AV shunt 
which acts as a “sweep gas” to remove CO2 that has diffused out of the patient’s blood 
(Figure 1B). In this configuration, pumpless systems require an arteriovenous pres-
sure gradient ≥60 mmHg and a cardiac index >3 L/min/m2, which is unsuitable for 
hemodynamically unstable patients [16, 20]. Further, cannulation of a major artery 
can result in distal ischemia [21], although measuring the artery diameter with 
ultrasound and selecting a cannula that occupies no more than 70% of the lumen 
reduce this risk [22].

4. Indications and evidence

4.1 Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a significant worldwide 
health burden. Currently, it is the fourth leading cause of death worldwide, is the 
only leading cause of death that is rising, and will likely become the third cause of 

Figure 1. 
ECCO2R common configurations. (A) Minimally invasive veno-venous ECCO2R system with a single venous 
vascular access through a double lumen cannula that can be inserted in the internal jugular or femoral vein 
(B) Pumpless arteriovenous ECCO2R system with the placement of the membrane in the circuit connecting the 
femoral artery with the contralateral vein.
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death by 2020 [23, 24]. COPD is characterized by progressive destruction in the 
elastic tissue within the lung, causing respiratory failure.

Acute exacerbations of COPD (aeCOPD) constitute a significant cause of 
morbidity and mortality among these patients. Patients with moderate to severe 
acute exacerbations develop alveolar hyperinflation that may lead to increased work 
of breathing, muscle fatigue, and hypercapnia, creating a vicious loop refractory 
to medical treatment [25–27]. The standard respiratory support in this setting in 
order to break this cycle is noninvasive ventilation (NIV). However, despite the 
significantly decreased mortality with the emergence of NIV, up to 30% of patients 
with aeCOPD will “fail” and require intubation and invasive mechanical ventilation 
(IMV) [28–30]. For patients requiring respiratory support with IMV, in-hospital 
mortality in recent meta-analysis and observational studies has been reported to be 
as high as 25–39% [31–34].

Patients with COPD requiring IMV develop a considerable reduction in respi-
ratory muscle strength, having a higher risk of prolonged weaning and failure to 
wean compared to other causes of acute hypercapnic respiratory failure. Up to 
60% of the ventilatory time is devoted to these patients to the process of weaning 
[35], and they are very likely to require a tracheotomy. Having a prolonged time 
spent under IMV is not surprising an increase in the incidence of ventilator-
associated pneumonia and complications associated with the use of invasive 
mechanical ventilation such ventilator-induced lung injury (VILI), ventilator-
associated pneumonia (VAP), ventilator-associated diaphragmatic dysfunction 
(VIDD), and a range of neurological disorders associated with prolonged sedation 
and immobilization.

4.1.1 Evidence and clinical trials of ECCO2R in aeCOPD to date

One of the first reports on the application of ECCO2R to support respiratory 
function of a COPD patient was published in 1990 by Pesenti et al. [36]. However, 
the technique was abandoned due to technical complications.

As the medical community regained interest in ECCO2R, investigators began 
applying the technique to prevent intubation or to assist weaning from the ven-
tilator in patients with hypercapnic aeCOPD. Several studies in both VV and AV 
configurations were published, including a meta-analysis (Table 2).

4.1.2 ECCO2R to avoid IMV

Brederlau et al. [37] described their experience in three patients that failed 
NIV for severe aeCOPD. They applied a pumpless AV ECCO2R device with the 
goal of avoiding endotracheal intubation. Shortly after beginning ECCO2R, PaCO2 
fell significantly (from 91, 109, and 142 mmHg to 52, 59, and 83 mmHg, respec-
tively), while pH rose (from 7.2, 7.19, and 7.06 to 7.41, 7.43, and 7.34, respectively). 
Simultaneously, the respiratory rate dropped from 38, 45, and 37 breaths/min to 
15, 25, and 18 breaths/min, respectively. The ECCO2R flow ranged between 1.1 and 
1.6 L/min, with the sweep gas flow varying from 3 to 10 L/min.

Kluge et al. [5] in the same year evaluated the safety and efficacy of using AV 
pumpless extracorporeal lung assist (PECLA) in 21 COPD patients who did not 
respond to NIV compared to 21 matched controls. The use of PECLA was associated 
with a decrease in PaCO2 levels and improved pH after 24 h and obviated the need 
for intubation and IMV in 90% of the experimental arm. Although the experimen-
tal group demonstrated a shorter length of stay, a retrospective analysis with the 
control group showed no significant difference in mortality at 28 days (19% with 
ECCO2R vs. 24% without ECCO2R) or 6 months (both groups 33%).
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In the study by Burki et al. [38], 20 hypercapnic patients with COPD were 
treated with ECCO2R using a 15.5-Fr dual-lumen cannula allowing a mean blood 
flow of 430 mL/min. Of the 20 patients recruited into the trial, 7 were at risk of MV 
despite NIV, 2 were difficult to wean from NIV, and 11 had failed liberation from 
MV. None of the patients failing NIV required endotracheal intubation, and both 
patients with difficult weaning from NIV were weaned. However, only 3 of the 11 
IMV patients were liberated successfully. Moreover, significant complications arose 
in a number of patients: bleeding requiring blood transfusion was reported in three 
patients, deep vein thrombosis was diagnosed in one patient after removal of the 
ECCO2R catheter, one patient experienced pneumothorax due to catheter insertion, 
and one died from hemorrhage when the iliac vein was perforated during ECCO2R 
catheter placement.

Del Sorbo et al. [4] examined 25 patients with NIV + ECCO2R versus NIV alone 
(historical controls n = 21) for prevention of intubation in aeCOPD. They reported 
that ECCO2R with a 14-Fr dual-lumen catheter and blood flow rates of 177–333 mL/
min not only improved respiratory acidosis but also reduced the need for intubation 
by 75% (12 vs. 33%; p = 0.047) and significantly reduced the in-hospital mortal-
ity (8 vs. 35%; p = 0.035). However, this came with a cost of 52% prevalence of 
ECCO2R-related side effects and led the authors to suggest the end point of future 
studies should be long-term mortality.

In the ECLAIR study, Braune et al. [39] showed that IMV was avoided in 56% 
of cases treated with ECCO2R but was associated with a higher incidence of com-
plications. However, several significant differences must be taken into account. 
In the latter study, there was an inclusion of patients with relative contraindi-
cations to NIV, and there was an unexpectedly high incidence of hypoxemic 
patients [40].

Finally, Morelli et al. [41] and colleagues confirmed the efficacy of ECCO2R 
(with a flow rate of 250–450 mL/min through a 13-Fr dual-lumen cannula) in 
reducing the PaCO2 in a series of 30 patients with acute hypercapnic respiratory 
failure due to aeCOPD, who refused endotracheal intubation after failing NIV. The 
duration of ECCO2R was 2–16 days, and it was possible to prevent endotracheal 
intubation in 27 patients.

4.1.3 ECCO2R to facilitate weaning from IMV

Cardenas et al. [42] made the first attempt to use modern ECLS components for 
VV ECCO2R in a patient with aeCOPD. They demonstrated a successful reduction 
in PaCO2, minute ventilation, and ventilator pressures.

Burki et al. [38] showed that in a subgroup of 11 patients receiving IMV, ECCO2R 
allowed the weaning from mechanical ventilator in only 3 patients.

Abrams and colleagues [3] reported five older patients (age 73 ± 8.7 years) 
with aeCOPD who failed NIV, requiring IMV. After an average of 16.5 ± 5.9 h 
of IMV, ECCO2R was initiated. By using a dual-lumen cannula (20–23 Fr) with 
blood flow rates of 1–1.7 L/min and with a sweep gas flow from 1 to 7 L/min, 
they were able to extubate all five patients within 24 h of treatment (median 
duration of MV post ECCO2R = 4 h, range 1.5–21.5 h). Once extubated, 
patients were rehabilitated while on ECCO2R, with a mean time to ambula-
tion of 29.4 ± 12.6 h after ECCO2R. Moreover, all patients survived to hospital 
discharge.

Using a pediatric VV ECMO system (with blood flow rates of 0.9 L/min through 
a 19 Fr dual-lumen cannula placed in the right jugular vein) in two patients with 
aeCOPD, Roncon-Albuquerque Jr. et al. reported early extubation after 72 h and 
patient mobilization out of bed at day 6 [43].
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4.1.4 Reviews of ECCO2R in COPD

Sklar et al. [44] reviewed 10 studies of ECCO2R for aeCOPD and a total of 87 
patients, to examine cumulative safety and efficacy. They reported that ECCO2R 
was able to prevent intubation in 65 (93%) of 70 patients and assist in successful 
extubation of 9 (53%) of 17 patients. There were a total of 11 major complications 
and 30 minor complications. Half of all patients experienced complications related 
to ECCO2R, and half of those complications were related to bleeding (21/41). No 
study showed any evidence of increased mortality or increased length of intensive 
care unit (ICU) or hospital stay with ECCO2R.

In a recent publication, Taccone et al. [45] performed a systematic review of 
ECCO2R in adult critically ill patients. Three of the six studies included in the 
review evaluated patients with COPD that developed hypercapnic respiratory fail-
ure [4, 5, 39]. In all the three studies, the reduction of PaCO2 was reported within a 
few hours following the initiation of ECCO2R. Median values decreased from 73 to 
88 mmHg to 34–66 mmHg. Regarding the duration of mechanical ventilation, only 
one described no significant difference between ECCO2R and the controlled group 
[4]. The need for endotracheal intubation was significantly reduced from 53/67 
(79%) to 16/71 (22% p < 0.001). However, neither ICU nor hospital length of stay 
was statistically significantly reduced.

Based on the existing data, we believe that the ideal trial for ECCO2R should be a 
randomized controlled trial designed such ECCO2R should be implemented within 12 h 
of intubation after failing to show improvement (i.e., pH < 7.25 for persistent acidosis) 
with conventional therapy. Given the risks associated with the technique, it should be 
instituted once patients fail conventional treatment and require IMV. Patients should 
be randomized to ECCO2R plus IMV or standard IMV. Given the high rate of mortal-
ity associated with invasive mechanical ventilation, the study should be powered to 
demonstrate a mortality benefit, and secondary endpoints include ventilator-free days, 
transfusion requirements, and rates of ventilator-associated events.

More data will be forthcoming on the application of ECCO2R in the management 
of patients with COPD exacerbations from a number of ongoing or planned clinical 
trials (Table 3).

4.2 Severe acute asthma

Asthma is an inflammatory disorder of the airways characterized by airway 
hyperactivity with bronchospasm, mucosal swelling, and mucus production.

The standard treatment of severe acute asthma consists of measures to reverse 
airflow obstruction. β2 agonists and steroids are the mainstays of treatment causing 
bronchodilation and anti-inflammatory effects, respectively [10]. Other available 
adjunct therapies including anticholinergics, magnesium sulfate, methylxanthines, 
ketamine, and heliox have been utilized with varying results [46].

Despite advances in asthma therapy, asthma mortality has remained stable in 
recent years. One reason is status asthmaticus, which can be unresponsive to initial 
treatment and may lead to hypercapnic respiratory failure despite maximal therapy.

Status asthmaticus, also known as severe acute asthma or near-fatal asthma, is 
a condition of progressively worsening bronchospasm and respiratory dysfunction 
due to asthma, which is unresponsive to standard conventional therapy and may 
progress to respiratory failure and the need for mechanical ventilation. The current 
indication of mechanical ventilation in a patient presenting with status asthmaticus 
is a clinical one and does not require a blood gas assessment. These include certain 
specific situations including alteration of consciousness, respiratory fatigue, or 
impending cardiopulmonary arrest.
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ClinicalTrials.
gov number

Title Type of study Hypothesis/primary 
outcome

Estimated 
enrollment

Device

ECCO2R to avoid mechanical ventilation

NCT02086084 Extracorporeal 
CO2 removal 
as an adjunct 
to noninvasive 
ventilation in 
acute severe 
exacerbations 
of COPD

Randomized, 
controlled trial

Addition of ECCO2R to NIV 
will shorten the duration of 
NIV and reduce the likelihood 
of intubation
Primary outcome: time to 
cessation of NIV defined as 
from NIV commencement to 
6 h without NIV

24 patients Hemolung 
RAS

NCT03584295 Early 
extubation 
by ECCO2R 
compared 
to IMV in 
patients with 
severe acute 
exacerbation 
of COPD 
(X-COPD)

Interventional, 
randomized 
with parallel 
assignment

Advantage of VV-ECCO2R 
in severe acute exacerbation 
of COPD requiring invasive 
mechanical ventilation (IMV) 
to facilitate early extubation in 
terms of reducing mortality or 
severe disability
Primary outcome: death or 
severe disability

202 patients Not specified

NCT02564406 Extracorporeal 
CO2 removal 
in hypercapnic 
patients

Interventional 
single-group 
trial

Retrospectively assess 
the efficacy and safety of 
noninvasive ventilation-
plus-extracorporeal CO2 
removal in patients who fail 
NIV and refuse endotracheal 
intubation
Primary outcome: number 
of patients who avoided 
endotracheal intubation

35 patients ProLUNG 
[Estor]

NCT03692117 Extracorporeal 
carbon dioxide 
removal in 
severe chronic 
obstructive 
pulmonary 
disease 
exacerbation

Prospective 
cohort study

Primary outcome: incidence 
of avoiding endotracheal 
intubation

30 patients Not specified

ECCO2R to facilitate liberation from mechanical ventilation

NCT02259335 Weaning from 
mechanical 
ventilation 
using 
extracorporeal 
CO2 removal 
(WeanPRO)

Interventional 
single-group 
trial

Weaning success avoiding 
reintubation after removal of 
ECCO2R

12 patients ProLUNG 
[Estor]

NCT02107222 The PALP™-
COPD trial 
(low flow 
CO2-removal 
(ECCO2-R) in 
exacerbated 
COPD) 
(PALP-COPD)

Multicenter, 
randomized, 
controlled trial

To evaluate the clinical effect 
of PALP in reducing the time 
on invasive ventilation in 
patients with an exacerbation 
of COPD requiring invasive 
mechanical ventilation

120 patients PALP
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Approximately, 4% of all patients hospitalized for acute asthma require mechan-
ical ventilation, which is associated with increased in-hospital mortality compared 
with patients who do not require mechanical ventilation (7 vs. 0.2%) [47].

Furthermore, mechanical ventilation may aggravate alveolar hyperinflation as 
it was described above. To prevent the potential side effects caused by mechanical 
ventilation, ECCO2R has been applied as rescue therapy.

Extracorporeal carbon dioxide removal as an adjunct to the ventilator for 
refractory asthma was first reported in 1981 [48]. Subsequently, there have been 
several case reports (Table 4). In the international Extracorporeal Life Support 
Organization (ELSO) registry, ECMO was used for asthma in 24 out of 1257 adult 
patients between 1986 and 2006. Before ECMO was started, the average pH was 

ClinicalTrials.
gov number

Title Type of study Hypothesis/primary 
outcome

Estimated 
enrollment

Device

ECCO2R as an alternative or adjunct to invasive mechanical ventilation

NCT03255057 Extracorporeal 
CO2 removal 
for mechanical 
ventilation 
avoidance 
during acute 
exacerbation 
of COPD 
(VENT-AVOID)

Multicenter 
randomized 
controlled trial

ECCO2R can be safely used 
to avoid or reduce time 
on invasive mechanical 
ventilation compared to 
COPD patients treated with 
standard-of-care mechanical 
ventilation alone
Primary outcome: ventilator-
free days at day 60 from 
randomization

500 
patients

Hemolung

ECCO2R physiological studies

NCT02586948 Physiological 
study of 
minimally 
invasive 
ECCO2R in 
exacerbations 
of COPD 
requiring 
invasive 
mechanical 
ventilation 
(EPHEBE)

Interventional 
single-group 
trial

The addition of minimally 
invasive ECCO2R is likely to 
limit dynamic hyperinflation 
in COPD patients requiring 
invasive mechanical 
ventilation for an acute 
exacerbation while improving 
gas exchange
Primary outcome: PEEPi at 
baseline and after ECCO2R by 
the device and adjustment of 
ventilator settings, expressed 
in cmH20

12 patients Hemolung

NCT02590575 “Low Flow” 
CO2 removal on 
RRT

Interventional 
single-group 
trial

Test the effectiveness of a 
membrane gas exchange 
device in the veno-venous 
circulation of continuous 
renal replacement therapy 
for the purpose of CO2 
elimination and pH 
compensation
The primary outcome is the 
modification of the PaCO2 
and/or the ventilator settings 
(tidal volume VT and plateau 
pressure Pplat)

20 patients Prismalung

Table 3. 
Ongoing clinical studies of ECCO2R in COPD.
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7.17 ± 0.16, PaCO2 119.7 ± 58 mmHg, and PaO2/FiO2 244 ± 180 despite mechani-
cal ventilation. Complications were described in 19 of 24 patients (79.2%) with a 
remarkable number of hemodynamic, hemorrhagic, and mechanical complications 
[49]. These data show that in patients treated with ECMO for status asthmaticus, 
hypercapnia, rather than hypoxemia, was the central exchange derangement, sug-
gesting that a less invasive technique like ECCO2R will be suitable, with fewer com-
plications. Although most of the clinical applications of ECCO2R for the treatment 
of obstructive lung diseases have been reported in patients with COPD, several 
cases describe ECCO2R in patients with near-fatal asthma [50–54] (Table 4).

The first cases reported were by using a pumpless extracorporeal life assist 
(pECLA) device. Although no complications were described in these case series, a 
possible major complication may arise as a consequence of the arterial cannulation, 
such as lower limb ischemia [53]. Brenner et al. reported two cases using a venous 
double lumen catheter with successful survival results.

Study ECCO2R technique Major findings

Sakai et al. 
[53]

Extracorporeal lung assist 
(ECLA); 22-Fr drainage 
and 18-Fr return femoro-
femoral cannula with a 
median blood flow rate of 
1.7–2 L/min

23-year old
Gas exchange with IMV before ECCO2R: pH 7.02, paCO2 100 mmHg, 
PaO2 50 mmHg (FiO2 100%)
Weaning achieved after 20 h of ECLA was commenced
Extubation 2 days after ECLA
No complications reported

Elliot et al. 
[52]

Femoral AV pumpless 
extracorporeal lung assist 
(PECLA)
15-Fr arterial cannula and 
17-Fr venous cannula with a 
mean extracorporeal blood 
flow of 1.5 L/min

Case 1: 74-year old. Gas exchange with IMV before ECCO2R: pH 6.87, 
paCO2 147 mmHg. Extubation after 48 h of ECLA. Complications: 
Coagulation of membrane that needed changing. Bleeding through 
femoral artery
Case 2: 52-year old. Gas exchange with IMV before ECCO2R: pH 7.2, 
paCO2 130 mmHg. ECCO2R duration: 5 days
Extubated on intensive care day 11. No complications reported

Jung et al. 
[54]

Femoral AV pumpless 
extracorporeal lung assist 
(PECLA)
15-Fr arterial cannula and 
17-Fr venous cannula with a 
mean extracorporeal blood 
flow of >1.5 L/min

42-year old
No gas exchange before IMV reported. Patient successfully extubated 
and transferred from the ICU on day 14 of admission
No complications reported

Brenner 
et al. [50]

Dual-lumen catheter 20–23 
Fr bicaval, inserted into 
the right internal jugular 
vein with blood flow of 
1.3–1.8 L/min

Case 1: 48-year old. Gas exchange with IMV before ECCO2R: pH 6.94, 
paCO2 147 mmHg, PaO2 416 mmHg (FiO2 100%). Successfully 
extubated while on ECCO2R and discharged from ICU. No 
complications reported
Case 2: 59-year old. Gas exchange with IMV before ECCO2R: pH 7.12, 
paCO2 78 mmHg, PaO2 112 mmHg (FiO2 100%). ECCO2R duration: 
9 days. Ventilator support discontinued on day 28 due to critical illness 
neuromyopathy

Schneider 
et al. [51]

Awake dual-lumen catheter 
22 Fr bicaval, inserted into 
the right internal jugular 
vein with blood flow of 
0.6–1.5 L/min

67-year old
Gas exchange before ECCO2R (on NIV): pH 7.24, paCO2 61 mmHg, 
PaO2 289 mmHg (FiO2 100%)
Thirty-four hours after initiating ECCO2R, the patient was weaned 
entirely from NIV, and the cannula could be removed without any 
complication. On day 4, the patient was discharged from the ICU 
without the need for supplemental oxygen and 6 days later, discharged 
from hospital without any impairment

IMV, invasive mechanical ventilation; NIV, noninvasive mechanical ventilation.

Table 4. 
Case series of ECCO2R for near-fatal asthma.
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Taking into account the deleterious effects of mechanical ventilation and seda-
tion, and the advantages of keeping the patient awake, recently, an awake approach 
using a double lumen cannula has been described [51]. NIV was used as ventilatory 
support. Thirty-four hours after starting the ECCO2R system, the patient was 
weaned entirely from NIV, and the cannula was removed without complications. 
The patient was discharged from the ICU on day 4 without supplemental oxygen 
and left the hospital on day 10. Although this is a tempting approach, several issues 
should be taken into account. Unexpected cannula displacement may be provoked 
by an interactive patient, resulting in significant hemorrhage and lethal shock, as a 
time to react is short. Patient discomfort, pain, and anxiety in the “awake” approach 
might be in such extent that starting deep sedation and mechanical ventilation is 
inevitable, losing all the advantages described before.

5. Complications

Although ECCO2R seems to be effective in improving or mitigating hypercapnic 
acidosis and possibly in reducing the rate of endotracheal intubation, its use is 
associated with a range of vascular, hematological, and other complications.

Arterial cannulation is associated with higher risk than venous catheterization, 
with specific complications including distal limb ischemia, compartment syndrome 
of the lower limb requiring fasciotomy, or limb amputation as devastating conse-
quences [16].

The occurrence of bleeding events is the most frequent complications of 
ECCO2R. The low flow renders systemic anticoagulation mandatory, increasing the 
risk of significant bleeding including cerebral, gastrointestinal, and nasopharyngeal 
bleeds. In the studies of ECCO2R to date, the rate of clinically significant hemor-
rhagic complications ranges between 2 and 50% [44].

Thrombocytopenia and heparin-induced thrombocytopenia are also commonly 
observed.

Conversely, thrombus formation is higher at lower blood flow rates because of 
increased exposure time to the membrane lung and circuit. Clots may detach and 
enter the patient’s bloodstream, plugging the membrane or obstructing the cannula 
if anticoagulation is not achieved.

6. Conclusions

In the past, ECCO2R was a complex technique requiring intensive monitoring 
and surgical expertise. Due to a high rate of complications, it was avoided by all but 
a few high expertise centers. With newer simplified system, devices are placed like 
temporary dialysis catheters and can be inserted by most intensivists.

In summary, minimally invasive ECCO2R appears very promising for patients 
with acute exacerbation of obstructive diseases refractory to conventional treat-
ment, but systemic evaluation is needed to prove its efficacy and determine the 
actual risks.
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Nomenclature

AV-ECCO2R arteriovenous extracorporeal carbon dioxide removal
COPD chronic obstructive pulmonary disease
CO2 carbon dioxide
DHI dynamic hyperinflation
ECCO2R extracorporeal carbon dioxide removal
ECMO extracorporeal membrane oxygenation
IMV invasive mechanical ventilation
NIV noninvasive ventilation
PECLA pumpless extracorporeal lung assist
PEEP positive end-expiratory pressure
PLP polypropylene
PMP poly-4-methyl-1-pentene
VV-ECCO2R veno-venous extracorporeal carbon dioxide removal
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Nomenclature

AV-ECCO2R arteriovenous extracorporeal carbon dioxide removal
COPD chronic obstructive pulmonary disease
CO2 carbon dioxide
DHI dynamic hyperinflation
ECCO2R extracorporeal carbon dioxide removal
ECMO extracorporeal membrane oxygenation
IMV invasive mechanical ventilation
NIV noninvasive ventilation
PECLA pumpless extracorporeal lung assist
PEEP positive end-expiratory pressure
PLP polypropylene
PMP poly-4-methyl-1-pentene
VV-ECCO2R veno-venous extracorporeal carbon dioxide removal
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1. Introduction

Lung transplantation has become an increasingly important modality for the 
treatment of severe lung disease. From its inception in 1985, the procedure has been 
refined so that it now represents the standard of care for end stage respiratory failure. 
As the efficacy of this treatment has been proven, we have seen the frequency of lung 
transplantation undergo an exponential rise. In 1993, for example, the International 
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108

Advances in Extracorporeal Membrane Oxygenation - Volume 3

in hypercapnic patients who fail 
noninvasive ventilation and refuse 
endotracheal intubation: A case series. 
Intensive Care Medicine Experimental. 
2015;3(Suppl 1):A824. DOI: 
10.1186/2197-425X-3-S1-A824

[42] Cardenas VJ Jr, Lynch JE, Ates 
R, Miller L, Zwischenberger JB. 
Venovenous carbon dioxide removal in 
chronic obstructive pulmonary disease: 
Experience in one patient. ASAIO 
Journal. 2009;55(4):420-422. DOI: 
10.1097/MAT.0b013e3181a7b55d

[43] Roncon-Albuquerque R Jr, Carona 
G, Neves A, Miranda F, Castelo-
Branco S, Oliveira T, et al. Venovenous 
extracorporeal CO2 removal for early 
extubation in COPD exacerbations 
requiring invasive mechanical 
ventilation. Intensive Care Medicine. 
2014;40(12):1969-1970. DOI: 10.1007/
s00134-014-3503-5

[44] Sklar MC, Beloncle F, Katsios 
CM, Brochard L, Friedrich JO. 
Extracorporeal carbon dioxide removal 
in patients with chronic obstructive 
pulmonary disease: A systematic review. 
Intensive Care Medicine. 2015;41:1752-
1762. DOI: 10.1007/s00134-015-3921-z

[45] Taccone FS, Malfertheiner MV, 
Ferrari F, Di Nardo M, Swol J, Broman 
LM, et al. Minerva Anestesiologica. 
2017;83(7):762-772

[46] Wong JJ, Lee JH, Turner DA, 
Rehder KJ. A review of the use of 
adjunctive therapies in severe acute 
asthma exacerbation in critically ill 
children. Expert Review of Respiratory 
Medicine. 2014;8:423-441. DOI: 
10.1586/17476348.2014.915752

[47] Krishnan V, Diettte GN, Rand 
CS, Bilderback AL, Merriman B, 
Hansel NN, et al. Mortality in patients 
hospitalized for asthma exacerbations in 
the United States. American Journal of 
Respiratory and Critical Care Medicine. 

2006;174:633-655. DOI: 10.1164/
rccm.200601-007OC

[48] MacDonnell KF, Moon HS, Sekar 
TS, Ahluwalia MP. Extracorporeal 
membrane oxygenator support in a case 
of severe status asthmaticus. The Annals 
of Thoracic Surgery. 1981;31:171-175

[49] Mikkelsen ME, Woo YJ, Sager 
JS, Fuchs BD, Christie JD. Outcomes 
using extracorporeal life support 
for adult respiratory failure due 
to status asthmaticus. ASAIO 
Journal. 2009;55:47-52. DOI: 0.1097/
MAT.0b013e3181901ea5

[50] Brenner K, Abrams DC, Agerstrand 
CL, Brodie D. Extracorporeal carbon 
dioxide removal for refractory 
status asthmaticus: Experience in 
distinct exacerbation phenotypes. 
Perfusion. 2014;29:26-28. DOI: 
10.1177/0267659113494964

[51] Schneider TM, Bence T, Brettner F. 
“Awake” ECCO2R superseded intubation 
in a near-fatal asthma attack. Journal of 
Intensive Care. 2017;5:53. DOI: 10.1186/
s40560-017-0247-7

[52] Elliot SC, Paramasivam K, Oram 
J, Bodenham AR, Howell SJ, Mallick 
A. Pumpless extracorporeal carbon 
dioxide removal for life-threatening 
asthma. Critical Care Medicine. 
2007;35(3):945-948. DOI:10.1097/01.
CCM.0000257462.04514.15

[53] Sakai M, Ohteki H, Doi K, Narita 
Y. Clinical use of extracorporeal lung 
assist for a patient in status asthmaticus. 
Annals of Thoracic Surgery. 
1996;62(3):885-887

[54] Jung C, Lauten A, Pfeifer R, 
Bahrmann P, Figulla HR, Ferrari 
M. Pumpless extracorporeal lung 
assist for the treatment of severe, 
refractory status asthmaticus. Journal 
of Asthma. 2011;48(1):111-113. DOI: 
10.3109/02770903.2010.528500

109

Chapter 7

Advances in Extracorporeal 
Membrane Oxygenation in the 
Setting of Lung Transplantation
Michael Mazzei, Suresh Keshavamurthy and Yoshiya Toyoda

Abstract

Lung transplantation has become an increasingly important modality for the 
treatment of severe lung disease. From its inception, the procedure has been refined 
so that it now represents the standard of care for end stage respiratory failure. The 
widespread adoption of this treatment option, however, has brought into sharp 
relief the current organ donor shortage. In tandem with the explosion in lung 
transplant procedures, a number of support modalities have seen an expanded role. 
Perhaps one of the most versatile tools in the armamentarium of the pulmonary 
transplant surgeon is extracorporeal membrane oxygenation (ECMO). This power-
ful tool is being increasingly implemented in all stages of lung transplantation—
from supporting the failing native organ as a bridging tool to transplantation, to 
stabilizing the patient intra-operatively during the transplant procedure, to rescu-
ing the patient with severe primary graft dysfunction immediately post-transplant. 
A number of advanced techniques for the application of ECMO in order to optimize 
the pulmonary transplant procedure are gaining traction—and with ECMO’s 
expanded role in lung transplantation, so also has come a new set of technical and 
ethical challenges that must also be overcome.

Keywords: ECMO, veno-veno, veno-arterial, bridge to transplantation
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Lung transplantation has become an increasingly important modality for the 
treatment of severe lung disease. From its inception in 1985, the procedure has been 
refined so that it now represents the standard of care for end stage respiratory failure. 
As the efficacy of this treatment has been proven, we have seen the frequency of lung 
transplantation undergo an exponential rise. In 1993, for example, the International 
Society for Heart and Lung Transplantation (ISHLT) reports that a total of 1055 
lung transplant procedures was performed. A decade later in 2003, that number had 
nearly doubled to 1934 and in 2013, the number of lung transplant procedures per 
year rose to 3892 [1]. In the same vein, a study in 2018 analyzing national trends of 
extracorporeal membrane oxygenation use in the National Inpatient Sample identi-
fied an over 360% increase in admissions for ECMO support from 2008 to 2014, 
among which mortality decreased among total admissions from over 60% down to 
43% despite a trend toward an increased risk profile [2]. The widespread adoption of 
this treatment option, however, has brought into sharp relief the current organ donor 
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shortage; there is currently a yearly potential lung transplant recipient mortality of 
up to 16% while awaiting organs to become available [3].

In tandem with the explosion in lung transplant procedures, a number of 
support modalities have seen an expanded role. Perhaps one of the most versatile 
tools in the armamentarium of the pulmonary transplant surgeon is extracorporeal 
membrane oxygenation (ECMO). This powerful tool is being increasingly imple-
mented in all stages of lung transplantation—from supporting the failing native 
organ as a bridging tool to transplantation, to stabilizing the patient intraopera-
tively during the transplant procedure, to rescuing the patient with severe primary 
graft dysfunction immediately post-transplant. A number of advanced techniques 
for the application of ECMO in order to optimize the pulmonary transplant proce-
dure are gaining traction—and with ECMO’s expanded role in lung transplantation, 
so to have come a new set of technical and ethical challenges that must also be 
overcome.

The goal of this chapter is to discuss some of the recent advances in the applica-
tion of ECMO in the setting of lung transplantation. We discuss the application of 
ECMO in the preoperative, perioperative, and postoperative period, and focus in 
particular on advances such as the use of awake ECMO and various cannulation 
strategies. We also briefly discuss some of the ethical issues surrounding ECMO for 
lung transplantation, including cost, quality of life, and the application of ECMO to 
marginal recipients.

2. VV- and VA-ECMO in lung transplantation

In the setting of lung transplantation, ECMO may be utilized in either a veno-
venous (VV) or a veno-arterial (VA) configuration. The VV-ECMO modality is 
used strictly for respiratory support; this review will explore the current frontiers 
of usage in in the setting of either pre-operative bridge to transplant, as well as for 
bridging to graft recovery the subset of patients who develop severe post-transplant 
primary graft dysfunction (PGD). Alternatively, VA-ECMO may be utilized in 
the subset of patients with either pulmonary arterial hypertension requiring both 
cardiac and pulmonary support in the preoperative period, recently transplanted 
patients exhibiting hemodynamic instability, or in the intra-operative period for 
cardiopulmonary support [4].

Cannulation strategies for VA- and VV-ECMO are listed here. VV-ECMO is typi-
cally achieved via outflow and inflow cannulas in the femoral and internal jugular 
veins, with the tip of the drainage cannula placed to the level of the inferior vena cava-
right atria junction and the tip of the return cannula at the right atrium. Alternatively, 
VV-ECMO may be achieved via a femoral-femoral cannulation strategy, with the tip 
of the drainage cannula in inferior vena cava and the tip of the outflow cannula is in 
the right atrium. Alternatively, a one-site cannulation strategy makes use of a dual 
lumen Avalon cannula (Avalon Elite, Maquet, Rastatt, Germany) percutaneously 
placed in the either internal jugular vein or in the subclavian vein [5].

VA-ECMO cannulation may be achieved using either a peripheral or central 
cannulation strategy. In a peripheral cannulation strategy, the femoral vein and 
artery are cannulated in a percutaneous fashion, with the tip of the arterial cannula 
placed in the common iliac artery. Alternatively, the arterial inflow cannula can be 
placed into the right subclavian artery. Because these peripheral strategies may in 
some cases only transmit arterial blood flow as far as the aortic arch (where blood 
oxygenated from the patient’s native lungs and transmitted by the patient’s heart) 
this may have the effect of poorly perfusing the heart and lungs (known as the 
Harlequin Syndrome). In this case, central cannulation of VA-ECMO is an option, 
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with the venous cannula placed directly in the right atrium and the arterial cannula 
placed in the ascending aorta through a median sternotomy incision [4].

A number of hybrid options also exist for selected scenarios; these include 
Veno-veno-arterial ECMO (VVA-ECMO) where an additional venous cannula is 
inserted to offload the left ventricle, typically into the right internal jugular vein. 
This may also describe the conversion of veno-venous (VV) ECMO to additionally 
supply cardiac support by the insertion of an arterial cannula. Other triple-catheter 
strategies include the insertion of a distal perfusion cannula to the cannulated 
lower extremity in peripheral VA-ECMO in order to decrease limb ischemia. This 
armamentarium provides the surgeon with a number of different techniques for 
providing either isolated pulmonary or cardiopulmonary support in the transplant 
patient.

3. ECMO in the preoperative period

3.1 ECMO as a bridge to lung transplantation

The first successful use of ECMO in the preoperative period prior to lung 
transplant may be traced back to 1975, when ECMO was described as being initiated 
to correct a profound hypercapnia in a 19-year-old boy prior to transplantation. 
While the patient was successfully removed from the oxygenator and weaned from 
mechanical ventilation, he ultimately died on the eighteenth postoperative day due 
to a bronchial dehiscence [6]. For the next 20 years, this modality was occasionally 
described in the literature in case studies; however, it was associated with dismal 
outcomes and as a result did not gain widespread use.

In the past decade, however, there have been a number of advances in both the 
technology surrounding ECMO, and the management of the patient on ECMO, such 
that institutions are increasingly turning back to preoperative ECMO as an accept-
able or even preferred modality for bridging patients with end stage respiratory dis-
ease to lung transplantation. This shift in management was preempted by a number 
of forces. First, the institution of the lung allocation score in 2005 allowed for more 
efficacious allocation of donor organs to those patients most emergently in need 
of a transplants rather than just the length of time on the waiting list. This meant 
that patients receiving continuous mechanical ventilation were listed with scores. 
ECMO was found to serve as a useful tool to stabilize ventilator-dependent patients 
approaching transplantation. Additionally, multicenter trials in the non-transplant 
population began to demonstrate the effectiveness of ECMO in ameliorating severe 
adult respiratory distress syndrome [7]. With the significant improvement in 
ECMO technologies, an increasing number retrospective and prospective studies 
have been conducted that show promising outcomes related to the use of ECMO as a 
bridging strategy [5, 8–17].

Some of those studies are reported here. Much of the initial research consisted 
of single-center retrospective studies. One of the first studies to demonstrate the 
efficacy of this therapy reported 17 bridged patients with a 78% 1-year survival 
after transplant, among whom allograft function did not differ between patients 
who did and did not receive ECMO bridging support [8]. A 2012 institutional study 
of 11 patients demonstrated shorter durations of mechanical support, and shorter 
post-transplant ICU and hospital stay in patients bridged with ECMO; a 1-year 
survival rate of over 85% after ECMO compared to 50% in patients with traditional 
mechanical ventilation was highlighted [15]. In 2013, a retrospective review of the 
medical records of 39 French patients bridged to lung transplantation on ECMO 
highlighted successful bridging to transplant in over 80% of the population, 
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shortage; there is currently a yearly potential lung transplant recipient mortality of 
up to 16% while awaiting organs to become available [3].

In tandem with the explosion in lung transplant procedures, a number of 
support modalities have seen an expanded role. Perhaps one of the most versatile 
tools in the armamentarium of the pulmonary transplant surgeon is extracorporeal 
membrane oxygenation (ECMO). This powerful tool is being increasingly imple-
mented in all stages of lung transplantation—from supporting the failing native 
organ as a bridging tool to transplantation, to stabilizing the patient intraopera-
tively during the transplant procedure, to rescuing the patient with severe primary 
graft dysfunction immediately post-transplant. A number of advanced techniques 
for the application of ECMO in order to optimize the pulmonary transplant proce-
dure are gaining traction—and with ECMO’s expanded role in lung transplantation, 
so to have come a new set of technical and ethical challenges that must also be 
overcome.

The goal of this chapter is to discuss some of the recent advances in the applica-
tion of ECMO in the setting of lung transplantation. We discuss the application of 
ECMO in the preoperative, perioperative, and postoperative period, and focus in 
particular on advances such as the use of awake ECMO and various cannulation 
strategies. We also briefly discuss some of the ethical issues surrounding ECMO for 
lung transplantation, including cost, quality of life, and the application of ECMO to 
marginal recipients.

2. VV- and VA-ECMO in lung transplantation

In the setting of lung transplantation, ECMO may be utilized in either a veno-
venous (VV) or a veno-arterial (VA) configuration. The VV-ECMO modality is 
used strictly for respiratory support; this review will explore the current frontiers 
of usage in in the setting of either pre-operative bridge to transplant, as well as for 
bridging to graft recovery the subset of patients who develop severe post-transplant 
primary graft dysfunction (PGD). Alternatively, VA-ECMO may be utilized in 
the subset of patients with either pulmonary arterial hypertension requiring both 
cardiac and pulmonary support in the preoperative period, recently transplanted 
patients exhibiting hemodynamic instability, or in the intra-operative period for 
cardiopulmonary support [4].

Cannulation strategies for VA- and VV-ECMO are listed here. VV-ECMO is typi-
cally achieved via outflow and inflow cannulas in the femoral and internal jugular 
veins, with the tip of the drainage cannula placed to the level of the inferior vena cava-
right atria junction and the tip of the return cannula at the right atrium. Alternatively, 
VV-ECMO may be achieved via a femoral-femoral cannulation strategy, with the tip 
of the drainage cannula in inferior vena cava and the tip of the outflow cannula is in 
the right atrium. Alternatively, a one-site cannulation strategy makes use of a dual 
lumen Avalon cannula (Avalon Elite, Maquet, Rastatt, Germany) percutaneously 
placed in the either internal jugular vein or in the subclavian vein [5].

VA-ECMO cannulation may be achieved using either a peripheral or central 
cannulation strategy. In a peripheral cannulation strategy, the femoral vein and 
artery are cannulated in a percutaneous fashion, with the tip of the arterial cannula 
placed in the common iliac artery. Alternatively, the arterial inflow cannula can be 
placed into the right subclavian artery. Because these peripheral strategies may in 
some cases only transmit arterial blood flow as far as the aortic arch (where blood 
oxygenated from the patient’s native lungs and transmitted by the patient’s heart) 
this may have the effect of poorly perfusing the heart and lungs (known as the 
Harlequin Syndrome). In this case, central cannulation of VA-ECMO is an option, 
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with the venous cannula placed directly in the right atrium and the arterial cannula 
placed in the ascending aorta through a median sternotomy incision [4].

A number of hybrid options also exist for selected scenarios; these include 
Veno-veno-arterial ECMO (VVA-ECMO) where an additional venous cannula is 
inserted to offload the left ventricle, typically into the right internal jugular vein. 
This may also describe the conversion of veno-venous (VV) ECMO to additionally 
supply cardiac support by the insertion of an arterial cannula. Other triple-catheter 
strategies include the insertion of a distal perfusion cannula to the cannulated 
lower extremity in peripheral VA-ECMO in order to decrease limb ischemia. This 
armamentarium provides the surgeon with a number of different techniques for 
providing either isolated pulmonary or cardiopulmonary support in the transplant 
patient.

3. ECMO in the preoperative period

3.1 ECMO as a bridge to lung transplantation

The first successful use of ECMO in the preoperative period prior to lung 
transplant may be traced back to 1975, when ECMO was described as being initiated 
to correct a profound hypercapnia in a 19-year-old boy prior to transplantation. 
While the patient was successfully removed from the oxygenator and weaned from 
mechanical ventilation, he ultimately died on the eighteenth postoperative day due 
to a bronchial dehiscence [6]. For the next 20 years, this modality was occasionally 
described in the literature in case studies; however, it was associated with dismal 
outcomes and as a result did not gain widespread use.

In the past decade, however, there have been a number of advances in both the 
technology surrounding ECMO, and the management of the patient on ECMO, such 
that institutions are increasingly turning back to preoperative ECMO as an accept-
able or even preferred modality for bridging patients with end stage respiratory dis-
ease to lung transplantation. This shift in management was preempted by a number 
of forces. First, the institution of the lung allocation score in 2005 allowed for more 
efficacious allocation of donor organs to those patients most emergently in need 
of a transplants rather than just the length of time on the waiting list. This meant 
that patients receiving continuous mechanical ventilation were listed with scores. 
ECMO was found to serve as a useful tool to stabilize ventilator-dependent patients 
approaching transplantation. Additionally, multicenter trials in the non-transplant 
population began to demonstrate the effectiveness of ECMO in ameliorating severe 
adult respiratory distress syndrome [7]. With the significant improvement in 
ECMO technologies, an increasing number retrospective and prospective studies 
have been conducted that show promising outcomes related to the use of ECMO as a 
bridging strategy [5, 8–17].

Some of those studies are reported here. Much of the initial research consisted 
of single-center retrospective studies. One of the first studies to demonstrate the 
efficacy of this therapy reported 17 bridged patients with a 78% 1-year survival 
after transplant, among whom allograft function did not differ between patients 
who did and did not receive ECMO bridging support [8]. A 2012 institutional study 
of 11 patients demonstrated shorter durations of mechanical support, and shorter 
post-transplant ICU and hospital stay in patients bridged with ECMO; a 1-year 
survival rate of over 85% after ECMO compared to 50% in patients with traditional 
mechanical ventilation was highlighted [15]. In 2013, a retrospective review of the 
medical records of 39 French patients bridged to lung transplantation on ECMO 
highlighted successful bridging to transplant in over 80% of the population, 
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perioperative survival of 75%, and successful discharge from the hospital in 50%. 
While 2-year survival was largely a function of the underlying disease state, 
outcomes were largely similar between the ECMO and non-ECMO use groups, 
supporting the use of ECMO as a bridge to lung in order to preserve a medium-term 
survival benefit in the critically ill [14].

A large single-institution study retrospectively reviewed 715 consecutive lung 
transplants performed between the start of LAS implementation in May of 2005 
until September 2011, of which 3.4% were performed on patients with attempted 
pre transplant ECMO. While patients in the pre-transplant ECMO group had 
significantly higher lung allocation scores, and median hospital stay was nearly 
double that for the ECMO group compared to the control group there was no 
difference in survival, with an overall 2-year survival approaching 75% in both 
cohorts [16]. A 2017 retrospective single-institution study looking particularly 
at cardiac outcomes in the population bridged to lung transplantation on ECMO 
identified a successful bridging rate of 60%, with a 1-year survival of over 90%. 
This study in particular noted right ventricular systolic dysfunction and worsening 
volume overload to be associated with unsuccessful bridging, but otherwise identi-
fied adequate outcomes [18].

In order to overcome some of the weaknesses of small retrospective cohorts, the 
question of ECMO’s efficacy as a bridging strategy to transplant has been addition-
ally queried of large national databases. A 2015 study of the United Network for 
Organ Sharing (UNOS) database highlighted 119 patients who were bridged to 
transplantation using extracorporeal membrane oxygenation compared to 12,339 
patients who were not. The study period was divided into four 3-year intervals, and 
this demonstrated both an increasing number of patients bridged per year with 
ECMO and progressively increasing survival with each period, as did the number 
of patients bridged using extracorporeal membrane oxygenation. This highlights 
that short-term survival with the use of extracorporeal membrane oxygenation as a 
bridge to lung transplantation continues to significantly improve as it is more widely 
adopted [19].

The use of bridge-to-transplant with ECMO has also been trialed in small 
cohorts consisting of patient subsets at increased risk due to the presence of comor-
bidities. For example, this therapy has been demonstrated as effective in patients 
with cystic fibrosis; the authors of a 2012 case series of this population demonstrate 
good perioperative outcomes and describe the early initiation of ECMO soon after 
development of acute respiratory failure requiring mechanical ventilation as an 
important part of the treatment algorithm for these patients due to their high risk of 
ventilator-acquired complications [20]. Furthermore, in the subset of patients with 
advanced interstitial lung disease and secondary pulmonary hypertension, medical 
management remains complex and mechanical ventilator support are associated 
with poor outcomes. Small retrospective reviews, however, suggest that this subset 
had at least a comparable survival when requiring an extracorporeal membrane 
oxygenation bridge to that of other high acuity patients placed on extracorporeal 
membrane oxygenation as a bridge to lung transplantation [21]. Taken in sum, these 
studies suggest that extracorporeal membrane oxygenation is a feasible tool for use 
as a bridge to lung transplantation.

3.2 Awake and ambulatory ECMO

One benefit of ECMO compared to normal mechanical ventilation is that 
extracorporeal membrane oxygenation allows for adequate oxygenation to occur in 
patients who are awake, spontaneously breathing, and liberated from the ventilator. 
This could potentially represent a novel bridging strategy in that the complications 
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associated with prolonged mechanical ventilation, such as ventilator-acquired 
pneumonia, are avoided. For example, a 2012 retrospective, single-center analysis 
of consecutive potential lung transplant patients receiving awake ECMO sup-
port compared with a historical control group receiving conventional mechanical 
ventilation demonstrated a 6-month survival after lung transplantation at 80% in 
the awake ECMO group versus 50% in the mechanical ventilation group. They also 
had shorter postoperative recovery periods [10].

In addition to avoiding mechanical ventilation complications, freedom from the 
vent also allows for novel rehabilitation efforts, such as ambulation and physical 
therapy while on ECMO, which could potentially help to stave off decondition-
ing while awaiting transplantation in the unit. Subjects on awake ECMO usually 
received a combination of passive and active physiotherapy; emerging research in 
the field affords preliminary evidence supporting the safety of early mobilization 
and ambulation in patients on awake ECMO support [22]. For example, a retrospec-
tive observational study in which ECMO patients were managed with early aggres-
sive physical therapy, ambulation, and spontaneous breathing led to 30-day, 1-year, 
and 3-year survival outcomes after transplant of 92, 85, and 80%, respectively [11]. 
A second retrospective study compared five pre-transplant ECMO patients receiving 
active rehabilitation and ambulation to patients who were bridged with ECMO but 
did not receive pre-transplant rehabilitation. A third study of 72 patients receiving 
ECMO as a bridge to lung transplantation of which daily participation in physical 
therapy was achieved in 50 patients demonstrated favorable survival in patients 
receiving ECMO as a bridge to lung transplantation, particularly good outcomes 
in patients receiving physical therapy and maintaining avoidance of mechanical 
ventilation, and high rates of successful ambulation and therapy in the overall 
ECMO group [9]. Pre-transplant physical therapy was associated with shorter mean 
post-transplant mechanical ventilation, intensive care stay, and overall hospital days 
[23]. In general, preservation of pre-transplant ambulatory status has been found 
to improve outcomes in patients bridged to lung transplantation with ECMO [24]. 
These are encouraging findings support the concept that ambulatory ECMO allows 
for preservation of vitality while critically ill candidates await donor organs, which 
may improve outcomes.

Efforts to ambulate patients on ECMO bridging to lung transplant have been 
aided by the implementation of single-site, dual-lumen cannulation via an Avalon 
catheter. In conventional VV-ECMO, the outflow and inflow cannulas are placed 
percutaneously using the Seldinger technique, most commonly in the femoral 
and internal jugular veins. Alternatively, a one-site cannulation strategy makes 
use of a dual lumen Avalon cannula (Avalon Elite, Maquet, Rastatt, Germany) 
percutaneously placed in the either internal jugular vein or in the subclavian vein, 
under direct imaging such as fluoroscopy or transesophageal echocardiogram. 
This approach avoids use of the femoral site, which aids in mobilization and may 
limit the risk of recirculation and groin infectious complications [5]. Downsides 
include the need for precise placement and orientation of the catheter, requiring 
fluoroscopic guidance; femoral-femoral or femoral-jugular cannulation is much 
more expeditious, and suited to emergency situations. The Avalon catheter is 
also significantly more expensive than more conventional cannulation strategies 
[4]. Ultimately, however, the complication rate of this approach is comparable to 
traditional two-site ECMO in most studies [25], and many centers are now routinely 
using single-site ECMO as a first-line cannulation strategy.

Awake ECMO has been shown to be particularly effective for those patients at 
elevated risk of deconditioning. For example, the subset of patients requiring lung 
re-transplantation is a particularly challenging transplantation cohort because 
of the critical illness often associated with graft failure, as well as the higher 
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perioperative survival of 75%, and successful discharge from the hospital in 50%. 
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associated with prolonged mechanical ventilation, such as ventilator-acquired 
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also significantly more expensive than more conventional cannulation strategies 
[4]. Ultimately, however, the complication rate of this approach is comparable to 
traditional two-site ECMO in most studies [25], and many centers are now routinely 
using single-site ECMO as a first-line cannulation strategy.

Awake ECMO has been shown to be particularly effective for those patients at 
elevated risk of deconditioning. For example, the subset of patients requiring lung 
re-transplantation is a particularly challenging transplantation cohort because 
of the critical illness often associated with graft failure, as well as the higher 
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likelihood of deconditioning after transplant failure. In a 2014 study looking 
specifically at this group, re-transplant patients bridged on awake, ambulatory 
ECMO support demonstrated a mortality of 0% compared to 39% in the group 
requiring mechanical ventilation The study concludes that awake ECMO bridging 
for re-transplantation provides comparable results to elective re-transplantation 
[26]. Larger retrospective studies have also made use of clinical databases such 
as the United Network for Organ Sharing database. In 2016, a study of all adult 
patients undergoing isolated lung transplantation in the last decade were identi-
fied based on their need for preoperative support: no support versus ECMO, 
invasive mechanical ventilation, or both, while 1-year survival was decreased in 
all patients requiring any type of support, mid-term survival was comparable 
between patients on ECMO alone and those not requiring support, but signifi-
cantly worse with patients requiring mechanical ventilation with or without 
ECMO. This highlights the fact that those patients supported via ECMO with 
spontaneous breathing demonstrate improved survival compared with mechani-
cal ventilation [27].

3.3 CO2 removal in the bridge-to-transplant population

In patients awaiting lung transplantation, adequate gas exchange may not be suf-
ficiently achieved by ventilation alone if acute respiratory decompensation arises. 
This may result in a life-threatening hypercapnia. ECMO may serve an additional 
purpose in patients bridging to lung transplantation as an adjunct for CO2 removal 
(ECCO2-R). For some patients, increased CO2 clearance may spare them the need 
for mechanical ventilation [28]. A 2016 study of 20 patients (15 invasively venti-
lated and five noninvasively ventilated patients) demonstrated effective correction 
of hypercapnia and acidosis within the first 12 hours of therapy. Nineteen patients 
were successfully transplanted, and hospital and 1-year survival was 75 and 72%, 
respectively. This highlights ECCO2-R as a feasible rescue therapy that can be associ-
ated with high transplantation and survival rates [29].

3.4 Prolonged bridging with ECMO

Outcomes in the unique subset of patient requiring the prolonged use of ECMO 
prior to lung transplantation have in recent years become the subject of study. 
For example, in a 2016 review of 974 patients who required prolonged (>14 days) 
ECMO in the Extracorporeal Life Support Organization international multi-
institutional registry, 46% of these patients did not sustain native lung recovery; 
among these, 40 patients (4.1%) underwent lung transplant with a 50% post-
operative in-hospital mortality [30]. While 14 days appears to be the consensus 
after which ECMO is considered to be prolonged, the upper bounds for the length 
of time for which ECMO can be continued as a bridging method continue to be 
tested. For example, a recent case report describes a patient remaining on ECMO 
for as long as 403 days while waiting for a lung transplant. This required changing 
the membrane oxygenator 23 times and the cannula 10 times; This therapy was 
ultimately terminated due to a loss of access for cannula insertion. The authors 
conclude that it is at least technically feasible to maintain patients awaiting lung 
transplantation on ECMO for extended periods of time, albeit maintaining for 
than 1-year may be difficult [31]. While case reports have described successful 
transplantation after many months on ECMO support, ultimately the outcomes 
remain dismal in this cohort; for example, as late as 2016 there were no recorded 
cases of pediatric long-term post-transplant survival after more than 52 days on 
ECMO support [32].
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3.5 Selected issues in bridge-to-transplant

3.5.1 Cost-effectiveness

With the increasing utilization of ECMO in the lung transplant population, the 
question of utility is growing in importance. Recent studies have examined the cost 
associated with the use of extracorporeal membrane oxygenation in the setting 
of lung transplantation. A 2017 study using the Nationwide Inpatient Sample 
evaluated hospital charges of patients undergoing lung transplant who required 
ECMO during their hospital course; represented 4.2% of the patients undergoing 
lung transplantation overall. Median charges for lung transplant recipients who 
required ECMO were $780,391.50 versus $324,279.80 for non-ECMO recipients; the 
characteristics particularly associated with exorbitant hospital costs included black 
recipient race, pulmonary hypertension, and Medicare enrollees [33]. Studies have 
shown a disproportionately high amount of extracorporeal membrane oxygenation 
use in the Northeast compared to other parts of the country; this is highlighted as a 
regional disparity [2].

The economic impact of ambulatory versus either non-ambulatory ECMO 
strategies or mechanical ventilation as a bridge to lung transplantation is also of 
interest. In a retrospective 2016 study at a single center, subjects who were reha-
bilitated while supported with ECMO before lung transplantation were compared 
with those who were not rehabilitated during ECMO. When hospital cost data for 
the month before transplantation through 12 months after initial post-transplant 
hospital discharge were compared, subjects supported with ambulatory ECMO had 
a 22% (greater than $60,000) reduction in total hospital cost, 73% (greater than 
$100,000) reduction in post-transplant ICU costs, and 11% (greater than $30,000) 
reduction in total costs compared with non-ambulatory ECMO subjects [34].

3.5.2 Quality of life

With the increasing use of extracorporeal membrane oxygenation as a bridge 
to lung transplantation, the impact of preoperative ECMO on quality of life and 
depressive symptoms has been additionally targeted as an area of study. This 
question stems from the possibility that, due to complications after ECMO coupled 
with critical illness in the period up to transplantation may have adverse effects of 
quality of life in patients after transplantation. This does not appear to be the case; 
a 2018 single-institution prospective cohort study found that lung transplantation 
provides substantial quality of life improvements following lung transplantation, 
and these were generally similar among patients on pre-operative ECMO compared 
to those patients brought in for transplantation from the outpatient setting [35]. 
A second study in 2017 examining quality of life in ECMO-bridge lung transplant 
recipients demonstrated that outcomes after successful transplantation after ECMO 
are comparable with the general population undergoing lung transplantation in 
terms of quality of life, lung function, performance tests, and mortality [36].

3.5.3 Quality of the data

The increasing need for multi-institutional analysis of ECMO usage has had the 
effect of highlighting the dramatic differences in the implementation of ECMO at 
various programs. A survey of all US lung transplant centers in showed that two-
thirds of responding centers used of ECMO as a bridge to transplant. Among these, 
a patient age greater than 65 was a cutoff in nearly half of centers, but otherwise 
many centers had no official age cutoff. Additionally, there was little consensus on 
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prior to lung transplantation have in recent years become the subject of study. 
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ECMO in the Extracorporeal Life Support Organization international multi-
institutional registry, 46% of these patients did not sustain native lung recovery; 
among these, 40 patients (4.1%) underwent lung transplant with a 50% post-
operative in-hospital mortality [30]. While 14 days appears to be the consensus 
after which ECMO is considered to be prolonged, the upper bounds for the length 
of time for which ECMO can be continued as a bridging method continue to be 
tested. For example, a recent case report describes a patient remaining on ECMO 
for as long as 403 days while waiting for a lung transplant. This required changing 
the membrane oxygenator 23 times and the cannula 10 times; This therapy was 
ultimately terminated due to a loss of access for cannula insertion. The authors 
conclude that it is at least technically feasible to maintain patients awaiting lung 
transplantation on ECMO for extended periods of time, albeit maintaining for 
than 1-year may be difficult [31]. While case reports have described successful 
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quality of life in patients after transplantation. This does not appear to be the case; 
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a patient age greater than 65 was a cutoff in nearly half of centers, but otherwise 
many centers had no official age cutoff. Additionally, there was little consensus on 



Advances in Extracorporeal Membrane Oxygenation - Volume 3

116

the upper bounds for an acceptable duration of pre-transplant ECMO therapy, and 
this varied from as little as 10 days to a policy in which ECMO support duration was 
not bounded. Overall, the institutional criteria for ECMO initiation, age limits, and 
duration of support are widely disparate across centers [37].

A systematic review in 2014 highlighted the inconsistencies in design between 
these studies; while 82 potential studies of ECMO bridging were identified at the 
time, the vast majorities were excluded and the broad heterogeneity among the 
studies precluded any wider meta-analysis. In this analysis, the preoperative mortal-
ity rate of patients on ECMO ranged from 10–50%. It was ultimately concluded that 
ECMO support as a bridge could potentially provide reasonable perioperative and 
1-year survival outcomes, but no broader statement could be made owing to a gen-
eral paucity of high-quality data and significant heterogeneity among studies [38].

While these largely retrospective studies are compelling, it is acknowledged 
that retrospective studies are not the ideal candidates for definitively proving the 
efficacy of ECMO compared to mechanical ventilation, which has in tandem with 
ECMO evolved in the past decade to include more advanced strategies of protective 
lung ventilation. While the challenges of randomizing patients to different thera-
pies in end-stage respiratory failure are apparent, at this point significant equipoise 
now exists to justify the randomized comparison of ECMO with standard ventilator 
therapy as a bridging strategy [39].

4. ECMO in the peri- and postoperative period

4.1 ECMO versus cardiopulmonary bypass

While partial or full cardiopulmonary support was initially a necessary aspect 
of lung transplantation, this has become less of a requirement with improvements 
in ventilation and operative technique. However, for those cases where cardio-
pulmonary support remains a necessity (such as failure of single lung ventilation, 
or right heart failure), VA ECMO is playing an increasing role as an alternative to 
traditional cardiopulmonary bypass. Cardiopulmonary bypass is at least theoreti-
cally responsible for the development of pulmonary injury and has been implicated 
in adult respiratory distress syndrome [40]. Pulmonary injury during cardiopul-
monary bypass has been the subject of a significant amount of research over the 
past 30 years. At this time, it is theorized that lung damage occurs as the result of an 
inflammatory cascade triggered by a combination of surgical trauma, the interface 
of blood products with the extracorporeal circuit, and lung reperfusion injury; this 
triggers the generation of oxygen free radicals that are in turn sequestered within 
the lung and lead to pulmonary injury [41, 42].

Other issues related to cardiopulmonary bypass include a need for high-dose 
heparinization, which can lead to intra- and postoperative bleeding complications, 
and high blood turnover with a high volume of blood necessary to load the circuit. 
Cardiopulmonary bypass also requires central cannulation that can preclude other 
interventions in the operative field such as coronary artery bypass grafting. These 
issues have led providers to seek alternate supportive options. On its face, ECMO 
has a number of perceived benefits over cardiopulmonary bypass. With this in 
mind, there have been a number of studies comparing the efficacy of ECMO to 
cardiopulmonary bypass in the lung transplant setting [43–50].

The first studies of VA ECMO as a replacement therapy were not initially 
associated with good outcomes. For example, in 2007 a single institute retrospective 
study, ECMO was found to have a trend toward increased 90-day mortality rate, 
a higher incidence of severe graft ischemia/reperfusion injury, and a significantly 
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reduced 1-year survival compared to cardiopulmonary bypass [45]. However, with 
increasing experience in using ECMO, results have been more promising. A 2012 
retrospective study of outcomes of patients treated using ECMO versus cardio-
pulmonary bypass demonstrated a higher transfusion requirement in the cardio-
pulmonary bypass group, as well as a significantly higher incidence of in-hospital 
mortality, the need for hemodialysis, and new postoperative ECMO support. In this 
study transplantation with cardiopulmonary bypass was identified as an indepen-
dent risk factor for in-hospital mortality [51].

In a 2014 study comparing differences in 47 lung transplant patient outcomes 
with intraoperative ECMO versus cardiopulmonary bypass, the ECMO group was 
required fewer transfusions and had less bleeding, fewer reoperations, and less 
primary graft dysfunction with no 30-day or 1-year survival differences [44]. 
Similarly, in a 2014 comparison of 271 consecutive patients who underwent lung 
transplant using either cardiopulmonary bypass or ECMO, there were differences 
in 30-day or 6-month mortality, and less postoperative complications among the 
ECMO group [43]. A number of more recent studies similarly comparing VA ECMO 
to cardiopulmonary bypass have confirmed the finding of a lower perioperative 
blood product transfusion requirement and lower 90-day mortality among the 
extracorporeal membrane oxygenation cohorts [48, 49, 52, 53].

Recently, a meta-analysis of the existing evidence to support ECMO versus car-
diopulmonary bypass showed beneficial trends of ECMO regarding blood transfu-
sions, duration of ventilator support and intensive care unit length of stay, 3-month 
and 1-year mortality; these findings, however, were not statistically significant. At 
this time, while it appears that ECMO is at least non-inferior to cardiopulmonary 
bypass in the setting of lung transplantation, the superiority of ECMO remains to 
be determined and will likely require larger multi-center randomized trials [47].

Outcomes compared between patients requiring intraoperative ECMO versus 
those not requiring any support are less conclusive; in a 2018 study of 53 patients, 
while patients who underwent ECMO received more intraoperative transfusions, 
outside of the immediate postoperative period there were no differences in in-hos-
pital and 6-month complications with similar survival between the two groups [50]. 
In contrast, however, a 2017 single institution study demonstrated 5-year survival 
to be 52.8% in intraoperative ECMO recipients versus 70.5% in those not requiring 
ECMO, with multivariate analysis identifying intraoperative ECMO support as 
significant risk factors for overall survival [46].

4.2 Postoperative ECMO for primary graft dysfunction

Early primary graft dysfunction, defined as lung injury causing decreased oxy-
genation during the first 3 days after lung transplant, is a devastating albeit fairly 
uncommon occurrence. ECMO is a useful adjunct for supporting the patient with 
primary graft dysfunction, either to recovery or as a bridge to redo transplantation.

One-year survival is compromised in patients with severe primary graft 
dysfunction compared to those without; in addition to the underlying causal 
factors contributing to dysfunction in the first place, this is often worsened by the 
high airway pressures and inspired oxygen concentration necessary to adequately 
oxygenate the patient via mechanical ventilation. ECMO may be desirable for its 
ability to avoid these risk factors. In a single-institution study of patients with 
primary graft dysfunction, successful weaning from ECMO was achieved in 96% 
of patients, with substantially improved long-term outcomes including a 5-year 
survival of nearly 50%. While allograft function in the ECMO group was worse 
than in transplant recipients not requiring ECMO, the benefits of ECMO in pul-
monary support in the immediate postoperative period is clear [54]. Furthermore, 
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these trends toward better outcomes after primary graft dysfunction appear to 
be improving due to ECMO support; in a large database study of the highest-risk 
transplant patients, patients demonstrate improving outcomes, particularly at 
high-volume centers [55]. In a review of the UNOS database, the use of post-
operative ECMO support for primary graft dysfunction was still associated with 
a 6-month survival of over 60%, and while the subset of ECMO recipients also 
requiring dialysis had a only a 25% 6-month survival, if dialysis was not needed 
survival was over 85% [56].

Unfortunately, while early postoperative ECMO in the setting of primary graft 
dysfunction is associated with reasonable outcomes, the late implementation 
of ECMO postoperatively (after 7 days) does not appear to have the same good 
outcomes. In a 2011 study of late ECMO support in lung transplant patients with 
infection or graft failure, none of the individuals who received late ECMO support 
survived to hospital discharge, due to the propagation of uncontrolled infection or 
organ failure that preempted ECMO support. This suggests that while ECMO can 
provide early support while awaiting graft recovery, it does not represent a means of 
reversing complications existing prior to initiation of ECMO [57].

4.3 Routine ECMO prolongation

With increasing comfort with ECMO as postoperative support, the indications 
for extending its use have continued to expand. In some institutions, for example, 
intraoperative extracorporeal membrane oxygenation has been adopted for all 
unstable lung transplantations. Protocols have been proposed in which ECMO is 
prophylactically extended into the postoperative period based on graft quality and 
the preoperative presence of pulmonary hypertension. A recent single-institution 
analysis of this prophylactic protocol identified patients receiving ECMO as having 
improved survival compared to non-ECMO patients despite higher levels of medical 
complexity. Prophylactic ECMO prolongation is being increasingly recognized as a 
safe option for the routine postoperative support of patients with either marginal 
graft function or underlying pulmonary hypertension [12].

In the same vein, research has been conducted to identify those patients at 
increased risk of ECMO weaning failure after lung transplantation, in order to 
identify those patients who might benefit from continued extracorporeal support. 
Identified risk factors including older donors, longer periods of donor mechani-
cal ventilation, donor PaO2 prior to organ procurement and longer operative 
time [58]. In these patients, prophylactic ECMO support postoperatively may be 
recommended.

4.4 Ex-vivo lung perfusion using ECMO

Ex vivo lung perfusion is another exciting breakthrough for the reconditioning 
of poor quality grafts as high risk of postoperative primary graft dysfunction. In 
this setup, retrieved donor lungs are perfused in an ex vivo circuit. This provides 
an opportunity for transplant surgeons to reassess graft function before trans-
plantation, providing a more accurate window into the likelihood of success in 
transplantation with high-risk donor lungs. The use of an ex vivo circuit allows time 
for toxic waste products and inflammatory cytokines to be filtered out, for more 
optimal recruitment of collapsed lung areas, and for the fluid-overloaded lung 
tissue to be dehydrated by the perfusate high oncotic pressure [59]. In a 2015 study, 
lung transplant recipients who received lungs reconditioned in an ex vivo manner 
demonstrated significantly shorter hospital stay and trends toward shorter length 
of mechanical ventilation [48, 49].
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5. Conclusions

Ultimately, recent advances in ECMO have led it to become a critical tool in the 
armamentarium of the transplant surgeon, in both the preoperative period as a 
bridging strategy, as a tool for cardiopulmonary support during the operation, and 
for the rescue of potentially dysfunctional grafts postoperatively. The use of ECMO 
in lung transplantation has been need-driven in an incredibly complex and medi-
cally challenging complication; innovative thinking by basic scientists and trans-
plant surgeons has led to remarkable improvements in patient outcomes. Continued 
advances in ECMO technologies, deeper experience with the implementation of 
ECMO in complicated clinical situations, and further high-quality research will 
help determine the areas where ECMO can help provide a benefit to lung transplant 
recipients.
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Abstract

ECMO, or extracorporeal membrane oxygenation, is an advanced life support 
technique that provides cardiac and pulmonary support similar to cardiopulmonary 
bypass. ECPR (extracorporeal cardiopulmonary resuscitation) is the rapid deploy-
ment of VA-ECMO when conventional cardiopulmonary resuscitation fails to 
provide return of spontaneous circulation. Evidence in the literature is sparse, but 
with expanding reported applications, ECPR has shown promise to improve out-
comes of cardiac arrest. ECPR is superior to conventional CPR for both survival and 
neurologic outcomes. ECPR has been successfully used to manage arrests secondary 
to cardiac and non-cardiac causes. Arrests secondary to primary cardiac causes have 
the best overall outcome. Other determinants of outcomes of ECPR include dura-
tion of low flow state and on-ECMO complications. A narrow list of ECPR contra-
indications exists, and includes severe neurologic injury and irreversible primary 
disease process. Various complications can occur with ECPR, and include mechani-
cal, cardiovascular, pulmonary, hematologic, renal, and neurologic complications. 
Neurologic complications are the most serious, and significantly affect mortality 
or quality of life. ECPR is a nascent field, and substantial work remains to be done 
to optimize its application. Given the small number of patients at each institutional 
level, this is a field ripe for collaborative work and rewarding results.

Keywords: extracorporeal membrane oxygenation, cardiopulmonary resuscitation, 
ECPR, cardiac arrest

1. Background

ECMO, or extracorporeal membrane oxygenation, is an advanced life support 
technique that provides cardiac and pulmonary support similar to cardiopulmo-
nary bypass. Venous blood is drained and pumped through a membrane where gas 
exchange occurs. Oxygenated blood is returned back to the patient either through 
venous circulation in VV-ECMO (venovenous ECMO) or arterial circulation in 
VA-ECMO (venoarterial ECMO).

ECPR (extracorporeal cardiopulmonary resuscitation) is the rapid deployment 
of VA-ECMO during cardiopulmonary resuscitation (CPR) when conventional CPR 
fails to provide return of spontaneous circulation (ROSC) [1]. The first reported 
use of ECMO in CPR was in 1976. Since then, the use of ECPR has become well-
described in adults and children, with a continuously expanding list of diagnoses.
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Abstract

ECMO, or extracorporeal membrane oxygenation, is an advanced life support 
technique that provides cardiac and pulmonary support similar to cardiopulmonary 
bypass. ECPR (extracorporeal cardiopulmonary resuscitation) is the rapid deploy-
ment of VA-ECMO when conventional cardiopulmonary resuscitation fails to 
provide return of spontaneous circulation. Evidence in the literature is sparse, but 
with expanding reported applications, ECPR has shown promise to improve out-
comes of cardiac arrest. ECPR is superior to conventional CPR for both survival and 
neurologic outcomes. ECPR has been successfully used to manage arrests secondary 
to cardiac and non-cardiac causes. Arrests secondary to primary cardiac causes have 
the best overall outcome. Other determinants of outcomes of ECPR include dura-
tion of low flow state and on-ECMO complications. A narrow list of ECPR contra-
indications exists, and includes severe neurologic injury and irreversible primary 
disease process. Various complications can occur with ECPR, and include mechani-
cal, cardiovascular, pulmonary, hematologic, renal, and neurologic complications. 
Neurologic complications are the most serious, and significantly affect mortality 
or quality of life. ECPR is a nascent field, and substantial work remains to be done 
to optimize its application. Given the small number of patients at each institutional 
level, this is a field ripe for collaborative work and rewarding results.
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1. Background

ECMO, or extracorporeal membrane oxygenation, is an advanced life support 
technique that provides cardiac and pulmonary support similar to cardiopulmo-
nary bypass. Venous blood is drained and pumped through a membrane where gas 
exchange occurs. Oxygenated blood is returned back to the patient either through 
venous circulation in VV-ECMO (venovenous ECMO) or arterial circulation in 
VA-ECMO (venoarterial ECMO).

ECPR (extracorporeal cardiopulmonary resuscitation) is the rapid deployment 
of VA-ECMO during cardiopulmonary resuscitation (CPR) when conventional CPR 
fails to provide return of spontaneous circulation (ROSC) [1]. The first reported 
use of ECMO in CPR was in 1976. Since then, the use of ECPR has become well-
described in adults and children, with a continuously expanding list of diagnoses.
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ECPR literature is limited, more so for pediatrics. Reports are mainly single 
center experiences, registry retrospective analyses, and a few meta-analyses. Small 
sample sizes and lack of standardization impede drawing conclusions on utilization 
and care processes for ECPR. Regardless, utilization of ECPR continues to expand. 
The Extracorporeal Life Support Organization (ELSO) reports more than a total of 
10,000 ECPR patients since 1990, of which more than 5000 are pediatric or neonatal 
runs [2]. ECPR cases make up approximately 10% of all ECMO runs recorded over 
this time frame. Most ECPR cases originate in the intensive care unit, but there is 
growing literature demonstrating widening the use to emergency room arrests and 
out-of-hospital arrests [3, 4].

With expanding application, ECPR has shown promise to improve outcomes of 
cardiac arrest. ELSO recognizes that ECMO can be considered for select patients in 
cardiac arrest. In 2015, the American Heart Association (AHA) cautiously pointed 
out that while the evidence is still lacking, ECPR may reasonably be considered in 
potentially reversible situations [5].

This chapter explores the current utility of ECPR, and provides a literature 
summary of its indications and limitations. The chapter will also describe current 
use and outcomes in adults and children. Finally, complications of ECPR will be 
reviewed. A special focus will highlight neurologic complications and their influ-
ence on meaningful outcomes after ECPR.

2. ECPR is superior to conventional CPR

ECPR use for victims of cardiac arrest consistently demonstrates a survival ben-
efit over conventional CPR [5–8]. This survival benefit is more pronounced as the 
duration of CPR increases. In contrast to arrest survivors who only receive conven-
tional CPR, patients rescued with ECPR have higher survival rates at discharge and 
at 6-12 months post discharge [9]. Arrest victims rescued with ECPR are also more 
likely to have better neurologic outcome, when compared to patients rescued with 
conventional CPR [10].

3. Indications

The goal of ECPR is to augment cardiac output during the low flow phase of 
CPR, restoring oxygenation and perfusion in the setting of cardiac arrest. In some 
cases ECPR alone may be therapeutic, and in other cases it allows maintenance of 
perfusion while further treatment is explored.

At this time, no universal criteria exist for the deployment of ECPR. AHA recom-
mendations are limited to heart disease amenable to either recovery or transplantation, 
in a setting where the arrest occurs in a highly supervised environment [11]. Their only 
other recommendation is for use in out of hospital cardiac arrest in the setting of severe 
hypothermia if appropriate expertise, equipment, and protocols are available. ELSO 
recommends ECPR in arrest victims “with an easily reversible event and have had excel-
lent CPR” [12]. The UK Resuscitation Council considers ECPR as a “rescue therapy for 
patients in whom initial ALS measures are unsuccessful to facilitate specific interven-
tions” such as coronary interventions or thrombectomies [13].

Centers that offer ECPR use center-specific processes, based on experience and 
availability of resources. ECPR is most commonly available to in-hospital cardiac 
arrest. Arrests in the emergency department can also be managed with ECPR. In 
some settings with appropriate resources, experience, and planning, out-of-hospital 
cardiac arrest has been managed with out-of-hospital ECPR [4, 14].
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4. Contraindications

Contraindications to ECPR vary between institutions, and a unified consen-
sus does not exist. ECMO-related prognostic factors in the current literature are 
unreliable with regards to ECPR outcomes. On their own, most of these factors do 
not provide sufficient evidence to support denial of life-saving ECPR to a victim of 
arrest. The only absolute contraindications to ECPR are the presence of a valid “Do 
Not Resuscitate” order and the absence of appropriate staff/equipment to initiate 
ECPR. All contraindications to ECMO use, such as extreme prematurity, also apply.

Otherwise, a range of situations can be proposed as relative contraindications 
for ECPR:

1. Severe neurological impairment prior to cardiac arrest: Exact definitions 
of impairment will vary between providers and institutions. In a similar 
vein, conditions that place a patient at high risk for severe neurologic 
injury despite good CPR (such as severe primary pulmonary hypertension 
or patients with cavopulmonary circulation) may be a reason to not offer 
ECPR. Determinations to preclude a child from ECMO candidacy may involve 
a discussion with family, and should contain an understanding the perceived 
and expected quality of the child’s life.

2. Known irreversible disease process: When cardiac arrest occurs in the set-
ting of a known irreversible and untreatable disease process, ECPR will only 
prolong suffering. Providers must work with the appropriate subspecialists 
to understand primary disease prognosis in order to determine if ECPR is an 
appropriate choice should the patient arrest.

3. Severe immunosuppressed state: While literature is limited, certain groups of 
severely immunocompromised patients tend to do worse on ECMO. Patients 
with immunosuppression in the setting of solid organ transplantation or high-
dose steroid regimens may have outcomes comparable to the general popula-
tion. In contrast, patients with solid tumors, hematological malignancies, or 
acquired immunodeficiency syndrome (AIDS) do much worse on ECMO. In 
one study, survival to discharge was 7–20% [15]. This highlights the need to 
understand primary disease prognosis, and determine ECMO candidacy prior 
to arrest.

4. Severe coagulopathy: Management of ECMO post-resuscitation requires use 
of anticoagulation to maintain appropriate circuit function. In cases of severe 
coagulopathy, the physician must balance the management of the coagulopa-
thy and the circuit anticoagulation. If the coagulopathy is difficult to treat, 
devastating and fatal hemorrhagic side effects may occur [16].

5. Prolonged total arrest time: There is no consensus on a cut-off time, but 
as shown in Figure 1, prolonged low-flow states are associated with lower 
survival [17]. Neurologic outcomes are also worse. The impact is magnified if 
combined with failure to initiate chest compressions in a timely fashion after 
arrest. While a prolonged resuscitation may be not futile, each institution must 
consider its capabilities and available resources before establishing a cutoff 
time. This decision will also likely be patient-dependent.

6. Lack of access for cannulation: Anatomic or other vascular anomalies that 
preclude successful cannulation render a patient a non-candidate for ECPR.
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ECPR literature is limited, more so for pediatrics. Reports are mainly single 
center experiences, registry retrospective analyses, and a few meta-analyses. Small 
sample sizes and lack of standardization impede drawing conclusions on utilization 
and care processes for ECPR. Regardless, utilization of ECPR continues to expand. 
The Extracorporeal Life Support Organization (ELSO) reports more than a total of 
10,000 ECPR patients since 1990, of which more than 5000 are pediatric or neonatal 
runs [2]. ECPR cases make up approximately 10% of all ECMO runs recorded over 
this time frame. Most ECPR cases originate in the intensive care unit, but there is 
growing literature demonstrating widening the use to emergency room arrests and 
out-of-hospital arrests [3, 4].

With expanding application, ECPR has shown promise to improve outcomes of 
cardiac arrest. ELSO recognizes that ECMO can be considered for select patients in 
cardiac arrest. In 2015, the American Heart Association (AHA) cautiously pointed 
out that while the evidence is still lacking, ECPR may reasonably be considered in 
potentially reversible situations [5].

This chapter explores the current utility of ECPR, and provides a literature 
summary of its indications and limitations. The chapter will also describe current 
use and outcomes in adults and children. Finally, complications of ECPR will be 
reviewed. A special focus will highlight neurologic complications and their influ-
ence on meaningful outcomes after ECPR.

2. ECPR is superior to conventional CPR

ECPR use for victims of cardiac arrest consistently demonstrates a survival ben-
efit over conventional CPR [5–8]. This survival benefit is more pronounced as the 
duration of CPR increases. In contrast to arrest survivors who only receive conven-
tional CPR, patients rescued with ECPR have higher survival rates at discharge and 
at 6-12 months post discharge [9]. Arrest victims rescued with ECPR are also more 
likely to have better neurologic outcome, when compared to patients rescued with 
conventional CPR [10].

3. Indications

The goal of ECPR is to augment cardiac output during the low flow phase of 
CPR, restoring oxygenation and perfusion in the setting of cardiac arrest. In some 
cases ECPR alone may be therapeutic, and in other cases it allows maintenance of 
perfusion while further treatment is explored.

At this time, no universal criteria exist for the deployment of ECPR. AHA recom-
mendations are limited to heart disease amenable to either recovery or transplantation, 
in a setting where the arrest occurs in a highly supervised environment [11]. Their only 
other recommendation is for use in out of hospital cardiac arrest in the setting of severe 
hypothermia if appropriate expertise, equipment, and protocols are available. ELSO 
recommends ECPR in arrest victims “with an easily reversible event and have had excel-
lent CPR” [12]. The UK Resuscitation Council considers ECPR as a “rescue therapy for 
patients in whom initial ALS measures are unsuccessful to facilitate specific interven-
tions” such as coronary interventions or thrombectomies [13].

Centers that offer ECPR use center-specific processes, based on experience and 
availability of resources. ECPR is most commonly available to in-hospital cardiac 
arrest. Arrests in the emergency department can also be managed with ECPR. In 
some settings with appropriate resources, experience, and planning, out-of-hospital 
cardiac arrest has been managed with out-of-hospital ECPR [4, 14].
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4. Contraindications

Contraindications to ECPR vary between institutions, and a unified consen-
sus does not exist. ECMO-related prognostic factors in the current literature are 
unreliable with regards to ECPR outcomes. On their own, most of these factors do 
not provide sufficient evidence to support denial of life-saving ECPR to a victim of 
arrest. The only absolute contraindications to ECPR are the presence of a valid “Do 
Not Resuscitate” order and the absence of appropriate staff/equipment to initiate 
ECPR. All contraindications to ECMO use, such as extreme prematurity, also apply.

Otherwise, a range of situations can be proposed as relative contraindications 
for ECPR:

1. Severe neurological impairment prior to cardiac arrest: Exact definitions 
of impairment will vary between providers and institutions. In a similar 
vein, conditions that place a patient at high risk for severe neurologic 
injury despite good CPR (such as severe primary pulmonary hypertension 
or patients with cavopulmonary circulation) may be a reason to not offer 
ECPR. Determinations to preclude a child from ECMO candidacy may involve 
a discussion with family, and should contain an understanding the perceived 
and expected quality of the child’s life.

2. Known irreversible disease process: When cardiac arrest occurs in the set-
ting of a known irreversible and untreatable disease process, ECPR will only 
prolong suffering. Providers must work with the appropriate subspecialists 
to understand primary disease prognosis in order to determine if ECPR is an 
appropriate choice should the patient arrest.

3. Severe immunosuppressed state: While literature is limited, certain groups of 
severely immunocompromised patients tend to do worse on ECMO. Patients 
with immunosuppression in the setting of solid organ transplantation or high-
dose steroid regimens may have outcomes comparable to the general popula-
tion. In contrast, patients with solid tumors, hematological malignancies, or 
acquired immunodeficiency syndrome (AIDS) do much worse on ECMO. In 
one study, survival to discharge was 7–20% [15]. This highlights the need to 
understand primary disease prognosis, and determine ECMO candidacy prior 
to arrest.

4. Severe coagulopathy: Management of ECMO post-resuscitation requires use 
of anticoagulation to maintain appropriate circuit function. In cases of severe 
coagulopathy, the physician must balance the management of the coagulopa-
thy and the circuit anticoagulation. If the coagulopathy is difficult to treat, 
devastating and fatal hemorrhagic side effects may occur [16].

5. Prolonged total arrest time: There is no consensus on a cut-off time, but 
as shown in Figure 1, prolonged low-flow states are associated with lower 
survival [17]. Neurologic outcomes are also worse. The impact is magnified if 
combined with failure to initiate chest compressions in a timely fashion after 
arrest. While a prolonged resuscitation may be not futile, each institution must 
consider its capabilities and available resources before establishing a cutoff 
time. This decision will also likely be patient-dependent.

6. Lack of access for cannulation: Anatomic or other vascular anomalies that 
preclude successful cannulation render a patient a non-candidate for ECPR.
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5. The ECPR experience

According to recent reviews of the ELSO registry, ECPR is currently most 
commonly used in patients who suffer cardiac arrest secondary to a primary cardiac 
cause [7]. This is independent from patients who fail to wean off cardiopulmonary 
bypass. These patients include arrests post cardiac surgery, such as surgery for 
congenital heart disease (CHD). CHD patients rescued with ECPR include both 
single and two-ventricle patients. This cardiac cohort also includes patients with 
structurally normal hearts but develop heart failure in the setting of myocarditis, 
cardiomyopathy, arrhythmias, pulmonary arterial hypertension, and heart trans-
plant graft failures.

A variety of non-cardiac causes of arrest have also been supported by 
ECPR. These include arrests in the setting of septic and other forms of non- 
cardiogenic shock. Arrests that occur in the setting of pneumonia, ARDS, acute 
airway compromise, toxic ingestions, severe hypothermia, and trauma have also 
been supported with ECPR.

In some situations where the cause of arrest is unclear, ECPR allows for preserv-
ing the patient while the diagnosis can be clarified. For example, ECMO support 
allows for time to perform head imaging or other diagnostic testing that helps with 
clarifying treatment or prognostication. If a negative prognosis is uncovered, there 
is time to involve palliative care, if desired, and allows family another opportunity 
for closure.

Some institutions have reported ECPR use as a temporary measure for organ 
perfusion while organ procurement organizations work to facilitate organ place-
ment [18, 19]. This is usually in situations where brain death is quickly identified 
after placement on ECMO. Viability of the organs is preserved, and the transplanted 
organs have a high rate of good functional recovery [20].

6. Application of ECPR

6.1 Process

The real-life application of ECPR varies between centers [21]. At a mini-
mum, a core group that consists of a code team, a cannulation team (surgeon 

Figure 1. 
Estimated survival rates for extracorporeal membrane oxygenation (ECPR) patients after every given low-flow 
time (red line). Survival with conventional CPR (dashes) is demonstrated as a comparison. Wengenmayer T, 
et al. Influence of low-flow time on survival after extracorporeal cardiopulmonary resuscitation Crit Care. 
2017;21(1):157. Published under terms of the Creative Commons Attribution 4.0 International License.
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or interventionalist to cannulate), and an ECMO specialist must be available. 
Support staff including additional nursing, pharmacy, and OR staff may be 
needed. Location of the cannulation procedure will depend on center experience 
and appropriateness of available space. For example, the procedure can happen in 
the intensive care unit, in the catheterization lab, or in the operating room. Some 
centers have reported experience with cannulating in other locations, such as in 
the emergency department, in the IR suite, or on regular hospital wards. Most 
reported experiences follow a similar algorithm.

6.2 ECMO cannulation

Cannulation technique for ECPR depends on anatomy, experience and train-
ing of the cannulating provider, and circumstances necessitating support [22]. In 
almost all cases, ECPR patients require VA cannulation. If the patient has an open 
sternum, central cannulation is the easiest approach. In smaller children, the right 
carotid artery and internal jugular vein are the most common choice. In adults and 
adult-sized children, femoral cannulation is technically feasible. Femoral cannula-
tion can limit the no-flow time due to minimal or no interruptions in compressions. 
Placed cannulas should support at least 120-150 mL/kg/min flow in order to pro-
vide an appropriate cardiac index in smaller children. In larger children and adults, 
the cannulas should support 3.5 to 5 L/min depending on the underlying etiology 
of cardiac arrest. If cannula sizes are deemed to be insufficient for flow, additional 
venous drainage can be added.

6.3 Initial management: post arrest care

The goal of post arrest care is to safeguard neurologic function and prevent 
secondary organ injury, while working towards the diagnosis and management of 
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or interventionalist to cannulate), and an ECMO specialist must be available. 
Support staff including additional nursing, pharmacy, and OR staff may be 
needed. Location of the cannulation procedure will depend on center experience 
and appropriateness of available space. For example, the procedure can happen in 
the intensive care unit, in the catheterization lab, or in the operating room. Some 
centers have reported experience with cannulating in other locations, such as in 
the emergency department, in the IR suite, or on regular hospital wards. Most 
reported experiences follow a similar algorithm.

6.2 ECMO cannulation

Cannulation technique for ECPR depends on anatomy, experience and train-
ing of the cannulating provider, and circumstances necessitating support [22]. In 
almost all cases, ECPR patients require VA cannulation. If the patient has an open 
sternum, central cannulation is the easiest approach. In smaller children, the right 
carotid artery and internal jugular vein are the most common choice. In adults and 
adult-sized children, femoral cannulation is technically feasible. Femoral cannula-
tion can limit the no-flow time due to minimal or no interruptions in compressions. 
Placed cannulas should support at least 120-150 mL/kg/min flow in order to pro-
vide an appropriate cardiac index in smaller children. In larger children and adults, 
the cannulas should support 3.5 to 5 L/min depending on the underlying etiology 
of cardiac arrest. If cannula sizes are deemed to be insufficient for flow, additional 
venous drainage can be added.

6.3 Initial management: post arrest care

The goal of post arrest care is to safeguard neurologic function and prevent 
secondary organ injury, while working towards the diagnosis and management of 
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the cause of arrest. The AHA recommends adopting a systems-based, protocolized, 
goal-directed approach to the management of post-arrest patients [23]. This 
includes ECPR patients.

Table 1 highlights the most important care recommendations from the AHA, 
and Table 2 includes monitoring modalities to be considered. These are based on 
the best available evidence, which may be limited to expert opinion in some cases. 
All recommendations are continuously reviewed and updated by the AHA as more 
evidence becomes available.

6.4 Initial management: A systems approach

Critical care management of post-ECPR ECMO patients should involve a multi-
disciplinary team that includes ECMO nurse/therapist, bedside staff, intensivists, 
and surgeons. Post arrest management should be implemented per local protocols. 
Like all ECMO patients, sedation, ventilation, anticoagulation, nutrition, and infec-
tion control should be cautiously monitored:

1. Neurological/Sedation: Soon after resuscitation, it is imperative to determine 
the patient’s neurologic status, as this will guide further decision making 

Continuous telemetry Assists with close monitoring of rhythm status

Exhaled CO2 monitor Allows for capturing CO2 changes early

Continuous pulse oximetry Assists with maintaining normoxia

Cerebral NIRS (near-infrared 
spectrometry) monitor

May be useful in identifying periods of increased vulnerability to 
developing neurologic injury [28]

Electroencephalogram (EEG) Discontinuous or isoelectric tracings are associated with worse 
neurologic outcome. EEG data in this setting is limited but may be 
useful in prognostication in consort with other criteria.

Arterial blood pressure monitor Assists with close monitoring of hemodynamics thus avoiding 
hypotension

Central venous pressure monitor Assists with assessment of volume status

Continuous temperature monitor Rectal or bladder monitor: may allow for capturing temperature 
changes early

Table 2. 
Monitoring modalities.

Management goal Reasoning

Maintain normal 
oxygenation

Elevated PO2 contributes to oxidative stress, and adult studies associate 
hyperoxia with decreased survival [24]. Hypoxia is associated with worse 
neurologic and overall outcomes.

Maintain normocarbia Hypocapnia has been associated with worse outcomes in adults, and hypercapnia 
has been associated with decreased survival in pediatrics [24].

Maintain 
normotension

Post-ROSC hypotension is associated with decreased survival to discharge and 
worse neurologic outcomes [25]. Severe hypertension may adversely affect 
cardiac output, and has also been associated with neurologic injury [26].

Targeted temperature 
management

Aggressively avoid hyperthermia, which is associated with poor outcomes [27]. 
At this time, there is insufficient evidence to recommend hypothermia over 
goal-directed normothermia.

Table 1. 
Post arrest care.
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and management. Close monitoring of the neurologic exam is imperative. 
Evaluate for signs of seizures, and EEG should be obtained if there is any 
suspicion. Near-infrared spectroscopy (NIRS) monitors can be used to follow 
cerebral oxygenation, possibly serving as an indicator of neurological activity 
and overall perfusion. In infants, routine bedside head ultrasounds should 
be considered, since these are simple and inexpensive assessments that can 
provide important information about development of neurologic injury. For all 
patients, head imaging such as with computed topography should be consid-
ered as indicated by exam and other clinical findings. Analgesia and sedation 
should be appropriately used to provide comfort; muscle relaxants use should 
be minimized to cases of safety or medical concerns.

2. Cardiovascular: Continuous cardiac and hemodynamic monitoring is impor-
tant. Peripheral perfusion should be monitored, especially in patients with 
femoral cannulation. Volume must be judiciously used to maintain cardiac 
preload. Systemic vascular resistance should be balanced to the patient’s needs, 
with judicious use of inotropy if cardiac contractility needs augmentation. 
All patients should be monitored for need for LV decompression as discussed 
below. In patients with absent pulsatility, the LV must be monitored for clot 
formation.

3. Pulmonary: Maintain functional residual capacity to facilitate oxygenation 
of pulmonary blood flow, balancing that with allowing for lung rest. Gentle 
pulmonary toilet is warranted, balancing secretion clearance with avoiding 
trauma and bleeding.

4. Gastrointestinal/Renal: Nutrition should be considered as indicated; we 
promote early enteral feeding if able. Gastric drainage and stool output must 
be monitored for bleeding. Urine output should be monitored closely, with 
promotion of diuresis as needed. In case of renal failure, hemofiltration or 
dialysis must be considered.

5. Infection: Routine indicators of infection are unreliable: vital signs are influ-
enced or controlled by the circuit, and lab parameters can be affected by the 
circuit. Assessment of the patient must include diligent monitoring of all sites 
of cannula or line insertion, as well as all wounds. Routine monitoring of CBC 
with differential is recommended. Surveillance cultures, as well as antibiotic 
prophylaxis, should be done per institutional protocol.

6.5 Initial management: Anticoagulation

Most ECMO centers have their own institutional protocols for ECMO anticoagu-
lation, usually an amalgam of center experience, ELSO guidelines, and published 
literature. We suggest utilizing an anticoagulation expert when setting up such a 
protocol, and recommend reviewing institutional practices regularly with the goal 
of keeping up-to-date with the literature.

Anticoagulation in this patient population starts with the cannulation procedure. 
A bolus of unfractionated heparin (typically 50–100 units per kg) is given directly 
to the patient prior to cannula placement. Afterwards, an unfractionated heparin 
infusion is started, usually 28–30 units/kg/hr. in neonates and infants, and 20 units/
kg/hr. in larger children. Of note, neonates may need higher doses of unfraction-
ated heparin secondary to naturally lower antithrombin III (ATIII) plasma concen-
trations. Less heparin may be required in patients who have a coagulopathy.
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and management. Close monitoring of the neurologic exam is imperative. 
Evaluate for signs of seizures, and EEG should be obtained if there is any 
suspicion. Near-infrared spectroscopy (NIRS) monitors can be used to follow 
cerebral oxygenation, possibly serving as an indicator of neurological activity 
and overall perfusion. In infants, routine bedside head ultrasounds should 
be considered, since these are simple and inexpensive assessments that can 
provide important information about development of neurologic injury. For all 
patients, head imaging such as with computed topography should be consid-
ered as indicated by exam and other clinical findings. Analgesia and sedation 
should be appropriately used to provide comfort; muscle relaxants use should 
be minimized to cases of safety or medical concerns.

2. Cardiovascular: Continuous cardiac and hemodynamic monitoring is impor-
tant. Peripheral perfusion should be monitored, especially in patients with 
femoral cannulation. Volume must be judiciously used to maintain cardiac 
preload. Systemic vascular resistance should be balanced to the patient’s needs, 
with judicious use of inotropy if cardiac contractility needs augmentation. 
All patients should be monitored for need for LV decompression as discussed 
below. In patients with absent pulsatility, the LV must be monitored for clot 
formation.

3. Pulmonary: Maintain functional residual capacity to facilitate oxygenation 
of pulmonary blood flow, balancing that with allowing for lung rest. Gentle 
pulmonary toilet is warranted, balancing secretion clearance with avoiding 
trauma and bleeding.

4. Gastrointestinal/Renal: Nutrition should be considered as indicated; we 
promote early enteral feeding if able. Gastric drainage and stool output must 
be monitored for bleeding. Urine output should be monitored closely, with 
promotion of diuresis as needed. In case of renal failure, hemofiltration or 
dialysis must be considered.

5. Infection: Routine indicators of infection are unreliable: vital signs are influ-
enced or controlled by the circuit, and lab parameters can be affected by the 
circuit. Assessment of the patient must include diligent monitoring of all sites 
of cannula or line insertion, as well as all wounds. Routine monitoring of CBC 
with differential is recommended. Surveillance cultures, as well as antibiotic 
prophylaxis, should be done per institutional protocol.

6.5 Initial management: Anticoagulation

Most ECMO centers have their own institutional protocols for ECMO anticoagu-
lation, usually an amalgam of center experience, ELSO guidelines, and published 
literature. We suggest utilizing an anticoagulation expert when setting up such a 
protocol, and recommend reviewing institutional practices regularly with the goal 
of keeping up-to-date with the literature.

Anticoagulation in this patient population starts with the cannulation procedure. 
A bolus of unfractionated heparin (typically 50–100 units per kg) is given directly 
to the patient prior to cannula placement. Afterwards, an unfractionated heparin 
infusion is started, usually 28–30 units/kg/hr. in neonates and infants, and 20 units/
kg/hr. in larger children. Of note, neonates may need higher doses of unfraction-
ated heparin secondary to naturally lower antithrombin III (ATIII) plasma concen-
trations. Less heparin may be required in patients who have a coagulopathy.
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Anticoagulation monitoring differs between centers [29, 30]. Labs can include 
partial thromboplastin time (PTT), anti-Xa, and thromboelastography (TEG). ATIII 
levels may be monitored dependent on the clinical situation. Platelets, fibrinogen, 
and plasma free hemoglobin are adjunct values that can be monitored, and can help 
with management of a circuit’s anticoagulation. The patient’s coagulable state must 
be taken into consideration, and this may alter dosing and target lab values. Table 3 
lists the most common parameters used in monitoring anticoagulation.

Some centers report the use of direct thrombin inhibitors, such as bivalirudin, as 
an alternative to unfractionated heparin infusions [31]. Direct thrombin inhibitors 
(DTI) have the advantage of not requiring ATIII for action and can inhibit clot-
bound thrombin. However, DTIs do not act on the contact pathway, which may be 
an issue in low-flow parts of a circuit (such as a bridge or a pigtail for lab draws). 
DTIs are titrated to a PTT of 1.5–2 times normal, and so it is important to establish a 
baseline value prior to use.

6.6 Special consideration: left heart decompression

Patients managed with ECMO, more so in the setting of cardiac disease or 
ECPR, can develop myocardial dysfunction and left heart failure [32]. In ECMO 
patients who develop poor left heart function, the team must work to offload the 
heart [33]. This is necessary to prevent complications such as worsening cardiac 
function or pulmonary edema [34].

Management of ECMO-related LV distension should start with exclusion of poor 
cannula positioning and eliminating mechanical issues with the ECMO circuit [35]. 
Pump function should be adjusted to maintain appropriate flows. LV distension can 
be secondary to volume overload, and so volume status should be addressed accord-
ingly. In case of poor cardiac muscle function, inotropes to improve contractility 
and vasodilators to decrease LV afterload can be utilized.

If offloading the left heart cannot be achieved medically, and cardiac output 
remains compromised, the institution of an interventional approach may be 
required. Several interventional decompression strategies have been described and 
are listed in Table 4. Evidence-based guidelines are lacking with regards of absolute 
indications, timing of intervention, and management method. The following is a 
non-comprehensive list of indications from the literature:

1. Elevated LA pressure and LVEDP despite maximal medical management

2. Severe distension of LA or LV (can include LV thrombus in setting of stasis)

3. Poor left outflow tract ejection/closed aortic valve

4. Refractory pulmonary edema or pulmonary hemorrhage

5. Aortic valve regurgitation

6. Elevated LV wall stress

7. LV or RV dysfunction

6.7 ECPR program

Several authors have discussed the essential components of an ECMO program, 
which are needed before ECPR can be offered as a treatment option [21, 47]. With 
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ECPR, time is of the essence. In order to successfully offer ECPR, a well-established 
protocol needs to be in-place and needs to be followed each time. There are several 
reported characteristics of a successful ECPR program, independent of the qual-
ity and capability of the ECMO team. An ideal team should be able to respond to 
situations in a consistent manner while maintaining that quality despite negative 
situations or hardship.

Consistency is maintained by continued training of all members of the team. 
Ongoing training must be both theoretical and hands-on. Simulation is a unique, 
effective way to incorporate the necessary training and dispense it to all members 
of the team in a way that can model real-life situations [48–52]. Leaders of the 
team must be able to keep up with the most up-to-date literature in ECMO and 
ECPR. Continued improvement of team performance is also assisted with maintain-
ing quality improvement projects focused on outcomes-based factors related to 
each institution. On-the-spot debriefing after each event is a good way to identify 
concerns that need to be addressed.

7. Complications

ECPR, like all other forms of extracorporeal life support, is associated with a 
host of mechanical and non-mechanical complications. Frequency and severity 

Strategy Reference

Intra-aortic balloon pump Aso et al. [36]

Pulmonary artery vent Fouilloux et al. [37]

Percutaneous trans-septal LA decompression Aiyagari et al. [38], O’Byrne et al. [39]

Trans-septal LA decompression with BAS and LA vent insertion Eastaugh et al. [40]

Transaortic vent Hong et al. [41]

Static over-the-wire balloon dilation Baruteau et al. [42], Eastaugh et al. [40]

Blade balloon septostomy Johnston et al. [43]

Atrial stenting Haynes et al. [44]

Direct surgical LA or LV venting Guirgis et al. [45], Sandrio et al. [46]

Table 4. 
Interventional decompression strategies for ECMO-related left heart dysfunction.

Lab parameter Description Goals

Activated Clotting Time (ACT) Assesses whole blood clotting Normal: 80–160 sec
ECMO target: 
180–240 seconds

Activated Partial Thromboplastin 
Time (aPTT)

Assesses the intrinsic pathway Normal: 30–40 sec ECMO 
target: 1.5x normal

Anti-Xa level Assesses clotting activity ECMO target: 
0.35–0.70 units/ml

Thromboelastography (TEG) Assessment of whole blood clotting, fibrinolysis and platelet 
activity

Table 3. 
Monitoring anticoagulation.
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for most ECPR-specific complications are not reported in the literature at this time 
–reports generally include all ECMO patients as a single group. The ELSO website 
has a comprehensive list of reported ECMO and ECPR complications, including 
mechanical, neurologic, cardiovascular, infectious, immunologic, hematologic, 
metabolic, pulmonary, and renal [53].

Here we will highlight some of the better studied complications.

7.1 Neurologic complications

Neurologic complications on ECMO have been extensively documented due to 
their significant burden and influence on outcomes. In pediatric patients treated 
with ECMO, there is a 7% prevalence of intracranial hemorrhages and a 6% preva-
lence of cerebral infarctions. Overall ECMO survival drops by half in patients who 
develop neurological injury. Survivors have multiple long-term morbidities, includ-
ing seizures and global developmental delay.

ECPR specific neurologic injuries are more prevalent and more significant than with 
routine ECMO. The ELSO database reports 12% incidence of seizures, 11.8% incidence 
of hemorrhage or infarct, and 11% incidence of brain death. Hemorrhages and infarcts 
were associated with lower survival. Severe acidosis, non-cardiac arrest etiology, and on 
ECMO CPR were risk factors for the neurologic injuries. Unfortunately, registry datasets 
are not granular and more specific associations are difficult to identify.

Literature reporting of neurodevelopmental outcomes post ECMO and ECPR 
is limited, and there is a varied approach to assessment and documentation [54]. 
However, overall trends appear encouraging. Favorable neurologic outcomes have 
been shown in up-to 65% of ECPR survivors. Favorable outcomes in these reports 
are defined as normal function or mild cerebral disability, showing that a good 
quality of life is attainable for arrest patients treated with ECPR. Further work is 
needed to uncover determinants of good outcomes.

7.2 Acute kidney injury and renal replacement therapy

Acute kidney injury (AKI) is common in critically ill patients, and patients 
treated with ECMO are especially prone to developing AKI. ECMO patients with AKI 
and subsequent fluid overload have a higher risk of longer ECMO runs and greater 
mortality [7]. Fluid overload management differs between centers, and includes fluid 
restriction, diuresis, slow continuous ultrafiltration (SCUF). None of these methods 
are efficient in removing solutes, and so continuous renal replacement therapy may 
be needed when fluid overload coincides with AKI. It should be noted that aggressive 
early CRRT may be associated with worse outcome [55], and indicates that judicious 
fluid management must always be an ongoing balance tailored to each patient.

8. Outcomes

ECPR is superior to conventional CPR. Overall survival to discharge in 
pediatric patients treated with ECPR in the ELSO registry is approximately 
40%; Table 5 shows a breakdown of this data. Other reports of ECPR survival 
vary across the literature, and the quoted numbers range between 23%-55%. In 
contrast, overall reported survival rates for conventional CPR in pediatrics range 
between 16 to 30%. The large range of variability is due to differences between 
institutional experience, expertise, and reporting on these patients. Superior 
survival rates persist with longer term follow-up and have been demonstrated 
up-to 12 months after discharge.
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A major indicator of quality of life in survivors of ECPR is neurologic outcome. 
While work is limited, there is indication that these outcomes may be positive, and 
perhaps better than in patients rescued by conventional CPR. Several reviews have 
shown that survival with minimal neurologic damage was more frequent in patients 
rescued with ECPR. This trend remained true even after performing propensity 
score matching for patients across these groups.

8.1 Determining outcomes

Several pre-ECMO factors have been identified as important to determining 
outcomes of ECPR. Disease process leading to arrest is one such factor. Post-cardiac 
surgery patients, or patients who arrest in the setting of another primary cardiac pro-
cess, have consistently demonstrated the best survival when rescued with ECPR versus 
conventional CPR. Patients who arrest in the setting of neonatal respiratory disease 
also have favorable outcomes. Patients who arrest in the setting of sepsis have higher 
mortality rates than patients with a pure cardiac process, but have better survival than 
if managed with CPR alone [57]. Patients with arrest in the setting of a respiratory 
illness also do well [58]. Patients with gastrointestinal conditions, who are usually 
patients with complex multiorgan disorders, tend to have worse outcomes. Patients 
with oncologic disease and other immunosuppressed processes also do worse [15].

Time to full support is another important predictor of survival of patients res-
cued with ECPR [17]. Longer time spent in a low flow state is associated with drastic 
drops on survival to hospital discharge. Post-discharge, patients with longer low 
flow times have worse neurologic outcomes and higher post-discharge mortality. 
Duration in a low flow state is a highly modifiable factor, and should be minimized 
in order to achieve the best outcomes. It is important to establish ECMO candidacy 
for all high risk patients, so that ECMO can be deployed quickly in the setting of 
an arrest. In centers that offer ECPR, a rapid response team must be available at 
all times, in order to minimize the time needed to establish ECMO flow. This team 
must be highly trained and very adaptable, highlighting the need for an ongoing 
development program for any center that offers ECPR. In addition to the presence 
of a rapid response team, ECMO equipment must be readily available for utilization 
at all times. During the resuscitation, pauses in compressions are needed to allow 
for cannula insertion. Duration and frequency of such pauses must be limited as 
much as possible, since any no-flow time dramatically decreases survival as well.

It is important to note that prolonged resuscitation may not be futile if ECPR 
is utilized, highlighting the importance of choosing the right patients for ECPR 
therapy [59].

Location of arrest can influence survival. Arrests that occur in the intensive care 
unit, have the best outcomes post management with ECPR. Outside the intensive 
care unit, outcomes worsen, perhaps related to the quality of resuscitation provided 
and the duration it may take to establish access for ECMO. Locations where ECPR 
can be offered will be dependent on institutional logistics and resource availability. 
Regardless, there should be advance coordination to ensure the equipment and 

Total runs Survive ECLS Survival to discharge

Neonatal ECPR 1718 1140 (66%) 708 (41%)

Pediatric ECPR 3946 2262 (57%) 1675 (42%)

Total 5664 3402 (60%) 2383 (42%)

Table 5. 
ECPR runs per the ELSO database, 1990–2018 [56].
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and subsequent fluid overload have a higher risk of longer ECMO runs and greater 
mortality [7]. Fluid overload management differs between centers, and includes fluid 
restriction, diuresis, slow continuous ultrafiltration (SCUF). None of these methods 
are efficient in removing solutes, and so continuous renal replacement therapy may 
be needed when fluid overload coincides with AKI. It should be noted that aggressive 
early CRRT may be associated with worse outcome [55], and indicates that judicious 
fluid management must always be an ongoing balance tailored to each patient.
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ECPR is superior to conventional CPR. Overall survival to discharge in 
pediatric patients treated with ECPR in the ELSO registry is approximately 
40%; Table 5 shows a breakdown of this data. Other reports of ECPR survival 
vary across the literature, and the quoted numbers range between 23%-55%. In 
contrast, overall reported survival rates for conventional CPR in pediatrics range 
between 16 to 30%. The large range of variability is due to differences between 
institutional experience, expertise, and reporting on these patients. Superior 
survival rates persist with longer term follow-up and have been demonstrated 
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for all high risk patients, so that ECMO can be deployed quickly in the setting of 
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all times, in order to minimize the time needed to establish ECMO flow. This team 
must be highly trained and very adaptable, highlighting the need for an ongoing 
development program for any center that offers ECPR. In addition to the presence 
of a rapid response team, ECMO equipment must be readily available for utilization 
at all times. During the resuscitation, pauses in compressions are needed to allow 
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much as possible, since any no-flow time dramatically decreases survival as well.

It is important to note that prolonged resuscitation may not be futile if ECPR 
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care unit, outcomes worsen, perhaps related to the quality of resuscitation provided 
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personnel needed can be deployed smoothly. Literature has shown that it is possible 
to successfully offer ECPR in the emergency department with such arrangements.

On-ECMO complications also influence survival, regardless whether it is a planned 
run or ECPR [57]. Neurologic complications are associated with high mortality post-
ECPR. Inability to achieve and maintain adequate perfusion while on ECMO, noted 
by metabolic and lactic acidosis, has been tied to worse outcomes [60, 61]. Similarly, 
cardiac arrest during the ECMO run is also associated with poor outcomes. Renal 
failure and the need for renal replacement therapy have an association with inferior 
outcomes [58]. Severe coagulopathy and DIC also worsen survival – maintaining 
anticoagulation for the circuit and avoidance of fatal hemorrhage is a fine balance, and 
coagulopathy raises the risk of fatal hemorrhages [16, 62].

9. Special mention: out-of-hospital ECPR

Out of hospital cardiac arrests (OHCA) have very high mortality rates and very 
poor neurologic outcomes for both pediatric and adult patients [63, 64]. As a result, 
there has been growing interest in applying ECPR to OHCA. Overall survival rates 
vary for OHCA ECPR. Reported survival rates range from 12 to 30%, but patient 
numbers are very limited and there is extreme selection bias in this cohort [4]. 
ELSO reports that about half of all OHCA ECPR were reported in Europe, followed 
by the Asia-Pacific region, and lastly North America [65]. Almost all published 
experience is exclusively adult experience [66].

Application of ECPR for OHCA varies across different centers. Some institutions 
provide a “scoop and run” strategy, with quick transport to the emergency depart-
ment for cannulation in select patients with OHCA [67]. Other centers have a dif-
ferent approach, with the ability to “stay and treat” by initiating ECPR on the scene 
of the OHCA [68]. The different styles of application are dependent on availability 
of resources, feasibility, and local experience.

Provision of ECPR to OHCA presents challenges with cost-effectiveness, 
optimal candidacy, and timing of deployment. However, if done in settings with the 
appropriate resources utilizing an aggressive strategy with optimum patient selec-
tion, survival can possibly be favorable [14]. However, evidence remains inconclu-
sive and requires further study [66].

10. Conclusion and future directions

ECPR has emerged as an exciting rescue therapy, promising to improve out-
comes of cardiac arrest. It has shown superiority over conventional CPR, with 
better survival to discharge and better longer-term survival. It has also shown better 
neurologic outcomes. As overall experience grows, we expect to see increased uses 
and even better outcomes.

Nonetheless, this is an emerging field and there is a lot left to learn. Especially in 
pediatrics, knowledge gaps include:

1. Ideal ECPR candidacy

a. Definition of refractory arrest, i.e. how long should conventional CPR continue 
before ECPR should be considered

b. Inclusion and exclusion criteria for higher risk populations, including 
immunosuppressed patients and trauma patients
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c. Inclusion and exclusion criteria for out-of-hospital cardiac arrest

d. Assessment of futility in possible ECPR candidates

2. Team preparedness: specific nature of training to maintain ECPR team compe-
tency to decrease low flow time

3. Optimal approach to comprehensive post arrest care for ECPR patients

4. Approach to neuroprotection and neuroprognostication post-ECPR

5. Functional and neurodevelopmental post-discharge status of patients rescued 
with ECPR, and how to improve such outcomes

At this time, most ECMO and ECPR research is observational in nature. 
Generalization of pediatric data is hindered by the heterogeneity of patient ages and 
diagnosis, as well as variability of practice between different institutions. Because 
of the small numbers of patients overall and per institution, the field is ripe with 
opportunity for collaborative work. International registries and large research 
collaboratives may be able to provide enough patients to power larger investiga-
tions. More data will help empower decisions to treat children with ECPR, refine the 
caliber of care they receive, and improve their future quality of life.
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Abstract

Extracorporeal membrane oxygenation (ECMO) is a technique used for tempo-
rary support of patients with end-stage heart or lung failure. This review will focus 
on the venoarterial ECMO system and its use as a bridge to other long-term durable 
devices and/or cardiac transplantation. It can be used as a bridge to decision because 
it helps to gain time to stabilize the patient for further evaluation for long-term 
treatment such as durable mechanical circulatory pumps or transplantation. ECMO 
is evolving as a treatment for patients waiting on the transplant list. Increasing 
utilization of ECMO in adults has revealed some of the common complications such 
as bleeding and coagulopathy which impact survival in this patient population. The 
use of VA ECMO as a technique for rescuing patients from cardiogenic shock is very 
attractive. However, considering the extensive set of complications and the mortal-
ity it brings with it makes it a less attractive option as a direct bridge to cardiac 
transplant. The literature currently on this subject is very scanty and limited to a 
few studies of small numbers of patients. Further definitive research is needed for 
consensus on the role of VA ECMO as a bridge to cardiac transplant.

Keywords: ECMO, bridge to transplantation, extracorporeal life support

1. Introduction

Extracorporeal membrane oxygenation (ECMO) is a technique used for tem-
porary support of patients with end-stage heart or lung failure. It can be used as a 
bridge to decision because it helps to gain time to stabilize the patient for further 
evaluation for long-term treatment such as durable mechanical circulatory pumps 
or transplantation. The use of ECMO as a direct bridge to cardiac transplantation 
may unmask the complications in these critically ill patients leading to unfavorable 
posttransplant outcomes in some instances; however, it is now becoming the main-
stay of treatments for patients waiting on the transplant list. The history of ECMO 
starts with the advent of the heart-lung machine invented by Gibbon [1, 2]. Further 
modifications leading to devices that are sustainable for longer periods of time gave 
rise to the technique of ECMO used today [3–5].

The use of ECMO in humans was first initiated in the pediatric population [3, 4]. 
Adult ECMO gained importance and is being used increasingly since the first ran-
domized clinical trial by Peek et al. which showed a positive outcome in adults with 
respiratory failure [6]. This has been followed by many reports of success in H1N1 
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influenza patients [7]. Anselmi et al. recently reported the use of ECMO in pregnant 
patients [8]. Increasing utilization of ECMO in adults has revealed some of the com-
mon complications such as bleeding and coagulopathy which impact survival in this 
patient population. The delicate balance between adequate anticoagulation and bleed-
ing complications presents one of the greatest challenges of ECMO therapy today.

The ELSO (Extracorporeal Life Support Organization) was established in 1989. 
The ELSO was formed as an offshoot of a study group that began in 1984 discussing 
cases. The ELSO focuses on collection and sharing of data and has fostered a rich 
collaboration among the majority of centers performing ECMO. The ELSO has 
hence remained a good resource for surgeons, neonatologists, nurses, perfusionists, 
respiratory therapists, biomedical engineers, critical care physicians, and heart 
failure cardiologists.

A total of 73,000 ECMO procedures were recorded by the ELSO as of early 2016 
of which greater than 25% were performed in adult patients [9]. From 2006 to 2011, 
adult ECMO volumes increased greater than four times in the United States [10]. 
Adult ECMO has increased in volume due to its usefulness in improving survival in 
ARDS (acute respiratory distress syndrome) patients [11]. Additionally, with the 
improvement in technology, highly specialized hospitals have evolved the capabili-
ties to transport critically ill patients from rural areas to their critical care units 
making it possible for rural populations to be able to receive advanced care [12, 13].

This review will focus on the venoarterial ECMO system and its use as a bridge 
to other long-term durable devices and/or cardiac transplantation.

2. The ECMO circuit

The ECMO circuit (Figure 1) in its most basic form consists of a pump that is 
capable of pumping blood it receives from the drainage cannula to the membrane 
oxygenator which then leads to a heat exchanger. The oxygenated temperature-
optimized blood is then returned to the patient by the return cannula. ECMO 
cannulation can be done centrally through the right atrium and ascending aorta or 
peripherally via the femoral artery and vein. The type of cannulation used whether 
central or peripheral influences the outcomes as the complications differ. When 
central cannulation is used, bleeding requiring transfusions is higher. In central 
cannulation higher rates of reoperation are also noted. Increased complications will 
decrease survival and increase resource utilization. On the other hand, peripheral 
cannulation has been noted to produce fewer bleeding complications. It can be 

Figure 1. 
VA-ECMO circuit.
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placed in a shorter time and at the bedside. However, the complication of limb 
ischemia occurs equally in both types of cannulations.

ECMO circuits are set up depending on the organs that need to be bypassed. 
When both heart and lungs have to be bypassed, the venoarterial ECMO 
(VA-ECMO) is used as shown in (Figure 1). The VA-ECMO circuit provides both 
gas exchange and hemodynamic support as blood is pumped from the venous to 
the arterial systems. On the other hand, if only the lungs need to be bypassed, the 
veno-venous circuit (VV-ECMO) facilitates only gas exchange with no hemody-
namic support. In VV-ECMO blood is removed taken out of the venous system and 
oxygenated and pumped back into it.

VA-ECMO is designed to provide cardiac and pulmonary support. Deoxygenated 
blood is drained from the venous system, and oxygenated blood is returned into the 
arterial circulation, in a similar fashion to standard cardiopulmonary bypass. In the 
VA-ECMO system, central cannulation is achieved by draining blood directly from 
the right atrium and returning oxygenated blood to the proximal ascending aorta. 
Peripheral cannulation uses blood drained from the proximal femoral vein/jugular 
vein which is oxygenated and then returned to the carotid/axillary/femoral artery. 
The Seldinger technique is used typically to achieve the cannulations.

Two types of pumps are currently available for use in ECMO circuits. They are 
centrifugal pumps and roller pumps. Centrifugal pumps are smaller and pump 
blood by providing a pressure differential across a pump head that contains a 
magnetically driven impeller revolving at speeds up to 3000 revolutions per min. 
On the other hand, roller pumps push blood across the circuit by progressively 
compressing segments of tubing along a curved pathway. Centrifugal pumps have 
been associated with a lesser degree of hemolysis compared with roller pumps and 
decreased requirement of anticoagulation. Therefore, centrifugal pumps are being 
increasingly used in in adult patients.

3. Indications and contraindications for VA-ECMO

The major indication for VA-ECMO is cardiogenic shock as defined in the ELSO 
guidelines [14]. This includes inadequate tissue perfusion due to hypotension and 
low cardiac output despite volume repletion, inotropes, vasopressors, and intra-
aortic balloon counterpulsation use. Common causes for cardiogenic shock are 
acute myocardial infarction (AMI), myocarditis, peripartum cardiomyopathy, acute 
decompensation of chronic heart failure, and postcardiotomy shock.

Septic shock is an indication in some centers. The guidelines on prognostication 
of survival without ECMO are based on the IABP score in postcardiotomy patients 
[15] and the Samuels score also in postcardiotomy patients [16]. In a retrospective 
analysis, Samuels et al. [16] showed that early insertion of mechanical support 
reduces multi-organ failure in these patients. In hospital mortality, correlates with 
increasing inotropic support needed to get patients off cardiopulmonary bypass fol-
lowing cardiac surgery. The combination of pharmacological criteria together with 
hemodynamic presentation should be used for mechanical support initiation in 
cardiogenic shock. Earlier institution of mechanical support devices tends to lower 
incidence of postoperative multi-organ failure and improve discharge rates [16].

The advantage of VA-ECMO is that it provides quick biventricular support and 
can be achieved at the bedside for poor oxygenation, biventricular failure, refrac-
tory malignant arrhythmias, and heart failure with severe pulmonary failure. 
VA-ECMO can be used as a bridge to recovery, AMI after revascularization, myocar-
ditis, postcardiotomy shock, chronic heart failure, and non-revascularizable AMI.
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arterial circulation, in a similar fashion to standard cardiopulmonary bypass. In the 
VA-ECMO system, central cannulation is achieved by draining blood directly from 
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Peripheral cannulation uses blood drained from the proximal femoral vein/jugular 
vein which is oxygenated and then returned to the carotid/axillary/femoral artery. 
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Two types of pumps are currently available for use in ECMO circuits. They are 
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blood by providing a pressure differential across a pump head that contains a 
magnetically driven impeller revolving at speeds up to 3000 revolutions per min. 
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The advantage of VA-ECMO is that it provides quick biventricular support and 
can be achieved at the bedside for poor oxygenation, biventricular failure, refrac-
tory malignant arrhythmias, and heart failure with severe pulmonary failure. 
VA-ECMO can be used as a bridge to recovery, AMI after revascularization, myocar-
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ECMO can be used as a bridge to cardiac transplant as well as durable mechani-
cal circulatory support: ventricular assist device (VAD) and the total artificial heart 
(TAH).

The absolute contraindications for VA-ECMO would be unrecoverable heart 
and the patient not being a candidate for cardiac transplant or VAD. Chronic organ 
dysfunctions such as emphysema, cirrhosis, and end-stage renal failure are all 
considered absolute contraindications. Compliance in terms of financial and medi-
cal strategies and cognitive, psychiatric, or social limitations are considered con-
traindications. Prolonged CPR without adequate tissue perfusion is also an absolute 
contraindication.

The relative contraindications for ECMO would be inability to tolerate antico-
agulation, advanced age, and obesity. Advanced age is a gray area as there are no 
defined cutoffs due to lack of existing data in older patients.

4. Complications during VA-ECMO support

Complications encountered during ECMO support include lack of a fine balance 
between anticoagulation and bleeding, limb ischemia, disseminated intravascular 
coagulation (DIC), heparin-induced thrombocytopenia (HIT), bleeding from a 
preexisting surgical site requiring reexploration, and progression of preexisting 
renal failure.

4.1 Anticoagulation and bleeding

Interaction of blood with non-endothelial surfaces leads to inflammation and 
prothrombosis. ECMO therefore leads to consumptive coagulopathy as well as a 
dilution of coagulation factors resulting in decreased fibrinogen levels. The inflam-
matory response secondary to ECMO gives rise to a hypercoagulable state, requiring 
anticoagulation to prevent thrombosis of the circuit. The delicate balance between 
adequate anticoagulation and bleeding complications presents one of the greatest 
challenges of ECMO therapy today. Different anticoagulation protocols are used 
across the centers. Uniformity in these protocols is lacking [17].

ECMO has historically been the mainstay of resuscitation in pediatric care. 
Adult ECMO protocols have hence evolved from the pediatric practice of antico-
agulation in ECMO. Higher flow and larger cannula sizes in adult ECMO contribute 
less to turbulence, stasis, and thrombogenicity. Simple circuits with minimum 
number of connectors create less turbulence, while larger cannulas especially on the 
venous side reduce stasis and thrombogenicity, therefore requiring lower levels of 
anticoagulation. This suggests that anticoagulation protocols used in the pediatric 
population may not be optimal in adults.

Survival on ECMO appears to be more favorable in the younger population, 
and bleeding and coagulopathy appear to be the most common complications 
which raise the question if the coagulation system changes in its character and 
dimensions with advancing age. Interestingly, aging is accompanied by increases in 
plasma concentrations of factors VII and VIII and fibrinogen progressively [18, 19]. 
Coagulation cascade upregulation with age may increase thrombosis in pathologi-
cal states demanding special attention when designing anticoagulation therapy for 
adult and especially older patients on ECMO.

Genetic polymorphisms and ethnic variations further complicate and influence 
drug metabolism and efficacy which need to be accounted for while developing 
anticoagulation protocols and selecting anticoagulants [20]. Clinical significance 
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and predictive value of hypercoagulability markers need to be defined in different 
age groups in prospective studies in order to be able to define optimal anticoagula-
tion regimens. Research is needed in areas of optimizing anticoagulation protocols 
in adults with respect to age, gender, race, ethnicity, and technical aspects. If 
tailored appropriately adult ECMO therapy could probably achieve better success 
with far less aggressive anticoagulation than that used in the pediatric population.

4.2 Roller versus centrifugal pumps

Though centrifugal pumps are increasingly used, they are not without disad-
vantages. Centrifugal pumps are continuous flow pumps (CF pumps) and produce 
shear stress leading to acquired von Willebrand factor deficiency and bleeding 
complications. A recent retrospective analysis demonstrated an increased risk for 
nonsurgical bleeding (gastrointestinal, pulmonary, and neurological) with cen-
trifugal pumps despite lower levels of heparin anticoagulation [21]. This study used 
patients supported on ECMO for 5 days for comparison of bleeding complications 
using centrifugal and roller pumps. The underlying etiology can be multifactorial 
but needs further research for specific delineation of inciting factors.

4.3 Limb ischemia

Femoral arterial cannulation carries an increased risk of profound distal limb 
ischemia. Some of the causes that lead to lower limb ischemia during ECMO sup-
port are acute embolism, dissection/perforation or rupture of the common femoral 
artery (CFA) or the iliac artery, thrombosis, pseudoaneurysm, hyperperfusion, and 
ischemia after decannulation usually due to distal embolization [22]. This problem 
has been solved to a large extent by prophylactically placing an ipsilateral perfusion 
catheter [22]. In a small study using 43 patients who underwent femoral artery can-
nulation, placement of a prophylactic superficial femoral artery [SFA] catheter in 
ten patients produced no limb ischemia. Of the rest of the patients (n = 33) who did 
not receive prophylactic SFA cannulation, seven patients had limb ischemia. Four of 
these patients underwent fasciotomy and decannulation leading to amputation in 
one patient. The three patients who received SFA cannulation for limb ischemia did 
not need amputation [23]. Foley et al. also showed that age was a predictor for limb 
ischemia [23]. Patients who developed limb ischemia were significantly younger 
than those patients without limb ischemia. This has been attributed to the size of 
the arterial cannula with respect to the femoral artery size in younger patients. CFA 
diameter was noted to increase with age. It was considered to be related to BSA and 
gender with increasing diameters found in males and those who have a larger BSA 
[24]. However, the data presented by Foley et al. found no correlation between 
the rate of limb ischemia and BSA, BMI, or size of the cannula as compared to the 
earlier literature [23, 24].

Accurate insertion of the arterial cannula in the CFA is of paramount impor-
tance to minimize risk of ipsilateral limb ischemia. One of the important aspects is 
to avoid improper retrograde SFA cannulation leading to significant flow limitation 
and in extreme cases to complete occlusion. Additionally, measurement of pressure 
in the SFA after placing the patient on ECMO support will identify the patients 
who actually need a catheter for antegrade perfusion [25]. Such an approach 
may reduce the extra effort and insertion of an additional catheter in all patients 
prophylactically.

Considering the limited data in the current literature, the use of prophylactic 
SFA cannulation in younger individuals may be a reasonable approach with or 
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not receive prophylactic SFA cannulation, seven patients had limb ischemia. Four of 
these patients underwent fasciotomy and decannulation leading to amputation in 
one patient. The three patients who received SFA cannulation for limb ischemia did 
not need amputation [23]. Foley et al. also showed that age was a predictor for limb 
ischemia [23]. Patients who developed limb ischemia were significantly younger 
than those patients without limb ischemia. This has been attributed to the size of 
the arterial cannula with respect to the femoral artery size in younger patients. CFA 
diameter was noted to increase with age. It was considered to be related to BSA and 
gender with increasing diameters found in males and those who have a larger BSA 
[24]. However, the data presented by Foley et al. found no correlation between 
the rate of limb ischemia and BSA, BMI, or size of the cannula as compared to the 
earlier literature [23, 24].

Accurate insertion of the arterial cannula in the CFA is of paramount impor-
tance to minimize risk of ipsilateral limb ischemia. One of the important aspects is 
to avoid improper retrograde SFA cannulation leading to significant flow limitation 
and in extreme cases to complete occlusion. Additionally, measurement of pressure 
in the SFA after placing the patient on ECMO support will identify the patients 
who actually need a catheter for antegrade perfusion [25]. Such an approach 
may reduce the extra effort and insertion of an additional catheter in all patients 
prophylactically.

Considering the limited data in the current literature, the use of prophylactic 
SFA cannulation in younger individuals may be a reasonable approach with or 
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without direct SFA pressure measurements especially if it can be done at the bed-
side. Duplex ultrasonography or direct SFA pressure measurements done at the time 
of ECMO placement may be an alternative to an early decision on which patients 
need the SFA cannulation. The existing literature does not seem to report a direct 
correlation with mortality in these patients which is another area of investigation 
that needs future attention.

4.4 Heparin-induced thrombocytopenia

Thrombocytopenia is a devastating complication in patients on VA-ECMO 
support. The etiology of platelet reduction in ECMO is still ambiguous. HIT 
has been considered one of the causative mechanisms. Current literature has 
very little to offer in this area. The incidence and mortality secondary to HIT in 
VA-ECMO patients is very poorly represented. In a recent retrospective study on 
VA-ECMO patients hospitalized for >3 days with high clinical suspicion of HIT 
and positive anti-PF4/heparin antibodies, the prevalence of HIT in patients on 
VA-ECMO support was estimated as 0.36%. Mortality rate was noted as 33.3%, 
which was not statistically different from the mortality observed in patients on 
VA-ECMO support without HIT [26]. HIT is a complication that appears to have 
a low prevalence; its effects are devastating if untreated. Bivalirudin and argatro-
ban have been used to successfully treat this condition in VA-ECMO patients in 
small studies [27–29]. Further investigations in larger populations are required 
in this patient population for standardized regimens to be incorporated into the 
guidelines.

4.5 Disseminated intravascular coagulation

Extracorporeal cardiopulmonary resuscitation (eCPR) with VA-ECMO has 
become a reality in today’s medicine to rescue patients in refractory cardiac arrest. 
DIC therefore becomes an important issue in this subset of patients who experi-
ence serious abnormalities in coagulation and thrombosis. Survival of adults 
supported by eCPR in adults is lower than that noted in patients supported on 
VA-ECMO [30]. In a retrospective analysis of eCPR patients it was noted they had 
consistently higher DIC scores and the mean DIC scores was significantly different 
between survivors and non-survivors [31]. It may be reasonable to use DIC scores 
in prognostication in these patients. Further studies are warranted in this area. 
Such prognostication remains very important as it can curtail excessive use of blood 
products.

5. ECMO as a bridge to transplantation

Cardiac transplant still remains the gold standard in treatment of end-stage 
heart failure. The scarcity of donors has led to the generation of a whole field of 
mechanical circulatory support devices which has brought in a new era in the 
treatment of advanced heart failure. The use of continuous flow LVADs as a bridge 
to transplantation (BTT) has become more popular and the mainstay of patients 
waiting on the transplant list [32]. More recently, VA-ECMO is being increasingly 
used as a rescue therapy [33, 34] However, this trend has now led to the use of 
ECMO as a direct bridge to transplantation in adults. This seems to be an attractive 
pathway for critically ill advanced heart failure patients waiting on the transplant 
wait list to get a heart very quickly it raises many questions about the feasibility 
of such an approach in the population. Though there is a very small portion of the 
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patients on the wait list who would be bridged directly on VA-ECMO to cardiac 
transplant, the lack of extensive literature and evidence for posttransplant survival 
of patients supported on ECMO makes this proposition questionable. Due to the 
large number of candidates waiting on the transplant list and too many high prior-
ity status 1A candidates in the wait list, the most recent organ allocation system 
has placed VA-ECMO bridge as the highest priority for cardiac transplant on the 
wait list [35]. This has a major disadvantage because of poor early and midterm 
posttransplant survival as compared to patients supported on CF-VADs [36]. It is 
therefore probably too early to use VA-ECMO as the highest priority for transplant 
organ availability/allocation.

BTT in the adult population has remained controversial despite small studies 
reporting varied survival rates posttransplantation in this population. The decision 
to use CF-LVADS as a BTT was based on various studies which showed improve-
ments in functional status and quality of life in this population [37]. Such data is 
lacking in adults supported on VA-ECMO as BTT.

Therefore, the new system of allocation may reduce the transplant wait list 
mortality but may on the other hand increase the posttransplant mortality leading 
to a waste of organs in the setting of donor organ shortage. The most recent large 
retrospective analysis of the UNOS database showed a deceased survival in the 
early/mid posttransplant period [36]. Other studies from different countries have a 
wide variety of data which are limited.

The literature on use of VA-ECMO as a direct bridge to heart transplantation 
in adults is scanty. The use of VA-ECMO in posttransplant primary graft failure 
showed poor outcomes [38–40]. Since patients supported on ECMO are critically 
ill and the time to finding an organ is short, the extensive social and psychological 
evaluation required for transplant evaluation is not possible which could lead to 
suboptimal candidate selection.

Studies from France reported varying survival rates ranging from 51 to 70.4% 
at 1-year posttransplant in patients bridged on VA-ECMO [38, 41, 42]. Some of the 
caveats of these reports are the wait list mortality was not reported in the study 
by Jasseron et al. [38], while the duration of pretransplant ECMO support was not 
reported in the study by Rousse et al. [41] In the study Barth et al. [42], the sur-
vival was 100% at 1-year posttransplant though there were several adverse events 
and the study had a n = 8 with a mean age of 41 years. In a case series reported 
from Taiwan, 73% survived to hospital discharge in a cohort of 15 patients [43]. 
Mishra et al. [44] have reported a 1-year survival of 70%. A small study from 
Spain on posttransplant outcomes of patients bridged on ECMO showed no 
increase in mortality [45]. In France the special urgency wait list did improve the 
wait list mortality but also showed a significant increase in the posttransplant 
mortality [46].

6. Conclusions

The use of VA-ECMO as a technique for rescuing patients from cardiogenic 
shock is very attractive. However, considering the extensive set of complications 
and the mortality it brings with it makes it a less attractive option as a direct bridge 
to cardiac transplant. The literature currently on this subject is very scanty and 
limited to a few studies of small numbers of patients. The existing literature from 
France suggests a higher rate of posttransplant deaths even though the wait list 
mortality was reduced which does not seem to be an optimal way for organ alloca-
tion. In the light of present findings, further definitive research is needed for a 
consensus on the role of VA-ECMO as a bridge to cardiac transplant.
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ECMO Weaning Strategies to 
Optimize Outcomes
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Abstract

Survival to discharge in patients presenting with cardiogenic shock who are 
managed using extracorporeal membrane oxygenation (ECMO) remains low at 
~50%. This speaks to the acuity and severity of individuals being placed on ECMO, 
as well as the time dependent risk for complications associated with this therapy. 
Although some patients are able to be weaned from ECMO to either recovery, left 
ventricular assist device or heart transplantation, other individuals do not survive 
after device removal, suggesting that current protocols may not be identifying 
individuals with enough intrinsic cardiac recovery to maintain adequate end-organ 
perfusion. The decision to wean an individual from ECMO is complex and entails 
several factors that are dynamic and evolving daily while on full circulatory sup-
port. Objective clinical, hemodynamic and biological markers are needed to be 
controlled prior to trialing device weans but many times the decision relies on 
clinical experience and intuition. The purpose of this chapter will be to: (1) outline 
the survival and risks associated with ECMO which encourages early weaning trials 
and (2) identify patient factors related to either successful weaning or early referral 
for durable mechanical support or transplant.

Keywords: venoarterial ECMO, weaning, cardiac recovery, echocardiography, 
hemodynamics

1. Introduction

Cardiogenic shock to date remains associated with a significant mortality 
(50–80%) even after revascularization [1]. For these patients and in those with 
other forms of refractory cardiogenic shock or cardiac arrest, circulatory support 
with the use of venoarterial extracorporeal membrane oxygenation (VA-ECMO) 
has been utilized to stabilize and improve their survival. Its rapidly expanding use 
across many centers has favorably altered outcomes in severely critically ill patients 
and in many instances it serves as a bridge to decision or recovery [2]. However, 
weaning of VA-ECMO represents a significant challenge depending on the initial 
indication for its use. Moreover, there is a paucity of data on factors that predict 
weaning success from VA-ECMO and no clear guidelines to determine which 
patients will survive after device removal.

With the rapid evolving technology of short term mechanical circulatory sup-
port and the increasing number of ECMO use across many centers, there needs to 
be a clear understanding of the indications, hemodynamic impact, limitations and 
risks associated with its application to determine who will be a good candidate for 
device wean and removal.
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In this chapter we will review the basic principles of VA-ECMO function, 
predictors of survival, conditions conducive towards successful weaning and lastly, 
weaning strategies.

2. Venoarterial extracorporeal membrane oxygenation function

VA-ECMO support is a well-established technology that allows for full cardio-
pulmonary support with the goal to recover organ injury. Patients who may require 
this therapy include: refractory cardiogenic shock (CS), cardiac arrest (CA), refrac-
tory ventricular arrhythmia, acute or decompensated biventricular failure (AHF), 
pulmonary hypertension associated with right ventricular failure, fulminant 
myocarditis, and postcardiotomy cardiogenic shock (PCCS) [3].

The primary goal of VA-ECMO is restoration of tissue perfusion and avoidance 
of permanent end organ dysfunction. It has a unique hemodynamic effect due 
to its dual circulatory support circuit. The venous drainage cannula reduces flow 
through the lung vasculature, decreasing stress on the right heart while the arte-
rial outflow cannula increases flow to the systemic arterial vasculature and the 
afterload to the left ventricle proportionate to the pump speed/flow. With incre-
mental changes in speed and flow, the increased afterload reduces aortic valve 
opening and, in cases of severe left ventricular dysfunction, severe right ventricu-
lar dysfunction or asystole, the aortic valve may not open at all. The implications 
of the latter include increased LV end diastolic pressure and the development of 
pulmonary edema.

3. Venoarterial extracorporeal membrane oxygenation outcomes

VA-ECMO has been shown to increase survival to hospital discharge in patients 
with advanced heart disease with some cases having favorable long-term survival 
[4]. However, outcomes differ depending on the underlying etiology of cardiopul-
monary collapse at the time of VA-ECMO cannulation. In a large national inpatient 
database from Japan with 5263 patients receiving ECMO, the in-hospital mortality 
was 37.9%, with 64.4% weaned off the device. Cardiac arrest at the time of hospital 
presentation was recognized as the primary factor for poor survival compared to 
cardiogenic shock alone. Moreover, higher age and smaller BMI were associated 
with in hospital mortality. The majority of patients presenting with cardiogenic 
shock had underlying ischemic heart disease, followed by heart failure, valvular 
heart disease and myocarditis. Notably, the preponderance of patients discharged 
from the hospital after weaning from ECMO were those with heart failure (31.1%) 
and myocarditis (41.9%) compared to those with ischemic heart disease (20.3%). 
In-hospital mortality after weaning however remained elevated with about half of 
the patients who were weaned dying in the hospital. This high mortality suggests 
non-modifiable risk factors with persistence of critical illness even after weaning 
VA-ECMO, as well as differences in survival depending on the underlying etiol-
ogy of shock, with those having ischemic heart disease at the time of presentation 
experiencing a 79.1% in-hospital mortality [5].

In patients presenting with PCCS, VA-ECMO is a viable salvage strategy associ-
ated with increased survival to hospital discharge. In a meta-analysis of 21 studies 
with 1866 patients, survival to hospital discharge was achieved in 20.8–65.4% of 
patients placed on VA-ECMO [6]. Even more, PCCS patients undergoing VA-ECMO 
have an acceptable 5-year survival of 55.8% compared to other types of cardiogenic 
shock [7].
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These findings drastically differ to those presenting with acute myocardial 
infarction associated CS (AMI-CS) where their survival to hospital discharge 
remains low (33–59%) [8]. This could potentially be mitigated by early interven-
tion at the time of AMI-CS presentation and VA-ECMO support, specifically in 
those undergoing simultaneous revascularization. In a study of 334 patients with 
ST elevation AMI, the group that underwent early VA-ECMO support at the time 
of percutaneous intervention had a lower 30-day mortality compared to those 
without the support (30.1 vs. 41.7%) with a strong benefit in those with profound 
shock—defined as systolic blood pressure <75 mmHg despite intravenous inotropic 
agent administration and intra-aortic balloon pump (IABP) support associated with 
altered mental status and respiratory failure—compared to those without (72 vs. 
39.1% for 30-day death) [9]. Among notable predictors for 30 days mortality were 
the presence of advanced heart failure (defined as NYHA ≥ III), post intervention 
TIMI flow grade ≤2 and profound cardiogenic shock.

Lastly in those with AHF, outcomes on VA-ECMO are less promising depending 
on the original insult. For those with acute presentations, outcomes on VA-ECMO 
are more favorable compared to those with a chronic cardiomyopathy [10–12]. 
Specifically, those with fulminant myocarditis and CS or CA survival to discharge 
ranged from 60 to 88% [10], compared to only 56% in those with chronic cardio-
myopathy [11, 12]. In those with long standing heart failure though the decision 
to bridge to another salvage strategy is of paramount importance as their cardiac 
reserve is limited (characterized by low cardiac index and cardiac power) with 
77–79% requiring more advanced MCS support including durable VAD to allow for 
both short-term and long-term survival [11, 12]. Nevertheless, the high mortality 
rates in patients who receive VA-ECMO heighten the importance of limiting patient 
selection to those who can be weaned from device support.

When patients present with CS, inserting a VA-ECMO as a bridge to decision 
device allows for assessment of neurological and end-organ recovery, making 
short-term prognostication possible. In many instances, commencing support prior 
to hemodynamic deterioration and multiorgan failure or cardiac arrest can allow 
for transition to viable long-term therapies including VAD or heart transplanta-
tion. Studies have shown that in patients presenting with refractory cardiogenic 
shock requiring mechanical circulatory support, 56% survive with 26% of patients 
transitioning to an implantable VAD, 11% undergoing heart transplantation and 
18% showing cardiac recovery [12, 13].

4. Venoarterial extracorporeal membrane oxygenation complications

Although ECMO can improve survival to hospital discharge, several studies 
show significant morbidity with rates increasing with prolonged duration on sup-
port. A meta-analysis of 20 studies including 1866 patients demonstrated bleeding 
as one of the most common complications (40.8%), followed by requirement of 
dialysis (46%), significant infection (30.4%), limb ischemia (16.9%), and stroke 
(5.9%). Vascular complications, bleeding and blood transfusions were associated 
with significant in-hospital mortality [6]. Many of the complications relate to the 
vascular access site, with femoral cannulation requiring surgical intervention in 
20% of the cases [14]. A negative downstream effect of cannulation is distal isch-
emia which can lead to arterial thrombosis and gangrene. This complication can be 
mitigated by preemptively placing a small antegrade perfusion cannula to bypass 
the area of obstruction from the ECMO arterial cannula [15]. Moreover, vascular 
complications can lead to unsuccessful weaning trials as serious bleeding events 
increase the need for blood product transfusions and the incidence of thrombotic 
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port. A meta-analysis of 20 studies including 1866 patients demonstrated bleeding 
as one of the most common complications (40.8%), followed by requirement of 
dialysis (46%), significant infection (30.4%), limb ischemia (16.9%), and stroke 
(5.9%). Vascular complications, bleeding and blood transfusions were associated 
with significant in-hospital mortality [6]. Many of the complications relate to the 
vascular access site, with femoral cannulation requiring surgical intervention in 
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events. Specifically, thrombotic events were noted to occur in 17% of patients, 
mostly as lower extremity arterial thromboses, and can impact the duration on 
support, increase morbidity and affect overall outcomes [16, 17].

LV distention in VA-ECMO. When contemplating weaning trials to assess for 
LV recovery, consideration should be taken on the loading effect that VA-ECMO 
has on the left ventricle. Proper unloading of the LV can avoid complications from 
LV distention including pulmonary edema, worsening oxygenation, increased left 
ventricular wall stress, reduced myocardial blood flow and ventricular arrhythmias. 
In fact, acute pulmonary edema in the setting of peripheral VA-ECMO has been 
associated with mortality, with many patients dying within hours after implant 
or requiring conversion to central VA-ECMO [18]. In a study of 121 patients on 
ECMO with LV distention, 16% required decompression with an Impella device and 
cardiac recovery was inversely related to the degree of LV distention. Furthermore, 
those presenting with LV distention requiring decompression had lower survival in 
the first 30 days following VA-ECMO compared to those not requiring decompres-
sion. More so, the study noted that those presenting with acute decompensated 
heart failure had a delayed LV decompression strategy which was associated lower 
survival [19]. This may suggest that more aggressive unloading is required upfront 
when clinical signs of LV distention are present. In one study, adding an Impella 
device improved 30-day survival in those presenting with AMI compared to other 
groups. Additionally, in those with cardiogenic shock due to acute decompensated 
systolic heart failure, unloading can help to stabilize and bridge them to the next 
strategy. In a series of 52 patients with ADHF, 71% required an LV venting device 
with the vast majority transitioned to a durable device support [12].

5. Factors associated with successful weaning from VA-ECMO

Determining successful weaning from VA-ECMO relies on multiple variables 
which can be partitioned into pre-implant and during support factors.

5.1 Pre-ECMO factors

Patient selection. Many risk scores have identified several variables that 
rely on clinical and biochemical markers. The SAVE score is a tool that discrimi-
nates between survivors and non-survivors of refractory cardiogenic shock on 
VA-ECMO. While younger patients, acute myocarditis, post-heart transplant, 
refractory arrhythmias and high diastolic blood pressure are protective factors, 
those with chronic renal disease, prolonged intubation, pre-ECMO organ  
failure, lower pulse pressure and lower bicarbonate are associated with poor 
survival. (http://www.save-score.com/) [20]. Similarly to SAVE, the ENCOURAGE 
survival score utilizes predictors for those presenting with CS due to AMI, however 
unlike SAVE it places more weight placed on gender, body mass index, Glasgow 
coma score and level of serum lactate. Survival was also directly proportional to 
the patient’s risk score (probabilities of survival were 80%, 58, 25, 20, and 7% for 
classes 0–12, 13–18, 19–22, 23–27, and ≥28, respectively [21].

5.2 During ECMO factors

Once VA-ECMO support is initiated, there is a very narrow window to assess 
end organ function recovery and decide on need for advanced therapies. In a cohort 
of 124 consecutive patients receiving VA-ECMO for CS, about two thirds of the 
deaths occurred during the first 4 days due to multiorgan failure, however those 
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who were supported for more than 6 days had a reduced in-hospital mortality, with 
50%, achieving successful device wean. In addition, prolonged support provided 
an opportunity for improved patient selection with 60% reaching cardiac recovery, 
26% undergoing heart transplantation and 14% ventricular assist device (VAD) 
implant. After a median follow up of 2.4 years, survival at 1 year was 78% for those 
who achieved cardiac recovery, 51% for those who underwent heart transplant and 
75% with VAD implant [18].

LV unloading. Ventricular decompression with an IABP during implant can 
allow for weaning and survival, bridge to LVAD or transplantation, while its 
non-use has been associated with increased risk for death during support or after 
VA-ECMO is withdrawn [22]. A recent meta-analysis of 17 observational studies 
comprising 3997 patients with 42% receiving an LV unloading device (IABP 92%, 
percutaneous VAD 5.5%, trans-septal left atrial cannulation 3%) showed a reduc-
tion in mortality when utilizing LV unloading devices compared to those without 
LV unloading (54 vs. 65%, RR 0.79, CI 95% 0.72–0.87). Secondary outcomes for 
limb ischemia, bleeding, need for renal replacement therapy, multiorgan failure, 
stroke or transient ischemic attack were not different among all cohorts [23].

Echocardiography. Several echocardiographic indicators exist when consider-
ing a weaning trial. Improvement in underlying LV function with an ejection 
fraction ≥35%, LV outflow tract velocity-time integral >10 cm, tissue Doppler 
peak systolic velocity of the mitral annulus ≥6 m/s, absence of LV dilatation, and 
no cardiac tamponade while on minimal support have been shown as good predic-
tors of successful weaning [24, 25]. Similarly, significant improvement in right 
ventricular function during weaning identifies greater opportunity for survival. In 
a study of 46 patients on VA-ECMO, RV ejection fraction (RVEF) was assessed by 
3D echocardiography. RV free wall strain, RV fractional area change, and central 
venous pressure were found to be independently associated with RVEF. A cutoff 
RVEF of >24.6% was found to be a predictor for weaning success after first cannula-
tion with lower values associated with increased all-cause mortality at 30 days (HR 
15.86; 95% CI, 3.56–70.73; p < 0.001) [26].

Hemodynamics parameters. Multiple hemodynamic variables have been found 
to be predictive of successful weaning. Presence of a pulse pressure greater than 
50 mmHg, elevated systolic pressure greater than 100 mmHg has been associated 
with good prognosis and survival [25]. Maintaining a perfusion mean arterial 
pressure (MAP) >60 mmHg with minimal inotropic support is critical [27]. Right 
heart catheterization data shows that a pulmonary capillary wedge pressure <24, 
PVR < 1.1 WU, mean pulmonary arterial pressure <25, transpulmonary gradient 
<10 are recommended parameters to achieve prior to a weaning trial and that ino-
tropic agents as well as pulmonary vasodilators can be of assistance during weaning 
efforts [26].

Biomarkers. Serological markers of poor perfusion have been associated with 
worse prognosis. Lactate has been recognized as a biomarker for macrovascular 
tissue perfusion and early clearance at 24 hours after VA-ECMO initiation has been 
correlated with weaning and survival [28]. Loforte et al., analyzed 228 patients 
supported on VA-ECMO primarily post-cardiotomy CS. The authors found that 
blood lactate level (>3 mmol/L) and a CK-MB index of 10% 72 hours after ECMO 
initiation, was predictive of a 50% probability of 30-day mortality [29]. An elevated 
creatinine on the day of withdrawal or weaning trial has been associated with poor 
outcome with a four-fold risk of death when the level is above 1.4 mg/dL [18].

Tissue perfusion. Derangements in the microvasculature have been noted in 
both severe sepsis as well as cardiogenic shock, with measures of microcircula-
tion emerging as new markers for tissue perfusion [30]. In those supported by 
VA-ECMO, there is observational data suggesting that preserved microcirculation 
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heart failure had a delayed LV decompression strategy which was associated lower 
survival [19]. This may suggest that more aggressive unloading is required upfront 
when clinical signs of LV distention are present. In one study, adding an Impella 
device improved 30-day survival in those presenting with AMI compared to other 
groups. Additionally, in those with cardiogenic shock due to acute decompensated 
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strategy. In a series of 52 patients with ADHF, 71% required an LV venting device 
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nates between survivors and non-survivors of refractory cardiogenic shock on 
VA-ECMO. While younger patients, acute myocarditis, post-heart transplant, 
refractory arrhythmias and high diastolic blood pressure are protective factors, 
those with chronic renal disease, prolonged intubation, pre-ECMO organ  
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survival. (http://www.save-score.com/) [20]. Similarly to SAVE, the ENCOURAGE 
survival score utilizes predictors for those presenting with CS due to AMI, however 
unlike SAVE it places more weight placed on gender, body mass index, Glasgow 
coma score and level of serum lactate. Survival was also directly proportional to 
the patient’s risk score (probabilities of survival were 80%, 58, 25, 20, and 7% for 
classes 0–12, 13–18, 19–22, 23–27, and ≥28, respectively [21].
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end organ function recovery and decide on need for advanced therapies. In a cohort 
of 124 consecutive patients receiving VA-ECMO for CS, about two thirds of the 
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who were supported for more than 6 days had a reduced in-hospital mortality, with 
50%, achieving successful device wean. In addition, prolonged support provided 
an opportunity for improved patient selection with 60% reaching cardiac recovery, 
26% undergoing heart transplantation and 14% ventricular assist device (VAD) 
implant. After a median follow up of 2.4 years, survival at 1 year was 78% for those 
who achieved cardiac recovery, 51% for those who underwent heart transplant and 
75% with VAD implant [18].

LV unloading. Ventricular decompression with an IABP during implant can 
allow for weaning and survival, bridge to LVAD or transplantation, while its 
non-use has been associated with increased risk for death during support or after 
VA-ECMO is withdrawn [22]. A recent meta-analysis of 17 observational studies 
comprising 3997 patients with 42% receiving an LV unloading device (IABP 92%, 
percutaneous VAD 5.5%, trans-septal left atrial cannulation 3%) showed a reduc-
tion in mortality when utilizing LV unloading devices compared to those without 
LV unloading (54 vs. 65%, RR 0.79, CI 95% 0.72–0.87). Secondary outcomes for 
limb ischemia, bleeding, need for renal replacement therapy, multiorgan failure, 
stroke or transient ischemic attack were not different among all cohorts [23].

Echocardiography. Several echocardiographic indicators exist when consider-
ing a weaning trial. Improvement in underlying LV function with an ejection 
fraction ≥35%, LV outflow tract velocity-time integral >10 cm, tissue Doppler 
peak systolic velocity of the mitral annulus ≥6 m/s, absence of LV dilatation, and 
no cardiac tamponade while on minimal support have been shown as good predic-
tors of successful weaning [24, 25]. Similarly, significant improvement in right 
ventricular function during weaning identifies greater opportunity for survival. In 
a study of 46 patients on VA-ECMO, RV ejection fraction (RVEF) was assessed by 
3D echocardiography. RV free wall strain, RV fractional area change, and central 
venous pressure were found to be independently associated with RVEF. A cutoff 
RVEF of >24.6% was found to be a predictor for weaning success after first cannula-
tion with lower values associated with increased all-cause mortality at 30 days (HR 
15.86; 95% CI, 3.56–70.73; p < 0.001) [26].

Hemodynamics parameters. Multiple hemodynamic variables have been found 
to be predictive of successful weaning. Presence of a pulse pressure greater than 
50 mmHg, elevated systolic pressure greater than 100 mmHg has been associated 
with good prognosis and survival [25]. Maintaining a perfusion mean arterial 
pressure (MAP) >60 mmHg with minimal inotropic support is critical [27]. Right 
heart catheterization data shows that a pulmonary capillary wedge pressure <24, 
PVR < 1.1 WU, mean pulmonary arterial pressure <25, transpulmonary gradient 
<10 are recommended parameters to achieve prior to a weaning trial and that ino-
tropic agents as well as pulmonary vasodilators can be of assistance during weaning 
efforts [26].

Biomarkers. Serological markers of poor perfusion have been associated with 
worse prognosis. Lactate has been recognized as a biomarker for macrovascular 
tissue perfusion and early clearance at 24 hours after VA-ECMO initiation has been 
correlated with weaning and survival [28]. Loforte et al., analyzed 228 patients 
supported on VA-ECMO primarily post-cardiotomy CS. The authors found that 
blood lactate level (>3 mmol/L) and a CK-MB index of 10% 72 hours after ECMO 
initiation, was predictive of a 50% probability of 30-day mortality [29]. An elevated 
creatinine on the day of withdrawal or weaning trial has been associated with poor 
outcome with a four-fold risk of death when the level is above 1.4 mg/dL [18].

Tissue perfusion. Derangements in the microvasculature have been noted in 
both severe sepsis as well as cardiogenic shock, with measures of microcircula-
tion emerging as new markers for tissue perfusion [30]. In those supported by 
VA-ECMO, there is observational data suggesting that preserved microcirculation 
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at time of VA-ECMO cannulation may be more specific than hemodynamic mea-
sures for identifying successful VA-ECMO weaning and survival. This discordance 
between the micro and macro-circulation has been described previously as a loss 
of hemodynamic coherence in part due to heterogeneous flow the organs receive 
during support, alterations in capillary density and presence of tissue edema [31]. 
Specifically, one study which assessed microcirculation serially, found that even 
in the presence of preserved lactate, tissue perfusion as estimated by parameters 
of microcirculation did not improve on VA-ECMO and those with compromised 
microcirculation—measured as perfused capillary density and proportion of per-
fused vessels—could not be weaned from VA-ECMO [32]. A separate study looking 
specifically at 28-day survival in cardiogenic shock patients placed on VA-ECMO, 
found that while MAP, pressor requirement and lactate did not differ, microcircula-
tion was better preserved in survivors compared to non-survivors within 12 hours 
of VA-ECMO support [33]. However, further research is needed to determine if 
microcirculatory assessment can help guide timing of VA-ECMO weaning.

5.3 Post VA-ECMO wean

Survival post VA-ECMO is predicated on correcting the underlying cause for 
shock or cardiac arrest, ultimately allowing device removal. However, weaning 
does not always signify that individuals will survive. Individual factors have to be 
considered to predict long term survival such as age, comorbidities, complications 
arising during circulatory support, underlying ventricular function and end organ 
function. On the latter, renal failure (signified by elevated creatinine level) or 
hepatic failure (marked by elevated total bilirubin and elevated INR) at the time 
of wean can impact short-term and long-term survival with multiorgan failure 
being the predominant mode of death after weaning [22]. If myocardial recovery 
is unlikely but other factors have been controlled and improved (including renal 
and hepatic function, lactate and resolution of pulmonary edema), durable VAD 
or heart transplantation should be taken into consideration, as longer duration on 
VA-ECMO can reduce the likelihood of survival to discharge or success towards a 
bridging option. In a small observational study, survival to discharge was higher for 
those transitioned within 14 days from VA-ECMO support to a VAD compared to 
those transitioned longer than 14 days (92 vs. 25%, p < 0.05) [34].

6. Weaning strategies

6.1 Pharmacological agents

The pharmacologic agents that have been used to assist with weaning trials 
have primarily been inotropic agents including dobutamine, epinephrine, dopa-
mine, milrinone and levosimendan. Epinephrine, dopamine and dobutamine 
are catecholamines, with epinephrine and dopamine having alpha-1 activity and 
thus some crossover with norepinephrine as vasoconstrictors. Dobutamine acts 
predominantly on beta-1 and beta-2 receptors. Milrinone and levosimendan on 
the other hand are inotropes without direct adrenergic receptor targets. Milrinone 
is a type-3 phosphodiesterase inhibitor and augments myocardial contraction by 
increasing intracellular concentrations of cAMP and calcium. Levosimendan on the 
other hand is a calcium sensitizer and is postulated to augment myocardial contrac-
tility without increasing intracellular calcium and myocardial oxygen consumption. 
Current evidence supports the use of both milrinone and levosimendan to assist 
with VA-ECMO weaning [35, 36].
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6.2 Weaning trials

Protocols for weaning VA-ECMO include:

1. A stepwise reduction in VA-ECMO flows either by percent of support or by 
0.5–1.0 L/min.

2. A pre-specified time interval in which the VA-ECMO flow is reduced for which 
can range from 10–15 min to 24 h.

3. Baseline parameter thresholds and subsequent measurements assessing for 
hemodynamic tolerance and myocardial adaptation to changes in preload and 
afterload as flows decrease.

4. Using continuous or intermittent transthoracic or transesophageal 
echocardiogram.

5. Frequency of weaning trials may occur daily, but typically occur 24–72 hours 
after VA-ECMO institution to allow for reversal and recovery from the inciting 
injury [29, 37–40].

In addition to requiring full anticoagulation during weaning trials, flows cannot 
be turned down below 1–1.5 L/min because of concerns for thrombus formation 
within the VA-ECMO circuit. Thus, clinicians must monitor changes in hemody-
namic and echocardiographic parameters as VA-ECMO flows are decreased and ter-
minate weaning if evidence of hemodynamic compromise or intolerance to preload 
changes such as loss of pulsatility, ventricular dysfunction or increases in filling 
pressures are seen. Hemodynamic tolerance during the weaning trial is extrapolated 
to imply myocardial recovery has occurred and that decannulation will be tolerated 
by the patient. In order to allow clinical assessments off VA-ECMO support entirely, 
some centers are using arteriovenous cannula bridging strategies that form a circuit 
that bypasses the patient [41], or a separate technique pioneered in neonates that 
reduces pump flow until the circuit runs retrograde [42, 43].

7. Proposed weaning protocol

Assessing the readiness for VA-ECMO weaning involves withdrawal or reversal 
of the inciting injury, maintenance or recovery of extracardiac organ function, 
and lastly myocardial recovery. Prior to weaning attempts, hemodynamic stability 
and adequate tissue perfusion defined as a MAP ≥ 60–65 mmHg while on mini-
mal pressor support, arterial pulsatility and lactate levels < 2 mmol/L should be 
achieved. VA-ECMO flow should be reduced by 0.5–1.0 L/min in 5–10-min intervals 
with continuous invasive hemodynamic and echocardiographic monitoring. In 
instances where adequate transthoracic windows cannot be achieved, transesopha-
geal echocardiogram should be performed, and biventricular size and function 
monitored. Because some parameters of left ventricular function including aortic 
VTI and TDSa are not easily obtained by both transthoracic and transesophageal 
echocardiography, we recommend measuring changes in ventricular size and visual 
assessments of ventricular function and valvular regurgitation. In instances where 
CVP rises to greater than 1518 mmHg (depending on ventilator settings) and the 
RV dilates with worsening function and tricuspid regurgitation, the weaning trial 
should be aborted. Left sided function and loading conditions may vary depending 
on venting strategies, however, in cases where PCWP rises above 20 mmHg and 
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at time of VA-ECMO cannulation may be more specific than hemodynamic mea-
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shock or cardiac arrest, ultimately allowing device removal. However, weaning 
does not always signify that individuals will survive. Individual factors have to be 
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arising during circulatory support, underlying ventricular function and end organ 
function. On the latter, renal failure (signified by elevated creatinine level) or 
hepatic failure (marked by elevated total bilirubin and elevated INR) at the time 
of wean can impact short-term and long-term survival with multiorgan failure 
being the predominant mode of death after weaning [22]. If myocardial recovery 
is unlikely but other factors have been controlled and improved (including renal 
and hepatic function, lactate and resolution of pulmonary edema), durable VAD 
or heart transplantation should be taken into consideration, as longer duration on 
VA-ECMO can reduce the likelihood of survival to discharge or success towards a 
bridging option. In a small observational study, survival to discharge was higher for 
those transitioned within 14 days from VA-ECMO support to a VAD compared to 
those transitioned longer than 14 days (92 vs. 25%, p < 0.05) [34].

6. Weaning strategies

6.1 Pharmacological agents

The pharmacologic agents that have been used to assist with weaning trials 
have primarily been inotropic agents including dobutamine, epinephrine, dopa-
mine, milrinone and levosimendan. Epinephrine, dopamine and dobutamine 
are catecholamines, with epinephrine and dopamine having alpha-1 activity and 
thus some crossover with norepinephrine as vasoconstrictors. Dobutamine acts 
predominantly on beta-1 and beta-2 receptors. Milrinone and levosimendan on 
the other hand are inotropes without direct adrenergic receptor targets. Milrinone 
is a type-3 phosphodiesterase inhibitor and augments myocardial contraction by 
increasing intracellular concentrations of cAMP and calcium. Levosimendan on the 
other hand is a calcium sensitizer and is postulated to augment myocardial contrac-
tility without increasing intracellular calcium and myocardial oxygen consumption. 
Current evidence supports the use of both milrinone and levosimendan to assist 
with VA-ECMO weaning [35, 36].
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can range from 10–15 min to 24 h.
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5. Frequency of weaning trials may occur daily, but typically occur 24–72 hours 
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In addition to requiring full anticoagulation during weaning trials, flows cannot 
be turned down below 1–1.5 L/min because of concerns for thrombus formation 
within the VA-ECMO circuit. Thus, clinicians must monitor changes in hemody-
namic and echocardiographic parameters as VA-ECMO flows are decreased and ter-
minate weaning if evidence of hemodynamic compromise or intolerance to preload 
changes such as loss of pulsatility, ventricular dysfunction or increases in filling 
pressures are seen. Hemodynamic tolerance during the weaning trial is extrapolated 
to imply myocardial recovery has occurred and that decannulation will be tolerated 
by the patient. In order to allow clinical assessments off VA-ECMO support entirely, 
some centers are using arteriovenous cannula bridging strategies that form a circuit 
that bypasses the patient [41], or a separate technique pioneered in neonates that 
reduces pump flow until the circuit runs retrograde [42, 43].
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Assessing the readiness for VA-ECMO weaning involves withdrawal or reversal 
of the inciting injury, maintenance or recovery of extracardiac organ function, 
and lastly myocardial recovery. Prior to weaning attempts, hemodynamic stability 
and adequate tissue perfusion defined as a MAP ≥ 60–65 mmHg while on mini-
mal pressor support, arterial pulsatility and lactate levels < 2 mmol/L should be 
achieved. VA-ECMO flow should be reduced by 0.5–1.0 L/min in 5–10-min intervals 
with continuous invasive hemodynamic and echocardiographic monitoring. In 
instances where adequate transthoracic windows cannot be achieved, transesopha-
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monitored. Because some parameters of left ventricular function including aortic 
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CVP rises to greater than 1518 mmHg (depending on ventilator settings) and the 
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arterial line pulsatility is lost due to LV dysfunction, isolated LV mechanical sup-
port should be considered. Prior to final decannulation in the operating room, the 
VA-ECMO speed should be left at 1.5 L/minutes for an hour to assess stability of 
hemodynamic, echocardiographic and tissue perfusion parameters.

8. Conclusion

VA-ECMO can rapidly stabilize patients and provide organ perfusion to those 
with refractory cardiogenic shock or cardiac arrest. Albeit associated with multiple 
complications that increase with longer duration of support, in the right patient it 
can improve the survival. Weaning strategies should be implemented as soon as the 
underlying condition has been corrected and improvement in metabolic, hepatic, 
pulmonary and renal function has occurred. Use of hemodynamic, echocardio-
graphic and serological markers of recovery should be taken into account prior and 
during each weaning trial to assess success of weaning or if need of VAD or heart 
transplantation should be considered.
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Chapter 11

Isn’t Limb as Precious as Life?
Prashant N. Mohite and André R. Simon

Abstract

As utilisation of peripheral extra-corporeal life support (ECLS) is becoming 
clinical routine, its associated complications become more frequent. Distal limb 
perfusion in femoral cannulation remains one of the Achille’s heels in patients with 
peripheral ECLS. Unless detected early, limb ischemia may result in loss of limb and 
sometimes life. A protocol-based approach, precautions during ECLS implantation 
and explantation procedures and continuous monitoring of the limb during ECLS 
support are key elements in preventing this complication. Utilisation of a distal limb 
perfusion cannula helps in prevention as well as management of limb ischemia; 
however, it may sometimes cause more damage than help. Management and conse-
quence of limb ischemia essentially depends on its severity at the time of detection 
as well as time of intervention. This chapter offers a brief review of the burden of 
limb ischemia, means to prevent and approaches to manage it.

Keywords: extra-corporeal life support, limb ischemia, complications,  
distal limb perfusion

1. Introduction

Extra-corporeal life support (ECLS) for the last 2–3 decades has become an 
indispensable tool in the armamentarium of physicians and surgeons dealing with 
patients suffering severe cardio-pulmonary failure [1]. Over the period of time, 
its utilisation has seen a broadening in terms of indications, age limits and condi-
tion of patients [2–9]. Familiarisation with technique, continuous improvement of 
equipment and changes in strategy in favour of early intervention have helped to 
improve the survival of patients supported on the ECLS [10, 11]. However, unfor-
tunately, a significant number of patients still suffer and succumb to complications 
instigated by the ECLS. In fact, not very uncommonly, ECLS related complications 
play a decisive role in the clinical outcome of the patient. For the purpose of this 
discussion, we use the term ECLS as a synonym for extra corporeal veno-arterial 
membrane oxygenation. Alternative technologies such Impella® or short term left 
ventricular assist (VAD) are not discussed. Initial ECLS in the acutely presenting 
patients is often implemented via femoral cannulation. Alternative approaches such 
as via the subclavian, axillary or carotid artery are used less commonly in adults 
and the incidence of limb ischemia in these scenarios is negligible compared to 
femoral artery. Therefore, for all practical purposes we will discuss lower extremity 
limb ischemia in this chapter. Late or chronic limb ischemia, sometimes occurring 
months after de-cannulation although symptomatic, seldom threatens limb survival 
and will not be discussed either.

Limb ischemia in patients supported on peripheral ECLS is one of the most dreaded 
complications and presents with a wide spectrum of clinical symptoms and outcomes. 
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Interestingly enough, this specific complication can be almost totally avoided with a 
protocol-based approach and precautions taken during the ECLS support; and if it 
occurs, it can be managed without significant consequences if detected and addressed 
immediately.

1.1 Indications

ECLS, although offered by specialised units only, is becoming more and more 
adopted for treatment of patients presenting with a variety of problems. Recent 
developments in technology have resulted in easier implantation and maintenance, 
ability to implement directly at the bedside, complete cardiopulmonary support and 
cost-effectiveness when compared to other mechanical circulatory support devices.

In surgery, ECLS is utilised as a rescue in post-cardiotomy cardiogenic shock 
(PCCS) or as a temporary prolongation of cardiopulmonary bypass (CPB) to allow 
for an extensive weaning. Historically, the ECLS circuit was connected to the central 
CPB cannulation following unsuccessful weaning attempts of CPB. Recent years 
have seen a paradigm shift in preference to peripheral access. It is because periph-
eral cannulation allows for chest closure and avoids bleeding from high pressure 
aortic and thin-walled right atrial cannulation site and thus, multiple re-explora-
tions for bleeding-temponade. Furthermore, the risk of formation of a positional 
thrombus on the intraluminal part of the aortic cannula, which may be dislodged at 
the time of decannulation and result in a catastrophic embolic event is avoided. And 
lastly, peripheral access obviates reopening of chest at the time of explantation of 
ECLS [2, 3]. Cannulation is either performed percutaneously or open, depending 
on the situation and the presenting patient.

A second group experiencing a significant increase in the utilisation of ECLS 
are patients during primary coronary intervention (PCI) [4, 5], although recent 
developments may lead to a shift in the technology used, such as Impella®. In this 
particular clinical setting, the expertise of interventional cardiologists and avail-
ability of fluoroscopy obviously lends itself to direct percutaneous implementation 
of ECLS. Bed-side, emergency direct ECLS implantation in intensive care units is a 
last and only resort to resuscitate patients after cardiopulmonary arrest undergoing 
prolonged efforts to re-establish life sustaining cardiac and pulmonary function 
(e-CPR) [6, 7]. In this situation, percutaneous peripheral access to the groin vessels 
is the preferable approach in view of the continuation of chest compressions and 
limited equipment available (e.g. fluoroscopy, surgical set).

In patients with advanced cardiac failure ECLS may be used as a bridge to 
decision, recovery or heart transplantation. In some of these patients, particularly 
those awaiting transplantation or long-term VAD implantation it is used in a ‘semi-
elective emergency situation’ where patients are destabilising and showing signs of 
rapidly deteriorating end-organ function and impending cardiogenic shock. In this 
particular scenario ECLS is used to re-perfuse and stabilise end-organ function such 
as liver and kidney to allow for a non-emergency long-term VAD implantation at 
significantly less perioperative risk in a more stable patient. In this complex group 
of patients, peripheral access is favoured as it does not necessitate a sternotomy or 
thoracotomy leaving the chest ‘virgin’ or which may be complex due to previous, 
often multiple, surgical interventions. At the time of subsequent surgery ECLS can 
then easily be converted to CPB and continuation of ECLS post-surgery, if required 
[8, 9], can be achieved simply by switching back to an ECLS circuit.

In essence, peripheral access for the ECLS has become popular due to its flex-
ibility of implantation outside operation theatre, reduced cannula site bleeding, the 
option of chest closure, avoidance of chest re-exploration and explantation without 
chest intervention. With the overall increase in the utilisation of ECLS in PCCS, 
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post-PCI, e-CPR and as a bridge to transplant or ventricular assist devices and even 
as a bridge-to-lower risk surgery as a preparational tool, ECLS related complications 
including limb ischemia are being seen more often than ever before.

1.2 Incidence of limb ischemia

ECLS, essentially being temporary mechanical circulatory support requires an 
exit strategy with a sustainable solution, namely short or long-term ventricular 
assist device or transplant. Until then, an uninterrupted and uncomplicated distal 
limb perfusion is essential for the continuation of peripheral ECLS for more than a 
few hours. Any complications during the period on ECLS support potentially hin-
der patients’ progress to recovery or long-term solutions. Of these, limb ischemia 
is one of the notorious and unfortunately- most commonly encountered complica-
tions in patients supported. As with other complications, limb ischemia remains 
underreported in institutional audits and the literature and reported incidence of 
ECLS related limb ischemia vary significantly. The Extra-corporeal Life Support 
Organisation (ELSO) in its latest report shows 1% incidence of limb ischemia [12]. 
Whereas, a recent metanalysis reviewing 20 studies comprising 1886 patients 
revealed a pooled estimate of rate of limb ischemia as high as 16.9% (12.5–22.6%); 
compartment syndrome at 10.3% (7.3–14.5%) and amputation at 4.7% (2.3–9.3%) 
[13]. Other contemporary, smaller reviews report limb ischemia in range of 4.4–
19% and 11–52% [14, 15]. The variation among published literature in incidence 
of limb ischemia and related complications may be due to difference in inclusion 
criteria of patients, difference in definition of limb ischemia and publication bias.

1.3 Causes and presentation spectrum of limb ischemia

Limb ischemia has a broad spectrum of presentation ranging from hypothermia 
to muscle necrosis. In patients on ECLS it may occur for a number of reasons. Of 
these, the first and foremost is, of course, the simple complete obstruction of the 
femoral artery by the systemic perfusion cannula, which is inserted in a retrograde 
fashion, either percutaneously or open. The second is the requirement of extensive 
vasoconstrictor and inotropic support, which may restrict the ‘residual’ flow to 
the limb to the point of induction of clinically relevant ischemia. The third is the 
result of a deterioration of remaining cardiac output and loss of pulse wave, as the 
limb may be perfused—adequately—during the systolic ejection and be completely 
ischemic should pulse-wave be lost. Finally, insertion of the venous cannula on the 
ipsilateral side may result in clinically relevant venous congestion by itself and thus 
exacerbate any arterial perfusion deficit. Thus, careful monitoring and adjustment 
of several variables is essential in the prevention of ischemia and the treatment 
must be aimed at not only correcting the underlying causation but also to mitigate 
the resulting effects as in necrosis or reperfusion induced injury.

The signs and symptoms of acute limb ischemia are classically described with 
the 6 Ps- Pain, Pallor, Pulselessness, Paraesthesia, Poikilothermia, and Paralysis 
[16]. In this context, Rutherford’s grading of acute limb ischemia depending 
upon the clinical examination namely viable, threatened (salvageable if promptly 
treated) and irreversible (major tissue loss or permanent nerve damage inevitable) 
is helpful to determine the timing and type of intervention. The onset of fixed 
mottling of the skin usually implies irreversible changes but does not allow for an 
estimation as to the extent. Compartment syndrome results from increased pres-
sure (greater than 30–45 mmHg) in the muscle compartments often due to ischemia 
or reperfusion related swelling which further decreases blood supply leading to 
a vicious cycle of swelling-ischemia-swelling, rapidly progressing to irreversible 



170

Advances in Extracorporeal Membrane Oxygenation - Volume 3

Interestingly enough, this specific complication can be almost totally avoided with a 
protocol-based approach and precautions taken during the ECLS support; and if it 
occurs, it can be managed without significant consequences if detected and addressed 
immediately.

1.1 Indications

ECLS, although offered by specialised units only, is becoming more and more 
adopted for treatment of patients presenting with a variety of problems. Recent 
developments in technology have resulted in easier implantation and maintenance, 
ability to implement directly at the bedside, complete cardiopulmonary support and 
cost-effectiveness when compared to other mechanical circulatory support devices.

In surgery, ECLS is utilised as a rescue in post-cardiotomy cardiogenic shock 
(PCCS) or as a temporary prolongation of cardiopulmonary bypass (CPB) to allow 
for an extensive weaning. Historically, the ECLS circuit was connected to the central 
CPB cannulation following unsuccessful weaning attempts of CPB. Recent years 
have seen a paradigm shift in preference to peripheral access. It is because periph-
eral cannulation allows for chest closure and avoids bleeding from high pressure 
aortic and thin-walled right atrial cannulation site and thus, multiple re-explora-
tions for bleeding-temponade. Furthermore, the risk of formation of a positional 
thrombus on the intraluminal part of the aortic cannula, which may be dislodged at 
the time of decannulation and result in a catastrophic embolic event is avoided. And 
lastly, peripheral access obviates reopening of chest at the time of explantation of 
ECLS [2, 3]. Cannulation is either performed percutaneously or open, depending 
on the situation and the presenting patient.

A second group experiencing a significant increase in the utilisation of ECLS 
are patients during primary coronary intervention (PCI) [4, 5], although recent 
developments may lead to a shift in the technology used, such as Impella®. In this 
particular clinical setting, the expertise of interventional cardiologists and avail-
ability of fluoroscopy obviously lends itself to direct percutaneous implementation 
of ECLS. Bed-side, emergency direct ECLS implantation in intensive care units is a 
last and only resort to resuscitate patients after cardiopulmonary arrest undergoing 
prolonged efforts to re-establish life sustaining cardiac and pulmonary function 
(e-CPR) [6, 7]. In this situation, percutaneous peripheral access to the groin vessels 
is the preferable approach in view of the continuation of chest compressions and 
limited equipment available (e.g. fluoroscopy, surgical set).

In patients with advanced cardiac failure ECLS may be used as a bridge to 
decision, recovery or heart transplantation. In some of these patients, particularly 
those awaiting transplantation or long-term VAD implantation it is used in a ‘semi-
elective emergency situation’ where patients are destabilising and showing signs of 
rapidly deteriorating end-organ function and impending cardiogenic shock. In this 
particular scenario ECLS is used to re-perfuse and stabilise end-organ function such 
as liver and kidney to allow for a non-emergency long-term VAD implantation at 
significantly less perioperative risk in a more stable patient. In this complex group 
of patients, peripheral access is favoured as it does not necessitate a sternotomy or 
thoracotomy leaving the chest ‘virgin’ or which may be complex due to previous, 
often multiple, surgical interventions. At the time of subsequent surgery ECLS can 
then easily be converted to CPB and continuation of ECLS post-surgery, if required 
[8, 9], can be achieved simply by switching back to an ECLS circuit.

In essence, peripheral access for the ECLS has become popular due to its flex-
ibility of implantation outside operation theatre, reduced cannula site bleeding, the 
option of chest closure, avoidance of chest re-exploration and explantation without 
chest intervention. With the overall increase in the utilisation of ECLS in PCCS, 

171

Isn’t Limb as Precious as Life?
DOI: http://dx.doi.org/10.5772/intechopen.86391

post-PCI, e-CPR and as a bridge to transplant or ventricular assist devices and even 
as a bridge-to-lower risk surgery as a preparational tool, ECLS related complications 
including limb ischemia are being seen more often than ever before.

1.2 Incidence of limb ischemia

ECLS, essentially being temporary mechanical circulatory support requires an 
exit strategy with a sustainable solution, namely short or long-term ventricular 
assist device or transplant. Until then, an uninterrupted and uncomplicated distal 
limb perfusion is essential for the continuation of peripheral ECLS for more than a 
few hours. Any complications during the period on ECLS support potentially hin-
der patients’ progress to recovery or long-term solutions. Of these, limb ischemia 
is one of the notorious and unfortunately- most commonly encountered complica-
tions in patients supported. As with other complications, limb ischemia remains 
underreported in institutional audits and the literature and reported incidence of 
ECLS related limb ischemia vary significantly. The Extra-corporeal Life Support 
Organisation (ELSO) in its latest report shows 1% incidence of limb ischemia [12]. 
Whereas, a recent metanalysis reviewing 20 studies comprising 1886 patients 
revealed a pooled estimate of rate of limb ischemia as high as 16.9% (12.5–22.6%); 
compartment syndrome at 10.3% (7.3–14.5%) and amputation at 4.7% (2.3–9.3%) 
[13]. Other contemporary, smaller reviews report limb ischemia in range of 4.4–
19% and 11–52% [14, 15]. The variation among published literature in incidence 
of limb ischemia and related complications may be due to difference in inclusion 
criteria of patients, difference in definition of limb ischemia and publication bias.

1.3 Causes and presentation spectrum of limb ischemia

Limb ischemia has a broad spectrum of presentation ranging from hypothermia 
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necrosis of the affected muscles. Diagnosis is essentially clinical with findings of 
swelling, stiffness, pain, and loss of pulse. It is a limb and life-threatening emer-
gency and is usually fatal unless immediate action is undertaken, almost always 
including four compartment fasciotomies [17].

Limb ischemia compromises survival not only of the involved limb but also the 
patient. The ischemic process, multiple procedures, and transfusions exacerbate 
the systemic inflammatory response related to ECLS, resulting in increased risk 
of death [18]. Tanaka et al. report a higher number of procedures per patient and 
an increased frequency of disseminated intravascular coagulation in patients with 
vascular complications [19]. They also found the rate of survival to discharge as 
18 vs. 49% in patients with and without vascular complications, respectively, 
demonstrating vascular complications as an independent factor of survival in 
patients on VA ECLS [19]. While some authors did not find any correlation between 
limb ischemia and patient mortality [20–22], it is widely accepted that apart from 
severity of the underlying condition, neurological uncertainty, and eligibility for 
substantive therapy, the limb ischemia plays a seminal role in deciding fate of the 
patient supported on ECLS.

2. Prevention of limb ischemia

2.1 Prophylactic distal perfusion cannula

Several authors highlight the role of concurrent, prophylactic, selective distal 
limb perfusion from the time of femoral arterial cannulation for systemic perfusion 
in the prevention of limb ischemia. In one series, the authors claim no occurrence of 
limb ischemia in patients with prophylactic distal perfusion via selective cannula-
tion (DPC) compared to a 21% incidence of ischemia in patients without DPC [21]. 
Tanaka et al. demonstrated that the absence of DPC was a significant predisposing 
factor for vascular complications, while other factors including medical history or 
risk factors like peripheral vascular disease and severity of baseline condition were 
not significantly associated with vascular complications [19]. However, from the 
review of published literature it is difficult to ascertain whether the elective avoid-
ance of DPC or the presence of factors preventing its use (e.g. peripheral artery 
disease, vessel spasm, vessel injury due to attempted cannulation) are the underly-
ing cause of the vascular complication.

In a comparative study, no limb ischemia was encountered in patients undergo-
ing pro-active DPC in contrast to 9.3% incidence of limb ischemia in patients who 
underwent re-active DPC as a rescue strategy. They concluded that the delayed 
distal cannulation not only increased the extent of cannulation site bleeding, but 
also failed as a rescue therapy as it failed to improve the ischemia [23] whereas pro-
active DPC prevented its occurrence. In addition, patients in the pro-active group 
demonstrated a significantly better weaning rate as well as survival.

However, despite extensive literature advocating DPC as being preventive to 
limb ischemia, there is no class I evidence about its efficacy. Understandably, it 
is difficult to design a randomised trial to identify actual protection offered by 
prophylactic DPC given the multiple factors responsible for mortality and morbid-
ity and grave condition of patients supported on VA-ECMO.

Although DPC offers incessant perfusion to the distal limb, its insertion and 
maintenance are not always smooth, and it is not devoid of complications. The DPC 
due to their small calibre, slow and low flow, acute angles, multiple connections are 
prone to bending, thrombogenesis, and peripheral embolization. It is important to 
note that DPC blockage due to thrombosis may go unnoticed in absence of continuous 
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monitoring of its flow and result in complete thrombo-embolism and obstruction of 
the femoral artery. In order to avoid this scenario and assess whether limb perfusion 
remains adequate in the absence of DCP, Huang et al. measured the pressure in the 
superficial femoral artery distal to the systemic cannula and introduced the DPC only 
when this pressure was less than 50 mmHg [24]. In their cohort of 26 patients, only 9 
patients fulfilling this criterion required the DPC and authors report no limb ischemia 
in any patients, with or without DPC. These findings are interesting and warrant 
further evaluation of their technique and confirmation by other study groups.

Compared to open cut-down DPC related complications are more common after 
percutaneous cannulation, often due to multiple cannulation attempts causing 
vessel injury, extravasation, hematoma and inadvertent cannulation of the profunda 
femoris. In contrast, while not ubiquitously feasible, technically more challenging 
and more time consuming, the open cut-down allows visualisation of the artery to 
ensure an adequate size of the cannula, proper placement, good haemostasis and 
the abandonment of the site without failed attempts in case of arterial calcifications 
[15]. Not surprisingly, a significantly higher incidence of limb ischemia was found 
in patients with a percutaneous DPC compared to patients with no DPC and open 
cut-down DPC in a series published by the Philadelphia group [25]. In this context, 
it is worth mentioning the ‘chimney graft construction’ approach on the femoral 
artery in which a small vascular graft is placed end-to side onto the main femoral 
artery, thus allowing for bi-directional perfusion without obstruction of the vessel. 
This avoids the more complex V-A-DPC-ECLS circuit, the DPC itself and its compli-
cations [26]. However, while avoiding ischemia and advocated for small femoral 
arteries, in bigger vessels it may lead to distal limb hyper-perfusion [15] (Table 1).

A generalised and enthusiastic approach for prophylactic DPC should be care-
fully reviewed and implemented only in cases with high risk for limb ischemia. These 
include patients with a history and signs of peripheral vascular disease, atherosclerosis, 
previous utilisation of groin vessels for access and female gender due to smaller vessel 
size as they are more prone to develop limb ischemia. In addition, young age may be an 
independent risk factor due to the absence of collateral vascularisation [21]. Also, there 
are several variables influencing the of risk of development of limb ischemia which 
can be addressed separately. These include low or no cardiac output resulting in loss of 
the pulse wave, although in patients with failure to oxygenate blood via the lung a low 
or absent biological output may be intended to prevent a watershed phenomenon and 
ensure cerebral oxygenation. High vasopressor support, peripheral shut-down and 
big calibre flow-occlusive systemic femoral cannulation are other factors influencing 
perfusion to distal limb and the development of limb ischemia.

As the principal role of the ECLS is temporary cardio-pulmonary support and 
preservation of organ perfusion, sufficient ‘biomechanical’ output can be provided 
often at a reasonable mechanical flow rate without complete replacement of the 
biological cardiac output. Cannulation with a small calibre systemic cannula may 
therefore provide enough flow and preserve a pulse wave allowing for sufficient 
perfusion of the distal limb. A 17F systemic cannula easily provides 4–5 L/min flow 
with a driving pressure of around 100 mmHg. Takayama et al. compared outcome 
in patients based on the size of the systemic cannula and showed that a 15F size 
cannula, while allowing for significantly less blood flow when compared to bigger 
(17–24F) cannulas, resulted in no difference in use of vasoactive medication, hemo-
dynamic parameters or laboratory values measured [27]. On the other hand, signifi-
cantly less cannulation-related adverse events were observed in the 15F group.

Patients on ECLS support may develop severe vasoplegia requiring high dose 
vasopressor support to sustain arterial blood pressure for satisfactory end-organ 
perfusion. Efforts to maintain a negative fluid balance to reabsorb peripheral and 
pulmonary oedema in a bid to wean ECLS may intensify vasopressor requirement 
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limb ischemia in patients with prophylactic distal perfusion via selective cannula-
tion (DPC) compared to a 21% incidence of ischemia in patients without DPC [21]. 
Tanaka et al. demonstrated that the absence of DPC was a significant predisposing 
factor for vascular complications, while other factors including medical history or 
risk factors like peripheral vascular disease and severity of baseline condition were 
not significantly associated with vascular complications [19]. However, from the 
review of published literature it is difficult to ascertain whether the elective avoid-
ance of DPC or the presence of factors preventing its use (e.g. peripheral artery 
disease, vessel spasm, vessel injury due to attempted cannulation) are the underly-
ing cause of the vascular complication.

In a comparative study, no limb ischemia was encountered in patients undergo-
ing pro-active DPC in contrast to 9.3% incidence of limb ischemia in patients who 
underwent re-active DPC as a rescue strategy. They concluded that the delayed 
distal cannulation not only increased the extent of cannulation site bleeding, but 
also failed as a rescue therapy as it failed to improve the ischemia [23] whereas pro-
active DPC prevented its occurrence. In addition, patients in the pro-active group 
demonstrated a significantly better weaning rate as well as survival.

However, despite extensive literature advocating DPC as being preventive to 
limb ischemia, there is no class I evidence about its efficacy. Understandably, it 
is difficult to design a randomised trial to identify actual protection offered by 
prophylactic DPC given the multiple factors responsible for mortality and morbid-
ity and grave condition of patients supported on VA-ECMO.

Although DPC offers incessant perfusion to the distal limb, its insertion and 
maintenance are not always smooth, and it is not devoid of complications. The DPC 
due to their small calibre, slow and low flow, acute angles, multiple connections are 
prone to bending, thrombogenesis, and peripheral embolization. It is important to 
note that DPC blockage due to thrombosis may go unnoticed in absence of continuous 

173

Isn’t Limb as Precious as Life?
DOI: http://dx.doi.org/10.5772/intechopen.86391

monitoring of its flow and result in complete thrombo-embolism and obstruction of 
the femoral artery. In order to avoid this scenario and assess whether limb perfusion 
remains adequate in the absence of DCP, Huang et al. measured the pressure in the 
superficial femoral artery distal to the systemic cannula and introduced the DPC only 
when this pressure was less than 50 mmHg [24]. In their cohort of 26 patients, only 9 
patients fulfilling this criterion required the DPC and authors report no limb ischemia 
in any patients, with or without DPC. These findings are interesting and warrant 
further evaluation of their technique and confirmation by other study groups.

Compared to open cut-down DPC related complications are more common after 
percutaneous cannulation, often due to multiple cannulation attempts causing 
vessel injury, extravasation, hematoma and inadvertent cannulation of the profunda 
femoris. In contrast, while not ubiquitously feasible, technically more challenging 
and more time consuming, the open cut-down allows visualisation of the artery to 
ensure an adequate size of the cannula, proper placement, good haemostasis and 
the abandonment of the site without failed attempts in case of arterial calcifications 
[15]. Not surprisingly, a significantly higher incidence of limb ischemia was found 
in patients with a percutaneous DPC compared to patients with no DPC and open 
cut-down DPC in a series published by the Philadelphia group [25]. In this context, 
it is worth mentioning the ‘chimney graft construction’ approach on the femoral 
artery in which a small vascular graft is placed end-to side onto the main femoral 
artery, thus allowing for bi-directional perfusion without obstruction of the vessel. 
This avoids the more complex V-A-DPC-ECLS circuit, the DPC itself and its compli-
cations [26]. However, while avoiding ischemia and advocated for small femoral 
arteries, in bigger vessels it may lead to distal limb hyper-perfusion [15] (Table 1).

A generalised and enthusiastic approach for prophylactic DPC should be care-
fully reviewed and implemented only in cases with high risk for limb ischemia. These 
include patients with a history and signs of peripheral vascular disease, atherosclerosis, 
previous utilisation of groin vessels for access and female gender due to smaller vessel 
size as they are more prone to develop limb ischemia. In addition, young age may be an 
independent risk factor due to the absence of collateral vascularisation [21]. Also, there 
are several variables influencing the of risk of development of limb ischemia which 
can be addressed separately. These include low or no cardiac output resulting in loss of 
the pulse wave, although in patients with failure to oxygenate blood via the lung a low 
or absent biological output may be intended to prevent a watershed phenomenon and 
ensure cerebral oxygenation. High vasopressor support, peripheral shut-down and 
big calibre flow-occlusive systemic femoral cannulation are other factors influencing 
perfusion to distal limb and the development of limb ischemia.

As the principal role of the ECLS is temporary cardio-pulmonary support and 
preservation of organ perfusion, sufficient ‘biomechanical’ output can be provided 
often at a reasonable mechanical flow rate without complete replacement of the 
biological cardiac output. Cannulation with a small calibre systemic cannula may 
therefore provide enough flow and preserve a pulse wave allowing for sufficient 
perfusion of the distal limb. A 17F systemic cannula easily provides 4–5 L/min flow 
with a driving pressure of around 100 mmHg. Takayama et al. compared outcome 
in patients based on the size of the systemic cannula and showed that a 15F size 
cannula, while allowing for significantly less blood flow when compared to bigger 
(17–24F) cannulas, resulted in no difference in use of vasoactive medication, hemo-
dynamic parameters or laboratory values measured [27]. On the other hand, signifi-
cantly less cannulation-related adverse events were observed in the 15F group.

Patients on ECLS support may develop severe vasoplegia requiring high dose 
vasopressor support to sustain arterial blood pressure for satisfactory end-organ 
perfusion. Efforts to maintain a negative fluid balance to reabsorb peripheral and 
pulmonary oedema in a bid to wean ECLS may intensify vasopressor requirement 
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further. While maintaining central blood pressure levels, capillary perfusion of 
end organs, specifically the intestine as well as the limbs may be significantly 
reduced in such a scenario. Therefore, it is important to strike a balance between 
vasopressor delivery dependent blood pressure management, maintenance of 
fluid balance, arterio-venous perfusion pressure delta and capillary delivery, 
prioritising vasopressor weaning over ‘drying up the lungs’. Maintenance of good 
intravascular volume also allows better ECLS flow and cardiac output along with 
pulsatility.

In essence, utilisation of a small calibre systemic femoral cannula, when pos-
sible, acceptance a biomechanical output with low ECLS flow, continued pulsatile 
flow and avoidance of high dose vasopressors obviate the need for prophylactic 
DPC insertion in patients, potentially protecting them from DPC related complica-
tions. With this conservative management and a protocol of continuous, diligent 
monitoring, patients that develop limb ischemia can then be detected at an early 
stage and treated with subsequent DPC, if necessary.

Prevention of limb ischemia

Implantation

Cut down and under vision cannulation whenever feasible

Percutaneous cannulation only with USG/Fluoroscopy

Use of small calibre systemic arterial cannula

Use of Prophylactic distal arterial perfusion cannula

Use of Prophylactic distal venous drainage cannula

Utilise contralateral limb for venous drainage cannula

Maintenance

Bear high suspicion for ischemia

Accept low ECLS flow when possible to reduce cannula size

Maintain left ventricular ejection

Maintain pulsatile flow

Wean vasopressors as soon as possible

Selective infusion of prostacyclin via distal perfusion cannula

Keep patient awake- can complain of limb pain (ischemia)

Suspect limb ischemia if serum Lactate levels high

Achieve and maintain good anticoagulation

Monitoring

Near infra-red spectroscopy in distal limb

Continuous measurement of DPC flow

Doppler Ultrasound of distal limb arteries

Temperature

Explantation

Prefer open cut-down and repair of vessels

Perform balloon thrombo-embolectomy

Avoid groin compression

Table 1. 
Prevention of limb ischemia.
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2.2 ECLS and DPC implantation strategies

The individual approach of ECLS implantation heavily depends upon the place 
(out of the hospital, floor, bedside or operation theatre), urgency (elective or emer-
gency), and aetiology (PCCS, post-PCI, primary graft failure or bridge to trans-
plant) of the cardio-respiratory failure. In patients with cardiopulmonary arrest 
under resuscitation or peri-arrest patients, quick introduction of ECLS through is of 
utmost importance in order to sustain the patient’s life. In this situation, the primary 
goal is the insertion of systemic arterial and venous cannulas and there may not be 
time for simultaneous DPC insertion. Such emergency bedside ECLS implantation 
in the intensive therapy unit is a scenario that usually does not offer facilities of an 
operation theatre making percutaneous insertion of peripheral cannulas necessary 
(Figure 1), often without availability of sonography to appropriately size for the 
smallest cannulae or fluoroscopy for intravascular positioning. In this context, it is 
important to note that percutaneous insertion of the DPC can be challenging in the 
presence of a systemic arterial cannula already in place, either due to the reduction 
or even absence of blood flow distal to the cannulation site or vasospasm and vessel 
injury during primary cannulation. Nevertheless, if it is attempted, ultrasound 
guidance during insertion is helpful and angiographic confirmation of DPC tip 
position in the superficial femoral artery should be obtained [25, 28].

PCCS is a scenario usually encountered after complex and long operations 
and has an extreme mortality. While ECLS is the only treatment option for these 
patients, it is important to make the decision to use it as early as possible and avoid 
repeated and prolonged attempts to wean the patient of CPB as these cause consid-
erable collateral damage. ECLS should not be viewed as a last resort after all else has 
failed and the patient is in a catastrophic state but rather as a tool to be proactively 
used to ensure protection of organ function, continuous, uninterrupted sufficient 
perfusion and maintenance of a functioning coagulation system, thus preventing 
the well-known ICU exsanguination of these patients and offering both the heart as 
well as the patient a reasonable chance to recover.

For this, CPB can be converted directly to central ECLS, using the established 
cannulation or to peripheral ECLS. Peripheral ECLS allows the chest to be fully 
closed and no re-opening is needed for explantation of the ECLS system or for 
cannula-site bleeding especially in these patients on anti-coagulation therapy. With 
the patient stable on CPB it is safe and easy to perform a cut down to the groin 
vessels and placement of the cannulas under direct vision (Figure 2). If necessary, 
DPC can be introduced simultaneously. If the myocardial function is somewhat 
preserved, ECLS flows should be kept at a level allowing for blood flow through the 
heart to maintain left ventricular ejection in order to prevent its dilatation, stasis of 

Figure 1. 
Percutaneous cannulation.
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further. While maintaining central blood pressure levels, capillary perfusion of 
end organs, specifically the intestine as well as the limbs may be significantly 
reduced in such a scenario. Therefore, it is important to strike a balance between 
vasopressor delivery dependent blood pressure management, maintenance of 
fluid balance, arterio-venous perfusion pressure delta and capillary delivery, 
prioritising vasopressor weaning over ‘drying up the lungs’. Maintenance of good 
intravascular volume also allows better ECLS flow and cardiac output along with 
pulsatility.

In essence, utilisation of a small calibre systemic femoral cannula, when pos-
sible, acceptance a biomechanical output with low ECLS flow, continued pulsatile 
flow and avoidance of high dose vasopressors obviate the need for prophylactic 
DPC insertion in patients, potentially protecting them from DPC related complica-
tions. With this conservative management and a protocol of continuous, diligent 
monitoring, patients that develop limb ischemia can then be detected at an early 
stage and treated with subsequent DPC, if necessary.

Prevention of limb ischemia

Implantation

Cut down and under vision cannulation whenever feasible

Percutaneous cannulation only with USG/Fluoroscopy

Use of small calibre systemic arterial cannula

Use of Prophylactic distal arterial perfusion cannula

Use of Prophylactic distal venous drainage cannula

Utilise contralateral limb for venous drainage cannula

Maintenance

Bear high suspicion for ischemia

Accept low ECLS flow when possible to reduce cannula size

Maintain left ventricular ejection

Maintain pulsatile flow

Wean vasopressors as soon as possible

Selective infusion of prostacyclin via distal perfusion cannula

Keep patient awake- can complain of limb pain (ischemia)

Suspect limb ischemia if serum Lactate levels high

Achieve and maintain good anticoagulation

Monitoring

Near infra-red spectroscopy in distal limb

Continuous measurement of DPC flow

Doppler Ultrasound of distal limb arteries

Temperature

Explantation

Prefer open cut-down and repair of vessels

Perform balloon thrombo-embolectomy

Avoid groin compression

Table 1. 
Prevention of limb ischemia.
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2.2 ECLS and DPC implantation strategies

The individual approach of ECLS implantation heavily depends upon the place 
(out of the hospital, floor, bedside or operation theatre), urgency (elective or emer-
gency), and aetiology (PCCS, post-PCI, primary graft failure or bridge to trans-
plant) of the cardio-respiratory failure. In patients with cardiopulmonary arrest 
under resuscitation or peri-arrest patients, quick introduction of ECLS through is of 
utmost importance in order to sustain the patient’s life. In this situation, the primary 
goal is the insertion of systemic arterial and venous cannulas and there may not be 
time for simultaneous DPC insertion. Such emergency bedside ECLS implantation 
in the intensive therapy unit is a scenario that usually does not offer facilities of an 
operation theatre making percutaneous insertion of peripheral cannulas necessary 
(Figure 1), often without availability of sonography to appropriately size for the 
smallest cannulae or fluoroscopy for intravascular positioning. In this context, it is 
important to note that percutaneous insertion of the DPC can be challenging in the 
presence of a systemic arterial cannula already in place, either due to the reduction 
or even absence of blood flow distal to the cannulation site or vasospasm and vessel 
injury during primary cannulation. Nevertheless, if it is attempted, ultrasound 
guidance during insertion is helpful and angiographic confirmation of DPC tip 
position in the superficial femoral artery should be obtained [25, 28].

PCCS is a scenario usually encountered after complex and long operations 
and has an extreme mortality. While ECLS is the only treatment option for these 
patients, it is important to make the decision to use it as early as possible and avoid 
repeated and prolonged attempts to wean the patient of CPB as these cause consid-
erable collateral damage. ECLS should not be viewed as a last resort after all else has 
failed and the patient is in a catastrophic state but rather as a tool to be proactively 
used to ensure protection of organ function, continuous, uninterrupted sufficient 
perfusion and maintenance of a functioning coagulation system, thus preventing 
the well-known ICU exsanguination of these patients and offering both the heart as 
well as the patient a reasonable chance to recover.

For this, CPB can be converted directly to central ECLS, using the established 
cannulation or to peripheral ECLS. Peripheral ECLS allows the chest to be fully 
closed and no re-opening is needed for explantation of the ECLS system or for 
cannula-site bleeding especially in these patients on anti-coagulation therapy. With 
the patient stable on CPB it is safe and easy to perform a cut down to the groin 
vessels and placement of the cannulas under direct vision (Figure 2). If necessary, 
DPC can be introduced simultaneously. If the myocardial function is somewhat 
preserved, ECLS flows should be kept at a level allowing for blood flow through the 
heart to maintain left ventricular ejection in order to prevent its dilatation, stasis of 

Figure 1. 
Percutaneous cannulation.
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blood and possible atrial and ventricular thrombus formation. In severe myocardial 
injury, the heart can be rested with full ECLS flow without ejection. In this case, the 
need for ventricular decompression should be discussed. With biological no-flow, 
a case of high vasopressor requirement or expected longer duration of support, the 
DPC can introduced at the same time.

Peri or post-PCI, with fluoroscopy readily available, all ECLS cannulas can be 
introduced percutaneously and their position be confirmed before the patient 
leaves the cath-lab. ECLS as a bridge to transplant in awake patients is a recent trend 
that offers early ambulation and avoids ventilator-associated complications [29]. 
However, bedside ECLS can be challenging as a cut down is not comfortable in such 
patients and difficult outside the environment of the operating theatre. In these 
patients, the systemic arterial and venous cannulae are introduced percutaneously 
under local anaesthesia or the patient undergoes a short analgo-sedation as full 
sedation may be too high risk. As a general principal, contralateral femoral arterial 
and venous cannulation should be encouraged, as the venous stasis and possible 
limb oedema caused by the venous cannula may intensify any ipsilateral arterial 
cannula related compromised distal limb perfusion [15].

2.3 Expectant monitoring of limb

2.3.1 Continuous monitoring

Continuous diligent monitoring of the limb for any signs of ischemia is a key to 
allow for timely and appropriate intervention. One elegant and inexpensive method 
of continuous monitoring is placing an additional pulse-oximetry probe on the 
toes of the cannulated limb. Its reading and waveform can be compared with the 
probe placed on the normal limb. However, hypothermia and non-pulsatile flow 
may not offer reliable pulse-oximetry reading. Near infra-red spectroscopy (NIRS), 
routinely used and established in transcranial cerebral oximetry can be helpful 
in such cases and is an alternative method for continuous monitoring. It involves 
application of sensor pads on the legs that detects regional oxygen saturation (rSO2) 

Figure 2. 
Open cut-down cannulation.
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continuously, representing adequacy of tissue oxygenation. It should be applied 
as soon as ECLS is started. The rSO2 of the cannulated limb is compared with that 
of the opposite limb as well as with the baseline rSO2 providing live evidence of 
a drop in limb perfusion (Figure 3). A reduction in rSO2 values in the cannulated 
limb to less than 40 or more than 25% from baseline suggest inadequate limb 
perfusion and mandates urgent intervention [30, 31]. Technical glitches, however, 
like improper sensor pads attachments should be addressed before attempting to 
improve distal limb perfusion. Dong and colleagues utilised the NIRS successfully 
in a group of ECLS patients to detect and successfully treat limb ischemia with DPC 
in all patients having NIRS whereas 13.9% of the cohort not monitored required a 
fasciotomy [31]. Indeed, NIRS may reliably detect limb ischemia before it becomes 
clinically evident [31, 32]. Lamb et al. suggest continuous monitoring of limb utilis-
ing NIRS and evaluation of pedal doppler signals in case of a drop in baseline NIRS 
values to ensure adequate distal limb perfusion [33]. If available, we suggest that 
NIRS should be part of the protocol for peripheral ECLS.

In presence of DPC, continuous monitoring of its trans-canullar flow is the gold 
standard in monitoring distal limb perfusion (Figure 4). The DPC flow is depen-
dent on a variety of factors, namely total ECLS flow, mean arterial pressure and sys-
temic and peripheral vascular resistance, and possible thrombo-embolic occlusion 
in the DPC or distal artery. Therefore, any drop in the DPC flow must be correlated 
with these factors before any intervention. A drop in the DPC flow should also be 
cross-checked with the clinical signs of limb ischemia and drop in NIRS rSO2. An 
hourly record of the DPC flow along with other ECLS parameters should be main-
tained and perfusionists should be alerted if there is a significant change. Cannula 
or connecting line bending, thrombosis and dislocation are common non patient 
related reasons for decreased DPC flow. Both antegrade and retrograde blood flow 
should be checked by clamps on either side of DPC side-port [10]. In the absence of 
a side-port, the DPC may have to be disconnected to assess for backflow through the 
cannula and appropriate flow in the proximal line. Thrombosis in the DPC is usually 
accompanied by embolization into the distal femoral artery and mandates embo-
lectomy and DPC replacement. Only in the minority of cases it can be addressed by 
aspiration of the thrombotic material.

2.3.2 Hourly monitoring

Despite continuous monitoring of limb perfusion by means of NIRS and DPC flow, 
hourly inspection for skin colour change, palpation for temperature, capillary return 
at toe tips, calf palpation and calf girth measurement for compartment syndrome is 
of paramount importance. Pedal pulses should be checked in the dorsalis pedis and 

Figure 3. 
NIRS continuous monitoring.
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blood and possible atrial and ventricular thrombus formation. In severe myocardial 
injury, the heart can be rested with full ECLS flow without ejection. In this case, the 
need for ventricular decompression should be discussed. With biological no-flow, 
a case of high vasopressor requirement or expected longer duration of support, the 
DPC can introduced at the same time.

Peri or post-PCI, with fluoroscopy readily available, all ECLS cannulas can be 
introduced percutaneously and their position be confirmed before the patient 
leaves the cath-lab. ECLS as a bridge to transplant in awake patients is a recent trend 
that offers early ambulation and avoids ventilator-associated complications [29]. 
However, bedside ECLS can be challenging as a cut down is not comfortable in such 
patients and difficult outside the environment of the operating theatre. In these 
patients, the systemic arterial and venous cannulae are introduced percutaneously 
under local anaesthesia or the patient undergoes a short analgo-sedation as full 
sedation may be too high risk. As a general principal, contralateral femoral arterial 
and venous cannulation should be encouraged, as the venous stasis and possible 
limb oedema caused by the venous cannula may intensify any ipsilateral arterial 
cannula related compromised distal limb perfusion [15].

2.3 Expectant monitoring of limb

2.3.1 Continuous monitoring

Continuous diligent monitoring of the limb for any signs of ischemia is a key to 
allow for timely and appropriate intervention. One elegant and inexpensive method 
of continuous monitoring is placing an additional pulse-oximetry probe on the 
toes of the cannulated limb. Its reading and waveform can be compared with the 
probe placed on the normal limb. However, hypothermia and non-pulsatile flow 
may not offer reliable pulse-oximetry reading. Near infra-red spectroscopy (NIRS), 
routinely used and established in transcranial cerebral oximetry can be helpful 
in such cases and is an alternative method for continuous monitoring. It involves 
application of sensor pads on the legs that detects regional oxygen saturation (rSO2) 
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continuously, representing adequacy of tissue oxygenation. It should be applied 
as soon as ECLS is started. The rSO2 of the cannulated limb is compared with that 
of the opposite limb as well as with the baseline rSO2 providing live evidence of 
a drop in limb perfusion (Figure 3). A reduction in rSO2 values in the cannulated 
limb to less than 40 or more than 25% from baseline suggest inadequate limb 
perfusion and mandates urgent intervention [30, 31]. Technical glitches, however, 
like improper sensor pads attachments should be addressed before attempting to 
improve distal limb perfusion. Dong and colleagues utilised the NIRS successfully 
in a group of ECLS patients to detect and successfully treat limb ischemia with DPC 
in all patients having NIRS whereas 13.9% of the cohort not monitored required a 
fasciotomy [31]. Indeed, NIRS may reliably detect limb ischemia before it becomes 
clinically evident [31, 32]. Lamb et al. suggest continuous monitoring of limb utilis-
ing NIRS and evaluation of pedal doppler signals in case of a drop in baseline NIRS 
values to ensure adequate distal limb perfusion [33]. If available, we suggest that 
NIRS should be part of the protocol for peripheral ECLS.

In presence of DPC, continuous monitoring of its trans-canullar flow is the gold 
standard in monitoring distal limb perfusion (Figure 4). The DPC flow is depen-
dent on a variety of factors, namely total ECLS flow, mean arterial pressure and sys-
temic and peripheral vascular resistance, and possible thrombo-embolic occlusion 
in the DPC or distal artery. Therefore, any drop in the DPC flow must be correlated 
with these factors before any intervention. A drop in the DPC flow should also be 
cross-checked with the clinical signs of limb ischemia and drop in NIRS rSO2. An 
hourly record of the DPC flow along with other ECLS parameters should be main-
tained and perfusionists should be alerted if there is a significant change. Cannula 
or connecting line bending, thrombosis and dislocation are common non patient 
related reasons for decreased DPC flow. Both antegrade and retrograde blood flow 
should be checked by clamps on either side of DPC side-port [10]. In the absence of 
a side-port, the DPC may have to be disconnected to assess for backflow through the 
cannula and appropriate flow in the proximal line. Thrombosis in the DPC is usually 
accompanied by embolization into the distal femoral artery and mandates embo-
lectomy and DPC replacement. Only in the minority of cases it can be addressed by 
aspiration of the thrombotic material.

2.3.2 Hourly monitoring

Despite continuous monitoring of limb perfusion by means of NIRS and DPC flow, 
hourly inspection for skin colour change, palpation for temperature, capillary return 
at toe tips, calf palpation and calf girth measurement for compartment syndrome is 
of paramount importance. Pedal pulses should be checked in the dorsalis pedis and 

Figure 3. 
NIRS continuous monitoring.



178

Advances in Extracorporeal Membrane Oxygenation - Volume 3

posterior tibial artery and when not palpable a hand-held ultrasound Doppler should 
be utilised to confirm the flow. The flow may be graded for documentation as palpable- 
strong pulsatile, palpable- weak pulsatile, doppler- pulsatile, doppler- continuous flow 
and absent flow. Hourly recording of continuously monitored variables namely DPC 
flow, NIRS rSO2 are necessary to establish trends and detect limb ischemia before it is 
clinically apparent. Numbers and signs that may be missed during continuous monitor-
ing can be caught in a vigilant hourly survey. Ischemia in toes is seen not uncommon, 
even in the presence of well-maintained DPC flow due to peripheral micro thrombo-
embolization and/or vasospasm due to peripheral shut down or high dose vasopressors.

2.4 Early detection of limb ischemia

Early detection of inadequate limb perfusion allows for immediate intervention 
to avoid its catastrophic consequences. In absence of the DPC, continuous NIRS 
monitoring supplemented by an hourly survey by means of clinical examination 
and Doppler ultrasound flow check in the distal arteries is usually adequate to detect 
limb ischemia at an early stage. NIRS rSO2, clinical signs and ultrasound Doppler 
flow in the cannulated limb should be compared with opposite limb, not to confuse 
ischemia with peripheral shut down and peripheral vasospasm. In patients with a 
prophylactic or therapeutic introduction of DPC, it is important to remember that 
the DPC does not guarantee adequate perfusion. Thus, continuous measurement of 
DPC flow, maintenance of adequate anticoagulation and monitoring of actual limb 
perfusion remains essential. Awake non-intubated, non-sedated patients supported 
on ECLS may complain of pain, tingling- numbness or stiffness with the onset of 
limb ischemia. An increase in lactate levels without an attributable source and acute 
kidney failure may be signs of subclinical rhabdomyolysis and should immediately 

Figure 4. 
Continuous DPC flow monitoring.
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raise suspicion of ischemia. Finally, signs of ischemia may be seen only in the toes, 
even with a good DPC flow due to peripheral embolization through DPC.

2.5 Explantation

ECLS is a lifesaver for patients with compromised cardiopulmonary function; 
however, it may instigate life-threatening complications and the incidence of 
complications increases with increase in duration of the ECLS. Yoe et al. found the 
duration of ECLS more than 7 days is a factor associated with the development of 
limb ischemia [23]. Therefore, weaning of ECLS should begin with recovery of vital 
organ function with the aim of its explantation as soon as possible. Extra caution is 
mandated during weaning of patients with the DPC, as the decrease in total ECLS 
flow decreases DPC flow that may lead to inadequate limb perfusion as well as 
thrombosis of the DPC. In this situation, the DPC flow should be maintained around 
at least 300 ml/min by applying a gate clamp on the retrograde arterial cannula. 
Explantation of ECLS at the end of successful weaning should be performed as an 
elective case in the operation theatre. The vessels are exposed and controlled with 
slings before removal of cannulas. Embolectomy is attempted multiple times with 
balloon tip catheters till satisfactory retro and antegrade blood flow is achieved. The 
artery is then repaired with or without a patch or an interposition graft to main-
tain its original calibre without flow limitation. The limb is monitored for at least 
48 hours following ECLS explantation for any signs of residual or fresh ischemia.

3. Treatment of limb ischemia

Traditionally, 6 hours are recommended as a golden period for intervention in 
limb ischemia. In a series analysing limb ischemia in ECLS patients an additional 
retrograde reperfusion within 6 hours of onset of symptoms avoided amputations 
completely, whereas the same procedure after that period was burdened with a 20% 
amputation rate or permanent neurological deficit [34]. Therefore, every attempt 
should be made to re-establish adequate blood supply in the ischemic limb as soon 
as possible to avoid catastrophic consequences and residual damage (Table 2).

3.1 Therapeutic insertion of distal perfusion cannula

Limb ischemia due to inadequate flow in the distal artery detected at early 
stage ideally should be treated with the introduction of the DPC if not placed at 
ECLS implantation. Apart from conscious avoidance, reasons for not introducing 

Management of established limb ischemia

Introduce distal perfusion cannula (DPC)- cut down

Percutaneous DPC- Check position with fluoroscopy

Continuous Epoprostenol in DPC

Thrombo-embolectomy

Change of cannulation site

Decompression compartment fasciotomy

Amputation

Table 2. 
Management of limb ischemia.
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posterior tibial artery and when not palpable a hand-held ultrasound Doppler should 
be utilised to confirm the flow. The flow may be graded for documentation as palpable- 
strong pulsatile, palpable- weak pulsatile, doppler- pulsatile, doppler- continuous flow 
and absent flow. Hourly recording of continuously monitored variables namely DPC 
flow, NIRS rSO2 are necessary to establish trends and detect limb ischemia before it is 
clinically apparent. Numbers and signs that may be missed during continuous monitor-
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Figure 4. 
Continuous DPC flow monitoring.
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raise suspicion of ischemia. Finally, signs of ischemia may be seen only in the toes, 
even with a good DPC flow due to peripheral embolization through DPC.
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Explantation of ECLS at the end of successful weaning should be performed as an 
elective case in the operation theatre. The vessels are exposed and controlled with 
slings before removal of cannulas. Embolectomy is attempted multiple times with 
balloon tip catheters till satisfactory retro and antegrade blood flow is achieved. The 
artery is then repaired with or without a patch or an interposition graft to main-
tain its original calibre without flow limitation. The limb is monitored for at least 
48 hours following ECLS explantation for any signs of residual or fresh ischemia.

3. Treatment of limb ischemia

Traditionally, 6 hours are recommended as a golden period for intervention in 
limb ischemia. In a series analysing limb ischemia in ECLS patients an additional 
retrograde reperfusion within 6 hours of onset of symptoms avoided amputations 
completely, whereas the same procedure after that period was burdened with a 20% 
amputation rate or permanent neurological deficit [34]. Therefore, every attempt 
should be made to re-establish adequate blood supply in the ischemic limb as soon 
as possible to avoid catastrophic consequences and residual damage (Table 2).

3.1 Therapeutic insertion of distal perfusion cannula

Limb ischemia due to inadequate flow in the distal artery detected at early 
stage ideally should be treated with the introduction of the DPC if not placed at 
ECLS implantation. Apart from conscious avoidance, reasons for not introducing 

Management of established limb ischemia

Introduce distal perfusion cannula (DPC)- cut down

Percutaneous DPC- Check position with fluoroscopy

Continuous Epoprostenol in DPC

Thrombo-embolectomy

Change of cannulation site

Decompression compartment fasciotomy

Amputation

Table 2. 
Management of limb ischemia.
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prophylactic DPC are among others: failed percutaneous insertion, atherosclerotic 
plaque palpated in open cut-down and need to return to the intensive care unit for 
patient stabilisation. In a metanalysis reviewing 22 retrospective studies comparing 
peripheral ECLS with or without DPC, the presence of a DPC was associated with at 
least a 15.7% absolute reduction in the incidence of limb ischemia; although without 
any impact on the patient survival [35].

Several cannulas from an introducer sheath up to a paediatric arterial cannula 
are recommended in the literature for this purpose. An ideal is the one that is resis-
tant to bending and thrombosis and offering a least resistance to flow. We found 
the incidences of limb ischemia and limb ischemia requiring surgical intervention 
were significantly higher for the introducer sheath compared with the 10–12F Bio-
Medicus® paediatric seldinger cannula utilised for distal limb perfusion (30.6 vs. 
15.6% and 15.4 vs. 6.25%, respectively) [11].

To introduce the DPC percutaneously, the superficial femoral artery may be 
visualised distal to the systemic cannula via Ultrasound. If this is not possible, a 
cut-down insertion should be performed. If introduced bedside, especially percuta-
neously, the position of the DPC should be confirmed via x-ray.

3.2 Continuous infusion of anticoagulants and vasodilator drugs

Any ECLS circuit exposes blood to non-biological surfaces and is in itself throm-
bogenic. Therefore, adequate anticoagulation, usually achieved by continuous 
intravenous delivery of unfractionated heparin is essential to prevent complications 
such as thrombus formation and clotting of the circuit and stroke, limb and bowel 
ischemia. Conventionally heparin is delivered via a central venous catheter. As the 
small arteries of the distal limb are specifically at risk of micro-thrombotic clotting 
complications a targeted delivery of anticoagulants may offer a strategy to prevent 
distal ischemia. Continuous heparin delivery in the ECLS circuit before oxygenator 
at beginning of ECLS should be considered in any institutional protocol.

Due to the discrepancy in size of the aorta and distal superficial femoral artery 
as well as resistance between the systemic cannula and the DPC, there is a signifi-
cant discrepancy in the flow rate between them, sometimes resulting in very little 
or almost no flow through the for DPC. In these cases, a gate clamp on the systemic 
arm can be helpful; however, it may cause flow turbulence, is potentially thrombo-
genic and increases driving pressure in the system.

Alternatively, and already mentioned above, Epoprostenol, a potent vasodila-
tor, which is established in the treatment of peripheral vascular disease, can be 
delivered directly into the limb via DPC side-port in order to induce peripheral 
vasodilatation and increase perfusion. Some paediatric aortic cannulas have a side-
port that can be readily used for this purpose [10]. Otherwise, a 3/8–3/8″ connector 
with a side-port can be inserted into the arm feeding the DPC. In some patients this 
may result in an increased requirement of vasopressors to maintain central arterial 
pressure. As a word of caution, selective infusion of vasodilators may also result 
in hyper-perfusion and clinically relevant oedema, especially in presence of an 
ipsilateral venous cannula.

3.3 Change of cannulation site

Peripheral access for ECLS seek mainly due to urgency or bedside scenario is 
converted to central access once patient is stabilised or develops complication due 
to peripheral cannulation. One of the strategies in suspected or established limb 
involves shifting the arterial cannulation site followed by embolectomy and, if neces-
sary, repair of the vessel. In many cases this may be the ascending aorta, as this offers 
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certain advantages such as oxygenated blood supply to coronaries and avoidance 
of any watershed phenomenon, even in patients with compromised lung function. 
Also, the opposite superficial femoral artery or axillary artery may be utilised if the 
treating physician wants to avoid sternotomy or cannulation of the aorta is difficult. 
In patients with acceptable lung function and compromised cardiac function, ECLS 
can be converted into a uni- or bi-ventricular short-term ventricular assist device 
at this time avoiding the further use of the oxygenator and thus allowing for a less 
stringent anticoagulation regime and easier mobilisation of the patient.

3.4 Management of advanced limb ischemia

Fasciotomy is a decompression manoeuvre performed on the limb with acute com-
partment syndrome, a surgical emergency. Release of pressure allows reperfusion of the 
ischemic muscles potentially avoiding amputation. A recent metanalysis consisting 1886 
patients found 10% incidence of compartment syndrome requiring fasciotomy [13]. 

ECLS Implanta�on

Limb ischemia
Early interven�on
Introduce DPC
Change cannula�on site
Bridge to substan�ve therapy

Open cut-down cannul.
Opera�on theatre

Percutaneous cannul.
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loca�on of DPC �p
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Young age
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Avoid DPC
Small systemic cannula
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Hourly survey: Ischemia signs, 
doppler flow check in distal arteries

Figure 5. 
Protocol for management of limb ischemia.
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In patients with acceptable lung function and compromised cardiac function, ECLS 
can be converted into a uni- or bi-ventricular short-term ventricular assist device 
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 Several authors confirm that the procedure is effective provided it is performed as 
soon as the diagnosis of compartment syndrome is established. It can be performed 
bedside under local anaesthesia [36, 37]. Four chamber fasciotomies essentially involve 
decompression of anterior and posterior compartment of the thigh and anterolateral 
and posteromedial compartments of lower leg. Primary closure of these wounds can be 
performed following explantation of ECLS and decrease of limb swelling.

A last and unfortunate resort in the management of advanced limb ischemia to save 
a life is to give up a limb. Irreversible ischemic damage to skin and muscles causes rhab-
domyolysis, acute kidney injury, and metabolic acidosis. In such cases, amputation of 
the limb remains the only option to save the patient’s life. Contemporary retrospective 
observational studies report incidence of lower limb amputation in patients supported 
with ECLS between 1 to 10% [11, 13, 15, 20, 21, 38]. However, some prospective studies 
with utilisation of newer technology and ideas such as NIRS for early detection of isch-
emia and distal arterial pressure based or pre-emptive introduction of DPC reported 
no amputations [23, 24, 31]. However, apart from the obvious benefit of these newer 
techniques, patients in studies focusing on limb ischemia may have received significant 
additional attention and care to prevent and treat limb ischemia at early stage. This in 
itself may have had a profound effect, further corroborating that early detection of 
limb ischemia with expectant monitoring and protocol-based prompt intervention 
may avoid its catastrophic consequences (Figure 5).

4. Conclusions

Care of the cannulated limb with maintenance of adequate perfusion to avoid isch-
emia is as important as the preservation of vital organ function. Limb ischemia plays 
a seminal role in the fate of a patient supported on ECLS. Vascular complications, 
particularly limb ischemia negatively affect survival in patients on ECLS. Expectant 
continuous monitoring utilising NIRS, if used, a flow monitored distal perfusion 
cannula and hourly surveys of flow in distal arteries and signs of ischemia are key in 
timely detection of limb ischemia. A prophylactic distal perfusion cannula should 
always be used in patients with risk factors for development of limb ischemia and can 
most likely be avoided in others if a small calibre systemic cannula is used. Acceptance 
of lower ECLS flow, maintenance of pulsatility and avoidance of vasopressors are 
additional important elements. Prompt intervention to re-establish adequate blood 
supply after suspicion of limb ischemia is essential to avoid its catastrophic conse-
quences. The safest method of prophylactic or therapeutic introduction of a distal 
perfusion cannula remains the open cut-down and exposure. Percutaneously inserted 
distal perfusion cannulas should be checked for their position by fluoroscopy. Also, 
change of cannulation site and bridging ECLS to a substantive therapy should be 
part of any strategy for patients on ECLS. If properly integrated into an institutional 
protocol and adhered to, these strategies allow for successful treatment of patients in 
need of extracorporeal life support with low complication and high success rates.
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in Solid Organ Transplantation
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Abstract

Normothermic regional perfusion (NRP) is used to restore the flow of oxygen-
ated blood following cardiac arrest and reverse warm ischemic injury in donation 
after circulatory death (DCD) organ transplantation. The use of NRP in this setting 
has typically been limited to the abdominal cavity, though its use has recently been 
expanded to chest to help recover DCD hearts, as well. This chapter evaluates the 
principles behind the use of NRP in DCD organ transplantation as well as not only 
technical but also ethical and legal aspects associated with its application and the 
clinical results that have been achieved to date when it has been used to recover 
various solid organs through the DCD process.

Keywords: controlled donation after circulatory death, kidney transplantation,  
liver transplantation, uncontrolled donation after circulatory death, warm ischemia

1. Introduction

Donation after circulatory death (DCD) donors, which are declared dead 
following cardiorespiratory arrest, are an increasingly more common source of 
organs for transplantation. They may be classified among four categories depend-
ing on events and conditions surrounding arrest: category I, dead on arrival (no 
attempt at resuscitation); category II, sudden cardiac arrest followed by unsuc-
cessful resuscitation; category III, arrest following intentional withdrawal of 
life support in ventilated patient not meeting brain death criteria; and category 
IV, cardiac arrest while brain dead. Categories 1, 2 and 4 are classified as uncon-
trolled DCD (uDCD) and category 3 as controlled DCD (cDCD) [1]. In practice, 
category III cDCD and, to a lesser extent, category II uDCD donors comprise 
essentially all DCD donors that are used for transplantation globally. The period 
of warm ischemia surrounding arrest, however, provokes organ injury, and DCD 
in general yields fewer organs per donor and ones of inferior quality when com-
pared with donation after brain death (DBD) [2]. For this reason, there has been 
increasing interest in forgoing rapid cold preservation and recovery following the 
declaration of death (still the “gold standard” for DCD organ recovery in most 
transplant centers) and instead using normothermic regional perfusion (NRP) 
to temporarily restore oxygenated blood flow the abdominal and more recently 
thoracic organs prior to recovery.
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2.  Principles behind the use of normothermic regional perfusion in 
donation after circulatory death

During warm ischemia, ATP degradation leads to the progressive accumulation 
of xanthine and hypoxanthine, important sources of superoxide radical at organ 
reperfusion [3]. A period of post-ischemic NRP in DCD donors is useful to restore 
cellular energy substrates [4], reduce levels of nucleotide degradation products [5], 
improve the concentrations of endogenous antioxidants [6], and even stimulate 
processes of cellular repair prior to graft recovery [7] (Figure 1). An experimental 
study demonstrates that by blocking the A2 receptors of adenosine, the beneficial 
effects of NRP are abolished, indicating that NRP mediates its effect, at least in 
part, through adenosine as a form of ischemic preconditioning [8]. Post-ischemic 
NRP may also be useful to reduce the vasoconstrictive effects of cold graft washout 
with the static cold storage solution [9] and offers an opportunity to assess organ 
viability prior to recovery [10, 11].

3.  Techniques for establishing normothermic regional perfusion in 
donation after circulatory death

While NRP relies on extracorporeal membrane oxygenation (ECMO) technol-
ogy, its clinical application is, in general, less complex than that of therapeutic 
ECMO. A venous cannula is placed to derive blood from the donor inferior vena 
cava or right atrium, which is then pumped through a membrane oxygenator and a 
heat exchanger before returning to the donor arterial bed (aorta or iliac or femoral 
artery). An in-line reservoir may be included in the circuit, as well, to allow for 
replacement of volume prior to circuit failure in the event of volume loss or inad-
equate venous return due to severe vasoplegia (particularly relevant in the setting 

Figure 1. 
During ischemia, the concentrations of adenine nucleotides (ATP, ADP, AMP) and nucleosides (adenosine, 
inosine) progressively decline. Also, the concentrations of nucleotide breakdown products (xanthine, 
hypoxanthine) increase, thereby leading to the production of oxygen free radicals upon reperfusion. 
Normothermic regional perfusion is capable of reversing these processes and increases the concentrations of 
endogenous antioxidants, effectively recharging and reconditioning organs in the abdomen and chest prior to 
recovery for transplantation.
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of uDCD). The precise positioning of occlusion balloon catheters or clamps used to 
exclude other vascular beds is what determines whether NRP is either thoracoab-
dominal or abdominal only.

3.1 Abdominal normothermic regional perfusion

In uDCD, cannulation for the establishment of abdominal NRP is performed 
post-mortem after death is declared, typically in the emergency department. In 
cDCD, in contrast, cannulation for abdominal NRP may be performed either prior 
to the withdrawal of life support (pre-mortem) or following the declaration of 
death. Pre-mortem cannulation may be performed either percutaneously or via fem-
oral cut-down in a variety of settings (intensive care unit, radiology suite, operating 
room). Post-mortem cannulation, on the other hand, is most often done in open 
abdomen in the operating room, though some centers have used femoral artery and 
vein catheters or guidewires placed prior to withdrawal of care to access and thereby 
cannulate the femoral vasculature following the declaration of death [12].

For uDCD donors and cDCD donors with pre-mortem cannulation, a bolus of 
heparin is administered, and cannulation of unilateral femoral vessels is performed 
either via open femoral cutdown and isolation of the femoral artery and vein or 
percutaneously using Seldinger technique [11]. Cannulae are left clamped and 
connected to the tubing of the primed NRP circuit. The contralateral femoral artery 
is also cannulated with an aortic occlusion balloon catheter, which is left deflated 
in the case of cDCD and advanced into the supraceliac aorta under radiographic 
control. Following the withdrawal of life support and the declaration of death in 
cDCD, the aortic occlusion balloon is inflated, and the abdominal NRP circuit is 
initiated (Figure 2). Proper positioning of the balloon excluding the aortic arch ves-
sels is confirmed by chest radiograph and absence of flow measured in a left radial 
arterial catheter.

For cDCD donors undergoing open post-mortem cannulation, once death has been 
declared, the surgical team performs midline laparotomy to cannulate the abdominal 
aorta immediately proximal to and the infrarenal inferior vena cava immediately 
distal to their respective bifurcations. Cannulae are connected to the tubing of the 
primed NRP circuit, the supraceliac aorta is clamped, and NRP is initiated.

Blood is sampled at baseline and every 30 minutes during abdominal NRP to deter-
mine biochemical, hematological, and acid-base parameters. In general, pump flow is 
maintained >1.7 L/min/m2, temperature 35–37°C, PaO2 100–150 mmHg, and hemo-
globin >7 g/dL. Hepatic transaminases should remain stable throughout NRP; levels 
>3× the upper limit of normal at baseline and/or >4× the upper limit of normal at the 
end of NRP may be considered relative contraindications for recovery of the liver and 
pancreas [10, 11]. In general, NRP is run for a minimum of 1 hour and a maximum 
of 4 hours to allow adequate reconditioning of the abdominal organs and recovery of 
energy substrates without provoking additional end-organ injury [4, 5, 7, 8, 13, 14].

3.2 Thoracoabdominal normothermic regional perfusion

While the circuit for abdominal NRP may be established pre-mortem, cannula-
tion to establish a complete thoracoabdominal NRP circuit is done post-mortem in 
the operating room. After the declaration of death, the chest is entered through a 
midline sternotomy, and the pericardium is opened. A bolus of heparin is injected 
into the heart directly, an arterial cannula is inserted into the distal ascending 
aorta/aortic arch, and a venous cannula is inserted into the right atrium. Cannulae 
are connected to the tubing of the primed NRP circuit, the aortic arch vessels are 
clamped, and NRP is initiated.
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aorta/aortic arch, and a venous cannula is inserted into the right atrium. Cannulae 
are connected to the tubing of the primed NRP circuit, the aortic arch vessels are 
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During thoracoabdominal NRP, pump flow is maintained ≥2.5 L/min/m2, tem-
perature 35°C, and hemoglobin >10 g/dL. Prompt laparotomy is performed to assess 
hepatic and intestinal perfusion and to exclude the lower extremities from the 
perfusion circuit. Once cardiac contractility has been restored, weaning from NRP 
is attempted. If the heart is able to take over circulation, functional assessment is 
performed using transesophageal echocardiography and pulmonary artery flotation 
catheter (Swan-Ganz) monitoring. In general, acceptance criteria for a cDCD heart 
recovered with NRP include central venous pressure ≤12 mmHg, pulmonary capil-
lary wedge pressure ≤12 mmHg, cardiac index ≥2.5 L/min/m2, and left ventricular 
ejection fraction ≥50% [15–17].

4.  Clinical outcomes using normothermic regional perfusion in donation 
after circulatory death

To date, the great majority of human transplants performed using organs 
recovered with NRP have been donor using DCD kidneys and livers. In more recent 
years, the use of DCD pancreata and even hearts recovered with NRP has also been 
reported.

Figure 2. 
Abdominal normothermic regional perfusion. Cannulae are placed in the femoral artery and vein in the groin 
region. A Fogarty balloon catheter is introduced through the contralateral femoral artery and positioned in the 
supraceliac abdominal or thoracic aorta.
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4.1 Kidney transplantation

When compared with other solid organs for transplantation, the kidney is 
relatively resilient and withstands the ischemic insult inherent to the DCD pro-
cess relatively well. Nonetheless, kidneys from DCD donors recovered with NRP 
as opposed to rapid in situ cold preservation or hypothermic perfusion/“total 
body cooling” (TBC) have demonstrated significantly better immediate as well 
as ongoing graft function [18–20]. Reports from different groups in Europe, the 
United States, and Asia have described the use of NRP in both uDCD and cDCD 
kidney transplantation, with rates of delayed graft function (DGF) around 50–70% 
and 30–40%, respectively; negligible (if any) primary non-function (PNF); and 
excellent 1-, 5-, and even 10-year graft survival rates [19–27]. While reported rates 
of DGF may still seem to be high even among DCD kidneys recovered with NRP 
(especially those arising through uDCD), the pathogenesis and, consequentially, 
implications of DGF seem to be less severe than those associated with DGF aris-
ing in the context of DBD kidney transplantation. Ischemic injury appears to be 
implicated to a greater extent in the development of DGF among DCD kidneys, 
whereas, in DBD, alloimmune phenomena prevail [28]. A recent large single-center 
study reported 73% DGF among 237 uDCD kidneys recovered with NRP versus 
46% among a contemporary cohort of matched DBD kidneys, but 10-year graft 
survival rates did not vary at all between the two groups and were excellent in both 
(82 and 80%, respectively). The authors also noted that while donor age >50 years 
was significantly associated with graft loss among uDCD kidneys, the development 
of DGF in the immediate post-transplant period was not [27].

4.2 Liver transplantation

The cells of the liver, in particular those lining the biliary tree, are particularly 
sensitive to warm ischemia, and initial experiences with DCD liver transplantation 
described high rates of graft dysfunction and non-function and non-anastomotic bili-
ary strictures/ischemic type biliary lesions (ITBL) in up to 50% of cases [29]. While 
complication rates have improved with experience, the rate of post-transplant ITBL 
remains higher among recipients of DCD versus DBD grafts: 16 versus 3%, according 
to two meta-analyses [30, 31]. The clinical relevance of ITBL lies in the fact that up to 
70% of patients with ITBL require re-transplantation or die [32].

After an initial period where different donor maintenance techniques were used, 
including rapid in situ cold preservation, simultaneous chest and abdominal compres-
sions, and TBC, NRP has come to be the “gold standard” and primary means by which 
uDCD livers are recovered for transplantation. Using NRP, even livers with extensive 
pre-recovery warm ischemic periods of up to 2.5 hours have been successfully trans-
planted, with biliary complication and graft survival rates comparable to those seen 
using cDCD livers that have suffer considerably less warm ischemia [10, 11, 33–35].

In spite of its relative success in the setting of uDCD, the application of NRP in 
cDCD liver transplantation remains more limited. The great majority of cDCD livers 
that are transplanted in the world today are still recovered with rapid in situ cold 
preservation, and reports on the use of NRP in cDCD liver transplantation have been, 
until recently, anecdotal [12, 24–26, 36, 37]. In the past year, however, two larger 
multicenter studies have come out describing the benefits that may be achieved with 
post-mortem NRP in cDCD liver transplantation. First, a Spanish national study 
compared the results of 95 cDCD liver transplants performed with post-mortem 
NRP with those of 117 cDCD liver transplants performed with super rapid recovery 
(SRR). Median donor age in the study was relatively high (57 years [25-75% inter-
quartile range, IQR 45–65] NRP, 56 years [25-75% IQR, 47–64] SRR). With a median 
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follow-up of 20 months, the use of post-mortem NRP appeared to significantly 
reduce rates of postoperative biliary complications (overall 8% NRP vs. 31% SRR, 
p < 0.001; ischemic type biliary lesions 2% NRP vs. 13% SRR, p = 0.008) and graft 
loss (12% NRP vs. 24% SRR, p = 0.008) [38]. Similarly, a combined experience from 
centers in Cambridge and Edinburgh in the United Kingdom compared the results of 
43 cDCD liver transplants performed with post-mortem NRP with those of a con-
temporary cohort of 187 cDCD liver transplants performed with SRR. Median donor 
age was less for cDCD livers with NRP versus those with SRR: 41 years (25-75% IQR 
33–57) vs. 54 years (25-75% IQR 38–63), respectively. Reported rates of anastomotic 
biliary strictures were 7% NRP vs. 27% SRR (p = 0.004), ITBL 0 NRP vs. 27% SRR 
(p < 0.001), and 90-day graft loss 2% NRP vs. 10% SRR (p = 0.102) [39].

4.3 Pancreas transplantation

The Michigan Group described one cDCD pancreas transplant in which the 
donor was maintained with NRP, though the outcome of the graft was not men-
tioned [24]. In another multicenter report from the United Kingdom, two SPK were 
described (again, outcomes not mentioned), and two more pancreata were sent for 
isolation of islets, one with good yield [25]. In Spain, where NRP is now routinely 
used to recover abdominal organs when cDCD liver and/or pancreas transplantation 
is contemplated, a total of five cDCD pancreas transplants were performed between 
2015 and 2017, and all these grafts remain functional at the time of this writing [40].

4.4 Heart transplantation

The application of thoracoabdominal NRP has been described in clinical 
series on cDCD heart transplantation; however, no report has been published to 
date describing the transplantation of the lungs from these same cDCD donors. 
(Transplantation of DCD lungs recovered with “dual temperature” in situ cold 
flushing in the chest with abdominal NRP running simultaneously, on the other 
hand, has been described and is performed routinely in some settings.) The fact 
remains that DCD donor lungs tolerate warm ischemia and the process of DCD 
donation and recovery relatively well, and post-DCD lung transplantation outcomes 
without NRP appear to be comparable to those of DBD lung transplantation [41].

The cDCD heart, on the other hand, is more susceptible to warm ischemic 
injury, and cDCD hearts recovered and transplanted after in situ cold preserva-
tion followed by static ex situ cold storage can offer suboptimal outcomes. A 
recent report on pediatric cDCD heart transplantation describes 61% 1-year graft 
survival as opposed to 91% for DBD hearts of similar baseline characteristics [42]. 
Performing thoracic NRP, on the other hand, allows for restoration of contractile 
function and performance of a standard functional assessment in ischemically 
injured cDCD cardiac allografts prior to recovery. Clinical application of thoracoab-
dominal NRP in cDCD heart transplantation has been described by the Papworth 
Hospital Group from the United Kingdom. In combination with subsequent ex situ 
normothermic machine perfusion (NMP), the use of thoracoabdominal NRP has 
allowed 100% utilization of organs subsequently undergoing NMP and lower early 
allograft dysfunction versus cDCD hearts undergoing NMP only (8% vs. 17%, 
respectively) [16, 17]. Thoracoabdominal NRP followed by static cold storage has 
even been used to successfully transplant a cDCD heart procured at the same center 
[17]. If broader application of this last strategy is shown to be just as efficacious, 
it has the potential to significantly reduce the costs associated with cDCD heart 
transplantation by obviating the need for ex situ NMP, which is a very expensive 
modality costing approximately $45,000 for each heart perfusion unit.
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5.  Ethical and legal concerns surrounding the use of normothermic 
regional perfusion in donation after circulatory death

There are some ethical concerns surrounding the use of NRP in donation after 
circulatory death, and laws vary from one country to another regarding whether or 
not NRP may be applied in DCD and, if so, how and when.

5.1 Uncontrolled donation after circulatory death

In uDCD, cardiac arrest is sudden and unexpected, and death is declared based 
on the irreversible loss of cardio-respiratory function (demonstrated after pro-
longed efforts to reverse it have failed). Death is usually declared in the emergency 
room by a team entirely independent of that responsible for organ recovery and 
preservation. More often than not, potential uDCD donors are declared dead prior 
to the arrival of next-of-kin. Based on a consequentialist ethical standpoint and the 
principles of utility and donor autonomy, certain countries, including Spain and 
France, allow cannulation maneuvers to commence in this setting, even in cases 
where first-person consent may not have yet been obtained [43, 44]. The will of 
the patient regarding donation is always subsequently investigated in the context 
a family interview, where information regarding the circumstances of the arrest, 
the outcome of resuscitation maneuvers, and the measures taken related to the 
donation process is relayed. Next-of-kin then decide, taking into consideration the 
potential donor’s wishes, whether to proceed with donation or abort the process.

It should be clear that NRP is organ maintenance and not therapy. While the 
technology employed is similar, terms such as “extracorporeal membrane oxygen-
ation/ECMO” and “extracorporeal life support/ECLS” should not be used in relation 
to organ donation. Such terminology is confusing, especially considering the fact 
that it is used to describe therapeutic maneuvers that may be used to recover patients 
suffering sudden cardiac arrest more commonly occurring inside the hospital itself.

5.2 Controlled donation after circulatory death

In cDCD, the usual stand-down period of 2–5 min of asystole that is used to declare 
death does not necessarily reflect an irreversible loss of cardiac function, evidenced 
by the fact that cDCD hearts have been recovered and successfully transplanted [17, 
45]. The “irreversibility” of death in cDCD is therefore predicated on the concept of 
permanence—the fact that loss of cardiac function will eventually become irreversible 
because it will not be reversed (and eventually lead to the loss of all brain and brain 
stem functions, as well). As it re-establishes circulation to some parts of the body, 
however, the use of NRP in this context remains controversial. At the least, clear and 
effective measures need to be put in place to ensure that cerebral reperfusion does not 
occur when NRP is established. Through the use of NRP, circulation is only restored to a 
limited region of the body, and a critical aspect of NRP in cDCD is ensuring lack of flow 
to the aortic arch vessels, thereby maintaining the permanence of circulatory arrest 
in the brain and brainstem. With pre-mortem cannulation, positioning of the aortic 
occlusion balloon in the supradiaphragmatic aorta distal to the left subclavian artery 
is confirmed radiographically prior to withdrawal of care. As additional measure, the 
aortic occlusion balloon may be briefly inflated for a few seconds prior to ventilatory 
withdrawal, in order to ensure disappearance of femoral arterial pressure and simul-
taneous maintenance of a normal pressure waveform in the left radial arterial line. In 
doing so, the minimum filling volume needed to entirely blocks the supradiaphragmatic 
aorta may be recorded [46]. Once NRP is initiated, adequate occlusion is confirmed 
through the use of a left radial artery catheter demonstrating absence of flow.
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The timing of when cannulation for abdominal NRP may be performed in 
potential cDCD donors varies by country. In certain countries, such as Spain and the 
United States, pre-withdrawal heparinization and cannulation are permitted  
[24, 43]. In the United Kingdom, on the other hand, a potential cDCD donor may only 
be cannulated once death has been declared [25]. Pre-mortem cannulation is advanta-
geous in that it is performed in a less stressful and more orderly fashion, and regional 
perfusion may be commenced immediately after the death declaration, thereby limit-
ing the length of warm ischemia suffered. Ideally, pre-mortem cannulation should be 
performed in the least invasive manner possible (e.g., percutaneously).

6. Summary and future directions

Table 1 summarizes the current state of NRP in the various fields of clinical DCD 
organ transplantation. The application of post-mortem NRP appears particularly rele-
vant and advantageous in DCD kidney, liver, and heart transplantation, and the future 
will tell if it can have impact the fields of DCD pancreas and lung transplantation, as 
well. Some ethical concerns remain surrounding its use, primarily in the context of 
cDCD, and clear and effective steps need to always be taken to ensure lack of reperfu-
sion of the brain and brainstem once NRP has been initiated. Through these measures 
and continued dialog with both intensive care as well as extra- and intrahospitalary 
emergency medical professionals, the hope is that the use of NRP and, thereby, DCD 
organ transplantation in general may be expanded to offer more organs and ones of 
better quality to a greater number of patients with end-stage organ disease.
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Kidney Lower rates of immediate post-transplantation delayed graft function and 
primary non-function and improved ongoing graft function among both 
uDCD and cDCD allograft recipients.

Liver Lower rates of post-transplantation biliary complications, including ischemic 
type biliary lesions, and less graft loss among cDCD livers; considered 
essential for the evaluation and recovery of uDCD livers

Pancreas Feasible, though more experience is required to determine its true impact

Lung No reports to date

Heart Less early allograft dysfunction; allows for in situ functional assessment that 
can not only help avoid subsequent costly and potentially unsuccessful ex situ 
normothermic machine perfusion functional assessment but perhaps even 
the use of NMP altogether

Table 1. 
Clinical results observed to date with application of normothermic regional perfusion in donation after 
circulatory death organ transplantation.
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Chapter 13

Neurologic Complications and 
Neuromonitoring on ECMO
Venessa Lynn Pinto

Abstract

Extracorporeal membrane oxygenation is challenged by several potential 
complications. Adverse neurologic events such as intracranial hemorrhages, strokes, 
seizures, and brain death are among the most detrimental and even catastrophic 
of ECMO complications. There are several risk factors related to the patients, their 
underlying conditions and the therapy itself that predispose these patients to neu-
rologic injuries. In this chapter, we review different types of neurological complica-
tions, the identification and management of which can be difficult. We will also 
discuss some of the currently available technologies for multimodal neurological 
monitoring as a complement to clinical exam.

Keywords: stroke, hemorrhage, MRI, neuromonitoring, neuroimaging, ECMO

1. Introduction

ECMO is a cardiopulmonary bypass circuit to support patients in severe cardiac 
and/or respiratory failure. It is an advanced life support therapy for patients at high 
risk of dying from their respiratory or cardiac disease. Extracorporeal life support, 
while life-saving in many instances, can pose serious risks and is associated with 
several neurologic complications. In this chapter, we will review some of the more 
common neurologic adverse events seen in patients on extracorporeal membrane 
oxygenation (ECMO), as well as review some of the neuromonitoring modalities 
available for early recognition of neurologic morbidity. Based on a recent report 
from the Extracorporeal Life Support Organization (ELSO), the current survival 
to discharge after ECMO ranges from 28% for adult ECPR patients to 73% for 
neonatal respiratory ECMO [1]. As survival after ECMO improves with advances in 
technologies and patient care, there is ever increasing emphasis placed on reducing 
morbidity experience by survivors.

Majority of the literature on neurologic injuries come from analyses of the ELSO 
Registry and single center experiences. The ELSO registry currently collects limited 
information on presence of seizures (clinical or EEG confirmed), central nervous 
system (CNS) hemorrhages (intraventricular or parenchymal) as determined by 
ultrasound (US), Computed tomography (CT) or Magnetic Resonance Imaging 
(MRI); diffuse ischemia or CNS infarction; need for neurosurgical intervention, 
and brain death on ECMO [2]. In spite of advances in ECMO circuitry, anticoagula-
tion, and clinical management, the rate of occurrence of neurologic injury has not 
changed in recent times [3].

ECMO was first trialed on a neonate and the success with that patient gradu-
ally spread its popularity among the neonatal and eventually pediatric patient 
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populations [4]. The H1N1 influenza pandemic in 2009 is primarily credited for the 
adoption of ECMO in many adult centers and its use in adults has grown exponen-
tially since. While most of the early data came from neonates, more recent studies 
on neurologic injuries in adults are informing care of the ECMO patient. As ECMO 
is becoming more ubiquitously used, this chapter discusses neurologic complica-
tions noted across the age spectrum. However risk factors, types of complications 
and management often vary by patient population, from neonates to adults. Effort 
has been made to specify if certain descriptions are only applicable to a certain age 
group, and information may not be relevant for all ages.

2. Epidemiology

Quantification of the burden of neurologic complications has been difficult due 
to voluntary and retrospective nature of reporting, variability and lack of consensus 
on neuromonitoring and heterogeneous populations.

An ELSO registry analysis of neonates on ECMO from 2005 to 2010 showed that 
20% had some neurologic complications [5]. Non hemorrhagic complications such 
as cerebral infarction, brain death and seizures were far less common than intracra-
nial hemorrhage. A look at the subgroup of neonates with congenital heart disease 
failed to show an association between type of cardiac lesion and CNS injury [6]. 
The pediatric patient population is more heterogeneous than the neonatal group. A 
study by Hervey-Jumper et al. looked at children on ECMO from 1990 to 2009 and 
found that intracranial hemorrhage occurred in 7.4%, cerebral infarction in 5.7% 
and clinical seizures in 8.4% of all patients [7].

A systematic review of studies from 1990 to 2017 found that intracranial hemor-
rhage was the most common type of neurologic injury in adults, followed by acute 
ischemic stroke [8]. Incidence reported varies widely with a range of 2–21% for intra-
cranial hemorrhage and 1–33% for acute ischemic stroke, with a median proportion 
of 5% of patients experiencing hemorrhages and another 5% with stroke. Seizures 
had the lowest incidence of about 2%. The study did find that neurologic injury was 
overall more commonly reported in VA ECMO than VV ECMO. The occurrence of 
neurologic injury significantly increases the in-hospital mortality with median mor-
tality of 96% for hemorrhages, 84% for ischemic strokes 84, and 40% for seizures.

An analysis of the ELSO registry of almost 5000 adult patients on VV ECMO 
found an overall incidence of neurologic complications in 7.1% of patients [3]. Injuries 
included hemorrhage in 42.5%, brain death in 23.5%, stroke in 19.9%, and seizures in 
14.1%. This study also found that in-hospital mortality was much higher (75.8% versus 
37.8%) for patients with neurological injuries. An analysis of the ELSO registry for 
adult patients on VA ECMO, by the same group, found similar findings in the venoar-
terial cohort [9]. A decade’s review of the Nationwide Inpatient Sample, that included 
over 23,000 patients, found that adult patients with acute ischemic stroke and intra-
cranial hemorrhage on ECMO had higher rates of discharge to a long term facility and 
longer length of stay when compared to patients without neurologic injury [10].

A recent international randomized controlled trial, comparing ECMO to 
conventional mechanical ventilation for severe ARDS, showed a very low rate of 
ischemic stroke in the ECMO population [11]. Out of 124 patients randomized to 
receive ECMO, none had ischemic strokes compared to 5% of the patients initially 
randomized to conventional therapy, although there was the option of crossover 
to ECMO for refractory ARDS. It is unclear if this is due to a restrictive inclusion 
criteria of less than 7 days of mechanical ventilation combined with less severe 
hypoxemia and acidosis from early ECMO cannulation. However, the rates of 
hemorrhagic stroke were similar in the two groups.
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3. Cerebral blood flow and oxygenation on ECMO

Cerebral autoregulation is the term used to describe the ability of cerebral 
arterioles to maintain steady cerebral blood flow across a wide range of cerebral 
blood pressure. This is achieved through dilation and constriction of cerebral blood  
vessels in response to fluctuations in mean arterial pressure. This is a complex 
process mediated through neurogenic regulation, involving sympathetic and 
cholinergic mechanisms, myogenic regulation involving smooth muscle tone, 
and metabolic regulation influenced by local concentration of metabolites [12]. 
Cerebral autoregulation can become disrupted focally or globally in pathological 
conditions leading to cerebral ischemia, hemorrhage or edema. These condi-
tions associated with ECMO include vasospasm, severe acidosis, low cardiac 
output states, hypotension and hypertension, reperfusion injury and absence of 
pulsatile flow in VA ECMO. Hypercapnia is associated with cerebral vasodilation 
while hypocapnia causes cerebral vasoconstriction. A rapid decline in paCO2 
after initiation of VV ECMO has been associated with central nervous system 
(CNS) injury [13].

A study by O’Brien using transcranial Doppler (TCD) showed that in patients 
that did not have neurologic injury, cerebral blood flow velocities on ECMO were 
much lower than predicted and returned closer to baseline after decannulation. 
However in patients that did have cerebral hemorrhage on ECMO, supranormal 
flows were noted in the days preceding the event [14]. A more recent multicenter 
study by the same author confirmed lower flow velocities on ECMO but did not 
show a difference in flow velocities in children with cerebral ischemia compared to 
those without. No patients in this study had cerebral hemorrhage [15].

Cannulation of cervical vessels relies on a competent Circle of Willis to allow 
for cerebral perfusion of both hemispheres. Occlusion of vessels can cause 
ipsilateral venous stasis and this venous congestion can lead to venous hyper-
tension and decreased cerebral perfusion. Changes in cerebral blood flow rate 
and volume can contribute to altered cerebral oxygenation as demonstrated by 
cerebral oximetry [12]. Impairments in cerebral autoregulation, based on wavelet 
transform coherence, are associated with findings on neuroimaging and neuro-
logic outcomes [16].

4. Risk factors for neurologic injury

These can be divided into factors prior to initiation of ECMO and factors inher-
ent to ECMO therapy [17]. There are also risk factors for neurological injury after 
ECMO such as ligation or anastomosis of cervical blood vessels. Because CNS injury 
is often multifactorial, and lesions are often detected retrospectively on imaging 
after ECMO, the exact timing of injury can be difficult to determine.

4.1 Pre-ECMO

The underlying physiologic conditions that necessitate ECMO cannulation, such 
as labile hemodynamics, severe hypoxemia and acidosis, refractory hypotension, 
etc., leave the patient vulnerable to neurologic insults. These can alter the mecha-
nisms responsible for maintaining cerebral autoregulation and make the vascu-
lature more susceptible to alterations in systemic blood pressure. Prematurity is 
associated with an increase in intraventricular and intracranial hemorrhage and can 
be a contraindication for ECMO cannulation. A prior history of neurologic injury 
puts one at further risk of adverse cerebrovascular events.
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4.2 ECMO-related

Animal models have demonstrated the effects of carotid artery and jugular vein 
cannulation and ligation on cerebral blood flow [18, 19]. Adults with atherosclerosis 
may develop emboli during arterial cannulation. ECMO cannulae and circuits 
expose a patient to prothrombotic surfaces and the foreign materials often incite an 
inflammatory response. Platelets are consumed in the circuit components leading 
to thrombocytopenia, putting a patient at increased risk of bleeding. Maintaining 
patency of the circuits requires the use of anticoagulation, which needs to be closely 
monitored to avoid complications such as bleeding, or thrombosis and embolism. 
Reperfusion injury is another risk factor after adequate oxygenation and blood flow 
delivery have been ensured following a period of severe hypoxemia. VA ECMO 
cannulation for cardiogenic shock is also associated with non-pulsatile flow which is 
not physiologic. Neurologic exams are often limited for patients on ECMO, con-
founded by sedation and limited mobility, which can lead to delayed diagnosis and 
recognition. A precannulation lactate greater than 10 mmol/L was found to be asso-
ciated with increased odds for ischemic strokes in adults [8]. A history of pre ECMO 
cardiac arrest, need for renal replacement therapy and elevated bilirubin levels were 
associated with increased odds of neurologic injury [3]. A study of neonates found 
that birth weight less than 3 kg, gestational age less than 34 weeks, a history of prior 
ECMO cannulation and severe acidosis were risk factors for neurologic injury [5].

4.3 Veno-arterial (VA) versus veno-venous (VV)

VA ECMO carries with it the increased risk of embolization as blood is directly 
pumped into the arterial system, unlike in VV ECMO where the oxygenated blood 
is returned to the venous system where the lungs can filter thrombi. However, a 
study by Zahraa found that there was no difference in central nervous system com-
plications between pediatric respiratory failure patients supported on VA versus VV 
ECMO [20]. Differential hypoxia, where the arterial oxygen tension is lower in the 
upper half of the body than in the lower half, is a phenomenon occasionally seen in 
patients supported on peripheral VA ECMO that causes cerebral ischemia [21]. For 
pediatric patients on VA ECMO, the incidence of stroke was much lower for trans-
thoracic or central cannulation compared to peripheral cannulation [22]. VA ECMO 
is also unique in that poor cardiac function results in absence of pulsatile flow, with 
potential implications for cerebral autoregulation and vascular reactivity.

4.4 Carotid repair

The right carotid artery and internal jugular vein are commonly sacrificed dur-
ing ECMO cannulation. Taylor et al. showed the feasibility of vascular repair with 
antegrade flow, without increasing the incidence of embolic phenomenon [23]. A 
larger, more recent study of neonates on VA ECMO, showed over 84% patency of 
repaired vessels. While 43% of all patients had a severe brain lesion after ECMO, 
there was no difference in early neurologic outcomes between the groups that 
underwent carotid repair versus carotid ligation [24].

4.5 Extracorporeal cardiopulmonary resuscitation (ECPR)

ECPR is the rapid deployment of VA ECMO for a patient in cardiac arrest, with 
ongoing CPR, prior to the return of spontaneous circulation. A systematic review 
of adult ECPR data showed that a shockable rhythm and duration of CPR were 
significantly associated with a favorable neurologic outcome [25]. A study of the 
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ELSO registry looking at pediatric patients that received ECPR found an overall 
incidence of acute neurologic injury in 22% of patients [26]. The in-hospital 
mortality was high for these patients at 89%. An analysis of neonatal and pediatric 
ECPR events from a multicenter, national registry showed that while only 43.7% 
of patients survived to hospital discharge, the majority of survivors had favorable 
neurologic outcomes [27]. Another study comparing survivors of ECPR and those 
with return of circulation after conventional CPR found comparable neurologic 
outcomes between the two groups, with total duration of cardiac arrest being the 
only predictor of survival [28].

5. Types of neurological complications and their management

There is a wide variety of neurological injuries that are noted after ECMO 
including embolic strokes, hypoxic-ischemic encephalopathy, cerebral infarction, 
intracranial and subarachnoid hemorrhages, seizures, cerebral edema and even 
brain death. Other complications, such as critical illness myopathy, neuropathies, 
delirium, hearing loss, vocal cord paralysis etc. are related to prolonged hospitaliza-
tion and ICU stays, need for prolonged mechanical ventilation or tracheostomy, 
prolonged exposure to sedation, and limited mobility that often accompany ECMO 
runs. In this section of the chapter, we will look at some of the more common 
neurologic complications experienced by patients treated with ECMO.

5.1 Hemorrhagic complications

Intracranial hemorrhage (ICH) is one of the most common adverse neurologic 
events on ECMO, carrying a high mortality rate. It can occur as intraparenchymal, 
intraventricular or subarachnoid hemorrhages. Gestational age at time of ECMO can-
nulation, severe acidosis needing correction, sepsis, need for epinephrine, therapeutic 
hypothermia and need for cardiopulmonary resuscitation (CPR) have been associated 
with intracranial hemorrhage in neonates [29–31]. A longer duration of ECMO, higher 
activated clotting times (ACTs), presence of bleeding at other sites, pre-admission 
antithrombotic therapy, and low platelet counts were associated with hemorrhage in 
adults [32, 33]. Rapid PaCO2 decrease/correction of hypercapnia and renal failure 
at ICU admission were associated with increased intracranial hemorrhage in one 
adult study [13]. In order to detect intracranial hemorrhage while on ECMO, cranial 
ultrasounds are used in neonates while CT imaging is used in children and adults. In 
one observational study, 42% of the cohort underwent withdrawal of life sustaining 
therapy, 18% did not require any intervention and 40% were treated. Treatments 
included hemostatic interventions, ICP management and surgical interventions with 
14% of the cohort uneventfully decannulated [34]. Patients that have clinically signifi-
cant bleeds, with progression of brain injury and little to no improvement on ECMO 
ultimately end up with withdrawal of life sustaining therapies due to poor prognosis 
and risk of progression of the bleed. Patients with very small or clinically insignificant 
hemorrhages can continue their ECMO courses with close neurological monitoring, 
decannulation at the earliest feasible time and possibly lowering of anticoagulation 
parameters while balancing thrombotic risks. Platelets and anti-fibrinolytics may need 
to be administered. Occasionally ECMO circuits can be trialed without any anticoagu-
lation keeping a close eye on the circuit for clots and fibrin deposition. Life-threatening 
hemorrhage can be severe enough to warrant a craniotomy [7, 35]. Hematoma evacu-
ation on ECMO is high risk and carries a high mortality although there are reports 
of patients who survived [34]. There is heterogeneity in practice with drugs used for 
anticoagulation (heparin versus bivalirudin), tests to assess for anticoagulation (TEG, 
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at ICU admission were associated with increased intracranial hemorrhage in one 
adult study [13]. In order to detect intracranial hemorrhage while on ECMO, cranial 
ultrasounds are used in neonates while CT imaging is used in children and adults. In 
one observational study, 42% of the cohort underwent withdrawal of life sustaining 
therapy, 18% did not require any intervention and 40% were treated. Treatments 
included hemostatic interventions, ICP management and surgical interventions with 
14% of the cohort uneventfully decannulated [34]. Patients that have clinically signifi-
cant bleeds, with progression of brain injury and little to no improvement on ECMO 
ultimately end up with withdrawal of life sustaining therapies due to poor prognosis 
and risk of progression of the bleed. Patients with very small or clinically insignificant 
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lation keeping a close eye on the circuit for clots and fibrin deposition. Life-threatening 
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anticoagulation (heparin versus bivalirudin), tests to assess for anticoagulation (TEG, 



Advances in Extracorporeal Membrane Oxygenation - Volume 3

206

ROTEM, activated clotting time, PT/PTT, heparin assays) and therapeutic targets for 
titration. Further research is needed to help develop guidelines and consensus on best 
practice to minimize and treat bleeding complications on ECMO.

5.2 Ischemic complications

It occurs in about 5–6% of children and adults [8, 36], and is best identified on 
MR imaging. Due to multifactorial etiology for ischemic strokes such as hypoten-
sion, large vessel occlusion, thromboembolism, septic embolism, etc. it is difficult 
to characterize lesions anatomically or to prognosticate based on imaging. Timing 
of injury is also difficult to ascertain. There are conflicting reports on laterality of 
lesions [37] but seem to occur in the middle cerebral artery vascular territory. A 
single center pediatric study found that majority of strokes were bilateral, a few 
were unilateral right sided lesions and no patients had unilateral left sided strokes; 
majority of the lesions were in the anterior cerebral circulation distribution [22]. 
Ischemic lesions are associated with electrographic seizures and decreased survival 
[38]. Asymmetry in regional cerebral saturation or on continuous EEG monitoring 
might be suggestive of focal ischemia. Once detected, hemodynamics should be 
optimized through adequate pump flows on VA ECMO, vasoactives can be used if 
needed, and further neurologic injury should be minimized by avoiding hyperoxia 
and treating seizures.

5.3 Seizures

Although less common than intracranial hemorrhage and stroke, seizures can be 
difficult to recognize if they are nonconvulsive or subclinical. A study of children 
and neonates undergoing ECMO revealed that 18% of patients had electrographic 
seizures, with 61% of those patients having electrographic status epilepticus 
and 83% having exclusively electrographic seizures [39]. Another recent study 
of neonatal and pediatric patients found electrographic seizures in 23% of their 
patients, especially within the first 24 hours of ECMO [40]. Patients with seizures 
had decreased survival to discharge (44% versus 74%). Older studies that reported 
lower incidence of seizures may have missed patients if only clinical seizures were 
reported, as the routine use of continuous EEG monitoring for patients is not yet 
a widespread practice, although recent recommendations advocate for its use in 
ECMO. Given that patients on ECMO are a high risk population, seizures should be 
treated with the help of neurologists.

5.4 Sensorineural hearing loss

Sensorineural hearing loss has been reported in neonatal ECMO graduates with 
a frequency of 3–21% [41]. Diagnosis of congenital diaphragmatic hernia, duration 
of ECMO, and aminoglycoside antibiotic use were associated with hearing loss 
[42]. A follow-up study found that even children diagnosed with hearing loss after 
ECMO can go on to have normal language development [43].

5.5 Myopathy

Prolonged immobilization, sedation and paralytics, hemodynamic instability, all 
contribute to neuromuscular weakness in ECMO patients. Studies have proved that 
active physiotherapy, with early mobilization, is feasible and safe in ECMO patients 
when performed with an experienced, multidisciplinary team [44, 45]. It may also 
shorten hospital duration and improve functional outcomes for patients [46].
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5.6 Delirium

A small study of pediatric cardiac ECMO patients diagnosed delirium in all their 
patients, in 21% of coma-free ECMO days [47]. Use of validated delirium screening 
tools can aid in early recognition and management of delirium. The move to liberate 
ICU patients should include patients on ECMO whenever feasible, with an emphasis 
on delirium prevention.

5.7 Brain death on ECMO

Progressive cerebral edema and large hemorrhages, whether from insults prior 
to cannulation or secondary to complications from ECMO, can ultimately lead 
to brain death in patients supported on ECMO. Diagnosis of brain death can be 
challenging on ECMO, but is important to determine as it is medically and ethically 
unreasonable to continue ECMO for a patient who has met criteria for brain death.

5.7.1 Determination of brain death

The American Academy of Neurology issued guidelines on the determination 
of brain death in adults, most recently revised in 2010 [48]. Similarly the Society of 
Critical care Medicine, American Academy of pediatrics and the Child Neurology 
Society jointly published guidelines for the determination of brain death in children 
and infants in 2011 [49]. The following general criteria apply to all patients under-
going brain death testing, although the specifics may vary by institutional policies. 
Patients should be relatively normothermic, and electrolytes and glucose should be 
within acceptable ranges. Any medications that may interfere with respiratory drive 
and neurologic function must be discontinued, with drug levels obtained if needed. 
The patient must demonstrate absence of all motor function and lack of responsive-
ness to stimuli, except spinal reflexes. Cranial nerve testing should reveal absence 
of pupillary reflexes, corneal reflexes, oculovestibular and oculocephalic reflexes, 
absence of cough and gag reflexes and absent brain stem reflexes.

The apnea test is an important component of brain death testing without which 
ancillary studies such as cerebral angiography, nuclear scanning for cerebral blood 
flow, electroencephalography, transcranial Doppler etc. are required to demonstrate 
absence of blood flow to the brain. The apnea test is performed to demonstrate 
absence of spontaneous respiratory drive in the presence of rising paCO2 levels in 
the blood. The patient is pre-oxygenated with 100% FiO2 and ventilated to achieve 
normocarbia, if possible. A baseline blood gas analysis is obtained. The patient is 
then disconnected from the ventilator and oxygenated via a T-piece or flow-inflat-
ing anesthesia bag. The patient is closely observed for signs of spontaneous respira-
tion or chest rise. Serial blood gases are obtained at every few minute intervals. A 
rise in paCO2 > 60 mmHg and > 20 mmHg above baseline is conclusive of absence 
of respiratory drive. If the patient were to become hypoxic or hemodynamically 
unstable the apnea test should be discontinued and ancillary studies obtained.

5.7.2 Apnea testing on ECMO

While clinical criteria of absence of cortical function and brain stem reflexes 
can be assessed in the usual manner, apnea testing can be difficult on ECMO. A 
proposed method for apnea testing is oxygenating the patient by use of continuous 
positive airway pressure (CPAP) or T-piece or by placing the patient on a self-
inflating anesthesia bag with a PEEP valve, while watching for spontaneous respira-
tions. The oxygenator on the circuit can then be capped. Alternatively, the sweep 
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of respiratory drive. If the patient were to become hypoxic or hemodynamically 
unstable the apnea test should be discontinued and ancillary studies obtained.
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gas is decreased to 0.5 –1 L/minute and oxygen increased to 100% FiO2 through the 
circuit, without any changes to extracorporeal blood flow [50, 51]. In-line gas moni-
toring on the ECMO circuit can be used to trend venous paCO2, but serial arterial 
blood gas analysis should be used to confirm the lack of ventilation secondary to 
central apnea. For patients on VA ECMO, hemodynamics should be maintained 
through circuit flows and use of vasoactive medications as needed. Patients found to 
be brain dead on ECMO can be considered as candidates for organ donation.

6. Neurological monitoring

There are currently no consensus guidelines for neuromonitoring on ECMO, 
with variations in practice at different institutions. Neuromonitoring may include 
assessment of brain structure or morphology via imaging, assessment of brain 
function via EEG or SSEPs, assessment of cerebral perfusion via cerebral oximetry 
or transcranial doppler, and assessment for neurological injury via biomarkers. 
Bembea and colleagues performed a systematic review of the literature; 39 obser-
vational and case-control studies met inclusion criteria, with most of the literature 
coming from neonatal studies [52]. There was very little data in pediatric and adult 
cohorts, and the study found limited data on the use and effectiveness of monitor-
ing technologies. A recent review by Lin et al. discusses neuromonitoring in the 
neonatal ECMO patient [53].

6.1 Exam

Neuromonitoring of the ECMO patient should begin with daily neurologic 
assessments that are documented in the patients chart. These are limited by reliabil-
ity when performed by multiple providers from different disciplines, however are 
useful for obtaining a daily baseline that can be suggestive of injury when a change 
is noted. This would also require daily sedation holidays for accurate assessments as 
well as using the least amount of sedation to keep the patient safe and comfortable. 
Use of neuromuscular blockade should be reserved for extremely ill patients and 
those whose movement limits ECMO flows. A change in neurologic exam is often 
the trigger for seeking additional information such as through neuroimaging.

6.2 Neuroimaging

Cranial or head ultrasound (HUS) is a mode of imaging limited to neonates and 
infants with open fontanelles. Ultrasound uses high frequency sound waves trans-
mitted via a probe that are reflected back based on the tissue’s composition as well 
as distance from the probe. Changes in tissue density from hemorrhage or ischemia 
will reflect back sound waves differently from surrounding tissue. Cranial ultra-
sounds are portable, easy to use, relatively inexpensive, and do not carry radiation 
risks. Most neonatal ECMO programs will obtain a HUS prior to ECMO cannulation 
as well as daily HUS for the 1st few days on ECMO. While it is best for detecting 
hemorrhages, ischemic changes are harder to interpret on HUS [54]. HUS can also 
give information on changes in ventricular size that would be seen in hydrocepha-
lus. It is not as sensitive as other imaging techniques and a study showed that MRI 
was significantly more sensitive for detection of CNS lesions than HUS alone [55, 
56]. The quality of images depends on the skill level of the ultrasound technician 
and interpretation of acquired images can be subjective and variable. HUS findings 
have not consistently correlated with neurodevelopmental outcomes and should not 
be used for predicting outcomes in neonatal ECMO survivors [37, 56].
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Computed tomography (CT) is a diagnostic imaging modality that utilizes X-Rays 
directed at the patient that are picked up by a detector and sent to a computer to create 
thin 2D image slices, at different tissue depths. Multiple images can then be stacked 
to create a 3D picture. It is the most frequently used imaging modality for diagnosis 
of acute intracranial injury for patients on ECMO. A CT scan can be quickly obtained 
and has better sensitivity and specificity for detecting intracranial hemorrhage that 
might lead to clinical changes in management [53]. A disadvantage is exposure to 
radiation and its associated risks. Transporting a patient on ECMO to a CT scanner in 
the radiology department can be challenging in the absence of a portable scanner that 
can be brought to bedside. ELSO currently recommends a CT scan prior to hospital 
discharge for patients less than 4 years of age and if there is an abnormal neurologic 
exam for patients older than 4 years of age as part of post-ECMO follow up [57].

Magnetic Resonance Imaging (MRI) is a non-invasive technology that creates 
3D anatomic images without exposing the patient to radiation. A strong magnetic 
field is used to force protons in the body into alignment. Then a brief radiofrequency 
pulse stimulates protons causing a change in alignment. The scanner can detect 
electromagnetic energy transmitted as the protons realign. It is reserved for patients 
after decannulation from ECMO, due to MRI incompatible materials in the cannulae 
and circuits. MRI is the most sensitive and specific imaging technique available. 
However it takes much longer time to obtain the study compared to a CT and is more 
expensive. While diffusion-restriction can be seen up to 10 days after acute ischemic 
injury, the optimal timing for obtaining an MRI after ECMO remains unclear [53].

6.3 Electroencephalography (EEG)

While neuroimaging provides information on the structure of the brain, EEG 
provides real-time information on the electrical activity of the brain. Information is 
obtained via electrodes placed on the scalp, connected to a monitor, with very little 
burden to the patient that would include scalp abrasions. Continuous EEG (cEEG) 
monitoring requires technicians to set up the electrodes as well as neurologists to read 
the EEGs, which can be time consuming. Amplitude-integrated EEG (aEEG) com-
presses the raw EEG data from 1 to 2 leads, is easier to set up and interpret, but due to 
lower sensitivity, can be used as a screening tool or in resource limited settings [53]. 
Ischemic and hemorrhagic injuries can predispose a patient to seizures that require 
prompt treatment. Continuous EEG monitoring is important for early identification 
and treatment of subclinical seizures or electrical status epilepticus that may not be 
otherwise detected, although studies are needed to show its benefit in improving long 
term outcomes. EEG monitoring is especially useful in paralyzed patients in whom a 
neurological exam cannot be elicited. EEG can be used to detect early cerebral isch-
emia through loss of fast alpha and beta frequencies to slowing and even suppression 
of all electrical activity as might be seen in an infarct. In 2011, the American Clinical 
Neurophysiology Society deemed ECMO as a high risk clinical scenario in neonates that 
would warrant long term EEG monitoring due to cardiac or pulmonary risks for acute 
brain injury and clinical encephalopathy [58]. This recommendation is supported by 
ELSO in their guidelines for management of neonatal respiratory failure [59]. In their 
2015 consensus statement on continuous EEG in critically ill adults and children, the 
American Clinical Neurophysiology Society recommended continuous EEG monitoring 
for patients treated with pharmacologic paralysis, including patients on ECMO [60].

6.4 Transcranial doppler ultrasound (TCD)

This is a non-invasive, portable test that is based on the Doppler effect. A Doppler 
probe is used to emit high frequency sound waves through the cranium that are reflected 



Advances in Extracorporeal Membrane Oxygenation - Volume 3

208

gas is decreased to 0.5 –1 L/minute and oxygen increased to 100% FiO2 through the 
circuit, without any changes to extracorporeal blood flow [50, 51]. In-line gas moni-
toring on the ECMO circuit can be used to trend venous paCO2, but serial arterial 
blood gas analysis should be used to confirm the lack of ventilation secondary to 
central apnea. For patients on VA ECMO, hemodynamics should be maintained 
through circuit flows and use of vasoactive medications as needed. Patients found to 
be brain dead on ECMO can be considered as candidates for organ donation.

6. Neurological monitoring

There are currently no consensus guidelines for neuromonitoring on ECMO, 
with variations in practice at different institutions. Neuromonitoring may include 
assessment of brain structure or morphology via imaging, assessment of brain 
function via EEG or SSEPs, assessment of cerebral perfusion via cerebral oximetry 
or transcranial doppler, and assessment for neurological injury via biomarkers. 
Bembea and colleagues performed a systematic review of the literature; 39 obser-
vational and case-control studies met inclusion criteria, with most of the literature 
coming from neonatal studies [52]. There was very little data in pediatric and adult 
cohorts, and the study found limited data on the use and effectiveness of monitor-
ing technologies. A recent review by Lin et al. discusses neuromonitoring in the 
neonatal ECMO patient [53].

6.1 Exam

Neuromonitoring of the ECMO patient should begin with daily neurologic 
assessments that are documented in the patients chart. These are limited by reliabil-
ity when performed by multiple providers from different disciplines, however are 
useful for obtaining a daily baseline that can be suggestive of injury when a change 
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as well as daily HUS for the 1st few days on ECMO. While it is best for detecting 
hemorrhages, ischemic changes are harder to interpret on HUS [54]. HUS can also 
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lus. It is not as sensitive as other imaging techniques and a study showed that MRI 
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56]. The quality of images depends on the skill level of the ultrasound technician 
and interpretation of acquired images can be subjective and variable. HUS findings 
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back by moving red blood cells in the blood vessels. The difference in frequencies of 
emitted and reflected waves is proportional to the cerebral blood flow. Studies have 
found that TCD velocities (TCDV) are much lower for pediatric patients on ECMO when 
compared to normative values for healthy and critically-ill children [15, 61]. While there 
was no significant association between global TCDV (systolic flow velocity, diastolic 
flow velocity, mean flow velocity) and neurologic injury, increased pulsatility index and 
regional increases in velocities or asymmetries might be predictive of neurologic injury.

6.5 Cerebral near infra-red spectroscopy (NIRS)

NIRS monitoring is a non-invasive technology that uses near-infrared wavelength 
of light that penetrates brain tissue via a scalp electrode. It provides a continuous 
measurement of regional tissue oxygen saturation (rSO2), which is a marker of 
the balance between oxygen delivery and demand in the tissues. When the probe is 
placed on the forehead, it measures cerebral oximetry. An analysis of adult patients 
on VA ECMO showed that cerebral desaturation was common and mortality higher 
for patients with cerebral desaturation compared to those without [21]. A sudden 
decrease in cerebral saturation can be associated with an acute neurological event, 
prompting further investigation. It can also serve as an early predictor of inadequate 
oxygenation and cardiac output especially peri-cannulation [62]. It can influence 
management by prompting a need for increased flows in VA ECMO or alternate 
cannulation strategies if there is differential hypoxia. A very high rSO2 could also be 
suggestive of very poor oxygen extraction and poor neurologic outcomes.

6.6 Biomarkers

Several plasma proteins have been evaluated as potential markers for brain 
injury [63]. These biomarkers include substances associated with glial injury (glial 
fibrillary acidic protein and s-100b), neuronal injury (neuron-specific enolase and 
brain-derived neurotrophic factor) and neuro-inflammation (intercellular adhesion 
molecue-5). Unfavorable neurologic outcomes have been associated with higher 
biomarker concentrations [64], with combinations of biomarkers providing higher 
sensitivities and specificities for detection of neurologic injury. These tests are more 
expensive and require laboratory equipment and processing availability. While 
not currently a routine component of neuromonitoring on ECMO in most institu-
tions, there is potential for further research and applicability if these results can be 
obtained in real time to influence management.

6.7 Somato-sensory evoked potentials (SSEPs)

SSEPs measure electrical signals in the somatosensory cortex after a peripheral 
stimulus, assessing the pathway of neuronal conduction from the peripheral nerve 
to the cortex. They are assessed as normal, abnormal (increased latency) or absent. 
ECMO cannulation is not thought to alter the ability to assess SSEPs from the hemi-
spheres [65]. Small studies have shown an association between abnormal SSEPs 
and poor neurologic outcome after ECMO [66], but the predictive value of evoked 
potentials remains to be determined. In one study, absence of bilateral SSEPs was 
associated with progression to brain death for patients treated with ECPR [67].

6.8 Optic nerve sheath diameter (ONSD)

It is a simple bedside test used to detect elevated intracranial pressure. A  cut-off 
of 5.2 mm is sensitive and specific for intracranial hypertension [68]. Its use in 
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ECMO management is still in its infancy, although a study showed that higher 
ONSD was associated with poor neurological outcome after ECPR [69].

7. Therapeutic hypothermia

Therapeutic hypothermia has been shown to be neuroprotective for term neo-
nates at risk of hypoxic ischemic encephalopathy secondary to perinatal asphyxia. 
However a randomized controlled study out of the United Kingdom did not show 
an improvement in outcomes for neonates on ECMO treated with mild hypothermia 
[70]. On the other hand, therapeutic hypothermia has been associated as a risk fac-
tor for intracranial hemorrhage and should be avoided [30]. In 2015, the American 
Heart Association recommended targeted temperature management of 32–36°C for 
comatose patients with return of spontaneous circulation after cardiac arrest [71]. 
This was also applied to patients who suffered in- hospital cardiac arrest leading to 
ECPR. A more recent large, multicenter, randomized control trial failed to show a 
benefit in survival with favorable neurological outcome for children with in-hospi-
tal cardiac arrest. There is no data to support routine therapeutic hypothermia for 
children undergoing ECPR although maintaining normothermia is still encouraged.

8. Conclusion

Neurologic complications contribute to significant morbidity and mortality for 
patients on ECMO, who constitute a high risk population. There are many modali-
ties currently available for neuromonitoring, and as we gain more experience 
and information through more frequent use, we will be able to develop consensus 
guidelines and protocols to provide better care. A multimodal approach to active 
surveillance, early recognition and prompt management of neurologic injuries as 
they arise, may improve outcomes for patients on ECMO.
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spheres [65]. Small studies have shown an association between abnormal SSEPs 
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potentials remains to be determined. In one study, absence of bilateral SSEPs was 
associated with progression to brain death for patients treated with ECPR [67].
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ties currently available for neuromonitoring, and as we gain more experience 
and information through more frequent use, we will be able to develop consensus 
guidelines and protocols to provide better care. A multimodal approach to active 
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they arise, may improve outcomes for patients on ECMO.
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Chapter 14

Anticoagulation in Pediatric 
Extracorporeal Membrane 
Oxygenation
Jamie Weller, Lakshmi Raman, Ayesha Zia and Ali McMichael

Abstract

Anticoagulation during extracorporeal membrane oxygenation (ECMO) is 
necessary to prevent catastrophic circuit clotting, but significant morbidity and 
mortality continue to be attributed to hemorrhagic and thrombotic complications. 
Due to the inflammatory response from the extracorporeal circuit and develop-
mental hemostasis, anticoagulation can be challenging particularly for pediatric 
patients. Unfractionated heparin (UFH) is the gold standard anticoagulant used in 
ECMO, but there is an expanding area of research evaluating other anticoagulants, 
such as direct thrombin inhibitors. This chapter provides an overview of anticoagu-
lant options for pediatric patients on ECMO as well as describes the various tests 
used to monitor and titrate anticoagulation.

Keywords: extracorporeal membrane oxygenation, anticoagulation,  
unfractionated heparin, bivalirudin

1. Introduction

Anticoagulation during extracorporeal membrane oxygenation (ECMO) is 
necessary to prevent catastrophic circuit clotting, but it contributes to significant 
morbidity and mortality. The Extracorporeal Life Support Organization (ELSO) 
international registry shows a 24% increase in the number of patients placed 
on ECMO and a 55% growth of centers utilizing ECMO from 2009 to 2015 [1]. 
Although there has been rapid growth in ECMO around the world, pediatric 
mortality rates have remained static or even increased depending on the reason 
for cannulation [1]. In a multicenter study, Dalton et al. showed that 19–70% of 
patients had a bleeding event and 12–43% of pediatric patients had a thrombotic 
event while anticoagulated on ECMO [2]. With the increase in centers utilizing 
ECMO, anticoagulation has become an important area of research.

2. Overview of hemostasis

In order to discuss the intricacies of anticoagulation during ECMO, a basic under-
standing of the mechanisms required for hemostasis and the coagulation cascade is 
necessary (Figure 1). Hemostasis occurs by vascular constriction, platelet plug creation, 
and clot formation through fibrin [3]. The vasculature surrounding the damaged tissue 
constricts limiting blood flow to the area. Platelets adhere to the exposed endothelium 
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via von Willebrand factor creating a platelet plug to temporize the bleeding. Finally, the 
clotting cascade is activated by the presence of tissue factor released when blood vessels 
are damaged [3]. The clotting cascade has been traditionally described as the intrinsic 
and extrinsic pathways merging to initiate the common pathway, and resulting in the 
activation of fibrinogen to fibrin to form a stable clot. This classification is pertinent for 
understanding in vitro coagulation tests, but fails to account for the in vivo coagulation 
process [4, 5]. Current evidence suggests that the initial cascade augments the forma-
tion of thrombin through multiple feedback loops. The initiation phase is activated with 
exposure of tissue factor from damaged blood vessels. The initial amount of thrombin 
produced is insufficient to achieve adequate hemostasis, thus a series of feedback loops 
prompted by thrombin act to catalyze the factor (F) V and FVIII, eventually accelerat-
ing the activity of FXa and FIXa. This second phase is classified as the amplification 
phase [4]. The propagation phase ensures continued production of thrombin and thus 
fibrin, by forming sufficient prothrombinase complexes [4].

The hemostatic processes are counterbalanced by antithrombotic factors such as pro-
tein C, protein S, thrombomodulin, antithrombin, and tissue factor pathway inhibitor. 
Clot degradation is initiated by the fibrinolytic factors such as tissue plasminogen activa-
tor (tPA), plasminogen, and urokinase plasminogen activator [3]. The extracorporeal 
circuit interferes with the described mechanisms designed to achieve adequate hemosta-
sis. Immediately upon contact with the foreign ECMO circuit, the coagulation cascade is 
activated and a complex inflammatory response occurs [6]. Platelets, neutrophils, and 
leukocytes are activated along with thrombin and plasmin. Platelets adhere to the foreign 
surface leading to both platelet and factor consumption. Activated neutrophils contrib-
ute to the inflammatory response by producing cytokines. In addition, thrombin, FXa, 
and FVIIa cause complement activation further causing an inflammatory state. The end 
result is a consumptive state with disequilibrium of coagulation [7–10].

3. Anticoagulation with unfractionated heparin in ECMO

Although anticoagulation during ECMO is necessary to prevent circuit throm-
bosis and subsequent thromboembolic events in the patient, it continues to be a 

Figure 1. 
In vivo concept of coagulation. The clotting system is classified into the initiation, amplification, and propagation 
phase. TF, tissue factor (thromboplastin); II, prothrombin; I, fibrinogen.
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significant risk factor for complications in ECMO patients. The most common bleed-
ing complications during ECMO include intracranial hemorrhage (ICH), surgical 
site bleeding, and gastrointestinal hemorrhage (Table 1). Surgical site bleeding is the 
most frequent complication and occurs in up to 25% of pediatric cardiac and respira-
tory ECMO patients [1]. Bleeding events are associated with increased mortality [2]. 
For example, while ICH is not a frequent complication, the effect is significant with a 
survival rate of 17–40% compared to 45–68% for those who do not have an ICH [1]. 
In addition to hemorrhage, thrombotic complications can occur. While not as com-
mon as bleeding complications, cerebral infarcts accounted for 3–7% of complica-
tions described in the ELSO registry report [1]. Unfractionated heparin continues to 
be the most widely studied and used anticoagulant for anticoagulation in ECMO, but 
alternative agents are increasingly being used in pediatric and adult ECMO patients.

3.1 Unfractionated heparin

Unfractionated heparin (UFH) is the gold standard anticoagulant during ECMO 
and is commonly used in ECMO centers worldwide. Heparin acts as a catalyst 
to potentiate the action of antithrombin III, inhibiting thrombin and activated 
coagulation factor X, thus inhibiting the conversion of fibrinogen to fibrin [11]. 
The half-life of heparin is approximately 1–2 hours in healthy adults, but can vary 
significantly in pediatric patients. Heparin is metabolized by the reticuloendothelial 
system in the liver and spleen, and is excreted in the urine [11]. In the pediatric 
population, developmental hemostasis and the patient’s age may affect the pharma-
cokinetics of heparin [12]. For example, the neonatal population frequently requires 
additional monitoring and higher bolus and infusion rates to obtain effective 
anticoagulation [6, 12–14]. Another complication due to unfractionated heparin use 
is heparin-induced thrombocytopenia that is seen in 1–2% of pediatric patients [11].

For patients with preexisting conditions that preclude them from safe antico-
agulation, such as trauma patients with intracranial hemorrhage or patients that 
develop hemorrhagic complications while on ECMO, successful use of heparin-free 
ECMO management with or without heparin-bonded circuits has been documented 
[15–17]. However, the published literature is limited primarily to specific popula-
tions and for a limited duration of time.

4. Monitoring during heparin anticoagulation

Close monitoring to ensure anticoagulation is therapeutic is necessary to 
decrease the risk of hemorrhage or thrombosis during ECMO. The common tests 
used to monitor heparin during ECMO are activated clotting time (ACT), activated 
partial thromboplastin time (aPTT), and anti-factor Xa. No single test has been 
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Surgical site bleeding 
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GI hemorrhage 
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Cerebral infarct 
N(%)

Neonatal cardiac 326(11) 739(26) 35(1) 93(3)
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Pediatric cardiac 251(6) 974(25) 79(2) 231(6)

Pediatric respiratory 243(5) 332(10) 135(4) 158(7)
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via von Willebrand factor creating a platelet plug to temporize the bleeding. Finally, the 
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Figure 1. 
In vivo concept of coagulation. The clotting system is classified into the initiation, amplification, and propagation 
phase. TF, tissue factor (thromboplastin); II, prothrombin; I, fibrinogen.
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significant risk factor for complications in ECMO patients. The most common bleed-
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found to be superior to monitor heparin during ECMO. ECMO centers worldwide 
vary in their practices on the type of test or combination of tests used to monitor 
heparin [2, 18].

4.1 Activated clotting time

The activated clotting time (ACT) is a whole blood test used at the bedside that 
provides immediate results [3, 6]. The ACT measures the time in seconds to form 
a fibrin clot after the addition of specific coagulation activators, thus it does not 
solely measure the effect of unfractionated heparin. It is a relatively inexpensive 
test that has been widely used to monitor heparin during cardiopulmonary bypass, 
but coagulation factor deficiencies, hemodilution, platelet function, and hypofibri-
nogenemia may affect the value [3, 19]. Due to these limitations in ACT, Baird and 
colleagues retrospectively reviewed 600 pediatric ECMO patients and found only 
a modest correlation between ACT and UFH dose suggesting that ACT may not be 
an accurate tool for monitoring UFH anticoagulation [20]. Bembea and colleagues 
found similar results to Baird with only a 42% correlation between target ACTs and 
anti-factor Xa [21].

4.2 Activated partial thromboplastin time

Activated partial thromboplastin time (aPTT) is a plasma-based test, instead 
of a whole blood test, which only measures the initial 5% of thrombin generated 
and without incorporating platelet function or assessing clot strength. The aPTT 
measures the time from FXII activation to fibrin formation after addition of the 
PTT reagent and calcium [3, 19]. The therapeutic range for aPTT in adults has been 
shown to correlate to 1.5–2.5× the patient’s baseline aPTT [22]. However, this range 
has not been validated in pediatric patients and can vary significantly compared to 
adults. For example, an aPTT that correlates to anti-factor Xa between 0.35 IU/ml 
and 0.7 IU/ml in a patient less than 1 year old is between 58 and 105 seconds, but 
in a patient 6–10 years old the anti-factor Xa correlates to an aPTT between 45 and 
251 seconds [23]. The results of aPTT can be affected by fibrinogen level, presence 
of acute phase reactants, and increased levels of FVIII. These variables are often 
skewed in critically ill patients, which can lead to a high degree of intra- and inter-
patient variability [19].

4.3 Anti-factor Xa assay

The anti-Xa assay is a plasma-based test that measures the ability of UFH to 
catalyze antithrombin’s inhibition of factor Xa. Anti-Xa assay differs from ACT and 
aPTT as it measures the heparin concentration in the patient’s blood [24]. Since the 
anti-Xa assay only measures one specific action of heparin, the value is used as a 
surrogate to approximate overall function [19]. The anti-Xa value may be affected in 
patients with elevated plasma-free hemoglobin, hyperbilirubinemia, hypertriglyc-
eridemia, and antithrombin (depending on test reagants). A point of care anti-Xa 
test is available, but it is currently not widely used. Anti-factor Xa has been shown 
to have improved correlation to heparin activity as compared to aPTT and ACT 
[25]. In addition, a retrospective review of 62 pediatric ECMO patients with a mean 
anti-factor Xa level >0.2 IU/ml was associated with decreased circuit change [26].

Published literature supports the correlation between anti-factor Xa values and 
UFH dose. Unfortunately, many studies have shown a poor correlation between 
anti-factor Xa and ACT and/or aPTT. Multiple cardiac studies evaluating patients 
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requiring cardiopulmonary bypass report disparities between ACT values and 
anti-Xa as compared to UFH doses [27–30]. ECMO adult studies have shown an 
improved correlation between aPTT and UFH concentrations, but pediatric studies 
demonstrate poor correlation to anti-factor Xa levels [31–33].

4.4 Viscoelastic testing

Viscoelastic testing such as thromboelastography (TEG) and rotational throm-
boelastometry (ROTEM) are whole blood tests that measure the interaction of 
clotting factors, fibrinogen, and platelets as well as fibrinolysis (Figure 2). By mea-
suring more than clotting factors, viscoelastic tests can give a more global picture 
of the coagulation system and allow for tailored transfusion management [3, 19]. 
Figure 2 shows the standard TEG measurements including reaction time (R), kinet-
ics (K), and maximum amplitude (MA). The R value is the time necessary for the 
initial clot formation. This value can be affected by the presence of anticoagulants, 
factor deficiencies, and hypercoagulable states. The K value measures the time for 
the clot to strengthen and can be affected by platelet count, fibrinogen, and coagu-
lation factors. The maximum amplitude quantifies the final strength of the clot. 
Overall clot strength can be affected by the amount and function of fibrinogen and 
platelets [3]. In general, viscoelastic tests can be limited by static flow conditions 
[19]. While there is limited evidence in trauma, obstetrics, liver transplantation, 
and hemophilia using viscoelastic testing to help define coagulopathy and decrease 
overall blood product transfusions, studies are needed to confirm these results in 
ECMO patients [34]. Furthermore, prospective studies should examine the use of 
TEG and ROTEM in conjunction with aPTT and/or anti-factor Xa.

Figure 2. 
Thromboelastography (TEG). R, reaction time; K, kinetics; MA, maximum amplitude; LY30, amplitude at 
30 minutes.
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5. Direct thrombin inhibitors

5.1 Bivalirudin

Alternative agents, such as direct thrombin inhibitors (DTI), have been increas-
ingly used in ECMO centers worldwide. Bivalirudin is a DTI that binds to both circu-
lating and clot-bound thrombin [35]. The basic structure of thrombin consists of the 
active site, exosite 1, and exosite 2. Exosite 1 is the location where specific substrates, 
such as fibrin, can bind and orient peptide bonds toward the active site of thrombin 
[36]. Bivalirudin is a bivalent DTI that blocks thrombin at the active site and exosite 
1 [36, 37]. Bivalirudin is primarily metabolized by proteolytic enzymes with 20% 
renally excreted [36]. With limited evidence to support the safety and therapeutic 
profile of bivalirudin in patients undergoing ECMO, bivalirudin has primarily been 
used in patients unresponsive to unfractionated heparin or those who developed 
heparin-induced thrombocytopenia [38]. In in vitro studies, bivalirudin inhibits both 
soluble and clot-bound thrombin, a unique mechanism of action not known to occur 
with unfractionated heparin [35]. Two prospective studies assessing clot resolution 
found that patients anticoagulated with bivalirudin for the treatment of deep vein 
thrombosis (DVT) had complete or partial clot resolution within 48 hours [39, 40].

5.2 Argatroban

Argatroban is a L-arginine derivative that reversibly binds and inhibits throm-
bin. Argatroban is a univalent DTI that binds solely to the active site of thrombin. 
It is metabolized by hepatic CYP3A4/5 oxidases and is excreted primarily in the 
feces [36, 41, 42]. Menk and colleagues retrospectively reviewed 78 adult patients 
with acute respiratory distress syndrome (ARDS) on ECMO. The single center 
study supported that patients anticoagulated with argatroban had no difference in 
major or minor bleeding and had more goal aPTT values compared to UFH con-
trols [43]. Multiple studies have shown that doses vary widely between adult and 
pediatric patients anticoagulated with argatroban on ECMO, thus careful monitor-
ing is imperative to ensure optimal anticoagulation [43–45]. A literature analysis 
reviewed nine articles describing 34 patients anticoagulated with argatroban. 
Pediatric patients were administered a dose ranging from 0.1 to 12 mcg/kg/min to 
achieve therapeutic anticoagulation. There was no correlation between the dose of 
argatroban and the age of the patient [45].

Bivalirudin and argatroban remain the most commonly utilized direct thrombin 
inhibitors for anticoagulation during ECMO, but small case studies have evaluated 
the efficacy of lepirudin [46, 47]. Unfortunately, the product is no longer available 
due to production discontinuation by the manufacturer.

5.3 Direct thrombin inhibitor use in ECMO

Disadvantages of DTIs include limited availability of laboratory monitoring spe-
cific to DTIs and lack of antidote. Currently, most centers that use DTIs follow aPTT 
for monitoring, which as mentioned previously can be affected by several patient 
variables. Ecarin chromogenic assay and dilute thrombin time are possible superior 
tests for monitoring, but are currently not widely available [36]. Unlike heparin, 
which can be reversed with protamine, no antidote exists for DTIs, but recombinant 
factor VIIa has been shown to be an effective reversal agent [48]. Plasmapheresis has 
also been shown to be effective in clearing bivalirudin, but limited evidence has been 
published supporting its use. An advantage of bivalirudin over argatroban is that it 
can be quickly removed by continuous renal replacement therapy [49].

225

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Anticoagulation in Pediatric Extracorporeal Membrane Oxygenation
DOI: http://dx.doi.org/10.5772/intechopen.85104

Evidence of DTIs for ECMO patients is limited to case series or retrospective 
analyses. To confirm the safety and efficacy of DTIs and superiority (or at least non-
inferiority) to heparin, prospective randomized trials of pediatric and adult patients 
are needed. Two randomized studies are currently enrolling to compare bivalirudin 
to UFH for pediatric and adult ECMO patients (NCT03318393 and NCT03707418).

6. Nitric oxide

At present, systemic anticoagulation is the primary method to prevent thrombus 
formation during ECMO, but the use of nitric oxide within the extracorporeal 
circuit may be used to inhibit platelet adhesion. Nitric oxide (NO) is an endogenous 
substance released by the endothelial cells. NO temporarily inactivates platelets 
resulting in decreased function and aggregation [50, 51]. However, the effect of NO 
only temporarily inhibits platelets and after rapid degradation of NO by hemopro-
teins, platelets will regain normal function [52]. The utility of NO within ECMO 
circuits to limit or negate the requirement of systemic anticoagulation remains a 
promising area of research, but further studies to evaluate the long-term risks of 
thrombosis are warranted.

7. Conclusion

In summary, while the goal for ECMO anticoagulation is to prevent clinically sig-
nificant bleeding and clotting, the morbidity and mortality for these complications 
remain high for pediatric patients. Unfractionated heparin continues to be the most 
commonly used anticoagulant for ECMO patients in spite of its many disadvantages 
including altered pharmacokinetics in children and difficulty in lab monitoring. 
While there is a large variation between lab monitoring of heparin among ECMO 
centers, combination testing with anti-factor Xa and/or aPTT with viscoelastic tests 
is potentially superior. DTIs such as bivalirudin and argatroban remain promising 
alternatives to heparin, but prospective studies are needed to confirm their safety 
and efficacy.
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