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Introduction

Extracorporeal membrane oxygenation or ECMO refers to 
a number of configurations of extracorporeal circulatory 
and/or respiratory support. As the technology evolved, 
other acronyms such as MCS (mechanical circulatory sup-
port) and ECLS (extracorporeal life support) have been used, 
but in North America ECMO continues to be the most com-
monly used term to describe a circuit, pump, and oxygenator 
that can perform the work of the heart and lungs by add-
ing oxygen and removing carbon dioxide from circulating 

blood for prolonged intervals. Venovenous (VV) ECMO 
withdraws venous blood and returns oxygenated blood to 
the right side of the heart supporting only respiration; veno-
arterial (VA) ECMO withdraws venous blood and returns 
oxygenated blood to the arterial system, thereby supporting 
both respiration and circulation. Another configuration is 
venous-pulmonary artery (VPA) ECMO used to support the 
right heart and the lungs when there is right heart failure 
and respiratory failure but the left heart is not supported.

An ECMO circuit comprises cannulae inserted into large 
vessels to remove and return the blood from the patient, 

!"!  Extracorporeal membrane oxygenation (ECMO) consists of a specific heart-lung machine that 
provides circulatory support and/or gas exchange for patients with severe but potentially 
reversible respiratory or cardiac failure or both. Although the term extracorporeal life support 
(ECLS) might describe the system more accurately, ECMO is actually most often used and uni-
versally accepted for describing all its applications.

!"!  Different configurations of ECMO (e.g., venovenous [VV], venoarterial [VA], venous to pulmo-
nary artery [V-PA]) can be utilized depending on specific organ failure and severity (e.g., respira-
tory failure, cardiogenic shock, cardiogenic shock associated with respiratory failure, respira-
tory failure in association with right ventricular failure). The most rapid way to initiate ECMO 
urgently (excluding patients undergoing cardiac surgery) is peripheral VA cannulation.

!"!  ECMO must be viewed as a “bridging” therapy where the anticipated outcome is either recov-
ery or replacement of the failing heart, lung, or both. Assessment of the likelihood of survival 
using recently published scoring systems, and of the patient’s potential candidacy for trans-
plant or device (cardiac) should be made prior to initiation. Ideally the decision to proceed with 
ECMO should be made by a team rather than an individual.

!"!  Overall survival of VV ECMO to recovery is now approximately 60% in adults with acute respira-
tory distress syndrome (ARDS), usually due to viral or bacterial infection, whereas survival of 
VA ECMO in adults with severe cardiac failure is approximately 40%. Where ECMO is urgently 
 initiated in the setting of extracorporeal cardiopulmonary resuscitation (ECPR) survival in adults 
is 29%.

!"!  Vascular access is a critical aspect of ECMO as different sites are associated with different char-
acteristics of flow and gas exchange in combination with the patient’s native heart and lung 
functions. Vascular complications are common, with arterial complications more frequent and 
severe than venous complications.

!"!  Anticoagulation management is institution specific, varying by the nature of the circuit (how 
much of the ECMO circuit is heparin bonded), flow (greater anticoagulation needed for lower 
flows), and which coagulation tests are readily available. Bleeding and clotting complications 
are common.

!"!  The cardiac anesthesiologist plays an important role in the cannulation and decannulation of 
patients, managing sedation and cardiac support medications for urgent bedside procedures, 
anesthesia for operative procedures, and in providing echocardiographic assessment of can-
nula placement and cardiac function. The anesthesiologist-intensivist is an integral part of the 
management team in the intensive care unit (ICU), providing a continuum of care through 
ECMO management and potential transition to advanced therapies both in the ICU and the 
operating room.
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tubing to connect to a nonpulsatile centrifugal pump that 
generates blood flow, and an oxygenator, where an oxy-
gen-air mixture flows through the blood, referred to as the 
“sweep.” This is a closed system without a reservoir, with 
some or all of the circuit components surface bonded with 
heparin, and is designed for extended use, such as days or 
weeks. This is in contrast to the extracorporeal circuit used 
for cardiopulmonary bypass (CPB) in the operating room 
that uses larger-diameter and longer tubing (larger “prime” 
volume), and is an open system with a reservoir designed 
to receive input not only from the venous cannula but also 
from the operative field. Such CPB circuits may or may not 
be heparin bonded, and are intended for surgical use of 
short duration (e.g., hours). There is some evidence in the 
lung transplant literature that use of ECMO during the sur-
gical procedure may be associated with a smaller systemic 
inflammatory response than the use of the traditional CPB.1

Pumpless extracorporeal lung assist (pECLA), or the 
Novalung, uses the patient’s arterial pressure rather than a 
pump to drive blood through an extracorporeal oxygenator. 
It therefore supports only respiration. This device requires 
less anticoagulation than traditional ECMO but due to lower 
flows and the membrane area also has a more limited capac-
ity especially for oxygenation.2 It has been used to support 
patients with pulmonary hypertension awaiting lung trans-
plantation, implanted in a pulmonary artery to left atrium 
configuration.3 It is available in North America but is less 
widely used than ECMO and will not be discussed further.!

History of Extracorporeal 
Cardiorespiratory Support

The history of ECMO is inextricably bound to the develop-
ment of CPB for cardiac surgery. The first successful use of 
CPB in a human was by Gibbon in 1953, to repair an atrial 

septal defect in an 18-year-old patient.4 The following year, 
Warden and colleagues reported cardiac surgery using 
extracorporeal circulation,5 after which there was an ever 
increasing number of reports from many centers. Among 
the major limitations in these early reports was the use of 
“bubble” oxygenators where oxygen is bubbled through 
a reservoir of blood to achieve gas exchange. These oxy-
genators are associated with trauma to formed elements 
of the blood and coagulopathy with prolonged use.6 The 
development of oxygenators with membranes separating 
flow of the respiratory gases from the blood reduced these 
effects, making the oxygenators suitable for longer-term 
use. Membrane oxygenators have replaced bubble oxy-
genators in cardiac surgery and their development led to 
the first successful reports of prolonged support outside of 
the operating room, in 1972 by Hill and associates7 in a 
24-year-old trauma patient, and by Bartlett after neonatal 
cardiac surgery.8 In 1985 Bartlett and associates reported 
the successful use of ECMO for neonatal respiratory failure 
in 11 patients.9 In the following two decades a number of 
additional trials showed the benefit of ECMO in neonatal 
respiratory failure, the most definitive of which was pub-
lished in 1996 by the UK Collaborative ECMO Trial Group 
in 185 infants.10 In the same year Green and colleagues11 
published a trial demonstrating similar benefit in older pedi-
atric patients with respiratory failure. Note the majority of 
use in the first decades was for respiratory failure, using VV 
ECMO. During this period the Extracorporeal Life Support 
Organization or ELSO was founded, first at the University 
of Michigan in 1989, then a European ELSO group formed 
in 1991. This organization has played a key role in docu-
menting worldwide ECMO use, and pioneering education, 
research, and development in all types of ECMO support 
in all populations. Fig. 85.1 and Table 85.1 illustrate the 
increase in use of ECMO and the survival data since 1990 
(www.ELSO.org).!
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Fig. 85.1 International Registry of extracorporeal membrane oxygenation cases and centers, from the Extracorporeal Life Support Organization (red 
bars: cases, Y axis on right; blue line: centers, Y axis on left) from 1990–2018 (first 6 months). (From ELSO website, www.ELSO.org.)
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ECMO for Respiratory Failure (VV 
ECMO)

In contrast to the ECMO experience in neonatal and pediatric 
respiratory failure as previously described, demonstration of 
benefit in adults took much longer, delayed in part due to the 
publication of a trial in 1979 by Zapol and associates12 in 90 
adult patients with respiratory failure. This trial had many lim-
itations, including the use of VA rather than VV ECMO, patient 
selection, anticoagulation technique and bleeding complica-
tions, and the use of standard ventilation at the time—rela-
tively high-tidal volume and low positive end-expiratory 
pressure (PEEP). Poor outcomes deterred adult use of ECMO for 
more than 20 years. From 2001 to 2006 a large, ambitious 
British trial, the CESAR trial, was performed to evaluate VV 
ECMO for respiratory failure in adults.13 This study was per-
formed during the H1N1 influenza pandemic, and involved 
transferring patients with severe respiratory failure to a central 
expert ECMO center, where they were randomly assigned to 
ECMO or standard therapy. Despite some methodological and 
statistical limitations, the results supported the use of ECMO 
performed in a specialized center to improve survival: 63% 
versus 43% survival with ECMO versus standard treatment. 
At the same time, another report (case series) of VV ECMO in 
adults with severe acute respiratory distress syndrome (ARDS) 
due to H1N1 was reported from Australia and New Zealand 
(ANZ ECMO).14 This study found a 79% survival at 30 days 
in patients who received ECMO. Recently a large multicenter 
trial of VV ECMO in adults with severe ARDS, the EOLIA trial, 
was published in 2018,15 with the authors concluding no dif-
ference in mortality between ECMO and conventional therapy 
at 60 days: 35% versus 46% (P = .09), with 28% of the con-
trol group crossing over to ECMO after randomization and a 
57% mortality in this crossover group. Editorial comments 
on this study have challenged this conclusion, maintaining 
that it supports the use of early ECMO in adults with severe 
ARDS.16,17 The ELSO database reports survival to discharge 

with ECMO for adult respiratory failure as 60% with this per-
centage being relatively stable over 15 years.18

INDICATIONS FOR VV ECMO IN  
RESPIRATORY FAILURE

Box 85.1 lists common indications for VV ECMO in respi-
ratory failure. As VV ECMO supports only respiratory 
function, if the patient has right- or left-sided cardiac fail-
ure then another configuration of support must be used. 
The most common indication is ARDS, most commonly 
due to viral or bacterial infection. As indicated previously, 
the most studied population is patients with H1N1 viral 
pneumonia. A commonly used assessment for the sever-
ity of ARDS is the Murray score, which is based on four 
standard criteria: PaO2/FiO2 gradient for oxygen, degree 
of PEEP, number of quadrants affected as shown on the 
chest radiograph, and lung compliance.19 In 2012, the 
Berlin criteria were published, where the severity of ARDS 
is rated as mild, moderate, or severe based on the PaO2/
FiO2 gradient for oxygen if other criteria are present.20 In 
general, patients with severe ARDS (PaO2/FiO2 gradient 
of < 100 mm Hg with PEEP > 5) are potential candidates 
for ECMO as the mortality without ECMO is approximately 
40%.20 As described later in the section on the ethics of 
ECMO, there are studies that evaluate the likelihood of 
survival at the time ECMO is being considered; this can 
help guide decision making. It should also be mentioned 
that from the CESAR trial described earlier,13 if a patient 
being considered for VV ECMO is not at an ECMO center 
or one with expertise in management of ARDS, transfer to 
such a facility is likely to provide a better outcome even in 
the absence of ECMO. While not formally studied, many 
reports indicate that outcomes are better with earlier 
institution of ECMO, probably at least in part because this 
permits the use of lung protective ventilation when respi-
ration is supported by ECMO.21

ECMO for lung transplantation is discussed in the next 
section.!

TABLE 85.1 International Registry of ECMO; Survival from 
ECMO and from Hospitalization, by Age Category (Neonatal, 
Pediatric, or Adult) and Indication (Pulmonary, Cardiac, or 
“ECPR” [ECMO for Cardiopulmonary Resuscitation])

OVERALL OUTCOMES

Total Runs Survived ECLS
Survived to DC 
or Transfer

Neonatal

Pulmonary
Cardiac
ECPR

30,934
7,794
1,718

25,990 (84%)
5,063 (64%)
1,140 (66%)

22,662 (73%)
3,281 (42%)
708 (41%)

Pediatric
Pulmonary
Cardiac
ECPR

8,820
10,462
3,946

5,953 (67%)
7,177 (68%)
2,262 (57%)

5,131 (58%)
5,447 (52%)
1,675 (42%)

Adult
Pulmonary
Cardiac
ECPR

16,337
15,942
4,952

10,857 (66%)
8,865 (55%)
1896 (38%)

9,649 (59%)
6,747 (42%)
1,443 (29%)

Total 100,905 69,203 (68%) 56,743 (56%)

From ELSO website, www.ELSO.org

!"!  Severe ARDS
! "! !Murray score of 2.519

! "! !Berlin definition20

!"!  Respiratory failure associated with:
! "! !Refractory hypoxemia despite maximum less invasive 

 therapies
! "! !e.g., FiO2 >90%, PEEP >15 cm H2O, prone ventilation
! "! !Refractory hypercarbia (e.g., PaCO2 > 80) with acidosis
! "! !Injurious ventilating pressures (e.g., plateau pressures 

>30 mm Hg) with lung-protective tidal volumes
!"!  Common clinical conditions
! "! !Severe pneumonia (viral or bacterial)
! "! !Aspiration pneumonitis
! "! !ARDS from any cause
! "! !Pulmonary contusion
! "! !Status asthmaticus
! "! !Severe air leak syndrome
! "! !Inhalation injury
! "! !Airway obstruction (e.g., mediastinal mass)
! "! !Pre and post lung transplant

BOX 85.1 Indications for VV ECMO
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CONTRAINDICATIONS TO VV ECMO

In keeping with ELSO guidelines18 there are no absolute con-
traindications for VV ECMO in adults Box 85.2. There are, 
however, conditions known to be associated with a poor 
 outcome, despite ECMO; these should always be considered 
before initiating ECMO assistance. These conditions include: 
injurious mechanical ventilation for 7 days or longer, major 
pharmacologic immunosuppression, and intracranial hem-
orrhage that is recent or expanding. Specific patient condi-
tions should also be considered. Although no specific age is a 
contraindication, increased age is considered to increase the 
risk.18 A body mass index (BMI) of more than 40 to 45 may be 
associated with technical difficulties and the risk of not being 
able to achieve an adequate blood flow. VV ECMO is a bridge 
to either recovery or lung transplant; if neither of these out-
comes appears at all likely then its initiation is not advisable.!

Extracorporeal Membrane 
Oxygenation for Patients 
Awaiting and Undergoing Lung 
Transplantation

The history of ECMO for severe respiratory failure as described 
previously refers mostly to patients with acute or acute on 
chronic disease where recovery could be anticipated. Another 
population is patients with end-stage chronic lung disease 
awaiting lung transplantation. These patients often have a 
slow (in years) deterioration in function and an increased need 
for oxygen support, with the final stage being an acute dete-
rioration where standard therapy with mechanical ventila-
tion ultimately fails. Institution of ECMO to prolong survival 
until transplant, use of ECMO during transplant surgery, and 
extension or initiation of ECMO postoperatively for primary 
graft dysfunction (PGD) or other indications have all become 
common applications for this advanced therapy. As recently 
as 2010 there was concern that the use of ECMO resulted in 
a reduced long-term survival from lung transplantation,22 
but this is no longer the case in 2018. Case reports, single 

center reports, and surveys have documented that the use 
of pretransplant ECMO, sometimes for months, was followed 
by successful transplant and good long-term outcomes.23,24 
Raleigh and associates compared 10 studies on the use of pre-
operative ECMO for lung transplant patients and found simi-
lar outcomes to the patients who did not need ECMO25 and 
Loor and associates described factors that contributed to post-
transplant survival in this population.26 Intraoperative use of 
ECMO during the procedure has also been shown to reduce the 
inflammatory response and leads to less PGD when compared 
to CPB and leads to improved short-term and longer-term out-
comes1,26,27 even when compared to no use of either CPB or 
ECMO intraoperatively.28 While preoperative ECMO may be 
VV, VA, or VPA, intraoperatively VA ECMO is usually used 
due to surgical manipulation of the heart with its attendant 
hemodynamic compromise as well as the need for one-lung 
ventilation in patients with end-stage pulmonary disease 
and elevated pulmonary vascular pressures. Postoperatively, 
ECMO support may be needed to support the new lungs in the 
face of PGD, the right heart, the left heart, or any combination 
of these. Postoperative ECMO support is also associated with 
excellent outcomes.28!

ECMO for Circulatory Failure  
(VA ECMO)

VA ECMO can be used to support the heart and lungs tempo-
rarily in a patient with poor cardiac function who undergoes 
an invasive cardiology procedure, to continue postoperative 
cardiopulmonary support in a cardiac surgery patient who 
fails to separate from CPB, and in a patient with refractory 
cardiac failure with or without associated respiratory failure. 
These conditions may occur due to an acute recoverable ill-
ness (e.g., myocarditis) or may be in the setting of acute on 
chronic heart failure in patients being evaluated for long-
term advanced therapies such as a durable ventricular assist 
device or cardiac transplant. Urgent use of ECMO in the acute 
setting of in-hospital cardiac arrest (ECPR) is also practiced in 
some centers. Finally, as VA ECMO can be instituted at the 
bedside without imaging, it may be the preferred technique 
for emergent cannulation in any form of respiratory or car-
diac failure, with elective conversion to another form (e.g., 
VV ECMO) once the patient has stabilized.

The historical perspective for use of VA ECMO for cardiac or 
combined cardiorespiratory support in adults is illustrated in 
the 2016 report from the ELSO registry.29 Adult cardiac ECMO 
was in its infancy in 1990 with little increase in use until 2006 
when its use began to increase exponentially; there were 
more than 2000 adult cardiac ECMO runs reported to ELSO in 
2015, comprising an ever-increasing proportion of all ECMO 
runs (Fig. 85.2). This exponential increase was likely fueled by 
consistent success in the neonatal and pediatric populations; 
improvements in the ECMO circuits, pumps, and oxygenators; 
and the success and experience with VV ECMO for adult respi-
ratory failure. Overall survival in adults who receive ECMO for 
cardiac indications is approximately 40% with a slight increas-
ing trend over the last 10 years.29

INDICATIONS FOR VA ECMO

For periprocedural support of the heart only, short-term 
devices such as a percutaneous left ventricular assist device 

!"!  Cardiogenic shock
! "! !Hypotension/poor tissue perfusion despite maximum 

 medical therapy +/! balloon pump
!"!  Combined cardiorespiratory failure
! "! !Cardiogenic shock with pulmonary edema and hypoxemia
!"!  Urgent ECMO for respiratory failure
! "! !As temporizing measure before institution of VV ECMO
!"!  Common clinical conditions
! "! !Refractory cardiogenic shock (any cause)
! "! !Failure to separate from cardiopulmonary bypass
! "! !Bridge to durable ventricular assist device or transplant
! "! !Intraoperative lung transplant
! "! !Unstable arrhythmias
! "! !Anaphylaxis
! "! !Massive pulmonary embolus
! "! !Cardiac arrest without return of spontaneous circulation

BOX 85.2 Indications for VA ECMO

VA ECMO, venoarterial extracorporeal membrane oxygenation; VV 
ECMO, venovenous extracorporeal membrane oxygenation.
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(LVAD, e.g., Impella or TandemHeart) are one type of sup-
port; the other is short-term ECMO, usually peripheral 
(femoral) VA ECMO. Recent reviews of temporary circula-
tory support devices in cardiology compare and summarize 
risks, benefits, and outcomes with the different approaches 
in different settings.30,31 Use of VA ECMO provides support 
for both the right and left heart, whereas short-term LVADs 
support only one ventricle. Surgeons are much more likely 
to use VA ECMO in the setting of postcardiotomy failure, 
partly due to familiarity with surgical cannulation (or the 
presence of central cannulae), but also due to the support 
this provides for both ventricles and the lungs. Reviews of 
postcardiotomy ECMO suggest approximately 30% survival 
to hospital discharge.32,33

For support of the patient with refractory end-stage car-
diac failure who may be a potential candidate for durable 
LVAD or transplant, or who has already been evaluated 
for such advanced therapy, there are advantages and 
disadvantages to both the short-term LVAD (Impella or 
TandemHeart) and ECMO. Such patients always need 
left ventricular support but if right heart function and 
pulmonary function are adequate a short-term percu-
taneous LVAD might be appropriate. As discussed later, 
a significant advantage of these devices over VA ECMO 
is decompression of the left ventricle, which is not a fea-
ture of VA ECMO. If placed via the axillary/subclavian 
artery, the patient can be at least somewhat mobile with 
such a device. If, however the right heart, or lungs, or 
both, needs support, then VA ECMO is most appropri-
ate. Another issue is urgency or acuity: peripheral VA 
ECMO can be initiated at the bedside without imaging 
more rapidly than a temporary assist device. The main 
problem if this support is needed for days or weeks is the 
femoral cannulae prevent mobilization. A recent system-
atic review (publications between 2006 and 2016) of 

short-term mechanical circulatory support as a bridge to 
durable LVAD or transplant (or recovery) documented a 
wide range in the number of days of support (individual 
study means of up to 47 days) and an overall 45% to 66% 
of patients surviving to discharge.34 In this report where 
the support was via central ECMO (see later), a higher 
proportion of patients went on to receive durable LVAD 
or transplant and survived to discharge than those who 
received peripheral ECMO.

For acute recoverable myocardial illness such as myocar-
ditis, survival is approximately 67% with VA ECMO.35 This 
is a better outcome than for other cardiac indications, likely 
reflective of the younger age of such patients and possibly 
because in this setting ECMO is usually instituted before 
cardiogenic shock or arrest.

In the 2016 ELSO report, use of ECMO in the setting of 
cardiopulmonary resuscitation (CPR) or extracorporeal 
cardiopulmonary resuscitation (ECPR) in adults com-
prises approximately 15% of all adult ECMO.29 Sixty-six 
percent of all centers reporting to the registry indicate 
some use in this setting. While referrals for ECMO for 
respiratory and cardiac failure are often relatively acute 
and urgent, in the setting of bedside CPR, ECMO needs 
to be instituted very rapidly; time from starting CPR to 
ECMO initiation is an important determinant of good 
outcome.36,37 This limits its use to institutions able to 
support a team that is ready for such rapid activation. 
Survival to discharge is, not surprisingly, the lowest of 
all ECMO applications in both adults (29%) and pediat-
rics (41%).29 The quality of evidence in published studies 
comparing ECLS to standard CPR is low, with a great deal 
of heterogeneity.37

Indications for VA ECMO are summarized in Box 
85.2. According to the 2013 ELSO guidelines18 the 
most common indication for VA ECMO in adult cardiac 
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failure is the presence of cardiogenic shock with end 
organ hypoperfusion despite the use of dual inotropes 
and significant vasopressor requirement. This includes 
cardiogenic shock with or without myocardial infarc-
tion, fulminant myocarditis, peripartum cardiomyopa-
thy, decompensated chronic heart failure, right heart 
failure, medication or toxic drug overdose, and postcar-
diotomy shock.!

CONTRAINDICATIONS TO VA ECMO

Absolute contraindications to VA ECMO include acute 
intracranial hemorrhage or massive stroke, active bleed-
ing, and severe aortic insufficiency. Relative contraindica-
tions (variable by center) may include contraindication for 
anticoagulation, advanced age, obesity, active cancer, sui-
cide attempt, chronic hemodialysis, end-stage liver disease, 
aortic dissection, and lack of social support. As is the case 
for VV ECMO, if neither recovery nor candidacy for durable 
therapy (LVAD or transplant) are likely, VA ECMO should 
not be initiated.!

The Ethics of Extracorporeal 
Membrane Oxygenation

The initiation of any form of ECMO is lifesaving when the 
heart, or lungs, or both are failing despite maximum medi-
cal therapies. It is a very invasive and labor-intensive ther-
apy, with associated severe complications, and may confine 
a patient to an ICU for days, weeks, or even months. As the 
practice has evolved over time, many groups have tried to 
address issues of patient appropriateness, possible exclusion 
criteria, and prognosis before initiating the therapy. An 
essential consideration is that ECMO is a “bridge” to some-
thing else and cannot be viewed as a long-term solution; 
Box 85.3 lists the uses of ECMO as a “bridging” therapy 
to a variety of possible scenarios. The following discussion 
addresses only the individual patient ethical dilemmas, and 
not the overriding issue of the use of a limited availability, 
expensive, and labor-intensive therapy with its cost:benefit 
implications, and overall implications for health care 
systems.

When an otherwise relatively young and healthy 
patient develops an acute severe illness resulting in acute 
cardiac failure and shock (e.g., viral cardiomyopathy) or 
acute refractory lung failure (e.g., viral pneumonia), the 
decision to initiate lifesaving extracorporeal support as 
a “bridge to recovery” seems relatively straightforward. 
Similarly, a patient with end-stage disease of any kind 
who already has a “do not resuscitate” status would 
likely not be a candidate for ECMO if the heart suddenly 
failed. Unfortunately, the clinical spectrum of poten-
tial candidates runs as a continuum between these two 
examples. From the patient and family, through all lev-
els of caregivers and decision makers, tools to help assess 
the likelihood of successful outcome with this advanced 
therapy are needed.

The ELSO registry database has been used to study 
the likelihood of survival prior to ECMO initiation, both 
in respiratory failure (Table 85.2)38 and cardiac failure 
(Table 85.3).39 There are many common elements in these 

publications, including the duration and degree of respi-
ratory support, age, other organ function, and acidosis. 
While these publications can be used as a general guide 
and can be quoted to referring physicians and families, 
they have to be placed in clinical context; decision mak-
ing for life-sustaining treatment must be patient-specific. 
Courtwright and associates40 make a point of the need to 
emphasize to the patient’s family the “bridging” nature 
of ECMO therapy, and that a destination must be formu-
lated at the outset or early on. Because of the need for 
anticoagulation and the risk for bleeding or thrombosis, 
patients who are not candidates for anticoagulation (e.g., 
intracranial hemorrhage) are generally not candidates 
for ECMO, even though more experience is accumulat-
ing with reduced or even no anticoagulation with the use 
of anticoagulant bonded cannulae, tubing, pump heads, 
and oxygenators. Patients with underlying severe disease 
who are not expected to survive more than some prede-
termined period (i.e., 6 months or a year) independent of 
the need for ECMO are unlikely to be considered as can-
didates. Rather than have a single physician or surgeon 
determine whether ECMO should be initiated in a given 
patient, especially when a request comes from an outside 
hospital, many institutions make this a shared decision by 
a small committee (i.e., 3 individuals) who are all familiar 
with and participate in ECMO management.41

Overall survival for adult respiratory and cardiac ECMO 
is approximately 60% and 40%, respectively. Although 
this is certainly a major advance for diseases that were 
previously not survivable, the other side of this coin is that 
mortality remains at 40% and 60%. It makes good sense 
to engage palliative care and/or an ethics committee and 
other counselling services, where available and appro-
priate, at the outset for this therapy.40,41 When ECMO is 
being considered but there is uncertainty about the like-
lihood of recovery or candidacy for advanced durable 
therapy, discussions with family and caregivers should 
be similar to those made regarding “do not resuscitate,” 
assessing the values and goals of the patient.42 Counsel-
ling for ICU caregivers as well as family, including post-
mortem “debriefings,” can be very valuable to help staff 
deal with end-of-life issues. There are few settings where 
withdrawal of therapy can so immediately result in death, 
where patients have intact neurologic function but are on 
the “bridge to nowhere”; it can be extremely troubling to 
all involved when ECMO is stopped.!

Bridge to Decision Urgent initiation before the ability 
to assess likelihood of recovery or 
 candidacy for advanced therapy

Bridge to Recovery Initiation for organ failure that is be-
lieved to be potentially recoverable

Bridge to Advanced 
 Durable Therapy

Initiation after acceptance for eligibility 
for device (e.g., VAD) or transplant

“Bridge to Nowhere” Bridge to decision which is likely to be 
non-recovery and non-eligibility for 
advanced therapy

BOX 85.3 Extracorporeal Membrane 
Oxygenation as “Bridge” Therapy

VAD, Ventricular assist device.
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TABLE 85.2 The “RESP” Score for Pre-ECMO Prediction of Survival at 30 Days After Initiation of VV ECMO for Respiratory Failure

PARAMETER Score

AGE, YEARS

18-49 0

50-59 !2

#60 !3

Immunocompromised status* !2

MECHANICAL VENTILATION PRIOR TO INITIATION OF ECMO

<48 h 3

48 h to 7 days 1

>7 days 0

ACUTE RESPIRATORY DIAGNOSIS GROUP (SELECT ONLY ONE)

Viral pneumonia 3

Bacterial pneumonia 3

Asthma 11

Trauma and burn 3

Aspiration pneumonitis 5

Other acute respiratory diagnoses 1

Nonrespiratory and chronic respiratory diagnoses 0

Central nervous system dysfunction† !7

Acute associated (nonpulmonary) infection‡ !3

Neuromuscular blockade agents before ECMO 1

Nitric oxide use before ECMO !1

Bicarbonate infusion before ECMO !2

Cardiac arrest before ECMO !2

PaCO2, mm Hg

<75 0

#75 !1

PEAK INSPIRATORY PRESSURE, cm H2O

<42 0

#42 !1

Total score !22 to 15

Total RESP Score Risk Class Survival

HOSPITAL SURVIVAL BY RISK CLASS

#6 I 92%

3-5 II 76%

!1 to 2 III 57%

!5 to !2 IV 33%

$!6 V 18%

An online calculator is available at www.respscore.com.
*“Immunocompromised” is defined as hematological malignancies, solid tumor, solid organ transplantation, human immunodeficiency virus, and cirrhosis.
†“Central nervous system dysfunction” diagnosis combined neurotrauma, stroke, encephalopathy, cerebral embolism, and seizure and epileptic syndrome.
‡“Acute associated (nonpulmonary) infection” is defined as another bacterial, viral, parasitic, or fungal infection that did not involve the lung.
ECMO, Extracorporeal membrane oxygenation; RESP, respiratory ECMO survival prediction.
From Schmidt M, Bailey M, Sheldrake J, et al. Predicting survival after extracorporeal membrane oxygenation for severe acute respiratory failure. The Respiratory 

Extracorporeal Membrane Oxygenation Survival Prediction (RESP) score. Am J Respir Crit Care Med. 2014;189(11):1374–1382.
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TABLE 85.3 The “SAVE” Score for Pre-ECMO Prediction of Survival at 30 Days After Initiation of VA ECMO for Cardiac Failure

Parameter Score

ACUTE CARDIOGENIC SHOCK DIAGNOSIS GROUP (SELECT ONE OR MORE)

Myocarditis 3

Refractory VT/VF 2

Post heart or lung transplantation 3

Congenital heart disease !3

Other diagnoses leading to cardiogenic shock requiring VA ECMO 0

AGE (YEARS)

18-38 7

39-52 4

53-62 3

#63 0

WEIGHT (kg)

$65 1

65-89 2

#90 0

ACUTE PRE-ECMO ORGAN FAILURES (SELECT ONE OR MORE IF REQUIRED)

Liver failure* !3

Central nervous system dysfunction† !3

Renal failure‡ !3

Chronic renal failure§ !6

DURATION OF INTUBATION PRIOR TO INITIATION OF ECMO (h)

$10 0

11-29 !2

#30 !4

Peak inspiratory pressure $ 20 cm H2O 3

Pre-ECMO cardiac arrest !2

Diastolic blood pressure before ECMO # 40 mm Hg¶ 3

Pulse pressure before ECMO $ 20 mm Hg¶ !2

HCO3 before ECMO $ 15 mmol/L¶ !3

Constant value to add to all calculations of SAVE-score !6

Total score !35 to 17

Total SAVE-Score Risk Class Survival (%)

HOSPITAL SURVIVAL BY RISK CLASS

>5 I 75

1-5 II 58

!4 to 0 III 42

!9 to !5 IV 30

$!10 V 18

An online calculator is available at www.save-score.com
*Liver failure was defined as bilirubin # 33 µmol/L or elevation of serum aminotransferases (ALT or AST) > 70 UI/L.
†CNS dysfunction combined neurotrauma, stroke, encephalopathy, cerebral embolism, as well as seizure and epileptic syndromes.
‡Renal dysfunction is defined as acute renal insufficiency (e.g., creatinine > 1.5 mg/dL) with or without RRT.
§Chronic kidney disease is defined as either kidney damage or glomerular filtration rate < 60 mL/min/1.73 m2 for # 3 months.
¶Worse value within 6 hours prior to ECMO cannulation.
VA ECMO, Venoarterial extracorporeal membrane oxygenation; VF, ventricular fibrillation; VT, ventricular tachycardia.
From Schmidt M, Burrell A, Roberts L, et al. Predicting survival after ECMO for refractory cardiogenic shock: the survival after veno-arterial-ECMO (SAVE)-score. Eur 

Heart J. 2015;36(33):2246–2256.
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The Mechanics of Extracorporeal 
Membrane Oxygenation

THE PUMP

The delivery of ECMO includes a centrifugal pump in series 
with a membrane oxygenator connected by tubing to 
an inflow and an outflow cannula from the pump to the 
patient. Convention is to describe the cannulae in relation 
to the pump: the inflow cannula aspirates venous blood 
from the patient and the outflow cannula carries arteri-
alized blood from the pump to the patient. Figs. 85.3 and 
85.4 illustrate two common ECMO pumps in use today. 
Fig. 85.3 shows the Maquet Cardiohelp device (Getinge 
Group, Wayne, NJ) where the pump head and oxygenator 
are combined into one disposable unit. Fig. 85.4 shows the 
Thoratec CentriMag pump where the pump head and oxy-
genator can be disposed separately. Both pumps work in a 
similar manner with a magnetically driven rotor. Note, the 
only variable that is adjustable on the pump is the num-
ber of revolutions per minute (RPM); the flow generated at 
a given RPM is dependent on filling (preload) and imped-
ance to ejection (afterload).43 In the human heart, it has 
been argued that venous return is the single most impor-
tant factor in maintaining adequate cardiac output.44 In a 
similar way, the most important determinants of flow for a 
centrifugal pump fed from the patient’s central veins and 
right atrium are the volume status of the venous circula-
tion and internal diameter of the cannula. Also important 
in VA ECMO is the mean systemic pressure, as the flow from 
the pump will be reduced by hypertension. While the cen-
trifugal pumps used in ECMO are relatively nontraumatic 
to red blood cells, there is hemolysis especially at high RPM 

settings. In order to maximize flow at a low RPM, thereby 
reducing hemolysis, the goal is to maintain adequate pre-
load and decrease afterload. Use of the largest possible arte-
rial or outflow cannula will also reduce hemolysis but this 
need must be balanced with the patient’s vessel size.

What is less clear physiologically is how much ECMO flow 
is necessary for adequate tissue perfusion. This is a complex 
question and the answer can vary depending on the current 
physiologic state of the patient (e.g., native cardiac func-
tion, hyperthermia, hypothermia, sepsis, ischemia).45 Most 
centers have settled on a “normal cardiac output” ECMO 
flow of 2.2 to 2.4 L/min/m2 as an initial goal, but this may 
not be possible in a large patient due to cannula size. Using 
markers of end-organ perfusion (mental status changes, 
lactate, mixed venous oxygen saturation, liver function 

Fig. 85.3 The Maquet “Cardiohelp” system showing the pump, the 
combined pump head/oxygenator, and an arterial and venous can-
nula. (Courtesy MAQUET Cardiovascular, LLC, Wayne, NJ.)

Fig. 85.4 The Thoratec “CentriMag” pump (top left) with cart/control panel (top right), pump head (center) and oxygenator (bottom left). (Courtesy Tho-
ratec Switzerland GmbH, Zürich, Switzerland.)
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tests, creatinine), the flow goal can be changed as is feasi-
ble and necessary.46 A very important feature of ECMO is 
that the flow is not necessarily replacing the patient’s own 
cardiac output, either on the right side or the left. With VV 
ECMO, the circuit may oxygenate only a fraction of the 
total venous return so that there will still be significant 
shunt of poorly oxygenated blood through the lungs. With 
VA ECMO in severe cardiac failure, the circuit may supply 
the majority of blood flow but as cardiac function improves, 
native flow may become a significant proportion of total 
flow. In this case, similar to VV ECMO, the native blood flow 
through the lungs will dilute the gas exchange benefit pro-
vided by the VA ECMO.

The effects of continuous flow rather than physiologic 
pulsatile flow on the vasculature and organ systems have 
been studied for short-term CPB runs and long-term dura-
ble LVADs, but not well for moderate duration (e.g., days 
to weeks) as seen in ECMO patients. Changes with durable 
LVADs include increased aortic valve regurgitation (if it is 
not opening), histological alterations in the aorta making 
it stiffer, gastrointestinal mucosal changes associated with 
increased bleeding and arteriovenous malformations, and 
acquired von Willebrand disease.47 Despite this, continu-
ous flow nonpulsatile pumps have replaced pulsatile pumps 
in all settings of extracorporeal support because of their 
simplicity, durability, and the reduced trauma to formed 
elements of the blood; while still being investigated, pulsa-
tile modifications or replacements are not on the clinical 
horizon. Hemolysis and issues related to coagulation top 
the list of things to follow closely while on a continuous 
flow circuit.48 Lactate dehydrogenase, haptoglobin, biliru-
bin, and free hemoglobin all remain important laboratory 
parameters to follow while on ECMO as a way to assess for 
hemolysis.49!

THE OXYGENATOR

The membrane oxygenator is constructed to separate gas 
flow around microtubules of membrane through which the 
blood is passed, with additional circuitry permitting heat 
exchange. Traditionally “flow” refers to the flow of blood 
through the ECMO circuit, and the amount of air-oxygen 
mixture run through the oxygenator is the “sweep.” Oxy-
genation of the blood is determined by the FiO2 of the sweep 
gas mixture, and carbon dioxide removal is determined by 
the liters per minute of sweep, which is commonly in the 
range of 1 to 5 L/min depending in part on the patient’s 
metabolic state, size, native lung function, and ventilator 
settings. Oxygen transfer is very effective at normal blood 
flows, with post-oxygenator blood samples usually showing 
a partial pressure of oxygen (pO2) of more than 300 mm 
Hg when the sweep is 100% oxygen. As mentioned before, 
the patient’s blood gas values will be the result of a com-
bination of the ECMO blood flow with its carbon dioxide 
and oxygen content, and the patient’s native circulation 
and gas exchange. Figs. 85.3 and 85.4 show the mem-
brane oxygenator most widely used in North America, the 
Quadrox made by Getinge (the oxygenator and pump head 
are one unit with Maquet). With time (days to weeks) the 
oxygenator becomes less efficient at gas exchange due to 
build-up of fibrin and micro- or macrothrombi. Need for an 
increase in FiO2 or sweep should prompt an evaluation of 

the pressure drop across the membrane and drawing of a 
post-oxygenator blood gas.!

PULSATILITY WITH VA ECMO

Pulsatility is a term used when describing the arterial wave-
form both in patients on ECMO and in those with durable 
LVADs. In the latter case, pulsatility with the cardiac cycle 
may be related both to LV ejection (i.e., independent of the 
LVAD) and to the increased filling of the ventricular assist 
device due to left ventricular contractility. Pulsatility can 
be detected in this latter case even without aortic valve 
opening. With VA ECMO the blood filling the ECMO circuit 
comes from the venous side so any pulsatility is due entirely 
to left ventricular ejection. When VA ECMO is initiated for 
cardiac decompensation, there is often very little pulsatility, 
but as the left ventricle recovers there is gradual recovery of 
a normal arterial waveform as native left ventricular ejec-
tion increases. With VV ECMO, there is normal filling of the 
left ventricle and arterial pulsatility is not affected.!

FLOW AND GAS EXCHANGE PHYSIOLOGY WITH 
VV ECMO

When VV ECMO is instituted using two separate cannu-
lae as shown in Fig. 85.5, there are two main limitations 
to its effectiveness. The first limitation is that the patient’s 
native cardiac output may be equal to or even greater than 
the ECMO flow, which is functionally a large shunt through 
the lungs. This may lead to inadequate oxygenation despite 
what appears to be appropriate pump and oxygenator func-
tion. The second limitation, due to proximity of the cannu-
lae in the right atrium, is recirculation where some portion 
of the oxygenated blood being pumped into the patient is 
aspirated back into the inflow cannula rather than going 
through the tricuspid valve. This will also result in poor gas 
exchange.50,51 Use of the Avalon dual-lumen cannula (Figs. 
85.6 and 85.7), where blood is aspirated from superior 
vena cava and inferior vena cava ports on one lumen and 
returned through a port positioned (using transesophageal 
echocardiography [TEE] guidance) such that it flows into 
the tricuspid valve, is less likely to cause recirculation. The 
improvement in gas exchange with VV ECMO may result 
in at least partial relief of pulmonary hypertension, possi-
bly avoiding the need for right ventricular assist (i.e., V-PA 
or VA ECMO). If oxygenation is not adequately improved 
due to problems with recirculation or native cardiac output, 
either additional pulmonary measures such as increasing 
PEEP and/or prone positioning, or transfusing to a higher 
hemoglobin can improve oxygen delivery. Addition of a sec-
ond ECMO circuit is also a possibility.!

FLOW AND GAS EXCHANGE PHYSIOLOGY WITH 
VA ECMO

Peripheral VA ECMO usually is performed with a venous 
cannula advanced from the femoral vein into the right 
atrium, and a femoral arterial cannula that ends in the 
internal iliac artery (Fig. 85.8). Physiology of this arterial 
flow is complex in that it competes with native left ventricu-
lar ejection and also poses an afterload stress to the failing 
left ventricle.52,53 A principle of treating the failing heart is 
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to reduce wall stress and myocardial oxygen consumption 
and decrease pulmonary pressures; this is violated with VA 
ECMO. As discussed, it may be necessary to decompress the 
left ventricle with either an Impella or a surgically placed left 
ventricular vent if it is not possible to adequately improve 
left ventricular function with inotropes or to keep systemic 
pressures low. Competition with left ventricular ejection 

means that the ECMO flow from the iliac artery may not 
reach the aortic arch, leaving the coronary and cerebral 
vessels hypoxic if there is poor native lung function. The 
place in the aorta where the ECMO flow meets the native 
flow (from the left ventricle-aortic valve) is sometimes called 
the “mixing cloud”; ideally this is as close to the heart as pos-
sible. For this reason the right radial artery, reflecting aortic 
blood flow closest to the heart and to the brain, rather than 
the left is the sampling site of choice.54 The phenomenon 
of poorly oxygenated cerebral and upper body oxygenation 
but good oxygenation in the lower body is called the “har-
lequin syndrome” (after an autonomic condition associated 
with asymmetric upper body sweating and flushing). Solu-
tions to this problem include central cannulation (requiring 
sternotomy/thoracotomy) where the arterial cannula is in 
the ascending aorta, or addition of a second cannula in the 
right atrium to which part of the ECMO outflow is diverted, 
or VAV ECMO.55 This runs the risk of recirculation at the 
atrium, as well as too high a flow diverted away from the 
aorta and systemic circulation due to the low resistance of 
the pulmonary circulation. Partial clamping of this cannula 
to increase resistance will help drive blood to the systemic 
cannula.!

EXTRACORPOREAL MEMBRANE OXYGENATION 
FOR THE FAILING RIGHT HEART

Clinical circumstances where only the right heart needs 
mechanical assist are less common than when the left ven-
tricle or both ventricles are failing. Pulmonary hyperten-
sion with right ventricular failure in the pre-lung transplant 

Right atrium

VV-ECMO (1)

De-oxygenated
blood

Pump Oxygenator

Returning
oxygenated blood

O2 In CO2 Out

Internal
jugular vein

Femoral vein

Fig. 85.5 Traditional venovenous extracorporeal membrane oxygenation (VV ECMO) circuit with inflow cannula in right femoral vein and outflow can-
nula in right internal jugular vein.

Fig. 85.6 Venovenous extracorporeal membrane oxygenation 
cannulation with the Avalon cannula, Maquet Inc. The dual-lumen 
catheter is placed in the right internal jugular vein, with venous blood 
drawn from the superior and inferior vena cavae (blue arrow) into the 
extracorporeal membrane oxygenation circuit where it is oxygenated 
and pumped back into the right atrium directed toward the tricuspid 
valve (red arrow). (Courtesy MAQUET Cardiovascular, LLC, Wayne, NJ.)
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patient, or immediately post-durable LVAD placement 
where there is right ventricular failure are two examples. 
It is possible to support the right ventricle alone with V-PA 
ECMO where the venous cannula is in the right atrium and 
the “arterial” (outflow) cannula is surgically placed in the 
pulmonary artery via a graft (Fig. 85.9). If the lungs are 
intact, then an oxygenator may not be needed and support 
of the right ventricle can be accomplished by percutaneous 
devices (TandemHeart or Impella) or with the surgically 
placed ECMO, or, more correctly, right ventricular assist 
device (RVAD) circuit without an oxygenator. If there is 
also respiratory failure, then an oxygenator can be added 
to the circuit to provide true ECMO. This latter combina-
tion for right ventricular failure after LVAD provides a flex-
ible means for managing the RV, lungs, and LV relatively 
independently.56!

Vascular Access for 
Extracorporeal Membrane 
Oxygenation

Vascular cannulation location and technique vary depend-
ing on the type of support needed, the patient’s age, size, 
and clinical situation, and the need for imaging. Actual 
placement techniques include percutaneous vessel punc-
ture (Seldinger technique) followed by guidewire, serial 
dilators, then finally the cannula. Alternatively, surgical 
cutdown and direct exposure can be used for peripheral ves-
sels. Finally, surgical access to the right atrium, pulmonary 
artery, and ascending aorta requires sternotomy/thoracot-
omy. For percutaneous access there can be little doubt that 
ultrasound is a very valuable aid. Although there is little 
science to support this contention specifically for ECMO, in 
other settings there is compelling evidence.57,58

In order to verify placement of the venous cannula 
appropriately in the right atrium or at the junctions of the 
superior and inferior vena cavae with the right atrium, TEE 
is very helpful; similarly during placement of guidewires in 
peripheral vessels the use of TEE to verify wires in the aorta 

VV-ECMO (2)

De-oxygenated
blood

Pump Oxygenator

Returning
oxygenated blood

O2 In CO2 Out

Fig. 85.7 Venovenous extracorporeal membrane oxygenation (VV ECMO) circuit using the Avalon cannula (Maquet Inc.).

Right atrium

Femoral vein

Femoral artery

Internal
iliac artery

Fig. 85.8 Venoarterial extracorporeal membrane oxygenation circuit 
with femoral cannulation. The venous cannula (dark blue) is advanced to 
the junction of the inferior vena cava and right atrium, then attached to the 
pump inflow side of the circuit; the arterial cannula (red) is advanced to the 
iliac artery and attached to the oxygenator/pump outflow side of the circuit.

Graft to
pulmonary artery Right atrium

Superior vena cava

V-PA ECMO

De-oxygenated
blood

Pump Oxygenator

Returning
oxygenated blood

O2 In CO2 Out

Fig. 85.9 Venous-pulmonary artery extracorporeal membrane oxy-
genation circuit showing the venous cannula placed through the inter-
nal jugular vein to the right atrium, and the arterial cannula placed in a 
graft which is sewn to the pulmonary artery.
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or the right atrium is also very helpful. Finally, radiographic 
imaging may be used for guiding the wire used for right 
internal jugular (RIJ) vein placement with a dual-lumen 
catheter (AVALON) (see later), followed by TEE imaging to 
verify correct cannula placement. Vascular cannulation, 
especially arterial, requires heparinization during cannula 
placement and generally also requires two operators, for 
either percutaneous access (one person to handle guide-
wire, dilators, and intermittent vascular occlusion) or for 
cutdown (surgical assistance in addition to handling wire 
and dilators).

CANNULATION FOR VV ECMO

In the original descriptions of VV ECMO in adults, two can-
nulae were used: one usually inserted in the right femoral 
vein and advanced to the junction between the inferior 
vena cava and the right atrium, and the other inserted in 
the RIJ vein and advanced through the superior vena cava 
into the right atrium (see Fig. 85.5). The largest possible 
cannulae are used to maximize flow (see later). When the 
cannulation of the IJV is technically not possible, an alter-
native configuration of VV ECMO support involves bilateral 
femoral cannulation. The tip of the drainage venous can-
nula is placed in the inferior vena cava while the tip of the 
outflow cannula is positioned into the right atrium. Either 
two-cannula technique presents a major drawback in 
terms of recirculation, where some portion of the oxygen-
ated blood returned to the right atrium is reaspirated back 
into the inflow cannula.

The Avalon ELITE is a dual-lumen cannula used in con-
temporary VV ECMO and many centers insert this catheter 
as the first choice if possible. With this cannula designed for 
RIJ placement, one lumen is used for inflow to the ECMO cir-
cuit; this lumen is designed to reside such that ports for aspi-
ration of blood are in both the superior and vena cavae but 
not the right atrium. The second lumen where the pump 
outflow is directed is designed to be positioned in the right 
atrium aimed at the tricuspid valve (see Fig. 85.6). By use 
of inflow ports in the vena cavae and outflow in the right 
atrium directed at the tricuspid valve, blood recirculation 
is minimized. Use of echocardiography to place the cannula 
is important to be sure the inflow and outflow ports are in 
the correct position. TEE is especially useful in identifying 
the direction of the outflow jet of blood toward the tricus-
pid valve. In addition to the advantage of a single vascular 
access and minimal recirculation, the Avalon ELITE cath-
eter improves patient comfort and facilitates mobilization 
and rehabilitation. It may also decrease the infectious risk 
associated with groin cannulation. The main limitation of 
this cannula is the maximum internal diameter achievable 
for pump inflow, as this is the main determinant of the flow 
rate.!

CANNULATION FOR VA ECMO

The objective of VA ECMO is to provide oxygenated blood 
into systemic circulation so cannulation of a large artery 
for the outflow cannula is required. The femoral arteries are 
usually the first choice, and only in particular conditions 
(e.g., burns, open wounds, significant peripheral vascular 
disease) is the subclavian or axillary artery used. Vascular 

cannulation for peripheral VA ECMO is therefore most com-
monly done using a venous cannula in the femoral vein 
advanced to the inferior vena cava/right atrium junction, 
and an arterial cannula entering the femoral artery with 
the tip residing in the common iliac artery (Fig. 85.8). As 
in VV ECMO, the maximum flow achievable is mostly deter-
mined by the internal diameter and length of the venous 
cannula. Placement of the femoral arterial cannula, as 
with the venous cannula, can be done using the Seldinger 
technique and serial dilators, or surgical cutdown. Imag-
ing is not required; the venous cannula is placed by the 
inserter estimating the position of the inferior vena cava/
right atrium junction, with possible adjustment in position 
if needed at a later time. Surgical cutdown is required for 
accessing the subclavian or axillary artery.

In an attempt to reduce the incidence of distal limb isch-
emia in the cannulated leg, small catheters (commonly 
referred to as distal perfusion catheters) can be placed dis-
tal to the ECMO arterial cannula, aiming down the leg (Fig. 
85.10). Different parts of the distal limb arterial tree can be 
used as cannulation sites; the femoral artery is most often 
used but the superficial femoral artery or posterior tibial 
artery have also been described. Another possible approach 
to limit distal limb ischemia is to sew a synthetic graft 
on the femoral artery, and place the cannula in the graft 
rather than the vessel itself. This approach is always used 
for subclavian/axillary cannulation. In some centers the 
femoral artery and vein on the same side are cannulated; in 
others one cannula is placed in each extremity in order to 
avoid both reduced arterial perfusion and increased venous 
obstruction to the same extremity.

The subclavian/axillary artery cannulation for VA ECMO 
has both advantages and drawbacks when compared to 
the femoral site. The subclavian artery is rarely affected by 
atherosclerotic lesions compared to the femoral artery; the 

To leg
To
iliac artery/aorta

From ECMO

Fig. 85.10 Illustration of a “distal perfusion cannula” in the femo-
ral artery. The extracorporeal membrane oxygenation (ECMO) arterial 
cannula is placed in the artery and advanced to the internal iliac artery; 
the distal perfusion cannula is placed distal to the arterial ECMO can-
nula, aiming down the leg to provide additional perfusion.
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presence of a rich collateral flow may reduce the risk of dis-
tal extremity ischemia, bacterial contamination is less likely 
in this anatomic region, and it provides a systemic ante-
grade perfusion into the distal aortic arch (more proximal 
than the common iliac). The drawbacks include a poten-
tially challenging surgical dissection in obese patients or in 
the presence of chest wall edema; the vessel is smaller than 
the femoral artery, and the limited reports for its use suggest 
an increased risk of hyperperfusion (rather than hypoper-
fusion) to the extremity.59 It is not used in acute emergent 
cannulations (e.g., unstable cardiogenic shock or cardiac 
arrest) as it is time-consuming. With axillary artery cannu-
lation, the venous cannula is usually placed in the RIJ to 
obtain the potential benefit of patient mobility.

Direct cardiac and aortic cannulation for VA ECMO is 
usually used for patients who cannot come off CPB in the 
operating room, using the CPB cannulas (central ECMO). 
The short, large-bore venous cannula permits excel-
lent venous drainage. As oxygenated blood is returned to 
the ascending aorta, there is less concern for upper body 
hypoxemia. Other circumstances where central VA ECMO 
may be used include failure to obtain adequate flow from 
peripheral cannulation due to vessel size or disease, inad-
equate improvement in oxygenation (usually upper body), 
or vascular complications from peripheral VA ECMO. Cen-
tral cannulation may also facilitate mobilization (e.g., out of 
bed) provided there is chest wall stability.!

CANNULATION FOR VPA ECMO

Where there is right ventricular dysfunction or failure but 
intact left ventricular function, it would be ideal to avoid 
peripheral arterial cannulation (i.e., VA ECMO). If the lungs 
function adequately, a temporary RVAD could be used (e.g., 
Impella). If lung assist in addition to right ventricular assist 
is needed, then two options are (1) VPA ECMO using a graft 
placed surgically on the pulmonary artery for outflow and 
either a femoral or RIJ venous cannula, or (2) use of a Pro-
tek Duo (Cardiac Assist, Inc., Pittsburgh, PA) dual-lumen 
cannula similar to the Avalon but designed to have the tip 
reside in the pulmonary artery rather than the inferior vena 
cava. This cannula is placed via the RIJ with inflow ports in 
the right atrium and outflow ports in the pulmonary artery. 
It can provide both oxygenation and cardiac output for the 
pulmonary circulation but not require a systemic (arterial) 
cannula. Although there is less experience with the Protek 
Duo dual-lumen cannula than with the Avalon, it appears 
to be promising.60!

ALTERNATIVE CANNULATION STRATEGIES

The cannulation strategy may not be fixed for the duration 
of the ECMO support; patient physiology or clinical condi-
tion and needs may change over time and modifications in 
ECMO configuration may occasionally be necessary. Con-
version from the initial ECMO strategy to a different modal-
ity should always be strongly considered if the patient’s 
perfusion is inadequate, other goals of therapy are not being 
met, or if complications are arising as a result of the can-
nulation strategy, for example upper extremity hypoxemia 
with femoral VA ECMO61 or left ventricle distension with 
VAECMO.

Conversion from VV to VA or from VA to VV ECMO, or 
the use of “hybrid” modes, may be desirable or necessary. 
Patients on VV ECMO can have hemodynamic deteriora-
tion (secondary to right, left, or bi-ventricular failure) and 
require cardiocirculatory support. This can be achieved by 
the addition of an arterial perfusion cannula to the circuit. 
This ECMO configuration (also known as veno-arterial-
venous [VAV] ECMO) provides circulatory support through 
an arterial cannula introduced via the femoral or subcla-
vian artery and is referred to as a hybrid approach.62 In sit-
uations where femoral VA ECMO does not provide sufficient 
oxygenated blood to the upper body (harlequin syndrome 
or north/south syndrome), an extra outflow cannula can 
be introduced to the right atrium via the RIJ, directing oxy-
genated blood into the pulmonary circulation (VAV ECMO 
hybrid approach).63 Alternatively, the femoral arterial can-
nula can be converted to a central (proximal aortic) posi-
tion, requiring sternotomy or thoracotomy. When there is 
left ventricular distension with VA ECMO that cannot be 
overcome with inotropic drugs, then surgical placement 
of a left-sided inflow vent (usually in the left atrium or 
pulmonary vein) or insertion of an Impella may be neces-
sary. Placement of additional cannulae of any kind must be 
approached with caution and the cannula flow monitored. 
Bleeding and clotting complications are compounded by 
use of additional cannulae.!

Monitoring on Extracorporeal 
Membrane Oxygenation

PUMP PRESSURES AND FLOWS

Understanding pressures and flows in the circuit is key to 
the management of an ECMO patient. The Maquet Cardio-
help device has built-in pressure transducers such that it 
measures the incoming pressure to the pump (the venous 
pressure), the pressure after the pump but before the oxy-
genator, and finally the pressure after the oxygenator (the 
outflow pressure). It also has a flow probe on the outflow 
cannula and a monitoring probe for air on the inflow can-
nula. In order to generate flow, the pump creates a negative 
pressure on the venous side, and this pressure is displayed on 
the console. As this pressure becomes more negative, con-
cern arises regarding the volume status of the patient, or a 
cannula issue (e.g., obstruction, position). For the same flow 
a smaller cannula will require a greater negative pressure. 
Greater negative pressures usually precede the phenom-
enon of venous line “chatter” where flow is intermittently 
reduced or stopped when the inflow ports (in the superior 
vena cava and/or right atrium) are sucked against the 
venous wall due to inadequate volume status of the patient.

The pressure change across the oxygenator is used to 
indicate the possibility of obstruction due to accumulation 
of fibrin or clot. Outflow cannula pressure, also displayed, 
can be elevated by cannula obstruction or high arterial 
pressure in the patient. Smaller cannulae require higher 
pressures to generate flow than larger ones. The Maquet 
Cardiohelp device also has a sampling port on the outflow 
cannula (post oxygenator) to allow blood gas analysis in 
the assessment of membrane function; declining pO2 or ris-
ing carbon dioxide partial pressure (pCO2) indicate a need 
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to change the oxygenator. There is no venous side sampling 
port; this may be useful on VV ECMO when there is suspi-
cion of recirculation as described previously, but an access 
point pre-pump is a potential source for air entrainment.

Flow probes can be applied to the branches of outflow 
cannulae connected to the circuit if these are employed. 
For example, a probe can be attached to the distal perfusion 
cannula used in peripheral VA ECMO or to the left ventric-
ular vent in the centrally cannulated patient. A flow that 
drops abruptly may indicate occlusion of the line possibly 
from fibrin/thrombus formation.!

INTRAVASCULAR PRESSURES

The arterial catheter offering both continuous blood pres-
sure monitoring and sampling for blood gas analysis is an 
essential monitor in this patient population. As previously 
mentioned, all current forms of mechanical circulatory sup-
port (except intraaortic balloon pumps) provide continuous 
flow. In the patient on VA ECMO, the arterial line provides 
real-time information regarding the relative contribution of 
the native heart (pulsatile) versus the ECMO pump (nonpul-
satile). Blood pressure cuffs (manual or automatic) are not 
able to provide this type of continuous monitoring and in 
the absence of pulsatility may not be able to measure the 
pressure at all. In the VA ECMO patient, the location of the 
arterial catheter is also important as mentioned; blood gas 
samples from left upper extremity catheters may not reflect 
the blood perfusing the coronaries and the brain, depending 
on the location of the “mixing cloud.”

A central venous catheter provides access to administer 
vasoactive and inotropic drugs, and while the presence of 
a large cannula near or in the right atrium from which the 
ECMO pump is aspirating blood likely affects the pressure 
measurement, it can be a useful trend to monitor especially 
during weaning of flow. Although use of the pulmonary 
artery catheter in settings other than severe heart failure or 
cardiac surgery has greatly declined, it provides very use-
ful information in the patient on VA ECMO. As discussed 
previously, a problem with VA ECMO is left ventricular 
distension due to the afterload stress; elevated or rising 
pulmonary artery pressure can be the first indication of 
this phenomenon, preceding pulmonary edema or even 
pulmonary hemorrhage. A rising mean pulmonary artery 
pressure may initiate a discussion regarding treatment with 
inotropic medications or placement of an Impella device, 
and be used to monitor the effectiveness of such treatment. 
During weaning trials when the ECMO pump flow is pro-
gressively reduced, the pulmonary artery catheter provides 
pressures on both sides of the heart and information about 
biventricular function.!

TISSUE OXIMETRY

Tissue oximetry has been used for many years in the cardiac 
operating room to assess the adequacy of cerebral perfusion. 
Some ECMO centers are now using this technology to assess 
both cerebral oxygenation (in the sedated patient) as well 
as distal extremity perfusion where there is vessel cannula-
tion.64 Tissue oximetry applied to the lower extremities may 
alert the provider of a mismatch between the cannulated 
extremity and the one that is not. This information, along 

with clinical assessment (physical state of the extremity and 
pulses) and flow probes applied to the circuit can be used 
to guide intentional changes in flow or cannula reposition/
relocation. Decreasing the cannulated extremity perfusion 
can sometimes be necessary if there is edema or compart-
ment syndrome.!

Anticoagulation

There is continuous contact between the foreign surfaces 
of the circuit and the patient’s blood while on ECMO. For-
eign surfaces are intrinsically thrombogenic, placing the 
circuit components at an increased risk for thrombosis 
and the patient at risk for embolic complications as well 
as reduced pump effectiveness. Both Maquet and Thoratec 
(Thoratec Corp., Pleasanton, CA) have tried to at least 
partly address this issue by coating the blood-contact-
ing surfaces of the circuit components with proprietary 
heparin or heparin-albumin bonding processes. In some 
instances it is possible to run ECMO without anticoagula-
tion at all or using low levels of anticoagulation, but this is 
not well studied.65,66

The membrane oxygenator and distal perfusion tub-
ing used in femoral arterial cannulation are commonly 
reported sites for clot formation. In order to prevent throm-
bosis, the standard practice in North America is to adminis-
ter antithrombotic therapy to a target below the levels used 
for CPB. The goal is to maintain the circuit with minimal 
thrombotic risk to the circuit and minimal hemorrhagic risk 
to the patient.67 Anticoagulation targets may be altered by 
the absence of circuit coating, the flow rate (higher target 
for lower flows), and patient-specific factors such as throm-
bocytopenia or other coagulation disorders.

Unfractionated heparin (UFH) is the most commonly 
used anticoagulant for ECMO. Heparin works via anti-
thrombin 3 (AT3); the heparin-AT3 complex then inhibits 
thrombin and factor Xa.68 Patients usually receive an initial 
UFH bolus of 50 to 100 units/kg at the time of cannulation. 
Dosing of UFH and measured anticoagulation status are 
institution specific. Problems with the use of UFH include 
its relative unpredictable bioavailability, the necessity for 
maintaining AT3 levels, and the occurrence of heparin-
induced thrombocytopenia with thrombosis (HITT).67,69 If 
the AT3 concentration in plasma is low, coagulation can 
occur even when large doses of heparin are given. The level 
of AT3 should be monitored, especially if there is an increas-
ing need for heparin dose to achieve the desired anticoagu-
lation. A low AT3 level can be treated by giving fresh frozen 
plasma or recombinant AT3.!

Therapeutic Monitoring 
of Unfractionated Heparin 
(Table!85.4)

ACTIVATED CLOTTING TIME

The activated clotting time (ACT) remains the most com-
monly utilized test for ECMO to guide UFH dosage, partly 
due to its being a point-of-care (POC) whole-blood test that 
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provides immediate results.70 Results of the ACT may be 
affected by factors other than UFH including anemia, hypo-
fibrinogenemia, thrombocytopenia and coagulation fac-
tor deficiencies, hypothermia, and hemodilution. The UFH 
infusion is titrated to maintain the ACT at institution-spe-
cific levels, usually 1.5 times normal (180-220 s).18!

ACTIVATED PARTIAL THROMBOPLASTIN TIME

The activated partial thromboplastin time (aPTT) is a lab-
oratory standardized test used in adults where moderate 
doses of UFH are administered, and many adult ECMO pro-
grams use the aPTT instead of the ACT. The aPTT appears 
to more accurately reflect heparin anticoagulation in the 
critical care setting.71

Although POC devices are available, in most institutions 
the aPTT test is performed in the hospital laboratory with the 
attendant delay in obtaining results. Point-of-care devices 
which measure the aPTT are available, but these tests are 
done on whole blood samples and may not be as reliable as 
laboratory run tests. The laboratory aPTT may be affected by 
factors other than heparin effect such as factor deficiencies or 
presence of inhibitors. If the patient has a high platelet or white 
cell count, or is hypercoagulable, a large amount of heparin 
may be required to maintain the target aPTT. If the patient 
is thrombocytopenic, in renal failure, or has circulating fibrin 
split products, a reduced aPTT target may be appropriate.!

ANTI-FACTOR XA (“HEPARIN LEVEL”)

Some institutions use the anti-factor Xa (anti-Xa) assay as 
the gold standard test to monitor therapeutic UFH dosing.72 
The anti-Xa assay is not a measure of UFH concentration, 
but rather a measure of UFH effect, based on the ability of 
the UFH-AT3 complex to inhibit factor Xa.68 In contrast to 
the ACT and aPTT, the anti-Xa assay is specific to the antico-
agulant effect of UFH and is not influenced by coagulopathy, 
thrombocytopenia, or dilution. Studies in this patient popu-
lation have shown poor correlation of anti-Xa assay to ACT, 
suggesting the anti-Xa test to be preferable.73 In addition, 
the anti-Xa activity is associated with better accuracy and 
reproducibility than the aPTT in many clinical settings.74!

HEPARIN-INDUCED THROMBOCYTOPENIA

Heparin induced thrombocytopenia (HIT or HITT) is a rela-
tively uncommon but severe complication of UFH therapy. 

Diagnosis may be challenging with patients on ECMO, as 
thrombocytopenia from various origins (multiorgan dys-
function, sepsis, platelet activation and consumption by 
the ECMO circuit, bleeding, hemodilution) is common. Two 
types of HITT are described: type I is relatively benign, of 
nonimmune origin, and occurs early without thrombotic 
complications. It usually spontaneously resolves despite 
continued treatment with heparin; type II (HITT) is life 
threatening, of immune origin, and late onset. This syn-
drome leads to venous and/or arterial thrombosis.75

HITT treatment consists of stopping the UFH infusion 
and any contact with any form of heparin, avoiding platelet 
transfusions, and administering an alternative anticoagu-
lant treatment such as one of the direct thrombin inhibitors, 
argatroban or bivalirudin. Argatroban is hepatically cleared 
whereas bivalirudin has a component of renal elimination; 
both drugs must be carefully dose-adjusted and monitored in 
critically ill patients. The Maquet circuit is always heparin-
bonded; it is possible to have non-heparin bonded circuitry 
using the Thoratec CentriMag system. As the effect of hepa-
rin-bonded circuitry on the development or maintenance of 
HITT is not well understood, if HITT is diagnosed there should 
be an effort to change to a non-heparin bonded circuit.76!

Weaning from Extracorporeal 
Membrane Oxygenation

WEANING FROM VA ECMO

Weaning from VA ECMO is both an art and a science as 
every patient is different, and both pulmonary and car-
diac weaning may be required. Many of the principles used 
in the cardiac operating room to separate a patient from 
CPB apply to the patient on VA ECMO. “Ramp” trials for 
VA ECMO patients where the ECMO support is reduced in 
a graded fashion while monitoring blood pressure, filling 
pressures, oxygenation, and often continuous echocardiog-
raphy, are part of the management of the ECMO patient in 
the ICU.56 The pulsatility of the arterial waveform and how 
it is affected when the ECMO flow is reduced is also impor-
tant. The desired response to a ramp trial is for the patient 
to maintain stable blood pressure and pulsatility on mini-
mal inotropic and vasopressor support, with no significant 
increase in filling pressures, and preserved ventricular func-
tion by echocardiographic assessment. Another important 
consideration is resolution of pulmonary congestion or 

TABLE 85.4 Anticoagulation Strategies

Drug Pro Absolute/Relative Contraindications

No anticoagulation Avoids anticoagulation in high-risk patients (hemorrhagic 
CVA, postoperative bleeding, etc.)

High risk for thrombus/embolism/short circuit life 
span

Unfractionated heparin Most frequently used HITT

Low-molecular-weight heparin Infrequently used Very dependent on renal function and patient 
weight, HITT

Argatroban No concern for HITT Hepatically cleared

Bivalirudin No concern for HITT, short half-life Renally cleared

Heparin bonded circuits Decreases fibrin coating of circuits HITT

HITT, Heparin-induced thrombocytopenia and thrombosis.
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edema before a ramp trial is performed. In general, once the 
patient is ready for weaning, there will be good pulsatility 
indicating the native cardiac output is perfusing the ascend-
ing aorta and great vessels; the blood gas from the right 
radial artery will reflect the native lung function. It may be 
desirable to reduce the FiO2 of the sweep, and reduce the 
sweep itself to confirm that the patient can oxygenate and 
ventilate adequately with their own lungs. This will require 
arterial blood gas analysis. Appropriate anticoagulation is 
important before the ramp trials; often a small bolus dose of 
heparin (e.g., 1000 units) is given prior to the trial, and as a 
general rule bedside ramp trials for VA ECMO in the ICU do 
not decrease the blood flow below 2 L/min. It is important 
to keep in mind that other cannulae that may come off the 
main ECMO circuit will also show a decrease in flow dur-
ing ramp trials (distal perfusion cannulae or left ventricular 
vents). Providers should be mindful of this when manag-
ing patients with high-risk extremities or threatened limbs 
(large arterial cannulae and/or technical issues related to 
the distal perfusion cannula itself). Once it is clear that the 
ramp trial is successful, patients can then be taken to the 
operating room for decannulation where they are usually 
monitored with TEE and a pre-decannulation ramp trial is 
repeated. In some institutions decannulation can be per-
formed in the bedside in the ICU with an operating room-
like setup for surgical repair of the artery.

Weaning from VPA ECMO is similar to weaning from VA 
ECMO but the focus is on the right heart rather than the left 
heart, and with at least equal attention to the ability of the 
patient’s own lungs to adequately perform gas exchange.!

WEANING FROM VV ECMO

VV ECMO ramp trials are often easier to perform as most of 
the information regarding the ability of the patient’s lungs to 
oxygenate and ventilate can be learned without a change in 
circuit flow. The purpose of the VV ECMO circuit is to perform 
gas exchange, but unlike VA ECMO the pump function pro-
vides no cardiac support; weaning trials therefore only need 
to be performed with changes in gas delivery across the mem-
brane. Decreases in FiO2 of the sweep to reduce oxygenation 
support, and decreases in sweep itself across the membrane 
to reduce “ventilation” (CO2 removal) are all that is required 
to assess the adequacy of native lung function. Stopping the 
flow of oxygen/air across the membrane entirely may be per-
formed as a last step prior to decannulation. This is called a 
“cap” trial whereby a cap is placed over the gas delivery inlet 
of the membrane valve itself. However, this process may 
damage the oxygenator, and if the trial is unsuccessful, may 
lead to a need to replace it. As a general principle, the sweep 
should not be reduced below 0.8 L/min for anything but a 
brief (few minutes) time. Venous ECMO cannulae can usually 
be removed in the ICU without the need for vascular repair.!

WEANING THE PATIENT WITH SEPARATE RVAD, 
LVAD, AND ECMO

Some patients with biventricular failure and pulmonary 
edema may have cardiopulmonary support in a configura-
tion of CentriMag LVAD, a CentriMag RVAD, and an oxy-
genator connected to the RVAD circuit. This cannulation 
strategy provides separate biventricular support with the 

added benefit of an oxygenator in a VV ECMO configura-
tion (i.e., LVAD plus VPA ECMO). It provides the ability to 
separately assess native lung function, right heart function, 
and left heart function during ramp trials. The VV ECMO 
weaning trial can then be performed as described, without 
a change in LVAD or RVAD blood flow. Reduction in FiO2 
of the sweep and in the sweep itself are monitored with arte-
rial blood gases, with the ability to remove the oxygenator 
but remain with biventricular support. The RVAD and 
LVAD can then be weaned separately as determined by the 
patient’s native right- and left-heart function.!

Complications of Extracorporeal 
Membrane Oxygenation

It should not be surprising that there are many complica-
tions associated with all types of ECMO. These complica-
tions have been the subject of recent systematic reviews 
both for VA ECMO and for VV ECMO and are also described 
in the annual reports from ELSO. There is less experience 
with VPA and VAV ECMO configurations but many of the 
same issues exist with these more complex circuits. Com-
plications of vascular cannulation, bleeding, or clotting 
from excessive or inadequate anticoagulation, neurologic 
injury (i.e., intracerebral bleed) usually related to coagula-
tion management, and infection all occur with a significant 
incidence. With VA ECMO the majority of vascular compli-
cations are arterial; overall vascular complications with VV 
ECMO, especially the double-lumen Avalon, are less com-
mon. Renal injury occurring prior to initiation of ECMO or 
during an ECMO run is associated with a worse outcome.77

Vaquer and associates78 performed a systematic review 
and meta-analysis, selecting 12 studies from 2000 through 
2015, including 1042 patients who underwent VV ECMO 
for ARDS. The mean hospital mortality in these studies was 
38%, with a mean of 7% mortality due to complications. 
They found 40% of patients experienced medical complica-
tions, the most common of which was some kind of bleed-
ing (29%). Intracerebral bleeding occurred in 5%. The 
2016 ELSO report suggests a similar incidence of bleeding 
looking at adult ECMO for all respiratory indications. The 
ELSO report describes an incidence of 10% cannula infec-
tions with Vaquer and associates78 finding an incidence of 
all infections of 17%. The ELSO report does not indicate the 
mortality attributable to complications, but does give over-
all mortality of respiratory (VV) ECMO as 38% with 42% 
hospital mortality.18

For VA ECMO, the majority of which is femoral, the over-
all incidence of complications related to the ECMO itself is 
greater than for VV ECMO. This is illustrated in the 2016 
ELSO report, and two recent independent reports—one sin-
gle center and one meta-analysis. In the ELSO report of all 
cardiac ECMO in adults, the overall incidence of bleeding is 
42% rather than 32% for VV ECMO. Infectious complica-
tions are comparable, but renal failure and hyperbilirubi-
nemia are both greater. In a meta-analysis of 1866 patients 
who received VA ECMO for cardiac arrest or cardiogenic 
shock between 2005 and 2012, Cheng and associates35 
found an incidence of major bleeding complications of 40% 
as well as a similar incidence of needing re-thoracotomy 
if central ECMO was used after cardiotomy. The incidence 
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of significant infection was 30% overall. Most strikingly 
the incidence of acute kidney injury was 55%, with 46% 
needing dialysis. They also found an incidence of lower 
extremity ischemia of 17%, compartment syndrome requir-
ing fasciotomy of 10%, and amputation of 5%. They did 
not report mortality attributable to the ECMO. In a single-
center report by Kaushal and associates,79 findings associ-
ated with hospital mortality included increasing age, the 
indication for ECMO being cardiac arrest, prolonged ECMO 
run, need for pre-ECMO dialysis (but not if initiated during 
ECMO), and limb ischemia.

PERIPHERAL EXTREMITY ISCHEMIA

As indicated previously, limb ischemia, compartment syn-
drome requiring fasciotomy, and amputation are significant 
risks of peripheral cannulation for VA ECMO. Approaches to 
reducing this complication include careful selection of can-
nula size, meticulous technique in cannula insertion to pre-
vent vessel injury, and interventions to improve flow to the 
distal extremity such as placement of a distal perfusion can-
nula or use of an arterial graft where the cannula resides, 
rather than the vessel itself. Compartment syndrome can 
be caused by a mismatch in venous outflow to the arterial 
inflow, which could potentially be avoided by placing the 
venous and arterial cannulae in different extremities. Other 
than use of these measures, attentive monitoring of the 
cannulated extremity for pulses, edema, pain, tissue ten-
sion, and temperature, and early intervention if there are 
ischemic changes, are essential. As mentioned, some cen-
ters use oximetry sensors to compare cannulated and non-
cannulated extremities.

Hyperperfusion is a less common complication, usually 
associated with an arterial graft to either a femoral or axil-
lary artery, which then provides the extremity with exces-
sive perfusion leading to hyperemia, patient discomfort, 
and potentially, compartment syndrome. Chameogeorga-
kis and associates59 report that hyperperfusion syndrome 
occurs in 20% of patients when the axillary artery is used 
(with the cannula residing in an end-to-side graft to the 
artery), and 20% of these patients will go on to develop 
compartment syndrome. This is a reason why the axillary 
artery is not a vessel of first choice for VA ECMO. We have 
also seen this in a lower extremity in a small female patient 
who had an arterial graft due to small artery size, where the 
venous cannula was in the femoral vein on the same side.

A number of reports have addressed the effectiveness 
of distal perfusion catheters80,81 and arterial grafts rather 
than vessel cannulation82,83; while these approaches 
reduce ischemic complications they do not eliminate them. 
Vigilance on the part of the care team and early interven-
tion to change cannulation strategy are essential to prevent 
loss of the limb.!

The Anesthesiologist’s Role 
in Extracorporeal Membrane 
Oxygenation

In many institutions, all ECMO cannulation, management, 
and decannulation is led by cardiac or thoracic surgeons. 

In others, respiratory ECMO is managed by a medical ICU 
team, even when the cannulation is performed by a sur-
geon. ECMO management in the ICU can involve cardi-
ologists in patients needing cardiac support, pulmonary 
physicians in those needing only respiratory support, and 
critical care physicians of all backgrounds in all patients on 
ECMO. A critical care anesthesiologist who is also cardiac 
trained is an ideal participant in the management of these 
patients as many aspects of ECMO are related to CPB. In 
some institutions nonsurgical members of the critical care 
team may be involved in the cannulation and initiation of 
ECMO as well as its ongoing management. The concept of 
an ECMO team has been described by two of the authors 
of this chapter, suggesting that outcomes of ECMO can be 
significantly improved with the strong engagement of car-
diac anesthesiologists and critical care anesthesiologists.84 
This may be particularly important in “ECMO to go” where 
a team from the ECMO center travels to an outside hospital 
to initiate and then manage ECMO as well as other life-sup-
port modalities during transfer. The European experience 
indicates a stronger role for anesthesiologists in this process 
than in the United States.85 Management of patients need-
ing what is essentially a surgical intervention for urgent 
cardiorespiratory support is very much part of the prac-
tice of cardiothoracic anesthesiology, as is the invaluable 
intraoperative guidance provided by TEE evaluation and 
monitoring of not only cardiac function, but placement, 
advancement, and correct positioning of cannulae.86 Simi-
larly, during decannulation from cardiac ECMO, echocar-
diographic evaluation of the heart is essential during and 
after support has been removed.
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