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Extracorporeal Membrane 
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Extracorporeal life support (ECLS) encompasses 
various techniques that support patients with 
severe cardiac and/or pulmonary failure. In recent 
years, there has been a substantial increase in the 
use of ECLS in a broad population of patients 
with cardiopulmonary failure [1]. Extracorporeal 
membrane oxygenation (ECMO) may be config-
ured as venoarterial ECMO (VA-ECMO) for car-
diac support, veno-venous ECMO (VV-ECMO) 
for respiratory support, veno-arterial-veno 
ECMO (VAV-ECMO) for cardiac and respiratory 
failure, or extracorporeal carbon dioxide removal 
(ECCO2R) for lung protection [2]. ECMO to 
restore circulation during cardiac arrest is referred 
to as extracorporeal cardiopulmonary resuscita-
tion (ECPR). In recent years, there has been a 
dramatic increase in the use of VA-ECMO for 
cardiogenic shock. This variation of ECMO is the 
primary focus of discussion in this chapter.

ECMO support is provided for stabilization of 
salvageable patients when death is imminent and 
other treatment options are not available. ECMO 
techniques are a modification of the standard car-
diopulmonary bypass technique and allow for 
support durations (typically days to weeks) lon-
ger than usual cardiac surgery. ECMO support 
allows time for recovery of cardiac or pulmonary 
function or bridges patients to other definitive 

therapy, such as transplantation or durable left 
ventricular assist device (LVAD) support.

ECMO is a high-risk and complex therapy 
that requires substantial resources for initiation 
and continuing support. Effective ECMO requires 
an infrastructure or system of care with medical 
and technical expertise in all phases of advanced 
cardiopulmonary care. Ideally, a network consist-
ing of a tertiary care center that provides all fac-
ets of advanced care is partnered with community 
healthcare providers to allow treatment of a broad 
range of patients in various communities [3–5]. 
Patient access to advanced cardiopulmonary care 
(including ECMO, transplant, durable LVAD, 
and other devices) with optimal medical therapy 
is an important challenge today.

Since the introduction of ECMO in the mid- 
1970s, its use has varied widely, with application 
predominantly in pediatrics until the 2009 H1N1 
influenza epidemic, which affected a large num-
ber of adults [6–8]. Advancements in ECMO 
technology has improved its safety and portabil-
ity, which has led to a dramatic increase in its use 
[9]. The ECMO circuit is smaller than the usual 
cardiopulmonary bypass, cannulae designed for 
ECMO are readily available, and the entire sys-
tem is portable. These advances have allowed 
expansion into multiple hospital environments, 
such as the intensive care unit, cardiac catheter-
ization laboratory, emergency department, and 
operating room, but also have allowed ECMO 
therapy to be instituted in community hospitals, 
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permitting stabilization and safe transport to a 
tertiary care center. The application of VA-ECMO 
for cardiogenic shock has increased considerably 
in recent years. The ability to implement support 
in a variety of settings is important for the rapid 
restoration of circulation with adequate oxygen-
ation. Prompt access to ECMO support avoids 
multiple organ failure, which is key to successful 
outcomes of the therapy [10–12]. ECMO support 
stabilizes the patient’s condition, allowing time 
for necessary transport, accurate diagnosis of 
underlying pathology, and definitive therapy in a 
controlled environment.

The current growth rate of ECMO is outpac-
ing the evidence supporting the current clinical 
applications and management practices [13, 14]. 
Standards of care for ECMO have not been estab-
lished, and most practices are not supported by 
randomized, controlled clinical trials [15]. The 
goal of this chapter is to provide a contemporary 
review of the use of ECMO for support during 
profound cardiogenic shock and pulmonary 
failure.

 ECMO Indications 
and Contraindications

ECMO may be indicated for support of patients 
with severe pulmonary or cardiac failure, or a 
combination of both. Because ECMO is not 
intended to resolve the primary etiology of car-
diac or pulmonary failure, it is a temporary 
bridge to recovery or other definitive therapy 
[16]. Indications for VA-ECMO in cardiac fail-
ure include cardiogenic shock, refractory ven-
tricular arrhythmia, ongoing cardiopulmonary 
resuscitation for cardiac arrest, and acute decom-
pensated heart failure (Table  15.1) [15]. The 
leading causes of cardiogenic shock are acute 
myocardial infarction (70% to 80%) and acute 
decompensated chronic heart failure (up to 
30%), and these conditions comprise the major-
ity of patients needing ECMO support. It is 
about 50% in our multi- institutional high-vol-
ume shock network [17–31]. Patients with wit-
nessed cardiac arrest with cardiopulmonary 
resuscitation (CPR) in progress may be candi-

dates for VA-ECMO if there is a reasonable pos-
sibility that neurologic function is intact. In 
many patients, ECMO support as a bridge to 
decision is necessary to determine viability for 
other treatments. Patients with irreversible end-
organ function may not be suitable candidates 
for transplantation or durable mechanical circu-
latory support. Patients may need a period of sta-
bilization and assessment of neurologic function. 
Bridging to recovery for cardiac failure may 
result in successful weaning without further 
need for mechanical assistance, and patients are 
treated medically. A bridge-to-bridge approach 
may be appropriate for patients who cannot be 
weaned from support and are candidates for a 
durable LVAD or artificial heart. Bridge to trans-
plant is an option for a few patients, but donor 
availability limits this treatment to a small num-
ber of patients.

Table 15.1 Indications for ECMO

Indications for VA-ECMO
  Severe refractory cardiogenic shock from
   Myocardial infarction
   Postcardiotomy/failure to wean cardiopulmonary 

bypass
   Myocarditis
   Acute decompensated chronic heart failure 

(cardiomyopathies and congenital heart disease)
   Acute allograft failure/rejection
   Refractory ventricular tachycardia
   Cardiotoxicity/drug overdose
   Severe right ventricular failure following LVAD or 

transplant
   Septic shock
   Pulmonary embolism
  Cardiac arrest with CPR in progress
Indications for VV-ECMO
  ARDS of any etiology, with PaO2/FiO2 < 100 on 

FiO2 > 90%
  CO2 retention on mechanical ventilation with a peak 

pressure > 30 cm H2O
  Severe air leak syndromes
  Need for mechanical ventilation in patients on the 

lung transplant waiting list
  Rapid respiratory and/or cardiac decompensation 

refractory to standard care (e.g., pulmonary 
embolism, airway obstruction)

Abbreviations: VA-ECMO venoarterial extracorporeal 
membrane oxygenation, CPR cardiopulmonary resuscita-
tion, LVAD left ventricular assist device, PaO2 arterial par-
tial pressure of oxygen, FiO2 fraction of inspired oxygen
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Use of VV-ECMO for primary pulmonary 
failure with adequate cardiac function is almost 
always considered a bridge to recovery while the 
lungs recover from infection or other cause of 
severe adult respiratory distress syndrome 
(ARDS) (Table 15.1). Etiologies for severe respi-
ratory failure that may require VV-ECMO include 
viral, bacterial, or fungal lung infections, primary 
lung disease (e.g., cystic fibrosis, primary pulmo-
nary hypertension, idiopathic fibrosis), chest 
trauma, and bronchiolitis obliterans. Patients 
with severe air leak from any cause, when ade-
quate oxygenation and CO2 removal cannot be 
maintained, should be promptly supported with 
VV-ECMO.  Acute severe respiratory failure in 
asthma or chronic obstructive pulmonary disease 
(COPD) may also benefit from this therapy.

 ECMO Contraindications

Most contraindications to ECMO support are 
relative, while the risks are considered together 
with the potential benefits for individual patients. 
Relative contraindications include irreversible 
organ function, particularly the brain; conditions 
decreasing quality of life (neurologic damage, 
malignancy, severe risk of bleeding with antico-
agulation); older age; patients who have been on 
conventional therapy for long duration; and aor-
tic dissection. Although older age is associated 
with higher mortality, it should not be considered 
an absolute contraindication [20]. Lack of exit 
strategies should be considered as a 
contraindication.

 The ECMO System

The basic ECMO system has a centrifugal blood 
pump, a membrane oxygenator, heat exchanger, 
inflow and outflow cannula, and tubing to estab-
lish a circuit between these components and the 
patient’s circulatory system (Fig.  15.1). Pumps 
most commonly used include the CentriMag 
(Abbott, Chicago, Illinois, USA), Rotaflow 
(Maquet, Rastatt, Germany), or TandemHeart 
(TandemLife, Pittsburgh, Pennsylvania, USA). 

Blood is drained from the inflow cannula and is 
pumped through the oxygenator and back to the 
patient through the outflow cannula. The gas flow 
rate and the fraction of inspired oxygen (FiO2) 
through the oxygenator control the exchange of 
oxygen and carbon dioxide with the blood. 
VA-ECMO draws blood from the venous circula-
tion and returns oxygenated blood to the arterial 
circulation; it is used primarily for cardiac sup-
port while providing pulmonary assist. 
VV-ECMO differs by returning oxygenated 
blood to the pulmonary circulation and is used 
for severe pulmonary failure in the presence of 
adequate native cardiac function (Fig. 15.2).

 Management of ECMO

 Cannulation

Initiation of VA-ECMO support with open chest 
cannulation may take place in the operating room 
for cases of postcardiotomy shock; however, the 
majority of cases are initiated outside of the oper-
ating room [21]. VA-ECMO support can be initi-
ated quickly using percutaneous cannulation in 
multiple hospital environments, such as the car-
diac catheterization laboratory, operating room, 
emergency department, and intensive care unit. 
Appropriate cannulation for ECMO is critical for 
successful outcomes. Central cannulation usually 
is performed for postcardiotomy support when 
the chest is open; peripheral cannulation is most 
often employed in nonsurgical cases. Cannulation 
is initiated only after all team members and sys-
tem components are at the bedside. A bolus of 
heparin, 50–100 units per kilogram, is given just 
before cannula placement. Cannulation for 
VA-ECMO is most commonly via a femoral vein 
(inflow) and a femoral artery (outflow). Venous 
cannulas are 19–25 Fr in diameter with a length 
up to 60 cm and may be of single- or multistage 
configuration. The outflow cannula placed in the 
arterial system is 15–19 Fr in diameter and 
20–25 cm long. Cannula sizes vary with the size 
of the patient, and the proper cannula diameter 
can be determined by assessment of the vessel 
diameter using vascular ultrasound. The Fr gauge 
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size used should be 3 times the size of the target 
vessel in mm [22]. Vascular ultrasound is useful 
to locate the target vessel and to assess for ana-
tomic problems. The femoral arterial cannula 
ideally is at least more than 2 mm smaller than 
the vessel diameter to allow flow to the lower 
extremity. A properly selected cannula size 
allows enough blood flow to the leg and avoids 
ischemia. Near-infrared spectroscopy provides 
an assessment of tissue oxygenation and should 
be used to assess for leg ischemia [23].

Except when ECPR has been initiated, cannu-
lation to provide blood flow distal to the cannula-
tion site should be performed. Distal cannulation 
is completed by insertion of a 5–7 Fr sheath con-
nected to the arterial outflow. Retrograde and 
antegrade cannulation can be accomplished by 
placement of a T-shaped Dacron graft on the fem-
oral artery. This should be used when large can-
nula sizes are inserted or when femoral unilateral 
arterial and venous cannulation is performed. 
When distal arterial blood flow to the leg is inad-

PumpOxygenator

Veno-arterial ECMO

Pump

Oxygenator

Veno-venous ECMO

Fig.  15.1 Veno-venous (VV) ECMO (left) receives 
deoxygenated blood from the vena cava and returns 
 oxygenated blood to the pulmonary artery. Venoarterial 

(VA) ECMO receives deoxygenated blood from the vena 
cava and returns oxygenated blood to the descending 
aorta
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equate, a separate perfusion cannula should be 
placed in the distal superficial femoral artery by 
cutdown or to the posterior tibial artery for retro-
grade perfusion.

When venous drainage is inadequate, an addi-
tional venous drainage cannula through a differ-
ent vein may be necessary. It may be possible to 
change the cannula to a larger size, although 
removal and replacement of the cannula is some-
times very challenging. A damaged, kinked, or 
clotted cannula must be exchanged with a new 
cannula.

 Initiating ECMO Support

The implementation of VA-ECMO for cardiac 
failure is usually more urgent than implementing 
VV-ECMO for respiratory failure [24, 25]. After 
a thorough assessment of the patient’s condition 
is completed by the ECMO team, the risk and 
benefits are carefully considered to avoid fruit-
less use of resources. Once the decision to pro-
ceed with ECMO support has been made, a lead 
physician coordinates cannulation and initiation 

of support. The initiation of ECMO therapy is 
extremely time sensitive, and numerous activities 
take place concurrently or in rapid succession 
until the patient’s condition is stabilized [26]. 
Perfusionists prepare the ECMO circuit, and 
nurses provide medical therapy as directed. The 
implanting physician determines the cannulation 
locations and cannula sizes to be inserted. 
Appropriate selection of cannula size should 
allow for full-support flow rate of 50–70 ml/kg/
min in adults. After initiating support, VA-ECMO 
flow rate should be maintained in appropriate 
range to allow for adequate tissue perfusion or 
oxygenation, which is usually 4–6 l/min.

 Monitoring

Patients should be monitored with an arterial 
pressure line and a pulmonary artery catheter. 
Continuous monitoring of the mixed venous oxy-
gen saturation provides a real-time assessment of 
system perfusion. Pulmonary artery pressures are 
useful in assessing for left ventricular distension 
and the need for venting of the ventricle. Liberal 

Deoxygenated blood
from left ventricle

Oxygenated blood
from ECMO

Fig.  15.2 Harlequin 
syndrome during ECMO 
support occurs when the 
left ventricle pumps 
deoxygenated blood to the 
head and upper extremities 
and oxygenated blood only 
reaches the lower 
extremities
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use of echocardiography is invaluable in assess-
ing for ventricular distension and the need for left 
ventricular venting [27]. It is also important to 
assess valvular function and thrombus formation 
within the heart.

 Blood Gases

Oxygen delivery from ECMO should provide an 
arterial saturation greater than 95% (VA-ECMO) 
or at least 80% (VV-ECMO) with nominal venti-
latory support. The difference between arterial 
and venous oxygen saturation is normally in the 
range of 20% to 30% when there is adequate oxy-
gen delivery and consumption. A hematocrit of at 
least 40% assures adequate oxygen delivery. 
Removal of CO2 is controlled by the sweep gas 
flow rate through the ECMO membrane. The 
ratio of gas flow rate to blood flow rate is initially 
set at 1:1 and then titrated to maintain the partial 
pressure of CO2 (PaCO2) within the desired 
range. Carbogen (5% CO2/95% O2) may be used 
as the sweep gas to help maintain the outlet 
PaCO2 at about 40 mmHg. If the PaCO2 is greater 
than 70 mmHg, increasing the sweep gas gradu-
ally over several hours will help prevent rapid 
change in the arterial pH.

 Anticoagulation

Most of the modern ECMO circuits require low 
level of systemic anticoagulation to prevent 
thrombosis within the circuit. Heparin is the most 
common anticoagulant and is monitored by acti-
vated thromboplastin time, (40–60 seconds), acti-
vated clotting time (1.5–2.5 times baseline), or 
indirect heparin concentration with anti-factor 
Xa (0.3–0.5  IU/ml) [28]. Thromboelastography 
(TEG) may also be useful to assess the time and 
density of clot formation in response to kaolin. 
Clot density is affected by clotting factors, plate-
lets, and fibrinolysis, so TEG provides more 
information than activated clotting time. TEG 
can be performed with or without an agent that 
inactivates heparin to separate the anticoagulant 
effect of heparin from other factors. In patients 

with heparin-induced thrombocytopenia (HIT), 
direct thrombin inhibitors, such as parenteral 
bivalirudin and argatroban, may be used [29]. 
When alternative anticoagulants are used, the 
activated partial thromboplastin time should be 
maintained between 50 and 60 seconds.

 Ventilator Management

Since ECMO provides full gas exchange, 
mechanical ventilation is less critical during full 
support. However, adequate respiratory function 
is necessary before weaning is begun. 
Endotracheal intubation is often necessary to 
maintain the airway. Mechanical ventilation with 
low tidal volume (3–5  ml/kg) with low airway 
pressure is desired to prevent lung injury. Positive 
end-expiratory pressure (PEEP) of 10–15 mmHg 
helps to maintain alveolar expansion. The FiO2 
should be kept below 0.40.

 Complications of ECMO

 Bleeding

Bleeding is a common complication of ECMO 
support due to the necessary anticoagulation ther-
apy and hematologic abnormalities. Blood trans-
fusion should be used to maintain a hemoglobin 
concentration of at least 10 mg/dl. Bleeding can be 
minimized by careful attention to hemostasis at 
the cannula insertion sites and careful monitoring 
of anticoagulation therapy. In some cases, antico-
agulation therapy may be decreased or stopped to 
help control excessive bleeding [30, 31].

 Stroke

The rate of ischemic and hemorrhagic stroke dur-
ing ECMO is approximately 4% [32]. The causes 
of stroke are due to anticoagulation therapy, the 
artificial surfaces of the ECMO circuit, and 
hemodynamic instability. Maintaining adequate 
flow rates and careful monitoring of anticoagula-
tion status with adjustments in therapy are vital. 

A. El Banayosy



213

Anticoagulation should be increased in low-flow 
states and during weaning, and excessive dosing 
of anticoagulants must be avoided. Cannulation 
of the femoral artery is associated with a much 
lower stroke rate than cannulation of the carotid 
artery.

 Infection

Infection is common in patients being supported 
by ECMO, with over 50% of patients acquiring 
bacteremia, which has a mortality rate greater 
than 60% [16]. As much as possible, sterile tech-
niques should be used during emergent cannula-
tion, and antibiotic therapy should be provided 
throughout support. Usual surgical infection- 
control measures must be employed.

 Limb Ischemia

A potential complication of femoral arterial can-
nulation occurs when the outer cannula diameter 
is near equal to the inner diameter of the blood 
vessel, resulting in very low or absent distal 
blood flow [31]. Although this complication 
occurs in less than 5% of cases, it can be effec-
tively treated with proper recognition and treat-
ment [23]. When time permits, an ultrasound 
procedure is performed on the cannulation target 
vessel to measure its diameter, permitting opti-
mal cannula size selection. A proper cannula size 
will allow enough blood flow to the leg. Leg isch-
emia can be monitored using near-infrared spec-
troscopy on the leg, which provides an assessment 
of tissue oxygenation. Retrograde and antegrade 
cannulation is performed by placement of a 
T-shaped Dacron graft on the femoral artery, with 
cannula directed in both directions.

 Left Ventricular Overload

In certain conditions, aortic retrograde blood 
flow during VA-ECMO may increase left ven-
tricular afterload, which increases left ventricular 

end-diastolic pressure, left atrial pressure, and 
pulmonary wedge pressure [23, 33]. The elevated 
left-sided pressure can lead to pulmonary edema, 
hemoptysis, and poor gas exchange [34]. 
Hypoxemia may become severe, and poorly oxy-
genated blood from the left ventricle enters the 
cerebral and coronary circulation, causing neuro-
logic dysfunction and worsening myocardial 
function. Decreased output from the left ventricle 
due to high afterload may inhibit aortic valve 
opening, increasing the potential for clot forma-
tion within the left ventricle or aortic root [35].

Venting of the left ventricle is used in 15%–
20% of patients supported with VA-ECMO [36]. 
Patients should be closely monitored with a pul-
monary artery catheter and a right radial arterial 
pressure line to assess for excessive afterload and 
prevent left ventricle overload. The pulmonary 
artery diastolic pressure should be maintained 
less than 22 mmHg. Left ventricular contractility, 
pulse pressure, and aortic valve opening are 
assessed with the right radial arterial pressure 
waveform. A low or absent pulse pressure and no 
dicrotic notch indicates that VA-ECMO flow and 
left ventricular afterload exceed the ability of the 
left ventricle to eject blood, and the aortic valve 
remains closed. Echocardiography should be 
used to assess left ventricle and left atrial size and 
to aid in intravascular volume management.

Minimizing VA-ECMO flow may help to avert 
left ventricular distension, but a flow rate should 
always be maintained at a level that achieves ade-
quate systemic perfusion assessed by lactate 
level, arterial pH, and central venous oxygen 
saturation. Left ventricular afterload may also be 
controlled by adjusting VA-ECMO flow with 
cautious dosing of vasodilators and inotropes and 
appropriate balance of intravascular volume.

Various methods have been used for left heart 
decompression during peripheral VA-ECMO. 
Intra-aortic balloon pump (IABP) support is easy 
to implant and is effective in certain cases. 
Transseptal placement of an 8- to 15-Fr cannula 
into the left atrium with blood drained into the 
venous inflow has been effective [34]. Another 
percutaneous method to decompress the left ven-
tricle uses a blade-balloon septostomy to create a 

15 Extracorporeal Membrane Oxygenation Techniques and Modern Considerations



214

left-to-right shunt [37]. Atrial stenting decreases 
left atrial volume but requires surgical closure fol-
lowing termination of VA-ECMO.  Draining the 
pulmonary artery into the ECMO inflow through 
a percutaneously placed 15-Fr cannula has been 
effective in two reported cases [38]. Direct can-
nulation at the apex through a mini- thoracotomy 
or a subcostal approach with placement of a 21- to 
23-Fr cannula in the left ventricle is another effec-
tive means [35, 39, 40]. The Impella 2.5 and 5.0 
ventricular assist devices (Abiomed Inc., Danvers, 
MA, USA) may be used for either primary 
mechanical support in cardiogenic shock or for 
left ventricular unloading during VA-ECMO sup-
port. Single-center studies have shown improved 
hemodynamics; however, controlled multicenter 
trials evaluating this technique have not been con-
ducted [41–44]. It is important to note that there 
are no studies comparing the various techniques 
for left ventricle decompression. The technique 
used should be based on the level of expertise and 
training at the individual center.

 Harlequin Syndrome

Harlequin syndrome is a complication that may 
occur during VA-ECMO with peripheral cannu-
lation when respiratory function is poor and 
deoxygenated blood from the left ventricle is 
pumped into the arterial circulation and is the pri-
mary blood flow source to the coronary and 
carotid arteries [23, 45]. In severe cases, myocar-
dial recovery is deterred, and cerebral ischemia 
may cause neurologic deficit. The presence of 
Harlequin syndrome can be detected by monitor-
ing the arterial oxygen saturation at the right 
radial artery, as this is the most distal point from 
the VA-ECMO blood flow. A finger pulse oxim-
eter on the right hand may give an early indica-
tion of oxygen desaturation. In cases of Harlequin 
syndrome, mechanical ventilation with appropri-
ate FiO2 and PEEP may help to maintain an arte-
rial oxygen saturation of at least 90%. When the 
right radial oxygen saturation is less than 88%, 
the VA-ECMO flow may be too low and can be 
increased. Decreasing inotropic medications may 

also be useful. Use of beta-blockers to decrease 
heart rate may help decrease left heart output. 
When these measures fail to resolve the low 
radial artery saturation, cannulation of the 
ascending aorta for the VA-ECMO outflow 
should be employed. Also, the VA-ECMO out-
flow can be split between the femoral artery and 
a new cannula in the superior vena cava (SVC). 
When splitting the outflow, the cannula size in 
the femoral artery should be 17–19 Fr and should 
be 15–17 Fr in the SVC location [(31].)

 Recirculation

Recirculation may occur with VV-ECMO—oxy-
genated blood from the ECMO outflow enters the 
drainage cannula without passing through the 
systemic circulation [46]. Recirculated blood 
does not contribute to oxygen delivery and 
decreases the overall efficiency of ECMO sup-
port. The pump speed and location of the inflow 
and outflow cannulas need to be assessed when 
recirculation occurs. Increasing the distance 
between the two cannulas and lowering flow rate 
may minimize the recirculation effects. Also, 
larger cannulas may allow high flow rates with 
minimal recirculation. Adding a second drainage 
cannula in a different location may also resolve 
the problem.

 Weaning ECMO

Weaning from VA-ECMO versus VV-ECMO is 
very different, and techniques for both vary 
widely among institutions [47]. The optimal 
method for ECMO weaning is yet to be deter-
mined and is usually based on experience. 
Assessment for weaning begins soon after the 
initial stabilization, and daily trials of weaning 
should be performed. When considering weaning 
in patients, the primary cause of cardiac or pul-
monary failure must be reversible, and other 
organ failure must be resolved or resolving [48]. 
Patients who do not have recoverable etiologies 
must be considered for transplantation, durable 
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mechanical circulatory support, or hospice. 
Weaning from VV-ECMO requires return of ade-
quate pulmonary function, whereas removal of 
VA-ECMO requires adequate cardiac function. 
Generally, weaning from VV-ECMO is more 
gradual, and careful attention to the adequacy of 
mechanical ventilation is given [47]. VA-ECMO 
weaning requires that patients maintain adequate 
cardiac output and blood pressure throughout the 
weaning process.

Weaning from VA-ECMO requires patients to 
maintain satisfactory hemodynamics before and 
throughout the weaning process. Inotropic sup-
port should be minimal, and mechanical support 
with an IABP or pVAD should be weaned. A 
weaning trial most often is performed in the oper-
ating room, and decannulation with proper hemo-
stasis is performed for successful weaning trials. 
Echocardiography is used to assess for any ven-
tricular distension, and blood pressure is continu-
ously assessed. VA-ECMO flow is decreased in 
increments of 25% to 33% of the baseline flow 
rate, while the mean arterial blood pressure is 
maintained at greater than 65 mmHg. The patient 
should maintain a mixed venous saturation of at 
least 65% and an arterial saturation greater than 
90% when ECMO flow is less than 1.5  l/min. 
Some centers advocate a slow weaning period of 
a few hours or even days, whereas others will 
perform the weaning trial in just an hour or two 
[16, 48].

Weaning from VV-ECMO begins once the 
patient has been stabilized, and minimal blood 
flow and sweep gas are set according to the 
patient’s condition. The level of VV-ECMO sup-
port is decreased as the patient’s condition 
improves and respiratory function returns. When 
VV-ECMO support is less than 30% of the maxi-
mum or initial amount of support, cardiac and 
respiratory function may allow removal of sup-
port. With the patient spontaneously breathing at 
an FiO2 of less than 50%, the ECMO flow is 
decreased in increments of 1 l/min to a minimum 
of 1 l/min. When the patient maintains a PaCO2 
less than 50 mmHg and an arterial oxygen satura-
tion greater than 95% for at least 1 hour, support 
can be removed [49].

 ECMO Program Organization

ECMO is a complex therapy that should be man-
aged at centers with appropriate experience and 
resources to ensure it is used effectively [24, 50]. 
Patients requiring ECMO support need the high-
est level of intensive care from a multidisci-
plinary team. New developing programs need to 
partner with experienced programs to provide a 
state-of-the-art system of care. Comprehensive 
advanced heart failure care programs at tertiary 
care centers serve as hub ECMO centers that are 
associated with regional centers. ECMO pro-
grams organized regionally can provide the high 
quality of care to as many patients as possible. 
Centers participating in a hub-and-spoke system 
of care should adhere to standardized protocols 
that detail criteria for the initiation of ECMO 
support, contraindications, follow-up care, and 
exit strategies.

ECMO programs should have a board- certified 
director with expertise in critical care, advanced 
heart failure, thoracic, cardiac, vascular, or 
trauma surgery or other board-certified specialist 
with specific training and experience in ECMO 
[24, 51, 52]. An ECMO coordinator, perfusion-
ists, critical care nurses, and respiratory thera-
pists provide technical and medical care. Ideally, 
institutional protocols guide team organization 
and individual team member responsibilities. 
Team members should complete ECMO training 
and periodically demonstrate competency [53]. 
An ECMO team coordinator is an essential part 
of the organization and communications. ECMO 
programs may use physician specialists, nurse 
practitioners, or RN to coordinate team activities 
and to provide triage between hub-and-spoke 
centers. Specialties needed to support the ECMO 
program include interventional cardiology, car-
diothoracic surgery, pulmonology, neurology, 
nephrology, radiology, infectious disease, social 
workers, chaplains, palliative care, financial 
counselor, and hospital administrators. The 
responsibilities of each team member must be 
defined and agreed upon [15].

Quality assurance of the ECMO program must 
be a priority for the institution. Before starting 
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the ECMO program, essential training and profi-
ciency testing for all team members must be 
completed. Routine meetings with team mem-
bers for review of training and equipment needs, 
staffing levels, patient volume, and case reviews 
are important. Referring spoke centers should 
participate in these review meetings. Morbidity 
and mortality meetings should be held to review 
any serious complication or death during ECMO 
support. Participation in the Extracorporeal Life 
Support Organization (ELSO) registry is useful 
for data comparison between a center and other 
institutions. New ECMO programs should com-
plete a thorough analysis of the potential patient 
volume to assure that an appropriate amount of 
support exists. Hospital administration should be 
committed to financial support of the program 
costs and be prepared to adjust resources as the 
volume of cases varies.

 ECMO Transport

There is an increasing number of patients that are 
being treated with ECMO in community hospi-
tals. Ideally, patients with severe refractory car-

diogenic shock or pulmonary failure will have 
ECMO support initiated at a major center that 
offers comprehensive advanced heart failure care 
[24]. However, many patients in need of emer-
gent cardiopulmonary support who present at 
community hospitals may be initiated on-site by 
the local specialist or the ECMO team from a hub 
center. Regardless of the location at which 
ECMO support is initiated, the patient’s follow-
 up care should take place at a center with com-
plete advanced heart failure care and/or 
pulmonary care.

The ELSO has published ECMO transport 
guidelines, which should be considered by cen-
ters participating in transport programs [54]. 
Efficient advanced cardiac care systems, includ-
ing high-volume hub hospitals, emergency medi-
cal services, and community-based spoke centers, 
may impact the outcomes of patients with pro-
found cardiac and/or pulmonary failure [50]. A 
hub-and-spoke regional network entails three 
levels of care (Fig.  15.3) [55]. Level 1 centers 
provide comprehensive care, including heart 
transplant, long-term LVAD, total artificial heart, 
and short-term circulatory support. Level 2 cen-
ters offer cardiac catheterization and surgery and 

Level 3 - Spoke

•  Diagnosis
•  Medical therapy
•  Hemodynamic
    monitoring

•  Medical therapy
•  Cardiac catherization
•  Percutaneous VAD
•  ECMO

•  ECMO
•  Percutaneous VAD
•  Durable LVAD/RVAD
•  Artificial heart
•  Heart transplant

Level 2 - Spoke

Level 1 - Hub

Fig.  15.3 Levels of 
care at hub-and-spoke 
centers in an advanced 
care network
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percutaneous short-term mechanical support. 
Level 3 centers provide resuscitation and medical 
therapy to stabilize patients. Effective participa-
tion of this type of network requires commitment 
and communication from a variety of healthcare 
professionals. Protocols that outline communica-
tions, triage and patient selection, patient man-
agement, and the transport process must be 
established and strictly followed by all participat-
ing centers. Established patient selection criteria 
will help to minimize debate during the triage 
process. The Level 1 hospital is responsible for 
the overall coordination of the ECMO program.

A mobile ECMO team from the Level 1 cen-
ter, with personnel trained in cannulation, trans-
port of patients, initiation of support, and patient 
management, must be available 24 hours a day. 
Transport of critically ill patients with ECMO 
support, or those in need of support, must be 
prompt and efficient, as delays increase mortality 
[56]. The mobile ECMO team should consist of a 
combination of an ECMO specialist, ECMO 
coordinator, perfusionists, paramedics, and respi-
ratory therapists. The team must be available for 
immediate transport to the patient’s location. The 
ECMO coordinator at the hub center must have 
the ability and authority to choose the most 
appropriate means of transportation. Depending 
on distance and size of the metropolitan area, 
ground ambulance, helicopter, or fixed-wing air-
craft are used as appropriate. Patients with severe 
cardiogenic shock or pulmonary failure at Level 
3 centers should be promptly transported to the 
hub center if their condition is stable. For unsta-
ble cases, an ECMO transport team is dispatched 
to initiate therapy on-site. After the mobile 
ECMO team stabilizes the patient, safe transport 
to the hub hospital can take place.

 Future Directions

ECMO support is unique in comparison to other 
healthcare technologies, as it was not developed 
specifically for current clinical applications. 
ECMO is an extension of cardiopulmonary bypass 
that has been routinely used in cardiac surgery. 
Today, ECMO is being applied in multiple differ-
ent scenarios without randomized controlled clini-

cal trials supporting the indications for use. 
Consequently, indications and contraindications 
need to be defined, and standards of care need to 
be established. Because patients with refractory 
cardiac or pulmonary failure present in extreme 
conditions, it is often difficult or impossible to dis-
cuss care with the patients or their next of kin. 
Ethical dilemmas related to this therapy need more 
thorough consideration in future research.

Extracorporeal cardiopulmonary resuscita-
tion (ECPR) with ECMO may offer survival 
benefit for the large number of patients experi-
encing in- hospital and pre-hospital cardiac arrest 
[57, 58]. ECMO offers a means to rapidly restore 
circulation, which is the key component to 
achieving survival in patients with profound car-
diogenic shock or cardiac arrest. Preliminary 
reports present the possible benefit of pre-hospi-
tal ECMO support initiated by emergency medi-
cal services [59]. Pre-hospital ECMO support is 
particularly challenging due to the absence of 
the multidisciplinary team present in the hospital 
environment.

As more patients with acute cardiopulmonary 
failure are being treated in community hospitals, 
more advanced care networks need to be estab-
lished [4, 5, 60]. This includes the use of ECMO 
technology in use at more hospitals by more phy-
sician specialties. Presently, there are a large 
number of patients without access to this life- 
saving therapy; this situation will improve as 
technology advances and more medical profes-
sionals are trained to provide the therapy. 
Outreach programs at tertiary care centers can 
initiate the development of networks; societies 
need to promote these activities as well.

Clinical research is necessary to better define 
populations of patients that will benefit from this 
therapy. Because patients are at high risk of death, 
randomized controlled trials are nearly impossi-
ble to conduct; however, studies that focus on 
assessing risks and benefits are needed to better 
define patient selection. Protocols for manage-
ment and weaning from support need to be better 
defined to establish more uniform practices. The 
Extracorporeal Life Support Organization 
(ELSO) registry provides some useful informa-
tion on practices and outcomes but needs to be 
expanded to provide more precise guidelines.
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