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The introduction of the lung allocation score in 2005 prioritized patients with decreased transplant-free 
survival as the recipients of donor organs and effectively increased the number of critically-ill patients 
with end-stage lung disease waiting for transplantation. This change presented transplant programs with 
the challenge of how to both extend the lives of critically-ill, end-stage lung disease patients waiting for 
donor organs and maintain patient vitality to survival through the rigors of surgery and post-transplant 
recovery. Motivated by the dismal outcomes of patients maintained on mechanical ventilation pre-transplant, 
transplant centers increasingly deploy extracorporeal membrane oxygenation (ECMO) as a means of 
supporting patients with advanced disease as a bridge to successful lung transplantation. ECMO is an 
extracorporeal gas exchange device providing delivery of oxygen and removal of carbon dioxide from blood 
passed through the circuit. The specific cannulation strategy determines whether ECMO provides primarily 
respiratory or circulatory support. The cannulation approach is tailored to the specific physiological 
manifestations of the pre-lung transplant candidate’s disease process. For patients with profound hypoxic 
respiratory failure, a cannulation strategy that captures a large fraction of the venous return is required 
to maintain adequate support whereas lower circuit flows are sufficient for patients with predominantly 
hypercapnic respiratory failure. Improving outcomes and increasing experience with ECMO is motivating 
transplant centers to initiate support before patients require mechanical ventilation. Awake cannulation is 
increasingly common and is used to avoid the complications associated with intubation in advanced lung 
failure. Determining criteria for initiation of support and identifying the optimal approach to support 
patients with right heart failure in need of circulatory support are avenues of active investigation. Use of 
ECMO and other forms of extracorporeal support are rapidly becoming a mainstay in the care of the pre-
lung transplant patient with advanced disease.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is a 
powerful support modality capable of sustaining patients 
with respiratory or circulatory failure when skillfully 
deployed (1). Successful use of ECMO to support patients 
previously considered unsalvageable with conventional 

methods has prompted an exponential increase in the 
number of ECMO centers and its expanding application 
as an experimental therapy for acute respiratory distress 
syndrome (ARDS) (2). Parallel to its adoption as a bridge to 
recovery for acute respiratory failure, transplant registries 
report increasing use of ECMO as a bridge to transplant for 
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critically-ill patients.

Lung transplantation and the lung allocation score 
(LAS) era

Despite recent medical advances (3,4), lung transplantation 
remains the only potentially curative therapy for end-
stage lung disease. Adoption of the LAS in 2005 heralded 
a significant shift in the care of patients with advanced 
pulmonary disease listed for lung transplantation (5). The 
previous system awarded organs based on time on the 
waiting list. This approach incentivized listing of healthier 
patients capable of surviving longer waiting periods to 
increase probability of receiving organs. Implementation 
of the new LAS system prioritizes patients with lower 
projected transplant-free survival to increase donor organ 
allotment to critically ill patients. 

Prioritization of sicker patients coincided with doubling 
of mortality rates for patients on the waiting list from 8.6  
to 16.5 per 100 waitlist-years from 2005 to 2015, 
respectively (6). Although the new allocation system 
achieved the goal of decreasing waiting list time for patients 
with the most urgent need for transplant, it motivated a 
change in the clinical care of critically-ill patients with 
end-stage lung disease. Transplant centers increasingly 
confronted two intertwined challenges: (I) how to optimally 
maintain the vitality of patients with advanced disease to 
improve survival through the rigors of surgery and post-
operative recovery and (II) how to extend the lives of 
critically-ill patients at risk of imminent death while on the 
cusp of a life-saving transplant. 

ECMO as bridge to transplant

ECMO was initially considered a contraindication to 
transplant, given reported one-year survival rates of 44% 
for pre-transplant patients maintained on extracorporeal 
support (7). Pre-transplant mechanical ventilation was also 
known to be an independent risk factor for increased post-
transplant mortality (8). The combination of technological 
advancements with improved understanding of device use, 
more widespread availability and limitations of conventional 
support led transplant centers to re-evaluate use of ECMO 
as a pre-transplant support modality (9,10). 

Informed by single-center reports of successful use, 
transplant centers are rapidly embracing ECMO as a means 
to maintain patient viability and survival to bridge-to-
transplant. One center reported a six-month survival rate 

of 80% in patients supported on ECMO pre-transplant, 
compared to 50% of patients maintained on mechanical 
ventilation (11). Another experienced center reported 
survival rates of 84% at two years post-transplant for 
patients supported with ECMO prior to surgery (12). 
A retrospective analysis demonstrated the importance 
of patient volume and ECMO expertise as high-volume 
centers reported one-year survival rates of 80.8% for 
patients bridged to transplant by ECMO compared to only 
61.9% for low volume centers (13). Despite increased use, 
questions persist regarding: (I) how to optimally support 
patients waiting for lung transplant; (II) how support 
options are determined by the underlying disease process; 
and (III) when to initiate support. This article presents the 
use of ECMO as a bridging strategy to lung transplantation 
and details its uses, current outcomes, challenges and future 
opportunities for development.

 

Overview of ECMO

Historical perspective

ECMO is an adaptation of the cardiopulmonary bypass 
circuit modified for prolonged use in the intensive care  
unit (14). Following initial case reports of success in 
rescuing patients with respiratory failure (15), subsequent 
clinical trials comparing ECMO to contemporary critical 
care approaches for respiratory failure failed to demonstrate 
benefit (16,17). While these early failures impeded 
development of the technology, ECMO succeeded in 
becoming the established care modality for neonates with 
cyanotic heart disease and was also shown to improve 
outcomes in severe cases of respiratory failure from 
meconium aspiration (18). From this foothold in quaternary 
pediatric hospitals, ECMO gradually expanded to become 
a familiar, if uncommon, component of cardiac surgical 
intensive care units employed to maintain postcardiotomy 
patients unable to wean from cardiopulmonary bypass.   

The H1N1 influenza pandemic in 2009 led to an 
exponential increase in ECMO use for patients with 
respiratory failure (19). The pandemic affected primarily 
younger patients commonly manifesting with severe  
disease (20). This surge in previously healthy young patients 
with influenza pneumonia and ARDS spurred a renewed 
interest in the use of ECMO support in adults. The CESAR 
trial, published during the H1N1 pandemic, demonstrated 
improved outcomes in ARDS patients cared for at ECMO 
centers (21). In the decade following the pandemic, the 
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number of ECMO centers and patients supported on 
ECMO has grown dramatically (22). Renewed interest 
in this technology and its increased availability provided 
transplant centers with the opportunity to trial ECMO as a 
means of supporting critically ill pre-transplant patients. 

Modern ECMO circuit components

The modern ECMO circuit used for adult patients consists 
of the following core components: (I) mechanical pump; (II) 
gas exchange device; and (III) vascular cannula and circuit 
tubing (23). Blood is drawn up by the pump and passed 
through the gas exchange device, termed an oxygenator, 
to return oxygenated blood to the patient. Centrifugal 
pumps have largely replaced the peristaltic pumps of early 
circuits due to decreased hemolysis and reduced activation 
of leukocytes and platelets. Modern oxygenators are 
manufactured from bundles of hollow fibers (24). Sweep 
gas flows through the fibers while blood passes around 
fiber bundles to achieve gas exchange. The advent of 
polymethylene to make the fiber bundles has increased 
oxygenator durability from days to weeks with limited 
plasma leakage into the hollow fibers that acts to degrade 
device performance. Vascular cannulas draw venous blood 
and return it to either the venous or arterial circulation 
depending on the specific cannulation strategy.  

Cannula placement determines the therapeutic support 
modality provided by ECMO. Terminology is not 
standardized and is variably defined in the literature. For 
this article, ECMO is classified as follows:
	 VV ECMO—venovenous ECMO: blood is drawn 

from the systemic venous circulation, passed through 
the circuit, and returned to the systemic venous 
circulation; 

	 VA ECMO—venoarterial ECMO: blood is drawn 
from the systemic venous circulation, passed through 
the circuit, and returned to the systemic arterial 
circulation; 

	 VAV ECMO—venoarterial-venous ECMO: blood is 
drawn from the systemic venous circulation, passed 
through the circuit, and then a fraction of the circuit 
flow is returned to the systemic arterial circulation 
while the remaining fraction return to the systemic 
venous circulation. 

This terminology covers most commonly employed 
configurations in clinical practice. VV ECMO achieves gas 
exchange to provide support for lung failure while requiring 
adequate heart function to maintain systemic perfusion. 

VA ECMO shunts blood from the systemic venous to the 
systemic arterial circulation to provide perfusion support. 
VA ECMO profoundly alters systemic hemodynamics with 
the specific effects a function of how support is titrated 
and the patient’s physiological state. VAV ECMO is a 
less commonly used strategy for patients with combined 
respiratory and circulatory failure and will not be further 
discussed. 

Operation of the ECMO circuit relies on modulation 
of only a few parameters to adjust support: pump speed, 
sweep gas flow rate and sweep gas composition. The flow 
through the ECMO circuit is a function of: (I) pump speed; 
(II) afterload to the pump including circuit resistance and 
the patient’s vascular resistance; (III) patient’s volume status 
and the negative pressure at which there is vascular collapse 
around the withdrawal cannula; and (IV) cardiac function. 
Support provided by ECMO is a complex integration 
of device operation and patient physiological state and 
anatomy.  

ECMO circuit complications

The ECMO circuit constitutes an external circulation 
exposing blood to non-biological surfaces. Blood contact 
with the circuit tubing and mechanical forces generated 
by the pump and passage through the oxygenator activates 
platelets, leukocytes, the coagulation and fibrinolytic 
cascades and complement (25). Platelet and coagulation 
cascade activation promote clot formation in the 
oxygenator and induce the risk of thromboembolism. 
Advances in biomaterials have led to the development of 
circuit components with surface-bonded anticoagulants 
that may reduce the risk of clot formation (26). Despite 
these improvements, anticoagulation remains common 
practice for patients on ECMO to reduce thromboembolic 
risk and extend oxygenator lifespan. Although this is 
common practice, the optimal anticoagulation strategy is  
unknown (27). The risk of clot formation must also be 
balanced with the risk of bleeding as platelet activation 
reduces platelet functionality and mechanical destruction 
by the pump may create a functional von Willebrand factor 
deficiency.

Hemolysis, caused by the pump or through shear stress 
induced by high pressure gradients across the vascular 
cannula, is a common complication that limits the amount of 
support provided by the ECMO circuit (28). Consumption 
of blood cell components may require transfusions during 
the pre-transplant period to maintain acceptable red blood 
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cell and platelet levels, risking antibody formation against 
potential donor antigens. Further effects of hemolysis—
renal injury, inflammation, elevated bilirubin levels—may 
complicate evaluation of a patient’s ongoing suitability for 
transplant.

The presence of a large bore percutaneous cannula is 
a significant risk factor for infection (29). Unlike other 
vascular catheters, which are easier to care for and can more 
readily be replaced, ECMO cannulas provide active life 
support and are not amenable to easy substitution. Akin to 
a drive line infection in a ventricular assist device (VAD) 
patient, cannula-associated infections require ongoing 
antibiotic treatment until the cannula is removed. In the 
transplant patient, evidence of active infection can prompt 
temporary deactivation to determine the source of infection 
and clinical stability prior to reactivation. 

Clinical challenges in managing the pre-lung 
transplant patient

The shortage of suitable donor lungs limits organ 
transplantation as a cure for patients with advanced 
pulmonary disease. The lack of available organs underscores 
the entire evaluative process for prospective transplant 
candidates, as transplant centers strive to ensure scarce 
donor organs are allocated to patients capable of realizing 
meaningful benefit. The screening steps candidates undergo 
can be grouped into the following categories (30): 
	 Disease diagnosis and severity to determine 

allocation priority;
	 Functional and nutritional status to assess ability to 

withstand rigors of transplant surgery;
	 Evaluation for other disease processes that might 

prematurely shorten life expectancy or be critically 
exacerbated by the transplant process and post-
transplant care;

	 Psychosocial factors that impair ability to maintain 
reliable care to maximize benefit of the allograft.

The evaluative process is extensive and often time-
consuming, placing patients at risk for clinical decline prior 
to completion of screening and activation of candidacy. 
The potential for decline is an important consideration 
in the pre-transplant planning process for each individual 
candidate.

Clinical deterioration is dependent on the underlying 
disease, which in turn guides the decision whether to 
deploy ECMO or conventional support strategies. Chronic 
obstructive lung disease (COPD), idiopathic pulmonary 
fibrosis (IPF) and cystic fibrosis (CF) account for more 
than 75% of the indications for all lung transplant  
recipients (31). Familiarity with the physiological 
manifestations of end-stage disease for each of these 
conditions guides the appropriate cannulation and 
extracorporeal support strategy (Table 1). Pulmonary arterial 
hypertension, although accounting for only approximately 
3% of all lung transplant indications, deserves special 
consideration given its unique physiology and how it can 
inform management approaches applicable to subgroups of 

Table 1 Cannulation strategies for specific pre-lung transplant disease states

Mechanism of failure Cannulation approach ECMO parameters

Hypercapnic respiratory failure

Cystic fibrosis, COPD Small bore bicaval Goal ECMO flow of 2.5 to 3.5 L/min

Titrate sweep for goal PaCO2 of 35–45 with no resting dyspnea

Hypoxic respiratory failure

Idiopathic pulmonary fibrosis Large bore bicaval or femoral-IJ Goal ECMO flows of 3.5 to 5 L/min

May require HFNC to maintain SpO2 >90%

Right ventricular failure

Group 1 pulmonary hypertension Peripheral VA ECMO Goal ECMO flows of 2.5 to 3.5 L/min to offload the right ventricle

Group 3 pulmonary hypertension Large bore bicaval with atrial 
septostomy or RV bypass ECMO

Goal ECMO flows of >3.5 L/min or more as needed to maintain 
SpO2 >90% 

ECMO, extracorporeal membrane oxygenation; COPD, chronic obstructive lung disease; IJ, internal jugular; HFNC, high flow nasal 
cannula; VA, venoarterial.
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other primary lung diseases complicated by right ventricular 
(RV) dysfunction.

Chronic obstructive pulmonary disease

COPD is the most common indication worldwide for 
lung transplantation (32). The natural course of COPD 
is often protracted and places patients at risk of severe 
deconditioning prior to transplant with patients experiencing 
a variety of physiological derangements secondary to 
disease progression (33). Both hypo- and hypercapnia are 
associated with increased mortality in COPD patients 
with hypocapnia hypothesized to lead to respiratory 
muscle fatigue and subsequent failure (34). Patients often 
experience pulmonary cachexia with hypercapnia associated 
with deterioration of muscle function (35). Pulmonary 
hypertension (PH) is prevalent in advanced disease and is 
associated with increased mortality (36). The variability in 
physiological manifestations in advanced COPD complicates 
determination of the appropriate support strategy with the 
approach tailored to offset the dominant impairment.

Interstitial pulmonary fibrosis

Interstitial lung diseases (ILDs), and specifically IPF, 
typically manifest as restrictive patterns in spirometry with 
decreased gas diffusion capacity (37). Despite new anti-
fibrotic treatments, life expectancy following diagnosis 
with IPF is dismal with lung transplantation being the only 
proven therapy to provide a survival benefit (38). Patients 
with IPF experience progressive fibrosis and worsening 
impairment in gas exchange, manifesting as hypoxia and 
decreased exercise capacity (39). During acute exacerbations 
or in late stages of the disease, patients are typically 
profoundly hypoxic and frequently require high levels of 
supplemental oxygen to maintain normoxia (40). Use of 
invasive mechanical ventilation is complicated by decreased 
lung compliance and its initiation can cause respiratory 
collapse due to the loss of respiratory drive by induction 
of anesthesia. PH is common in advanced disease and may 
affect an estimated 30% to 50% of patients (41). 

Cystic fibrosis

CF i s  a  d i sea se  caused  by  muta t ions  in  the  CF 
transmembrane conductance regulator gene (CFTR) that 
results in pulmonary disease, pancreatic insufficiency and 
sinus disease, among other manifestations of variable  

penetrance (42). Patients experience thick, tenacious 
secretions, chronic productive cough, and recurrent 
bacterial airway infections. Pulmonary disease is the 
leading cause of mortality in CF and is characterized by 
obstructive airway disease, bronchiectasis and recurrent 
exacerbations that increase with frequency and severity as 
the disease progresses. Massive hemoptysis is an additional 
complication that occurs in approximately 4% of patients 
with an annual average incidence of 1% (43). 

Pulmonary arterial hypertension 

PH is classified by etiology into five groups by the World 
Health Organization (44). Group 1 PH consists of both 
idiopathic and heritable forms of the disease which are 
both characterized by pulmonary arterial hyperplasia and 
hypertrophy. These vascular changes lead to elevated 
pulmonary arterial pressures that eventually cause decreased 
cardiac output and right heart failure and lead to death 
unless lung transplantation is performed.  

Conventional support and the motivation for 
extracorporeal support

High flow nasal cannula (HFNC), capable of delivering 
humified air at flows up to 60 L/min, and mechanical 
ventilation are the mainstays of conventional respiratory 
support for patients with end-stage lung disease. For 
critically-ill, non-transplant candidates, conventional 
therapy is relied on to provide homeostasis to permit 
recovery in the setting of a treatable exacerbation, or to 
maintain the patient to allow time for evaluating goals of 
care. For the pre-transplant patient, mere existence is not 
sufficient as the means of support must both sustain the 
patient’s survival and maintain or even improve the patient’s 
functional status in preparation for transplant. 

All forms of conventional therapy for respiratory failure 
share a common limitation in their reliance on diseased 
organs to achieve physiological goals. Whether through 
increased delivery of oxygen to alveoli or application of 
positive pressure to augment ventilation, conventional 
therapy uses the lungs to accomplish gas exchange. This 
principle limits utility of conventional therapy in advanced 
disease when further functional augmentation fails to 
obtain adequate gas transfer. Conventional therapy may 
even hasten the progression of underlying disease through 
hyperoxia or barotrauma (45). 

Despite mechanistic limitations of conventional 
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therapies, they are well understood and easily accessible. 
For IPF patients suffering from hypoxic respiratory failure, 
HFNC is a non-invasive approach to relieve hypoxia 
and permit physical activity. Patients in whom HFNC is 
insufficient may benefit from invasive mechanical ventilation 
through recruitment of atelectatic lung and improved 
ventilation-perfusion matching (46). However, mechanical 
ventilation in IPF patients is not without risk. Alteration of 
respiratory mechanics with anesthesia induction and during 
the transition to positive pressure may provoke catastrophic 
failure, while poor lung compliance limits traditional 
ventilator strategies (47,48). Similar challenges confront 
management of CF exacerbations in patients with advanced 
disease (49). Recurrent infections and inflammation 
reduce lung compliance and impair ventilation resulting in 
hypercapnic respiratory failure. In severe cases, mechanical 
ventilation is unable to provide adequate support prompting 
the need for extracorporeal approaches to achieve gas 
exchange.

Criteria to initiate ECMO support

Each center balances its reliance on the traditional support 
technologies against efforts to implement new methods 

of maintaining critically ill pre-transplant patients. The 
decision to pursue extracorporeal support measures the 
benefit of providing clinical stability and the risk of pursuing 
an invasive therapy in a fragile patient population. The 
transplant center’s capability and experience are important 
considerations for determining the specific approach for a 
given patient. 

There is currently no definitive evidence to guide when 
to initiate extracorporeal support. At our center, in an effort 
to promote consultation before a patient becomes critically 
ill, we recommend consideration of ECMO support if any 
of the following conditions are met:
	 Inability to maintain SpO2 >90% with HFNC at rest; 
	 Inability to participate in physical therapy with any 

form of supplemental oxygen therapy; 
	 Evidence of hemodynamic instability due to 

impaired gas exchange; 
	 Need for positive pressure ventilation to maintain 

gas exchange; 
	 Exertional chest pain in the setting of RV failure; 
	 End organ impairment due to RV failure or the need 

for inotropic support.
Multiple factors are considered when initiating 

extracorporeal support for bridge to lung transplantation: 
(I) physiological requirements of support; (II) cannulation 
strategy; (III) available skilled personnel and resources; 
(IV) patient stability and urgency to initiate support. The 
ECMO physician balances these considerations at the time 
of cannulation to determine the optimal available course. 
Worsening end-stage lung disease typically presents over 
a manner of days to weeks and provides transplant centers 
with opportunities to prepare for the initiation of ECMO 
support in the event patients are not adequately supported by 
traditional therapies. Exceptions to this exist, notably in the 
setting of rapidly progressive exacerbations of ILD or CF, 
which may require emergent initiation of ECMO support.

Approach to veno-venous ECMO support in the 
pre-lung transplant patient

Patients with end-stage lung disease manifesting as hypoxic, 
hypercapnic, or mixed respiratory failure are candidates 
for VV ECMO. Deployed in this configuration, ECMO 
removes deoxygenated blood and returns oxygenated 
blood to the systemic venous circulation (Figure 1). This 
cannulation approach provides partial lung support while 
relying on intact cardiac function to maintain end organ 
perfusion. Ventilation-perfusion matching in the lung may 

Figure 1 Schematic representation of VV ECMO with fraction 
of venous return entrained into the ECMO circuit which returns 
oxygenated blood to the systemic venous circulation. ECMO, 
extracorporeal membrane oxygenation; RA, right atrium; LA, left 
atrium; RV, right ventricle; LV, left ventricle.
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be altered through the effects of increased oxygen content 
in the pulmonary arteries, which may also lower pulmonary 
vascular resistance from reduced hypoxic vasoconstriction. 

Our center relies on two primary cannulation strategies 
to support patients waiting for lung transplantation: (I) dual 
lumen bicaval cannulation via the right internal jugular 
(IJ) vein and (II) femoral vein-right IJ vein cannulation. 
Our preference is to perform cannulations in the operating 
room environment when possible given the larger physical 
space, access to additional imaging and surgical equipment 
if needed and ease for additional personnel to be present 
for support and training purposes. For urgent cannulations 
performed at the bedside, we rely on surface ultrasound 
to obtain vascular access and guide cannula placement. 
Multiple reviews of cannulation techniques and practices are 
present in the literature (50-52). Our approach is presented 
below as a comparison and to detail techniques tailored to 
the pre-lung transplant population.

Dual lumen bicaval cannulation

Our method for insertion of a dual lumen bicaval cannula 
(Figure 2) is to employ a multistep process to reduce risk 
of potentially catastrophic patient injury and to increase 
likelihood of optimal placement. We typically use surface 
echo given its ease of use and ability to visualize each step 
of the process. Assuming sterile technique and full barrier 
precautions, the key steps consist of the following:

(I)	 Place central venous catheter (CVC) capable of 

accommodating a 0.035" guidewire in the right 
IJ vein under ultrasound guidance. The catheter 
insertion point is more proximal than standard 
central venous catheter (CVC) placement to 
accommodate the large cannula diameter of the 
ECMO cannula. We recommend this step to allow 
for stable access of the vessel to facilitate wire 
manipulation;

(II)	 Advance guidewire into the inferior vena cava (IVC) 
under ultrasound visualization. We recommend 
using a stiffer guidewire, such as the Amplatz 
extra stiff 160-cm wire, to reduce likelihood of 
kinking during dilation. The stronger wire reduces 
risk of cannula redirection into the RV during 
advancement which may cause perforation of the 
ventricle. We use ultrasound guidance throughout 
wire advancement to avoid potential tricuspid valve 
injury and to guide the wire tip into the IVC distal 
to the hepatic vein;

(III)	 We serial ly  di late using a combination of 
progressively larger dilators and blunt dissection 
as needed to allow for cannula advancement. We 
insert the cannula under ultrasound guidance 
(Figure 3A) until the external bifurcation is at the 
insertion point in the skin prior to removal of the 
internal dilator. We recommend this as the internal 
dilator extends significantly beyond the cannula 
tip and we do not advise advancing the cannula 
without dilator and guidewire in place;

(IV)	 For intubated patients, we pause ventilation after 
inspiration during dilation and cannula advancement 
to reduce the likelihood of air embolism through the 
skin tract and into the jugular vein;

(V)	 Prior to cannula to circuit connection, we add 
additional tubing to facilitate ambulation and 
patient movement. This practice modestly increases 
circuit volume and the dilutional effect of initiating 
ECMO support;

(VI)	 Cannu l a  pos i t i on ing  i s  de t e rmined  by  a 
combination of surface ultrasound imaging of 
flow towards the tricuspid valve (Figure 3B) and 
physiological data optimizing oxygen saturation 
and hemodynamics while minimizing blood 
recirculation in the circuit;  

(VII)	The cannula is placed with the patient lying supine 
with the head directed anteriorly. In the event of 
decreased flow or issues with cannula position, we 
advise return of the patient to this position until an 

Figure 2 Portable chest X-ray demonstrating dual lumen bicaval 
ECMO cannula inserted via the right IJ vein with the distal tip 
in the IVC. ECMO, extracorporeal membrane oxygenation; IJ, 
internal jugular; IVC, inferior vena cava.
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expert provider can further evaluate. 

Femoral-IJ cannulation

Femoral-IJ cannulation is less complicated with lower risk 
of patient injury and reduced requirements for advanced 
skills in bedside imaging to guide and optimize cannula 
placement. We typically use a 25-Fr 60-cm long multistage 
drainage cannula for blood withdrawal and a 17- or 19-Fr 
18-cm long cannula for return of oxygenated blood into 
the right IJ artery. Our preference is to use this cannulation 
strategy for patients with profound hypoxic respiratory 
failure or if the patient will require higher circuit blood 
flow given the large diameter of the withdrawal cannula. 
We also use this approach for urgent bedside cannulations 
when there is inadequate time to prepare resources for safe 
bicaval cannulation. 

Awake cannulation

The ability of ECMO to maintain a patient with end-stage 
lung disease with minimal additional support motivates 
cannulation when non-invasive therapies are inadequate 
(10,53,54). The clinical challenge with transitioning to this 
approach is to safely and reliably cannulate the awake patient 
in respiratory distress. Standard VV ECMO cannulation, 
and the method detailed here, involves accessing the right 
IJ vein and dilating the vessel to accommodate cannula 
ranging from 15 to 31 Fr in diameter. Spontaneously 
breathing patients are at significant risk of air entrainment 
into the venous circulation and potentially catastrophic air 
embolism to the RV. In our experience, this problem is 
particularly acute in IPF patients accustomed to the need 

to generate significant respiratory effort during inspiration. 
Patients with advanced lung disease are also commonly 
hypovolemic in the setting of aggressive efforts at diuresis to 
improve lung function. This relative hypovolemia impedes 
the ability to gain vascular access and places patients at risk 
of air entrainment during dilator removal due to the lack 
of venous blood return to adequately backfill the cannula. 
We recommend the presence of two skilled operators for 
awake cannulations to provide support and reduce the risk 
of potentially catastrophic error.

We use modest doses of short-acting narcotics and 
an infusion of dexmedetomidine to provide anxiolysis 
during cannulation while not impairing respiratory drive 
or altering hemodynamics. We rely on local anesthetic to 
maintain patient comfort and dedicate a provider to engage 
with the patient throughout the procedure to reduce patient 
anxiety. Successful awake cannulation avoids the need for 
intubation. This is advantageous in patients with right 
heart failure at risk for hemodynamic collapse during the 
transition from negative to positive pressure ventilation.

Hypoxic respiratory failure

An estimated 97% of oxygen in the blood is transported 
bound to hemoglobin with the remainder present as 
dissolved gas. The efficacy of VV ECMO in supporting 
patients with hypoxic respiratory failure is a function of 
the fraction of venous return and thereby the fraction of 
circulating hemoglobin, diverted to the extracorporeal 
circuit prior to return to the venous circulation. As the VV 
configuration is not able to entrain all of the venous return, 
VV ECMO in hypoxic respiratory failure functions as partial 
lung support. Typical ECMO flow rates are 3–4 L/min  

A B

Figure 3 Surface ultrasound images of dual lumen bicaval ECMO cannula extending into the inferior vena cava. (A) Ultrasound image 
demonstrating distal tip in the IVC terminating below the level of the hepatic vein; (B) Dopper ultrasound image demonstrating outflow of 
the ECMO cannula directed towards the right atrium. ECMO, extracorporeal membrane oxygenation; IVC, inferior vena cava.
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using bicaval dual lumen cannula and 3.5 to 5 L/min using 
femoral-IJ cannulation depending on the factors listed 
previously.

For ARDS patients with hypoxic respiratory failure 
maintained on ECMO, one aspect of clinical management 
is to reduce cardiac output to ensure adequate entrainment 
of venous return into the extracorporeal circuit. Strategies 
include volume resuscitation, use of beta-blockers to slow 
heart rate and transfusion to increase oxygen-carrying 
capacity of the cardiac stroke volume, enabling reduced 
cardiac output. Unlike in ARDS in which the therapeutic 
goal is bridge to recovery, the focus for the pre-transplant 
patient is to maintain viability and functionality and active 
transplant listing to ensure opportunity to obtain donor 
organs. Our approach is to optimize patient comfort and 
the ability to participate in physical therapy. If a patient 
is adequately supported on ECMO operating within 
acceptable parameters and oxygen supplementation, we 
limit volume resuscitation unless indicated for hypotension 
or evidence of renal insufficiency. Our major effort is to 
focus care on the patient and not view the ECMO circuit as 

an entity that requires treatment.  

Hypercapnic respiratory failure

Unlike in hypoxic respiratory failure, in which the fraction 
of venous return entrained in the circuit determines 
the therapeutic potential of the extracorporeal circuit, 
ECMO is highly efficient at CO2 removal and is capable 
of providing full support at significantly lower blood flow 
rates. Approximately 90% of CO2 is transported in the 
blood as bicarbonate ion with the remainder transported 
bound to hemoglobin or as dissolved gas (Figure 4A) (55). 
The enzyme carbonic anhydrase is present in red blood 
cells and promotes interconversion between CO2 and 
bicarbonate (Figure 4B). This enables the extracorporeal 
circuit to remove physiologically significant amounts at 
blood flow rates less than 2 L/min by increasing the sweep 
gas flow rate through the oxygenator. The lower required 
blood flow rates allow for smaller diameter cannula.

Common management challenges for the pre-lung 
transplant patient on ECMO

Mobile patients engaged in activity experience sudden 
swings in intrathoracic pressure and venous return while 
also shifting cannula location during movement. These 
factors contribute to variation in flow entrained by the 
ECMO circuit and dynamically and unpredictably change 
the provided support. Patients with lung disease also 
frequently experience coughing, common in CF patients 
with acute exacerbations and particularly debilitating 
in patients with IPF, that cause extreme variations in 
intrathoracic pressure which induce decreases in circuit 
flow. As venous return decreases, excessive negative pressure 
in the withdrawal cannula from the pump causes the vena 
cava to collapse around the cannula and transiently cease 
flow. The resulting visible recoil in circuit tubing is termed 
“circuit chugging” and is typically transitory in the awake 
patient otherwise on stable support. 

The standard intervention to circuit chugging for patients 
on ECMO for circulatory support is volume resuscitation 
with either fluid or blood products. In the case of the awake 
pre-lung transplant ECMO patient, volume expansion 
may induce pulmonary edema and worsen gas exchange. 
Volume management is a particular challenge in this patient 
population as typical tools used to assess RV preload are 
difficult to interpret in the setting of VV ECMO. Our 
preference in management is to be guided by the patient 

Figure 4 Schematic figure of carbon dioxide transport and 
metabolism. (A) Schematic illustrating the relative fraction of each 
of the components of carbon dioxide transport in the blood; (B) 
schematic illustrating carbon dioxide metabolism and transport in 
a cell (C.A. is carbon anhydrase).
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and to tolerate intermittent circuit chugging while working 
to suppress contributing factors such as coughing. Patients 
well supported by ECMO and non-invasive supplemental 
oxygen and who are able to participate in physical therapy 
with no evidence of end-organ damage, are considered 
optimized. A recent review detailed clinical aspects of 
physical therapy in the cardiac ECMO population and 
details many of the practical considerations relevant to lung 
transplant patients (56). A summary of treatment parameters 
for the ECMO-supported patient is shown in Table 2.

ECMO support for the pre-lung transplant patient 
with right ventricular failure

Pat ient s  w i th  RV dys func t ion  wa i t ing  for  lung 
transplantation present a particularly complex management 
challenge. Cor pulmonale is a common manifestation of 
multiple end-stage lung diseases including IPF, COPD, 
CF and other conditions such as sarcoidosis, in addition 
to being a defining characteristic of pulmonary arterial 
hypertension (57). Centers report a variety of extracorporeal 
strategies for these patients but no optimal approach has 
yet been identified. Each method presents technical hurdles 
that require substantial expertise to master and complicate 
efforts to compare outcomes. Of additional consideration 
is determining how each approach may affect efforts to 
determine a patient’s ongoing eligibility for lung transplant 
in the setting of extracorporeal support. 

Veno-arterial ECMO

The percutaneous venoarterial cannulation approach off-
loads the RV by shunting blood from the pulmonary to 

the systemic circulation. To enable ambulation, some 
centers have employed an “upper-body” approach in 
which the return cannula is connected to the axillary 
artery by a graft (58). This approach provides clinician-
titrated off-loading of the RV and may be adjusted 
based on measurable parameters such as systemic 
hemodynamics and echocardiography assessment of septal 
positioning. Limitations of this approach include risk of 
thromboembolism, disruption of systemic ventriculo-
vascular coupling and loss of the ability to assess LV 
function pre-transplant. This method also requires higher 
flows in the setting of hypoxic respiratory failure, with 
uncertain effects on mixing in the aorta and uncertain 
distribution of oxygenated blood in the systemic circulation.

Veno-venous ECMO cannulation with atrial 
septostomy

This form of cannulation provides a staged approach 
to intervention and is the performed via percutaneous 
interventions (59). A double lumen bicaval cannula is 
placed to provide gas exchange support. For some patients 
with underlying RV failure, providing oxygenated blood 
to the pulmonary circulation reduces pulmonary arterial 
pressures and alleviates underlying RV dysfunction. For 
patients with progressive parenchymal loss and ongoing RV 
failure, atrial septostomy provides a means to offload the 
RV in the setting of elevated right atrial pressure. Coupled 
with VV ECMO, the septostomy allows the shunting of 
oxygenated blood across the atrial septum to the circulation 
while maintaining intact systemic ventriculo-vascular 
coupling. Safe placement of the septostomy requires 
simultaneous visualization in two planes using fluoroscopy 

Table 2 Patient parameters to guide clinical management

Patient parameters Parameter goal Considerations

Hemoglobin >7 g/dL Maintain low hemoglobin target to avoid transfusions if possible

Platelets >50,000/μL Maintain low platelet target to avoid transfusions if bleeding risk is acceptable 

INR <1.5 May also be affected by the choice of anticoagulant as direct thrombin inhibitors elevate INR

PTT 60–80 s Consider lower target of 40–60 s for patient at high risk of bleeding complications or platelets 
<100,000/μL. Prefer higher target for VA ECMO or if atrial septostomy present

pH 7.35 to 7.45 Titrate sweep gas to maintain normal acid-base status regardless of arterial PaCO2. 
Recommend gradual return to normal acid-base status over 24–48 hours for patients with 
profound hypercapnic failure at the time of ECMO initiation

INR, international normalized ratio; PTT, partial thromboplastin time; VA ECMO, venoarterial extracorporeal membrane oxygenation. 
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and transesophageal echocardiography (TEE) for guidance. 
TEE also enables measurement of the transseptal flow to 
gauge how large to make the septostomy to ensure adequate 
flow and sufficient off-loading of the RV.   

Right ventricular bypass ECMO

For patients with profound RV failure and hypoxic 
respiratory failure, an alternative cannulation strategy is to 
surgically place a withdrawal cannula in the right atrium 
and to then bypass the RV by placing a return cannula in 
the pulmonary artery, or to bypass the RV and lungs by 
placing the return cannula in the pulmonary vein or left 
atrium. This approach allows for higher flow support due 
to the large cannula size and central positioning while 
also allowing for ongoing evaluation of the left ventricle. 
The limitation of this method is the requirement for 
thoracic surgery, either via sternotomy or antero-lateral 
thoracotomy. 

Conclusions

ECMO is a powerful extracorporeal support modality 
capable of providing support for respiratory and circulatory 
failure, depending on the cannulation strategy. In the 
setting of rapidly increased adoption, ECMO has become 
an important means of successfully bridging patients with 
end-stage lung disease to lung transplantation. Continued 
improvements in existing technology and new innovations 
in extracorporeal support will provide clinicians with 
expanded options to improve pre-transplant care. 
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