
REVIEW

Extracorporeal Membrane Oxygenation in Acute
Respiratory Failure

Patrick M. Wieruszewski . Jamel P. Ortoleva . Daniel S. Cormican .

Troy G. Seelhammer

Received: November 27, 2022 /Accepted: January 9, 2023 / Published online: January 21, 2023
� The Author(s) 2023

ABSTRACT

Venovenous (VV) extracorporeal membrane
oxygenation (ECMO) is a form of mechanical
life support that provides full respiratory bypass
in patients with severe respiratory failure as a
bridge to recovery or lung transplantation. The
use of ECMO for respiratory failure and capable
centers offering ECMO has expanded over the
years, increasing its availability. As VV-ECMO
provides an artificial mechanism for oxygena-
tion and decarboxylation of native blood, it
allows for an environment in which safer
mechanical ventilatory care may be provided,
allowing for treatment and resolution of
underlying respiratory pathologies. Landmark
clinical trials have provided a framework for
better understanding patient selection criteria,
resource utilization, and outcomes associated

with ECMO when applied in settings of refrac-
tory respiratory failure. Maintaining close vigi-
lance and management of complications during
ECMO as well as identifying strategies post-
ECMO (e.g., recovery, transplantation, etc.), are
critical to successful ECMO support. In this
review, we examine considerations for candi-
date selection for VV-ECMO, review the evi-
dence of utilizing VV-ECMO in respiratory
failure, and provide practical considerations for
managing respiratory ECMO patients, including
complication identification and management,
as well as assessing for the ability to separate
from ECMO support and the procedures for
decannulation.
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Key Summary Points

The use of VV-ECMO in patients with
severe acute respiratory failure has
dramatically increased in recent years.

VV-ECMO enables a respiratory support
environment in which safer, less injurious
mechanical ventilator care can be
provided, thereby placing an emphasis on
minimizing ventilator-induced lung
injury.

VV-ECMO provides an artificial
mechanism of gas exchange while
underlying pulmonary pathologies
resolve or lung transplantation is pursued.

Successful ECMO support requires
individualization of cannulation and
management strategies.

INTRODUCTION

Extracorporeal membrane oxygenation (ECMO)
is a form of modified cardiopulmonary bypass
that provides temporary respiratory and/or car-
diac support. In a venovenous (VV) configura-
tion, ECMO provides a means of artificial
oxygenation and decarboxylation in patients
suffering hypoxemic and/or hypercapnic respi-
ratory failure with preserved cardiac function
thereby allowing for recovery of underlying
pulmonary pathologies or facilitating support
pending lung transplantation when medically
indicated [1]. Importantly, ECMO enables a
respiratory support environment in which safer,
less injurious mechanical ventilator care can be
provided, thereby placing an emphasis on
minimizing ventilator-induced lung injury [2].

The number of centers worldwide providing
ECMO continues to rise and the use of ECMO
for respiratory failure has dramatically increased
over the years, and now available in over 50
countries (Fig. 1) [3]. Over the past decade, there
has been a greater than tenfold increase the

global annual number of adult respiratory
ECMO runs having approached 10,000 runs in
2021. Superimposed upon the general trend
towards increased ECMO volumes, outbreaks of
H1N1 influenza in 2009 [4, 5], Middle East
Respiratory Syndrome in 2012–2015 [6], and
SARS-CoV-2 (COVID-19) in 2020 [7, 8] were
temporal periods that saw particularly elevated
utilization of VV-ECMO (Fig. 1). Additionally,
interhospital [9], regional [10], and remote
retrievals [11] to referral ECMO centers with
utilization of regional experts to establish new
programs during crisis [12] has further expan-
ded global accessibility to this complex
resource. In this review, we examine consider-
ations for candidate selection for ECMO, review
the evidence of utilizing ECMO in respiratory
failure, and provide practical considerations for
managing respiratory ECMO patients.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

CLINICAL TRIAL EVIDENCE

CESAR 2009

The Conventional ventilation or ECMO for
Severe Acute Respiratory failure (CESAR) trial
was a United Kingdom-based trial in which
adults with severe respiratory failure and a
Murray score of C 3 or uncompensated hyper-
capnia were eligible [13]. One-hundred eighty
patients were randomized to transfer to a refer-
ral center for continued conventional mechan-
ical ventilatory management or transfer to an
ECMO center for consideration of cannulation.
Included patients had primarily hypoxemic
respiratory failure due to pneumonia or acute
respiratory distress syndrome (ARDS), with a
PaO2/FiO2 (P/F) ratio of 75 and a mean Murray
score of 3.5 at entry. Patients in the ECMO arm
had greater steroid use and spent longer dura-
tions under low-pressure/low-volume ventila-
tion. The use of pulmonary vasodilators was
minimal in both arms. In the intention-to-treat
analysis, those in the ECMO arm were less likely
to die or have severe disability at 6 months (37
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vs. 53%, RR 0.69, 95% CI 0.05–0.97, p = 0.03).
Due to the trial design, it is challenging to dis-
tinguish the true benefits of ECMO from opti-
mal conventional management at a specialized
center. Indeed, 22 patients (24%) randomized
to the ECMO arm never received ECMO with
the majority manifesting clinical improvement
following conventional management.

EOLIA 2018

The ECMO to Rescue Lung Injury in Severe
ARDS (EOLIA) trial was a multicontinental trial
that included 249 patients with severe ARDS
defined by P/F\50 for[3 h, P/F\80
for[ 6 h, or PCO2 C 60 mmHg with pH\7.25
for[ 6 h [14]. Patients were randomized to
ECMO or conventional management that
encouraged the use of pharmacologic neuro-
muscular blockade and prone ventilation. At
study entry, the mean P/F ratio was approxi-
mately 73 with fully half of the patients having
received inhaled pulmonary vasodilators.
Importantly, the median duration from endo-
tracheal intubation to randomization was 34 h.
The trial was terminated early due to futility
(planned enrollment, n = 331). In the inten-
tion-to-treat analysis at 60 days, mortality was

lower in the ECMO group (35 vs. 46%, RR 0.76,
95% CI 0.55–1.04, p = 0.09), albeit non-statisti-
cally significant. Of note, 35 patients in the
conventional arm (28%) crossed over and were
cannulated for ECMO at a median of 4 days
following randomization with these patients
manifesting elevated plateau and driving pres-
sure, increased vasoactive use, and exacerbated
acidosis as compared to those not requiring
crossing over. It is important to recognize that
the 60-day mortality in these crossover patients
(57%) was significantly greater than the
remainder of the conventional arm (41%).

A Bayesian post hoc analysis of the EOLIA
trial data found a 96% posterior probability of a
RR\ 1 for 60-day mortality [15]. An individual
patient data meta-analysis of the CESAR and
EOLIA trials found a reduced risk of 90-day
mortality in ECMO recipients compared to
conventional management (RR 0.75, 95% CI
0.6–0.94, p = 0.013) [16]. Additionally, a meta-
analysis of these two trials pooled with three
observational studies found reduced risk of
60-day mortality with use of ECMO (RR 0.73,
95% CI 0.58–0.92, p = 0.008) [17]. In a network
meta-analysis evaluating the effect of protective
ventilation strategies on hospital mortality,
ECMO was amongst the most promising per-
formers (RR 0.78, 95% CI 0.58–1.05, p = 0.10)

Fig. 1 International trends of cumulative number of ECMO centers worldwide (bars) and annual number of adult
respiratory ECMO runs (line) over time (data sourced from the Extracorporeal Life Source Organization Registry [3])
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[18]. However, this was limited to the those
with severe respiratory failure and the settings
of CESAR and EOLIA, as these were the only
trials included in the analysis. Lastly, data from
CESAR and subsequent analyses have demon-
strated cost-effectiveness and increased quality-
adjusted life years with ECMO compared to
conventional mechanical ventilator managed
severe ARDS [13, 19].

COVID-19

Randomized controlled trial data assessing the
efficacy of ECMO for COVID-19-associated res-
piratory failure are lacking. Several emulated
trials have attempted to provide estimates, all
with seemingly encouraging results [20–22].
While such studies are utilized to estimate cau-
sal effect, they do so through observational
data, and are therefore by nature prone to
confounding and selection biases. A recent
meta-analysis of 42 observational studies sought
to examine prognostic factors associated with
mortality of 17,449 ECMO treated COVID-19
patients [23]. Amongst those factors with high
certainty of evidence included older age and
higher driving pressures, and with moderate
certainty included male sex, chronic lung dis-
ease, longer symptom duration and mechanical
ventilation, lower P/F ratio, bacterial co-infec-
tion, and lower volume ECMO centers.

PATIENT SELECTION

Indications

VV-ECMO is utilized in patients with refractory
hypoxemia, acidosis due to hypercarbia, or for
procedural support when more conventional
means of oxygenation and ventilation have
failed. Prior to initiation of VV-ECMO, patients
are typically undergoing some or all of the
combination of ARDSnet or other optimized
modes of ventilation, pharmacologic neuro-
muscular blockade, prone positioning, and
inhaled pulmonary vasodilators [1, 24–27]. VV-
ECMO, as with all temporary methods of sup-
port, should only be used for patients with a

pathway to recovery or lung transplant. Indi-
cations for VV-ECMO initiation include ARDS
due to infectious or inflammatory causes, aspi-
ration pneumonitis, blunt chest injury, refrac-
tory status asthmaticus, or lung transplant
[1, 4, 22, 28–33].

Contraindications

The purpose of VV-ECMO is to support a patient
either to lung recovery or transplantation, or
occasionally through a procedure. As such, if a
patient is unrecoverable and is not a candidate
for lung transplantation, VV-ECMO should not
be deployed. Though rare, a complete lack of
vascular access options also precludes the use of
VV-ECMO.

Other conditions that should prompt serious
consideration as to the benefits of VV-ECMO
include severe neurologic injury such as large
stroke or significant intracranial hemorrhage
with inability to recover. Additionally, VV-
ECMO is less likely to be beneficial in circum-
stances of active hemorrhage, end-stage cancer
with life expectancy less than 1 year, and base-
line multiorgan dysfunction that cannot be
progressed to transplantation (e.g., cirrhosis,
end-stage heart failure, or bone marrow sup-
pression to the point of need for chronic
transfusion). Extreme age is typically viewed as
a relative contraindication to VV-ECMO and
many institutions consider age above 70 as the
threshold, though in the COVID-19 population
a reduced age of 65 may be reasonable based on
the available published data [1, 22]. A threshold
for mechanical ventilation duration is a con-
tested topic, with the Extracorporeal Life Sup-
port Organization (ELSO) stating that 7 days or
more of mechanical ventilation at an FiO2

above 90% is a relative contraindication to VV-
ECMO support [1].

Selection Considerations

Physiologic selection criteria (hypoxemia and
respiratory acidosis) for VV-ECMO are typically
based on two clinical trials [13, 14]. The EOLIA
trial used several inclusion criteria based on the
ratio of partial pressure of oxygen (PaO2) to
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fraction of inspired oxygen (FiO2), also known
as the P/F ratio\80 for[6 h or\50 for[3 h
[14]. Additionally, pH criteria of\ 7.25 with a
PaCO2 of 60 mmHg or greater for over 6 h
despite a respiratory rate of 35 and a plateau
pressure as high as 32 was also used. The most
recent ELSO guidelines utilize these criteria
(with the notable difference of a plateau pres-
sure of 30 cm H2O or less), in addition to the
need for support to receive lung transplanta-
tion, as indications for VV-ECMO initiation [1].

Scoring Systems and Prognostication

The most well-known scoring systems are the
Murray score and the RESP score [34, 35]. The
Murray score was first described in 1988 and
combines chest radiograph consolidations, P/F
ratio, positive end expiratory pressure (PEEP),
and respiratory compliance assess ARDS survival
in a non-VV-ECMO cohort [34]. The RESP score
estimates survival in patients already undergo-
ing VV-ECMO support by the parameters of age,
PaCO2 of 75 mmHg or above, peak inspiratory
pressure of 42 cm H2O and above, immune
status, mechanical ventilation duration, diag-
nosis, central nervous dysfunction, non-pul-
monary infection status, and pre-VV-ECMO
parameters of neuromuscular blockade, nitric
oxide, sodium bicarbonate, and cardiac arrest
[35]. Notably, a high Murray score implies lower
survival while a high RESP score implies
improved survival. Other prediction scores also
exist such as the PRESET score [36], the ECM-
Onet score [37], and the PRESERVE score [38].

Duration and Requirement of Mechanical
Ventilation

The duration of mechanical ventilation prior to
VV-ECMO initiation is used by many centers as
part of the decision-making process for cannu-
lation. In the CESAR trial, greater than 7 days of
either peak pressures above 30 cm H2O or FiO2

greater than 0.8 excluded patients from the
study [13]. In the trial by the EOLIA group, a
mechanical ventilation duration of greater than
7 days excluded patients from randomization.
More recently, a registry analysis of 7345

patients with COVID-19 (844 of which were
supported by VV-ECMO) found that increasing
ventilator duration prior to cannulation was
statistically significantly associated with lower
survival [22]. Additionally, this study also found
that ECMO was most effective in patients with
driving pressures above 15 mm H2O [22].
Increasing driving pressures have also been
associated with increased mortality during VV-
ECMO support [39].

CANNULATION AND GENERAL
MANAGEMENT

The basic ECMO circuit consists of inflow
(drainage) and outflow (return) lumens, tubing,
a centrifugal pump, a membrane oxygenator,
and a heat exchanger (Figs. 2, 3). The general
approach to ECMO management necessitates
delivery of appropriate gas exchange, augmen-
tation of mechanical ventilatory settings, and
close attention to possible complications
including circuit-related mechanical issues,
renal impairment, cardiovascular compromise,
and hemorrhage (Table 1).

Gas Exchange Dynamics

In general, a VV-ECMO circuit consists of
venous drainage to a centrifugal pump in series
with a membrane oxygenator followed by the
return of oxygenated and decarboxylated blood
back to the venous circulation whereby the
native heart then serves to propel the necessary
blood volume from the left ventricle to main-
tain end-organ perfusion. Contemporary oxy-
genators are constructed of polymethylpentene
hollow gas fibers to maintain physical separa-
tion of the blood and gas compartments, while
efficiency is provided through parallelization of
pathways and the associated massive surface
area where passive diffusion of gas down its
concentration gradient with the blood compo-
nents. Oxygen contained in the gas passing
through the hollow tubules, known as sweep
gas, migrates down its concentration gradient
to the blood components (bound to hemoglo-
bin and solubilized) while carbon dioxide
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moves in a reverse direction from dissolved plus
bound sites within blood into the sweep gas.
Manipulation of the concentration of oxygen
contained within the sweep gas adjusts the
imparting of oxygen into the blood passing
through the artificial lung while maintaining of
the concentration gradient for carbon dioxide
through adjustments of the flow rate of the

sweep gas enables achievement of the desired
patient PaCO2.

Cannula Configuration

When considering cannulation strategy for VV-
ECMO, the primary goals are to maximize flow

Fig. 2 Example VV-ECMO circuit configurations utiliz-
ing a two-cannula approach. a Right femoral vein to right
internal jugular vein. b Left femoral vein to right femoral

vein. Used with permission of Mayo Foundation for
Medical Education and Research, all rights reserved

Fig. 3 Example VV-ECMO circuit configurations utiliz-
ing a single dual-lumen cannula approach. a Dual-lumen
cannula via right internal jugular vein access. b Dual-lumen
cannula pseudo-right ventricular assist device configuration

via left subclavian vein access. Used with permission of
Mayo Foundation for Medical Education and Research, all
rights reserved
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and minimize recirculation of blood (i.e., back
to the ECMO circuit). Standard cannula designs
utilize wire-reinforced polyurethane that is
resistant to kinking or collapse that are inserted
percutaneously over a guidewire via the Sel-
dinger technique. The most commonly
employed drainage cannulation strategy
involves the insertion of a multiport venous
drainage cannula into the femoral vein with the
tip advanced to approximately 5–10 cm below
the inferior vena cava-right atrial junction
(Fig. 4). A second dedicated long ([50 cm)
outflow cannula is then inserted either through
the contralateral femoral vein and advanced
until the tip lies in the right atria (Fig. 2b) or,
alternatively, a shorter (20 cm) venous cannula
may be placed through the right internal jugu-
lar vein with the tip advanced to the superior

vena cava-right atrial junction (Fig. 2a). While it
is possible to reverse the path of blood flow by
utilizing the cephalad cannula (insertion via the
right internal jugular) as the drainage cannula
with the return then being the caudad cannula
(insertion into the femoral vein), this technique
is more prone to recirculation and is generally
not recommended [40].

The development of dual-lumen cannulae
(e.g., Avalon Elite, Bi-caval Dual-Lumen Cathe-
ters, Avalon Laboratories; Crescent, Bi-caval
Dual-Lumen Catheters, Medtronic) facilitated
the delivery of VV-ECMO through a single
insertion site; most typically the right internal
jugular vein although the subclavian vein may
also be utilized (Fig. 5). The self-reinforcing
lumens enable dual drainage from the SVC and
IVC while the return lumen carefully positioned
with the ejection port directed towards the tri-
cuspid valve thereby permitting the return of
oxygenated blood back to the right atrium
while encouraging forward flow across the tri-
cuspid valve to mitigate recirculation (Fig. 3a).
Image guidance with transesophageal echocar-
diography and fluoroscopy is used at most
centers [41]. Numerous advantages for this
technique include simplification of the circuit
using a single cannula, low rates of recirculation
if adequate positioning is maintained, ease of
prone positioning and medical transportation,
and augmented ability to ambulate patients
with extended duration support. Disadvantages
include the limited range of cannula diameter,
the increased requirement for image guidance
during insertion and cannula repositioning,
challenges associated with securement at the
insertion site, potential for cerebral venous
congestion, and limited flow rates as compared
to dual-cannula strategies [42].

Cardiovascular Compromise During VV-
ECMO

Acute right ventricular dysfunction is both
common and potentially lethal in acute respi-
ratory failure while frequently manifesting sec-
ondary to alterations in one or more of the
determinants of right ventricular performance
(preload, afterload, and contractility). The most

Table 1 Most common VV-ECMO complications

Complication Total (N = 30,717)

Mechanical

Oxygenator failure 5534 (18.0%)

Circuit exchange 3581 (11.7%)

Cannula problems 2015 (6.6%)

Hemorrhagic

Surgical site hemorrhage 2001 (6.5%)

Gastrointestinal hemorrhage 1824 (5.9%)

Renal

Required renal replacement therapy 7772 (25.3%)

Serum creatinine 1.5–3.0 3296 (10.7%)

Cardiovascular

Arrhythmia 2908 (9.5%)

Required CPR 1706 (5.6%)

Pulmonary

Pneumothorax 3282 (10.7%)

Data sourced from Extracorporeal Life Support Organi-
zation Registry and includes 30,717 adult respiratory
ECMO runs from 2017 to 2021 [3]. Complications
summarized are those reported with[ 5% frequency
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frequent etiologies in the context of respiratory
failure include acute pulmonary embolism that
yields cardiogenic shock in approximately 5%
of cases while carrying a greater than 50%
90-day mortality rate [43] and ARDS associated
acute RV dysfunction occurring in 30–56% of

cases due to elevated pulmonary vascular resis-
tance and/or impairment in RV contractile
function [44]. A percutaneous right ventricular
assist device (RVAD) offers the capability of
augmenting blood flow through the native
pulmonary system while the incorporation of a

Fig. 4 Multistage femoral venous drainage cannula (a),
jugular vein return cannula (b), and corresponding chest
film of VV-ECMO configuration with a right femoral
multistage venous drainage cannula and a right internal

jugular vein return cannula (c). Used with permission of
Mayo Foundation for Medical Education and Research, all
rights reserved

Fig. 5 Dual-lumen cannula (a) with corresponding chest film with cannula placed via left subclavian access (b). Used with
permission of Mayo Foundation for Medical Education and Research, all rights reserved
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membrane oxygenator into the RVAD facilitates
the oxygenation and decarboxylation of blood
representative of VV-ECMO. Percutaneous
RVAD support in the setting of acute respiratory
failure is most frequently accomplished through
the use of a dual-lumen cannula inserted
through the right internal jugular or left sub-
clavian vein where it is advanced across the
tricuspid and pulmonic valves with the tip
placed into the common pulmonary artery
(Fig. 3b). The Protek Duo cannula (LivoNova,
London, UK) represents one example of a ded-
icated dual-lumen cannula designed for percu-
taneous RVAD support that offers up to 4.5 L
per minute of flow [45].

Myocardial dysfunction due to hypoxemia,
elevated pulmonary vascular resistance, pul-
monary embolism, myocardial infarction, or
myocarditis can occur in COVID-19. Any one or
a combination of the aforementioned patholo-
gies may occur in patients supported by VV-
ECMO, and hemodynamic collapse has occur-
red in this patient population necessitating
either pulmonary artery or systemic arterial
support [46]. One early report of approximately
50 COVID-19 patients supported by ECMO
found that seven required arterial support: four
with cardiac arrest due to hypoxia, two with
pulmonary embolism, and one with myocardi-
tis [46]. A report from the ELSO registry found
that of 4792 patients undergoing ECMO sup-
port for COVID-19, 234 (4.9%) underwent
venoarterial (VA)-ECMO support [47]. Further-
more, of this 4792 patient cohort, 88 carried a
diagnosis of myocarditis (though approximately
only half of these 88 underwent VA-ECMO
support) [47]. Mortality in the myocarditis
group was 51%, in line with the average mor-
tality of the general population undergoing VA-
ECMO as well as the COVID-19 VV-ECMO
population [47]. We believe that patients with
COVID-19 supported by VV-ECMO should be
monitored very closely for signs of hemody-
namic decompensation due to multiple etiolo-
gies, and that mechanical hemodynamic
support should be added by pulmonary arterial
or systemic arterial support devices if indicated.
In fact, in select patients with COVID-19,
hemodynamic support with either VA-ECMO or
veno-pulmonary arterial-ECMO (i.e., RVAD

configuration) may be the most prudent initial
support strategy to achieve hemodynamic sta-
bility and rescue the most decompensated
patients. If peripheral VA-ECMO is utilized in
patients with COVID-19 ARDS, north–south
syndrome (also known as Harlequin syndrome or
differential hypoxemia) must be closely moni-
tored for [48].

ECMO Management

Following cannulation performed with hep-
arinization, ECMO is commenced by unclamp-
ing the circuit and gradually increasing flows
towards the intended range. Important param-
eters utilized to determine pump flows include
the oxygen saturation of blood (SaO2) and the
oxygen saturation of the blood in the ECMO
drainage cannula (SdO2) [49]. In the absence of
native lung function, VV-ECMO blood flows
must be maintained[ 60% of the native cardiac
output to consistently achieve a systemic arte-
rial saturation of at least 90% [50] while tar-
geting a DO2/VO2 (oxygen delivery to oxygen
consumption ratio) of C 3 as recommended by
ELSO [51]. It is important to recognize that
although no direct hemodynamic support is
provided by VV-ECMO, normalization of PaCO2

and PaO2 may improve pulmonary vascular
resistance and myocardial performance with
attendant improvements in hemodynamics.

Ventilator settings while supported on VV-
ECMO can vary based upon the underlying
pathophysiology with ideal settings yet to be
definitively defined. Typical rest settings consist
of pressure-controlled ventilation with low res-
piratory rates (\ 12 bpm), low tidal volumes
(\4–6 ml/kg), low FiO2 (\50%), peak inspira-
tory pressure (\ 25 cm H2O), and positive end
expiratory pressure (\12 cm H2O) [1]. Centers
offering ECMO leverage internally developed
protocols for the management of bleeding,
transfusion, blood volume, temperature, nutri-
tion, patient positioning, and infection pre-
vention. Drug disposition is altered by increased
volumes of distribution, reduced drug elimina-
tion, and drug sequestration to ECMO circuit
components thereby necessitating dose adjust-
ments and close partnership with clinical
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pharmacists for the optimal management of
VV-ECMO patients [52]. These considerations
are exacerbated by the frequent occurrence of
multisystem organ dysfunction, systemic
inflammatory response, hemodilution, acute
renal and hepatic failure associated with criti-
cally ill patients portending significant difficul-
ties in pharmacologic management [53].

An important consideration with regard to
ECMO is the careful weighing of the require-
ment for anticoagulation to mitigate thrombus
deposition against the necessity to avoid hem-
orrhage as both are associated with adverse
outcomes [54]. Despite advances in material
and circuit design, including biocompatible
surface coatings and improved flow metrics,
thromboembolic and hemorrhagic complica-
tions still complicate 10–30% of ECMO runs
[55]. The ECMO circuit serves as a classic model
of contact-phase activation whereby prolonged
contact between the blood with the non-en-
dothelial surfaces of the artificial components
activates primary and secondary hemostatic
cascades cumulating in the genesis of fibrin
deposition and clot deposition [56]. Conse-
quently, the prolonged maintenance of an
ECMO circuit typically necessitates systemic
anticoagulants to prevent thrombus formation.
The most frequently utilized agent is unfrac-
tionated heparin due to its ubiquitous avail-
ability, rapid onset of action, titratability, and
availability of an antidote with protamine.
Important limitations include the requirement
for the cofactor antithrombin that is essential
for its clinical action but predisposes to fluctu-
ations in dose sensitivity and its proclivity to
trigger immune (type 2) and non-immune (type
1) thrombocytopenia [57]. In contrast, direct
thrombin inhibitors (e.g., bivalirudin) down
regulate the cleavage of fibrinogen into its
active form without the need of a cofactor
through the transient inhibition of thrombin
[58]. Potential advantages include the ability to
act on soluble (circulating) and clot-bound
thrombin yielding abatement of propagation of
existing thrombus [59], ease of titratability, and
short half-life (approximately 25 min for biva-
lirudin) while the chief downside is the lack of a
reversable agent. Recently, an expanding body
of evidence has been published demonstrating

the potential superiority of bivalirudin as com-
pared to unfractionated heparin for mainte-
nance systemic anticoagulation in adult and
pediatric ECMO [60–64].

Considerable controversy remains with
regard to optimal anticoagulant intensity,
titration strategy (e.g., frequency of laboratory
assessment and assay utilized), antithrombin
replacement in patients receiving unfraction-
ated heparin [65, 66], and the biocompatible
surface coating employed advances in durable
biocompatible coatings (covalently or ionically
bonded heparinoids, phosphorylcholine, poly
acrylates) [67] have facilitated surface coating of
most components, including polymethylpen-
tene membrane oxygenators, and allow patients
to be maintained on low, or even absent, levels
of anticoagulation for prolonged periods with
acceptably low rats of complication [68].
Bleeding complications for ECMO patients are
frequent and include cannulation and/or sur-
gical site bleeding, gastrointestinal hemorrhage,
cardiac tamponade, pulmonary hemorrhage,
and central nervous system bleeds (Table 1)
[56, 69].

SEPARATION
AND DECANNULATION

ECMO therapy mirrors that of mechanical
ventilation in that neither cures a disease pro-
cess, but rather both stabilize/improve physio-
logical derangements to allow for resolution of
a disease process. When the patient’s clinical
course while on VV-ECMO has progressed to
the point that continued extracorporeal support
may not be needed, weaning of ECMO should
be pursued. Fairly widely accepted criteria (e.g.,
Murray Score, RESP Score, or EOLIA criteria) for
VV-ECMO initiation/cannulation exist, but
there is a comparative paucity of literature to
guide VV-ECMO weaning. There are varied
methods for VV-ECMO weaning, although not
guided by robust trials.
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Weaning and Assessment for Separation

Broman et al. describe the weaning strategies
among three large VV-ECMO referral centers in
Europe; although the particulars of weaning
conduct are extremely varied among the three
centers, the fundamental concepts are the same,
and they serve as a sensible framework for lib-
eration from ECMO support [70]. The ELSO
Guideline document from 2021 offers a set of
clinical parameters for consideration for wean-
ing intubated patients on VV-ECMO [1].
Weaning is initiated when there is physiologic
improvement in respiratory status/reserve, evi-
dence of improvement in the appearance of
chest radiographs, and some degree of resolu-
tion of the underlying condition. Specifically
improved oxygenation such that FiO2 support
is B 60%, PEEP B 10 cm H2O, and
PaO2 C 70 mmHg, and improved ventilation

such that tidal volume B 6 ml/kg predicted
body weight, plateau pressure B 28 cm H2O,
respiratory rate B 28 bpm, and the pH and
PaCO2 are acceptable [1]. Once the patient is
deemed ready for VV-ECMO liberation, the
ELSO Guidelines again offer a conceptual road-
map to fulfill this effort; our iteration of this
treatment algorithm is illustrated in Fig. 6 [1].
Some ECMO centers seek to extubate patients
(once able to do so) while on full VV-ECMO
support; although portions of their liberation
routines differ, the aforementioned fundamen-
tal principles remain.

Technical Aspects of Decannulation

After assurance of the patient’s physiological
tolerance for discontinuation of ECMO support,
removal of the intravascular cannulae should be

Fig. 6 A roadmap for weaning from VV-ECMO. ABG arterial blood gas, RR respiratory rate
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pursued. Decannulation of central veins can
cause undesirable complications including
hemorrhage, air embolism, and insertion site
hematoma. Monitoring for complications and
clinical decompensation is mandatory. At our
institutions, VV-ECMO decannulation is usu-
ally performed at bedside. Decannulation typi-
cally does not require sedation or analgesic
administration, but liberal use of subcutaneous
local anesthetic (e.g., lidocaine) prior to place-
ment of purse-string sutures is important. Fol-
lowing an organized routine for decannulation

may help prevent errors and set the stage for
prompt recognition of potential issues (Table 2).

Post-decannulation Surveillance

Deep vein thrombosis and thromboembolism
and pulmonary embolism are unfortunately
well described in patients who have been
decannulated from VV-ECMO support. A recent
systematic review of 18 studies reported deep
venous thrombosis (DVT) incidence of 53.5%

Table 2 Recommended ECMO decannulation checklist

Preparation for decannulation Decannulation
procedure

Post-decannulation
care

h Verify patient’s physiological

stability, allowing for ECMO

discontinuation

h Hold patient as nil by mouth

h Verify blood products are available

(i.e., valid crossmatch, known

antibody history, etc.)

h Consider holding systemic

anticoagulation & confirmed

acceptable coagulation profile

h Have IV sedatives, analgesics, and

subcutaneous local anesthetics

available

h Have sterile skin prep and drapes,

gauze packs, sutures/suture items, and

dressings available

h Ensure two providers are available

for entirety of procedure (including

PPE)

h Verify support team (bedside nurse,

perfusionist/ ECMO specialist) is

available at bedside for entirety of

procedure

1. Perform time-out and verify planned

decannulation procedure

2. Verify patient comfort and clinical

stability with position for the

procedure (i.e., Trendelenburg for IJ

cannula removal)

3. Draping of cannula site is

recommended to support cleanliness

4. Local anesthetic should be placed

prior to purse-string suture around

cannula insertion site

5. One provider should remove cannula

quickly while other cinches closed the

purse-string, and pressure is applied to

the site. If able, positive pressure

should be applied via mechanical

ventilation, or the patient instructed

to perform Valsalva at the time of

cannula removal

6. Check removed cannula for any

evidence of thrombus burden or soft

tissue adherence

7. Site should be dressed with clean

dressing after inspection of site for

hematoma collection

h Verify physiological stability and

continue monitoring as per routine

ICU care

h Check decannulation sites for

hematoma or bleeding at 15 min,

30 min, and then every 1 h for 2 h

post-decannulation

h Consider prophylactic

pharmacologic anticoagulation, at a

minimum

h Venous doppler ultrasound of

decannulated vessels on post-

decannulation days 1 and 3

PPE personal protective equipment
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(95% CI 50.0–57.0%) in VV-ECMO patients who
underwent surveillance imaging for the period
of ECMO therapy initiation to 7 days after
decannulation [71]. A separate single-center
study of 105 patients who underwent comput-
erized tomography scanning within 4 days of
VV-ECMO decannulation found evidence of
venous thrombosis in 75 of the 105 patients
(71.4%), and pulmonary embolism was diag-
nosed in 16.2% of studied patients [72]. These
data make a compelling case for mandatory
imaging surveillance for all decannulated
patients; no clear evidence exists that favors a
particular imaging modality for thrombus eval-
uation in this cohort of patients, nor is an
optimal imaging interval implied. A high level
of suspicion for DVT must be maintained
alongside a low threshold for seeking imaging
evaluation for DVT or PE in the post-decannu-
lation patient. Creation of an institutional pol-
icy for DVT imaging evaluation in the post-
decannulation period is recommended.

Anticoagulation after decannulation, akin to
anticoagulation during VV-ECMO therapy,
requires an individualized approach, consider-
ing each patient’s particular clinical profile [73].
At present, there is equipoise regarding which
type of anticoagulant is best in patients under-
going ECMO therapy; likewise, there is no clear
choice for the optimal anticoagulant in the
post-ECMO phase of care. Given the striking
incidence of venous thrombosis described
above, a bare minimum of prophylactic phar-
macological anticoagulation should be
employed unless absolute contraindications for
such therapy exist.

Bridge to Transplantation

VV-ECMO serves an important role bridging
patients with respiratory failure to lung trans-
plantation. Patients with end-stage lung disease
who suffer an acute respiratory decompensation
face extremely high mortality rates that can be
stabilized with ECMO. Note that in the United
States’ lung transplant allocation scoring system
(the Lung Allocation Score), ECMO therapy is
not considered specifically and does not

independently increase the likelihood of
receiving a lung transplant [74].

A crucial consideration for patients who
undergo ECMO cannulation in the pre-lung
transplantation period is to move those patients
to ‘‘awake ECMO’’, as there are data describing
improved likelihood in surviving to receive a
lung transplant and post-transplant patient
outcomes in ‘‘awake’’ patients when compared
to those who are heavily sedated, bed-bound,
and mechanically ventilated prior to trans-
plantation [75]. ‘‘Awake ECMO’’ mandates bare
minimum amounts of sedation and maximal
participation with physical therapy as able, and
the ideal form of ‘‘awake ECMO’’ allows for
ambulatory ECMO [76]. Meticulous planning
prior to ECMO cannulation of the bridge-to-
transplant patient is essential, as the cannula-
tion strategy chosen should consider the
patient’s awake ECMO potential.

FUTURE OUTLOOKS

The use of VV-ECMO in patients with severe
acute respiratory failure has dramatically
increased in recent years. Appropriate candidate
selection is critical to successful ECMO utiliza-
tion ensuring ultimate goals of underlying res-
piratory pathology recovery or receipt of lung
transplantation. Ongoing areas of uncertainty
and need for further investigation include ear-
lier application in less severe respiratory failure,
ideal anticoagulation management strategies,
and post-decannulation surveillance and care.
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Hekimian G, Bréchot N, et al. Blood oxygenation
and decarboxylation determinants during venove-
nous ECMO for respiratory failure in adults. Inten-
sive Care Med. 2013;39:838–46.

51. Schmidt M, Pham T, Arcadipane A, Agerstrand C,
Ohshimo S, Pellegrino V, et al. Mechanical venti-
lation management during extracorporeal mem-
brane oxygenation for acute respiratory distress
syndrome an international multicenter prospective
cohort. Am J Respir Crit Care Med. 2019;200:
1002–12.

52. Ha MA, Sieg AC. Evaluation of altered drug phar-
macokinetics in critically Ill adults receiving extra-
corporeal membrane oxygenation.
Pharmacotherapy. 2017;37:221–35.

53. Shekar K, Fraser JF, Smith MT, Roberts JA. Pharma-
cokinetic changes in patients receiving extracor-
poreal membrane oxygenation. J Crit Care.
2012;27:741.e9-741.e18.

124 Pulm Ther (2023) 9:109–126



54. Dalton HJ, Garcia-Filion P, Holubkov R, Moler FW,
Shanley T, Heidemann S, et al. Association of
bleeding and thrombosis with outcome in extra-
corporeal life support. Pediatric Critical Care Med.
2015;16:167–74.

55. Thomas J, Kostousov V, Teruya J. Bleeding and
thrombotic complications in the use of extracor-
poreal membrane oxygenation. Semin Thromb
Hemost. 2018;44:020–9.

56. Brokmeier HM, Wieruszewski ED, Nei SD, Loftsgard
TO, Wieruszewski PM. Hemostatic management in
extracorporeal membrane oxygenation. Crit Care
Nurs Q. 2022;45:132–43.

57. Pollak U, Yacobobich J, Tamary H, Dagan O,
Manor-Shulman O. Heparin-induced thrombocy-
topenia and extracorporeal membrane oxygena-
tion: a case report and review of the literature.
J Extra Corpor Technol. 2011;43:5–12.

58. Burstein B, Wieruszewski PM, Zhao Y-J, Smischney
N. Anticoagulation with direct thrombin inhibitors
during extracorporeal membrane oxygenation.
WJCCM. 2019;8:87–98.

59. Bates SM, Weitz JI. The mechanism of action of
thrombin inhibitors. J Invasive Cardiol. 2000;12:
27F–32.

60. Hamzah M, Jarden AM, Ezetendu C, Stewart R.
Evaluation of bivalirudin as an alternative to hep-
arin for systemic anticoagulation in pediatric
extracorporeal membrane oxygenation. Pediatr Crit
Care Med. 2020;21:827–34.

61. Ranucci M, Ballotta A, Kandil H, Isgrò G, Carlucci
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