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Abstract

Rates of survival with functional recovery for both in-hospital and out-of-hospital cardiac arrest are notably low. Extra-
corporeal cardiopulmonary resuscitation (ECPR) is emerging as a modality to improve prognosis by augmenting per-
fusion to vital end-organs by utilizing extracorporeal membrane oxygenation (ECMO) during conventional CPR and
stabilizing the patient for interventions aimed at reversing the aetiology of the arrest. Implementing this emergent
procedure requires a substantial investment in resources, and even the most successful ECPR programs may nonethe-
less burden healthcare systems, clinicians, patients, and their families with unsalvageable patients supported by extra-
corporeal devices. Non-randomized and observational studies have repeatedly shown an association between ECPR
and improved survival, versus conventional CPR, for in-hospital cardiac arrest in select patient populations. Recently,
randomized controlled trials suggest benefit for ECPR over standard resuscitation, as well as the feasibility of perform-
ing such trials, in out-of-hospital cardiac arrest within highly coordinated healthcare delivery systems. Application

of these data to clinical practice should be done cautiously, with outcomes likely to vary by the setting and system
within which ECPRis initiated. ECPR introduces important ethical challenges, including whether it should be con-
sidered an extension of CPR, at what point it becomes sustained organ replacement therapy, and how to approach
patients unable to recover or be bridged to heart replacement therapy. The economic impact of ECPR varies by health
system, and has the potential to outstrip resources if used indiscriminately. Ideally, studies should include economic
evaluations to inform health care systems about the cost-benefits of this therapy.
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Introduction

The incidence of unexpected cardiac arrest is high, with
in-hospital (IHCA) and out-of-hospital cardiac arrests
(OHCA) in the United States estimated at 200,000 and
350,000/year, respectively [1]. Survival to hospital dis-
charge after these events is low (IHCA range 6-26%
[1-4]; OHCA typically<10% [1, 5-7]), particularly
when resuscitative efforts are prolonged [7-10]. Out-
comes are more dismal when restricted to survival with
neurological or functional recovery [6-8, 11].

Attempts at improving cardiac arrest outcomes have
increasingly included extracorporeal techniques to
re-establish circulation [12-15]. The application of
venoarterial extracorporeal membrane oxygenation
(ECMO) during cardiac arrest is referred to as extra-
corporeal cardiopulmonary resuscitation (ECPR).
Performed under considerable time pressure, ECPR
requires a substantial investment of resources—both
personnel and equipment—and considerable reor-
ganization of pre-hospital, hospital, and intensive care
protocols.

This review will evaluate the impact of ECPR on sur-
vival and, perhaps more importantly, neurological and
functional recovery in adults suffering cardiac arrest,
identify those most likely to benefit, explore the resources
required, and address relevant ethical issues.

History and trends in ECPR use

The first published report of successful ECPR in adults
was the description by Kennedy of 8 cardiac arrest
patients from 1957 to 1965 [16]. Seven were success-
fully resuscitated, surviving hours to days, with one
patient neurologically intact at hospital discharge. Ken-
nedy described the need for readily available teams and
equipment, perfusionists’ ability to establish assisted cir-
culation within 30 min, and successful maintenance of
portable, primed sterile circuits for >1 month. Lastly, the
author cautioned that extracorporeal techniques should
supplement, not replace, conventional CPR.

ECPR has expanded significantly since then. Data from
the Extracorporeal Life Support Organization (ELSO)
Registry have demonstrated an increase in annual ECPR
cases from<100 in 2009 to>1500 in 2019 [17]. This
increase occurred in the setting of propensity-matched
analyses suggesting a survival advantage, with recent ran-
domized controlled trials (RCTs) now providing greater
guidance (see below). The concurrent increase in ECMO
use during the 2009 Influenza A(HIN1) pandemic also
likely contributed to the rise in ECPR, owing to greater
availability of ECMO teams and equipment, as well as
increased interest in the use of ECMO in general.

Take-home message

Emerging data from recent randomized controlled trials offer the
most rigorous evidence to date that extracorporeal cardiopulmo-
nary resuscitation (ECPR) may improve survival with neurological
and functional recovery in cardiac arrest when performed within
highly coordinated healthcare delivery systems. It is important to
consider not only the setting and system within which ECPR is
employed, but also the ethical and economic implications that may
accompany more widespread implementation of ECPR.

Physiology and technical considerations

In venoarterial ECMO, blood is drained from a central
vein, pumped through a membrane lung, and returned
through an artery, providing both gas exchange and cir-
culatory support [18]. ECPR specifically refers to ini-
tiating ECMO during cardiac arrest prior to return of
spontaneous circulation (ROSC), setting it apart from
venoarterial ECMO for post-cardiac arrest cardiogenic
shock. ECPR must be initiated more quickly than any
other form of ECMO, typically with incomplete knowl-
edge of the patient’s suitability for extracorporeal
support. Often the most challenging issue during eval-
uation for ECPR is determining the patient’s likelihood
of neurological recovery.

ECPR is usually performed via femoral cannulation,
resulting in retrograde aortic blood flow. Without left
ventricular output, reinfused oxygenated blood should
reach the coronary and cerebral vascular beds [19], out-
performing conventional CPR (the duration of which
is referred to as ‘low-flow time’) which is estimated to
be <25-30% of cardiac output [20, 21]. ECPR stabilizes
the patient more effectively, providing time to identify
and reverse the underlying aetiology of cardiac arrest.

The arterial return cannula occupies most of the
cross-sectional area of the femoral artery, posing a risk
of distal limb ischemia, which may be mitigated by plac-
ing a distal reperfusion cannula [15, 22, 23]. High rates
of successful cannulation with minimal vascular com-
plications have been reported at certain experienced
centers using ultrasound guidance for percutaneous
vascular access combined with fluoroscopic verification
of wire positioning [24, 25]. However, rates of vascular
complications may still be substantial even at high-vol-
ume centers, and providers should anticipate and plan
for these potentially serious adverse events [26], espe-
cially in the setting of ECPR given the emergent nature
of the cannulation (Fig. 1). A recent single-center pro-
pensity-score matched analysis of venoarterial ECMO
demonstrated that cannula site infections were signifi-
cantly lower with a percutaneous compared with a sur-
gical approach [27].
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Fig. 1 Complications associated with conventional CPR and ECPR. ACLS advanced cardiac life support, CO, carbon dioxide, CPR cardiopulmonary
resuscitation, ECPR extracorporeal cardiopulmonary resuscitation, LV left ventricle

Understanding outcomes in ECPR

Survival is a universally reported endpoint, but does
not sufficiently characterize success of ECPR. Meas-
ures of functional status, such as the Cerebral Perfor-
mance Category (CPC) score or Modified Rankin scale
(mRS) are commonly used to assess early post-arrest
outcomes. [28]. Beyond survival with functional or
neurological recovery, it is important to understand
long-term functional status and quality-of-life [29, 30].
The International Liaison Committee on Resuscitation
(ILCOR) has recommended the use of both short-term
functional assessments (e.g., mRS) and longer-term
health-related quality-of-life tools as core outcome
measures for cardiac arrest trials [31].

The potential benefit of ECPR over conventional CPR
must be weighed against the potential for negative out-
comes (including severe neurological and functional
disability) [4] and the intensity of resources required.
Given the incidence of unexpected cardiac arrest, even
small increases in the rates of survival with neurological

or functional recovery could justify the expanded use
of ECPR because of the absolute numbers involved.
However, ECPR should be considered complementary
to initial high-quality conventional CPR. It is not clear
whether the resources invested in ECPR would yield
greater societal benefit if they were used elsewhere,
for instance, to improve bystander CPR. This is espe-
cially the case given the relatively low rate of potentially
appropriate ECPR candidates relative to the total num-
ber of arrests [23, 32, 33].

Not surprisingly, higher rates of bystander CPR
have been associated with improved 30-day survival
in OHCA [34]. Based on data of patients who sur-
vived to 30 days post-OHCA from a large Danish reg-
istry, 1-year rates of neurological injury, nursing home
admission, and death were relatively low—with a high
rate of returning to work—and significantly correlated
with whether bystander CPR, including defibrillation,
was performed [30, 35]. The combination of high-
quality CPR and ECPR for those without ROSC within



Table 1 Notable published studies of ECPR

Type of study No. of subjects
IHCA
Chen [14] Propensity-score matched 46 matched pairs
analysis
Shin [15] Propensity-score matched 60 matched pairs

analysis

Ouweneel [37] Meta-analysis of matched pairs

analyses

195 matched pairs

IHCA and OHCA with in-hospital ECPR

Lunz [40] IHCA: 165

OHCA: 258

Multicenter retrospective study

OHCA with in-hospital ECPR

Choi [32] Propensity-score matched 320 matched pairs
analysis
Yannopoulos [68]  ECPR protocol compared to ECPR: 62
historical controls CPR: 170
Yannopoulos [47] RCT of ECPR or standard ACLS ECPR: 15
ACLS: 15
Ref. [48] RCT of ECPR or standard ACLS ECPR: 124
ACLS: 132
Hsu [33] Pilot trial of expedited transport  Expedited transport: 12
and ECPR initiation or standard ~ (ECPR: 5 of 12)
care Standard: 3
OHCA with pre-hospital or in-hospital ECPR
Lamhaut [63] Observational study comparing ~ Period 1: 114
ECPR protocols Period 2: 42
Bougouin [23] Population-based registry study ~ ECPR: 525
CPR: 12,666

Outcome measurement

Survival to discharge with CPC
1-2

Two-year survival with minimal
neurological impairment

30-day survival with CPC 1-2

3-month survival with CPC 1-2
Survival to discharge with CPC
=2

Survival to discharge with CPC
1-2

Survival to hospital discharge

6-month survival with CPC 1 or 2

ED arrival interval; ECPR initiation
interval

Survival with CPC 1 or 2 at ICU
discharge or day 28

Survival to hospital discharge

Results?

ECPR vs CPR
304% vs 15.2%; HR 051,
[0.35-0.74], p<0.0001°

ECPR vs CPR
20% vs 5%; HR=0.53, [0.36-0.80],
p=0.002

ECPR vs CPR
23% vs 9.7%, RR 0.85, ARR 13%,
[7-20%], p=0.0001

IHCA vs OHCA
34.2% vs 9%; RR 0.72,° p<0.01

ECPRvs CPR
9% vs 6%, OR, 0.94; 95% Cl,
041-2.14), p=NS

ECPRvs CPR
41.9% vs 15.3%, OR 4, [2.08-7.7],
p<0.0001

ECPR vs ACLS

43% [21.3-67.7] vs 7% [1.6-30.2],
risk difference 36% [3.7-59.2],
RR 0.61,° posterior probability
of ECPR superiority: 0.9861

ECPRvs ACLS
31.5% vs 22%, RR 0.88,° p=0.09

911-to-ED arrival < 30 min: 42%
ED arrival-to-ECPR < 30 min: 60%

Period 2 vs Period 1€
28.6% vs 7.9%, RR 0.78, p<0.001

ECPR vs CPR

8.4% vs 8.6%, p=0.91; OR 1.3,
[0.8-2.11, p=0.24'

Pre-hospital ECPR vs In-hospital
ECPR

OR 2.9 95% CI 1.5-5.9; p=0.002

ACLS advanced cardiac life support, CPC cerebral performance status, CPR cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary resuscitation, HR
hazards ratio, IHCA in-hospital cardiac arrest, OHCA out-of-hospital cardiac arrest, OR odds ratio, RCT randomized controlled trial, RR risk ratio intensive care unit

2 All odds ratios, hazards ratios, and risk ratios represent odds or risk of mortality [95% confidence interval] unless otherwise specified

b Hazards ratio and p value are for differences in overall survival; p value for survival with CPC 1-2 between groups was 0.09

¢ Risk ratio calculated based on reported mortality rates, therefore, no 95% confidence interval is provided

4 0dds ratio of survival
€ Period 1: less pre-hospital ECPR (41.4%); Period 2: more pre-hospital ECPR (64.3%)
f Odds ratio and 95% confidence interval after multivariate analysis

a reasonable timeframe has the potential to maximize
short-term survival and, by extension, long-term neu-
rological and functional outcomes.

Evidence for the use of ECPR
In-hospital cardiac arrest
There are no completed prospective RCTs of ECPR for

in-hospital cardiac arrest. Single-center, retrospective
observational studies have demonstrated that ECPR is
feasible in-hospital (Table 1), with registry data showing
it is used more commonly in younger patients with fewer,



predominantly cardiac, comorbidities [36]. A landmark
study by Chen and colleagues reported 34.1% overall sur-
vival to hospital discharge (30.3% when restricted to CPC
1 or 2) in 135 patients receiving ECPR after>10 min of
unsuccessful CPR [13]. The average duration from CPR
initiation to ECMO was 55.7 27 min, with ~10-30 min
needed to establish ECMO once the ECPR decision was
made. Probability of survival to discharge was~50%,
30%, and 10% for low-flow times of 30, 60, and 90 min,
respectively.

To assess potential benefits of ECPR over CPR alone,
the same investigators performed a propensity-score
matched analysis comparing patients suffering wit-
nessed cardiac arrest of presumed cardiac origin, receiv-
ing>10 min of CPR [14]. Overall survival to discharge
with CPC 1 or 2 in ECPR patients (n=>59) was 23.7%,
compared to 10.6% for conventional CPR (n=113),
p=0.02. Among 46 matched pairs, those who under-
went ECPR had significantly better survival to discharge
(HR 0.51, 95% CI 0.35-0.74, p <0.0001), which continued
out to 1 year. The difference in survival to discharge with
CPC 1 or 2 was not statistically significant (Table 1). A
higher percentage of ECPR patients underwent subse-
quent percutaneous coronary intervention (PCI) (17.4%
vs 6.5%), which may reflect treatment bias, or the ability
of ECPR to sustain patients long enough to facilitate PCL

A matched-pairs analysis by Shin et al. reported a simi-
lar association between ECPR (n=85) and higher 2-year
adjusted survival with minimal functional deficits com-
pared to CPR (n=2321) for IHCA (Table 1) [15]. Younger
age, shorter low-flow time, and subsequent cardiac inter-
vention (PCI or cardiac surgery) were associated with
more favorable functional outcomes in the ECPR group.

In a meta-analysis of ECPR versus CPR in predomi-
nantly IHCA, which incorporated 195 propensity-
matched pairs, there was a 13% absolute risk difference
in functionally intact 30-day survival favoring ECPR; PCI
was much more common in the ECPR group [37].

Out-of-hospital cardiac arrest with in-hospital or
pre-hospital ECPR
Patients consistently have better outcomes from ECPR
in IHCA compared to OHCA [38-41]. A retrospective
study in five European centers (n=423) demonstrated
significantly lower survival with functional recovery
using ECPR for OHCA compared with IHCA (9% vs 34%,
p<0.01)[40] despite a lower burden of comorbidities;
likely because IHCA subjects had higher rates of wit-
nessed arrest and shorter low-flow times owing to initia-
tion of bystander CPR.

One large population-based retrospective cohort study
from South Korea analyzed differences in outcomes
between ECPR and CPR for OHCA from 2009 to 2013,

controlling for patient demographics, arrest character-
istics, and co-interventions [32]. Despite an absolute
rate of survival with functional recovery among ECPR
recipients (n=320) of 9%, compared to only 2% among
conventional CPR recipients (n=36,227), there was
no significant difference in either multivariable logis-
tic regression or propensity-matched analyses. Of note,
only 30% of ECPR recipients had a shockable rhythm or
received bystander CPR, suggesting that many patients
were poor ECPR candidates [42]. Additionally, no-flow
(pre-CPR) time and CPR duration were not considered in
the analyses.

The largest study of OHCA, a retrospective registry-
based study in the Greater Paris area from 2011 to 2018,
analyzed outcomes incorporating pre-hospital and in-
hospital ECPR [23]. Despite being younger and hav-
ing higher rates of bystander CPR and initial shockable
rhythms, the ECPR group (n=525) had a similarly low
rate of survival to hospital discharge as conventional
CPR (1=12,666), 8.4% vs 8.6%, without any significant
differences in multivariate or propensity-matched anal-
yses. Notably, pre-hospital ECPR, compared with in-
hospital ECPR, was among the factors associated with
greater odds of hospital survival (OR 2.9; 95% CI 1.5-5.9,
p=0.002), along with an initial shockable rhythm and
transient ROSC before ECMO. While these results offer
cautious optimism for pre-hospital ECPR, the overall low
survival rate highlights the limitations of pre-hospital
ECPR for OHCA in a real-world setting, including the
complexity of the logistics and the need for better identi-
fication of patients likely to benefit [43].

Attempts to improve ECPR outcomes for OHCA have
included earlier identification of favorable candidates,
with an emphasis on shockable rhythms [44], and more
rapid initiation of ECMO upon hospital arrival [24]. A
single-center cohort study demonstrated that the com-
bination of carefully selected patients with presumed
cardiac aetiology, short no-flow times, high-quality CPR,
minimization of low-flow time, and prompt coordina-
tion of ECMO, coronary angiography, and PCI, led to
improved outcomes [22]. The system within which this
study was conducted had a number of features including:
identification by the emergency medical service (EMS)
of potential ECPR candidates, central dispatch of mobile
ECMO transport teams with 24/7 availability, three stra-
tegically located ECMO initiation hospitals (with 24/7
cardiac catheterization lab access) where EMS and the
mobile ECMO team would come together for the purpose
of cannulation, and a centralized ECMO intensive care
unit (ICU) for optimized post-resuscitative care of ECPR
patents [22, 45]. Development of this system involved
stakeholders from four healthcare systems, ten EMS
systems, government officials, hospital administrative



leadership, and key clinical leaders throughout the
greater Minneapolis-St. Paul metropolitan area [45]. The
total operational costs of the Minnesota Resuscitation
Consortium for a team of ECMO specialists, doctors, and
paramedics are approximately 3 to 3.5 million dollars for
the team to serve a population of 2 million people, shared
between participating health care systems.!

A follow-up study of 160 patients treated with the
same ECPR protocol demonstrated higher rates of sur-
vival with favorable neurological and functional status
with CPR duration<60 min than observed in a com-
parable group (n=654) undergoing conventional CPR
as part of an unrelated RCT [24, 46]. The effect of time
on survival was prominent. Beyond 30 min, every addi-
tional 10 min of CPR decreased survival by 25% in ECPR.
Nonetheless, survival of 15-20% was observed after CPR
of up to 90 min. In contrast, none of the 218 treated with
standard CPR for longer than 40 min survived. The same
center recently conducted the first RCT of ECPR versus
standard ACLS for refractory OHCA with ventricular
fibrillation, using the same coordinated pre- and in-hos-
pital resuscitation protocols [45, 47]. The trial, which was
stopped early for prespecified superiority criteria after
enrollment of only 30 patients, demonstrated a signifi-
cantly higher survival to discharge for ECPR compared
to standard ACLS (43% vs 7%, risk difference 36.2%, 95%
CI 3.7-59.2), and more favorable neurological and func-
tional outcomes at 3 and 6 months. These results offer
optimism for ECPR in OHCA, but generalizability of
such a carefully orchestrated system (including coordina-
tion with paramedic and general medical communities) is
yet to be determined [45].

A second recently completed RCT, the Prague OHCA
Trial, compared a bundle of interventions, including
prompt intra-arrest transport, in-hospital ECPR and
rapid invasive evaluation and treatment (n=124), to
standard ACLS (n=132) in OHCA of presumed cardiac
cause [48]. The trial, which was terminated based on pre-
specified subgroup analysis criteria, demonstrated a non-
statistically significant difference in the primary outcome
of 6-month survival with functional recovery favoring
ECPR (31.5% vs 22%, p=0.09) using an intention-to-treat
(ITT) analysis, with 8% of patients crossing over from
control to ECPR. Of note, the ECPR group had signifi-
cantly more patients who underwent CPR for >45 min
(73.4% vs 55.3%) and had worse pH and lactate values on
admission, although they also had higher rates of targeted
temperature management (95.1% vs 70.1%) and diagnos-
tic angiography (97.6% vs 77%). A subgroup with ECPR

! Personal communication (Demetri Yannopoulos, director of University of
Minnesota’s Center for Resuscitation Medicine).

patients with CPR duration>45 min had significantly
higher rates of overall 6-month survival and survival with
neurological recovery out to 30 days—a notable finding
considering that 4 of 6 survivors in the standard ACLS
group had crossed over to ECPR, further supporting the
concept that ECPR may be successful despite prolonged
low-flow times.

Patient-specific factors associated with ECPR outcomes
Across studies, several factors have consistently been
identified as portending worse prognosis for ECPR over
conventional CPR, including older age, longer duration
of low-flow time, and an initial non-shockable rhythm
(Table 2) [13, 15, 23, 40, 41, 49-55]. One high-volume
center in Taiwan demonstrated that the combination
of age>75 and low-flow time>60 min resulted in 0%
neurological or functional recovery [20]. In a prospec-
tive study from Japan, one-month survival with CPC
1 or 2 was>30% with low-flow time of 40 min in those
with shockable rhythms compared to<15% in non-
shockable rhythms [51]. Other retrospective analyses
have shown favorable outcomes despite prolonged low-
flow time (>45 min) when restricted to younger patients
(<43 years) [56], or when patients exhibit signs of life
during CPR [55].

Using a retrospective analysis of an ECPR cohort, Lunz
et al. demonstrated how the application of a composite
of stringent criteria (age <65, witnessed cardiac arrest
with bystander CPR, no major comorbidity, and the abil-
ity to initiate ECMO within 1 h from arrest) could double
the rate of survival with favorable functional outcomes
(19-38%) [40]. These data, in conjunction with the pro-
spective RCT data, highlight the potential of achieving
survival with functional recovery with ECPR in select
cases despite extended low-flow time, but such results
are likely to have a strong correlation with other patient-
and center-specific factors (e.g., comorbidities, reversibil-
ity of underlying aetiology, center experience, quality of
post-resuscitation care) [24]. A better understanding of
the relative contributions of each factor to patient out-
comes is essential for optimal patient selection and would
benefit from additional prospective, multicenter trials—
although even that data will be limited by the selection
criteria used for enrollment.

ELSO registry data

Additional real-world evidence is available from the
ELSO registry [17]. Despite an increase in age and
comorbidity in ECPR recipients, the average survival
has remained steady at~30% (predominantly reflecting
IHCA case volume), with decreasing ECMO-associated
complication rates [17]. The increase in ECPR cases likely
represents a combination of expanded use and increased



Table 2 Factors associated with outcomes after ECPR

Effect on survival
with functional

OR for survival

RR or HR for mortality

recovery
Pre-arrest
Older age Unfavorable Age>60, OR 0.54 [13] Age <65, HR 0.46 [15] No
Shockable rhythm Favorable OR 1.39-3.93[13, 23,41,51,53,55] HR0.58[14] No
Asystole, RR 1.36 [56]
PEA, RR 1.2 [56]
Intra-arrest
Shorter no-flow or low-flow time ~ Favorable CPR<30 min (vs>30min), OR4.13  CPR per min increase, HR 1.007 [14]  Yes
[13] CPR duration <35 min, HR 0.37 [15]
CPR <45 min (vs>45 min), OR 3.53
[13]
CPR <60 min (vs>60 min), OR 9.82
[13]
For every 10 min shorter CPR, OR
1.95[51]
CPR duration per min increase, OR
0.97 [41]
CPR <45 min vs CPR>58 min, OR
3.66[52]
High-quality CPR Favorable N/A N/A Yes
Post-arrest
Targeted temperature manage- Favorable N/A N/A Yes
ment
Percutaneous coronary interven-  Favorable OR1.52[13] HR 0.36 [15] Yes

tion

CPR cardiopulmonary resuscitation, N/A not available, PEA pulseless electrical activity

reporting. Unfortunately, conclusions from the ELSO
registry are limited because it lacks important cardiac
arrest and outcome details including no-flow time, low-
flow time, transient ROSC during CPR, location of the
arrest, and neurological and functional status of survi-
vors. Revisions to the registry will make such information
available in the future [57].

Organizational guidelines for the use of ECPR

ILCOR has incorporated ECPR into guidelines on
Advanced Life Support [9, 58—60]. Acknowledging very-
low-quality evidence, the committee offered a weak rec-
ommendation for ECPR as a rescue strategy for select
patients with potentially reversible cardiac arrest etiolo-
gies in whom conventional CPR is failing [58, 59]. They
also acknowledged that ECPR is complex, requires con-
siderable resources and training, is not universally avail-
able, and may facilitate additional treatments such as PCI
[9, 58—61]. The 2020 American Heart Association Guide-
lines for Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care emphasize the need for additional
investigations to evaluate cost-effectiveness, resource
allocation, and ethics surrounding the routine use of
ECPR in resuscitation [62]. The European Resuscitation
Council’s 2021 Guidelines acknowledge the results of the

ARREST trial and suggests the consideration of ECPR as
a rescue therapy for selected patients in settings in which
it can be implemented [60]. Of note, all of these recom-
mendations were developed before the results of the
Prague OHCA trial were known.

Logistical considerations

Timing of initiation

ECPR should be viewed as complementary to high-
quality conventional CPR given the association between
bystander CPR and favorable long-term outcomes
[30, 34, 35]. Indeed, most experienced centers require
a minimum time (e.g., 10 min) of failed, high-quality
CPR prior to cannulating for ECPR to avoid unneces-
sary deployment when ROSC might have been achieved
by CPR alone [13, 15, 22, 39, 63]. To minimize low-flow
time beyond this initial attempt at conventional resus-
citation, there is a narrow window to perform cannu-
lation. Providers should activate ECPR teams during
cardiac arrest as soon as it is apparent that the patient
might be an appropriate ECPR candidate, rather than
waiting 10 min or longer to first assess success of CPR,
given that the cannulation procedure will require addi-
tional time. High-volume ECMO centers have reported a
wide range of times from cardiac arrest to establishment
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of ECMO, from 42.1+25.7 min for IHCA to as long as
87.1+26.9 min for OHCA patients [13, 15, 22, 39, 63],
demonstrating the difficulty in limiting low-flow time
even with rigorously designed strategies. The recently
published Extracorporeal Cardiopulmonary Resusci-
tation for Refractory Out-of-Hospital Cardiac Arrest
(EROCA) trial, a pilot trial assessing the feasibility of
achieving a 911 call to emergency department (ED)
arrival time of<30 min and an ED arrival to ECPR ini-
tiation time of<30 min, did not achieve its primary
endpoint of 80% success rate for each time target—with
actual rates of 42% and 60%, respectively—further high-
lighting the challenges in limiting low-flow times even
under tightly controlled trial conditions [33]. Among
other considerations, simulation training may help
ensure more rapid cannulation [64].

Resource availability and systems design

The resources required to effectively perform ECPR are
substantial, including access to essential equipment (e.g.,
primed circuits), and availability of personnel capable of
performing cannulation and managing the patient. The
location where ECPR is performed, be it in-hospital (ED,
operating room, catheterization laboratory, intensive
care unit, or ward) or outside the hospital, will inform
staffing and storage of supplies to minimize low-flow
time, and may influence whether ECPR is restricted to
certain locations within the hospital [65]. A detailed
description of recommended personnel and supplies

and recommendations for the systems design of cardiac
ECMO programs in general, including centralization of
resources to experienced, high-volume centers, has pre-
viously been published in a position paper [66]. Health
systems that perform ECPR for OHCA should have for-
mal plans detailing responsibilities of EMS and receiving
hospitals to expedite ECPR on arrival to the ED or cathe-
terization laboratory (Fig. 2) [22, 39, 67]. The relationship
may consist of a hub-and-spoke model where local and
referral centers initiate ECPR, but transfer patients to the
hub for ongoing ECMO management [66].

Post-resuscitation care
A vital component to any successful ECPR program is
post-arrest care after cannulation, as highlighted by both
the ARREST and Prague OHCA trials [47, 48]. Given the
common occurrence of coronary artery disease as the
aetiology of cardiac arrest [68, 69], and the importance
of early revascularization on outcomes [70, 71], ECPR
should be paired with rapid access to coronary angiog-
raphy, with PCI as indicated [68]. Targeted temperature
management (e.g., avoidance of hyperthermia, with or
without hypothermia) should be implemented in ECPR
patients, as appropriate, given data demonstrating a ben-
efit on neurological outcomes [72]. This may easily be
achieved through the extracorporeal circuit.

ECMO can markedly increase arterial partial pressures
of oxygen (PaO,) and decrease carbon dioxide (PaCO,),
although there is little data on appropriate oxygenation



targets and the safest levels and rates of change in PaCO,,.
Extreme reductions in PaCO, (<30 mmHg) within the
first 48 h of ECMO and rapid changes in PaCO, from
pre- to post-cannulation have been implicated in neu-
rological complications [73, 74]. Prospective studies are
needed to help determine the optimal gas exchange tar-
gets after initiation of ECPR.

Additionally, while the optimal anticoagulation strategy
for this patient population is unknown, it is reasonable to
apply the same institutional protocol as for conventional
venoarterial ECMO, recognizing that some of these
patients may be at increased bleeding risk in the setting
of concomitant antiplatelet therapy after PCI, and may
require early and potentially repeated neuroimaging [75,
76].

Availability of temporary circulatory support and long-
term mechanical circulatory support device platforms
(with or without access to on-site heart transplanta-
tion) are important elements to offer the greatest chance
for survival when recovery remains uncertain [77].
Resources to address long-term management and com-
plications in an intensive care setting, including neuro-
logical prognostication, are also essential [66].

Ethical considerations
There are a number of ethical dilemmas associated with
ECPR [78, 79]. ECPR will invariably increase the num-
ber of patients receiving extracorporeal support without
a meaningful chance of recovery, the so-called ‘bridge to
nowhere’ Whereas use of implantable ventricular assist
devices or long-term infusions of inotropic medications
are commonly used as a ‘destination’ for patients with
heart failure, often affording the patient an opportunity
to be discharged home, an ECMO ‘bridge to nowhere’
necessarily confines the patient, who may or may not be
awake and sentient, to an intensive care setting without
prospect of discharge [78-80]. Conventional CPR can be
stopped when efforts are deemed futile. Perhaps, then,
ECPR may be considered an extension of CPR and sub-
ject to the same discretion, allowing clinicians to unilat-
erally withdraw ECMO when a meaningful outcome is
unattainable. If, instead, ECPR transitions into sustained
organ replacement therapy and is no longer classified as
an extension of CPR, then one would presumably treat
the patient as any other receiving life-sustaining thera-
pies. To our knowledge, a determination of how ECPR
should be classified relative to CPR in this regard has not
been determined and appears open to interpretation,
potentially creating the opportunity for unilateral cessa-
tion of ECMO under such circumstances.

Given that ECMO can adequately support end-organ
perfusion with no native cardiac function, the rele-
vance of addressing Do-Not-Resuscitate orders may be

questioned. Even in the absence of a physiological role of
conventional CPR, addressing code status may have sym-
bolic meaning for the family [78]. As ECMO and ECPR
become more commonplace, there may be an increasing
need to consider ECPR in routine discussions of code sta-
tus, with a category reserved for Do-Not-ECMO (DNE)
[81, 82]. Ideally, healthcare professionals should engage
in shared decision-making regarding end-of-life care [79,
81, 83]. Programs offering ECPR should anticipate these
dilemmas and have policies and procedures to address
them, including early involvement of palliative care ser-
vices [66, 84].

Another area of controversy is organ donation. ECPR
has the potential to increase organ availability. In a sys-
tematic review and meta-analysis, the prevalence of
brain death was significantly higher with ECPR than CPR
(27.9% vs. 8.3%, p<0.0001), without a significant dif-
ference in the rate of organ donation between patients
resuscitated with ECPR and CPR (29.4% vs. 59.2% of
brain deaths, p=0.544; 7.6% vs. 4.8% of total deaths,
p=0.471) [85]. This potential for increased availability
of brain-dead donors may introduce ethical dilemmas
regarding the motivation to initiate and the timing of
withdrawal. Whereas organ donation should never be the
primary intention of ECPR, it may nonetheless decrease
the incidence of donation under uncontrolled circum-
stances (e.g., Maastricht classification categories II and
V) and increase controlled donation upon withdrawal of
ECMO (Maastricht category III) [23, 40, 86].

How clinicians approach these complex issues will vary
by cultural and religious preference and according to
local laws, hospital regulations, and ethical practices [83].

Economic impact

ECPR requires highly specialized equipment and person-
nel, and is expensive. A Finnish study calculated median
cost per quality-adjusted life year (QALY) of 7474—
12,642€ for venoarterial ECMO in a mixed cardiogenic
shock and cardiac arrest population [87]. This likely rep-
resents an overly optimistic estimation given their high
survival to discharge (65.7%). A recent cost-effectiveness
model of ECPR for IHCA based on varying thresholds
of age, Charlson Comorbidity Index, and gender deter-
mined that costs range from 8394 to 10,818€ per QALY,
with an ECPR-for-all strategy falling within the typi-
cal willingness-to-pay threshold in North America and
Europe [88].

Kawashima et al. noted that total hospital costs-per-
life-saved by ECPR in a single Japanese center were two-
fold higher for an initial non-shockable versus shockable
rhythm ($213,656 vs $101,669); the cost per QALY for
shockable rhythms was<50% that for non-shockable
rhythms ($11,081 vs $29,447), and the incremental
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cost-effectiveness ratio of ECPR over CPR was $16,246
per QALY [50]. A Canadian study of 692 patients receiv-
ing ECMO (43.8% for cardiac failure) over 8-years
revealed that most of the costs in the year following
admission (median Can $130,157) were incurred during
the incident hospitalization (median Can $91,192) [89].

In a robust cost analysis of 62 ECPR patients (40% sur-
vival with functional recovery) at two centers in Aus-
tralia, mean cost per ECPR patient was 50,535€, with
ECPR adding an average of three QALYs per patient at
16,890€ per QALY over a 10-year period, or four QALYs
per patient at 12,614€ over a 15-year period [90].

Where the optimal cost—benefit ratio lies, and whether
the cost justifies marginal improvements in survival over
conventional CPR, particularly in certain populations
(e.g., pre-hospital ECPR), will vary by hospital, coun-
try, and region. It also depends on reliable estimates of
ECPR effectiveness, making cost-effectiveness analyses
an important part of any future large randomized con-
trolled trial [50, 87, 91]. Of note, all existing economic
assessments evaluate cost on a ‘per patient’ basis at cent-
ers with existing ECMO programs. These analyses do
not take into consideration costs associated with the ini-
tiation of an ECMO program, let alone initiation of a de
novo ECPR program at a center in which extracorporeal
cardiopulmonary support was not previously available.
Such start-up costs may make the overall cost per ECPR
patient prohibitively expensive, especially in light of the
infrequency of appropriate ECPR candidates [23, 32, 33].

Impact of pandemics on ECPR

The coronavirus disease 2019 (COVID-19) pandemic,
with large numbers of critically ill patients [92], has
raised questions about appropriateness of resource-
intensive therapies, including ECPR [93, 94]. The con-
comitant risks to healthcare workers during resuscitative
efforts create additional uncertainty about employing
ECPR. In areas most strained during pandemics, it may
be reasonable to restrict ECPR to patients highly likely to
benefit or not offer it at all [93].

Areas of future research

Two landmark RCTs of ECPR versus conventional CPR
for OHCA have now been completed, both of which sug-
gest a clinically meaningful survival benefit, despite pre-
mature termination in one trial after reaching only 20%
of target enrollment, raising questions about its validity,
and a lack of statistical significance in the other [9, 47, 48,
58-60]. Several trials of ECPR versus CPR are ongoing
(Table 3), although based on reported trial designs and
sample sizes, none are likely to completely resolve exist-
ing uncertainty about the role of ECPR, particularly for
OHCA.

Table 3 Ongoing controlled trials of ECPR for out-of-hospital cardiac arrest

Primary outcome(s)
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Study design

30-day survival with favorable neurological

ECPR versus conventional CPR

10

1

Multi-center randomized controlled trial

Early initiation of extracorporeal life sup-

status (CPC 1 or 2)

port in refractory OHCA (INCEPTION);

NCT03101787
BC ECPR trial for out-of-hospital cardiac

CPC status at hospital discharge

Incorporation of ECPR into regional medical

420

Non-randomized, controlled parallel group

system, compared to regions providing

usual care

trial (allocation based on region of treat-

ment)

arrest; NCT02832752

CPC status at hospital discharge

Implementation of pre-hospital ECPR

Single-center feasibility study

CPR, pre-hospital ECMO and early reperfu-

sion (CHEER 3 Trial) for patients in refrac-

tory cardiac arrest to improve survival to

hospital discharge

Proportion of patients successfully estab-

Implementation of a pre-hospital ECMO-

Single-center feasibility study

Pre-hospital ECMO in advanced resuscita-

lished with pre-hospital ECPR within 30 min

of collapse

capable cardiac arrest team

tion ion patients with refractory cardiac

arrest (SUB30); NCT03700125

CPR cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary resuscitation, ECMO extracorporeal membrane oxygenation, CPC cerebral performance status, OHCA out-of-hospital cardiac arrest
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There remain substantial challenges to performing
large, multicenter RCTs of ECPR, including coordina-
tion of healthcare delivery systems, clinical equipoise in
expert centers—particularly as more data emerge—and
the potential for uncontrolled crossover. We feel that
a multicentre phase 3 trial with an accompanying eco-
nomic analysis could provide vital information to help
determine the efficacy of ECPR in OHCA, its generaliz-
ability beyond two highly specialized and coordinated
healthcare systems (depending on the centers participat-
ing and study design), and the cost-effectiveness of the
intervention. Ideally, design of such a trial should com-
bine the expertise of those who perform ECPR with clini-
cal trialists, epidemiologists and health economists. Even
if such trials were successfully conducted and achieved
their endpoints, additional questions would remain, such
as how best to deliver ECPR to candidates at an optimal
timepoint.

Regardless of future trial results, it is important to
acknowledge that ECPR will never be as readily avail-
able as conventional CPR. The importance of early, high-
quality CPR cannot be overstated and ECPR trials should
focus on studying the role of ECPR in complementing
resuscitative efforts for highly selected patients who have
failed initial, optimal conventional CPR.

Conclusions

ECPR offers the promise of significantly improving the
low rates of survival with functional and neurological
recovery among patients suffering cardiac arrest. At pre-
sent, there are sufficient data to support the initiation of
ECPR in select individuals with reversible etiologies of
cardiac arrest in whom low-flow time is minimized—and
even in certain circumstances with more prolonged low-
flow time—with greater potential benefit in IHCA than
OHCA. These conditions assume that the healthcare sys-
tem in which ECPR is offered is designed to deliver the
intervention efficiently and effectively. Two recent RCTs
have demonstrated that ECPR is best implemented in a
high-volume, organized system, with extensive training
and coordination among departments, including emer-
gency services for OHCA. Future research should further
our current understanding of the role of ECPR in cardiac
arrest and refine our approach to this complex endeavor.
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