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Abstract

Purpose: Veno-arterial (VA) extracorporeal membrane oxygenation (ECMO) can be used to restore organ perfusion
in patients with cardiogenic shock until native heart recovery occurs. It may be challenging, however, to determine
when patients can be weaned successfully from ECMO—surviving without requiring further mechanical support

or heart transplant. We aimed to systematically review the medical literature to determine the biomarkers, hemody-
namic and echocardiographic parameters associated with successful weaning of VA-ECMO in adults with cardiogenic
shock and to present an evidence-based weaning algorithm incorporating key findings.

Method: We systematically searched PubMed, Embase, ProQuest, Google Scholars, Web of Science and the Grey
literature for pertinent original research reports. We excluded studies limited to extracorporeal cardiopulmonary
resuscitation (ECPR) as the neurological prognosis may significantly alter the decision-making process surrounding
the device removal in this patient population. Studies with a mixed population of VA-ECMO for cardiogenic shock
or cardiac arrest were included. We excluded studies limited to patients in which ECMO was only used as a bridge
to VAD or heart transplant, as such patients are, by definition, never “successfully weaned.” We used the Risk of Bias
Assessment tool for Non-Randomized Studies. The study was registered on the International prospective register of
systematic reviews (PROSPERO CRD42020178641).

Results: We screened 14,578 records and included 47 that met our pre-specified criteria. Signs of lower initial severity
of shock and myocardial injury, early recovery of systemic perfusion, left and right ventricular recovery, hemodynamic
and echocardiographic stability during flow reduction trial and/or pump-controlled retrograde trial off predicted
successful weaning. The most widely used parameter was the left ventricular outflow tract velocity time integral, an
indicator of stroke volume. Most studies had a moderate or high risk of bias. Heterogeneity in methods, timing, and
conditions of measurements precluded any meta-analysis.

Conclusions: In adult patients on VA-ECMO for cardiogenic shock, multiple biomarkers, hemodynamic and echocar-
diographic parameters may be used to track resolution of systemic hypoperfusion and myocardial recovery in order
to identify patients that can be successfully weaned.
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Graphical Abstract

Step 4 : ECMO flow reduction trial

Stable hemodynamics and ventricular function
No significant increase in inotrope support

Step 5 : Pump controlled retrograde trial off

Stable hemodynamics, vasopressor needs and oxygenation

Keywords: Cardiogenic shock, Extracorporeal membrane oxygenation, Extracorporeal life support, VA-ECMO, Adults,
Biomarkers, Left ventricular function, Right ventricular function, Echocardiography, Hemodynamic parameters

Step 1: Establish initial severity of illness
Lower severity of shock and myocardial injury
are associated with weaning success

Step 2 : Monitor shock recovery
Recovery of systemic perfusion

Step 3 : Track native heart recovery
Transpulmonary flow recovery
Left/Right ventricular recovery

Continue VA-ECMO support
as a bridge to durable
ventricular assist device /
heart transplant
OR
withdrawal of life sustaining
therapies

Consider transition to VV-
ECMO if respiratory failure
uncovered remains the only
concern

Safe liberation from VA-ECMO

Take-home message

In adult patients on VA-ECMO for cardiogenic shock,
the following indices predicted successful weaning from
VA-ECMO (survival after removal of ECMO without
requirement for further mechanical support or heart
transplant):

+ Lower severity of initial shock (MAP, lactates) and
myocardial injury (Troponins).

+ Early recovery of systemic perfusion (lactate, liver
enzymes, microcirculation).

+ Left ventricular recovery (LVEF>20-25%, LVOT
VTI>10 ¢m, Mitral TDSa> 10 cm/s).

+ Right ventricular recovery (TAPSE>19 mm,
RVEF > 25%, Low RA/PCWP, High PAPi).

+ Stable MAP, CI, SBP without significant increase in
inotropic support and stable or improved LV/RV
function during flow reduction trial and PCRTO.

Most studies were observational, unblinded, retrospec-
tive and had small sample size and a moderate or high
risk of bias.

Introduction

Veno-arterial (VA) extracorporeal membrane oxygena-
tion (ECMO) can be used to restore organ perfusion in
patients with cardiogenic shock [1, 2]. The device drains
deoxygenated blood from a venous inflow cannula,
drives it through a membrane lung and returns oxy-
genated blood in an arterial outflow cannula, providing
both respiratory and cardiac support [3]. VA-ECMO can
be used as a bridge to recovery, restoring and maintain-
ing systemic perfusion while cardiac recovery occurs. In
the absence of myocardial recovery, VA-ECMO may act
as a bridge to durable ventricular assist device (VAD)
implantation or heart transplant [4]. Successful weaning
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of VA-ECMO is generally defined as survival after com-
plete removal of the extracorporeal circuit without
requirement for further mechanical support or heart
transplant [5-8]. Reported success rates range from 30
to 75% [5-9]. The timing of weaning is crucial as pre-
mature withdrawal may lead to recurrence of shock and
cause secondary injury on barely recuperating organs.
Conversely, longer duration of ECMO is associated with
higher complications and in-hospital mortality [10, 11].
Identifying patients who are ready to be weaned off VA-
ECMO may be challenging. The Extracorporeal Life
Support Organization (ELSO) recommends that wean-
ing be attempted in hemodynamically stable patients on
low vasoactive support with the use of echocardiogra-
phy to assess myocardial recovery [12—14]. Echocardio-
graphic indices [15] are widely used to assess readiness
to be weaned. Other parameters, such as biomarkers
[16] or hemodynamic parameters [17] may also be used.
Despite numerous descriptions of weaning protocols
based on expert opinion in the literature [7, 18, 19],
there has been no systematic reviews to provide more
robust guidance. We aimed to systematically review the
medical literature to determine the biomarkers, hemo-
dynamic and echocardiographic parameters associated
with successful weaning of VA-ECMO in adults with
cardiogenic shock. Secondarily, we aimed to present an
evidence-based weaning algorithm incorporating key
findings to guide clinicians in the weaning process.

Methods

The protocol for this systematic review was registered
on the International Prospective Register of Systematic
Reviews (CRD42020178641). The results are reported
according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis Guidelines [20].

Study characteristics

As we did not expect randomized controlled trials to
be available on the subject, we elected to include both
interventional and observational studies, including
cohort studies and case-series > 10 patients. We included
records in all languages, both in full text or abstract-only
formats, published from database inception to April 10,
2022. Studies had to report on the association between
biomarkers, hemodynamic and echocardiographic
parameters and VA-ECMO weaning success. Studies
evaluating the association between therapies and wean-
ing success were excluded. Studies evaluating exclusively
the association of baseline parameters (before ECMO
initiation) and weaning success were excluded. The PICO
strategy is detailed in Fig. 1.

Page 3 of 23

Participants

We selected studies that included adults with cardio-
genic shock secondary to potentially reversible etiologies
treated with VA-ECMO. We excluded studies limited to
extracorporeal cardiopulmonary resuscitation (ECPR)
as the neurological prognosis may significantly alter the
decision-making process surrounding the device removal
in this patient population. Studies with a mixed popula-
tion of VA-ECMO for cardiogenic shock or cardiac arrest
were included. We excluded studies limited to patients in
which ECMO was only used as a bridge to VAD or heart
transplant, as such patients are, by definition, never “suc-
cessfully weaned”

Search strategy

The search strategy is detailed in Additional file 1:
Table S2. We searched Medline and Embase for studies
including the following concepts: VA-ECMO, ECMO,
extracorporeal life support (ECLS), ECPR, cardiogenic
shock, weaning, success, decannulation. ProQuest,
Google Scholar and Grey literature (OpenGrey, Grey-
Lit, GreyNet) were also searched using key search terms.
Backward and forward citation tracking was performed
using Web of Science. Conference abstracts indexed in
Embase and these other sources were eligible for inclu-
sion. The searches were rerun prior to the final analy-
ses (April 10, 2022) and further studies retrieved for
inclusion.

Study selection process

Covidence systematic review software (Veritas Health
Innovation, Melbourne, Australia) was used for the selec-
tion process. Two independent members of the review
team (FC and EB or OL or KC) first screened the cita-
tions using only titles and abstracts and assessed the full
texts for eligibility. Conflicts were resolved by consensus
by the corresponding author (YAC).

Data extraction and synthesis

Study design, setting, country, period, sample size, fund-
ing source, VA-ECMO indication, weaning protocol,
successful weaning definition and reported value, bio-
markers, hemodynamic and echocardiographic data as
well as effect measures between exposition and outcome
were extracted independently by authors on electronic
data collection forms (Covidence software). Missing
data were presented as not reported in Table 1. The pri-
mary outcome was weaning success, defined as survival
after complete removal of the extracorporeal circuit
without requirement for further mechanical support or
heart transplant. We planned to present a narrative syn-
thesis of findings and a meta-analysis of the diagnostic
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heart transplant

outcome, P population

P Adults, = 18 years old, on VA-ECMO for cardiogenic shock

Markers positively associated with weaning :

- Hemodynamics parameters (e.g. Pulse pressure)
- Biomarkers (Troponins, BNP, etc.)

- Echocardiographics parameters (e.g. LVOT VTI)

Absence of markers positively associated with weaning.

Successful weaning defined as survival after complete removal of the
extracorporeal circuit without requirement for further mechanical support or

Fig. 1 Search strategy. NP brain natriuretic peptide, C comparison, / intervention, LVOT VTl left ventricular outflow tract velocity—time integral, O

accuracy of parameters to predict a successful weaning if
they had been studied by multiple groups under similar
conditions.

Quality assessment and risk of bias

The quality assessment of all retained articles was per-
formed by two independent reviewers (FC and EB or OL
or KC), with conflicts resolved by consensus by the corre-
sponding author (YAC), using the Cochrane’s Risk of Bias
Assessment tool for Non-randomized Studies [21].

Results

Study selection and characteristics

The search strategy yielded a total of 14,578 records,
including 2742 duplicates that were removed. The
remaining 11,830 were screened by title and abstract.
We reviewed the full text of 130 records to assess eli-
gibility, 47 of which studies were finally selected (Fig. 2
and Table 1). Study sample size ranged from 12 to 258
patients. The main indications for ECMO were cardio-
genic shock secondary to acute myocardial infarction

(AMI), fulminant myocarditis, other acute cardiomyo-
pathies, post-cardiotomy shock and cardiac arrest.
Eight studies included some cardiac arrest patients in
their case-mix [9, 22-28]. Specific etiology of cardiac
arrest was not specified in most studies. The risk of bias
of the included records can be found in Table 2. Fif-
teen studies were published conference abstracts that
did not provide detailed protocols, greatly limiting our
methodological assessment. Most studies presented a
high risk of bias overall.

Main findings: parameters to predict weaning success
Selected records reported on the use of various
parameters to predict successful weaning, includ-
ing biomarkers, microcirculation indices, hemody-
namic, respiratory and echocardiographic parameters.
Individual study findings are detailed in Table 1 and
summarized below. Heterogeneity in methods, tim-
ing and conditions of measurements precluded any
meta-analysis.
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Records identified from
databases
(n=14572)

=
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2
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=
=
[}
2

Records screened

(n = 126)

Studies included in review
(n=47)

o
o)
°
=
()
c

—>
(n=11830) (n=11700)
4
Reports sought for retrieval Reports not retrieved
(n=130) ’ (n=4)
()]
£
o
3 \ 4
O .
n R Reports excluded:
Reports assessed for eligibility - Review Articles (n = 19)

Identification of studies via databases and registers

Records removed before screening:
Duplicate records removed (n = 2 742)

Records excluded

Study published more recently using
the same population (n = 19)

No specific comparison between
weaned and non-weaned (n =18)
Interventional study (n=9)

Only baseline variables studies (n=6)
Insufficient data available (n=3)
ECPR only (n=4)

Heart transplant recipients only (n=1)

Fig. 2 PRISMA flowchart. ECPR Extracorporeal cardiopulmonary resuscitation

Biomarkers

Cardiac injury

Elevation in biomarkers reflecting the severity of
myocardial injury was associated with adverse wean-
ing outcomes in most studies. Lower peak CK-MB
was associated with higher weaning success and bet-
ter initial systolic function in patients with myocardi-
tis or cardiac arrest [5, 29, 30]. Peak CK-MB < 183 U/L
predicted weaning success with a sensitivity of 86%,
a specificity of 71% and an area under the receiving
operator characteristic curve (AUROC) of 0.89 [Cly:
0.77-1.00] [30]. Peak troponins were associated with
weaning success in AMI patients (p =0.003) [31], but
not in a cohort of patients with refractory CS of mixed

etiologies where AMI represented only 27% of the
cohort [23]. Several other biomarkers including NT-
proBNP failed to demonstrate any predictive value for
successful weaning [23].

Oxygen delivery

Early correction of biomarkers reflecting tissue hypop-
erfusion appeared to predict successful weaning. Blood
lactate levels at 24 h of support were independently
associated with successful weaning in patients with
cardiac arrest caused by AMI cannulated during or
after the arrest (OR 0.52, p=0.018) [32-34]. Lactate
clearance in the first 12 h similarly predicted weaning
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Table 2 Risk of bias of the included studies
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Study D1

D2 D3 D4 D5 D6

>
(2}
(%)
@
o
c
N
(=
—
o

Aissaoui 2011 (@)

Akin2017 @
Asaumi 2005 €
Cavarocchi
2013 D
Chen2003 @
Chommeloux
2020 &
Colombo 2019 (—
Elena Puerto
2021 x
Frederiksen
2018 &
Fried2022 @

Gambaro 2020 .

varin 2051 @
Heaney 2020 .
Hsu2012 &9
Huang 2018 @
Joseph 2019 @
Kl.m, 22391 et al. .
Kim, Eggl; etal. .
Li2ots @B
Lm2019 @
Ling 2018 . .
Luyt2012 € @ P

Study

Matsumoto
2018

Mazet 2017

Mongkolpun
2019

D1

D2

D3

D4

D5

Morisawa 2012 &9

Mork 2021
Moury 2021
Naruke 2010
Naruke 2012
North 2022
North 2018

Omar 2022
Oshima 2006

Quazani 2019

Pappalardo
2015

Park 2013

Sawada 2021

Sawamura
2018

Sugiura 2019
Suhr 2022
Wu 2009
Xu 2022

Yi 2021
Yoshida 2005

D6

D1 Selection of participants D2 Confounding variables D3 Measurement of exposure D4 Blinding of outcome assessment D5 Incomplete outcome data D6 Selective

outcome reporting. Green Low risk of bias Yellow Unclear risk of bias Red High risk of bias
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outcomes in post-cardiotomy VA-ECMO (AUROC
0.72; OR 0.3; p=0.023) [16, 34]. However, initial [5,
16, 26, 30, 32, 33, 35-38] and pre-weaning [23, 39—
41] lactate values were inconsistently associated with
weaning success. We also found conflicting data con-
cerning the association between mixed venous oxygen
saturation (SvO,) and VA-ECMO weaning success.
Hsu et al. found a higher pre-weaning SvO, in patients
that survived compared to those that died following
weaning [39]. Yoshida et al. found no difference in the
mean SvO, while on VA-ECMO in weaned vs non-
weaned patients [26]. Finally, Naruke et al. reported
that patients with sustained SvO,<75% during VA-
ECMO had a higher rate of weaning success (88 vs 47%
»<0.01) compared to patients that experienced periods
of SvO, >75% [42].

Organ damage

Similarly, signs of persistent organ damage are adversely
linked to weaning outcomes. Higher aspartate ami-
notransferase at 48 h and 72 h after initiation of ECMO
was associated with weaning failure [5, 43].

Microcirculation

Multiple studies evaluated the use of microcirculatory
parameters in VA-ECMO. During the first 48 h of sup-
port, successfully weaned patients showed a signifi-
cantly higher perfused small vessel density (p=0.002),
small vessel density (p=0.008) and percent perfused
vessels (p=0.02) [44]. Before first weaning attempt,
higher skin blood flow (> 34 perfusion units) measured
by skin laser Doppler was also found to accurately pre-
dict weaning success (AUROC=0.93 [Clyz 0.81-1];
sensitivity 83%; and specificity 92%) [36]. During an
extracorporeal blood flow (ECBF) reduction trial (50%
of initial ECBF), total vessel density and perfused vessel
density displayed an AUROC of 0.99 and 0.91, respec-
tively, for the prediction of successful weaning. In two
of these studies, microcirculatory indices outperformed
commonly used echocardiographic parameters such as
left ventricular ejection fraction (LVEF) and left ven-
tricular outflow tract (LVOT) velocity time integral
(VTI) [36, 45].

Macrocirculation

Better early hemodynamic parameters as well as their
maintenance during the weaning phase appear to pre-
dict weaning success [46]. Higher mean arterial pressure
(MAP) and MAP to pulmonary artery pressure ratio at
24 h were associated with successful weaning [32, 47].
Over the first 6 h of extracorporeal support, a pulse pres-
sure (PP)<30 mmHg, reflecting reduced residual LV
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ejection, was found to be independently associated with
weaning failure (OR: 0.95, Log rank p<0.001) [17]. MAP
at time of weaning was independently associated with
weaning success (OR: 1.05, p=0.009) [41, 48]. In a cohort
of weaned patients, MAP, cardiac index and PP increased
significantly from pre-ECMO to weaning despite a
reduction in inotropic support. Moreover, compared to
patients who died after weaning, patients who survived
to ICU discharge had a higher systolic blood pressure
(120 [112-140] vs 103 [99-125] mmHg, p=0.04) despite
a lower inotropic score [9] and a lower central venous
pressure (CVP) [39]. Successfully weaned patients also
presented more favorable right ventricular (RV) hemo-
dynamic parameters at 48 and 72 h: lower right atrial
to pulmonary capillary wedge pressure (PCWP), lower
transpulmonary gradient and higher pulmonary artery
pulsatility index [49].

End-tidal CO,

In patients on VA-ECMO, end-tidal CO, (EtCO,) is pri-
marily determined by transpulmonary blood flow gener-
ated by the native heart. It may thus be used to monitor
native cardiac output in this context (Table 3). In a cohort
of 37 patients on VA-ECMO, an increase in EtCO, of
5 mmHg or more above previous mean values during
two consecutive 12-h periods occurred in all successfully
weaned patients and in none of the patients that could
not be successfully weaned [50]. This inflection point in
EtCO, preceded cardiac index increase. Weaned patients
were also found to have a higher absolute EtCO, value
at 24 h of extracorporeal support. Their average EtCO,
increased from 9 mmHg immediately post-cannulation
to 21 mmHg at 24 h (p=0.04) [26].

Echocardiographic assessment
LV function
Early recovery of LVEF after VA-ECMO initiation has
been associated with improved weaning outcomes.
LVEEF significantly increased after cannulation in weaned
patients (from baseline to 24 h:48.5%, p=0.012; from
24 to 48 h,+9.0%, p=0.001) [32]. At 48 h of support,
both the absolute LVEF (OR 1.11 [1.01-1.22]; p=0.03)
and LVEF change from baseline (OR 1.15 [1.01-1.31];
p=0.03) were independently associated with weaning
success [43]. Multiple studies similarly showed a higher
LVEF and fractional shortening (FS) [29, 31, 41] as well as
lower LV chamber sizes in successfully weaned patients
compared to non-weaned patients [39, 51, 52]. Others
found LVEF improvement from cannulation to weaning,
without significant absolute differences in LVEF values in
weaned vs non-weaned patients [9, 22, 53, 54].

LVOT VTI is the most widely used parameter to track
LV recovery in patients on VA-ECMO [15, 22, 27, 36,
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40, 41, 48, 52, 54—57]. Successfully weaned patients tend
to have a higher VTI at the time of weaning, reflecting
a better stroke volume. The most commonly reported
threshold to predict successful weaning is>9.5 cm. The
threshold itself and the conditions under which it is
measured, especially the timing and the ECBF, vary sig-
nificantly across studies, making comparisons difficult
[15, 22, 36, 40, 48, 52, 54-57]. Two studies reported on
the accuracy of the LVOT VTI to predict weaning suc-
cess. Mongkolpun et al. found an AUROC of 0.85 [Cly;:
0.65—1] [36] and Sawada et al. an AUROC of 0.74, with
a sensitivity of 75% and a specificity of 72% at an opti-
mal VTI threshold of>8.6 cm [40]. The ratio of VTI
from cannulation to weaning has also shown a strong
association with successful weaning (OR, 2.80, p=0.01)
[27, 41, 48]. In two different studies, Aissaoui and col-
leagues reported a higher VTI in the group of success-
fully weaned patients compared to those who were not,
both at maximal (10.5 vs 6.2 ¢cm, p<0.001) and minimal
ECBF during weaning trials (12.8 vs 9.5 cm, p=0.010 and
16.4 vs 8.5 cm, p<0.0001) [15, 52]. The main limitation,
Aissaoui found, is the load dependence of most LV func-
tion parameters, including LVEF, LVOT VTI, LV systolic
velocity, strain and strain rate [52].

Tissue Doppler systolic velocities, which were also
found to be higher in successfully weaned patients, are
probably less load-dependent [15, 41, 52, 54]. Improve-
ments in lateral e’ velocity and tricuspid annular S
velocity during a flow reduction trial predicted wean-
ing success with a better performance (AUROC for
the presence of both parameters=0.93 [Cly; 0.863—
0.996]; p<0.001) than conventional parameters, such as
LVEF >20-25%, LVOT VTI> 10 cm and mitral annulus
S'>6 cm/s [58]. Total isovolumic time (t-IVT, Addi-
tional file 1: Table S1) improvement in the first 48 h of
support was the strongest predictor of successful VA-
ECMO weaning in another study [22]. Measured at an
ECBF of 1.5 L/min, a corrected LV ejection time (LVETc)
to PCWP ratio>15.9 s/mmHg was a robust predictor of
weaning success (AUROC = 0.82; sensitivity = 88%; spec-
ificity = 69%) [40].

RV function

Improvement in RV function during ECMO also appears
to be associated with weaning success [59]. Pappalardo
and colleagues observed a decrease in the prevalence of
RV failure from 52% pre-ECMO to 36% during wean-
ing in successfully weaned patients [9]. Successfully
weaned patients exhibited a higher tricuspid plane sys-
tolic excursion at full ECBF (16 vs 8 mm, p=0.02) [25,
56]. Tricuspid lateral annular S'/right ventricular systolic
pressure>0.33 was associated with successful weaning
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at full and minimal ECMO flow, performing better than
conventional LV indexes, reflecting better RV coupling to
pulmonary circulation [60]. Huang et al. also found the
three-dimensional RV ejection fraction to be the strong-
est predictor of successful decannulation at first attempt
(AUROC 0.90; Cl,;: 0.80-0.99) [61].

Biventricular function

In an unblinded study, qualitative echocardiographic
assessment of biventricular recovery during a wean-
ing trial had a positive predictive value of 100% [Clys:
73-100%] for successful weaning [7]. Interestingly,
absence of ventricular interdependence was found to be a
robust predictor of successful weaning, with sensitivity of
94% and specificity of 95% [55].

Weaning trial

Weaning protocols varied significantly across studies, as
detailed in Table 1. Our main findings concerning wean-
ing protocols reported in the literature are summarized
below.

Criteria used to decide to submit patients to a wean-
ing trial were not always explicitly reported and varied
significantly. Most commonly used criteria included a
MAP>60 mmHg and systemic arterial pulsatility on
minimal inotropic and vasopressor support [5, 9, 15, 16,
23, 25, 32, 35, 40, 45, 47, 52, 54, 58, 61]. Another com-
monly stated condition was the resolution of shock as
indicated, for instance, by lactate normalization [25, 40,
45, 58, 61], SVO2 > 65% [40, 45] or end-organ dysfunction
recovery [7, 16, 40, 44]. Most authors used some form
of myocardial improvement, globally [47] or a specific
parameter such as LV FS [40], LVEF > 20% and S’ >6 cm/s
[25], LVETc>200 ms [29, 30, 40], LVOT VTI>10 cm
[25, 56, 57] or TAPSE>10 mm [25]. Other conditions
included the absence of ventricular arrhythmia [47], opti-
mized fluid balance [7, 25, 51] with a low CVP [51, 58, 61]
and adequate native lung oxygenation capacity [7, 15, 23,
25, 32, 50, 52, 54] with resolution of pulmonary edema
and an inspired oxygen fraction <50% [7, 25].

In patients who met these criteria, a gradual ECBF
reduction was usually advocated with close monitoring
of hemodynamic, vasopressor needs and biventricular
response to load variation. Even with a minimal ECBF,
VA-ECMO still provides significant cardiorespiratory
support. As such, some centers reported clamping the
circuit in patients who remained stable at 0.5-1.5 L/min
of ECBE. Others used a pump-controlled retrograde trial
off (PCRTO) to challenge the native heart without the
increased risk of thrombus formation associated with
circuit clamping [62]. Pump speed was reduced in a con-
trolled fashion until the flow became retrograde (— 0.5 to
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—1 L/min). This was maintained for up to an hour, after
which the test was considered successful if hemodynamic
parameters, vasopressors needs and oxygen require-
ments remained stable. Ling and colleagues compared
the outcomes of seven patients weaned after a success-
ful PCRTO, to 23 patients weaned without PCRTO. The
reported number of deaths due to cardiac failure in the
PCRTO and conventional groups was 0 and 3, respec-
tively (0 vs 13%, p=0.99) [63]. Lower initial heart rate
and PCWP measured by Swan-Ganz catheter at the start
of PCRTO were associated with weaning success during
this procedure [28].

Discussion

In this systematic review of the literature, we found mul-
tiple studies reporting on biomarkers, hemodynamic and
echocardiographic parameters associated with success-
ful weaning of VA-ECMO in adults. These were mainly
small observational studies with a relatively high risk of
bias. They nevertheless allowed to draw some impor-
tant points to guide the weaning process. First, the ini-
tial severity of shock and myocardial injury may help
establish baseline prognosis. Second, rapid recovery of
systemic perfusion is associated with weaning success.
Third, signs of native heart recovery are strongly associ-
ated with weaning success. Finally, in patients that show
signs of native heart recovery, readiness to be weaned can
be further assessed with a flow reduction trial, with or
without a PCRTO (Fig. 3).

Proposed evidenced-based algorithm for VA-ECMO
weaning

Step 1: establishing initial illness severity

Initial severity of illness greatly impacts the odds of being
weaned successfully from VA-ECMO. Although this
may not directly help determine if a patient is ready to
be weaned, it may help set expectations. For instance, a
patient with very severe initial myocardial injury and
limited organ dysfunction may be considered early for
durable left ventricular assist device implantation or
heart transplantation. Greater initial myocardial injury,
reflected by higher CK-MB, troponins and lower initial
systolic function are associated with weaning failure in
multiple studies [5, 29-31]. At the time of ECMO initia-
tion, parameters of shock severity such as lactate, end-
organ perfusion markers, hemodynamics and extent of
myocardial injury predict subsequent weaning and sur-
vival. In the first 24 h of support, weaned patients have
a higher MAP and PP [17, 32, 47]. Microcirculation indi-
ces could also help refine prognostication in the future as
they appear to strongly predict weaning outcomes early
[36, 44] and independently of hemodynamic parameters,
lactates and inotropic support [44, 64, 65].
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Step 2: monitoring recovery of tissue and organ perfusion

If flow is adequately restored through VA-ECMO,
one should expect rapid normalization of markers of
hypoperfusion and end-organ damage. Studies showed
increased rates of successful weaning with higher lactate
clearance and AST normalization in the first 72 h [5, 24,
26, 32-35, 37, 38, 43]. Microcirculatory improvement
in the first 48 h has also been associated with successful
weaning [36, 44]. Persistence of markers of hypoperfu-
sion should prompt clinicians to try to further improve
blood flow by increasing extracorporeal circuit or native
heart output, decreasing venous congestion, and seeking
local causes of hypoperfusion that could be addressed
(such as mesenteric ischemia). In the absence of adequate
restoration of tissue perfusion under maximal support,
irreversible organ injury usually ensues.

Step 3: assessing recovery of native heart function

Once tissue perfusion is restored, the next step is to
assess native heart recovery. Under constant minute
ventilation, an increase in EtCO, reflects an increase
in transpulmonary flow, a reliable marker of native car-
diac output recovery that may be observed earlier than
changes in hemodynamics [26, 50]. Higher LVOT VTI,
both at minimal and maximal ECBF, is a widely used
parameter of LV recovery with good predictive perfor-
mance for weaning success [27, 48]. Weaned patients
also tend to display higher LVEF, t-IVT, FS, MAPSE and
mitral S’ velocity [25, 29, 40, 43, 53]. Echocardiographic
(RV ejection fraction and TAPSE) [25, 59, 61] and hemo-
dynamic (RA/PCWP ratio, TPG and PAPi) parameters
of RV function are also strongly associated with weaning
success [47, 49]. On full extracorporeal support, LV indi-
ces tend to underestimate true LV performance, while RV
indices tend to overestimate true RV performance. Tis-
sue Doppler systolic velocities are relatively load-inde-
pendent [15, 52, 54, 58, 66, 67], making them interesting
parameters to follow when patients are still supported
with high ECBE.

Step 4: performing flow reduction trials

In stable patients with evidence of myocardial recovery,
a trial of ECBF reduction is generally attempted prior
to decannulation to assess the net hemodynamic effect
of reducing the support provided by VA-ECMO. The
effect of flow reduction on MAP, CVP and vasopressor-
inotropic support is observed. If tolerated, echocardio-
graphic evaluation may be performed. Better indices of
LV systolic and diastolic function [7, 15, 51, 52, 55, 57],
ventricular interdependence [55] and RV function [58]
during flow reduction trials predict favorable wean-
ing outcomes. Importantly, flow reduction may unmask
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Step1
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Step 2
Monitor
shock
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Step 3
Track
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Step 4
ECMO flow
reduction
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Step 5
Pump-

controlled
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Fig. 3 VA-ECMO weaning algorithm. CK-MB creatine kinase MB, C/ cardiac index, CVP central venous pressure, ECMO extracorporeal membrane
oxygenation, ETCO, end-tidal CO,, €’ early diastolic peak myocardial velocities, LV left ventricle, LVAD left ventricular assist device, LVEF left ventricular
ejection fraction, LVOT VT left ventricular outflow tract velocity time integral, MAP mean arterial pressure, MPAP mean pulmonary arterial pressure,
MFI'microvascular flow index, PAPi pulmonary artery pulsatility index, PCWP pulmonary capillary wedge pressure, PH pulmonary hypertension, PP
pulse pressure, PPV percent perfused vessels, PSVD perfused small vessel density, RA right atrial, RV right ventricle, RVEF right ventricular ejection
fraction, SBP systolic blood pressure, SVD small vessel density, S velocity systolic peak myocardial velocities, TAPSE tricuspid annular plane systolic
excursion, TDSa systolic tissue Doppler imaging septal mitral annulus, TPG transpulmonary gradient, VW veno-venous, V-A-V veno-arterio-venous,
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significant underlying hypoxemic respiratory failure that
may be associated with increased pulmonary vascular
resistance [19].

Step 5: pump-controlled retrograde trial off (PCRTO)

Finally, PCRTO may be performed by reducing the cen-
trifugal pump rotation speed until a retrograde flow occurs
through the circuit. This creates a controlled arterio-venous
fistula, with the blood being pumped through the ECMO
circuit by the native heart, returning in the venous system.
This significantly challenges the RV which has to accom-
modate a substantial preload increase. Thereby, it may
simulate VA-ECMO decannulation more accurately than
flow reduction and may last longer than circuit clamping,
which is limited by the risk of clot formation. During retro-
grade flow, the sweep gas should be turned off to uncover
any residual gas exchange impairment [63]. By reversing
the flow, there is a theoretical risk of pulmonary embolism
through clot detachment from the venous side of the oxy-
genator. More studies are needed to validate this method.

Strengths and limitations

This is the first systematic review on VA-ECMO wean-
ing providing an exhaustive and detailed summary of the
literature for clinicians and researchers. Our conclusions,
however, are limited by the quality of the available litera-
ture. We included mostly unblinded observational retro-
spective studies with small sample sizes and a high risk of
bias. Many of the reported parameters, including ETCO,,
were studied in small cohorts of patients. This warrants
cautious interpretation about their role in clinical prac-
tice. Also, the microcirculatory parameters are still in the
investigative stage and deserve more validation before
drawing conclusions that will influence VA-ECMO wean-
ing guidance. Variability in weaning protocols and in the
definition of successful weaning make interpretation and
comparison between studies difficult. Most studies did not
provide formal assessments of predictive accuracy of the
proposed indices and only reported on associations. Selec-
tion bias was often present as patients who were not con-
sidered for weaning because of complications or futility
were often not included. There was often significant resid-
ual confounding. These limitations underline the need for
high-quality research in this area, more robust data on
investigational markers and standardization of weaning
protocols and successful VA-ECMO weaning definition.

Conclusion

We found a large number of studies, of generally low
quality, reporting on parameters associated with suc-
cessful weaning of VA-ECMO in adults. We propose a
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stepwise approach to weaning based on our findings.
First, the initial severity of shock and myocardial injury
may help establish baseline prognosis. Then, signs of
reversal of tissue hypoperfusion and native heart recov-
ery may help determine readiness to be weaned. Finally,
careful assessment of the physiological response to extra-
corporeal blood flow reduction and/or reversal may
allow identification of patients who are ready to be safely
decannulated.
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