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Abstract Purpose: Detailed
extracorporeal membrane oxygena-
tion (ECMO) weaning strategies and
specific predictors of ECMO weaning
success are lacking. This study eval-
uated a weaning strategy following
support for refractory cardiogenic
shock to identify clinical, hemody-
namic, and Doppler
echocardiography parameters associ-
ated with successful ECMO removal.
Methods: Hemodynamically stable
patients underwent ECMO flow
reduction trials to \1.5 L/min under
clinical and Doppler echocardiogra-
phy monitoring. When a patient had
partially or fully recovered from
severe cardiac dysfunction, tolerated
the weaning trial, and had left ven-
tricular ejection fraction (LVEF)
[20–25% and aortic time–velocity
integral (VTI)[10 cm under minimal
ECMO support, device removal was
considered. Results: Among the 51
patients (34 males, aged
54 ± 14 years) who received ECMO
for medical (n = 27), postcardiotomy
(n = 11), or posttransplantation

(n = 5) cardiogenic shock, 38 toler-
ated at least one ECMO flow
reduction trial and 20 were ultimately
weaned. Compared with the 13
patients who tolerated the trial but
were not deemed weanable, those
successfully weaned had, at each
ECMO flow level, higher arterial
systolic and pulse pressures, VTI,
LVEF, and lateral mitral annulus
peak systolic velocity (TDSa). All
weaned patients had aortic VTI
C10 cm, LVEF[20–25%, and TDSa
C6 cm/s at minimal ECMO flow
support. These Doppler echocardiog-
raphy parameters better separated
weaned and nonweaned patients than
any other parameters tested. Conclu-
sions: Patients who tolerated a full
ECMO weaning trial and had aortic
VTI C10 cm, LVEF [20–25%, and
TDSa C6 cm/s at minimal ECMO
flow were all successfully weaned.
However, further studies are needed
to validate these simple and easy-to-
acquire Doppler echocardiography
parameters as predictors of sub-
sequent ECMO weaning success in
patients recovering from severe car-
diogenic shock.
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Introduction

Extracorporeal membrane oxygenation (ECMO) should
be considered for rescuing patients with refractory car-
diogenic shock [1–10]. It has been successfully used as a
bridge to myocardial recovery, cardiac transplantation, or
implantation of a ventricular assist device (VAD) in
patients with overt cardiac failure’s various etiologies,
e.g., acute myocardial infarction [7, 11], end-stage dilated
cardiomyopathy [9], viral or toxic myocarditis [12–14],
complications of cardiac surgery [8, 15, 16], or cardiac
arrest [1, 2]. After a few days of mechanical assistance,
the device can sometimes be successfully removed, when
the patient has partially or fully recovered from the con-
dition that indicated ECMO use. However, to date,
detailed weaning strategies following ECMO initiation
for refractory cardiogenic shock have never been repor-
ted, and only a few studies have evaluated outcome
predictors following ECMO institution [1, 2, 4, 7, 9, 15,
17, 18]. Moreover, those studies were not specifically
designed to predict which patients can be successfully
weaned off ECMO.

Therefore, the objectives of this study are to describe a
weaning strategy that tested daily hemodynamic tolerance
of ECMO flow reduction trials and to identify clinical,
hemodynamic, and Doppler echocardiography parameters
associated with successful ECMO removal.

Patients and methods

Patients

This study was conducted between March 2007 and
March 2008 at the Cardiology Institute of La Pitié-Sal-
pêtrière Hospital in Paris in accordance with the ethical
standards of our hospital’s Committee for the Protection
of Human Subjects. Informed consent for demographic,
physiological, and hospital outcome data analyses was not
obtained, because this observational study did not modify
existing diagnostic or therapeutic strategies. Before
ECMO onset, the 51 patients included in the study dis-
played signs of acute refractory cardiogenic shock.
Patients receiving venovenous ECMO or those with a
mitral prosthesis or severe mitral valvulopathy were not
included in the study. Additional details are provided in
the Electronic Supplementary Material (ESM).

Clinical, hemodynamic, and echocardiographic
parameters

The following data were recorded at time of ECMO
onset: age; sex; indication for ECMO support; type of
ECMO, peripheral femoral versus central intrathoracic;

initiation under cardiopulmonary resuscitation (CPR);
Simplified Acute Physiology Score (SAPS) II (range,
0–174) [19]; Sepsis-Related Organ Failure Assessment
(SOFA) score [20]; concomitant use of an intra-aortic
balloon pump (IABP); patients on mechanical ventilation,
on intravenous inotropes, or receiving renal replacement
therapy; blood gas analyses; blood lactate, serum creati-
nine; and prothrombin activity. Hemodynamic status was
assessed daily by measuring systolic (SBP), diastolic
(DBP) and mean (MBP) arterial blood pressure, pulse
pressure (SBP–DBP), and heart rate.

Echocardiography was performed on a daily basis, and
the following parameters were recorded: LV ejection
fraction (LVEF); aortic time–velocity integral (VTI);
transmitral early peak (E) and late diastolic velocities;
spectral tissue Doppler lateral mitral annulus peak systolic
(TDSa) and early diastolic (Ea) annular velocities [21].
LV filling pressures were estimated with the E/Ea ratio
[22, 23]. Additional details are provided in the ESM.

ECMO weaning trials

An ECMO weaning trial was undertaken when the patient
was considered hemodynamically stable, i.e., baseline
MBP [60 mmHg while receiving no or low-dose vaso-
active agents and a pulsatile arterial waveform maintained
for at least 24 h, and when pulmonary blood oxygenation
was not compromised. The ECMO flow was decreased to
66% for 10–15 min, then to 33% and/or to a minimum of
1–1.5 L/min for another 10–15 min. If MBP dropped
significantly and was constantly \60 mmHg during the
trial, ECMO flow was returned to 100% of the initial flow
and the trial was stopped. Doppler echocardiography was
repeated at each ECMO flow level by both intensive care
unit (ICU) staff echocardiographists and the study echo-
cardiographist (N.A.). When a patient was not suffering
from an end-stage cardiac disease and had partially or
fully recovered from the initial cardiac dysfunction, tol-
erated the full weaning trial, and had LVEF[20–25% and
aortic VTI [10 cm under minimal ECMO support,
ECMO removal was considered. If the patient remained
stable after prolonged (15–20 min) complete-circuit
clamping in the operating room, the machine was surgi-
cally removed and the mediastinum or femoral access
surgically repaired. When ECMO weaning was deemed
impossible, bridging to VAD or to transplantation was
considered.

Outcome variables

For patients who tolerated maximal ECMO flow reduc-
tion, clinical and Doppler echocardiography parameters
associated with successful ECMO weaning were evalu-
ated the day before ECMO was successfully removed,
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or when they either died or were bridged to heart trans-
plantation or VAD. Patients successfully weaned from
ECMO were defined as those having ECMO removed and
not requiring further mechanical support because of
recurring cardiogenic shock over the following 30 days.
Patients fulfilling the aforementioned ECMO removal
criteria but not disconnected because a deadly complica-
tion occurred shortly after the successful weaning trial
were excluded from the weaning outcome evaluation.

Other outcome variables included 30-day survival,
duration of mechanical ventilation, need for renal
replacement therapy, length of ICU stay, and ECMO-
associated complications, i.e., cannulation-related injuries
such as leg ischemia, femoral hemorrhage due to arterial
laceration, deep vein or inferior vena cava thrombosis,
cannula insertion-site infection, ischemic or hemorrhagic
stroke, pulmonary edema, cardiac tamponade, or other
technical problems.

Statistical analyses

Continuous variables were compared with Student’s t test,
the Mann–Whitney U test, analysis of variance, or the
Kruskal–Wallis statistic, as appropriate. Categorical
variables were compared with chi-square tests. Assess-
ment of intra- and interobserver reproducibility was
performed on 10 echocardiographic and Tissue Doppler
imaging (TDI) recordings selected at random (additional
details provided in the ESM). Changes of mean clinical
and echocardiographic parameter values from 100% to
minimal ECMO flow were compared for weaned and
nonweaned patients with repeated-measures analysis of
variance. Statistical significance was defined as p \ 0.05.
Analyses were performed using StatView 5.0 (SAS
Institute Inc., Cary, NC).

Results

Baseline characteristics of the study population

Between March 2007 and March 2008, 51 patients (34
males, aged 54 ± 14 years) underwent ECMO for acute
cardiogenic shock. Reasons for ECMO support are
detailed in Table 1. Femoro-femoral ECMO was used for
26 (51%) patients, 13 (25%) had received an IABP before
ECMO implantation, 9 (18%) experienced cardiac arrest
during the 12 h preceding ECMO, and 7 (14%) were
cannulated under continuous CPR. Mean SAPS II
(69 ± 21) and SOFA score (14 ± 5) were high, reflecting
disease severity at ICU admission (SAPS II-predicted
mortality was [62%). Elevated blood lactate and creati-
nine, and low prothrombin activity also reflected severe
multiorgan failure at ECMO onset.

Patients’ outcomes

Among the 51 patients who received ECMO, 13 were
permanently ECMO dependent and did not undergo or
tolerate an ECMO weaning trial (Fig. 1). These patients
were older, had more frequently suffered complicated
cardiac surgery or cardiac arrest before ECMO initiation,
had lower systolic blood pressure, and required more
ECMO flow support (Tables 1 and E1, Electronic Sup-
plementary Material). ECMO duration was significantly
shorter for these 13 patients (Table 2), of whom 11 rap-
idly died of refractory multiple organ failure (Fig. 1) and
only 2 received a heart transplant (1 survived at D30).

Thirty-eight patients tolerated at least one full ECMO
weaning trial (Fig. 1), of whom 20 were ultimately
weaned from the device (19 survived at D30, 1 died of
radiological contrast-medium-induced anaphylactic
shock). Among the 18 patients who were nonweaned, 5
had both LVEF [25% and VTI [10 cm at minimal
ECMO flow and developed a fatal complication in the
hours/days following the successful trial before being
disconnected from the device (4 had severe ischemic or
hemorrhagic neurological lesions which subsequently
evolved towards brain death; 1 experienced rapidly fatal

Table 1 Patients’ clinical characteristics at time of ECMO
implantation according to weaning trial performance

Characteristic Tolerated
weaning
trial
(n = 38)

Did not
undergo/
tolerate
weaning trial
(n = 13)

Age (years) 49 ± 14 67 ± 11
Males 26 (68) 8 (62)
ECMO indications
Dilated cardiomyopathy 6 (16) 2 (15)
Ischemic cardiopathy 13 (34) 3 (23)
Fulminant myocarditis 3 (8) 0
Postcardiotomy 5 (13) 6 (46)
Posttransplantation 4 (11) 1 (8)
Others 7 (18) 1 (8)
Transfer from other centers 10 (26) 1 (8)
Femoral (versus central) ECMO 22 (59) 4 (31)
Cardiac arrest before ECMO 4 (11) 5 (38)
ECMO under CPR 5 (13) 2 (15)
Intraaortic balloon pump 11 (29) 2 (15)
SAPS II 65 ± 21 81 ± 17
SOFA score 14 ± 5 15 ± 7
Patients on mechanical ventilation 33 (87) 13 (100)
Renal replacement therapy 12 (32) 4 (31)
Serum creatinine (mmol/L) 152 ± 101 190 ± 85
pH 7.33 ± 0.10 7.35 ± 0.15
Lactate level (mmol/L) 7.3 ± 5.4 7.3 ± 6.1
Prothrombin activity (%) 52 ± 21 49 ± 19

Values are n (%) or mean ± SD
ECMO extracorporeal membrane oxygenation, CPR cardiopulmo-
nary resuscitation, SAPS Simplified Acute Physiology Score, SOFA
Sepsis-Related Organ Failure Assessment Score
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multiorgan failure due to septic shock). Of the other 13
patients, 4 received a heart transplant (4 survived at D30),
6 were bridged to another assist device (5 survived at
D30), and 3 experienced rapidly fatal multiorgan failure
due to septic shock (Fig. 1). Overall, successful ECMO
weaning rates were lower for patients with ischemic or

dilated cardiomyopathies (30% and 0%, respectively).
ICU resource utilization was high, as reflected by pro-
longed ICU stays (18 days on average) and high
percentages of patients on mechanical ventilation

Tolerated a weaning trial
n=38

Weaned
n=20

Not 
weaned 
because
EF<25%

VTI<10cm
n=13

VAD
n=6

Transplant
n=4

BD, n=4 
MOF, n=1

D30
0 Alive

D30
4 Alive

D30
5 Alive

D30
19 Alive

51 patients on ECMO

Did not undergo/tolerate weaning trial
n=13

Transplant
n=2

MOF
n=11

D30
1 Alive

D30
0 Alive

MOF
n=3

D30
0 Alive

Shortly died 
after trial
despite

EF>25%
VTI>10cm

n=5

Fig. 1 Outcomes of the 51 patients who received ECMO. VAD ventricular assist device, EF ejection fraction, VTI time–velocity integral,
MOF multiorgan failure, BD brain death

Table 2 Outcomes of the 51 patients who underwent ECMO
support

Parameter Tolerated
weaning
trial
(n = 38)

Did not
undergo/
tolerate
weaning trial
(n = 13)

ECMO duration (days)
Mean ± SD 8 ± 6 4 ± 2
Median (IQR) 7 (3–10) 3 (2–4)

Serious complications
under ECMO

16 (42) 7 (54)

Major bleeding 7 (18) 6 (46)
Arterial ischemia 1 (3) 1 (8)
Surgical wound infection 2 (5) 1 (8)
Pulmonary edema 7 (18) 0
Stroke 2 (5) 1 (8)

Need for renal replacement therapy 12 (32) 4 (31)
ICU length of stay, days 19 (9–33) 3 (2–5)
30-Day survivors 28 (74) 1 (8)

Values are n (%) or median (interquartile range, IQR)
ECMO extracorporeal membrane oxygenation, ICU intensive care
unit

Table 3 Hemodynamic and Doppler echocardiography character-
istics (at minimal ECMO flow) of the 33 hemodynamically stable
patients who tolerated an ECMO weaning trial the day before
successful/unsuccessful weaning

Characteristic Weaned
(n = 20)

Nonweaned
(n = 13)

ECMO duration (days)
Mean ± SD 7 ± 4 11 ± 7
Median (interquartile range) 6 (3–8) 7 (5–17)

Pulse pressure (mmHg) 52 ± 12 39 ± 15
Heart rate (b/min) 95 ± 16 115 ± 19
Echocardiographic parameters
Aortic VTI (cm) 16.4 ± 3.6 8.5 ± 2.3
LVEF (%) 37 ± 11 10 ± 7
TDSa (cm/s) 7.9 ± 1.2 4.3 ± 0.7
E (cm/s) 76 ± 16 71 ± 18
TDI Ea (cm/s) 10.1 ± 4.9 8.5 ± 3.0
E/Ea 8.7 ± 3.4 9.4 ± 4.6

Values are n (%) or mean ± SD
ECMO extracorporeal membrane oxygenation, aortic VTI aortic
time–velocity integral, LVEF LV ejection fraction, TDSa spectral
tissue Doppler imaging mitral annulus peak systolic velocity,
E transmitral early peak diastolic velocity, E/Ea ratio of transmitral
early peak (E) diastolic velocity to spectral tissue Doppler lateral
mitral annulus peak systolic early diastolic (Ea) annular velocity
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(46 patients, 90%) and receiving renal replacement ther-
apy (16 patients, 31%).

Analysis of factors associated with successful
ECMO weaning

Table 3, Table E2 (Electronic Supplementary Material),
and Fig. 2 show hemodynamic and echocardiographic
characteristics during the 24 h preceding successful ECMO
weaning, death, or bridging to VAD or transplantation for
the 33 patients who tolerated a full weaning trial (patients
who had both LVEF [25% and VTI [10 cm at minimal
ECMO flow and were not disconnected from ECMO
because a deadly complication occurred shortly after a
successful weaning trial were excluded from this analysis).
The inter- and intraobserver reproducibilities of Doppler
echocardiography parameters were always good (\10%)
(Table E3 and additional details are provided in the ESM).
Successfully weaned patients had lower baseline ECMO
flows and, at each ECMO flow level, had higher SBP and
pulse pressure, and, on Doppler echocardiography, higher
aortic VTI, LVEF, and TDSa (Fig. 2). However, indices of
LV filling pressure (pulsed Doppler mitral E and TDI Ea

velocities and E/Ea) did not differ significantly between the
two groups.

Mean values for aortic VTI, TDSa, LVEF, and pulse
pressure measured at minimal ECMO flow were higher for
the group of weaned patients (Table 3). However, as indi-
cated in Fig. 3, aortic VTI, TDSa, and LVEF at minimal
ECMO flow better separated weaned from nonweaned
patients than any other parameters tested. Specifically, all
weaned patients had aortic VTI C10 cm, LVEF[20–25%,
and TDSa C6 cm/s at minimal ECMO flow support.

Discussion

We observed in our cohort that up to 40% of patients who
received ECMO for medical, postcardiotomy, or post-
transplantation cardiogenic shock could be successfully
weaned from the device. All these patients had partially or
fully recovered from cardiogenic shock, had tolerated a full
ECMO weaning trial, and had aortic VTI C10 cm, LVEF
[20–25%, and TDSa C6 cm/s at minimal ECMO flow
support. These Doppler echocardiography parameters dis-
criminated better between weaned and nonweaned patients
than any other parameters tested.
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Only a few studies have examined outcome predictors
following ECMO implantation, and most of these studies
evaluated very early predictors of unsuccessful outcomes.
Chen et al. [18] observed that five factors evaluated during
the 96 h following ECMO initiation were associated with
poorer outcomes: lung dysfunction, peak lactate[3 mmol/L,
systemic infection, kidney dysfunction, and peak creatine
kinase[10,000 U/L. Smedira et al. [4] reported that suc-
cessful withdrawal from ECMO was associated with
intraaortic balloon pump use and fewer infectious compli-
cations and organ failures. Recently, we also reported on a
series of 81 patients, who received ECMO support for

medical (n = 55), postcardiotomy (n = 16), or posttrans-
plantation (n = 10) cardiogenic shock; independent
predictors of ICU death were device insertion under cardiac
massage, 24-h urine output\500 mL, prothrombin activity
\50%, and female sex, while myocarditis was associated
with better outcomes [7]. Still, all those studies were not
specifically designed to identify which patients could be
successfully weaned.

Indeed, detailed weaning strategies following ECMO
initiation for refractory cardiogenic shock have never been
reported. In most series described to date, weaning trials
were not attempted during the first 24–72 h after ECMO
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implantation and consisted of gradually decreasing pump
flow to 0.5–1.5 L/min for 1–10 min while evaluating heart
contractility and cardiac index [1–3, 5, 9, 11, 15, 18].
However, none of those studies analyzed the predictive
capability of the criteria they used for deciding ECMO
withdrawal. Alternatively, our study described a detailed
weaning strategy for a mixed population of medical–sur-
gical ECMO patients who were hemodynamically stable
after 24–48 h of mechanical assistance. We evaluated daily
ECMO flow reduction tolerance, and clinical and Doppler
echocardiography data were monitored before and during
the weaning trial. Importantly, Doppler echocardiography
parameters were recorded both by the ICU staff physician
in charge of the patient and by the study echocardiogra-
phist, who was unaware of the medical decision to continue
or remove the ECMO machine. Among the parameters
monitored, those evaluating LV systolic function (TDSa,
LVEF) and LV flow (aortic VTI) had the highest predictive
values for successful weaning. LVEF and aortic VTI were
higher at 100% ECMO flow for the group of ultimately
weaned patients and increased significantly as ECMO flow
was lowered, mostly because of increased preload and
decreased afterload at the lowest assistance level. This
effect was more apparent for weaned patients, who there-
fore displayed greater contractile reserves when challenged
by the weaning trial. In contrast, TDSa was only modestly
altered by flow reduction, suggesting its relative preload
and afterload independence [24]. Lower ECMO flow
before the weaning trial was also associated with successful
weaning, reflecting reduced need for mechanical assistance
in these patients. Lastly, Doppler parameters reflecting LV
filling pressures (mitral E and TDI Ea velocities and E/Ea)
did not differ significantly at each ECMO flow level, sug-
gesting that preload conditions were comparable for the two
groups and not predictive of weaning outcome. Therefore,
markers of systolic (versus diastolic) LV function were
better predictors of ECMO weaning success.

Several limitations should be mentioned when inter-
preting the results described herein. First, our data reflect
the experience of a single center caring for patients with
acute refractory cardiogenic shock. The ECMO weaning

strategy and criteria we defined should be prospectively
validated on other groups of patients from other institu-
tions. Second, because of missing data, it was not possible
to analyze day-by-day evolution weaning trials. However,
we were able to analyze in detail data obtained during the
last complete ECMO flow reduction trial, which preceded
successful device removal, bridge to VAD or transplanta-
tion, or death. Indeed, this is a critical moment, when
physicians must decide whether or not ECMO support can
be safely removed. Third, we evaluated a mixed population
of patients, who had received peripheral and/or central
ECMO support, following medical, postcardiotomy, or
posttransplantation cardiogenic shock. Detailed evaluation
of each of these specific populations should be the focus of
future studies. Fourth, since weaning was not attempted in
all 38 patients who tolerated maximal ECMO flow lower-
ing, we cannot exclude that some of the five nonweaned
patients who had aortic VTI C10 cm and LVEF[20–25%
would in fact have tolerated weaning if they had been
offered the option. Lastly, the power of our analyses would
have been higher and other factors might also have been
associated with successful weaning if more patients had
been included in this study. However, this is one of the
largest population of patients tested to date, using a com-
prehensive clinical and echocardiographic strategy to
evaluate the predictors of successful ECMO weaning.

In conclusion, our data indicate that weaning from
ECMO in patients who received the device for medical,
postcardiotomy, or posttransplantation refractory cardio-
genic shock was achievable in up to 40% of cases. All
weaned patients had partially or fully recovered from
severe cardiac dysfunction, had tolerated a full ECMO
weaning trial, and had aortic VTI C10 cm, LVEF
[20–25%, and TDSa C6 cm/s at minimal ECMO flow
support. These Doppler echocardiography parameters
better separated weaned and nonweaned patients than any
other parameters tested. However, further studies are
needed to validate these simple and easy-to-acquire
Doppler echocardiography parameters as predictors of
subsequent ECMO-weaning success in patients recover-
ing from severe cardiogenic shock.
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