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Abstract
Purpose of the Review The purpose of this review is to describe the outcomes following refractory cardiogenic shock (CS)
requiring mechanical circulatory support and factors associated with successful and unsuccessful weaning from VA-ECMO.
Based on the presented data, we will propose a weaning and bridging algorithm with the aim of facilitating this complex process.
Recent Findings Refractory CS requiring VA-ECMO support is associated with high early mortality. Approximately 1/3 of the
patients weaned from ECMO do not survive until hospital discharge. When evaluating the ability to wean from ECMO etiology
of CS, hemodynamics, end-organ function, pulmonary blood oxygenation, metabolic status, and echocardiographic assessments
must be considered.When cardiopulmonary function is not recoverable, heart replacement therapies (HRT) should be considered
early as patients may have better outcomes.
Summary Durable weaning from VA-ECMO is obtainable in well-selected patients. Patients should be separated from the
ECMO circuit in the presence of myocardial recovery, hemodynamic stability, and restored end-organ function. If myocardial
recovery is unsatisfactory (severe LV dysfunction), HRT should be considered early in suitable candidates. Future research is
needed to identify predictors of sustained myocardial recovery.

Keywords Extracorporealmembrane oxygenation . Recovery .Heart replacement therapy .Ventricular assist device .Weaning .

Orthotopic heart transplant

Introduction

The use of venoarterial extracorporeal membrane oxygenation
(VA-ECMO) and other short-term circulatory assist devices to
support patients in refractory cardiogenic shock (CS) has rap-
idly increased in the US over the last decade [1, 2]. VA-
ECMO can be used as the first line of support in patients with

refractory cardiopulmonary failure due to various etiologies
[3–11] as a bridge to recovery [12–19, 20•] or bridge to ad-
vanced heart replacement therapies (HRT), including left ven-
tricular assist devices [21–24] (LVADs) and orthotopic heart
transplantation (OHT) [25–27]. VA-ECMO support allows
hemodynamic and metabolic stabilization with restoration of
end-organ perfusion, and, after a few days of support, the
patient can be weaned and separated from the ECMO cir-
cuit if there are signs consistent with recovery of cardiopul-
monary function. Not always, however, complete, or even
partial recovery is obtainable and different strategies (HRT)
need to be considered. Indeed, successful weaning from
VA-ECMO has been reported anywhere between 30 and
70% [12, 14, 16–19, 25] depending on the etiology of CS,
center’s expertise, and definition of successful weaning
[12, 14, 15, 28–30, 31•]. Another important consideration
is the fact that even when weaning from ECMO support is
successful, a positive outcome for the patient does not
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necessarily follow [20•]. In fact, approximately 1/3 of the
patients weaned from ECMO do not survive until hospital
discharge [13, 17, 20•, 32]. Limited literature assessing the
discrepancy between weaned and discharged patients is
available and the appropriate interventions to reduce this
gap remain poorly studied and described. When cardiopul-
monary function is not recoverable, HRT should be consid-
ered; however, timing, choice of therapy/device, and pa-
tient selection are still mostly based on physician’s experi-
ence without defined guidelines. When assessing the timing
and ability to wean from ECMO etiology of CS, hemody-
namics, end-organ function, pulmonary blood oxygenation,
metabolic status, and echocardiographic assessments must
be considered. In our experience [20•], durable and
sustained weaning from VA-ECMO with acceptable func-
tional status at mid-term follow-up is obtainable in well-
selected patients; however, patients who were bridged to
recovery had worse mid-term outcomes than those who
were bridged to HRT. This may suggest that patients with
inadequate myocardial recovery should be evaluated early
for HRT, in the absence of absolute contraindications. This
remains, however, a single center experience with other
studies presenting different findings [19]. Long-term out-
comes of this patient population have been rarely described
and even more scarce information are available regarding
quality of life, functional status, and echocardiographic da-
ta. In this manuscript, we will discuss important consider-
ations during weaning trials, factors associated with suc-
cessful and unsuccessful weaning from support, and
short- and mid-term outcomes of VA-ECMO destinations.
Considering the presented data, we will propose an algo-
rithm to facilitate weaning and bridging strategies.

“Successful Weaning”

The definition of successful weaning from VA-ECMO sup-
port is arbitrary and varies from center to center. In some
cases, weaning is considered successful if the patient is alive
48 h post-decannulation [8, 33, 34] regardless of survival until
hospital discharge. Others consider weaning successful if the
patient is alive 30 days after decannulation without recurrence
of CS and need for mechanical circulatory support (MCS) [12,
30, 31•]. In our experience, we considered weaning successful
if the patient is alive until hospital discharge [20•]. These 2 last
definitions seem to be the most appropriate as they are clini-
cally relevant. We have, however, reported a 1-year survival
(post weaning) around 50% for patients who were weaned
from ECMO with a left ventricular ejection fraction
(LVEF) < 30% [20•]. Should we consider this successful
weaning? Not only the ability to separate the patient from
the ECMO circuit but also the durability of recovery is
crucial to define successful weaning. It will be important

to develop a standardized definition of successful weaning
as long-term outcomes and quality of life data will become
available over the next 5–10 years. This will allow for a
better understanding and improved patient selection for re-
covery or HRT.

VA-ECMO as a Bridge to Recovery

The first consideration when bridging a patient to recovery is
the reversibility of the CS etiology. Patients with an acute on
chronic heart failure (HF) decompensation may be less likely
to recover baseline function and ECMO support should be
carefully considered to avoid futility [35]. By contrast, pa-
tients suffering acute myocarditis or primary graft dysfunction
post-OHT have generally higher chances of complete recov-
ery [36–38]. A few studies have identified factors associated
with successful weaning from VA-ECMO and in-hospital
mortality after weaning from support [12–19, 20•] (Table 1).
All of these are small retrospective observational studies
which represent the main limitation when interpreting the re-
sults and drawing conclusions. As mentioned above, when
assessing the timing and ability to wean from ECMO hemo-
dynamics, end-organ function, pulmonary blood oxygenation,
metabolic status, and echocardiographic assessments must be
considered.

Hemodynamics

Hemodynamic parameters, monitored with an arterial line
and a Swan-Ganz catheter, are useful real-time indicators
of critical illness during weaning trials. Patients are con-
sidered acceptable candidates for weaning in the presence
of a pulsatile arterial waveform for > 24 h, mean arterial
pressure (MAP) > 60 mmHg on no or low-dose inotropes
(epinephrine < 5 mg/min, dopamine < 6 mg/min, and
milrinone < 0.375 mg/min) and vasopressors (vasopressin
< 0.02 mg/min and norepinephrine < 5 mg/min), cardiac
index > 2.4 L/min/m2, central venous pressure <
17 mmHg, and pulmonary capillary wedge pressure <
18 mmHg [12, 19, 20•, 31•, 39]. Pulse pressure has been
reported as an important indicator of successful weaning
by two studies [12, 15] even though a predictive threshold
was not identified. In both studies, patients successfully
weaned had a pulse pressure > 50 mmHg. When assessing
hemodynamics during weaning trials, the presence of a
normal pulse pressure (> 40 mmHg) should be taken into
consideration.

End-Organ Function and Metabolic Status

Before initiating a weaning trial, it is important that appropri-
ate end-organ perfusion and function have been recovered.
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Satisfactory metabolic status (lactate < 2.5 mmol/L) and he-
patic function (transaminases < 100 U/L) are required.
Normal renal function is not mandatory as often these pa-
tients would be on continuous renal replacement therapy
(RRT) because of acute kidney injury (AKI) even though
low urine output, AKI, and continuous venovenous
hemofiltration (CVVH) have been associated with mortal-
ity after weaning from support [13, 15, 25]. Blood lactate is
an important indicator of end-organ perfusion and baseline
lactate level and lactate clearance after ECMO initiation
have been suggested as important predictors of in-hospital
mortality in post-cardiotomy shock [16].

Pulmonary Blood Oxygenation and Left Ventricular
Unloading

Pulmonary blood oxygenation should not be impaired
and the PaO2/FiO2 ratio should be > 200 with an
FiO2 of 21% on the circuit and < 60% on the ventilator
[31•]. In our experience, pulmonary dysfunction at the
time of weaning had a strong correlation with poor
outcomes suggesting that ECMO weaning should be
avoided in the presence of existing pulmonary compli-
cations, including pulmonary congestion [20•]. Aissaoui
and colleagues suggested that weaning from VA-ECMO
should be avoided when the PaO2/FiO2 ratio is less
than 100, and patients otherwise presenting with im-
proved cardiac function should be converted to VV-
ECMO [30]. A study by Boulate and colleagues [40]
suggested that VA-ECMO is associated with a number of
risk factors that could lead to acute lung injury in patients who
undergo LVAD placement after ECMO support. In their
study, 15 of 55 patients developed severe acute lung injury
after LVAD implantation with PaO2/FiO2 less than 200,
which was associated with mortality in 90% of the patients.
The presence of increased pulmonary dysfunction as a risk
factor for poor outcomes in patients undergoing VA-ECMO
was also suggested by Pappalardo and colleagues [41] in a
recent study assessing the efficacy of VA-ECMO in combi-
nation with an Impella device (ABIOMED) to unload the LV.
Considering the weight of pulmonary dysfunction as a risk
factor for mortality, the decision to convert to VV-ECMO
should be considered more liberally in the presence of mod-
erate to severe pulmonary dysfunction or only modest radio-
logic improvement at the time of VA-ECMO weaning. The
retrograde arterial flow of peripheral VA-ECMO increases LV
afterload, myocardial oxygen demand, and impedes aortic
valve opening contributing to pulmonary venous congestion
and edema [42]. Therefore, LV unloading strategies may be
beneficial in this setting; however, definite evidence is still
lacking and undergoing clinical trials will help clarify this
controversial topic.

Echocardiography

Transesophageal echocardiography (TEE) is an essential part of
current weaning trials and allows for real-time assessment of
cardiac function recovery and residual valvular abnormalities
[14, 18]. A few studies have reported how ECMO support af-
fects LV and right ventricle (RV) function and how heart and
valve function at the time of weaning can affect patients’ out-
comes [12, 15, 18, 20•]. Pappalardo and colleagues observed
higher mortality in patients with persistent RV failure [15].
Aissaoui and colleagues showed that patients who failed a
weaning trial had a significantly lower aortic velocity time inte-
gral, LVEF, and lateral mitral annulus peak systolic velocity.
They observed a 100% weaning rate in patients with an aortic
velocity time integral 10 cm or greater and LVEF greater than
20% to 25%. Huang et al. showed that a right ventricular ejec-
tion fraction (RVEF) > 24.6% was associated with higher
weaning success and lower in-hospital mortality [18]. In our
experience, we observed that any grade of residual mitral regur-
gitation after weaning from support was associated with higher
in-hospital mortality and the presence of severe LV dysfunction
(LVEF < 30%) was significantly associated with lower survival
after weaning [20•]. A TEE-based weaning protocol is recom-
mended in the presence of certified personnel and equipment.

Proposed Weaning and Bridging Algorithm

Based on the evidence presented, we propose a VA-ECMO
weaning and bridging algorithm (Fig. 1) with the aim of pro-
viding guidance during this complex process. A similar ap-
proach was presented by Ortuno and colleagues [31•]. Both
algorithms highlight the importance of (i) recoverable cardiac
function, (ii) hemodynamic stability and restored end-organ
function, and (iii) continuous TEE assessment.We also provide
insight into bridging strategies to HRT. In the presence of (i)
failure of multiple weaning trials, (ii) severe LV dysfunction,
(iii) moderate to severe RV dysfunction and valvular abnormal-
ities, and (iv) prolonged ECMO duration (> 14 days), HRT
should be considered early, in the absence of contraindications.
Prolonged ECMO duration has been identified as an indepen-
dent factor associated with in-hospital mortality [15, 20•], sug-
gesting that when cardiac function does not show potential for
improvement, it is important to consider HRT early rather than
extending ECMO support in an attempt for recovery.

VA-ECMO as a Bridge to HRT

When cardiac function does not recover, ECMO support can
be used as a bridge to LVAD or OHT safely and effectively in
selected patients with acceptable mid-term quality of life
[22–24, 26, 27]. The few studies, however, that have analyzed
this patient population (Table 1) were all observational and
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included a limited number of patients providing a low level of
evidence. Marasco and colleagues showed that bridging
INTERMACS I and II patients to LVAD with VA-ECMO is

an effective strategy to allow for end-organ function recovery
with outcomes comparable to those who underwent LVAD
implantation without pre-operative ECMO support [23]. In a

Fig. 1 Proposed VA-ECMO weaning and bridging algorithm. VA-
ECMO, venoarterial extracorporeal membrane oxygenation; LVAD,
left ventricular assist device; OHT, orthotopic heart transplant; LVEF,
left ventricular assist device; VTI, velocity time integral; TDSa, tissue
Doppler lateral mitral annulus peak systolic velocity; MAP, mean

arterial pressure; AKI, acute kidney injury; TEE, transesophageal
echocardiography; RRT, renal replacement therapy; RVEF, right
ventricular ejection fraction; HRT, heart replacement therapy; CVP,
central venous pressure; PCWP, pulmonary capillary wedge pressure;
VV-ECMO, venovenous extracorporeal membrane oxygenation
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similar study, Unai et al. found no difference in outcomes
between INTERMACS 1 patients bridged to LVAD with
and without ECMO, with comparable qualify at life at 1-
year follow-up [24]. Fukuhara et al., in an analysis of the
UNOS database, found that patients bridged to OHT with
VA-ECMO had significantly worse short- and mid-term out-
comes than those bridged with LVAD [26]. By contrast, in a
study from Spain, Barge-Caballero and colleagues showed no
difference in outcomes in patients bridged to OHT with VA-
ECMO compared to those bridged with conventional support
[43]. These conflicting results may be due to differences in the
organ allocation system between the United States (US) and
some European countries. In the US, direct bridging to OHT
with VA-ECMO is rare [26] due to excessively long waitlist
time for these patients resulting in high waitlist mortality. In
Spain, where heart transplant candidates have shorter waitlist
time, VA-ECMO as a direct bridge to OHT is much more
common [43]. Over the next few years, we may however
observe a shift toward the use of VA-ECMO as direct bridge
in the US where a new allocation system favoring MCS and
high acuity was introduced at the end of 2017. The choice of
the most appropriate strategy for each patient remains limited
by the low level of evidence currently available and also in-
fluenced by national and regional policies. Ongoing random-
ized clinical trials will help improve patient selection and
guide the development of improved allocation policies.

VA-ECMO as a Bridge to Recovery vs
VA-ECMO as a Bridge to HRT

To our knowledge, only two studies have compared outcomes
of patients bridged to recovery to those bridged to HRT. Garan
and colleagues, in a recent retrospective study including only
patients with acute MI supported with VA-ECMO, did not find
any statistically significant difference in short-term survival
between patients weaned and discharged without HRT and
patients who failed weaning and who underwent HRT [19].
In our experience, we found a significant difference in mid-
term survival between these 2 groups, favoring the use of
HRT over nonselective ECMO weaning, which suggests that
some patients who are weaned from ECMO may have com-
promised mid- and long-term outcomes and should be consid-
ered for HRT if they are suitable candidates [20•]. In our study,
the decrease in patient survival from ECMO weaning to dis-
charge is an important signal that requires further analysis in an
attempt to improve patient selection and outcomes.

Short- and Mid-term Outcomes

Refractory CS requiring ECMO support is associated with high
early mortality. Around 20 to 50% of the patients placed on

VA-ECMO die while on support requiring withdrawal of care
(Table 1). As mentioned above, about 1/3 of the patients who
are weaned from support die in-hospital and 15 to 50% of those
who survive until hospital discharge die within a year from
discharge. Despite all the improvements in technologies and
patient management over the last decade, it is evident that only
a fraction of all the patients placed on VA-ECMO for refractory
CS survive beyond 1 year. This highlights large gaps in current
knowledge and understanding, especially with regard to strat-
egies to achieve myocardial recovery [44]. Only few studies
have reported mid-term outcomes [17, 20•, 24, 26] with a 3-
year survival between 40 and 67%. Even fewer studies have
reported quality of life data. In our experience, around 50% of
the patients were free from HF symptoms (NYHA 1) at mid-
term follow-up and 50% had at least one readmission to the
hospital due to HF exacerbation [20•]. Longer term outcomes
(5–10 years) are still lacking and theywill be essential for better
understanding and improving patient selection for recovery or
HRT. Generally, it may seem that patients who undergo HRT
have better short-term outcomes (Table 1). However, no defin-
itive answer can be drawn from the available data considering
the low level of evidence of small retrospective single-center
cohort studies including heterogenous etiologies of CS. Future
studies will be needed to identify factors predictive of durable
myocardial recovery and to address the role and timing of HRT
in this complex patient population.

Conclusion

Refractory CS requiring short-term mechanical circulatory
support remains associated with high early mortality.
Weaning trials should be performed under continuous TEE
assessment and patients should be separated from the
ECMO circuit in the presence of myocardial recovery, hemo-
dynamic stability, and restored end-organ function. If myocar-
dial recovery is incomplete with severe LV dysfunction, HRT
should be considered early as patients may have better out-
comes. Future studies will need to focus on (i) the identifica-
tion of factors predictive of durable myocardial recovery, (ii)
the development of standardized definition of successful
weaning from ECMO support and standardized weaning and
bridging algorithms, (iii) and the identification of appropriate
timing and patient selection for HRT.
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