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Abstract

Objective Extracorporeal membrane oxygenation (ECMO) has recently replaced cardiopulmonary bypass (CPB) as the
preferred option for providing circulatory support during lung transplantation. This review aimed to summarize the previous
data and to address the relative use of ECMO and CPB during lung transplantation.

Methods The database was searched in PubMed (Medline) using the following keywords: lung transplantation, extracor-
poreal membrane oxygenation, and cardiopulmonary bypass, for all relevant reports which were written in English and were
published between 2000 and 2020.

Review Several reports have revealed that intraoperative use of ECMO is associated with lower blood product transfusion
requirements, shorter ventilator support, and shorter length of hospital stay. During recent years, preoperative ECMO has
also been used with favorable outcomes as a bridge to lung transplantation in critically ill patients.

Conclusions The use of ECMO during lung transplantation seems to reduce postoperative complications and improve
short-term outcomes, relative to CPB. However, additional data should be collected through large multicenter randomized
controlled trials. Furthermore, preoperative ECMO as a bridge to lung transplantation appears to provide favorable outcomes,

although additional data are also needed from experienced transplant centers.
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Introduction

Lung transplantation (LTx) is well-established as the last
option for patients with end-stage pulmonary diseases.
Extracorporeal circulation (ECC) is required during LTx,
although the intraoperative support strategies, which include
off-pump, extracorporeal membrane oxygenation (ECMO),
and cardiopulmonary bypass (CPB), vary considerably
among transplant centers. During recent years, an increas-
ing number of transplant centers have changed their ECC
strategy from CPB to ECMO during LTx. Two recent meta-
analyses comparing ECMO and CPB during LTx revealed
favorable outcomes for ECMO, although the results dif-
fered among centers. Furthermore, ECMO has been used
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for post-transplant recovery from primary graft dysfunction
(PGD) and as a pre-transplant bridge to LTx in critically ill
patients.

This review aimed to summarize the previous publication
and acquire the current trend about ECC before and during
LTx. The database was searched in PubMed (Medline) using
the following keywords: lung transplantation, extracorporeal
membrane oxygenation, and cardiopulmonary bypass, for
all relevant reports which were written in English and were
published between 2000 and 2020.

Intraoperative ECMO for cadaveric double
LTx

CPB versus ECMO

The set-up for CPB and ECMO involves vascular cannula-
tion, a pump, and an oxygenator. There are several important
differences between CPB and ECMO, as shown in Table 1.
The CPB circuit is an open system and has a venous reser-
voir with cardiotomy suction lines. The ECMO circuit is
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Table 1 Comparing cardiopulmonary bypass, extracorporeal membrane oxygenation, and off-pump

Cardiopulmonary bypass (open circuit with reservoir)

1. Indications: required intracardiac repair, difficult double-lumen tube intubation (e.g., pediatric cases)

2. Advantages: use of pump sucker, open heart anastomosis is possible, cardiac decompression with less hemodynamically instability

3. Disadvantages: full heparinization, greater bleeding and more blood products transfused, greater inflammation

Extracorporeal membrane oxygenation (closed circuit without reservoir)

1. Indications: pulmonary hypertension, hemodynamically instability, single-lung ventilation considered unstable

2. Advantages: low-dose heparinization, stable oxygenation and removal of carbon dioxide, decreased pulmonary hypertension, stable hemody-

namics with cardiac compression
3. Disadvantage: no safety margin for air embolism

Off-pump

1. Indications: possible single lung ventilation of native lung, no pulmonary hypertension

2. Advantages: no anticoagulation, minimal bleeding, shorter operation times, minimal inflammatory cascade

3. Disadvantages: hemodynamically instability because of cardiac compression, poorer visualization (especially for left lung transplantation via
anterolateral incision), more perfusion and ventilation for the native lung during single-lung transplantation, required single-lung ventilation in

a newly implanted lung during the second lung implantation

a closed system and does not have a blood-air interface,
and thus does not require full heparinization. Open-circuit
CPB had been the standard modality for intraoperative car-
diopulmonary support, and LTx had been performed using
CPB [1-3]. However, CPB requires full heparinization and
may induce inflammation via passage of blood through
the circuit, which can lead to coagulopathy and bleeding
that require blood transfusion [4, 5]. In addition, the use of
CPB is a risk factor for PGD [6]. Improvements in ECMO
technology allowed for the first reported use of ECMO dur-
ing LTx in 2001 [7], and since 2008 most LTx centers have
switched their intraoperative ECC strategy from CPB to
ECMO [2, 3, 5, 7-9].

To the best of our knowledge, two systematic reviews and
meta-analyses have compared ECMO and CPB during LTx
[10, 11]. The meta-analysis by Hoechter et al. was published
in 2017 [10] and the meta-analysis by Magouliotis et al.
was published in 2018 [11]. Both studies used independ-
ent assessments by several investigators, who independently
performed data extraction and quality assessment, and any
disagreements were resolved via discussion. Hoechter et al.
included 6 studies in the meta-analysis [2, 3, 5, 8, 9, 12],
which evaluated intraoperative red blood cell (RBC) transfu-
sion, intraoperative fresh frozen plasma (FFP) transfusion,
intraoperative platelet transfusion, duration of postoperative
ventilation support, length of intensive care unit (ICU) stay,
and mortality rate. Magouliotis et al. added one report by
Aigner et al. [13] and the meta-analysis included 7 stud-
ies with 785 patients [11], which evaluated total operation
time, total support time, ischemic time, intraoperative trans-
fusions, intubation time, ICU stay, mean hospital stay, post-
operative forced expiratory volume in 1 s, complications,
and short-, medium-, and long-term mortality rates. The
meta-analysis by Magouliotis et al. revealed no significant
differences between the ECMO and CPB groups in terms of
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total operation time, total support time, and ischemic time
for both the first and second lungs. Hoechter et al. reported
that the intraoperative blood transfusion requirement seemed
to be beneficial for ECMO, but the differences did not reach
significance. In contrast, Magouliotis et al. reported that the
CPB group had significantly greater intraoperative transfu-
sions of RBC, FFP, and platelets. In this context, intraopera-
tive bleeding depends on the anticoagulation level, which is
unbalanced between the ECMO and CPB groups, as low-
dose heparinization is generally used for ECMO patients and
full-dose heparinization is used for CPB patients. Thus, the
difference in the findings of Magouliotis et al. and Hoechter
et al. might be related to the CPB patients receiving high-
dose heparinization and the use of both low-dose and high-
dose heparinization in the ECMO group. Yeo et al. have
reported that ECMO using low-dose heparinization does
not markedly increase the rate of thromboembolic compli-
cations [14]. Therefore, low-dose heparin may be sufficient
to achieve the desired anticoagulation level during ECMO,
without increasing the rate of thromboembolic complica-
tions, which would lead to a lower requirement for intraop-
erative blood transfusions.

Hoechter et al. reported that the ECMO group had shorter
durations of ventilator support and ICU stay, with 5 of 6
studies indicating a trend toward shorter ventilation [10].
Furthermore, Magouliotis et al. reported that the CPB
group had significantly longer durations for intubation, ICU
stay, and hospital stay [11]. In this context, Hoechter et al.
addressed the importance of protective lung ventilation with
low tidal volume and early extubation, which help to reduce
the risk of pulmonary infection. The strategy at our center
also aims to achieve early extubation followed by non-inva-
sive positive pressure ventilation, as described by Soluri-
Martins [15]. Tracheostomy is considered in some cases
when sedation reduction is favored and when mechanical
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ventilation is expected to last for > 1 week. Furthermore,
separation of the upper and lower respiratory tracts is desira-
ble to prevent pulmonary infection in patients with sinusitis.

Magouliotis et al. [11] reviewed complications and
reported that the CPB group had significantly higher rates
of bleeding, PGD, renal failure requiring dialysis, and tra-
cheostomy. In addition, Hoechter et al. reported that, rela-
tive to the CPB group, the ECMO group had a 54% lower
mortality rate at 3 months, a 12% higher mortality rate at
6 months, and a 35% lower mortality rate at 12 months,
although none of these differences were significant [10].
Magouliotis et al. also reported no significant differences
in mortality rates at 1 month, 3 months, and 1 year [11].
In this setting, short-term mortality is directly affected by
operative parameters and complications, while medium-
and long-term mortality is mainly related to chronic lung
allograft dysfunction, infection, and complications related
to prolonged hospital stays. Among the studies that were
included in the meta-analyses, Ius et al. reported that ECMO
was associated with a significant reduction in mortality (13%
versus 39%) and with a non-significantly lower rate of grade
3 PGD [2]. Biscotti et al. also reported that the CPB group
was more likely to have any PGD at 24 h and 72 h after the
LTx, and that the CPB group had more severe PGD, relative
to the ECMO group [9]. Another prospective multicenter
study by Diamond et al. (for the Lung Transplant Outcomes
Group) evaluated 1,255 lung transplant recipients at 10
American transplant centers, demonstrating that CPB use
was a significant risk factor for grade 3 PGD among single
and bilateral transplant recipients, and that grade 3 PGD
was associated with a significantly increased risk of 1-year
mortality [6]. Hoetzenecker et al. [16] (for the Vienna Lung
Transplant Group) reported that a newly implanted graft is
most vulnerable during the reperfusion phase. In that study,
which involved the routine use of intraoperative ECMO
in all patients, only 7.5% of the patients had grade 3 PGD
immediately after transplantation, and at 72 h after LTx,
only 1.3% of the patients had grade 3 PGD and 76.7% of the
patients had been extubated. In addition, the 90-day mortal-
ity rate was 3.2% and the 2-year survival rate was 86%, with
the lowest reported PGD rates at that time [16]. Those find-
ings might be related to recent improvements in ECMO use,
which are related to evolving strategies regarding ECMO
indication and patient selection. Although favorable results
have been achieved using ECMO during transplantation,
even better outcomes have been reported among the limited
cases that could be performed without ECC.

V-V versus V-A ECMO

The configuration for intraoperative ECMO varies accord-
ing to institutional practice, patient characteristics, and risk
factors. Veno-venous (V-V) ECMO only offers gas exchange

and is applied for respiratory failure without concomitant
cardiac failure or significant pulmonary hypertension, but
it is not commonly used as intraoperative support during
LTx. This procedure plays an important role in some cases
of severe hypercapnia without hemodynamic instability;
it can work effectively as extracorporeal CO, removal in
a less-invasive fashion than V-A ECMO. Furthermore, it
could be possible using a small caliber venous dual lumen
catheter with lower flow, and is effective especially for the
hypercapnic failure of chronic obstructive pulmonary dis-
ease. V-V ECMO may also be useful as a bridge to LTx,
which will be discussed later in this review, although it is
not suitable for patients with pulmonary hypertension or
concomitant cardiac impairment. Furthermore, this config-
uration creates excess recirculation (i.e., oxygenated blood
returns to the circuit). Veno-arterial (V-A) ECMO can offer
both respiratory and hemodynamic support and is widely
used as intraoperative ECMO, generally in patients with
pulmonary hypertension and right ventricular dysfunction.
While there are alternative cannulation strategies that vary
according to institutional practice, V-A ECMO tradition-
ally involves venous drainage from the femoral vein and
reinfusion into the femoral artery. In this ‘peripheral’ con-
figuration, the blood perfusing the brain, heart, and upper
extremities comes from the native lungs and ECMO flow,
and may contain inadequate oxygenation depending the car-
diac output and ECMO flow. From a hemodynamics point
of view, peripheral V-A ECMO decreases the right ventricle
preload and increases the left ventricle afterload. Addition-
ally, ischemia of the lower limbs can occur if they are not
perfused distal to the cannulation site. Ius et al. preferred
peripheral cannulation and reported ECMO-related vascu-
lar complications in 36 of 311 patients (12%): leg ischemia
(n=18), bleeding from cannulation sites (n=>5), retrograde
type B acute dissection (n=1), arteriovenous fistula (n=23),
lymphatic leakage (n=3), deep venous thrombosis (n=2),
post-discharge stenosis of the right external iliac and right
anterior tibial arteries (n=2), and post-discharge arterio-
venous fistula (n=1) [17]. Reeb et al. reported that periph-
eral V-A ECMO should not be used as a first-line ECMO
strategy in cases of isolated lung failure [18]. Aigner et al.
reported that peripheral cannulation will be especially use-
ful for an anteroaxillary approach with smaller thoracotomy,
although it produces considerable local morbidity in the
groin, which involves vascular complications and lymphatic
fistulas [13]. The main alternative route is central cannula-
tion, which is beneficial in cases that involve a clamshell
incision and can avoid potential complications in the groin.
Nevertheless, central V-A ECMO does not involve a vent
or sucker, and does not allow for cardioplegia [18]. Central
and peripheral ECMO both use a closed circuit with elevated
negative pressures, which creates a potential for catastrophic
air embolism. During central V-A ECMO, it may be helpful
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to tie an umbilical tape around the cannula and right atrial
wall to prevent air suctioning around the drainage can-
nula [18]. Bermudez et al. used an integrated ECMO and
CPB system, which recognized significant air embolisms
(>3 mm) and allowed for immediate full CPB (without a
circuit change) if necessary, because it included a venous
reservoir placed in parallel [8]. Thomas et al. introduced the
use of a hybrid ECMO-CPB circuit, which can facilitate easy
and immediate conversion to full CPB without interruption
of ECC [19]. The conversion to full CPB will be considered
when a significant amount of air enters the ECMO circuit,
and when the anesthesiologist is unable to keep up with fluid
requirements, such as during severe bleeding [19]. Among
the 7 studies that were included in the meta-analysis, only
2 studies involved central arterial cannulation [3, 9]. Ber-
mudez et al. preferred bilateral anteroaxillary thoracotomy
as the surgical approach for double LTx and also favored a
peripheral approach using the right femoral vein and artery
if there was no femoral artery calcification or disease [8].
Nevertheless, those studies involved different periods and
were published in different years, which suggests that there
may have been changes during recent years.

Heparinization strategy

The heparinization strategies for the studies included in the
meta-analyses were generally high-dose heparin for CPB
and low-dose heparin for ECMO, although Bittner et al.
used high-dose heparin in 4 ECMO cases [12]. The heparin
doses for ECMO were 5000 IU of unfractionated heparin
[2], 5000 IU of unfractionated heparin plus additional hepa-
rin to achieve an activated clotting time (ACT) of 180-200 s
[3], high-dose heparin (> 150 IU/kg) or low-dose heparin
(0-150 TU/kg) [5], a bolus of 3000-5000 units [9], a bolus
of 75 IU/kg and additional heparin to achieve an ACT of
160-180 s in prolonged cases [13], and an initial bolus of
5,000 IU to maintain an ACT of 180-250 s [8]. An addi-
tional report by Reeb et al. targeted an ACT of 180-200 s
for V-A ECMO [18], while Hoetzenecker et al. used a single
heparin dose of 40 units/kg and no monitoring based on the
ACT [16]. To date, the ideal heparin dose for anticoagu-
lation during ECMO is still a matter of debate. At Kyoto
University Hospital, patients initially receive 1000 units of
heparin with adjustment to maintain an ACT of 160-200 s.
Gratz et al. reported the use of low molecular weight heparin
(LMWH) compared with the use of unfractionated heparin
(UFH) for preoperative and/or postoperative ECMO; there
was no difference between the two groups with regard to
serious bleeding, and the proportion of patients experienc-
ing thromboembolic events was significantly higher in the
UFH group than in the LMWH group [20]. LMWH might
be an alternative to UFH, but further studies will be needed.
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Comparison with off-pump

The differences among ECMO, CPB, and off-pump are
summarized in Table 1. Aigner et al. [13] reported that
the group with no support had significantly shorter dura-
tions of intubation and ICU stay as well as significantly
better survival. Bermudez et al. reported that the off-pump
group had significantly better outcomes in terms of the
duration of mechanical ventilation, reintubation, trache-
ostomy, duration of ICU and hospital stay, and survival
at 30 days, 6 months, and 1 year [8]. Another study by
Ius et al. reported that a group without ECMO had sig-
nificantly better results in terms of postoperative ECMO,
intraoperative blood product usage, repeat thoracotomy
for bleeding, new dialysis, grade 2—-3 PGD post-transplant,
atrial fibrillation, tracheostomy, ventilation time, and dura-
tion of ICU and hospital stay [21].

Strategy at Kyoto University

At Kyoto University Hospital, we consider an off-pump
procedure when the recipient has stable hemodynamic and
respiratory statuses. However, we consider ECMO when the
patient has hypercapnia or pulmonary hypertension before
or after general anesthesia induction, when hemodynamic
instability or pulmonary hypertension occurs after clamping
of the right or left pulmonary artery, when the graft is rela-
tively small, or when the chest cavity is small and it will be
difficult to maintain a good surgical field (Fig. 1). Further-
more, CPB is mandatory in some cases, such as when the
patient requires concomitant intracardiac repair, when single
lung ventilation is difficult, or when it is difficult to clamp
the pulmonary artery or left atrium with a sufficient cuff.

Intraoperative ECMO for cadaveric single LTx

A registry-based study by the International Society of Heart
and Lung Transplantation revealed that the outcomes of bilat-
eral LTx are better than those of single LTx. In addition, the
number of double LTx procedures has been increasing, while
the global number of single LTx procedures has remained
fairly stable. However, unlike in North America and Europe,
the situation is markedly different in Japan, which has an
extreme donor shortage. Thus, single LTx is performed unless
the recipient has pulmonary hypertension or infection. The
number of single LTx procedures is still increasing based on
registry analysis performed by the Japanese Society of Lung
and Heart-Lung Transplantation, with 56% of cadaveric LTx
procedures involving single LTx in 2019. However, we could
not identify any reports regarding the ECC strategy for single



General Thoracic and Cardiovascular Surgery (2021) 69:631-637

635

Fig. 1 Intraoperative photo

of extracorporeal membrane
oxygenation (ECMO) at Kyoto
University. Central ECMO was
established via arterial cannula-
tion of the ascending aorta and
venous cannulation from the
right atrium to the superior vena
cava and right femoral vein

LTx, and we hope to introduce our strategy at Kyoto University
Hospital.

In our institution, patients undergoing right-side single
LTx are always placed on the table in the supine position, and
ECMO is established via inflow cannulation of the ascend-
ing aorta and draining cannulation from the right atrium to
the superior vena cava and right femoral vein. We use two
drainage cannulas to ensure stable drainage even if cardiac
compression occurs during manipulations to properly expose
the hilum for the anastomoses. Right-side single LTx is per-
formed using a hemi-clamshell incision to ensure an adequate
surgical field. Patients who require left-side single LTx and
will not need ECMO are placed in the right recumbent posi-
tion and a posterolateral incision is used. However, patients
who require left-side single LTx and may need ECMO are first
placed in the supine position, and the right femoral artery and
vein are secured to facilitate femoro-femoral bypass if neces-
sary. The patient is then moved to the right semi-recumbent
position and a posterolateral incision is used. We believe that
the anterolateral approach creates a more challenging surgical
field because of the heart’s position. When the ECMO flow is
not sufficient, it is not difficult to change the position of the
cannula after the table is turned. Heparinization is initiated
using 1,000 units of heparin and adjusted to achieve an ACT
of 160-200 s during the ECC.

ECMO use as a bridge to LTx

There has been increasing use of ECMO during recent
decades as a bridge to LTx in critically ill patients. The
United Organ Sharing Network data registry indicates

that, among 21,927 patients who underwent LTx dur-
ing 2000-2014, ECMO was used as a bridge strategy
for 414 adults. There are no universally accepted guide-
lines regarding this strategy, which leaves the decision to
each transplant center. Loor et al. [22] reported that the
indications for bridging ECMO to LTx in potential can-
didates were refractory hypoxemia, hypercarbia, or right
heart failure despite optimal medical management, and
suggested that the decision to initiate ECMO should be
made by a multidisciplinary team based on reasonable
endpoints, cannulation strategies, management goals, and
expected outcomes. Chiumello et al. performed a system-
atic review of 14 retrospective studies with 441 patients
who went ECMO bridging to LTx [23]. All 14 studies
reported the 1-year post-transplant survival rates, which
were 50-70% in 5 studies, 70-90% in 4 studies, and up
to 90% in 2 studies. Among these reports, Fuehner et al.
applied an awake ECMO strategy to avoid intubation and
general anesthesia, and reported that it provided signifi-
cantly better survival than mechanical ventilation (80%
versus 50%) [24]. Fuehner et al. and Crotti et al. also
reported that ECMO support, as an alternative to invasive
mechanical ventilation, seems to achieve better outcomes
than when it was combined with invasive respiratory
assistance [24, 25]. However, Chiumello et al. noted that
the data were derived from very experienced centers and
may not be generalizable to other centers, which led them
to conclude that the current evidence does not support
a firm conclusion regarding the efficacy of ECMO as a
bridge to LTx [23]. The latest outcomes for ECMO as a
bridge to LTx were from a high-volume transplant center
in Toronto [26]. In that case series, ECMO was used in 71
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adults as an intended bridge to LTx, with 11 patients (16%)
who required ECMO bridging to re-transplantation. The
median ECMO duration before LTx was 10 days (range:
0-95 days), and the authors concluded that the bridging
provided good short-term and long-term outcomes when it
was performed before the first LTx, although it was asso-
ciated with significantly shorter survival in patients who
underwent re-transplantation [26].

The cannulation strategy should be based on the intention
of achieving early ambulation, preventing muscle weakness,
and minimizing ventilator-associated complications. In addi-
tion, the treatment strategy should be based on the estimated
time spent waiting to receive the donor grafts. Thus, the
final strategy will be based on the specific transplant center
and the patient’s status. Patients with respiratory failure
only require a V-V or V-A configuration. Early ambulation
might be achieved using a single-lumen jugular cannula [27,
28], although recirculation might occur and experience is
needed to ensure accurate positioning. Other centers will use
conventional jugular-femoral or femoro-femoral ECMO. In
patients with only hypercapnic respiratory failure, a small
caliber double-lumen cannula will be adequate [29]. Patients
with pulmonary hypertension will need V-A ECMO to pro-
tect against right ventricular dysfunction, and a new a dou-
ble-lumen cannula directed to the pulmonary trunk might
be beneficial. Diaz-Guzman et al. introduced the PROTEK
Duo double-lumen cannula (Cardiac Assist, Inc., Pittsburgh
PA), which was developed to support patients with right
heart failure by allowing effective decompression of the
right atrium and right ventricle while providing adequate
antegrade flow into the pulmonary artery. The cannula is
placed percutaneously under fluoroscopy guidance, and
the right internal jugular vein is preferred in patients with
severe pulmonary hypertension and right-sided heart failure.
Positioning of the distal cannula within the right ventricle
outflow tract is simple and allows for prolonged deployment
in ambulatory patients who are awaiting LTx [30].

The next consideration is the transition from the pre-
transplant bridging ECMO configuration to the intraop-
erative ECMO configuration. Hashimoto et al. from the
Toronto group reported the transition from a pre-transplant
V-V bridge to intraoperative ECMO among 34 patients with
a median bridging duration of 12 days [31]. Three patients
required intraoperative CPB, 20 patients continued to use
V-V ECMO, and 11 patients were switched to V-A ECMO
because of hemodynamic compromise. Two strategies were
used to transition from bridge V-V ECMO to intraopera-
tive V-A ECMO, and the inflow cannula was inserted into
the ascending aorta in all cases. One strategy involved
venovenous arterial support, and the aortic inflow cannula
was connected to the existing venous inflow cannula using
a Y-shape adapter. The other strategy involved two sepa-
rate ECMO circuits, and the second circuit consisted of an
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outflow cannula to the right atrium. No significant difference
in the 1-year survival rate was observed when V-A and V-V
ECMO were compared during LTx [31].

Conclusion

Meta-analyses and other reports have identified better results
in the ECMO group, although there are no prospective ran-
domized trials to provide high-quality data regarding this
relationship. Nevertheless, advances in ECMO technology
may allow intraoperative ECMO to replace CPB, depend-
ing on the specific indication, the patient’s status, and the
institution’s experience. Pre-transplant bridge ECMO has
also been performed worldwide with favorable outcomes,
although additional data are needed from experienced trans-
plant centers.
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