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Abstract

Background In the last decades, veno-arterial extracorporeal membrane oxygenation (V-A ECMO) has been gaining
in popularity for intraoperative support during lung transplant (LT), being advocated for routinely use also in uncom-
plicated cases. Compared to off-pump strategy and, secondarily, to traditional cardiopulmonary bypass (CPB), V-A
ECMO seems to offer a better hemodynamic stability and oxygenation, while data regarding blood product transfu-
sions, postoperative recovery, and mortality remain unclear. This systematic review and network meta-analysis aims
to evaluate the comparative efficacy and safety of V-A ECMO and CPB as compared to OffPump strategy during LT.

Methods A comprehensive literature search was conducted across multiple databases (PubMed Embase, Cochrane,
Scopus) and was updated in February 2024. A Bayesian network meta-analysis (NMA), with a fixed-effect approach,
was performed to compare outcomes, such as intraoperative needing of blood products, invasive mechanical ventila-
tion (IMV) duration, intensive care unit (ICU) length of stay (LOS), surgical duration, needing of postoperative ECMO,
and mortality, across different supports (i.e., intraoperative V-A (default (d) or rescue (r)) ECMO, CPB, or OffPump).

Findings Twenty-seven observational studies (6113 patients) were included. As compared to OffPump surgery, V-A
ECMOd, V-A ECMOr, and CPB recorded a higher consumption of all blood products, longer IMV durations, prolonged
ICU LOS, surgical duration, and higher mortalities. Comparing different extracorporeal supports, V-A ECMOd and,
secondarily, V-A ECMOr overperformed CPB in nearly all above mentioned outcomes, except for RBC transfusions. The
lowest rate of postoperative ECMO was recorded after OffPump surgery, while no differences were found compar-
ing different extracorporeal supports. Finally, older age, male gender, and body mass index = 25 kg/m? negatively
impacted on RBC transfusions, ICU LOS, surgical duration, need of postoperative ECMO, and mortality, regardless

of the intraoperative extracorporeal support investigated.
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Interpretation This comparative network meta-analysis highlights that OffPump overperformed ECMO and CPB
in all outcomes of interest, while, comparing different extracorporeal supports, V-A ECMOd and, secondarily, V-A
ECMOr overperformed CPB in nearly all above mentioned outcomes, except for RBC transfusions. Older age, male
gender, and higher BMI negatively affect several outcomes across different intraoperative strategies, regardless

of the intraoperative extracorporeal support investigated. Future prospective studies are necessary to optimize

and standardize the intraoperative management of LT.

Keywords Lung transplant, Transplantation, ECMO, Extracorporeal membrane oxygenation, CPB, Cardiopulmonary
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Background

Lung transplant (LT) is the definitive life-saving option
for the treatment of selected patients with end-stage
pulmonary disease. Although in the last decades several
efforts have been made to improve short- and long-term
outcomes, as a complex surgery on fragile patients, LT is
burdened by high postoperative morbidity and mortality,
with an estimated 5-year survival rate around 60%, lower
than for all other solid organ transplants [1, 2]. Aiming at
optimizing intraoperative management and maintaining
hemodynamic and respiratory stability, extracorporeal
life support has been increasingly applied during LT with
evolving strategies [3]. While initially off-pump surgery
was the traditional choice for LT and cardiopulmonary
bypass (CPB) was reserved for intraoperative mechani-
cal support only in high-risk cases, more recently veno-
arterial extracorporeal membrane oxygenation (V-A
ECMO) has been gaining in popularity, being applied
routinely also in uncomplicated patients [4]. Actually,
since the study by Hoetzenecker et al. that in a retro-
spective cohort of 582 bilateral LT demonstrated lower
primary graft dysfunction (PGD) rate and greater sur-
vival in patients intraoperatively supported by preemp-
tive V-A ECMO compared to those transplanted without
ECMO [5], other works confirmed the beneficial effects
of the routine use of default ECMO for LT compared to
off-pump surgery with rescue mechanical support [3,
5-10]. Despite these promising results, the intraopera-
tive use of extracorporeal life support for LT remains a
matter of debate with no universally accepted indications
and high practice variability among referral centers [3,
5-10]. Indeed, while extracorporeal mechanical support
guarantees intraoperative lung protective ventilation,
hemodynamic stability, and controlled graft reperfusion,
minimizing the stress to the patient and grafts, it also
carries the risks associated with cannulation, hepariniza-
tion, and inflammatory response [3, 11-13].

Therefore, we designed the present systematic review
and meta-analysis of randomized controlled trials (RCT)
and observational studies, aiming at assessing among
adult patients undergoing LT (P), whether the intraop-
erative mechanical support with CBP or V-A ECMO (I),

compared to off-pump technique (C), results in different
clinical outcomes (i.e., intraoperative transfusion require-
ments, duration of postoperative invasive mechanical
ventilation (IMV), intensive care unit (ICU) length of stay
(LOS), surgical duration, rate of postoperative prolonga-
tion of ECMO support, and mortality) (O).

Materials and methods

This review was written according to the PRISMA Exten-
sion Statement for Reporting of Systematic Reviews
Incorporating Network Meta-analyses of Health Care
Interventions [14, 15] and according to a predefined pro-
tocol registered in PROSPERO (CRD42023421857) on
May 7, 2023.

Data sources and searches

A comprehensive search was conducted in PubMed
(through Medline), Embase, Cochrane (through Ovid),
and Scopus from their inception and was updated in Feb-
ruary 2024. Supplementary Table 1 (Table S1) provides
the search strategies for the four databases.

Two reviewers (PT, SN) independently screened the
titles and abstracts to assess potential eligibility. Any
entry identified by either reviewer advanced to the full-
text eligibility review. Pretested eligibility forms were
used for the full-text review, which was also conducted
in duplicate. Any disagreements were resolved by a third
adjudicator (BA or OH) through consensus.

Study selection
The review focused on RCTs and observational studies
that included adult patients aged 18 years or older under-
going LT and compared the effects of intraoperative V-A
ECMO, whether used prophylactically (default ECMO,
ECMOd) or as a rescue support in case of complications
(rescue ECMO, ECMOFr), and CPB versus off-pump pro-
cedures (comparator) on intraoperative and postopera-
tive outcomes.

The main outcomes assessed were intraoperative red
blood cell (RBC) transfusion (units), fresh frozen plasma
(FFP) transfusion (units), platelet (PLT) transfusion



Pettenuzzo et al. J Anesth Analg Crit Care (2024) 4:81

(units), postoperative IMV duration (days), ICU LOS
(days); then, surgical duration (hours), rate of postop-
erative ECMO support, and mortality (within the first
90 days after ICU admission).

Data extraction

Data extraction was conducted by two reviewers (DCA,
CS), with any disagreements resolved by an expert
reviewer (BA or OH). For each eligible study, the follow-
ing data were extracted: number of patients, sex, mean
age, preoperative body mass index (BMI), end-stage
lung disease, and all details concerning the outcomes of
interest. We also collected means, standard deviations
(SD), confidence intervals (CI), and significance levels
for continuous data, and proportions for dichotomous
data. If data were missing, a request was sent by email
to the corresponding author of the study. If no response
was received after the initial request, a second request
was sent 1 week later. A third and final request was sent
1 week after the second one.

Quality and certainty of evidence assessment

Two authors (DCA, CS) independently assessed the qual-
ity of the included study using the Risk Of Bias in Non-
randomized Studies of Interventions (ROBINS-I) tool
[16, 17], because no RTCs were included. The options
for an overall RoB judgment are as follows: (i) low risk
of bias, indicating the study is similar to a well-executed
randomized trial; (ii) moderate risk of bias, meaning the
study offers solid evidence for a non-randomized study
but does not match the quality of a well-executed ran-
domized trial; (iii) serious risk of bias, where the study
has notable issues; (iv) critical risk of bias, suggesting the
study is too flawed to provide useful evidence and should
be excluded from any synthesis; and (v) no information
available to assess the risk of bias [16]. The risk of bias
plots were prepared using the robvis tool [18, 19].

To evaluate the credibility of our NMA results, we
employed the Confidence in Network Meta-Analysis
(CINeMA) tool [20]. This evaluation encompasses six
critical domains: within-study bias addresses the risk of
bias within the included studies; reporting bias exam-
ines the completeness and appropriateness of eligible
study inclusion; indirectness assesses the relevance of the
included studies to the research question; imprecision
is determined by the width of CIs around the estimates;
heterogeneity examines the variability in results among
the contributing studies; and incoherence evaluates the
consistency and transitivity assumptions. We conducted
this assessment using the CINeMA web application,
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categorizing concerns within the evidence base as major,
some, no concerns, or undetected concerns [20].

Data synthesis and analysis

For each outcome, the following different interven-
tions have been compared through a Bayesian network
meta-analysis (NMA) with a fixed-effect approach [21]:
intraoperative V-A ECMOd, ECMOr, CPB support, and
off-pump surgery.

Poster distribution of the interventions effects was esti-
mated via Markov Chain Monte Carlo (MCMC) simula-
tions (5 chains with 50,000 iterations each, burn-in for
the initial 5000 and thinning interval of 1). The analysis
was conducted using the “rnmamod” package in R (ver-
sion 4.3.2) (rnmamod: Bayesian Network Meta-Analysis
with Missing Participants (r-project.org)).

Additionally, we explored the influence of potential
mediators on the estimated interventions such as age,
gender, and BMI fitting network meta-regression (NMR)
models.

Further, as sensitivity analysis, we conducted subgroup
analyses stratifying the included studies by risk of bias
(moderate and serious), publication year (<2010, 2010-
2019,>2020), and geographic region (USA, Europe,
other).

For each outcome were reported net plots visualizing
the evidence network where each node represents a dif-
ferent intervention, and the lines between nodes indicate
direct comparisons available from the included studies.
The thickness of each edge correlates with the number of
trials investigating the corresponding comparison, unless
specified otherwise. The Surface Under the Cumulative
Ranking (SUCRA) statistics were used to rank the inter-
ventions from best to worst for each outcome based on
their cumulative probabilities of being ranked at each
possible position in each simulation [22].

For each pair of compared interventions, we present
the summarized effect measures (EM) such as the mean
difference (MD) for continuous outcomes and odds ratios
(OR) for binary outcomes, along with their 95% cred-
ible intervals. These effect measures provide a quanti-
fied estimate of the difference in outcomes between two
interventions, helping to guide clinical decision-making.
As mediation analysis results, we present the posterior
median and 95% credible interval from NMR of the MD
or OR for each comparison, setting the off-pump inter-
vention as a reference.

For model diagnostics, we checked for the convergence
of the MCMC algorithm in the EM estimation and for
the consistency between direct and indirect NMA esti-
mations for those outcomes that presented at least one
indirect comparison: intraoperative FFP, intraoperative
PLT, postoperative ECMO, and late mortality.
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Finally, the deviance information criterion (DIC) was
used to compare the NMA model with the NMR model.
If the difference in DIC exceeds 5, the network meta-
regression model is preferred; if the difference in DIC
is less than —5, the network meta-analysis model is pre-
ferred; otherwise, models are considered equivalent [19].

Results

Descriptive characteristics and risk of bias of the included
studies

The search yielded a total of 10,082 results. After iden-
tifying and removing 4313 duplicates, 5769 studies
remained for the title and abstract screening phase. This
process resulted in 122 articles being selected for full-text
assessment, of which 27 studies were ultimately included
in the review, encompassing a total of 6113 patients
available for analysis (Fig. 1). The characteristics of the
included studies are overviewed in Table 1, while the
individual contribution of the studies to each outcome is
summarized in Table S2.

Figure 2 and Tables S3 and S4 report the analysis of the
risk of bias. Overall, 24 (89%) studies were rated at seri-
ous risk [5, 9, 23-45], while 3 (11%) were rated at moder-
ate risk [46-48].

Effects of intervention

Figure 3 provides the net plot of the network for each
outcome, while Tables 2 and S5 report the estimated
overall effect measures for each outcome.

RBC, FFP, and PLT transfusions

Compared to off-pump strategy, all intraoperative extra-
corporeal supports were associated to a greater need of
RBC transfusions (ECMOd: mean 2.09 units, 95% Crl
1.84-2.34; ECMOr: mean 2.37 units, 95% Crl 1.75-2.99;
and CPB: mean 1.41 units, 95% Crl 0.93-1.90, respec-
tively). In addition, CPB overperformed both ECMOd
and ECMOr in terms of RBC transfusions (mean—0.68
units, 95% CrI-1.16,—0.20 and—0.96 units, 95%
CrI—-1.73,—0.18, respectively).

ECMOd, ECMOr, and CPB needed more FFP trans-
fusions (mean 2.39 units, 95% CrlI 2.03-2.74; mean 1.99
units, 95% Crl 1.19-2.78; and mean 3.61 units, 95% CrI
2.94-4.28, respectively). However, CPB required more
FFPs than ECMOd and ECMOr (mean 1.22 units, 95%
Crl 0.64—1.80 and mean 1.62 units, 95% CrlI 0.60-2.66,
respectively).

Concerning PLT transfusions, only CPB needed more
PLTs as compared to oft-pump surgery (mean 1.87 units,
95% Crl 0.74-3.05) and compared to ECMOd (mean 1.29
units, 95% Crl 0.75-1.93).
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IMV duration

Compared to OffPump strategy, ECMOd and CPB
required longer postoperative IMV (mean 2.11 days, 95%
Crl 1.80-2.45 and mean 6.95 days, 95% Crl 6.23-7.66,
respectively), and CPB performed worse than ECMOd
(mean 4.84 days, 95% Crl 4.11-5.57).

ICU LOS

Compared to OffPump strategy, ECMOd, ECMOr, and
CPB were characterized by more prolonged ICU LOS
(mean 2.34 days, 95% Crl 1.76—-2.94; mean 2.27 days, 95%
Crl 1.01-3.52; and mean 8.48 days, 95% Crl 7.19-9.77,
respectively), and CPB performed worse as compared to
ECMOd or ECMOr (mean 6.14 days, 95% Crl 4.91-7.38
and mean 6.21 days, 95% CrI 4.40-8.03, respectively).

Surgical duration

Surgical duration was barely longer during ECMOd
(mean 0.52 h, 95% CrlI 0.33-0.72) and CPB (mean 0.69 h,
95% CrlI 0.02-1.18), as compared to OffPump surgery.

Postoperative ECMO support

A greater incidence of postoperative ECMO support was
assessed considering all extracorporeal supports in com-
parison to OffPump strategy, with no differences between
different extracorporeal supports.

Mortality

Mortality was greater during ECMOd (mean 2.51, 95%
Crl 1.77-3.60), ECMOr (mean 1.82, 95% Crl 0.68-4.71),
and CPB (mean 2.39, 95% Crl 1.63-3.49), compared to
OffPump surgery. While, among extracorporeal sup-
ports, ECMOd was associated with the lowest mortality
(mean 0.73, 95% Crl 0.26-1.97, compared to ECMOr,
and mean 0.95, 95% CrI 0.64—1.40 compared to CPB).

Sensitivity analysis
The results of the sensitivity analysis according to RoB,
publication year, and country are shown in Table 2.

Most results concerning the need of blood products
were confirmed except for:

i) RBC transfusions, more frequently requested dur-
ing CPB as compared to ECMOd (mean 2.10 units,
95% CrI 0.00-4.20) or ECMOr (mean 1.85 units, 95%
CrI—0.33-4.03), considering only studies published
in Europe.

ii) FFP transfusions, because ECMOd overperformed
ECMOr either considering publications realized
between 2010 and 2019 (2.08, 95% Crl 1.41-2.74)
or those papers published in America (1.82, 95%
Crl 1.28-2.35). In addition, CPB decreased the need



Pettenuzzo et al. J Anesth Analg Crit Care (2024) 4:81 Page 5 of 18

Studiesfrom databases/registers(n = 10082)

Embase(n=5114) References from other sources{n=)
Scopus (h=2909) Citation searching (n=)
PubMed (n=2012) Grey litergure (n=)

CENTRAL {n= 47)

e
=}
et
[}
%}
=
z
P
e

References removed (n = 4313)
Duplicaesidentified manually (n=1)

et Duplicaxesidentified by Covidence (n=4312)

Mazrked asineligible by autoration tools (n=0)

Other reasonsin=)

h 4
Studies screened (n = 5769) Studies excluded (n = 5647)
Studie s sought for retrieval (n = 122) Studies not retrieved (n=0)

Y

F 1

t =

b

I3 : 2y e Studies excluded (n = 95)

b Studies assessed for eligibility (n =12 —s

= giilityd 2 Ongoing study (n= 2)
Wrong setting(h=5)
Wrong outcomes(n=5)
Duplicae study (h=6)
Wrong comparator(n=6)
Wrong intervention (n=2)
Wrong study design (n=26)
Wrong patient population (n=3)
Poster, abstract, conference (n= 38)

Y

Ee]

5

= Studiesincluded in review (n = 27)

v

™

Fig. 1 PRISMA flowchart

of FFP transfusions, as compared to ECMOd and Considering postoperative IMV, ECMOd was associ-

ECMOr, considering only publications released after  ated with a shorter duration of IMV after LT compared to

2019 and from Europe. CPB (mean —7.59 days, 95% Crl—12.68, —2.52) consider-
ing the oldest publications.
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Fig. 2 Risk of bias

When examining ICU LOS, ECMOr performed worse
as compared to ECMOd (mean 7.17 days, 95% Crl 4.94—
9.38) considering publications released between 2010 and
2019. Conversely, CPB performed better as compared to
ECMOd (mean—0.72 days, 95% Crl—2.61-1.16) and to
ECMOr (mean —2.22 days, 95% Crl —4.53-0.10), consid-
ering papers from Europe.

Finall, ECMOd overperformed OffPump surgery
in terms of postoperative ECMOs in the case of papers
published between 2010 and 2019 (mean-—0.64, 95%
Crl-1.28-0.00).

Mediation analysis

The overall effect estimates for each outcome were recal-
culated based on the studies with available mediation
variables (i.e., age, gender, BMI) (Table 3), and the values
reported under different conditions tell us how much the
estimated mean effect of the mediation changes when we
consider different levels of the mediating variables.

Considering age, the most relevant effects were
recorded in ICU LOS, remarkably longer among patients
aged above 50 or older, and in surgical duration, shorter
in older patients, irrespective of the intraoperative sup-
port. All other findings were confirmed.

With regard to gender, male patients required more
blood transfusions, experienced longer surgical dura-
tions, and a greater need of postoperative ECMOs
compared to female patients and across different intraop-
erative strategies.

Finally, patients with a BMI above 25 kg/m?* experi-
enced worse outcomes in terms of ICU LOS, needing
postoperative ECMO, and mortality, regardless of intra-
operative strategy.

SUCRA
As shown in Table 4, off-pump surgery consistently
ranked highest, with a posterior mean of 1.00 (95% CI

- Low risk D Moderate risk . Serious risk

1.00-1.00), recording the most favorable outcomes in
terms of lower need of RBC and FFP transfusions, shorter
postoperative IMV, and ICU LOS.

Moreover, OffPump demonstrated favorable benefits
also in terms of lower rates of postoperative ECMOs
(posterior mean of 0.99, 95% CI 1.00-1.00) and mortality
(posterior mean of 0.96, 95% CI 0.67-1.00).

Quality of the evidence

We assessed the quality of the evidence across vari-
ous outcomes using the CINeMA tool, which resulted
in a very low confidence rating for most comparisons
(Table 2). The key factors that reduced the quality of evi-
dence were the high within-study bias. This bias stemmed
mainly from methodological limitations (i.e., inadequate
randomization, lack of blinding, and incomplete data
handling). In many cases, reporting bias was assessed as
low risk, but other domains such as indirectness, impre-
cision, and heterogeneity frequently presented concerns.
For most comparisons, the evidence was downgraded
by at least two levels due to major concerns in multiple
domains.

The lack of adequate studies across some comparisons
further compounded the issue, limiting our ability to test
for publication bias or to evaluate consistency between
direct and indirect evidence. The frequent presence of
heterogeneity and incoherence, especially in compari-
sons with very low confidence, indicated that the effects
might be less reliable.

Discussion

The present systematic review and meta-analysis, based
on 27 observational studies enrolling 6113 patients, pro-
vide comprehensive insights into perioperative and post-
operative outcomes in LT recipients undergoing different
intraoperative support (i.e., ECMOd, ECMOr, or CPB), as
compared to OffPump strategy. The preliminary findings
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Fig. 3 Network plots of comparative outcomes for OffPump, rescue ECMO, default ECMO, and CPB. Abbreviations: ECMOd, default ECMO; ECMOr,

rescue ECMO; ECMO, extracorporeal membrane oxygenation; CPB, cardiopulmonary bypass

of this analysis suggest that OffPump overperformed
ECMO and CPB in all outcomes of interest, while, com-
paring different extracorporeal supports, V-A ECMOd
and, secondarily, V-A ECMOr overperformed CPB in
nearly all above mentioned outcomes, except for RBC
transfusions. In fact, CPB is associated with prolonged
recovery and weaning from IMYV, greater intraoperative
needing of FFP and PLTs, while not of RBCs.

To the best of our knowledge, the present system-
atic review and meta-analysis is the first investigation,
focused on LT, exclusively aiming to evaluate the com-
parative efficacy and safety of V-A ECMO and CPB, as

compared to off-pump strategy, using a well-designed
Bayesian qualitative analysis.

Although the preliminary findings confirmed data
of previous studies [5, 9, 23-48], a few notable devia-
tions emerged after the sensitivity analysis. Indeed, our
analysis revealed that RBCs and FFP requirements were
influenced by geographical and temporal variations. The
geographical shifts could be explained, at least in part,
by different clinical practices or perioperative protocols
between European and American hospitals, impact-
ing on transfusion thresholds. Conversely, changes in
coagulopathy management and the progressive replacing
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Table 2 Estimated overall effect measures and sensitivity analysis (risk of bias, publication year, country). For each estimate is reported
the mean effect measure and the 95% credible interval. For each estimate is reported the mean and the 95% credible interval (Crl)

OVERALL SENSITIVITY ANALYSIS
Risk of bias | Publication year Country
N.of | Effect Measure* | Confidence | Serious Before 2010 | 20102019 | After 2019 | USA Europe Other
Studies Rating
Mean Mean Mean Mean Mean Mean Mean Mean
95% Crl) (95% Crl) (5% Cr) | 95%Cr) | ©05%Crl) | 95%Crl) | (95% Crl) | (95% Crl)
10 Very low
ECMOd vs 200 213 192 249 121 214
OffPump
(184,234 (.88.237) 61,224 | 206,290 | 077,165 | (188,239
RBC 7 Very low
ECMOr vs 237 239 316 238 085 230
OffPump
(1.75,2.99) 77,300 20,411 | (176,299 | ©31.140) | (180.299)
G Tow
By 141 158 062 42
OffPump
©93.1.90) os21) ©00.1.23) (14,639
1 Very Tow
ECMOr vs 028 026 123 o1 036 026
ECMOd
(037.092) 039.091) ©34.213) | (083,061) | (0.89,018) | (038.090)
§ Verylow
CPBys 068 055 187 210
ECMOd
(1.16,020) (1.09.002) (2:54,-120) (000.420)
i Very low
CPBys 096 081 176 185
ECMOr
(1.73,-0.18) £1.62,0.00) (2.62.090) (033,403
G Very low
ECMOd vs 239 21 280 200 032 310
OffPump
i 203,274 (134.2580) 2103500 | 091,277 | 008,057 | @72.3.47)
FFP i Very low
ECMOr vs 199 198 488 199 213 206
OffPump
119.2.78) 18.278) 92584 | (120.279) | (58,2690 | (128.289)
2 Very low
CPBs 361 465 175 251
OffPump
(294,428) (3.61.572) ©9.274) (034.469)
1 Verylow
ECMOrvs 040 012 208 001 182 L4
ECMOd
(1.26.0.46) 122,100 041274 | 7037 [ 028035 | (189,019
7 Very Tow
CPBys 122 255 025 059
ECMOd
(©.64,1.80) 471.335) (143,105 (273,156
ndirect Verylow
CPBys 162 267 025 045
ECMOr
(©.60,2.66) (137,399) (148,10 (186,276
5 Very low
ECMOd vs 058 007 126 027 038
Intraoperative | OfPump
PLT 036.1.26) (216,1.62) (058.212) | (104.018) | (:120,338)
i Very low
ECMOr vs 046 037 106 039
OffPump
(285.4.20) (3.05.404) (0.60,324) (196,472
3 Very low
cPBys 187 099 153 130 149
OffPump
©.74,3.05) €119.2.52) 025,339 | 033,272) | (0.52,469)
1 Very low
ECMOrvs Lo 030 021 on
ECMOd
(4.09.3.04) £1.33.291) (121,12 (1.68,275)
7 Verylow
cPBys 129 092 167 027 B
ECMOd
« ©60.127) | (098,341 068,137 ©050,1.73)
ndirect Verylow
CPBys 23 061 048 157 110
ECMOr
(1.53.5.10) (202,237 (107187 | ©092,321) | (-187.300)
i Verylow
ECMOd vs 21 212 1387 165 246 42 200
OfPump
Postoperative (1.80,2.45) (79,246 | (867,19.09) | (125,208) | (205,289 | (.13.536) | (1.63,2.60)
™V 0 Low
CPBys 695 659 628 663 882 941 s
OffPump.
(623.7.66) 68737 | (497.7.59) | (557.7.69) | (129.1036) | (826.10.56) | (4.05.6.18)
g Very low
CPBys 484 441 259 497 635 516 302
ECMOd
“11,557) (68,526 | (1265 [GIN598) | (477,799 | (83,650 | (195,407
250)
u Very Tow
ECMOd vs 234 226 006 406 621 085
OffPump.
ICU LOS 176,294 (1.68.2.86) 063,074 | 321,492 | @72.77) | 032,139
7 Very fow
ECMOrvs 227 227 72 230 235
OfPump
1.01,3.52) (1.01,353) (@94.950) | (1.14,3.65) (1L11,3.60)
5 Tow
CPBys 848 823 ns s 013
OffPump,
(119,077 (©57.9.59) (10.10,13.55) | (1038, 1330) | (-1.84,2.10)
i Very low
ECMOrvs 007 001 77 167 150
ECMOd
145.130) £138,1.39) (394.938) | (318.-0.16) (018.28)
10 Very low
CPBYs 614 597 776 563 072
ECMOd
@91,7.38) (469.7.26) (588,965 | G90.734) | (261.116)
1 Verylow
CPBys 621 596 9.43 22
ECMOr
(@40.8.03) (410.7.82) (131,11.56) (453,010
7 Very low
Surgieal ECMOd vs 052 010
duration ump
©33.072) ©34.073)
1 Very Tow
CPBys 069 035
OffPump.
o2, 007.1.11)
3 Very low
CPBys 016 036
ECMO4
(056.0.62) (066,0.56)
§ Tow
Postoperative | ECMOd vs 249 248 064 246 122
ECMO OffPump.
@17.281) @i7.28n) £128.000) | 214,279) |075.1.69)
i Very low
ECMOrvs 158 159 15§ 156
OffPump.
©06,3.11) ©06.3.12) ©05.313)|(1.06,208)
B Tow
CPBys 243 24 254
OffPump.
204,283 202,284 (.14.29)
1 Very Tow
ECMOrvs 090 089 087 035
ECMOd
(244.062) (243,064 (242,068) |(004.074)
Verylow
CPBys 005 005 008
ECMO
034,023 036,025 (023,040
indirect Very low
CPBys 085 084 096
ECMOr
0.70.241) 0.72.2.40) 061,252
s Tow
Mortality | ECMOd vs 251 261 1930 214 244 401 197 236
OffPump
(.77.3.60) 79382 [020,63270)[028,363) |0143,414) | (1.84.876) | (115.342) |50, 1194
2 Very low
ECMOrvs 182 184 356 167 186 232 203 149
OffPump
068,471 068476 (182,707 | 087316 |(068.476 | (119.462) | 050.7.69) |(034.593)
g Verylow
CPBs 239 236 253 481 220
OffPump
(163.3.49) (1.54.3.60) (130, 4.55) Q181050 |(1.17.4.10)
1 Very Tow
ECMOrvs 073 070 077 076 058 103 063
ECMOd
©26,1.97) 024,193 ©44.135) 026,218 [032.106 |(023.426) |©13,275)
9 Very Tow
CPBys 095 090 018 104 20 093
ECMOd
(©.64,1.40) 060,136 |(001,2.69) (054,197 (104.575) | (048,1.79)
Very low
CPBys 131 128 138 236 146
ECMOr
©48.3.67) ©47.367) (045.422) ©50.1199) | (035.682)
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" Data reported in bold are statistically significant. Data reported in red are different from the original findings reported in bold (¥)

Abbreviations: Crl, credible interval; ECMOd, extracorporeal membrane oxygenation, decannulated; ECMOr, extracorporeal membrane oxygenation, recannulated;
CPB, cardiopulmonary bypass; OffPump, off-pump coronary artery bypass; IMV, invasive mechanical ventilation; RBC, red blood cells; FFP, fresh frozen plasma; PLT,

platelets; USA, United States of America; LOS, length of stay

of CPB with intraoperative VA-ECMO at the different
institutions may have influenced the temporal paradigm.
Indeed, the most recent reports demonstrated lower
blood product transfusion rates in the ECMO group rela-
tive to the CPB one [31, 37, 41, 46]. However, no similar
data are available on previous analysis and no compari-
son is possible.

In keeping with previous studies, on perioperative
outcomes of mechanical support strategy in LT patients
[32, 34, 48], our updated meta-analysis confirms that oft-
pump and ECMOd groups experienced a shorter IMV
duration and ICU LOS, as compared to CPB patients.
Notably, our results, corroborating previous findings,
highlight the significant impact of the variables such
as age and BMI on ICU LOS, the rate of postoperative
ECMOs, and mortality. In fact, older patients and those
recipients with a BMI above 25 kg/m? experienced longer
ICU LOS. Even though historically, overweight LT recipi-
ents have been linked with poor post-surgical outcomes
and BMI was incorporated as a component of the lung
allocation score [49, 50], in a recent retrospective cohort
of 108 bilateral LT adult recipients, a linear relation was
reported among the BMI and ICU LOS [51]. Moreo-
ver, the relevant impact of the age on ICU LOS prob-
ably reflects the general observation that older patients
tend to have more complex recoveries, regardless of the
intraoperative mechanical support provided to LT recipi-
ents. Similarly, the older age seems to negatively impact
also on surgical duration, probably due to more difficult
cannulation, a higher risk of cardiovascular disease, and
hemodynamic instability [52].

Finally, consistent with the result of the largest and
most recent studies on this topic [7, 10], investigating
the mortality rate in LT patients according to extracor-
poreal support strategy, our meta-analysis confirms that
OffPump strategy overperforms all extracorporeal sup-
ports, although we observed a great heterogeneity among
enrolled populations (i.e., cystic fibrosis, severe pulmo-
nary hypertension), and concerning clinical indications
for intraoperative extracorporeal support. In fact, in the
last decades, several authors reported promising results
also in favor of ECMOd, and not only in the case of off-
pump [7, 10], and although our analysis suggests that
off-pump procedures appear superior to ECMO and
CPB in the various outcomes considered, studies sup-
porting ECMOd show positive results not only in the

most critically ill recipients but also in recipients with
mixed profiles. Moreover, the use of intraoperative sup-
port could limit and prevent the onset of severe PGD (an
outcome not included in our analysis due to the high het-
erogeneity of the extracted data, which rendered it unan-
alyzable). Therefore, the development of prospective,
ideally randomized and controlled studies is warranted to
assess the impact of ECMO use on PGD prevention and
survival, with standardized timing for data collection.
Although our analysis suggests that off-pump proce-
dures appear superior to ECMO and CPB in the various
outcomes considered, promising initial results have also
been reported with the use of ECMOd. Studies support-
ing ECMOd show positive results not only in the most
critically ill patients but also in mixed cohorts, particu-
larly in efforts to limit or prevent the onset of severe PGD
(an outcome not included in our analysis due to the high
heterogeneity of the extracted data, which rendered it
unanalyzable)>>711-343536  Therefore, the development
of prospective, ideally randomized and controlled studies
is warranted to assess the impact of ECMO use on PGD
prevention and survival, with standardized timing for
data collection.

Limitations

Some limitations need to be declared. Firstly, a signifi-
cant portion of included studies exhibit a serious risk of
bias across various domains, particularly in confound-
ing and outcome measurement. This raises concerns
about the reliability of the study findings. Moreover,
the considerable heterogeneity among studies in terms
of design, patient populations, and clinical practices
may introduce substantial variability, making it chal-
lenging to draw definitive conclusions from the pooled
data. Furthermore, the limited availability of data on
key variables, such as patient characteristics and pro-
cedural details, may hinder the accuracy and com-
prehensiveness of the analysis. Additionally, not all
potential confounding factors are adequately accounted
for in the analyses, which could lead to biased effect
estimates and undermine the validity of the results.
Finally, while mediation analysis provides insights into
the mechanisms underlying treatment effects, the ina-
bility to fully control for all mediating variables may
introduce uncertainty and limit the interpretability of
the findings.
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Table 4 Comparative effectiveness of surgical procedures: SUCRA values for each intervention for each outcome
Posterior mean 2.5% 97.5%
Intraoperative RBC OffPump 1.00 1.00 1.00
ECMO default 027 0.00 033
ECMO rescue 0.07 0.00 0.33
CPB 0.66 0.67 0.67
Intraoperative FFP OffPump 1.00 1.00 1.00
ECMO default 0.39 0.33 0.67
ECMO rescue 061 0.33 0.67
CPB 0.00 0.00 0.00
Intraoperative PLT OffPump 0.66 0.33 1.00
ECMO default 0.53 0.16 0.67
ECMO rescue 0.74 0.00 1.00
CPB 0.07 0.00 0.33
Postoperative IMV OffPump 1.00 1.00 1.00
ECMO default 05 05 0.5
CPB 0.00 0.00 0.00
ICU LOS OffPump 1.00 1.00 1.00
ECMO default 0.49 033 0.67
ECMO rescue 0.51 0.33 0.67
CPB 0.00 0.00 0.00
Surgical duration OffPump 0.98 0.5 1.00
ECMO default 0.29 0.00 0.50
CPB 023 0.00 1.00
Postoperative ECMO OffPump 0.99 1.00 1.00
ECMO default 0.16 0.00 0.67
ECMO rescue 0.59 0.00 0.67
CPB 0.26 0.00 0.67
Mortality OffPump 0.96 0.67 1.00
ECMO default 0.22 0.00 0.67
ECMO rescue 0.51 0.00 1.00
CPB 0.30 0.00 0.67

For each intervention is reported the posterior mean and the 95% confidence interval (Cl)

Abbreviations: ECMOd, extracorporeal membrane oxygenation, decannulated; ECMOr, extracorporeal membrane oxygenation, recannulated; CPB, cardiopulmonary
bypass; OffPump, off-pump coronary artery bypass; IMV, invasive mechanical ventilation; RBC, red blood cells; FFP, fresh frozen plasma; PLT, platelets; LOS, length of

stay

Conclusions

This comparative network meta-analysis highlights that
OftfPump overperformed ECMO and CPB in all out-
comes of interest, while, comparing different extracor-
poreal supports, V-A ECMOd and, secondarily, V-A
ECMOr overperformed CPB in nearly all outcomes of
interest (i.e., such as intraoperative needing of FFP and
PLTs, IMV duration, ICU LOS, surgical duration, need-
ing of postoperative ECMO, and mortality), except for
RBC transfusions. Older age, male gender, and higher
BMI negatively affect several outcomes across different
intraoperative strategies, regardless of the intraoperative
extracorporeal support investigated. Future prospective
studies are necessary to optimize and standardize the

intraoperative management of LT. Future prospective
studies are necessary to confirm these findings and opti-
mize the intraoperative management of LT.

Abbreviations
V-AECMO  Veno-arterial extracorporeal membrane oxygenation

LT Lung transplant

CPB Cardiopulmonary bypass
NMA Network meta-analysis
IMV Invasive mechanical ventilation
ICU Intensive care unit

LOS Length of stay

d Default

r Rescue

PGD Primary graft dysfunction
RBC Red blood cell

FFP Fresh frozen plasma

PLT Platelet
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BMI Body mass index

SD Standard deviations

@] Confidence intervals

ROBINS-I Risk Of Bias in Non-randomized Studies of Interventions
CINeMA Confidence in Network Meta-Analysis
MCMC Markov Chain Monte Carlo

NMR Network meta-regression

SUCRA Surface Under the Cumulative Ranking
EM Effect measures

MD Mean difference

OR Odds ratios

DIC Deviance information criterion
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