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ABSTRACT

Objectives

This study presents the 5-year experience with a more liberal intraoperative
extracorporeal membrane oxygenation (ECMO) elective support in patients with
pulmonary fibrosis (PF) undergoing lung transplantation (LTx).

Methods

Patients with PF undergoing LTx between 01.2012 and 01.2025 wer uded and

sub-divided into the period before and after the implementatiQ}nore liberal

intraoperative use of ECMO support in 01.2020. Outcomes were gompared between

elective, non-elective and no intraoperative ECM : perlods Previously

identified parameters as decision criteria for electi

Results é
Overall, 422 PF patients underwent@ hom 273 patients were transplanted
before 2020 (elective ECMO n=52+19% )»on-elective ECMO n=30 (11%), no ECMO
n=191 (70%)) and 149 pati% ransplanted since 2020 (elective intraoperative

ECMO n=98 (66%), nz&:

2020, elective EC: s increasingly used in patients with mean pulmonary arterial

pressure >5

were examined.

ECMO n=12 (8%), no ECMO n=39 (26%)). After

d pulmonary vascular resistance >9.4 WU. However, 8% were

not ide sed on these parameters and still required non-elective ECMO.

Co pre- and post-2020, primary graft dysfunction (PGD) grade 3 72-hours
post-transplant between elective (17% vs. 3%, p=0.002), non-elective (38% vs. 0%,
p=0.016) and no ECMO (12% vs 3%, p=0.078) was significant reduced. One-year
graft survival in elective (88.5% vs 95.6%), non-elective (70% vs 91.7%) and no ECMO

(92.7% vs. 94.9%) showed a trend towards improved survival.

920z Aeniga- ¢z uo 1sanb Aq Z1ZE618/2.G00BAI/SINI/SE0 L0 /I0P/3]01HB-80UBAPE/SIADI/WOD dNO-O1Wapede//:sdijy woly papeojumoq



Conclusions
The use of a more liberal, elective intraoperative ECMO support in patients with
pulmonary fibrosis led to an improvement of PGD prevalence and survival early after

lung transplantation.

Keywords: Pulmonary fibrosis, Lung transplantation, intraoperative Extr&oreal

Membrane Oxygenation. \Q
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INTRODUCTION
Lung transplantation (LTx) is an established treatment for patients with end-stage
pulmonary fibrosis (PF). During transplantation, PF patients may develop
cardipulmonary decompensation due to the frequently associated secondary
pulmonary hypertension and impaired gas exchange. Therefore, they may require
intraoperative cardiopulmonary support, that stabilizes the patient hemodyn;@s and
allows for a controlled graft-reperfusion.

Extracorporeal membrane oxygenation (ECMO), usually i &-arterial (v-
a) configuration, is the preferred support during LTx [1-3].(EC support can be
classified as elective if initiated before graft impla %Asually after a probe-
clamping of the pulmonary artery (PA), and non-elective, Jf ECMO support is initiated

for unexpected cardiopulmonary decompensatign during graft implantation [4].
E b

However, it is still controverse if ECMO e more routinely used during LTX,

because ECMO may be associ with vascular and bleeding complications [5].
for intraoperative ECMO in PF patients should

Therefore, factors predictin@
be analysed. &
At our inst:EQwe have previously identified the presence of a significant

pretranspla isk factor for intraoperative ECMO in PF patients [6]. Therefore,

degree of secondary pulmonary hypertension.
The aim of this retrospective study was to test the null hypothesis that outcomes
and complication rates are similar between PF patients undergoing LTx before and

after implementation of a more liberal use of elective intraoperative ECMO support.
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Furthermore, the previously-identified parameters [6] as decision criteria for elective

ECMO were re-evaluated.
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PATIENTS AND METHODS

Ethical statement

All patients had provided written informed consent regarding the use of their personal
clinical data for research purposes at the time of listing for transplantation. In
accordance with local German protocols, study approval by the institutional ethical
review board was waived given the retrospective and non-interventional de;'@f this

study.

Patient groups QsQ

Records of all adult (>18 years old) PF patients un@dergaing isolated lung

transplantation at our institution between 01.2012, % lung allocating score
O

(LAS) was introduced in Germany, and 01.20 re’ retrospectively reviewed.
Patients who received a single lung transpl tiog, a concomitant intracardiac repair
or an aorto-coronary vein bypass, and who required pre-operative ECMO

support as bridge-to-transplant @jio Imonary bypass for intraoperative support

were excluded. %
The remaining p& ere included into the study and divided into two sub-

groups. One groupi ded patients transplanted between 01.2012 and 12.2019. The
@

other group i atients transplanted between 01.2020 and 01.2025, after the

modificatio ur intraoperative ECMO support protocol. In each group, patients

wer er sub-divided in patients requiring elective, non-elective and no
intraoperative ECMO support, respectively. Follow-up ended on 31.01.2025. Primary
outcomes were the presence of primary graft dysfunction (PGD) grade 3 at 72 hours
after transplantation, to assess the intraoperative reperfusion injury of the donor lungs,

and 1-year graft survival. Secondary outcomes were the length of intensive care unit

(ICU) stay, and chronic allograft dysfunction (CLAD)-free survival. PGD and CLAD
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were defined according to the International Society for Heart and Lung Transplantation

criteria [7].

Intraoperative ECMO management in PF patients

Before 2020, intraoperative v-a ECMO was electively initiated only in case of
cardiopulmonary deterioration after a test clamping of the pulmonary artery béfore first
and second pneumonectomy at our institution [8]. If the test provoked ificant fall

A\

or a significant increase of the pulmonary arterial pressurel (PA

concentration, v-a ECMO was initiated before procedin \@e transplantation. If the
test was negative, the transplantation proceede \b ECMO support. However,
some of these patients required non-elective MO support in case of initially

unexpected cardiopulmonary decompens

of the cardiac index, systemic arterial pressure, peripheral arteri

uring graft implantation.

After having evaluated ougie e until 2019, we found that a pre-transplant

PAPmean >50mmHg and P% ood units (WU), as measured during the right-
rm

heart catheterization «
intraoperative ECiQPF patients [6]. Therefore, starting from 2020, we decided to

at the time of listing, predicted the need of

use intraoperativ O less restrictively, especially in patients with any grade of

second@, iA order to assure better cardiopulmonary stability and controlled graft

repY@ during transplantation (Fig.1).
efore 2020, peripheral v-a ECMO was usually implanted percutaneously [6,

9]. Thereafter, ECMO cannulation was performed after surgical isolation of the femoral
artery and vein through a small groin incision. Further, the vascular preparation
technique was refined in 2023, using a small longitudinal skin incision instead of the

previous transverse incision.
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Of note, no other change in the intraoperative cardiopulmonary management
of PF patients was introduced after 2020 other than a more liberal use of v-a ECMO
support. For detailed intra- and post-operative management, see Supplemental Text

1.

Statistical Analysis
Data analysis was performed using R Version 2024.04.1+748 (R Core@m, 2024).
Categorial values were analyzed using the chi-squared test and @ as counts

and percentages. Normality of continuous variables was assessedgusing the Shapiro-

Wilk test and futher visual inspection of Q-Q plots. Du:t@mall sample sizes and

deviations from normality in several variables, the -Whitney U test was applied.
rq

Results were presented as median and i?\ rtile range [IQR]. For event-free
g

survival, Kaplan-Meier method was used -rank test to calculate significance.

transplanted before and aft@ nd between PF patients requiring elective, no-
elective and no intraope& MO before and after 2020.

The criteri; ously identified in patients transplanted between 2010 and

Variables and outcomeﬁe ompared between overall PF patients

2019 (PAP mHg and PVR >9.4WU, [6]) predicting intraoperative ECMO
supportgvere ctively re-valuated comparing patients transplanted after 2020 with
ele O and without ECMO support.

urther, risk factors predicting non-elective ECMO support in patients who did
not require ECMO support at the beginning of transplantation were analysed using a
binary logistic regression analysis. For this analysis, patients who received elective

ECMO support were excluded.

P-values <0.05 were considered as significant.

920z Aeniga- ¢z uo 1sanb Aq Z1ZE618/2.G00BAI/SINI/SE0 L0 /I0P/3]01HB-80UBAPE/SIADI/WOD dNO-O1Wapede//:sdijy woly papeojumoq



RESULTS
Patient groups
At our institution, 501 PF patients underwent LTx between 01.2012 and 01.2025. Of
these patients, 422 patients were included in this study. Among them, 273 (65%) were
transplanted before 2020 and 149 (35%) after 2020 (Fig. 2, Table 1).

Table 1 shows the pre-operative baseline characteristics i atients
transplanted before and after 2020. Waiting time was significant shorane 2020

(median 36 vs. 18 days, p<0.001), with less donors having a smo@ry. Further,

recipients transplanted since 2020 were significant older (p=0. and showed a

lower cardiac index (p=0.004). %

Both study-periods were then sub-divided Et hree sub-groups according to

the need of an elective, non-elective or nogntragperative ECMO support (Table 2).
Since 2020, more than 3 times greater u lective ECMO support was observed
than before (66% vs. 19%) c inedy with a significant decrease in patients

transplanted without ECMO@ (26% vs. 70%). However, percentage of non-
nearl

elective ECMO patients&
Intra- and post-t;Qant course in patients with elective ECMO support

During trans , elective ECMO patients transplanted since 2020 received in

y the same (11% vs. 8%).

median ©ne uhit’less fresh frozen plasma compared to patients transplanted before
202?@ 2). The amount of ECMO-related vascular complications was similar in
both study periods (10% vs. 7%). However, complications since 2020 included
lymphatic fistula (10%) compared to patients transplanted before 2020, which suffered
bleeding (4%) and limb ischemia (3%). The need for prolonged ECMO support after
LTx was significant reduced since 2020. Further, duration of post-transplant invasive

mechanical ventilation was in median reduced by 6 hours and dialysis rate by 8%.
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Elective ECMO patients transplanted after 2020 showed a significant decrease
in PGD grade 3 at 72h compared to patients transplanted before 2020 (3% vs. 17%,
p=0.002). Since 2020, percentage of performed revisions due to bleeding was reduced
by 8 percentage points and ICU stay in median by one day. One-year graft survival in
patients with elective ECMO since 2020 showed a trend towards improved survival
compared to pre-2020 (88.5 vs. 95.6%, p=0.79, Fig. 3A). One-year CLAD-]&JrviaI
showed no difference between study periods.
Intra- and post-transplant course in patients with non-electi support
Before 2020, reasons for non-elective mtraoperatlve E lantation were

cardiopulmonary resuscitation during intubation n—:E transplantatlon n=1),

reduced oxygenation after first lung resection (n=8 ynamic instability after first
lung resection (n=8), lung oedema of first-tr %Iung n=4) and increased PAP
(n=8). After 2020, reasons for non-electiv ?(; mplantation were cardiopulmonary
resuscitation during intubation ( reduced oxygenation after first lung resection

(n=7), lung oedema of fi Ianted lung (n=2), laceration of left atrium

anastomosis (n=1) and &c ulmonary embolism (n=1).

Intraoperati e,Qe number of fresh frozen plasma units was significant reduced
S.

since 2020 =0.032; Table 2). Regarding vascular complications, only two
patientsftran ted since 2020 suffered from lymph fistula. On the contrary, in
pati?“ percutaneously implanted ECMO transplanted before 2020, more arterial
vascular complications, including limb ischemia (n=4), compartment syndrome
followed by leg ischemia and amputation (n=1) and retroperitoneal hematoma (n=1),
occurred. The need for prolonged intraoperative ECMO support after LTx was similar

in both study periods. However, duration of post-transplant prolonged ECMO since
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2020 was reduced by 2/3 compared to pre-2020. Similarly, median ventilation time
post-transplant was reduced by 50%.

Prevalence of PGD grade 3 at 72h after transplantation was significant lower in
patients transplanted after 2020 compared to pre-2020 (0% vs. 38%, p=0.016). One-
year graft survival showed a trend towards improved survival in transplanted patients

after 2020 (91.7% vs. 70%, p=0.84; Fig. 3B) compared to pre-2020. One-y&LAD-
free survival was similar between study periods. g
Intra- and post-transplant course in patients without intraop&

Since 2020, patients transplanted without intraoperative ECMO

reduced PGD grade 3 rate 24h post-transplant (0% \%A), p=0.019; Table 2).
Y

Patients stayed in median 2 days longer in hospitahsi 20, although no difference
in intensive care unit stay was observed. exyear graft survival (93% vs. 95%,

p=0.50) and CLAD-free survival (97%_vs. ; p=0.49) were similar between study

C
MO

pport showed a

periods.

Pre-transplant identificati@ents with intraoperative ECMO need since
institutions protocol ad&m tin 2020

Unsurprisizl atients receiving elective intraoperative ECMO showed

significantly mean (30.5 vs. 24.5mmHg, p<0.001) and PVR (3.9 vs. 2.5

WU, p lues compared to patients transplanted without ECMO (Fig. 4).
HOVY is difference was not observed when comparing no ECMO with non-
elective ECMO patients transplanted since 2020 (Supplemental Table 1). Donor and
recipient parameters of non-elective and no ECMO patients were included in a
univariate binary logistic regression, which showed no significant risk factors for non-

elective ECMO implantation (Supplemental Table 2). However, in multivariate binary

logistic regression analysis, increased PVR (OR 1.690 [1.039-2.939], p=0.041) and
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longer donor ventilation duration (OR 1.248 [1.035-1.561], p=0.029) were associated

with increased risk for non-elective ECMO implantation.

DISCUSSION

This retrospective single-center study showed that a more liberal use of intraoperative
ECMO support in patients with end-stage PF did not impair early postopera&)urse
after LTx. Indeed, there was even a decreased prevalence of P(Q patients

transplanted since 2020. This result was driven mainly by those p@t& o received

intraoperative elective ECMO support. ‘ ,
Over the last years, the use of ECMO for i %tive cardiopulmonary
support during LTx has increased due to the presu benefits in graft protection and

controlled graft reperfusion, the protective ro ucing ischemia-reperfusion injury,
and the possibility of allowing graft prote ventilation settings [10, 11]. However,
the use of ECMO s associa@h omplications such as bleeding requiring

rhage, limb ischemia and lymphocele [1, 12].

rethoracotomy, infections, b%
PF patients have@: r characteristics in comparison to patients with other
transplant indicat'iszh as small and retracted chest cavity, reduced oxygenation

capacity of ed lungs, secondary pulmonary hypertension and coronary
artery disea 4]. These characteristics increase the risk for intraoperative
hen‘?g ic instability and severe hypoxemia. As demonstrated in this study,
recipient complexity has increased over recent years, characterized by higher age and
lower cardiac index. Thus, the surgical procedure is challenging in these patients, and
hemodynamic stability requires close monitoring, in order to avoid non-elective ECMO
implantation. Moreover, during implantation of the second lung, the complete cardiac

output flows through the first-implanted lung [13], and a graft reperfusion injury may
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occur. In this situation, ECMO should be immediately implanted, but graft damage
might have already occurred. These scenarios of ECMO implantation due to non-
elective conditions should be avoided [8]. Elective ECMO implantation at the
beginning of transplantation guaratees oxy- and decarboxylation during single-lung
ventilation and reduces cardiac output flowing through the first-implanted graft [13].
Therefore, in 2020, our institutional protocol for intraoperative ECM@. support
in PF patients was adjusted with aims of reducing the risk of non- e ECMO
implantation and of allowing a controlled graft reperfusion. The re@amed in this
study demonstrate that the aim of reducing PGD grade 3 d@ reased elective
ECMO use was achieved combined with significant les initiation of dialysis post-
transplant. PGD results from reperfusion-ische Q and is characterized by
increased immune response and permeabili % pulmonary endothelium [14].
Therfore, PGD is a key factor for trans@ omes, since patients developing PGD
15].

showed a higher incidence of B Nevertheless, the trend toward improved
one-year survival did not re istical significance, likely due to the short study
periods and limited pat&u ers. Further, the more liberal use of intraoperative
ECMO since 202 ot apparently reduce the rate of patients who required non-
elective EC %ation. Regarding risk factors for non-elective ECMO, increased
recipier@t’% longer donor ventilation duration predicted a higher possibility for
this% o in PF patients transplanted since 2020. Though numbers are small due
to the 'short post-implementation period particulary in the non-elective ECMO group,
further preemptive identification of such patients is highly needed [16]. Comparing the
rate of postoperative extended ECMO support between the study periods, this rate
was particular reduced by 50% among elective ECMO patients. Further, the median

duration of extended ECMO support in this small population decreased in elective
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ECMO patients by 4 days and by 7 days in non-elective ECMO patients, which should
not be underestimated in times of limited ICU recources.

Since 2020, ECMO-related vascular complications included lymphocele in
both, non-elective and elective ECMO support. Before 2020, patients further suffered
bleeding and limb ischemia. Due to the increased prevalence of lymphocele, vascular
preparation has been improved in 2023 performing a longitudinal small skid incision
instead of transverse. Comparing this complication rate with other ope in access

in minimally invasive cardiac surgery, similar incidences v@ reported [17].

Nevertheless, vascular complications that occurred prior fo 2@20, which mainly

included bleeding and limb ischemia, should not be u e%ated.

Zhang et al. designed a risk score predicti C support before LTx [16].
tixnw

Following PAPsystolic, PF as transplant indi as the most predictive value for

ECMO-need. Similar to Halpern et alN [#8], patients receiving non-elective

with non-elective ECMO use, of which 27%

with elective ECMO and 4%
patients were not able & O-weaned after transplantation. Compared to this

study, only 7% osze and non-elective ECMO patients transplanted since 2020

ccessful weaned.

intraoperative ECMO were exclu fromvthe study. Zhang et al. included 7 patients
ti

were not abl

aIICJetzenecker et al. used routinely per protocol elective ECMO during
tran ion in 159 patients, including 33 PF patients [11]. Comparing PGD grade
3 rates 72h post-transplant, they reached a similar PGD prevalence with 1.3%.
However, median mechanical ventilation post-transplant was nearly threefold
increased with 29h compared to 11h in this study. The Vienna group showed a
improved 1-year survival including patients with all LTx indications in patients with

elective ECMO compared to patients without ECMO (91% vs. 82%) [10]. One-year
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graft survival since increased ECMO use was similar in this study (elective: 95.6%, no

ECMO: 94.9%, non-elective: 91.7%).

Study limitations

This study is a retrospective analysis of prospectively collected data. A major limitation
of this study is the timing of right-heart catheterization, which was usually ormed
at the time of listing and PAP may increase prior to transplantat@However,
measurements immediately before transplantation were not @

retrospective design. The study period since protocol a(@e t is short, and

therefore the patient number for risk factor analysei %imited. Additional, the

before-and-after study design introduces potentialh.confounding, as changes in
[

ue to the

institutional experience over time may h uenced the observed outcomes
independently of ECMO use. Potential bi E including total ischemic time and prior

ision-making process regarding elective

operations, may have influence e
ECMO implantation. Furtf@ tions are necessary to evaluate long-term
outcomes. &

Conclusion @

Electiv a ative ECMO support in PF patients is reasonable and outcomes such
as \?gon duration, PGD, new initation of dialysis and ECMO-related vascular
complications. However, some patients needing ECMO support still remained
undetected and non-elective ECMO implantation becomes necessary, exposing these

patients under unnecessary risk.
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FIGURE LEGENDS

Central image: Primary Graft Dysfunction Grade 3 72h post-transplant compared
between study periods.

Figure 1: Actual protocol for intraoperative ECMO support in PF patients. A more
liberal intraoperative use of ECMO introduced in 01.2020 was based on parameters
measured during last right-heart catheterization before transplantation (red, boxes).

Before 2020, cut-off values in PAPmean and PVR were not independe nsidered.

Figure 2: Study flow chart. Q}
Figure 3: One-year graft survival in patients with A) electivej B) -elective and C)

no intraoperative ECMO support. Q%

Figure 4: Figure 4 shows pre-transplant PAP and PVR (B) in patients
transplanted after increased intraoperative I$~ se post-2020 compared between

elective, non-elective and no ECMO patie
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TABLES

Table 1. Baseline characteristics in transplanted patients with idiopathic pulmonary

fibrosis.
Pre-2020 Post-2020
Variable period period p-value
(n=273) (n=149)
Recipient
characteristics
Female sex 100(37) 42(28) 0.079
Age, years 57(50- 60) 58.6(54.4-61.4) 0.005
Body mass index, kg/m2 25.8(22.6-27.7) 26.1(23.4-28.3 .079
Lung Allocation Score, % 39(35.6-44.5) 39.5(36.4-44. 0.636
Pulmonary artery \
pressure, mmHg
Systolic 39(31- 53) 4) 0.154
Diastolic 15(10-21) ﬁi ) 0.067
Mean 24(19-32) 0.060
PVR, wood units 3.2(2-4.7) % 3- 5. 3 0.092
Cardiac index, L/min/m2 2.8(2.4-3.4) 0 2.2-2. 9) 0.004
Intraoperative ECMO <0.001
support
Elective 52(19) 98(66)
None 191(7 ?\ 39(26)
Non-elective 30(11 12(8)
FEV1 predicted, % 44(33% 43(35-51) 0.420
Donor characteristics
Female sex (52) 92(62) 0.060
Age, years 9(38-61) 49(38-60) 0.579
Ventilation time, days & 4(2-6) 4(3-7) 0.123
pO2 (100%), mmHg 390(324.5-439.5) 401(325- 446.3) 0.383
Smoking history » 114(42) 40(27) 0.002
e

ECMO: Extracorp r

a
Primary Graft E@%:VR: Pulmonal vascular resistance.

©

ane Oxygenation; FEV1: Forced expiratory volume in one second; PGD:
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Table 2. Pre- and post-operative characteristics in transplanted patients with elective,
non-elective and no intraoperative Extracorporeal Membrane Oxygenation.

Variable

Preoperative

characteristics

Lung Allocation Score,

%

PVR, wood units

Pulmonary artery

pressure, mmHg
Systolic

Mean

Cardiac index, WU
FEV1, % predicted
FVC, % predicted

6 minute walk test, m

Intraoperative

characteristics

Cold ischemic time, min
First implanted lung

Second implanted lung

Red blood cells, units
Platelets, units
Fresh frozen plasma,
units
Postoperative extended
ECMO support
Number
Time, days
Postoperative
characteristics
PGD grade 3
24 hours
48 hours
72 hours
ECMO-related vascular
complications
Secondary ECMO
Rethoracotomy due to
bleeding
Wound healing disor
Dialysis new
Ventilation time, hours
Intensive care unit stay,
days
Hospital stay, days
In-hospital mortality
FEV1 1-year, %
predicted

CMV: cytomegalovirus; ECMO: Extracorporeal Membrane Oxygenation; FEV1: Forced expiratory
volume in one second; PGD: Primary Graft Dysfunction; PVR: Pulmonal vascular resistance.
Data were reported as n (%) or median (IQR).
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