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BACKGROUND: Extracorporeal membrane oxygenation (ECMO) has been frequently used instead of 
cardiopulmonary bypass (CPB) as extracorporeal circulatory support during cadaveric lung trans
plantation. This study compared the outcomes of intraoperative CPB or ECMO in living-donor lobar 
lung transplantation (LDLLT).
METHODS: CPB and ECMO were performed in 23 and 53 patients, respectively, who underwent initial 
bilateral LDLLT in our institution from 2008 to 2019. We retrospectively compared the short- and 
long-term outcomes between the 2 groups.
RESULTS: Patient background, graft size-matching data, operation time, extracorporeal circulation 
time, and bleeding amount were not significantly different in the 2 groups. However, the CPB group 
required more transfusion than the ECMO group (6,860 vs 3,840 ml, respectively; p = 0.002). The rate 
of increase in body weight through LDLLT was 7.4% and 4.9% in CPB and ECMO groups, re
spectively (p = 0.040), and primary graft dysfunction scores were significantly worse in the CPB 
group. Postoperative ECMO support was required in 4 cases, and hospital death occurred in 1 patient 
exclusively in the CPB group. Chronic lung allograft dysfunction (CLAD) was diagnosed in 43.5% and 
17.0% of patients in the CPB and ECMO groups, respectively (p = 0.021), and the 5-year CLAD-free 
survival was 55.8% and 72.7% of patients, respectively (p = 0.013).
CONCLUSIONS: Intraoperative ECMO reduced primary graft dysfunction, possibly due to the lower 
requirement for intraoperative transfusion and less intraoperative weight gain causing systemic edema. 
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The beneficial effect of ECMO in the early phase may result in less CLAD development in the long- 
term follow-up after LDLLT.
JHLT Open 2024;4:100070 
© Published by Elsevier Inc. on behalf of International Society for Heart and Lung Transplantation. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/ 
by-nc-nd/4.0/).

Background

Bilateral living-donor lobar lung transplantation (LDLLT) 
is an acceptable option for critically ill patients who are 
unable to wait for grafts from deceased donors.1 The op
eration is performed under the use of extracorporeal cir
culatory support (ECS). Cardiopulmonary bypass (CPB) 
used to be the standard method for intraoperative ECS 
during cadaveric lung transplantation (CLT). However, an 
increasing number of lung transplant centers have recently 
employed extracorporeal membrane oxygenation (ECMO) 
to replace CPB. This replacement is attributed to less 
bleeding, reduced inflammatory response, and lower grade 
of pulmonary graft dysfunction (PGD) associated with the 
former procedure.2-7 The influence of intraoperative CPB 
and ECMO on the postoperative course in CLT has been 
previously reported.2-8 However, its effect on LDLLT has 
not been evaluated thus far. In LDLLT, recipients are cri
tically ill and receive relatively small grafts from healthy 
donors under ECS with short ischemic time. This allows 
comparison of 2 types of ECS less influenced by factors of 
donors. Thus, the aim of this study was to investigate the 
effects of intraoperative CPB and ECMO on the short- and 
long-term outcomes of LDLLT.

Materials and methods

Patients

A total of 227 consecutive patients underwent lung trans
plantation (135 CLTs and 92 LDLLTs) at Kyoto University 
Hospital between June 2008 and December 2019. Among 
them, only those undergoing bilateral LDLLT were in
cluded in this study. From 2008-2011, we routinely em
ployed CPB in patients undergoing LDLLT. Since 2012, we 
have been using ECMO in most LDLLT procedures, while 
CPB has been selectively employed in pediatric and com
plicated cases requiring cardiac repair (Figure 1).

We retrospectively evaluated the clinical characteristics 
of patients (i.e., age, sex, body weight, indications for lung 
transplantation, donor’s age, and donor’s smoking history) 
which may influence PGD.9,10 We also evaluated the graft 
size-matching data using forced vital capacity (FVC)11 or 
3-dimensional computed tomography (CT) volumetry,12

because under-sized grafts may be susceptible to PGD. In 
addition, we compared perioperative factors and short-term 
outcomes, including delayed chest closure, between the 
CPB and ECMO groups. Delayed chest closure is required 

due to oversized grafts or PGD manifesting as hypoxia, 
pulmonary hypertension, and lung edema. We also in
vestigated renal function and any perioperative increase in 
body weight as a possible indicator of systemic edema. 
Acute kidney injury is diagnosed when the serum creatinine 
level increases by 0.3 mg/dl or more or increases by 1.5 
times or more compared to the preoperative level.13 PGD 
was evaluated using arterial blood gas and chest X-ray 
pulmonary edema during the first 3 days after surgery ac
cording to the consensus established by the International 
Society for Heart and Lung Transplantation.14 Moreover, 
the requirement for postoperative ECMO with bilateral in
filtration on X-ray denoted PGD grade 3. The ventilator- 
dependent period was defined from the date of the LDLLT 
to that of complete withdrawal from mechanical ventilation. 
The development of acute rejection, postoperative pneu
monia, and chronic lung allograft dysfunction (CLAD) was 
also evaluated. The observation period of CLAD-free sur
vival spanned from the date of LDLLT to that of last 
follow-up, CLAD development, or death. CLAD was di
agnosed based on the definition provided in the Interna
tional Society for Heart and Lung Transplantation 
consensus report.15 The overall and CLAD-free survival 
rates were also calculated and compared between the CPB 
and ECMO groups. The follow-up period for LDLLT was 
censored at the time of retransplantation. The study pro
tocol (R2389-1) was approved by the Ethics Committee of 
Kyoto University, Kyoto, Japan. All patients provided 
written informed consent for the use of these data.

CPB and ECMO at bilateral LDLLT

Surgical procedures were performed as previously de
scribed.16 In the CPB group, full heparinization was 
achieved and activated clotting time was maintained 
> 400 seconds. The ascending aorta and the right atrium 
were cannulated, and the patient was placed on standard 
CPB. Under full CPB, ventilation was terminated. Bilateral 
pneumonectomy was performed, followed by bilateral lobar 
implantation. Subsequently, both lobar grafts were si
multaneously reperfused and reventilated.

In the ECMO group, the activated clotting time was 
maintained at approximately 180 seconds through admin
istration of the minimum dose of heparin. The ascending 
aorta was cannulated for infusion. Two drainage cannulas 
were placed, one in the right atrium via the right femoral 
vein and the other in the superior vena cava via the right 
atrium. Next, central ECMO was established. We main
tained 1-lung ventilation using a double lumen endotracheal 
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tube, ensuring that the ECMO flow could be controlled at 
approximately 70% of the full flow to avoid the risk of 
massive air entrainment. The right graft was initially im
planted after right pneumonectomy, followed by reperfu
sion and reventilation. Similarly, the left graft was 
implanted after left pneumonectomy, followed by reperfu
sion and reventilation.

There have been no major changes in organ preservation 
methods or surgical techniques during the observation 
period in this report. Regarding immunosuppressive regi
mens, Azathioprine had been changed to Mycophenolate 
mofetil around 2009, and Cyclosporine had been changed 
to Tacrolimus around 2013.

Statistical analysis

Results are presented as the median (range), unless other
wise stated. For survival analysis, the rate of survival 
without transplantation up to 5 years was recorded. 
Univariate Cox proportional hazards modeling was per
formed to investigate the relationship between in
traoperative CPB and ECMO and clinical outcomes. 
Multivariate Cox proportional hazard modeling was used to 
investigate the relationship between clinical measurements 
and mortality. Clinical measurements were defined as 
continuous variables, with the exception of sex, donor’s 
smoking status, and types of primary underlying diseases. 
The Kaplan-Meier method and log-rank test were used for 
the evaluation of mortality in the CPB and ECMO groups.

Comparison between 2 groups was performed using 
Fisher’s exact test for the categorical data and the 
Mann–Whitney U test for nonparametric variables. The p- 
values < 0.05 denoted statistically significant differences. 
Statistical analyses were performed using the statistical 
software EZR (Saitama Medical Center, Jichi Medical 
University, Saitama, Japan).

Results

Patients

Among 227 cases, 78 cases of bilateral LDLLT were 
identified. One patient receiving bilateral middle lobe 
transplantation and another who developed severe graft 
dysfunction due to difficult vascular anastomosis were ex
cluded. Therefore, a total of 76 cases were included in the 
analysis (Figure 2). All patients received LDLLT under 
intraoperative ECS; intraoperative CPB and ECMO were 
used in 23 and 53 patients, respectively.

Figure 1 Ratio of intraoperative extracorporeal circulatory support in single or bilateral LDLLT. Since 2012, ECMO has been pre
ferably used compared with CPB. CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; LDLLT, living-donor 
lung lobar transplantation.

Figure 2 A flowchart with inclusion and exclusion criteria. 
CLT, cadaveric lung transplantation; LDLLT, living-donor lung 
lobar transplantation; PGD, primary graft dysfunction.
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Among them, 11 patients underwent LDLLT with single 
or bilateral upper lobes of the recipient spared as previously 
described (2 patients with CPB and 9 patients with 
ECMO).17 Since 2014, 15 patients in the ECMO group 
have undergone right-to-left inverted LDLLT because right 
lower lobe is approximately 25% bigger than left lower 
lobe.18 The baseline characteristics of the CPB group 
(n = 23) and ECMO group (n = 53) are presented in Table 1. 
Age, sex, body weight prior to lung transplantation, and 
body mass index were not significantly different between 
the 2 groups. Regarding the characteristics of donors, age 
and the proportion with smoking history were similar be
tween the 2 groups. In addition, the FVC size match was 
not significantly different (median: 66.4% [45.7%-109.4%] 
and 63.1% [36.9%-112.0%] in the CPB and ECMO groups, 
respectively; p = 0.769). Similarly, the CT volumetry size 
match was not significantly different (median: 88.7% 
[28.6%-189.0%] and 92.4% [41.7%-230.9%], respectively; 
p = 0.667). The distribution of diseases was similar in both 
groups; only one patient in the CPB group required cardiac 
repair due to an atrial septal defect with idiopathic pul
monary arterial hypertension (PAH).

Short-term outcomes after LDLLT

Perioperative parameters and short-term outcomes are shown 
in Table 2. The operation time and extracorporeal circulation 
time were not significantly different. Graft ischemic time was 
within 3 hours in both groups; the right graft ischemic time 
was longer in the CPB group vs the ECMO group (162 [96- 
282] vs 116 [38-293] minutes, respectively, p  <  0.001), while 

the left graft ischemic time was similar in both groups (132 
[75-223] vs 135 [58-250] minutes, respectively, p = 0.919) 
because of the difference in reperfusion sequence as described 
in the method section. The amount of intraoperative blood loss 
in the CPB and ECMO groups was 3,483 (800-14,358) and 
2,490 (0-18,686) ml, respectively (p = 0.328). The CPB group 
was associated with significantly more intraoperative trans
fusion of red blood cells, fresh frozen plasma, and platelet 
concentrate compared with the ECMO group (4,200 [990- 
10,360] vs 2,520 [840-12,880] ml, p = 0.005; 1,800 [240- 
4,700] vs 960 [0-5,180] ml, p = 0.002; and 500 [250-1,200] vs 
400 [0-1,450] ml, p  <  0.001, respectively). The amount of 
total transfusion was also greater in the CPB group vs the 
ECMO group (6,860 [1,630−12,080] vs 3,840 [1,320−19,130] 
ml, respectively, p = 0.002). The frequency of reoperations 
due to hemorrhage and delayed chest closure was not sig
nificantly different between the CPB and ECMO groups 
(8.7% vs 5.7%, p = 0.635; 8.7% vs 1.9%, p = 0.216, respec
tively). The increase in body weight, measured at the time of 
admission to the intensive care unit (ICU), compared with the 
preoperative body weight was significantly greater in the CPB 
group vs the ECMO group; that is, the body weight was in
creased by 7.4 ([−4.7] to 30.9)% vs 4.9 ([−5.5] to 23.6)%, 
respectively (p = 0.040). A postoperative creatinine increase 
during 48 hours after LDLLT was 0 (−0.1 to +0.9) in the CPB 
group and −0.02 (−0.37 to +0.45) in the ECMO group 
(p = 0.0465). No significant difference was noted in the de
velopment of acute kidney injury (5 cases in the CPB group 
and 4 cases in the ECMO group, p = 0.119).

PGD grade 3 was significantly more frequent in the CPB 
group compared with the ECMO group at ICU admission (3 
[13.0%] vs 0 [0%], respectively; p = 0.025). Postoperative 

Table 1    Baseline Characteristics of Patients Undergoing Bilateral Living-Donor Lobar Lung Transplantation Using CPB or ECMO 

CPB (n = 23) ECMO (n = 53) p

Median age, years (range) 44 (8-64) 37 (12-64) 0.808
< 15 years, n (%) 5 (21.7%) 5 (9.4%) 0.159

Females, n (%) 13 (56.5%) 28 (52.8%) 0.807
Body weight before LTx, kg (range) 45.0 (16.3-66.3) 43.4 (21.6-73.8) 0.672
BMI, kg/m2 (range) 18.0 (11.1-20.4) 17.2 (9.9-25.9) 0.968
Donor age, years (range)

Right donor 42 (20-67) 38 (21-59) 0.830
Left donor 42 (22-60) 45 (21-60) 0.743

Donor, smoking history, n (%) 11 (47.8%) 25 (47.2%) 1
FVC size match,a % (range) 66.4 (45.7-109.4) 63.1 (36.9-112.0) 0.830
CT volumetry size match,b % (range) 88.7 (28.6-189.0) 92.4 (41.7-230.9) 0.684
Native lung-sparing LTx, n (%) 2 (8.7%) 9 (17.0%) 0.488
Right-to-left inverted LTx, n (%) 0 15 (28.3%) 0.004
Diseases, n (%) 0.523

ILD 10 (45.5%) 23 (43.4%)
Post-HSCT lung injury 9 (39.1%) 23 (43.4%)
PAH 3 (13.6%) 2 (3.8%)
Others 1 (4.5%) 5 (9.4%)

BMI, body mass index; CPB, cardiopulmonary bypass; CT, computed tomography; ECMO, extracorporeal membrane oxygenation; FVC, forced vital 
capacity; HSCT, hematopoietic stem cell transplantation; ILD, interstitial lung disease; LTx, lung transplantation; PAH, pulmonary arterial hypertension.

Data are presented as number (%) or median value (range).
a Predicted vital capacity of recipient/FVC of donor.
b Total volume of recipient’s right and left thoracic spaces/grafts’ volume of 2 donors. 
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ECMO support was required in 4 and 0 cases in the CPB 
and ECMO groups, respectively (p = 0.007). The frequency 
of postoperative tracheostomy was similar in these 2 
groups. The durations of postoperative mechanical venti
lation and ICU stay were similar (12 [3-79] vs 11 [3-138] 
days, p = 0.493; and 14 [4-28] vs 12 [5-133] days, 
p = 0.281, respectively). One patient (4.3%) in the CPB 
group expired during the in-hospital period on post
operative day 98 due to aspiration pneumonia. The 90-day 
mortality rate in both groups was 0%. Regarding 3 patients 
who developed PGD grade 3, the duration of ICU stay was 
longer than that of patients who did not develop PGD grade 
3 (19 days vs 12 days, p = 0.045), and the duration of me
chanical ventilation tended to be longer (23 days vs 11 days, 
p = 0.081).

No significant difference was noted in the 12 patients of 
the CPB group and 31 patients of the ECMO group who 
received treatments, including a corticosteroid pulse for 
acute rejection (p = 0.624). In addition, no significant dif
ference was observed with regard to postoperative 

pneumonia (6 patients in the CPB group, and 11 patients in 
the ECMO group, respectively, p = 0.765).

Long-term outcomes after LDLLT

The median follow-up period was 98 months (3- 
163 months) in the CPB group and 80 months (12- 
136 months) in the ECMO group. One patient in the CPB 
group underwent retransplantation with ECMO from living 
donors due to CLAD 34 months after the initial LDLLT; the 
follow-up period was censored at the time of re
transplantation. CLAD was diagnosed in 10 patients 
(43.5%) in the CPB group and 9 patients (17.0%) in the 
ECMO group (p = 0.021). Thirteen patients (6 and 7 pa
tients in the CPB and ECMO groups, respectively) expired 
within 5 years after LDLLT. Regarding the cause of death, 
4 and 1 patients in the CPB and ECMO groups, respec
tively, expired due to CLAD; 2 and 4 patients, respectively, 
expired due to infection; 1 patient in the ECMO group 

Table 2    Intraoperative and Postoperative Parameters Between Two Groups Using Intraoperative CPB or ECMO 

CPB (n = 23) ECMO (n = 53) p

Operation time, minutes (range) 475 (350-712) 498 (210-898) 0.249
Extracorporeal circulation time, minutes (range) 225 (182-405) 243 (185-369) 0.070
Ischemic time (right graft), minutes (range) 162 (96-282) 116 (38-293) < 0.001
Ischemic time (left graft), minutes (range) 132 (75-223) 135 (58-250) 0.919
Intraoperative blood loss, ml (range) 3,483 (800-14,358) 2,490 (0-18,686) 0.328
Intraoperative RBC transfusion, ml (range) 4,200 (990-10,360) 2,520 (840-12,880) 0.005
Intraoperative FFP transfusion, ml (range) 1,800 (240-4,700) 960 (0-5,180) 0.002
Intraoperative PC transfusion, ml (range) 500 (250-1,200) 400 (0-1,450) < 0.001
Intraoperative total transfusion, ml (range) 6,860 (1,630-12,080) 3,840 (1,320-19,130) 0.002
Reoperation due to hemorrhage, n (%) 2 (8.7%) 3 (5.7%) 0.635
Delayed chest closure, n (%) 2 (8.7%) 1 (1.9%) 0.216
Weight increase at ICU admission, kg (range) 2.8 ([−2.5] to 12.1) 2.0 ([−2.5] to 9.1) 0.099
Weight increase ratio at ICU admission, % (range) 7.4 ([−4.7] to 30.9) 4.9 ([−5.5] to 23.6) 0.040
Acute kidney injury, n (%) 5 (21.7%) 4 (7.5%) 0.119
PGD 3 at ICU admission after LTx, n (%) 3 (13.0%) 0 (0%) 0.025
PGD 3 on postoperative day 1 after LTx, n (%) 3 (13.0%) 1 (1.9%) 0.080
PGD 3 on postoperative day 2 after LTx, n (%) 3 (13.0%) 3 (5.7%) 0.359
PGD 3 on postoperative day 3 after LTx, n (%) 2 (8.7%) 5 (9.4%) 1
Postoperative ECMO support, n (%) 4 (17.4%) 0 (0%) 0.007
Tracheostomy performed
Preoperatively/postoperatively/none, n 0/10/13 4/21/28 0.553
Ventilator dependent period, days (range) 12 (3-79) 11 (3-138) 0.493
ICU stay, days (range) 14 (4-28) 12 (5-133) 0.281
Hospital death, n (%) 1 (4.3%)a 0 (0%) 0.303
Acute rejection, n (%) 12 (52.2%) 31 (58.5%) 0.624
Postoperative pneumonia, n (%) 6 (26.1%) 11 (20.8%) 0.765
Chronic allograft dysfunction, n (%) 10 (43.5%) 9 (17.0%) 0.021
Cause of death during 5 years after LTx, n 0.242
Chronic allograft dysfunction 4 1
Infection 2 4
PTLD 0 1
Malignant tumor 0 1

CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; FFP, fresh frozen plasma; ICU, intensive care unit; LTx, lung trans
plantation; PC, platelet concentrate; PGD, primary graft dysfunction; PTLD, post-transplant lymphoproliferative disorder; RBC, red blood cell.

Data are presented as number (%) or median value (range).
a One patient expired due to aspiration pneumonia. 
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expired due to post-transplant lymphoproliferative disorder; 
and 1 patient in the ECMO group expired due to a malig
nant tumor. The 1- and 5-year overall survival rates were 
91.3% and 73.1% in the CPB group, and 98.1% and 84.7% 
in the ECMO group, respectively. The survival tended to be 
better in the ECMO group; however, the difference did not 
reach statistical significance (p = 0.051; Figure 3). The 1- 
and 5-year CLAD-free survival rates were 87.0% and 
55.8% in the CPB group, and 94.3% and 72.7% in the 
ECMO group, respectively. The CLAD-free survival was 
significantly better in the ECMO group (p = 0.013; Figure 
4). Regarding pediatric cases, no significant difference was 
noted in the frequency of acute rejection and CLAD be
tween patients aged < 15 years and ≥15 years ([2 out of 10 
vs 18 out of 66, p = 1], and [6 out of 10 vs 37 out of 66, 
p = 1], respectively). The ratio of PGD grade 3 at ICU ad
mission was found to be significantly higher in patients 
< 15 years of age compared to patients ≥15 years of age (2 
out of 10 vs 1 out of 66, p = 0.044).

Donor-specific antibody after LDLLT developed within 
5 years in 3 patients in the CPB group, 2 of which devel
oped CLAD. Donor-specific antigen developed in 3 patients 
in the ECMO group, none of which developed CLAD 
within 5 years. Two patients in the CPB group and 8 pa
tients in the ECMO group had less than 5 years of follow-up 
at the time of publication. Even limited to cases aged 

15 years or older, 9 out of 18 CPB cases and 9 out of 48 
ECMO cases developed CLAD (p = 0.027).

Regarding the primary underlying diseases, the 5-year 
CLAD-free survival rates were 83.7% in patients with lung 
injury after hematopoietic stem cell transplantation (post- 
HSCT lung injury) (n = 32), 60.0% in patients with PAH 
(n = 5), 56.9% in patients with interstitial lung disease, and 
50.0% in patients with other diseases (n = 6), respectively 
(p = 0.214) (Figure S1). The 5-year CLAD-free survival 
rate of patients with post-HSCT lung injury was sig
nificantly better than those of patients with the other dis
eases (83.7% vs 56.3%, p = 0.037) (Figure S2).

Univariate Cox proportional hazards analysis regarding 
CLAD-free survival revealed that age, post-HSCT lung 
injury, FVC size match, CT volumetry, intraoperative CPB 
(vs ECMO), operation time, extracorporeal circulation time, 
intraoperative blood loss, intraoperative transfusion, is
chemic time (right graft) were the significant factors 
(Table 3). Multivariate Cox proportional hazard analysis 
was performed using these factors (age, post-HSCT lung 
injury, CT volumetry, intraoperative CPB, operation time, 
and intraoperative transfusion) as explanatory variables. 
Age, intraoperative CPB, and operation time were sig
nificantly related to CLAD-free survival (hazard ratio 
[HR] = 03, p = 0.03; HR = 3.89, p = 0.002; and HR = 1.01, 
p = 0.009, respectively) (Table 4).

Figure 3 Kaplan-Meier curve for overall survival comparing 
intraoperative ECMO with CPB. The ECMO group showed a 
better survival rate vs the CPB group, although the difference was 
not statistically significant (p = 0.051). CI, confidence interval; 
CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane 
oxygenation.

Figure 4 Kaplan-Meier curve for CLAD-free survival com
paring intraoperative ECMO with CPB. The ECMO group showed 
a significantly better survival rate vs the CPB group (p = 0.013). 
CI, confidence interval; CLAD, chronic lung allograft dysfunc
tion; CPB, cardiopulmonary bypass; ECMO, extracorporeal 
membrane oxygenation.
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Discussion

We investigated the influence of intraoperative CPB and 
ECMO support during LDLLT on the postoperative course. 
In this study, patient background data (e.g., age, sex, body 
weight, body mass index), FVC size matching, 3-dimen
sional CT volumetry size matching, and underlying diseases 
were not significantly different between the 2 groups. This 
implied that the features of these 2 extracorporeal support 
methods for LDLLT were not markedly affected by con
founding factors, at least with regard to the short-term 
outcomes.

According to previous studies of lung transplantation 
from deceased donors,2-7 CPB is linked to more bleeding, 
greater inflammatory response due to the passage of blood 
through the open circuit, and higher grade of PGD com
pared with ECMO. It has been reported that CPB induces 
complement activation, endotoxin release, leukocyte acti
vation, and the release of numerous inflammatory media
tors.19 Notably, this is the first study to demonstrate that 
weight gain was more marked in the CPB group compared 
with the ECMO group, which could lead to systemic 
edema. In addition, transfusion-associated circulatory 
overload and transfusion-related acute lung injury might be 
partially linked to PGD, particularly in patients receiving 
relatively small grafts under CPB.20 Although the like
lihood of reoperation for bleeding and delayed chest closure 
was not statistically different between the 2 groups, a clear 
trend favored intraoperative ECMO. The overall lower in
cidence of PGD grade 3 was thought to be due to a shorter 
ischemic time and better quality of donor lung in living- 
donor lung transplantation than in CLT. In addition, in this 
study, 3 patients in the CPB group who developed PGD 
grade 3 had longer ICU stay and mechanical ventilation 
duration, whereas no significant difference of the duration 
of ICU stay and ventilation was noted between the CPB 
groups and the ECMO groups, possibly due to the small 
number of patients with PGD grade 3.

Two of the 3 PGD 3 cases in the CPB group were PAH. 
One case had ILD. There were 3 cases of PAH in the CPB 
group, 2 of which were PGD3. There were 2 cases of PAH 
in the ECMO group, and neither of them had PGD. When 
we excluded the 5 patients with PAH, the total amount of 

Table 3    Univariate Cox Proportional Hazards Analysis on CLAD-Free Survival in 76 Patients Who Underwent Living-donor Lung 
Transplantation 

Characteristics HR 95% CI p-value

Sex, men 1.59 0.78-3.25 0.20
Age, years 1.03 1.00-1.05 0.01
BMI, kg/m2 1.06 0.97-1.16 0.21
Post-HSCT lung injury, n 0.43 0.19-0.97 0.04
FVC size match, % 0.98 0.95-1.00 0.04
CT volumetry size match, % 0.99 0.98-1.00 0.03
Intraoperative CPB (vs ECMO), n 2.44 1.18-5.03 0.02
Operation time, minutes 1.00 1.00-1.01 0.004
Extracorporeal circulation time, minutes 1.01 1.01-1.02 0.001
Ischemic time (right graft), minutes 1.01 1.00-1.02 0.002
Ischemic time (left graft), minutes 1.01 1.00-1.01 0.32
Intraoperative blood loss, ml 1.00 1.00-1.00 0.03
Intraoperative RBC transfusion, ml 1.00 1.00-1.00 0.04
Intraoperative FFP transfusion, ml 1.00 1.00-1.00 0.003
Intraoperative PC transfusion, ml 1.00 1.00-1.00 0.08
Intraoperative total transfusion, ml 1.00 1.00-1.00 0.02
Weight increase at ICU admission, kg 1.10 0.99-1.22 0.07
Weight increase ratio at ICU admission, % 1.02 0.98-1.07 0.29
PGD grade 3 at 48-72 hours after LTx 0.45 0.11-1.89 0.28
Acute rejection 1.57 0.73-3.35 0.25

BMI, body mass index; CI, confidence interval; CLAD, chronic lung allograft dysfunction; CPB, cardiopulmonary bypass; CT, computed tomography; 
ECMO, extracorporeal membrane oxygenation; FFP, fresh frozen plasma; FVC, forced vital capacity; HR, hazard ratio; HSCT, hematopoietic stem cell 
transplantation; ICU, intensive care unit; LTx, lung transplantation; PC, platelet concentrate; PGD, primary graft dysfunction; RBC, red blood cell.

Table 4    Multivariate Cox proportional hazards analysis to 
analyze the relationship between clinical measurements and 
CLAD-free survival in patients undergoing living-donor lung 
transplantation. 

Characteristics HR 95% CI p-value

Age, years 1.03 1.00-1.06 0.03
Post-HSCT lung injury, n 0.83 0.32-2.17 0.70
CT volumetry size match, % 0.99 0.98-1.00 0.11
Intraoperative CPB (vs ECMO), n 3.89 1.66-9.13 0.002
Operation time, minutes 1.01 1.00-1.01 0.009
Intraoperative total 

transfusion, ml
1.00 1.00-1.00 0.52

CI, confidence interval; CLAD, chronic lung allograft dysfunction; 
CPB, cardiopulmonary bypass; CT, computed tomography; ECMO, ex
tracorporeal membrane oxygenation; HR, hazard ratio; HSCT, hema
topoietic stem cell transplantation.
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blood transfused was similarly lower in the ECMO group 
(3,840 ml vs 7,415 ml, p = 0.003), and the 5-year survival 
rate was significantly better in the ECMO group (84.1% vs 
68.9%, p = 0.023), and the number of CLAD cases was also 
lower in the ECMO group (9 cases in the CPB group, 8 
cases in the ECMO group, p = 0.014). Although the oc
currence of PGD may be related to PAH, a similar trend 
was observed even when patients with PAH were excluded.

The differences from CLT regarding intraoperative 
bleeding in LDLLT are as follows: (1) extracorporeal cir
culation is used in all cases; (2) patients with post-HSCT 
lung injury or lymphangioleiomyomatosis often undergo 
pleurodesis as a treatment for pneumothorax; (3) since 
many cases are in poor condition, it may be necessary to 
establish extracorporeal circulation early in the surgery and 
then perform pleural dissection. To reduce bleeding, we 
have replaced CPB with ECMO and lowered the amount of 
anticoagulant used.

Regarding long-term survival after lung transplantation, 
the superiority of intraoperative ECMO is currently con
troversial. Some studies5,21 indicated that 1-year survival 
was better in the ECMO group vs the CPB group, whereas 
others3,6 did not observe a significant difference between 
the 2 groups. Nevertheless, it has been confirmed that PGD 
is predominant in patients receiving CPB compared with 
those receiving ECMO, and PGD is related to 90-day and 1- 
year mortality after lung transplantation.9,10 Moreover, 
PGD is an important risk factor of bronchiolitis obliterans 
syndrome in CLT.22-24 Although the mechanisms by which 
PGD predisposes to the development and progression of 
bronchiolitis obliterans syndrome have been discussed in 
terms of systemic inflammation, autoimmunity, etc., they 
have yet to be elucidated.22-24 Li et al25 reported that PGD 
grade 3 was not associated with CLAD; however, in that 
study, PGD grade 3 was associated with baseline lung al
lograft dysfunction, which was defined as failure to achieve 
a forced expiratory volume in 1 second and FVC of at least 
80% predicted after lung transplantation. In both hy
potheses,22-25 PGD appears to be related to lung allograft 
dysfunction in the chronic phase after lung transplantation. 
In the present study, 24 hours after surgery, there was no 
longer a significant difference in PGD 3. We confirmed that 
CLAD was more frequent, and CLAD-free survival was 
worse in the CPB group compared with the ECMO group in 
LDLLT. The direct relationship between PGD and the onset 
of CLAD was not observed. Although multivariate Cox 
proportional hazard analysis revealed that intraoperative 
CPB was the significant factor for CLAD-free survival in
dependently of age and operation time, complex factors in 
the perioperative and postoperative periods may have led 
to CLAD.

Some limitations of the present study should be men
tioned. Firstly, due to the retrospective nature of this in
vestigation, disease severity or indications for lung 
transplantation were not controlled. In addition, the small 
sample size from a single center limited our ability to 
perform a multivariate analysis for the evaluation of con
founding factors that may have affected the results. 
Secondly, there is a historical difference in the frequency of 

CPB and ECMO use (as shown in Figure 1). This might 
introduce some bias because patients in the ECMO group 
had more opportunities to receive advanced medical man
agement. Since 2012, CPB has been used in specific cases, 
such as pediatric cases, pointing to the existence of a se
lection bias. Finally, the small number of patients who 
developed PGD grade 3 was insufficient to examine the 
relationship between PGD and the onset of CLAD. In ad
dition, due to the small number of events, multivariate 
analysis was not performed.

In conclusion, intraoperative ECMO was associated with 
less primary graft dysfunction vs CPB, possibly due to the re
duced requirement for intraoperative transfusion and less sys
temic edema manifested as intraoperative weight gain. The 
present study is the first to report this finding. The better short- 
term outcomes observed in the ECMO group may be related to 
the better long-term outcomes of patients undergoing LDLLT, 
such as the less frequent occurrence of CLAD.
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