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ABSTRACT

Objective: To clarify the relationship between the use of extracorporeal life sup-
port during lung transplantation and severe primary graft dysfunction (PGD), we
developed and analyzed a novel multicenter international registry.

Methods: The Extracorporeal Life Support in Lung Transplantation Registry in-
cludes double-lung transplants performed at 8 high-volume centers (>40/year).
Multiorgan transplants were excluded. We defined severe PGD as grade 3 PGD
(PGD3) observed 48 or 72 hours after reperfusion. Modes of support were no extra-
corporeal life support (off-pump), extracorporeal membrane oxygenation (ECMO),
and cardiopulmonary bypass (CPB). To assess the association between mode of
support and PGD3, we adjusted for demographic and intraoperative factors with
a stepwise, mixed selection, multivariable regression model, ending with 10 covari-
ates in the final model.

Results:We analyzed 852 transplants performed between January 2016 and March
2020: 422 (50%) off-pump, 273 (32%) ECMO, and 157 (18%) CPB cases. PGD3 rates
at time point 48-72 were 12.1% (51 out of 422) for off-pump, 28.9% for ECMO (79
out of 273), and 42.7% (67 out of 157) for CPB. The adjusted model resulted in the
following risk profile for PGD3: CPB versus ECMO odds ratio, 1.89 (95% CI, 1.05-3.41;
P ¼ .033), CPB versus off-pump odds ratio, 4.24 (95% CI, 2.24-8.04; P< .001), and
ECMO versus off-pump odds ratio, 2.24 (95% CI, 1.38-3.65; P ¼ .001).

Conclusions: Venoarterial ECMO is increasingly used at high-volume centers to
support complex transplant recipients during double-lung transplantation. This
practice is associated with more risk of PGD3 than off-pump transplantation but
less risk than CPB. When extracorporeal life support is required during lung trans-
plantation, ECMO may be the preferable approach when feasible. (J Thorac Cardi-
ovasc Surg 2022;-:1-11)
From the aDivision of Cardiothoracic Transplantation and Circulatory Support, Bay-

lor College of Medicine, Houston, Tex; bDivision of Cardiothoracic Transplanta-

tion and Circulatory Support, Texas Heart Institute, Houston, Tex; cDivision of

Cardiothoracic Surgery, Department of Surgery, University of Minnesota Medical

School, Minneapolis, Minn; dDepartment of Surgery, Division of Cardiovascular

and Thoracic Surgery, and eDepartment of Anesthesiology, Duke University

Health System, Durham, NC; fDepartment of Cardiothoracic, Transplant, and

Vascular Surgery, Hannover Medical School, Hannover, Germany; gDepartment

of Cardiac Surgery, Heidelberg University Hospital, Heidelberg, Germany; hDe-

partment of Surgery, Division of Cardiothoracic Surgery, Massachusetts General

Hospital, Boston, Mass; Divisions of iThoracic and Cardiovascular Surgery and
mPulmonary, Critical Care, and Sleep Medicine, University of Florida, Gaines-

ville, Fla; Departments of jThoracic Surgery and kAnesthesiology, University

Hospitals Leuven, Leuven, Belgium; and lDivision of Cardiovascular Surgery,

Temple University School of Medicine, Philadelphia, Pa.

Funded by the Americ

Foundation .

Read at the 101st Annua

gery: A Virtual Learn

Received for publication

for publication Oct 21

Address for reprints: Gab

and Circulatory Suppo

Houston, TX 77030 (E

0022-5223

� 2022 The Authors. Pu

ciation for Thoracic Surg

(http://creativecommons.

https://doi.org/10.1016/j.

The Journal of Thoracic and Cardiovascular S
0
CPB

n = 157
ECMO
n = 273

Off-Pump
n = 422

10

20

%
 o

f 
C

as
es 30

40

50
PGD3 at 48 or 72 hrs

Univariate analysis of PGD rates by mode of intra-
operative support.
i

u

CENTRAL MESSAGE

Off-pump LTx were associated
with lower risk of PGD than ECLS-
supported LTx in a multicenter
registry analysis. When ECLS is
required, ECMO may incur less
risk of PGD than CPB does.
PERSPECTIVE
PGD remains the chief early threat to a successful
lung transplant outcome. Among the few factors
that clinicians can modify to reduce risk is the
modeof intraoperative cardiopulmonary support.
This study is the first effort by an international
multicenter consortium of high-volume surgical
practices to identify emerging patterns of intrao-
perative support and their effects on outcomes.

See Commentary on page XXX.
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Abbreviations and Acronyms
CPB ¼ cardiopulmonary bypass
ECLS ¼ extracorporeal life support
ECMO ¼ extracorporeal membrane oxygenation
FEV1 ¼ forced expiratory volume in 1 second
FIO2 ¼ fraction of inspired oxygen
LAS ¼ lung allocation score
LTx ¼ lung transplantation
PAP ¼ pulmonary artery pressure
PGD ¼ primary graft dysfunction
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Primary graft dysfunction (PGD) is the most common source
of morbidity after lung transplantation (LTx) and has been
associated with the use of intraoperative extracorporeal life
support (ECLS). However, this association has not been
found consistently across single-center experiences.1-4

ECLS practices vary across transplant centers and rely on
individual surgeon preferences because only limited
multicenter registry data are available to guide practice.

During LTx, the pneumonectomy and hilar exposure
necessitate ventilatory or hemodynamic support strategies.
The most common modes of support include no ECLS
(off-pump) with single-lung ventilation and perfusion, and
ECLS by either extracorporeal membrane oxygenation
(ECMO) or cardiopulmonary bypass (CPB). CPB was asso-
ciated with 15% greater absolute risk of PGD than off-
pump in a Lung Transplant Outcomes Group analysis of
risk factors for PGD.5 Furthermore, PGD was associated
with a 22% greater risk of 1-year mortality. Subsequent
studies by single centers have provided further evidence
that CPB is associated with elevated risk of PGD, bleeding,
and mortality in lung transplant recipients.4,6,7 Yet other
studies have shown excellent outcomes with CPB,
including favorable graft function and survival, even with
higher-risk recipients and donors.1,8-11

ECMO has become a popular mode of intraoperative
support because it can provide gas exchange and hemody-
namic stability while reducing the amount of extracorporeal
tubing and volume reservoir, which increase the risk of
inflammation.6,12 A study by Hoetzenecker and colleagues3

showed remarkably low rates of PGD in LTx performed
with routine use of venoarterial ECMO. Yet, a study
by Ius and colleagues13 showed a more complicated
2 The Journal of Thoracic and Cardiovascular Surger
perioperative and early postoperative course in patients sup-
ported by intraoperative ECMO versus off-pump, with no
difference in PGD rates. Other single-center experiences
have demonstrated the benefits of ECMO over CPB in terms
of postoperative lung function, bleeding, and survival, but
several inconsistencies remain.2,4,6,14

To further investigate the effects of intraoperative mode
of support on LTx outcomes, we established a multicenter
international collaboration among 10 high-volume LTx cen-
ters to form the ECLS in LTx Registry. Data from this reg-
istry were analyzed to study the association between the
mode of support and the incidence of grade 3 PGD (PGD3).
METHODS
Patient Population

The ECLS in LTx Registry was established to identify intraoperative

factors associated with patient outcomes. The registry includes data from

double-lung transplants performed at 10 high-volume centers (>40 LTx

per year): 8 in the United States and 2 in Europe. Institutional review board

approval was obtained at each contributing institution. Waiver of consent

was granted for all retrospective case entries and some prospective entries.

Consent was obtained for all other prospective case entries. The coordi-

nating center (Baylor College of Medicine, Houston, Tex) institutional re-

view board (No. H-41540, approved January 22, 2021) was shared with all

sites as a template. Data were entered into an online Health Insurance

Portability and Accountability Act-compliant database and analyzed at

the coordinating center (Baylor College ofMedicine). Data use and transfer

agreements were signed by all participating centers.

The current analysis examined data from 8 of the 10 centers, which had

already actively enrolled subjects for analysis (6 in the United States and 2

in Europe): Baylor College of Medicine, Duke University Health System

(Durham, NC), Hannover Medical School (Hannover, Germany), Massa-

chusetts General Hospital (Boston, Mass), University of Florida (Gaines-

ville, Fla), University Hospitals Leuven (Leuven, Belgium), Temple

University School of Medicine (Philadelphia, Pa), and University of Min-

nesota Medical School (Minneapolis, Minn).

Three forms of support were examined in a per-protocol fashion: off-

pump, ECMO, and CPB. The ECMO group included both venovenous

ECMO, which was used mostly for oxygenation or ventilatory support,

and venoarterial ECMO used for oxygenation and ventilatory support, as

well as hemodynamic support. The designation for the mode of

support was based on the most invasive mode used in the case

(CPB> ECMO> off-pump). For example, a case that started off-pump

and converted to ECMO was designated as ECMO. A case that started on

ECMO and converted to CPB was designated as CPB. Multiorgan and

single-lung transplants were excluded. Recipient demographic characteris-

tics and donor and intraoperative details were entered into the registry in a

retrospective fashion. Data elements uploaded to the registry are regularly

collected as part of patient care. No changes in clinical practicewere initiated

as a part of this study. Mode of support was chosen according to individual

surgeon preference or program pathways. Through discussion at investigator

meetings, we identified several tendencies related to support strategies

before and throughout the conduct of the study. In general, programs that

were accustomed to off-pump surgery used ECLS sparingly for hemody-

namic or bleeding concerns. Programs accustomed to ECLS used CPB or

ECMO more liberally to facilitate hemodynamic status, oxygenation, and

exposure. Concerns about air, drainage, flows, exposure, or bleeding were

general reasons for conversion from ECMO to CPB. In most cases per-

formed through a sternotomy, CPB was used prophylactically. Some centers

that preferentially usedCPB gradually transitioned to ECMOover the course

of the study. Pulmonary arterial hypertension was defined as mean
y c - 2022
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FIGURE 1. The study cohort comprises 852 patients who underwent lung
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pulmonary artery pressure (PAP) by right heart catheterization>20 mmHg,

systolic PAP by echocardiography �40 mm Hg, or an established diagnosis

of primary or secondary pulmonary hypertension.15

Outcomes
The primary outcome for this analysis was PGD, which was graded ac-

cording to the 2016 International Society for Heart and Lung Transplantation

guidelines. We defined severe PGD as PGD3 recorded at 48 or 72 hours after

reperfusion. To maximize the consistency of PGD scoring, the coordinating

center provided education on scoring in individual instructional sessions

and by circulating examples of PGDgrading. The data coordinating center re-

viewed all PGD grades and their data elements, including time of entry, PaO2
values, oxygen saturations, and PaO2 to inspired oxygen fraction (FIO2) ratios.

Select chest radiographs were interpreted by the coordinating center when

needed in the event of incongruency in data entry or at the sites’ request. Sec-

ondary outcomes included postoperative morbidity and mortality.

Statistics
Statistical software SAS version 9.4 (SAS Institute Inc) was used to

analyze the ECLS registry data at the coordinating center. Descriptive ana-

lyses were applied for demographic variables and medical condition

variables. Means and SDs were calculated for continuous variables; fre-

quencies and percentages were calculated for categorical variables. Differ-

ences among types of support in demographic variables, medical variables,

and outcomes were also tested. Continuous variables were tested with anal-

ysis of variance; categorical variableswere testedwithc2 tests or Fisher exact

tests if at least 1 of the frequencies from the contingency table was<5.

We performed a multiple regression analysis to explore the effect of

mode of support on PGD3, adjusting for demographic, medical, and intra-

operative factors. For this analysis, we used the stepwise selection method,

beginning with 21 covariates and ending with 10 covariates in the final

model that were previously identified as donor or recipient risk factors

for PGD: mode of support, recipient age, recipient body mass index, pri-

mary diagnosis, pulmonary hypertension, mean PAP, prior lung surgery

(nontransplant), extended-criteria donor, donor ever smoked, and total

ischemic time (Table E1).

Although multiple logistic regression was our prespecified primary

analysis method for this study, we performed additional sensitivity analysis

to test the results. To assess the effect of missing values in our data,

modeling was conducted in both a case-complete fashion and by usingmul-

tiple imputation by chained equations. Model coefficients were calculated

and combined over 5 imputed datasets (Tables E2 and E3). Similar results

were obtained from both methods. To account for multilevel clustering

across centers, we also compared the postoperative outcomes associated

with different modes of support groups by using a generalized estimating

equation model (Table E4).

Finally, to provide an additional test to compare the effects of mode of

support on PGD, we used propensity matching (Table E5). For this anal-

ysis, 1-to-1 matching without replacement by propensity score was per-

formed by using the nearest neighbor method with a caliper of 0.012 SD

of the logit to compare CPB with ECMO, and with a caliper of 0.025 SD

of the logit to compare ECMO with off-pump. Matching was carried out

with the psmatch2 package in STATA version 14 (STATA Corp, College

Station, Tex). Balance in the baseline covariates of matched datawas exam-

ined by using standardized mean differences. We compared the postopera-

tive variables between groups using a generalized estimating equation

model. The standardized mean differences were reported.
transplant operations between January 2016 and March 2020 across 8 cen-

ters (6 in the United States and 2 in Europe). The figure shows the distribu-

tion of frequencies for eachmode of support used during the operation.Off-

pump, Single-lung ventilation and perfusion without extracorporeal life

support; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane

oxygenation.
RESULTS
Patient Population

We analyzed 852 LTx operations performed between
January 2016 and March 2020: 422 (50%) off-pump, 273
The Journal of Thoracic and C
(32%) ECMO, and 157 (18%) CPB cases (Figure 1). There
were several demographic differences among the groups
(Table 1). Compared with the ECLS group, the off-pump
group had a greater percentage of patients with obstructive
lung disease, a lower percentage of patients with pulmonary
hypertension, and fewer patients hospitalized at the time of
transplant, as well as no patients with preoperative ECMO.
The off-pump group also had a lower mean recipient body
mass index, lower mean PAP, lower forced expiratory vol-
ume in 1 second (FEV1), and lower lung allocation score
(LAS) than either of the ECLS groups.
The distribution of primary diagnoses in the CPB and

ECMO groups was similar, with restrictive lung disease be-
ing the most common diagnosis. Because of the small num-
ber of pulmonary vascular disease cases, these were
grouped together with restrictive lung disease to facilitate
the analysis. The number of patients with pulmonary
vascular disease as the primary diagnosis was 12 (7.6%),
16 (5.9%), and 4 (0.1%) for the CPB, ECMO, and off-
pump groups, respectively. The number of patients with se-
vere pulmonary hypertension, defined as mean PAP
�40 mm Hg, was 42 (26.9%), 50 (20.2%), and 16
(4.5%) for the CPB, ECMO, and off-pump groups, respec-
tively. A detailed breakdown of pulmonary hypertension
cases is provided in Table E6.
Compared with the other groups (CPB and off-pump), the

ECMO group had the highest mean LAS, the largest propor-
tion of patients hospitalized, and the largest proportion of
patients on life support and ECMO at the time of transplant.
This suggests that on average, the recipients requiring
ECMO were more critically ill than the other groups. The
CPB group had a greater percentage of patients with pulmo-
nary hypertension and a slightly greater mean PAP than the
ardiovascular Surgery c Volume -, Number - 3



TABLE 1. Recipient, donor, and operative characteristics associated with the mode of intraoperative support during lung transplantation

Variable CPB (n ¼ 157) ECMO (n ¼ 273) Off-pump (n ¼ 422) P value

Recipient characteristics

Primary diagnosis (n ¼ 852) <.001

Obstructive lung disease 32 (20.4) 58 (21.2) 201 (47.6)

Cystic fibrosis 25 (15.9) 48 (17.6) 69 (16.4)

Restrictive lung disease 100 (63.7) 167 (61.2) 152 (36.0)

Sex (n ¼ 852) .312

Male 87 (55.4) 161 (59.0) 224 (53.1)

Female 70 (44.6) 112 (41.0) 198 (46.9)

Age (y) (n ¼ 852) 53.9 � 14.8 53.6 � 14.5 54.9 � 13.4 .449

BMI (n ¼ 851) 25.3 � 5.4 25.1 � 4.6 23.7 � 4.2 <.001

Condition at transplant, hospitalized (n ¼ 851) 30 (19.1) 78 (28.6) 37 (8.8) <.001

Pulmonary hypertension* (n ¼ 850) 130 (82.8) 196 (72.1) 267 (63.4) <.001

Mean PAP (mm Hg) (n ¼ 759) 31.8 � 13.3 30.9 � 15.3 24.9 � 8.3 <.001

Lung allocation score (n ¼ 852) 47.8 � 15.7 50.2 � 18.6 39.4 � 11.4 <.001

FEV1 (L) before transplant (n ¼ 638) 1.3 � 0.7 1.3 � 0.7 1.0 � 0.7 <.001

FEV1 % predicted before transplant (n ¼ 637) 38.5 � 20.2 41.5 � 20.6 31.1 � 18.0 <.001

Life support before transplant (n ¼ 851) 15 (9.6) 44 (16.1) 35 (8.3) .005

Preoperative ECMO 7 (4.5) 32 (11.7) 0 (0.0) <.001

Prior cardiac surgery (n ¼ 792) 7 (4.8) 9 (3.4) 14 (3.7) .755

Prior lung surgery (nontransplant) (n ¼ 794) 21 (14.5) 40 (15.0) 68 (17.8) .533

Previous lung transplant (n ¼ 851) 5 (3.2) 7 (2.6) 9 (2.1) .765

Prior pleurodesis (n ¼ 793) 9 (6.2) 10 (3.8) 11 (2.9) .202

Chronic steroid usey (n ¼ 743) 38 (38.8) 121 (46.0) 158 (41.4) .355

Donor characteristics

Donor age (y) (n ¼ 852) 35.5 � 13.1 38.5 � 14.9 41.7 � 15.6 <.001

Donor sex (n ¼ 852) .932

Male 91 (58.0) 158 (57.9) 239 (56.6)

Female 66 (42.0) 115 (42.1) 183 (43.4)

Extended-criteria donorz (n ¼ 807) 90 (60.8) 166 (62.2) 233 (59.4) .779

Donor ever smoked (n ¼ 774) 71 (50.0) 114 (43.9) 147 (39.5) .093

Donor type (n ¼ 852) .818

DBD 143 (91.1) 246 (90.1) 377 (89.3)

DCD 14 (8.9) 27 (9.9) 45 (10.7)

Last PF ratio (n ¼ 764) 450.0 � 85.2 423.8 � 93.4 410.7 � 94.7 <.001

EVLP (n ¼ 852) 7 (4.5) 30 (11.0) 24 (5.7) .010

Operative characteristics

ECMO type (n ¼ 271)

VV 36 (13.3)

VA/VVA 235 (86.7)

Total ischemic time (min) (n ¼ 849) 358.8 � 126.1 450.2 � 137.4 439.8 � 117.8 <.001

Values are presented as n (%) or mean � standard deviation. Under primary diagnosis, restrictive lung disease represents a composite of restrictive lung disease and pulmonary

vascular disease. This was done to facilitate the analysis because of the small number of primary pulmonary hypertension cases (see Table E6). CPB, Cardiopulmonary bypass;

ECMO, extracorporeal membrane oxygenation; BMI, body mass index; PAP, pulmonary artery pressure; FEV1, forced expiratory volume in 1 second; DBD, donor after brain

death; DCD, donor after circulatory death; PF, final PaO2 to inspired oxygen fraction ratio in the donor before procurement; EVLP, ex vivo lung perfusion; VA, venoarterial; VV,

venovenous; VVA, venovenous-arterial. *Mean PAP by right heart catheterization>20 mm Hg, systolic PAP by echocardiography �40 mm Hg, or a diagnosis of pulmonary

hypertension. ySteroids �5 mg for>2 weeks. zExtended-criteria donors had 1 or more of the following characteristics: age>55 y, anticipated ischemic time>6 hours, PaO2
to inspired oxygen fraction ratio<300,>20 pack-years smoking, DCD, or abnormal chest radiograph.
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ECMO group. Other recipient complexities such as prior
cardiac surgery, lung surgery, pleurodesis, and chronic ste-
roid use were evenly distributed between all 3 groups.

Donor and Operative Characteristics
Several differences in donor characteristics were noted

among support strategies (Table 1). The off-pump group
had a higher mean donor age and lower mean donor
4 The Journal of Thoracic and Cardiovascular Surger
PaO2:FIO2 ratio than the CPB or ECMO groups. ECMO
cases had a greater mean donor age and a lower mean donor
PaO2:FIO2 ratio than CPB cases. There was no difference
among the groups in the proportion of extended-criteria do-
nors, probably because of variability in the interpretation of
abnormal radiographic findings. LTx from donors after cir-
culatory death was fairly evenly distributed across modes of
support.
y c - 2022
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Table E7 shows the breakdown of modes of support by
center. There was substantial variation in the use of support
between centers, with a range of 0% to 67% for CPB,
19.7% to 73% for ECMO, and 0% to 78.6% for off-pump.

Right-to-left ECMO support with either venoarterial or
venoveno-arterial configuration was used in the majority
of ECMO cases. Venovenous ECMO was the only form
of ECMO used intraoperatively in 13.2% of ECMO cases
(36 out of 271). We noted variability among centers in the
percentage of ECMO cases that used venovenous ECMO,
with a range of 0% to 45.7% (Table E8).
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Primary Outcome ¼ PGD
PGD3 occurred at 48 to 72 hours in 12.1% of off-pump

cases, 28.9% of ECMO cases, and 42.7% of CPB cases
(Figure 2). When multiple regression analysis was used to
adjust for covariates, the adjusted odds ratio (OR) of devel-
oping severe PGD depending on the mode of support was
4.24 for CPB versus off-pump (95% CI, 2.24-8.04;
P < .001), 2.24 for ECMO versus off-pump (95% CI,
1.38-3.65; P ¼ .001), and 1.89 for CPB versus ECMO
(95% CI, 1.05-3.41; P ¼ .033) (Table 2). Thus, ECMO
was associated with a lower risk of severe PGD than CPB
was, but the risk was greater with ECMO than with off-
pump surgery.

To confirm these results, we performed additional sensi-
tivity analyses using multiple imputation, multilevel clus-
tering at the center level, and propensity matching (Tables
E2-E5). Multiple imputation showed that the results were
consistent after adjusting for missing data. The rates of
PGD3 reported across sites ranged from 8% to 40%
(Table E7). Multilevel cluster analysis produced similar
findings with the exception of the loss of significance for
CPB versus ECMO (OR, 1.8; 95% CI, 0.92-3.47;
P ¼ .09). We then compared 100 propensity-matched pairs
0
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FIGURE 2. Univariate analysis comparing grade 3 primary graft dysfunc-

tion (PGD3) rates 48 to 72 hours after lung transplant reperfusion associ-

ated with the mode of support used during the operation. CPB,

Cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation;

Off-pump, single-lung ventilation without extracorporeal life support.

The Journal of Thoracic and C
of patients supported with CPB or ECMO. The odds ratio
for developing PGD3 at 48 to 72 hours for CPB versus
ECMO in this matched analysis was 1.58 (95% CI,
1.01-2.48; P ¼ .045). We also compared 171 propensity-
matched pairs of patients supported with ECMO or an
off-pump strategy. The odds ratio for developing PGD3 at
48 to 72 hours for ECMO versus off-pump in this matched
analysis was 1.81 (95% CI, 1.18-2.78; P ¼ .007).

Secondary Outcomes
As a secondary unadjusted analysis, we assessed the

occurrence of different clinical outcomes according to the
mode of support used for the LTx procedure (Table 3). Pa-
tients who underwent off-pump LTx had the lowest
morbidity rate, the shortest postoperative length of stay,
and the best in-hospital and 1-year survival rates. Among
the 594 patients for whom we had 1-year survival data,
the 1-year survival rates were 91%, 84%, and 84% for
the off-pump, ECMO, and CPB groups, respectively
(P¼ .037). When compared with CPB patients, ECMO pa-
tients had less PGD3 within 72 hours, fewer reintubations
and tracheostomies, slightly more postoperative ECMO,
longer length of hospital stay, and similar survival. The fre-
quency of PGD2 or PGD3 at 48 to 72 hours after reperfusion
was 74.5% (114 out of 157), 49.5% (135 out of 273), and
32.7% (138 out of 422) for the CPB, ECMO, and off-
pump groups, respectively.

DISCUSSION
Evidence suggests that PGD in LTx is associated with the

use of CPB, but the relative effects of other modes of intra-
operative support are unclear.1-7 The current study provides
the first large, international, multicenter analysis of the
association of mode of intraoperative support with PGD.
Our key findings were that use of any ECLS was
associated with an elevated risk of PGD3 at 48 to
72 hours after LTx and that CPB was associated with
greater risk than ECMO.
In this novel registry, the breakdown of cases suggests

that ECLS plays a major role in the intraoperative support
of patients undergoing LTx. As expected, the off-pump
approach was used in lower-risk recipients with less pulmo-
nary hypertension than ECLS was. Surprisingly, 63% of the
off-pump patients had pulmonary hypertension related to
their underlying parenchymal disease, which suggests that
pulmonary hypertension alone does not necessitate ECLS.
The decision to support such patients may depend on other
factors, such as the degree of pulmonary hypertension
and intraoperative right ventricular function. Also, the
off-pump cases had the lowest mean FEV1 at baseline, sug-
gesting the feasibility of this approach for adequate intrao-
perative gas exchange even in patients with advanced
contralateral lung dysfunction. However, the lower FEV1
probably reflects obstructive lung disease, which is
ardiovascular Surgery c Volume -, Number - 5



TABLE 2. Adjusted logistic regression analysis of the association of

mode of support used during lung transplantation on grade 3

pulmonary graft dysfunction at 48 to 72 hours

Mode of support Odds ratio 95% CI P value

CPB vs ECMO 1.89 1.05-3.41 .033

CPB vs off-pump 4.24 2.24-8.04 <.001

ECMO vs off-pump 2.24 1.38-3.65 .001

Recipient age 0.98 0.96-1.00 .065

BMI 1.07 1.01-1.13 .020

Primary diagnosis (cystic

fibrosis vs restrictive)

0.75 0.42-1.36 .35

Primary diagnosis

(obstructive vs restrictive)

0.91 0.61-1.38 .67

Pulmonary hypertension* 0.96 0.71-1.29 .79

Mean PAP 1.02 1.01-1.04 .01

Prior lung surgery 1.37 1.05-1.78 .02

ECD 1.16 0.93-1.46 .18

Ever smoked 1.18 0.95-1.46 .13

Total ischemic time 1.002 1.000-1.003 .063

Multivariate model adjusted for mode of support, recipient age, recipient body mass

index (BMI), primary diagnosis, pulmonary hypertension*, mean pulmonary artery

pressure (PAP), prior lung surgery (nontransplant), extended-criteria donor (ECD),

donor ever smoked, and total ischemic time. The restrictive diagnosis group is a com-

posite of restrictive lung disease and pulmonary vascular disease.CPB, Cardiopulmo-

nary bypass; ECMO, extracorporeal membrane oxygenation. *Mean PAP by right

heart catheterization>20 mm Hg, systolic PAP by echocardiography �40 mm Hg,

or a diagnosis of pulmonary hypertension.
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traditionally associated with sufficient oxygenation during
off-pump cases. Although we did not have complete data
related to ventilation and perfusion distribution between
native lungs, typically, off-pump LTx begins with venti-
lating and perfusing the lung with the best perfusion on
ventilation/perfusion scan and follows with ventilating
and perfusing the newly implanted donor lung. In this re-
gard, it was also surprising that the average donor PaO2:FIO2
ratio was lowest in the off-pump group. Collectively, these
findings suggest that off-pump lung transplant can be
feasible in a variety of scenarios.
TABLE 3. Outcomes associated with the mode of support used during lun

Outcome CPB (n ¼ 157) E

PGD3 within 72 h* (n ¼ 852) 101 (64.3)

Reintubated (n ¼ 730) 32 (34.4)

Tracheostomy (n ¼ 793) 40 (27.6)

Postoperative ECMO (n ¼ 804) 34 (22.2)

Death in 90 d (n ¼ 812) 13 (8.5)

Death before discharge (n ¼ 823) 13 (8.6)

Death in 1 y (n ¼ 594) 21 (16.4)

Postoperative LOS (n ¼ 848) 34.3 � 33.3

Values are presented as n (%) or mean � SD. CPB, Cardiopulmonary bypass; ECMO, ext

length of stay. *Time point 0 to 72 hours.
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Notably, off-pump strategies were used in selected redo
lung transplants and patients with prior pleurodesis, prior
cardiac surgery, and prior lung surgery at a frequency
similar to that seen in ECLS cases. Similarly, the off-
pump group had a higher mean donor age than the ECLS
group. Off-pump patients had a longer mean total ischemic
time than CPB patients but not ECMO patients. These
recipient and donor complexities are often used to justify
the use of ECLS. Thus, the modes of support recorded in
the ECLS in LTx Registry suggest that in some but not all
cases, off-pump and ECLSwould have been equally accept-
able choices.

Analysis of recipient demographic characteristics and
medical conditions showed what may have been a tendency
to select CPB over ECMO for patients with pulmonary hy-
pertension. The similar mean PAP between these 2 groups
suggests that ECMO was perceived as a feasible option
for patients with pulmonary hypertension. Most of the
ECMO cases were venoarterial rather than venovenous,
probably because of the additional hemodynamic support
that venoarterial ECMO provides, concerns about pulmo-
nary hypertension, and concern about right ventricular
strain while the PA is clamped on the first side. Interestingly,
the ECMO group had the sickest patients, as evidenced by
the highest mean LAS score, greatest number of patients
on preoperative ECMO, and greatest percentage of patients
hospitalized and on life support before transplant. In addi-
tion, the ECMO group had higher-risk donor features than
the CPB group, including greater donor age, lower donor
final PaO2:FIO2 ratios, longer ischemic time, and twice as
much use of ex vivo lung perfusion. These findings suggest
that ECMO is playing an increasing role in the intraopera-
tive management of complex patients undergoing LTx.

The most significant and novel finding in this study was
that, after we controlled for multiple covariates, the OR
for developing PGD3 within 48-72 hours was greater for
ECMO versus off-pump (OR, 2.24; 95% CI, 1.38-3.65;
P ¼ .001), CPB versus off-pump (OR, 4.24; 95% CI,
2.24-8.04; P < .001), and CPB versus ECMO patients
g transplantation

CMO (n ¼ 273) Off-pump (n ¼ 422) P value

127 (46.5) 95 (22.5) <.001

51 (19.8) 51 (13.5) <.001

54 (20.3) 37 (9.7) <.001

65 (24.3) 16 (4.2) <.001

23 (9.0) 16 (4.0) .020

23 (8.8) 13 (3.2) .004

28 (15.7) 26 (9.0) .037

38.2 � 46.1 27.8 � 23.7 <.001

racorporeal membrane oxygenation; PGD3, grade 3 primary graft dysfunction; LOS,
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(OR, 1.89; 95% CI, 1.05-3.41; P ¼ .033). This suggests a
stepwise increase in the risk of PGD proportional to the
degree of support, with ECMO being the middle ground be-
tween off-pump and CPB. The mechanism for this distribu-
tion of riskmay be related to inflammatory activation caused
by the ECLS circuits.16 Theoretically, ECMO provokes less
inflammatory activation than CPB—and thus less risk of
PGD—because of the shorter tubing lengths, heparin-
coated circuit, centrifugal pump, durable oxygenators, and
lack of a volume reservoir.12 Supporting this theory are
several reports of greater adverse graft-related and systemic
effects associated with CPB use during LTx compared with
ECMO or off-pump surgery.4-7,14 Another potential expla-
nation for the increased PGD risk with mechanical support
in general may come from the unpredictability of blood
flow to the newly implanted lung. Most centers will attempt
to maintain pulsatility to the new lung after implantation.
But, depending on flows and drainage, there could conceiv-
ably be relative warm ischemia to the new lung while on
CPB. This is less likely, albeit possible, with ECMO as
well. On the other hand, a study byHartwig and colleagues17

failed to show an effect of time of ECLS on PGD3 at 48 to
72 hours. We would expect that if the newly implanted lung
were subjected to warm ischemia during ECLS, then the
duration of that support would influence the risk of PGD3,
but that was not the case.

The group at the Medical University of Vienna routinely
uses intraoperative ECMO for LTx3,18 and argues that a
standardized lung transplant approach and controlled reper-
fusion are beneficial. Indeed, our data appear to support the
notion that even for higher-risk cases, ECMO is a safe and
reasonable strategy for reducing PGD and improving post-
operative outcomes. But our data do not support a uniform
approach for the use of ECMO, which could increase
ECLS-associated risks such as bleeding, neurologic com-
plications, and vascular complications. Clarifying the risk
associated with routine ECMO usewould require a random-
ized controlled trial or a prospective study comparing
ECMO with off-pump support strategies in well-matched,
low-risk recipients. Moreover, there are clearly several sce-
narios in which CPB may be necessary, and there are many
proponents of CPB who have been able to achieve good re-
sults with it after LTx.1,2,8,19-21 But the current data suggest
a heightened risk of postoperative graft dysfunction with
CPB that should be weighed against the potential gains in
each individual scenario.

An unexpected observation in the current multicenter
analysis was that PGD rates were higher than those seen
in prior reports on LTx. Whereas we observed an overall
PGD3 rate of 23.1% at 48-72 hours, the Lung Transplant
Outcomes Group report by Diamond and colleagues in
2012 showed a PGD3 rate of 16.8% at these time points.5

There are several potential reasons for this difference,
including our use of the updated 2016 International Society
The Journal of Thoracic and C
for Heart and Lung Transplantation scoring guidelines,
which offer greater clarity around the grading of patients
on noninvasive ventilation than the 2005 guidelines. A
recent study by our group showed that the updated guide-
lines could increase detection of PGD by 42%.22 In addi-
tion, intraoperative ECMO was not included in the LTOG
analysis, and there could certainly be differences among pa-
tient populations. Substantial differences in PGD outcomes
across studies are not uncommon and can be explained by
differences in guidelines, the timing of blood gas collec-
tions, availability of oxygen saturation and blood gas data
in extubated patients, differences in interpretation of chest
radiograph results, and differences in ventilator-related pa-
rameters. For example, a study by Hoetzenecker and col-
leagues3 showed a PGD3 rate of 1.3% at T72 hours,
whereas a study by Divithotawela and coworkers23 showed
a PGD3 rate of 9.5% at T72 hours. Although PGD scoring
may not enable a fair comparison of graft function across
studies, it is an excellent tool for comparing PGD within
groups in a single study.
Finally, we also observed a higher-than-expected rate of

postoperative ECMO use that could not be entirely ex-
plained by preoperative ECMO use. The indications for
postoperative ECMO use can vary substantially, from mar-
ginal oxygenation to prophylactic use, depending on center
practices. The excellent 1-year survival outcomes would
suggest that the postoperative practice patterns were appro-
priate, but specific indications for ECMO use and associ-
ated outcomes will require further study. The fact that
CPB and ECMO cases had similar postoperative rates of
ECMO use (22% and 24%) but different PGD3 rates at
48 to 72 hours was not entirely surprising. ECMO alone
is not sufficient for a designation of PGD3 because it can
be used prophylactically, in which case it is ungradable. Pa-
tients who are not on ECMO can have PGD3 even when
extubated. And patients on postoperative ECMO can be
decannulated before the 48- to 72-hour time frame. Thus,
postoperative ECMO use alone is not necessarily indicative
of graft function at 48 to 72 hours.

Limitations
A strength of the ECLS in LTx Registry is robust data en-

try from multiple high-volume centers, which has previ-
ously not been collectively evaluated for the purposes of
understanding the effects of modes of support. On the other
hand, there may be heterogeneity in practices that cannot be
fully accounted for. Centers typically favor one intraopera-
tive support strategy over the other. It is difficult to account
for confounding variables that emerge from site-specific
preferences in this regard. In addition, whereas elective
versus urgent conversions to CPB have been suggested to
be important for outcomes after lung transplant,7 we were
not able to stratify patients according to urgency of ECLS
use in this study because data regarding planned versus
ardiovascular Surgery c Volume -, Number - 7



Adult Loor et al

A
D
U
L
T

unplanned conversions were missing for many patients. In
recent years, the use of intraoperative ECLS has evolved
from a last resort to a more prophylactic approach, making
it difficult to determine whether a conversion was planned
or unplanned. Understanding the risk associated with the ur-
gency of conversion would require a strict prospective study
design with real-time data capture and clear definitions for
planned and unplanned conversions.

Furthermore, this is a nonrandomized, observational out-
comes registry study, and such studies are always subject to
confounders that could bias the results, because surgeons
must use their best judgment on a case-by-case basis to
choose the best mode of support. For instance, we noted
baseline differences between our patient groups, such as
lower-risk recipient features in the off-pump group
compared with the others. To account for such differences,
we considered several options, including propensity score
matching. Ultimately, we used a multivariate regression
model in this first analysis of the ECLS in LTx registry to
avoid discarding substantial amounts of potentially impor-
tant observations.24 Future studies that seek to explore dif-
ferences in more evenly matched groups are being
considered by the ECLS in LTx steering committee.

The results of sensitivity analysis—that is, the imputa-
tional model, center level cluster analysis, and propensity-
matched analysis—generally support the findings of the
multivariate logistic model. However, they also temper
the conclusion that the risk of PGD with CPB is different
than with ECMO, for 2 reasons. First, the analysis for
0%
CPB,

n = 157

42.68%

852 bilateral lung
transplants across 8

centers

CPB, Cardiopulmonary bypass; ECLS, extracorporeal life
oxygenation; Off-pump, single-lung ventilation and perfu
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FIGURE 3. Summary of the general study design and results of this investigat

erations between January 2016 and March 2020 across 8 centers (6 in the Unite

grade 3 primary graft dysfunction (PGD3) rates 48 to 72 hours after lung transpla

multiple logistic regression adjusting for 10 covariates in the final model sugges

oxygenation (ECMO) are associated with greater risk of PGD3 than using single

(off-pump) strategy, but the risk may be greater with CPB than with ECMO.
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clustering at the center level failed to show a statistical dif-
ference for PGD3 at 48 to 72 hours between CPB and
ECMO. Also, the propensity-matched analysis showed
only a marginal difference between CPB and ECMO in
terms of PGD3 at 48 to 72 hours (P ¼ .045). Of note, the
current analysis was underpowered to detect a difference
between matched pairs of CPB versus ECMO cases. A sam-
ple size of 371 CPB and 742 ECMO patients would be
needed to provide 80% power to detect a statistically signif-
icant difference with a 2-sided a ¼ 0.0167 and a 1:2
enrollment ratio. Thus, we conclude that differences in
the incidence of PGD3 between CPB and ECMO may be
clinically important, although this retrospective analysis is
underpowered to show statistical significance.

The current study is also limited to observations made
in the first postoperative year and therefore provides no
data regarding the effects of mode of support on long-
term graft function. Also, the inclusion criteria of centers
performing >40 LTx per year could limit the generaliz-
ability of our findings. Although we believe our findings
could help centers improve results related to PGD, we
recommend that centers continue to review their own re-
sults and protocols to decide on best practices. Finally,
this study had PGD3 as the primary end point. Although
contributors to the registry receive extensive education
on PGD grading, interrater variability is still possible.
The potential for inconsistencies in PGD scoring was
further reduced by having the raw data used for PGD
scoring sent to the coordinating center along with the
 support; ECMO, extracorporeal membrane
sion without ECLS; PGD, primary graft dysfunction

 support (ECLS) has a significant
GD): analysis of the international
ransplantation Registry

-72
 of

Stepwise multiple logistic regression
for the effect of mode of support on

PGD3 at 48-72 hours

p,

Odds Ratio 95%
Confidence
Interval

P valve

1.89 1.05 – 3.41 .033CPB vs ECMO

4.24 2.24 – 8.04 < .001CPB vs Off-Pump

2.24 1.38 – 3.65 .001ECMO vs Off-Pump

ion. The cohort comprises 852 patients who underwent lung transplant op-

d States and 2 in Europe). A univariate analysis was performed to compare

nt reperfusion by the mode of support used during the operation. A stepwise

ted that both cardiopulmonary bypass (CPB) and extracorporeal membrane

-lung ventilation and perfusion without extracorporeal life support (ECLS)
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VIDEO 1. Dr Gabriel Loor, first author and surgical director of the lung

transplant program at Baylor College of Medicine, describes the study

design, results, and significance of the study analyzing the association be-

tween mode of intraoperative support during lung transplantation and pri-

mary graft dysfunction. Video available at: https://www.jtcvs.org/article/

S0022-5223(22)00119-2/fulltext.
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final score. Other outcomes are presented as observations
without control for potentially confounding factors.

CONCLUSIONS
The results of this registry analysis suggest that ECMO

plays an important role in the intraoperative support of com-
plex patients undergoing double-LTx, with outcomes that
are at least as good as, if not superior to, those of CPB
(Figure 3 and Video 1). Cases performed off-pump were
associated with the lowest risk of severe PGD and the least
morbidity. Our findings suggest that for LTx procedures, an
off-pump strategy should be the first choice when the sur-
geon believes it is safe and feasible. In cases in which
ECLS use is preferable, the choice of ECMO over CPB
when feasible may reduce the risk of severe PGD.

Webcast
You can watch a Webcast of this AATS meeting presenta-
tion by going to: https://aats.blob.core.windows.net/media/
Publications/AM21_TH14%20-%20Lung%20Transplant.
mp4-Webcast%20(presentation).mp4.
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Discussion
Presenter: Dr Gabriel Loor

Dr Stephanie Chang (New York, NY).
Thank you very much, Dr Loor. That
was a very nice registry analysis. I
think overall it shows results that are
consistent with data showing that
bypass has more inflammation and
higher rates of primary graft dysfunc-
tion (PGD) compared with extracorpo-

real membrane oxygenation (ECMO). However, some other
10 The Journ
data are contrary to some other papers. One study in 2020
evaluating lung transplants performed on ECMO showed
only a 4% PGD rate. What do you think the difference is be-
tween the other study and your study, which showed a
significantly higher rate of PGD?

Dr Gabriel Loor (Houston, Tex).
That’s a great question, Dr Chang.
Thank you. The data I think you’re cit-
ing is a single-center experience and
that was kind of the impetus behind
putting together all the centers for the
current analysis. Honestly, I don’t put
100% stock in the actual rate of PGD

when comparing them across studies but rather, I see value

in the use of PGD rates as a benchmark to assess interven-
tions within your own individual analysis.

There is, especially when you get into extubated patients,
some variability in how PGD is graded. And we certainly
had strict guidelines here and all the centers went through
al of Thoracic and Cardiovascular Surge
virtual workshops on how we were going to grade PGD in
this particular analysis and so those were the rates that we
saw. I think in some ways it’s consistent, though, with the
data from prior single center analyses in that it did show
that ECMO reduces the risk.

You saw that in this international registry there was a ten-
dency to use ECMO for very complex scenarios, almost
exclusively in many instances. The ECMO cohort had
increased risk donors and recipients, and yet despite that
the rate of PGD was actually lower than we would expect
when we compared it with some of the other groups. So, I
think it’s consistent, although the final verdict remains to
be determined.

Dr Chang. For these cases, were they all done through
thoracotomy/clamshell versus sternotomy because that
also can influence bypass use?

Dr Loor. Yes. The majority, but not all, of the cases that
were done through sternotomy were cardiopulmonary
bypass cases. Not all cardiopulmonary bypass cases neces-
sarily used sternotomy.We do have the breakdown of that. It
was fairly, evenly distributed with the notable exception
that sternotomy cases were seen almost exclusively in car-
diopulmonary bypass.

Dr Chang. Okay. So, it was roughly 50%. How many
were done through sternotomy?

Dr Loor. I would say that the sternotomy was more like
30%. It was a slightly lower amount than the number of
cases done through cardiopulmonary bypass.

DrChang. I don’t know if you guys did a subset analysis,
but if so, did you ever look at if you exclude ECMO bridge
to transplant, and you have a standard idiopathic pulmonary
fibrosis or pulmonary hypertension patient who comes from
home for transplant, is it still the same risk of PGD for
them? Those data will help influence the decision that sur-
geons will be making. If someone is ECMO bridge to trans-
plant, they will stay on ECMO or be converted to bypass,
with a higher rate of PGD. But what do you think that
data regarding support for non-ECMO bridge lung trans-
plant patients would or did show?

Dr Loor. I completely agree with you. You have a choice.
You can take the effort to stay off, or just make it easier and
stay on or go on venoarterial support and that choice de-
pends on the answer to your question. We have not specif-
ically looked at that just yet. That wasn’t a part of this
particular predetermined statistical methodology. But we
do have centers that are asking that specific question right
now.Wemay be able to get to that answer perhaps with pro-
pensity match populations looking specifically at idiopathic
pulmonary fibrosis, controlling for their pulmonary hyper-
tension. I don’t know what the answer to that is going to
be. But I suspect that it will perhaps be no better, may be
no worse. It’s hard to say.

Dr Chang. Okay. Last question and I’ll let you go. In
cardiopulmonary bypass, while there are pump suckers
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for bleeding, patients are therapeutically anticoagulating
on full heparinization so there is the risk of increased
bleeding or needing more blood products. Was there a
difference in amount of blood transfusion or fluid over-
load between the 3 groups, and could that contribute to
the PGD rate?

Dr Loor. Yes. So, we do have an analysis ongoing on the
risk of transfusion and PGD and that’s interesting data that I
can’t completely speak to just yet. I will say for sure that the
cardiopulmonary bypass group had more transfusions than
the off-pump group and not astronomically more than the
ECMO group per se.
The Journal of Thoracic and C
And the nice thing about this registry is that it included a
lot of sites and some of the sites actually use cardiopulmo-
nary bypass prophylactically not just in emergency sce-
narios. They just use it for all cases. Thus, it’s not like all
cardiopulmonary bypass cases were done with massive
transfusions. Not at all, in fact the massive transfusion cases
were the outliers and the exception rather than the rule for
either of the groups. But I do agree with you, certainly fluid
and blood product use could contribute to any graft
outcomes.
Dr Chang. Thank you very much. It was a wonderful

study and I appreciate your time.
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TABLE E2. Multiple imputation analysis

Variable N

No

missing

Missing

rates (%)

Missing rate

PGD3 in 48-72 h 853 0 0.0

Recipient age 853 0 0.0

BMI 851 2 0.2

PHTN* 851 2 0.2

Mean PAP 759 94 11.0

Total ischemic time 791 62 7.3

Mode of support 852 1 0.1

Primary diagnosis 853 0 0.0

Prior lung surgery 795 58 6.8

ECD 808 45 5.3

Ever smoked 775 78 9.1

After multiple imputation

PGD3 in 48-72 h 853 0 0.0

Recipient age 853 0 0.0

BMI 853 0 0.0

PHTN* 853 0 0.0

Mean PAP 853 0 0.0

Total ischemic time 853 0 0.0

Mode of support 853 0 0.0

Primary diagnosis 853 0 0.0

Prior lung surgery 853 0 0.0

ECD 853 0 0.0

Ever smoked 853 0 0.0

PGD3, Grade 3 primary graft dysfunction; BMI, body mass index; PHTN, pulmonary

hypertension; PAP, pulmonary artery pressure; ECD, extended-criteria donor. *Mean

pulmonary artery pressure by right heart catheterization>20 mmHg, systolic pulmo-

nary artery pressure by echocardiography �40 mm Hg, or a diagnosis of pulmonary

hypertension.

TABLE E1. Adjusted logistic regression analysis for effect of mode of

support on severe primary graft dysfunction (PGD) (PGD3 at 48-

72 hours after reperfusion). The model considered 20 initial

variables in addition to mode of support. Logistic regression with

stepwise selection yielded 10 covariates in the final model

Initial covariates Final model

Mode of support

(off-pump, CPB, ECMO)

Recipient age

Recipient BMI

LAS at time of transplant

Mean PAP

Primary diagnosis*

Medical condition at time of transplant

Prior lung surgery (non-transplant)

Prior cardiac surgery

Prior lung transplantation

Prior pleurodesis

Pulmonary hypertensiony
Chronic steroid usez
Donor age

Last donor PF ratio before procurement

Total ischemic time

Donor sex

ECDx
Donor type (DBD vs DCD)

Donor ever smoked

EVLP

Mode of support (off-pump,

CPB, ECMO)

Recipient age

Recipient BMI

Primary diagnosis*

Pulmonary hypertensiony
Mean PAP

Prior lung surgery

(non-transplant)

ECDx
Donor ever smoked

Total ischemic time

CPB, Cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation;

BMI, body mass index; LAS, lung allocation score; PAP, pulmonary artery pressure;

PF, PaO2 to inspired oxygen fraction ratio in the donor before procurement; ECD,

extended-criteria donor; DBD, donor after brain death; DCD, donor after circulatory

death; EVLP, ex vivo lung perfusion. *Primary diagnosis includes obstructive lung

disease, cystic fibrosis, and a composite of pulmonary vascular disease and restrictive

lung disease. yMean PAP by right heart catheterization>20 mm Hg, systolic PAP by

echocardiography �40 mm Hg, or a diagnosis of pulmonary hypertension. zSteroids
�5 mg for >2 weeks. xECDs had 1 or more of the following risk factors: age

>55 years, anticipated ischemic time>6 hours, PaO2 to inspired oxygen fraction ratio

<300,>20 pack-years smoking, DCD, and abnormal chest radiograph.
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TABLE E4. Adjusted analysis accounting for clustering at the center

level

Parameter Odds ratio 95% CI P value

Mode of support (CPB vs

ECMO)

1.786 0.920-3.468 .087

Mode of support

(CPB vs off-pump)

4.107 2.789-6.049 <.0001

Mode support

(ECMO vs off-pump)

2.300 1.216-4.348 .010

Patient age 0.976 0.967-0.986 <.0001

BMI 1.080 1.021-1.144 .008

Primary diagnosis (cystic

fibrosis vs restrictive)

0.422 0.227-0.782 .006

Primary diagnosis

(obstructive vs restrictive)

0.641 0.405-1.017 .059

PHTN* 0.883 0.554-1.407 .600

Mean PAP 1.023 1.009-1.038 .002

Prior lung surgery 1.992 1.177-3.373 .010

ECD 1.427 1.002-2.032 .049

Ever smoked 1.310 1.012-1.696 .040

Total ischemic time 1.001 1.000-1.002 .023

Multivariate model adjusted for mode of support, recipient age, recipient body mass

index (BMI), primary diagnosis, pulmonary hypertension (PHTN)*, mean pulmonary

artery pressure (PAP), prior lung surgery (nontransplant), extended-criteria donor

(ECD), donor ever smoked, and total ischemic time. The restrictive diagnosis group

is a composite of restrictive lung disease and pulmonary vascular disease. CPB, Car-

diopulmonary bypass; ECMO, extracorporeal membrane oxygenation; PGD, primary

graft dysfunction. *Mean PAP by right heart catheterization>20 mm Hg, systolic

PAP by echocardiography �40 mm Hg, or a diagnosis of pulmonary hypertension.

TABLE E3. Model results (after multiple imputation)

Parameter Odds ratio 95% CI P value

Mode (CPB vs ECMO) 1.960 1.241-3.096 .004

Mode (CPB vs off-pump) 4.015 2.466-6.535 <.0001

Mode (ECMO vs off-pump) 2.048 1.332-3.149 .001

Recipient age 0.987 0.970-1.004 .142

BMI 1.071 1.023-1.121 .004

Primary diagnosis (cystic

fibrosis vs restrictive)

0.615 0.296-1.277 .192

Primary diagnosis

(obstructive vs restrictive)

0.560 0.359-0.872 .010

PHTN* 0.909 0.566-1.459 .693

Mean PAP 1.022 1.006-1.039 .007

Prior lung surgery 1.622 1.019-2.583 .042

ECD 1.425 0.978-2.077 .065

Ever smoked 1.307 0.814-2.099 .255

Total ischemic time 1.001 0.999-1.002 .355

Multivariate model adjusted for mode of support, recipient age, recipient body mass

index (BMI), primary diagnosis, pulmonary hypertension (PHTN)*, mean pulmonary

artery pressure (PAP), prior lung surgery (nontransplant), extended-criteria donor

(ECD), donor ever smoked, and total ischemic time. The restrictive diagnosis group

is a composite of restrictive lung disease and pulmonary vascular disease. CPB, Car-

diopulmonary bypass; ECMO, extracorporeal membrane oxygenation; PGD, primary

graft dysfunction. *Mean PAP by right heart catheterization>20 mm Hg, systolic

PAP by echocardiography �40 mm Hg, or a diagnosis of pulmonary hypertension.
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TABLE E5. Propensity-matched analysis

CPB

(n ¼ 100)

ECMO

(n ¼ 100)

SMD

(%)

CPB vs ECMO

Primary diagnosis

Cystic fibrosis 15 (15.0) 18 (18.0) 8.3

Obstructive lung disease 23 (23.0) 23 (23.0) 0.0

Restrictive lung disease* 62 (62.0) 59 (59.0) 6.2

BMI 25.2 � 5.1 25.2 � 4.4 0.9

Mean PA 30.8 � 13.8 30.9 � 14.4 1.1

LAS at transplant 46.6 � 15.4 47.4 � 16.2 5.1

Donor age 35.8 � 13.4 35.8 � 12.6 0.4

Total ischemic time 352.9 � 116.5 360.4 � 126.9 6.0

Donor ever smoked 49 (49.0) 48 (48.0) 2.0

Extended criteria donor 63 (63.0) 61 (61.0) 4.1

ECMO

(n ¼ 171)

Off-pump

(n ¼ 171)

ECMO vs off-pump

Primary diagnosis

Cystic fibrosis 24 (14.0) 24 (14.0) 0.0

Obstructive lung disease 49 (28.7) 51 (29.8) 2.5

Restrictive lung disease 98 (57.3) 96 (56.1) 2.4

BMI 24.9 � 4.3 24.9 � 4.0 1.2

Mean PA 27.4 � 12.4 26.2 � 10.1 9.6

LAS at transplant 43.7 � 12.9 43.6 � 13.4 1.1

Donor age 38.5 � 15.0 39.2 � 15.2 4.6

Total ischemic time 401.8 � 131.0 389.2 � 134.8 9.6

Donor ever smoked 71 (41.5) 75 (43.9) 4.7

Extended criteria donor 106 (62.0) 110 (64.3) 4.8

Results are expressed as n (%) or mean � standard deviation as appropriate. Risk of

grade 3 primary graft dysfunction (PGD) at 48 to 72 hours for cardiopulmonary

bypass (CPB) versus extracorporeal membrane oxygenation (ECMO) was odds ratio,

1.583; 95% CI, 1.010-2.482; P ¼ .045. Risk of PGD at 48 to 72 hours for ECMO

versus off-pump as odds ratio, 1.808; 95% CI, 1.175-2.781; P¼ .007. SMD, Standard

mean difference; BMI, body mass index; PA, pulmonary artery; LAS, lung allocation

score. *Restrictive lung disease is a composite of restrictive and pulmonary vascular

disease.

TABLEE6. Breakdown of pulmonary hypertension cases and severity

of pulmonary artery pressures (PAP) between modes of support

CPB

(n ¼ 157)

ECMO

(n ¼ 273)

Off-pump

(n ¼ 422)

Pulmonary vascular disease*

(n ¼ 32)

12 (7.6) 16 (5.9) 4 (0.1)

Pulmonary hypertensiony 130 (82.8) 196 (72.1) 267 (63.4)

Secondary pulmonary

hypertensionz
118 (75.2) 180 (65.9) 263 (62.3)

CPB

(n ¼ 156)

ECMO

(n ¼ 247)

Off-pump

(n ¼ 356)

Mean PAP (mm Hg),

(n ¼ 759)

Mean PAP �20 mm Hg 26 (16.7) 61 (24.7) 94 (26.4)

Mean PAP>20-30 mm Hg 66 (42.3) 95 (38.5) 197 (55.3)

Mean PAP>30-<40 mm Hg 22 (14.1) 41 (16.6) 49 (13.8)

Mean PAP �40 mm Hg 42 (26.9) 50 (20.2) 16 (4.5)

Values are presented as n (%). Percent is calculated to the column variable.CPB, Car-

diopulmonary bypass; ECMO, extracorporeal membrane oxygenation. *Pulmonary

vascular disease as a primary diagnosis for listing (ie, primary pulmonary hyperten-

sion). yPulmonary hypertension is a field on the Extracorporeal Life Support Registry

that is defined by presence of any of the following: mean PAP by right heart catheter-

ization>20 mmHg, systolic PAP by echocardiography�40 mmHg, or a diagnosis of

pulmonary hypertension. zSecondary pulmonary hypertension is defined as a case

satisfying criteria for pulmonary hypertension but whose primary diagnosis was

not designated as pulmonary vascular disease.

TABLE E7. Breakdown of mode of support and rate of grade 3

pulmonary graft dysfunction (PGD3) reported by center

Center

de-identified

code

CPB

(n ¼ 157)

ECMO

(n ¼ 273)

Off-pump

(n ¼ 422)

PGD3 at 48

or 72 h

H 98 (66.7) 29 (19.7) 20 (13.6) 50 (34.0)

G 29 (16.2) 35 (19.6) 115 (64.2) 51 (28.5)

F 1 (0.8) 34 (27.4) 89 (71.8) 24 (19.4)

A 0 (0) 19 (21.4) 70 (78.6) 11 (12.4)

B 5 (3.7) 49 (36.6) 80 (59.7) 22 (16.4)

C 13 (26.0) 15 (30.0) 22 (44.0) 20 (40.0)

D 1 (1.0) 73 (73.0) 26 (26.0) 8 (8.0)

E 10 (34.5) 19 (65.5) 0 (0) 11 (37.9)

Results expressed as number of cases (%). Percent calculated to the absolute number

of the row variable.
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TABLE E8. Breakdown of venovenous extracorporeal membrane oxygenation (VV-ECMO) use reported by center

Center de-identified code VV-ECMO (n ¼ 36) Proportion of center’s cases (%) Proportion of center’s ECMO cases (%)

H 0 (0) 0 0

G 16 (44.4) 8.9 45.7

F 3 (8.3) 2.4 8.8

A 6 (16.7) 6.7 31.6

B 7 (19.5) 5.2 14.3

C 3 (8.3) 6.0 20

D 1 (2.8) 1 1.4

E 0 (0) 0 0

Values are presented as n (%) or %.
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