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ABSTRACT

Objectives: Postcardiotomy extracorporeal membrane oxygenation (ECMO) can be
initiated intraoperatively or postoperatively based on indications, settings, patient
profile, and conditions. The topic of implantation timing only recently gained atten-
tion from the clinical community. We compare patient characteristics as well as in-
hospital and long-term survival between intraoperative and postoperative ECMO.

Methods: The retrospective, multicenter, observational Postcardiotomy Extracor-
poreal Life Support (PELS-1) study includes adults who required ECMO due to post-
cardiotomy shock between 2000 and 2020. We compared patients who received
ECMO in the operating theater (intraoperative) with those in the intensive care
unit (postoperative) on in-hospital and postdischarge outcomes.

Results: We studied 2003 patients (women: 41.1%); median age: 65 years; interquar-
tile range [IQR], 55.0-72.0). Intraoperative ECMO patients (n = 1287) compared with
postoperative ECMO patients (n = 716) had worse preoperative risk profiles. Cardio-
genic shock (45.3%), right ventricular failure (15.9%), and cardiac arrest (14.3%)
were the main indications for postoperative ECMO initiation, with cannulation occur-
ring after (median) 1 day (IQR, 1-3 days). Compared with intraoperative application,
patients who received postoperative ECMO showed more complications, cardiac re-
operations (intraoperative: 19.7%; postoperative: 24.8%, P = .011), percutaneous
coronary interventions (intraoperative: 1.8%; postoperative: 3.6%, P = .026), and
had greater in-hospital mortality (intraoperative: 57.5%; postoperative: 64.5%,
P = .002). Among hospital survivors, ECMO duration was shorter after intraoperative
ECMO (median, 104; IQR, 67.8-164.2 hours) compared with postoperative ECMO
(median, 139.7; IQR, 95.8-192 hours, P < .001), whereas postdischarge long-term sur-
vival was similar between the 2 groups (P = .86).

Conclusions: Intraoperative and postoperative ECMO implantations are associated
with different patient characteristics and outcomes, with greater complications and
in-hospital mortality after postoperative ECMO. Strategies to identify the optimal
location and timing of postcardiotomy ECMO in relation to specific patient charac-
teristics are warranted to optimize in-hospital outcomes. (J Thorac Cardiovasc Surg
2023;l:1-13)

Kaplan-Meier survival cun

—

Log-ran
P= .01

ves with 95% confidence limit

] g

urvival probability (%)
o

S
0

o 1 2 3 4 5 6 7 8 9 10
Survival (years)

Number at risk

—— 1233 340 290 249 196 146 119 102 82 70 54

— 674 120 105 84 63 50 40 32 27 18 14

Implant Timing B Intraoperative 5 Postoperative

Differences between intraoperative and postopera-
tive postcardiotomy venoarterial ECMO.

CENTRAL MESSAGE

Patients’ risk profiles and indica-
tions differ between intraopera-
tive and postoperative
postcardiotomy ECMO. Survival
is more likely with intraoperative
ECMO compared with rescue
postoperative ECMO.

PERSPECTIVE

This study shows how postcardiotomy (PC)
ECMO is differently used in operating theatre
and intensive care unit. It supports the develop-
ment of strategies to identify the optimal location
and timing of PC ECMQ, in relation to specific pa-
tient’s characteristics. Finally, it introduces the im-
plantation timing as an essential variable in future
studies on PC ECMO patients.

See Commentary on page XXX.
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Abbreviations and Acronyms
CPB cardiopulmonary bypass
ECMO = extracorporeal membrane oxygenation

ICU = intensive care unit

IQR = interquartile range

IRB = institutional review board

MCS = mechanical circulatory support
PELS-1 = Postcardiotomy Extracorporeal Life

Support Study
VA = venoarterial

Scanning this QR code will take
you to the table of contents to ac-
cess supplementary information.

In past decades, technical improvements have changed car-
diac surgery radically, with less-invasive techniques and
transcatheter approaches, whereas patient age and
complexity have increased. In parallel, mechanical circula-
tory support (MCS) is used more often to manage patients
who undergo cardiac surgery, particularly those suffering
from postcardiotomy refractory cardiac compromise.'*
Although the use of venoarterial (VA) extracorporeal mem-
brane oxygenation (ECMO) in cardiac surgery is common,
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universal guidelines regarding its indications and manage-
ment need to be defined, leaving the current application to
expert consensus, surgeon, and a center’s experience.’”
Ideally, ECMO should be initiated before the onset of
prolonged anaerobic metabolism and irreversible end-
organ damage, particularly in patients at high risk for
such events.”® However, to identify the adequate timing
in patients who required cardiac surgery is difficult due to
different impact and interaction of preoperative high-risk
factors, metabolic alterations induced by cardiopulmonary
bypass (CPB), surgical stress, underlying disease or periop-
erative complications, and pharmacologic hemodynamic
support. Usually, postcardiotomy VA ECMO is either im-
planted intraoperatively due to CPB weaning failure or
postoperatively for cardiogenic shock and cardiac arrest
occurring in the intensive care unit (ICU), although prophy-
lactic support in high-risk patients is gaining popularity and
attention.”"” However, specific drivers for patient selection
during or after surgery, timing, indications, and prophylac-
tic or rescue approaches have not been studied in detail yet.
Some evidence suggests that ECMO implanted in an early
phase of refractory cardiogenic shock leads to better clinical
outcomes.® Nonetheless, since VA ECMO is invasive and
resource-intensive, too-early implantation (eg, in patients
who would recover without ECMO) increases risks and
resource consumption. So, considering ECMO implanta-
tion by surgeons and intensivists in everyday clinical
practice is challenging but becoming more and more
common.
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Therefore, we aim to describe patient characteristics, in-
hospital outcomes, and long-term survival of cardiac sur-
gery patients receiving intraoperative versus postoperative
VA ECMO. We conducted a multicenter, international,
observational study and hypothesized that intraoperative
compared with postoperative ECMO support are 2 different
entities, marked by different patient characteristics, indica-
tions, and outcomes.

METHODS

The multicenter, retrospective observational Post-Cardiotomy Extracor-
poreal Life Support Study (PELS-1) enrolled consecutive patients sup-
ported with ECMO in the postoperative phase (ClinicalTrials.gov:
NCTO03857217) in 34 centers from 16 countries (Figure E1). Adults
(>18 year old) were included if they underwent ECMO implantation dur-
ing or after cardiac surgery between January 2000 and December 2020. For
the present analysis, characteristics and outcomes of patients receiving an
intraoperative VA ECMO implantation in the operating theater or postop-
eratively in the ICU after cardiac surgery were compared (Figure E2).
Exclusion criteria were ECMO support initiated outside the operating the-
ater or ICU, ECMO support after noncardiac surgical procedures, and
ECMO implantation not strictly related to cardiac surgery hospitalization.

The current study was conducted in accordance with the Declaration of
Helsinki. Institutional review board (IRB) approval was acquired for all
centers, of which the protocol was based on the IRB approval of the coor-
dinating center (MUMC+, IRB approval number: METC-2018-0788,
December 19, 2018). Data were collected centrally according to data-
sharing agreements between participating centers. The need for informed
consent was waived due to the observational character of the registry, the
emergency of the performed procedure, and the de-identification of shared
data.

Data Collection and Outcomes

Demographics, preoperative clinical and laboratory variables, proce-
dural characteristics, ECMO details, in-hospital morbidity and mortality,
and long-term survival were collected from each participating hospital
and included in a dedicated electronic case report form (data.castoredc.
com), according to the predefined protocol (Appendix E2). The primary
outcome of interest was all-cause in-hospital mortality. Secondary out-
comes included in-hospital complications and long-term mortality in in-
hospital survivors.

Statistical Analysis

Demographic and clinical variables are expressed as numbers (valid
percent on available data, excluding missing values) for categorical vari-
ables and median (interquartile range [IQR]) or mean (standard deviation)
for continuous variables after evaluation for normality. All descriptive sta-
tistics were performed on original data, and pairwise deletion was applied
after missing value analysis (Table E1). Kernel density estimation was
applied to estimate the probability density function of continuous variables,
and histograms were used to represent their observed frequencies. Stacked
bar plots were produced to represent the distributions of levels within each
categorical variable comparing study groups.

Categorical data were compared with the x test. As appropriate, contin-
uous variables were analyzed using the Student ¢ test or Mann—Whitney U
test. Survival analysis was performed using the Kaplan—-Meier curves, and
differences in survival were assessed with the log-rank test. A subgroup
analysis was performed to investigate long-term survival in in-hospital sur-
vivors. Hospital survivors’ loss to follow-up after discharge was considered
censored at the time of their last clinical control. Comparisons were per-
formed between patients who received an intraoperative VA ECMO or a
postoperative VA ECMO implantation. A further subgroup analysis was

performed to compare survivors with nonsurvivors within each study
group.

Finally, to test robustness of our results, we performed 2 sensitivity an-
alyses’: we stratified results by implanting decade (2000-2010 and 2011-
2020), and we excluded patients who received a postcardiotomy ECMO
with the indication “failure to wean from cardiopulmonary bypass.”

All data were extracted from the electronic case report form and merged
from separate deidentified files for statistical analyses in SPSS 26.0 (IBM
Corp) and R 4.1.2 (R Foundation for Statistical Computing).

RESULTS
Baseline, Surgical, and ECMO Characteristics

Among the 2163 patients whose data were collected in
the PELS-1, 160 patients (7.4%) were excluded
(Figure E2) due to missing data on primary outcome
(n = 72), venovenous ECMO support (n = 33), or cannula-
tion outside the operating theater or ICU (n = 55). Thus,
2003 patients were studied and included in this analysis.

Use of both intraoperative and postoperative ECMO re-
mained stable over years (P = .344, Figure E3). Median
age was 65.0 years (IQR, 55.0-72.0) with female patients
accounting for 41.1% (n = 823; Table 1). Patients who
received intraoperative compared with postoperative VA
ECMO were younger but had a greater preoperative risk
profile in terms of greater creatinine values, lower left ven-
tricular ejection fraction, previous cardiac surgery, greater
European System for Cardiac Operative Risk Evaluation
II, preoperative cardiac failure, and pulmonary edema; suf-
fered more often from ventricular septal rupture following
acute myocardial infarction or endocarditis; and had more
often an emergency or urgent surgical indication (Table 1).
Patients who required postoperative ECMO, compared with
intraoperative, more often underwent isolated coronary ar-
tery bypass surgery and off-pump surgery and shorter
CPB and crossclamp times (Table 2 and Figure E4). A sub-
group analysis showed that nonsurvivors compared with
survivors had a greater risk profile in both study groups
(Tables E2-ES5).

The indication to start VA ECMO differed between pa-
tients receiving intraoperative versus postoperative ECMO
(P <.001, Figure ES5): failure to wean from CPB was the
most common reason for intraoperative ECMO implanta-
tion (n = 764, 61.1%) followed by cardiogenic shock
(n =165, 13.2%), whereas postoperative ECMO implanta-
tion was mainly performed for cardiogenic shock (n = 320,
45.3%), acute right ventricular failure (n = 112, 15.9%), or
cardiac arrest (n = 101, 14.3%). Peripheral cannulation was
seen more commonly in cases of postoperative implanta-
tion, whereas central cannulation was more frequent in in-
traoperative implantation (P < .001, Table 3).
Postoperative implantations occurred (median) 1 day
(IQR, 1-3) after surgery (Figure 1). ECMO duration of non-
survivors was similar in both study groups (intraoperative
ECMO: 120 hours [IQR, 48-216]; postoperative ECMO:
120 hours [IQR, 43.4-205.2]; P = .685). It was significantly
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TABLE 1. Venoarterial extracorporeal membrane oxygenation (VA ECMO) population, and according to implantation timing

Intraoperative Postoperative
Variable Overall population (n = 2003) VA ECMO (n = 1287) VA ECMO (n = 716) P value
Age,y 65.0 (55-72) 64.4 (55-72) 65.8 (56.2-72) <.001
Sex .064
Female 823 (41.1%) 549 (42.7%) 274 (38.3%)
Male 1179 (58.9%) 738 (57.3%) 441 (61.7%)
Race <.001
Asian 137 (6.8%) 82 (6.4%) 55 (7.7%)
Black 11 (0.5%) 5(0.4%) 6 (0.8%)
Hispanic 53 (2.6%) 29 (2.3%) 24 (3.4%)
White 1218 (60.8%) 851 (66.1%) 367 (51.3%)
Other 50 (2.5%) 40 (3.1%) 10 (1.4%)
Unknown 534 (26.7%) 280 (21.8%) 254 (35.5%)
BMI, kg/m* 27.1 £ 0.1 26.9 £ 0.1 27.5+0.2 .007
BSA, m? 1.9+0.3 1.9+0.2 1.9+0.3 964
Comorbidities
Hypertension 1267 (65.6%) 786 (63.4%) 481 (69.6%) .006
Dialysis 168 (8.7%) 110 (9%) 58 (8.2%) .615
Previous myocardial infarction 539 (26.9%) 350 (27.2%) 189 (26.4%) 713
Myocardial infarction (<30 d) 226 (11.7%) 155 (12.5%) 71 (10.3%) 161
Previous endocarditis 156 (7.8%) 109 (8.5%) 47 (6.6%) 139
Smoking 460 (27.2%) 288 (27.6%) 172 (26.5%) .613
Previous stroke 278 (13.9%) 175 (13.6%) 103 (14.4%) .637
Atrial fibrillation 534 (26.7%) 308 (24%) 226 (31.6%) <.001
Previous pulmonary embolism 32 (1.8%) 21 (1.8%) 11 (1.6%) 854
Diabetes mellitus 498 (24.9%) 310 (24.1%) 188 (26.3%) 281
Previous TIA 40 (2.3%) 25 (2.3%) 15 (2.2%) 1.000
Implanted pacemaker 135 (7.4%) 88 (7.6%) 47 (7%) 644
Implanted ICD 180 (9.8%) 123 (10.6%) 57 (8.5%) 166
Previous PCI 343 (17.3%) 226 (17.8%) 117 (16.4%) 458
COPD 202 (10.5%) 132 (10.9%) 70 (9.9%) .538
Peripheral artery disease 291 (14.5%) 178 (13.8%) 113 (15.8%) 235
Pulmonary hypertension 421 (21.2%) 285 (22.4%) 136 (19%) .086
(>50 mm Hg)
Previous cardiac surgery 532 (26.6%) 378 (29.4%) 154 (21.5%) <.001
Implanted LVAD 72 (3.7%) 54 (4.4%) 18 (2.6%) .060
Preoperative creatinine, umol/L 101.7 (79.6-140) 104.0 (81.3-142) 97.3 (78.6-132.6) .013
LVEE, % 45.0 (30-60) 45.0 (28-60) 50.0 (30-60) <.001
EuroSCORE 1T 7.6 (3-18.6) 9.48 (3.7-22.1) 4.60 (2.1-12.4) .006
Preoperative condition
NYHA class <.001
Class I 141 (7.4%) 87 (7.2%) 54 (7.9%)
Class IT 406 (21.4%) 247 (20.3%) 159 (23.2%)
Class III 743 (39.1%) 437 (35.9%) 306 (44.7%)
Class IV 610 (32.1%) 445 (36.6%) 165 (24.1%)
Preoperative cardiogenic shock 423 (21.4%) 287 (22.7%) 136 (19.1%) .067
Preoperative intubation 227 (11.3%) 167 (13%) 60 (8.4%) .002
Preoperative cardiac arrest 183 (9.2%) 126 (9.9%) 57 (8%) 170
Preoperative septic shock 50 (2.6%) 30 (2.4%) 20 (2.9%) 553
Preoperative vasopressors 308 (15.5%) 232 (18.2%) 76 (10.7%) <.001
Preoperative acute pulmonary 138 (7.2%) 106 (8.6%) 32 (4.6%) .001
edema
Preoperative IABP 190 (9.5%) 134 (10.4%) 56 (7.8%) .067
(Continued)
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TABLE 1. Continued

Intraoperative Postoperative
Variable Overall population (n = 2003) VA ECMO (n = 1287) VA ECMO (n = 716) P value
Preoperative right ventricular 180 (10.3%) 126 (11.6%) 54 (8.1%) .019
failure
Preoperative biventricular 120 (7.6%) 83 (8.8%) 37 (5.8%) .033
failure
Emergency surgery 516 (26.1%) 353 (27.9%) 163 (22.8%) .014
Urgent surgery 438 (22.1%) 321 (25.3%) 117 (16.4%) <.001
Diagnosis
Coronary artery disease 961 (48%) 593 (46.1%) 368 (51.4%) .025
Aortic vessel disease 328 (16.4%) 220 (17.1%) 108 (15.1%) 257
Aortic valve disease 680 (33.9%) 446 (34.7%) 234 (32.7%) 376
Mitral valve disease 685 (34.2%) 431 (33.5%) 254 (35.5%) 371
Tricuspid valve disease 317 (15.8%) 183 (14.2%) 134 (18.7%) .009
Pulmonary valve disease 17 (0.8%) 12 (0.9%) 5(0.7%) .800
Post-AMI ventricular septal 58 (2.9%) 48 (3.7%) 10 (1.4%) .002
rupture
Free wall/papillary muscle 38 (1.9%) 29 (2.3%) 9 (1.3%) 127
rupture
Active endocarditis 142 (7.1%) 104 (8.1%) 38 (5.3%) .023
Atrial septal defect 33 (1.6%) 21 (1.6%) 12 (1.7%) 1.000
Post-LVAD right ventricular 19 (0.9%) 16 (1.2%) 3(0.4%) .091
failure
Other diagnosis 255 (12.7%) 155 (12%) 100 (14%) 234

Data are reported as n (% as a valid percentage excluding missing values), mean + standard deviation, or median (interquartile range). P values by x? (for categorical data) or
Student ¢ test (for parametric continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative
and postoperative VA ECMO groups. VA ECMO, venoarterial extracorporeal membrane oxygenation; BMI, Body mass index; BSA, body surface area; TIA, transient ischemic
attack; ICD, implantable cardioverter defibrillator; PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; LVAD, left ventricular assist device;
LVEF, left ventricular ejection fraction; EuroSCORE, European System for Cardiac Operative Risk Evaluation; NYHA, New York Heart Association; JABP, intra-aortic balloon

pump; AMI, acute myocardial infarction.

shorter in survivors who received intraoperative ECMO
(median, 104 hours; IQR, 67.8-164.2) compared with those
who received postoperative ECMO (median, 139.7 hours;
IQR, 95.8-192, P <.001, Table E4 and Figure E4).

In-Hospital Outcomes and Follow-up Survival

Patients who underwent postoperative compared to intra-
operative ECMO experienced a greater number of compli-
cations and required more procedures, including cardiac
operations and percutaneous coronary interventions
(Table 4). Overall, most complications were experienced
by nonsurvivors (Table ES5). In-hospital mortality was
60%, with a greater percentage dying after postoperative
ECMO implantation (n = 462, 64.5%) compared with in-
traoperative (n = 740, 57.5%, P = .002, Figures 2 and
E6, Table 4). After excluding patients who underwent heart
transplant (n = 205), the gap in in-hospital mortality be-
tween groups narrowed but remained statistically signifi-
cant (intraoperative ECMO: n = 688/1133, 60.7%:;
postoperative ECMO: n = 439/664, 66.1%, P = .023).
The overall survival probability was greater in patients
who received intraoperative ECMO implantation, mainly
due to lower in-hospital deaths (P = .01, Figure 3, A).
Among hospital survivors, no differences were observed

in long-term survival between the 2 study groups
(P = .86, Figure 3, B).

Sensitivity Analyses

Of 2003 included patients, 442 (22.1%) had ECMO sup-
port between 2000 and 2010 and 1561 (77.9%) had ECMO
support between 2011 and 2020 (Tables E6-E9 and Figures
E7-E10). The population characteristics over the whole
study period were similar to those over the 2011 to
2020 decade. Differences between intraoperative and
postoperative implantation in terms of complications rates
were less evident in the 2011 to 2020 decade for
postoperative bleedings (P = .135), bowel ischemia
(P = .165), acute respiratory distress syndrome
(P = .186), and postoperative procedures (percutaneous
coronary interventions: P = .101; cardiac surgery:
P = .140). In-hospital mortality in the 2011 to 2020 cohort
was 59.2% (n = 924, intraoperative ECMO implantation:
n = 564, 57%; postoperative ECMO implantation:
n =360, 63.2%; P = .019), whereas the in-hospital mortal-
ity in the 2000 to 2010 cohort was 62.9% (n = 278; intra-
operative ECMO implantation: n = 176, 59.3%;
postoperative ECMO implantation: n = 102, 70.3%;
P = .028). The lower in-hospital mortality in the
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TABLE 2. Procedural characteristics

Overall population Intraoperative Postoperative
Variable (n = 2003) VA ECMO (n = 1287) VA ECMO (n = 716) P value

Weight of surgery <.001

Unknown 13 (0.6%) 7 (0.5%) 6 (0.8%)

Isolated CABG 351 (17.5%) 183 (14.2%) 168 (23.5%)

Isolated non-CABG 1121 (56%) 717 (55.7%) 404 (56.4%)

Two procedures 147 (7.3%) 123 (9.6%) 24 (3.4%)

Three or more procedures 371 (18.5%) 257 (20%) 114 (15.9%)
CABG 885 (44.2%) 558 (43.4%) 327 (45.7%) 325
Aortic valve surgery 693 (34.6%) 459 (35.7%) 234 (32.7%) 186
Mitral valve surgery 635 31.7%) 409 (31.8%) 226 (31.6%) 920
Tricuspid valve surgery 270 (13.5%) 164 (12.7%) 106 (14.8%) 195
Aortic surgery 373 (18.6%) 260 (20.2%) 113 (15.8%) .017
Pulmonary valve surgery 12 (0.6%) 8 (0.6%) 4 (0.6%) 1.000
LVAD 23 (1.1%) 17 (1.3%) 6 (0.8%) .388
RVAD 6 (0.3%) 5(0.4%) 1 (0.1%) 430
ASD repair 38 (1.9%) 23 (1.8%) 15 (2.1%) .613
VSD repair 68 (3.4%) 54 (4.2%) 14 2%) .007
Ventricular surgery 74 (3.7%) 45 (3.5%) 29 (4.1%) .538
Rhythm surgery 66 (3.3%) 41 (3.2%) 25 (3.5%) .698
Pulmonary embolectomy 23 (1.1%) 15 (1.2%) 8 (1.1%) 1.000
Pulmonary endarterectomy 47 (2.3%) 36 (2.8%) 11 (1.5%) .09
Heart transplantation 205 (10.2%) 154 (12%) 51 (7.1%) <.001
Off-pump surgery 79 (4%) 33 (2.6%) 46 (6.5%) <.001

Conversion to CPB 24 (29.3%) 14 (42.4%) 10 (20.4%) .047
CPB time, min 205 (142-290) 234 (168-323) 159 (108-222) .027
Crossclamp time, min 100 (64-148) 104 (68-155) 89 (59-132) .007
Intraoperative lactate,” mmol/L 5.3 (2.8-8.7) 6.0 (3.7-10) 3.3 (1.9-6.5) <.001
Intraoperative transfusions* 746 (92.2%) 497 (92.2%) 249 (92.2%) 1.000

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x> (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO
groups. VA ECMO, Venoarterial extracorporeal membrane oxygenation; CABG, coronary artery bypass graft; LVAD, left ventricular assist device; RVAD, right ventricular assist
device; ASD, atrial septal defect; VSD, ventricular septal defect; CPB, cardiopulmonary bypass. *Variable with >50% missing data.

2011-2020 cohort is reflected by the Kaplan—Meier curves,
where survival differences were not statistically significant
in recent years (P = .055).

A sensitivity analysis excluding patients who received
postcardiotomy ECMO after failure to wean from CPB
(Tables EI10-E13 and Figures EI11-E13), showed an
intraoperative ECMO group with a reduced percentage of
patients with mitral valve diseases (n = 131, 27%)
undergoing mitral valve surgery (n = 123, 25.4%) and an
increased percentage of patients undergoing off-pump oper-
ations (n = 23, 4.8%) or left ventricular assist device im-
plantation (n = 13, 2.7%) and receiving intraoperative
transfusions (n = 245, 96.5%). Despite these different char-
acteristics, survival outcomes reflected those identified in
the overall population and the gap in in-hospital mortality
between groups was even larger (overall: n = 711,

60.9%; postoperative ECMO implantation: n = 441,
64.7%:; intraoperative ECMO implantation: n = 270,
55.6%, P = .002). Nevertheless, the intraoperative group
showed a lower incidence of postoperative acute kidney
injury (n = 227, 49.3%) and greater requirements of post-
operative cardiac operations (n = 106, 22.9%) or percuta-
neous coronary interventions (n = 13, 2.9%).

DISCUSSION

This study demonstrates that pre-ECMO etiology and in-
dications, characteristics of the ECMO support, and compli-
cations are different in cardiac surgery patients receiving
intraoperative versus postoperative VA ECMO. The study
has 5 main findings. First, intraoperative patients compared
with postoperative patients who received VA ECMO
showed greater risk profiles before surgery. Second,
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TABLE 3. Details on ECMO

Overall population Intraoperative Postoperative
Variable (n = 2003) VA ECMO (n = 1287) VA ECMO (n = 716) P value

ECMO indication <.001

Failure to wean 788 (40.3%) 764 (61.1%) 24 (3.4%)

Acute pulmonary 3 (0.2%) 1 (0.1%) 2 (0.3%)

embolism

Arrhythmia 40 (2%) 13 (1%) 27 (3.8%)

Cardiac arrest 150 (7.7%) 49 (3.9%) 101 (14.3%)

Cardiogenic shock 485 (24.8%) 165 (13.2%) 320 (45.3%)

Pulmonary hemorrhage 9 (0.5%) 7 (0.6%) 2 (0.3%)

Right ventricular failure 235 (12%) 123 (9.8%) 112 (15.9%)

Respiratory failure 70 (3.6%) 23 (1.8%) 47 (6.7%)

Biventricular failure 146 (7.5%) 89 (7.1%) 57 (8.1%)

Other 30 (1.5%) 16 (1.3%) 14 2%)
Cannulation approach <.001

Only central cannulation 333 (16.6%) 238 (18.5%) 95 (13.3%)

Only peripheral 930 (46.4%) 549 (42.7%) 381 (53.2%)

cannulation

Mixed/switch cannulation 699 (34.9%) 478 (37.1%) 221 (30.9%)

Unknown 41 2%) 22 (1.7%) 19 (2.7%)
ECMO duration, h 118 (60-192) 112 (60-192) 122 (60-197) <.001

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x? (for categorical data) or Student  test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO

groups. VA ECMO, venoarterial extracorporeal membrane oxygenation.

postoperative patients who received VA ECMO experi-
enced more postoperative cardiogenic shock, cardiac arrest,
or acute right ventricular failure 24 to 48 hours after surgery.
Third, patients who received an intraoperative ECMO im-
plantation experienced shorter ECMO runs as well as fewer
complications and reinterventions. Fourth, patients who

Kernel Density Estimates of Postoperative Implant Timing

received ECMO intraoperatively had a greater in-hospital
survival than patients who received VA ECMO postopera-
tively. The gap in in-hospital mortality between groups nar-
rowed in the 2011 to 2020 decade and after exclusion of
transplant patients and increased after exclusion of patients
cannulated after failure to wean from CPB. Fifth, long-term

Observed Postoperative Implant Timing
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FIGURE 1. Postoperative venoarterial extracorporeal membrane oxygenation (VA ECMO) implantation timing.
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FIGURE 2. In-hospital survival based on implantation timing. ECMO,
Extracorporeal membrane oxygenation.

survival after hospital discharge was comparable in the 2
study groups. Although intraoperative and postoperative
postcardiotomy ECMO are 2 different entities both associ-
ated with high mortality, survival appears more likely with
intraoperative ECMO.

Evidence shows that most ECMO implantations in car-
diac surgery occur for postcardiotomy cardiogenic shock,
affecting 0.3% to 3.6% of patients who undergo cardiac
surgery either due to failure to wean from CPB or compli-
cations after surgery.”""'" The escalation to postcardiot-
omy ECMO generally follows a period of increasing
demand for vasoactive support and resuscitation. Notwith-
standing, institutional protocols differ significantly with
respect to the acceptable duration of this phase. Further-
more, there is an institutional variability in the logistics
for MCS, in the multidisciplinary approach, and in the
ECMO expertise.'' Finally, geographic variations, cultural
aspects, different health care systems, and lack of evidence
may impact the overall ECMO policies and application.'”
Most previous studies report on intraoperative and postop-
erative ECMO as one group. The present evidence suggests
that these are 2 distinct entities, characterized by different
populations, indications, and outcomes. In most series
investigating postcardiotomy ECMOs, 30% to 60% of pa-
tients are cannulated in the ICU,"”'® highlighting the
importance of this distinction. We observed that
intraoperative ECMO tends to be used in those patients
who arrive at surgery in a more unstable situation (eg,

greater creatinine concentrations, lower left ventricular
ejection fraction, previous cardiac surgery, greater
European System for Cardiac Operative Risk Evaluation
II, preoperative cardiac failure, pulmonary edema, and
emergency or urgent surgical indication), undergo more
complex surgeries requiring longer CPB times, and have
greater intraoperative lactates. Indeed, many of these
variables have been previously identified as variables
associated with ECMO mortality, which might have
supported surgeons’ choice toward a direct intraoperative
ECMO implantation.'”*> Surgeons might have perceived
ECMO implantation performed under controlled
conditions as part of an operation as inherently safer in
these complex cases. Surprisingly, these patients
experienced 7% lower in-hospital mortality compared
with the postoperative implantation group, despite the latter
group’s more favorable preoperative and intraoperative pro-
file. Furthermore, survivors who received intraoperative
ECMO required a shorter ECMO run compared with survi-
vors who underwent postoperative ECMO support. Despite
the mortality remaining important, these observations
support the intraoperative use of ECMO even in very
high-risk patients. Moreover, knowing the characteristics
of patients who likely will receive an intraoperative
ECMO could be useful in the preoperative planning and pa-
tient information process, especially within those teams
familiar with the practice of prophylactic intraoperative
ECMO."™” We can only speculate that this approach could
be advantageous in those patients who receive an intraoper-
ative ECMO for reasons other than failure to wean from
CPB. Indeed, in this specific group, mortality dropped to
55.6% when an intraoperative ECMO has been used.

In contrast, the strategy of delaying the ECMO use to
ICU might allow a significant number of patients avoiding
the use of ECMO at all. This is true, for example, when
ECMO might have become necessary for unexpected con-
ditions in patients with theoretical low preoperative risk.
Accordingly, this is the case of early coronary artery bypass
graft occlusion, sudden onset of ventricular arrhythmia,
right ventricular failure, or massive pericardial effusion.
These patients are unlikely to be a candidate of intraopera-
tive ECMO cannulation but it is important to underline,
based on our findings, that they experience worse outcomes
than patients who just need a period of ECMO support for
recovery of heart function after a complicated cardiac oper-
ation. This is confirmed by our results that show how most
postoperative ECMO cannulations occur in the first 24 to
48 hours after surgery, when surgical complications are
more frequent, the myocardial stunning and the systemic
inflammation are important, and the oxygen delivery might
be compromised by anemia, hemodilution, arrhythmias,
and pulmonary problems. Ideally, ECMO should be consid-
ered in refractory cardiogenic shock within 6 hours and
before severe or refractory end-organ injury or onset of
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TABLE 4. Postoperative outcomes

Overall population Intraoperative Postoperative
Variable (n = 2003) VA ECMO (n = 1287) VA ECMO (n = 716) P value
ICU stay, d 14 (6-26) 13 (6-25) 14 (6-28) <.001
Hospital stay, d 20 (8-40) 21 (8-40) 20 (9-39) <.001
Postoperative bleeding 1125 (57.2%) 696 (55.3%) 429 (60.7%) .023
Requiring rethoracotomy 749 (40.1%) 477 (40.4%) 272 (39.5%) 7132
Cannulation site bleeding 237 (12.1%) 143 (11.3%) 94 (13.3%) .220
Diffuse nonsurgical 459 (25.5%) 255 (22.5%) 204 (30.4%) <.001
bleeding
Neurologic complications
Brain edema 81 (4.3%) 54 (4.4%) 27 (4%) 723
Cerebral hemorrhage 62 (3.3%) 34 (2.8%) 28 (4.1%) 139
Seizure 38 2%) 25 (2.1%) 13 (1.9%) .866
Stroke 212 (10.7%) 138 (10.8%) 74 (10.5%) .879
Vasospasm 2 (0.1%) 1 (0.1%) 1 (0.2%) 1.000
Arrhythmia 597 (32.5%) 343 (29.4%) 254 (38%) <.001
Leg ischemia 189 (10%) 116 (9.6%) 73 (10.7%) 473
Cardiac arrest 283 (15.4%) 130 (11.2%) 153 (22.8%) <.001
Pacemaker implantation 56 (3.1%) 37 (3.2%) 19 (2.8%) 779
Bowel ischemia 105 (5.7%) 56 (4.8%) 49 (7.3%) .028
Right ventricular failure 380 (21.1%) 211 (18.7%) 169 (25.4%) <.001
Acute kidney injury 1037 (56.7%) 655 (56.6%) 382 (56.8%) 922
Pneumonia 405 (22.6%) 247 (21.8%) 158 (23.8%) .350
Septic shock 296 (16.5%) 161 (14.2%) 135 (20.3%) <.001
Distributive shock 172 (9.6%) 104 (9.2%) 68 (10.2%) .507
ARDS 100 (5.4%) 53 (4.5%) 47 (7%) .032
MOF 679 (34.4%) 405 (32%) 274 (38.6%) .004
Embolism 112 (6.2%) 70 (6.2%) 42 (6.3%) 920
Postoperative procedures
PCI 44 (2.5%) 20 (1.8%) 24 (3.6%) .026
Cardiac surgery 396 (21.6%) 230 (19.7%) 166 (24.8%) .011
Abdominal surgery 79 (4.5%) 37 (3.4%) 42 (6.4%) .004
Vascular surgery 200 (11.4%) 116 (10.5%) 84 (12.7%) .163
In-hospital mortality 1202 (60%) 740 (57.5%) 462 (64.5%) .002

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x> (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—-Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO
groups. VA ECMO, Venoarterial extracorporeal membrane oxygenation; /CU, intensive care unit; ARDS, acute respiratory distress syndrome; MOF, multiorgan failure; PCI,

percutaneous coronary intervention.

anaerobic metabolism (lactate <4 mmol/L) in the absence
of uncontrollable bleeding.3 Nevertheless, our data show
that cardiac arrest still represents the indication for
ECMO cannulation in ICU in 14.3% of patients while
complicating the postoperative course of a much greater
rate of nonsurvivors. It can be speculated that at least
some of these patients experienced a cardiac arrest because
of waiting too long before deploying ECMO. Therefore,
even in potentially low-risk patients, when signs of severe
complications or progressive shock appear,”® rapid action
should be taken to implement an accurate hemodynamic
evaluation,”” and MCS should promptly be considered in

the context of a multidisciplinary heart team approach”®
before the occurrence of a cardiac arrest or conditions
known for immediately preceding it. The same concept
can be applied to patients experiencing postoperative acute
right ventricular failure, which represents almost 16% of
postoperative ECMO indications. Although intraoperative
right ventricular failure is treated with immediate drug esca-
lation, perioperatively, these patients risk a delayed or pro-
gressive refractory cardiac compromise early in the ICU
with ominous prognosis in most cases.”” Furthermore in
many circumstances, perioperative right ventricular failure
could be predicted by preoperative or intraoperative
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FIGURE 3. Overall (A) and postdischarge (B) Kaplan—Meier survival curves with 95% confidence limit. Groups are defined according to venoarterial
extracorporeal membrane oxygenation implantation timing.

conditions, calling for a temporary prophylactic support  considered at greater risk of new complications or deterio-

which, unfortunately, is often applied too late in nonsurvi- ration of pre-existing situations requiring postoperative
vors.”’ Overall, the first 48 hours after surgery are those ECMO. In this period, it is crucial to implement preventive
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Do Intraoperative and Postoperative Postcardiotomy Veno-arterial Extracorporeal

Membrane Oxygenation (VA ECMO) Patients Differ?

Postcardiotomy Extracorporeal Life Support Study (PELS-1)

2003 Adults with Postcardiotomy VA ECMO
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FIGURE 4. This analysis of the Postcardiotomy Extracorporeal Life Support Study (PELS-1) included 2003 patients and showed that intraoperative and
postoperative ECMO implantation are associated with different patient characteristics and survival, with greater in-hospital mortality and complications
after postoperative cannulation. ECMO, Extracorporeal membrane oxygenation.

strategies or implant an ECMO before severe or refractory
end-organ injury. Our study suggests that these aspects of
postcardiotomy ECMO management could significantly
affect the in-hospital course of patients who undergo car-
diac surgery. At the same time, they seem to have little ef-
fect on postdischarge survival.

As further implication of our study, we can suggest more
attention to the description and consideration of ECMO im-
plantation timing in future studies addressing patients after

cardiac surgery. Indeed, based on our findings, we can spec-
ulate that this underestimated variable might significantly
influence postcardiotomy ECMO outcomes to the point
that it might play an essential role in predictive models
and risk scores as well as ultimate outcomes. Finally, pa-
tients and relatives approaching cardiac surgery should be
adequately informed about the risks associated with an in-
traoperative or postoperative postcardiotomy ECMO
implantation.”’
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Strengths and Limitations

The structured data collection performed in the PELS-1,
the participation of 34 centers from 16 countries, and the
large sample size enhance data robustness and statistical po-
wer. Nevertheless, our study is observational by nature, pre-
venting causal inferences.”> Moreover, postcardiotomy
ECMO retrospective observational studies, by design, suf-
fer from confounding by indication,”” preventing any pre-
diction = modeling.  Further  prospective  and/or
interventional studies are required to test the hypotheses
that intraoperative VA ECMO implantation is advantageous
in selected cases. Prospective and randomized designs are
needed to investigate the role of favorable patient selection,
ECMO timing, and clinical management to reduce on-
ECMO mortality and the role of complication prevention
or prompt treatment to decrease postweaning deaths. The
study period extended more than 20 years, which guaran-
tees a complete overview of postcardiotomy ECMO. In
contrast, differences in ECMO care over the study period
might be confounding factors. A sensitivity analysis was
performed to control for these factors, but further studies
are required to investigate the association between calendar
time and postcardiotomy ECMO care itself. Participation in
the PELS-1 was on a voluntary basis, and centers received
no funding during the whole study period. Thus, we cannot
exclude that some centers did not provide all eligible
consecutive cases due to lack of resources in the most recent
years, despite the actions taken to support a comprehensive
and granular data collection (Figure E1). A partial overlap-
ping with previously reported series cannot be excluded. In
particular, we estimate an overlap of 478 patients between
this study and the study by Schaefer and colleagues.’
Data on how many adult patients received cardiac surgery
at each center during the study period were not available
since the analysis of ECMO implantation rates in cardiac
surgery was beyond the aim of this study. The database
does not capture specific variables, such as interinstitutional
clinical management variations, device changes over time,
or serial arterial lactate concentrations before and during
ECMO support. Furthermore, an in-depth analysis of intra-
operative and postoperative hemodynamic parameters,
quality of life and rehospitalization after discharge were
not possible. Patients who received a postcardiotomy
ECMO in the catheter laboratory or normal ward were
excluded from the current analysis, and further studies are
required to describe these populations. Finally, we cannot
exclude the influence of an immortal bias based on the
fact that those patients who died perioperatively before
receiving an ECMO support could introduced selection.”

CONCLUSIONS
Intraoperative and postoperative ECMO are 2 different
clinical entities, marked by different patient characteristics,

indications, and outcomes. In-hospital mortality of both re-
mains high, with even worse in-hospital outcomes after
postoperative ICU-based ECMO implantation (Figure 4).
An intraoperative ECMO initiation should be considered
in high-risk patients undergoing complex cardiac surgery,
even beyond the classic “failure-to-wean” indication.
Much work is required to improve outcomes of postopera-
tive VA ECMO implantation in patients experiencing post-
cardiotomy cardiogenic shock, cardiac arrest, acute right
ventricular failure, or other cardiorespiratory complications
in the first 24 to 48 hours after cardiac surgery. Further
studies are warranted to investigate the patient selection
process for intraoperative (prophylactic or not) ECMO im-
plantation and establish criteria for postoperative ECMO
initiation. Finally, it is advisable to consider the implanta-
tion timing as an essential variable in future studies on post-
cardiotomy ECMO patients.
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APPENDIX E1
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Investigators
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Jean-Francois Obadia,™ Nikolaos Kalampokas,™ Erwan
Flecher,’ Dinis Dos Reis Miranda,”” Kogulan Sriranjan,
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t1,"" Chistof Schmid,”” Roberto Castillo,"™ Vladimir Miku-
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*Department of Cardiac Surgery, Medical University of
Vienna, Vienna, Austria
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Heart Centre, National University Hospital, Singapore,
Singapore
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Medical Center Regensburg, Regensburg, Germany
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icine, Charles University in Prague, Prague, Czech Republic

YYOspedale del Cuore Fondazione Toscana "G. Monas-
terio," Massa, Italy

kk

APPENDIX E2
Data Collection
The following predefined variables were collected:

—Demographic data: age, sex, race

—Patient characteristics: European System for Cardiac
Operative Risk Evaluation, length, weight, serum

creatinine level, left ventricular ejection fraction, co-
morbidities (hypertension, chronic kidney disease
requiring dialysis, previous myocardial infarction,
previous endocarditis, smoking, previous stroke,
atrial fibrillation, previous pulmonary embolism, dia-
betes mellitus, previous transient ischemic attack, im-
planted  pacemaker, implanted implantable
cardioverter defibrillator, previous percutaneous cor-
onary intervention, chronic obstructive pulmonary
disease, peripheral artery disease, chronic pulmonary
embolism, asthma, pulmonary hypertension, previous
cardiac surgery, implanted left ventricular assist de-
vice, New York Heart Association class)

—Preoperative status: urgency of the procedure, weight
of intervention, planned intervention, preoperative
cardiogenic shock, preoperative intubation, preopera-
tive cardiac arrest, preoperative septic shock, preoper-
ative vasopressors, preoperative acute pulmonary
oedema, preoperative intra-aortic balloon pump, pre-
operative right ventricular failure, preoperative biven-
tricular failure

—Diagnosis: coronary artery disease, aortic vessel dis-
ease, aortic valve disease, mitral valve disease,
tricuspid valve disease, pulmonary valve disease,
post-acute myocardial infarction ventricular septal
rupture, free wall/papillary muscle rupture, graft fail-
ure, active endocarditis, atrial septal defect, post-left
ventricular assist device right ventricular failure,
other diagnoses

—Coronary surgery: arterial graft, number of distal
arterial anastomoses, left internal mammary artery,
right internal mammary artery, radial artery, gastroe-
piploic artery, other arterial graft, venous graft, num-
ber of distal venous anastomoses, other coronary
surgery

—Valve surgery: valve surgery, aortic valve surgery,
aortic valve procedure, mitral valve surgery, mitral
valve procedure, pulmonary valve surgery, pulmo-
nary valve procedure, pulmonary valve implant,
tricuspid valve surgery, tricuspid valve procedure.

—Aortic surgery: approach to aortic surgery, aortic
ascending surgery, aortic arch surgery, descending
aortic procedure

—Other cardiac surgeries: cardiac assist device, heart
transplantation, rhythm surgery, ventricular septal
defect closure, atrial septal defect closure, ventricular
surgery, pericardiectomy, pulmonary embolectomy/
endarterectomy, other cardiac surgery, other cardiac
surgery description.

—Preoperative, intraoperative and postoperative mea-
sures: lactates, hemoglobin, hematocrit, platelets, ox-
ygen tension, carbon dioxide tension, bilirubin,
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aspartate aminotransferase, alanine aminotransferase,
creatinine, urea, creatine kinase, creatine kinase-MB,
fluid balance, bleeding in the first 24 hours after sur-
gery, transfusions.

—Extracorporeal circulation: extracorporeal circulation
duration, crossclamp duration, circulation arrest, car-
dioplegia characteristics, off-pump conversion.

—Extracorporeal membrane oxygenation (ECMO) vari-
ables: ECMO indication, chest status, cannulation
approach, use of left ventricular vent, ECMO duration
(hours), configuration change, ECMO monitoring.

—In-hospital outcomes: deceased in hospital, deceased
timing, intensive care unit stay (days), hospital stay
(days), in-hospital mortality, death timing, postopera-

tive bleeding (requiring rethoracotomy, cannulation
site bleeding, diffuse nonsurgical related bleeding),
neurologic complications (brain edema, cerebral
hemorrhage, seizure, stroke, vasospasm), arrhythmia,
leg ischemia, cardiac arrest, pacemaker implant,
bowel ischemia, right ventricular failure, acute kid-
ney injury, pneumonia, septic shock, distributive syn-
drome, acute respiratory distress syndrome,
multiorgan failure, embolism

—Postoperative procedures: percutaneous coronary
intervention, new cardiac surgery, abdominal surgery,
vascular surgery

—Outcomes at follow-up: mortality status, follow-up
time

Methods: Variable and outcomes definitions

Variable

Definition

Baseline characteristics

Hypertension

Impaired immunity
Smoking

COPD

Peripheral arterial disease

Asthma

Pulmonary hypertension
EuroSCORE II

NYHA class

Preoperative cardiogenic shock

Preoperative cardiac arrest
Preoperative septic shock

Preoperative right ventricular failure

Preoperative biventricular failure

Emergency surgery
Urgent surgery

Aortic vessel disease
Aortic valve disease
Mitral valve disease

Tricuspid valve disease

Pulmonary valve disease

Systolic blood pressure >140 mm Hg or diastolic blood pressure >90 mm Hg,"" or use of
antihypertensive agents to maintain normal blood pressure

Use of immunosuppressant drugs or history of immunosuppressive disorders, including HIV and
hematologic malignancies.

Active (smoking during the past 30 days) and more than 100 cigarettes during lifetime™

Diagnosis of chronic obstructive pulmonary disease, any Gold classification™

Claudication, carotid occlusion or >50% stenosis, amputation for arterial disease or previous or planned
intervention on the abdominal aorta, limb arteries or carotids™

Reversible obstructive airway disease for which bronchodilators are currently or intermittently used
with or without exacerbations or reduction in FEV1."

Systolic pulmonary artery pressure >50 mm Hg

European System for Cardiac Operative Risk Evaluation II proposing a risk assessment of cardiac
surgical procedures which incorporates patient age, sex, diabetic status, pulmonary disease, neurologic
function, renal function, presence of active endocarditis, preoperative state, procedural urgency, and
procedure type™*

Functional class of dyspnea according to the classification as proposed by the New York Heart
Association

Preoperative state with life-threatening hypotension despite rapidly escalating inotropic support, critical
organ hypoperfusion, with worsening acidosis and/or lactate levels™°

Preoperative cardiopulmonary resuscitation in the 24 hours before surgery

Septic patients with vasopressor requirement to maintain MAP >65 mm Hg and serum lactate levels
greater than 2 mmol/L in the absence of hypovolemia®’

Evidence of right-sided structural and/or functional abnormalities in combination with clinical
symptoms and signs of RV failure™

Biventricular dysfunction accompanied by both signs and symptoms of right-sided and left-sided heart
failure™

Surgery before the beginning of the next working day after the decision to operate is made™

Patients not electively admitted for operation but requiring surgery during the current admission without
a possibility to be discharged before undergoing the definite procedure™

Any disease of the ascending aorta, aortic arch, or proximal descending aorta warranting surgical
correction during the current procedure

Any aortic valve disease, including (prosthetic) aortic valve stenosis, regurgitation, and endocarditis
Any mitral valve disease, including (prosthetic) mitral valve stenosis, regurgitation, and endocarditis
Any tricuspid valve disease, including (prosthetic) tricuspid valve stenosis, regurgitation, and
endocarditis

Any pulmonary valve disease, including (prosthetic) pulmonary valve stenosis, regurgitation, and
endocarditis

(Continued)
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Continued

Methods: Variable and outcomes definitions

Variable

Definition

Graft failure

Active endocarditis
Post-LVAD right ventricular failure

Procedural characteristics
Ventricular surgery

Rhythm surgery
Details on ECMO

Failure to wean
Arrhythmia

Cardiac arrest
Cardiogenic shock
Right ventricular failure
Respiratory failure

Biventricular failure

Chest closed
Chest open

Postoperative outcomes
Stroke

TIA

Arrhythmia
Leg ischemia

Bowel ischemia
Acute kidney injury

Pneumonia
Septic shock

Distributive shock syndrome

ARDS

Multiorgan failure

Severe ventricular dysfunction of the donor graft, which fails to meet the circulatory requirements of the
recipient in the immediate posttransplant period”'’

Patients still on antibiotic treatment for endocarditis at the time of surgery™*

RV failure, as described previously in the presence of LVAD

Surgery performed to restore structural ventricular function, especially in case of ventricular aneurysm
formation or rupture
Surgical (either epicardial or endo-epicardial) ablation performed for atrial or ventricular arrhythmia

Failure to wean from CPB despite preload optimization and completeness of surgery

Refractory ventricular arrhythmia with uncontrollable hemodynamic consequences

Abrupt loss of heart function despite acute and simple interventions such as pacing and defibrillation
State of life-threatening hypotension despite rapidly escalating inotropic support, critical organ
hypoperfusion, with worsening acidosis and/or lactate levels™

Evidence of right-sided structural and/or functional abnormalities in combination with clinical
symptoms and signs of RV failure™®

Reversible pulmonary disease which cannot anymore be managed by conventional mechanical
ventilation, despite optimization of pharmacological interventions with or without prone positioning
Biventricular dysfunction accompanied by both signs and symptoms of right-sided and left-sided heart
failure™

Any cannulation condition in which the sternum is closed, irrespective location of cannulas

Any cannulation condition in which the sternum is left open irrespective of skin closure

Neurologic dysfunction caused by focal brain or retinal ischemia with clinical symptoms lasting less
more than 24 hours, with or without permanent disability

A brief episode of neurologic dysfunction caused by focal brain or retinal ischemia with clinical
symptoms lasting less than 1 hour, without evidence of acute brain infarction”'’

Any atrial or ventricular arrhythmia lasting more than 30 seconds

Clinical signs of lower-extremity ischemia requiring intervention (either by vascular surgery or cannula
removal)

Intestinal ischemia with elevated lactate levels requiring abdominal surgical intervention
Postoperative requirement for dialysis while not on dialysis before or duplication of preoperative
creatinine levels (and absolute creatinine level >177 umol/L)

Any (suspected) pulmonary infection treated with antibiotics

Sepsis with vasopressor requirement to maintain MAP >65 mm Hg and serum lactate levels greater than
2 mmol/L in the absence of hypovolemia®’

MAP <50 mm Hg with cardiac index >2.5 L/min/m?, right atrial pressure <5 mm Hg, left atrial pressure
<10 mm Hg a low systemic vascular resistance (<800 dyne/s/cm ) during intravenous norepinephrine
infusion (>0.5 ug/kg/min)"'*

Acute diffuse inflammatory lung injury requiring invasive mechanical ventilation of extracorporeal
membrane oxygenation

Hypometabolic state with involvement of more than one organ as established by biochemical and/or
radiologic analysis

COPD, Chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; EuroSCORE I1, European System for Cardiac Operative Risk Evaluation; NYHA,
New York Heart Association; MAP, mean arterial pressure; LVAD, left ventricular assist device; RV, right ventricle; ECMO, extracorporeal membrane oxygenation; CPB, car-
diopulmonary bypass; TIA, transient ischemic attack; ARDS, acute respiratory distress syndrome.
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FIGUREEL. Scatter plot representing the yearly contribution of patients from each center taking part in the PELS-1 study. The size of each point represents
the number of patients added to the PELS-1 database in that year. PELS-1, Postcardiotomy Extracorporeal Life Support Study.
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FIGURE E2. Flowchart describing the PELS-1 study database and patients included in the present analysis. PELS-1, Postcardiotomy Extracorporeal Life
Support Study; VV ECMO, Venovenous extracorporeal membrane oxygenation; VA ECMO, venoarterial extracorporeal membrane oxygenation.
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FIGURE E3. Bar chart representing the yearly variations of intraoperative
and postoperative use of extracorporeal membrane oxygenation (ECMO)
reported as absolute numbers (A) and percentages (B).
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FIGURE E4. Violin plots representing the duration of cardiopulmonary bypass (CPB) during surgery (A), the duration of extracorporeal membrane
oxygenation (ECMO) support (B), the length of stay in intensive care unit (/CU, C), and the overall hospital stay (D) of patients who received intraoperative
venoarterial extracorporeal membrane oxygenation (VA ECMO) implant versus patients who received postoperative VA ECMO implant.
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ation implantation timing.
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FIGURE E13. Overall (A) and postdischarge (B) Kaplan—Meier survival curves with 95% confidence limit of the study population after excluding patients
who received a venoarterial extracorporeal membrane oxygenation with indication “failure to wean.”
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TABLE E1. Complete and missing cases for each study variable

Variable Complete cases Missing cases
Age, y 2002 (99.9%) 1 (0%)
Sex 2002 (99.9%) 1 (0%)
Race 2003 (100%) 0 (0%)
Body mass index, kg/m2 1992 (99.5%) 11 (0.5%)
Body surface area, m? 1992 (99.5%) 11 (0.5%)
Comorbidities
Hypertension 1931 (96.4%) 72 (3.6%)
Dialysis 1936 (96.7%) 67 (3.3%)
Previous myocardial infarction 2003 (100%) 0 (0%)
Myocardial infarction (last 30 d) 1932 (96.5%) 71 (3.5%)
Previous endocarditis 2003 (100%) 0 (0%)
Smoking 1692 (84.5%) 311 (15.5%)
Previous stroke 2003 (100%) 0 (0%)
Atrial fibrillation 2002 (99.9%) 1 (0%)
Previous pulmonary embolism 1815 (90.6%) 188 (9.4%)
Diabetes mellitus 2003 (100%) 0 (0%)
Previous transient ischemic attack 1777 (88.7%) 226 (11.3%)
Implanted pacemaker 1830 (91.4%) 173 (8.6%)
Implanted cardioverter—defibrillator 1837 (91.7%) 166 (8.3%)
Previous percutaneous coronary intervention 1986 (99.2%) 17 (0.8%)
Chronic obstructive pulmonary disease 1919 (95.8%) 84 (4.2%)
Peripheral artery disease 2003 (100%) 0 (0%)
Previous transplant 1932 (96.5%) 71 (3.5%)
Chronic pulmonary embolism 1914 (95.6%) 89 (4.4%)
Asthma 1588 (79.3%) 415 (20.7%)
Pulmonary hypertension (>50 mm Hg) 1989 (99.3%) 14 (0.7%)
Previous cardiac surgery 2003 (100%) 0 (0%)
Implanted left ventricular assist device 1931 (96.4%) 72 (3.6%)
Preoperative creatinine, umol/L 1860 (92.9%) 143 (7.1%)
Left ventricular ejection fraction (%) 1910 (95.4%) 93 (4.6%)
EuroSCORE II 1412 (70.5%) 591 (29.5%)
Preoperative condition
NYHA class 1900 (94.9%) 103 (5.1%)
Preoperative cardiogenic shock 1974 (98.6%) 29 (1.4%)
Preoperative intubation 2002 (99.9%) 1 (0%)
Preoperative cardiac arrest 1981 (98.9%) 22 (1.1%)
Preoperative septic shock 1918 (95.8%) 85 (4.2%)
Preoperative vasopressors 1986 (99.8%) 17 (0.8%)
Preoperative acute pulmonary edema 1915 (95.6%) 88 (4.4%)
Preoperative intra-aortic balloon pump 1999 (99.8%) 4 (0.2%)
Preoperative right ventricular failure 1749 (87.3%) 254 (12.7%)
Preoperative biventricular failure 1573 (78.5%) 430 (21.5%)
Emergency surgery 1980 (98.9%) 23 (1.1%)
Urgent surgery 1983 (99.0%) 20 (1.0%)
Diagnosis
Coronary artery disease 2003 (100%) 0 (0%)
Aortic vessel disease 2003 (100%) 0 (0%)
Aortic valve disease 2003 (100%) 0 (0%)
Mitral valve disease 2003 (100%) 0 (0%)
Tricuspid valve disease 2003 (100%) 0 (0%)
Pulmonary valve disease 2003 (100%) 0 (0%)
Post-AMI ventricular septal rupture 2003 (100%) 0 (0%)
(Continued)
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TABLE E1. Continued

Variable Complete cases Missing cases
Free wall/papillary muscle rupture 2003 (100%) 0 (0%)
Graft failure 2003 (100%) 0 (0%)
Active endocarditis 2003 (100%) 0 (0%)
Atrial septal defect 2003 (100%) 0 (0%)
Post-left ventricular assist device right ventricular failure 2003 (100%) 0 (0%)
Other diagnosis 2003 (100%) 0 (0%)
Weight of surgery 2003 (100%) 0 (0%)
Coronary artery bypass graft 2003 (100%) 0 (0%)
Aortic valve surgery 2003 (100%) 0 (0%)
Mitral valve surgery 2002 (99.9%) 1 (0%)
Tricuspid valve surgery 2003 (100%) 0 (0%)
Aortic surgery 2003 (100%) 0 (0%)
Pulmonary valve surgery 2003 (100%) 0 (0%)
Left ventricular assist device 2003 (100%) 0 (0%)
Right ventricular assist device 2003 (100%) 0 (0%)
Atrial septal defect repair 2003 (100%) 0 (0%)
Ventricular septal defect repair 2003 (100%) 0 (0%)
Ventricular surgery 2003 (100%) 0 (0%)
Rhythm surgery 2003 (100%) 0 (0%)
Pulmonary embolectomy 2003 (100%) 0 (0%)
Pulmonary endarterectomy 2003 (100%) 0 (0%)
Heart transplantation 2003 (100%) 0 (0%)
Off-pump surgery 1969 (98.3%) 34 (1.7%)
Cardiopulmonary bypass time, min 1825 (91.1%) 178 (8.9%)
Crossclamp time, min 1812 (90.5%) 191 (9.5%)
Intraoperative lactate, mmol/L 753 (37.6%) 1250 (62.4%)
Intraoperative transfusions 809 (40.4%) 1194 (59.6%)
Extracorporeal membrane oxygenation indication 1956 (97.7%) 47 (2.3%)
Cannulation approach 2003 (100%) 0 (0%)
Extracorporeal membrane oxygenation duration, h 1825 (91.1%) 178 (8.9%)
Intensive care unit stay, d 1920 (95.9%) 83 (4.1%)
Hospital stay, d 1932 (96.5%) 71 (3.5%)
Postoperative bleeding 1966 (98.2%) 37 (1.8%)
Requiring rethoracotomy 1870 (93.4%) 133 (6.6%)
Cannulation site bleeding 1966 (98.2%) 37 (1.8%)
Diffuse—no surgical-related bleeding 1803 (90.0%) 200 (10%)
Neurologic complications
Brain edema 1898 (94.8%) 105 (5.2%)
Cerebral hemorrhage 1895 (94.6%) 108 (4.5%)
Seizure 1897 (94.7%) 106 (5.3%)
Stroke 1990 (99.4%) 13 (0.6%)
Vasospasm 1580 (78.9%) 423 (21.1%)
Arrhythmia 1836 (91.7%) 167 (8.3%)
Leg ischemia 1892 (94.5%) 111 (5.5%)
Cardiac arrest 1836 (91.7%) 167 (8.3%)
(Continued)
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TABLE E1. Continued

Variable Complete cases Missing cases

Pacemaker implant 1836 (91.7%) 167 (8.3%)
Bowel ischemia 1837 (91.7%) 166 (8.3%)
Right ventricular failure 1797 (89.7%) 206 (10.3%)
Acute kidney injury 1830 (91.4%) 173 (8.6%)
Pneumonia 1796 (89.7%) 207 (10.3%)
Septic shock 1794 (89.6%) 209 (10.4%)
Distributive syndrome 1793 (89.5%) 210 (10.5%)
Acute respiratory distress syndrome 1836 (91.7%) 167 (8.3%)
Multiorgan failure 1976 (98.7%) 27 (1.3%)
Embolism 1797 (89.7%) 206 (10.3%)
Postoperative procedures

Percutaneous coronary intervention 1758 (87.8%) 245 (12.2%)

Cardiac surgery 1837 (91.7%) 166 (8.3%)

Abdominal surgery 1758 (87.8%) 245 (12.2%)

Vascular surgery 1762 (88.0%) 241 (12%)
In-hospital mortality 2003 (100%) 0 (0%)
In-hospital mortality - timing 1989 (99.3%) 14 (0.7%)

EuroSCORE I1, European System for Cardiac Operative Risk Evaluation; NYHA, New York Heart Association; AMI, acute myocardial infarction.
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TABLE E2. Baseline characteristics of the overall population stratified according to venoarterial extracorporeal membrane oxygenation (VA
ECMO) implantation timing groups and survivors and nonsurvivors

Intraoperative
VA ECMO (n = 1287)

Postoperative
VA ECMO (n = 716)

Variable Survivors (n = 547) Nonsurvivors (n = 740) P value Survivors (n = 254) Nonsurvivors (n = 462) P value
Age, y 61.00 (52-69) 67.00 (58-73) <.001 64.00 (54-71.2) 66.19 (58-73) .009
Sex 776 .064
Female 236 (43.1%) 313 (42.3%) 85 (33.6%) 189 (40.9%)
Male 311 (56.9%) 427 (57.7%) 168 (66.4%) 273 (59.1%)
Race <.001 173
Asian 20 (4.2%) 62 (10.3%) 15 (8.7%) 40 (13%)
Black 2 (0.4%) 3 (0.5%) 3 (1.7%) 3 (1%)
Hispanic 18 (3.8%) 11 (1.8%) 5(2.9%) 19 (6.2%)
White 376 (79%) 475 (78.6%) 136 (78.6%) 231 (75%)
Other 24 (5%) 16 (2.6%) 6 (3.5%) 4 (1.3%)
Unknown 36 (7.6%) 37 (6.1%) 8 (4.6%) 11 (3.6%)
BMI, kg/m> 26.6 + 0.2 27.0 £0.2 <.001 27.1+£0.3 27.7+0.3 .861
BSA, m? 1.9 + 0.01 1.9 £ 0.01 .343 1.9 £ 0.02 1.9 +0.01 .603
Comorbidities
Hypertension 318 (60.2%) 468 (65.7%) .049 159 (65.4%) 322 (71.9%) .084
Dialysis 47 (8.9%) 63 (9%) 1.000 17 (6.8%) 41 (8.9%) .390
Previous myocardial 158 (28.9%) 192 (25.9%) 254 78 (30.7%) 111 (24%) .063
infarction
Myocardial infarction (last 70 (13.2%) 85 (11.9%) .543 24 (9.9%) 47 (10.5%) .896
30 d)
Previous endocarditis 48 (8.8%) 61 (8.2%) 762 15 (5.9%) 32 (6.9%) .640
Smoking 125 (28.7%) 163 (26.9%) 528 74 (33.2%) 98 (23%) .007
Previous stroke 68 (12.4%) 107 (14.5%) 324 34 (13.4%) 69 (14.9%) .656
Atrial fibrillation 117 (21.4%) 191 (25.8%) .065 81 (31.9%) 145 (31.4%) 933
Previous pulmonary 4 (0.8%) 17 (2.6%) .042 2 (0.9%) 9 (2.1%) .345
embolism
Diabetes mellitus 112 (20.5%) 198 (26.8%) .010 60 (23.6%) 128 (27.7%) 249
Previous TIA 11 (2.4%) 14 (2.2%) .841 7 (3%) 8 (1.8%) 415
Implanted pacemaker 36 (7.4%) 52 (7.7%) 911 12 (5.1%) 35 (8%) 204
Implanted ICD 71 (14.5%) 52 (7.7%) <.001 25 (10.6%) 32 (7.3%) 150
Previous PCI 103 (19%) 123 (16.8%) 335 44 (17.3%) 73 (15.9%) .673
COPD 46 (9%) 86 (12.2%) .092 21 (8.5%) 49 (10.7%) .360
Peripheral artery disease 65 (11.9%) 113 (15.3%) .087 32 (12.6%) 81 (17.5%) .087
Previous transplant 13 (2.5%) 22 (3.1%) .604 9 (3.7%) 27 (6%) 213
Chronic pulmonary 10 (1.9%) 19 (2.7%) 449 6 (2.5%) 6 (1.3%) .360
embolism
Asthma 7 (1.8%) 5 (0.9%) 247 4 (1.9%) 7 (1.7%) 1.000
Pulmonary hypertension 111 (20.6%) 174 (23.6%) 221 45 (17.7%) 91 (19.8%) 551
(>50 mm Hg)
Previous cardiac surgery 157 (28.7%) 221 (29.9%) .665 51 (20.1%) 103 (22.3%) .507
Implanted LVAD 35 (6.6%) 19 (2.7%) .001 10 (4.1%) 8 (1.8%) .081
Preoperative creatinine, 100.40 (80.4-132) 106.10 (82.2-152.1) .010 95.47 (75.1-123.2) 100.89 (79.6-139.7) .047
umol/L
LVEF, % 40.00 (25-60) 46.00 (30-60) .005 45.00 (30-60) 50.00 (35-60) .013
EuroSCORE 11 7.55 (3.2-18.3) 11.26 (4-25.2) <.001 3.92 (1.9-10.7) 5.19 (2.2-13.5) .089
Preoperative condition .010
NYHA class .073 7129
Class I 47 (9.1%) 40 (5.7%) 21 (8.6%) 33 (7.5%)
Class IT 105 (20.3%) 142 (20.3%) 59 (24.3%) 100 (22.7%)
(Continued)
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TABLE E2. Continued

Intraoperative Postoperative
VA ECMO (n = 1287) VA ECMO (n = 716)
Variable Survivors (n = 547) Nonsurvivors (n = 740) P value Survivors (n = 254) Nonsurvivors (n = 462) P value
Class IIT 171 (33.1%) 266 (38.1%) 110 (45.3%) 196 (44.4%)
Class IV 194 (37.5%) 251 (35.9%) 53 (21.8%) 112 (25.4%)
Preoperative cardiogenic 103 (19.4%) 184 (25.2%) .017 38 (15.1%) 98 (21.4%) .046
shock
Preoperative intubation 57 (10.4%) 110 (14.9%) .023 17 (6.7%) 43 (9.3%) 261
Preoperative cardiac arrest 46 (8.5%) 80 (11%) 155 19 (7.6%) 38 (8.3%) 175
Preoperative septic shock 4 (0.8%) 26 (3.7%) .001 6 (2.5%) 14 (3.1%) 813
Preoperative vasopressors 87 (16.1%) 145 (19.8%) .106 21 (8.3%) 55 (12%) .163
Preoperative acute 42 (8.1%) 64 (9.1%) .607 9 (3.7%) 23 (5.1%) 453
pulmonary oedema
Preoperative [ABP 51 (9.4%) 83 (11.2%) 310 18 (7.1%) 38 (8.2%) .664
Preoperative right 44 (9.6%) 82 (13.1%) .085 18 (7.8%) 36 (8.3%) .882
ventricular failure
Preoperative biventricular 39 (10.2%) 44 (7.9%) .243 10 (4.7%) 27 (6.4%) 474
failure
Emergency surgery 136 (25.4%) 217 (29.7%) .099 54 (21.4%) 109 (23.6%) .576
Urgent surgery 143 (26.6%) 178 (24.3%) .361 43 (17.1%) 74 (16%) 151
Diagnosis
Coronary artery disease 247 (45.2%) 346 (46.8%) 572 136 (53.5%) 232 (50.2%) 435
Aortic vessel disease 78 (14.3%) 142 (19.2%) .020 29 (11.4%) 79 (17.1%) .049
Aortic valve disease 158 (28.9%) 288 (38.9%) <.001 62 (24.4%) 172 (37.2%) <.001
Mitral valve disease 161 (29.4%) 270 (36.5%) .009 80 (31.5%) 174 (37.7%) .103
Tricuspid valve disease 62 (11.3%) 121 (16.4%) 012 46 (18.1%) 88 (19%) .841
Pulmonary valve disease 5(0.9%) 7 (0.9%) 1.000 3(1.2%) 2 (0.4%) 353
Post-AMI ventricular 20 (3.7%) 28 (3.8%) 1.000 512%) 5 (1.1%) .338
septal rupture
Free wall/Papillary muscle 10 (1.8%) 19 (2.6%) 450 3(1.2%) 6 (1.3%) 1.000
rupture
Graft failure 51 (9.3%) 27 (3.6%) <.001 11 (4.3%) 4 (0.9%) .004
Active endocarditis 41 (7.5%) 63 (8.5%) .536 10 (3.9%) 28 (6.1%) 296
Atrial septal defect 11 (2%) 10 (1.4%) .380 4 (1.6%) 8 (1.7%) 1.000
Post-LVAD right 10 (1.8%) 6 (0.8%) 128 1 (0.4%) 2 (0.4%) 1.000
ventricular failure
Other diagnosis 76 (13.9%) 79 (10.7%) .084 41 (16.1%) 59 (12.8%) 217

Data are reported as n (% as valid percentage excluding missing values), mean + standard deviation, or median (interquartile range). P values by x* (for categorical data) or
Student ¢ test (for parametric continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between survivors
and nonsurvivor groups. BMI, Body mass index; BSA, body surface area; TIA, transient ischemic attack; /CD, implantable cardioverter defibrillator; PCI, percutaneous coronary
intervention; COPD, chronic obstructive pulmonary disease; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; EuroSCORE, European System for
Cardiac Operative Risk Evaluation; NYHA, New York Heart Association; JABP, intra-aortic balloon pump; AMI, acute myocardial infarction.
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TABLE E3. Procedural characteristics stratified according to venoarterial extracorporeal membrane oxygenation (VA ECMO) implantation
timing groups and survivors and nonsurvivors

Intraoperative Postoperative
VA ECMO (n = 1287) VA ECMO (n = 716)
Variable Survivors (n = 547) Nonsurvivors (n = 740) P value Survivors (n = 254) Nonsurvivors (n = 462) P value

Weight of surgery <.001 121

Unknown 5(0.9%) 2 (0.3%) 1(0.4%) 5 (1.1%)

Isolated CABG 91 (16.6%) 92 (12.4%) 72 (28.3%) 96 (20.8%)

Isolated non-CABG 321 (58.7%) 396 (53.5%) 139 (54.7%) 265 (57.4%)

Two procedures 52 (9.5%) 71 (9.6%) 9 (3.5%) 15 (3.2%)

Three or more procedures 78 (14.3%) 179 (24.2%) 33 (13%) 81 (17.5%)
CABG 225 (41.1%) 333 (45%) 172 120 (47.2%) 207 (44.8%) 532
Aortic valve surgery 165 (30.2%) 294 (39.7%) <.001 59 (23.2%) 175 (37.9%) <.001
Mitral valve surgery 149 (27.3%) 260 (35.1%) .003 71 (28%) 155 (33.5%) 131
Tricuspid valve surgery 51 (9.3%) 113 (15.3%) .002 31 (12.2%) 75 (16.2%) 153
Aortic surgery 92 (16.8%) 168 (22.7%) .009 29 (11.4%) 84 (18.2%) .018
Pulmonary valve surgery 3 (0.5%) 5 (0.7%) 1.000 3 (1.2%) 1(0.2%) 130
LVAD 7 (1.3%) 10 (1.4%) 1.000 1(0.4%) 5 (1.1%) 431
RVAD 2 (0.4%) 3(0.4%) 1.000 0 (0%) 1(0.2%) 1.000
ASD repair 11 2%) 12 (1.6%) .672 4 (1.6%) 11 (2.4%) 591
VSD repair 21 (3.8%) 33 (4.5%) .674 7 (2.8%) 7 (1.5%) .268
Ventricular surgery 10 (1.8%) 35 (4.7%) .005 10 (3.9%) 19 (4.1%) 1.000
Rhythm surgery 15 (2.7%) 26 (3.5%) 522 10 (3.9%) 15 (3.2%) .673
Pulmonary embolectomy 6 (1.1%) 9 (1.2%) 1.000 4 (1.6%) 4 (0.9%) 464
Pulmonary endarterectomy 11 2%) 25 (3.4%) 172 4 (1.6%) 7 (1.5%) 1.000
Heart transplantation 102 (18.6%) 52 (7%) <.001 28 (11%) 23 (5%) .004
Off-pump surgery 17 (3.2%) 16 (2.2%) 286 17 (6.8%) 29 (6.3%) .873

Conversion to CPB 5(29.4%) 9 (56.3%) .166 2 (10.5%) 8 (26.7%) 278
CPB time (min) 216.00 (164-299) 249.00 (173-339) <.001 152.00 (107-211) 162.00 (109-229) .146
Crossclamp time, min 97.00 (65-137) 114.00 (70-168) <.001 89.00 (54-128) 90.00 (62-138) 216
Intraoperative lactate, mmol/L* 5.45 (3.4-8.1) 6.40 (4.3-11) .001 3.00 (1.8-5.9) 4.00 (1.9-7.3) .060
Intraoperative transfusions™ 196 (89.9%) 301 (93.8%) .105 76 (92.7%) 173 (92%) 1.000

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by ¥ (for categorical data) or Mann—Whitney U test (for
nonparametric continuous data) indicate statistically significant differences between survivor and nonsurvivor groups. CABG, Coronary artery bypass graft; LVAD, left ventricular
assist device; RVAD, right ventricular assist device; ASD, atrial septal defect; VSD, ventricular septal defect; CPB, cardiopulmonary bypass. *Variable with >50% missing data.
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TABLE E4. Details on extracorporeal membrane oxygenation (ECMO) stratified according to venoarterial ECMO implantation timing groups
and survivors and nonsurvivors

Intraoperative Postoperative
VA ECMO (n = 1287) VA ECMO (n = 716)
Variable Survivors (n = 547) Nonsurvivors (n = 740) P value Survivors (n = 254) Nonsurvivors (n = 462) P value

ECMO indication .092 481

Failure to wean 309 (58.9%) 455 (62.8%) 9 (3.6%) 15 (3.3%)

Acute pulmonary 0 (0%) 1 (0.1%) 1(0.4%) 1(0.2%)

embolism

Arrhythmia 9 (1.7%) 4 (0.6%) 15 (6%) 12 (2.6%)

Cardiac arrest 22 (4.2%) 27 (3.7%) 35 (14%) 66 (14.5%)

Cardiogenic shock 65 (12.4%) 100 (13.8%) 104 (41.6%) 216 (47.4%)

Pulmonary hemorrhage 5 (1%) 2 (0.3%) 1 (0.4%) 1(0.2%)

Right ventricular failure 56 (10.7%) 67 (9.2%) 43 (17.2%) 69 (15.1%)

Respiratory failure 12 (2.3%) 11 (1.5%) 17 (6.8%) 30 (6.6%)

Biventricular failure 36 (6.9%) 53 (7.3%) 18 (7.2%) 39 (8.6%)

Other 11 (2.1%) 5 (0.7%) 7 (2.8%) 7 (1.5%)
Cannulation approach .014 .086

Only central cannulation 81 (14.8%) 157 (21.2%) 25 (9.8%) 70 (15.2%)

Only peripheral 242 (44.2%) 307 (41.5%) 149 (58.7%) 232 (50.2%)

cannulation

Mixed/switch cannulation 211 (38.6%) 267 (36.1%) 75 (29.5%) 146 (31.6%)

Unknown 13 (2.4%) 9 (1.2%) 5 (2%) 14 3%)
ECMO duration, h 104.00 (67.8-164.2) 120.00 (48-216) 371 139.67 (95.8-192) 120.00 (43.4-205.2) .013

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x* (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between the survivor and nonsurvivor groups. VA,
Venoarterial.
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TABLE ES5. Postoperative outcomes stratified according to venoarterial extracorporeal membrane oxygenation (VA ECMO) implantation timing
groups and survivors and nonsurvivors

Intraoperative Postoperative
VA ECMO (n = 1287) VA ECMO (n = 716)
Variable Survivors (n = 547) Nonsurvivors (n = 740) P value Survivors (n = 254) Nonsurvivors (n = 462) P value
ICU stay, d 20.00 (13-35) 8.00 (3-18) <.001 24.00 (15-37) 9.00 (4-18) <.001
Hospital stay, d 37.00 (26-60) 10.00 (4-21.5) <.001 39.00 (26-61) 12.00 (5-23) <.001
Postoperative bleeding 237 (44.7%) 459 (63%) <.001 141 (56.4%) 288 (63%) .091
Requiring rethoracotomy 155 (31.9%) 322 (46.3%) <.001 97 (40.2%) 175 (39.1%) .807
Cannulation site bleeding 44 (8.3%) 99 (13.6%) .003 29 (11.6%) 65 (14.3%) .355
Diffuse nonsurgical-related 73 (15%) 182 (28.3%) <.001 62 (26.4%) 142 (32.5%) 113
bleeding
Neurologic complications
Brain edema 9 (1.7%) 45 (6.4%) <.001 6 (2.5%) 21 (4.8%) 157
Cerebral hemorrhage 13 (2.5%) 21 (3%) 7126 9 (3.7%) 19 (4.3%) 841
Seizure 11 (2.1%) 14 2%) 1.000 4 (1.7%) 9 (2.1%) 1.000
Stroke 61 (11.2%) 77 (10.4%) 716 33 (13%) 41 (9.1%) 124
Vasospasm 0 (0%) 1 (0.2%) 1.000 0 (0%) 1 (0.2%) 1.000
Arrhythmia 166 (33.8%) 177 (26.2%) .005 104 (44.3%) 150 (34.6%) .016
Leg ischemia 37 (7.2%) 79 (11.4%) .014 18 (7.4%) 55 (12.4%) .052
Cardiac arrest 30 (6.1%) 100 (14.8%) <.001 36 (15.2%) 117 (27%) <.001
Pacemaker implant 30 (6.1%) 7 (1%) <.001 10 (4.3%) 9 (2.1%) 142
Bowel ischemia 7 (1.4%) 49 (7.2%) <.001 6 (2.6%) 43 (9.9%) <.001
Right ventricular failure 49 (10.4%) 162 (24.6%) <.001 37 (15.9%) 132 (30.5%) <.001
Acute kidney injury 241 (49.8%) 414 (61.4%) <.001 117 (49.8%) 265 (60.6%) .007
Pneumonia 128 (27.1%) 119 (18.1%) <.001 66 (28.4%) 92 (21.2%) .045
Septic shock 36 (7.6%) 125 (19%) <.001 34 (14.7%) 101 (23.3%) .009
Distributive syndrome 21 (4.5%) 83 (12.6%) <.001 9 (3.9%) 59 (13.7%) <.001
ARDS 16 (3.3%) 37 (5.5%) .087 15 (6.4%) 32 (7.4%) 752
MOF 26 (4.9%) 379 (51.9%) <.001 18 (7.1%) 256 (55.9%) <.001
Embolism 24 (5.1%) 46 (7%) 212 15 (6.5%) 27 (6.2%) 1.000
Postoperative procedures
PCI 9 (2%) 11 (1.7%) .820 12 (5.2%) 12 (2.8%) 128
Cardiac surgery 87 (17.7%) 143 (21.2%) 157 55 (23.4%) 111 (25.6%) 574
Abdominal surgery 13 (2.9%) 24 (3.7%) 499 14 (6.1%) 28 (6.5%) 1.000
Vascular surgery 57 (12.5%) 59 (9.1%) .074 35 (15.2%) 49 (11.4%) 178

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x? (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between survivor and nonsurvivor groups. /CU, Inten-
sive care unit; ARDS, acute respiratory distress syndrome; MOF, multiorgan failure; PCI, percutaneous coronary intervention.
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TABLE E6. Baseline characteristics of the overall population stratified according to implantation decade (2000-2010 vs 2011-2020) and

venoarterial extracorporeal membrane oxygenation (VA ECMO) implantation timing

2000-2010 (n = 442)

2011-2020 (n = 1561)

Intraoperative Postoperative Intraoperative Postoperative
Variable (n =297) (n = 145) P value (n = 990) (n = 571) P value
Age, y 64.00 (55-70.6) 65.44 (56.5-71) 290 65.00 (55-72) 66.00 (56.2-72.2) .090
Sex 189 196
Female 149 (50.2%) 63 (43.4%) 400 (40.4%) 211 (37%)
Male 148 (49.8%) 82 (56.6%) 590 (59.6%) 359 (63%)
Race 107 .004
Asian 4 (1.6%) 4 (5.2%) 78 (9.3%) 51 (12.6%)
Black 0 (0%) 0 (0%) 5 (0.6%) 6 (1.5%)
Hispanic 2 (0.8%) 0 (0%) 27 (3.2%) 24 (5.9%)
White 220 (89.8%) 70 (90.9%) 631 (75.6%) 297 (73.5%)
Other 12 (4.9%) 0 (0%) 28 (3.4%) 10 (2.5%)
Unknown 7 (2.9%) 3 (3.9%) 66 (7.9%) 16 (4%)
BMI, kg/m> 26.83 (23.8-30.4) 25.95 (23.4-29.1) 206 26.04 (23.4-29.4) 26.99 (23.8-30.9) .001
BSA, m? 1.89 (1.7-2) 1.83 (1.7-2) 014 1.89 (1.8-2) 1.90 (1.7-2.1) .367
Comorbidities
Hypertension 177 (60.2%) 88 (62.4%) .676 609 (64.4%) 393 (71.5%) .005
Dialysis 23 (8.6%) 5 (3.5%) .063 87 (9.1%) 53 (9.4%) .855
Previous myocardial 88 (29.6%) 36 (24.8%) 312 262 (26.5%) 153 (26.8%) 905
infarction
Myocardial infarction (last 49 (16.7%) 9 (6.4%) .003 106 (11.2%) 62 (11.3%) 1.000
30 d)
Previous endocarditis 16 (5.4%) 7 (4.8%) 1.000 93 (9.4%) 40 (7%) 110
Smoking 67 (34.4%) 33 (26.6%) 173 221 (26.1%) 139 (26.4%) 900
Previous stroke 39 (13.1%) 27 (18.6%) 155 136 (13.7%) 76 (13.3%) .878
Atrial fibrillation 73 (24.6%) 47 (32.4%) .088 235 (23.8%) 179 (31.3%) .001
Previous pulmonary 6 (2.2%) 2 (1.4%) 724 15 (1.7%) 9 (1.7%) 1.000
embolism
Diabetes mellitus 82 (27.6%) 30 (20.7%) 131 228 (23%) 158 (27.7%) .044
Previous TIA 5(2.7%) 1 (0.8%) 407 20 (2.2%) 14 (2.6%) 720
Implanted pacemaker 21 (7.6%) 8 (5.8%) .683 67 (7.6%) 39 (7.3%) .836
Implanted ICD 27 (9.7%) 16 (11.6%) .609 96 (10.8%) 41 (7.7%) .052
Previous PCI 44 (15.1%) 26 (18.1%) 488 182 (18.6%) 91 (16%) 213
COPD 46 (16.7%) 13 (9.2%) .053 86 (9.2%) 57 (10.1%) .586
Peripheral artery disease 51 (17.2%) 25 (17.2%) 1.000 127 (12.8%) 88 (15.4%) 170
Pulmonary hypertension 80 (27.4%) 28 (19.3%) .077 205 (20.9%) 108 (19%) .394
(>50 mm Hg)
Previous cardiac surgery 95 (32%) 34 (23.4%) 075 283 (28.6%) 120 (21%) <.001
Implanted LVAD 10 (3.4%) 3 (2.1%) 561 44 (4.7%) 15 (2.7%) .073
Preoperative creatinine, 106.10 (88.4-165) 97.02 (79.6-123.8) <.001 101.68 (80-139) 99.00 (77.8-135.3) 126
pumol/L
LVEE, % 40.00 (22-60) 51.00 (30-60) <.001 45.00 (30-60) 50.00 (30.5-60) .042
EuroSCORE 11 10.77 (3.5-28.7) 3.92 (2-10.4) <.001 9.12 (3.8-20.7) 4.84 (2.1-13.1) <.001
Preoperative condition
NYHA class .001 <.001
Class I 14 (4.9%) 8 (6%) 73 (7.8%) 46 (8.3%)
Class IT 50 (17.5%) 35 (26.3%) 197 (21.2%) 124 (22.5%)
Class IIT 101 (35.3%) 60 (45.1%) 336 (36.1%) 246 (44.6%)
Class IV 121 (42.3%) 30 (22.6%) 324 (34.8%) 135 (24.5%)
Preoperative cardiogenic 63 (21.9%) 22 (15.4%) 124 224 (23%) 114 (20.1%) 202
shock
(Continued)
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TABLE E6. Continued

2000-2010 (n = 442) 2011-2020 (n = 1561)

Intraoperative Postoperative Intraoperative Postoperative
Variable (n = 297) (n = 145) P value (n = 990) (n = 571) P value
Preoperative intubation 38 (12.8%) 10 (6.9%) 073 129 (13%) 50 (8.8%) 011
Preoperative cardiac arrest 44 (15.1%) 21 (14.5%) 1.000 82 (8.4%) 36 (6.4%) 164
Preoperative septic shock 3 (1.1%) 2 (1.4%) .666 27 (2.9%) 18 (3.3%) .641
Preoperative vasopressors 56 (19.4%) 15 (10.4%) .019 176 (17.9%) 61 (10.7%) <.001
Preoperative acute 34 (12%) 2 (1.4%) <.001 72 (7.6%) 30 (5.5%) A12
pulmonary edema
Preoperative IABP 52 (17.5%) 16 (11.0%) .092 82 (8.3%) 40 (7.0%) .380
Preoperative right 30 (14%) 15 (11.3%) 514 96 (11.1%) 39 (7.3%) .020
ventricular failure
Preoperative biventricular 8 (6%) 7 (6%) 1.000 75 (9.3%) 30 (5.8%) .022
failure
Emergency surgery 94 (31.8%) 32 (22.1%) .043 259 (26.7%) 131 (23%) A15
Urgent surgery 82 (27.7%) 19 (13.1%) <.001 239 (24.6%) 98 (17.2%) <.001
Diagnosis
Coronary artery disease 139 (46.8%) 64 (44.1%) 613 454 (45.9%) 304 (53.2%) .005
Aortic vessel disease 35 (11.8%) 14 (9.7%) .629 185 (18.7%) 94 (16.5%) 274
Aortic valve disease 103 (34.7%) 51 (35.2%) 916 343 (34.6%) 183 (32%) 317
Mitral valve disease 94 (31.6%) 49 (33.8%) .666 337 (34%) 205 (35.9%) 473
Tricuspid valve disease 32 (10.8%) 18 (12.4%) .633 151 (15.3%) 116 (20.3%) .012
Pulmonary valve disease 1 (0.3%) 0 (0%) 1.000 11 (1.1%) 5(0.9%) 197
Post-AMI ventricular 12 (4%) 2 (1.4%) 159 36 (3.6%) 8 (1.4%) .010
septal rupture
Free wall/Papillary muscle 7 (2.4%) 4 (2.8%) 756 22 (2.2%) 5(0.9%) 1.000
rupture
Active endocarditis 10 (3.4%) 8 (5.5%) 310 94 (9.5%) 30 (5.3%) .003
Atrial septal defect 3 (1%) 2 (1.4%) .665 18 (1.8%) 10 (1.8%) 1.000
Post-LVAD right 1(0.3%) 0 (0%) 1.000 15 (1.5%) 3 (0.5%) .088
ventricular failure
Other diagnosis 23 (7.7%) 20 (13.8%) .059 132 (13.3%) 80 (14%) 702

Data are reported as n (% as valid percentage excluding missing values), mean + standard deviation or median (interquartile range). P values by x> (for categorical data) or
Student ¢ test (for parametric continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative
and postoperative VA ECMO groups. Text in bold indicates differences compared with the overall population analysis. BMI, Body mass index; BSA, body surface area; TIA,
transient ischemic attack; /CD, implantable cardioverter defibrillator; PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; LVAD, left ven-
tricular assist device; LVEF, left ventricular ejection fraction; EuroSCORE, European System for Cardiac Operative Risk Evaluation; NYHA, New York Heart Association; JABP,
intra-aortic balloon pump; AMI, acute myocardial infarction.
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TABLE E7. Procedural characteristics stratified according to implantation decade (2000-2010 vs 2011-2020) and venoarterial extracorporeal
membrane oxygenation (VA ECMO) implantation timing

2000-2010 (n = 442) 2011-2020 (n = 1561)
Intraoperative Postoperative Intraoperative Postoperative
Variable (n =297) (n = 145) P value (n = 990) (n =571 P value

Weight of surgery .002 <.001

Unknown 1 (0.3%) 3(2.1%) 6 (0.6%) 3 (0.5%)

Isolated CABG 48 (16.2%) 27 (18.6%) 135 (13.6%) 141 (24.7%)

Isolated non-CABG 152 (51.2%) 90 (62.1%) 565 (57.1%) 314 (55%)

Two procedures 46 (15.5%) 6 (4.1%) 77 (7.8%) 18 (3.2%)

Three or more procedures 50 (16.8%) 19 (13.1%) 207 (20.9%) 95 (16.6%)
CABG 131 (44.1%) 56 (38.6%) .306 427 (43.1%) 271 (47.5%) .102
Aortic valve surgery 99 (33.3%) 48 (33.1%) 1 360 (36.4%) 186 (32.6%) 137
Mitral valve surgery 87 (29.3%) 44 (30.3%) 825 322 (32.6%) 182 (31.9%) 822
Tricuspid valve surgery 31 (10.4%) 15 (10.3%) 1 133 (13.4%) 91 (15.9%) 178
Aortic surgery 40 (13.5%) 17 (11.7%) .653 220 (22.2%) 96 (16.8%) 011
Pulmonary valve surgery 1 (0.3%) 0 (0%) 1 7 (0.7%) 4 (0.7%) 1.000
LVAD 2 (0.7%) 1 (0.7%) 1 15 (1.5%) 5 (0.9%) 354
RVAD 2 (0.7%) 0 (0%) 1 3(0.3%) 1(0.2%) 1.000
ASD repair 4 (1.3%) 2 (1.4%) 1 19 (1.9%) 13 (2.3%) 711
VSD repair 13 (4.4%) 3 (2.1%) 285 41 (4.1%) 11 (1.9%) .019
Ventricular surgery 5 (1.7%) 4 (2.8%) 484 40 (4%) 25 (4.4%) 793
Rhythm surgery 4 (1.3%) 5(3.4%) 161 37 (3.7%) 20 (3.5%) .889
Pulmonary embolectomy 3 (1%) 3(2.1%) .399 12 (1.2%) 5(0.9%) .621
Pulmonary endarterectomy 13 (4.4%) 6 (4.1%) 1 23 (2.3%) 5 (0.9%) .046
Heart transplantation 51 (17.2%) 18 (12.4%) 212 103 (10.4%) 33 (5.8%) .002
Off-pump surgery 4 (1.4%) 5 (3.5%) 167 29 (3%) 41 (7.3%) <.001

Conversion to CPB 2 (50%) 0 (0%) 167 12 (41.4%) 10 (22.7%) 119
CPB time, min 238.00 (173-332) 145.00 (103-207) <.001 233.00 (167-322) 164.00 (110-227) <.001
Crossclamp time, min 94.00 (62-150) 78.00 (51-121) .005 108.00 (71-157) 93.00 (62-138) <.001
Intraoperative lactate, 6.30 (4.2-10.2) 3.95 (1.7-7.4) .066 5.95 (3.6-10) 3.30 (1.9-6.5) <.001

mmol/L*
Intraoperative transfusions™ 59 (86.8%) 35 (89.7%) 765 438 (93%) 214 (92.6%) 877

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x> (for categorical data) or Mann—Whitney U test (for
nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO groups. Text in bold indicates differences
compared to the overall population analysis. CABG, Coronary artery bypass graft; LVAD, left ventricular assist device; RVAD, right ventricular assist device; ASD, atrial septal
defect; VSD, ventricular septal defect; CPB, cardiopulmonary bypass. *Variable with >50% missing data.
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TABLE E8. Details on extracorporeal membrane oxygenation (ECMO) stratified according to implantation decade (2000-2010 vs 2011-2020) and
venoarterial (VA) ECMO implantation timing

2000-2010 (n = 442) 2011-2020 (n = 1561)
Intraoperative Postoperative Intraoperative Postoperative
Variable (n =297) (n = 145) P value (n = 990) (n = 571) P value
ECMO indication <.001 <.001
Failure to wean 220 (74.8%) 2 (1.4%) 544 (56.9%) 22 (3.9%)
Acute pulmonary 0 (0%) 0 (0%) 1 (0.1%) 2 (0.4%)
embolism
Arrhythmia 1 (0.3%) 7 (5%) 12 (1.3%) 20 (3.5%)
Cardiac arrest 12 (4.1%) 19 (13.6%) 37 (3.9%) 82 (14.5%)
Cardiogenic shock 17 (5.8%) 60 (42.9%) 148 (15.5%) 260 (45.9%)
Pulmonary hemorrhage 1 (0.3%) 1 (0.7%) 6 (0.6%) 1 (0.2%)
Right ventricular failure 19 (6.5%) 21 (15%) 104 (10.9%) 91 (16.1%)
Respiratory failure 6 (2%) 16 (11.4%) 17 (1.8%) 31 (5.5%)
Biventricular failure 17 (5.8%) 11 (7.9%) 72 (7.5%) 46 (8.1%)
Other 1 (0.3%) 3 (2.1%) 15 (1.6%) 11 (1.9%)
Cannulation approach 176 <.001
Only central cannulation 68 (22.9%) 26 (17.9%) 170 (17.2%) 69 (12.1%)
Only peripheral 153 (51.5%) 73 (50.3%) 396 (40%) 308 (53.9%)
cannulation
Mixed/switch cannulation 72 (24.2%) 40 (27.6%) 406 (41%) 181 (31.7%)
Unknown 4 (1.3%) 6 (4.1%) 18 (1.8%) 13 (2.3%)
ECMO duration, h 96.00 (52-164.2) 104.13 (48-168) 981 117.68 (61-192.1) 130.00 (68.8-206) .043

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x? (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO
groups. Text in bold indicates differences compared with the overall population analysis.
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TABLE E9. Postoperative outcomes stratified according to implantation decade (2000-2010 vs 2011-2020) and venoarterial extracorporeal
membrane oxygenation (VA ECMO) implantation timing

2000-2010 (n = 442) 2011-2020 (n = 1561)
Intraoperative Postoperative Intraoperative Postoperative
Variable (n =297) (n = 145) P value (n = 990) (n =571) P value

ICU stay, d 15.00 (7-27) 14.00 (6-28) 735 13.00 (6-25) 14.00 (6-28) 149
Hospital stay, d 22.00 (7-38) 18.00 (6-38) .595 20.00 (8-41) 20.00 (9-39) 551
Postoperative bleeding 173 (58.2%) 100 (69.4%) .028 523 (54.4%) 329 (58.4%) 135

Requiring rethoracotomy 127 (46%) 61 (43.6%) .677 350 (38.6%) 211 (38.5%) 1.000

Cannulation site bleeding 41 (13.8%) 13 (9.1%) 167 102 (10.6%) 81 (14.4%) .034

Diffuse nonsurgical-related 71 (26.3%) 63 (45.3%) <.001 184 (21.4%) 141 (26.5%) .032

bleeding
Neurological
complications

Brain edema 18 (6.4%) 9 (6.4%) 1 36 (3.9%) 18 (3.3%) .667

Cerebral hemorrhage 8 (2.8%) 9 (6.5%) .109 26 (2.8%) 19 (3.5%) 531

Seizure 6 (2.1%) 6 (4.3%) 221 19 (2%) 7 (1.3%) 412

Stroke 29 (9.8%) 14 (9.7%) 1 109 (11%) 60 (10.7%) .866

Vasospasm 0 (0%) 0 (0%) n.a. 1(0.1%) 1(0.2%) 1.000
Arrhythmia 78 (29.4%) 63 (46.7%) <.001 265 (29.4%) 191 (35.8%) .014
Leg ischemia 40 (14.2%) 20 (14.5%) 1 76 (8.2%) 53 (9.7%) 341
Cardiac arrest 28 (10.5%) 44 (32.6%) <.001 102 (11.3%) 109 (20.3%) <.001
Pacemaker implant 8 (3%) 3 (2.2%) 757 29 (3.2%) 16 (3%) .876
Bowel ischemia 9 (3.4%) 11 (8.1%) .051 47 (5.2%) 38 (7.1%) .165
Right ventricular failure 56 (21.1%) 44 (32.6%) .015 155 (17.9%) 125 (23.5%) .013
Acute kidney injury 179 (67%) 97 (71.9%) .363 476 (53.4%) 285 (53.1%) 913
Pneumonia 56 (21.1%) 35 (25.9%) 313 191 (22.1%) 123 (23.2%) .644
Septic shock 39 (14.7%) 26 (19.3%) 254 122 (14.1%) 109 (20.6%) .002
Distributive syndrome 15 (5.7%) 4 (3%) 321 89 (10.3%) 64 (12.1%) 331
ARDS 18 (6.8%) 18 (13.3%) .041 35 (3.9%) 29 (5.4%) .186
MOF 93 (33%) 64 (44.8%) .019 312 (31.7%) 210 (37%) .034
Embolism 19 (7.2%) 10 (7.4%) 1 51 (5.9%) 32 (6%) 908
Postoperative procedures

PCI 0 (0%) 3 (2.3%) .045 20 (2.3%) 21 (4%) 101

Cardiac surgery 27 (10.2%) 27 (19.9%) .009 203 (22.5%) 139 (26.1%) .140

Abdominal surgery 8 (3.3%) 11 (8.3%) .049 29 (3.4%) 31 (5.9%) .029

Vascular surgery 22 (9.1%) 13 (9.8%) 854 94 (10.9%) 71 (13.5%) 171
In-hospital mortality 176 (59.3%) 102 (70.3%) .028 564 (57%) 360 (63.2%) .019

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by X2 (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO
groups. Text in bold indicates differences compared with the overall population analysis. ICU, Intensive care unit; n.a., not available; ARDS, acute respiratory distress syndrome;
MOF, multiorgan failure; PCI, percutaneous coronary intervention.
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TABLE E10. Venoarterial extracorporeal membrane oxygenation (VA ECMO) population, stratified according to implantation timing, after

exclusion of patients who received a VA ECMO with indication “failure to wean from cardiopulmonary bypass”

Intraoperative Postoperative
Variable VA ECMO (n = 486) VA ECMO (n = 682) P value
Age, y 63.78 (54.5-71) 65.79 (56-72) .017
Sex 854
Female 182 (37.4%) 259 (38%)
Male 304 (62.6%) 422 (62%)
Race .032
Asian 30 (7%) 53 (11.6%)
Black 2 (0.5%) 6 (1.3%)
Hispanic 17 (3.9%) 24 (5.2%)
White 339 (78.7%) 347 (75.8%)
Other 13 (3%) 10 (2.2%)
Unknown 30 (7%) 18 (3.9%)
BMI, kg/m2 26.079 (23.4-29.4) 26.87 (23.8-30.8) .041
BSA, m? 1.90 (1.8-2) 1.90 (1.7-2.1) 706
Comorbidities
Hypertension 296 (61.8%) 463 (70%) .004
Dialysis 40 (8.5%) 56 (8.3%) 914
Previous myocardial 152 (31.3%) 185 (27.1%) 132
infarction
Myocardial infarction (last 47 (9.8%) 70 (10.6%) .693
30 d)
Previous endocarditis 36 (7.4%) 45 (6.6%) .641
Smoking 104 (23.6%) 163 (26%) .389
Previous stroke 53 (10.9%) 94 (13.8%) 153
Atrial fibrillation 118 (24.3%) 210 (30.8%) .015
Previous pulmonary 9 (2%) 10 (1.6%) .644
embolism
Diabetes mellitus 112 (23%) 179 (26.2%) 218
Previous TIA 13 (2.9%) 14 (2.2%) .554
Implanted pacemaker 28 (6.1%) 44 (6.8%) 11
Implanted ICD 49 (10.6%) 54 (8.4%) .249
Previous PCI 86 (17.8%) 114 (16.8%) .694
COPD 49 (10.4%) 67 (10%) .842
Peripheral artery disease 56 (11.5%) 105 (15.4%) .059
Pulmonary hypertension 80 (16.6%) 132 (19.4%) .248
(>50 mm Hg)
Previous cardiac surgery 127 (26.1%) 146 (21.4%) 068
Implanted LVAD 23 (4.8%) 17 (2.6%) .051
Preoperative creatinine, 99.35 (79.6-140) 97.26 (78.7-132.6) 230
pumol/L
LVEF (%) 47.52 (30-60) 50.00 (30-60) .160
EuroSCORE II 7.98 (3.2-17.5) 4.64 (2.1-13.1) <.001
Preoperative condition
NYHA class .029
Class I 36 (8%) 46 (7.1%)
Class II 109 (24.1%) 146 (22.4%)
Class IIT 167 (36.9%) 297 (45.6%)
Class IV 140 (31%) 162 (24.9%)
Preoperative cardiogenic 95 (19.8%) 132 (19.5%) 940
shock
Preoperative intubation 50 (10.3%) 59 (8.7%) 359
(Continued)
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TABLE E10. Continued

Intraoperative Postoperative
Variable VA ECMO (n = 486) VA ECMO (n = 682) P value
Preoperative cardiac arrest 49 (10.1%) 50 (7.4%) 110
Preoperative septic shock 12 (2.5%) 20 (3%) 17
Preoperative vasopressors 76 (15.7%) 72 (10.6%) .012
Preoperative acute 26 (5.5%) 32 (4.9%) .683
pulmonary edema
Preoperative IABP 46 (9.5%) 54 (7.9%) .396
Preoperative right 41 (9.2%) 54 (8.5%) 744
ventricular failure
Preoperative biventricular 36 (8.6%) 37 (6.1%) 138
failure
Emergency surgery 124 (25.6%) 158 (23.2%) 367
Urgent surgery 112 (23.1%) 110 (16.2%) .004
Diagnosis
Coronary artery disease 232 (47.7%) 354 (51.9%) 172
Aortic vessel disease 84 (17.3%) 102 (15%) 292
Aortic valve disease 153 (31.5%) 220 (32.3%) 799
Mitral valve disease 131 (27%) 244 (35.8%) 001
Tricuspid valve disease 64 (13.2%) 129 (18.9%) .010
Pulmonary valve disease 6 (1.2%) 5(0.7%) 541
Post-AMI ventricular 16 (3.3%) 10 (1.5%) .044
septal rupture
Free wall/Papillary muscle 10 (2.1%) 9 (1.3%) 354
rupture
Active endocarditis 35 (7.2%) 37 (5.4%) 219
Atrial septal defect 5 (1%) 12 (1.8%) 335
Post-LVAD right 11 (2.3%) 3 (0.4%) .006
ventricular failure
Other diagnosis 73 (15%) 94 (13.8%) 554

Sensitivity analysis after exclusion of patients who received VA ECMO with indication “failure to wean.” Data are reported as n (% as valid percentage excluding missing values),
mean = standard deviation, or median (interquartile range). P values by xz (for categorical data) or Student ¢ test (for parametric continuous data) and Mann—-Whitney U test (for
nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative V-A ECMO groups. Text in bold indicates differences
compared with the overall population analysis. BMI, Body mass index; BSA, body surface area; TIA, transient ischemic attack; I/CD, implantable cardioverter defibrillator;
PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; Euro-
SCORE, European System for Cardiac Operative Risk Evaluation; NYHA, New York Heart Association; /ABP, intra-aortic balloon pump; AMI, acute myocardial infarction.
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TABLE E11. Procedural characteristics stratified according to venoarterial extracorporeal membrane oxygenation (VA ECMO) implantation
timing, after exclusion of patients who received a VA ECMO with indication “failure to wean from cardiopulmonary bypass”

Intraoperative Postoperative
Variable VA ECMO (n = 486) VA ECMO (n = 682) P value
Weight of surgery 133
Unknown 6 (1.2%) 6 (0.9%)
Isolated CABG 84 (17.3%) 160 (23.5%)
Isolated non-CABG 291 (59.9%) 382 (56%)
Two procedures 19 (3.9%) 21 (3.1%)
Three or more procedures 86 (17.7%) 113 (16.6%)
CABG 210 (43.2%) 312 (45.7%) 404
Aortic valve surgery 166 (34.2%) 219 (32.1%) 487
Mitral valve surgery 123 (25.4%) 216 (31.7%) 022
Tricuspid valve surgery 57 (11.7%) 105 (15.4%) .086
Aortic surgery 101 (20.8%) 108 (15.8%) .030
Pulmonary valve surgery 4 (0.8%) 4 (0.6%) 725
LVAD 13 (2.7%) 6 (0.9%) .02
RVAD 3 (0.6%) 1 (0.1%) 314
ASD repair 9 (1.9%) 15 (2.2%) .835
VSD repair 21 (4.3%) 14 (2.1%) .035
Ventricular surgery 19 (3.9%) 29 (4.3%) .881
Rhythm surgery 14 (2.9%) 25 (3.7%) 512
Pulmonary embolectomy 6 (1.2%) 8 (1.2%) 1.000
Pulmonary endarterectomy 16 (3.3%) 11 (1.6%) .075
Heart transplantation 55 (11.3%) 50 (7.3%) .022
Off-pump surgery 23 (4.8%) 45 (6.7%) 205
Conversion to CPB 7 (30.4%) 10 (20.8%) 389
CPB time, min 226.00 (168-313) 158.00 (109-222) <.001
Crossclamp time, min 107.00 (71-155) 89.00 (59-132) <.001
Intraoperative lactate, mmol/L* 5.70 (3.5-8.8) 3.20 (1.8-6.3) <.001
Intraoperative transfusions™ 245 (96.5%) 240 (92%) .037

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x> (for categorical data) or Mann-Whitney U test (for
nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO groups. Text in bold indicates differences
compared to the overall population analysis. CABG, Coronary artery bypass graft; LVAD, left ventricular assist device; RVAD, right ventricular assist device; ASD, atrial septal
defect; VSD, ventricular septal defect; CPB, cardiopulmonary bypass. *Variable with >50% missing data.
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TABLE E12. Details on extracorporeal membrane oxygenation (ECMO) stratified according to venoarterial (VA ECMO) implantation timing,
after exclusion of patients who received a VA ECMO with indication “failure to wean from cardiopulmonary bypass”

Intraoperative Postoperative
Variable VA ECMO (n = 486) VA ECMO (n = 682) P value

ECMO indication <.001

Acute pulmonary 1(0.2%) 2 (0.3%)

embolism

Arrhythmia 13 (2.7%) 27 (4%)

Cardiac arrest 49 (10.1%) 101 (14.8%)

Cardiogenic shock 165 (34%) 320 (46.9%)

Pulmonary hemorrhage 7 (1.4%) 2 (0.3%)

Right ventricular failure 123 (25.3%) 112 (16.4%)

Respiratory failure 23 (4.7%) 47 (6.9%)

Biventricular failure 89 (18.3%) 57 (8.4%)

Other 16 (3.3%) 14 (2.1%)
Cannulation approach .001

Only central cannulation 105 (21.6%) 90 (13.2%)

Only peripheral 224 (46.1%) 365 (53.5%)

cannulation

Mixed/switch cannulation 148 (30.5%) 210 (30.8%)

Unknown 9 (1.9%) 17 (2.5%)
ECMO duration, h 112 (60-192) 122 (60.2-197) 195

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x? (for categorical data) or Student  test (for parametric
continuous data) and Mann—Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO
groups. Text in bold indicates differences compared with the overall population analysis.
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TABLE E13. Postoperative outcomes stratified according to venoarterial extracorporeal membrane oxygenation (VA ECMO) implantation
timing, and after exclusion of patients who received a VA ECMO with indication “failure to wean from cardiopulmonary bypass”

Intraoperative Postoperative
Variable VA ECMO (n = 486) VA ECMO (n = 682) P value

ICU stay, d 14.00 (6-25) 14.00 (6-28) 187
Hospital stay, d 22.00 (9-39) 20.00 (9-39) 473
Postoperative bleeding 277 (58.2%) 409 (60.8%) .393

Requiring rethoracotomy 181 (39.9%) 258 (39.4%) 901

Cannulation site bleeding 53 (11.2%) 89 (13.2%) 318

Diffuse nonsurgical-related 100 (22.3%) 191 (29.7%) .007

bleeding

Neurologic complications

Brain edema 17 (3.6%) 27 (4.1%) 7156

Cerebral hemorrhage 11 (2.3%) 27 (4.1%) 131

Seizure 8 (1.7%) 11 (1.7%) 1.000

Stroke 56 (11.6%) 72 (10.7%) .636

Vasospasm 1(0.2%) 1(0.2%) 1.000
Arrhythmia 141 (30.7%) 243 (38%) .012
Leg ischemia 42 (8.9%) 70 (10.7%) .365
Cardiac arrest 53 (11.5%) 144 (22.5%) <.001
Pacemaker implant 10 (2.2%) 18 (2.8%) .565
Bowel ischemia 22 (4.8%) 47 (7.3%) 101
Right ventricular failure 80 (17.5%) 163 (25.6%) .002
Acute kidney injury 227 (49.3%) 362 (56.4%) .023
Pneumonia 99 (21.7%) 151 (23.8%) 465
Septic shock 77 (16.9%) 130 (20.5%) 138
Distributive syndrome 36 (7.9%) 67 (10.6%) .143
ARDS 20 (4.3%) 47 (7.4%) .041
MOF 154 (32%) 262 (38.7%) .021
Embolism 20 (4.4%) 41 (6.5%) 144
Postoperative procedures

PCI 13 (2.9%) 24 (3.8%) .499

Cardiac surgery 106 (22.9%) 157 (24.6%) 567

Abdominal surgery 16 (3.6%) 40 (6.3%) .051

Vascular surgery 61 (13.7%) 78 (12.4%) .520
In-hospital mortality 270 (55.6%) 441 (64.7%) .002

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). P values by x? (for categorical data) or Student ¢ test (for parametric
continuous data) and Mann—-Whitney U test (for nonparametric continuous data) indicate statistically significant differences between intraoperative and postoperative VA ECMO
groups. Text in bold indicates differences compared to the overall population analysis. /CU, Intensive care unit; ARDS, acute respiratory distress syndrome; MOF, multiorgan
failure; PCI, percutaneous coronary intervention.
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