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Abstract

Background Cerebral perfusion may change depending on arterial cannulation site and may affect the incidence

of neurologic adverse events in post-cardiotomy extracorporeal life support (ECLS). The current study compares
patients’ neurologic outcomes with three commonly used arterial cannulation strategies (aortic vs. subclavian/axillary
vs. femoral artery) to evaluate if each ECLS configuration is associated with different rates of neurologic complications.

Methods This retrospective, multicenter (34 centers), observational study included adults requiring post-cardiotomy
ECLS between January 2000 and December 2020 present in the Post-Cardiotomy Extracorporeal Life Support (PELS)
Study database. Patients with Aortic, Subclavian/Axillary and Femoral cannulation were compared on the incidence
of a composite neurological end-point (ischemic stroke, cerebral hemorrhage, brain edema). Secondary outcomes
were overall in-hospital mortality, neurologic complications as cause of in-hospital death, and post-operative minor
neurologic complications (seizures). Association between cannulation and neurological outcomes were investigated
through linear mixed-effects models.
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Results This study included 1897 patients comprising 26.5% Aortic (n=503), 20.9% Subclavian/Axillary (n=397)

and 52.6% Femoral (n=997) cannulations. The Subclavian/Axillary group featured a more frequent history of hyper-
tension, smoking, diabetes, previous myocardial infarction, dialysis, peripheral artery disease and previous stroke.
Neuro-monitoring was used infrequently in all groups. Major neurologic complications were more frequent

in Subclavian/Axillary (Aortic: n =79, 15.8%; Subclavian/Axillary: n=78, 19.6%; Femoral: n=118, 11.9%; p <0.001)

also after mixed-effects model adjustment (OR 1.53 [95% Cl 1.02-2.31], p=0.041). Seizures were more common

in Subclavian/Axillary (n=13, 3.4%) than Aortic (=9, 1.8%) and Femoral cannulation (n=12, 1.3%, p=0.036). In-hos-
pital mortality was higher after Aortic cannulation (Aortic: n =344, 68.4%, Subclavian/Axillary: n=223, 56.2%, Femoral:
n=587,58.9%, p<0.001), as shown by Kaplan-Meier curves. Anyhow, neurologic cause of death (Aortic: n=12, 3.9%,
Subclavian/Axillary: n=14, 6.6%, Femoral: n =28, 5.0%, p=0.433) was similar.

Conclusions In this analysis of the PELS Study, Subclavian/Axillary cannulation was associated with higher

rates of major neurologic complications and seizures. In-hospital mortality was higher after Aortic cannulation,
despite no significant differences in incidence of neurological cause of death in these patients. These results encour-
age vigilance for neurologic complications and neuromonitoring use in patients on ECLS, especially with Subclavian/
Axillary cannulation.

Keywords Extracorporeal membrane oxygenation, Cardiac surgery, Neurologic complications, Cardiac arrest, Stroke,
ICH
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Background

Extracorporeal life support (ECLS) represents a strategy
of temporary mechanical circulatory support for refrac-
tory post-cardiotomy (PC) cardiogenic shock [1, 2].
ECLS has gained an important role in perioperative care,
especially in patients with high-risk profiles undergoing
complex cardiac surgical procedures [3]. Nonetheless,
morbidity and mortality in such patients are consistently
high, with minimal evidence available on long-term and
functional outcomes [3, 4]. Particularly, data regarding
patients’ neurological outcomes and association with dif-
ferent cannulation approaches in PC-ECLS are lacking
and urgently needed to understand the pathophysiology
of these complications, monitor and prevent them [5-
7]. Since cerebral perfusion patterns during ECLS may
be different depending on the arterial cannulation site
(antegrade vs. retrograde flow in ascending or descend-
ing aorta), the baseline vascular condition or hypoxia, the
choice of the return site could potentially lead to a differ-
ent likelihood of neurologic complications. Nevertheless,
evidence on this topic is scarce [8] and the assessment of
cerebral autoregulation in relation to cannulation settings
or ECLS patient’s characteristics is complex. Moreover,
little evidence addressing the relationship between the
return cannulation site and neurologic injury exists to
inform our cannulation strategy in PC-ECLS patients. In
this study, we hypothesize that different ECLS cannula-
tion strategies are associated with different rates of major
neurological outcomes including stroke, cerebral bleed-
ing and brain edema. We aim to compare patients’ neu-
rologic outcomes in three commonly used ECLS arterial
cannulation sites: aortic vs subclavian/axillary vs femoral
artery.

Methods
The multicenter, retrospective observational Post-cardi-
otomy Extracorporeal Life Support (PELS) study enrolled
consecutive patients supported with ECLS in the post-
operative phase (ClinicalTrials.gov: NCT03857217) in 34
centers from 16 countries. Adults (>18 years old) were
included if they underwent veno-arterial (V-A) ECLS
implantation during or after cardiac surgery between Jan-
uary 2000 and December 2020. For the present analysis,
we compared three cannulation strategies analyzing pre-
operative, intra-operative and post-operatory character-
istics, neurologic complications and in-hospital mortality
(Supplementary Table 1 and 2). Exclusion criteria were
veno-venous configuration, mixed cannulations, pulmo-
nary artery cannulation, and cannulation sites unknown
(Supplementary Fig. 1).

The current study was conducted in accordance with
the Declaration of Helsinki. Institutional Review Board
(IRB) approval was acquired in all centers based on the
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IRB-approval of the coordinating center (METC-2018—
0788). The need for informed consent was waived due
to the observational character of the study, the emer-
gency of the performed procedure, and the de-identifica-
tion of shared data. Study was performed following the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement (Appendix) [9].

Data collection and outcomes

Data were collected centrally according to data-sharing
agreements between participating centers [3]. Demo-
graphics, pre-operative clinical, procedural characteris-
tics, ECLS details, in-hospital morbidity and mortality,
and post-discharge survival were included in a dedicated
form (data.castoredc.com). Follow-up data were collected
through the review of the most recent medical records or
contact with patients at discretion of the treating center.
The primary outcome was a composite end-point of
major neurologic complications (ischemic stroke, cer-
ebral hemorrhage, brain edema). Secondary outcomes
included seizures, all-cause in-hospital mortality, neuro-
logic complication as cause of in-hospital mortality and
mortality at follow-up after hospital discharge.

Statistical analysis

The full cohort was categorized into three study groups
based on arterial cannulation site (ascending aorta, sub-
clavian/axillary artery, femoral artery). Missing data
analysis (Supplementary Table 2) was conducted with
the mice: Multivariate Imputation by Chained Equations
(MICE) R package [10]. Missing data patterns were inves-
tigated and were identified as missing completely at ran-
dom (MCAR). Descriptive statistics were conducted on
available data only and no imputations were performed
for this purpose. Normality was tested for continuous
variables. Continuous variables were reported as median
and interquartile range (IQR) and analyzed with Mann
Whitney U-test. Chi-square Test and Fisher’s Exact Test
were used to compare group differences for categori-
cal variables expressed as count (percentage). In case of
significant differences between groups, post-hoc com-
parisons were performed and adjusted by the Bonferroni
correction for multiple tests (Supplementary Table 3).
A p-value<0.05 was considered statistically significant.
Survival was investigated with the Kaplan—Meier method
and comparisons were performed with Log-rank test.
Based on the possible variations in ECLS management
over the study period and the confounding factors repre-
sented by cardiac arrest, previous stroke, previous tran-
sient ischemic attack, peripheral artery disease (PAD),
two sensitivity analysis were performed after exclusion of
patients who received post-cardiotomy ECLS before 2010
(2010-2020 cohort) and those with the abovementioned
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Table 1 Pre-operative Characteristics of the Overall Population
Aorta (n=503) Subclavian/Axillary Artery Femoral Artery (n=997) P-value
(n=397)
Age (years) 65 (55-72) 67 (57-74) 64 (55-71) <0.001
Sex
Female 197 (39.2%) 187 (47.1%) 391 (39.3%) 0.018
Male 306 (60.8%) 210 (52.9%) 605 (60.7%)
Body surface area (m?) 1.90 (1.73-2.04) 1.93 (1.79-2.07) 1.87 (1.73-2.023) 0.001
Comorbidities
Hypertension 335 (66.6%) 298 (75.1%) 590 (63.1%) <0.001
Dialysis 41 (8.5%) 44 (12.1%) 76 (7.7%) 0.041
Previous myocardial infarction 146 (29.0%) 129 (32.5%) 237 (23.8%) 0.002
Previous endocarditis 35 (7.0%) 46 (11.6%) 70 (7.0%) 0.011
Smoking 116 (24.0%) 105 (36.0%) 211 (25.3%) <0.001
Previous stroke 47 (9.3%) 62 (15.6%) 145 (14.5%) 0.007
Atrial fibrillation 129 (25.6%) 125 (31.6%) 251 (25.2%) 0.044
Previous pulmonary embolism 10 (2.0%) 11 (3.8%) 11 (1.2%) 0.016
Diabetes mellitus 144 (28.6%) 115 (29.0%) 228 (22.9%) 0.013
Previous transient ischemic attack 10 (2.1%) 6 (1.7%) 20 (2.4%) 0718
Chronic obstructive pulmonary disease 36 (7.2%) 50 (15.2%) 104 (10.5%) 0.001
Peripheral artery disease 96 (19.1%) 86 (21.7%) 99 (9.9%) <0.001
Left ventricular ejection fraction (%) 47.0 (30-55) 40.0 (25-60) 48.00 (30-60) 0.002
Euroscore ii 8.0 (3.2-18.1) 14.50 (6.4-29.6) 5.94 (24-16.0) <0.001
Preoperative conditions
Nyha class
Class | 32 (6.8%) 29 (7.5%) 73 (7.6%) <0.001
Class I 98 (20.9%) 64 (16.5%) 228 (23.7%)
Class Il 185 (39.5%) 128 (32.9%) 401 (41.7%)
Class IV 153 (32.7%) 168 (43.2%) 260 (27.0%)
Preoperative cardiogenic shock 128 (25.4%) 95 (25.5%) 177 (17.8%) <0.001
Preoperative cardiac arrest 50 (10.1%) 49 (12.7%) 72 (7.3%) 0.005
Preoperative right ventricular failure 49 (10 %) 41 (13.5%) 82 (9.4%) 0.125
Preoperative biventricular failure 33 (7.1%) 30 (11.8%) 50 (6.4%) 0.018
Emergency surgery 162 (32.2%) 122 (32.4%) 208 (20.9%) <0.001

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). NYHA, New York Heart Association

conditions. To estimate the associations between type of
cannulation (reference group: femoral cannulation) and
composite end-point of major neurological complica-
tions, we conducted a mixed-effects multivariable logistic
regression, using the Ime4: Linear Mixed-Effects Models
using 'Eigen’ and S4 R package [11]. The random effect
was used to account for dependency of observations
due to clustering in centers and in years. We first esti-
mated a crude model, which was subsequently adjusted
for sets of variables deemed potential confounders for
the association with the outcome: Model 1, crude model
with variable “Arterial cannulation site”; Model 2, arte-
rial cannulation site, PAD; Model 3, arterial cannulation
site, PAD, stroke; Model 4, arterial cannulation site, PAD,

stroke, interaction stroke*PAD; Model 5, arterial cannu-
lation site, PAD, stroke, hypertension, dialysis, diabetes,
preoperative cardiac arrest; Model 6, arterial cannula-
tion site, PAD, stroke, hypertension, dialysis, diabetes,
preoperative cardiac arrest, emergency surgery, coronary
artery bypass graft (CABQG), aortic surgery, cardiopulmo-
nary bypass (CPB) time; Model 7, arterial cannulation
site, PAD, stroke, hypertension, dialysis, diabetes, preop-
erative cardiac arrest, emergency surgery, CABG, aortic
surgery, CPB time, implant timing, cardiac arrest as indi-
cation for ECLS. Data were merged and analyzed using
SPSS 26.0 (IBM, New York, USA), and R 4.4.0 (R Founda-
tion for Statistical Computing, Vienna, Austria).
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Table 2 Procedural Characteristics
Aorta (N=503) Subclavian/Axillary Femoral Artery(N=997) P-value
Artery(n=397)

Weight of surgery

Unknown 4 (0.8%) 0 (0.0%) 7 (0.7%) <0.001

Isolated coronary artery bypass graft 93 (18.5%) 62 (15.6%) 177 (17.8%)

Isolated non coronary artery bypass graft 302 (60.0%) 159 (40.1%) 599 (60.1%)

2 procedures 16 (3.2%) 64 (16.1%) 59 (5.9%)

3 or more procedures 88 (17.5%) 112 (28.2%) 155 (15.5%)
Coronary artery bypass graft 238 (47.3%) 202 (50.9%) 399 (40.0%) <0.001
Aortic valve surgery 171 (34.0%) 157 (39.5%) 338 (33.9%) 0114
Aortic valve surgery type

Aortic valve repair 23 (17.2%) 41 (35.7%) 49 (20.3%) 0.006

Biological prosthesis 79 (59.0%) 55 (47.8%) 134 (55.6%)

Mechanical prosthesis 32 (23.9%) 19 (16.5%) 58 (24.1%)
Mitral valve surgery 158 (31.4%) 143 (36.0%) 306 (30.7%) 0.152
Mitral valve surgery type

Mitral valve repair 44 (38.6%) 53 (46.5%) 95 (41.7%) 0.537

Biological prosthesis 42 (36.8%) 38 (33.3%) 71 (31.1%)

Mechanical prosthesis 28 (24.6%) 23 (20.2%) 62 (13.0%)
Tricuspid valve surgery 63 (12.5%) 66 (16.6%) 126 (12.6%) 0.112
Aortic surgery 98 (19.5%) 84 (21.2%) 182 (18.3%) 0453
Aortic surgery type

Aortic root 13 (13.3%) 13 (15.9%) 27 (15.0%) 0.170

Ascending aorta and root 30 (30.6%) 23 (28.0%) 54 (30.0%)

Ascending aorta 27 (27.6%) 27 (32.9%) 41 (22.8%)

Ascending aorta and arch 27 (27.6%) 16 (19.5%) 42 (23.3%)

Aortic arch and descending aorta 1 (1.0%) 3 (3.7%) 16 (8.9%)
Left ventricular assist device 6 (1.2%) 5 (1.3%) 1 (1.1%) 0.967
Right ventricular assist device 5 (1.0%) 1 (0.3%) 0 (0.0%) 0.005
Heart transplantation 38 (7.6%) 44 (11.1%) 102 (10.2%) 0.147
Off-pump surgery 15 (3.0%) 7 (1.8%) 50 (5.1%) 0.009

Conversion to cardiopulmonary bypass 6 (40.0%) 4 (57.1%) 11 (20.8%) 0.067
Cardiopulmonary bypass time (min) 215 (143-294) 218 (161-307) 192 (129 272) <0.001
Crossclamp time (min) 102 (65-152) 102 (68-154) 97 (62-146) 0.196
Intraoperative transfusions 209 (90.1%) 50 (100.0%) 437 91 4%) 0.071

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range)

Results

Baseline, surgical, and ECLS characteristics

Overall, 1897 PC-ECLS patients were included in the
current study: 503 patients (26.5%) underwent aortic, 397
(20.9%) subclavian/axillary and 997 (52.6%) femoral can-
nulation (Table 1). Each center enrolled a median value
of 24 patients per center (Supplementary Fig. 2). A his-
tory of hypertension (p <0.001), smoking (p=0.013), dia-
betes (p=0.002), previous stroke (p=0.007), previous
myocardial infarction (p=0.002), and dialysis (»p=0.041)
was more frequent in the subclavian/axillary cannulation
group (Table 1 and Supplementary Table 3). PAD was less
frequent in femoral cannulation (n=99, 9.9%), compared

to aortic (n=96, 19.1%) and subclavian/axillary cannula-
tion (n=286, 21.7%; p<0.001; Table 1 and Supplementary
Table 3). A higher rate of pre-operative cardiac arrest was
observed in subclavian/axillary cannulation (p=0.005).
Emergency surgery occurred less frequently before femo-
ral cannulation (p <0.001) and CABG was more frequent
in subclavian/axillary and aortic than femoral cannula-
tion (p<0.001, Table 2). Cardiopulmonary bypass (CPB)
time was longer in aortic (215 min [IQR 143-294 min])
and subclavian/axillary (218 min [IQR 161-307 min])
groups, compared to femoral cannulation (192 min [IQR
129-272 min], p<0.001, Table 2 and Supplementary
Table 3).
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Table 3 Details on extracorporeal life support
Aorta (n=503) Subclavian/Axillary Artery Femoral Artery (N=997) P-value
(n=397)

ECLS indication
Failure to wean 204 (40.9%) 195 (52.0%) 347 (35.0%) <0.001

Acute pulmonary embolism 0 (0.0%) 0 (0.0%) 2 (0.2%)

Arrhythmia 12 (2.4%) 4 (1.1%) 26 (2.6%)

Cardiac arrest 47 (9.4%) 12 (3.2%) 95 (9.6%)

Cardiogenic shock 127 (25.5%) 71 (18.9%) 281 (28.4%)

Pulmonary hemorrhage 3 (0.6%) 1 (0.3%) 3 (0.3%)

Right ventricular failure 58 (11.6%) 41 (10.9%) 114 (11.5%)

Respiratory failure 7 (1.4%) 24 (6.4%) 24 (2.4%)

Biventricular failure 34 (6.8%) 23 (6.1%) 82 (8.3%)

Other 7 (1.4%) 4 (1.1%) 17 (1.7%)
Left ventricular unloading 205 (49.6%) 43 (15 0%) 237 (27.4%) <0.001
ECLS duration (hours) 120 (56-206) 116 (69-182) 116 (52-192) 0.557
Anticoagulation regimen

None 54 (11.1%) 20 (5.3%) 79 (8.2%) 0.010

Heparin 429 (87.9%) 355 (94.4%) 881 (91.0%)

Bivalirudin 3 (0.6%) (0.0%) 0 (0.0%)

Argatroban 1 (0.2%) (0.0%) 4 (0.4%)

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range). ECLS, Extracorporeal Life Support

Composite End-point
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Fig. 1 Composite neurologic end-point including stroke, cerebral
hemorrhage and brain edema

Most common indication for ECLS was failure to wean
from cardiopulmonary bypass which was more com-
mon in the subclavian/axillary group compared to oth-
ers (p<0.001) (Table 3). Active left ventricular unloading
strategies were applied in 205 patients (49.6%) in aor-
tic, 43 patients (15.0%) in subclavian/axillary and 237
patients (27.4%) in femoral cannulation (p<0.001).
Patients were supported on ECLS for a median of 120 h
(IQR, 56-206 h) in aortic, 116 h (IQR, 69-182 h) in sub-
clavian/axillary and 116 h (IQR, 52-192 h) in femoral

group (p=0.557). Number of units of post-operatively
transfused erythrocyte concentrates was similar in all
groups (Supplementary Table 4).

Neurological outcomes and associated variables

The composite end-point of major neurological compli-
cations was differently distributed between subclavian/
axillary (n=78, 19.6%), aortic (n="79, 15.8%) and femo-
ral cannulation (n=118, 11.9%, p<0.001) with subcla-
vian/axillary cannulation showing a higher rate of events
compared to femoral cannulation (p=0.001; Fig. 1). Cer-
ebral hemorrhage (aortic: n=16, 3.2%; subclavian/axil-
lary: n=22, 5.9%; femoral: n=21, 2.3%, p=0.004) and
stroke (aortic: n=59, 11.8%; subclavian/axillary: n=63,
15.9%; femoral: n=80, 8.1%, p<0.001) were more fre-
quent in patients cannulated with subclavian/axillary
approach. Seizures were more common in subclavian/
axillary (n=13, 3.4%) compared to aortic (n=9, 1.8%)
and femoral cannulation (n=12, 1.3%, p=0.036). No dif-
ference between groups was observed in cerebral hemor-
rhage severity (p=0.051) and stroke severity (»p=0.197,
Table 4). Neuro-monitoring was used very infrequently
(Table 5). Regression models with random effects for
centers and years, subclavian/axillary cannulation was
associated with higher risk of neurological complications
(OR 1.50 [95% CI 1.05-2.15], p=0.027), also after adjust-
ment for peripheral artery disease, stroke, hypertension,
dialysis, diabetes, preoperative cardiac arrest, emergency



Chiarini et al. Critical Care (2024) 28:265 Page 7 of 14

Table 4 Post-operative outcome

Aorta (n=503) Subclavian/Axillary Femoral Artery(n=997) P-value
Artery(n=397)
Intensive care unit stay (days) 12 (5-25) 16 (8-33) 13 (6-24) <0.001
Hospital stay (days) 17 (6-35) 24 (10-46) 20 (8-39) <0.001
Postoperative bleeding 339 (68.6%) 217 (54.9%) 526 (53.5%) <0.001
Requiring rethoracotomy 234 (47.6%) 135 (43.7%) 347 (35.5%) <0.001
Cannulation site bleeding 58 (11.8%) 54 (13.8%) 110 (11.2%) 0.400
Diffuse no-surgical related bleeding 165 (33.5%) 90 (28.3%) 194 (21.2%) <0.001
Composite endpoint of neurological outcomes 79 (15.8%) 78 (19.6%) 118 (11.9%) <0.001
Brain edema 17 (3.4%) 22 (5.8%) 37 (4.0%) 0.098
Cerebral hemorrhage 16 (3.2%) 22 (5.9%) 21 (2.3%) 0.004
Severity:
Minor 7 (53.8%) 7 (43.8%) 4 (33.3%) 0.051
Disabling 2 (15.4%) 8 (50.0%) 2 (16.7%)
Fatal 4 (30.8%) 1 (6.3%) 6 (50.0%)
Seizure 9 (1.8%) 13 (3.4%) 12 (1.3%) 0.036
Stroke 59 (11.8%) 63 (15.9%) 80 (8.1%) <0.001
Severity:
Minor 23 (45.1%) 28 (58.3%) 26 (38.8%) 0.197
Disabling 18 (35.3%) 14 (29.2%) 22 (32.8%)
Fatal 10 (19.6%) 6 (12.5%) 19 (28.4%)
Leg ischemia* 4 4.1% 11 3.8% 123 13.7% <0.001
Distal femoral perfusion NA (NA) NA (NA) 653 74.7% NA
Arrhythmia 163 (32.6%) 146 (45.5%) 289 (31.3%) <0.001
Cardiac arrest 89 (17.8%) 56 (17.5%) 145 (15.7%) 0.540
Bowel ischemia 24 (4.8%) 26 (8.1%) 51 (5.5%) 0.125
Right ventricular failure 106 (21.2%) 95 (33.5%) 167 (18.1%) <0.001
Acute kidney injury 272 (54.5%) 225 (70.8%) 483 (52.4%) <0.001
Pneumonia 109 (21.8%) 93 (32.7%) 187 (20.3%) <0.001
Septic shock 86 (17.2%) 50 (17.7%) 153 (16.6%) 0.901
Distributive shock syndrome 49 (9.8%) 24 (8.5%) 99 (10.7%) 0.536
Acute respiratory distress syndrome 19 (3.8%) 28 (8.7%) 41 (4.4%) 0.003
Multi-organ failure 198 (39.5%) 131 (33.9%) 3N (31.6%) 0.010
Embolism 27 (5.4%) 37 (13.0%) 41 (4.4%) <0.001
Main cause of death
Multiorgan failure 108 (35.2%) 79 (37.3%) 211 (37.8%) 0433
Sepsis 21 (6.8%) 18 (8.5%) 43 (7.7%)
Persistent heart failure 124 (40.4%) 77 (36.3%) 197 (35.3%)
Vasoplegia 7 (2.3%) 2 (0.9%) 1 (2.0%)
Bleeding 21 (6.8%) 7 (3.3%) 32 (5.7%)
Neurological injury 12 (3.9%) 14 (6.6%) 28 (5.0%)
Bowel ischemia 7 (2.3%) 2 (0.9%) 1 (2.0%)
Other 7 (2.3%) 13 (6.1%) 25 (4.5%)

Data are reported as n (% as valid percentage excluding missing values) or median (interquartile range); *Data on Leg Ischemia are reported only for Femoral
Cannulated patients. NA, Not Available
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Table 5 Neurological monitoring data

Monitoring tool Missing data Aorta (n=503) Subclavian/axillary Femoral P-value

artery(n=397) Artery(n=997)

Near infrared spectroscopy 491 (25.9%) 94 (20.5%) 8 (4.3%) 178 (23.4%) <0.001
Transcranial doppler 490 (25.8%) 2 (0.4%) 0 (0.0%) 3 (0.4%) 0.673
Electroencephalogram 490 (25.8%) 12 (2 6%) 0 (0.0%) 38 (5.0%) 0.002
Brain computed tomography 423 (22.3%) 7(12.3%) 51 (21.5%) 155 (20.0%) <0.001
Brain biomarkers 491 (25.9%) 0 (6.6%) 3(1.6%) 64 (8.4%) 0.004

Data are reported as n (% as valid percentage excluding missing values)

Table 6 The Association between Cannulation and Composite Endpoint of Neurological Outcomes by Mixed-Logistic Regression

Analyses. (N=1560). Reference Group for Cannulation: Femoral Artery

Aorta (n=503) Subclavian/Axillary Artery

(n=397)

OR (95% Cl) P-value OR (95% ClI) P-value
Model 1. Crude model with variable “Arterial cannulation site” 1.33(0.97-2.18) 0.079 1.50 (1.05-2.15) 0.027
Model 2. Model 1+ Peripheral artery disease 1.32(0.96-1.83) 0.088 149 (1.04-2.14) 0.029
Model 3. Model 2 + Stroke 1.33(0.96-1.84) 0.083 149 (1.04-2.13) 0.030
Model 4. Model 3 +interaction stroke*Peripheral artery disease 1.33(0.96-1.84) 0.084 1.50 (1.04-2.14) 0.028
Model 5. Model 3+ hypertension, dialysis, diabetes, preoperative cardiac arrest 1.34 (0.96-1.87) 0.082 145 (1.00-2.11) 0.049
Model 6. Model 5+ emergency surgery, coronary artery bypass graft, aortic sur- 1.32(0.93-1.87) 0.120 142 (0.96-2.11) 0.078
gery, cardiopulmonary bypass time
Model 7. Model 6 + Implant timing, Cardiac arrest as indication for ECLS 1.39(0.98-1.99) 0.067 1.53(1.02-2.31) 0.041

Data are odds ratios (OR) with 95% confidence intervals (95% Cl) for aortic or subclavian/axillary cannulation compared to femoral cannulation (as reference). A higher
OR indicates an increased composite end-point of major neurological complications compared to femoral cannulation. Cl, Confidence Interval. ECLS, Extracorporeal

Life Support
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Secondary outcomes

Intensive care unit stay was longer in subclavian/axillary
than aortic or femoral cannulation (p<0.001, Table 4),
with a higher in-hospital mortality in the aortic group
(aorticc: n=344, 68.4%; subclavian/axillary: n=223,
56.2%; femoral: n=>587, 58.9%; p <0.001, Fig. 2 and Sup-
plementary Table 3), also confirmed by Kaplan—Meier
curves (Fig. 3). More patients deceased during ECLS
support in the aortic cannulation group (n=217, 43.8%)
compared to subclavian/axillary (n=103, 29.9%) and
femoral groups (n=360, 36.3%, p<0.001 Supplemen-
tary Table 3). No differences were found in main causes
of in-hospital death between groups (p=0.433). Median
Follow-up time was 11 days for in-hospital deaths
(IQR: 4-22) and 885 days for hospital survivors (IQR:
91-1916).

Sensitivity analysis

In the sensitivity analysis excluding patients supported
before 2010 (Supplementary Tables 5-8), we confirmed
the same distribution of the primary outcome and in-
hospital mortality observed in the main analysis (Sup-
plementary Fig. 3-5). In the sensitivity analysis excluding
patients who suffered previous stroke, previous transient
ischemic attack, peripheral vessel disease or with cardiac
arrest during hospital stay (Supplementary Tables 9-12),
the composite neurological end-point occurred more fre-
quently in the subclavian/axillary group (aortic: n=48,
15.6%; subclavian/axillary: n=38, 18.0%; femoral: n=62,
9.2%; p=0.001; Supplementary Fig. 6). In-hospital mor-
tality remained higher in the aortic cannulation group
(aortic: n=215, 69.8%; subclavian/axillary: n=103,
48.8%; femoral: n=370, 56.3%; p<0.001; Supplementary
Fig. 7-8).

Discussion

This study investigated neurological complications in one
of the largest cohorts of PC-ECLS patients. The study has
four main findings. First, femoral cannulation remains
the most used cannulation approach (53%), while sub-
clavian/axillary cannulation (21%) and aortic cannula-
tion (26%) are less used. Second, we found that patients
with subclavian/axillary cannulation had worse baseline
vascular conditions as shown by higher prevalence of
previous stroke, previous myocardial infarction, dialysis,
preoperative cardiac arrest and peripheral artery dis-
ease. Third, we showed that the composite outcome of
neurological complications occurred in almost 20% of
patients cannulated with subclavian/axillary, compared
to 12-16% of patients cannulated with femoral and aor-
tic approach. Finally, we found higher in-hospital mor-
tality in the aortic group, despite the lower incidence of
neurological complications, confirmed by two sensitivity
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analyses after exclusion of patients supported before
2010 and those with cardiac arrest, stroke, previous tran-
sient ischemic attack, peripheral vessel disease.

Overall neurological complications occur in almost
20% of V-A ECLS patients as reported by literature [12].
However, it is still difficult to identify which patient
might develop such a complication, its relationship with
cerebral autoregulation, its predicted severity, or whether
a specific ECLS setting may be related to more neurologi-
cal events. Moreover, effective strategies to prevent such
complications or monitor their early onset are urgently
needed to improve PC-ECLS outcomes. Literature sup-
ports the hypothesis that cerebral perfusion during ECLS
might be influenced by the arterial cannulation site, but
whether this could influence neurologic complications
is still unknown [13, 14]. Arterial cannulation approach
may significantly vary, as demonstrated by this analysis of
the PC-ECLS population, with femoral cannulation used
in 52.6% of patients, subclavian/axillary cannulation in
20.9% and aortic cannulation used in 26.5% of patients.
Femoral cannulation remains the preferred cannulation
strategy in PC-ECLS [15], but its superiority in terms of
fewer brain embolization events compared to the central
aortic one is still debated, as mechanisms underlying the
potential beneficial effects of peripheral cannulation have
to be confirmed [16-19].

The first step to understanding the association of neu-
rological outcomes and cannulation strategy implies an
analysis of patients’ characteristics to identify specific
risk profiles for adverse events, identify best candidates
for each cannulation strategy, and also understand how
clinicians currently select patients for each cannula-
tion approach. This study showed that patients who
were cannulated with subclavian/axillary approach were
characterized by a worse vascular status compared to
others. Moreover, a significant amount of them received
emergency surgery and experienced cardiogenic shock
or cardiac arrest before the operation. This observation
suggests that the subclavian/axillary cannulation is pre-
ferred in case of worse patient’s vascular status, possibly
because the subclavian/axillary artery is more often free
from atheromatic disease compared to femoral vessels or
ascending aorta [20, 21]. Surprisingly, subclavian/axillary
cannulation was not predominantly used in aortic sur-
gery, even though the subclavian/axillary artery is often
cannulated to initiate CPB during this type of operation
[20]. Aortic surgery is usually associated with higher neu-
rological risks due to the possible disease involvement of
neck vessels or the need for a circulatory arrest [16, 22],
but interaction between disease extension and ECLS can-
nulation approach needs further investigations.

CPB time was slightly longer in patients cannulated
with subclavian/axillary and aortic approach compared



Chiarini et al. Critical Care (2024) 28:265

to femoral approach. This could be explained by the
higher surgical complexity that characterized the sub-
clavian/axillary group, whose patients underwent two
or more procedures in 28% of cases compared to the
16-18% of other groups. A longer CPB time might influ-
ence cerebral circulation and neurological outcomes.
However, the interaction between CPB time and flow,
intra-operative CPB cannulation and ECLS cannulation
sites, hemodynamic parameters, and patient’s vascular
status is still under-investigated and requires the devel-
opment of dedicated studies.

Observations from this study demonstrated that the
composite neurological end-point including stroke, brain
hemorrhage and brain oedema occurs more frequently in
subclavian/axillary cannulation, with 6% of patients suf-
fering cerebral hemorrhage and 16% of patients suffering
ischemic stroke in the subclavian/axillary group. Also,
clinical seizures were more common in subclavian/axil-
lary patients. The adjusted analysis, which accounted for
a range of the ECLS-independent confounding factors,
demonstrated that the subclavian/axillary cannulation
site remained independently associated with increased
neurologic complications. This finding underscores the
significance of the cannulation strategy in influencing
patient outcomes during ECLS and reduces the likeli-
hood that the observed differences were merely due to
the subclavian/axillary group being sicker already before
the cannulation. Although tracing the pathophysiologi-
cal mechanism of these events was beyond the scope of
this observational study, we can hypothesize an additive
effect of baseline cerebral and vascular comorbidities,
an intra-operative alteration of the cerebral blood flow,
the lack of pulsatility due to ECLS, an altered cerebral
autoregulation and the flow pattern determined by the
arterial cannulation site. Moreover, an autoregulatory
dysfunction may contribute to neurological dysfunction,
but how it interacts with ECLS and cannula flow is still
unknown [13, 14, 23, 24] and mechanisms of cerebral
autoregulation in the specific setting of non-pulsatile
blood flow and after different cannulation strategies are
still an active research area [8, 19, 21].

To further investigate all these aspects and allow for
an early detection of neurological complications, dedi-
cated neurological monitoring strategies during ECLS
are advised even if no specific guidelines still exist. PELS
study demonstrated that neurologic monitoring (such as
near-infrared spectroscopy, transcranial doppler, elec-
troencephalogram and brain computed tomography) is
still not routinely used. However, literature suggests that
standardized neuromonitoring, when implemented, sig-
nificantly improves the detection [25, 26] of acute brain
injuries in ECLS patients; particularly lack of blood flow
monitoring may be associated with increased stroke
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incidence [27-29]. Strong heterogeneity exists also in
anticoagulation protocols and unloading strategies that
might play an important role in determining thrombotic
and hemorrhagic brain events and cardiac recovery [30—
32]. This study demonstrated a less frequent use of left
ventricular unloading strategies in the subclavian/axil-
lary group. Considering the different flow pattern with
antegrade flow in the descending aorta, subclavian/axil-
lary cannulation is deemed to be less burdened by left
ventricular afterload increase and pulmonary edema.
This different hemodynamic pattern might induce a
less frequent use of left ventricular unloading strategies
[33]. Furthermore, institutional practices and protocols
for ECLS management can vary significantly, and some
centers may have a “lower threshold” for implementing
unloading in patients with femoral or aortic cannulation
compared to those with subclavian/axillary approach.

Several studies report in-hospital mortality of patients
undergoing PC V-A ECLS around 60% with different
variations, depending on weight of surgery, patient’s age
and center’s expertise [3, 21, 27, 29, 34—36]. Our survival
outcomes were also comparable to those presented in the
previous studies and reports from the Extracorporeal Life
Support Organization (ELSO) registry [21, 37], although
variations may be related to the specific characteris-
tics of our patient cohort. This comparison underscores
the validity of our results and highlights the importance
of considering patient-specific factors when evaluating
ECLS outcomes. Our study also confirmed the impor-
tance of describing the death timing when reporting on
ECLS mortality [38]. For example, we noticed a higher
percentage of on-support mortality within the aortic
group that significantly contributes the overall higher
mortality in this group. This suggests that the inability to
wean from ECLS is a critical factor contributing to the
increased mortality in the aortic group, likely reflecting
a more severe underlying condition or a less favorable
response to ECLS support.

This finding opens the discussion on the fate of ECLS
patients with neurological damage. Previous studies
showed that patients on V-A ECLS support experienc-
ing neurological complications had an increased in-hos-
pital mortality, by a factor of 2—3 [13, 39—41]. Moreover,
severe neurological damage could be a reason to with-
draw the support. However, neurological complications
remain limited in the ECLS population, and they seem
not to be the main driver of mortality [39]. Therefore,
these complications, especially the "minor" ones, should
not push toward support withdrawal.

The observation that neurologic complications were
not the primary cause of mortality in our cohort may
be partly explained by the extended period required for
neurologic recovery. Clinical teams may be inclined to
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continue ECLS support while awaiting potential neuro-
logic improvement, as early withdrawal could preclude
recovery that may take days to weeks to become evident.
This approach emphasizes the importance of patient-spe-
cific management and multimodal neurologic monitor-
ing to guide decision-making during ECLS support.

As clinical experience accumulates and ECLS becomes
more widely used, focused research on neurological
monitoring and management of neurological compli-
cations are imperative to improve early and long-term
outcomes. Particularly, it is warranted to evaluate if
improving neurological monitoring, anticoagulation pro-
tocols, neurological targeted therapy, prognostication,
and follow-up, may mitigate incidence and severity of
neurological complications in all patients, and especially
in those with bad vascular status and/or subclavian can-
nulation. Since we included patients from different cent-
ers and countries, our results may be applicable to a large
variety of patients treated with PC-ECLS.

Strengths and limitations

PELS is observational by nature, so causal inference is
not possible, and it was not designed to specifically inves-
tigate vascular diseases (i.e. carotid stenosis) and neuro-
logical outcomes with dedicated tools [12, 16, 41]. Details
about CPB cannulation strategies during the index opera-
tion or timing (on ECLS, before or after ECLS) of neu-
rological complications were not available, preventing
any deeper causal investigation. Moreover, specific data
on ECLS selection criteria, protocols, anticoagulation
and weaning strategies, cannulation technique and per-
sonnel (surgical vs percutaneous) are not captured by
the database and could therefore not be included in this
study. Similarly, intraoperative and postoperative hemo-
dynamic parameters, oxygen delivery and hypoxia, cer-
ebral autoregulation influencing factors, coagulation
parameters, anesthesia management protocols, vasopres-
sors and inotropes usage, reasons for withdrawal of ECLS
support, post-discharge quality of life, functional status,
re-hospitalization events after discharge and follow-up
specific data. As previously mentioned, sicker patients
with compromised vascular status more frequently
received subclavian/axillary. Therefore, we cannot rule
out the effects of confounding by severity and indica-
tion which is the main limiting factor of this analysis.
While we used models to adjust for these confounding
variables, we recognize that these adjustments cannot
fully eliminate all biases. Since the observational nature
of PELS study, we also cannot infer on relations between
other complications (acute kidney injury, pneumonia,
acute respiratory distress syndrome, embolism, and
arrhythmia, etc.) more common after subclavian/axillary,
and neurological complications. Furthermore, we had no
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access to long-term functional status of these patients,
therefore additional studies are warranted in this respect.
Participation to the PELS study was on a voluntary basis
and centers received no funding for this study. Thus, we
cannot exclude that some centers did not provide all
available data or included all consecutive patients due to
lack of resources, despite the actions taken to support a
comprehensive and granular data collection (Supplemen-
tary Fig. 2). Indeed, we encountered some missing data,
especially regarding severity of stroke or cerebral hemor-
rhage and vasospasm (Supplementary Table 2). Caution
should be applied in the interpretation of data regard-
ing post-operative transfusions due to a high percentage
of missing data (n=918/1897, 48.4%), especially in the
subclavian/axillary group. Nevertheless, external validity
of our study is supported by the large cohort, the use of
linear mixed-effects models including center and year as
random effects, and the international participation.

Conclusions

In this cohort of the PC-ECLS Study, subclavian/axil-
lary cannulation was used in patients with compromised
vascular status, and it was associated with higher rates of
major neurologic complications and seizure, especially
compared to femoral cannulation. In-hospital mortality
was higher after aortic cannulation, despite no significant
differences in incidence of neurological cause of death in
these patients. These results focus attention on the appli-
cation of preventive strategies in patients with impaired
vascular status and/or subclavian/axillary cannulation,
encouraging dedicated prospective trials. Eventually,
this study suggests the need for an adequate neurologic
monitoring of patients undergoing PC-ECLS, especially
in subclavian/axillary cannulated patients.
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