Stroke Patterns and Cannulation Strategy during Veno-Arterial
Extracorporeal Membrane Support

Mia Nishikawa!, Joshua Willey!, Hiroo Takayama!, Yuji Kaku', Yuming Ning!, Paul
Kurlansky!, Daniel Brodie!, Amir Masoumi?, Justin Fried!, and Koji Takeda'

!Columbia University Irving Medical Center
2Columbia University Medical Center

October 27, 2020

Abstract

Objectives Stroke has potentially devastating consequences for patients receiving veno-arterial extracorporeal membrane support
(VA-ECMO). Arterial cannulation sites for VA-ECMO include the ascending aorta, axillary artery, and femoral artery. However,
the influence of cannulation site on stroke risk has not been well described. The purpose of this study was to investigate the
association between occurrence and patterns of stroke with ECMO arterial cannulation sites. Methods We retrospectively
reviewed 414 consecutive patients who received VA-ECMO support for cardiogenic shock between March 2007 and May 2018.
Patients were categorized by cannulation strategy. The rates, subtype and location of strokes as assessed by neuroimaging
during and after VA-ECMO support were analyzed. Results Median age was 61 years (IQR 50-69); 67% were men. 77 patients
were cannulated via the ascending aorta (17%), 31 via the axillary artery (7%), and 306 (69%) via the femoral artery. In total,
26 patients (6.3%) developed 30 stroke lesions at a median of 6.0 (IQR 3.1-8.7) days after ECMO cannulation. Ischemic stroke
was the most common subtype (64%), followed by hemorrhagic transformation (20%) and hemorrhagic stroke (16%). Location
by CT was right hemispheric in 38%, left hemispheric in 24%, bilateral in 21%, and vertebrobasilar in 17%. The incidence of
stroke was similar across cannulation strategies: aorta (n=5, 6.5%), axillary artery (n=2, 6.5%), and femoral artery (n=19,
6.2%), (p=0.99). Conclusions Incidence of stroke does not appear to differ among patients cannulated via the ascending aorta,

axillary artery, or femoral artery. Ischemic stroke was the most common subtype of stroke.
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Abstract
Objectives

Stroke has potentially devastating consequences for patients receiving veno-arterial extracorporeal membrane
support (VA-ECMO). Arterial cannulation sites for VA-ECMO include the ascending aorta, axillary artery,
and femoral artery. However, the influence of cannulation site on stroke risk has not been well described.
The purpose of this study was to investigate the association between occurrence and patterns of stroke with
ECMO arterial cannulation sites.

Methods

We retrospectively reviewed 414 consecutive patients who received VA-ECMO support for cardiogenic shock
between March 2007 and May 2018. Patients were categorized by cannulation strategy. The rates, subtype
and location of strokes as assessed by neuroimaging during and after VA-ECMO support were analyzed.

Results

Median age was 61 years (IQR 50-69); 67% were men. 77 patients were cannulated via the ascending aorta
(17%), 31 via the axillary artery (7%), and 306 (69%) via the femoral artery. In total, 26 patients (6.3%)
developed 30 stroke lesions at a median of 6.0 (IQR 3.1-8.7) days after ECMO cannulation. Ischemic stroke
was the most common subtype (64%), followed by hemorrhagic transformation (20%) and hemorrhagic
stroke (16%). Location by CT was right hemispheric in 38%, left hemispheric in 24%, bilateral in 21%, and
vertebrobasilar in 17%. The incidence of stroke was similar across cannulation strategies: aorta (n=>5, 6.5%),
axillary artery (n=2, 6.5%), and femoral artery (n=19, 6.2%), (p=0.99).

Conclusions

Incidence of stroke does not appear to differ among patients cannulated via the ascending aorta, axillary
artery, or femoral artery. Ischemic stroke was the most common subtype of stroke.
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Introduction

Veno-arterial extracorporeal membrane support (VA-ECMO) utilization for cardiogenic shock has markedly
increased in the past few decades, as technological advances have resulted in equipment improvement and
expanded indications'*. Etiologies of cardiogenic shock include, but are not limited to, postcardiotomy
shock, acute myocardial infarction, allogenic graft dysfunction, and acute decompensated heart failure.
Despite successful outcomes in VA-ECMO deployment, complications are common and mortality rates remain
high®.

Stroke is a major complication with potentially devastating consequences, including mortality and long-term
disability. Reported stroke incidence during VA-ECMO have ranged from 4.2 - 8% and stroke remains a
leading cause of mortality for patients on VA-ECMO®®. The pathophysiology of stroke during ECMO is
complex and suggested to be influenced by several factors, including cerebral autoregulation, anticoagulation,
vasospasm, circuit thrombosis, and thromboembolism, however specific mechanisms are poorly understood.’

Arterial cannulation sites for VA-ECMO include ascending aorta, axillary artery, and femoral artery. There
is scarce data about the rates of stroke according to cannulation site. In older case series of VA-ECMO, high
rates were explained by ligation or cannulation of the internal carotid, however more contemporary studies
continue to document high rates of stroke despite alternative cannulation sites. The purpose of this study
was to investigate the association between occurrence and patterns of stroke with ECMO arterial cannulation
sites. We hypothesize that stroke risk would vary with arterial cannulation site.

Methods
Study Population

All patients (n=414) who received VA-ECMO support for cardiogenic shock at our center between March
22, 2007 and June 26, 2018 were identified through our clinical outcomes database. This study was approved
by the institutional review board of the Columbia University Irving Medical Center.

Cannulation Strategy and ECMO management

Our ECMO strategy and management is described previously!?. The Cardiohelp system (Maquet, Wayne,
NJ) was the primary circuit used in our institution but CentriMag or Rotaflow pump was rarely used. In
brief, femoral vessel cannulation was usually preferred for all cardiogenic shock patients throughout the study
period, however central cannulation was typically used for post-cardiotomy circumstances or when peripheral
arterial sites were inaccessible, and axillary cannulation used when femoral arteries were inaccessible or when
the axillary artery is cut-down for other purposes. ECMO was managed by multidisciplinary team. Patients
were classified based on initial arterial cannulation site.

Stroke definition, diagnosis, and classification

In line with the most recently updated definitions by the American Heart Association !, ischemic stroke
(IS) was defined as any focal neurological deficit either with an associated infarct noted on neuro-imaging
or with clinical evidence of cerebral focal ischemic injury lasting at least 24 hours. Intracerebral hem-
orrhage (ICH) was defined as intra-parenchymal bleeding not related to trauma without evidence of sig-
nificant adjacent hypodensity on computed tomography (CT) scan. Ischemic Stroke with hemorrhagic
transformation (HT) was defined as intra-parenchymal bleeding with significant adjacent hypodensity on
CT, consistent with hemorrhage into the bed of an infarct.

Patient sedation was turned off on a daily basis for neurological monitoring, and patients with suspected
stroke were examined by a board-certified neurologist at our institution and underwent a full neurological
examination. We defined strokes occurring within 7 days of ECMO decannulation as ECMO-related stroke
because, in some cases, clinical neurological examinations were not feasible or reliable due to delirium or



other causes and diagnosis of stroke could be delayed”. Anticoagulation was held until neurological evalua-
tion was completed. Condition permitting, patients underwent neuro-imaging with non-contrast computed
tomography (CT). Patients with negative findings on CT but with clinical suspicion of stroke underwent
further neuroimaging, with two patients with confirmed stroke on computed tomography angiography, and
one patient with confirmed stroke on magnetic resonance imaging. Stroke lesions were confirmed with neuro-
imaging findings and classified as IS, HT or ICH and were subdivided into right hemispheric, left hemispheric,
bilateral hemispheric, or vertebrobasilar lesions. One patient with clinically apparent stroke had their care
withdrawn before undergoing neuroimaging. This patient, although classified as having a stroke event, was
not included in the stroke subtype and location analysis due to the absence of neuroimaging. Ischemic stroke
lesions that underwent hemorrhagic transformation were classified as one stroke event. In 3 patients, stroke
became evident after ECMO decannulation. For patients who were decannulated from ECMO and had a
stroke event after being transferred to a separate mechanical circulatory device, determining whether the
stroke was related to ECMO or another device is difficult. As such, patients with stroke event occurring 7
days post-ECMO removal or occurring within 7 days post-ECMO removal while being supported on a sep-
arate mechanical circulatory device (except for an Impella device or intra-aortic balloon pump (“IABP”))
were classified as having no stroke event, as these stroke events were not considered to have occurred while
on ECMO.

Data Collection

Data was collected from either a preexisting database of adult ECMO patients, where available, or directly
from patient charts. Baseline demographic information, including age, gender, body mass index, comorbidi-
ties, and etiology of cardiogenic shock was recorded for all patients. Characteristics of ECMO support in
each patient were also collected. Each head CT imaging was reviewed by a single board certified vascular
neurologist (JW) to determine the type and location of stroke.

Statistical Analysis

Continuous variables were represented as median (interquartile range [IQR]) and compared using the Mann-
Whitney test (for two way comparisons) or Kruskal-Wallis test (for three way comparisons) as they were not
normally distributed by testing with the Kolmogorov-Smirnov test. Categorical variables were represented as
proportions and compared using chi-square and Fisher’s exact tests where appropriate. P-value less than 0.05
was considered significant for all analyses. When Kruskal-Wallis test or chi-square tests showed significance,
post-hoc comparisons with Bonferroni correction were further performed to examine the significant differences
pairwise. Chi-square tests were used to evaluate differences between those with and without stroke. All
statistical analyses were performed using IBM SPSS software version 26.0 (IBM, Armonk, NY, USA).

Results
Baseline Characteristics

Table S1 shows baseline characteristics (see Supplementary Table S1). Median age of the cohort was 61
years (IQR 50-69); 67% were men. A total of 30 stroke events occurred in 26 patients (6.3%) at a median
of 6.0 (3.1-8.7) days after ECMO cannulation. There were no significant differences in baseline demographic
characteristics such as age, sex, or body mass index between patients who had stroke and those who did
not. Arteriosclerotic risk factors such as hypertension, hyperlipidemia, diabetes mellitus, previous history of
stroke, and underlying etiologies of cardiogenic shock were not significantly associated with increased risk for
stroke. Rate of concurrent use of other devices such as intra-aortic balloon pump or Impella, baseline lactic
acid levels, and active cardiopulmonary resuscitation prior to ECMO cannulation was also similar between
the groups.

Among 414 patients in our cohort, 77 patients were cannulated via the ascending aorta (19%), 31 patients via
the axillary artery (7%), and 306 (74%) patients via the femoral artery. Table 1 shows patient demographics
based on the cannulation type. Baseline characteristics and co-morbidities were not significantly different
among groups.



Stroke type and location

Stroke subtype and location based on cannulation site are summarized in Table 2. IS was the most common
stroke subtype (64%), followed by HT (20%) and ICH (16%). Among these, location by CT scan was right
hemispheric in 38%, left hemispheric in 24%, bilateral in 21%, and vertebrobasilar in 17%.

Stroke incidence did not appear to differ across cannulation strategies: aorta (n=4, 6.5%), axillary artery
(n=2, 6.5%), and femoral artery (n=19, 6.2%), (p=0.99). Median days to stroke event from ECMO can-
nulation were 7.0, 1.74, and 6.0 days for ascending aorta, axillary artery, and femoral artery cannulation,
respectively. Stroke patients with axillary cannulation had right hemispheric stroke (n=1, 50%) and ver-
tebrobasilar stroke (n=1, 50%). Those with central cannulation had left hemispheric (n=2, 50%), right
hemispheric (n=1, 25%), and bilateral lesions (n=1, 25%). Those with femoral cannulation had right hemi-
spheric (n=9, 39%), left hemispheric (n=5, 22%), bilateral (n=5, 22%), and vertebrobasilar lesions (n=4,
17%) lesions.

Among etiologies for cardiogenic shock, the incidences of stroke seen in patients with acute decompensated
heart failure, other etiologies for cardiogenic shock, acute myocardial injury, postcardiotomy shock, and graft
dysfunction were 9%, 8%, 7%, 7%, and 4% respectively (p=0.13).

Outcomes Comparison

Across cannulation sites, infection rates appeared to be highest in patients with femoral cannulation (31%)
compared to axillary cannulation (29%), and central cannulation (18%), (p=0.046). 62% of the femoral
cannulation cohort required distal perfusion cannula for distal ischemia. Bleeding rates were observed to
be 52%, 58%, and 43% in patients with central, axillary, and femoral cannulation, respectively (p=0.17).
Overall survival to discharge in this cohort was 51.0%. Survival to discharge rates was 52% in the stroke-free
population compared to 42% in the stroke population, without reaching statistical significance due to sample
size (p=0.36).

Among stroke patients who survived to discharge, 4 patients (36%) had resolved neurologic deficit, and 7
patients (64%) were previously independent and unable to perform ADLs at the time of discharge (Table 3).
Overall survival to discharge for patients who received femoral, axillary, and central cannulation was 37%,
100%, 40%, respectively (p=0.22).

Discussion

The major finding of this study is that VA-ECMO cannulation location did not appear associated with stroke
risk. Ischemic stroke was the most common stroke subtype, followed by hemorrhagic transformation, and
intracranial hemorrhage. Lesions were most common in the right hemisphere, followed by the left hemisphere
lesions, bilateral lesions, and vertebrobasilar lesions.

Current literature suggests that 10-50% of VA-ECMO patients suffer neurological complications %812, Vari-
able incidence rates may be attributed to inconsistent definition of what constitutes a neurological com-
plication, with some studies including brain death, diffuse anoxic brain injury, and coma under the scope
of neurological complications while other studies do not. Neurological complications include subclinical
cognitive impairment, seizures, paraplegia, peripheral neuropathy, and ischemic and hemorrhagic strokes.
Ischemic stroke and hemorrhagic stroke are catastrophic complications associated with ECMO. Incidence
rates for stroke range from 4.2-7.8% among VA-ECMO patients®®. The true stroke incidence rate may be
higher as stroke events are likely unrecognized. Neurological diagnosis is often difficult due to deep sedation
and systolic and metabolic derangements encountered in intensive care unit patients. In a prospective study,
Mateen et al. found that despite a lack of clinical diagnosis of stroke, autopsy studies of 9 of 10 brains

showed hypoxic-ischemic and hemorrhagic lesions of vascular origin'?.

The specific pathophysiology leading to ischemic or hemorrhagic stroke during VA-ECMO is poorly un-
derstood. There are multiple proposed stroke risk factors in patients undergoing VA-ECMO. Such risk
factors may include cardiac arrest, cardiac surgery, myocardial infarction, heart failure, need for renal re-



placement therapy, sepsis, duration of ECMO, presence of bleeding at other sites, and non-pulsatile cerebral
perfusion” 13 . Small studies have suggested that certain risk factors are independently associated with
stroke: Omar et al. found that high pre-ECMO blood lactic acid levels (lactic acid > 10 mmol/L) were
independently associated with ischemic stroke?. In a retrospective, single-center study, Saeed et al. found
a strong association between early low-level hemolysis (i.e. 48-hour plasma-free hemoglobin 11-50 mg/dL)
with subsequent non-hemorrhagic stroke'®. However, both studies were limited by small number of cases
with the main outcome variable. As such, assessing the relative impacts of the underlying risk factor and
ECMO itself is challenging.

Cannulation site is a potentially modifiable risk factor that has not been extensively studied. The association
between outflow cannulation site and neurological complications has been studied among pediatric VA-
ECMO patients with mixed results. Incidence rate of neurological complications in neonatal VA-ECMO
patients has been estimated to be 20%'6. A study of pediatric VA-ECMO patients by Werho et al.!” did
not find association between stroke risk and cannulation site in neonates. Another study by Pinto et al.*?
found that peripheral cannulation was associated with higher incidence of stroke in pediatric patients. Few
studies have studied such associations among adult VA-ECMO patients. Laterality of lesions have not been
extensively studied in adult VA-ECMO patients, and reports in pediatric patients have been conflicting!® 2!,

This study is subject to limitations particular to non-randomized studies. Due to the small number of cases
with the main outcome variable, a main study limitation is the low statistical power of the analysis. In order
for our study to have 80% power at alpha = 0.05, the effect size, as demonstrated by the odds ratio, would
have to be at least 6 (compared to our findings, where OR=1.05 for both axillary vs. femoral cannulation
and central vs. femoral cannulation, and OR=1 for axillary vs. central cannulation). Therefore, our
study was underpowered to detect a difference in stroke rates based on cannulation site, if such a difference
existed. Second, selection bias may have been introduced in terms of choice of cannulation strategy due
to accessibility. For example, most patients who received central cannulation had underlying etiology of
postcardiotomy shock for ease of access, and patients with femoral cannulation were more likely to have
acute myocardial infarction as underlying cardiogenic shock etiology, as shown by pairwise comparisons with
p<0.01 of Bonferroni correction. Larger, multi-center studies are needed to confirm these findings. In order
to lower the risk of information bias, all documented stroke outcomes were verified with a CT scan of the
head. Therefore, overall incidence of stroke is likely underestimated. Furthermore, the long study period
(12 years) introduces technological advances that may have changed patient management during the study
period (see Supplementary Table S2).

Conclusion

In conclusion, ischemic or hemorrhagic stroke rates did not appear to differ across cannulation sites during
VA-ECMO.
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Tables

Table 1: Demographics and Clinical Characteristics of VA ECMO Patients based on Cannulation Type

All All Central Central Axillary Axillary Femoral Femoral

(n=414) (n=414) (n=77) (n=77) (n=31) (n=31) (n=306) (n=306) P
Characteristic %, IQR %, IQR %, IQR. %, IQR
Age, 61.0 (50.0- 62.0 (51.5- 62.0 (51.0- 61.0 (49.8- 0.2
median 69.0) 72.0) 72.0) 69.0)
(IQR)
(years)
BMI, 28.1 (24.3-32.2) 285 (24.2-31.9) 30.0 (25.1-32.1) 27.9 (24.4-32.3) 0.8
median
(IQR)
(kg /m?)
Male, 276 66.7% 48 62.3% 21 67.7% 207 67.7% 0.€
n (%)
Prior 36 10.9% 6 9.1% 2 8.3% 28 11.6% 0.
CVA, n
(%)
HTN, 208 62.7% 43 65.2% 15 62.5% 150 62.0% 0.¢
n (%)
HLD, n 158 47.5% 31 47.0% 9 37.5% 118 48.6% 0.f
(70)
DM, n 108 32.4% 18 27.3% 6 25.0% 84 34.6% 0.:
(%)
Etiology, <
n (%) 0.0
PCS, n 135 32.6% 49 63.6% 20 64.5% 66 24.4% <
(%) 0.
Graft, 54 13.0% 8 10.4% 1 3.2% 45 16.6% 0.1
n (%)
ADHF, 44 10.6% 3 3.9% 4 12.9% 37 13.7% 0.1
n (%)
AMI, n 94 22.7% 7 9.1% 5 16.1% 82 30.3% 0.
(%)
Other, 51 12.3% 9 11.7% 1 3.2% 41 15.1% 0.2
n (%)

ADHF = Acute Decompensated Heart Failure; AMI = Acute Myocardial Injury; BMI = Body Mass Index;
CVA = Cerebrovascular Accident; DM = Diabetes; Graft = Primary Graft Dysfunction; HLD = Hyperlipi-
demia; HTN = Hypertension; PCS = Postcardiotomy Shock; PCS includes those patients with inability to

wean from cardiopulmonary bypass secondary to left, right or biventricular failure.

Table 2: Stroke Subtype and Location based on Cannulation Site



All Central Central Axillary Axillary Femoral Femoral p-

Patients 26 26/414, 5 5/77, 6% 2 2/31, 6% 19 19/306, 0.¢

with 6% 6%

Stroke, n

(%)

IS 16 16/25, 4 4/4,100% 1 1/2, 50% 11 11/19, 0.2
64% 58%

HT 5 5/25,20% O 0/4, 0% 1 1/2, 50% 4 4/19, 21% .

ICH 4 4/25,16% 0 0/4, 0% 0 0/0, 0% 4 4/19,21% 0./

Stroke 30 5 5/30, 17% 2 2/30, ™% 23 23/30, 0.7

events, n 7%

(%)

R Hemi 11 11/29, 1 1/4, 25% 1 1/2, 50% 9 9/23,39% 0.7
38%

L Hemi 7 7/29, 24% 2 2/4, 50% 0 0/2, 0% 5 5/23, 22% 0./

BL 6 6/29, 21% 1 1/4, 25% 0 0/2, 0% 5 5/23, 22% 0.7

VB 5 5/29, 17% 0 0/4, 0% 1 1/2, 50% 4 4/23, 17% 0.2

BL = Bilateral Hemispheric Stroke; HT = Hemorrhagic Transformation of an Ischemic Stroke; ICH =
Intracranial Hemorrhage; IS = Ischemic Stroke; L Hemi = Left Hemispheric Stroke; R Hemi = Right
Hemispheric Stroke; VB = Vertebrobasilar Stroke.

\sout

Table 3: Survival and Functional Outcomes of Stroke Patients based on Cannulation Site

All Central Central Axillary Axillary Femoral Femoral p-value

Survival-to-discharge, n (%) 11 42% 2 40% 2 100% 7 37% 0.22
Resolved neurologic deficit, n (%) 4 36% 1 50% 0 0% 3 43% 0.49
Unable to perform ADLs, n (%) 7  64% 1 50% 2 100% 4 57% 0.49
ADL = activities of daily living
Supplementary Tables S1-S2
Supplementary Table S1: Characteristics of Stroke versus Stroke-free VA ECMO Patients

Non-Stroke Non-Stroke

Patients Patients Stroke Stroke

All (n=414)  All (n=414)  (n=388) (n=388) (n=26) (n=26) P-value

Age, 61.0 (50.0-69.0) 61.0 (50.0-69.0) 60.5 (44.0-70.3) 0.56
median
(IQR)
(years)
BMI, 28.1 (24.3-32.2)  28.2 (24.6-32.3)  26.5 (23.4-30.6)  0.089
median
(IQR)
(kg /m?)
Male, n 276 66.7% 260 66.8% 16 64.0% 0.57



Non-Stroke Non-Stroke
Patients Patients Stroke Stroke
All (n=414)  All (n=414) (n=388) (n=388) (n=26) (n=26) P-value

Deceased, 238 57.8% 223 57.3% 15 60.0% 0.99
n
Prior 36 10.9% 33 10.6% 3 15.8% 0.54
CVA, n
HTN, n 208 62.7% 194 62.2% 14 70.0% 0.48
HLD, n 158 47.4% 145 46.3% 13 65.0% 0.11
DM, n 108 32.4% 104 33.1% 4 21.1% 0.22
Lactic 71 17.8% 69 18.4% 2 8.0% 0.16
Acid > 10
mmol/L, n
CPR, n 95 23.1% 91 23.6% 4 16.0% 0.33
IABP, n 93 24.7% 90 25.4% 3 13.0% 0.15
Impella, n 42 11.2% 39 11.1% 3 12.5% 0.83
Cardiogenic 0.96
Shock
Etiology
PCS, n 135 32.6% 126 32.5% 9 34.6% 0.82
Graft, n 54 13.0% 52 13.4% 2 7.6% 0.40
AMI, n 95 22.9% 88 22.7% 7 26.9% 0.62
ADHF, n 45 10.9% 41 10.6% 4 15.4% 0.45
Other, n 52 12.6% 48 12.4% 4 15.4% 0.66

ADHF = Acute Decompensated Heart Failure; AMI = Acute Myocardial Injury; BMI = Body Mass Index;
CPR = Cardiopulmonary Resuscitation within 24 hours prior to ECMO cannulation; CVA = Cerebrovascular
Accident; DM = Diabetes; Graft = Primary Graft Dysfunction; HLD = Hyperlipidemia; HTN = Hyper-
tension; TABP = intra-aortic ballon pump; PCS = Postcardiotomy Shock; PCS includes those patients with
inability to wean from cardiopulmonary bypass secondary to left, right or biventricular failure.

Supplementary Table S2: Stroke Incidence by Cannulation Date

Cannulation Site

Central Axillary ~ Femoral Total p-value
Cohort 1 48 (23%) 22 (11%) 137 (66%) 207 0.001
Cohort 2 29 (14%) 9 (4%) 169 (82%) 207
Stroke Incidence
Central Axillary Femoral Total p-value
Cohort 1 0 (0%) 1(45%) 8(58%) 9 (4.3%) 0.26
Cohort 2 4 (13.8%) 1 (11.1%) 11 (6.5%) 16 (7.7%)

The study cohort was divided into two subgroups, “Cohort 17 and “Cohort 2”. Cohort 1 includes the first
207 patients in our cohort who received ECMO, and Cohort 2 includes the second 207 patients of our study
cohort who received ECMO.
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