Cerebrovascular Complications of COVID-
19 on Venovenous Extracorporeal Membrane

Oxygenation*®

OBIJECTIVES: Evidence of cerebrovascular complications in COVID-19 requir-
ing venovenous extracorporeal membrane oxygenation (ECMO) is limited. Our
study aims to characterize the prevalence and risk factors of stroke secondary to
COVID-19 in patients on venovenous ECMO.

DESIGN: We analyzed prospectively collected observational data, using univari-
able and multivariable survival modeling to identify risk factors for stroke. Cox
proportional hazards and Fine-Gray models were used, with death and discharge
treated as competing risks.

SETTING: Three hundred eighty institutions in 53 countries in the COVID-19
Critical Care Consortium (COVID Critical) registry.

PATIENTS: Adult COVID-19 patients who were supported by venovenous
ECMO.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Five hundred ninety-five patients
(median age [interquartile rangel, 51 yr [42-59 yr]; male: 70.8%) had venovenous
ECMO support. Forty-three patients (7.2%) suffered strokes, 83.7% of which
were hemorrhagic. In multivariable survival analysis, obesity (adjusted hazard
ratio [aHR], 2.19; 95% ClI, 1.05-4.59) and use of vasopressors before ECMO
(aHR, 2.37; 95% CI, 1.08-5.22) were associated with an increased risk of stroke.
Forty-eight-hour post-ECMO Paco,-pre-ECMO Paco,/pre-ECMO Paco, (rela-
tive APaco,) of negative 26% and 48-hour post-ECMO Pao,—pre-ECMO Pao,/
pre-ECMO Pao, (relative APao,) of positive 24% at 48 hours of ECMO initiation
were observed in stroke patients in comparison to relative APaco, of negative
17% and relative APao, of positive 7% in the nonstroke group. Patients with
acute stroke had a 79% in-hospital mortality compared with 45% mortality for
stroke-free patients.

CONCLUSIONS: Our study highlights the association of obesity and pre-ECMO
vasopressor use with the development of stroke in COVID-19 patients on veno-
venous ECMO. Also, the importance of relative decrease in Paco, and moderate
hyperoxia within 48 hours after ECMO initiation were additional risk factors.

KEY WORDS: COVID-19; extracorporeal membrane oxygenation; intracranial
hemorrhage; severe acute respiratory syndrome-related coronavirus; stroke;
venovenous extracorporeal membrane oxygenation

rescue intervention for COVID-19-related acute respiratory distress
syndrome (ARDS) refractory to conventional measures (1, 2). In a re-
cent analysis of 4,812 COVID-19 patients enrolled in the Extracorporeal Life
Support Organization (ELSO) registry, the in-hospital mortality at 90 days after
ECMO initiation ranged from 36.9% to 51.9% (3). This study reported that
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Question: What are the prevalence and risk fac-
tors for developing stroke in COVID-19 patients
supported by venovenous extracorporeal mem-
brane oxygenation (ECMQO)?

Findings: In an international registry analysis, we
found that obesity and pre-ECMO use of vasopres-
sors were associated with stroke development.
The relative reduction of Paco, and increased Pao,
within 48 hours were observed in patients with
stroke on venovenous ECMO.

Meaning: These findings highlight the importance
of close hemodynamic monitoring and the abrupt
change in Co, and oxygen around ECMO initiation.

. V.

1% of COVID-19 ECMO patients developed ischemic
strokes, and nearly 6% experienced a hemorrhagic
stroke. Patients with ischemic or hemorrhagic strokes
have higher mortality and long-term disabilities than
those without (4, 5). The stroke mechanism could be
partially attributed to COVID-19 infection or its com-
plications. In a meta-analysis of 108,571 COVID-19
patients, 1.4% had evidence of acute stroke, of whom
38% of those presented with stroke at admission (6).
In a cluster study of 2,908 COVID-19 patients, the
authors proposed the severity of COVID-19 infection
and the associated coagulopathy as possible risk fac-
tors for ischemic strokes (7).

Besides particular considerations concerning
COVID-19, multiple explanations for neurologic com-
plications in venovenous ECMO patients have been
proposed. The interaction between the blood and the
artificial surfaces of the ECMO circuit can cause con-
sumptive thrombocytopenia and von Willebrand fac-
tor deficiency (8, 9). The use of the neck veins to place
large ECMO cannulas might predispose patients to ve-
nous congestion or cerebral venous sinus thrombosis,
and paradoxical thromboembolism can occur with
intracardiac shunts (10). In addition, in hypercapnic
respiratory failure, the rate and the magnitude of the
drop in Paco, may predispose patients to strokes (11).
Finally, due to COVID-19-associated prothrombotic
state, higher anticoagulation targets are usually may be
required.
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The COVID-19 Critical Care Consortium (COVID
Critical) is an international registry enrolling COVID-
19 patients admitted to ICUs from more than 370
hospitals in 53 countries (12, 13). The study’s primary
purpose is to report the prevalence and risk factors of
cerebrovascular complications in COVID-19 patients
supported by venovenous ECMO.

METHODS
Study Design, Settings, and Patients

The COVID-19 Critical Care Consortium (COVID
Critical) international registry was launched in January
2020inresponseto COVID-19 pandemic (Clinical trial:
ACTRN12620000421932, Study protocol approved by
the Alfred Hospital Ethics Committee, Melbourne,
Australia [Project: 62066, Local reference: 108/20]).
According to Australian legislation, informed consent
was waived because of the observational nature of data
collection, utilization of de-identified patient informa-
tion, and the minimal risk for patients. All methods
were carried out in accordance with relevant guide-
lines, regulations and with the Helsinki Declaration
of 1975. No experimental protocols or interventions
were implemented as part of this study. The full study
protocol is accessible online (14). Data collection
and entry were carried out by the local site investiga-
tors and the study coordinators as per the study pro-
tocol. The International Severe Acute Respiratory and
Emerging Infection Consortium (15) and the Short
PeRiod IncideNce sTudy of Severe Acute Respiratory
Infection network (16) data collection forms were
completed on hospital admission. Additional informa-
tion related to respiratory support, ECMO, manage-
ment, and complications were collected and entered
the Research Electronic Data Capture hosted by the
University of Oxford, Oxford, United Kingdom.

This study used data from February 19, 2020, to
December 4, 2021. The enrollment eligibility criteria
were adult patients (18 yr old or older), confirmed
acute COVID-19 by polymerase chain reaction, and
the need for invasive mechanical ventilation and veno-
venous ECMO support. We excluded patients with
confirmed stroke before ECMO initiation and patients
on venoarterial ECMO. The primary outcomes were
stroke development and mortality after 90 days from
ECMO initiation.
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Data Collection

The collected data included demographics, comorbid
conditions, geographic location and the date of admis-
sion and discharge from the ICU, the date of ECMO
initiation and discontinuation, the Acute Physiology
Score I, and the Sequential Organ Failure Assessment
(SOFA) score. Also, we collected data relevant to pre-
ECMO support: mechanical ventilation parameters,
use of prone positioning, neuromuscular blockade,
systemic anticoagulation, and vasoactive medications.
Regarding ECMO support, we focused on the cannula-
tion strategy and complications during the ECMO run,
such as cardiac arrest, neurologic complications, other
organ failures, hemorrhagic events, and secondary
infections. Finally, center-specific data included the
country, economic status, and the number of patients
on ECMO support.

Outcomes

The primary outcomes were clinically diagnosed stroke
and its mortality at 90 days from ECMO initiation. The
secondary outcomes were the duration of mechanical
ventilation and ECMO support, ICU length of stay,
hospital length of stay, and the discharge disposition
(alive, dead, discharged home, ongoing hospitaliza-
tion, palliative discharge, transfer, or unknown).

Statistical Analysis

Baseline characteristics of patients, characteristics
of ECMO support, and complications were summa-
rized using medians and interquartile range (IQR)
for continuous variables and counts and percentages
for categorical variables. The association between risk
factors of interest and any type of stroke was analyzed
through survival analysis, as well as joint modeling
of survival outcomes and longitudinal biomarkers.
Survival models for the time from ECMO initiation
to any stroke included cause-specific Cox propor-
tional hazards models censored at death, discharge, or
90 days. Since death can preclude stroke, Fine-Gray
models, with death treated as a competing risk, were
also used. Fine-Gray models estimate subdistribution
hazard ratios (subHRs) of each covariate and survival
outcome, which are interpreted as the effect of the
covariates on the cumulative frequency of the events
over time (17).

Critical Care Medicine

Risk factors for stroke in the models included covari-
ates determined at the initiation of ECMO: age, sex,
number of days ventilated pre-ECMO, ethnicity, smok-
ing status, comorbidities at baseline including obesity,
diabetes, hypertension, and chronic cardiac disease,
pre-ECMO use of vasoactive medicines, cannula type,
the ratio of Pao_/F10, (log2-transformed), SOFA score,
platelet count, the relative change in Pao, and Paco, at
ECMO initiation, defined as (arterial blood gas levels at
24-48hr post-initiation—pre-initiation)/pre-initiation,
World Health Organization economic region (high
vs upper middle vs lower middle), and pandemic era.
Time-varying covariates were ECMO support (during
vs after) and anticoagulant use after ECMO initiation.

Initially, separate univariable models were fitted to
risk factors. Then, a multivariable model was fitted, in-
cluding all risk factors that had less than 20% of missing
data. Finally, joint models using a Bayesian approach
were investigated, comprising a competing risk sur-
vival model and longitudinal models for ECMO sup-
port biomarkers. The survival model component of the
joint model created separate strata for the competing
risk outcomes of stroke and death. Covariates in the
survival model were reduced, excluding those which
were of lesser clinical interest (e.g., smoking), had
small numbers, and caused variance inflation or lack
of convergence in the models. Robust sEs were used to
account for clustering by the site in all survival mod-
els using an independence working correlation within
a generalized estimating model. Longitudinal models
included Pao,, Paco, and platelet count as biomarkers,
which were log2-transformed due to skewness. Models
were used to estimate hazard ratios (HRs), or subHRs
for Fine-Gray models, and 95% CIs, or 95% credible
intervals for joint models.

Sensitivity analyses included Fine-Gray models
treating both death and discharge as competing risks
and penalized joint models. Penalization reduced the
effect of covariates of lesser importance which allowed
the biomarker which was most strongly associated
with stroke or death to be identified out of the three in-
cluded in the joint model. Ridge and horseshoe priors
with different types of shrinkage methods were used
in the penalization. R Version 4.1.0 (R Foundation for
Statistical Computing, Vienna, Austria) was used for all
statistical analyses. The R package “survival” (version
3.2-13) was used for survival analysis and “JMBayes2”
(version 0.1-8) for joint modeling.
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RESULTS

Five hundred ninety-five patients with COVID-19-as-
sociated severe ARDS required venovenous ECMO
support in different countries (Supplementary Table
1, http://links.lww.com/CCM/H324), and 43 patients
(7.2%) developed cerebrovascular complications.
There were 100 sites with a median of three patients
(IQR, 1-6) at each site. Most of the patients were
White (38.7%) and male (70.8%) with a median (IQR)
age of 51 years (42-59 yr) (Supplementary Table 2,
http://links.lww.com/CCM/H324). The time of onset
of symptoms and the duration of mechanical venti-
lation before ECMO were comparable between those
who developed stroke and those who did not. Patients
with stroke were more likely obese (65.1%) and active
smokers (23.3%) and had a history of chronic cardiac
disease (9.3%) versus those without stroke (43.3%,
13.8%, and 4.5%, respectively). Vasoactive drugs were
used before ECMO in 69% of patients who developed
stroke versus 50.5% of those who did not. The overall
in-hospital mortality of the entire cohort was 47.2%,
with 79.1% mortality in the stroke group compared
with 44.7% in the nonstroke group. The median du-
ration of ICU length of stay was 17 days (8-28 d), and
hospital length of stay was 14 days (4-29 d) in the
stroke group, which was shorter than in the nonstroke
group (34 d [20-52 d] and 33 d [20-52], respectively)
(Supplementary Table 2, http://links.Iww.com/CCM/
H324). The duration of ECMO and mechanical venti-
lation were less in the stroke group (15 d [5-22 d] and
20 d [10-32 d]) in comparison to the nonstroke group
(19 and 27 d). Most venovenous ECMO survivors
without stroke were discharged (30.9%). However, of
the stroke survivors, most of them were transferred to
other facilities (9.3%).

The majority of strokes occurred within 30 days
from ECMO initiation (Fig. 1), and the median (IQR)
time to stroke was 5 days (2-12 d). Strokes were pre-
dominantly hemorrhagic (36 patients [83.7%]). Three
patients (7%) suffered an ischemic stroke, and four
patients (9.3%) had a stroke of undetermined type
(Supplementary Table 3, http://links.Iww.com/CCM/
H324). In addition to obesity and active smoking, other
risk factors, either pre-ECMO or during the ECMO
support, were examined. Most of the ECMO patients
(83.4%) were supported via two cannulas configura-
tion. There were no significant differences in terms
of cannula size and cannulation site, and the use of
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Figure 1. Cumulative frequency plot for stroke and death. Day O
is the first day of extracorporeal membrane oxygenation (ECMO)
support. Most strokes occurred within 30 d of initiating ECMO.

anticoagulation between the cohorts (Supplementary
Tables 4 and 5, http://links.Iww.com/CCM/H324). The
pre-ECMO Paco, was higher in the stroke group with
a geometric mean of 68 mm Hg (1.3mm Hg) versus
58 mm Hg (1.4 mm Hg) in the nonstroke group (Table
1). Within 48 hours of ECMO initiation, the decrease
in Paco, in the stroke group was higher than that of
the decrease in Paco, in the nonstroke group: a me-
dian change in Paco, of -17mm Hg (-32 to -7mm
Hg) in comparison to a change of -9mm Hg (-25 to
-1mm Hg). Relative APaco, is defined as 48-hr post-
ECMO Paco,-pre-ECMO Paco,/pre-ECMO Paco..
The stroke group had a median reduction in relative
APaco, of 26% (-11% to —40%) versus 17% (-2% to
-36%) for the nonstroke patients. Furthermore, there
was a larger increase of Pao, within 48 hours in the
stroke group when compared with the nonstroke
group (12mm Hg [-2 to 31 mm Hg] vs 5mm Hg [-10
to 21 mm Hg]), translating to a 48-hour post-ECMO
Pao,-pre-ECMO  Pao,/pre-ECMO Pao, (relative
APa0,) increase of 24% (-2% to 50%) versus 7% (-15%
to 34%), respectively.

Survival Analysis

Univariable cause-specific survival analysis identified
the following risk factors for stroke at ECMO start: the
presence of obesity (n = 584; HR, 2.37; 95% CI, 1.30-
4.33), use of vasoactive medications before ECMO
(n = 559; HR, 2.21; 95% CI, 1.30-3.75), higher SOFA
(n = 249; HR, 1.27; 95% CI, 1.10-1.46), and lower
platelet count (n = 449; HR, 1.19; 95% CI, 1.13-1.25)
(Fig. 2). There was a nonsignificant increase in the
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TABLE 1.

Arterial Blood Gas Before and 48 Hours After the Initiation of Extracorporeal Membrane
Oxygenation for Patients Who Experienced Stroke Versus Those Without Stroke

Variables

No Stroke (n = 552)

Stroke (n =43)

Total (n = 595)

Pre-ECMO arterial blood gas

Pao,, mm Hg 69.2 (1.4)

Paco,, mm Hg 58.4 (1.4)

Pao,/Fio, ratio 79.4 (1.5)

Post-ECMO arterial blood gas (48 hr)

Pao,, mm Hg 73.8 (1.8)

Paco,, mm Hg 46.6 (1-2)

Pao,/Fio, ratio 130 (86.2-176.4)

Pre- and post-ECMO difference in 5 (=10 to 21)
oxygen tension, mm Hg

Pre- and post-ECMO difference in -9.0 (=25 to —1)
carbon dioxide tension mm Hg

48-hr post-ECMO Pao,—pre- 7 (=15 to 34)
ECMO Pao,/pre-ECMO Pao,, %

48-hr post-ECMO Paco,—pre-ECMO -17 (=36 to —2)

Paco,/pre-ECMO Paco, %

63.5 (1.4) 68.7 (1.4)
67.7 (1.3) 59.1 (1.4)
69.5 (1.5) 78.7 (1.5)
74.8 (1.3) 73.9 (1.3)

47 (41-56.3) 47 (41-54)
139.3 (87.9-165) 130 (86.5-175.9)
12.0 (-2 to 31) 5.0 (-9 to 22)
-17 (-32 to -7) -9 (-26 to 1)
24 (-2 to 50) 7 (-14 to 37)
-26 (-40 to -11) -17 (-87 to -3)

ECMO = extracorporeal membrane oxygenation.

Data are geometric mean (sp) or median (interquartile range) for changes pre- to post-ECMO.

risk of stroke with more than 50% reduction in rela-
tive APaco, (n = 277; HR, 2.16; 95% CI, 0.62-7.55)
and 50% increase in relative APao, (n = 253; HR,
2.10; 95% CI, 0.85-5.23). Multivariable survival anal-
ysis included the variables with less than 20% missing
data (n = 402, 33 strokes). Obesity (HR, 2.19; 95% CI,
1.05-4.59) and the use of vasoactive medications be-
fore ECMO (HR, 2.37; 95% CI, 1.08-5.22) were inde-
pendently associated with an increased risk of stroke
(Fig. 3). Results from the Fine-Gray models with death
(Figs. 2 and 3) and death and discharge as competing
risks (Supplementary Fig. 1, http://linksIww.com/
CCM/H324) were similar to the cause-specific Cox
models.

Competing Risk Joint Models for Stroke

In the survival component of the joint model, using all
available data (n = 472, 39 strokes), obesity (HR, 2.19;
95% CI, 1.05-4.60) and the use of vasoactive medica-
tions (HR, 2.11; 95% CI, 1.02-4.33) before ECMO in-
itiation continued to be associated with an increased
risk of stroke (Supplementary Fig. 2, http://links.lww.
com/CCM/H324). The best-fitting joint model (n =

Critical Care Medicine

393, 35 strokes) used horseshoe priors as a penalty.
In the unpenalized model, higher average cumulative
Paco, levels 48 hours after ECMO initiation were asso-
ciated with an increased risk of stroke (HR, 1.15; 95%
CI, 1.01-1.32) but were no longer associated after pe-
nalization (HR, 1.05; 95% CI, 0.98-1.20). However, of
the three biomarkers included in the joint model, pe-
nalization identified that cumulative Paco, was most
associated with the risk of stroke. In joint models,
obesity (HR, 2.03; 95% CI, 0.88-4.79) and the use of
vasoactive medications (HR, 1.87; 95% CI, 0.79-4.64)
were no longer associated with stroke, but the wider
ClIs compared with the survival models were attributed
to the smaller sample size (n = 393) due to the exclu-
sion of patients with missing data (Fig. 4). Arterial
blood gas trajectories for Pao, and Paco, are plotted
in Supplementary Figures 3 and 4 (http://links.lww.
com/CCM/H324).

DISCUSSION

Among 595 patients with severe ARDS from COVID-
19 supported by venovenous ECMO, the frequency of
stroke within 90 days was 7.2%. Development of stroke
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Variable N

During vs post ECMO 587
Age 595
Male vs Female 595
Days ventilated pre-ECMO 575
White Ethnicity Yes vs No 578
Current Smoker Yes vs No 565
*Obese Yes vs No 584
Co-morbid Diabetes Yes vs No 548
Co-morbid Cardiac Disease Yes vs No 572
Co-morbid Hypertension Yes vs No 580
*Pre-ECMO vasoactive medicine use Yes vs No 559
Anticoagulant use during ECMO Yes vs No 527
Single vs double lumen cannula 546
Halving of P/F ratio at Baseline 238
*SOFA 249
Relative Delta O2 = 50% vs < 50% 253
Relative Delta CO2 < -50% vs = -50% 277
*Halving of Platelet Count at Baseline 449
High vs Middle Income Region 595
Pandemic era Jul-Dec 2020 vs Jan-Jun 2020 595
Pandemic era Jan-Sep 2021 vs Jan-Dec 2020 595

Stroke within 90 days of ECMO (univariable survival models)
B Competing Risks ® Cox

Stroke subHR/HR (95% Cl)
1.09 (0.33, 3.62), 1.36 (0.41, 4.50)
1.00 (0.98, 1.02), 1.00 (0.98, 1.02)
1.22 (0.65, 2.29), 1.24 (0.66, 2.32)
0.98 (0.95, 1.02), 0.99 (0.95, 1.02)
1.39 (0.80, 2.41), 1.42 (0.81, 2.49)
1.72 (0.87, 3.41), 1.73 (0.87, 3.43)
2.36 (1.29, 4.32), 2.37 (1.30, 4.33)
1.10 (0.64, 1.90), 1.13 (0.65, 1.96)
1.88 (0.65, 5.47), 1.92 (0.85, 5.62)
1.03 (0.66, 1.60), 1.05 (0.67, 1.66)
2.12 (1.26, 3.58), 2.21 (1.30, 3.75)
0.84 (0.36, 1.97), 0.81 (0.36, 1.82)
1.91 (0.42, 8.56), 2.04 (0.44, 9.34)
1.96 (0.56, 6.91), 2.07 (0.55, 7.76)
1.26 (1.08, 1.45), 1.27 (1.10, 1.46)
2.08 (0.81, 5.28), 2.10 (0.85, 5.23)
2.04 (0.61, 6.80), 2.16 (0.62, 7.55)
1.19 (1.12, 1.25), 1.19 (1.13, 1.25)
1.09 (0.56, 2.12), 1.03 (0.51, 2.06)
1.10 (0.77, 1.57), 1.10 (0.76, 1.59)
1.39 (0.80, 2.42), 1.34 (0.76, 2.34)

T-g-ﬁﬁ-ﬁﬁgﬁ-ﬁaﬁﬁg-n-ﬁ

0246810
subHR/HR

Figure 2. Univariable survival models of the risk factors for stroke. The combined estimates for cause-specific Cox model hazard ratios
(HRs), Fine-Gray competing risk subdistribution HRs (subHRs) and number (n) for each model are shown in the forestplot ECMO =
extracorporeal membrane oxygenation, P/F ratio = the ratio of Pao, to Fio,, relative delta Paco, = 48-hr post-ECMO Paco,—pre-ECMO
Paco,/pre-ECMO Paco,, relative delta Pao, = 48-hr post-ECMO Pao,—pre-ECMO Pao,/pre-ECMO Pao,, SOFA = Sequential Organ

Failure Assessment.

was associated with substantially higher in-hospital
mortality (79% at 90 d), which is higher than the re-
ported mortality in patients without stroke (45%). We
identified several risk factors associated with stroke
development, including obesity, pre-ECMO use of
vasoactive medication, high SOFA score, low platelet
count, higher Paco, levels before ECMO support, and
1048
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the higher APaco,. These findings emphasize several
clinically relevant points and spark the need for fu-
ture studies. Since obesity and the use of vasoactive
medications were associated with an increased risk of
stroke, mainly hemorrhagic, this finding emphasizes
the need for more robust hemodynamic monitoring
of those patients to assess the degree of hypovolemia
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Stroke within 90 days of ECMO (multivariable survival models)
N=402
B Competing Risks ® Cox
Variable Stroke subHR/HR (95% CI)
During vs post ECMO [ — 0.56 (0.17, 1.86), 0.74 (0.22, 2.53)
Age ] 1.00 (0.97, 1.03), 1.00 (0.97, 1.04)
Male vs Female —— 2.21(0.80, 6.15), 2.30 (0.81, 6.55)
Days ventilated pre-ECMO m 1.00 (0.94, 1.05), 0.99 (0.94, 1.05)
White Ethnicity Yes vs No — 1.63 (0.77, 3.45), 1.60 (0.76, 3.36)
Current Smoker Yes vs No o — 1.01 (0.41, 2.49), 1.01 (0.40, 2.53)
*Obese Yes vs No a— 2.08 (1.01, 4.29), 2.19 (1.05, 4.59)
Co-morbid Hypertension Yes vs No - 0.72 (0.32, 1.64), 0.69 (0.30, 1.59)
Co-morbid Diabetes Yes vs No - 1.11 (0.43, 2.89), 1.15 (0.43, 3.07)
Co-morbid Cardiac Disease Yes vs No I — 2.00 (0.50, 8.08), 2.08 (0.52, 8.30)
*Pre-ECMO vasoactive medicine use Yes vs No [ — 2.24 (1.03, 4.86), 2.37 (1.08, 5.22)
Anticoagulant use during ECMO Yes vs No r | 0.67 (0.28, 1.64), 0.67 (0.27, 1.63)
Single vs double lumen cannula — 1.18 (0.23, 6.11), 1.19 (0.23, 5.98)
High vs Middle Income Region H— 1.10 (0.37, 3.23), 0.98 (0.34, 2.86)
Pandemic era Jul-Dec 2020 vs Jan-Jun 2020 or 1.36 (0.75, 2.48), 1.38 (0.75, 2.53)
Pandemic era Jan-Sep 2021 vs Jan-Dec 2020 HE 1.17 (0.62, 2.21), 1.09 (0.57, 2.06)
T | T 1
012 4 6 8 10
subHR/HR

Figure 3. Multivariable survival models of the risk factors with less than 50% missing data were included in a multivariate survival model.

ECMO = extracorporeal membrane oxygenation, HR = hazard ratio, subHR = subdistribution hazard ratio.

and not relying solely on parameters that could be
influenced by patient body habitus such as central
venous pressure. Also, it emphasizes the risk of isch-
emia-reperfusion injury that represents the impair-
ment of cerebral autoregulation associated with these
risk factors. Whether gradual correction of pre-ECMO
hypercarbia and hypoxemia when starting venovenous
ECMO will reduce the risk of stroke is an important
research question for both animal studies and prospec-
tive clinical research (18).

The frequency of stroke in this study is consistent
with the previously published studies either in COVID-
19 or severe ARDS due to other etiologies (11, 19, 20).
The predominant stroke type was hemorrhagic (83.7%),
which contrasts sharply with the type of strokes re-
ported in COVID-19 patients who did not receive veno-
venous ECMO support (4). In a meta-analysis of 16

Critical Care Medicine

studies of COVID-19 patients, the frequency of stroke
was 1.1%, and 96.6% were ischemic (21). The higher
overall frequency of stroke and the hemorrhagic nature
of most of the strokes in COVID-19 patients on veno-
venous ECMO may reflect the severity of illness, the
intensity of the inflammatory response, and the need
for systemic anticoagulation (4). Once a stroke devel-
ops, the outcome is worse than expected for COVID-
19 patients on ECMO. In a systematic review of 1,322
patients from twelve case reports and cohort studies of
COVID-19 patients supported by venovenous ECMO,
the mortality of patients who suffered neurologic com-
plications was 92% (22). This is consistent with other
studies of patients who have strokes during ECMO.
In a meta-analysis of 25 studies for different modes of
ECMO, the development of hemorrhagic stroke was as-
sociated with a relative mortality risk of 1.27-4.43 (23).
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Average cumulative PaO2
*Average cumulative PaCO2

Halving of platelet count

Stroke within 90 days of ECMO (joint model with horseshoe priors)
Death as competing risk
N=393

B Penalized ® Unpenalized

Variable HR (95% CI) Unpenalized, Penalized
During vs post ECMO — 0.18 (0.03, 1.29), 0.28 (0.06, 1.57)
Age H 0.98 (0.94, 1.01), 0.98 (0.95, 1.02)
Days ventilated pre-ECMO . 0.98 (0.89, 1.06), 0.97 (0.89, 1.05)
Male vs Female i 1.94 (0.66, 6.61), 1.93 (0.71, 5.76)
*Obese Yes vs No —— 2.20(0.87, 5.88), 2.03 (0.88, 4.79)
*Pre-ECMO vasoactive medicine use Yes vs No a— 1.92 (0.73, 5.76), 1.87 (0.79, 4.64)
Anticoagulant use during ECMO Yes vs No A — 1.11 (0.35, 4.00), 1.19 (0.41, 3.98)

o 1.00 (0.84, 1.19),
N 1.15 (1.01, 1.32),
ol 0.86 (0.72, 1.02),

1.00 (0.92, 1.09)
1.05 (0.98, 1.20)
0.97 (0.83, 1.03)

T
0.01

0.10

1.00 10.00
HR

Figure 4. The unpenalized and penalized models, the best-fitting model used horseshoe priors, followed by the unpenalized model,
while the ridge priors had the worst fit. Hazard ratios (HRs) for the best fitting model with horseshoe penalized model are provided for
both stroke and death outcomes in the forestplot. The forestplot for penalized HRs with horseshoe priors, showed that the regression
coefficients shrunk closer to the null and that all HRs for stroke now included 1.0, including Paco, for stroke. Average cumulative
Paco, = the average Paco, during the extracorporeal membrane oxygenation support, average cumulative Pao, = the average Pao,
during the extracorporeal membrane oxygenation support, ECMO = extracorporeal membrane oxygenation.

Similarly, in HINT1 patients supported with venovenous
ECMO, hemorrhagic stroke was the most common
cause of death (24).

Multiple factors could predispose COVID-19 patients
on ECMO to stroke. Our analysis showed that obesity
and pre-ECMO use of vasopressors are associated stroke.
Obesity may predispose patients to well-established
mechanisms underlying stroke, such as atherosclerotic
and hypercoagulable pathophysiology (25). In COVID-
19 patients, obesity is associated with poor outcomes
(26). This may be due to the harmful effects of obesity on
pulmonary mechanics as well as a higher basal metabolic
rate (27). Also, adipose tissue has proinflammatory char-
acteristics that intensify the systemic inflammatory re-
sponse, and obese patients could have impaired adaptive
immune responses (28). Hence, the higher tendency for
stroke in COVID-19 in ECMO patients could reflect the
intense inflammatory response that predisposes patients
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to coagulation and metabolic derangements (29). Also,
lung involvement in severe ARDS causes hypoxemia and
hypercapnia, which impair the autoregulatory mecha-
nisms of the nervous system.

Our study highlighted that using vasopressors before
initiating venovenous ECMO corresponds to stroke
development. The need for vasopressors could reflect
the severity of illness in stroke patients. However, in
our study, there was no significant difference in the se-
verity of illness in stroke and the nonstroke popula-
tions as conveyed by the Acute Physiology and Chronic
Health Evaluation II or SOFA scores. More impor-
tantly, using vasopressors reduces cerebral blood flow
by increasing cerebral vascular resistance and cerebral
oxygen requirements (30). In addition, COVID-19 in-
fection induces systemic inflammation, disrupts the
cerebral microcirculation by inducing endothelial dys-
function, and increases the production of nitric oxide
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and inflammatory cytokines, further exacerbating the
preexisting neuroinflammation and inducing throm-
botic events (31).

An abrupt reduction in Paco, around the time of
ECMO initiation may be mechanistically linked to ce-
rebrovascular complications (32). Cerebral vascular
tone and autoregulation are sensitive to hyper- and
hypocapnia. Hypercapnia causes cerebral vasodilation
and edema, while hypocapnia causes vasoconstriction
and a decrease in cerebral blood flow (33). Also, hypo-
capnia increases cerebral excitability and metabolic
rate, which predisposes patients to seizure activity and
increases cerebral oxygen demand (34). In a retrospec-
tive study of 11,972 patients enrolled in ELSO registry,
a significant relative reduction (> 50%) in Paco, in the
first 24 hours after ECMO initiation was associated
with neurologic complications (11).

Similarly, the level of Pao, has significant clinical
importance. Hypoxemia causes an increase in cere-
bral blood flow to maintain adequate oxygen delivery
(35). Subsequent hyperoxia after placement on ECMO
increases the risk of neurologic complications. In a study
of 765 patients on venovenous ECMO, the presence of
moderate hyperoxia (Pao, 101-300mm Hg) was associ-
ated with increased mortality (36). The proposed mecha-
nisms were the increase in reactive oxygen species and
the accompanying vasoconstriction that will diminish the
end-organ perfusion (37). Regarding stroke, a multicenter
retrospective analysis of 2,894 ischemic and hemorrhagic
stroke patients on mechanical ventilation revealed that
hyperoxia was associated with increased mortality (38).

Our study showed that ECMO configurations (dou-
ble-lumen vs dual-cannulas) had minimal effect on
stroke development. Despite the theoretical risk of im-
paired cerebral venous drainage by the ECMO cannu-
las, results from an analysis of 6,834 patients enrolled
in the ELSO registry point toward the minimal effect
of cannulation strategy on neurologic complications
(20). Given the missing data, the current analysis was
not powered to elucidate the effect of anticoagulation
and cannulation strategies on the frequency of stroke
development. Our study had limited information re-
garding the vasopressors’ dose and duration. In addi-
tion, multiple limitations are intrinsic to the study’s
retrospective nature. It is an observational study with
the potential presence of many unmeasured con-
founders. Also, the multicenter design of the study
did not account for the difference in the protocols and
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management strategies among the centers, and this
heterogeneity is not fully controlled in our retrospec-
tive study. To address this, we used robust sEs clustered
by site to account for potentially correlated outcomes
within each site. Furthermore, some of our estimates
for the hazard of stroke development had wide 95%
CIs indicating uncertainty in the effect size. We tried
to overcome these challenges, particularly in miss-
ing data, through a staged approach using univariable
analysis followed by multivariable and joint modeling,
including data with less than 20% missingness, con-
ducting sensitivity analyses and checking for consist-
ency across models. As an example, the 95% ClIs for
obesity and pre-ECMO vasopressor drug use were
above 1.0 in all models except the joint model (with
the smallest sample size), but the point estimates for
the HRs were close to 2.0 across models. In contrast,
95% Cls for sex contained 1.0 for all models. HR esti-
mates and 95% Cls for the longitudinal biomarkers can
be obtained from the unpenalized joint model, while
the multivariable survival model may be used for the
remaining covariates since the estimates are more pre-
cise and more covariates were included. To provide ad-
ditional evidence for the risk factors where the lower
95% is very close to 1, replication in an independent
cohort, potentially with fewer centers to reduce heter-
ogeneity in the data, would be useful. We could not
conduct stroke subtype analysis because of the small
number of stroke patients.

CONCLUSIONS

Our multicenter, observational study demonstrated
that the rate of stroke in COVID-19 patients sup-
ported by venovenous ECMO is low yet confers a poor
outcome. Obesity and pre-ECMO use of vasopres-
sors were highly associated with stroke. Also, our re-
port emphasizes the importance of rapid decreases in
Paco, within 48 hours of ECMO initiation as well as
the impact of moderate hyperoxia in the development
of stroke. The findings of our analysis could be encour-
aging to the scientific community to conduct further
transitional and clinical research to further highlight
our findings and the potential underlying mechanisms.
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