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BACKGROUND: Data from the early pandemic revealed that 0.62% of children hospitalized with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) had an acute arterial ischemic stroke (AIS). In a larger cohort from June 2020 to
December 2020, we sought to determine whether our initial point estimate was stable as the pandemic continued and to
understand radiographic and laboratory data that may clarify mechanisms of pediatric AIS in the setting of SARS-CoV-2.

METHODS: We surveyed international sites with pediatric stroke expertise to determine numbers of hospitalized SARS-CoV-2
patients <18 years, numbers of incident AIS cases among children (29 days to <18 years), frequency of SARS-CoV-2
testing for children with AlS, and numbers of childhood AIS cases positive for SARS-CoV-2 June 1 to December 31,
2020. Two stroke neurologists with 1 neuroradiologist determined whether SARS-CoV-2 was the main stroke risk factor,
contributory, or incidental.

RESULTS: Sixty-one centers from 21 countries provided AIS data. Forty-eight centers (78.7%) provided SARS-CoV-2
hospitalization data. SARS-CoV-2 testing was performed in 335/373 acute AIS cases (89.8%) compared with 99/166
(59.6%) in March to May 2020, A<0.0001. Twenty-three of 335 AIS cases tested (6.9%) were positive for SARS-CoV-2
compared with 6/99 tested (6.1%) in March to May 2020, P=0.78. Of the 22 of 23 AIS cases with SARS-CoV-2 in
whom we could collect additional data, SARS-CoV-2 was the main stroke risk factor in 6 (3 with arteritis/vasculitis, 3 with
focal cerebral arteriopathy), a contributory factor in 13, and incidental in 3. Elevated inflammatory markers were common,
occurring in 17 (77.3%). From centers with SARS-CoV-2 hospitalization data, of 7231 pediatric patients hospitalized with
SARS-CoV-2, 23 had AlS (0.32%) compared with 6/971 (0.62%) from March to May 2020, P=0.14.

CONCLUSIONS: The risk of AIS among children hospitalized with SARS-CoV-2 appeared stable compared with our earlier
estimate. Among children in whom SARS-CoV-2 was considered the main stroke risk factor, inflammatory arteriopathies
were the stroke mechanism.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Nonstandard Abbreviations and Acronyms

AlIS arterial ischemic stroke

CSF cerebrospinal fluid

Mis-C multisystem inflammatory syndrome
in children

SARS-CoV-2 severe acute respiratory syndrome
coronavirus 2

Strengthening the Reporting of
Observational Studies in Epidemiology

STROBE

(SARS-CoV-2), a novel coronavirus that arose in
Wuhan, Chinain late 2019, is a cause of both arterial

and venous thrombotic events in adults and children.”
Early reports of young adults presenting with medium
and large vessel occlusions leading to arterial ischemic
stroke (AIS) raised concern that rates of cerebrovascu-
lar events among adults would rise during the pandemic
and that there could be a significant increase of pediatric
stroke cases as infection rates increased globally.* How-
ever, in a meta-analysis of 145 articles with data from
North America, Europe, and Asia that included 108571
adult patients with COVID-19, only 1.4% had acute
cerebrovascular diseases including AIS and intracerebral
hemorrhage.® AIS represented 87.4% of all cerebrovas-
cular disease in patients with COVID-19.5

Early in the pandemic, an international study identified
that ischemic strokes affected 0.82% of pediatric patients
hospitalized with evidence of SARS-CoV-2 infection®
Six of the 8 cases (75%) of ischemic stroke were AIS
among children older than 28 days of life. These data were
reaffirmed in a large public health database study that
included information from 61 sites in the United States.”
Of 1695 patients <21 years with SARS-CoV-2 infection,
12 had stroke, b of which were AIS (0.29%).” Further,
case reports of pediatric stroke in the setting of SARS-
CoV-2 have emerged due to several stroke mechanisms,
including those related to extracorporeal membrane oxy-
genation, inflammation and thrombosis, arteritis/vasculitis,
and inflammatory-type focal cerebral arteriopathy of child-
hood.”'° A unique challenge in pediatric stroke is that focal
cerebral arteriopathy can take weeks to months after the
acute infection to develop,"" raising the question whether
the incidence of stroke in children with SARS-CoV-2 may
increase during the course of the COVID-19 pandemic.

As the pandemic has continued, we sought to report
the frequency of SARS-CoV-2 infection among children
with AIS, the frequency of AIS among children hospital-
ized with SARS-CoV-2, the contribution of the SARS-
CoV-2 virus to AIS cases in which the evidence of viral
infection was detected, and the associated radiographic
and laboratory data that may clarify mechanisms of pedi-
atric AIS in the setting of SARS-CoV-2 infection.

Severe acute respiratory syndrome coronavirus 2
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METHODS

Data Availability Statement
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Design, Participants, and Data Collection
The Publications Committee of the International Pediatric
Stroke Study group designed the original data collection tool in
April and May 2020.5 The data collection tool was modified in
January 2021 (Figure S1). We surveyed International Pediatric
Stroke Study and British Paediatric Neurology Association
Cerebrovascular Special Interest Group members (62 and 5,
respectively) as well as 4 non-International Pediatric Stroke
Study sites that approached the study group to participate in
order to ascertain the following for each month June through
December 2020: (1) institutional numbers of pediatric patients
<18 years hospitalized with biological evidence of SARS-
CoV-2 (polymerase chain reaction, antibody/serology, multisys-
tem inflammatory syndrome in children (MIS-C); symptomatic
or asymptomatic from SARS-CoV-2); (2) institutional numbers
of incident childhood (age >29 days to <18 years) AlS cases;
(3) numbers of childhood AIS cases tested for SARS-CoV-2;
and (4) institutional numbers of childhood AIS patients posi-
tive for SARS-CoV-2. Participating institutions used internal
SARS-CoV-2 and stroke tracking systems to obtain AIS and
SARS-CoV-2 case numbers to establish this cohort. Sites that
reported childhood AIS patients positive for SARS-CoV-2 com-
pleted an additional case report form (Figure S2). This form
included questions about stroke type and location, presence
of established stroke risk factors, severity of COVID-19 ill-
ness, and whether the investigator thought SARS-CoV-2 was
the main stroke risk factor, a contributory factor, or incidental.
The case details were then centrally reviewed by Drs Beslow,
Stence, and Dlamini, and a final determination about the virus's
contribution to the stroke was determined by consensus. One
survey was completed for each participating site by a site Pl
with clinical expertise in stroke.

Standard Protocol Approvals, Registrations, and

Patient Consents

The survey received an institutional review board waiver from
the Hospital for Sick Children, Toronto, Canada. Site institu-
tional review boards approved the case report form for pediatric
ischemic stroke patients who tested positive for SARS-CoV-2,
and written informed consent was obtained according to
institutional guidelines. We adhered to the Strengthening the
Reporting of Observational Studies in Epidemiology Guidelines
for cohort studies.

Statistical Analysis

Stata 12.0 (StataCorp, College Station, TX) was used for analy-
ses. Counts and frequencies described categorical variables.
For the proportion of childhood AlSs among pediatric patients
hospitalized with SARS-CoV-2, AIS cases positive for SARS-
CoV-2 were only included in the numerator if the center pro-
vided its number of SARS-CoV-2 hospitalizations. Two sample
difference in proportions tests were used to determine whether
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the proportion of childhood AlS cases tested for SARS-CoV-2,
childhood AIS cases positive for SARS-CoV-2, and proportion
of SARS-CoV-2 hospitalized pediatric patients with childhood
AIS were different in the months June to December 2020 com-
pared with the previously published proportions from March to
May 2020. A P of <0.05 was considered statistically significant.

RESULTS
Participating Sites

Sixty-one centers of 74 approached (82.4%) from 21
countries provided AlS data. Participating centers and
site investigators are listed in Table S1. Centers are
located in Argentina, Australia, Canada (6 sites in 4 prov-
inces), Chile (2 sites), Colombia (4 sites), Egypt, France,
Germany, Greece, Hong Kong, India, Israel (2 sites), Italy
(2 sites), Philippines, Poland, Serbia, Spain, United Arab
Emirates (2 sites), United Kingdom (6 sites), and United
States (24 sites in 17 states plus the District of Colum-
bia). Forty-eight centers (78.7%) provided SARS-CoV-2
hospitalization data. Forty-eight sites participated in the
first survey, with an additional 13 sites participating in the
current survey.

Childhood Arterial Ischemic Stroke and SARS-
CoV-2

The Figure displays the number of incident acute AIS
cases, the number of AIS cases tested for SARS-CoV-2,
and the number of AIS cases positive for SARS-CoV-2
each month during the study period. Overall, there were
373 incident acute AIS cases from June to December
2020. SARS-CoV-2 testing was performed in 335/373
(89.8%) compared with 99/166 (59.6%) in March to
May, 2020, A<0.0001. Twenty-three of 335 AIS cases
tested (6.9%) were positive for SARS-CoV-2 compared
with 6/99 tested (6.1%) in March to May 2020, P=0.78.
Clinical details of 22 of the 23 AIS cases positive
for SARS-CoV-2 were available and are presented in
Tables S2 and S3. Of 23 AIS cases with SARS-CoV-2
June to December 2020, SARS-CoV-2 was consid-
ered the main stroke risk factor in 6 cases (26.1%), a
possible contributory factor in 13 (56.5%), incidental in
3 (13.1%), and in 1 (4.3%) clinical details could not be
obtained. Ten children (43.5%) had strokes in multiple
vascular territories. Five children (21.7%) had large
vessel occlusion, 2 in whom SARS-CoV-2 was con-
sidered the main stroke risk factor and 3 in whom the
virus was contributory to the stroke. Of these 5 chil-
dren, 3 underwent mechanical thrombectomy. Two chil-
dren had hemorrhagic transformation of their strokes
(Table S2). One of these children had a mechanical
thrombectomy, and the other had arteritis/vasculitis.
Thirteen (56.5%) of those with stroke had asymptom-
atic SARS-CoV-2 infections (Table S92). Of those with
symptoms, 7 (30.4%) had COVID-19, and 2 (8.7%) had
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MIS-C. Three children (13%), including both with MIS-C,
were critically ill. Among the 9 with COVID-19 or MIS-C,
viral symptoms began a median of 7 days before stroke
ictus (range 1-30 days before stroke).

Of those in whom SARS-CoV-2 was considered the
main stroke risk factor, 3 had arteritis/vasculitis (1 with
MIS-C) and 3 had focal cerebral arteriopathy (Figure S3;
one with MIS-C). Of the 16 in whom SARS-CoV-2 was
thought to be a possible added risk factor or was not
considered likely to have been a major contributor to the
stroke, all had at least one other established stroke risk
factor. These included cardiac disease, moyamoya arteri-
opathy, Takayasu arteritis, trauma, critical illness including
meningitis, or prothrombotic disorders (Table S2). Inflam-
matory markers were tested at the discretion of the
clinical teams caring for each child. Of the 22 children
in whom information on inflammatory markers was avail-
able, 17 (77.3%) had elevations in at least 1 value (Table
S3). Thirteen of 20 tested (65%) had elevated C-reactive
protein, 4 of the 13 tested (30.8%) had elevated ferritin,
3 of the 10 tested (30%) had elevated erythrocyte sedi-
mentation rate, and all 5 (100%) in whom procalcitonin
was tested had elevated values. All 13 children in whom
anticardiolipin, antiphospholipid, or 32 glycoprotein anti-
bodies were tested were negative, although one was
positive for lupus anticoagulant.

Cerebrospinal fluid (CSF) was tested in 8 children
(34.8%), 4 of whom had abnormalities. One child with
MIS-C and a focal cerebral arteriopathy had normal CSF
basic indices but an elevated neopterin of 37 nmol/L
(normal <20 nmol/L). Another child with Wiskott Aldrich
Syndrome and arteritis had an elevated protein of 232
mg/dL (normal 10-30 mg/dL), 7 white blood cells/mm?,
and 7800 red blood cells/mm?3. A child with vasospasm
versus arteritis and unexplained hydrocephalus had
repeated CSF samples from an extraventricular drain
with elevated red blood cell counts ranging from 775 to
20000 red blood cells/mm3, A child who also had cryp-
tococcal meningitis had elevated CSF white blood cell
count, red blood cell count, and protein.

Eleven children (47.8%) were tested for varicella
infection, including 4 of the 6 with arteriopathic
strokes deemed likely to be caused by SARS-CoV-2.
All tested for varicella were negative. Testing was by
serum polymerase chain reaction in 4 children, CSF by
polymerase chain reaction in 4 children (1 also with
negative serum serology), and serology in 3 children.
Of the remaining 12, 2 were vaccinated against vari-
cella, and 1 was not yet vaccinated due to young age.
Two children, both with cardioembolic sources, were
unvaccinated. Information about vaccination status
against varicella was unavailable in 7.

From 48 centers with SARS-CoV-2 hospitaliza-
tion data, there were 7231 hospitalized SARS-CoV-2
pediatric patients. Positive tests were by polymerase
chain reaction (PCR) in 6385 (88.3%), serology in 378
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Figure. Bar graph with number of children with arterial ischemic strokes (AlS) June 2020 through December 2020.
Total number in bar=total number of AIS cases. Hashes=number of AIS cases tested for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Number in box=number of AlS cases positive for SARS-CoV-2.

(5.2%), and were not reported in 468 (6.5%). Twenty-
three of 7231 had AIS (0.32% [95% binomial exact Cl,
0.20%-0.48%]) compared with 6/971 (0.62% [95%
binomial exact Cl, 0.23%—1.34%]) from March to May
2020, P=0.14.

DISCUSSION

In this 61-center survey of international pediatric stroke
experts, we confirmed that the risk of stroke among over
7000 pediatric patients hospitalized with SARS-CoV-2
was relatively low at 0.32%. This estimate is consistent
with results from our first survey study from the early
pandemic (0.62%) and with the findings of a study in
the United States by LaRovere et al of b arterial isch-
emic strokes among 1695 patients <21 years of age
hospitalized with PCR or antibody evidence of SARS-
CoV-2 (0.29%)57 In the current study, the prevalence of
SARS-CoV-2 infection among children with AIS tested
by PCR or serology was 6.9%. This prevalence is simi-
lar to the estimate of 6.1% from March to May 2020
despite the fact that fewer than 60% of childhood AIS
patients were tested for SARS-CoV-2 in the earlier
study compared with nearly 90% in the current study.®
While the 6.9% SARS-CoV-2 positivity reported in this
study could be viewed as low, given the low incidence of
pediatric stroke of between 1 and 2 per 100,000 chil-
dren per year,'? our study findings indicate that SARS-
CoV-2 could be an important risk factor for childhood
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stroke during the pandemic. SARS-CoV-2 infection was
considered the likely causative factor in only about 25%
of stroke patients positive for SARS-CoV-2, whereas
SARS-CoV-2 was considered a possible contributory
risk factor in the majority of cases. Notably, many children
in this study had established stroke risk factors, making
it difficult to assess the contribution of the SARS-CoV-2
infection to stroke in these patients.

After multiple reports of stroke in adults with COVID-
19, particularly in young adults,’™ numerous studies have
sought to understand the mechanisms contributing to this
phenomenon. Data comparing patients hospitalized with
influenza and stroke compared with patients with SARS-
CoV-2 and stroke indicate that there are unique aspects
of SARS-CoV-2 infection that contribute to stroke.'*
Thus far, clinical and preclinical studies have demon-
strated that in the presence of an intact blood-brain bar-
rier, SARS-CoV-2 does not infect the brain.’® However,
some individuals with COVID-19 have MRI evidence of
cytotoxic lesions of the corpus callosum. These lesions
are nonenhancing, diffusion-restricting white matter
signal abnormalities isolated to the splenium, which are
thought to be caused by a cytokine storm that triggers
T cells to breach the blood-brain barrier causing inflam-
mation and intramyelinic edema.'® In the setting of AIS,
multiple inflammatory cytokines and other associated
markers of inflammation have been identified in both the
central nervous system and in the systemic circulation. In
a study by McAlpine et al,'” elevated cytokine levels as
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well as markers of endothelial activation were increased
in patients with stroke and COVID-19 compared with
patients with stroke without COVID-19. In children, com-
plement activation has also been proposed as a contrib-
uting factor to thrombosis and endothelial activation.”®
Complement activation in SARS-CoV-2 infection is also
under investigation in adults.’® Existing data suggest 2
main consequences of the pro-inflammatory state asso-
ciated with SARS-CoV-2 infection that may lead to AIS:
thrombosis and endothelial dysfunction, both of which
are plausibly connected to pediatric AIS as well.?

Inflammatory-mediated thrombosis has been iden-
tified as a mechanism for SARS-CoV-2-associated
stroke in adults,®' so there is concern that a similar
phenomenon may occur in children. In adults, one study
identified D-dimer as an independent biomarker for
SARS-CoV-2-related AlS, suggesting an association
with coagulopathy?? In a meta-analysis evaluating adult
patients, elevated D-dimer and fibrinogen and presence
of antiphospholipid antibodies were noted in COVID-
19 patients?® In a pediatric population, Whitworth et
al® found that the risk of thrombotic events in the set-
ting of SARS-CoV-2 infection was the highest among
children with MIS-C followed by those with COVID-19,
but thrombotic events still occurred among asymptom-
atic children. All 6 strokes in the current cohort in whom
SARS-CoV-2 was considered the likely cause (and in
whom we had information) had symptomatic COVID-19
(4) or MIS-C (2) in the month before the stroke. However,
of the 13 in whom SARS-CoV-2 was deemed a possible
contributory risk factor, ten had asymptomatic infections,
suggesting that subclinical inflammation may contribute
to strokes among children with SARS-CoV-2. Our data
support the findings in another study that 21% of chil-
dren with SARS-CoV-2 and minimal disease, defined
as asymptomatic SARS-CoV-2 infection or those not
requiring respiratory support, met criteria for thrombotic
microangiopathy.'®

Endotheliitis has also been recognized as an important
contributor to AlS in SARS-Cov-2 infection, and this was
similarly suggested by our data. While & of 6 strokes in
the current cohort in whom SARS-CoV-2 was the likely
cause had evidence of elevated serum inflammatory
markers, and one had CSF with elevated neopterin, all
6 had neuroimaging consistent with arteritis (3) or focal
cerebral arteriopathy (3). This information indicates that
inflammatory arteriopathies may be an important mecha-
nism through which SARS-CoV-2 causes AIS in chil-
dren. In 2 reported cases of SARS-CoV-2-related stroke
in children, 1 with arteritis (also included in this cohort)
and 1 with focal cerebral arteriopathy, vessel wall imag-
ing demonstrated enhancement, which further supports
an inflammatory mechanism of SARS-CoV-2-related
arteriopathies®'® and this mirrors findings in adults.*
The hemorrhagic transformation present in 1 child with
arteritis may reflect endotheliitis-related vessel fragility.
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Furthermore, patients with MIS-C present with a differ-
ent inflammatory milieu than those with COVID-19,%5%
and MIS-C may also contribute to cases of arteriopathy.®
Of note, an older study in Kawasaki disease, a disease
that has significant overlap with MIS-C, demonstrated
decreased focal cerebral perfusion using single-photon
emission computed tomography.?” While focal cerebral
arteriopathy is rare in both Kawasaki disease and MIS-C,
focal cerebral arteriopathy was an anticipated manifesta-
tion of MIS-C based on historical Kawasaki disease liter-
ature. These data have provided a basis for consideration
of immune-mediated treatments in SARS-CoV-2 arteri-
tis although antithrombotic therapies have remained first
line.

Despite the recognition of increased rates of throm-
bosis-related AlS associated with SARS-CoV-2 infec-
tion, the risk of certain treatments in patients with AIS
in the setting of COVID-19 may be high. Adult patients
with severe COVID-19 and AIS often have concurrent
disseminated intravascular coagulation,® prompting
reluctance to administer intravascular thrombolytics. In a
small case series of patients who received mechanical
thrombectomy, outcomes were overall poor compared
with outcomes in patients who underwent mechani-
cal thrombectomy prepandemic.® Furthermore, in the
study by Whitworth et al of pediatric patients, 71% of
thromboembolic events not present at hospital admis-
sion occurred despite thromboprophylaxis. Future stud-
ies are needed both to understand the mechanisms of
thrombosis that lead to AIS during SARS-CoV-2 infec-
tion better and to improve prevention and treatment of
SARS-CoV-2-related-thromboemboli.

Identifying the contribution of SARS-CoV-2 infection
to the mechanisms of AIS in children is complex. Defini-
tive determination of stroke etiology can be extremely
nuanced in children given the impact of genetic disorders
and chronic diseases on the development of cerebrovas-
cular disease. This can make it difficult to understand the
contribution of SARS-CoV-2 to a stroke in a child with an
underlying disease or condition that is a known predispo-
sition to stroke. Furthermore, not all children were tested
for varicella or other viruses that can trigger arteriopa-
thy, so co-infections cannot be ruled out fully. Indeed, the
reliance upon clinician expertise to assign SARS-CoV-2
as a risk factor in these patients is a necessary limita-
tion of this study. Given our survey study design with its
lack of available data about the non-SARS-CoV-2 stroke
patients, the varying timing of the SARS-CoV-2 testing,
and the fluctuating and varied prevalence of SARS-
CoV-2 infection in the underlying geographic areas, it is
not possible to draw firm conclusions about SARS-CoV-
2’s contribution to pediatric stroke.

Data from the VIPS | study (Vascular Effects of Infec-
tion in Pediatric Stroke) have demonstrated that asymp-
tomatic herpesvirus infections can trigger childhood
AIS3 Similarly, determination of SARS-CoV-2's role in
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a stroke is likely to be complex and cannot be based
solely on the presence or absence of viral symptoms.
In the current study, 13 of 23 cases had asymptomatic
SARS-CoV-2 infections, and among those with symp-
toms, there was a broad range of times between viral
symptom onset and stroke. This further complicates the
evaluation of mechanisms of pediatric AlS related to
SARS-CoV-2 infection, particularly with the knowledge
that children are far more likely than adults to have mild
or asymptomatic SARS-CoV-2 infections. Case control
studies with carefully collected PCR and antibody data
along with selective panels of inflammatory markers
among both childhood AlS patients and healthy controls
are needed to address the virus's contribution to stroke
more completely. The VIPS Il study will help to address
this important question. Despite the current study’s limi-
tations, the inclusion of children from a large number of
international sites provides broadly applicable and gener-
alizable data for the clinician during the diagnostic evalu-
ation of a child presenting with AIS during the ongoing
COVID-19 pandemic.

In summary, the risk of AIS among children hospital-
ized with SARS-CoV-2 appears to be low and similar
to the rates reported in previous cohorts. Nearly 7% of
incident childhood AlS cases tested were positive for
SARS-CoV-2. However, SARS-CoV-2 was the main
stroke risk factor in only about a quarter of these, sug-
gesting that SARS-CoV-2 could be incidental in some
cases of pediatric stroke or could be an additive factor
in children with other known stroke risk factors. When
SARS-CoV-2 was considered the primary risk factor
for the stroke, inflammatory arteriopathies were the
apparent mechanism. Children with elevated inflamma-
tory markers or MIS-C may be at particularly high risk
for stroke, and additional studies to determine whether
thromboprophylaxis or implementation of other mea-
sures to reduce stroke risk are warranted.
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