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Abstract

Background: Data regarding the risk of ischemic stroke within | year after the post-acute phase of COVID-19 remain
scant. We assess the risk of ischemic stroke in COVID-19 survivors after SARS-CoV-2 infection by performing a
systematic review and meta-analysis of the available data.

Methods: Following the PRISMA guidelines, we searched Medline and Scopus to locate all articles published up to
February |1, 2023, reporting the risk of incident ischemic stroke in adult patients recovered from COVID-19 infection
compared to non-infected patients (controls) defined as those who did not experience the infection over the same
follow-up period. Ischemic stroke risk was evaluated using the Mantel-Haenszel random effects models with adjusted
Hazard ratio (HR) as the effect measure with 95% confidence interval (Cl) while heterogeneity was assessed using
Higgins I? statistic.

Results: Overall, 23,559,428 patients (mean age 56, | year, 54.3% males), of whom 1,595,984 had COVID-19, were
included. Over a mean follow-up of 9.2months, ischemic stroke occurred in 4.40 [95% CI: 4.36—4.43] out of 1000
patients survived to COVID-19 compared to 3.25 [95% Cl:3.21-3.29] out of 1000 controls. Recovered COVID-19
patients presented a higher risk of ischemic stroke ((HR: 2.06, 95% Cl: 1.75-2.41, p <0.0001, I*=63.7%) compared to
people who did not have COVID-19. COVID-19 patients hospitalized at the time of the infection have a subsequent
higher risk of stroke during the follow-up compared to those non-hospitalized.

Conclusions: Recovered COVID-19 patients have a higher risk of ischemic stroke compared to subjects from the
general population within 9 months from the index infection.
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Although the exact pathogenetic mechanisms linking the
SARS-CoV-2 infection with the occurrence of ischemic
stroke remain largely unknown, some recent evidence sug-
gested that COVID-stroke affects predominantly males, the

Introduction

Soon after the identification of the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) and the onset of
the Coronavirus Disease 19 (COVID-19) pandemic, clini-
cians observed that SARS-CoV-2 infection did not only
produce acute respiratory problems. In fact, since the virus
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presents its receptors in different body systems, acute cuta-
neous, cardiovascular, hepatic, and renal complications
were observed.'™ This burden of complications had a syn-
ergistic effect when overlapped to the underlying patient’s
comorbidities.>

Moreover, recent investigations demonstrated that dur-
ing COVID-19 also the risk of developing an acute ischemic
stroke is increased, especially in patients who are severely
ill and/or have pre-existing cardiovascular risk factors.®’
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anterior cerebral circulation and may be due to a complex
and multifactorial pathophysiological process.®!° Different
underlying pathophysiological pathways, including the
hypercoagulable state, the cytokine storm induced by the
immune response against the viral infection as well as a
pre-existent endotheliopathy and blood brain barrier per-
meability seem to play a pivotal role in promoting the
occurrence of ischemic cerebral events in COVID-19
patients.!'"'* For these reasons, since the first phases of
COVID-19 pandemic, clinicians implemented anticoagula-
tion at different dosages, trying to counteract the COVID-
19 associated coagulopathy.'> However, the larger part of
studies examining the relationship between stroke and
SARS-CoV-2 infection have mainly focused on the poten-
tial pathophysiological mechanisms underlying this rela-
tionship in the acute phase of the infection.!®!” Conversely,
data regarding the risk of ischemic stroke as a post-acute
COVID-19 sequelae (PACS)'®!? remain scant and dis-
cordant. Therefore, this work aims at assessing the risk of
incident ischemic stroke as post — acute sequelac of SARS-
CoV-2 infection by performing a systematic review and
meta-analysis of all available data.

Material and methods

Study design

This study was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) reporting guideline (Supplementary File 1).2°
Data were obtained by searching the MEDLINE and Scopus
database for all the studies published at any time up to
February 14th, 2023, reporting the risk of incident ischemic
stroke in COVID-19 survivors diagnosed between 4 months
(minimum follow-up length of revised investigations) and a
maximum of 48 months after the index infection (maximum
follow-up length of revised studies). In the revised manu-
scripts, the group of patients who developed stroke, had
COVID-19 and then recovered from the acute infection
(study group) was compared to a contemporary well-matched
cohort of subjects who did not experience the SARS-CoV-2
infection, but some of them experienced ischemic stroke dur-
ing the same follow-up period (control group).

Data extraction and quality assessment

We included both prospective and retrospective case—
control studies in which the primary outcome was the occur-
rence of ischemic stroke after COVID-19 infection. The
selection of studies included in our analysis was indepen-
dently conducted by two authors (M.Z., G.R.) in a blinded
fashion. Any discrepancies in study selection were resolved
by consulting a third author (M.M). The following MeSH
terms were used for the search: “Ischemic stroke” AND
“COVID-19 sequelae” OR “Ischemic stroke” AND

“COVID-19” OR “Ischemic stroke” AND “SARS-COV-2
sequelae” OR “Ischemic stroke” AND “SARS-CoV-2.”
The full search strategy is showed in Supplemental File 2.
Moreover, we searched the bibliographies of the target
studies for additional references. Potential overlaps among
the sources used by the reviewed studies were evaluated
and excluded.

Specifically, inclusion criteria were: (i) studies enrolling
subjects with previous confirmed COVID-19 infection and
recovered from the disease (ii) providing the adjusted haz-
ard ratio (HR) and relative 95% confidence interval (CI) for
the risk of incident ischemic stroke after the index infec-
tion. Conversely, case reports, review articles, abstracts,
and editorials/letters were excluded. Data extraction was
independently conducted by two authors (M.Z., G.R). For
all the reviewed investigations we extracted, when pro-
vided, the number of enrolled patients, the mean age, the
gender, the prevalence of cardiovascular comorbidities
such as arterial hypertension (HT), diabetes mellitus (DM),
chronic obstructive pulmonary disease (COPD), chronic
kidney disease (CKD), obesity, pre-existing heart failure
(HF), cerebrovascular disease and the length of follow-up.
The quality of included studies was graded using the
Newcastle-Ottawa quality assessment scale (NOS).?!

Data synthesis and analysis

Continuous variables were expressed as mean while cate-
gorical variables were presented as numbers and relative
percentages. Ischemic stroke risk data were pooled using
the Mantel-Haenszel random effects models with Hazard
ratio (HR) as the effect measure with 95% confidence inter-
val (CI). Heterogeneity among studies was assessed using
Higgins and Thomson 7 statistic. Specifically, the * values
correspond to the following levels of heterogeneity: low
(<25%), moderate (25%—75%) and high (>75%). The
presence of potential publication bias was verified by visual
inspection of the funnel plot. Due to the low number of the
included studies (<10), small-study bias was not examined
as our analysis was underpowered to detect such bias.
However, a predefined sensitivity analysis (leave-one-out
analysis) was performed removing one study at the time, to
evaluate the stability of our results regarding the risk of
ischemic stroke. To further appraise the impact of potential
baseline confounders, a meta-regression analysis was also
performed. All meta-analyses were conducted using
Comprehensive Meta-Analysis software, version 3 (Biostat,
USA).

Results

Search results and included studies

A total of 5675 articles were obtained using our search
strategy. After excluding duplicates and preliminary
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Figure I. PRISMA flowchart.

*Articles excluded because not provided data on ischemic stroke events.

**Articles excluded because not provided Hazard ratio for acute ischemic stroke.

screening, 1258 full-text articles were assessed for eligi-
bility, 1250 studies were excluded for not meeting the
inclusion criteria, leaving eight investigations fulfilling the
inclusion criteria (Figure 1).22%°

Characteristics of the population and quality
assessment

Overall, 23,559,428 adult patients were included in this
analysis.”>? Among them 1,595,984 had confirmed
COVID-19 infection (Table 1). Although the demographic
characteristics and the pre-existing comorbidities were not
systematically recorded in all the investigations, the cohorts
mainly consisted of middle-aged patients who were more
frequently males (mean age 56, 1year, 54.3% males). The
mean length of follow-up was 9.2 months ranging between
4 and 18 months, respectively. Over the follow-up period,
incident ischemic stroke occurred to 4.40 [95% CI: 4.36—
4.43] out of 1000 patients with a previous COVID-19 infec-
tion. Conversely, the incidence of stroke in the control
group was 3.25 [95% CI: 3.21-3.29] out of 1000 patients
among controls. Quality assessment showed that all studies
were of moderate-high quality according to the NOS
scale (Table 1).%!

Risk of ischemic stroke after COVID-19
recovery: overall population

During the follow-up period, recovered COVID-19 patients
showed an increased risk of ischemic stroke (HR: 2.06,
95% CI: 1.75-2.41, p<0.0001, >=63.7%) compared to
subjects who did not experience COVID-19 infection but
developed ischemic stroke over the same period (Figure 2).
The funnel plot is showed in Supplemental Figure 2). The
sensitivity analysis confirmed yielded results reporting an
HR ranging between 1.95 (95% CI: 1.68-2.26, p <0.0001,
P:67.5%) and 2.13 (95% CI: 1.80-2.53, p<0.0001, /*:
67.3%), indicating that the obtained results were not driven
by any single study.

Risk of ischemic stroke after COVID-19 recovery
stratified by care setting during the index infection

A further sub-analysis revealed an increased risk of incident
stroke in patient who have a more severe infection. Indeed,
during the follow-up period, the risk of stroke was lower in
patients who not required hospitalization at the time of
the infection (HR: 1.15, 95% CI: 1.01-1.31, % 71.4%;
1n=9,205,078)>>27 compared to those hospitalized (HR:
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Study name Statistics for each study Weight (Random) Hazard ratio and 95% ClI

Hazard Lower Upper Relative Relative

ratio limit limit Z-Value p-Value weight weight

Cohen 1920 1652 2232 8489 0,000 17,52 [ |
Daugherty 2580 1,844 3609 5536 0,000 10,84 -
Mizrahi 2900 2,178 3,861 7,290 0,000 12,46 4%
Raisi-Estabraght 4150 2540 6,780 5682 0,000 7,02 ——
Wan 9700 3,789 24830 4,738 0,000 2,54 —_—
Wang 1610 1540 1,683 20984 0,000 20,42 [ ]
Xu 1500 1408 1598 12556 0,000 20,09 B
Tisler 1500 1,009 2229 2007 0,045 9,13 =i
Random-effect: 2,060 1,756 2417 8863 0,000 ¢
Tau?: 0.032
Q-value: 62.08 0,01 0,1 1 10 100

12: 63,7%, p<0.0001

Figure 2. Forest plot investigating the risk of ischemic stroke in COVID-19 recovered patients.

2.02,95% CI: 1.16-3.50, I?: 54.5%; n=9,224,548)*272% or
requiring intensive care admission (HR: 3.65, 95% CI:
2.62-5.10, I%: 51.4: n=6,283,550)%262(Figure 3).

Meta-regression for the risk of incident
ischemic stroke

A meta-regression analysis showed a significant direct rela-
tionship for the risk of stroke using age (p=0.001), HT
(»=00.001) and obesity (p=0.002) as moderators, while an
indirect association was observed when male sex (p=0.01),
and the follow-up length (»p=0.003) were adopted as mod-
erating variables (Table 2).

Discussion

The present analysis, based on a large population of more
than 20 million adult subjects, showed that ischemic stroke
occurred in 4.40 per 1000 individuals who had experienced
COVID-19 infection as compared to 3.25 per 1000 among
individuals without COVID-19. Furthermore, after
COVID-19 recovery, subjects had two-fold increased risk
of ischemic stroke, especially in the early phase of the fol-
low-up, which vary according to the severity of the index
infection, as reflected by the different hazards observed
comparing inpatients and outpatients.

The long-term incidence of ischemic stroke was like that
observed in previous epidemiological studies base on sub-
jects from the general population for which the crude inci-
dence was approximately 3.29 cases per 1000 person-year.
However, most of the epidemiological studies reported the
stroke incidence as number of events per years; conversely,
our follow-up was shorter, so a direct epidemiological com-
parison is difficult.

Presented results were associated with a moderate het-
erogeneity level which was probably multifactorial. Indeed,
the different demographical and clinical characteristics
of the population revised, the follow-up length and the

geographical location of the studies have concurred to the
compressive heterogeneity level observed. Meta-regression
analysis significantly contributed to define the observed
heterogeneity revealing that the risk of stroke was directly
influenced by age, female sex, HT, and obesity while it
resulted inversely related with the length of the follow-up.
These findings are in accordance with previous investiga-
tions showing that the risk of stroke during the acute phase
of SARS-Co V-2 infection was more likely to occur in older,
males and hypertensive patients.*** However, it should be
noted that when the death rate is high from causes other
than the disease of interest, the incidence rates of the ill-
ness are generally overestimated in traditional Kaplan—
Meier survival analysis due to existence of competing
risks.*35 Unfortunately, the revised investigations did not
systematically report data regarding previous cerebrovas-
cular disease or they onset during the acute phase of the
disease, limiting the possibility to perform dedicated sub-
analysis. Similarly, the revised investigations did not sys-
tematically report data regarding the existence of previous
cerebrovascular disease or they onset during the acute
phase of the disease, limiting the possibility to perform
dedicated sub-analysis.

The exact pathophysiological mechanism underlying the
onset of stroke in recovered COVID-19 patients is not yet
fully understood. It seems that the resultant persisting
inflammation and cytokine storm may lead to platelet, tis-
sue factor and coagulation cascade activation contributing
to the onset of cerebrovascular accidents.!®3%37 Moreover,
it is also plausible that factors such as hypoxia or hypoten-
sion, which have been reported as a part of long-COVID
syndrome, may have resulted in acute decompensation of
cerebrovascular autoregulation, which was previously pre-
served in the setting of chronic vascular occlusion or severe
stenosis.*® It is just possible that SARS-CoV-2 endotheliitis
may have destabilized a mild pre-existent chronic athero-
sclerotic plaque which triggered the onset of ischemic cer-
ebrovascular injuries.** Moreover, we cannot exclude that
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(a) Study name Statistics for each study Weight (Random) Hazard ratio and 95% Cl
Hazard Lower Upper Relative
ratio limit limit Z-Value p-Value weight
Raisi-Estabragh 1,210 1,128 1,298 5332 0,000 39,93
Wang 0870 0,700 1,081 -1,259 0,208 19,68
Xu 1,270 1,188 1,358 7,017 0,000 40,38
Random-effect: 1,156 1,018 1,314 2226 0,019
Tau?: 0.009
Q-value: 10.78
12: 71,4%, p<0.0001 0,01 0,1 1 10 100
(b) study name Statistics for each study Weight (Random) Hazard ratio and 95% C
Hazard Lower Upper Relative
ratio limit limit Z-Value p-Value weight
Raisi-Estabragh 3,030 2634 3485 15517 0,000 25,70 .
Tisler 1,500 1,009 2,229 2,007 0,045 23,01
Xu 3,180 2,761 3,662 16,068 0,000 25,69 .
Wan 1,120 0959 1,308 1429 0,153 25,60
Random-effect: 2,023 1,168 3504 2512 0,001 i
TauZ: 0.034
G VNTRRR 06 0,01 0,1 1 10 100
12: 54,5%, p<0.0001 £ :
(C) Study name Statistics for each study Weight (Random) Hazard ratio and 95% CI
Hazard Lower Upper Relative
ratio limit limit  Z-Value p-Value weight .
Raisi-Estabragh 4,090 3207 5216 1135 0,000 42,79
Tisler 1610 0754 3438 1230 0219 14,30 .
Xu 4300 3377 5475 11832 0,000 42,91 ’
Random-effect: 3,657 2,621 5103 7,630 0,000
2.
Taus: 0.052 0,01 0.1 1 10 100
Q-value: 5.90

1: 51,4%, p=0.052

Figure 3. Forest plots investigating the risk of ischemic stroke in COVID-19 recovered patients, according to the care setting
during the acute phase of the infection: (a) Non-hospitalized, (b) Hospitalized, and (c) Hospitalized ICU.

Table 2. Meta-regression analysis for the risk of ischemic
stroke after COVID-19 infection.

Items Coeff.  95% ClI p
Age (years) 0.002 0.105to0 0.154  0.001
Male sex (%) -0.012 -0.059 to —0.028 0.0l
HT (%) 0.007  0.006 to 0.009  0.001
DM (%) -0.016 —0.039t0 0.006 0.16
COPD (%) -0.005 -0.029t0 0.019  0.69
CKD (%) -0.015 -0.051 to 0.019  0.37
Obesity (%) 0.005 0.014t00.025 0.002
Cancer (%) -0.041 -0.100t0 0.018 0.17
Follow-up length (months) —0.045 —0.047 to —0.137 0.003

ClI: confidence interval; HT: arterial hypertension; DM: diabetes mellitus;
COPD: chronic obstructive pulmonary disease; CKD: chronic kidney
disease.

some individuals may have experienced symptomatic or
asymptomatic atrial fibrillation events, which have been
reported as potential SARS-CoV-2 sequelae.?*2¢

Over the latest years, several evidence have demon-
strated that, in the early period after COVID-19 infection,
several acute and chronic cardiovascular conditions may
occur, including acute pulmonary embolism, deep vein
thrombosis, heart failure, arterial hypertension, atrial fibril-
lation and diabetes. All these conditions, especially if
remain undiagnosed and untreated, may represent concur-
rent risk factors for the onset of ischemic stroke.>??25:40:41
However, if the onset of these novel cardiovascular disease
represents a direct consequence of COVID-19 or if the viral
infection may act only as a triggering factor on an unknown
clinical condition/predisposition, remains unknown.

Current data may be useful for minimizing the risk
ischemic stroke events after hospital discharge in COVID-
19 survivors, although our results must be considered pre-
liminary and cannot be directly translated into clinical
practice giving recommendations regarding the type and
regimen of thrombophylactic strategies. Further studies are
needed to determine the potential benefit of therapeutic
anticoagulation for the risk of ischemic stroke in recovered
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COVID-19 patients. Unfortunately, reviewed manuscripts,
being based on the assessment of generic risk of clinical
consequences after COVID-19 infection, they did not pro-
vide any data regarding the location of the cerebrovascular
accident or potential chronic anticoagulant treatments dur-
ing the acute phase or at discharge, limiting our possibility
to analyze the potential etiology and/or the impact of such
treatment on the long-term risk of ischemic stroke.
Therefore, our preliminary results must be carefully inter-
preted and considered in the light of a hypothesis generat-
ing study. Indeed, further larger prospective studies are
needed to confirm our findings.

Limitations

Our study has several limitations related to the observa-
tional nature of the reviewed studies with all their inherited
biases. Potential underestimation on the ischemic stroke
incidence and relative risk could derive from the absence of
a specific and dedicated follow-up; indeed, reviewed arti-
cles obtained the data larger medical records dataset using
the relative ICD-10 codes without performing a clinical
follow-up. As known, such methodology may be prone to
misdiagnosis due to miscoding. Furthermore, only one of
the revised studies was prospective; therefore, the retro-
spective design of the remaining investigations included
into the analysis may have partially biased the results. Few
investigations have analyzed the risk of ischemic stroke in
patients recovered from COVID-19 infection, limiting the
number of the studies included in the meta-analysis; how-
ever, the number of patients enrolled mitigates, at least par-
tially, this limit. Furthermore, the analyses reviewed did not
provide any data regarding the administration of anticoagu-
lant treatment or atrial fibrillation at discharge as well as
concerning the location and severity of stroke or adminis-
tration of thrombolytic drugs. At the same manner, we can-
not exclude that sampling bias by the competing risk of
death may also have led to the underestimation of the real
cumulative incidence of ischemic stroke. Lastly, no data
regarding the type and number of vaccinations against
SARS-CoV-2 as well as the patients experiencing stroke
during the acute phase of the infection were systematically
reported, making impossible any type of sub-analysis.
Despite these limitations, to the best of our knowledge, this
study is the first systematic review and meta-analysis pro-
viding a provisional estimation on the incidence and the
risk of ischemic stroke in patients who recovered from
COVID-19.

Conclusions

Ischemic stroke represents a potential sequela of SARS-
CoV-2 infection within 9 months from the acute infection.
Further studies are needed to determine the potential bene-
fit of therapeutic anticoagulation for the risk of ischemic
stroke in recovered COVID-19 patients.
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