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Abstract 
Background: In this study, we aimed to determine the global 
prevalence, chronological order of symptom appearance, and 
mortality rates with regard to hemorrhagic and ischemic stroke in 
patients with coronavirus disease 2019 (COVID-19) and to discuss 
possible pathogeneses of hemorrhagic and ischemic stroke in 
individuals with the disease. 
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Methods: We searched the PubMed, Scopus, and Web of Science 
databases for relevant articles published up to November 8, 2020. 
Data regarding study characteristics, hemorrhagic stroke, ischemic 
stroke, and COVID-19 were retrieved in accordance with the PRISMA 
guidelines. The Newcastle-Ottawa scale was used to assess the quality 
of the eligible studies. The pooled prevalence and mortality rate of 
hemorrhagic and ischemic stroke were calculated. 
Results: The pooled estimate of prevalence of hemorrhagic stroke 
was 0.46% (95% CI 0.40%–0.53%; I2=89.81%) among 67,155 COVID-19 
patients and that of ischemic stroke was 1.11% (95% CI 1.03%–1.22%; I
2=94.07%) among 58,104 COVID-19 patients. Ischemic stroke was 
more predominant (incidence: 71.58%) than hemorrhagic stroke 
(incidence: 28.42%) in COVID-19 patients who experienced a stroke. In 
COVID-19 patients who experienced a stroke, hospital admission with 
respiratory symptoms was more commonly reported than that with 
neurological symptoms (20.83% for hemorrhagic stroke and 5.51% for 
ischemic stroke versus 6.94% for hemorrhagic stroke and 5.33% for 
ischemic stroke, respectively). The pooled mortality rate of COVID-19 
patients who experienced a hemorrhagic and ischemic stroke was 
44.72% (95% CI 36.73%–52.98%) and 36.23% (95% CI 30.63%–42.24%), 
respectively. 
Conclusions: Although the occurrence of hemorrhagic and ischemic 
stroke is low, the mortality rates of both stroke types in patients with 
COVID-19 are concerning, and therefore, despite several potential 
pathogeneses that have been proposed, studies aimed at definitively 
elucidating the mechanisms of hemorrhagic and ischemic stroke in 
individuals with COVID-19 are warranted. 
PROSPERO registration: CRD42020224470 (04/12/20)
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Introduction
Coronavirus disease 2019 (COVID-19), which is caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)  
infection, has become a global human pandemic that is believed 
to have begun in late December 2019. The disease quickly  
spread to 217 countries, infected more than 82 million indi-
viduals, and has caused more than 1.8 million deaths as of  
December 30, 20201. Moreover, the second wave of this pan-
demic remains ongoing in various countries2. Numerous treat-
ment strategies and drugs have been proposed3–5; however, 
a definitive therapy or treatment for COVID-19 has not yet 
been announced by the World Health Organization6. SARS-
CoV-2 is a novel coronavirus, which is reported to have origi-
nated initially from an animal source7. The mortality rate of  
SARS-CoV-2 infection is the lowest among the infections 
caused by other members of the coronavirus family that have  
previously infected humans, including severe acute respira-
tory syndrome coronavirus (SARS-CoV) and Middle East  
respiratory syndrome coronavirus (MERS-CoV)8,9. However,  
SARS-CoV-2 has a higher reproduction rate (R

0
) and thus a  

higher transmission rate than SARS-CoV and MERS-CoV10.

The majority of individuals infected with SARS-CoV-2 are  
generally asymptomatic, although the most common symptoms 
of COVID-19 include dry cough, fever, dyspnea, chest pain, 
headache, and muscle ache11,12. The issue of hypercoagulability- 
related thrombotic vascular events in those infected with  
SARS-CoV-2 is emerging13,14. Evidence suggests that COVID-19 
patients may experience increased rates of thromboembo-
lism, as high as 15%–26%15. In addition, another concern is 
the increased risk of a hemorrhagic stroke among COVID-19  
patients16–18. The World Stroke Organization has reported that 
COVID-19 increases the risk for an ischemic stroke by approxi-
mately 5% (95% confidence interval (CI) 2.8%–8.7%)19.  
Other possible explanations for the occurrence of ischemic  
stroke in COVID-19 patients include reduced angiotensin (ANG) 
(1-7) synthesis20, cardioembolism21,22, hyperviscosity23,24, and 
an induced hypercoagulative state25,26. Discussions surrounding 
the possible mechanism(s) underlying hemorrhagic stroke in  
COVID-19 patients have included the expression of angiotensin-
converting enzyme 2 (ACE2), immunity, inflammation, endothe-
lial dysfunction at the blood-brain-barrier (BBB), aging, stress,  
and anxiety27.

The aims of our present study were to determine the global  
incidence of ischemic and hemorrhagic stroke in patients 
with COVID-19; determine the mortality rate of ischemic and  
hemorrhagic stroke in individuals with COVID-19; assess the 
frequency of symptoms that lead to hospital admission among  
COVID-19 patients who have experienced an ischemic or a  
hemorrhagic stroke; assess the risk factors for ischemic and  
hemorrhagic stroke in COVID-19; assess the association 
between ischemic and hemorrhagic stroke and the severity of  
COVID-19; and assess the association between ischemic and  
hemorrhagic stroke and mortality in COVID-19. In addition, 
we also sought to propose possible pathogeneses of ischemic 
and hemorrhagic stroke in individuals with SARS-CoV-2  
infection.

Methods
Registration and protocol
This systematic review and meta-analysis identified the stroke 
proportion among COVID-19 confirmed cases. We followed 
the Preferred Reporting Items for Systematic Reviews and  
Meta-analyses (PRISMA) recommendation to search electronic 
databases (see completed checklist28)29. The protocol of this 
study was registered in PROSPERO (CRD42020224470) on 4th  
December 2020.

Eligibility criteria of studies 
The inclusion criteria were articles written in English which  
identified stroke as a comorbidity among randomly sampled 
COVID-19 cases. All case reports, case series, editorials,  
reviews, commentaries, and studies in targeted specific groups, 
such as in children were excluded.

Information sources and search strategy
The systematic searches were conducted in three databases  
(PubMed, Scopus, and Web of Science) to identify the poten-
tial articles as of November 8th, 2020. The search criteria were 
as follows. Scopus (TITLE(“SARS-CoV-2” OR “COVID-19” 
OR “Wuhan coronavirus” OR “Wuhan virus” OR “novel coro-
navirus” OR “nCoV” OR “severe acute respiratory syndrome  
coronavirus 2” OR “coronavirus disease 2019 virus” OR “2019-
nCoV” OR “2019 novel coronavirus” OR “severe acute respira-
tory syndrome coronavirus 2” OR “coronavirus” OR “coronavi-
ruses” OR “SARS 2” OR “2019-nCoV acute respiratory disease”  
OR “novel coronavirus pneumonia” OR “COVID”) AND 
ALL(“Stroke “ OR “cerebrovascular disorders” OR “brain 
ischemia” OR “brain haemorrhage” OR “cerebrovascular accident” 
OR “intracerebral haemorrhage” OR “subarachnoid haemorrhage” 
OR “transient ischemic attack” OR “brain attack” OR “cerebral  
embolism” OR “cerebral thrombosis” OR “cerebral haemorrhage” 
OR “cerebrovascular insult” OR “intraparenchymal haemor-
rhage” OR “intraventricular haemorrhage” OR “cerebral hypop-
erfusion” OR “brain infarct” OR “cerebral infarct”). Web of  
Science (TITLE(“SARS-CoV-2” OR “COVID-19” OR “Wuhan 
coronavirus” OR “Wuhan virus” OR “novel coronavirus” OR 
“nCoV” OR “severe acute respiratory syndrome coronavirus 
2” OR “coronavirus disease 2019 virus” OR “2019-nCoV” OR  
“2019 novel coronavirus” OR “severe acute respiratory syn-
drome coronavirus 2” OR “coronavirus” OR “coronaviruses” OR  
“SARS 2” OR “2019-nCoV acute respiratory disease” OR “novel 
coronavirus pneumonia” OR “COVID”) AND ALL=(“stroke” 
OR “cerebrovascular Disorders” OR “brain ischemia” OR “brain 
haemorrhage” OR “cerebrovascular accident” OR “intracerebral 
haemorrhage” OR “subarachnoid haemorrhage” OR “transient 
ischemic attack” OR “brain attack” OR “cerebral embolism” OR  
“cerebral thrombosis” OR “cerebral haemorrhage” OR  
“cerebrovascular insult” OR “intraparenchymal haemorrhage” 
OR “intraventricular haemorrhage” OR “cerebral hypoperfusion”  
OR “brain infarct” OR “cerebral infarct”). PubMed (TITLE 
(“SARS-CoV-2” OR “COVID-19” OR “Wuhan coronavirus” OR 
“Wuhan virus” OR “novel coronavirus” OR “nCoV” OR “severe 
acute respiratory syndrome coronavirus 2” OR “coronavirus  
disease 2019 virus” OR “2019-nCoV” OR “2019 novel corona-
virus” OR “severe acute respiratory syndrome coronavirus 2”  
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OR “coronavirus” OR “coronaviruses” OR “SARS 2” OR “2019-
nCoV acute respiratory disease” OR “novel coronavirus pneu-
monia” OR “COVID”) AND (“stroke “ OR “cerebrovascular  
Disorders” OR “brain ischemia” OR “brain haemorrhage” OR  
“cerebrovascular accident” OR “intracerebral haemorrhage” OR 
“subarachnoid haemorrhage” OR “transient ischemic attack” OR 
“brain attack” OR “cerebral embolism” OR “cerebral thrombo-
sis” OR “cerebral haemorrhage” OR “cerebrovascular insult” OR 
“intraparenchymal haemorrhage” OR “intraventricular haem-
orrhage” OR “cerebral hypoperfusion” OR “brain infarct” OR  
“cerebral infarct”). 

Data from the articles and the supplementary materials were 
extracted. Reference lists from the eligible articles were  
retrieved for further relevant studies.

Study selection and data extraction
EndNote X9 (Thompson Reuters, Philadelphia, PA, USA) was  
used to import all titles and abstracts of the identified arti-
cles, and duplicated records were removed. Potentially eligible  
articles were identified through screening of the titles and 
abstracts. The full texts of the resulting studies were then  
thoroughly reviewed by two authors (HAM and MI) and the eli-
gibility of each study was decided. Any disagreements between 
the investigators were solved by consulting with another  
investigator (MF).

Data extraction
Collected information included study characteristics (author,  
study site, study design), number of patients with ischemic 
stroke or haemorrhagic stroke in COVID-19 cases and their 
mortality cases, the chronological order of patient admission to  
hospital based on symptoms (COVID-19 first, ischemic or 
haemorrhagic stroke first) and the COVID-19 characteristics  
(number of patients, severity, and mortality).

Role of the funding source
This study received no external funding.

Outcomes
The primary outcomes were: (a) global incidence of ischemic  
and haemorrhagic stroke in COVID-19 patients; (b) mortality  
rate of ischemic and haemorrhagic stroke in COVID-19; (c) the 
frequency of symptoms related to hospital admission among  
COVID-19 patients with ischemic or haemorrhagic stroke;  
(d) risk factors of ischemic and haemorrhagic stroke in  
COVID-19; (e) association of ischemic and haemorrhagic stroke 
with COVID-19 severity; and (f) association of ischemic and 
haemorrhagic stroke with mortality of COVID-19. The pos-
sible pathogenesis mechanisms of ischemic and haemorrhagic 
stroke in SARS-CoV-2 infection were also explained in this  
review.

Data synthesis
The global prevalence of ischemic stroke was calculated as 
the number of COVID-19 patients who experienced ischemia  
divided by the total number of COVID-19 patients with or  

without ischemic or hemorrhagic stroke, expressed as frequency  
(%) and 95% CI. The frequency of symptoms that led to hospi-
tal admission was calculated as the total number of COVID-19  
patients presenting with either respiratory or neurological  
symptoms first, divided by the total number of ischemic stroke  
cases among COVID-19 patients, and expressed as percentage 
and 95% CI. The mortality rate was calculated as the number 
of deaths of COVID-19 patients who experienced ischemic  
stroke divided by the total number of COVID-19 patients who 
experienced ischemic stroke. The same calculations were  
performed for hemorrhagic stroke.

Risk of bias assessment
The Newcastle-Ottawa scale (NOS)30 was used to critically  
assess the quality of the studies included in the meta-analysis. 
The Q test was used to evaluate the heterogeneity and potential  
publication bias of the data gathered from the studies.

Statistical analysis
The association between ischemic and hemorrhagic stroke and 
the occurrence of COVID-19 was calculated and expressed  
as the cumulative odds ratio and 95% CI using the Z test;  
differences with p < 0.05 were considered to be statistically  
significant. Heterogeneity among studies was assessed using the  
Q test, and heterogeneous data were analyzed using a random 
effects model. Publication bias was assessed using Egger’s test  
and funnel plots (p < 0.05 was considered to indicate poten-
tial for publication bias). The data were analyzed using Review  
Manager version 5.3 (The Cochrane Collaboration)31.

Results
Study eligibility
A total of 1915 articles were retrieved via a literature search,  
with 1416 citations remaining after the duplicates were 
removed. An additional 685 articles were excluded after  
screening the titles and abstracts, leaving 731 studies (Figure 1), 
the full texts of which were reviewed for eligibility, with an  
additional 713 excluded. Exclusions included reviews, irrel-
evant studies, case series, case reports, and studies with 
insufficient data. This process resulted in 18 studies being  
included in the final analysis.

All 18 studies were included in the meta-analysis to calcu-
late the global prevalence of hemorrhagic stroke in COVID-19 
patients and the frequency of symptoms leading to hospital  
admission32–49. Data from nine studies were included to cal-
culate the mortality rate of hemorrhagic stroke in COVID-19  
patients32,33,35–37,40,45,48,49, while the other nine studies did not 
report relevant data. The 18 studies and the prevalence of hem-
orrhagic stroke reported in each of them are summarized in  
Table 1.

Only 16 studies were included in the meta-analysis to calcu-
late the global prevalence of ischemic stroke in COVID-19 
patients and the frequency of symptoms leading to hospital  
admission34–49. Data from six studies were included to cal-
culate the mortality rate of ischemic stroke in COVID-19  
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patients35–37,40,48,49, as no relevant data was reported in the remain-
ing 12 studies. The prevalences of ischemic stroke reported  
in each of these studies are summarized in Table 2.

Prevalence of hemorrhagic and ischemic stroke in 
COVID-19 patients
Hemorrhagic stroke was reported in 18 studies including  
67,155 COVID-19 patients, with a pooled estimate of preva-
lence of 0.46% (95% CI 0.40%–0.53%), I2=89.81% (Figure 2).  

Ischemic stroke was identified in 544 of 58,104 COVID-19 
patients in 16 studies, which corresponded to a pooled preva-
lence estimate of 1.11% (95% CI 1.03%–1.22%), I2=94.07%  
(Figure 3). The incidence of hemorrhagic and ischemic stroke in 
COVID-19 patients was 28.42% (216/760) and 71.58% (544/760), 
respectively.

Among COVID-19 patients who experienced hemorrhagic 
stroke, 45 of 216 patients (20.83%; 95% CI 15.41%–26.24%)  

Figure 1. Flowchart of the literature search according to PRISMA.
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complained of respiratory symptoms before neurological  
symptoms, while neurological symptoms preceded respiratory  
symptoms in 15 of 216 patients (6.94%; 95% CI 3.55%–10.33%). 
No clear onset of either neurological or respiratory symptoms 
in COVID-19 patients was reported in 11 studies (156/216,  
72.22%) (Table 1).

Among COVID-19 patients who experienced ischemic stroke, 
30 of 544 patients (5.51%; 95% CI 3.59%–7.43%) experienced  
respiratory symptoms before neurological symptoms, while 29 
of 544 patients (5.33%; 95% CI 3.44%–7.21%) complained of 
neurological symptoms before respiratory symptoms. No clear  
onset of either neurological or respiratory symptoms in  
COVID-19 patients was reported in 11 studies (485/544,  
89.15%) (Table 2).

Mortality rate of hemorrhagic and ischemic stroke in 
COVID-19 patients
The mortality rate of COVID-19 patients who experienced  
hemorrhagic stroke was 44.72% (95% CI 36.73%–52.98%), and 
the rate was slightly lower in those who experienced ischemic  
stroke (36.23%; 95% CI 30.63%–42.24%) (Figure 4).

Association between hemorrhagic and ischemic stroke 
and the severity and mortality of COVID-19
There was a lack of data regarding the association between  
hemorrhagic and ischemic stroke and the severity of the  
disease and mortality rate of patients with COVID-19. One 
study reported that 63% of COVID-19 patients who experi-
enced ischemic stroke required admission to the intensive care  
unit (ICU)50.

Table 1. The prevalence of haemorrhagic stroke among COVID-19 patients around the globe.

Study Design Country NOS COVID-19 Chronology of the symptoms Ref

Haemorrhagic 
Stroke

Total 
COVID-19

Not 
clear (%)

Respiratory 
symptoms 
first (%)

Neurologic 
symptoms 
first (%)

Case Death

Retrospective cohort US 8 35 16 5227 35 (16.2) - - 32 

Retrospective cohort US 8 33 14 3824 - 29 (13.4) 4 (1.85) 33

Prospective cross-
sectional

Spain 7 1 - 2000 - 1 (0.46) - 34

Retrospective cohort Spain 8 5 2 1683 - 4 (1.85) 1 (0.46) 35

Retrospective cohort US 8 9 5 3218 - 5 (2.31) 4 (1.85) 36

Retrospective cohort UEA 8 12 4 591 12 (5.55) - - 37

Retrospective cohort Turkey 7 2 - 239 2 (0.93) - - 38

Retrospective cohort US 8 14 - 10,596 14 (6.48) - - 39

Retrospective cohort China 8 1 1 219 - 1 (0.46) - 40

Retrospective cohort US 8 1 - 509 1 (0.46) - - 41

Retrospective cohort Italy 7 2 - 213 2 (0.93) - - 42

Retrospective cohort US 8 8 - 650 - 2 (0.93) 6 (2.78) 43

Retrospective cohort Italy 8 11 - 1760 11 (5.09) - - 44

Retrospective cohort UK 8 14 4 3403 14 (6.48) - - 45

Retrospective cohort Multi-
national

8 27 - 17,799 27 (12.5) - - 46

Retrospective cohort US 7 3 - 90 - 3 (1.39) - 47

Retrospective cohort Multi-
national

8 28 16 14,483 28 (12.96) - - 48

Retrospective cohort China 7 10 4 651 10 (4.63) - - 49

Total 216 66 67,155 156/216 
(72.2)

45/216 
(20.83)

15/216 
(6.94)

NOS = Newcastle-Ottawa scale score, COVID-19 = coronavirus disease 19
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Table 2. The prevalence of ischemic stroke among COVID-19 patients around the globe.

Study design Country NOS COVID-19 Chronology of the symptoms Ref.

Ischemic 
stroke

Total 
COVID-19

Not clear 
(%)

Respiratory 
symptoms 
(%)

Neurology 
symptoms 
(%)

Case Death

Prospective cross-
sectional

Spain 7 10 - 2000 - 6 (1.10) 4 (0.74) 34

Retrospective cohort Spain 8 17 5 1683 17 (3.13) - - 35

Retrospective cohort US 8 26 10 3218 - 9 (1.65) 17 (3.13) 36

Retrospective cohort UEA 8 19 4 591 19 (3.49) - - 37

Retrospective cohort Turkey 7 7 - 239 7 (1.29) - - 38

Retrospective cohort US 8 72 - 10,596 72 (13.2) - - 39

Retrospective cohort China 8 10 5 219 - 7 (1.29) 3 (0.55) 40

Retrospective cohort US 8 7 - 509 7 (1.29) - - 41

Retrospective cohort Italy 7 2 - 213 2 (0.37) - - 42

Retrospective cohort US 8 12 - 650 - 7 (1.29) 5 (0.92) 43

Retrospective cohort Italy 8 37 - 1760 37 (6.80) - - 44

Retrospective cohort UK 8 6 - 3403 6 (1.10) - - 45

Retrospective cohort Multi-
national

8 123 - 17,799 123 (22.6) - - 46

Retrospective cohort US 7 1 - 90 - 1 (0.18) - 47

Retrospective cohort Multi-
national

8 156 54 14,483 156 
(28.68)

- - 48

Retrospective cohort China 7 39 18 651 39 (7.17) - - 49

Total 544 96 58,104 485/544 
(89.1) 30/544 (5.5) 29/544 (5.3)

NOS = Newcastle-Ottawa scale score, COVID-19 = coronavirus disease 19

Discussion
Hemorrhagic stroke in COVID-19 patients
The cumulative incidence of hemorrhagic stroke in COVID-19 
patients in the present study was 0.3% (216 of 67,155).  
This result is lower than a previously reported incidence (0.7%; 
95% CI 0.50%–0.9%)51. The incidence of hemorrhagic stroke  
among all stroke types in COVID-19 patients fluctuated, with 
12.2% in May 202052, 9.7% in June 202053, 17.2% in July 
202054, 11.6% in September 202055, and 28.42% in the present  
systematic review.

Among 216 COVID-19 patients who experienced hemor-
rhagic stroke, 20.83% were admitted to a hospital owing to  
respiratory symptoms and developed a brain hemorrhage during  
hospitalization, while 6.94% (15/216) were admitted owing to  
neurological symptoms. The disease course is important for  
predicting the severity of the systemic disease as COVID-19 in  

the former group was more severe with abnormal vital sign(s), 
elevated inflammatory and coagulopathy markers, altered mental 
status, and the patients likely required mechanical ventilation  
and ICU care43. Diffuse microhemorrhages have been observed 
previously in COVID-19 patients, via brain imaging, and  
such microhemorrhages are scattered mostly in the juxtacorti-
cal white matter, corpus callosum, and brain stem56–61. The fatal-
ity rate of COVID-19 patients who experienced hemorrhagic  
stroke was 44.72% in our study, which is slightly lower than  
the rate reported previously (48.6%)51.

Ischemic stroke in COVID-19 patients
The pooled prevalence of ischemic stroke among COVID-19 
patients in our systematic review was 0.94% (544 of 58,104).  
This result is much lower than that described in another report 
in which acute ischemic stroke was observed in 1.6% of the 
patients who presented with or were hospitalized owing to  
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Figure 2. Forest plot of the prevalence of haemorrhagic stroke in COVID-19 patients. The pooled estimate of haemorrhagic stroke 
prevalence is 0.46% with 95% CI 0.40%–0.53%, p<0.0001; p-value for Egger and heterogeneity is 0.882 and <0.0001, respectively with I2 
89.81%.

Figure 3. Forest plot of the prevalence of ischemic stroke in COVID-19 patients. The pooled estimate of ischemic stroke prevalence 
is 1.11% with 95% CI 1.03%–1.22%, p<0.0001; p-value for Egger and heterogeneity is 0.730 and <0.0001, respectively with I2 94.07%.

Page 9 of 20

F1000Research 2021, 10:34 Last updated: 24 MAY 2021



COVID-1962. Another study also reported increased incidence 
of ischemic stroke among COVID-19 patients compared to 
that in the non-COVID-19 group (81.4% vs. 74.6%)63. The 
incidence of ischemic stroke in our investigation was signifi-
cantly lower compared with that in another study (71.58% vs.  
87.4%, respectively)55.

COVID-19 patients who were admitted with respiratory  
symptoms and later experienced acute brain infarct comprised 
5.51% (30 of 544) of the sample. Meanwhile, 5.33% were admit-
ted owing to neurological symptoms related to ischemic stroke 
and had a positive result on real-time polymerase chain reaction  
(RT-PCR) testing for SARS-CoV-2 after screening; there was 
no clear explanation for hospital admission in the remainder 
(89.15%). This result is lower than that reported in a previous  
study, in which ischemic stroke was the reason for hospital  
admission in 26% of the COVID-19 patients62.

The cause of ischemic stroke is multifactorial in those with  
SARS-CoV-2 infection, and it may be due to systemic emboli-
zation and diffuse microvascular thrombosis (attributed to a sig-
nificant increase in prothrombotic factors)53. In our systematic  
review, the mortality rate of COVID-19 patients who experi-
enced ischemic stroke was 36.23%. This rate is higher than that 
in two previous studies, which reported inpatient mortality  
rates of 32% and 22.8%50. among COVID-19 patients who  
experienced ischemic stroke.

Possible pathogenesis of hemorrhagic stroke in COVID-19 
patients
Hemorrhagic stroke is caused by the rupture of cerebral  
vessels, leading to the extravasation of blood components into 
the surrounding brain tissue. However, the molecular mecha-
nism by which SARS-CoV-2 infection causes hemorrhagic  

stroke remains unclear. The ACE2 receptor occupied by the  
virus appears to be the primary culprit, which then induces 
subsequent damage to host cells64. Dysfunction of the ACE2  
receptor is linked to the elevation of Ang II levels. Ang II is  
produced from Ang I, and this reaction is catalyzed by the 
action of ACE. Ang II-related effects are generated after being 
bound to the AT1 receptor. To counteract the dangerous effects 
caused by the excessive level of ACE/Ang II/AT1R axis, the  
ACE2/Ang (1-7)/Mas axis is activated65.

SARS-CoV-2 infection increases Ang II levels. SARS-CoV-2  
uses the ACE2 receptor as a portal to enter host cells66. Along 
with a protease, i.e., TMPRSS2, this receptor assists the virus  
in infecting cells66. Viral occupation of the ACE2 receptor 
affects the normal physiological function of the receptor, which 
is to degrade Ang II, resulting in the accumulation of Ang II in  
the blood. Elevated Ang II levels are associated with damage  
linked to the occurrence of hemorrhagic stroke67.

A previous study proposed four modes of action used by Ang  
II to exert its effects (i.e., direct impact on the vascular sys-
tem) causing vasoconstriction, promotion of platelet aggrega-
tion, increased free radical production, and a reduction in insulin  
sensitivity68. These actions of Ang II are associated with the 
occurrence of hemorrhagic stroke. Vasoconstriction is a vital 
physiological alteration that occurs in hypertension, which is 
recognized as one of the major risk factors for hemorrhagic  
stroke67. Ang II is also related to the activation of thrombo-
genic factors. This may explain the elevation of D-dimer lev-
els, which are monitored in COVID-19 patients, particularly in 
those with severe infection69,70. Consequently, the activation of a  
procoagulant state may induce a hemorrhagic stroke71. Ang II is 
also known to inhibit the PI3K/AKT signaling pathway, which 
regulates the secretion of insulin, leading to lowered insulin  

Figure 4. Forest plot of the mortality rate of haemorrhagic and ischemic stroke in COVID-19 patients. (A) The pooled mortality 
rate of haemorrhagic stroke is 44.72% (95% CI 36.73%–52.98%, p=0.2099); heterogeneity p=0.7343, I2=0%, and Egger’s p=<0.0001.  
(B) The pooled mortality rate of ischemic stroke is 36.23% (95% CI 30.63%–42.24%, p<0.0001); heterogeneity p=0.438, I2 0%, and Egger’s 
p<0.0001.
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sensitivity68,72, which is another risk factor for hemorrhagic 
stroke. A study using a rat model confirmed that diabetes could 
degrade tight junction (TJ) proteins mediated by the action of 
matrix metalloproteinases (MMPs)73. The correlation between  
junctional disruption, MMPs, and hemorrhagic stroke is  
described in the next section.

SARS-CoV-2 infection causes a cytokine storm that induces  
degradation of the extracellular matrix. When SARS-CoV-2 
infects the body, the immune system produces massive amounts 
of pro-inflammatory cytokines in response. An excessive 
amount of pro-inflammatory cytokines, including tumor necrosis  
factor-alpha (TNF-α), interleukin (IL)-1β, and IL-6, has 
been reported in most COVID-19 patients74. This phenom-
enon—known as the “cytokine storm”—results in the failure 
of multiple organs and contributes to COVID-19-related death.  
Ang II is strongly linked to the activation of nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase, which is 
responsible for the development of oxidative stress, a condition  
that has been known to be correlated with the excessive pro-
duction of pro-inflammatory cytokines67,75. An in vitro study 
using a human BBB model revealed that the spike protein of  
SARS-CoV-2 could elevate the levels of IL-1β and IL-676.  
Several mechanisms have been proposed to explain the role of 
these cytokines in weakening vessel walls and the subsequent  
increase in the risk of hemorrhagic stroke, including its effect 
in the degradation of the extracellular matrix (ECM), which is  
the primary structure responsible for maintaining the integrity  
of vascular endothelial cells.

Degradation of the ECM caused by MMPs increases BBB  
permeability, promotes extravasation of blood components, and 
contributes to hemorrhagic brain injury77. Many studies have 
reported that TNF-α can induce the production of MMPs, which 
are proteolytic enzymes that degrade the ECM. For example,  
a study reported that TNF-α administered intravenously to 
mice produced an elevation in the MMP-9 levels, followed by a  
significant increase in BBB permeability78. Another study dem-
onstrated that MMP-3 expression was upregulated in por-
cine choroid plexus epithelial cells, which was followed by a  
reduction in transepithelial electrical resistance, indicating 
decreased cellular tightness79. Another pro-inflammatory cytokine, 
IL-1β, is also involved in the induction of MMPs, resulting 
in the destruction of the ECM. The expression and activity of 
MMP-2 in cardiac microvascular endothelial cells were induced  
by IL-1β80. After experimenting with chondrocytes, a study has 
also revealed that IL-1β exposure leads to MMP-1 upregulation81. 
This action is suggested to involve various signaling path-
ways (i.e., ERK1/2, JNKs) and protein kinase C (PKC)80–82.  
Studies have also reported the upregulation of MMP expres-
sion and activity in various models after exposure to IL-6. This 
cytokine increases MMP-9 activity during aortic aneurysms  
and ruptures in mice83. MMP-2 and MMP-9 levels have also 
been found to be increased in COVID-19 patients, which is con-
sistent with the elevation of IL-6 expression in patients with  
lymphoma84. A STAT3 signaling pathway has been proposed  
as the pathway used by IL-6 to upregulate MMPs83,85.

Moreover, the impairment of ECM caused by those  
pro-inflammatory cytokines may be significantly associated 
with the action of reactive oxygen species (ROS), such as super-
oxide and singlet oxygen, and reactive nitrogen species, such as  
nitrogen oxide and peroxynitrite86,87. A study found that TNF-α 
and IL-6 administration in human brain microvascular endothe-
lial cells (HBMVEC) induced increased levels of ROS75. Oxi-
dative stress-related BBB disruption leading to the incidence  
of stroke is strongly related to the activation of MMPs88–91.

Interestingly, MMPs could alter the regulation of junctional  
proteins. A study using a rat model demonstrated that TJ dam-
age in cerebral vessels was mediated by MMP-2 and MMP-9, 
and that this action could be inhibited by the MMP inhibitor  
BB-110192. A study found that the degradation of occludin, a 
transmembrane protein of the TJ, in BBB model bEnd3 monol-
ayer was mediated by MMP-293, while another study confirmed 
that MMP-9 mediated the destruction of TJ protein in a BBB  
model hCMEC/D394.

SARS-CoV-2 infection induces a cytokine storm that causes  
disturbance in junctional protein formation. Elevation of  
cytokine levels caused by SARS-CoV-2 infection could weaken 
vessel walls and ultimately increase the incidence of hemor-
rhagic stroke by impairing cellular junctional proteins, which is 
also the primary structure responsible for maintaining vascular 
endothelial cell integrity. The integrity of vascular endothelial 
cells is, in large part, determined by the presence of junctional  
proteins. In general, three major junctions are located in the 
BBB: TJs, adherens junctions (AJs), and gap junctions95. Any 
disturbances occurring in any of these structures will ultimately 
lead to vascular endothelial dysfunction. A previous study  
proposed that serum levels of TJ proteins may be used to pre-
dict the incidence of a hemorrhagic event(s) following ischemic  
stroke96.

Disruption of junctional proteins could be caused by  
pro-inflammatory cytokines. Using bEnd.3 endothelial cells as 
the BBB model, a previous study demonstrated that TNF-α and 
IL-6 exposure produced a significant increase in cellular perme-
ability, which could be attributed to the decreased expression of  
ZO-1 and claudins97. These findings are supported by a study 
investigating primary cerebral microvessels isolated from sheep, 
which revealed that 100 ng/mL of IL-6 reduced the expres-
sion of occludin98. The expression of cadherin, occludin, and  
claudin-5 led to a dose-dependent decrease in a HBMVEC 
model after treatment with TNF-α and IL-675. Using human 
umbilical vein endothelial cells (HUVECs), another study  
reported that the expression of occludin and E-cadherin was  
downregulated following exposure to interferon (IFN)-γ99.  
TNF-α treatment to HUVECs caused a change in localization 
of claudin-5 and JAM-A, while this cytokine also reduced the  
expression of occludin100.

Damage to junctional proteins could also be associated with  
the disruption of polarity complex proteins. Polarity proteins 
work by regulating many aspects of cellular differentiation 
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and proliferation, including junctional protein formation and  
localization101,102. Although the understanding of polarity  
complexes is mainly supported by a wide range of experiments 
involving epithelial cells, the complexes also play pivotal roles 
in endothelial cells103,104. Thus, impairments to polarity com-
plexes could subsequently result in damage to transmembrane 
and cytoplasmic junctional proteins. For example, PATJ knock-
down Caco2 cells affect the localization of occludin and ZO-3  
in TJ formation105. Another study reported that VE-cadherin, 
the major transmembrane protein of AJ, connected to Pals1  
during the formation of vascular lumen indicating the  
specific role of this polarity protein in regulating junctional  
formation in endothelial cells106. Interestingly, SARS-CoV-2 has  
been suggested to interact with the Pals1 protein in host cells 
through its envelope (E) protein107. A study demonstrated that 
another betacoronavirus—SARS—also uses this mode of  
interaction with host cells108.

The action of cytokines in downregulating junctional proteins 
could be mediated by the activation of NADPH oxidase75. 
This enzyme is one of the main sources of ROS in the  
vascular system, along with mitochondrial enzymes and xanthin 
oxidase109. It should be noted that the activation of NADPH 
oxidase is also linked to endothelial dysfunction leading to  
COVID-19-related thrombotic events110. It has been proposed 
that SARS-CoV-2 induces a thrombosis event by stimulating  
various tissue factors that are dependent on the activation of  
NADPH oxidase following its attack on endothelial cells111.

Collectively, hemorrhagic stroke in COVID-19 patients may 
be associated with the elevation of Ang II levels, which is an 
event subsequent to SARS-CoV-2 occupation of the ACE2  
receptor. The cytokine storm is also responsible for the degrada-
tion of some important components of cerebral vessels, such  
as MMPs and TJ, triggering cerebral vascular rupture.

Possible pathogeneses of ischemic stroke in COVID-19 
patients
SARS-CoV-2 infection could cause ischemic stroke through 
the induction of a hypercoagulative state, endothelial injury,  
cytokine storm, and/or cardiogenic embolism21. Dysfunction 
of endothelial cells (induced by SARS-CoV-2 infection) may 
increase thrombin formation and fibrinolysis112. Coagulopa-
thy due to a thrombosis event has been observed in COVID-19  
patients, with elevated D-dimer and fibrinogen, although 
with no significant prolonged prothrombin time and activated  
partial thromboplastin time25,26,113. Increased fibrinogen levels 
also contribute to hyperviscosity, which is consistently found 
in COVID-19 patients, in whom viscosity varies between 1.9 
to 4.2 centipoise (normal range, 1.4–1.8 centipoise)23. Hyper-
viscosity is not only caused by increases in fibrinogen level, but 

also by the cytokine storm, which plays an important role in  
increasing viscosity levels in those with COVID-19 by inducing  
the excessive release of IL-6 and TNF-α114,115.

Systemic inflammation, which activates the complement  
pathway, induces the excessive release of inflammatory cytokines, 
causing venous thromboembolism by platelets and also induc-
ing a hypercoagulative state116–118. This hypercoagulability could  
lead to macro- and microthrombus formation, which ultimately 
leads to cerebrovascular incidents119,120.

The ACE2 receptor also plays an important role in the neuro-
logical manifestations of SARS-CoV-2 infection. ACE2 converts  
Ang II into ANG (1-7), which plays an essential role as a  
neuroprotector. Administration of ANG (1-7) in animal models 
resulted in a decrease in neurological deficits and infarct  
size in rats with ischemic stroke121,122. Therefore, in COVID-19, 
the SARS-CoV-2 spike protein binds to the ACE2 receptor,  
resulting in decreased ANG (1-7) synthesis123. Cardioembolic 
(19.21%) and atherothrombotic (7.39%) events have also been 
reported to contribute to the etiology of ischemic stroke in  
COVID-19 patients124.

Conclusion
Although the prevalence of hemorrhagic and ischemic stroke 
is low in COVID-19 patients, this systematic review may 
increase awareness among clinicians regarding the potentially 
high mortality rate of individuals with this infection who  
experience a stroke, especially those with severe infection.
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This is a well-conducted systematic review and a well-written manuscript evaluating the 
prevalence, clinical presentations, and mortality rates of hemorrhagic and ischemic stroke among 
COVID-19 patients. In addition, the authors have attempted to describe the pathogenesis behind 
stroke in such patients. 
 
The research question makes sense. The objective of this systematic review was to shed light on a 
question with limited evidence in the current literature. The Introduction is well written and details 
the gap and controversy in the current literature. 
 
The protocol of the review was prospectively registered in PROSPERO. No deviations from the 
original protocol were observed. The report complies with the PRISMA guidelines. The search 
strategy is comprehensive and was reported in detail. Major databases were utilized as data 
sources. The methodology of eligibility screening and study selection, quality assessment, and 
data extraction is adequate. Statistical methods are adequate as well. 
 
Results are well-presented in tables summarizing included studies and forest plots. The 
prevalence of hemorrhagic and ischemic strokes were found to be low at 0.5% and 1%, 
respectively. Nonetheless, the mortality rates of these entities were quite high at 45% and 36%. 
These findings are clinically relevant and add to the literature. 
 
Discussion is comprehensible. Interpretation of the statistical findings is logical and the 
conclusions are justified.
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This is the report of a registered systematic review (SR; 
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=224470). The authors correctly 
deployed the methodology proposed, in addition to adding a few more objectives - such as 
the chronological order of symptoms. In summary, the study not only updated a previous SR on 
this specific topic but largely expanded the mechanisms underpinning both ischemic and 
hemorrhagic stroke. The authors also followed the PRISMA guidelines and assessed risk of bias 
using a well-known scale. The statistical analyses are sound and based on best practices for 
conducting SR and meta-analyses. 
 
Some questions and suggestions that emerged while reading the paper include:

It would be sensible to adopt American (i.e., hemorrhagic) or British (i.e., haemorrhagic) 
English in the manuscript, including subheadings and figures. 
 

○

The flowchart presents “excluded studies” in the last stage, in which authors are supposed 
to present studies that were included. I suggest a revision of this last step to avoid 
confusion. 
 

○

It is not clear if all patients were diagnosed by RT-PCR as suggested in the registration 
(CRD42020224470). I assume this was done at some stage during the screening/study 
eligibility stages. Nonetheless, if suspected cases were also included, this information needs 
to be clearly stated. 
 

○

Was there any cut-off score or other criteria for including/excluding studies due to risk of ○
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bias assessments? 
 
Figures 2 to 4 are misspelling “Hernández”. 
 

○

In the discussion, I think it is always a good idea to be precise as possible. As such, I would 
always refer to COVID-19 patients when making comparisons (i.e., “This result is lower than 
a previously reported incidence”, which appears in the first paragraph of the discussion). 
 

○

In the second paragraph of the discussion, when the authors mention 216 COVID-
19 patients, are we really relying on RT-PCR confirmed cases? In other passages, the 
authors are more clear about the method of diagnosis (“Meanwhile, 5.33% were admitted 
owing to neurological symptoms related to ischemic stroke and had a positive result on 
real-time polymerase chain reaction (RT-PCR) testing for SARS-CoV-2 after screening; there 
was no clear explanation for hospital admission in the remainder (89.15%)”. 
 

○

The authors could briefly expand or give examples of neurological symptoms. For instance, 
the next sentence says altered mental status, albeit I do believe more objective symptoms 
would be of extreme value.

○

Other than that, I believe the contribution is original, relevant and has substantial contribution to 
the field.
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