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BACKGROUND: The coronavirus disease 2019 (COVID-
19) pandemic is an ongoing public health emergency.
While most cases end in asymptomatic or minor illness,
there is growing evidence that some COVID-19 infections
result in nonconventional dire consequences. We sought to
describe the characteristics of patients with intracranial
hemorrhage who were infected with severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). Also, with the
existing literature, we raise the idea of a possible asso-
ciation between SARS-CoV-2 infection and intracranial
hemorrhage and propose possible pathophysiological
mechanisms connecting the two.

METHODS: We retrospectively collected and analyzed
intracranial hemorrhage cases who were also positive for
SARS-CoV-2 from 4 tertiary-care cerebrovascular centers.

RESULTS: We identified a total of 19 patients consisting
of 11 males (58%) and 8 females (42%). Mean age was 52.2,
with 95% younger than 75 years of age. With respect to
COVID-19 illness, 50% had mild-to-moderate disease, 21%
had severe disease, and 20% had critical disease requiring
intubation. Of the 19 cases, 12 patients had intra-
parenchymal hemorrhage (63%), 6 had subarachnoid hem-
orrhage (32%), and 1 patient had a subdural hematoma
(5%). A total of 43% had an intracerebral hemorrhage score

of 0—2 and 57% a score of 3—6. Modified Rankin Scale
cores at discharge were 0—2 in 23% and 3—6 in 77%. The
mortality rate was 59%.

CONCLUSIONS: Our series sheds light on a distinct
pattern of intracerebral hemorrhage in COVID-19—positive
cases compared with typical non—COVID-19 cases, namely
the severity of hemorrhage, high mortality rate, and the
young age of patients. Further research is warranted to
delineate a potential association between SARS-CoV-2
infection and intracranial hemorrhage.

INTRODUCTION

he coronavirus disease 2019 (COVID-19) pandemic caused
by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) has claimed upwards of 2 million lives
worldwide. While most infections are asymptomatic, symptomatic
infection manifests mainly with respiratory symptoms including
fever, shortness of breath, and cough, with death typically
resulting from acute respiratory distress syndrome (ARDS).
Moreover, multiple studies have demonstrated the neurotropism
of this virus and its ability to enter the central nervous system.”
Neurologic consequences of COVID-19 range from mild
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headache and loss of sense of smell to the more devastating acute
large-vessel occlusions and intracranial hemorrhage (ICH).” While
numerous studies have established the association of COVID-19
with hypercoagulable states and acute ischemic stroke,>” that of
COVID-19 and ICH is much less well-described, with few studies
being published thus far.>®° Infected patients may present with
ICH or develop ICH during the course of their hospitalization,
often with debilitating consequences.”” In this paper, we aim to
highlight the clinical, radiologic, and laboratory characteristics,
as well as functional outcomes of patients with COVID-19 who
either presented with ICH or subsequently developed ICH in the
course of their illness.

METHODS

In this retrospective case series, data were collected from 4 tertiary
care, high-volume cerebrovascular centers for 19 patients from
March through December of 2020. The diagnosis of SARS-CoV-2
infection was made based on reverse transcription quantitative
polymerase chain reaction testing of a nasal swab sample from
each patient. Patients with a positive test at admission or up to 28
days prior and who presented with ICH, or subsequently devel-
oped ICH during their hospital course, were included. Twenty-
eight days is an arbitrary number agreed on by the authors to
try to establish a potential timeline between COVID-19 and ICH.
Patients who tested negative twice for COVID-19 and patients who
tested positive more than 28 days before admission were excluded.

The study protocol was reviewed and approved by the Thomas
Jefferson University institutional review board. Following our
institutional guidelines, all protected health information was
removed, and individual patient consent was not required for the
analysis of this case series. All procedures performed in the
studies involving human participants were in accordance with the
ethical standards of the institutional review board or national
research committee and with the 1964 Helsinki Declaration and its
later amendments or comparable ethical standards.

The following data were collected from each patient’s electronic
medical record: age, sex, history of hypertension, history of
hyperlipidemia, history of chronic heart, lung, kidney, or liver
disease, history of diabetes, history of atrial fibrillation, history of
anticoagulant/antiplatelet use, smoking status, COVID-19 symp-
toms, ICH data, laboratory data, management, length of stay,
discharge location, and modified Rankin Scale (mRS) at
discharge. Microsoft Excel (Microsoft, Redmond, Washington,
USA) was used to run descriptive analyses of the data. To preserve
patient anonymity and in compliance with institutional review
board regulations, we do not present the full data for individual
cases and instead report the aggregated data or individual dei-
dentified data points.

RESULTS

Demographics

Patient characteristics are summarized in Tahle 1. A total of 19
patients were included in this series, 8 of whom were female
(42.1%) and 11 (57.9%) were male. The mean age of patients
was 52.6 + 15.8 years (range 24—8s5 years) Fourteen patients
(73.7%) were younger than 6o years of age. The most common

Table 1. Baseline Characteristics

Variable n (%)
Total number of patients 19 (100)
Age, years 526 + 15.8

<60 14 (73.7)

60—75 4(21.1)

>75 1(6.2)
Female sex 8 (42.1)
Hypertension 10 (52.6)
Hyperlipidemia 4(21.1)
Chronic heart disease 6 (31.6)
Chronic lung disease 1(5.3)
Chronic kidney disease 3(15.8)
Chronic liver disease 3(15.8)
Diabetes 4(21.1)
Atrial fibrillation 3(15.8)
Anticoagulation use 4(21.1)
Antiplatelet use 2 (10.5)
Smoking 1(5.3)
Preadmission mRS 0—2 13 (68.4)
mRS, modified Rankin Scale.

comorbidities were hypertension (52.6%), chronic heart disease
(31.6%), and diabetes (21.1%). Other notable comorbidities were
hyperlipidemia (21.1%), chronic kidney disease (15.8%), and
atrial fibrillation (15.8%). One patient (5.3%) had chronic lung
disease, and 1 patient (5.3%) was a current smoker. Five
patients (26.3%) did not have any comorbidities or medical
history. In addition, 4 patients (21.1%) were on anticoagulation
(3 patients were on heparin; 1 patient was on a drip, another 2
were taking 2500 and 5000 units subcutaneously every 12 hours
and 8 hours respectively, and the fourth patient was on warfarin
daily) and 2 patients (10.5%) were on antiplatelets. In addition,
none of the patients were on steroids. 68.4% had a favorable
preadmission mRS of 0—2.

COVID-19 Symptoms and Laboratory Findings

Seven patients (36.8%) had fever, 8 (42.1%) had cough, 6 (31.6%)
had shortness of breath, and 2 patients (10.5) had chest pain. A
total of 50% had moderate disease (evidence of lower respiratory
disease and oxygen saturation >94%), 21.4% severe disease
(evidence of lower respiratory disease and oxygen saturation
<94%), and 28.6% critical disease (evidence of ARDS, septic
shock, or multiorgan failure). Seven patients (36.8%) presented
initially with ICH and subsequently tested positive for COVID-19
(Figure TA—D), and 12 patients (63.2%) were initially diagnosed
with COVID-19 then subsequently developed ICH. The mean
time between COVID-1g—related symptoms and ICH was
8.6 £ 12.4 days (Table 2).
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Laboratory bloodwork were collected at the time of ICH.
Complete blood count values included hemoglobin (12.1 % 2.5),
lymphocyte % (10 + 6.2), and platelets (233.4 £ 96.4). More
notable findings were C-reactive protein (CRP) (13.6 £ 19.4), D-
dimer (1220.9 + 976.4), and international normalized ratio (1.36 +
0.7). Other laboratory findings are documented in Table 3.

ICH Characteristics

Of the 19 patients reviewed, 12 patients (63.1%) had an intra-
parenchymal hematoma (IPH), 6 (31.6%) had subarachnoid
hemorrhage (SAH), and 1 patient (5.3%) had a subdural hema-
toma. Four patients (21.1%) had a ruptured aneurysm, and 15
patients (78.9%) had no intracranial pathology on imaging. Of the

ruptured aneurysms, I patient (25%) and a Hunt and Hess grade
III SAH and 3 patients (75%) had a Hunt and Hess grade IV SAH,
one of whom ruptured the aneurysm during a protracted coughing
episode. Out of available data from our institution, one aneurysm
was a fusiform aneurysm of the distal posterior inferior cerebellar
artery, and one was a blister aneurysm of the anterior choroidal
artery. One patient had severe diffuse SAH on computed tomog-
raphy angiography scan and the aneurysm was not visualized. The
patient then died soon after presentation, and no further workup
was done. From the patients who presented with IPH at our
institution, 2 of the intraparenchymal hemorrhages were in the left
and right frontal lobes with intraventricular extension, 2 were in
the bilateral thalamic area, 1 was in the right parietal lobe, 1 in the

Figure 1. (A—C) Axial, coronal, and sagittal
noncontrasted computed tomography (CT) images of
the head of a previously healthy 24-year-old male
patient who presented after a syncopal episode at
home followed by unresponsiveness. On arrival, he had
no extremity movements, pupils were fixed, dilated,
and nonreactive, and he had no brainstem reflexes. CT
of the head (pictured here) demonstrated a large
posterior fossa hemorrhage centered in the left

cerebellar hemisphere with intraventricular extension
into the third and fourth ventricles, herniation, and
significant brainstem compression. CT angiography did
not show any vascular abnormality. The patient tested
positive for coronavirus disease 2019 (COVID-19) and
ultimately succumbed to severe neurologic damage
and died. (D) The patient’s CT image of the chest (axial)
showing diffuse ground-glass opacities and
consolidative airspace disease bilaterally.
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Table 2. COVID-19 Characteristics

Table 3. Laboratory Characteristics

left occipital lobe, and 1 in the left cerebellar hemisphere with
extension into the fourth ventricle. All hemorrhages were of
arterial origin. The mean IPH volume was 45.9 + 66.7 cm?, and
the largest IPH diameter was 51.8 + 37.5 mm. Moreover, unfa-
vorable ICH scores (3—6) were documented in 57.2% of patients
(Table 4).

Management and Qutcome

Two patients (13.3%) received a decompressive hemicraniectomy,
3 (20%) underwent aneurysm embolization (1 patient died of
irreversible neurologic damage and passed away), and 10 (66.7%)
had supportive management. Six patients (31.6%) had complica-
tions during their hospital course; 1 patient with SAH (brain
death), and 5 patients with IPH. Of these 5 patients, 1 developed
brain death, 2 developed herniation, and 1 patient had refractory
increased intracranial pressure and ventricular tachycardia. The
mean length of hospital stay was 5.1 + 6.5 days. Interestingly,
unfavorable mRS scores at discharge (3—6) were in 76.5%, and the
mortality rate was 58.8%. Of the patients who died, 60% and 9o%
were younger than 6o and 75 years of age, respectively (Table 5).

DISCUSSION

A little over a year into the pandemic and the medical community
is still reporting novel and unexpected sequelae resulting from the
SARS-CoV-2/COVID-19 infection.”*”# Published studies on ICH in
patients with COVID-19 are minimal and, in this series, we

Variable n (%) Variable Mean & SD

COVID-19 severity (N = 14) Hb, g/dL 121 £ 25
Moderate disease 7 (50) RBC, T/L 42 +07
Sever disease 3(21.4) WBC, B/L 148 + 9.1
Critical disease 4 (28.6) % lymphocytes, % 10 £6.2

Case definition (N = 15) Platelets, (B/L) 2334 £ 964
Confirmed 13 (86.7) CRP, mg/dL 136 + 194
Probable 116.7) D-dimer, ng/mL 12209 4+ 976.4
Suspected 1(6.6) Fibrinogen, mg/dL 3428 + 3446

Respiratory symptoms INR, 1.36 £ 0.7
Fever 7 (36.8) pTT, seconds 293 + 162
Cough 8 (42.1) Glucose, mmol/L 1331 £ 839
Dyspnea 6 (31.6) SD, standard deviation; Hb, hemoglobin; RBC, red blood cells; WBC, white blood cells;
Chest pain 2 (105) CRP, C-reactive protein; INR, international normalized ratio; pTT, partial thromboplastin

Timing fme.
ICH at presentation 7 (36.8)
Duration between COVID-19—related symptoms and ICH, days 8.6 + 12.4

COVID-19, coronavirus disease 2019; ICH, intracranial hemorrhage. highlight potential g’ixsol’axa]t’rxisties from established characteristics of

patients with ICH.>

In this case series, the mean age at presentation was 52.6 years
old, with 74% of patients younger than 60 years of age and 95%
younger than 75 years of age. This is much younger than expected;
many prospective cohort studies and meta-analyses on ICH report
mean ages of patients at presentation ranging from 68 to >75
years.”™® In addition, over a period of 28 years, van Asch et al.”
found the incidence of ICH in patients younger than 6o years of
age to be 0.1 per 100,000 person-years. However, this does not
hold true with COVID-19. Benger et al.”® reported a mean age of
52.2 years in their COVID-19 and ICH series, similar to this
cohort. Likewise, the mean age reported was 49.5 years in another
series published by Nawabi et al.*®

In our cohort, the majority of patients were male (58%), which
is again reflected in recently published series whereby male pa-
tients comprised 60%—100% of the study population.>">*°
Moreover, male sex is a well-established risk factor for ICH;
therefore, this is in accordance with current literature.*"**

The most prevalent vascular comorbidities were hypertension
(HTN) and chronic heart disease, which have been reported in
most studies on ICH in patients with COVID-19. Cheruiyot
et al.”" pooled all such studies in a comprehensive systematic
review and found that HTN and diabetes were most evident in
the majority of these study populations.” Historically, HTN is
the most important vascular risk factor for ICH, regardless of
COVID-19 status, which typically result in deep bleeding.”>*°
In our series, IPH type ICHs were mainly in lobar territories,
which are generally associated with underlying vascular abnor-
malities.>® However, none of our patients had any underlying
pathology, with the exception of those who presented with
aneurysmal SAH (21%), as was the case in other published
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Table 4. ICH Characteristics ‘

Table 5. Management and Functional Outcome

Variable N (%) Variable N (%)
Pathology (N = 19) Management (N = 15)

Aneurysm 4(21.1) DCH 2 (13.3)
No pathology 15 (78.9) Aneurysm embolization 3(20)
Location (N = 15) Supportive 10 (66.7)

Right 3(20) Outcome
Left 6 (40) Complications 6 (31.6)
Bilateral 6 (40) IPH 5 (41.7)
ICH type (N = 19) SAH 1(16.7)
SDH 1(5.3) Length of stay 51 +65
SAH 6 (31.6) Discharge home 4 (66.7)
IPH 12 (63.1) Discharge to rehab 2 (33.3)
Severity mRS at discharge (N = 17)
SAH HH grade Il 1(25) 0 2(11.8)
SAH HH grade IV 3 (75) 1 1(5.9)
IPH largest diameter, mm 51.8 £ 375 2 1(5.9)
IPH volume, cm? 459 + 667 3 2(118)
ICH score (N = 7) 4 0(0)
0 1(14.3) 5 1(5.9)
1 0(0) 6 10 (58.8)
2 2 (28.6) Mortality, years 10 (58.8)
3 1(143) Age <60 6 (60)
4 2 (28.6) Age 60—75 3(30)
5 1(14.3) Age >75 1(10)
ICH, intracranial hemorrhage; SDH, subdural hematoma; SAH, subarachnoid hemorrhage; DCH, decompressive hemicraniectomy; IPH, intraparenchymal hematoma; SAH, sub-
IPH, intraparenchymal hematoma. arachnoid hemorrhage; mRS, modified Rankin Scale.

series.”>*° Furthermore, the mean duration between the onset
of COVID-19 symptoms and ICH was 8.6 + 12.4 days (range
0—37 days). During this latency period, patients had ongoing
acute inflammation, as reflected by their markedly elevated
D-dimer and CRP values. This particular trend also was
observed in various other studies and reports."”*>*>*” Hence, it
appears that the pathophysiology behind these hemorrhages
differs from what has already been established for
non-COVID-19—related spontaneous ICH.

Anticoagulation in the setting of COVID-19 is not a straight-
forward process and should balance the hypercoagulable state
brought upon by COVID-19. In our series, 4 patients were
receiving therapeutic as well as prophylactic anticoagulation.
Specifically, 1 patient was placed on a heparin drip for a deep
venous thrombosis and subsequently developed a large right
frontal IPH with intraventricular extension and died. This may
introduce a trend that heparinization in the setting of COVID-19

may lead to ICH. One case report reported that a 42-year-old pa-
tient hospitalized for COVID-19—related ARDS developed large
bilateral ICH after initiating a heparin drip.*® Moreover, a recent
retrospective study found that most intracerebral hemorrhages
in COVID-19 occurred in the setting of therapeutic anti-
coagulation and was associated with increased mortality (86.4%
vs. 4.6%, P < 0.001).*°

SARS-CoV-2 gains entry into the cell via interaction of the viral
“S” protein (homotrimeric spike glycoprotein) with the angio-
tensin converting enzyme-2 (ACE-2) receptor,* which is known to
be expressed in the cerebrovascular endothelium.?" A multitude of
early studies have demonstrated endothelial cell injury and toxicity
as a focal point in SARS-CoV-2 pathogenesis and histological
analysis identified viral elements and inflammatory cell accumu-
lation in endothelial cells, leading to apoptosis.>*3*3* Direct
endothelial toxicity may lead to rupture of intracerebral capillaries
and ultimately result in fatal ICH.>> Moreover, endothelial injury
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can trigger a chain of events involving proinflammatory cytokines,
the coagulation cascade, and the complement system that would
breakdown cellular tight junctions, thereby increasing the
permeability and leading to the disruption of the blood—brain
barrier and subsequently, ICH.>°

In addition to endothelial dysfunction, SARS-CoV-2 down-
regulates the expression of the ACE-2 receptor, disrupting the
renin—angiotensin—aldosterone  system.”*>*  Consequently,
cerebral blood flow autoregulation is impaired and dangerously
high levels of angiotensin II accumulate in the local
endothelium.*#° This would then lead to uncontrolled elevation
in blood pressure, which is exacerbated by preexisting HTN,
thereby substantially increasing the risk of ICH.

Organ injury and poor outcome with SARS-Cov-2 infection is
meticulously associated with the extent of ongoing inflammation
and multiple studies have established the role of D-dimer levels as
a biomarker for SARS-CoV-2 severity.*'** Further, a recent sys-
tematic review and meta-analysis by Zhou et al.* looked into the
association between levels of plasma D-dimer and ICH and found
that elevated levels of D-dimer were associated with ICH.
Therefore, it is reasonable to conclude that the increase in
D-dimer levels stemming from SARS-CoV-2 add to the risk of ICH.

Two patients in our series developed spontaneous non-
aneurysmal SAH. The exact mechanism of this occurrence has yet
to be fully understood. One recent case series reported one inci-
dental aneurysm of 4 patients with SAH and therefore introduced
spontaneous SAH as a severe neurologic manifestation of COVID-
19 and postulated the hyperinflammatory state in the setting of
COVID-19 as a potential mechanism.** Similarly, a recent review
hypothesized that hypercytokinemia and inflaimmation may
contribute to vascular degeneration leading to aneurysm
formation and size/morphology change, therefore resulting in
rupture and SAH.®

It is noteworthy to mention that in this series unfavorable ICH
scores (3—06) were recorded in 57% of IPHs when reported, and
poor outcome (mRS 3—06) in 77% with a mortality rate (mRS 6) of
59%. Also, 6 of 10 patients who passed away were younger than
the age of 60 years. These findings deviate from existing literature
on spontaneous ICH. A recent, comprehensive systematic review
and meta-analysis of 30 population-based studies reported mor-
tality rates of 36.3% at 1 month, 35.3% at 3 months, and 50.7% at 1
year, all of which are all less than in our series.”®%° In addition,
multiple studies have robustly established older age as an inde-
pendent predictor of short and long-term mortality, and that case
fatality declines in patients younger than 75 years old.”*+* For a
small series, it is intriguing that go% of deaths occurred in pa-
tients younger than 75 years of age. In fact, in the overwhelming
majority of studies reporting on COVID-19 and ICH, the mortality
rate ranged from 42% to 100%.” One postulation is that
consistently elevated CRP levels, given the active inflammation
from SARS-CoV-2, impair proper healing, and thus portend
higher mortality and poor functional outcome.® Another
postulation is that impaired autoregulation and disruption of the
signaling cascade initiated by ACE-2 would lead to greater hem-
orrhage volume, which is independently associated with increased

mortality." However, the precise pathophysiology is likely
multifactorial and still poorly understood. Further investigation
is warranted.

This series is intended to highlight certain characteristics of
ICH in patients with COVID-19. It is beyond the scope of this study
to establish a causal relationship between SARS-CoV-2 infection
and ICH. Nevertheless, the trends identified in this study should
raise concern about the unusual features of ICH in this subset of
patients and should be the focus of future investigation.

Limitations

Our study aims to shed light over a potential association between
COVID-19 and ICH. However, our study has some limitations that
are worth mentioning. First, it is a retrospective case series, with a
small sample size. Thus, data interpretation cannot establish a
causal relationship between specific type of bleeds and COVID-19.
A larger sample size in a prospective study design would better
contribute to further understanding of the cause of hemorrhage
and improve generalizability of our results. In addition, the het-
erogeneous collection of intraparenchymal, SAH, and subdural
hematomas together make the interpretation harder, especially
when both the infratentorial and supratentorial hemorrhages are
included as well. Furthermore, many patients were in critical
condition on presentation and passed away soon thereafter and
computed tomography angiography scans were not performed for
every patient potentially masking an underlying vascular pathol-
ogy. Finally, central nervous system biopsies were not available at
the point of data acquisition.

CONCLUSIONS

In this case series, we report 19 ICH cases in patients positive for
SARS-CoV-2. These cases add to and support the existing pool of
evidence on the distinctly different characteristics of ICH in pa-
tients with COVID-19. In addition, they shed light on unique
features, predominantly young age, severe hemorrhage, and
markedly high mortality, especially in the younger age group, and
should therefore raise questions about a likely association between
SARS-CoV-2 infection and ICH.

CRediT AUTHORSHIP CONTRIBUTION STATEMENT

Rawad Abbas: Conceptualization, Methodology, Funding acqui-
sition, Formal analysis, Data curation, Writing - original draft,
Writing - review & editing. Kareem El Naamani: Funding acqui-
sition, Formal analysis, Data curation, Writing - original draft.
Ahmad Sweid: Writing - original draft, Writing - review & editing.
Joseph W. Schaefer: Data curation. Kimon Bekelis: Writing - re-
view & editing. Nader Sourour: Writing - review & editing.
Mahmoud Elhorany: Writing - review & editing. Aditya S. Pandey:
Writing - review & editing. Stavropoula Tjoumakaris: Writing -
review & editing. Michael R. Gooch: Writing - review & editing.
Nabeel A. Herial: Writing - review & editing. Robert H. Rose-
nwasser: Writing - review & editing. Pascal Jabbour: Conceptu-
alization, Methodology, Data curation, Writing - review & editing,
Final approval of the version.

E478 WWW.SCIENGCEDIRECT.cOM

WORLD NEUROSURGERY, HTTPS://DOI.ORG/10.1016/4.WwNEU.2021.07.067


www.sciencedirect.com/science/journal/18788750
https://doi.org/10.1016/j.wneu.2021.07.067

RAWAD ABBAS ET AL.

ORIGINAL ARTICLE

COVID-19 AND INTRACRANIAL HEMORRHAGE

REFERENCES

I.

10.

II.

I2.

13.

14.

15.

Guan W-j, Ni Z-y, Hu Y, et al. Clinical character-
istics of coronavirus disease 2019 in China. N Engl
J Med. 2020;382:1708-1720.

. Di Carlo DT, Montemurro N, Petrella G,

Siciliano G, Ceravolo R, Perrini P. Exploring the
clinical association between neurological symp-
toms and COVID-19 pandemic outbreak: a sys-
tematic review of current literature [e-pub ahead
of print]. J Neurol. https://doi.org/10.1007/s00415-
020-09978-y, accessed February 1, 2021.

. Oxley TJ, Mocco J, Majidi S, et al. Large-vessel

stroke as a presenting feature of Covid-19 in the
young. N Engl ] Med. 2020;382:e60.

. Avula A, Nalleballe K, Narula N, et al. COVID-19

presenting as stroke. Brain Behav Immun. 2020;87:
115-119.

. Morassi M, Bagatto D, Cobelli M, et al. Stroke in

patients with SARS-CoV-2 infection: case series.
] Neurol. 2020;267:2185-2192.

. Abou-Ismail MY, Diamond A, Kapoor S, Arafah Y,

Nayak L. The hypercoagulable state in COVID-19:
incidence, pathophysiology, and management.
Thromb Res. 2020;194:101-115.

. Kihira S, Schefflein J, Mahmoudi K, et al. Asso-

ciation of coronavirus disease (COVID-19) with
large vessel occlusion strokes: a case-control
study. AJR Am ] Roentgenol. 2021;216:150-156.

. Vu D, Ruggiero M, Choi WS, et al. Three unsus-

pected CT diagnoses of COVID-19. Emerg Radiol.
2020;27:229-232.

. Muhammad S, Petridis A, Cornelius JF, Hinggi D.

Letter to editor: Severe brain haemorrhage and
concomitant COVID-19 infection: a neurovascular
complication of COVID-19. Brain Behav Immun.
2020;87:150-151.

Sharifi-Razavi A, Karimi N, Rouhani N. COVID-19
and intracerebral haemorrhage: causative or
coincidental? New Microbes New Infect. 2020;35:
1006069.

Cheruiyot I, Sehmi P, Ominde B, et al. Intracranial
hemorrhage in coronavirus disease 2019 (COVID-
19) patients. Neurol Sci. 2021;42:25-33.

Mukherjee A, Ghosh R, Furment MM. Case
report: COVID-19 associated renal infarction and
ascending aortic thrombosis. Am ] Trop Med Hyg.
2020;103:1989-1992.

Sweid A, Hammoud B, Weinberg JH, et al. Letter:
Thrombotic neurovascular disease in COVID-19
patients. Neurosurgery. 2020;87:E400-E406.

Sweid A, Hammoud B, Bekelis K, et al. Cerebral
ischemic and hemorrhagic complications of
coronavirus disease 2019. Int ] Stroke. 2020;15:

733°742.

Ariesen MJ, Claus SP, Rinkel GJ, Algra A. Risk
factors for intracerebral hemorrhage in the general

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

population: a systematic review. Stroke. 2003;34:
2060-2005.

An §J, Kim TJ, Yoon BW. Epidemiology, risk
factors, and clinical features of intracerebral
hemorrhage: an update. J Stroke. 2017;19:3-10.

Jolink WM, Klijn CJ, Brouwers PJ, Kappelle LJ,
Vaartjes 1. Time trends in incidence, case fatality,
and mortality of intracerebral hemorrhage.
Neurology. 2015;85:1318-1324.

Benger M, Williams O, Siddiqui J, Sztriha L.
Intracerebral haemorrhage and COVID-19: clinical
characteristics from a case series. Brain Behav
Immun. 2020;88:940-944.

van Asch CJ, Luitse MJ, Rinkel GJ, van der Tweel I,
Algra A, Klijn CJ. Incidence, case fatality, and
functional outcome of intracerebral haemorrhage
over time, according to age, sex, and ethnic
origin: a systematic review and meta-analysis.
Lancet Neurol. 2010;9:167-176.

Nawabi J, Morotti A, Wildgruber M, et al. Clinical
and imaging characteristics in patients with
SARS-CoV-2 infection and acute intracranial
hemorrhage. J Clin Med. 2020;9:2543.

Sturgeon JD, Folsom AR, Longstreth WT Jr,
Shahar E, Rosamond WD, Cushman M. Risk
factors for intracerebral hemorrhage in a pooled
prospective study. Stroke. 2007;38:2718-2725.

Zia E, Hedblad B, DPessah-Rasmussen H,
Berglund G, Janzon L, Engstrom G. Blood pres-
sure in relation to the incidence of cerebral
infarction and intracerebral hemorrhage. Hyper-
tensive hemorrhage: debated nomenclature is still
relevant. Stroke. 2007;38:2681-2685.

Martini SR, Flaherty ML, Brown WM, et al. Risk
factors for intracerebral hemorrhage differ ac-
cording to hemorrhage location. Neurology. 2012;
79:2275-2282.

Jackson CA, Sudlow CL. Is hypertension a more
frequent risk factor for deep than for lobar
supratentorial intracerebral haemorrhage? ] Neurol
Neurosurg Psychiatry. 2006;77:1244-1252.

Aguilar MI, Brott TG. Update in intracerebral
hemorrhage. Neurohospitalist. 2011;1:148-159.

Wang MY, Zhao R, Gao LJ, Gao XF, Wang DP,
Cao JM. SARS-CoV-2: structure, biology, and
structure-based therapeutics development. Front
Cell Infect Microbiol. 2020;10:587269.

Pavlov V, Beylerli O, Gareev I, Torres Solis LF,
Solis Herrera A, Aliev G. COVID-19-related intra-
cerebral hemorrhage. Front Aging Neurosci. 2020;12:
600172.

Khattar NK, Sharma M, McCallum AP, et al.
Intracranial hemorrhage in a young COVID-19
patient. Interdiscip Neurosurg. 2020;22:100878.

Kvernland A, Kumar A, Yaghi S, et al. Anti-
coagulation use and hemorrhagic stroke in SARS-
CoV-2 patients treated at a New York healthcare
system. Neuroctit Care. 2021;34:748-759.

30.

31.

32.

33.

34.

35

36.

37-

38.

39-

40.

41.

42.

43-

45.

46.

Xia H, Lazartigues E. Angiotensin-converting
enzyme 2 in the brain: properties and future di-
rections. ] Neurochem. 2008;107:1482-1494.

Magro C, Mulvey JJ, Berlin D, et al. Complement
associated microvascular injury and thrombosis in
the pathogenesis of severe COVID-19 infection: a
report of five cases. Transl Res. 2020;220:1-13.

Su H, Yang M, Wan C, et al. Renal histopatho-
logical analysis of 26 postmortem findings of pa-
tients with COVID-19 in China. Kidney Int. 2020;
98:219-227.

Cao W, Li T. COVID-19: towards understanding of
pathogenesis. Cell Res. 2020;30:367-369.

Varga Z, Flammer AJ, Steiger P, et al. Endothelial
cell infection and endotheliitis in COVID-19.
Lancet. 2020;395:1417-1418.

Keep RF, Xiang J, Ennis SR, et al. Blood-brain
barrier function in intracerebral hemorrhage. Acta
Neurochir Suppl. 2008;105:73-77.

Weimar C, Kleine-Borgmann J. Epidemiology,
prognosis and prevention of non-traumatic intra-
cerebral hemorrhage. Curr Pharm Des. 2017;23:
2193-2196.

South AM, Diz DI, Chappell MC. COVID-19,
ACE2, and the cardiovascular consequences. Am ]
Physiol Heart Circ Physiol. 2020;318:H1084-Hrogo.

Divani AA, Andalib S, Di Napoli M, et al. Coro-
navirus disease 2019 and stroke: clinical mani-
festations and pathophysiological insights. ] Stroke
Cerebrovasc Dis. 2020;29:10494T.

Zhang H, Penninger JM, Li Y, Zhong N,
Slutsky AS. Angiotensin-converting enzyme 2
(ACE2) as a SARS-CoV-2 receptor: molecular
mechanisms and potential therapeutic target.
Intensive Care Med. 2020;46:586-590.

Garcia LF. Immune response, inflammation, and
the clinical spectrum of COVID-19. Front Immunol.
2020;11:1441.

Yu HH, Qin C, Chen M, Wang W, Tian DS. D-
dimer level is associated with the severity of
COVID-19. Thromb Res. 2020;195:219-225.

Rostami M, Mansouritorghabeh H. D-dimer level
in COVID-19 infection: a systematic review. Expert
Rev Hematol. 2020;13:1265-1275.

Zhou Z, Liang Y, Zhang X, et al. Plasma D-dimer
concentrations and risk of intracerebral hemor-
rhage: a systematic review and meta-analysis.
Front Neurol. 2018;9:1114.

. Cezar-Junior AB, Faquini IV, Silva JLJ, et al. Sub-

arachnoid hemorrhage and COVID-19: association
or coincidence? Medicine. 2020;99:€23862.

Fiani B, Fowler JB, Figueras RA, et al. Ruptured
cerebral aneurysms in COVID-19 patients: a re-
view of literature with case examples. Surg Neurol
Int. 2021;12:187.

Pinho J, Costa AS, Aratjo JM, Amorim JM,
Ferreira C. Intracerebral hemorrhage outcome: a

WORLD NEUROSURGERY 154: E473-£480, Octoser 2021

WWW.JOURNALS.ELSEVIER.COM/WORLD-NEUROSURGERY

E479


http://refhub.elsevier.com/S1878-8750(21)01074-3/sref1
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref1
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref1
https://doi.org/10.1007/s00415-020-09978-y
https://doi.org/10.1007/s00415-020-09978-y
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref3
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref3
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref3
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref4
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref4
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref4
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref5
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref5
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref5
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref6
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref6
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref6
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref6
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref7
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref7
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref7
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref7
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref8
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref8
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref8
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref9
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref9
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref9
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref9
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref9
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref10
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref10
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref10
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref10
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref11
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref11
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref11
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref12
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref12
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref12
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref12
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref13
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref13
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref13
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref14
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref14
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref14
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref14
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref15
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref15
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref15
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref15
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref16
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref16
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref16
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref17
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref17
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref17
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref17
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref18
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref18
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref18
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref18
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref19
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref19
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref19
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref19
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref19
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref19
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref20
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref20
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref20
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref20
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref21
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref21
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref21
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref21
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref22
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref22
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref22
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref22
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref22
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref22
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref23
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref23
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref23
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref23
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref24
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref24
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref24
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref24
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref25
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref25
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref26
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref26
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref26
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref26
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref27
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref27
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref27
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref27
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref28
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref28
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref28
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref29
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref29
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref29
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref29
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref30
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref30
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref30
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref31
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref31
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref31
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref31
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref32
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref32
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref32
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref32
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref33
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref33
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref34
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref34
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref34
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref35
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref35
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref35
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref36
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref36
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref36
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref36
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref37
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref37
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref37
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref38
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref38
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref38
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref38
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref39
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref39
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref39
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref39
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref39
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref40
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref40
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref40
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref41
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref41
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref41
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref42
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref42
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref42
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref43
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref43
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref43
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref43
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref44
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref44
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref44
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref45
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref45
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref45
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref45
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref46
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref46
www.journals.elsevier.com/world-neurosurgery

RAWAD ABBAS ET AL.

ORIGINAL ARTICLE

COVID-19 AND INTRACRANIAL HEMORRHAGE

comprehensive update. ] Neurol Sci. 2019;398:
54-66.

47. Poon MT, Fonville AF, Al-Shahi Salman R. Long-
term prognosis after intracerebral haemorrhage:
systematic review and meta-analysis. ] Neurol
Neurosurg Psychiatry. 2014;85:660-667.

48. Radholm K, Arima H, Lindley RI, et al. Older age
is a strong predictor for poor outcome in intra-
cerebral haemorrhage: the INTERACT2 study. Age
Ageing. 2015;44:422-427.

49. Di Napoli M, Godoy DA, Campi V, et al. C-reac-
tive protein in intracerebral hemorrhage: time
course, tissue localization, and prognosis.
Neurology. 2012;79:690-699.

50. Bernstein JE, Savla P, Dong F, et al. Inflammatory
markers and severity of intracerebral hemorrhage.
Cureus. 2018;10:€3529.

5t. Broderick JP, Brott TG, Duldner JE, Tomsick T,
Huster G. Volume of intracerebral hemorrhage. A
powerful and easy-to-use predictor of 30-day
mortality. Stroke. 1993;24:987-993.

Conflict of interest statement: Dr. Jabbour is a consultant for
Medtronic and MicroVention. Dr. Tjoumakaris and Dr. Gooch
are consultants for Stryker. The other authors have no

personal, financial, or institutional interest in any of the
drugs, materials, or devices described in this article.

Data-sharing statement: The relevant anonymized patient-
level data are available on reasonable request from the
authors.

Received 10 June 2021; accepted 14 July 2021

Citation: World Neurosurg. (2021) 154:¢473-e480.
https.//doi.org/10.1016/j.wneu.2021.07.067

Journal homepage: www.journals.elsevier.com/world-
neurosurgery

Available online: www.sciencedirect.com

1878-8750/% - see front matter © 2021 Published by Elsevier
Inc.

E480 WWW.SCIENGCEDIRECT.cOM

WORLD NEUROSURGERY, HTTPS://DOI.ORG/10.1016/4.WwNEU.2021.07.067


http://refhub.elsevier.com/S1878-8750(21)01074-3/sref46
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref46
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref47
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref47
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref47
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref47
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref48
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref48
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref48
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref48
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref49
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref49
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref49
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref49
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref50
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref50
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref50
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref51
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref51
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref51
http://refhub.elsevier.com/S1878-8750(21)01074-3/sref51
https://doi.org/10.1016/j.wneu.2021.07.067
www.journals.elsevier.com/world-neurosurgery
www.journals.elsevier.com/world-neurosurgery
www.sciencedirect.com/science/journal/18788750
www.sciencedirect.com/science/journal/18788750
https://doi.org/10.1016/j.wneu.2021.07.067

