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Objective: Central nervous system involvement in coronavirus disease 2019 (COVID-19) has been increasingly reported. We
performed a systematic review and meta-analysis to evaluate the incidence of radiologically demonstrated neurologic
complications and detailed neuroimaging findings associated with COVID-19.

Materials and Methods: A systematic literature search of MEDLINE/PubMed and EMBASE databases was performed up to
September 17, 2020, and studies evaluating neuroimaging findings of COVID-19 using brain CT or MRI were included. Several
cohort-based outcomes, including the proportion of patients with abnormal neuroimaging findings related to COVID-19 were
evaluated. The proportion of patients showing specific neuroimaging findings was also assessed. Subgroup analyses were also
conducted focusing on critically ill COVID-19 patients and results from studies that used MRI as the only imaging modality.
Results: A total of 1394 COVID-19 patients who underwent neuroimaging from 17 studies were included; among them, 3.4%
of the patients demonstrated COVID-19-related neuroimaging findings. Olfactory bulb abnormalities were the most commonly
observed (23.1%). The predominant cerebral neuroimaging finding was white matter abnormality (17.6%), followed by
acute/subacute ischemic infarction (16.0%), and encephalopathy (13.0%). Significantly more critically ill patients had
COVID-19-related neuroimaging findings than other patients (9.1% vs. 1.6%; p = 0.029). The type of imaging modality used
did not significantly affect the proportion of COVID-19-related neuroimaging findings.

Conclusion: Abnormal neuroimaging findings were occasionally observed in COVID-19 patients. Olfactory bulb abnormalities
were the most commonly observed finding. Critically ill patients showed abnormal neuroimaging findings more frequently
than the other patient groups. White matter abnormalities, ischemic infarctions, and encephalopathies were the common
cerebral neuroimaging findings.
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INTRODUCTION

Following the widespread global outbreak of the novel
severe acute respiratory syndrome coronavirus 2 (SARS-
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CoV-2) in December 2019 [1], the World Health Organization
designated coronavirus disease 2019 (COVID-19) as a
global pandemic. COVID-19 has been shown to have
multiorgan manifestations. Specifically, central nervous
system (CNS) involvement has been increasingly reported.
Although the exact pathophysiology remains controversial
[2,3], neurologic complications can have a striking

impact on patient management. Indeed, when ischemic

or hemorrhagic stroke develops, patients should undergo
dedicated treatment (similar to patients without COVID-19)
as well as require treatment for infection control [4,5].
Management of encephalopathy associated with COVID-19
is also challenging, as patients with encephalopathy have a
longer hospitalization period, worse functional impairment,
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and higher 30-day mortality rate [6].

Therefore, it is important for clinicians to identify the
number of patients with neuroradiological manifestations
during hospitalization and understand how these may
appear. Many case studies have recently been published
[7-12], which can be analyzed to better understand CNS
involvement in COVID-19. Several relevant meta-analyses
have recently been published, but most of the studies
merely focused on clinical manifestations of COVID-19 (e.g.,
headache, smell disturbances, dizziness) [13-17]. One meta-
analysis focused on neuroimaging findings of COVID-19 [18],
but only four types of neuroimaging findings were evaluated
(i.e., cerebral infarction, cerebral microhemorrhages,
intracranial hemorrhage, and encephalitis/encephalopathy).
In addition, the cohort-based outcomes of all COVID-19
patients, not just the neuroimaging cohort, were evaluated.

Herein, we performed a systematic review and meta-
analysis to evaluate the incidence of radiologically proven
neurologic complications and detail the neuroimaging
findings associated with COVID-19.

MATERIALS AND METHODS

This study was conducted according to the guidelines of
the preferred reporting items for systematic reviews and
meta-analyses (PRISMA) [19].

Search Strategy and Eligibility Criteria

A literature search of the MEDLINE/PubMed and EMBASE
databases was conducted using pertinent MeSH or Emtree
terms with common keywords for relevant articles until
September 17, 2020. The search terms were as follows:
((COVID-19) OR (coronavirus) OR (SARS-CoV-2) OR (2019-
nCoV)) AND ((brain) OR (neuro) OR (neuroimaging) OR
(neurologic*) OR (nervous system) OR (olfactory)) AND
((magnetic resonance imaging) OR (MR imaging) OR (MRI)).
The search was not limited by language, human or animal
studies, or publication dates.

After eliminating duplicates, the articles were screened
based on their titles and abstracts. The full article texts
were then assessed according to the following eligibility
criteria: 1) population: patients with COVID-19; 2) index
test: brain CT or MRI conducted during hospitalization or
admission to the emergency department due to COVID-19;
3) comparator(s)/control: not applicable; 4) outcomes:
neuroimaging findings associated with COVID-19; and 5)
study design: not limited. We excluded studies that met any
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of the following criteria: 1) review; 2) case reports or case
series including fewer than 10 patients; 3) guidelines; 4)
letters without original data, editorials, reply, corrections,
and comments; 5) animal studies; 6) study protocol; and
7) studies with partially overlapping patient cohorts (for
studies with overlapping study populations, the study with
the largest population was selected). The literature search
and criteria application were conducted independently by
two authors (with 3 and 7 years of experience in performing
systematic reviews and meta-analyses, respectively). Any
discrepancies were resolved by consensus.

Data Extraction and Quality Assessment

A standardized extraction form prepared in Microsoft
Excel was used to obtain the following information from the
selected studies: 1) study characteristics: study location,
institution, study period, and study design (prospective vs.
retrospective; multicenter vs. single-center; consecutive
enrollment); 2) patient characteristics: sample size,
inclusion criteria for each study, number of patients who
underwent neuroimaging, types of neuroimaging studies
(CT and/or MRI), and proportion of critically ill patients;
3) cohort-based outcomes: number of all COVID-19 patients
in each hospital cohort, number of patients with neurologic
symptoms, number of patients with neuroimaging data,
number of patients with any abnormal neuroimaging
findings, and number of patients with neuroimaging
findings related to COVID-19; and 4) detailed neuroimaging
findings. Neuroimaging findings were considered not related
to COVID-19 if they were likely chronic lesions, such as
cavernoma, chronic infarcts, known white matter lesions
from multiple sclerosis, white matter lesions of small vessel
disease, and microbleeds associated with chronic infarction.
The spectrum of abnormal neuroimaging findings was
classified into several categories, including white matter
abnormalities, gray matter abnormalities, encephalopathy
(regardless of white/gray matter involvement), cerebral
microbleeds, intracranial hemorrhage, olfactory bulb
abnormality, cranial neuropathy other than olfactory nerves,
and others. The quality of evidence in the included studies
was independently assessed by two authors using the US
National Institutes of Health Quality Assessment of Case
Series Studies tool [20]. Any discrepancies were resolved by
consensus.

Data Synthesis and Analysis
The cohort-based outcomes were as follows: 1)
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proportion of patients with neurologic symptoms among
all COVID-19 patients; 2) proportion of patients who
underwent neuroimaging examinations among patients
with neurological symptoms; 3) proportion of patients
underwent neuroimaging examinations among all patients;
4) proportion of patients with neuroimaging findings
among patients underwent neuroimaging examinations; 5)
proportion of patients with neuroimaging findings related
to COVID-19 among patients underwent neuroimaging
examinations; and 6) proportion of patients with
neuroimaging findings related to COVID-19 among all
patients (Fig. 1). The proportion of patients showing
specific neuroimaging findings among patients who
underwent neuroimaging examinations was also an outcome
of interest. Meta-analytic pooling was performed based
on the inverse variance method for calculating weights,
and pooled estimates with their 95% confidence intervals
(CIs) were determined using DerSimonian-Laird random-
effects modeling. Heterogeneity across studies was assessed
using Q tests and I statistics, with I? > 50% indicating
the presence of heterogeneity [21-23]. Publication bias
was evaluated using funnel plots and Egger’s test when the
number of analyzed studies was 10 or more [24,25].

We conducted a subgroup analysis of critically ill
COVID-19 patients. Patients were considered critically ill

COVID-19 (C)

NI

Fig. 1. Venn diagram illustrating the cohort-based outcomes
used in this study. 1) proportion of patients with NS among all
COVID-19 patients (NS/C); 2) proportion of patients with NI among
patients with NI-NS; 3) proportion of patients who underwent NI
among all patients assessed (NI/C); 4) proportion of patients with
any NI findings among the patients who underwent NI (NF/NI); 5)
proportion of patients with NFC among the patients who underwent
NI (NFC/NI); 6) proportion of patients with NFC among all patients
assessed (NFC/C). COVID-19 = coronavirus disease 2019, NF = NI
findings, NFC = NF related to COVID-19, NI = neuroimaging, NS =
neurologic symptoms
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if they met any of the following criteria: 1) respiratory
failure requiring mechanical ventilation, 2) shock, or 3)
combined failure of other organs requiring intensive care
unit (ICU) monitoring [26]. A meta-regression analysis was
performed to determine whether COVID-19 severity was a
source of heterogeneity. In addition, a subgroup analysis
including studies using only MRI as an imaging modality
was performed. Two-sided tests were used, and statistical
significance was set at p < 0.05. All statistical analyses
were performed by one of the authors using R software
(version 3.1.2; R Foundation for Statistical Computing) with
the “meta” and “metafor” packages.

RESULTS

Literature Search

A flowchart of the publication selection process is
presented in Figure 2. A total of 216 non-duplicate studies
were identified. Of these, 188 articles were excluded after
title and abstract review, and 11 studies were further
excluded for the following reasons: 1) studies with partially
overlapping patient cohorts (n = 4); 2) studies without
neuroimaging findings (n = 3); 3) population-based study
(n =1); 4) study not yet accepted by a peer-reviewed
journal (n = 1); 5) study on recovered COVID-19 patients
(n=1); and 6) postmortem study (n = 1). Consequently,
the analysis included a total of 17 studies comprising 1394
COVID-19 patients who underwent brain CT/MRI during
hospitalization or admission in the emergency department
due to COVID-19 met the eligibility criteria and were
included in the analysis.

Characteristics of the Included Studies

The detailed study and patient characteristics are
summarized in Table 1. All studies were conducted between
February and June 2020 in the US [9,11,12,27-31] and
Europe [7,8,10,32-37]. Except for the study by Eliezer
et al. [34], all studies were retrospective. Three included
studies focused on specific symptoms of the diseases,
including olfactory function loss [34], acute ischemic
stroke [29], and cerebrovascular disease (e.g., cerebral
ischemia, intracerebral hemorrhage, and posterior reversible
encephalopathy syndrome-like leukoencephalopathy)
[35]. Seven studies analyzed only brain MRI findings
[8,27,28,30,33,34,36], while the other 10 also analyzed
CT findings [7,9-12,29,31,32,35,37]. Data on COVID-19
severity were available in eight studies [9,29-33,36,37];

1877



Korean Journal of Radiology

KJR

Kim et al.

Records identified through
database search (n = 231)
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Y

Records after duplicates
removed (n = 216)

Y

Records screened
(n =216)

Screening

Full-text articles assessed
for eligibility (n = 28)

Eligibility

\

Studies included
(n=17)

o
()
o
=]
=}
=
—

Records excluded (n = 188)
- Case reports (n = 107)
- Not in the field of interest (n = 47)
- Reviews (n = 21)
- Letters without original data (n = 6)
- Reply, commentary, or correction (n = 4)
- Guidelines (n = 2)
- Study protocol (n = 1)

Full-text articles excluded with reasons (n = 11)
- Study with a partially overlapping patient cohort (n = 4)
- Study without neuroimaging findings (n = 3)
- Population-based study (n = 1)
- Study not yet accepted by a peer-reviewed journal (n = 1)
- Study on recovered coronavirus disease 2019 patients (n = 1)
- Postmortem study (n = 1)

Fig. 2. Flow chart depicting the study selection process.

of those, four included only critically ill COVID-19 patients
who required ICU care [30-32,36]. The quality of these
studies was good (n = 12) [7-9,11,12,28,29,32-35,37] or
fair (n = 5) [10,27,30,31,36] (Supplementary Table 1).

Neuroimaging Cohort

Four of the 17 included studies [31-33,36] (one study on
all COVID-19 patients [33] and three studies on critically
ill COVID-19 patients [31,32,36]) reported the proportion
of patients with neurologic symptoms among all COVID-19
patients; the proportion of patients with neurologic
symptoms ranged from 21.3-55.6%, with a meta-analytic
pooled proportion of 32.4% (95% CI, 22.9-43.7%). Of
those, neuroimaging studies were performed in 23.7-100%
of patients (pooled proportion, 72.4% [95% CI, 36.0-
92.5%]), showing a high discrepancy across the studies.

Regardless of the presence of acute neurologic symptoms
requiring neuroimaging, neuroimaging studies were
performed in 2.1-55.6% of COVID-19 patients from each
study population [7,9,11,12,27,28,31-33,36], with a meta-
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analytic pooled proportion of 9.7% (95% (I, 5.8-15.9%).
No significant publication bias was observed (p = 0.820).

Among patients who underwent neuroimaging studies,
58.9-86.4% showed abnormal neuroimaging findings
[27,28,31-33], with a meta-analytic pooled proportion of
73.6% (95% (I, 62.2-82.6%). After excluding neuroimaging
findings possibly not related to COVID-19 or associated
comorbidities, the pooled proportion decreased to 35.5%
(95% CI, 24.4-48.3%). Consequently, 3.4% (95% CI,
1.4-8.2%) of all COVID-19 patients demonstrated abnormal
neuroimaging findings related to COVID-19.

Abnormal Neuroimaging Findings

The abnormal neuroimaging findings of the included
neuroimaging cohorts are summarized in Table 2 and Figure
3. Two studies reported the proportion of patients with
olfactory bulb abnormalities [7,9], with these abnormalities
showing the highest meta-analytic pooled proportion
(23.1%; 95% (I, 12.9-37.7%). The most common cerebral
neuroimaging finding was white matter abnormalities
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Table 2. Summary of Neuroimaging Findings in Patients with COVID-19

Kim et al.

No. No. Meta-Analytic
Neuroimaging Findings Detailed Findings Included
T ! e of Studies  of Patients (%)  Proportion (95% CI)
Olfactory bulb abnormality T2 hyperintensity in the olfactory bulbs/tracts 2 11/49 (22) 23.1 (12.9-37.7)
White matter changes, leukoencephalopathy,
multifocal enhancing white matter lesions,
Whit tter ab lit 6 79/465 (17 17.6 (7.5-36.0)*
Ti€ Matter sonomatity COVID-19-related disseminated /465 (17) ( )
leukoencephalopathy
Acut bacut
cute or subactie - 10 130/989 (13)  16.0 (10.3-23.9)*
ischemic infarction
COVID-19-associated encephalopathy,
Encephalopathy (regardless cytotoxic lesions of the corpus callosum,
of white/grey matter limbic encephalitis, acute hemorrhagic 8 58/432 (13) 13.0 (4.7-31.3)*
involvement) necrotizing encephalopathy, miscellaneous
encephalitis
Cerebral microbleeds - 8 107/983 (11) 12.1 (5.0-26.3)*
Int hymal h hage, subdural
Intracranial hemorrhage nifaparenciymas femor 'age subeura 6 47/766 (6) 7.8 (3.7-16.0)*
hemorrhage, subarachnoid hemorrhage
Venous thrombosis, PRES, ADEM,
Others .seizure-related.perfusion abru.)rmalities, ' 5 38/472 (8) 7.4 (1.9-24.7)*
isolated perfusion abnormalities, metabolic
abnormalities, leptomeningeal enhancement
Venous thrombosis - 3/57 (5) 5.5 (1.8-15.6)
PRES - 5/351 (1) 1.6 (0.6-3.8)
. Abnormal basal ganglia signal, cortical T2
Grey matter abnormality . . dheey ! 2 11/86 (13) 10.2 (0.4-78.2)
hyperintensity
. T2 hyperintensity and/or enhancement in the
C L thy other th
ramat netiropatily other than optic (II), oculomotor (III), facial (VII), and 3 6/371 (2) 2.7 (0.6-11.5)*

olfactory nerves

vestibulocochlear nerves (VIII)

We excluded neuroimaging findings not likely to be related to COVID-19, including cavernoma, chronic infarcts, known white matter
lesions from multiple sclerosis, white matter lesions of small vessel disease, and microbleeds associated with chronic infarction.
Neuroimaging findings were ordered from the top in the order of decreasing meta-analytic proportions. *The pooled proportion showed
substantial heterogeneity (I* > 50%). ADEM = acute disseminated encephalomyelitis, CI = confidence interval, COVID-19 = coronavirus
disease 2019, PRES = posterior reversible encephalopathy syndrome

(17.6%; 95% CI, 7.5-36.0%), followed by acute/subacute
ischemic infarction (16.0%; 95% CI, 10.3-23.9%),
encephalopathy (13.0%; 95% (I, 4.7-31.3%), cerebral
microbleeds (12.1%; 95% CI, 5.0-26.3%), and intracranial
hemorrhage (7.8%; 95% CI, 3.7-16.0%). There was no
significant publication bias in the pooled estimates of
acute/subacute ischemic infarction (p = 0.725).

Acute or subacute ischemic infarction was present in 168
patients in 13 studies [7-12,28-31,33,35,36]. Of those,
data regarding Trial of ORG 10172 in Acute Stroke Treatment
(TOAST) classification were available for 59 patients from
three studies [9,29,35] The most common classification
was cryptogenic (54%; 32/59), followed by cardioembolism
(34%; 20/59), large artery atherosclerosis (5%; 3/59),
other determined etiology (5%; 3/59), and small-vessel
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occlusion (2%; 1/59). Of the 79 patients with available
infarction data, 35 (44%) had large vessel occlusion. Data
on infarction territory were available for 24 patients from
four studies [10,12,31,36]; the most common territory
was the middle cerebral artery (46%; 11/24), followed by
multiple territories (21%; 5/24), the posterior cerebral
artery (17%; 4/24), the posterior-inferior cerebellar artery
(8%; 2/24), and the watershed zone (8%; 2/24). Among
the 30 patients for whom prognosis data were available, 14
(47%) showed favorable outcomes.
White matter abnormalities or encephalopathy
were present in 120 patients from 11 studies
[7,8,10,12,27,28,30-33,35]. Several characteristic
forms were reported in 29 patients, including diffuse/
disseminated leukoencephalopathy (n = 16), cytotoxic

kjronline.org
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Author(s) Event Total Proportion (%) 95% CI
Klironomos et al. [7] 7 37 189 [8.0;352] ———
Lin et al. [9] 4 12 333 [9.9; 65.1] jas
=R ——

Agarwal et al. [27] 30 115 26.1 [18.3; 35.1] —a—
Chougar et al. [33] 4 73 55 [1.5;13.4] -&—
Freeman et al. [28] 6 59 10.2 [3.8;20.8] —&—
Klironomos et al. [7] 22 41 537 [37.4; 69.3] ——
Radmanesh et al. [30] 10 27 370 [19.4; 57.6] —a—
Yoon et al. [12] 7 150 4.7 [1.9; 9.4] &

R
Chougar et al. [33] 20 73 274 [17.6; 39.1] —a—
Freeman et al. [28] 10 59 16.9 [8.4;29.0] ——
Kandemirli et al. [36] 1 27 3.7 [0.1;19.0] =—
Klironomos et al. [7] 10 42 2338 [12.1; 39.5] —
Kremer et al. [8] 17 64 26.6 [16.3; 39.1] ——
Lin et al. [9] 31 278 11.2 [7.7;15.5] =
Radmanesh et al. [30] 11 27 407 [22.4;61.2] —_—
Radmanesh et al. [11] 13 242 54 [2.9; 9.0] =
Scullen et al. [31] 4 27 14.8 [42;337] —=—
Yoon et al. [12] 13 150 8.7 [4.7;144] -=—

e
Abenza-Abildla et al. [32] 4 30 133 [3.8;30.7] —&—
Chougar et al. [33] 3 73 441 [0.9;11.5] =—
Klironomos et al. [7] 1 41 24 [0.1;12.9] =—
Kremer et al. [8] 7 41 1741 [7.2;32.1] ——
Paterson et al. [10] 15 43 349 [21.0; 50.9] —a—
Radmanesh et al. [30] 1 27 3.7 [0.1;19.0] =—
Scullen et al. [31] 20 27 741 [53.7; 88.9] —
Yoon et al. [12] 7 150 4.7 [1.9; 94] =&
<CHET————
Heterogeneity: y2; = 197.27 (P < .001), I* = 87% ' ' ' ' f '
0 20 40 60 80 100
Events per 100 observations (95% Cl)

Fig. 3. Forest plots representing the proportion of the patients with specific neuroimaging findings among the patients who
underwent neuroimaging studies. Pooled estimates with 95% CIs were determined using DerSimonian-Laird random-effects modeling. CI =

confidence interval

lesion of the corpus callosum (n = 5), acute hemorrhagic
necrotizing encephalopathy (n = 4), and limbic encephalitis
(n = 4). Prognosis was only available in the study by
Paterson et al. [10]. One patient with acute hemorrhagic
necrotizing encephalopathy initially underwent intravenous
methylprednisolone, but her consciousness level decreased,
and she subsequently underwent emergent craniectomy.
She then received oral prednisolone 60 mg daily and 5 days
of intravenous immunoglobulin (IVIG), and finally showed
clinical improvement. Two patients with limbic encephalitis
received IVIG and showed incomplete improvement.
Intracranial hemorrhage was present in 65 patients
from seven studies [7,9,11,12,30,32,37]. Of those, data
regarding the types of hemorrhage were available for 54
patients from six studies [7,9,12,30,32,37]. The most
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common type was intracerebral hemorrhage (44%; 24/54),
followed by subarachnoid hemorrhage (35%; 19/54) and
subdural hemorrhage (24%; 13/54) (some patients had
multiple types of hemorrhage), with 13 patients showing an
intraventricular extension of the hemorrhage.

Radiologic olfactory bulb abnormalities were present in
11 patients in two studies [7,9]. Lin et al. [9] reported
an increased signal on postcontrast T2 fluid-attenuated
inversion recovery (FLAIR) imaging in four of 12 patients,
one of whom had documented anosmia. No abnormalities
were reported along the olfactory cleft. Klironomos et al.
[7] reported an increased signal on postcontrast T2 FLAIR
images in seven of 37 patients (19%). The presence or
absence of anosmia in these patients was not reported.
Eliezer et al. [34] reported 20 COVID-19 patients with
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olfactory function loss, of whom 19 (95%) showed complete
obstruction of the olfactory clefts on MRI. These findings
were persistent at the 1-month follow-up in seven patients
(35%), with a correlation between olfactory score and
olfactory cleft obstruction. However, none of the patients
showed olfactory bulb abnormalities.

Subgroup Analysis: Critically Ill Patients

The cohort-based results of subgroup analysis of critically
ill patients, including four studies and 111 critically
ill COVID-19 patients [30-32,36], are summarized in
Supplementary Table 2.

Compared to the other studies, the proportion of patients
who underwent neuroimaging studies was significantly higher
in studies on critically ill patients (22.7% vs. 6.8%; p =
0.027). In addition, the proportion of patients with abnormal
neuroimaging findings related to COVID-19 among all patients
evaluated in this study was significantly higher in critically
ill patients (9.1% vs. 1.6%; p = 0.029). Other cohort-based
outcomes did not show any significant differences.

The abnormal neuroimaging findings of critically ill
patients are also summarized in Supplementary Table
2. Encephalopathy (22.2%) and acute or subacute
ischemic infarction (17.2%) were the most common
cerebral neuroimaging findings. The proportion of each
neuroimaging finding in critically ill patients, including
those with ischemic infarction, did not differ significantly.

Subgroup Analysis: MRI

The cohort-based results of subgroup analysis, including
studies using only MRI as an imaging modality, are
summarized in Supplementary Table 3.

The proportion of patients with abnormal neuroimaging
findings related to COVID-19 among patients who
underwent neuroimaging studies did not differ, whether
only MRI was used or not (40.1% vs. 31.1%; p = 0.397).

In contrast, the proportion of patients who underwent
neuroimaging among the patients with neurological
symptoms (37.1% vs. 98.3%; p < 0.001), the proportion of
patients who underwent neuroimaging among all COVID-19
patients (3.4% vs. 18.5%; p < 0.001), and the proportion
of patients with abnormal neuroimaging findings related to
COVID-19 when the denominator was set to be all COVID-19
patients (0.9% vs. 8.4%; p = 0.002) was significantly lower
when only MRI was used as an imaging modality. Regarding
detailed neuroimaging findings, acute or subacute ischemic
infarction was more frequently observed when only MRI was
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used as an imaging modality (24.4% vs. 11.0%; p = 0.011).

DISCUSSION

This meta-analysis of 17 studies reports that 9.7% of
COVID-19 patients underwent neuroimaging studies and
that 35.5% of them had neuroimaging findings associated
with COVID-19. Consequently, 3.4% of COVID-19 patients
undergoing neuroimaging demonstrated neuroimaging
findings related to COVID-19. Olfactory bulb abnormality
was the most common neuroimaging finding (23.1%).

The predominant cerebral neuroimaging finding was white
matter abnormality (17.6%), followed by acute/subacute
ischemic infarction (16.0%), and encephalopathy (13.0%).
Intracranial hemorrhage and cerebral microbleeds were
observed in 7.8% and 12.1% of the patients, respectively.
Critically ill patients underwent neuroimaging studies more
frequently (22.7% vs. 6.8%; p = 0.027) and presented
more frequent COVID-19-related neuroimaging findings
when compared in all COVID-19 patients evaluated in

this study (9.1% vs. 1.6%; p = 0.029). Although MRI was
less frequently performed in COVID-19 patients (3.4% vs.
18.5%; p < 0.001), the proportion of patients with COVID-
19-related abnormal neuroimaging findings was similar
regardless of the imaging modality used.

Our results showed that COVID-19-related neuroimaging
findings were more frequently observed in critically ill
patients than the other patient groups. This finding may
emphasize the role of neuroimaging in critically ill patients.
Since neurologic deficits may be masked in critically ill
patients due to decreased levels of consciousness, it may
be necessary to actively perform neuroimaging studies in
critically ill patients in whom neurologic complications are
suspected.

In this study, there were no significant differences
between the proportions of patients with ischemic
infarction in studies that included only critically ill patients
and other studies (17.2% vs. 15.1%; p = 0.617). This
finding indicates that ischemic infarction may not occur due
to the systemic inflammatory process accompanying acute
respiratory distress syndrome (ARDS) and that it may be a
consequence of the hypercoagulable state and thrombosis.
Indeed, 44% of the patients with ischemic infarction in
this study had large vessel occlusion, a proportion higher
than that reported in the general population (24-46%)
[38-41]. This observation has also been suggested in the
existing literature; Kremer et al. [8] reported lower oxygen
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demand and ARDS in patients with ischemic infarction,
while Beyrouti et al. [42] reported that all six patients with
ischemic infarction in their study were in prothrombotic
states and had large vessel occlusion. However, this
evidence is insufficient to elucidate a causal relationship
between ischemic infarction and hypercoagulability, and
further investigation is required.

Another important neurological manifestation of COVID-19
is anosmia. Although the current meta-analysis included
only two studies on anosmia, olfactory bulb abnormalities
were relatively common, occurring in approximately 23.1%
of patients who underwent neuroimaging. However, it
remains controversial whether anosmia in COVID-19 occurs
due to olfactory cleft congestion or direct olfactory nerve
damage. SARS-CoV-2 has been shown to invade target cells
through interactions between the angiotensin-converting
enzyme 2 (ACE2) protein and the S protein of the target cell
[43,44]. SARS-CoV-2 may enter through the sustentacular
cells of the olfactory epithelium (which express ACE2
receptors) [44], consequently causing structural changes
in the olfactory bulb. However, among the 20 COVID-19
patients with anosmia investigated, Eliezer et al. [34]
reported olfactory cleft obstruction in 95% of the cases
but without any olfactory bulb abnormalities. Thus, it
could be hypothesized that olfactory cleft obstruction
occurs first, followed by the secondary involvement of the
central olfactory pathway. However, further investigation is
required to clarify this issue.

This study has several limitations. First, all studies,
except one, were retrospective in their design, which
confers a risk of selection bias. Second, the sample size
was moderate and resulted in underpowered statistical
analyses. Third, considerable between-study variability was
observed in most of the study outcomes, which could have
resulted from differences in cohort characteristics, regional
spread of COVID-19, institutional policies, institutional
neuroradiologists’ perspectives, and neuroimaging study
types and protocols. In particular, the proportion of
patients among the COVID-19 patients who underwent
neuroimaging was highly variable across the studies (23.7-
100%). Although we performed a subgroup analysis of the
studies that only used MRI, the substantial heterogeneity
of our cohort could not be completely resolved. Fourth,
the terms describing a specific neuroimaging finding (e.g.,
white matter change, leukoencephalopathy, COVID-19-
related diffuse leukoencephalopathy) were heterogeneous
across studies, complicating the meta-analytic pooling.
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Fifth, it is unclear how the authors concluded whether
microbleeds were caused by COVID-19 or small vessel
disease. Lastly, although we conducted the analysis after
excluding chronic neuroimaging findings, it is difficult to
guarantee that acute or subacute neuroimaging findings
are directly associated with COVID-19. Nevertheless, our
results may provide useful information for understanding
the neuroimaging findings in COVID-19.

In conclusion, active neuroimaging studies are
recommended in critically ill patients, considering the
high proportion of patients presenting with neuroimaging
findings related to COVID-19. The predominant cerebral
neuroimaging finding was white matter abnormalities,
followed by acute/subacute ischemic infarctions, and
encephalopathies. Olfactory bulb abnormalities are also
frequently observed in COVID-19 patients.

Supplement

The Supplement is available with this article at
https://doi.org/10.3348/kjr.2021.0127.
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