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Objective: We reviewed the literature to describe
outcomes associated with abnormal neuroimaging find-
ings among adult COVID-19 patients.

Methods: We performed a systematic literature review
using PubMed and Embase databases. We included
all studies reporting abnormal neuroimaging findings
among hospitalized patients with confirmed COVID-19
and outcomes. Data elements including patient demo-
graphics, neuroimaging findings, acuity of neurological
symptoms and/or imaging findings relative to COVID-19
onset (acute, subacute, chronic), and patient outcomes
were recorded and summarized.

Results: After review of 775 unique articles, a total of 39
studies comprising 884 COVID-19 patients > 18 years of
age with abnormal neuroimaging findings and reported
outcomes were included in our analysis. Ischemic stroke
was the most common neuroimaging finding reported
(49.3%, 436/884) among patients with mortality
outcomes data. Patients with intracranial hemorrhage
(ICH) had the highest all-cause mortality (49.7%,

INTRODUCTION

Coronavirus disease 2019 (COVID-19), first reported in
December 2019, has spread rapidly via person-to-person
transmission leading to a global pandemic.' As of January
4, 2021, there were over 83million confirmed cases of
COVID-19 and almost 2million deaths reported to the
World Health Organization.” The most common manifes-
tation of COVID-19 infection is respiratory symptoms, but
the virus can cause complications in many organ systems
including the neurological system."” There is growing
literature regarding a spectrum of imaging features asso-
ciated with neurological complications in COVID-19 such

71/143), followed by patients with imaging features
consistent with leukoencephalopathy (38.5%, 5/13), and
ischemic stroke (30%, 131/436). There was no mortality
reported among COVID-19 patients with acute dissemi-
nated encephalomyelitis without necrosis (0%, 0/8) and
leptomeningeal enhancement alone (0%, 0/12). Stroke
was a common acute or subacute neuroimaging finding,
while leukoencephalopathy was a common chronic
finding.

Conclusion: Among hospitalized COVID-19 patients with
abnormal neuroimaging findings, those with ICH had the
highest all-cause mortality; however, high mortality rates
were also seen among COVID-19 patients with ischemic
stroke in the acute/subacute period and leukoencepha-
lopathy in the chronic period.

Advances in knowledge: Specific abnormal neuro-
imaging findings may portend differential mortality
outcomes, providing a potential prognostic marker for
hospitalized COVID-19 patients.

as acute ischemia, intracranial hemorrhage (ICH), white
matter signal abnormality, leptomeningeal enhancement,
and hypoxic-ischemic injury owing to respiratory failure’;
however, the association of abnormal neuroimaging
findings with patient clinical outcomes remains largely
undetermined.

Neurological complications in COVID-19 likely lead to
greater morbidity and mortality.* Since the onset of the
pandemic, descriptive studies of abnormal neuroimaging
findings among COVID-19 patients have been rapidly
reported in the medical literature.’ Understanding the
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potential impact that abnormal neuroimaging findings have
on the clinical course of COVID-19 patients is an important
endeavor that can inform clinical management protocols. Our
objective was to synthesize the available medical literature that
describes specific abnormal neuroimaging findings and asso-
ciated outcomes among patients hospitalized with confirmed
COVID-19 diagnoses to lend insight into the management of
COVID-19 patients with neurologic symptoms. Our primary
patient outcome was all-cause in-hospital mortality, and our
secondary patient outcomes included hospitalization status,
discharge disposition, and the modified Rankin Scale (mRS)
score at study end points.

METHODS AND MATERIALS

Search strategy

This systematic review followed the preferred reporting items
for systematic reviews and meta-analysis (PRISMA) statement
recommendations.® A formal systematic review protocol was not
registered in advance of performing the review. We performed
an initial pilot search to determine relevant keywords and search
terms. We identified a test cohort of relevant articles from
manually searching that we compared against our pilot search
results to ensure the adequacy of our final comprehensive search.
On October 31, 2020, we searched two databases (PubMed
via PubMed.gov and Embase via Embase.com) utilizing both
medical subject headings (MeSH) and Embase subject headings
(Emtree terms) combined with keywords related to COVID,
neurologic disorders and journals, and diagnostic imaging
and journals published between the dates of October 1, 2019
and October 31, 2020. The full search strategy can be found in
Supplementary Material 1.

Study selection criteria and process

Two independent reviewers (MAM and PW) screened article
titles and abstracts obtained through the PubMed and Embase
searches using the web-based software Covidence (Covi-
dence Systematic Review Software, Veritas Health Innovation,
Melbourne, Australia) to identify original articles reporting on
the association between neuroimaging findings (CT, CT angi-
ography (CTA), MRI, MR angiography (MRA) only) in hospi-
talized patients with COVID-19 and their outcomes.” Inclusion
criteria included COVID-19 positive patients (all or majority of
subjects with confirmed positive COVID-19 reverse transcrip-
tion polymerase chain reaction (RT-PCR) swab or immunoglob-
ulin (Ig) serology) with relevant or positive neuroimaging results
and outcomes data reported. Exclusion criteria included edito-
rials or letters to the editor, review articles, patients <18 years old,
outcomes data not relatable to specific neuroimaging findings,
case reports or case series with <5 patients, studies performed in
non-hospital settings, and absence of availability of an English
translation. Titles and abstracts were classified as “Yes”, “No’, or
“Maybe.” In cases of disagreement or “Maybe”, a third reviewer
(NMC) performed arbitration with the two original reviewers.
Two reviewers (MAM and PW) then performed full text reviews
of articles classified as “Yes” utilizing the same criteria as used
for screening. Full text articles were placed into “Include” or
“Exclude” categories with exclusion reasons given. Conflicts

were resolved by a consensus among a combination of the three
reviewers (MAM, PW, NMC).

The quality of included studies was examined based on the
National Institutes of Health (NIH) Quality Assessment Tool
for Case Series Studies (9 items) and Observation Cohort and
Cross-Sectional Studies (14 items) by two reviewers (JH and
PW).? Studies with an overall rating of “Good” or “Fair” were
included in our systematic review. Since all articles are publicly
available, no institutional review board approval was required for
this study.

Data extraction and synthesis

Study titles, authors, study design, dates of data collection,
country of origin, patient demographics (age, sex, and sample
size), main neurological imaging findings (imaging modalities,
descriptions of findings, and/or interpretations), neurological
symptoms, acuity of neuroimaging findings or neurological
symptoms prompting imaging relative to COVID-19 symptom
onset or diagnosis, and patient outcomes (all-cause in-hospital
mortality, hospitalization status, discharge disposition, and/
or mRS score) were systematically recorded from the included
studies by one investigator (MAM) and audited by a second
investigator (PW). Patients with normal or incidental imaging
findings only were not included in our analysis. Microsoft Excel
(Microsoft, Redmond, WA) was used for data categorization and
descriptive statistics and results were summarized in evidence
tables. Due to heterogeneity among study populations and
outcomes data reported, a meta-analysis was not performed.

RESULTS

Study selection, design and quality assessment
Initially, 1186 articles were identified through the PubMed and
Embase searches and 411 duplicates were removed leaving 775
unique articles for title and abstract screening (Figure 1) . Of 775
unique articles, 630 were excluded at title and abstract screening,
leaving 145 studies for full-text review. Of these 145 studies,
106 were excluded at full-text review for various reasons (see
Supplementary Material 2) leaving 39 studies for quality assess-
ment and data extraction. The methodological quality of all 39
studies was rated as “Good” or “Fair” by the NIH quality assess-
ment tools (see Supplementary Material 3). Of these 39 studies
included in our review, the majority were based on data from the
United States (20),°® followed by France (4),2°73 Italy (3),373%°
the United Kingdom (2),%6%7 Spain (2),%*%° China (1),% Turkey
(1),*' United Arab Emirates (1),*? Iran (1),* Switzerland (1),*
India (1), and Germany (1).% One study contained combined
data from 16 different countries.* Dates reported for clinical
data collection ranged from as early as January 8, 2020 to as late
as August 31, 2020. All study designs were either retrospective
case series or retrospective cohort studies. A total of 28 articles
reported data from a single institution, while 11 reported data
from multiple institutions.

Patient population and neuroimaging features

Overall, we collected data on a total of 884 COVID-19 patients
with reported abnormal neuroimaging findings and associated
outcomes data. A total of 18 studies reported individual patient
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (‘PRISMA’) flow chart.
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ages in years and 15 other studies reported mean ages in years.
Combined, the mean age across studies that provided these data
was 61.7 years (n = 554 patients). Sex was reported for 813 of
the patients and the majority were male (66.7%, 542/813). Of
the 884 patients, 28 did not have specific information on the
neurological symptoms that prompted imaging. In 96.2% of
patients (850/884), neurological symptoms or National Insti-
tutes of Health Stroke Scale (NIHSS) scores were reported and
associated with obtaining neurological imaging. In six patients,
the neuroimaging findings were discovered incidentally. Neuro-
imaging findings, regardless of imaging modality (CT, MR,
CTA, MRA) were separated into multiple categories (Table 1)
including: (1) all-cause stroke (82.5%, 729/884) with subcate-
gories of ischemic stroke (49.3%, 436/884), non-specified stroke
(17.0%, 150/884) and ICH (16.2%, 143/884) when reported sepa-
rately, (2) encephalitis (3.8%, 34/884) with subcategories of non-
specific encephalitis (1.2%, 11/884), limbic encephalitis (2.1%,
19/884), and acute necrotizing encephalitis (ANE) (0.5%, 4/884),
(3) leukoencephalopathy alone (1.5%, 13/884), (4) microhemor-
rhages alone (0.8%, 7/884), (5) combined leukoencephalopathy,
microhemorrhages, and/or all-cause stroke (7.7%, 68/884), (6)
leptomeningeal enhancement (1.4%, 12/884), (7) acute dissemi-
nated encephalomyelitis (ADEM) (1.0%, 9/884) with or without
microhemorrhage or necrosis, and (8) other (1.4%, 12/884) for
less common neuroimaging features with four or less patients
with outcomes reported. The category of combined leuko-
encephalopathy, microhemorrhages, and/or all-cause stroke

captures data from papers that reported imaging findings as
leukoencephalopathy and/or microhemorrhage, or patients with
leukoencephalopathy who also had a combination of microhem-
orrhage, ICH, and/or ischemic stroke. Neurological symptoms
prompting imaging or neuroimaging findings were classi-
fied as acute (<7 days), subacute (8-21 days), or chronic (=22
days) relative to COVID-19 related symptom onset or diagnosis
when reported either at the patient level or as a mean or median
(Table 1). Among patients with reported time since COVID
onset, the majority of neurological events prompting imaging
or neuroimaging findings were subacute or chronic in nature,
except for in ischemic stroke where neuroimaging findings were
typically acute or subacute. However, the temporal relationship
between COVID onset and neuroimaging was not reported for
33.7% (298/884) of patients.

Neuroimaging features and patient outcomes

Data on reported hospital outcomes were collected from each
study (Table 2). There was high variation across study popula-
tion characteristics, documented imaging features, and clinical
outcomes reported at the end of each study period, limiting
data pooling and preventing meta-analysis. Nevertheless, our
main outcome of all-cause mortality during hospitalization
was reported for all patients in all articles up to the study end
points. Overall, among the major imaging finding groups with
reported mortality outcomes, the highest all-cause mortality
was observed among patients with leukoencephalopathy (38.5%,
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Table 1. Neuroimaging findings in COVID-19 patients and time since COVID-19 symptom onset or diagnosis

Neuroimaging finding (n = row
totals) total n = 884

Time since onset of COVID-19 symptoms or diagnosis (n of patients reported on)”

Acute Subacute Chronic Not Reported
Stroke (729)
Non-specified stroke (150) -- 57 - 93
Ischemic stroke (436) 212 85 7 132
ICH (143) 5 65 21 52
Encephalitis (34)
Non-specific encephalitis (11) 7 3 -- 1
Limbic encephalitis (19) -- 19 -- 0
Acute necrotizing encephalitis (4) -- 2 1 1
Leukoencephalopathy alone (13) -- 2 8 3
Microhemorrhages alone (7) 4 -- 2 1
Combined leukoencephalopathy + 1 1 60 6
microhemorrhages+all-cause stroke
(68)
Leptomeningeal enhancement alone 1 11 -- 0
(12)
ADEM (9)
ADEM (4) -- 3 1 0
ADEM with microhemorrhage (4) 1 0 2 1
ADEM with microhemorrhage and - 1 -- -
necrosis (1)
Other (12)
Hypoxic-ischemic injury + - 1 -- 3
microhemorrhages (4)
PRES + hemorrhages (2) - - 2
Acute tumefactive demyelination (1) - - 1
Transient CLOCC + SAH (1) - - 1
Pseudotumor cerebri (1) -- 1 - 0
Status epilepticus with cortical changes - -- 1 0
(1)
Post-infectious myelitis (1) -- 1 - 0
Communicating hydrocephalus (1) -- -- - 1

ADEM, acute disseminated encephalomyelitis; CLOCC, cytotoxic lesions of the corpus callosum; ICH, intracranial hemorrhage; PRES, posterior

reversible encephalopathy syndrome; SAH, subarachnoid hemorrhage.

9Time since onset of COVID-19: acute (<7 days), subacute (8-21 days), or chronic (=22 days).

5/13), followed by all-cause stroke (33.2% 242/729), and then
combined leukoencephalopathy, microhemorrhages, and/or
stroke (20.6%, 14/68). Among patients with stroke neuroim-
aging features, those in the subgroup with ICH had the highest
all-cause mortality rate (49.7%, 71/143) across all study groups
or subgroups. Patients with only microhemorrhages and enceph-
alitis as imaging findings had lower all-cause mortality rates
(14.3% (1/7) and 11.8% (4/34), respectively), although encepha-
litis mortality was higher when the limbic encephalitis and ANE
subgroups were excluded (27.3%, 3/11) and when encephalitis
patients had an acute presentation (75%, 3/4). Patients with either
leptomeningeal enhancement alone or ADEM without necrosis

fared the best with 0% reported mortality for both groups (0/12
and 0/8, respectively).

Secondary outcomes, including the number of patients that
remained hospitalized, the number discharged, and mRS scores
at study endpoints were variably reported and incomplete for the
majority of included studies. When reported, some patients cate-
gorized into each major neuroimaging finding category remained
hospitalized (total reported, n = 68) or were discharged (total
reported n = 329) at the end of reported study periods (Table 2).
The mRS scores were provided for patients who survived in 11
studies. The reported mRS scores at the end of study periods
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Table 2. Neuroimaging findings in COVID-19 patients and reported outcomes at study end points

Mogensen et a/

All-cause Remained

mortality during hospitalized Discharged Survivor mRS

hospitalization % total n, if total n, if score at study
Neuroimaging finding (n/total)” reported reported endpoints
Stroke 33.2% (242/729)
Ischemic stroke 30.0% (131/436) 26 175 Mean 3.36 (n =

168)
ICH 49.7% (71/143) 12 28 Range 4-5(n=
%3 (=1

Non-specified stroke 26.7% (40/150) 0 110 Mean 3.58 (n = 49)
Encephalitis 11.8% (4/34)
Limbic encephalitis 5.3% (1/19) NR NR Mean 1 (n =2)
Acute necrotizing encephalitis 0.0% (0/4) 2 2 Mean 5 (n = 2)
Non-specific encephalitis 27.3% (3/11) 3 1 Mean 3.67 (n = 3)
Leukoencephalopathy alone 38.5% (5/13) 8 0 NR
Microhemorrhages alone 14.3% (1/7) 3 3 NR
Combined leukoencephalopathy + 20.6% (14/68) 4 6 Mean 4.87 (n = 39)
microhemorrhages:all-cause stroke
Leptomeningeal enhancement alone 0% (0/12) NR NR 1(n=1)
ADEM 11.1% (1/9)
ADEM =+ microhemorrhage 0.0% (0/8) 7 NR 2(n=1)
ADEM with necrosis + microhemorrhage 100.0% (1/1) 0 0 --
Other
Hypoxic-ischemic injury + Microhemorrhages 50.0% (2/4) NR 1 NR
PRES + hemorrhages 50.0% (1/2) 1 0 NR
Acute tumefactive demyelination 0% (0/1) 1 0 NR
Transient CLOCC + SAH 100% (1/1) 0 0 -
Pseudotumor cerebri 0% (0/1) 0 1 NR
Status epilepticus with cortical changes 0% (0/1) 1 0 NR
Post-infectious myelitis 0% (0/1) 0 1 NR
Communicating hydrocephalus 0% (0/1) 0 1 NR

ADEM, acute disseminated encephalomyelitis; CLOCC, cytotoxic lesions of the corpus collosum; ICH, intracranial hemorrhage; NR, not reported;
PRES, posterior reversible encephalopathy syndrome; SAH, subarachnoid hemorrhage; mRS, modified Rankin Scale.

?Percent only provided for main outcome (all-cause mortality) given variable reporting of all other outcomes.

b0One study only reported mRS scores as a range so mean could not be calculated.

suggested moderate-to-severe disability (mRS score ranging
from 3 to 5) for patients with imaging findings consistent with
ICH (mRS range 3-5, n = 12), ischemic stroke (mean mRS 3.36,
n=168), non-specified stroke (mean mRS 3.58, n=49), combined
leukoencephalopathy, microhemorrhages, and/or ICH (mean
mRS 4.87, n = 39), and non-limbic encephalitis (mean mRS 4.2,
n=>5).

DISCUSSION

In this systematic review, we summarize patient outcomes associ-
ated with a range of potential COVID-19-associated neuroimaging
features reported in the medical literature. A few prior systematic
reviews have reported on specific neuroimaging findings among
COVID-19 adult patients or on common neuroimaging findings

associated with mild vs severe COVID-19 disease.””*® Tan et al
summarized outcomes for acute ischemic stroke in COVID-19
patients and found a high mortality rate (38%).* Our study
provides a more comprehensive review of all reported abnormal
imaging findings among hospitalized COVID-19 patients regard-
less of acuity.

We found that across all major imaging feature subgroups, patients
with ICH had the highest all-cause mortality (49.7%) followed by
patients with imaging features consistent with leukoencephalop-
athy (38.5%) and ischemic stroke (30%). Notable, but based on
limited data, no patients with leptomeningeal enhancement alone
or ADEM without necrosis had died at the end of reported study
periods; however, a majority of patients with ADEM remained
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hospitalized at last reported follow-up. Patients with encephalitis
described as limbic or autoimmune encephalitis or ANE with
a subacute presentation had lower mortality rates compared to
patients with acute encephalitis demonstrating white matter and
cortical imaging findings attributed to encephalitis. As expected,
the temporal relationship between the development of COVID-19
symptoms and the onset of neurologic symptoms and/or neuroim-
aging findings tended to be acute to subacute for ischemic stroke
and a subset of non-limbic encephalitis cases, and subacute to
chronic for all other imaging findings. Leukoencephalopathy alone
or leukoencephalopathy combined with microhemorrhage or ICH
were predominantly chronic imaging findings.

Only a handful of the larger retrospective studies had any compar-
ison group (e.g. non-COVID patients) or reported odds ratios
(OR) for neuroimaging findings and mortality. In univariate anal-
ysis, Kvernland et al found that COVID-19 patients with ICH had
a higher in-hospital mortality than patients with ICH without
COVID-19 (84.6% vs 4.6%, p < 0.001)."7 Melmed et al reported
that the odds of mortality were higher for COVID-19 patients who
had ICH (OR = 2.6, CI 1.2-5.9), p = 0.02) than COVID-19 patients
without ICH.*! While we could not separate our analysis of ICH
into different subtypes due to the lack of more granular data, one
large retrospective cohort study suggested that mortality is higher
among patients with multicompartmental ICH versus subdural,
subarachnoid, or intraparenchymal hemorrhage alone.'” In addi-
tion, they found that higher mortality was associated with ICH in
COVID-19 patients requiring mechanical ventilation (OR 10.24
[95% CI, 0.43-243], p = 0.015), with INR >1.2 (OR 14.36 [95% CI,
1.69-122], p = 0.015) and among patients presenting with sponta-
neous vs traumatic hemorrhages (OR 6.11 [95% CI, 0.31-119], p
=0.023).

Ischemic stroke was the most common neuroimaging finding
reported in our review (49.3% of patients). Altschul et al found that
patients with COVID-19 and emergent large vessel occlusion had
a higher risk of mortality during the pandemic vs patients without
COVID-19 (OR 16.63 [95% CI, 2.47-112], p = 0.004) and mortality
was higher if patients were older than 60 years of age and had
pulmonary symptoms.'* In-hospital mortality was also found to be
higher in patients with large vessel occlusion who had COVID-19
vs those without COVID-19 (41.7% vs 11.8%, p = 0.025) by Esca-
lard et al.* Jain et al found higher mortality risk (OR = 6.02 [95%
CI, 2.6-14.6], p < 0.001) in COVID-19 patients with neuroimaging
findings, the vast majority of which were ischemic or hemorrhage
stroke (92.5%)."> Ntaios et al was the largest study (174 patients)
to report on mortality in large vessel acute ischemic stroke from
16 countries and found patients with COVID-19 had a higher risk
of death (OR = 4.3 [95% CI, 2.22-8.30]) compared to matched
COVID-19 negative patients.*

Even among COVID-19 survivors with abnormal neuroim-
aging findings, disability as measured by the mRS when reported
was moderate-to-severe at study end points. This was true for
COVID-19 patients with ICH, ischemic stroke, combined leuko-
encephalopathy, microhemorrhage, and/or ICH, and non-limbic
encephalitis. In one study, COVID-19 survivors of all-cause stroke
had moderate-to-severe disability scores (mean mRS 3.58 [SD

1.23], n = 49) that were significantly higher compared to COVID-19
negative controls (mRS 1.86 [SD 1.52], p < 0.001).* One larger
study also reported a median mRS of 4 (IQR, 2-6) for 125 patients
with ischemic stroke compared to a median mRS of 2 (IQR, 1-4)
for matched non-COVID ischemic stroke patients.* These findings
collectively suggest that COVID-19 patients, particularly stroke
patients have considerable morbidity even if they survive.

This systematic review has multiple limitations. The absence of
a formal, prospectively registered protocol increases the risk for
potential bias during the review process. Much of our data is gath-
ered from case series and small retrospective observational cohorts
with significant heterogeneity in variables reported, limiting the
ability to generalize neuroimaging related mortality data to all
COVID-19 patients. Furthermore, our primary outcome data were
limited to all-cause mortality as mortality specifically related to
unique neuroimaging findings were not routinely reported. In some
studies, neurological symptom onset prompting imaging was used
in lieu of actual time of imaging to estimate chronicity of neuroim-
aging findings relative to COVID-19 symptom onset or diagnosis,
which may underestimate chronicity in some cases. Confounding
variables such as disease severity, co-morbidities, medications,
and treatment were variably reported and thus not summarized
in our review. Neuroimaging categories used such as encepha-
litis, ADEM, PRES, leukoencephalopathy, and hypoxic-ischemic
injury were based on classification by study authors who often
incorporated clinical data for diagnosis. Thus, there may be some
overlap of specific imaging findings within categories and some
uncertainty of appropriate categorization due to clinical bias. Some
imaging finding groups had small sample sizes limiting conclusions
that can be drawn from the data. Reporting standards also varied
regarding what imaging modalities were associated with specific
imaging findings, as many patients had multiple imaging exams
and modalities recorded. Patients were not always followed until
discharge or death and our review may underestimate mortality in
groups where patients remained hospitalized such as ADEM and
leukoencephalopathy. The pandemic has also changed the delivery
of health care in many hospitals due to necessity, increased patient
volumes, resource limitations, or limiting of non-emergent health-
care. The impact of these pandemic-related effects on patients
being managed with COVID-19 is likely complex and may have an
impact on outcomes as well. Finally, control data from patients with
neurological symptoms with normal or incidental imaging findings
were not included in this review to compare mortality rates, as our
objective was to examine abnormal imaging findings and associ-
ated patient outcomes.

CONCLUSIONS

We report the mortality rates associated with the most common
neuroimaging findings reported among hospitalized COVID-19
patients during the first three quarters of the pandemic. In our
comprehensive systematic review, patients with ICH had the
highest mortality rate (49.7%) across all subgroups, followed by
patients with leukoencephalopathy (38.5%) and ischemic stroke
(30%). In studies reporting mortality data, ischemic stroke and
ICH made up 82.5% of abnormal neuroimaging findings and
ischemic stroke was the most common abnormal neuroimaging
finding reported in COVID-19 patients (49.3%). Future studies
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reporting on neuroimaging features among COVID-19 patients
should provide more detailed data on the full spectrum of
imaging features, not only on stroke and ICH. Moreover, future
studies can help fill a critical knowledge gap by reporting on a
variety of outcomes directly associated with abnormal neuro-
imaging features including long-term outcomes for patients
who remained hospitalized or were discharged to rehabilita-
tion. Finally, inclusion of a control population of patients with
COVID-19 with normal neuroimaging findings during the study
period would be helpful to inform clinical teams on the inci-
dence and expected clinical courses for hospitalized COVID-19

Mogensen et a/

ACKNOWLEDGMENT

We thank Teresa E. Jewell, MLIS, for her assistance and consul-
tation in designing and performing the search strategy. The
members of the RSNA COVID-19 Task Force are as follows:
Mahmud Mossa-Basha, MD (Chair), Javad R. Azadi, MD, Chris-
topher G. Filippi, MD, Maryellen L. Giger, PhD, Jeffrey S. Klein,
MD, Jane Ko, MD, Brian S. Kuszyk, MD, Christine O. Menias,
MD, Richard E. Sharpe, Jr, MD, MBA, Bien Soo Tan, MD, Erik
M. Velez, MD, and Carolyn C. Meltzer, MD. An initial draft
of the manuscript was created by the author group. The draft
was circulated to the RSNA COVID-19 Task Force with edits
provided by task force members. Task force members approved

patients with specific abnormal neuroimaging features.

the final statement.

REFERENCES

1. Revzin MV, Raza S, Warshawsky R, 8. National Heart, Lung, and Blood Institute related neuroimaging findings: a signal of
D'Agostino C, Srivastava NC, Bader AS, website Study quality assessment tools.. thromboembolic complications and a strong
et al. Multisystem imaging manifestations Accessed December 2020. prognostic marker of poor patient outcome. J
of COVID-19, part 1: viral pathogenesis 9. Agarwal A, Pinho M, Raj K, Yu FF, Bathla G, Neurol Sci 2020; 414: 116923. Epub 2020 May
and pulmonary and vascular system Achilleos M, et al. Neurological emergencies 19. doi: https://doi.org/10.1016/j.jns.2020.
complications. Radiographics 2020; 40: associated with COVID-19: stroke and 116923
1574-99. doi: https://doi.org/10.1148/rg. beyond. Emerg Radiol 2020; 27: 747-54. doi: 16. Katz JM, Libman RB, Wang JJ, Sanelli P,
2020200149 https://doi.org/10.1007/s10140-020-01837-7 Filippi CG, Gribko M, et al. Cerebrovascular

2. World Health organization coronavirus 10. Agarwal S, Jain R, Dogra S, Krieger P, Lewis complications of COVID-19. Stroke 20205
disease (COVID-19) Dashboard.. Accessed A, Nguyen V, et al. Cerebral microbleeds and 51: e227-31. doi: https://doi.org/10.1161/
January 4, 2021. leukoencephalopathy in critically ill patients STROKEAHA.120.031265

3. Revzin MV, Raza S, Srivastava NC, with COVID-19. Stroke 2020; 51: 2649-55. 17. Kvernland A, Kumar A, Yaghi S, Raz E,
Warshawsky R, D'Agostino C, Malhotra A, doi: https://doi.org/10.1161/STROKEAHA. Frontera J, Lewis A, et al. Anticoagulation
et al. Multisystem imaging manifestations 120.030940 use and hemorrhagic stroke in SARS-CoV-2
of COVID-19, part 2: from cardiac 11. Altschul DJ, Esenwa C, Haranhalli N, Unda patients treated at a new York healthcare
complications to pediatric manifestations. SR, de La Garza Ramos R, Dardick J, et al. system. Neurocrit Care 2020;24 Aug 20201-
Radiographics 2020; 40: 1866-92. doi: https:// Predictors of mortality for patients. with 12. :. Online ahead of print. doi: https://doi.
doi.org/10.1148/g.2020200195 COVID—1'9 and large vessel occl.usmn. InterT/ org/lO.1007/512025.3—020—01077—0

4. Ntaios G, Michel P, Georgiopoulos G, Guo Neuroradiol 2020; 26: 623-8. doi: https://doi. 18. Lang M, Buch. K, Li MP, Mehan WA,

. . - org/10.1177/1591019920954603 Lang AL, Leslie-Mazwi TM, et al.

Y, Li W, Xiong J, et al. Characteristics and . .

. . . 12. Altschul DJ, Unda SR, de La Garza Ramos Leukoencephalopathy associated with severe
outcomes in patients with COVID-19 and . . . .

. . R, Zampolin R, Benton J, Holland R, et al. COVID-19 infection: sequela of hypoxemia?
acute ischemic stroke: the global COVID-19 . X .

] . Hemorrhagic presentations of COVID-19: AJNR Am ] Neuroradiol 2020; 41: 1641-5.
stroke Reg.1stry. Stroke 2020; 51: €254-8. doi: risk factors for mortality. Clin Neurol doi: https://doi.org/10.3174/ajnr.A6671
hitps://dot.org/10.1161/STROKEAHA. 120. Neurosurg 2020; 198: 106112. Epub 2020 Jul ~ 19. Liang JW;, Reynolds AS, Reilly K, Lay C,
031208 26. doi: https://doi.org/10.1016/j.clineuro. Kellner CP, Shigematsu T, et al. COVID-19

5. Gulko E, Oleksk ML, Gomes W, Ali S, 2020.106112 and decompressive hemicraniectomy
Mehta H, Overby P, et al. Mri brain findings 13. Franceschi AM, Arora R, Wilson R, Giliberto for acute ischemic stroke. Stroke 2020;
in 126 patients with COVID-19: initial L, Libman RB, Castillo M. Neurovascular 51: €215-8. doi: https://doi.org/10.1161/
observations from a descriptive literature complications in COVID-19 infection: case STROKEAHA.120.030804
review. AJNR Am ] Neuroradiol 2020; 41: series. ATNR Am ] Neuroradiol 20205 41: 20. Masur J, Freeman CW, Mohan S. A double-
2199-203. doi: https://doi.org/10.3174/ajnr. 1632-40. doi: https://doi.org/10.3174/ajnr. edged sword: neurologic complications
A6805 A6655 and mortality in extracorporeal membrane

6. Moher D, Liberati A, Tetzlaff ], Altman DG, 14. Grewal P, Pinna P, Hall JP, Dafer RM, oxygenation therapy for COVID-19-Related
for the PRISMA Group Preferred reporting Tavarez T, Pellack DR, et al. Acute ischemic severe acute respiratory distress syndrome at
items for systematic reviews and meta- stroke and COVID-19: experience from a a tertiary care center. AJNR Am ] Neuroradiol
analyses: the PRISMA statement. BMJ 2009; comprehensive stroke center in Midwest 2020; 41: 2009-11. doi: https://doi.org/10.
339(jul21 1): b2535. doi: https://doi.org/10. us. Front Neurol 2020; 11: 91011:910. . 3174/ajnr.A6728
1136/bmj.b2535 eCollection 2020. doi: https://doi.org/10. 21. Melmed KR, Cao M, Dogra S, Zhang R,

7. Veritas Health Innovation Covidence 3389/fneur.2020.00910 Yaghi S, Lewis A, et al. Risk factors for
systematic review software. 2020;. Accessed 15. Jain R, Young M, Dogra S, Kennedy H, intracerebral hemorrhage in patients with

October 31.

Nguyen V, Jones S, et al. COVID-19

COVID-19. ] Thromb Thrombolysis 2020524

7 of 8 birpublications.org/bjr

Br J Radiol;94:20210149


http://birpublications.org/bjr
https://doi.org/10.1148/rg.2020200149
https://doi.org/10.1148/rg.2020200149
https://doi.org/10.1148/rg.2020200195
https://doi.org/10.1148/rg.2020200195
https://doi.org/10.1161/STROKEAHA.120.031208
https://doi.org/10.1161/STROKEAHA.120.031208
https://doi.org/10.3174/ajnr.A6805
https://doi.org/10.3174/ajnr.A6805
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1007/s10140-020-01837-7
https://doi.org/10.1161/STROKEAHA.120.030940
https://doi.org/10.1161/STROKEAHA.120.030940
https://doi.org/10.1177/1591019920954603
https://doi.org/10.1177/1591019920954603
https://doi.org/10.1016/j.clineuro.2020.106112
https://doi.org/10.1016/j.clineuro.2020.106112
https://doi.org/10.3174/ajnr.A6655
https://doi.org/10.3174/ajnr.A6655
https://doi.org/10.3389/fneur.2020.00910
https://doi.org/10.3389/fneur.2020.00910
https://doi.org/10.1016/j.jns.2020.116923
https://doi.org/10.1016/j.jns.2020.116923
https://doi.org/10.1161/STROKEAHA.120.031265
https://doi.org/10.1161/STROKEAHA.120.031265
https://doi.org/10.1007/s12028-020-01077-0
https://doi.org/10.1007/s12028-020-01077-0
https://doi.org/10.3174/ajnr.A6671
https://doi.org/10.1161/STROKEAHA.120.030804
https://doi.org/10.1161/STROKEAHA.120.030804
https://doi.org/10.3174/ajnr.A6728
https://doi.org/10.3174/ajnr.A6728

Qutcomes Associated with COVID-19 Neuroimaging Findings

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sep 20201-8. :. Online ahead of print. doi:
https://doi.org/10.1007/s11239-020-02288-0
Mohamud AY, Griffith B, Rehman M, Miller

D, Chebl A, Patel SC, et al. Intraluminal 32.

carotid artery thrombus in COVID-19:
another danger of cytokine storm? AJNR Am
J Neuroradiol 2020; 41: 1677-82. doi: https://
doi.org/10.3174/ajnr. A6674

Radmanesh A, Derman A, Lui YW, Raz

E, Loh JP, Hagiwara M, et al. COVID-19- 33.

associated diffuse leukoencephalopathy and
microhemorrhages. Radiology 2020; 297:
E223-7. doi: https://doi.org/10.1148/radiol.
2020202040

Rothstein A, Oldridge O, Schwennesen H,
Do D, Cucchiara BL. Acute cerebrovascular
events in hospitalized COVID-19 patients.
Stroke 2020; 51: €219-22. doi: https://doi.org/

10.1161/STROKEAHA.120.030995 34.

Sawlani V, Scotton S, Nader K, Jen JP, Patel
M, Gokani K, et al. COVID-19-related
intracranial imaging findings: a large single-
centre experience. Clin Radiol 2021; 76:

108-160nline ahead of print. doi: https:// 35.

doi.org/10.1016/j.crad.2020.09.002

Tiwari A, Berekashvili K, Vulkanov V,
Agarwal S, Khaneja A, Turkel-Parella D,

et al. Etiologic subtypes of ischemic stroke
in SARS-CoV-2 patients in a cohort of new
York City hospitals. Front Neurol 2020;;

1111:1004. :. eCollection. doi: https://doi.org/  36.

10.3389/fneur.2020.01004

Wang A, Mandigo GK, Yim PD, Meyers
PM, Lavine SD. Stroke and mechanical
thrombectomy in patients with COVID-19:

technical observations and patient 37.

characteristics. ] Neurointerv Surg 2020;

12: 648-53. doi: https://doi.org/10.1136/
neurintsurg-2020-016220

Yaghi S, Ishida K, Torres J, Mac Grory B, Raz
E, Humbert K, et al. SARS-CoV-2 and stroke

in a new York healthcare system. Stroke 2020; 38.

51: 2002-11. doi: https://doi.org/10.1161/
STROKEAHA.120.030335

Escalard S, Chalumeau V, Escalard C,
Redjem H, Delvoye E Hébert S, et al. Early
brain imaging shows increased severity

of acute ischemic strokes with large vessel
occlusion in COVID-19 patients. Stroke

2020; 51: 3366-70. doi: https://doi.org/10. 39.

1161/STROKEAHA.120.031011

Kremer S, Lersy E, Anheim M, Merdji H,
Schenck M, Oesterlé H, et al. Neurologic
and neuroimaging findings in patients with
COVID-19: a retrospective multicenter
study. Neurology 2020; 95: e1868-82.

doi: https://doi.org/10.1212/WNL. 40.

0000000000010112

Kremer S, Lersy F, de Séze J, Ferré J-C,
Maamar A, Carsin-Nicol B, et al. Brain MRI
findings in severe COVID-19: a retrospective

observational study. Radiology 2020; 297:
E242-51. doi: https://doi.org/10.1148/radiol.
2020202222

Perrin P, Collongues N, Baloglu S, Bedo D,
Bassand X, Lavaux T, et al. Cytokine release
syndrome-associated encephalopathy in
patients with COVID-19. Eur ] Neurol 2021;
28: 248-58. doi: https://doi.org/10.1111/ene.
14491

D'Amore FE, Vinacci G, Agosti E, Cariddi

LP, Terrana AV, Vizzari FA, et al. Pressing
issues in COVID-19: probable cause to seize
SARS-CoV-2 for its preferential involvement
of posterior circulation manifesting as
severe posterior reversible encephalopathy
syndrome and posterior strokes. AJNR Am

J Neuroradiol 2020; 41: 1800-3. doi: https://
doi.org/10.3174/ajnr.A6679

Morassi M, Bagatto D, Cobelli M, D'Agostini
S, Gigli GL, Bna C, et al. Stroke in patients
with SARS-CoV-2 infection: case series. |
Neurol 2020; 267: 2185-92. doi: https://doi.
0rg/10.1007/s00415-020-09885-2

Pilotto A, Masciocchi S, Volonghi I, Crabbio
M, Magni E, De Giuli V, et al. Clinical
presentation and outcomes of severe acute
respiratory syndrome coronavirus 2-related
encephalitis: the ENCOVID multicenter
study. J Infect Dis 2021; 223: 28-37. doi:
https://doi.org/10.1093/infdis/jiaa609
Benger M, Williams O, Siddiqui J, Sztriha L.
Intracerebral haemorrhage and COVID-19:
clinical characteristics from a case series.
Brain Behav Immun 2020; 88: 940-4. doi:
https://doi.org/10.1016/j.bbi.2020.06.005
Paterson RW, Brown RL, Benjamin L,
Nortley R, Wiethoff S, Bharucha T, et al. The

emerging spectrum of COVID-19 neurology:

clinical, radiological and laboratory findings.
Brain 2020; 143: 3104-20. doi: https://doi.
org/10.1093/brain/awaa240
Hernandez-Fernandez F, Sandoval Valencia
H, Barbella-Aponte RA, Collado-Jiménez

R, Ayo-Martin Oscar, Barrena C, et al.
Cerebrovascular disease in patients with
COVID-19: neuroimaging, histological

and clinical description. Brain 2020; 143:
3089-103. doi: https://doi.org/10.1093/brain/
awaa239

Naval-Baudin P, Rodriguez Caamano

L, Rubio-Maicas C, Pons-Escoda A,
Fernandez Viilas MM, Nuiiez A, et al.
COVID-19 and ischemic stroke: clinical and
neuroimaging findings. ] Neuroimaging 2021;
31: 62-60nline ahead of print. doi: https://
doi.org/10.1111/jon.12790

Xiong W, Mu ], Guo ], Lu L, Liu D, Luo ],

et al. New onset neurologic events in people
with COVID-19 in 3 regions in China.
Neurology 2020; 95: €1479-87. doi: https://
doi.org/10.1212/WNL.0000000000010034

41.

42.

43.

44,

45.

46.

47.

48.

49.

Dogan L, Kaya D, Sarikaya T, Zengin R,
Dincer A, Akinci IO, et al. Plasmapheresis
treatment in COVID-19-related autoimmune
meningoencephalitis: case series. Brain
Behav Immun 2020; 87: 155-8. doi: https://
doi.org/10.1016/j.bbi.2020.05.022

John S, Kesav P, Mifsud VA,
Piechowski-Jozwiak B, Dibu J, Bayrlee A,

et al. Characteristics of large-vessel occlusion
associated with COVID-19 and ischemic
stroke. AJNR Am J Neuroradiol 2020; 41:
2263-8. doi: https://doi.org/10.3174/ajnr.
A6799

Ashrafi E Zali A, Ommi D, Salari M, Fatemi
A, Arab-Ahmadi M, et al. COVID-19-
related strokes in adults below 55 years

of age: a case series. Neurol Sci 2020; 41:
1985-9. doi: https://doi.org/10.1007/s10072-
020-04521-3

Keller E, Brandi G, Winklhofer S, Imbach
LL, Kirschenbaum D, Frontzek K, et al. Large
and small cerebral vessel involvement in
severe COVID-19: detailed clinical workup
of a case series. Stroke 2020; 51: 3719-22. doi:
https://doi.org/10.1161/STROKEAHA.120.
031224

Mathew T, John SK, Sarma G, Nadig R,
Kumar R S, Murgod U, et al. COVID-19-
related strokes are associated with increased
mortality and morbidity: a multicenter
comparative study from Bengaluru, South
India. Int ] Stroke 2020;: 174749302096
8231747493020968236. :. Online ahead

of print. doi: https://doi.org/10.1177/
1747493020968236

Nawabi J, Morotti A, Wildgruber M,
Boulouis G, Kraehling H, Schlunk F, et al.
Clinical and imaging characteristics in
patients with SARS-CoV-2 infection and
acute intracranial hemorrhage. J Clin Med
20205 9: 2543. doi: https://doi.org/10.3390/
jcm9082543

Katal S, Balakrishnan S, Gholamrezanezhad
A. Neuroimaging and neurologic findings in
COVID-19 and other coronavirus infections:
a systematic review in 116 patients. ]
Neuroradiol 2021; 48;): 30204-20nline ahead
of printS0150-. doi: https://doi.org/10.1016/j.
neurad.2020.06.007

Pan S, Chen WC, Baal JD, Sugrue LP.
Neuroradiological features of mild and
severe SARS-CoV-2 infection. Acad Radiol
2020; 27: 1507-14. doi: https://doi.org/10.
1016/j.acra.2020.08.026

Tan Y-K, Goh C, Leow AST, Tambyah

PA, Ang A, Yap E-S, et al. COVID-19 and
ischemic stroke: a systematic review and
meta-summary of the literature. ] Thromb
Thrombolysis 2020; 50: 587-95. doi: https://
doi.org/10.1007/s11239-020-02228-y

8 of 8 birpublications.org/bjr

Br J Radiol;94:20210149


http://birpublications.org/bjr
https://doi.org/10.1007/s11239-020-02288-0
https://doi.org/10.3174/ajnr.A6674
https://doi.org/10.3174/ajnr.A6674
https://doi.org/10.1148/radiol.2020202040
https://doi.org/10.1148/radiol.2020202040
https://doi.org/10.1161/STROKEAHA.120.030995
https://doi.org/10.1161/STROKEAHA.120.030995
https://doi.org/10.1016/j.crad.2020.09.002
https://doi.org/10.1016/j.crad.2020.09.002
https://doi.org/10.3389/fneur.2020.01004
https://doi.org/10.3389/fneur.2020.01004
https://doi.org/10.1136/neurintsurg-2020-016220
https://doi.org/10.1136/neurintsurg-2020-016220
https://doi.org/10.1161/STROKEAHA.120.030335
https://doi.org/10.1161/STROKEAHA.120.030335
https://doi.org/10.1161/STROKEAHA.120.031011
https://doi.org/10.1161/STROKEAHA.120.031011
https://doi.org/10.1212/WNL.0000000000010112
https://doi.org/10.1212/WNL.0000000000010112
https://doi.org/10.1148/radiol.2020202222
https://doi.org/10.1148/radiol.2020202222
https://doi.org/10.1111/ene.14491
https://doi.org/10.1111/ene.14491
https://doi.org/10.3174/ajnr.A6679
https://doi.org/10.3174/ajnr.A6679
https://doi.org/10.1007/s00415-020-09885-2
https://doi.org/10.1007/s00415-020-09885-2
https://doi.org/10.1093/infdis/jiaa609
https://doi.org/10.1016/j.bbi.2020.06.005
https://doi.org/10.1093/brain/awaa240
https://doi.org/10.1093/brain/awaa240
https://doi.org/10.1093/brain/awaa239
https://doi.org/10.1093/brain/awaa239
https://doi.org/10.1111/jon.12790
https://doi.org/10.1111/jon.12790
https://doi.org/10.1212/WNL.0000000000010034
https://doi.org/10.1212/WNL.0000000000010034
https://doi.org/10.1016/j.bbi.2020.05.022
https://doi.org/10.1016/j.bbi.2020.05.022
https://doi.org/10.3174/ajnr.A6799
https://doi.org/10.3174/ajnr.A6799
https://doi.org/10.1007/s10072-020-04521-3
https://doi.org/10.1007/s10072-020-04521-3
https://doi.org/10.1161/STROKEAHA.120.031224
https://doi.org/10.1161/STROKEAHA.120.031224
https://doi.org/10.1177/1747493020968236
https://doi.org/10.1177/1747493020968236
https://doi.org/10.3390/jcm9082543
https://doi.org/10.3390/jcm9082543
https://doi.org/10.1016/j.neurad.2020.06.007
https://doi.org/10.1016/j.neurad.2020.06.007
https://doi.org/10.1016/j.acra.2020.08.026
https://doi.org/10.1016/j.acra.2020.08.026
https://doi.org/10.1007/s11239-020-02228-y
https://doi.org/10.1007/s11239-020-02228-y

