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Neuroradiological Features of Mild
and Severe SARS-CoV-2 Infection
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Rationale and Objectives: An increasing number of neurological complications and corresponding radiological findings have been
reported in patients with COVID-19 infection. The purpose of this study is to systematically review the current literature on COVID-19-
associated neuroradiological findings and examine the prevalence of different findings in patients with both severe and mild COVID-19
infection.

Materials and Methods: A comprehensive literature search of the PubMed and Embase databases was performed. Any studies reporting
CT or MRI neuroimaging findings in patients with confirmed COVID-19 infection were included. Patient demographics, main radiological
findings, neurological symptoms, and severity of COVID-19 infection were tabulated and quantified according to infection severity.

Results: Sixty-one studies published between 2019 and 2020 comprising 711 patients were analyzed according to severity of respiratory
symptoms. The main neuroradiological findings for patients with mild classification were cranial nerve abnormalities, ischemic infarction,
and white matter abnormalities, while the main findings in patients with severe classification were white matter abnormalities, ischemic
infarction, and hemorrhagic events.

Conclusion: Neuroradiological manifestations in COVID-19 infection are highly heterogeneous and differ based on the severity of COVID-
19 infection. Cranial nerve abnormalities appear exclusive to mild infection, with a high degree of olfactory tract involvement, while hemor-
rhagic events are more common in severe infection. Notably, ischemic infarction was equally prevalent in both mild and severe COVID-19
infection. Healthcare providers treating COVID-19 patients should be aware of these potential complications and consider neurological

assessment and neuroimaging studies when indicated.
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INTRODUCTION

n 2019, the novel SARS-CoV-2 coronavirus was first

reported in Wuhan, China and commenced a global pan-

demic that has resulted in over 21 million confirmed
cases and 762,997 deaths as of August 2020 (1). Although the
major cause of morbidity and mortality in COVID-19 infec-
tion is acute respiratory distress syndrome (ARDS) and subse-
quent respiratory failure, a surprising number of patients have
been reported to exhibit neurological symptoms, ranging
from acute cerebrovascular insults, encephalitis, inflammatory
demyelination, to isolated sensorineural deficits—in particu-
lar, anosmia and dysgeusia (2). Therefore, it is of critical
importance for healthcare providers to be aware of the

Acad Radiol 2020; 27:1507-1514

From the Department of Radiology and Biomedical Imaging, Neuroradiology
Section, University of California, San Francisco, California, USA (S.P., J.D.B.,
L.P.S.); Department of Radiation Oncology, University of California, San Fran-
cisco, 505 Parnassus Ave, San Francisco, California, 94143, USA (W.C.C.).
Received August 5, 2020; revised August 19, 2020; accepted August 21,
2020. Conflicts of Interest: Authors declare that they have no conflicts of inter-
est. This research did not receive any specific grant from funding agencies in
the public, commercial, or not-for-profit sectors. Address correspondence
to: L.P.S. e-mail: leo.sugrue@ucsf.edu

© 2020 The Association of University Radiologists. Published by Elsevier Inc.
All rights reserved.
https://doi.org/10.1016/j.acra.2020.08.026

spectrum of neurological and neuroradiological manifesta-
tions that can either present as an incidental finding or initial
symptom of COVID-19 infection, or as potential sequelae to
a primary COVID-19 pneumonia. In particular, it is poorly
understood how presentation of neurological symptoms can
vary in patients with different severities of COVID-19 infec-
tion. Towards this end, a systematic review was conducted
on the current literature thus far on neuroradiological find-
ings in the setting of mild and severe SARS-CoV-2 infection.

METHODS
Literature Search

A systematic search was conducted via query of the Pubmed and
Embase electronic databases with the following search terms:
“((brain or neurological or neurology or neuropsychiatric or
neuroimaging or anosmia or neuroradiological or neuroradiol-
ogy) AND (MRI or magnetic resonance imaging or CT or
computerized tomography or radiology or radiological or imag-
ing) AND (COVID-19 or novel coronavirus or SARS-COV-2
or 2019-nCoV)).” Duplicate records between the two databases
and studies without sufficient abstract and title relevance were
excluded in an initial screen. Screening based on the full-text of
the article was then performed on the remaining studies,
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excluding any that met the following predetermined criteria: (1)
the study did not contain CT or MRI findings of the brain, (2)
the study did not involve patients with confirmed COVID-19
infection, (3) the study was a review, editorial, or commentary
(Fig 1). Literature search and study screening were performed by
a single investigator and was completed by July 17, 2020. The
quality of included studies was examined based on the nine item
National Institutes of Health (NIH) Quality Assessment Tool for
Case Series, which assesses the quality of data in a study based on
the following nine questions: (1) Was the study question or
objective clearly stated? (2) Was the study population clearly and
fully described, including a case definition? (3) Were the cases
consecutive? (4) Were the subjects comparable? (5) Was the
intervention clearly described? (6) Were the outcome measures
clearly defined, valid, reliable, and implemented consistently
across all study participants? (7) Was the length of follow-up ade-
quate? (8) Were the statistical methods well-described? and (9)
Were the results well-described?; an overall rating of “good,”
“fair,” or “poor” was then assigned (3). Studies Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) checklists were utilized for the study selection process
(4). No institutional review board approval was required for this
study.

Data extraction

Patient demographics (age, sex, and number), main radiologi-
cal findings (imaging modality, anatomical localization of find-
ings, textual descriptions, and interpretation), neurological
symptoms, and severity of COVID-19 infection (out-patient,
in-patient, admission to the intensive care unit (ICU),

536 records identified

Pubmed: 289
Embase: 247

l

515 studies screened
based on title & abstract

|
l

89 studies screened based
on abstract & full-text

\/

21 duplicate records excluded

426 studies excluded

\/

‘ 28 studies excluded:

28 studies excluded:
l Review or editorial, n = 8
No neuroimaging data, n = 20

61 studies included in
systematic review

51 case reports or series
10 retrospective studies

Fig. 1. PRISMA schematic of literature search and screening.
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intubation, and mechanical ventilation status) were systemati-
cally extracted from primary literature by two investigators.
Severity of COVID-19 infection was then binarized into mild
or severe infections, in which any mention of admission to the
ICU for respiratory illness, ARDS, or invasive respiratory sup-
port was classified as severe. General categories of textual
descriptions of imaging findings were then quantified and tab-
ulated by two investigators, with disputes mediated by consen-
sual discussions and/or arbitration by the main investigator.

RESULTS
Overview of included studies

In total, 536 records were identified from Pubmed and Embase
and 89 nonduplicate studies were screened based on title and
abstract relevance. Twenty-eight studies were then excluded
from this pool, primarily those that reported neurological symp-
toms in patients but did not include radiological findings.
Because the SARS-COV-2 pandemic has been a rapidly emer-
gent phenomenon, there is a relatively low number of large-
scale retrospective and observational studies reporting neurora-
diological findings currently represented in the literature. Con-
sequently, we decided to include 51 case reports and case series
in this review for a total of 61 studies (5—65) comprising 711
patients. All of these studies used a combination of CT and
MRUI, with the exception of a singular instance of PET-CT to
evaluate orbitofrontal function in a patient with anosmia (41).
The methodological quality of the included studies as deter-
mined by the NIH quality assessment tool are detailed in Table 1
and were generally rated as “fair” and “good.”

Synopsis of retrospective studies

Ten observational or retrospective studies with study cohort
>10 patients describing 628 patients of median age 66 were
identified and screened for inclusion in the current study
(Table 2, Fig 2) (5—14). The vast majority of these patients
(579, 92.2%) were admitted to the ICU, intubated and placed
on mechanical ventilation, or were reported to have ARDS,
and thus were classified as having severe COVID-19 infec-
tion. The predominant neuroradiological findings in this
population of 628 patients were nonspecific white matter
abnormalities (162, 25.8%), ischemic infarct (141, 22.5%),
and cerebral hemorrhage (78, 12.4%). Less commonly
reported findings included leptomeningeal enhancement (13,
2.1%), venous thrombosis (3, 0.48%), posterior reversible
encephalopathy syndrome (3, 0.48%), olfactory bulb abnor-
malities (3, 0.48%), encephalitis (1, 0.16%). Study-specific
neuroradiological findings for each of the 10 retrospective
studies are detailed in Supplementary Table 1.

Synopsis of case reports and series

Fifty-one case reports and case series describing 83 patients of
median age 54 years were included in the current study,
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TABLE 1. NIH Quality Assessment Tool for Case Series

Citation NIH Quality Assessment Tool Criteria Overall Rating
1 2 3 4 5 6 7 8 9

Radmanesh, 2020 (5) Yes Yes NR Yes NA Yes NA Yes Yes Fair
Helms, 2020 (6) Yes Yes CD Yes NA Yes NA Yes Yes Good
Giorgianni, 2020 (7) Yes Yes Yes Yes NA Yes NA Yes Yes Fair
Jain, 2020 (8) Yes Yes CD Yes NA Yes NA Yes Yes Good
Kandemirli, 2020 (9) Yes Yes CD Yes NA Yes NA Yes Yes Fair
Kremer, 2020 (10) Yes Yes CD Yes NA Yes NA Yes Yes Fair
Coolen, 2020 (11) Yes Yes Yes Yes NA Yes NA Yes Yes Good
Mahammedi, 2020 (12) Yes Yes CD Yes NA Yes NA Yes Yes Good
Radmanesh, 2020 (13) Yes Yes Yes Yes NA Yes NA Yes Yes Good
Chougar, 2020 (14) Yes Yes Yes Yes NA Yes NA Yes Yes Good
Falcone, 2020 (15) Yes Yes NA NA NA NA NA NA Yes Fair
Abdi, 2020 (16) Yes Yes NA NA NA NA NA NA Yes Fair
Hutchins, 2020 (17) Yes Yes NA NA NA NA NA NA Yes Fair
Virhammar, 2020 (18) Yes Yes NA NA NA NA NA NA Yes Fair
Li, 2020 (19) Yes Yes NA NA NA NA NA NA Yes Fair
Pinto, 2020 (20) Yes Yes NA NA NA NA NA NA Yes Fair
Sancho-Saldana, 2020 (21) Yes Yes NA NA NA NA NA NA Yes Fair
Oguz—Akarsu, 2020 (22) Yes Yes NA NA NA NA NA NA Yes Fair
Zhang, 2020 (23) Yes Yes NA NA NA NA NA NA Yes Fair
Mirzaee, 2020 (24) Yes Yes NA NA NA NA NA NA Yes Fair
Novi, 2020 (25) Yes Yes NA NA NA NA NA NA Yes Fair
Efe, 2020 (26) Yes Yes NA NA NA NA NA NA Yes Fair
Hayashi, 2020 (27) Yes Yes NA NA NA NA NA NA Yes Fair
Politi, 2020 (28) Yes Yes NA NA NA NA NA NA Yes Fair
Laurendon, 2020 (29) Yes Yes NA NA NA NA NA NA Yes Fair
Garaci, 2020 (30) Yes Yes NA NA NA NA NA NA Yes Fair
Hemasian, 2020 (31) Yes Yes NA NA NA NA NA NA Yes Fair
Wong, 2020 (32) Yes Yes NA NA NA NA NA NA Yes Fair
Vollono, 2020 (33) Yes Yes NA NA NA NA NA NA Yes Fair
Galougahi, 2020 (34) Yes Yes NA NA NA NA NA NA Yes Fair
Moriguchi, 2020 (35) Yes Yes NA NA NA NA NA NA Yes Fair
Alberti, 2020 (36) Yes Yes NA NA NA NA NA NA Yes Fair
Lantos, 2020 (37) Yes Yes NA NA NA NA NA NA Yes Fair
Yin, 2020 (38) Yes Yes NA NA NA NA NA NA Yes Fair
Al-olama, 2020 (39) Yes Yes NA NA NA NA NA NA Yes Fair
Farhadian, 2020 (40) Yes Yes NA NA NA NA NA NA Yes Fair
Karimi-Galougahi, 2020 (41) Yes Yes NA NA NA NA NA NA Yes Good
Dinkin, 2020 (42) Yes Yes NA NA NA NA NA NA Yes Fair
Franceschi, 2020 (43) Yes Yes NA NA NA NA NA NA Yes Fair
Aragao, 2020 (44) Yes Yes CD Yes NA Yes NA Yes Yes Good
Kulick-Soper, 2020 (45) Yes Yes NA NA NA NA NA NA Yes Fair
Cariddi, 2020 (46) Yes Yes NA NA NA NA NA NA Yes Fair
Hanafi, 2020 (47) Yes Yes NA NA NA NA NA NA Yes Fair
Li, 2020 (48) Yes Yes NA NA NA NA NA NA Yes Fair
Espinosa, 2020 (49) Yes Yes NA NA NA NA NA NA Yes Fair
Haddadi, 2020 (50) Yes Yes NA NA NA NA NA NA Yes Fair
Radmanesh, 2020 (51) Yes Yes NA NA NA NA NA NA Yes Fair
Parsons, 2020 (52) Yes Yes NA NA NA NA NA NA Yes Fair
Afshar, 2020 (53) Yes Yes NA NA NA NA NA NA Yes Fair
Dixon, 2020 (54) Yes Yes NA NA NA NA NA NA Yes Fair
Sachs, 2020 (55) Yes Yes NA NA NA NA NA NA Yes Fair
Zanin, 2020 (56) Yes Yes NA NA NA NA NA NA Yes Fair
Kaya, 2020 (57) Yes Yes NA NA NA NA NA NA Yes Fair
Poyiadiji, 2020 (58) Yes Yes NA NA NA NA NA NA Yes Fair

(continued)
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TABLE 1. (Continued)

Citation NIH Quality Assessment Tool Criteria Overall Rating
1 2 3 4 5 6 7 8 9

Nicholson, 2020 (59) Yes Yes CD Yes NA Yes NA Yes Yes Good

Avula, 2020 (60) Yes Yes Yes Yes NA Yes NA Yes Yes Good
Malentacchi, 2020 (61) Yes Yes NA NA NA NA NA NA Yes Fair

Kishfy, 2020 (62) Yes Yes CD Yes NA Yes NA Yes Yes Fair

Lang, 2020 (63) Yes Yes Yes Yes NA Yes NA Yes Yes Fair

Ashrafi, 2020 (64) Yes Yes NR Yes NA Yes NA Yes Yes Good
Morassi, 2020 (65) Yes Yes NR Yes NA Yes NA Yes Yes Fair

CD, cannot determine; NA, not applicable; NIH, National Institutes of Health; NR, not reported. The NIH Quality Assessment Tool for Case
Series (3) is based on nine questions: (1) Was the study question or objective clearly stated? (2) Was the study population clearly and fully
described, including a case definition? (3) Were the cases consecutive? (4) Were the subjects comparable? (5) Was the intervention clearly
described? (6) Were the outcome measures clearly defined, valid, reliable, and implemented consistently across all study participants? (7) Was
the length of follow-up adequate? (8) Were the statistical methods well-described? (9) Were the results well-described?

summarized in (Table 3, Fig 3) (15—065). The severity of
COVID-19 patients in this pool was more diverse, with 41
patients (49.4%) classified as mild and 42 patients (50.6%) clas-
sified as severe. As there is a large variation in both the neuro-
logical presentation and severity of respiratory symptoms in
COVID-19 patients, we listed the prevalence of major neu-
roradiological findings in mild and severe COVID-19
patients separately. Amongst the 41 mild patients, the most
prevalent radiological findings were cranial nerve abnormali-
ties (13, 31.7%), many of which were abnormalities in the
olfactory tract (9, 30.0%), followed closely by cerebral infarc-
tion (12, 29.3%) and white matter abnormalities (8, 19.5%).
Leptomeningeal enhancement (3, 7.3%), myelopathy (2,
4.9%), cerebral hemorrhage (1, 2.4%), venous thrombosis (1,
2.4%), peripheral nerve abnormalities (1, 2.4%), and normal
imaging (3, 7.3%) were less commonly reported findings.
Amongst the 42 severe patients, the most prevalent radiologi-
cal findings were white matter abnormalities (21, 50%), fol-

lowed by cerebral infarct (13, 33.3%) and cerebral

TABLE 2. Summary of Retrospective Studies
Total number of retrospective 10 studies

studies
Total number of patients 628 patients
Median age 66 years
Severity of respiratory symptoms 49 mild patients (7.8%) in 2

studies
579 severe patients (92.2%)
in 9 studies

Neuroradiological findings (628 patients)

White matter abnormalities 162 (25.8%)

Ischemic infarct 141 (22.5%)

Cerebral hemorrhage 78 (12.4%)

Leptomeningeal enhancement 13 (0.54%)

Venous thrombosis 3(0.48%)

Posterior reversible 3(0.48%)

encephalopathy syndrome
Olfactory bulb abnormalities 3(0.48%)
Encephalitis 1(0.16%)
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hemorrhage (13, 33.3%). Posterior reversible encephalopathy
syndrome (4, 9.5%) and venous thrombosis (1, 2.4%) were
less commonly reported findings. Study-specific radiological
findings and neurological symptoms are detailed for mild
patients in Supplementary Table 2 and severe patients in Sup-
plementary Table 3.

DISCUSSION

In this study, the range of potential neuroradiological findings
that have been reported in patients with SARS-CoV-2 infec-
tion were systematically tabulated according to severity of the
primary respiratory infection. To the best of our knowledge,
this is the first systematic review on neuroradiological findings
in COVID-19 performed in this manner. Surprisingly, cere-
bral infarction was commonly reported in cases of both mild
and severe COVID-19 infection, suggesting that ischemic
stroke may be a result of a virally-induced hypercoagulable
state and not merely a consequence of severe systemic disease.
Hemorrhagic events are also a commonly reported finding,
but in contrast to ischemic infarction, the prevalence of hem-
orrhage appears to be more specific for severe COVID-19
patients. Although the majority of retrospective cohorts ana-
lyzed consisted solely of severe patients, one recently pub-
lished study examined a comparable amount of ICU and
non-ICU patients and similarly concluded that ischemic
lesions were equally present across both populations while
hemorrhages were limited to those with severe disease (14).
In contrast, isolated cranial nerve abnormalities were exclu-
sively reported in patients with mild infection, with a high
degree of olfactory tract involvement. These structural find-
ings are corroborated by '""FDG PET/CT imaging of an oth-
erwise asymptomatic COVID-19 patient with anosmia
demonstrating hypometabolism in the orbitofrontal cortex
(41). These data suggests that cranial nerve abnormalities and
anosmia could present as the initial or sole indicator of
COVID-19 infection.

Many pathophysiological mechanisms of nervous system
involvement in COVID-19 infection have been proposed.
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Fig. 2. Neuroimaging findings in patients with severe COVID-19
infection Head CT depicting (a) extensive acute intracranial hemor-
rhage in a 74-year-old man with absent brainstem reflexes following
uncal, subfalcine, and transtentorial herniation and (b) left parietal
intraparenchymal hemorrhage with surrounding vasogenic edema in
a 61-year-old woman with right-sided weakness and numbness
(13). (c,d) Noncontrast head CT showing two different ischemic
lesions in the left occipital and right frontal lobes of a 64-year-old
man with elevated coagulation tests (65). (e,f) Axial susceptibility
weighted imaging of extensive microhemorrhages in a 57-year-old
man, primarily in the subcortical white matter, corpus callosum,
internal capsule and cerebellar peduncles (10). (g,h) White matter
abnormalities that are hyperintense on axial T2 FLAIR imaging (g)
and show perivascular enhancement on postcontrast T1-weighted
images (h) in a 37-year-old male who developed ARDS and multiple
organ failure (14). Panels a and b reproduced from Radmanesh et al.
(13) with permission from the American Society of Neuroradiology,
panels ¢ and d reproduced from Morassi et al. (65) with permission
from Springer Nature (COVID-19 PMC Open Access Subset). Panels
e and f reproduced from Kremer et al. (10) and panels g and h repro-
duced from Chougar et al. (14) with permission from the Radiological
Society of North America (COVID-19 PMC Open Access Subset).

TABLE 3. Summary of Case Reports and Series

Total number of case reports 42 case reports, 9 case series

and series

Total number of patients 83 patients

Median age 54 years

Severity of respiratory 41 mild patients (49.4%) in 30
symptoms (57.7%) studies

42 severe patients (50.6%) in
21 (42.3%) studies
Neuroradiological findings in mild COVID-19 infection (41
patients)
Cranial nerve abnormalities 13 (31.7%)

9 (80.0%) associated with the

olfactory tract
Ischemic infarct 12 (29.3%)
White matter abnormalities 8 (19.5%)
Normal imaging 3(7.3%)
Leptomeningeal 2 (4.9%)
enhancement
Myelopathy 2 (4.9%)
Cerebral hemorrhage 1(2.4%)
Venous thrombosis 1(2.4%)
Peripheral nerve 1(2.4%)
abnormality
Neuroradiological findings in severe COVID-19 infection (42
patients)
White matter abnormalities 21 (50%)
Ischemic infarct 13 (33.3%)
Cerebral hemorrhage 13 (31.0%)
Posterior reversible 4 (9.5%)
encephalopathy
syndrome
Venous thrombosis 1(2.4%)

These include a hypercoagulable state leading to thrombo-
embolic events, endothelial cell and neurovascular injury via
ACE2-mediated tropism and subsequent hemorrhage, hyp-
oxic ischemia secondary to acute respiratory failure, direct
neurotropism and access to the brain via hematogenous
spread or retrograde migration along the olfactory nerve, and
inflammatory injury secondary to cytokine storms (2,60).
Although anosmia can conceivably be caused by rhinitis or
mucus plugging as in influenza and other viral infections,
these are not typical symptoms of COVID-19 infection nor
would this explanation be consistent with the length of anos-
mia and central localization of reported structural and func-
tional brain abnormalities (2,8,41). The prevalence of these
findings in patients with mild or asymptomatic infection fur-
ther argue against a conductive anosmia and more supports a
sensorineural etiology. Although some coronaviruses can
invade the olfactory bulb via the cribriform plate (67), a lack
of evidence for Ace2 expression in murine neurons (68)
argues against of SARS-CoV-2,
although a recent study reported Ace2 expression in mitral
cells of the olfactory bulb (69). Rather, SARS-CoV-2 may
indirectly influence olfactory neural circuits via infection of

direct neurotropism

non-neuronal Ace2-positive cells such as oligodendrocytes,
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Fig. 3. Neuroimaging findings in patients with mild COVID-19 infection. (a) Coronal T2 FLAIR view of a cortical hyperintensity in the right gyrus
rectus (yellow arrowheads) and subtle hyperintensities in the bilateral olfactory bulbs (inset, white arrowheads) of a 25-year-old woman with anos-
mia and PCR-confirmed SARS-CoV-2 infection; (b) 28 days later, the cortical hyperintensity is completely resolved with slight reductions in the
intensity and thickness of the olfactory bulbs (28). Axial (c) and coronal (d) T2-weighted fat-suppressed images depicting an enlarged CN Il and
increased signal of the cavernous sinus-exiting nerve in a 36-year-old man (37). Axial T2-weighted MRI (e) and apparent diffusion coefficient
(ADC) map (f) depicting an acute ischemic stroke in the left basal ganglia and insula, likely from focal arterial vasculopathy, in a previously healthy
SARS-CoV-2-positive 12-year-old boy with seizures, right hemiparesis, and dysarthria but no respiratory symptoms or chest CT findings (24).
Panels a and b reproduced from Politi et al. (28) with permission from American Medical Association, panels ¢ and d reproduced from Lantos
et al. (37) with permission from the American Society of Neuroradiology. Panels e and f reproduced from Mirzaee et al. (24) with permission from
the Radiological Society of North America (COVID-19 PMC Open Access Subset).

astrocytes, and endothelial cells by pathologically altering
axonal conduction velocity, metabolic and neurotransmitter
homeostasis, and/or cerebral perfusion (68,70,71). The high
prevalence of white matter abnormalities, ischemic infarction,
and hemorrhage found on neuroimaging of COVID-19
patients support these disease mechanisms. Given the wide
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range of potential neurological symptoms reported in
COVID-19 patients, it is likely that many or all of these
mechanisms are involved to some degree across the patient
population.

There are several limitations to this study. It is difficult to
standardize reporting of radiological data, which can be in the
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form of objective observations or presumptive diagnoses that
may be subject to clinical bias. Reporting standards also varied
for MRI sequence details, clinical neurological symptoms,
and descriptions of findings. A subset of neuroimaging abnor-
malities, particularly in the population of elderly, ill patients
with severe infection, may be incidental findings unrelated to
acute COVID-19 infection. Routine neuroimaging repre-
sents an unnecessary viral exposure risk and is not indicated in
most COVID-19 patients, and so brain imaging studies are
likely to be selectively done in patients with significant neu-
rological symptoms, underreporting potential findings in
patients with mild disease. Conversely, there is a high proba-
bility of publication bias in the reviewed case reports as
COVID-19 patients with unremarkable neuroimaging find-
ings are unlikely to be published.

Concluding remarks

We suggest that the findings of this systematic review pro-
vides public health utility in that incidental neuroimaging
findings or unexplained neurological symptoms can prompt
evaluation for mild COVID-19 infection and prevention of
asymptomatic spread, as well as clinical utility in aiding sur-
veillance and management of potential life-threatening neu-
rological sequalae in the setting of severe COVID-19
infection such as cerebral infarction and hemorrhage. Amidst
a global pandemic, dissemination of information to the medi-
cal community at all levels—from case reports to retrospec-
tive studies to meta-analyses—will be required for clinicians
to make informed decisions when caring for patients with
SARS-CoV-2. From a pathophysiological perspective, lateral
integration of clinical data, neuroimaging findings, pathology
reports, animal models, and molecular studies will be neces-
sary to fully understand the effects of COVID-19 infection
on the nervous system.

REFERENCES

1. COVID-19 Map. Center for Systems Science and Engineering at Johns
Hopkins University, https://coronavirus.jnu.edu/map.html. Accessed 14
August 2020.

2. Ellul MA, Benjamin L, Singh B, et al. Neurological associations of COVID-
19. Lancet Neurol 2020 https://doi.org/10.1016/S1474-4422(20)30221-0.

3. National Heart Lung, and Blood Institute website. Study quality assess-
ment tools. www.nhlbi.nih.gov/health-topics/study-quality-assessment-
tools. Accessed 17 July 2020.

4. Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for report-
ing systematic reviews and meta-analyses of studies that evaluate health
care interventions: explanation and elaboration. Plos Med 2009; 6(7):
e€1000100.

5. Radmanesh A, Derman A, Lui YW, et al. COVID-19 -associated diffuse
leukoencephalopathy and microhemorrhages. Radiology 2020:202040.

6. Helms J, Kremer S, Merdji H, et al. Neurologic features in severe SARS-
CoV-2 infection. N Engl J Med 2020; 382(23):2268-2270.

7. Giorgianni A, Vinacci G, Agosti E, et al. Neuroradiological features in
COVID-19 patients: First evidence in a complex scenario. J Neuroradiol-
ogy 2020.

8. Jain R, Young M, Dogra S, et al. COVID-19 related neuroimaging find-
ings: a signal of thromboembolic complications and a strong prognostic
marker of poor patient outcome. J Neurol Sci 2020; 414:116923.

9. Kandemirli SG, Dogan L, Sarikaya ZT, et al. Brain MRI findings in patients in
the intensive care unit with COVID-19 infection. Radiology 2020:201697.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kremer S, Lersy F, Séze J de, et al. Brain MRI findings in severe COVID-
19: a retrospective observational study. Radiology 2020:202222.

Coolen T, Lolli V, Sadeghi N, et al. Early postmortem brain MRI find-
ings in COVID-19 non-survivors. Neurology 2020. 10.1212/
WNL.0000000000010116.

Mahammedi A, Saba L, Vagal A, et al. Imaging in neurological disease of
hospitalized COVID-19 patients: an italian multicenter retrospective
observational study. Radiology 2020:201933.

Radmanesh A, Raz E, Zan E, et al. Brain imaging use and findings in
COVID-19: a single academic center experience in the epicenter of dis-
ease in the United States. Am J Neuroradiol 2020; 41(7):1179-1183.
Chougar L, Shor N, Weiss N, et al. Retrospective observational study of
brain magnetic resonance imaging findings in patients with acute
SARS-CoV-2 infection and neurological manifestations. Radiology
2020:202422.

Falcone MM, Rong AJ, Salazar H, et al. Acute abducens nerve palsy in a
patient with the novel coronavirus disease (COVID-19). J Aapos Official
Publ Am Assoc Pediatric Ophthalmol Strabismus 2020. S1091-8531(20)
30116-6.

Abdi S, Ghorbani A, Fatehi F. The association of SARS-CoV-2 infection
and acute disseminated encephalomyelitis without prominent clinical
pulmonary symptoms. J Neurol Sci 2020; 416:117001.

Hutchins KL, Jansen JH, Comer AD, et al. COVID-19-associated bifacial
weakness with paresthesia subtype of Guillain-Barré syndrome. Ajnr Am
J Neuroradiol 2020. doi:10.3174/ajnr.A6654.

Virhammar J, Kumlien E, Fallmar D, et al. Acute necrotizing encephalopa-
thy with SARS-CoV-2 RNA confirmed in cerebrospinal fluid. Neurology
2020. 10.1212/WNL.0000000000010250.

Li C-W, Syue L-S, Tsai Y-S, et al. Anosmia and olfactory tract neuropathy
in a case of COVID-19. J Microbiol Immunol Infect Wei Mian Yu Gan Ran
Za Zhi 2020. S1684-1182(20)30144-4.

Pinto AA, Carroll LS, Nar V, et al. CNS inflammatory vasculopathy with
antimyelin oligodendrocyte glycoprotein antibodies in COVID-19. Neu-
rology R Neuroimmunol Neuroinflammation 2020; 7(5):e813.
Sancho-Saldana A, A Lambea-Gil, Liesa JLC, et al. Guillain-Barré syn-
drome associated with leptomeningeal enhancement following SARS-
CoV-2 infection. Clin Medicine Lond Engl 2020. clinmed.2020-0213.
Oguz—Akarsu E, Ozpar R, Mirzayev H, et al. Guillain-Barré syndrome in a
patient with minimal symptoms of COVID-19 infection. Muscle Nerve 2020;
62(3):E54-E57.

Zhang Q, Shan KS, Abdollahi S, et al. Anosmia and Ageusia as the only
indicators of coronavirus disease 2019 (COVID-19). Cureus 2020; 12(5):
e7918.

Mirzaee SMM, Gongalves FG, Mohammadifard M, et al. Focal Cerebral
Arteriopathy in a COVID-19 Pediatric Patient. Radiology 2020:202197.
Novi G, Rossi T, Pedemonte E, et al. Acute disseminated encephalomy-
elitis after SARS-CoV-2 infection. Neurology - Neuroimmunol Neuroin-
flammation 2020; 7(5):e797.

Efe IE, Aydin OU, Alabulut A, et al. COVID-19-associated encephalitis
mimicking glial tumor: a case report. World Neurosurg 2020; 140:46-48.
Hayashi M, Sahashi Y, Baba Y, et al. COVID-19-associated mild enceph-
alitis/encephalopathy with a reversible splenial lesion. J Neurol Sci 2020;
415:116941.

Politi LS, Salsano E, Grimaldi M. Magnetic resonance imaging alteration
of the brain in a patient with coronavirus disease 2019 (COVID-19) and
anosmia. Jama Neurol 2020; 77(8). doi:10.1001/jamaneurol.2020.2125.
Laurendon T, Radulesco T, Mugnier J, et al. Bilateral transient olfactory
bulbs edema during COVID-19-related anosmia. Neurology 2020.
10.1212/WNL.0000000000009850.

Garaci F, Giuliano FD, Picchi E, et al. Venous cerebral thrombosis in
COVID-19 patient. J Neurol Sci 2020; 414:116871.

Hemasian H, Ansari B. First case of Covid-19 presented with cerebral
venous thrombosis: a rare and dreaded case. Rev Neurol 2020; 176
(6):521-523.

Wong PF, Craik S, Newman P, et al. Lessons of the month 1: a case of
rhombencephalitis as a rare complication of acute COVID-19 infection.
Clin Medicine Lond Engl 2020; 20(3):293-294.

Vollono C, Rollo E, Romozzi M, et al. Focal status epilepticus as
unique clinical feature of COVID-19: a case report. Seizure 2020;
78:109-112.

Galougahi MK, Ghorbani J, Bakhshayeshkaram M, et al. Olfactory bulb
magnetic resonance imaging in SARS-CoV-2-Induced anosmia: the first
report. Acad Radiol 2020; 27(6):892-893.

1513


https://coronavirus.jhu.edu/map.html
https://doi.org/10.1016/S1474-4422(20)30221-0
http://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0004
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0004
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0004
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0004
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0005
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0005
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0006
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0006
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0007
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0007
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0007
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0008
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0008
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0008
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0009
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0009
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0010
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0010
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0010
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0011
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0011
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0011
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0012
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0012
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0012
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0013
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0013
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0013
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0014
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0014
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0014
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0014
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0015
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0015
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0015
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0015
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0016
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0016
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0016
https://doi.org/10.3174/ajnr.A6654
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0018
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0018
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0018
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0018
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0019
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0019
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0019
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0020
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0020
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0020
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0021
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0021
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0021
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0021
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0021
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0021
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0022
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0022
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0022
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0022
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0022
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0023
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0023
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0023
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0024
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0024
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0024
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0025
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0025
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0025
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0026
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0026
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0027
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0027
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0027
https://doi.org/10.1001/jamaneurol.2020.2125
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0029
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0029
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0029
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0030
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0030
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0031
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0031
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0031
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0032
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0032
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0032
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0033
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0033
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0033
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0034
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0034
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0034

PAN ET AL

Academic Radiology, Vol 27, No 11, November 2020

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Moriguchi T, Harii N, Goto J, et al. A first Case of Meningitis/Encephalitis
associated with SARS-Coronavirus-2. Int J Infect Dis ljid Official Publ Int
Soc Infect Dis 2020; 94:55-58.

Alberti P, Beretta S, Piatti M, et al. Guillain-Barré syndrome related to
COVID-19 infection. Neurology - Neuroimmunol Neuroinflammation
2020; 7(4):e741.

Lantos JE, Strauss SB, Lin E. COVID-19—Associated Miller Fisher syn-
drome: MRI findings. Am J Neuroradiol 2020; 41(7):1184-1186.

Yin R, Feng W, Wang T, et al. Concomitant neurological symptoms observed
in a patient diagnosed with coronavirus disease 2019. J Med Virol 2020.
doi:10.1002/jmv.25888.

Al-olama M, Rashid A, Garozzo D. COVID-19-associated meningoen-
cephalitis complicated with intracranial hemorrhage: a case report. Acta
Neurochir 2020; 162(7):1495-1499.

Farhadian S, Glick LR, Vogels CBF, et al. Acute encephalopathy with ele-
vated CSF inflammatory markers as the initial presentation of COVID-19.
Bmc Neurol 2020; 20(1):248.

Karimi-Galougahi M, Yousefi-Koma A, Bakhshayeshkaram M, et al.
18FDG PET/CT scan reveals hypoactive orbitofrontal cortex in anosmia
of COVID-19. Acad Radiol 2020; 27(7):1042-1043.

Dinkin M, Gao V, Kahan J, et al. COVID-19 presenting with ophthal-
moparesis from cranial nerve palsy. Neurology 2020. 10.1212/
WNL.0000000000009700.

Franceschi AM, Ahmed O, Giliberto L, et al. Hemorrhagic posterior
reversible encephalopathy syndrome as a manifestation of COVID-19
infection. Ajnr Am J Neuroradiol 2020; 41(7):1173-1176.

Aragao MFVV, Leal MC, Filho OQC, et al. Anosmia in COVID-19 associ-
ated with injury to the olfactory bulbs evident on MRI. Ajnr Am J Neurora-
diol 2020. doi:10.3174/ajnr.A6675.

Kulick-Soper CV, McKee JL, Wolf RL, et al. Pearls & Oy-sters: Bilateral
globus pallidus lesions in a patient with COVID-19. Neurology 2020.
10.1212/WNL.0000000000010157.

Cariddi LP, Damavandi PT, Carimati F, et al. Reversible encephalopathy
syndrome (PRES) in a COVID-19 patient. J Neurol 2020: 1-4.
doi:10.1007/s00415-020-10001-7.

Hanafi R, Roger P-A, Perin B, et al. COVID-19 neurologic complication
with CNS Vasculitis-Like pattern. Ajnr Am J Neuroradiol 2020; 41
(8):1384-1387.

Li J, Long X, Zhu C, et al. A case of COVID-19 pneumonia with cerebral
hemorrhage. Thromb Res 2020; 193:22-24.

Espinosa PS, Rizvi Z, Sharma P, et al. Neurological complications of
coronavirus disease (COVID-19): encephalopathy, MRI brain and cere-
brospinal fluid findings: case 2. Cureus 2020; 12(5):e7930.

Haddadi K, Ghasemian R, Shafizad M, et al. Basal ganglia involvement
and altered mental status: a unique neurological manifestation of coro-
navirus disease 2019. Cureus 2020; 12(4):e7869.

Radmanesh A, Derman A, Ishida K. COVID-19-associated delayed post-
hypoxic necrotizing leukoencephalopathy. J Neurol Sci 2020;
415:116945.

Parsons T, Banks S, Bae C, et al. COVID-19-associated acute dissemi-
nated encephalomyelitis (ADEM). J Neurol 2020: 1-4. doi:10.1007/
s00415-020-09951-9.

Afshar H, Yassin Z, Kalantari S, et al. Evolution and resolution of brain
involvement associated with SARS- CoV2 infection: A close Clinical —
Paraclinical follow up study of a case. Mult Scler Relat Dis 2020;
43:102216.

Dixon L, Varley J, Gontsarova A, et al. COVID-19-related acute necrotiz-
ing encephalopathy with brain stem involvement in a patient with aplastic
anemia. Neurology R Neuroimmunol Neuroinflammation 2020; 7(5):e789.

1514

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sachs JR, Gibbs KW, Swor DE, et al. COVID-19-associated leukoence-
phalopathy. Radiology 2020:201753.

Zanin L, Saraceno G, Panciani PP, et al. SARS-CoV-2 can induce brain
and spine demyelinating lesions. Acta Neurochir 2020; 162(7):1491-1494.
Kaya Y, Kara S, Akinci C, et al. Transient cortical blindness in COVID-19
pneumonia; a PRES-like syndrome: Case report. J Neurol Sci 2020;
413:116858.

Poyiadiji N, Shahin G, Noujaim D, et al. COVID-19—associated Acute
Hemorrhagic Necrotizing Encephalopathy: CT and MRI Features. Radiol-
ogy 2020:201187.

Nicholson P, Alshafai L, Krings T. Neuroimaging findings in patients with
COVID-19. Ajnr Am J Neuroradiol 2020; 41(8):1380-1383.

Avula A, Nalleballe K, Narula N, et al. COVID-19 presenting as stroke.
Brain Behav Immun 2020; 87:115-119.

Malentacchi M, Gned D, Angelino V, et al. Concomitant brain arterial and
venous thrombosis in a COVID-19 patient. Eur J Neurol 2020.
doi:10.1111/ene.14380.

Kishfy L, Casasola M, Banankhah P, et al. Posterior reversible encepha-
lopathy syndrome (PRES) as a neurological association in severe Covid-
19. J Neurol Sci 2020; 414:116943.

Lang M, Buch K, Li MD, et al. Leukoencephalopathy associated with
severe COVID-19 infection: sequela of hypoxemia? Ajnr Am J Neurora-
diol 2020. doi:10.3174/ajnr.A6671.

Ashrafi F, Zali A, Ommi D, et al. COVID-19-related strokes in adults below
55 years of age: a case series. Neurol Sci Offic J Italian Neurolog Soc
Italian Soc Clin Neurophys 2020; 41(8):1985-1989.

Morassi M, Bagatto D, Cobelli M, et al. Stroke in patients with SARS-
CoV-2 infection: case series. J Neurol 2020; 267(8):2185-2192.

Zubair AS, McAlpine LS, Gardin T, et al. Neuropathogenesis and neuro-
logic manifestations of the coronaviruses in the age of coronavirus dis-
ease 2019: a review. Jama Neurol 2020; 77(8).

Durrant DM, Ghosh S, Klein RS. The olfactory bulb: an immunosensory
effector organ during neurotropic viral infections. Acs Chem Neurosci
2016; 7(4):464-469.

Brann D, Tsukahara T, Weinreb C, et al. Nonneuronal expression of
SARS-CoV-2 entry genes in the olfactory system suggests mechanisms
underlying COVID-19-associated anosmia. bioRxiv 2020 https://doi.org/
10.1101/2020.03.25.009084.

Ueha R, Kondo K, Kagoya R, et al. Background mechanisms of olfactory
dysfunction in COVID-19: expression of ACE2, TMPRSS2, and Furin in
the nose and olfactory bulb in human and mice. bioRxiv 2020 https://doi.
org/10.1101/2020.05.15.097352.

Gowrisankar YV, Clark MA. Angiotensin Il induces interleukin-6 expres-
sion in astrocytes: role of reactive oxygen species and NF-«B. Mol Cell
Endocrinol 2016; 437:130-141.

Muus C, Luecken MD, Eraslan G, et al. Integrated analyses of single-cell
atlases reveal age, gender, and smoking status associations with cell
type-specific expression of mediators of SARS-CoV-2 viral entry and
highlights inflammatory programs in putative target cells. bioRxiv 2020
https://doi.org/10.1101/2020.04.19.049254.

SUPPLEMENTARY MATERIALS

Supplementary material associated with this article can be found
in the online version at doi:10.1016/j.acra.2020.08.026.


http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0035
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0035
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0035
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0036
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0036
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0036
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0036
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0037
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0037
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0037
https://doi.org/10.1002/jmv.25888
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0039
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0039
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0039
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0040
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0040
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0040
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0041
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0041
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0041
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0042
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0042
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0042
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0043
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0043
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0043
https://doi.org/10.3174/ajnr.A6675
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0045
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0045
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0045
https://doi.org/10.1007/s00415-020-10001-7
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0047
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0047
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0047
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0048
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0048
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0049
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0049
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0049
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0050
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0050
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0050
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0051
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0051
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0051
https://doi.org/10.1007/s00415-020-09951-9
https://doi.org/10.1007/s00415-020-09951-9
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0053
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0053
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0053
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0053
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0054
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0054
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0054
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0055
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0055
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0056
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0056
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0057
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0057
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0057
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0058
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0058
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0058
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0058
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0059
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0059
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0060
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0060
https://doi.org/10.1111/ene.14380
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0062
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0062
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0062
https://doi.org/10.3174/ajnr.A6671
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0064
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0064
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0064
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0065
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0065
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0066
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0066
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0066
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0067
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0067
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0067
https://doi.org/10.1101/2020.03.25.009084
https://doi.org/10.1101/2020.03.25.009084
https://doi.org/10.1101/2020.05.15.097352
https://doi.org/10.1101/2020.05.15.097352
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0070
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0070
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0070
http://refhub.elsevier.com/S1076-6332(20)30507-9/sbref0070
https://doi.org/10.1101/2020.04.19.049254
https://doi.org/10.1016/j.acra.2020.08.026

