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Abstract

Background In December 2019, unexplained cases of pneumonia emerged in Wuhan, China, which were found to be
secondary to the novel coronavirus SARS-CoV-2. On March 11, 2020, the WHO declared the Coronavirus Disease 2019
(COVID-2019) outbreak, a pandemic.

Objective To clarify the neurological complications of SARS-CoV-2 infection including the potential mechanisms and
therapeutic options.

Methods We conducted a systematic literature search from December 01, 2019 to May 14, 2020 using multiple combinations
of keywords from PubMed and Ovid Medline databases according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses guidelines. We included articles with cases of COVID-19 where neurological involvement was evident.
Results We were able to identify 82 cases of COVID-19 with neurological complications. The mean age was 62.3 years.
37.8% of the patients were women (n=31). 48.8% of the patients (n=40) had cerebrovascular insults, 28% (n=23) had
neuromuscular disorders, and 23% of the patients (n=19) had encephalitis or encephalopathy.

Conclusions Neurological manifestations of COVID-19 are not rare, especially large vessel stroke, Guillain—Barre syndrome,
and meningoencephalitis. Moving forward, further studies are needed to clarify the prevalence of the neurological complica-
tions of SARS-CoV-2 infection, investigate their biological backgrounds, and test treatment options. Physicians should be
cautious not to overlook other neurological diagnoses that can mimic COVID-19 during the pandemic.
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Introduction

Coronaviruses (CoV) are a family of enveloped, posi-
tive-sense, single-stranded RNA viruses that have been
described for more than 50 years. Some strains are found to
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from human-to-human (HCoV) [1]. Multiple strains of
Coronavirus are associated with human disease, causing
mainly respiratory infections [2]. Of these, SARS-CoV-1,
MERS-CoV, HCoV-0OC43, and HCoV-229E are associated
with neurological complications [3]. Large territory stroke,
polyneuropathy, myopathy, seizures, and status epilepticus
were reported in patients with SARS-CoV-1 outbreak in
2002/2003 [4, 5]. Intranasal inoculation of the SARS-CoV-1
virus to mice transgenic for the human ACE2 protein led to
severe neuronal loss at the brainstem and specifically the
respiratory center at the medulla. This was postulated to con-
tribute to the respiratory failure seen in the most severe cases
of coronavirus infections, in addition to the primary lung
pathology [6]. The full spectrum of COVID-19 is not fully
described yet. Some patients may have no clinical symp-
toms [7, 8], while others might suffer from severe disease
and even die. The most commonly recognized symptoms
are cough, fever, fatigue, shortness of breath, myalgia, anos-
mia, and sputum production. Other less-reported symptoms
include diarrhea, hemoptysis, and nasal congestion [7, 9].
Growing evidence suggests that SARS-CoV-2 virus has
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neuroinvasive potential, like other coronaviruses. Hence, it
was only a matter of time before neurological complications
were reported, especially stroke, neuromuscular disorders,
and meningoencephalitis. The goal of this review is to out-
line the broad spectrum of the neurological consequences of
SARS-CoV-2 infection.

Methods

We conducted a systematic literature search from December
01, 2019 to May 14, 2020 from PubMed and Ovid Medline
databases according to Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines
[10]. The following search strategy was implemented and
these keywords and their synonyms (in the all fields) were
combined in each database as follows: (“COVID 19” OR
“coronavirus”) AND (“brain” OR “CNS” OR “spinal cord”
OR “nerve” OR “neurologic” OR “stroke” OR “‘cerebrovas-
cular” OR “cerebral vein thrombosis” OR “sinus thrombo-
sis” OR “Intracerebral hemorrhage” OR “hemorrhage” OR
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“myelitis” OR “GBS” OR “Guillain Barre syndrome” OR
“neuropathy” OR “radiculopathy” OR “cranial neuropa-
thy” OR “myopathy” OR “myositis” OR “rhabdomyolysis”
OR “encephalitis” OR “encephalopathy” OR “meningitis”
OR “meningoencephalitis” OR “seizure” OR “convulsion”
OR “epilepsy”) [Fig. 1]. We included case series and case
reports of COVID-19 with evident neurological symptoms
or signs. After exclusion of duplicates, all articles were
evaluated through title and abstract screening by three inde-
pendent reviewers (M.G., Q.A., and G.M.). The same three
reviewers performed an accurate reading of all full-text arti-
cles assessed for eligibility and performed a collection of
data to minimize the risk of bias. In case of disagreement
among the investigators regarding the inclusion and exclu-
sion criteria, the senior investigator (G.M.) made the final
decision. Articles were included if they met the following
inclusion criteria: (i) described patients with neurological
signs or symptoms attributed to COVID-19 (e.g., focal neu-
rological deficit or impairment of consciousness); (ii) written
in English language; and (iii) published in a peer-reviewed
journal. The exclusion criteria were: (i) studies conducted
in animals or in vitro models or basic science studies; (ii)
patients age less than 18 years; and (iii) conference proceed-
ings, pooled analysis, clinical trials, case control studies, case
reports, or case series of anosmia or mental health problems
in COVID-19, reviews, and books. We assessed the quality
of the included studies using the JBI Critical Appraisal Tool,
as shown in supplementary Tables 1 and 2.[11]

For each study, the following descriptive, microbiological,
and clinical information was extracted: patient demographic
data, SARS-CoV-2 testing from nasal swab and CSF, neu-
rological symptoms and signs and their onset in relation to
respiratory or gastrointestinal (GI) symptoms or anosmia or
dysgeusia, any neurological investigations and CSF or any
other relevant laboratory testing (such as CK, LDH, CRP,
D-dimer, lupus anticoagulant, fibrinogen, ganglioside antibod-
ies), neurological diagnosis, occurrence of respiratory failure
(defined as need for intubation, abnormal PO2 in blood gas,
or Glasgow Coma Scale score less than or equal 8), treatments
administered for the neurological diagnosis, and final outcome.
We studied the following outcomes: good, recovering, poor,
and deceased. Good outcome was defined as discharge of the
patient to home or a quarantine facility, or the use of the fol-
lowing descriptive terms in the study: “no morbidity”, “no
worsening” or “discharged well” or “good recovery”. Recov-
ering outcome was defined as discharge of the patient to a
rehabilitation facility or use of the following descriptive terms:
“began to improve”, “recovering”, or “stayed in the floor”.
Poor outcome was defined as continuing deterioration of the
patient’s clinical status, need for ICU admission, continued
intubation, or use of the following descriptive terms: “poor”
or “no improvement after a certain time of treatment”, at the

time of submitting the manuscript. Deceased was defined as
reported death within 30 days of COVID-19 diagnosis.

Results

Through the search strategy, we could identify 42 articles
about neurological involvement by COVID-19. We were
able to identify 82 cases of COVID-19 with neurological
complications. The mean age was 62.3 years (22-91). 37.8%
of the patients were women (n=31) (Table 1). All but two
patients had positive nasopharyngeal (NP) or oropharyngeal
(OP) SARS-CoV-2 RT-PCR swabs. Only two patients had
positive CSF SARS-CoV-2 RT-PCR, one of which showed
negative NP swab testing. 48.8% of patients (n=40) had
cerebrovascular insults (CVIs), 28% (n=23) had neuromus-
cular disorders (NMDs), and 23% (n=19) developed CNS
complications related to CNS infection or inflammation.
32.9% of patients (n=27) were recovering, 18.3% (n=15)
had good outcomes, 25.6% (n=21) had poor outcomes, and
18.3% (n=15) died. In 23.2% of patients (n=19), the neu-
rologic syndrome was the initial presentation of COVID-
19, four of which developed respiratory symptoms 2—8 days
after the onset of neurologic syndrome. In two patients, the
neurologic syndrome was preceded by 2-3 days of GI symp-
toms, while in two other patients, it was preceded only by
anosmia and dysgeusia (Fig. 2).

Cerebrovascular complications

5% (n=2) of the CVIs were due to cerebral vein throm-
bosis (CVT), 5% (n=2) were intracerebral hemorrhages
(ICH), 2.5% (n=1) were aneurysmal subarachnoid hemor-
rhage and ICH, and 87.5% (n=35) were ischemic stroke.
Three out of 35 patients (9%) had cardioembolic stroke, five
had small vessel disease stroke (14%), and 27 (77%) had
large vessel occlusion (LVO) stroke. 80% (n=28) of the
ischemic stroke patients had elevated D-dimer levels, 57%
(n=20) had elevated C-reactive protein, 28.5% (n=10) had
elevated fibrinogen, and 14.3% (n=15) were tested positive
for lupus anticoagulant antibodies (Table 2). Out of the 27
LVO stroke patients, seven were under the age of 50, six
underwent thrombectomy, four were treated with IV tPA, six
with therapeutic low-molecular-weight heparin (LMWH),
three with apixaban, four with dual antiplatelets (DAPs),
and one with rivaroxaban and DAPs. Six of those patients
died. One of the ischemic stroke patients developed hem-
orrhagic conversion after thrombectomy. The LVO stroke
were distributed in the following territories: left middle
cerebral artery territory (MCA) (n=06), right MCA (n=6),
left internal carotid artery (ICA) (n=2), right ICA (n=2),
left common carotid artery (n= 1), basilar artery (n=1), left
vertebral artery (n= 1), left posterior cerebral artery (PCA)
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Table 1 Chronological summery of patients’ hospital course

Author, Year Patients, Onset of neurologic Respiratory Treatment Outcome (0=no, 1=yes)
Number syndrome, Days® failure (0=no, -
1=yes) Good Recovering Poor Deceased

Poyiadji et al. 2020 1 3 NA IVIG NA NA NA NA
[12]

Moriguchi et al. 2020 1 9 1 Antimicrobials, steroid 0 0 1 0
[13]

Duong et al., Haung 1 0 0 AEDs, transient anti- 0 1 0 0
et al. 2020 [14, 15] microbials

Ye et al. 2020 [16] 1 13 1 Antimicrobials 1 0 0 0

Yin et al. 2020 [17] 1 13 0 Antimicrobials 1 0 0 0

Filatov et al. 2020 [18] 1 1 1 AEDs, antimicrobials 0 0 1 0

Wong et al. 2020 [19] 1 12 0 Antimicrobials, gabap- 1 0 0 0

entin

Zhao et al. 2020 [20]" 1 -8 0 IVIG 1 0 0 0

Sedaghat et al. 2020 1 14 0 IVIG NA NA NA NA
[21]

Virani et al. 2020 [22] 1 10 1 IVIG 0 1 0 0

El-Otmani et al. 2020 1 3 0 IVIG 0 0 1 0
[23]

Alberti et al. 2020 [24] 1 7 1 IVIG 0 0 0 1

Camdessanche et al. 1 11 1 IVIG NA NA NA NA
2020 [25]

Padroni et al. 2020 [26] 1 24 1 IVIG 0 0 1 0

Scheidl et al. 2020 1 14 0 IVIG 1 0 0 0
[27)°

Ottaviani et al. 2020 1 10 1 IVIG 0 0 1 0
(28]

Abdelnour et al. 2020 1 -7 0 NA 1 0 0 0
[291°

Caamaiio DS et al. 1 7 0 Steroid 0 1 0 0
2020 [30]

Wei et al. 2020 [31]° 1 -1 1 IVIG, steroid, antimi- 0O 0 0 1

crobials

Jin et al. 2020 [32] 1 15 1 IVF 0 1 0 0

Suwanwongse et al. 1 0 0 IVF 0 1 0 0
2020 [33]

Vollono et al. 2020 [34] 1 0 AEDs 1 0 0 0

Sohal et al. 2020 [35] 1 3 1 AEDs 0 0 0 1

Zanin et al. 2020 [36]° 1 NA 1 AEDs 0 1 0 0

Paniz-Mondolfi et al. 1 0 1 NA 0 0 0 1
2020 [37]¢

Gonzalez-Pinto et al. 1 NA 1 NA 0 0 0 1
2020 [38]

Zhou et al. 2020 [39] 1 24 1 DAPs +rivaroxaban 0 1 0 0

Valderrama et al. 2020 1 7 0 IV tPA + thrombec- 0 1 0 0
[40] tomy

Viguier et al. 2020 [41] 1 7 0 LMWH 0 1 0 0

Hughes et al. 2020 [42] 1 0 0 LMWH 0 1 0 0

Sharifi-Razavi et al. 1 3 1 NA NA NA NA NA
2020 [43]

Toscano et al. 2020 5 7(2),10(2),5() 1(3) IVIG (5), Plex (1) 1(1) 1@Q) 12 0
[44]

Gutiérrez-Ortiz et al. 2 5(1),3(@1) 0 IVIG (1) 12 0 0 0
2020 [45]°
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Table 1 (continued)

Author, Year Patients, Onset of neurologic Respiratory Treatment Outcome (0=no, 1 =yes)
Number syndrome, Days® failure (0=no, -
1 =yes) Good Recovering Poor Deceased
Chan et al. 2020 [46] 2 0(2) 1(2) IVF 0 (D) 1(1) 0
Bernard-Valnet et al. 2 5(D), 17 (1) NA AEDs and transient 12) 0 0 0
2020 [47] antimicrobials (2)
Dogan et al. 2020 [48]F 6 NA 1 (6) Plex (6) 0 14) 1(1) 1(D)
Avula et al. 2020 [49].5 4 2(1),0(3) 1(3) Aspirin+statin (1),no 0 1(1) 0 1(3)
acute treatment (4)
Al Saiegh et al. 2020 2 7(1),0(1) 1(2) FD stent+EVD (1), 0 1(2) 0 0
[50] thrombectomy (1)
Beyrouti et al. 2020 6 —-2(1),8(1),10(1), 1(3) DAPs (1), apixaban 0 0 15 1()
[511.° 15 (2),24 (1) (1), LMWH (3), IV
tPA (2)
Oxley et al. 2020 [52] 5 0@3),7@) NA Aspirin (2), Apixaban 1(1) 1(3) 1(1) 0

Tung et al. 2020 [53] 4 4D, 1 (1), 7(1),2(1) 0

Li et al. 2020 [54] 13 12 (median) NA

(2), stent (1), DAPs
(1), IV tPA (1),
thrombectomy (4),
hemicraniectomy (1)

DAPs (2), aspi- 12 22 0 0
rin + low-dose
LMWH (2)

LMHW 2LVO,2CE, 0 12 1(6) 1(5; one
1 CVT). AP (3 SVD, of them
3LVO, 1 CE) LVO)

AEDs antiepileptic drugs, DAPs dual antiplatelet therapy, AP antiplatelet, EVD external ventricular drain, /VF intravenous fluid, /VIG intrave-
nous immunoglobulin, LMWH low-molecular-weight heparin, NA not applicable, Plex plasmapheresis, RS respiratory symptoms like cough and
or shortness of breath, LVO large vessel occlusion, SVD small vessel disease, CE cardioembolic, CVT cerebral vein thrombosis

“Defined by onset after respiratory or gastrointestinal symptoms or anosmia or dysgeusia, if the onset of neurological presentation (zero) means

that it was the initial presentation of SARS-CoV-2 infection

b8, 7,7, and 2 days, respectively, after the neurological presentation, the patients developed respiratory symptoms

“The patients neurological presentation proceeded by anosmia and dysgeusia; there were no respiratory symptoms
p gical p P y ysg! P y symp!

45 days after neurological presentation, CXR showed BL lungs densities

¢Two patients had neurological presentation 3,2 days, respectively; after gastroenterological symptoms, there were no respiratory symptoms

fPatients regained consciousness after the third cycle (1), second cycle (1), and first cycle (2) of plasmapheresis

(n=1), right PCA (n=1), bilateral multiple vascular ter-
ritory infarcts (n=2), and unspecified (n=4). Stroke with
LVO was the presenting manifestation of COVID-19 in eight
patients, three of which were under the age of 45 (Table 3).

Neuromuscular complications

17.4% (n=4) of the NMDs patients had rhabdomyolysis,
4.3% (n=1) had polyneuritis cranialis, 4.3% (n=1) had
oculomotor nerve palsy, and 73.9% (n=17) had Guil-
lain—Barre syndrome (GBS). Seven out of the seventeen
GBS cases had facial weakness, one of which manifested
with isolated facial diplegia. In two cases, GBS was the
first presentation of SARS-CoV-2 infection, while in 14
other patients, GBS developed 3-24 days after the onset

of flu-like symptoms. One patient presented 2 weeks
after anosmia and ageusia without respiratory or GI
symptoms. Electrophysiologic studies showed evidence
of acute motor and sensory axonal variants (AMSAN) in
five patients, mixed axonal and demyelinating patterns in
two patients, and demyelinating patterns in six patients.
EMG was not performed in four patients, one of which
was diagnosed with Miller Fisher syndrome and positive
serum GD1b-IgG antibody. CSF studies revealed albumi-
nocytologic dissociation in ten patients, were normal in
three patients (protein <45 mg/dL, WBCs 0-5 cells/pl).
In one patient, CSF protein and WBCs were 54 mg/dL
and 9 cells/pL respectively, and CSF was not performed
in three patients. 14 out of 17 patients received IVIG, one
patient received IVIG and plasmapheresis, one patient
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Fig.2 CNS complications of
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Table 2 Analysis of D-dimer, C-reactive protein, and fibrinogen levels of ischemic stroke
D-dimer C-reactive protein Fibrinogen
> 500 ng/mL [55] > 2500 ng/mL [56]* >10 mg/L [57] >41.8 mg/L [58]° >400 mg/dL [59] > 583 mg/dL [56]*
80% (n=28) 42.8% (n=15) 57% (n=20) 45.7% (n=16) 28.5% (n=10) 11.4% (n=4)

#According to the procoagulant profile characteristics in COVID-19 by Ranucci et al.
bPatients with C-reactive protein level >41.8 mg/L are more likely to have severe complications in COVID-19 according to Liu et al.

showed spontaneous recovery, and one patient received
prednisone. Six out of the seventeen patients developed
respiratory failure, one of which died (Table 4).

CNS infectious or inflammatory complications

We identified 19 cases with confirmed COVID-19 which
were suspected to have encephalitis, based on the presence
of one of the following criteria: (a) meningeal signs, (b)
altered mental status, focal neurological signs, or seizures,
without better alternative explanation, or (c) suggestive
MRI findings. 68.4% (n=13) were ultimately diagnosed as

@ Springer

meningoencephalitis, 5.3% (n=1) as thombencephalitis,
5.3% (n=1) as acute necrotizing hemorrhagic encepha-
lopathy, 5.3% (n=1) as encephalopathy, 10.5% (n=2)
presented with status epilepticus, one of which was focal,
and 5.3% (n=1) had CNS demyelinating lesions. In the 13
meningoencephalitis cases, only four CSF samples revealed
lymphocytic pleocytosis, two of which had positive CSF
SARS-CoV-2 RT-PCR. Nine patients developed respira-
tory failure, six received plasmapheresis, and one died. One
patient showed postmortem evidence of the presence of viral
particles in the neurons and capillary endothelial cells in the
frontal lobe (Table 5).
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Discussion

Our systematic review indicates that SARS-CoV-2 infec-
tion is not solely a respiratory illness, as neurological com-
plications are not rare. Ischemic and hemorrhagic stroke,
Guillain—Barre syndrome, and its variants, encephalitis,
and seizure have all been observed, which emphasizes the
importance of neurological surveillance. In an analysis of
214 cases of COVID-19 in Wuhan, China, 78 (36.4%) had
neurological complications. Patients with severe infection
were more likely to have neurological manifestations like
alteration in sensorium and muscle weakness (45.5% Vs
30.2% in non-severe). The manifestations involved both
the central and peripheral nervous system. The severity
of these manifestations ranged from acute cerebrovascu-
lar disease and impaired consciousness to dizziness and
headache [60].

Cerebrovascular complications

In our review, ischemic stroke was the most common neu-
rological manifestation, occurring in 42.7% of the subjects,
with LVO representing 77% of the ischemic stroke. Accord-
ing to a series of 388 COVID-19 patients from Italy, throm-
boembolic events occurred in 21% of the patients, including
venous thromboembolism, ischemic stroke, and acute coro-
nary syndrome [61]. The exact mechanism of the hyperco-
agulable state is not well understood. D-dimers might play
a major prothrombotic role in COVID-19 patients. In this
review, 80% of the ischemic stroke patients had elevated
D-dimer levels, which are independently associated with
poor outcome [62]. Severe COVID-19 respiratory infection
often leads to sepsis induced hypercoagulability, evident by
increased intravascular platelet activation, increased fibrino-
gen, and mild prolongation of PT and aPTT [63]. Indeed,
a study in Wuhan, China, showed that 71.4% of patients
who died of COVID-19 had disseminated intravascular
coagulation (DIC) [62] Moreover, SARS-CoV-2 virus is
known to bind angiotensin-converting enzyme 2 (ACE2)
on endothelial cells which promotes a proinflammatory and
vasoconstrictive state of endothelial dysfunction leading to
end organ damage, including stroke. ACE2 recombinant
therapy, therefore, may be a promising targeted therapy
for COVID-19-related stroke [64]. Transient production of
antiphospholipid antibodies may also play a role. In a study
by Harzallah et al., 25 out of 56 patients with confirmed or
suspected SARS-CoV-2 infection were positive for lupus
anticoagulants, and five patients had either anticardiolipin
or anti—p2-glycoprotein I antibodies [65]. Zhang et al.
detected antiphospholipid antibodies in three COVID-19
patients; all of them had multiple cerebral infarcts [66]. In

@ Springer

this review, five of the LVO stroke tested positive for lupus
anticoagulant.

When presenting in the appropriate time window, throm-
bolytic treatment of COVID-19 patients with ischemic stroke
is reasonable. The role of anticoagulation, like LMWH, in
this clinical context is still unclear [64]. Harzallah et al.
recommended early anticoagulation therapy for individuals
with SARS-CoV-2 infection and positive lupus anticoagu-
lant [65]. Previous investigations suggested that COVID-19
is associated with both platelet and clotting cascade activa-
tion [67]. Further clinical trials are necessary to determine
the role of antiplatelets and/or anticoagulation for the treat-
ment and prevention of thrombotic events in COVID-19,
including milder cases.

Neuromuscular complications

Previously identified coronaviruses, including SARS-
CoV-1 and MERS, were associated with GBS [68]. In our
review, neuromuscular disorders are the second most com-
monly encountered neurological complication of SARS-
CoV-2 infection (28%), especially GBS. The mechanisms
of GBS related to SARS-CoV-2 are still incompletely
understood. Both para- and post-infectious mechanisms
were proposed [20, 26]. Two patients, in our review, did
not experience preceding fever, respiratory, or GI symp-
toms and GBS was the initial presentation. This suggests
a para-infectious process, as has been reported recently
with Zika virus [69]. One possible immunological expla-
nation is the cytokine release syndrome (CRS), caused by
an exacerbated recruitment and activation of macrophages,
neutrophils, and natural killer cells (NK) in response to
SARS-CoV-2 infection. Cytokines involved in CRS
include IL-1p, IL-1Ra, IL-6, IL-17, TNF-a, CCL2, and
sIL2-Ra; a critical step in the process is binding of IL-6
to IL-6R (sIL-6R) causing JAK-STAT?3 activation, and
subsequent secretion of vascular endothelial growth fac-
tor (VEGF), monocyte chemoattractant protein—1 (MCP-
1), IL-8, and more IL-6, as well as decreased E-cadherin
expression [70, 71]. This cytokine storm can produce
extensive tissue damage, including the peripheral nerv-
ous system [72], and appears to correlate with COVID-
19 severity. Accordingly, several therapeutic options are
under study, with the intent to stabilize the immune system
in COVID-19 and either prevent or minimize the conse-
quences of this storm, as reviewed by Diamanti et al. [73]

A second mechanism explaining GBS in COVID-
19 may be production of antibodies against ganglioside
components of the peripheral nerves, owing to molecular
mimicry with surface antigens of the infectious pathogen.
This mechanism explains GBS following Campylobacter
jejuni infection [74], which is frequently associated with
axonal findings on electrophysiology. Similar molecular
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mimicry phenomena may occur in COVID-19 [75], and
in fact, five cases in our review were electrophysiologi-
cally characterized as AMSAN, yet the exact frequency of
ganglioside antibodies remains unknown, because those
antibodies were not tested in most cases that we reviewed.
Furthermore, sporadic reports of other autoimmune com-
plications in the context of SARS-CoV-2 infection, such as
steroid responsive encephalitis [76], immune thrombocy-
topenic purpura [77], and autoimmune hemolytic anemia
[78], suggest that SARS-CoV-2 infection may serve as a
trigger for autoimmune disorders.

With the emergence of more cases of acute neuropathies
temporally linked to SARS-CoV-2 infection, we should
gain a better understanding of the underlying pathophysi-
ology and potential therapeutic options of GBS related
to COVID-19. Since these neuropathies are treatable and
they pose increased morbidity and mortality, neurolo-
gists, intensivists, and internists working with COVID-19
patients must be vigilant of this association.

CNS infection by COVID-19

Coronavirus can be neuroinvasive and cause direct CNS
infection; this was convincingly demonstrated by the detec-
tion of particles and/or RNA of SARS-CoV-1, a virus with
79% genetic homology to SARS-CoV-2 [79], in human
autopsies [80, 81]. Likewise, two of the cases that we
reviewed showed positive CSF SARS-CoV-2 PCR [13, 15],
and one [37] documented the evidence of viral particles in
the neurons and capillary endothelial cells of the frontal lobe
in a postmortem examination. The authors concluded that
there was an active viral entry across the brain microvascu-
lature into the neurons, as there was blebbing of viral par-
ticles coming in and out of the endothelial membrane [37].
Mechanistically, SARS-CoV-2 virus may enter the CNS
through hematogenous route or retrograde synaptic trans-
mission. The ACE 2 protein, which functions as a receptor
for SARS-CoV-2, is abundantly expressed in the endothelial
cells, supporting glia and neurons, and might be the binding
site facilitating hematogenous entry. The systemic hyper-
inflammation increases the permeability of the blood—brain
and blood-CSF barriers, which might facilitate CNS entry,
as well [82, 83]. Retrograde synaptic transmission may occur
via the olfactory nerve [84]. This possibility is supported by
the fact that anosmia is a frequent early sign of COVID-19
[85]. It has been proposed that SARS-CoV-2 neurotropism
may explain not only the common symptoms of encepha-
litis, but also the respiratory failure, by involvement of the
medullary respiratory centers. This mechanism has been
demonstrated in animal models, but not yet in humans [86].

It should be noted, however, that in most cases of sus-
pected “meningoencephalitis”, the virus could not be
detected in the CSF. There are several potential explanations

for this negative result. One is that the encephalitis in
COVID-19 is more often immune-mediated, resulting from
post-infectious or para-infectious mechanisms, and cytokine
dysregulation, as previously discussed in GBS, rather than
a result of direct viral invasion [83]. The response of the
encephalitic syndrome to plasmapheresis in five cases
[48] supports this notion, as does the occurrence of acute
necrotizing encephalopathy in one case [12]. Acute necrotiz-
ing encephalopathy was previously described following
influenza and other viral infections and attributed to cytokine
storm [87]. A second explanation is that the virus may cause
endothelial injury and induce a thrombotic microangiopathy
(TMA)-like state, which can lead to severe encephalopathy
with no evidence of inflammation based on CSF studies. A
third theory is that PCR testing in the CSF has suboptimal
sensitivity for the detection of SARS-CoV-2. This limitation
of PCR is well known to neurologists, as it occurs with sev-
eral other neuroinvasive viruses, including West Nile Virus
[88], and enterovirus-D68 causing acute flaccid myelitis
[89]. Detection of intrathecal virus-specific antibodies and
their ratio to serum antibodies, and the recently developed
metagenomic sequencing technology [90, 91], may increase
the sensitivity of viral detection in the CSF in those cases,
and it would be interesting to explore the utility of those
techniques in COVID-19 in the near future. Detailed investi-
gations, including CSF studies, imaging, and, when possible,
autopsy, are required to better elucidate those mechanisms.

Epileptic complications

Although two COVID-19 patients in our review presented
with status epilepticus, one of them had an established
history of epilepsy from another cause. Lu et al. studied
304 COVID-19 patients and concluded that none of these
patients had acute symptomatic seizures or status epilepticus
[92]. The available data are too limited to make conclusions
about the association of COVID-19 with development of
seizures. Nevertheless, patients with severe SARS-CoV-2
infection, especially those hospitalized in intensive care
units, are at risk for subclinical seizures or nonconvulsive
status epilepticus (NCSE), owing to polypharmacy, meta-
bolic derangements, toxemia, hypoxic-anoxic brain injury,
or less commonly stroke or encephalitis related to SARS-
CoV-2 infection. Therefore, continuous video EEG monitor-
ing may be warranted in selected cases, as delayed diagnosis
and treatment of NCSE will increase morbidity and mortal-
ity [93].

Finally, Lovati et al. reported a case of HSV-1 encephali-
tis, where the diagnosis and treatment were delayed because
of anchoring on COVID-19 and its neurological complica-
tions [94]. Despite all the reports of COVID-19 neurologi-
cal complications, other pathologies are still more common.

@ Springer



Journal of Neurology (2020) 267:3135-3153

3150

7 SNITABUOIOD QWOIPUAS K101eIIdSaT 9108 9I9AIS 7-A0)-SY VS ‘WISAS SNoAIU [eroydirad N ‘9SBIsIP JB[NOSLA0IQIAD YA ‘WAISAS SNOAISU [BIIUID SN/ ‘QWOIPUAS Q1Ieg—UIR[[IND) SO

Suniodar pue yoreasar armngy
10§ 9ouepINg [NJOsn SOPIAOIJ

SUBIOIUI[O JOJ UOTBWLIOJUT [N]
-9SN YIIM MOIADI USYILIM-[[OM Y
SUBIOIUID
10J 90UQIRJAI © SB SN S)I
S)TWI] YOIYM SUOTIBISJTUBI
[e91UI]D 9Y) 2QLIdSIP JoU PIJ
SAIPNIS JO JoquINU PAIWI]

SUBIOIUI]D JOJ

QOUQISJAI © S ISN SIT SHWI|

UOIYM SUOTIBISJTUBW [BITUI[O
Ay Jo uondrdsap paywI|

SUBIOIUI]D JOJ

QOUQIAJAI © SB SN ST S)IUI|

UOIYM SUOTIR)SJIURL [BOTUT[D

oy} Jo uondLdsap payIwuI|
"T"AOD-SHVS 01 pajiui J0N

9SEASIP JB[NISBAOIGID
U0 SOIPN)S JO JOQUINU PAJIWI]
1oded uopuim-Tiom KI10A

o1do} o) ur yoIreasax

Q1nny 10j wa)sAs Junsodax

& po)sa33ng “dn mo[[oy yim

paxmbai a1e sarpmys [eI1UIO
1031e] pue os1o01d Q10N

SNd pue SNO

Ay S199)Je A[Id21Ipul 10

/pUE QAISBAUIOINAU 9q KB

T-A0D-SUVS KIL10A0S J[qe

-LIBA 3IM sjuened pazife)

-1dsoy] ay Jo ¢/[ < ur Indd0
SUOTJB)SIJIUBW [EDISO[OINON

CT-AOD-SYVS jo suohel

-S9JIuBW [BIISO[0INAU dABRY

PINOM UOTIOJUI QIIAS YIIM
syuonjed yeyy A[oy1] K104 STI]

SI)UQO udoMmIeq SuLreys

e1ep uado papuawIIodTy

"T"AOD-SYVS jo suoneo

-11dwoo [esr3ojomau urie)

-3uo[ Aue AJnuopr 0} papodu
QIe $310109 dAndadsorg

pasouSerpropun
nq ‘orueSoyyedoinou

99 1yS1W 7-A0D-SUV'S

UONI3JUI T-A0D

-SYV'S 01 suoTje)sajTueur

[es150[01au dy) 9)B[OLI0D
0} pombar st ejep 210

so3ueyo 9Jse) pue [[oWS
‘snrreydooud ‘spiSuruow
Ayyedoreydoous ‘SO ‘VAD

Jyoepeay
‘seId[eAw ‘ersnoge ‘erwsoue

‘gD “Ayredoreydoous ‘vAD

SQINZIAS ‘BIXBIR ‘SSIUIZZIP
‘uoIsnjuod ‘ayoepedy ‘YAD

QINZIAS ‘SIS

-KjoAwopqeys ‘snireydoous

‘Ayredoreydoous ‘erusodAy
‘ersnagodAy ‘sgD ‘VAD

VAD ‘Ayyedomoukjod
‘uoneurAWp ‘snireydoouy

VAD 'S9D

‘amzres ‘Ayjedoreydeous

‘OuoepeOH ‘uonounysAp
K1o1eisng pue £10)0eJ10

SaIpmys oAnoads

-onje1 g pue ‘aAnodedsoid g

‘[BUOT}D3S-SSOID 7 ‘[ONUOD

—osed 7 ‘solIes G ‘sprodax
QSBI 7] :SAIPNIS USASS-KJUIM],

Apnys aanoadsord

B pUB ‘SIpn)s 9A10dsoI)ax

‘sar1as pue sy1odar ased Jur
-pnouy "sAIpNs UAS-AIIY],

SISI] QOUIRJAI JIAY)

WOIJ PAIORIIX A1om s11odar

1930 XIS *(Jurodmara e

pUE MIIADI JATJELIRU B)
PAYIIUIPI SAIPNIS UTBW OM],

POUTEXS 9IOM SAIPNIS 6T

SOSNITABUOIOD
1910 0 PAJR[AI 2I9M 1SAX
AL "T-AOD-SYVS [oa0U

Q) 0] Il dIoM SAIPNIS
POMaIAdI ) JO 1T A[UQ
suodar aseo 9 pue

S[ONUOD PUE SIS € ‘SALIAS
1T ‘SIpMIS [9POW [BIUSW

-110dX0 GT ‘SMITADI OTRWD)

-SAS 71 :SQIpMIS UAAS-KIXIS
Apnjs [eUO1}OdS
-$S010 | pue 9Andddsoid 7
‘0AT10adsomaI ¢ ‘sarpms
[euOneAIdSqO T ‘syrodar
9SBD ¢ :SAIPNIS QUO-ANIIY ],

020T ‘4 1dy

020T ‘01 AeN

0T0T ‘9T UdTeN

020¢ ‘¢ 1udy

020t 1dy

0202 ‘0¢ [udy uo
pantuqng “pajrodar JoN

uoneISJIue

Sno1oJJuI-}sod 10 UoISeAut
WISAS SNOAIDU PAULIY
-U0J JO S9sed AJIuapI 0],

s3urpuy [eorurd pue ‘A3o0[0

-1sAydoyyed ‘A3ojorwoprdo

It} M 2-A0D-SYVS Jo
SUONe)SIYIuRW [E9130][01
-nou urew ay) Jno jurod oJ,

T-A0D
-SYV'S U JUSWIATOAUT SNO
JO QOUDPIAQ JY) SSNISIP O],

SNIIABUOIOD)
Ul SUOIIBISJIURW WSKS

snoatou [eroydiiad pue [en

-u99 Jo 9ouasaxd oy aa01d oF,

SOSNIIABUOIOD IO PUB

T-A0D-SYVS Jo spoadse
[e9130]0INAU AY) MIIAI O],

Aeyiowr

U0 JO3J9 S)I PUB Z-A0D)

-SYVS JO suone)sojiuel

[22130[0INAU AY) JO MIIAJX
aarsuayardwoo e opraoid o,

[001] 020T “Te 10 TIoWwoy

[66] 0TOT “'T& 32 Zoyunjy

[86] 020T “'I® 10 vA0OJ-1pESY

[L6] 020T “Te 10 Ipreuoa]

[96] 00T *Te 10 UBATRIUOIN

[S6] 020T “'Te 10 ToxENIYM

SuoneIII[/SIuWWOo)

SUOISN[OUOD)

sa13o7oyed pomarady

SOIPNIS POMATARY

Q)ep YoIeag

s[eon

Ieak ‘TOyINy

7-A0D-SYVS JO suoneisajiueu [8o130[0INAU AY) JO SMIIAI J1IBWAISAS snotaaid jo Arewrwng 9 aqel

pringer

Qs



Journal of Neurology (2020) 267:3135-3153

3151

Ignoring this would result in significant delays in diagnosing
and treating neurological patients.

A number of recently published systematic reviews on
COVID-19 have addressed the same topic (Table 6). The
novelty of our review lies in the breadth of coverage, allow-
ing it to serve as a primer for neurologists by summarizing
the most recent evidence and the most important and rel-
evant practical points. However, our study has some limita-
tions. First, most of the used evidence is based on single
case reports or small series, which limits its generalizability.
Second, some case reports did not complete or report the full
work-up required to exclude alternative causes of the neuro-
logical syndrome presented. Third, many cases are reported
from specific ethnic populations, and hence, several demo-
graphics, genetic, or microbiologic variables might preclude
the applicability of the conclusions in different populations.
Fourth, several stroke patients had multiple comorbidities
and potentially causative vascular risk factors that we did not
include in our analysis. Fifth, due to incomplete work-up of
several of the ischemic stroke studies included in the review,
we did not have enough data for accurate stroke mechanism
classification per TOAST in several cases. Last but not least,
because of the small number of subjects studied and the
suboptimal quality of study design, it is not possible to reach
firm conclusions about the causal effect of COVID-19 for
some neurological disorders.

Conclusions

Neurological manifestations of COVID-19 are not rare,
especially large vessel stroke, Guillain—Barre syndrome,
and meningoencephalitis. They could be related to the direct
cytopathic effect of the virus, the inflammatory response,
hypercoagulable state, or complications of treatment and
ICU stay. Moving forward, further studies are needed to
clarify the prevalence of the neurological complications of
COVID-19, investigate their biological background, and test
treatment options. Physicians should be cautious not to over-
look other neurological diagnoses that can mimic COVID-
19 during the pandemic.
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