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Abstract

Background: A growing number of reports suggest that infection with SARS-CoV-2 often leads to
neurological involvement; however, data on the incidence and severity are limited to mainly case

reports and retrospective studies.

Methods: This prospective, cross-sectional study of 102 SARS-CoV-2 PCR positive patients
investigated the frequency, type, severity and risk factors as well as underlying pathophysiological
mechanisms of neurological involvement (NIV) in COVID-19 patients.

Results: Across the cohort, 59.8% of patients had NIV. Unspecific NIV was suffered by 24.5%,
mainly general weakness and cognitive decline or delirium. Mild NIV was found in 9.8%; most
commonly, impaired taste or smell. Severe NIV was present in 23.5%; half of these suffered
cerebral ischaemia. Incidence of NIV increased with respiratory symptoms of COVID-19.
Mortality was higher with increasing NIV severity. Notably, 83.3% with severe NIV had a pre-
existing neurological co-morbidity. All cerebrospinal fluid (CSF) samples were negative for
SARS-CoV-2 RNA, and SARS-CoV-2 antibody quotient did not suggest intrathecal antibody
synthesis. Of the patients with severe NIV, 50% had blood-brain barrier (BBB) disruption and
showed a trend of elevated interleukin levels in CSF. Antibodies against neuronal and glial
epitopes were detected in 35% of the patients tested.

Conclusion: Cerebrovascular events were the most frequent severe NIV and severe NIV

was associated with high mortality. Incidence of NIV increased with respiratory symptoms
and NIV and pre-existing neurological morbidities were independent risk factors for fatality.
Inflammatory involvement due to BBB disruption and cytokine release drives NIV, rather
than direct viral invasion. These findings might help physicians define a further patient group
requiring particular attention during the pandemic.
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Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) affects the lower respiratory tract
causing the core clinical symptoms of the corona-
virus disease 2019 (COVID-19). However, there
is growing evidence that infection with SARS-
CoV-2 often leads to neurological signs and symp-
toms. Cohort studies have reported that up to
30% of hospitalized COVID-19 patients displayed
at least one neurological symptom,! including

cerebrovascular events, meningoencephalitis or
viral associated encephalopathy.>* Beyond these
severe neurological manifestations, further neuro-
logical signs and symptoms including headache,
dizziness, confusion, myalgia, and fatigue>7 have
been described. Neurological involvement (NIV)
in COVID-19 may be common and was recently
termed NeuroCOVID. However, the precise
frequency and severity of the neurological effects
of COVID-19 remain elusive and further
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Table 1. Characteristics of the study cohort.

Age, years
Median = SD 61.5%£16.7
IQR 53.5-73.0
Gender - n (%)
Male 71 (70.0)
Female 31(30.0)

Medical history, pre-existing conditions - n (%)

Neurological diseases 41 (40.2)
Cardiovascular diseases, except 37 (36.3)
arterial hypertension

Oncologic disease 20 (19.6)
Arterial hypertension 45 (44.1)
Diabetes 22 (21.6)
Pulmonary disease 29 (28.4)
Allergies 11 (10.8)

COVID-19 severity - n (%)

No symptoms 2(1.9)
Mild 24 (23.5)
Moderate 38 (37.2)
Severe 38(37.2)

IQR, interquartile range.

information on the associated health burden is
required. Current knowledge is mainly based on
case reports or retrospective studies with small
patient numbers, which did not dissect unspecific
neurological symptoms and genuine neurological
manifestation of COVID-19.

Furthermore, the pathophysiological disease
mechanism is still under debate. SARS-CoV-2
might enter the brain through the olfactory nerves,
especially given the anosmia in COVID-19, or
through disruption of the blood-brain barrier
(BBB) to exert direct effects.® Alternatively,
immunologic effects may occur through autoanti-
bodies, exuberant immune response oOr stress-
mediated changes in gene expression,>%1! as such
autoimmune mechanisms have been described for
other coronavirus-mediated complications.12-14

Here, we present the first prospective study of
NIV among a cohort of 102 SARS-CoV-2
infected patients.

Material and methods

Study design, patients and procedures

This prospective trial was conducted to charac-
terize NIV in a cohort of 102 SARS-CoV-2 posi-
tive patients (age range 20-95years, median age
61.5years; Table 1). Inpatients with SARS-
CoV-2 infection were included.

All patients were recruited at the University
Hospital of Essen over a period of 4months
(April-July 2020). All patients underwent a struc-
tured clinical and neurological examination and
were classified for COVID-19 disease severity
and NIV as described below. Pre-existing medical
conditions, ongoing medication, medical history
and course of the disease were obtained from
direct questioning/observation or medical files.
Blood samples were obtained from all patients;
lumbar puncture and electroencephalogram were
performed for medical purposes.

Detection of SARS-CoV-2, classification of
COVID-19 severity and neurological involvement
Only SARS-CoV-2 positive patients were
included in the study cohort. SARS-CoV-2 was
detected in nasopharyngeal swaps or in bron-
choalveolar lavage fluid by PCR analysis (MagNA
Pure 96 DNA and Viral NA Small or Large
Volume Kit using MagNA Pure 96, both Roche,
Rotkreuz, Switzerland and RealStar SARS-
CoV-2 RT-PCR Kit 1.0, Altona Diagnostics
GmbH, Hamburg, Germany using CFX 96,
Biorad, Minchen, Germany) following the man-
ufacturers’ instructions. Antibody testing was
performed in blood and cerebrospinal fluid (CSF)
samples using anti-SARS-CoV-2 IgG ELISA
(EUROIMMUN AG, Libeck, Germany). The
result is expressed semi-quantitatively as ratio
(extinction probe/extinction calibrator).

COVID-19 severity was categorized in terms of
pulmonary symptoms into asymptomatic, mild,
moderate and severe as described in Buonsenso
et al.’> (Table 2).

All patients underwent structured neurological
examination by trained neurologists. Anosmia
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Table 2. Definition of COVID-19 severity (modified according to Buonsenso et al."?).

Mild COVID-19
Positive RT-PCR test for SARS-CoV-2

Upper respiratory symptoms (e.g. pharyngeal congestion, sore throat and fever] for a short duration or asymptomatic infection

No abnormal radiographic and septic presentation
Moderate COVID-19
Positive RT-PCR test for SARS-CoV-2

Mild pneumonia

Symptoms such as fever, cough, fatigue, headache and myalgia

Severe COVID-19

Positive RT-PCR test for SARS-CoV-2

Mild or moderate clinical features, plus any manifestations that suggest disease progression

Respiratory failure with need for mechanical ventilation (e.g. acute respiratory distress syndrome, persistent hypoxia that cannot
be alleviated by inhalation through nasal catheters or masks)

Septic shock

Organ failure that needs to be monitored in the intensive care unit

Table 3. Categorization of neurological involvement (NIV) in COVID-19 patients.

No NIV

No evidence of neurological symptoms assessed by clinical examination and anamnestic evaluation

Unspecific NIV

For example, dizziness, headache, worsening of a pre-existing neurological condition, muscle pain, general weakness, all with

onset between 10days prior to and 20days after a positive SARS-CoV-2 PCR or after onset of COVID symptoms

Mild NIV

For example, impaired taste or smell, cranial nerve paresis. All with onset between 10days prior to and 20 days after a positive

SARS-CoV-2 PCR or after onset of COVID symptoms

Severe NIV

For example, acute cerebrovascular disease, seizure, myopathy or neuropathy. All with onset between 10days prior to and
20days after a positive SARS-CoV-2 PCR or after onset of COVID symptoms

was detected using Quick Smell Identification
Test™ (Sensonics, Inc., Haddon Heights, NJ,
USA). Neurological symptoms were regarded as
SARS-CoV-2 associated if they had an onset
between 10days prior to and 20 days after a posi-
tive SARS-CoV-2 PCR test or after onset of
COVID-19 symptoms. Neurological signs and
symptoms that had occurred earlier than 10 days
prior to onset were classified as ‘pre-existing’.

Neurological signs and symptoms were defined
and categorized into four groups: no NIV, unspe-
cific, mild and severe NIV (Table 3).

Blood samples and spinal fluid specimen

Peripheral blood and CSF were analysed for
routine parameters [leukocytes cell count
(number/ul), level of creatinine kinases (U/l),
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D-dimer (mg/l), lactate dehydrogenase (U/l),
lactate (mmol/l), glucose (mmol/l) and C-reactive
protein (mg/l), levels of heavy chain neurofila-
ment (ng/ml) as well as the occurrence of a broad
spectrum of neuronal antibodies and antibodies
against myoproteins]. Blood and CSF parameters
were assessed in the central laboratory facility of
the University Hospital Essen. Levels of heavy
chain neurofilament (ng/ml) were determined in
serum and spinal fluid at the laboratory facility
EUROIMMUN AG, Lubeck, Germany. An
ELISA test (EUROIMMUN AG) was used to
measure neurofilament concentration with a
detection limit in serum of 0.027ng/ml and the
functional sensitivity of 0.117ng/ml. Neuronal
antibodies against Hu, Ri, ANNA-3, Yo, Tr/
DNER, myelin, Ma/Ta, GAD65, amphiphysin,
aquaporin-4, glutamate-receptors (Typ NMDA,
AMPA), GABA/B receptor, LGI1, CASPR2,
ZI1C4, DPPX, glycine receptor, mGluRl,
mGIuR5, Rho-GTPase activating protein 25,
ITPR1, Homer 3, MOG, recoverin, neurochon-
drin, GIluRD2, flotillin 1/2, IgLON5, CV2,
PNMA2, SOXI1, titin and Zic4 were determined
in serum of patients. Concentrations of antibod-
ies against myelin basic protein, gangliosides
(GM1, GM2, GM3, GDla, GDIl1b, GTlb,
GO1b) were measured. Furthermore, we
screened for antibodies against MDA5, NXP2,
SAE1, Mi-2alpha, Mi-2beta, TIF1gamma, Ku,
PM75, SRP, PI-7, PL-12, EJ, O], Ro-52 and
cN-1A. Antibody diagnostics were performed at
the laboratory facility EUROIMMUN AG,
Liibeck, Germany using test strips with coated
membrane chips of purified, biochemically char-
acterized antigens. Cytokine concentrations (IL-
6, IL-8 and TNF-alpha) were determined using
magnetic bead sandwich immunoassay (Bio-Plex
Pro, Human Cytokin Screening Assay, Biorad,
Germany) according to the manufacturer’s proto-
col. Optical density was measured with Bio-Plex
200 (Biorad, Germany).

Statistics

All data are presented as mean, wherever possible
with standard error of the mean, and p values,
which were calculated using GraphPad Prism
software version 7.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). Group differences were
assessed using one-way analysis of wvariance
(Kruskal-Wallis) with Bonferroni’s multiple
comparison post-hoc tests, after analysing for par-
ametric distribution with Kolmogorov—Smirnov

test. Pearson’s chi-square test was used for cate-
gorical comparisons. A p value <0.05 was con-
sidered to be significant.

Standard protocol approvals, registrations and
patient consents

The study was performed in accordance with the
principles of the Declaration of Helsinki and the
local Ethics Committees approved the study plan
(Ethics Committee University of Duisburg-Essen,
approval number: 20-9284-BO). Signed informed
consent was obtained. The study is registered in
the German register for clinical trials (DRKS)
under the registration number: DRKS00023312.

Results

Among 102 patients with COVID-19 included in
the study, 61 (59.8%) were found to have any
neurological signs or symptoms. The distribution
of neurological signs and symptoms among this
cohort is shown below (Table 4).

It was found that 25 (24.5%) patients suffered
unspecific NIV. Within this group, eight patients
(32%) exhibited a reduction of mobility or gen-
eral weakness, six (24%) had a psychiatric disor-
der including delirium. Worsening of a
pre-existing neurological condition or cognitive
decline was present in five (20%) patients and
severe headache was found in one (4%) case.

In the whole cohort, 10 patients (9.8%) suffered
mild NIV. Within this group, impaired taste or
smell was most common (=9, 90%), followed
by transient ischaemic attack (TIA, n=1, 1%).

In the whole study population, severe NIV was
present in 24 patients (23.5%). Of these patients
with severe NIV, half suffered cerebral ischaemia
(n=12), five (20.8%) experienced cerebral bleed-
ing, three (12%) had seizures, and encephalitis
and myopathy/neuropathy each occurred in two
(8.3%) cases.

COVID-19 patients were categorized by the
severity of their respiratory symptoms. Increasing
severity of respiratory symptoms was associated
with increasing NIV severity (Figure 1A).

Of the patients with mild COVID-19, 10 (42%)
had NIV (unspecific, mild or severe). Of the
patients with a moderate COVID-19 course of

journals.sagepub.com/home/tan



M Fleischer, M Kéhrmann et al.

Table 4. Neurological signs and symptoms in the cohort.

Neurological involvement

n (% of NIV) n (% of total)

Unspecific Worsening of pre-existing neurological deficit 5(8.5)

Reduction of mobility/general weakness 8(13.6)

Psychiatric disorder including delirium 6(10.2)

Severe headache 1(1.7)

Cognitive decline 5(8.5)

Total 25 (24.5)
Mild Impaired taste or smell 9(15.3)

Transient ischaemic attack 1(1.7)

Total 10 (9.8)
Severe Cerebral bleeding 5(8.5)

Cerebral ischaemia 12 (20.3)

Seizure 3(5.1)

Encephalitis 2 (3.4)

Neuropathy/myopathy 2 (3.4)

Total 24.(23.5)

NIV, neurological involvement.

disease (mainly moderate pneumonia), 19
(50.1%) showed NIV, and 30 (79%) of patients
with severe COVID-19 (referring to patients
with respiratory failure and the need for
mechanical ventilation) had any NIV. Numerical
increase in NIV with increasing respiratory
COVID-19 severity was detected due to cases of
severe and unspecific NIV. Thus, among patients
with mild COVID-19, four (14.7%) had unspe-
cific NIV and one (4.2%) had severe NIV. Of
patients with moderate COVID-19, 19 (39%)
had unspecific NIV and seven (18.4%) had
severe NIV. In patients with severe COVID-19,
13 (34.2%) had unspecific NIV and 16 (42%)
presented with severe NIV. Thus, the incidence
of NIV increases with the severity of respiratory
COVID-19.

Mortality increased with increasing NIV severity
(Figure 1B). For patients without neurological
symptoms, mortality was calculated to be 14.3%;
among patients with unspecific NIV, mortality

was 32% and in patients with severe NIV mortal-
ity was found to be 41.7%. None of the patients
with mild NIV died in the current study (Figure
1B). Among all patients with a fatal outcome,
41.7% had severe NIV (Figure 1B, inlay). Severe
NIV is thus an independent risk factor for
fatality.

Average age did not differ significantly between
patients with no, unspecific, mild or severe NIV
(no neurological symptoms n=41, average age
60years; unspecific NIV, n=25, average age
61years; mild NIV, n=10, average age 51 years;
and severe NIV, n=24, average age 62years;
Figure 1C).

We further investigated the relationship between
pre-existing neurological co-morbidities and the
presence or severity of NIV and found increasing
levels of neurological severity among those patients
with pre-existing neurological co-morbidities
(Figure 1D). In patients without NIV, we found
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Figure 1. Clinical characteristics of the COVID-19 cohort.
(A) Proportion of patients showing unspecific, mild focal and severe focal neurological symptoms according to severity of
COVID-19 classified as mild, moderate or severe. Proportion of patients (%) showing each type of neurological symptom
grouped within the categories of unspecific, mild focal and severe focal neurological symptoms. (B) Mortality (% of patients)
in relation to severity of COVID-19 and neurological involvement (none, unspecific, mild focal or severe focal]. Inlays show
all deaths, and proportion of NIV classification and COVID-19 severity. (C] Distribution of age in relation to neurological
involvement categories (none, unspecific, mild focal or severe focal). (D) Proportion of patients (%) who had pre-existing
neurological morbidity within each of the neurological involvement categories (none, unspecific, mild focal or severe focal).
(E) Number of comorbidities in relation to neurological involvement categories. Classification *p < 0.05, **p < 0.01. (none,
unspecific, mild focal or severe focal).

NIV, neurological involvement; Unsp., unspecific.
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Figure 2. Cerebrospinal fluid (CSF) analysis of COVID-19 patients.

(A) and (B) CSF cell counts (n/ul) and level of CSF protein (mg/dl) according to neurological involvement categories (none,
unspecific, mild focal or severe focal). (C) Extinction of 1gG antibody against SARS-CoV-2 against albumin ratio. The colour-
coding shows each of the neurological symptom categories: none (green), mild focal (orange) or severe focal (red). (D)
Integrity of the blood-brain barrier (BBB), graphed by number of patients who showed a disruption or an intact BBB within
each of the neurological involvement categories (none, unspecific, mild focal or severe focal).

AB, antibody; NIV, neurological involvement; Unsp., unspecific.

that only six (14.6%) had a pre-existing neurologi-
cal co-morbidity; in patients with unspecific NIV,
12 (48%) had a pre-existing co-morbidity; three
(30%) patients with mild NIV and 20 patients
(83.3%) with severe NIV had a pre-existing neuro-
logical co-morbidity.

Additionally, the number of pre-existing co-morbid-
ities in general (not only neurological co-morbidi-
ties) was higher in patients with unspecific NIV,
compared with patients without any NIV (p=0.01)
and compared with patients with mild NIV
(p=0.002). Furthermore, patients with severe NIV
had significantly more pre-existing co-morbidities
compared with patients with mild NIV (p=0.009;
Figure 1E). Co-morbidities thus predispose for NIV.

We further assessed potentially underlying mech-
anisms of NIV in COVID-19 patients. For this,

CSF was analysed in 13 patients and blood analy-
ses were performed.

CSF cell leucocyte counts did not show significant
differences between groups stratified for NIV (total
n=13 samples; Figure 2A). Although total protein
(total number of samples n=13) was increased in
46% of patients with severe NIV, alterations did
not reach the level of statistical significance (Figure
2B). We found that all patients showed oligoclonal
bands Type 4 (identical oligoclonal bands in CSF
and serum) except one patient with type 1 pattern
(no bands in CSF and serum). Elevated intrathe-
cal immunoglobulin fractions were not found in
any patient (data not shown).

To test for a direct viral central nervous system
invasion, we tested CSF samples for SARS-CoV-2
RNA using RT-PCR. All samples tested were
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found negative for SARS-CoV-2 RNA (n=13).
We furthermore performed antibody testing for
SARS-CoV-2 S1 IgG in patients’ CSF. Samples
from all patients tested revealed low levels of
SARS-CoV-2 IgG in CSF, compared with serum
IgG (on average 4.68-fold higher in serum); three
samples were under the extinction cut-off. Three
of the patients with high SARS-CoV-2 IgG extinc-
tion concomitantly had high albumin serum/CSF
ratio and an age defined [age(y)/15+4] BBB dis-
ruption (n=10; Figure 2C).

Due to this finding, we correlated the presence
and severity of NIV to a disruption of the BBB.
BBB integrity was neither compromised in the
patient without neurological symptoms (n=1)
nor in patients with unspecific NIV (n=2) or
mild NIV (n=2), but 50% of patients with severe
NIV (n=8) presented with a disruption of the
BBB (Figure 2D). Inflammatory involvement of
the CSF due to BBB disruption may thus par-
tially drive NIV.

To investigate the underlying mechanism, we
analysed inflammatory cytokines in the CSF. A
trend towards elevated levels of IL-6, IL-8 and
TNF-alpha was seen in patients with severe NIV
compared with no, unspecific or mild NIV, but
did not reaching the level of significance (n=12;
Figure 3A-C). BBB integrity was assessed
according to albumin quotient in CSF and IL-8
increase was significantly correlated with BBB
disruption (p=<0.05). Patients with BBB dis-
ruption were found to show a trend towards
higher levels of IL-6 and TNF-alpha but this did
not reach the level of significance (Figure 3A—C;
inlays).

To evaluate autoimmune mediated mechanisms
that may facilitate NIV in COVID-19, various
antibodies against neuronal or glial proteins (see
Methods) were analysed in serum samples (Figure
3D). Overall, 35% of COVID-19 patients who
were tested for the presence of neuronal or glial
antibodies showed positivity for at least one anti-
body. We found antibodies against titin, MOG,
Yo, Mi2a/2b, neuronal-antigen and DNER, with-
out any association with clinical presentation
(Table 5). There was no significant difference
between NIV groups. Positivity was found in 45.5%
of patients with no NIV (z=11); 50% of patients
with unspecific NIV (r=4); 20% of patients with
mild NIV (z=5); and 35% of patients with severe
NIV (n=11).

Analysis of CSF and blood neurofilament (heavy
chain) concentrations did not show significant dif-
ferences between NIV groups (Figure 3E and F).

Discussion

In this study we prospectively enrolled 102
patients who were positive for SARS-CoV-2 to
investigate the nature, frequency and severity of
neurological complications of COVID-19. We
identified pre-disposing factors for NIV and sug-
gest inflammatory-mediated mechanisms driving
neurological manifestations of COVID-19.

We found stroke to be the most frequent severe
neurological complication of COVID-19. In this
study, 12% of all patients suffered ischaemic stroke
including half of all severe NIV cases. This number
is higher than that found in previously published
retrospective studies, which reported that 5% of
COVID-19 patients suffered ischaemic stroke,!
and higher than a meta-analysis of 10 studies,
which found an incidence of 1.8%.16 Intracerebral
haemorrhage was found to be the second most
commonly occurring severe NIV in COVID-19
patients; three out of five events occurred during
systemic anticoagulation required for extracorpor-
eal membrane oxygenation (ECMO) therapy.!”
Despite the fact that haemorrhages have been
reported in other viral conditions such as in H3N2
influenza pneumonial® and direct association with
SARS-CoV-2 has been discussed before,!® our
data suggest ECMO therapy as the predominant
cause. The clinical relevance of this study is under-
lined not just by the high frequency of severe NIV,
but also by the finding that severe NIV tripled
mortality compared with patients without NIV.

In contrast to previous findings,?° we found sever-
ity of respiratory symptoms in COVID-19 as a
key pre-disposing factor for the development of
severe NIV. As pre-existing neurological condi-
tions accumulate with increasing age, the average
age could be excluded as a risk factor for develop-
ing severe NIV 1,21

Beside these severe NIV endpoints, we furthermore
monitored mild neurological signs and symptoms,
mainly ageusia and anosmia, which was found in
8.8% of all cases, the frequency of which ranges
from 6% to 88% in the literature.,2>-24 As these
signs and symptoms were discussed as the most
common forms of NIV in COVID-19,%5 a pre-
selection bias of our mono-centre university
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Figure 3. Cerebrospinal fluid (CSF) and blood analysis of COVID-19 patients.

(A)-(C). Concentration of IL-6, IL-8, TNF-alpha (pg/ml) in the CSF by neurological symptom involvement (none, unspecific,
mild focal or severe focal classification *p < 0.05). Inlays: respective status of blood-brain barrier (BBB) in relation to
interleukin level. (D] Antibodies against neuronal or glial epitopes in serum in relation to neurological involvement categories

(none, unspecific, mild focal or severe focal). (E) Measurement
neurological involvement categories (none, unspecific, mild foc

of neurofilament in CSF grouped according to each of the
al or severe focal). (F) Measurement of neurofilament in serum

grouped according to each of the neurological involvement categories (none, unspecific, mild focal or severe focal.

AB, antibody; NIV, neurological involvement; Unsp., unspecific

hospital study may have been overestimation of
severe cases and underestimation of mild NIV.

We separately assessed unspecific NIV — as a criti-
cal advance in scientific knowledge compared
with previous studies — and found unspecific NIV,
such as cognitive decline, muscular weakness,

i IL, interleukin.

delirium and impaired consciousness, in 24.5%
of all COVID-19 cases in this cohort. This find-
ing has significant clinical relevance, showing that
increased mortality is not only contributed to by
severe NIV but also by the presence of unspecific
NIV. Unspecific NIV is associated with a dou-
bling in mortality compared with patients without
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Table 5. Antibodies against neuronal epitopes and corresponding COVID-19 severity and neurological

involvement.

Auto antibody epitopes COVID-19 severity

Neurological
involvement severity

Neurological symptom

Titin Severe
Neuronal antigen Mild
Neuronal antigen Moderate
PL7, MOG IgG Mild

Yo Severe
Mi-2a Moderate
MOG IgG Severe
Mi-2b Moderate
Neuronal antigen Mild
DNER Mild

Severe Seizures, myopathy
Unspecific Mild cognitive deficit
Unspecific Severe headache
Mild Dysphagia

Severe Cerebral ischaemia
Unspecific Severe headache
Severe Cerebral bleeding
Unspecific Severe headache
Mild Impaired smell/taste
Mild Impaired smell/taste

NIV. In relation to the role of pre-existing neuro-
logical conditions, we found them increased in
patients with unspecific NIV and as major risk
factor for the development of severe NIV.

The proportion of patients with delirium and cog-
nitive decline in this cohort was high, at almost
19%, comparable to that reported in former stud-
ies, which describe confusion and agitation in up
to 69% of patients” and impaired consciousness
in 14% of patients.! Remarkably, this high pro-
portion of patients with unspecific NIV resembles
other viral respiratory conditions, such as HIN1,
where mild neurological signs and symptoms,
most often headache, numbness, paraesthesia,
drowsiness and coma,2%28 are reported in up to
42% of patients. As previously suggested, we con-
sidered the assertion that impaired consciousness
was related to epileptic activity.%2¢ Indeed, we
found seizures in 2.9% of all COVID-19 patients,
but no relevant alterations in electroencephalog-
raphy were recorded (Supplemental Material
results online) in patients with impaired con-
sciousness or cognitive decline in our study.

To further delineate the pathophysiologic mecha-
nism underlying NIV in COVID-19 patients we
analysed CSF and blood samples. Viral RNA was
not detectable in CSF of patients presenting with
neurological signs and symptoms. Despite a lot of
effort to detect SARS-CoV-2 RNA in CSF, most

studies could not detect any or found evidence in
a few individuals.”29-32 A review article suggests a
positive detection of SARS-CoV-2 in 1.28% of
the cases among 1018 pooled cases. This result
was calculated by including 13 studies reporting
positive results in 13 of 67 patients, and 43
reported negative results in 951 patients.33

In line with our negative PCR results, antibody
indices for SARS-CoV-2 did not suggest intrathe-
cal antibody production and argue against cere-
bral virus replication and cerebral viral invasion.

Still, we cannot completely rule out direct central
nervous system infection with SARS-CoV-2 in our
study. One limitation is the low patient numbers
included in the CSF analysis. Also, the fact that
increased leucocytes were found in three patients
and SARS-CoV-2 specific antibodies were found in
some, despite the fact that these patients mainly
were found with BBB disruption, indicates that fur-
ther studies are needed to address this question.

We found pleocytosis in the CSF of some patients
with severe NIV, elevated inflammatory cytokines
and BBB disruption in half of all patients with
severe NIV. Angiotensin converting enzyme 2, as
it binds to SARS-CoV-2,3* is ubiquitously
expressed on epithelia and brain tissue.35:3¢
Receptorbinding can cause a storm of cytokines,!1-37
which may also explain BBB disruption in our
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patients.3® Back to bench side, an increase of pro-
inflammatory cytokines and BBB disruption trig-
gers coagulation,3” and may further explain the
high incidence of stroke in COVID-19 patients.
The interaction between inflammation and vessel
clots has been described for other conditions.3%40
BBB disruption — particularly in the temporal lobe
— can further facilitate seizures*! and cognitive
decline.#? Cytokines are also known to affect the
peripheral nervous system and consecutive demy-
elination*? and lead to further organ damage.**

We assessed the question whether autoimmune
phenomena may further influence the severity
and incidence of NIV in SARS-CoV-2 positive
patients, as previously considered in relation to
Middle East Respiratory Syndrome.%> Indeed, a
remarkably high proportion of patients (35%)
showed positivity for at least one of the antibodies
tested against neuronal epitopes.

As there was no correlation between clinical pres-
entation and the detection of neuronal antibodies
and no correlation between antibody frequency
and NIV frequency/severity, we assume that the
detection of these antibodies represents a general
immune activation in COVID-19 patients. The
inflammatory stimulus of SARS-CoV-2 and the
high cytokine release may lead to unmasking of
epitopes by unspecific epitope spreading. CSF
and blood analysis within our study suggest that
BBB disruption and cytokine release as well as
autoimmune mechanisms are involved in devel-
opment of NIV in COVID-19.

As a single centre analysis, this study is limited by
the low patient numbers in some of the sub-
groups, selection bias and the lack of longitudinal
long-term data. Despite these limitations, com-
pared with other previous studies that investi-
gated NIV, we present the first prospective cohort
of only SARS-CoV-2 PCR positive patients.

We identified clinical risk factors for severe NIV
and CSF changes that provide evidence for indi-
rect inflammatory mechanisms driving neurologi-
cal manifestations of COVID-19 infection.
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