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Abstract

Background Coronavirus disease 2019 (COVID-19) is an infection which can affect the central nervous system. In this study,
we sought to investigate associations between neuroimaging findings with clinical, demographic, blood and cerebrospinal
fluid (CSF) parameters, pre-existing conditions and the severity of acute COVID-19.

Materials and methods Retrospective multicenter data retrieval from 10 university medical centers in Germany, Switzer-
land and Austria between February 2020 and September 2021. We included patients with COVID-19, acute neurological
symptoms and cranial imaging. We collected demographics, neurological symptoms, COVID-19 severity, results of cranial
imaging, blood and CSF parameters during the hospital stay.

Results 442 patients could be included. COVID-19 severity was mild in 124 (28.1%) patients (moderate n=134/30.3%,
severe n=43/9.7%, critical n=141/31.9%). 220 patients (49.8%) presented with respiratory symptoms, 167 (37.8%) pre-
sented with neurological symptoms first. Acute ischemic stroke (AIS) was detected in 70 (15.8%), intracranial hemorrhage
(IH) in 48 (10.9%) patients. Typical risk factors were associated with AIS; extracorporeal membrane oxygenation therapy
and invasive ventilation with IH. No association was found between the severity of COVID-19 or blood/CSF parameters
and the occurrence of AIS or IH.

Discussion AIS was the most common finding on cranial imaging. IH was more prevalent than expected but a less common
finding than AIS. Patients with IH had a distinct clinical profile compared to patients with AIS. There was no association
between AIS or IH and the severity of COVID-19. A considerable proportion of patients presented with neurological symp-
toms first. Laboratory parameters have limited value as a screening tool.

Keywords COVID-19 - Acute ischemic stroke - Intracranial hemorrhage - Neuroimaging

Introduction

The pandemic with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV2) which already caused more than
608 million infections and claimed more than 6.5 million
lives worldwide [1] continues to be a global public health
crisis with the numbers of cases surging in many places. In

>4 Ulf Jensen-Kondering
Ulf.Jensen-Kondering @uksh.de

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-023-11608-2&domain=pdf
http://orcid.org/0000-0002-0860-4410
http://orcid.org/0000-0002-6973-0824
http://orcid.org/0000-0002-5651-3900

2350

Journal of Neurology (2023) 270:2349-2359

addition to the respiratory tract, many organs can be infected
by the virus, too. Early in the pandemic, involvement of
the central nervous system (CNS) has been described in a
substantial proportion of patients [2]. While the association
with acute ischemic stroke (AIS) is well established [3], the
association with intracranial hemorrhage (IH) is less clear.
The rate of CNS complications seems to be high in patients
with severe disease courses and in patients hospitalized in
the intensive care unit [4]. However, information on mildly
and moderately affected patients is lacking.

In this study, we sought to investigate associations
between neuroimaging findings with clinical parameters,
severity of acute COVID-19, demographic parameters as
well as pre-existing conditions and the predictive value of
laboratory parameters from blood and cerebrospinal fluid
(CSF).

Materials and methods

Patients were retrospectively included from 10 university
medical centers from a wide geographical range (Fig. 1) in
three countries (Germany, Switzerland and Austria) between
February 2020 to September 2021.

The study was approved by the Ethics Committee of the
University of Kiel (D502/20 and its amendment) for central
data processing and by the participating centers subject to
local requirements.

We included patients who met the following inclusion cri-
teria. (1) Acute laboratory-confirmed infection with SARS-
CoV2 diagnosed by polymerase chain reaction (PCR) for
SARS-CoV2 from a nasopharyngeal swab performed and
processed by local standards or serological detection of
SARS-CoV?2 specific antibodies if a PCR was not available
from the acute phase of the infection. (2) Acute symptoms
of the central nervous system (3) Routine imaging of the
brain using computed tomography (CT) and/or magnetic
resonance imaging (MRI).

We retrospectively collected demographic information
as well as clinical data related to COVID-19 and treatment,
imaging data, neurological symptoms, blood and CSF
parameters from the patients’ charts using a standardized
template sheet. Additionally, we recorded the total number
of patients hospitalized with COVID-19 at the participating
centers during the study period.

Demography
Demographic information including sex, age, pre-existing

conditions and the use of antithrombotic drugs at the time
of imaging was recorded.
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Fig. 1 Geographic distribution of the participating centers in Ger-
many, Switzerland and Austria. ( © OpenStreetMap, openstreetmap.
org/copyright). 1: University Medical Center Schleswig—Holstein,
Campus Kiel, 2: University Medical Center Schleswig—Holstein,
Campus Liibeck, 3: Charité Universitidtsmedizin Berlin, 4: Univer-
sity Medical Center Gottingen, 5: University Medical Center Knapp-
schaftskrankenhaus Bochum, 6: University Hospital Cologne, 7:
University Hospital Tiibingen, 8: University Hospital Augsburg, 9:
University Hospital Basel, 10: University Medical Center Innsbruck

Clinical information

The severity of COVID-19 was assessed in a composite
score according to the “Handbook COVID-19 Prevention
and Treatment” [5].

Outcome was assessed as complete recovery or per-
sistence of neurological symptoms and death during the
hospital stay.

We recorded whether patients were invasively venti-
lated at the time of imaging and if extracorporeal mem-
brane oxygenation (ECMO) therapy was applied. Further,
the duration of invasive ventilation and ECMO therapy
was recorded at the time of imaging.
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Neurological symptoms

We recorded the presence of the following neurological
symptoms with acute onset: decreased level of conscious-
ness, delirium, speech impairment (aphasia or dysar-
thria), visual impairment, oculomotor dysfunction, paresis
and impaired sensory levels (dys-, hyp- and paresthesia).
Additional data were collected concerning the presence of
smell or taste dysfunction, headaches, psychiatric disorders
(including impaired memory), epileptic seizures, dizziness
and miscellaneous.

Time variables

For 387 of the 442 patient (information missing in 55
patients), we recorded the dichotomized information whether
neurological symptoms (“Neuro first”) or COVID-19 related
respiratory and/or inflammatory symptoms (“COVID first”)
occurred first.

If available, the time interval between the onset of neuro-
logical symptoms and COVID-19-related symptoms (or vice
versa) and the time interval between the onset of neurologi-
cal symptoms and imaging were noted.

Imaging

For each patient, we collected the imaging results closest
to the onset of neurological symptoms. We recorded acute
imaging findings potentially associated with COVID-19, for
example AIS including the affected vascular territory and IH
including location/type of hemorrhage as well as other imag-
ing findings potentially associated with COVID-19: venous
thrombosis, acute white matter abnormalities, meningeal
enhancement, olfactory nerve pathologies and miscellane-
ous findings potentially associated with COVID-19. Chronic
imaging findings probably not associated with COVID-19

were also noted. We gathered data on imaging modality
(CT or MRI), and whether contrast agent was applied. All
imaging modalities at each time-point were rated at a uni-
versity medical center with the diagnosis made by expert
neuroradiologists.

Statistics

We present variables as mean and standard deviation and
as median and range as appropriate. To compare variables
between groups we used a two-sided ¢-test for normally dis-
tributed variables and a two-sided Mann—Whitney-U Test
for non-normally distributed variables. We applied Fisher’s
exact test or a y*-test for nominal data in 2 x2 tables as
appropriate. We performed a logistic regression model for
the variables AIS and IH present or absent. In an exploratory
approach, we did not perform correction for multiple testing
but interpret test results descriptively. We used R version
4.0.0 for all analyses.

Results
Demography

442 patients (188 females, 42.5%) were included. Some of
the patients have already been partially described in previ-
ous publications [6-8]. Mean age was 69 + 16 years (range
19-99). During the study period, a total of 4115 patients
with COVID-19 were treated in the participating centers,
the total number of patients treated by two centers was not
available. The proportion of patients included in the study
(CNS symptoms and brain imaging) was 9.5% (Table 1).
91 patients had no pre-existing conditions, 110 patients had
one, 98 patients had two, 93 patients had three, 39 had four
and 11 patients had 5 pre-existing conditions (Table 2).

Table 1 Patients included per

N Center Patients included Total number
participating center in this study of hospitalized
patients
University Medical Center Schleswig—Holstein, Campus Kiel 51 372
University Medical Center Schleswig—Holstein, Campus Liibeck 43 279
Charité Universitidtsmedizin Berlin 47 NA
University Medical Center Gottingen 29 467
University Medical Center Knappschaftskrankenhaus Bochum 5 NA
University Hospital Cologne 5 410
University Hospital Tiibingen 43 447
University Hospital Augsburg 177 1664
University Hospital Basel 35 326
University Medical Center Innsbruck 7 150
Total 442 4115

@ Springer
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Table 2 Pre-existing conditions among patients with COVID-19,
neurological symptoms and cranial imaging

Pre-existing conditions n (%)

Diabetes mellitus 141 (31.9)
Cardiovascular (other than arterial hypertension) 147 (33.3)
Arterial hypertension 232 (52.5)
Cerebrovascular 64 (14.5)
Vascular other 20 (4.5)
Malignoma 74 (16.7)"=440
Renal 118 (26.7)

Antithrombotic drugs were used in 106 patients (24.0%) for
various reasons but this information was not systematically
obtained.

Clinical information

Severity was mild in 124 patients (28%), moderate in 134
patients (30%), severe in 43 patients (10%) and critical in
141 (32%) patients.

Neurological symptoms persisted in 104 patients (23.5%),
189 patients (42.8) completely recovered, mortality was
27.8% (123 patients) during the hospital stay.

One hundred and seventeen patients (26.5%) were inva-
sively ventilated during imaging. Median time of ventilation
was 9 days at the time of imaging (range 0—48 days).

Neurological symptoms

By far the most commonly reported neurological symptom
(more than one symptom possible) was a decreased level of
consciousness (7 =209/47.3%) and delirium (n=162/36.7%,
see Supplemental Materials).

Time variables

Across all patients, 220 patients (49.8%) presented with
“COVID first”, median time from COVID-19 symptoms
onset to neurological symptoms onset was 7 days (range
0-58 days, n=208, in the 12 remaining patients the inter-
val was not recorded). 167 patients (37.8%) presented with
“Neuro first”. The median time between the onset of neu-
rological symptoms and the onset of COVID-19 symptoms
was 2 days (range 0-37 days, n=163, in the remaining 4
patients the interval was not recorded).

Imaging

CT was performed in 406 patients, MRI in 91 patients and
both CT and MRI in 55 patients. Contrast-enhanced CT was

@ Springer
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Fig.2 Vascular territory of acute cerebral ischemia (more than one
territory possible). ICA (internal carotid artery), MCA (middle cer-
ebral artery), anterior cerebral artery (ACA), basilar artery (BA), pos-
terior cerebral artery (PCA)

performed in 80 patients. Contrast-enhanced MRI was per-
formed in 60 patients.

Acute ischemic stroke

AIS was detected in 70 (15.8%) patients (37 females
(52.9%)). Patients with AIS were older than patients without
(mean age 73.5 + 13.1 years vs. 68.2 + 16.4 years, p=0.003,
t-test). COVID-19 severity was mild n=16 (22.9%), mod-
erate n=20 (28.6%), severe n==6 (8.6%), critical n=28
(40.0%). Based on all COVID-19 patients hospitalized dur-
ing the study period, this corresponds to an incidence of
1.26% (52 events in 4115 patients in 8 centers). Details on
the affected vascular territory can be found in Fig. 2. 90
patients (20.4%) had previous AIS. 31 patients presented
with “COVID-19 first”, median time from COVID-19 symp-
toms onset to neurological symptoms onset was 12 days
(range 0-35 days, n=29, in the remaining 2 patients the
interval was not recorded). 30 patients presented with
“Neuro first”. The median time between the onset of neu-
rological symptoms and the onset of COVID-19 symptoms
was 1 day (range 0-15 days, n=28, in the remaining 2
patients the interval was not recorded).

Mortality during the hospital stay was 30% (n=21), neu-
rological symptoms resolved in 24 patients (34.3%) and per-
sisted in 23 patients (32.9%).
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In patients with AIS, the median time to CT imaging was
0 days (range 0-15, n=28 and 0-18 days, n=25) in both
“COVID first” and “Neuro first”, and 2 and 3 days, respec-
tively, to MR imaging (range 1-3, n=5 and 0-47 days,
n=3_).

Neither invasive ventilation (p =0.187, y*-test) nor
ECMO therapy (p=0.379, y*-test) was associated with AIS.

No association was found between the severity of
COVID-19 and the occurrence of AIS (regular: OR=1.07
(95% CI[0.52; 2.21]), p=0.846; severe: OR=0.79 [0.28;
2.22], p=0.660; critical: OR=1.52 [0.76; 3.03], p=0.237).

Of the documented risk factors for and pre-existing
conditions associated with AIS (arterial hypertension, dia-
betes mellitus, age, cerebrovascular, cardiovascular, vas-
cular other) only arterial hypertension (y*-test, p=0.007,
OR =2.06) and cardiovascular preconditions (xz—test,
p=0.0004, OR =2.48) were associated with the presence
of AIS. When fed into the model together with COVID-19
severity and age, the presence of any risk factors was asso-
ciated with the presence of AIS (OR=3.06 [1.31; 7.17],
p=0.005) while age was not (OR=1.02 [1;1.04], p=0.092).

Intracranial hemorrhages

IH was detected in 48 (10.9%) patients (17 females (35.4%)).
Patients with TH were younger than patients without TH
(mean age 62.1 +15.9 years vs. 69.9+15.9 years, p=0.002,
t-test). COVID-19 severity was mild n=14 (29.2%), moder-
ate n=9 (18.8%), severe n=1 (2.1%), critical n=24 (50%).
Based on all COVID-19 patients hospitalized during the
study period, this corresponds to an incidence of 0.85% (35
events in 4115 patients in 8 centers). Details on location and
type of hemorrhages can be found in Fig. 3.

Fig.3 Location/type of hemor-
rhage (more than one location/

Cerebral microbleeds (CMB) in mixed location (n=1)
and the corpus callosum (n=3) were only detected in
patients with critical COVID-19, altogether the incidence
of CMB was 3.3% (n=06) in severe and critically ill patients.

Ten IH in 8 patients ICB n=4, SAH n=4, subdural n=1
and epidural n=1) were classified as traumatic, 2 subdural
hematomas were rated as chronic, i.e., presumably pre-
existing. After exclusion of these patients, the corrected
incidence for IH in our study was 9.2%, and 0.7% for all
COVID-19 patients hospitalized during the study period.
The results of the other analysis did not change.

Mortality during the hospital stay was 37.5% (n=18),
symptoms resolved in 15 patients (22.0%) and persisted in
14 patients (29.2%).

Twenty patients presented with “COVID first” and the
median time between the onset of COVID symptoms and
the onset of neurological symptoms was 15 days (range
0-34 days, n=17, in the remaining 3 patients the inter-
val was not recorded). Seventeen patients presented with
“Neuro first”. The median time between onset of neurologi-
cal symptoms and the onset of COVID-19 symptoms was
3 days (range 011 days, n=15, in the remaining 2 patients
the interval was not recorded).

Median time to CT imaging in patients with IH was
0 days (range 0-15, n=20 and 0-14 days, n=15) for both
“COVID first” and “Neuro first”, and 5 and 1 days, respec-
tively, to MR imaging (range 1-15, n=35 and 0-1 days,
n=3).

The use of antithrombotic drugs was not associated with
the presence of IH (p=0.066, y*-test). ECMO therapy (30
vs. 9%, p <0.001, Fisher’s exact test) and invasive ventila-
tion (8 vs. 18%, p=0.004, ;(Z-test) were associated with TH.

type possible). 1: mixed, n=1.
2: splenium of corpus callosum,

CMB lobar (n=5) [§}]8 &3

n=3. 3: epidural, n=1

Subdural (n=12)
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o
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No association between the severity of COVID and the
occurrence of IH could be detected (regular: OR=0.6 [0.25;
1.46], p=0.261; severe: OR=0.23 [0.03; 1.82], p=0.164;
critical: OR=1.74 [0.84; 3.59], p=0.135).

The documented risk factors for and pre-existing condi-
tions associated with IH (arterial hypertension, age) were not
positively associated with the presence of IH (arterial hyper-
tension OR =0.60 [0.31; 1.17], p=0.135; age OR=0.98
[0.96;1], p=0.029).

Detailed comparisons between the parameters of patients
with AIS and IH are listed in Table 3.

Other imaging findings

Other imaging findings are summarized in Table 4. 75%
(n=302) of the CTs and 52% (n=40) of the MRIs did not
show any findings potentially related to COVID-19.

ECMO

33 patients had imaging after or during ECMO therapy.
Patients were considerably younger than patients with-
out ECMO therapy (60.7+10.5 vs. 69.7+16.2 years).
Median time from ECMO to imaging was 3.5 days (range

Table 4 Other relevant imaging findings in patients with COVID-19,
neurological symptoms and cranial imaging

Imaging findings n (%)
Fluid collection in the paranasal sinus and/or mastoids 10 (2.3)
Hypoxic brain injury 8 (1.8)
Venous thrombosis 3(0.68)
Hygroma 3
Probable postictal imaging abnormalities 3
Meningeal enhancement 2 (0.45)
Pathological olfactory nerve 2
Posterior reversible encephalopathy syndrome 2
Hemorrhagic pituitary infarct 1(0.23)
Central pontine myelinolysis 1
Undetermined thalamic lesion 1
Undetermined juxtacortical lesion 1
Undetermined partial incomplete FLAIR suppression of 1

CSF
Hyperdense pallidus globe 1

FLAIR fluid attenuated inversion recovery, CSF cerebrospinal fluid

Table 3 Comparison between AIS and IH in patients with COVID-19, neurological symptoms and cranial imaging

AIS IH Difference* [95% CI] p value

Total number, 1 (%) 70 (15.8) 48 (10.9) 0.050 [0.003; 0.097] 0.038

Age, mean + SD, years 73.5+13.1 62.1£15.9 —11.5[-17.0; - 5.9] 0.00008%

Female sex, n (%) 37 (52.9) 17 (35.4) 0.174 [- 0.022; 0.371] 0.093

COVID-19 severity, n (% per group)

Mild 16 (22.9) 14 (29.2) —0.063 [— 0.243; 0.116] 0.577
Moderate 20 (28.6) 9 (18.8) 0.098 [— 0.072; 0.269] 0.318
Severe 6 (8.6) 1@2.1) 0.065 [— 0.030; 0.159] 0.285
Critical 28 (40.0) 24 (50.0) —0.100 [— 0.300; 0.100] 0.376

Mortality, n (%) 21 (30.0) 18 (37.5) —0.075 [ 0.267;0.117] 0.515

Neurological symptoms resolved, n (%) 24 (34.3) 15 (31.3) 0.030 [— 0.159; 0.220] 0.885

Neurological symptoms persisted, 7 (%) 23 (32.9) 14 (29.2) 0.037 [— 0.150; 0.224] 0.824

,,COVID first“, n (%) 31 (44.3) 20 (41.7) 0.026 [— 0.173; 0.225] 0.926

Time from COVID symptoms-neurological 12 (0-35)"=% 15 (0-34)y"="7 3[-3;9] 0.284%
symptoms, median (range), days

Time to CT, median (range), days 0 (0-15)"=28 0 (0-15)"=20 0 [- 0.00007; 1] 0.081%

Time to MRI, median (range), days 2 (1-3)"=5 5 (1-15)"=5 3[-1;13] 0.109"

,Neuro first*, n (%) 30 (42.9) 17 (35.4) 0.074 [ 0.121; 0.270] 0.536

Time from neurological symptoms-COVID 1 (0-15)"=28 3 (0-11y=1 1[-1;3] 0.328%
symptoms, median (range), days

Time to CT, median (range), days 0 (0-18)"=% 0 (0-14)=1 0 [— 0.00003; 0.00006] 0.853"

Time to MRI, median (range), days 3 (0-47)"=8 1 (0-1)™=3 — 2 [— 6;0.00001] 0.078"

Because eight patients had both AIS and IH, the test statistics are inflated and the p values therefore smaller. However, sensitivity analyses after
exclusion of these eight patients show similar results (see Supplementary Table 3)

*Difference of proportions (test of equal proportions), difference of mean (z-test) or location shift (Wilcoxon rank sum test), #z-test, ##Wilcoxon

rank sum test, all other tests: test of equal proportions
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0-42 days). Seven patients (21.2%) had AIS, and 10 patients
(30.3%) suffered from an IH. Mortality was 45.5% (n=15).

Discussion

As the main results of our retrospective observational mul-
ticenter study, we can report the following:

1. We could not establish a correlation between severity of
COVID-19 and AIS or IH.

Despite this being the imaging study with the largest
target population [9, 10] on patients with COVID-19 and
neurological symptoms in the acute stage to date, the num-
ber of patients included in the main analysis is still low.
In contrast to comparable studies, we included hospital-
ized patients from a large catchment area [11] from three
countries. Further, we included patients across the whole
spectrum of COVID-19 severity [4, 12] and classified
them according to standardized criteria [5].

Previous studies found a higher incidence of AIS in
patients with more severe COVID-19 [13]. However, in
contrast to these studies, we used a composite score fol-
lowing standardized criteria as a measure of COVID-19
severity. Notwithstanding this, there may be a correlation
of individual surrogate parameters for COVID-19 severity
(days on the intensive care unit, duration of ventilation,
etc.) [14, 15] and the incidence of cerebrovascular events.

Although we saw a trend toward more events in severe
and critical ill patients (50% of all events in 258 patients
vs. 50% of all events in 184 patients), still 59 events
occurred in mildly and moderately affected patients. These
results demonstrate the susceptibility for neurological
complications even in patients with mild and moderate
symptoms of COVID-19.

2. IH was less frequent than AIS but still a highly preva-
lent finding, and patients with IH had a different clinical
profile.

IH occurred less frequently than AIS, and in some cases
could not be directly associated with COVID-19 but were
rated as pre-existing or as sequela of trauma. However, the
frequency of IH of app. 40% was much higher than expected
when considering that app. 15% of strokes are hemorrhagic
in a European population [16]. Patients with IH differed
from patients with AIS in terms of ventilation, ECMO ther-
apy and age. AIS was associated with the presence of typical
risk factors. Further, in both patients’ groups (“COVID-19
first” and “Neuro first”), the time from onset of COVID-19
symptoms to onset of neurological symptoms and vice versa

was slightly longer in patients with IH than in patients with
AIS, although it did not reach statistical significance.

In patients with acute COVID-19 infection, the pre-
sumed mechanisms that may lead to AIS and IH largely
overlap, namely endothelitis [17] with ensuing micro- and
macrothrombosis (and potential subsequent vessel rup-
ture) [18], downregulation of the angiotensin converting
enzyme 2 receptor and resulting arterial hypertension [19],
loss of vascular integrity [20] following general inflam-
mation and cytokine storms. Given the aforementioned
correlations and clinical observations, therapy-related
secondary effects [21] may also play a pivotal role in this
already complex scenario.

Patients with IH were considerably younger than patients
with AIS. von Stillfried et al. reported the preferential use
of ECMO therapy in younger patients with COVID-19
[22]. ECMO therapy is a risk factor for bleeding events and
was also associated with the occurrence of IH in our study.
Considering the possible influence of secondary iatrogenic
effects due to more aggressive therapy in younger patients,
this could explain at least a part of the differences but also
the higher-than-expected frequency.

One pattern of IH deserving special attention is cerebral
microbleeds (CMB). In our cohort, six of nine cases of this
pattern occurred in severely ill patients. In the three remain-
ing patients who had moderate disease course, the CMBs
were in a superficial location as may be the case in pre-
existing CAA [23]. It has been suggested that CMB occur
in association with ECMO therapy or as a consequence of
severe hypoxemia in patients with ARDS [24, 25]. In these
patients an involvement of the splenium has been described,
which was the case in 3 patients in our cohort.

Although the incidence of AIS in patients with acute
COVID-19 is not as high as initially thought [26], it has
been consistently reported to range from approximately
1% (France) [27] to 1.6% (USA) [3, 28] in all patients with
COVID-19 (1.26% in this study) matching the frequency
demonstrated here. Cho and co-workers [29] reported 1.5%
in-hospital strokes (worldwide) as a complication, although
this number was not broken down by AIS and IH.

Of note, lacunar stroke occurred more frequently than
would be expected in a normal stroke cohort [30]. One
could speculate that a generalized susceptibility to local
thrombosis, as described in COVID-19, favors this stroke
subtype. As in previous studies [8, 21, 22] of IH associ-
ated with COVID-19, a wide variety of bleeding patterns
were observed without clear preponderance, suggesting
potentially multiple or overlapping causative mechanisms.
Although we cannot elucidate the mechanism of AIS or IH
with this study, our results might serve to generate hypoth-
eses for future studies.
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3. A substantial proportion of patients presented with neu-
rological symptoms first.

This finding emphasizes and justifies early triage and
testing strategy for patients with neurological symptoms
already recommended by several international panels [31,
32]. Although the time delay in the “Neuro first” group was
relatively short (median 2 days) and infection may have been
detected on admission for many patients, this still has impli-
cations for pre-admission testing, triage and staff protection
in periods of high virus prevalence. We were not the first to
describe this phenomenon. Nawabi et al. [8] described “neu-
rological symptoms first” in two patients with IH without
prior typical respiratory COVID-19 symptoms. However,
we acknowledge that retrospective data acquisition and inter-
study differences may have an impact on the dating of the
exact symptom onset [33].

4. Imaging findings other than AIS and IH were rare.

Venous thrombosis was rarely reported in this study (3
cases, 0.68%) but is in line with the incidence across all
COVID-19 patients [34] (in our study app. 72/100.000) but
still much higher than the estimated incidence on the normal
population (0.3-0.4/100.00) [35].

Of note, meningeal enhancement was rarely reported
(n=2), even in severe and critically ill patients. Helms and
co-workers reported meningeal enhancement to be present
in 8 of 13 patients in a cohort of severely ill patients in the
early phase of the pandemic [4]. However, in this study and
in following reports [9, 10], a dedicated FLAIR protocol
rarely performed in routine imaging was used.

A pathology of the olfactory nerve was only reported in
two patients. The olfactory nerve and olfactory system have
been described as a potential entry route to the CNS [36, 37].
However, routine imaging is only rarely directed toward the
olfactory nerve. Further, this finding is temporary, confined
to the early stages of the disease [37].

Although this is the largest imaging-based study of
acute stage patients presented to date, the number of cases
included is too small to detect the true frequency of less
common findings.

5. While a wide range of clinical symptoms was reported,
AIS was associated with typical focal neurological defi-
cits.

In line with previous reports, we found that delirium and
reduced consciousness were the most common neurological
symptoms [29, 38]. In our data, delirium was associated with
AIS. However, many of the cases with these symptoms did
not have a structural lesion, making it likely that they were
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encephalopathic symptoms not necessarily associated with
acute findings on neuroimaging.

About 10% of all COVID-19 patients included in the
study period showed CNS symptoms. This is less than the
approximately 25% reported by Mao et al. in their first case
series from Wuhan [2]. However, we included only patients
who additionally had cranial imaging. Again, retrospective
data acquisition and interstudy differences may have a piv-
otal impact on the frequency of neurological symptoms.

AIS was associated with typical focal neurological defi-
cits whereas IH was not associated with specific neurological
symptoms. Since we did not collect information on symptom
severity, we cannot rule out that symptom severity had an
influence on the quality of symptom detection. However,
given the clinical experience that ischemic and hemorrhagic
stroke are clinically undistinguishable, this seems unlikely.

The main weakness of our study is the lack of an adequate
control group and the lack of longitudinal data. Due to the
retrospective design, uniform imaging parameters and time-
points, standardized neurological screening and laboratory
or CSF testing were not possible. Although we assume that
the findings are related to COVID-19, since they appeared
in close temporal proximity to the infection, a causal rela-
tionship cannot be established with the acquired data. As a
control group, one could imagine a cohort of patients (either
historical or current with an infection of the respiratory tract
other than COVID-19, e.g., influenza and the same inclusion
and exclusion criteria as the cohort presented here. Other
than that, neuropathological work-up of the central nervous
system [39] even in some patients could establish a causal
relationship between COVID-19 and the neurological symp-
toms and imaging findings presented here. Furthermore, as
no previous imaging was available, it remains uncertain
whether some findings were already present before the inclu-
sion into the study. Caution has to be exerted when trying
to draw generalized conclusions. A selection bias may be at
hand since only data from university medical centers were
included. Further, regional and temporal differences in virus
mutations if characterized at all were not recorded and can-
not be excluded.

Notable strengths of the study are the wide geographical
range of patients included, the size of the sample cohort and
the multilevel collection of parameters per patient (clini-
cal data, imaging data, laboratory data). The inclusion of
patients across the spectrum of COVID-19 severity allows
for a comparison between mildly and moderately affected
patients and those in severe and critical condition.
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Conclusion

This study adds to the growing body of work on neuroimag-
ing, neurological and laboratory findings in patients with
acute COVID-19. Using a composite severity scale, we
found no association between AIS or IH and COVID-19
severity. IH was less common than AIS but more frequent
than expected and patients with IH had a different clinical
profile compared to patients with AIS. A considerable pro-
portion of patients presented with neurological symptoms
first, which should advocate stringent patient screening dur-
ing periods of high virus prevalence. Laboratory parameters
are of limited value as a screening tool for suspected patho-
logical imaging findings.
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