Received: 5 November 2020 | Accepted: 20 December 2020

DOI: 10.1111/ene.14703

european journal
of neurology

ORIGINAL ARTICLE PR ON-——

Biomarkers for central nervous system injury in cerebrospinal
fluid are elevated in COVID-19 and associated with
neurological symptoms and disease severity

Johan Virhammar!® | Anja Niis? | David Fillmar® | Janet L. Cunningham® |
Andrea Klang® | Nicholas J. Ashton®”®? | Sven Jackmann! | Gabriel Westman? |
Robert Frithiof'® | Kaj Blennow®!! | Henrik Zetterberg®1'%13 | Eva Kumlien® |
Elham Rostami®*

Department of Neuroscience, Neurology, Uppsala University, Uppsala, Sweden

?Department of Medical Sciences, Section of Infectious Diseases, Uppsala University, Uppsala, Sweden
SDepartment of Surgical Sciences, Radiology, Uppsala University, Uppsala, Sweden

4Department of Neuroscience, Psychiatry, Uppsala University, Uppsala, Sweden

5Department of Neuroscience, Rehabilitation Medicine, Uppsala University, Uppsala, Sweden

%Department of Psychiatry and Neurochemistry, Institute of Neuroscience and Physiology, Sahlgrenska Academy at the University of Gothenburg, Mélndal,
Sweden

7Wallenberg Centre for Molecular and Translational Medicine, University of Gothenburg, Gothenburg, Sweden
8|nstitute of Psychiatry, Psychology and Neuroscience, Maurice Wohl Institute, Clinical Neuroscience Institute, King’s College London, London, UK

INIHR Biomedical Research Centre for Mental Health and Biomedical Research Unit for Dementia at South London and Maudsley NHS Foundation,
London, UK

0pepartment of Surgical Sciences, Anaesthesiology and Intensive Care, Uppsala University, Uppsala, Sweden
Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, MéIndal, Sweden

12Department of Neurodegenerative Disease, UCL Institute of Neurology, London, UK

13UK Dementia Research Institute at UCL, London, UK

14Department of Neuroscience, Neurosurgery, Uppsala University, Uppsala, Sweden

Correspondence Abstract
Johan Virhammar, Department of

Neuroscience, Neurology, Uppsala
University, Akademiska Sjukhuset, ing 85, | pitalized patients with coronavirus disease 2019 (COVID-19), and biomarkers of central
751 85 Uppsala, Sweden.

Email: johan.virhammar@neuro.uu.se

Background and purpose: Neurological symptoms have been frequently reported in hos-

nervous system (CNS) injury are reported to be increased in plasma but not extensively
studied in cerebrospinal fluid (CSF). This study examined CSF for biomarkers of CNS in-
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biomarkers of CNS injury (neurofilament light chain [NfL] protein, glial fibrillary acidic
protein [GFAp], and total tau), was performed and compared to neurological features and
disease severity.

Results: Neurological symptoms included altered mental status (42%), headache (42%),
and central (21%) and peripheral weakness (32%). Two patients demonstrated minor
pleocytosis, and four patients had increased immunoglobulin G levels in CSF. Neuronal
autoantibody testing using commercial tests was negative in all patients. Increased CSF
levels of NfL protein, total tau, and GFAp were seen in 63%, 37%, and 16% of patients,
respectively. Increased NfL protein correlated with disease severity, time in intensive
care, and level of consciousness. NfL protein in CSF was higher in patients with central
neurological symptoms.

Conclusions: Although limited by the small sample size, our data suggest that levels of
NfL protein, GFAp, and total tau in CSF are commonly elevated in patients with COVID-
19 with neurological symptoms. This is in contrast to the standard CSF workup where

pathological findings are scarce. NfL protein, in particular, is associated with central neu-
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), is a pandemic caused by
the novel severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2). A significant number of case reports and case series have
described different types of neurological complications in COVID-
19 [1-3]. The neurological manifestations are broad and may be
caused by a direct effect of the virus on the nervous system or by
a parainfectious or postinfectious immune-mediated inflammation
[4]. However, neurological complications may also be secondary to
critical iliness and a long stay in an intensive care unit (ICU).

Recently, neurochemical evidence of acute central nervous sys-
tem (CNS) injury in patients with COVID-19 was shown in the form
of increased plasma levels of neurofilament light chain (NfL) protein,
a marker of axonal injury, and of glial fibrillary acidic protein (GFAp),
a marker of astrocytic injury [5,6]. In this regard, few studies have
investigated the cerebrospinal fluid (CSF) in patients with COVID-19
[7,8], which is less sensitive than plasma to confounding release of
neuromarkers (e.g., from peripheral nerves).

Lumbar puncture (LP) is an important tool to evaluate critically
ill patients with neurological symptomes, as it can reveal both the un-
derlying pathology and the severity of injury to the nervous system.
There are few reports on results from CSF analysis in patients with
COVID-19, and prospective studies with comprehensive CSF and
neurological investigations are rare. The aim of this study was to de-
scribe clinical characteristics in relation to findings in CSF analyses
among patients with COVID-19 and neurological symptoms.

rological symptoms and disease severity.

COVID-19, GFAp, NfL, SARS-CoV-2, total tau

METHODS
Patients and study design

This was a prospective single-center study. Patients with con-
firmed COVID-19 and at least one new-onset neurological symp-
tom were included from April 2020 until July 2020. Patients
had either a positive polymerase chain reaction (PCR) test for
SARS-CoV-2 in upper and/or lower airway samples [9,10] or
SARS-CoV-2-specific immunoglobulin G (IgG) in serum. Clinical
neurological evaluation was performed by experienced neurolo-
gists. The following findings were documented: cranial nerve
affection, central and peripheral paralysis, extrapyramidal, cer-
ebellar and sensory symptoms and altered mental status including
confusion, encephalopathy, and reduced level of consciousness
graded with the Glasgow Coma Scale (GCS). The findings were
documented at the worst time point during the disease before the
LP and at the time of the LP. Patients with GCS < 12 or a central
paralysis at any time before the LP were categorized as patients
with a central neurological symptom.

Included patients were investigated with LP if this was required
as part of their routine evaluation. In patients without strong indi-
cation for LP, the procedure was optional. The National Institutes
of Health (NIH) criteria for COVID-19 severity grading were used
to classify patients as mild, moderate, severe, or critical [11]. As a
measure of respiratory status, the lowest PaO,/FiO, ratios at any

time before the LP were documented for patients treated in the ICU.
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Standard protocol approvals, registrations, and
patient consent

The study was approved by the Swedish Ethical Review Authority
(2020-01883). Informed consent was obtained from each patient, or
next of kin if a patient was unable give consent. The Declaration of

Helsinki and its subsequent revisions were observed.

Biomarker analyses

SARS-CoV-2 PCR was performed on upper and/or lower airway
samples using either the Abbott RealTime SARS-CoV-2 assay on
the Abbott m2000 platform, or an in-house PCR developed at the
Laboratory of Clinical Microbiology, Uppsala University Hospital.
SARS-CoV-2 IgG antibodies were analyzed using a SARS-CoV-2
1gG kit with nucleoprotein-based antigen on the Architect i2000SR
Analyzer (Abbott, Abbott Park, IL, USA) at the Laboratory of Clinical
Microbiology, Uppsala University Hospital, as previously described
[12].

All routine plasma and CSF analyses including interleukin-6 (IL-
6) were performed at the Clinical Chemistry Laboratory at Uppsala
University Hospital and analyses of NfL protein, total tau (T-tau), and
GFAp at the Clinical Neurochemistry Laboratory at the Sahlgrenska
University Hospital. Analyses were performed by board-certified
laboratory technicians blinded to clinical data.

CSF NfL protein and GFAp concentrations were measured using
in-house enzyme-linked immunosorbent assays, as previously de-
scribed in detail [13,14]. CSF T-tau concentration was measured
using Lumipulse technology in accordance with the kit insert from
the manufacturer (Fujirebio, Ghent, Belgium).

Plasma NfL protein, GFAp, and T-tau measurements were
performed using single molecule array assays on an HD-X
Analyzer (Human Neurology 4-Plex A assay, N4PA advantage
kit, 102153), as previously described [5]. A single batch of re-
agents was used; intraassay coefficients of variation were < 8%
for all analytes.

Autoantibodies in CSF and serum (NMDAR, LGI1, CASPR2,
GABAg R, GABAy,R, AMPA1, AMPA2, Ri, Yo, Ma2, CV2, Hu, and
amphiphysin) were analyzed using a commercial assay (Euroimmun,
Libeck, Germany).

Statistics

Data are presented as median (interquartile range [IQR]) or number
(%). The Mann-Whitney U test was used for comparing continuous
parameters between groups. Correlations between clinical param-
eters and CSF findings were tested using Spearman rank correla-
tion. In the figures, the biomarker data have been log-transformed to
achieve near-normal distribution. A p value of <0.05 was considered
significant. The statistical analysis was performed using SPSS ver-
sion 27 (IBM, Armonk, NY).

RESULTS

COVID-19 was confirmed in 32 patients through positive PCR
for SARS-CoV-2 in upper and/or lower airway samples and in one
patient with I1gG for SARS-CoV-2 in serum. Twelve patients had
contraindications for LP (all related to high doses of low molecular
weight heparin or oral anticoagulants), and one patient declined
the investigation. Therefore, LPs could be performed in 20 out
of 33 patients. One patient suffered from a small traumatic sub-
arachnoid hemorrhage and a skull fracture after a head trauma
2 days before the LP and was excluded. The remaining 19 patients
were the main focus of this study. The median time between onset
of symptoms and LP was 23 days (IQR = 6-43). Descriptive data
are presented in Table 1, and detailed characteristics of each case
are given in Table 2.

The most common neurological symptoms at the time of LP were
altered mental status (n = 8, 42%) and headache (n = 8, 42%), fol-
lowed by peripheral weakness (n = 6, 32%) and anosmia (n = 5, 26%).
All neurological symptoms and respiratory support are presented in
Table 3.

CSF findings

PCR for SARS-CoV-2 was positive in one patient (5%), and there
was a pleocytosis in two patients (11%). CSF albumin level was
increased in one patient (5%), denoting disruption of the blood-
CSF barrier. Four patients (21%) had elevated intrathecal I1gG

TABLE 1 Patient characteristics

Patients with
LP,n=19
Age, years, median (range) 64 (34-76)
ICU days, median (IQR) 8 (0-25)
NIH severity, n (%)
Mild COVID-19 2(11)
Moderate COVID-19 4(21)
Severe COVID-19 4(21)
Critical COVID-19 9 (47)
Comorbidity, n (%)
Diabetes mellitus 2(11)
Obesity 9 (47)
Hypertension 8 (42)
Smoking 4(21)
Cardiac disease 2(11)
Chronic lung disease 4(21)
Cerebrovascular disease 1(5)
Chronic kidney disease 1(5)
Immunosuppression 2(11)

Abbreviations: ICU, intensive care unit; IQR, interquartile range; LP,
lumbar puncture; NIH, National Institutes of Health.
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TABLE 3 Respiratory support and neurological symptoms
among the 19 patients investigated with LPs

Most severe

At time of LP before LP?
Respiratory support, n (%)
None 8(42) 4(21)
0, 5(26) 1(5)
HFNO 3(16) 4(21)
Invasive ventilation 3(16) 10 (53)
Neurological symptoms
Cranial nerve affection, 2(11) 4 (21)
n (%)
Central paralysis, n (%) 4(21) 6(32)
Peripheral paralysis, n (%) 6(32) 6(32)
Extrapyramidal symptoms, 0(0) 0(0)
n (%)
Cerebellar symptoms/ 1(5) 0(0)
ataxia, n (%)
Sensory symptoms, n (%) 2(11) 4 (21)
Altered mental status, n (%) 8(42) 14 (74)
Headache, n (%) 8(42)
Vertigo, n (%) 4(21)
Anosmia, n (%) 5 (26)
GCS, median (IQR) 15 (8-15) 13 (7-15)

Abbreviations: GCS, Glasgow Coma Scale; HFNO, high-flow oxygen;
IQR, interquartile range; LP, lumbar puncture; O,, oxygen with nasal
cannula or mask.

@Highest respiratory support or most severe neurological symptom
during the patient’s disease course before the lumbar puncture.

levels with normal blood IgG levels, and one patient (5%) had CSF-
specific oligoclonal 1gG bands, denoting intrathecal IgG produc-
tion. A test for autoimmune encephalitis antibodies was negative
in CSF (and serum) of all patients. A majority of patients had in-
creased IL-6 levels (>0.05 ng/ml), but values were below 20 ng/ml
in most cases (14 out of 17 tested, 82%). NfL protein was above
the age-adjusted reference range in 63% of patients, whereas the
corresponding figure for T-tau was 37% and that for GFAp was
16% (for details, see Tables 2 and 4).

There was a correlation between number of days in the ICU
and NfL protein (r = 0.72, p < 0.001) but not for T-tau and GFAp
(Figure 1A). NfL protein correlated with level of consciousness on
the GCS at the time of LP (r = -0.50, p < 0.05), and worst GCS
before LP (r = -0.71, p < 0.01; Figure 1B). T-tau and GFAp did not
correlate with GCS at the time of LP. Worst GCS correlated with
GFAp (r = -0.50, p < 0.05) but not with T-tau. None of the markers
of neuronal injury correlated with time between symptom onset
and LP.

NfL protein was higher in patients with central neurolog-
ical symptoms (GCS < 12 or central weakness, n = 10; 2930 ng/L
[IQR = 1810-12318]) compared to patients with other neurological

TABLE 4 Laboratory findings

Above reference

No.
Value (%)
CSF,n=19
WBC, 10%/L,n =19 1(0-3) 3(15)
Albumin, mg/L, n = 19 206 (175-285) 1(5)
1gG, mg/L,n=17 34 (27-57.5) 4(21)
T-tau, ng/L,n=17 397 (237-687) 7(37)
GFAp, ng/L,n=18 660 (288-930) 3(16)
NfL, ng/L,n =18 1900 (773-3,763) 12 (63)
IL-6, ng/L,n=17 9.6 (6.3-17.2) 2
Autoantibodies, no. (%), 0 0(0)
n=18
OCB, no. (%), n =18 1 1(5)
Blood

GFAp, pg/L,n =10 152 (97-384) 2
NfL, pg/L,n =11 42 (11-103) 6 (55)
T-tau, pg/L,n =10 2.2(0.9-3.3) 2
IL-6, ng/L,n=16 17.8 (4.7-31.8) 2
CRP,mg/L,n=16 64 (8-1,114) 13 (81)
WBC, 10%/L,n =16 7.7 (4.7-11.4) 6(38)
Autoantibodies, no. (%), 0 0(0)

n=14)

Note: Continuous variables are presented as median (interquartile
range) and categorical variables as number (%). Reference ranges: CSF-
WABC: <5 x 10%/L; albumin: age < 45 years, <320 mg/L, age > 45 years,
<420 mg/L; 1gG: <56 mg/L; CSF-NfL: age 30-40 years, <560 ng/L,

age 40-60 years, <890 ng/L, age > 60 years, <1,850 ng/L; CSF-Tau:
age < 50 years, <360 ng/L, age > 50 years, <479 ng/L; CSF-GFAp:, age
20-60 years, <750 ng/L, age > 60 years, <1,250 ng/L; plasma-NfL:

age < 61 years, <20 ng/L, age 61-76 years, <35 ng/L, age > 76 years,
<55 ng/L; CRP: <5 mg/L; WBC: <5 x 107/L.

Abbreviations: CRP, C-reactive protein; CSF, cerebrospinal fluid; GFAp,
glial fibrillary acidic protein; IgG, immunoglobulin G; IL, interleukin; NfL,
neurofilament light chain; OCB, oligoclonal bands; WBC, white blood
cell count.

aReference range not established.

symptoms (950 ng/L [IQR = 405-1,783], p < 0.05; Figure 2). NfL pro-
tein correlated with COVID-19 severity grade (r = 0.56, p < 0.05) and
were higher in patients with severe or critical COVID-19 (2610 ng/L
[IQR = 1,280-4,705]) compared with mild and moderate disease
(420 ng/L [IQR = 385-1,640, p < 0.05]). The PaO,/FiO,ratio did not
correlate with any marker of neuronal injury. IL6 did not correlate
with disease severity.

Two patients with concomitant diseases with possible effect on
the markers of neuronal injury were excluded, one with epilepsy and
one with cardiac arrest and resuscitation during ICU care; however,
all results reported above were still significant except for the cor-

relation between GFAp with worst GCS.
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FIGURE 1 Correlation between 10° 7(a) 10° 7 ()
neurofilament light chain (NfL) protein in _ _ .
cerebrospinal fluid (CSF) and (a) number é 10° 1 é 10° 1
of days in intensive care unit (ICU), and (b) § Lot - _8% Lot - \
worst Glasgow Coma Scale (GCS) before g , d ce X
the lumbar puncture. 5 10 . . 5 10° - : R
102 T T T T 1 10? T T 1
0 10 20 30 40 50 0 5 10 15
ICU days GCS
* pathological findings could be detected in eight (47%) patients. A more
6 [ | detailed description of the pathological findings is presented in Table 2.
n=8 n=10
- DISCUSSION
3 4
£ In this prospective study, we present data on biochemical, inflam-
0\9) _I_ matory, and neuronal injury biomarkers in the CSF and plasma of pa-
O tients with COVID-19 and neurological symptoms. The main finding
q—_f —1 is that a majority of patients had a negative standard CSF workup,
E o whereas markers of neuronal injury were increased.
8 Even though the neurological symptoms were severe in some of
the patients, the standard CSF workup tended to be negative in a
majority of patients, and no specific pattern for COVID-19 could be
identified. Only a few cases had mild pleocytosis and increased IgG
in CSF, and one patient had oligoclonal bands, which is in line with
0 1 1 recent reports [15-18].
((\o" ((\6 Animal models in mice of coronaviruses suggest that viral entry
Q\o Q\'o into the CNS can occur [19,20]. SARS-CoV-2 is known to have a neu-
%*(Q oﬁ@ roinvasive propensity, and there are case reports with RNA detec-
.\0"& \0(& tion in CSF that indicate a direct invasion of the virus into the CNS
0\0 O\O [21,22]. In our study, we could detect viral RNA in only one patient,
0& 00} which is in parity with recent reports [8,22]. The low numbers with
éo 'b\o detected viral RNA in CSF, in addition to the few findings of inflam-
O® Q){\\S matory signs, may suggest that direct CNS invasion is not the main
O pathogenic mechanism of neurological effects of COVID-19, or at

FIGURE 2 The levels of neurofilament light chain (NfL) protein
in cerebrospinal fluid (CSF), given as logarithmic data, in patients
with central neurological symptoms and other neurological
symptoms.

Correlation between CSF and plasma biomarkers

In 11 patients, plasma samples were analyzed for NfL protein, T-tau,
and GFAp in plasma. There was a strong correlation between CSF
and plasma levels for both NfL protein (r = 0.98, p < 0.001) and GFAp
(r=0.97,p < 0.001). For T-tau, no correlation could be demonstrated.

Neuroimaging

A head computed tomography scan or magnetic resonance imag-
ing was performed in 17 patients as part of the clinical workup. No

least not for a majority of patients. However, methods such as immu-
nohistochemistry or analysis for detection of spike proteins in CSF
might reveal components of autoimmunity and/or CNS invasion,
which are not possible to detect with the methods we used. The
divergent neuroimaging findings do not indicate a common mecha-
nism of neuronal injury related to COVID-19.

A substantial proportion of the patients had increased CSF
levels of the neuronal injury markers NfL protein (63%) and T-tau
(37%) and, to a lesser extent, the glial activation marker GFAp (16%).
Increased levels of NfL protein and GFAp in plasma have recently
been reported in hospitalized patients with COVID-19 and in a group
of patients with mild to moderate disease [5,6]. NfL protein was
higher in patients with central neurological symptom and correlated
with disease severity, level of consciousness, and time in the ICU.
However, NfL protein did not correlate with lowest PaO,/FiO,-ratio
and time in ICU before the LP, indicating that the increased levels of
NfL protein were not directly attributable to severity of respiratory
deficit.
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In the absence of direct findings of viral meningitis or encepha-
litis in the vast majority of patients with COVID-19, the mechanism
of the brain injury implied by increased NfL protein and T-tau re-
mains to be elucidated. Increased plasma and CSF levels of NfL pro-
tein have previously been shown in patients with sepsis-associated
encephalopathy [23]. Surgery and anesthesia may cause increased
plasma levels of both NfL protein and T-tau [24]. No patient in the
study underwent surgery the weeks before inclusion and only three
patients were anesthetized and treated with invasive ventilation
at the time of LP, but 10 patients did at some point before the LP.
However, respiratory dysfunction as measured by the lowest PaO,/
FiO, ratio during invasive ventilation before the LP did not correlate
with any of the markers of neuronal injury. Other confounders such
as comorbidity may also be an issue. One patient had epilepsy and
autism, but continuous electroencephalography did not reveal sei-
zure activity at the time of the study. Another patient suffered from
a short cardiac arrest in the ICU (33 days before LP) but was resus-
citated within 60 s. Exclusion of these two patients from statistical
analysis did not alter any of the main results or conclusions.

Previous studies on herpes encephalitis have shown that NfL
protein levels are often far more elevated than what was seen in this
study [25]. Furthermore, the time-series data recently published by
Westman et al. [26] illustrate that the kinetics of NfL protein after
acute infectious encephalitis is relatively slow, with a peak approxi-
mately 1 month after onset of disease. This means that timing of the
CSF sampling in relation to onset of disease, as well as in relation
to ICU care and other confounders, is an important covariate when
assessing NfL protein levels.

We found a strong correlation between plasma and CSF levels
of NfL protein and GFAp, suggesting that plasma levels of these bio-
markers parallel CSF levels in patients with COVID-19. The strong
correlation indicates a steady-state passage across the blood-CSF
barrier irrespective of disease severity, and is consistent with a neg-
ligible barrier injury. This is further supported by the findings that
only one patient had increased albumin in CSF. This is in contrast to
viral meningitis or encephalitis, where differences in disease severity
cause the level of barrier injury to vary among patients [27].

The raised levels of T-tau in CSF and plasma have only rarely
been explored in relation to COVID-19 [8]. Because T-tau indicates
cortical neuronal injury [28] the increase suggests ongoing neuronal
damage in some of our patients. We found no correlation between
T-tau in CSF and plasma, and in other studies the correlations have
varied depending on the underlying neurological disorder [28].

IL-6 levels are commonly analyzed in CSF from patients with
COVID-19. In line with earlier findings, a minority (18%) of our pa-
tients displayed values above 20 ng/ml in CSF. In addition, IL-6 could
neither discriminate between mild/moderate and severe/critical
COVID-19, nor was there any correlation between plasma and CSF
IL-6 levels. Measurement of IL-6 in CSF therefore appears to be of
limited value when assessing neurological damage in patients with
COVID-19.

Our study has several limitations. It included a small number
of patients, and because the inclusion was not consecutive, some

inclusion bias is possible. All care units in the study hospital treat-
ing COVID-19 patients were screened at least once every week
for patients who fulfilled inclusion criteria. Even so, some patients
had been discharged before they could be included, causing a se-
lection bias. Approximately 470 patients with COVID-19 were
treated at the hospital of the study during the time of inclusion.
Thirteen of the included patients did not undergo LP, thereby
making the cohort less representative for the COVID-19 disease.
Importantly, the study was not designed to assess incidence or
prevalence of neurological symptoms related to COVID-19, but
rather to select patients with whom we had optimal access to
information on the clinical course and were able to perform LP.
Still, not all patients had the exact same set of investigations per-
formed due to the clinical situation. Furthermore, the effective
half-life is reported to be 12 to 24 h for GFAp, about 10 h for
T-tau, but several weeks for NfL protein, and patients were in-
cluded at different time points along the disease trajectory, which
may have affected the results [29,30]. The study is cross-sectional
without longitudinal follow-up data from CSF, final neurological
diagnosis, and outcome.

In conclusion, our results show that the standard CSF workup
is normal in a majority of patients with COVID-19 and new onset
neurological symptoms. CSF biomarkers related to CNS injury are
increased, indicating COVID-19-related brain damage. NfL protein,
in particular, is indicative of disease severity and may be a valuable
tool for monitoring neuroprotective effects of new therapies. Future
studies in larger samples are needed to explore and understand the

genesis of neurological injury in COVID-19 patients.
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