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Abstract

Background and Objectives

Although patients hospitalized with COVID-19 frequently present with encephalopathy, those
with mild initial COVID-19 disease who never required hospitalization also often develop
neurologic symptoms as part of postacute sequelae of severe acute respiratory coronavirus type
2 (SARS-CoV-2) infection (neuro-PASC). The pathogenic mechanisms of COVID-19 en-
cephalopathy and neuro-PASC are unknown. We sought to establish biochemical evidence of
CNS injury in those patients and their association with neuropsychiatric manifestations and
SARS-CoV-2 antigenemia.

Methods

We recruited hospitalized, posthospitalized, and nonhospitalized patients with confirmed di-
agnosis of COVID-19 with neurologic symptoms in addition to healthy control (HC) subjects.
Plasma neurofilament light chain (pNfL), plasma glial fibrillary acidic protein (pGFAP), and
plasma SARS-CoV-2 Nucleocapsid antigen (pN Ag) were measured by HD-X Simoa analyzer
(Quanterix) and compared with neuropsychiatric symptoms, patient-reported quality-of-life
measures, and standardized cognitive assessments. Neuroglial scores (pPGFAP/pNfL) were
calculated to estimate the relative contribution of astroglial and neuronal involvement.

Results

We enrolled a total of 64 study participants, including 9 hospitalized patients with COVID-19
encephalopathy (CE), 9 posthospitalization neuro-PASC (PNP) patients, 38 nonhospitalized
neuro-PASC (NNP) patients, and 8 HC subjects. Patients with CE were older, had higher pNfL
and pGFAP concentrations, and more frequent pN Ag detection than all neuro-PASC groups.
PNP and NNP patients exhibited similar PASC symptoms, decreased quality-of-life measures,
and cognitive dysfunction, and 1 of the 38 (2.6%) NNP patients had pN Ag detectable 3 weeks
postsymptoms onset. Patients with neuro-PASC presenting with anxiety/depression had higher
neuroglial scores, which were correlated with increased anxiety on quality-of-life measures.

Discussion

pNfL, pGFAP, and pN Ag measurements indicate neuronal dysfunction and systemic in-
volvement in hospitalized COVID-19 patients with encephalopathy. Detection of SARS-CoV-2
N Ag in blood 3 weeks after symptoms onset in a nonhospitalized patient suggests that
prolonged antigenic stimulation, or possibly latent infection, may occur. Anxiety was associated
with evidence of astroglial activation in patients with neuro-PASC. These data shed new light
on SARS-Cov-2 neuropathogenesis and demonstrate the value of plasma biomarkers across the
COVID-19 disease spectrum.
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Glossary

CAT = computer adaptive testing; CE = COVID-19 encephalopathy; GLT-1 = glutamate transporter 1; HC = healthy control;
MS = multiple sclerosis; NMOSD = neuromyelitis optica spectrum disorder; NNP = nonhospitalized neuro-PASC; PASC =
Postacute sequelae of SARS-CoV-2 infection; pGFAP = plasma glial fibrillary acidic protein; pNfL = Plasma neurofilament light
chain; PNP = posthospitalization neuro-PASC; PROMIS = Patient-Reported Outcome Measurement Information System;
RT-PCR = reverse transcriptase PCR; SARS-CoV-2 = severe acute respiratory coronavirus type 2.

According to the World Health Organization, more than 260
million people have been diagnosed with severe acute re-
spiratory coronavirus type 2 (SARS-CoV-2) infection, the
virus that causes COVID-19, leading to close to 5.2 million
deaths between December 2019 and November 26, 2021."
Infections continue to grow despite the availability of vaccines
that effectively prevent severe disease and death in most cases.
Although acute infection primarily targets the respiratory
tract, extrarespiratory organs, including the CNS, are also
affected.>® This results in neurologic symptoms, including
encephalopathy, despite the fact that conclusive evidence of
active viral replication in the CNS is lacking.

Several studies have investigated blood-based biomarkers of
CNS injury in the acute phase of both severe and mild-to-
moderate COVID-19 to assess the nature of CNS injury in
acute infection. Plasma neurofilament light chain (pNfL) is an
intra-axonal structural protein that has been validated as a
biomarker for neuroaxonal damage, and plasma glial fibrillary
acidic protein (pGFAP) is an astrocytic cytoskeletal protein
that is upregulated in activated astrocytes.”* Both markers
have been shown to increase in the acute phase of severe and
mild-to-moderate COVID-19, indicating that CNS injury
associated with neuronal damage and astrocytic activation
occurs with acute infection.®’

A subset of patients with COVID-19 experiences chronic
cardiopulmonary, gastrointestinal, and/or
symptoms after the acute phase. These postacute sequelae
of SARS-CoV-2 infection (PASC) are observed in patients
who experienced severe disease requiring hospitalization
and those who had mild and even asymptomatic acute
disease.® PASC patients with neurologic symptoms (neuro-
PASC) most frequently present with cognitive difficulties,
headaches, dizziness, disorders of smell and taste, and
neuropsychiatric complaints such as new-onset depression
and anxiety.”'® The chronic nature of these complaints
suggests that ongoing neuroinflammation and/or direct
damage to the CNS may persist long after acute infection
resolves.

neurologic

We sought to assess biochemical evidence of CNS injury in
acutely encephalopathic COVID-19 patients and neuro-
PASC patients with chronic neurologic symptoms 1-13
months after either severe acute disease requiring hospitali-
zation or mild initial infection. We then determined the re-
lationship between these biomarkers and acute disease
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severity and whether they associated with findings of neuro-
logic, cognitive, or neuropsychiatric symptoms.

Methods

Participants and Study Design

We recruited patients with COVID-19 who were currently
hospitalized with COVID-19 encephalopathy (CE), post-
hospitalization neuro-PASC (PNP) patients hospitalized for
COVID-19 pneumonia, or nonhospitalized neuro-PASC
(NNP) patients with mild initial infection between March
2020 and December 2020. Plasma samples and quality of life
and NIH Toolbox data were obtained between August 2020
and March 2021. All neuro-PASC patients exhibited neuro-
logic symptoms persisting at least 6 weeks from symptom
onset. COVID-19 diagnosis was performed by SARS-CoV-2
reverse transcriptase PCR (RT-PCR) of nasopharyngeal swab
and/or SARS-CoV-2 antibody testing. Healthy control sam-
ples were obtained from individuals who showed negative
results for RT-PCR and serology tests and had no clinical
suspicion of infection during the SARS-CoV-2 pandemic. All
consenting eligible patients who presented to the Neuro-
COVID-19 dlinic were included in the study.

Standard Protocols, Approvals, Registration,
and Patient Consents

The study was approved by the Northwestern University
Institutional Review Board (STU00212583). All participants
were enrolled after giving their written informed consent.

Procedures

Encephalopathy in hospitalized patients was diagnosed by an
attending physician. All patients with neuro-PASC were
evaluated by an attending neurologist in the Northwestern
University Medical Center Neuro-COVID-19 clinic. Patient-
Reported Outcome Measurement Information System
(PROMIS) Computer Adaptive Testing (CAT) assessment
of quality of life in cognition (PROMIS CAT v2.0), fatigue
(PROMIS CAT v1.0), anxiety (PROMIS CAT v1.0), de-
pression (PROMIS CAT v1.0), and sleep disturbance
(PROMIS CAT v1.0) were performed in the outpatient
clinic.""'* Cognitive function evaluation was performed using
the NIH Toolbox v2.1 instrument, which assessed processing
speed (pattern comparison processing speed test); attention
(inhibitory control and attention test); executive function
(dimensional change card sort test); and working memory (list
sort working memory test).">'® All tests were administered by
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Table 1 Study Subject Demographics and Plasma Antigen Concentrations

CE(n=9) PNP (n=9) NNP (n =38) HC(n=38) p. all groups p, CE excluded

Age (mean [1 SD]) 74.9 (15.8) 54.1 (20.3) 45.5(12.1) 38.5(10.9) <0.001 0.07
Female, n (%) 6 (66.6) 3(33.3) 26 (66.6) 5 (62.5) 0.31 0.18
Male, n (%) 3(33.3) 6 (66.6) 13(33.3) 3(37.5)
Race, n (%)

White 6 (66.6) 6 (66.6) 33(84.6) 6 (75.0)

Black 2(22.2) 1(11.1) 1(2.6)

Asian 1(11.1) 4(10.3) 2(25.0)

Other 1(11.1) 1(11.1) 1(2.6)
Ethnicity, n (%)

Hispanic 1(11.1) 2(22.2) 5(12.8) 1(12.5)

Non-Hispanic 8(88.8) 7(77.7) 33(84.6) 7 (87.5)

DPO (median [IQR]) 20[10.5-32] 237 [204-294] 196 [147-323]  NA <0.001 0.96
Plasma antigen concentration (pg/mL)

pNfL (median [IQR])

<50 186.3 5.1[3.0-7.4] 5.4[3.4-7.2] 5.4[3.3-5.8] NA 0.83

>50 75.6 [70.6-269.7] 14.0 [6.1-16.7] 8.11[6.7-11.0] 9.25 0.03? 0.44°
pGFAP (median [IQR])

<50 73.6 41.0 [11.9-68.6] 55.3[42.6-72.0] 40.1[30.5-96.71 NA 0.80

>50 198.9[126.3-457.1] 62.4[23.9-127.7] 67.5[35.0-91.7] 104.66 0.003° 0.97¢

N-Ag-positive, n (%) 5 (55.6) 1(2.6)

N-Ag (median [IQR]) 109.5 [3.9-4,025] 0.37
Neuroglial score (mean [1 SD])

<50 0.4 6.61 (3.20) 12.77 (6.34) 11.76 (7.15) NA 0.17

>50 3.51(3.57) 5.69 (2.79) 7.89 (4.94) 11.32 0.07° 0.36°

Abbreviations: CE = COVID in-patients with encephalopathy; PNP = posthospitalization neuro-PASC; NNP = never hospitalized neuro-PASC; HC = healthy
control; DPO = sample days postonset; pGFAP = plasma glial fibrillary acidic protein; pNfL = plasma neurofilament light chain.

Bold values indicate any p values <0.05 and were considered significant.
2 HC excluded.

clinical or research staff in the Neuro-COVID-19 clinic. Both
PROMIS and NIH Toolbox results are expressed as T scores
with a score of 50 representing the normative mean/median for
the US reference population with an SD of 10. The derivation
cohort for PROMIS was selected to represent the demographic
composition of the US population. NIH Toolbox T scores are
adjusted for age, education, sex, and race/ethnicity. Lower
cognition, processing speed, attention, executive function, and
working memory T scores represent worse performance,
whereas higher fatigue, anxiety, depression, and sleep distur-
bance T scores indicate worse outcomes.

Heparinized plasma samples were obtained at the date of
enrollment, concurrent with quality-of-life and cognition
measures evaluation for PNP and NNP patients. pGFAP and
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pNfL and Nucleocapsid antigen titers were performed by
Quanterix Corporation (Billerica, MA) on a Simoa HD-X
analyzer using GFAP discovery (cat. 502656) and Nf-Light
kits (cat. 502296), respectively. All samples were run in du-
plicate with the exception of 3 samples with insufficient vol-
ume, which were run in singleton. The median coefficient
of variation for duplicate measures was 5% for both pGFAP
and pNfL and was normalized to dilution factor, when
appropriate.

Statistical Analysis

Data were summarized as number of patients (percentage/
frequency), normally distributed variables as mean (SD), or
median (interquartile range) for non-normally distributed
variables. Group differences for normally distributed data
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Figure 1 Plasma Biomarkers of CNS Injury in Patients With COVID-19
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were assessed using ANOVA and non-normally distributed
data with the Kruskall-Wallis test or the Mann-Whitney
test in the case of 2 group comparisons; quantitative data
were compared with the Fisher exact test. Pairwise com-
parisons for normally distributed data were assessed by
2-tailed t tests for independent means, followed by
Hedges’ g effect size for t test. Associations between
quantitative variables were assessed using the Pearson
correlation test. One-sample Wilcoxon rank sum tests were
used to determine whether PROMIS and NIH Toolbox T
scores differed from the demographically matched nor-
mative US population. Effect size calculation was per-
formed using the effect size calculator for ¢ tests from Social
Science Statistics'’; all other age-dichotomized analyses
were performed using GraphPad Prism, version 9.2.0.
Linear and logistic regression models were performed in R,
version 4.0.3 (R Foundation for Statistical Computing,
Vienna, Austria). Quantitative models for continuous
biomarkers were performed by linear regression. Qualita-
tive models of patient-reported anxiety were performed by
logistic regression modeling with effects expressed as ORs.
Age was included as a variable in all regression models to
ensure adjustment for potential confounding effects of age
between continuous biomarkers or anxiety measures and
the patient groups.

Study data were collected and managed using REDCap
electronic data capture tools. Subjects with missing variables
were eliminated from quality-of-life analyses when necessary,
and no subject values were missing for biochemical markers.
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For all models and statistical tests, 2-sided p values < 0.05
were considered statistically significant.

Data Availability
Anonymized data are available by request to any qualified
investigator.

Results

Patient Demographics and Study Groups

We recruited a total of 64 study participants, including 56
patients experiencing neurologic symptoms attributable to
COVID-19 and 8 healthy control (HC) subjects who have
never been infected with SARS-CoV-2 for inclusion in this
study between March 2020 and December of 2020, before
the availability of COVID-19 vaccines. Study subjects were
subdivided into acutely infected hospitalized patients with
encephalopathy whose samples were collected concurrent to
hospitalization (CE, n = 9); patients who were hospitalized
for pneumonia during acute infection and who have sub-
sequently developed neuro-PASC (PNP, n = 9); patients
who were never hospitalized, exhibiting only mild-to-
moderate symptoms in acute infection, but who sub-
sequently developed neuro-PASC (NNP, n = 38); and HC
(n = 8) subjects who have never been infected with SARS-
CoV-2.

The mean age values for patients with CE were significantly
higher than those in all other groups (74.9 £ 15.8 years, p <
0.001; Table 1), reflecting the increased severity of acute
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Figure 2 SARS-CoV-2 Nucleocapsid Protein (N Ag) in Plasma Samples of Patients With COVID-19
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nonhospitalized neuro-PASC patient = 1 of the 38 [2.6%], healthy
controls = 0 of the 8).

COVID-19 in older populations. Patients with CE did not
have documented neurologic disease which would account for
increased concentration of either pNfL or pGFAP. The mean
age values for the remaining study groups (PNP: 54.1 + 20.3
years; NNP: 45.5 + 12.1 years; HC: 38.5 + 10.9 years) were
not significantly different by Tukey post hoc analysis. All
populations had greater female enrollment, with the exception
of the PNP group. Most subjects identified as non-Hispanic
White. Samples were obtained in the acute phase for patients
with CE at a median of 20 days postsymptom onset (DPO) (p
< 0.001), when compared with samples of patients with
neuro-PASC, which were collected at 237 (PNP) and 196
(NNP) DPO (p = 0.45).

Biomarkers of CNS Injury in Patients With CE
and Neuro-PASC

We determined the plasma concentration of pNfL and pGFAP
to assess the relationship between CNS and neurologic symp-
toms of SARS-CoV-2 infection and signs of neuronal injury and
astrocytic activation (Table 1 and Figure 1). It is well established
that pNfL concentration is correlated with increasing age, and
therefore, we stratified our study populations into age ranges
younger and older than S0 years, which was the mean age for all
participants, to account for age-dependent changes.18 Acutely
infected CE patients older than 50 years had significantly higher
median pNfL (75.6 [60.6-269.7] pg/mL, p = 0.03) and pGFAP
(1989 [126.3-457.1] pg/mL, p = 0.003) concentrations than all
other groups (Figure 1A). Neuro-PASC groups and HC groups
comprising subjects younger than 50 years did not differ in the
median pNfL (p = 0.83) or pGFAP concentration (p = 0.80)
(Figures 1B and C). Neuro-PASC groups comprising patients
older than 50 years did not differ in the median pNfL (p = 0.44)
or pGFAP concentration (p = 0.97) (Figures 1B and C).
Healthy control samples older than S0 years could not be in-
cluded in the age-dichotomized comparisons because of low
representation. We additionally performed a linear regression
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model for pNfL and pGFAP vs each COVID-19 patient category
with adjustment for age to ensure that the observed statistical
difference in pNfL and pGFAP in the CE group was not because
of the higher age of this patient group. Age was not a statistically
significant variable in either model of analyte levels, with a linear
regression p value for age of 0.79 for pNfL and p = 0.06 for
pGFAP. The linear regression models confirmed the age-
stratified findings that pNfL and pGFAP levels are expected to be
significantly greater for patients with CE than any other group,
even after adjusting for age (pNfL model intercept for CE group
236.5 [95% CI 69.4 to 403.6] with a multiple R* value of 0.33;
model intercepts for other patient groups relative to CE group:
HC group -220.7 [95% CI -348.8 to —92.6], NNP group
-216.5[95% CI-316.1 to —116.9], and PNP group —212.9 [95%
CI -323.1 to —102.6]. pGFAP model intercept for CE group
135.4 [95% CI =269 to 297.1] with a multiple R* value of 0.38;
model intercepts for other patient groups relative to CE group:
HC group -147.1 [95% CI -271.1 to —23.1], NNP group
-156.9 [95% CI -253.3 to —60.5], and PNP group—178.5
[95% CI —285.2 to —71.8]). Additional models to include sex
and body mass index (BMI) were performed. Inclusion of these
variables did not affect the outcomes of our model: pNfL model
intercept for CE group adjusted for age, sex, and BMI was 209.0
[95% CI —7.03 to 425] with a multiple R* value of 0.39. Model
intercepts for other groups relative to CE group were as follows:
HC group -220.8 [95% CI -349.3 to -92.3]; NNP group
-219.5 [95% CI -320.7 to —118.3]; and PNP group —226.2
[95% CI -340.8 to —111.5]. Model intercept for pGFAP in CE
group adjusted for age, sex, and BMI was 150.5 [95% CI -57.8 to
358.8] with a multiple R> value of 0.39. Model intercepts for
other groups relative to CE were as follows: HC group —152.2
[95% CI-276.1 to —28.3]; NNP group —161 [95% CI —259.0 to
~63.8]; and PNP group —190.8 [95% CI ~301.3 to —80.3].

To determine the contribution of glial activation when com-
pared with neuronal damage, we calculated a neuroglial score
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Table 2 Symptoms Attributed to COVID-19

PNPn=9 NNP n =38 p Value
Percentage recovered since baseline (median [IQR]) 75 [60-90] 60 [50-70] 0.05
Number of neurologic symptoms attributed to PASC (median [IQR]) 3[1.5-4] 5.5[4-7] 0.002
Neurologic symptoms, n (%)
Brain fog 8(88.9) 35(92.1) 0.76
Headache 4(44.4) 28 (73.7) 0.09
Myalgia 3(333) 26 (68.4) 0.05
Dysgeusia 2(22.2) 27 (71.7) 0.006
Numbness/tingling 3(33.3) 17 (44.7) 0.53
Anosmia 3(33.3) 25 (65.8) 0.07
Dizziness 2(22.2) 19 (50.0) 0.13
Tinnitus 2(22.2) 14 (36.8) 0.41
Pain in areas other than chest 0(0.0) 17 (44.7) <0.001
Blurred vision 2(22.2) 11 (28.9) 0.69
Other symptoms, n (%)
Fatigue 5(55.6) 36 (94.7) 0.03
Shortness of breath 7(77.7) 21 (55.3) 0.22
Depression/anxiety 6 (66.6) 26 (68.4) 0.92
Insomnia 3(33.3) 21 (55.3) 0.24
Chest pain 1(11.1) 142 (37.8) 0.13
Variations in heart rate and blood pressure 2(22.2) 12(31.6) 0.58
Gl symptoms 2(22.2) 14 (36.8) 0.41

Abbreviations: NNP = nonhospitalized neuro-PASC patients; PNP = posthospitalization neuro-PASC patients.

Bold values indicate any p values <0.05 and were considered significant.
an=37.

based on the ratio of pGFAP to pNfL, as previously described
for other neurologic conditions.>'*° Higher scores indicate
that astroglial activation is dominant and lower scores indicate
that neuronal injury is dominant. All age-stratified groups had
similar neuroglial scores except for a trend toward lower
scores in CE patients older than S0 years (p = 0.07), sug-
gesting that there may be greater neuronal damage relative to
astrocytic activation in acutely encephalopathic when com-
pared with patients with neuro-PASC. A linear regression
model of the neuroglial score confirmed that age was not
statistically associated with neuroglial score (p = 0.24), and
that although neuroglial scores tended to be lower for patients
with CE, they did not differ significantly between groups.

SARS-CoV-2 Nucleocapsid Antigen Is Present in
the Blood of Acutely Infected Patients With

Encephalopathy and a Patient With Neuro-PASC
To determine whether there was correlation between markers
of CNS injury and expression of viral antigen, we tested the
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same samples for the presence of SARS-CoV-2 nucleocapsid
(N Ag) protein. We found that S of the 9 patients with CE
(55.6%) had detectable titers of N Ag in their blood (Figure 2).
There was no correlation with pNfL, pGFAP, neuroglial score,
or sample DPO and N Ag titer (data not shown). Of interest,
we identified 1 individual from the NNP group (1/38, 2.6%)
who had detectable N Ag (0.37 pg/mL) in the plasma from a
blood sample obtained 3 weeks after symptom onset in a patient
who maintains neuro-PASC symptoms 350 days postinfection
to date, suggesting that there is a productive reservoir of anti-
genemia or infection in this individual 3 weeks postsymptoms
onset. No PNP or HC individuals had detectable plasma N Ag.

Symptoms Associated With COVID-19, Quality-of-
Life Measures, and Standardized Cognitive Tests
We next sought to determine whether there was an associa-
tion between pNfL, pGFAP, and neuroglial scores with in-
dividual symptoms, changes in quality of life, or cognitive
performance associated with neuro-PASC.
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Figure 3 Neuro-PASC Negatively Affects Quality Of Life and Cognition
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Assessment domain T score n T score of 50 T score n T score of 50 T test
PROMIS quality of life
(median (IQR))
Cognition 40(37,44) 7 0.002 37.0(29.0,40.0) 27 <0.001 0.310
Fatigue 62(51,64) 7 0.020 61.5(54.0,67.0) 28 <0.001 0.780
Anxiety 64.0 (59.5, 65.0) 9 <0.001
Depression 57.0(53.0,63.0) 9 0.020
Sleep disturbance 56.0(47.0,63.0) 9 0.070
NIH toolbox
(median (IQR))
Processing speed 31(24.5,435) 9 0.004 47 (36,57) 35 0.320 0.006
Attention 38(25.5,49.00 9 0.060 45(33,50) 35 0.002 0.420
Executive function 46 (35.0,62.5) 9 0.600 51 (40,66) 35 0.480 0.790
Working memory 42 (40.5,49.0) 9 0.030 48 (41,55) 35 0.090 0.420

Normalized and demographic-matched T score values for Patient-Reported Outcomes Measurement Information System (PROMIS-57; A) quality of life and
NIH Toolbox (B) cognitive assessment for posthospitalized neuro-PASC patients (PNP) and nonhopitalized neuro-PASC patients (NNP). United States normative
population T score mean/median of 50 (6 = 10) is indicated by a broken black line. Scores lower than 50 for cognition, processing speed, attention, executive
function, and working memory indicate poor outcomes. Scores higher than 50 for fatigue, anxiety, depression, and sleep disturbance indicate poor outcomes.
One-sample 2-tailed t test p values between patient group and normative population and between-group 2-tailed t test are provided in the table. *p < 0.05.

Neurologic evaluation was performed for all subjects enrolled in
the PNP and NNP groups in the Northwestern University hos-
pital Neuro-COVID-19 clinic. Symptom frequency is described
in Table 2. On average, PNP patients had a median of 3 neurologic
symptoms, whereas those who had a mild initial presentation,
which did not require hospitalization, reported a higher number of
neurologic symptoms (NNP M = 5.5; p = 0.002). The most
frequently reported neurologic symptoms among both groups
were brain fog, headaches, and myalgias. Most neurologic symp-
toms were reported with similar frequency between neuro-PASC
groups with the exception of dysgeusia and pain in areas other
than the chest, both of which were reported infrequently in PNP
patients (p = 0.006 and p < 0.001, respectively). Non-neurologic
symptoms most frequently reported in all groups were fatigue,
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shortness of breath, and depression/anxiety. Of interest, NNP
patients reported fatigue more frequently than PNP patients (p =
0.03), whereas all other non-neurologic symptoms were reported
with similar frequency between groups.

Neuro-PASC impacts on quality of life and cognitive perfor-
mance were analyzed using PROMIS and NIH Toolbox T
scores, respectively (Figures 3, A and B). Within-group per-
formance was compared with national standardized values for
each test. Both groups showed significantly worse patient-
reported cognition and fatigue scores than the de-
mographically matched cohorts (Figure 3C). NNP patients
had significantly worse patient-reported anxiety scores than
the national averages and significantly worse rates of patient-
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Figure 4 Higher Neuroglial Score Correlates With Anxiety in Neuro-PASC Patients
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Neuro-PASC patients (posthospitalization neuro-PASC patients and nonhospitalized neuro-PASC patients combined) presenting with anxiety and/or de-
pression (A) in the Neuro-Covid-19 clinic showed higher neuroglial scores when compared with neuro-PASC patients who exhibited neither anxiety nor
depression in both younger than 50-year age-group and older than50-year age-group (younger than 50 years: yes, n=17; no, n=7, p =0.01, Hedges' g effect
size =1.37; older than 50 years: yes,n=15; non =8, p=0.02, Hedges' g effect size = 1.17; two-tailed T tests). Quantitative PROMIS-57 T scores for anxiety (B) but
not depression (C) showed linear correlation with increasing glial activation predominance at the time of sample (anxiety T score: n =11, R2 =0.41, p = 0.03;
depression T score: n =11, R2 = 0.09, p = 0.36; two-tailed Pearson correlation). *p < 0.05.

reported depression. PNP measures were not compared with
national averages for anxiety, depression, or sleep disturbance
because of low enrollment for these measures (n = 2). No
difference was observed in between-group patient-reported
values for any domain tested.

NIH Toolbox measures showed that PNP patients, but not NNP
patients, performed significantly worse in processing speed and
working memory than the national averages. Conversely, NNP
patients performed worse in attention than the national average,
whereas PNP patients only showed a trend toward significance
(NNP, p = 0.002; PNP, p = 0.06). Overall, only processing speed
was different between groups, with PNP patients showing sig-
nificantly worse measures than NNP patients (p = 0.006).

Collectively, these data suggest that patients with neuro-PASC
have largely similar decreased quality of life associated with
neuro-long-hauler symptoms regardless of severity of the acute
phase of their disease, and both PNP and NNP patients exhibit
cognitive dysfunction, albeit affecting different domains.

Neuroglial Score Shows Associations Between
Astrocytic Predominance and Anxiety in Neuro-
PASC Patients

All the quantitative (Table 2) and qualitative (Figure 3) var-
iables were compared with pNfL, pGFAP, and neuroglial
scores to determine whether either biomarker or the in-
volvement of axonal damage or astrocytic activation pre-
dominance associated with outcomes within groups for both
age-stratified subsets (data not shown).

We observed an association between patient-reported anxiety
and/or depression at the time of the outpatient clinic visit and
lower neuroglial score in both young and older patients
with neuro-PASC (PNP and NNP patients combined)
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(Figure 4A). Age in anxiety-stratified or depression-stratified
groups was statistically similar: the mean age for patients younger
than 50 years who experienced anxiety/depression was 36.5
years, whereas those with no anxiety/depression had a mean age
of 34 years (p = 0.56); the mean age for those older than 50 years
with anxiety/depression was 59.2 years, whereas those with no
anxiety/depression had a mean age of 57.9 years (p = 0.69).
Logistic regression accounting for age confirmed the association
between increasing neuroglial score and greater qualitative ex-
perience of anxiety/depression, with an odds ratio of 1.32 (95%
CI 1.12, 1.64, p = 0.004) even with adjustment for age.

To determine the respective contributions of anxiety and de-
pression with higher neuroglial scores, we analyzed patient-
reported quantitative values obtained by PROMIS testing within 1
week of sample date, which showed a significant positive corre-
lation between neuroglial score and anxiety T score (Rho = 0.64,
p = 0.03; age-adjusted linear regression = 0.87 PROMIS anxiety
increase per neuroglial unit increase, p = 0.04 with a multiple R” of
0.41) but not PROMIS depression T score (Rho = 0.30, p = 0.36;
age-adjusted linear regression p = 0.58 PROMIS depression in-
crease per neuroglial unit increase, p = 0.38, with a multiple R* of
0.13), suggesting that anxiety is associated with increasing neu-
roglial score in patients with neuro-PASC (Figures 4, B and C).
pGFAP concentration independently did not reach significance
with qualitative determination of anxiety/depression but did
correlate with PROMIS anxiety T score (Rho = 0.62, multiple
R> = 038, p = 0.04; data not shown). Collectively, these data
suggest that astrocytic activation is associated with symptoms of
anxiety in patients with neuro-PASC.

Discussion
Our results confirm previously published findings that patients
hospitalized with severe COVID-19 have elevated biomarkers
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of CNS injury in their blood®*'?® This finding therefore
supports the body of literature showing that COVID-19 neu-
rologic sequelae in the acute phase are accompanied by damage
to the CNS despite the fact that direct SARS-CoV-2 infection
of the brain parenchyma remains a matter of debate.”® In se-
verely ill patients, the possible causes of CNS injury include
hypoxemia, vasculopathy, coagulopathy, or systemic in-
flammation leading to blood-brain barrier disruption. However,
elevation of serum (s)GFAP has also been observed in acute
moderate cases and elevation of serum (s)NfL in acute mild-to-
moderate cases of COVID-19.**** Collectively, these findings
suggest that CNS damage may occur in patients with COVID-
19 presenting with a wide range of acute disease severity.

The conceptual basis for analyzing our patient cohorts using a
neuroglial score is derived from the use of these markers in
differentiating between relapsing-remitting and primary pro-
gressive multiple sclerosis (MS) and between neuromyelitis
optica spectrum disorder (NMOSD) and MS. In these cases,
it has been shown that predominance of glial activation cor-
relates with progressive forms of MS, with NMOSD when
compared with MS, with a-aquaporin-4 antibody pre-
dominance in NMOSD, and with increasing disability asso-
ciated with MS and NMOSD, collectively suggesting that the
neuroglial score used in this study is associated with distinct
underlying pathophysiology in those disease processes.4’5’19’20

Within-group comparisons of patients with neuro-PASC
revealed that there was a significant difference in neuroglial
scores for those experiencing depression and/or anxiety as a
symptom of neuro-PASC. Additional quantitative measures
of anxiety and depression revealed that there was a linear
relationship between increasing neuroglial scores and anxiety,
but not depression, in patients with neuro-PASC.

Astrocytic involvement in neuropsychiatric disorders is a de-
veloping field of study. Functional differences have been shown in
astrocytes from animal models of depression, and similar changes
have been observed in postmortem tissues obtained from suicide
victims.”” Among other changes, astrocytic glutamate transporter
1 (GLT-1/EAAT2) expression decreases in animal models of
stress and anxiety, and its expression is increased by exposure to
antideplressants.?'8’29 Furthermore, transgenic mice that had con-
ditional expression of astrocytic GLT-1 showed greater resilience
to anxiety and depression.® These and other data show that
astrocytes play a role in anxiety and corroborate our neuroglial
score results, which suggest that astrocytic activation predomi-
nates in neuro-PASC patients experiencing anxiety.

Previous coronaviruses have been implicated in neuropsy-
chiatric disorders such as depression and anxiety in a variety of
ways. Seropositivity for common cold alphacoronavirus strain
HCoV-NL63 was shown to be elevated in new-onset psy-
chosis and more frequent in individuals with mood disorders
such as major depressive disorder.>"** Furthermore, survivors
of the SARS-CoV-1 epidemic in 2003 showed an increase in
prevalence of psychiatric disorders from 3.3% before infection
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to 42.5% at 40 months postinfection, with the most common
diagnoses of post-traumatic stress disorder (54.5%) and de-
pression (39.0%).*® Large-scale surveillance for neuropsy-
chiatric conditions after COVID-19 should continue, and our
data suggest that biochemical markers of CNS damage may
help to identify the mechanistic cause of neuropsychiatric
symptoms in neuro-PASC patients. Nucleocapsid anti-
genemia suggest prolonged SARS-CoV-2 infection in some
nonhospitalized neuro-PASC patients.

The underlying mechanisms of PASC remain unclear. We and
others have shown that most of the non-hospitalized patients
with neuro-PASC are women, who are more likely than men to
develop autoimmune conditions. Furthermore, patients with
neuro-PASC have higher frequency of pre-existing autoimmune
conditions before COVID-19, suggesting that PASC may be a
postinfectious, autoimmune phenomenon.'’ However, pro-
longed viral shedding has been documented in some patients
after the acute phase of COVID-19, and the T-cell response to
SARS-CoV-2 in non-hospitalized neuro-PASC patients is con-
sistent with that seen in the setting of persistent antigenic
stimulation.** Our data indicate that nucleocapsid antigenemia
may occur at least 3 weeks after symptom onset in a non-
hospitalized patient who developed neuro-PASC. Viral RNA in
fecal samples has been detected for greater than 5 weeks
in hospitalized patients who no longer had detectable viral RNA
in nasopharyngeal or throat swab samples, suggesting that the
gut may function as a reservoir of viral replication with longer
duration than the respiratory tract.*®> The GI tract contains a
large collection of specialized immune cells. Prolonged viral
replication in this compartment might provoke inflammatory
cascades ultimately inducing chronic inflammation or the in-
duction of autoimmunity through epitope spreading or by-
stander activation. Gut-associated SARS-CoV-2 replication and
antigen persistence has yet to be studied in nonhospitalized
patients or in patients with neuro-PASC, but should be pursued.
Future work should focus on larger surveillance for the presence
of Nucleocapsid Ag in the periphery, including through repeated
fecal and nasopharyngeal sampling, assessing for nucleocapsid-
specific T-cell activation, and should determine whether an on-
going productive infection with SARS-CoV-2 is occurring in
hidden reservoirs such as the gut.36

Our study has limitations, primarily its limited sample size.
The pilot data collected for this study included small HC and
CE groups. Continuing investigations should emphasize
larger sample size and age matching across all groups to in-
crease the statistical power of the observation. We were un-
able to include patients without post-COVID neurologic
symptoms because of underrepresentation in our Neuro—
COVID-19 clinic. Future work should include this patient
population to determine whether SARS-CoV-2 infection af-
fects the levels of plasma biomarkers in the absence of neu-
rologic sequelae. Patients had a single measurement of pNfL,
pGFAP, and plasma SARS-CoV-2 Nucleocapsid antigen, and
patients with neuro-PASC were tested at a median of ap-
proximately 7 months postsymptoms onset, when they felt
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already approximately 70% recovered compared with their
pre—COVID-19 baseline by their own report. It is therefore
possible that higher plasma concentrations of CNS bio-
markers and more frequent detection of SARS-CoV-2 N Ag
could be found in earlier stages of neuro-PASC. PROMIS
questions for anxiety, depression, and sleep disturbance were
added to our standard panel in January 2021 and therefore
were not available for all participants. A prospective study,
including a larger number of patients including those with no
neuro-PASC symptoms, is needed to determine the dynamic
evolution of CNS biomarkers and N Ag shedding in blood or
other bodily fluids over time.

It has been estimated that approximately one-third of all patients
with COVID-19 develop PASC of variable duration, and neuro-
logic symptoms are among the most debilitating manifestations of
PASC.” With more than 48 million documented infections since
the beginning of the pandemic in the United States, it is likely that
more than 15 million individuals have been or are currently af-
fected by neuro-PASC in the United States alone and tens of
millions in the world.*”** This would make neuro-PASC the third
most prevalent neurologic disorder in the United States behind
only tension and migraine headaches and ahead of stroke, Alz-
heimer disease and other dementias, spinal cord and traumatic
brain injuries, and idiopathic epilepsy.39 Longitudinal studies are
needed to evaluate persistent SARS-CoV-2 infection and CNS
damage in patients with neuro-PASC over time and the long-term
cognitive impact of COVID-19 in this large patient population.
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