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Introduction: The post-COVID-19 condition (PCC) is characterized by
debilitating persistent symptoms, including symptoms suggesting neurological
aberrations such as concentration difficulties, impaired memory, pain, and sleep
disturbances. The underlying mechanisms remain elusive. This study aimed to
investigate brain injury biomarkers, neurocognitive test performance, and self-
reported neurological and neuropsychological symptoms in young people with
PCC.

Methods: A total of 404 non-hospitalized adolescents and young adults
aged 12-25years who tested positive for SARS-CoV-2, along with 105
matched SARS-CoV-2 negative individuals, were prospectively enrolled and
followed-up for 6 months (Clinical Trials ID: NCT04686734). All participants
underwent comprehensive assessment encompassing clinical examinations,
questionnaires, neurocognitive testing and blood sampling. Serum samples were
immunoassayed for the brain injury biomarkers neurofilament light chain (Nfl)
and glial fibrillary acidic protein (GFAp). At 6 months, cross-sectional analyses
of serum Nfl/GFAp, neurocognitive test results and symptom scores were
performed across groups based on adherence to PCC criteria as well as initial
SARS-CoV-2 test results. Also, associations between Nfl/GFAp, neurocognitive
test results, and symptom scores were explored.

Results: A total of 381 SARS-CoV-2 positive and 85 SARS-CoV-2 negative were
included in the final analysis at 6 months, of whom 48% and 47%, respectively,
adhered to the PCC criteria. Serum levels of Nfl and GFAp were almost equal
across groups and did not differ from reference values in healthy populations.
Also, neurocognitive test results were not different across groups, whereas
symptom scores were significantly higher in patients fulfilling PCC criteria
(independent of initial SARS-CoV-2 status). No significant associations between
Nfl/GFAp, neurocognitive test results, and symptom scores were found.

Conclusion: Normal brain injury biomarkers and neurocognitive performance
6 months after mild COVID-19 implies that the persistent symptoms associated
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with PCC are not concurrent with ongoing central nervous system damage or
permanent disruption of cognitive functions. This finding contradicts the notion
of neuroinflammation as a likely explanation for the persistent symptoms.

KEYWORDS

COVID-19, neurofilament, glial fibrillary acidic protein, post-COVID-19 condition,
adolescents, cognitive functions, fatigue

Introduction

The majority of individuals infected with Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), the virus that causes Corona
Virus Disease of 2019 (COVID-19), typically recover to their baseline
health status within a few weeks after the acute infection. However, a
substantial portion of individuals experience persistent post-infective
symptoms (1-3). Persisting symptoms have been reported in patients
regardless of the severity of the acute COVID-19 infection (4), and even
children and young adults who experienced predominantly mild cases
of acute COVID-19 may endure prolonged symptoms (5). These
enduring health issues commonly include various neurological
complaints such as fatigue, post-exertional malaise, headache, memory
difficulties, and sleep disturbances (6-8). The World Health organization
(WHO) has defined these long-lasting symptoms following confirmed
or suspected COVID-19 infection, with no alternative diagnosis to
explain them, as Post-COVID-19 condition (PCC) (9). PCC exhibits
significant clinical overlap with post-infective fatigue syndrome (PIFS)
(10), and numerous queries concerning the underlying mechanisms of
disease and its natural progression still lack definite answers. Further, it
is still to be established whether the subjective experience of neurological
and neuropsychological symptoms in PCC correspond with objectively
measurable deficits (8, 11-13).

Multiple mechanisms have been suggested as potential underlying
mechanisms of neurobiological aberrations in COVID-19 and PCC. In
the acute and subacute stages, CNS involvement may be due to immune
activation triggered by systemic inflammation, microvascular damage,
thromboembolic events, or non-specific hypoxic effects resulting from
severe illness (14, 15). One mechanism proposed to account for the
manifestations of PCC revolves around activation of the neuroimmune
system (16, 17). Alternatively, the symptoms of PCC may be explained
from functional CNS alterations (18), analogous to common
mechanisms of chronic pain conditions (19). This latter explanation
acknowledges that symptoms may arise independently of neuronal
damage and/or interoceptive afferent signals, and resonates with
previous published evidence of psychosocial factors as important
predictors of persistent symptoms (20, 21).

The intra-axonal protein neurofilament light chain (Nfl) is a
validated biomarker for neuroaxonal injury and neuroinflammation
regardless of cause (22-24). Numerous studies have demonstrated a
strong correlation between levels of Nfl in cerebrospinal fluid (CSF)
and blood serum samples (25, 26) rendering it widely applicable as a
biomarker for neuroinflammation and neurodegeneration. Glial
fibrillary acidic protein (GFAp) is an astrocytic cytoskeletal protein
upregulated in activated astrocytes, recognized for its swift elevation
in both CSF and serum in response to acute brain injuries. Studies
have evidenced a robust correlation between the levels of GFAp
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detected in CSF and blood serum samples (27-30). Elevated serum
levels of these biomarkers in the acute phase of COVID-19 infection
provides evidence of astrocytic and neuroaxonal damage in patients
undergoing a severe course of SARS-CoV-2 infection (13, 31-34).
We have previously reported these biomarkers to be slightly elevated
in the subacute phase of SARS-CoV-2 infection in adolescents and
young adults with mildly symptomatic disease (11). Studies examining
neuroinflammatory biomarkers during follow-up after COVID-19
infection yield varied outcomes, even when they are limited to mild
initial cases (35, 36).

In the current study we report serum levels of NfL and GFAp at
6-This study aimed to investigate brain injury biomarkers,
neurocognitive test performance, and self-reported neurological and
neuropsychological symptoms in young people with PCC. We examined
cross-sectional data from 6-month follow-up of a large prospective
cohort of adolescents and young adults with and without COVID-19.

Methods
Study design

The long-term effects of COVID-19 in Adolescents (LoOTECA)
project is alongitudinal observational cohort study of non-hospitalized
adolescents and young adults. Participants testing positive and
negative for SARS-CoV-2 were included, with follow-up at 6 and
12 months (Clinical Trials ID: NCT04686734). Details of the study
design have been described previously (20). This study reports results
from the 6-month follow-up visit.

Ethical approval for this project was granted by The Regional
Committee for Ethics in Medical Research. Written informed consent
was obtained from each participant at study inclusion.

Participants

Between 24 December 2020 and 18 May 2021, a consecutive
cohort of adolescents and young adults undergoing SARS-CoV-2
testing with reverse transcription-polymerase chain reaction
(RT-PCR) were enrolled. All participants were recruited from one of
two microbiological laboratories, Fiirst Medical Laboratory or
Department of Microbiology and Infection Control at Akershus
University Hospital, both located in Southeast Norway. The prevailing
strain of SARS-CoV-2 in this geographical area during most of the
recruitment period was B.1.1.7 (Alpha). Any SARS-CoV-2 positive
individuals were considered eligible for enrolment after fulfilling a
10-day quarantine. Concurrently, a SARS-CoV-2 negative control
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group was recruited among individuals exhibiting a similar
distribution of sex and age as the SARS-CoV-2 infected cases. Within
the SARS-CoV-2 negative group, some individuals had undergone
testing due to acute infectious symptoms, while others were
asymptomatic close contacts of confirmed cases.

Exclusion criteria at baseline encompassed the following: (1) A
duration of more than 28 days since onset of symptoms; (2) Hospitalization
due to COVID-19; (3) Pregnancy; and (4) Serological evidence of SARS-
CoV-2 infection (in the SARS-CoV-2-negative group).

Investigational program

At enrolment and each follow-up assessment, all participants
attended a comprehensive assessment program at the study center at
Akershus University Hospital, Norway. This program encompassed
clinical interview, physical examination, blood sample collection, vital
sign recording, functional and neurocognitive testing, and completion
of questionnaires. The complete investigational program of the
LoTECA project has been published previously (20).

Laboratory assays

Blood samples were collected via antecubital venepuncture as the
first part of the 6-month follow-up visit. Samples were subjected to
analysis for routine clinical markers. To identify previous infection
with COVID-19, serum samples were analyzed for SARS-CoV-2
nucleocapsid and receptor binding antibodies.

Serum samples for measurement of GFAp and Nfl was collected
in 3.5mL Vacuette R (Greiner bio-one GmbH) with gel. Samples
underwent clotting for a minimum of 30 min. Within 2h, they were
processed by centrifugation at 2,200 g for 10 min. The aliquots were
stored immediately at —80°C until analysis. Serum GFAp and Nfl
measurement was conducted at the Clinical Neurochemistry
Laboratory, Sahlgrenska University Hospital, Sweden, by certified
laboratory technicians blinded to clinical data. The analysis was
performed utilizing commercially available Single Molecule Array
(Simoa) assays on an HD-X analyzer (Human Neuro 2-plex B assay),
as instructed by the manufacturer (Quanterix, Billerica, MA).
Calibrators were run in duplicates, while the samples were diluted
four-fold and run as singlicates. To monitor assay performance, two
quality control (QC) samples, with different concentration levels, were
run in duplicates at the beginning and end of each analytical run. For
the QC sample with a Nfl concentration of 14.1 pg./mL, repeatability
and intermediate precision were both 6.2%, and for QC samples with
a concentration of 77.3 pg./mL, both repeatability and intermediate
precision was 5.9%. For GFAp CQ samples with concentration
99.4pg./mL, repeatability was 4.4% and intermediate precision was
8.3%. For GFAp QC samples with concentration 281 pg./mL,
repeatability was 5.6% and intermediate precision was 6.3%.

Neurocognitive testing
During the 6-month follow-up visit, all study participants

underwent neurocognitive assessment with two standardized tests: the
Digit-Span Test from the Wechsler Intelligence Scale for Children, 4th
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edition (WISC) (37), and the Hopkins Verbal Learning Test-Revised
(HVLI-R) (38).

The Digit-Span Test is a tool for evaluating verbal and auditory
working memory. An examiner presents a series of random digits
verbally. The initial digit sequence comprises two random numbers, and
with each subsequent sequence, an additional digit is included. During
the digit span forward mode, the participant is tasked with repeating the
digits in the same order as they were presented, while in the digit span
backward mode, the digits are to be repeated in reverse order. A score of
one point is assigned for each correctly recalled digit sequence. The test
is discontinued when the participant provides incorrect responses for
two sequences of equal length. Results are reported in the form of sum
scores for digit span forward and backward, as well as a total sum score.

The HVLT-R test is designed to assess verbal learning, delayed
recall, and recognition. A standardized procedure is followed, where
the examiner orally presents a list of 12 words, and the participant is
tasked with repeating as many of these words as possible in three
consecutive trials. The cumulative score for verbal learning memory
is determined by summing the total number of words remembered
across the three trials, with a possible range of scores ranging from 0
to 36. To evaluate delayed verbal memory, the number of words
successfully recalled after a 20-min interval is recorded; score ranges
from 0 to 12. Subsequently, a list of 24 words is presented, of which 12
words are identical to those from the initial list. The number of
correctly recognized words and falsely recognized words are recorded
separately; scores range from 0 to 12.

Questionnaires

A questionnaire was employed to gather information regarding
comorbidities, family medical history, current medication, smoking
habits, substance abuse, physical activity and parental occupation.
Parental occupation was used to gauge socioeconomic status.

Sleep problems and pain were recorded through the Karolinska
Sleep Inventory and the Brief Pain Inventory, respectively (39, 40). In the
Karolinska Sleep Inventory, a total of 12 items addressed frequency of
sleep disturbances on 6-point Likert scales, where 1 is “never” and 6 is
“all the time”; then, the scoring was reversed, and total sum score was
computed across all items ranging from 12 to 72, where lower scores
indicate more sleep disturbances. Accordingly, indexes for insomnia,
awakening problems, and sleepiness were computed as sum scores across
relevant items. In the Brief Pain Inventory, a total of four items addressed
different aspects of pain on 10-point Likert scales, where 1 is “no pain”
and 10 is “worst pain imaginable”; total sum score was computed across
all items ranging from 4 to 40, where higher scores indicate more pain.

In addition, five neurological/neurocognitive symptoms were
assessed: Concentration difficulty, difficulty making decisions,
memory difficulty, feeling confused or disoriented, and headache. The
frequency of these symptoms were assessed using five-point Likert
scales, ranging from 1 to 5, with options spanning from “never” to
“each day/always”

SARS-CoV-2 immunization

Data pertaining to vaccination status was acquired through
linkage with the Norwegian Immunization Register (41).
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Case definitions

The WHO definition of Post COVID-19 Condition (PCC) (9) and
the modified Fukuda-case definition of Post-Infective Fatigue
Syndrome (PIFS) (42) were applied and operationalized at 6-month
follow-up, as thoroughly described previously (20). In brief, all
participants were categorized as either case or non-case in accordance
with both definitions. To enhance accuracy, a distinction was drawn
between definite and uncertain classifications, considering concurrent
medical and psychiatric comorbidities that could potentially account
for the reported symptoms. Both clinical findings, laboratory reports
and questionnaire data from baseline and at 6-month follow-up were
considered in the identification of PCC and PIFS cases. Two medical
doctors blinded to the participants’ initial SARS-CoV-2 status
conducted the assessment independently.

Participants were stratified into four groups based on COVID
status and adherence to PCC criteria as follows: (1) COVID-19
positive individuals who adhered to PCC criteria (COVID+PCC+);
(2) COVID-19 positive individuals who did not adhere to PCC
criteria (COVID+PCC-); (3) COVID-19 negative individuals who
adhered to PCC criteria (COVID-PCC+); and (4) COVID-19 negative
individuals who did not adhere to PCC criteria (COVID-PCC-). A
similar categorization was undertaken based on adherence to PIFS
criteria (PIFS+ or PIFS-).

Statistical analysis

For cross-sectional comparisons between COVID-19 positive and
COVID-19 negative cases, chi-square test and Wilcoxon rank-sum
test were applied as appropriate based on distribution of the data. For
comparison across the four groups according to COVID status and
PCC/PIFS adherence, one-way ANOVA or Kruskal-Wallis tests were
used as appropriate. Post-hoc analyses were conducted to investigate
differences  between groups that exhibited  statistically
significant results.

Associations between symptoms, neurocognitive test results,
neurological findings and the two brain injury biomarkers Nfl and
GFAp were investigated using the non-parametrical Spearman’s
rho test.

Statistical analyses were executed using Stata Statistical Software:
Release 16 (Statacorp LLC, College Station, TX). A significance
threshold of p <0.05 was adopted (two-sided test). Bonferroni
correction was incorporated in the spearman’s rho test to account for

test multiplicity.

Results

At baseline 509 (404 SARS-CoV-2 positive, 105 SARS-CoV-2
negative) children and young adults were included in the study. A total
of 26 participants were lost to follow-up (22 COVID-19 cases and 4
COVID-19 negative controls). Of the COVID-19 negative controls,
16 were excluded from analyses at 6 months due to SARS-CoV-2
infection during the follow-up period, either self-reported or
diagnosed from the appearance of plasma SARS-CoV-2 nucleocapsid
antibodies. In addition, one COVID-19 case suffering from multiple
sclerosis was excluded from the current analysis of neurological
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involvement. A total of 466 participants (381 SARS-CoV-2 positive,
85 SARS-CoV-2 negative) were included in the final analysis of the
present paper.

The median time from baseline visit to follow-up was 193 days for
both the SARS-CoV-2 positive and SARS-CoV-2 negative group. An
overview of demographics and background characteristics are
reported in Table 1.

As previously reported (20), there was no difference in adherence
to the WHO post-COVID-19 condition nor in adherence to the
criteria of post infectious fatigue syndrome based on previous
COVID-19 exposure.

Comparison according to COVID-19 status
and PCC adherence

Results from comparison across the four groups according to
COVID status and PCC adherence are presented in Table 2. Significant
differences between groups were found for all symptoms of
neurocognitive dysfunction, as well as pain and sleep difficulties. Post-
hoc test results are reported in Supplementary Table 1. Generally, the
post-hoc tests of reported symptoms showed significant differences
between groups that differed in PCC adherence, but not between
groups with differences in COVID status and similar PCC adherence.

Brain injury biomarkers, neurocognitive test performance, and
clinical neurological findings did not differ across the four groups
(Table 2; Figure 1). Similarly, there were no differences across four
groups stratified according to COVID-19 status and adherence to
PIFS criteria (Figure 2; Supplementary Tables 2, 3).

Associations to PCC within the
SARS-CoV-2 positive cohort

Associations between PCC, PIFS, as well as subjectively
reported symptoms, brain injury biomarkers, and neurocognitive
test results are presented in Figure 3. Neither of the biomarkers, Nfl
or GFAp, demonstrated any association with PCC nor PIFS, nor
were they associated with the reported symptoms or neurocognitive
test results. In contrast, both PCC and PIFS exhibited significant
association with any subjective symptoms of pain, sleep
disturbances, memory issues, difficulty concentrating, decision-
making challenges and feeling confused or disorientated. However,
none of the subjective symptoms was associated with
neurocognitive test results. Complete overview of correlation
coefficients and significance levels from the spearman’s rho test are

provided in Supplementary Table 4.

Discussion

In the present study of a large group of young, non-hospitalized
COVID-19 convalescents, the main findings were: (a) That brain
injury biomarkers were normalized 6 months after acute infection; (b)
That neither brain injury biomarkers, neurocognitive test performance
nor clinical neurological finding were associated with PCC or PIFS;
and (c) That the burden of subjective neurological and/or
neuropsychological symptoms is high in both PCC and PIFS.
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TABLE 1 Cohort characteristics at 6-month follow-up by SARS-CoV-2 status on inclusion.

Characteristic

Participants, No. (%)

SARS-CoV-2 Positive group SARS-CoV-2 Negative group = p-value!

N =381 N =85
Background
Sex
Female-N (%) 229 (60) 31 (64)
Male 152 (40) 54 (36) 0.559°
Age at baseline, median (iqr) 17.5 (14.8-21.3) 17.7 (15.3-20.0) 0.655°
Days since baseline visit, median (iqr) 193 (188-199) 193 (188-205) 0.473°
Immunization against COVID-19 278 (73%) 78 (92%) <0.0012
BMI kg/m2, mean (SD) 232 (4.70) 23.2(4.3) 0.489°
Ethnicity
Caucasian, No. (%) 286 (75%) 83 (98%)
Other, No. (%) 95 (25%) 2 (2.4%) <0.0012
Chronic disease, self*, No. (%) 65 (17%) 17 (20%) 0.541%
Chronic disease, family member*, No. (%) 122 (33%) 30 (36%) 0.677%
ISEI-08 Index of socioeconomy—median (iqr) 60.3 (36.4-75.5) 62.4 (47.3-73.4) 0.517°
Biomarkers
B-Hemoglobin g/dL, mean (SD) 13.6 (1.18) 13.6 (1.03) 0.437
B-Leukocytes*10°/L, mean (SD) 6.1 (1.76) 5.9 (1.51) 0.878
B-Platelets*10°/L, mean (SD) 270 (59) 276 (58) 0.180
S-CRP°mg/L, no (%)
<5 354 (95%) 76 (92%)
>5 19 (5%) 7 (8%) 0.235
P-Ferritin pg/L, median (iqr) 45 (30-76.5) 44 (33-63) 0.809
S-Sodium mmol/L, mean (SD) 139 (1.76) 139 (1.82) 0.676
S-Potassium mmol/L, mean (SD) 4.0 (0.24) 4.1(0.28) 0.051
P-Creatinine, mean (SD) 67 (13.3) 68 (11.7) 0.384
P-LD U/L, mean (SD) 161 (31.6) 158 (34.1) 0.759
P-ALAT, median (iqr) 17 (13-23) 16 (13-20) 0.146°
S-Neurofilament light chain, pg./mL, median (iqr) 4.7(2.1) 4.6(1.8) 0.374°
S-Glial fibrillary acidic protein, pg./mL, median (iqr) 65.1(34.8) 70.1(33.8) 0.381°
Caseness
PCC cases-no. of cases (%) 184 (48%) 40 (47%) 0.837%
PIFS cases-no. of cases (%) 53 (14%) 7 (8%) 0.1582

"T-test unless otherwise stated. Chi2 test. *Wilcoxon-rank test. *Self-reported, from questionnaires. *Serum CRP levels are low in the majority of cases. The participants are therefore reported

as frequencies within categories, maximum observation of 118 mg/L in COVID-19 positive group.

In baseline data from our cohort, we observed a slight increase
in Nfl and GFAp levels in the sub-acute phase of COVID-19 (11).
Our current finding of these brain injury biomarkers returning to
normal levels 6-months after mild COVID-19 infection aligns with
the findings of others. Kanberg et al. found that Nfl and GFAp
serum concentrations were normalized 6 months post-infection in
a cohort of mild, moderate and severe COVID-19 cases (43), and
Rogatzki et al. found normalization of serum levels of Nfl/GFAp as
early as 1 month following mild COVID-19 infection in young
adults (35).

Frontiers in Neurology

Both Nfl and GFAp has previously been suggested as useful
biomarkers for identification of patient suffering from neurological
sequelae following COVID-19 infection (44). In a study of critically ill
COVID-19-patients investigated 3 to 6 months after discharge from
the intensive care unit, GFAp and Nfl were found to be associated with
neurocognitive dysfunction and neuropsychiatric outcome (45).
Contrary, in our cohort of young individuals with mild disease course,
there were no association between GFAp/Nfl and neurocognitive
symptoms or post-COVID-19 symptomatology. This corroborates
with previous reports on milder cases. De Boni et al. reported lower
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TABLE 2 Cross-sectional comparison of symptoms, clinical and laboratory findings, and neurocognitive test results among COVID-19 cases and non-
COVID controls for participants with and without post-COVID-19 Condition (PCC) at 6 months follow-up.

Reported symptoms COVID-19 cases Non-COVID controls

COVID+PCC+ COVID+PCC- COVID-PCC+ COVID-PCC- p-value?
Symptoms suggesting neurocognitive aberrations
Concentration difficulty, score-mean (SD) 33(1.2) 1.9(1.1) 3.3(1.1) 2.1(1.0) <0.001
Confidence interval 3.2-35 1.7-2.0 2.9-3.6 1.8-2.4
Difficulty making decisions, score-mean (SD) 2.7 (1.3) 1.6 (0.9) 2.3(1.1) 1.6 (0.9) <0.001
Confidence interval 2.5-2.8 14-1.7 2.0-2.7 1.3-1.9
Memory difficulty, score-mean (SD) 2.9 (1.3) 1.7 (1.0) 2.6 (1.3) 1.8(1.2) <0.001
Confidence interval 2.7-3.1 1.6-1.8 1.2-3.0 1.4-2.1
Feeling confused or disoriented, score-mean (SD) 1.8 (1.1) 1.2 (0.6) 1.5(0.7) 1.2(0.7) <0.001
Confidence interval 1.7-2.0 1.1-1.3 1.3-1.8 1.0-1.5
Sleep
Karolinska sleep questionnaire, total score-mean (SD) 40.7 (11.1) 55.0 (10.4) 42.8(8.2) 51.4 (10.0) <0.001
Confidence interval 39.1-42.3 53.5-56.5 40.1-45.4 48.4-54.4
Insomnia subscore, —mean (SD) 14.6 (4.5) 18.7 (3.9) 15.1 (4.0) 17.7 (4.0) <0.001
Confidence interval 14.0-15.3 18.2-19.3 13.8-16.4 16.5-18.9
Awakening problems subscore-mean (SD) 8.9 (3.7) 13.3 (3.6) 9.3 (3.0) 12.2 (3.2) <0.001
Confidence interval 8.3-9.4 12.8-13.8 8.3-10.3 11.3-13.1
Sleepiness subscore, —mean (SD) 14.2 (3.8) 18.8 (3.6) 15.1 (3.0) 17.6 (3.6) <0.001
Confidence interval 13.6-14.8 18.2-19.3 14.2-16.1 16.5-18.7
Pain
Headache, score-mean (SD) 2.6 (1.0) 1.6 (0.8) 2.3(1.0) 2.0(0.9) <0.001
Confidence interval 2.4-2.7 1.5-1.8 2.0-2.6 1.7-2.3
Brief pain inventory total score, mean (SD) 11.5 (5.5) 7.7(3.8) 11.7(4.5) 9.7(4.5) <0.001
Confidence interval 10.8-12.4 7.2-8.3 10.3-13.1 8.4-11.1
Worst pain in 24h, mean (SD) 4.4(2.3) 3.0 (2.1) 5.2(2.3) 4.0 (2.3) <0.001
Confidence interval 4.1-4.8 2.7-3.2 4.5-5.9 3.4-4.7
Least pain in 24 h, mean (SD) 1.9 (1.5) 1.4 (1.1) 1.4 (0.7) 1.8(1.8) <0.001
Confidence interval 1.7-2.1 1.3-1.6 1.2-1.6 1.2-2.3
Pain on average, mean (SD) 3.2(1.8) 1.9 (1.2) 3.0(1.4) 2.5(2.0) <0.001
Confidence interval 2.9-34 1.8-2.1 2.6-3.5 1.9-3.1
Pain right now, mean (SD) 2.1(1.6) 1.4 (1.2) 2.1(1.3) 1.4 (0.6) <0.001
Confidence interval 1.9-2.3 1.2-1.6 1.7-2.5 1.2-15
Neurological findings and brain injury biomarkers
Neurological examination, any findings -No. (%) 5(2.7%) 8 (4%) 2(5%) 3(6.7%) 0.625
Neurofilament light chain, pg./mL, median (iqr) 4.5(1.9) 4.9 (2.5) 4.4 (1.9) 4.6 (1.9) 0.156°
Confidence interval 4.2-4.8 4.6-5.1 4.1-5.0 4.4-5.1
Glial fibrillary acidic protein, pg./mL, median (iqr) 64.9 (30.3) 65.8 (40.4) 62.2 (30.4) 71.8 (35.9) 0.607°
Confidence interval 60.2-68.8 61.1-72.8 57.9-77.7 59.8-86.7
Neurocognitive test results
Digit span forward, total sum score -mean (SD) 10.0 (2.5) 9.9 (2.5) 9.7 (2.2) 9.3(2.4) 0.344
Confidence interval 9.6-10.4 9.6-10.3 9.0-10.4 8.6-10.0

(Continued)
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TABLE 2 (Continued)

Reported symptoms

COVID-19 cases

10.3389/fneur.2024.1345787

Non-COVID controls

COVID + PCC+ COVID +PCC- COVID-PCC+ COVID-PCC-
Digit span backward, total sum score -mean (SD) 6.0 (2.4) 6.1(2.2) 6.0 (3.1) 5.6 (1.8) 0.670
Confidence interval 5.7-6.4 5.7-6.4 5.0-6.9 5.0-6.1
Digit span summary score, —mean (SD) 16.0 (4.3) 16.0 (4.0) 16.0 (4.0) 14.8 (3.8) 0.368
Confidence interval 15.4-16.6 15.4-16.5 14.2-17.2 13.7-16.0
HVLT-R immediate recall, total sum score -mean (SD) 23.4(4.8) 23.9 (4.4) 22.9(5.2) 23.0 (4.6) 0.401
Confidence interval 22.7-24.1 23.3-24.5 21.2-24.6 21.6-24.3
HVLT-R delayed recall, total sum score -mean (SD) 8.3(2.3) 8.3(2.2) 7.9 (2.5) 7.9 (2.5) 0.521
Confidence interval 8.0-8.7 8.0-8.6 7.1-8.7 7.2-8.7
HVLT-R correct recognition, mean (SD) 11.4 (1.1) 11.4 (0.9) 11.4 (0.8) 11.4 (1.0) 0.941
Confidence interval 11.3-11.6 11.3-11.6 11.3-11.6 11.1-11.7
HVLT-R false recognition, mean (SD) 0.3(0.7) 0.3 (0.6) 0.4 (0.7) 0.5(0.9) 0.349
Confidence interval 0.2-0.4 0.2-0.4 0.1-0.6 0.2-0.8
*One-way ANOVA unless otherwise stated. "Kruskal-Wallis.
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FIGURE 1
Comparison of serum levels of neurofilament light chain (A) and glial fibrillary acidic protein (B) at 6-months follow-up within groups of COVID-19
status and PCC adherence. Kruskal-Wallis test was conducted to examine the differences between groups. Panel (A): Chi square = 5.22, p = 0.156,
df = 3; Panel (B): Chi square =1.84, p = 0.607, df = 3.

levels of Nfl and GFAp in patients with persistent post-COVID-19
headache compared to patients with severe COVID-19 (46). Lennol
et al. evidenced normalization of plasma GFAp and Nfl within 2
months following acute infection in patients with or without
symptoms of fatigue, headache and memory loss (47), and Farhadian
et al. found no evidence of neuroinflammation or blood-brain barrier
dysfunction in a cohort of adults with self-reported PCC (48).

Our results are in contrast to those of Telser et al. (36) who
reported higher GFAp levels among participants adhering to PCC
criteria compared to those without PCC adherence. However, the
study by Telser et al. is limited by the rather small sample size of 146
COVID-19 positive participants and the lack of a COVID-19 negative
control group. Additionally, the patients COVID-19 status was
determined retrospectively based on the presence of antibodies, and
differences in time span to the acute infection were not accounted for.

Frontiers in Neurology

In line with previous reports, the present data confirm a high
burden of neurological and/or neuropsychiatric symptoms among
patients with PCC and PIFS (49, 50). However, these previous reports
do not include measures of neuronal damage nor objective testing of
neurocognitive performance. A striking result from the present study
is the discrepancy between subjective symptoms and objective
findings. This resonates with findings from PIFS in the aftermath of
other infections (51, 52).

Various hypotheses have been suggested to explain the
pathogenesis of PCC. These include systemic chronic inflammation
(53), as well as neuroinflammation and autoimmunity (54). In severe
cases of acute COVID-19 there is evidence that the neuroinflammation
is linked to cytokine storms, as elevated serum Nfl and GFAp are
associated with elevations in pro-inflammatory cytokines (55, 56).
Elevated levels of Nfl have even been found to have prognostic value
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FIGURE 2
Comparison of serum levels of neurofilament light chain (A) and glial fibrillary acidic protein (B) at 6-months follow-up within groups of COVID-19
status and PIFS adherence. Kruskal-Wallis test was conducted to examine the differences between groups Panel (A): Chi square = 0.89, p = 0.827,
df = 3; Panel (B): Chi square=0.87, p =0.834, df = 3.
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FIGURE 3
Heatplot of Spearman’s Rho correlation coefficients for variables of neurocognitive symptoms, neurocognitive test results and adherence to PCC and
PIFS, respectively. Coefficients marked with *, are significant at a Bonferroni adjusted significance level of a = 0.05/162 = 0.0003.

in acute, severe cases of COVID-19 (57). The normalization of brain  a distinct immune signature associated with COVID-19 at 6-month
injury biomarkers 6 months after mild COVID-19 infection foundin  follow-up. However, this did not appear to be connected to PCC
the current study, suggests that the neurological symptoms associated ~ symptomatology. In the current study, we found no evidence of
with PCC do not align with enduring or ongoing CNS injury. This  ongoing neuroinflammation, and neither brain injury biomarkers nor
argue against the notion of neuroinflammation as an explanation for = neurocognitive test results were associated with subjective reported
the persisting symptoms. In a previous publication (58), we reported ~ symptomatology. Hence, the findings from the present study adds to
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a growing body of evidence suggesting that PCC may be associated
with functional CNS alterations and have origins more related to a
combination of biological, psychological and social factors, rather
than being solely biomedical in nature (59).

The small number of COVID-19 negative controls is a limitation
to the study. Further, controls were recruited following SARS-CoV-2
testing for either infectious symptoms, or suspected SARS-CoV-2
exposure. Other viral diseases could have caused the symptoms
leading to testing. Considering the established role of Epstein-Barr
virus (EBV) as a trigger for post-infectious fatigue syndrome (60),
individuals with recent EBV infection were not included in the
analysis. To further strengthen the quality of the control group, SARS-
CoV-2 antibody testing was conducted both at inclusion, and
6 months follow-up. Participant displaying antibodies indicative of
prior COVID-19 infection were excluded from the control group.

The external validity of the study is limited by the potential for
self-selection bias. It is plausible that our participants exhibited a
higher prevalence of symptoms compared to the general population.
This selection bias might be even more relevant in the control group.
Further, the current study only focused on a cohort of young
individuals, mostly infected with the B1.1.7 variant of SARS-CoV-2.
Therefore, the generalizability of our findings to other viral strains,
and to older age groups, who could exhibit increased vulnerability to
both COVID-19 and PCC remains uncertain.

Conclusion

In the current study, we found that brain injury biomarkers were
normalized 6 months after acute COVID-19 and that the post-
COVID-19 condition, despite high symptom burden, was not
associated with brain injury biomarkers, neurocognitive test
performance or clinical neurological symptoms. Hence, among
adolescents and young adults, neurological symptoms linked to post-
COVID-19 condition do not align with continuous CNS damage,
thereby challenging the notion of neuroinflammation as an underlying
cause of the enduring symptoms.
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