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ABSTRACT

Objective: Neuropsychiatric symptoms are among the most prevalent sequelae of COVID-19, particularly among hospitalized
patients. Recent research has identified volumetric brain changes associated with COVID-19. However, it currently remains
poorly understood how brain changes relate to post-COVID fatigue and cognitive deficits. We, therefore, aimed to assess struc-
tural brain changes after hospitalization for COVID-19 and their associations with cognitive performance and fatigue.
Methods: We analyzed data from n =57 patients previously hospitalized for COVID-19 (63% male, mean age 52years) from the
prospective, multicentric high-resolution platform of the German National Pandemic Cohort Network (NAPKON-HAP) and
n=>57 matched healthy control participants (HC). We assessed cortical thickness and subcortical volumes in high-resolution T1-
weighted MRI and their associations with cognitive performance (Montreal Cognitive Assessment) and fatigue (Fatigue Severity
Scale).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Results: Patients exhibited statistically significant reductions of cortical thickness in parahippocampal gyri and the temporal
lobe (all p[FDR-corrected] < 0.05) as well as reduced hippocampal volumes compared to HC (left, Cohen's d [95% CI| =0.50 [0.12—
0.8]; right d=0.43 [0.05-0.80]). Higher acute COVID-19 severity was associated with reduced cortical thickness, particularly
in the olfactory system. Furthermore, reduced cortical thickness of the temporal poles and the anterior and posterior cingulate

gyrus was associated with more severe post-acute fatigue.

Interpretation: Our results identify long-lasting macrostructural brain changes after moderate to severe COVID-19 that cor-

relate with acute disease severity and long-term fatigue. Early identification and targeted interventions for patients at risk of

persistent brain changes are needed.

Trial Registration: NAPKON-HAP is registered at clinicaltrials.gov (NCT04747366)

1 | Introduction

In the first year after infection with SARS-CoV-2, 21% of pa-
tients suffer from clinically relevant post-viral fatigue and 23%
experience cognitive deficits [1]. In patients who were hospi-
talized for COVID-19, this prevalence is even higher, with up
to 52% for fatigue, 70% for mild cognitive deficits, and 17%
for moderate to severe cognitive deficits [2-4]. However, the
mechanisms behind these neuropsychiatric symptoms and
their relationship to long-term structural brain changes re-
main incompletely understood [5]. Given the high prevalence
and functional relevance of post-COVID fatigue and cognitive
impairment, identifying potential neural correlates of these
symptoms has become a key research priority. Brain magnetic
resonance imaging (MRI) can help to elucidate whether per-
sistent symptoms reflect structural brain alterations or are
primarily functional or systemic in nature.

Several studies have investigated volumetric brain changes
in patients after COVID-19 [6-16]. One of the most consistent
findings across these studies is a reduction in gray matter vol-
ume and cortical thickness in olfaction-related brain regions,
especially the parahippocampal gyrus, orbitofrontal cortex,
and insula [6-8]. Moreover, volume reductions in these re-
gions were associated with anosmia [9]. Potential mechanisms
of olfaction-related volume loss include chronic inflamma-
tion, microvascular injury, secondary neuroplastic changes,
as well as anterograde neurodegeneration from olfactory neu-
rons [17].

However, few studies have investigated volumetric changes spe-
cifically in patients with post-COVID fatigue or cognitive defi-
cits. Recently, we observed that patients with mild to moderate
COVID-19 and post-COVID fatigue exhibit reduced putamen
volume and shape deformations of the putamen, pallidum and
thalamus, which was associated the severity of fatigue and cog-
nitive deficits [18]. Diez-Cirarda et al. found that gray matter
volumes in the parahippocampal area, superior temporal gyrus,
and anterior cerebellar area were associated with deficits in at-
tention and processing speed in post-COVID patients on average
11 months after infection [6].

Although some studies included small subgroups of patients
with severe COVID-19 [6, 9], sufficiently powered volumetric
analyses in hospitalized cohorts are scarce. Qin et al. found re-
duced cortical thickness in 32 previously hospitalized patients
with severe COVID-19 in the insula, and superior temporal
gyrus as well as reduced volume of the hippocampus, putamen

and thalamus compared to healthy control participants (HC) [8].
However, cognitive performance or symptoms of fatigue were
not assessed.

In order to assess structural brain changes after hospitalization
for COVID-19 and their association with cognitive performance
and fatigue, we analyzed data from the high-resolution platform
of the German National Pandemic Cohort Network (NAPKON-
HAP). Specifically, we hypothesized that olfactory and limbic
areas would show reduced cortical thickness and that the hip-
pocampus as a limbic structure closely connected with olfactory
areas would show reduced volume. Gray matter atrophy in these
areas was hypothesized to be associated with acute COVID-19
disease severity and long-term cognitive deficits. In addition,
we hypothesized that reductions in cortical thickness as well as
basal ganglia volumes would be associated with fatigue severity
in these patients.

2 | Methods
2.1 | Study Design and Participants

NAPKON-HAP is a prospective, longitudinal multicenter
study in Germany, designed to comprehensively study organ-
specific sequelae of SARS-CoV-2 in hospitalized patients. A
detailed description of the study has been published previ-
ously [19].

Eligibility criteria were (1) hospitalization for polymerase-chain-
reaction-confirmed COVID-19 with typical clinical symptoms,
(2) age 18years or older; (3) written consent to participate in
the study by the patient or an appropriate legal representative.
Exclusion criteria comprised refusal to participate by the patient
or legal representative or any condition preventing supplemental
blood sampling.

For the current analysis, clinical data were collected longitu-
dinally from patients during hospital treatment (3 times per
week for up to 5weeks or until discharge) at three study sites
in Germany (Charité—Universitdtsmedizin Berlin; LMU
Klinikum Miinchen; Universitdtsklinikum Gief3en). After hos-
pital discharge, structured follow-up visits occurred over a pe-
riod of up to 36 months from the onset of the first symptoms
of COVID-19. MRI and neuropsychological testing were per-
formed at 3months after discharge. Data collection took place
from November 2020 to November 2022. Data from healthy
control partici (HC) participants scanned at the Berlin study site
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TABLE1 | Patient sample characteristics (N=57).

Characteristic n /N (%) or M (SD)
Sociodemographic
Sex at birth
Male 36/57 (63%)
Female 21/57 (37%)
Age [years] 53(13)
Years of education 14.7 (2.9)
Lifestyle
BMI 28.2(6.1)
Ever smoker 16/42 (38%)
Pre-infection comorbidity
Chronic neurological disease 6/55 (11%)
Any psychiatric disease 1/54 (2%)
Chronic lung disease 9/57 (16%)
Chronic kidney disease 6/55 (11%)
Chronic liver disease 1/55 (2%)
Cardiovascular disease 26/56 (46%)
Active cancer disease 2/57 (4%)
Chronic hematological disease 4/57 (7%)
Diabetes 8/55 (15%)
Rheumatological/immunological disease 4/55 (7%)
Clinical
Vaccinated against SARS-CoV-2 23/49 (47%)
Acute COVID-19 severity (WHO ordinal scale)
4 - Hospitalized, no oxygen therapy 14/57 (25%)
5 - Oxygen by mask or nasal prongs 25/57 (44%)
6 — Oxygen by NIV or high flow 6/57 (11%)
7 - Intubation and mechanical ventilation, pO,/FiO,>150 or SpO,/FiO,>200 4/57 (7%)
8 — Mechanical ventilation pO,/FiO, <150 (SpO,/FiO, < 200) or vasopressors 4/57 (7%)
9 - Mechanical ventilation pO,/FiO, <150 and vasopressors, dialysis, or ECMO 4/57 (7%)
Number of acute COVID-19 symptoms 3.43 (1.76)

Abbreviations: BMI, body mass index; ECMO, extracorporeal membrane oxygenation; M, mean; NIV, noninvasive ventilation; SD, standard deviation.

were propensity-score-matched to these patients for sex and age
using the R package Matchlt [20].

At the time of data analysis, n=85 patients had received a
follow-up MRI. After exclusion of participants with missing
T1-weighted image (n=11), severe MRI artifacts (n=11), or
post-ischemic structural lesions (n=6), volumetric analysis was
performed in n =57 patients. Patient sample characteristics are
shown in Table 1. Pre-infection neurological diseases comprised
migraine (n=1), multiple sclerosis (n=1), myasthenia gravis
(n=1), transitory ischemic attack without residual symptoms

or visible lesions on MRI (n=1), chronic vertigo of unknown
etiology (n=1), and chronic pain syndrome (n=1). HC partic-
ipants were well matched by sex (m:f patients 36:21, HC 31:26;
chi-squared =0.579, p=0.447) and age (mean patients 52.4, HC
50.5; t=—0.76, p=0.447).

2.2 | Ethics and Study Registration

All participants provided written informed consent in accor-
dance with the Declaration of Helsinki. The study was reviewed
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and approved by the Charité Ethics Committee in Berlin
(EA2/066/20, EA2/226/21) as well as local ethics committees at
each participating study center. NAPKON-HAP is registered at
clinicaltrials.gov (NCT04747366).

2.3 | Imaging Measures
2.3.1 | MRI Data Acquisition

T1-weighted structural MRI of the brain was acquired at
3 Tesla using MAGNETOM Prisma (Berlin, Munich) and
Skyra (Gie3en) scanners (Siemens, Erlangen, Germany) and
a magnetization-prepared rapid gradient echo (MPRAGE)
sequence with the following parameters: field of view (FOV)
240x 256 mm, 176 or 192 slices, voxel size 1mm or 0.9 mm
isotropic, repetition time (TR) 2500 ms or 2300 ms, echo time
(TE) 2.64 ms or 2.32ms, inversion time (TI) 1000 ms or 900 ms,
flip angle 8 degrees.

2.3.2 | MRIImage Processing

T1-weighted images were visually inspected for pathological
features by two independent raters (TJH and FS). In instances
of disagreement regarding the presence of relevant pathology, a
third independent rater (CF) was consulted for a decisive eval-
uation. Scans exhibiting relevant macrostructural pathology,
which could potentially influence volumetric analyses, were
systematically excluded from the analysis (n=6).

Images were preprocessed using FMRIB Software Library
(FSL) robust field-of-view adjustment and reorient to standard.
Following preprocessing, we employed an automated segmen-
tation and parcellation process using FreeSurfer recon-all (ver-
sion 7.2). The resulting segmentations were visually inspected
by FS. In cases where the quality of automated segmentations
was questionable, further consultation with TJH and CF was
sought (n=4). Instances where automatic segmentation failed
to yield accurate results were addressed through manual cor-
rections using the FreeSurfer FreeView tool. However, scans
that could not be satisfactorily corrected, particularly those
marred by severe artifacts, were also excluded from further
analysis (n=11). Mean cortical thickness for all cortical par-
celsin the Destrieux atlas and volumes of subcortical structures
were extracted from the FreeSurfer output.

2.4 | Other Measures
2.4.1 | Cognitive Assessment

Cognitive performance was evaluated with the Montreal
Cognitive Assessment (MoCA), an established assessment tool
that generates scores between 0 (severe cognitive deficits) to 30
(no deficits). Following the guidelines of the test, an extra point
was added to scores of participants who had fewer than 12years
of formal education. A score of 26 or higher was considered nor-
mal, while scores of 18-25 indicated mild, 10-17 moderate, and
9 or less severe cognitive impairments [21].

2.4.2 | Fatigue

The Fatigue Severity Scale (FSS) was employed to assess fatigue
symptoms. This validated and widely-used self-report question-
naire consists of nine statements about the previous week, each
rated on a Likert-scale from 1 (strong disagreement) to 7 (strong
agreement), where higher scores denote greater fatigue severity
[22]. The overall score was calculated as the average of the nine
item scores, providing a range between 1 and 7. A score of 1-3
is considered indicative of mild fatigue, 4-5 as moderate fatigue,
and 6-7 as severe fatigue.

2.4.3 | Other Measures

Sociodemographic parameters, medical history and potential
risk factors, current medication, assessment of clinical status,
disease symptoms, and patient-reported outcome measures
(PROMIS) were collected during hospital stay. Data on disease
severity as reflected by the WHO ordinal severity scale, concom-
itant medication, intercurrent diagnoses, and outcomes were
collected daily during hospital stay.

2.5 | Statistical Procedures

All statistical tests were two-tailed and performed in R version
4.0.2. p-values <0.05 were considered statistically significant.

Differences between patients and HC participants were as-
sessed using independent samples t-tests. Effect sizes were
quantified using Cohen's d including 95% confidence inter-
vals. p-values for cortical parcels (148 tests) and basal ganglia/
thalamus (10 tests) were adjusted for multiple comparisons to
control the false discovery rate (FDR). For brain regions with
statistically significant group differences, we fitted separate
multivariable linear regression models with sex, age, and cor-
tical thickness as the independent variables and the respective
outcome (MoCA total score or FSS total score) as the depen-
dent variable. To assess associations between disease severity
and cortical thickness, an ordinal regression model adjusted
for sex and age was fitted using the polr function from the R
package MASS.

Since previous reports suggested associations of basal gan-
glia and thalamus volumes with fatigue, cognition, and/or
COVID-19 disease severity, we explored such associations
in the patient group. Associations between subcortical vol-
umes and WHO scores did not show an ordinal distribution.
Therefore, we dichotomized COVID-19 severity into moder-
ate (not requiring invasive ventilation, WHO scores 4-6) and
severe (invasive ventilation, vasopressors, or ECMO, WHO
scores 7-9).

2.6 | Sensitivity Analyses
The analysis includes one patient who had a stroke and one

patient with multiple sclerosis. Since these diseases can affect
volumetric outcomes (even in the absence of visible lesions),
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we repeated all analyses after excluding these two patients. 3 | Results

In addition, all models were repeated including MRI scanner

type, study site, comorbidity, and body mass index (BMI) as 3.1 | Reduced Cortical Thickness
covariates. and Hippocampal Volumes

Patients hospitalized for COVID-19 showed statistically sig-

2.7 | Role of the Funding Source nificant reductions in cortical thickness compared to HC after

3months (Figure 1), with the strongest effects in the parahippo-
The funders were not involved in study design, data collection,  campal gyri, the temporal poles, and the right frontal cortex (see
data analysis, interpretation of data, writing of the report or de- Table S1 for comprehensive statistics).

cision to submit the paper for publication. TJH, FS and CF had
access to the data and are finally responsible for the decision to Furthermore, patients showed significantly lower volumes
submit the current work for publication. of the left (d=0.50, p=0.009) and right (d=0.43, p=0.020)

Reductions in Cortical Thickness after COVID-19

p: =4
Q
-
=
o
(14
Puncorr < 0.05 Prar < 0.05
0.4 0.6 0.8

Cohen's d effect size

FIGURE1 | Regionswith statistically significantly reduced cortical thickness in patients after hospitalization for COVID-19 compared to matched
healthy control participants. FDR, false discovery rate.

A Left Hippocampus B Right Hippocampus
d=0.50[0.12 - 0.88] d =0.43[0.05 - 0.80]
6000 6000 1
& 5000 1 — 5000
IS €
E E
(0] [0]
IS €
3 3
(o] o
= 4000 A = 40001
3000 1 3000
Con'trols Pati'ents Con'trols Pati'ents

FIGURE 2 | Patients after hospitalization for COVID-19 show statistically significantly lower volumes of the left (A) and right (B) hippocampus
compared to healthy control participants. Effect size as Cohen's d [95% confidence interval].
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A Association with COVID severity

Right Posterior Dorsal Cingulate Gyrus 1

Left Occipitotemporal Medial Parahippocampal Gyrus 1
Right Occipitotemporal Medial Parahippocampal Gyrus 1
Left Short Insular Gyrus 1

Left Posterior Ventral Cingulate Gyrus 4

Left Pericallosal Sulcus

Left Posterior Dorsal Cingulate Gyrus 1

Left Precentral Gyrus A

Left Superior Transverse Temporal Gyrus 1

Right Short Insular Gyrus

Left Superior Planum Polare Temporal Gyrus 1
Right Superior Planum Polare Temporal Gyrus 4
Right Pericallosal Sulcus 1

Left Temporal Pole 1

Right Temporal Pole {

Left Lateral Orbital Sulcus 1

Right Middle Anterior Cingulate Gyrus and Sulcus
Right Medial and Lingual Occipitotemporal Sulcus 1
Right Anterior Cingulate Gyrus and Sulcus

Right Superior Planum Temporale Temporal Gyrus 1
Left Middle Temporal Gyrus

Left Inferior Temporal Sulcus A

Right Lateral Fissure Anterior Vertical 1

Right Middle Posterior Cingulate Gyrus and Sulcus 1
Left Superior Lateral Temporal Gyrus 1

Left Anterior Cingulate Gyrus and Sulcus 1

Right Superior Frontal Gyrus 1

Left Middle Frontal Gyrus 1

Left Superior Orbital Medial Olfactory Gyrus 1

1.76 [-0.64, 4.16]
1.72[0.33, 3.10]
1.41[-0.16, 2.99]
1.29 [-0.93, 3.50]
1.22[-0.20, 2.64]
0.52 [-1.87, 2.91]
0.47 [-1.76, 2.70]

4 0.02[2.19,2.23]

—a— -0.17 [-2.15, 1.81]

—— -0.27 [-2.61, 2.07]

—o— -0.35 [-2.21, 1.50]

—e—t -0.84 [-2.35, 0.67]

——— -1.08 [-3.91, 1.75]

—— -1.09 [-3.33, 1.15]

—— -1.38 [-3.36, 0.60]

—— -1.39 [-3.55, 0.76]
————  -159[-5.27, 2.08]
——— -1.68 [-4.86, 1.50]
——— -2.08 [-5.65, 1.49]
———i -2.09 [-4.17, 0.00]
—_— -2.65 [-5.30, 0.00]
_— -2.68 [-5.80, 0.45]
—_— -3.02 [-5.28, -0.76]
—_— -3.21[-7.04, 0.62]
—— ! -3.26 [-5.97, -0.56]
—_—————— -3.45 [-7.56, 0.66]
—_———————— -4.24 [-8.34, -0.13]
—_— -5.19 [-9.38, -1.00]
—— ! -5.30 [-9.12, -1.48]

-10 5 0 5 10

Left

Regression Coefficient (95% Cl)

puncorr < 0‘05

-3

0

Regression coefficient

FIGURE3 | Association between acute COVID-19 severity (WHO Ordinal Scale) and reduced (purple) or increased (yellow) cortical thickness in
brain regions with between-group differences (Figure 1), after adjustment for sex and age. (A) Regression coefficients and 95% confidence intervals,

(B) effect localization in the brain.

hippocampus compared to HC (Figure 2). Among the basal gan-
glia, the left pallidum showed a volume reduction in patients
(d=0.46, p=0.017), which was limited to statistical tendency
(Prppr=0.166) after correction for multiple testing (Table S2).

3.2 | Associations With Acute COVID-19 Severity
and Post-Acute Fatigue

In this cohort, 79% (45/57) of patients were moderately affected
during acute COVID-19, requiring no or noninvasive oxygen
support (WHO categories 4-6), while 21% (12/57) had a severe
disease course requiring invasive ventilation, vasopressors, or

organ support (WHO categories 7-9, Table 1). At the time of the
MRI scan, 40% (16/40) of patients showed cognitive deficits ac-
cording to the MoCA total score (37% mild, 3% moderate, none
severe). Relevant fatigue according to the FSS was reported by
55% (23/42) of patients (40% moderate and 15% severe).

Acute COVID-19 severity (as measured by the WHO Ordinal
Scale) was associated with reduced cortical thickness in
the left medial orbital sulcus adjacent to the olfactory area
(p=0.007), the right anterior segment of the vertical lateral
fissure (p =0.009), the parahippocampal part of the left me-
dial occipito-temporal gyrus (p =0.015), the left middle fron-
tal gyrus (p=0.015), the left superior lateral temporal gyrus
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Association with Fatigue
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FIGURE 4 | Association between post-COVID fatigue severity (FSS total score) and cortical thickness in brain regions with between-group dif-
ferences (Figure 1), after adjustment for sex and age: (A) Standardized regression coefficients and 95% confidence intervals, (B) effect localization in
the brain.

(p=0.018), and the right superior frontal gyrus (p=0.043),
after adjustment for sex and age (Figure 3). COVID-19 se-
verity was also associated with increased cortical thickness
in the left occipitotemporal medial parahippocampal gyrus
(p=0.015).

Furthermore, post-acute fatigue severity was associated with
reduced cortical thickness in the left anterior cingulate gyrus
and sulcus (p<0.001), left temporal pole (p=0.005), left supe-
rior transverse temporal gyrus (p =0.014), right posterior dorsal
cingulate gyrus (p=0.027), right pericallosal sulcus (p=0.034),
and left posterior ventral cingulate gyrus (p=0.043), after ad-
justment for sex and age (Figure 4).

There was no statistically significant association between cor-
tical thickness and cognitive performance after adjustment for
sex, age and education (Table S3).

3.3 | Association Between Subcortical
Volumes, COVID-19 Severity, Fatigue, and Cognitive
Deficits

After adjusting for sex and age, higher acute COVID-19 severity
was statistically significantly associated with lower volumes in
the left and right thalamus (Figure 5). There were no other sta-
tistically significant associations between subcortical volumes
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FIGURE 5 | Patients with severe acute COVID-19 (invasive ventilation, WHO Score 7-9) showed statistically significantly lower volumes of the
left (A) and right (B) thalamus compared to patients with moderate disease severity (hospitalized without invasive ventilation, WHO Score 4-6). Z-
and p-values obtained from logistic regression models adjusted for sex and age.

and acute COVID-19 severity, post-acute fatigue, or cognitive
performance (Tables S9-S11).

3.4 | Sensitivity Analyses

Excluding one patient who had a stroke and one patient with
multiple sclerosis led to larger effect sizes in analyses involv-
ing subcortical structures and smaller effect sizes regarding
cortical thickness but had no relevant effects on the main
results. Adding scanner type, study site, somatic comorbid-
ity, or body-mass index (BMI) as additional covariates in
the regression models did not alter the overall pattern of re-
sults (Tables S3-S11). For the association between cortical
thickness and cognitive performance (MoCA), adjustment
for site, comorbidity, and BMI slightly increased effect sizes,
with significant associations emerging in the left parahippo-
campal gyrus and in the left medial orbital-olfactory sulcus
(Table S3). Associations with fatigue (FSS) were largely ro-
bust across models; inclusion of study site yielded one addi-
tional significant region in the right mid-posterior cingulate
cortex, whereas adjustment for comorbidity or BMI reduced
effect sizes, leaving only the left anterior cingulate cortex sig-
nificant (Table S4). For disease severity (WHO score), associ-
ations with cortical thickness were also consistent, although
inclusion of study site or comorbidity led to slightly larger
effect sizes and additional significant temporal regions (left
temporal pole, left middle temporal gyrus, left planum polare,
and right planum temporale), while the left parahippocampal
gyrus no longer reached significance after site adjustment.
Adjustment for BMI produced a comparable pattern but with
regional shifts, such that effects in the left medial orbital and
olfactory cortex, left lateral superior temporal gyrus, and right
superior frontal gyrus were no longer significant, while new
associations emerged in the left anterior cingulate and left
short insular gyri (Table S5). In the hippocampal and basal

ganglia analyses, the inclusion of scanner type, site, comorbid-
ity, or BMI did not change the findings, and no new significant
associations emerged (Tables S6-S11). The negative associa-
tion between thalamic volume and COVID-19 disease severity
remained stable across all sensitivity analyses, although BMI
adjustment slightly reduced the effect size, leaving only the
right thalamus significant (Table S11).

Patients with missing data on the FSS or MoCA did not sig-
nificantly differ from patients with complete data in terms of
available baseline characteristics (sex, age, education and co-
morbidity; Tables S12 and S13).

4 | Discussion

In this prospective multicenter study, patients who had been
hospitalized for COVID-19 showed statistically significant re-
ductions in cortical thickness in parahippocampal areas and the
temporal lobe as well as lower hippocampal volumes compared
to HC participants. Moreover, higher acute COVID-19 severity
was associated with reduced cortical thickness 3months after
discharge, particularly in regions adjacent to olfactory areas and
in the frontal and temporal cortices. Additionally, 40% of pa-
tients experienced cognitive deficits and 55% reported relevant
fatigue. Importantly, post-acute fatigue severity was associated
with reduced cortical thickness in the cingulate gyrus and the
temporal lobe. Our results show that patients with moderate
to severe COVID-19 exhibit long-lasting macrostructural brain
changes that are associated with acute disease severity and post-
acute fatigue severity.

The most pronounced cortical thinning was observed in the
temporal lobes, and particularly parahippocampal areas. This
is in line with previous studies which consistently reported vol-
ume and thickness reductions in these olfaction-related brain
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areas [6-8]. Our finding of reduced hippocampal volumes could
be regarded as complementary to these findings, since the hip-
pocampus is a key region for olfactory processing and has previ-
ously been found to be affected in COVID-19 [8]. However, most
studies only contained small subgroups of hospitalized patients
and results were heterogeneous with regard to localization and
direction of brain changes [23]. Recently, it has been suggested
that structural and metabolic changes in these regions could re-
sult from a combination of deafferentation, neuroinflammation,
and reorganization of neural circuits due to the lack of olfactory
input [24].

Importantly, post-acute fatigue severity was associated with
reductions in cortical thickness, which was most pronounced
in the anterior and posterior cingulate gyrus and sulcus. To
our knowledge, this association has not yet been shown in
the context of SARS-CoV-2 infection. The anterior cingulate
cortex is involved in the perception of effort, and structural
as well as functional changes in this region are associated
with exercise-induced fatigue [25]. Furthermore, functional
changes in the posterior cingulate cortex are also associated
with fatigue symptoms in patients with multiple sclerosis
[26]. These findings potentially point to shared mechanisms,
which may include neuroinflammation triggered by systemic
(auto)immune responses, cytotoxic immune reactions, and re-
activation of latent viruses [27]. Localized cortical thinning
could be considered a neural correlate of post-COVID fatigue,
and cortical thickness may thus serve as a predictive imaging
marker. Future longitudinal studies should assess whether
reductions in cortical thickness can predict long-term trajec-
tories of fatigue severity in patients who were previously hos-
pitalized for COVID-19.

In our primary analyses, we observed no significant associa-
tions between cognitive performance and cortical thickness or
subcortical deep gray matter volumes. However, in sensitivity
analyses adjusting for site and somatic comorbidities, a trend
towards a thinner parahippocampal cortex being associated
with lower MoCA scores became statistically significant. On
the one hand, the effect size of this association was relatively
small, requiring large a large sample size for detection. On the
other hand, the MoCA as a brief cognitive screening tool might
not be sufficiently sensitive to detect subtle or domain-specific
cognitive impairments. Importantly, the observed pattern is
consistent with previous studies finding associations between
parahippocampal cortical thinning and cognitive deficits in
patients with post-COVID syndrome [6, 28, 29]. Future studies
with larger samples and more comprehensive cognitive assess-
ments are warranted to clarify how structural alterations of the
parahippocampal cortex are associated with post-COVID cog-
nitive outcomes.

Earlyidentification of patients at risk for long-term brain changes
could allow for the implementation of targeted intervention and
rehabilitation programs. Our results clearly suggest that pa-
tients hospitalized with moderate to severe COVID-19 should be
closely monitored for cognitive deficits and fatigue during the
post-COVID phase. It is likely that fatigue will persist for several
months to years in many patients and will require targeted clin-
ical management strategies. To this end, pharmacological and
non-pharmacological interventions should be explored [30].

In an exploratory approach, we furthermore found that patients
with severe COVID-19 requiring invasive ventilation had statis-
tically significantly lower thalamus volumes than those requir-
ing no or noninvasive oxygen support. This is consistent with a
study by Qin et al. who also found severity-dependent reductions
in thalamus volume compared to HC [8]. Furthermore, changes
in shape and microstructural integrity of the thalamus were
previously found in patients with mild COVID-19 compared to
HC participants [18]. While the exact mechanisms of severity-
dependent thalamic volume reductions are insufficiently under-
stood, it has been suggested that the thalamus is highly sensitive
to low oxygen levels and thus particularly vulnerable to acute
necrotizing encephalopathy from late-stage immune demyelin-
ation in COVID-19 [8, 31]. Therefore, preventing hypoxia might
be especially relevant for preserving thalamic integrity and
function.

Contrary to our main hypothesis, we observed that greater
COVID-19 severity was associated with greater cortical thick-
ness in the left parahippocampal region. This observation
might represent a spurious result arising from statistical vari-
ability or could reflect segmentation or registration artifacts.
Alternatively, a compensatory or reactive process might un-
derlie cortical thickening, such as gliosis, glial hypertrophy, or
neuroinflammation that transiently increase apparent cortical
thickness before atrophy ensues. Indeed, some studies in pa-
tients with long-COVID reported increases in cortical thickness
in various brain regions. For example, Besteher et al. found a
progressive increase in cortical thickness in several brain re-
gions, including the parahippocampal gyrus in long-COVID
patients [28]. Similarly, Pacheco-Jaime et al. reported increased
thickness in frontal areas in a post-COVID cohort compared to
controls [32]. These observations suggest that structural “thick-
ening” might occur in the subacute or intermediate phases of
disease, potentially reflecting reactive gliosis or extracellular
fluid shifts, before degenerative thinning dominates over longer
time scales.

For these reasons, future studies should pursue longitudinal
designs including pre-infection baseline imaging, complement
anatomical sequences with microstructural imaging modali-
ties such as diffusion or quantitative MRI to better assess white
matter tissue properties, use detailed neuropsychological assess-
ments and recruit larger control cohorts with detailed cardio-
vaskular risk stratification and neuropsychiatric phenotyping.

4.1 | Limitations and Strengths

Our results should be interpreted in light of the following limita-
tions: While the overall study design is prospective and longitu-
dinal, volumetric MRI analyses were cross-sectional and do not
allow conclusions about the temporal course, causal relations or
the effect of structural brain abnormalities before SARS-CoV-2
infection. Intensive care treatment itself may have had effects
on regional brain volumes that cannot be fully disentangled
from disease-specific effects in patients with severe COVID-19.
Detailed data on education, BMI and cardiovascular risk fac-
tors were not available for HC participants such that matching
for these variables was not possible. In addition, MoCA and
FSS data were not available in the HC group, such that group
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comparisons of fatigue and cognitive deficits were not possi-
ble, limiting inferences about the extent to which the observed
associations are COVID-specific. As the MoCA is a screening
instrument, subtle cognitive deficits may have gone undetected
that could have been identified with a comprehensive neuro-
psychological assessment. Several comorbidities present in the
patient sample may impact brain macrostructure and cognitive
performance. However, sensitivity analyses showed no rele-
vant changes in the overall pattern of results after adjusting for
comorbidity.

Strengths of the study include the prospective and multi-center
design, the representative cohort in terms of sociodemographics
and comorbidity, the use of validated instruments to assess fa-
tigue and cognitive performance as well as state-of-the-art volu-
metric analyses of high-resolution structural MRI.

5 | Conclusion

This prospective multicenter study highlights macrostructural
brain changes in patients after hospitalization for moderate to
severe COVID-19, especially in areas of the olfactory system.
Importantly, these changes were associated with both acute
disease severity and post-acute fatigue. Specifically, our study
identifies cortical thinning of the cingulate gyrus as a novel
structural correlate of post-COVID fatigue severity. These in-
sights underscore the importance of early identification of
patients at risk for long-term brain changes and the need for tar-
geted interventions to mitigate long-lasting impairments.
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