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Association of structural brain changes with
cognitive deficits and fatigue in patients with

post-COVID-19 condition

®Katia Schwichtenberg,! ®Tim Hartung,* ®Josephine Heine,»'?? Stephan Krohn,*
Fabian Boesl,! Rebekka Rust,>>®* Amy Romanello,** Friedemann Paul,>®
Judith Bellmann-Strobl,>> Christiana Franke! and ®Carsten Finke*

Cognitive impairment and fatigue are frequent symptoms in patients with post-COVID-19 condition. However, cognitive issues are often only self-
reported and not compared to well-matched control groups. Furthermore, structural brain changes, underlying cognitive impairment and fatigue in
post-COVID-19 condition are still not fully understood. To assess cognitive deficits, fatigue, neuropsychiatric symptoms and quality of life in pa-
tients with post-COVID-19 condition, determine changes in brain volumes, cortical thickness and regional shape complexity and assess correlations
of imaging measures with clinical symptoms, 49 patients with post-COVID-19 condition (80% female) with a confirmed SARS-CoV-2 infection at
least 3 months prior to testing and new onset of cognitive complaints and 48 healthy controls matched for sex, age and education level underwent
comprehensive neuropsychological testing, MRI-based volumetric analyses, and fractal dimensionality analysis to evaluate structural brain complex-
ity. Neuropsychiatric symptoms and quality of life were assessed using questionnaires. Patients with post-COVID-19 condition exhibited significant
deficits of attention, executive functions, phonemic and semantic fluency, verbal learning and episodic and visuospatial memory (all X(corrected) =
0.002-<0.001). Cognitive impairments were not linked to the severity of the initial COVID-19 infection, but attention performance significantly
impacted daily functioning. Patients had a significantly lower quality of life and higher levels of anxiety, depressive symptoms and fatigue compared
to controls (all P(corrected) < 0.001) and were severely impacted in their ability to work with 45% being unable to work. Thalamic volumes were
significantly reduced in patients with post-COVID-19 condition (2(corrected) = 0.001-<0.001). Fractal dimensionality analyses showed increased
complexity in the occipital lobes and hippocampal fimbriae, and reduced complexity in the thalamus bilaterally in patients. Thalamic complexity
reductions correlated with increased fatigue severity in patients and controls. Patients with post-COVID-19 condition display a wide spectrum
of cognitive deficits, increased levels of fatigue, anxiety and depressive symptoms and reduced quality of life. MRI analyses revealed reduced thalamic
volumes and reduced thalamic complexity that was associated with fatigue severity across the whole sample. These findings identify brain structural
correlates of key symptoms in post-COVID-19 condition and highlight the value of fractal dimensionality analysis to detect clinically relevant struc-

tural brain alterations that remain undetected in conventional analyses.
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Post COVID structural brain changes

Introduction

Post-COVID-19 condition (PCC) is defined as persistent or new-
onset symptoms occurring at least 3 months after acute
COVID-19, lasting for at least 2 months, and not attributable to
any other diagnosis.1 PCC is estimated to affect up to 10% of pa-
tients with COVID-19*2 and can include a wide variety of symp-
toms including neurological, pneumological, neuromuscular,
cardiovascular and dermatological sequelae.[*‘6 These symptoms
are associated with reduced quality of life,” inability to return to
work®® and long-term disability. As such, PCC represents a major
economic and public health burden.

One of the most debilitating and persistent symptoms is cogni-
tive dysfunction.s’s Early studies found that patients show impair-
ment in memory, attention and executive function.””° However,
many of the current studies on cognition in PCC have relevant lim-
itations. First, many studies rely on self-reports of patients, and sub-
jective cognitive assessments do not necessarily reflect cognitive
deficits accurately. The full extent of cognitive impairment may
not be fully captured and can be influenced by patients’ self-
perception, mood and motivation.'* ! Therefore, both subjective
and objective cognitive assessments are needed to evaluate cognitive
deficits. Second, studies with objective cognitive testing in patients
with PCC often lack appropriate control groups or they do not ex-
clude patients with pre-existing neurological or psychiatric disor-

. 14-1
ders which can ¢

impact their cognitive performance.
Considering the psychological impact of the pandemic on society17
and the aforementioned impact of psychological conditions on cog-
nitive functioning,M‘l(’

it is thus important to compare cognition
between patients with and without PCC in a similar pandemic situ-
ation. Third, many studies only apply less time-consuming cogni-
tive screening tools instead of detailed neuropsychological testing.
While these tools can offer an overview of cognitive deficits, they
cannot provide a detailed understanding of cognitive performance.
Therefore, studies applying detailed objective cognitive assessments
of otherwise healthy patients with appropriate control participants
are needed.

The structural brain correlates of neurological PCC symptoms
are not yet fully identified. While several studies reported cortical
and subcortical grey and white matter changes, results are heteroge-
neous and often remain inconclusive. One longitudinal study
found more severe reduction in grey matter volume in non-
hospitalized patients compared to non-COVID-19 control partici-
pants or their own pre-COVID-l‘)—MRIs.18 These changes in grey
matter volume are supported by some studies,>?! while others did
not find differences in grey matter volumes between patients with
PCC and control participatnts22 or showed increases in some brain
regions.”> > Regions repeatedly reported to exhibit changes in grey
matter volume include the olfactory cortex, basal ganglia, thalamus

18-20,24,26 . .
»<52® While most studies observed a vol-

and the limbic system.
ume reduction, volume increases have likewise been reported.”*
These divergent findings might be driven by differences in patient
characteristics and inclusion criteria, as well as different timings of
testing in relation to infection. Therefore, studies in well-selected
post-COVID-19 patients (i.e. adherence to current diagnostic cri-

teria, exclusion of patients with relevant comorbidities) and healthy
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controls well-matched for sex, age and education level are needed to
clarify the association between neurological PCC symptoms and
brain structural changes.

Moreover, sensitive new imaging techniques have emerged to
quantify brain morphology from structural MRI beyond standard
volumetry. In particular, structural complexity analysis with fractal
dimensionality (FD) yields a quantitative account of brain shape,
which has proven highly sensitive to both age-related and
disease-related changes of brain morphology, including a variety
of neuropsychiatric conditions.””>* Briefly, FD stems from a
branch of mathematics that quantifies an object’s geometric behav-
iour across different spatial scales,>* which in neuroimaging corre-
sponds to different voxel sizes.”>> Notably, FD can be
computed directly from voxel-indexed 3D segmentation masks—
the same data used for volumetry—without the need for additional
modelling steps or surface reconstructions inherent to many other
shape-sensitive methods. Consequently, FD can be flexibly applied
to all tissue compartments of the brain using standard T-weighted
images. Not least, FD yields improved reliability compared to many
classical neuroimaging features®® and has been shown to capture
morphological information beyond volume and common surface-
derived measures including cortical thickness, curvature, sulcation,
gyrification and surface area.”’ FD may therefore offer a valuable
addition to neuroimaging analyses in PCC research.

Against this background, the aims of this cross-sectional study
were to (i) assess cognitive performance using a comprehensive test-
ing battery; (ii) analyse fatigue, neuropsychiatric symptoms, and
quality of life; (iii) evaluate cortical and subcortical volumes, and
(iv) apply FD analyses to examine structural brain complexity in pa-
tients with PCC and matched non-COVID-19 control partici-
pants. With this approach, we aimed to identify cognitive
domains with significant impairments in PCC, characterize relevant
neuropsychiatric symptom burden, determine changes in subcor-
tical brain volumes, cortical thickness and structural complexity,
and investigate whether such brain changes were associated with
cognitive impairment in PCC.

Methods

In the prospective observational CAMINO (‘Cognition and MRI in
post-COVID?’) study, 49 post-COVID-19 patients were recruited be-
tween April 2021 and November 2021 from two neurological
post-COVID-19 outpatient centres at Charité—Universititsmedizin
Berlin, Gerrnzmy.3 7 Inclusion criteria for patients with PCC were:
(1) positive PCR test for SARS-CoV-2, at least 3 months prior to in-
clusion, (2) no pre-existing neurological or psychiatric disorders before
SARS-CoV-2 infection, and (3) self-reported cognitive impairment
with onset during or shortly after COVID-19. The study was explora-
tory and hypothesis-generating in design and at the time of study plan-
ning no reliable data on expected effect sizes were available. We chose
the current sample size, since it is sufficient to detect medium-sized ef-
fects at a statistical power of 0.8.

Healthy control participants were recruited during the same per-
iod via internet advertisements and notes posted at local facilities
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(7 = 48). All healthy control participants met the following inclu-
sion criteria: (1) no history of COVID-19 (no positive PCR, no
positive rapid antigen test, no reasonable suspicion), (2) no neuro-
logical or psychiatric disorders. All participants were 18 years or old-
er, without contraindications for MRI, fluent in German and
capable of person-to-person assessments at Charité campus.
Patients were matched 1:1 to healthy controls based on age, sex,
and years of education using exact matching. The median age was
44.0 years (IQR 17) for patients and 42.5 years (IQR 21) for con-
trols; 80% of patients (39/49) and 81% of controls (39/48) were fe-
male; and the median years of education were 16.0 (IQR 5) and
17.0 (IQR 3), respectively. No exclusions were necessary, since
there were sufficiently many suitable controls.

Originally, 50 patients and 50 healthy controls were tested for
the CAMINO study. However, one patient was diagnosed with
Parkinson’s disease shortly after testing. Assuming the disease was
already present at the time of testing, we excluded them.
Additionally, two control participants were excluded due to a
Montreal Cognitive Assessment (MoCA) score below 26, which
raised concerns about their classification as healthy.

The local ethics committee approved the study (Reference EA2/
007/21). All participants provided written informed consent ac-
cording to the Declaration of Helsinki.

We evaluated the neurological disability and restrictions in daily life
due to post-COVID-19 symptoms using the modified Rankin Scale
(mRS).*® Comorbidities, medication, acute stage COVID-19
symptoms and current symptoms were recorded using a standar-
dized protocol during in-person interviews.

Cognitive performance was assessed using a comprehensive test bat-
tery covering five cognitive domains (see Supplementary Table 1):
(1) Memory and learning: verbal episodic memory [Rey Auditory
Verbal Learning Test (RAVLT)™], visuospatial memory [Rey
Osterrieth Complex Figure (ROCF)*], working memory (forward
and backward digit span); (2) attention and alertness: tonic and
phasic alertness, selective attention, and dual-tasking [Test of atten-
tional performance battery (TAP)™, Trail-Making-Test A
(TMT-A®); (3) Trail-Making-Test B
(TMT-B**) and Stroop test*’; (4) language: phonemic and semantic
fluency [subtests of the Regensburg Word Fluency Test (RWT)*],
and (5) logical thinking: Raven’s Progressive Matrices {German ver-

executive function:

sion [Leistungspriifsystem (LPS), subtest 3*)]. Furthermore, the
MoCA was used as a screening tool for cognitive impairments.46

General health, health-related quality of life, and the level of inde-
pendence were assessed using the Short Form Health Survey
(SF-36),"” EQ-SD-SL,** and a 0-10 scale of day-to-day independ-
ence evaluating 10 different life domains.*” We quantified levels
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of anxiety and depressive symptoms via the Hospital Anxiety and
Depression Scale (HADS),”® Beck Depression Inventory II
(BDLII),”" and Beck Anxiety Inventory (BAI).>> Quality of sleep
and daily sleepiness were surveyed (PSQI: Pittsburgh Sleep
Quality Index)>® and ESS (Epworth Sleepiness Scale)™, as well as
quantity and quality of fatigue (Fatigue Scale for Motor and
Cognitive Functions (FSMC),”> Fatigue Severity Scale (FSS),>
Bell Score, and Canadian criteria for chronic fatigue syndrome/my-
algic encephalomyelitis).”” The patients’ metamemory was exam-
ined using the Multifactorial Memory Questionnaire (MMQ).>®

MRI data was acquired at the Berlin Centre of Advanced
Neuroimaging (BCAN) using a 3 Tesla PRISMA scanner
(Siemens, Erlangen) with a 64-channel head coil. As part of the
protocol, a high-resolution structural T;-weighted sequence
(3D-MPRAGE, TR=1.900ms, TE=2.22ms, T;=2.100 ms,
1x1x1mm®, FOV=256x256x192mm) was

voxel size
acquired.

Volumes of cortical and subcortical regions, as well as cortical thick-
ness and surface area size were estimated using FreeSurfer, version
6.0.%7 All images were visually checked and the pial surface was cor-
rected if needed. Every volume, as well as cortical area and cortical
thickness values, was adjusted for the total brain volume (:BV)
within each participant using the formula: volume,gjusecd =
volume,pserved — P (slope from BV versus regional volume
regression) x (BV opserved = BV ample mean)- T0 assess general hippo-
campal as well as hippocampal subfield volumes, we ran the
Freesurfer hippocampus subfield analysis.éO A visual quality check
was also conducted for the hippocampal subfields in each partici-
pant. Cortical regions were analysed and compared in thickness,
area size and volume using the Destrieux atlas.!

Besides these classical neuroimaging measures, we applied a new
method to estimate the structural complexity of brain regions.
This approach rests on fractal analysis of high-resolution T1
MRI data and yields region-wise estimates of FD—a geometric
measure of spatial scaling that expresses the irregularity of an ob-
ject’s shape.zg’35 Following previous approaches, we computed
FD estimates with the calcFD toolbox for Matlab®® using the dila-
tion algorithm for filled volumetric segmentations and default spa-
tial scales and estimated FD values for each region of interest (ROI)
defined by the Destrieux atlas.

We performed all statistical analyses using R, version 4.1.2 and
Matlab. Potential outliers were identified through visual inspection
of boxplots. No extreme outliers were detected; therefore, none
were excluded. Cognitive test scores, volumetric brain, cortex par-
cellation data and psychological survey scores were compared be-
tween patients and healthy controls using linear mixed models,
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including a random intercept for each matched pair. We used this
method to accurately consider the person-to-person matching be-
tween patient and healthy control participant. The results were cor-
rected for multiple testing using the Benjamini—-Hochberg
procedure to control the false discovery rate. Analyses of structural
complexity were considered exploratory and were therefore re-
ported without correction for multiple testing. Effect sizes were re-
ported as fixed effect estimates (b) with 95% confidence intervals.
For all linear mixed models, model fit was evaluated using informa-
tion criteria, likelihood-ratio tests (LRT) and explained variance.
Specifically, Akaike’s Information Criterion (AIC) and Bayesian
Information Criterion (BIC) were compared between the full mod-
el (including the fixed effects of interest) and the corresponding null
model (including only random effects). Significance of fixed effects
was further assessed using LRT. To quantify the proportion of vari-
ance explained by fixed and random effects, marginal and condi-
tional R* values were calculated and are reported in the
Supplementary Tables 1-3. To facilitate comparison across cogni-
tive domains, raw test scores were converted to z-scores using the
mean and standard deviation of the matched healthy control group.
Correlation analyses were performed to assess associations between
cognition, neuropsychiatric data and volumetric changes.
Product-moment correlation was used for continuous, approxi-
mately normally distributed variables showing linear associations
(assessed via Shapiro-Wilk tests and scatterplots). Spearman’s
rank correlation was applied for non-normally distributed or ordin-
al variables, or when monotonic but non-linear relationships were
expected. For variables with few distinct values or frequently tied
ranks, such as the modified Rankin Scale, we used Kendall’s tau.
Formal significance was defined at 2 < 0.05. Instances in which cor-
relation results were not corrected for multiple testing are explicitly
indicated. MRI and cognitive data were complete. There were miss-
ing values on the FSMC fatigue questionnaire for 7 = 6 patients and
n =7 healthy control participants. Analyses were conducted using
only complete cases (pairwise exclusion).

Results

The patients’ sample characteristics are presented in Table 1. Patients
were tested at a median of 8 months (IQR 3 months) after
SARS-CoV-2 infection. The acute disease stage lasted a median of
3 weeks (IQR 1 week). One patient experienced two COVID-19 epi-
sodes. 7/49 (14%) patients were hospitalized during their acute infec-
tion, of which 3/49 (6%) were admitted to the intensive care unit.

The most common pre-existing conditions prior to COVID-19
were hypertension (7/49, 14%), asthma (6/49, 12%), allergies (4/49,
8%), and hypothyroidism (4/49, 8%) (full list see Table 1). After
COVID-19, patients most frequently were diagnosed with newly
onset hypertension (3/49, 6%) and asthma (2/49, 4%) (for a full
list, see Table 1).

The most common self-reported cognitive complaints con-
cerned concentration (80%), memory (62%), and word-finding cap-
abilities (44%). Other neurological and psychiatric symptoms
included the feeling of exhaustion (78%), tiredness (52%),

BRAIN COMMUNICATIONS 2026, fcagd99 | 5

Table 1 Clinical characteristics

Controls Patients
n (%)/median (IQR)  n (%)/median (IQR)
Age [years] 42.5(21) 44.0(17)
Education [years] 17.0(3) 16.0 (5)
Sex (in %) female 39 (81%) 39 (80%)
male 9 (19%) 10 (20%)
Acute COVID-19 3(1)
duration [weeks]
Time since SARS-CoV-2 infection [months] 8(3)
Modified Rankin 2(0)
Scale (mRS)
Unable to work 22 (45%)
entirely
Unable to work to the pre-COVID-19 extent 11 (22%)
Patients’ pre-existing conditions
Hypertension 7 (14%)
Asthma 6 (12%)
Allergies 4 (8%)
Hypothyroidism 4 (8%)
Infrequent migraines 2 (4%)
Coagulation disorders 2 (4%)
Cardiac arrhythmia 2 (4%)
Sleep apnea 1(2%)
Restless legs syndrome 1(2%)
Diabetes 1(2%)
Patients’ newly onset conditions post-COVID-19
Hypertension 3 (6%)
Asthma 2 (4%)
Hypothyroidism 1(2%)
Cardiac arrhythmia 1(2%)
Angina pectoris 1(2%)
Rheumatoid arthritis 1 (2%)

mRS = Modified Rankin Scale.

headaches (38%), and feelings of high stress levels (36%), whereas
somatic symptoms like dyspnoea (24%), muscle and joint pain
(20%), chest pain (12%), and flu-like symptoms (10%) were less fre-
quently reported. The median mRS of patients at the time of the
study visit was 2 (IQR 0; Table 1).

Patients performed significantly worse than the healthy control par-
ticipants for tests of attention (tonic alertness, &= 52.4 ms, 95%
confidence interval (CI) [29.3, 75.6], pFDR < 0.001), executive
function (TMT-B, b =14.8 s, 95% CI [5.7, 24.0], pFDR = 0.002),
fluency (phonemic, &= —5.1, 95% CI [-6.9, —3.3] and semantic,
b=-5.0,95% CI [-7.3, —2.8], both pFDR < 0.001), verbal learn-
ing (RAVLT, trials 1-5, = —6.3, 95% CI [-9.4, —2.9], pFDR <
0.001), verbal memory (RAVLT, trial 7, b=—2.7, 95% CI [-3.8,
—1.7], pFDR < 0.001), and visuospatial memory (ROCEF, delayed
recall, b=—4.8, 95% CI [-7.1, —2.5], pFDR < 0.001) (Fig. 1; see
Supplementary Table 1 for all test results). No significant group dif-
ferences were observed for logical thinking capabilities (LPS pFDR
=0.067) and short-term memory (digit span forward pFDR =
0.168; Supplementary Table 1).

Cognitive performance was not associated with the duration of the
acute phase of COVID-19, the number of acute symptoms, or the
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Figure 1 Cognition in patients with post-COVID-19 condition (PCC; N = 49) compared to healthy controls (HC; N = 48). Z-scores are
based on the mean and standard deviation of the control group and Z= -1 to 1 was considered normal cognitive performance.
Working memory was assessed by Digit Span Forward (P-values adjusted for false discovery rate, pFDR = 0.168), long-term memory by
the Rey Auditory Verbal Learning Test (RAVLT, trial 7, pFDR < 0.001), learning by RAVLT (trials 1-5, pFDR < 0.001), fluency by the
Regensburger Word Fluency Test (RWT, s-words, pFDR < 0.001), logical thinking by the German Leistungsprifsystem (LPS, pFDR =
0.067), executive functions by the Trail Making Test part B (TMT-B, pFDR = 0.002), and dual-tasking and attention by the Test of
Attentional Performance (TAP; dual visual, pFDR = 0.001, and tonic alertness, pFDR < 0.001). All P-values were calculated using linear
mixed models and corrected for multiple testing via Benjamini-Hochberg.

time elapsed since the acute infection (absolute range »= 0.007 to
r=0.278, all P>0.050). Higher neurological disability (higher
mRS scores) significantly correlated with worse tonic alertness
(t = 0.417, pFDR < 0.001, Fig. 2; Supplementary Table 4).

Patients had significantly higher levels of anxiety, depressive symp-
toms, fatigue, daytime sleepiness, and worse quality of sleep, as well
as worse subjective memory functioning and memory satisfaction
(Supplementary Table 3). Worse tonic alertness performance corre-
lated with higher anxiety levels (r=0.260, pFDR =0.016).
Reduced short-term visuospatial memory performance was asso-
ciated with higher levels of anxiety (BAI: 7=—0.250, pFDR =
0.021), depressive symptoms (BDI-I: 7=-0.255, pFDR =
0.020), and fatigue (FSMC: 7=-0.220, P=0.041, Fig. 2).
Furthermore, worse sleep quality (PSQI) correlated with worse per-
formance in long-term verbal memory (7 = —0.277, pFDR = 0.016;
Fig. 2).

Several visuospatial and verbal mnemonic task results of patients
correlated with their reported memory satisfaction (ROCF: p =
0.507, P<0.001, RAVLT: p = 0.356, pFDR = 0.019).

Patients reported significantly lower quality of life (Supplementary
Table 3). General health-related quality of life and emotional well-
being were significantly associated with fatigue, depressive symp-
toms and anxiety (general health x FSMC: 7= —-0.292, pFDR =
0.009; general health x BDI: 7= —0.272, pFDR = 0.015; emotional

wellbeing x FSMC:  7=-0.323, pFDR=0.004 emotional

wellbeing x BAI: 7=-0.469, pFDR <0.001, emotional well-
being x BDI: 7= —0.644, pFDR < 0.001). Cognitive performance,
even though significantly impaired, did not correlate with quality
of life (absolute range 7= 0.004 to 0.166, all 2> 0.05).

Patients had lower thalamic volumes compared to control partici-
pants (left: patients, 7621.9 (£1130.0) mm’ versus controls,
8293.9 (£836.5) mm>, b=—672.0 mm> 95% CI [—1068.1,
—275.9], pFDR = 0.001; right: patients, 7363.2 (+935.3) mm? ver-
sus controls, 8016.7 (£769.6), b= —653.5 mm?>, 95% CI [-994.5,
—312.4], pFDR < 0.001, Fig. 3). There was no significant difference
in volume in other subcortical regions (Supplementary Table 2).
Volumetry of hippocampal subfields did not indicate significant
differences between patients and controls. Furthermore, there
were no significant group differences in cortical thickness, cortical
area size or cortical volume between patients and the control
participants after Benjamini-Hochberg correction for multiple
testing.

There were no significant correlations between patients’ thalam-
ic volume and cognitive test performances. In an exploratory ana-
lysis of ROIs with significant group differences, we found that
patients’ lower left thalamic volumes correlated with more pro-
nounced daytime sleepiness (o = —0.32, P = 0.040).

Patients with PCC showed bidirectional changes in structural brain
complexity compared to the healthy control participants (Fig. 4).
The strongest decreases in complexity were observed in the thal-
amus, both on the left (= —3.4, P=0.001) and on the right (¢ =
—3.6,P=5x 10_4). However, patients also presented a spatial clus-
ter of increased complexity (Fig. 4, right) that involved the left gyrus
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Figure 2 Correlation between everyday functioning and attention and correlation plot of cognitive outcomes and neuropsychiatric
data in patients with post-COVID-19 condition (PCC; N = 49). (A) Higher scores on the modified Rankin Scale (mRS; greater disability)
were associated with significantly longer reaction times (Kendall’'s = 0.417, P-values adjusted for false discovery rate, pFDR < 0.001).
(B) Correlation of cognitive outcomes and neuropsychiatric data. Long-term memory was assessed by the Rey Auditory Verbal
Learning Test (RAVLT, trial 7), learning by RAVLT (trials 1-5), visuoconstruction by the Rey-Osterrieth Complex Figure Test (ROCF),
fluency by the Regensburger Word Fluency Test (RWT, s-words), executive functions by the Trail Making Test part B (TMT-B),
attention by the Test of Attentional Performance (TAP; tonic alertness), anxiety by the Beck Anxiety Inventory (BAI), depressive
symptoms by the Beck Depression Inventory-1l (BDI-Il), fatigue by the Fatigue Scale for Motor and Cognitive Functions (FSMC), sleep
quality by the Pittsburgh Sleep Quality Index (PSQI). Correlations were calculated using Pearson correlation coefficients, with P-values
adjusted for false discovery rate. Symbols indicate statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3 Thalamic volume changes in patients with
post-COVID-19 condition (PCC, N = 49). Patients with PCC
have significantly smaller thalamic volumes compared to
healthy control participants. Symbols indicate statistical
significance: **P < 0.01; ***P < 0.001. P-values were
calculated using linear mixed models and corrected for
multiple testing via Benjamini-Hochberg.

rectus (¢ = 2.4, P=0.019), the left middle occipital gyrus (z=2.1,
P=0.037), the right superior occipital gyrus (#=2.5, P=0.016)
as well as the occipital pole bilaterally (left: = 2.9, P = 0.004; right:
t=2.9, P=0.005). Moreover, similar bidirectional changes were

also detected in hippocampal subfield analysis, which showed de-
creased complexity in the CAl region on the left (r=—-2.3, P=
0.023) as well as pronounced increases in the fimbria bilaterally
(left: £=4.1, P=1x 10~% right: z= 3.3, P=0.001).

Additionally, lower structural complexity of the thalamus was re-
lated to higher fatigue scores on the FSMC (Fig. 5), both on the left
(0=—-0.39,P=23x 10" pror = 0.023) and on the right (o = —0.42,
P=75%x10"", pror = 0.016). Besides these thalamic complexity
changes, the strongest associations between FSMC scores and struc-
tural complexity were observed in the middle frontal sulcus on the
right (o =—0.36, P=7.7 x 1074 pror = 0.040) and the CA1 hippo-
campal subfield on the left (o = —0.36, P= 6.8 x 10, pgpr = 0.040).

Discussion

In the current study, we found that post-COVID-19 patients with
subjective cognitive decline had objective cognitive deficits affecting
attention, long-term memory, executive functions and verbal flu-
ency. In addition, patients had higher levels of fatigue, depressive
symptoms, anxiety, daytime sleepiness and worse quality of sleep.
They were negatively impacted in their ability to work and had a
lower quality of life, which was associated with fatigue severity.
Furthermore, we identified significantly reduced thalamic volumes
and reduced thalamic structural complexity bilaterally in
post-COVID-19 patients. The reduction of thalamic complexity
correlated with increased fatigue severity in patients and controls.



8 | BRAIN COMMUNICATIONS 2026, fcag099

Reduced FD in patients

left posterior right

anterior

p<0.05

T-value |
1.5

-2.0 25 -3.0 -35

K. Schwichtenberg et al.

Increased FD in patients

anterior right

L eeeessa———

T-value |
1.5 18 21 24 27 3.0

Figure 4 Patients with post-COVID-19 condition (N = 49) show bidirectional changes of structural brain complexity. (A) Significantly
reduced fractal dimensionality (FD) in patients was found in the left and right thalamus. (B) Significant increases were found in the left
gyrus rectus, left middle occipital gyrus, right superior occipital gyrus, and left and right occipital pole. P-values were calculated using

two-sample t-test.
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Figure 5 Lower structural complexity of the thalamus is associated with higher fatigue scores in patients with post-COVID-19
condition (PCC, N = 42) and healthy control participants (HC, N = 41). Associations between fractal dimensionality (FD) of the left (A)
and right thalamus (C) and total scores on the Fatigue Scale for Motor and Cognitive Functions (FSMC) are shown. Each data point
describes one patient or HC. Panel B summarizes the proportions of patients with PCC and HC showing no fatigue (FSMC < 43), mild to
moderate fatigue (FSMC = 43-62), and severe fatigue (FSMC > 62). No y-axis is shown, as the bars are directly labelled with their
values. Correlations were calculated using Spearman correlation coefficients, with P-values adjusted for false discovery rate.

Patients with PCC showed substantial cognitive deficits across
all cognitive domains except short-term memory and logical think-
ing. These deficits were not associated with the severity of the acute
infection, which is in line with previous studies that similarly found
no association between acute COVID-19 severity and cognitive
outcomes.” Considering our patients’ young average age and over-
all good pre-COVID-19 health status, these deficits entail major im-
pairments in both their personal and professional lives. Indeed, 45%
of patients were entirely unable to work and 22% were unable to
perform their usual level of work due to post-COVID-19 cognitive
problems and fatigue. Furthermore, most patients found tasks of

daily life more difficult, ranging from ‘needing more time during
household chores’ to ‘being unable to look after themselves entire-
ly’. These impairments were associated with difficulties in concen-
trating, planning, remembering or other cognitive tasks. We
assessed everyday functioning and independence and found it to
significantly correlate with patients’ attention performance. These
findings indicate the importance of cognitive wellbeing and thus
cognitive assessments in patients with PCC, regardless of the sever-
ity of the acute infection or the duration since the acute disease.
Prior interview-based analyses in larger post-COVID-19 samples
found cognitive impairment to be one of the most prevalent
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>¢ Here, we show that such subject-

subjective long-term symptoms.
ive impairments correspond to objective deficits when using an ex-
tensive neuropsychological assessment. In addition, subjective
memory satisfaction correlated with objective memory perform-
ance. Our finding that deficits affect nearly all cognitive domains
is consistent with earlier research assessing memory, attention and
executive function.!*®*** However, many studies used normative
data collected before the pandemic that is thus not affected by gen-
eral pandemic-related stressors. Here, we show that global deficits
can be observed even compared to age-, sex- and education-matched
control participants assessed in the same setting during the
pandemic.

We also observed significantly increased levels of depressive
symptoms, anxiety, sleep-related problems and fatigue in patients
with PCC. Furthermore, patients reported significantly reduced
health-related quality of life, which was associated with higher levels
of fatigue and depressive symptoms, consistent with earlier data
from post-COVID-19 clinics.®® Importantly, we found depressive
symptoms, anxiety and fatigue—but not cognitive performance
—to be the main drivers for health-related quality of life and emo-
tional wellbeing even though cognitive impairment affected almost
all domains.

It has also been suggested that cognitive impairment in PCC
might be the result of psychological stress and/or fatigue.
However, recent analyses of large cohort studies show that cognitive
impairment and fatigue are two distinct phenomena and affect dif-
ferent patient groups with PCC,*® with women and younger pa-
tients more frequently suffering from fatigue and older and male
patients more frequently having cognitive deficits. Moreover, cog-
nitive complaints have been shown to persist longer than psycho-
logical symptoms following SARS-CoV-2 infections.®” Taken
together, our results highlight the high prevalence of cognitive im-
pairment, fatigue and neuropsychiatric symptoms, the complex
interplay of these symptoms and their major detrimental effects
on patients’ quality of life, emotional wellbeing and ability to work.

Our MRI analyses identified relevant structural brain changes in
patients with PCC. Patients had reduced thalamic volumes in both
hemispheres compared to well-matched control participants. There
was a significant correlation between patients’ lower left thalamic
volumes and increased daytime sleepiness. This association is in
line with previous research showing a link between thalamic integ-
rity and the sleep—wake cycle regulation.68’69 However, our results
are to be interpreted with caution as the observed effect size was
relatively small and exploratory analyses were not corrected for mul-
tiple testing. In addition, daytime sleepiness was assessed with
self-report questionnaires. Future studies should confirm this asso-
ciation in larger studies with both patient-reported measures and
objective assessments of nightly sleep and daytime sleepiness. In
contrast to earlier studies that reported cortical changes in the olfac-

. 18-20,24,70
tory cortex and limbic system,

we found no significant dif-
ferences in cortical thickness. In addition, this is the first study
applying FD analyses in a cohort of post-COVID-19 patients. We
observed reduced structural complexity in the left and right thal-
amus, with lower complexity correlating with higher fatigue scores
across patients and control participants. Of note, although severe
fatigue was more common in patients, mild-to-moderate FSMC

scores were in fact more prevalent in controls (Fig. 5, middle),
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suggesting that the observed thalamus—fatigue association reflects
fatigue pathophysiology in general rather than a PCC-specific aeti-
ology. Indeed, our observations are in line with robust evidence
linking thalamus and basal ganglia damage as well as reduced oxygen

7 and

72-74

perfusion to high levels of fatigue in patients with PC
with other neurological disorders including multiple sclerosis.
Together with the central role of the thalamus as a cortex gateway
and its involvement in the management of alertness, a shared patho-
physiological pathway for fatigue involving damage of the thalamus
appears plausible.

Moreover, structural complexity analysis detected additional al-
terations of brain morphology (e.g. occipital lobes, hippocampal
subfields) that remained undetected in standard volumetry, sup-
porting the potential of fractal analysis as a useful tool to capture
structural brain changes in neurological disorders.”” Nonetheless,
future studies in larger cohorts and comparative analyses in other
neurological disorders are needed to better understand the specifi-
city of these findings. Moreover, we here limited shape analysis to
FD because of promising findings in other neurological

.. 2931
conditions

and because it is estimated from the same input
data as standard volumetry and thus represents the most direct com-
parison to the latter.””*>*> However, complementary approaches
such as surface-based morphometry, deformation-based morphom-
etry or SPHARM-PDM may capture different aspects of brain
shape, such that future studies should directly compare these tech-
niques in PCC.

Our study has several limitations: (1) Given the cross-sectional
design, causal directions regarding the observed associations and a
potential reversibility of imaging alterations cannot be determined.
(2) As in many studies, our sample is characterized by a high average
education level and a skewed gender distribution towards women.
Our results may therefore not be generalizable to all sociodemo-
graphic groups. However, PCC is more common in women,>%¢
such that our gender distribution is representative for PCC. In add-
ition, careful age-, sex- and education-based person-to-person
matching reduced the risk of bias for group comparisons. (3) Our
morphological assessment combined volumetry with FD analysis
but did not incorporate additional shape-sensitive frameworks.
Strengths of our study include (1) an extensive neuropsychological
assessment and MR imaging protocol; (2) an assessment of neuro-
psychiatric symptoms, fatigue, and quality of life using standardized
questionnaires; (3) well-matched healthy control participants that
were exposed to the same general pandemic-related stressors such
as confinement, social isolation and financial insecurity as patients
with PCC; (4) the prospective study design that ensured similar
testing conditions for all participants, and (5) the use of advanced
imaging analyses including assessment of FD.

In conclusion, subjective cognitive complaints of patients with
PCC reflected deficits across almost all cognitive domains in stan-
dardized tests. In addition, patients with PCC had increased levels
of fatigue, depressive symptoms, anxiety and sleep problems result-
ing in significantly reduced quality of life and impaired ability to
work. Imaging analyses identified reduced volumes and reduced
complexity of the thalamus correlating with higher levels of fatigue
and implicating the thalamus as a key brain region involved in fa-
tigue pathophysiology. These data highlight the complex structural
brain findings and neuropsychiatric symptoms in patients with
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PCC. Longitudinal studies are now required to assess whether these
symptoms respond to symptomatic treatment and whether asso-
ciated brain structural changes may be reversible.

Supplementary material

Supplementary material is available at Brain Communications
online.

Acknowledgement

We thank all student assistants involved in the study, especially
Annalisa Bozem and Pia Klabunn. We also thank all participants
for their time and effort.

Funding

This work was supported by the German Research Foundation
(DFG), grant numbers 504745852 (Clinical Research Unit KFO
5023 ‘BecauseY’), FI 2309/1-1 (Heisenberg Program) and FI 2309
/2-1; and the German Ministry of Education and Research
(BMBF),  grant 01GM2208C  (CONNECT-
GENERATE).

number

Competing interests

The authors report no competing interests.

Data availability

Data supporting the findings of this study are available from the
corresponding author upon reasonable request. The code is avail-
able at https://osf.io/aym9e/overview?view_only=caf7fa45f07b46
f6241e050a42270861.

References

1. World Health Organization (WHO) Clinical Case Definition Working
Group on Post COVID-19 Condition; Soriano JB, Allan M, ez al. A clinical
case definition of post COVID-19 condition by a Delphi consensus. World
Health Organization; 2021. Accessed May 29, 2025. https://www.who.
int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-
Clinical_case_definition-2021.1

2. Ballering AV, van Zon SKR, Olde Hartman TC, Rosmalen JGM.
Persistence of somatic symptoms after COVID-19 in The Netherlands:
an observational cohort study. Lancet. 2022;400:452-461.

3. World Health Organization. Post COVID-19 condition (long COVID).
World Health Organization; 2022. Accessed April 10, 2023. https:/www.
who.int/europe/news-room/fact-sheets/item/post-covid-19-condition

4. Lopez-Leon S, Wegman-Ostrosky T, Perelman C, e al. More than 50 long-
term effects of COVID-19: a systematic review and meta-analysis. Sc7 Rep.
2021;11:16144.

5. Ferndndez-de-Las-Pefias C, Rodriguez-Jiménez J, Cancela-Cilleruelo I, ez 4/.
Post-COVID-19 symptoms 2 years after SARS-CoV-2 infection among
hospitalized vs nonhospitalized patients. JAMA Netw Open. 2022;5:
€2242106.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

K. Schwichtenberg et al.

Davis HE, Assaf GS, McCorkell L, ez a/. Characterizing long COVID in an
international cohort: 7 months of symptoms and their impact.
EClinicalMedicine. 2021;38:101019.

Malik P, Patel K, Pinto C, ez a/. Post-acute COVID-19 syndrome (PCS) and
health-related quality of life (HRQoL): a systematic review and
meta-analysis. / Med Virol. 2022;94:253-262.

Lunt J, Hemming S, Burton K, Elander J, Baraniak A. What workers can tell
US about post-COVID workability. Occup Med (Lond). 2022;72:347-353.
Premraj L, Kannapadi NV, Briggs J, e# 4/. Mid- and long-term neurological
and neuropsychiatric manifestations of post-COVID-19 syndrome: a
meta-analysis. J Nexrol Sci. 2022;434:120162.

Krishnan K, Miller AK, Reiter K, Bonner-Jackson A. Neurocognitive pro-
files in patients with persisting cognitive symptoms associated with
COVID-19. Arch Clin Neuropsychol. 2022;37:729-737.

Hughes AJ, Bhattarai J, Paul S, Beier M. Depressive symptoms and fatigue as
predictors of objective-subjective discrepancies in cognitive function in mul-
tiple sclerosis. Mult Scler Relat Disord. 2019;30:192-197.

Dhillon S, Videla-Nash G, Foussias G, Segal ZV, Zakzanis KK. On the na-
ture of objective and perceived cognitive impairments in depressive symp-
toms and real-world functioning in young adults. Psychiatry Res. 2020;
287:112932.

Yoon BY, Lee JH, Shin SY. Discrepancy between subjective and objective
measures of cognitive impairment in patients with rheumatoid arthritis.
Rhbeumatol Int. 2017;37:1635-1641.

Culpepper L, Lam RW, McIntyre RS. Cognitive impairment in patients
with depression: awareness, assessment, and management. [ Clin
P:ychiat}’y. 2017;78:3185-1394.

Douglas KM, Gallagher P, Robinson L], ez al. Prevalence of cognitive im-
pairment in major depression and bipolar disorder. Bipolar Disord. 2018;
20:260-274.

Rock PL, Roiser JP, Riedel WJ, Blackwell AD. Cognitive impairment in de-
pression: a systematic review and meta-analysis. Psychol Med. 2014;44:
2029-2040.

Gloster AT, Lamnisos D, Lubenko ], et al Impact of COVID-19
pandemic on mental health: an international study. PLoS One. 2020;15:
€0244809.

Douaud G, Lee S, Alfaro-Almagro F, ez al. SARS-CoV-2 is associated with
changes in brain structure in UK Biobank. Nazure. 2022;604:697-707.
Campabadal A, Oltra J, Junqué C, ef al. Structural brain changes in post-
acute COVID-19 patients with persistent olfactory dysfunction. Ann
Clin Transl Neurol. 2023;10:195-203.

Diez-Cirarda M, Yus M, Gémez-Ruiz N, ¢z 2. Multimodal neuroimaging in
post-COVID syndrome and correlation with cognition. Brain. 2022;146:
2142-2152.

Wood GK, Sargent BF, Ahmad ZUA, ez al. Posthospitalization COVID-19
cognitive deficits at 1 year are global and associated with elevated brain injury
markers and gray matter volume reduction. Nar Med. 2025;31:245-257.
Cecchetti G, Agosta F, Canu E, e al. Cognitive, EEG, and MRI features of
COVID-19 survivors: a 10-month study. / Neurol. 2022;269:3400-3412.
LuY, Li X, Geng D, ez al. Cerebral micro-structural changes in COVID-19
patients: an MRI-based 3-month follow-up study. EClinicalMedicine.
2020;25:100484.

Besteher B, Machnik M, Troll M, ez 4/. Larger gray matter volumes in neuro-
psychiatric long-COVID syndrome. Psychiatry Res. 2022;317:114836.
Pacheco-Jaime L, Garcia-Vicente C, Ariza M, et al. Structural brain changes
in post-COVID condition and its relationship with cognitive impairment.
Brain Commun. 2025;7:£caf070.

Heine J, Schwichtenberg K, Hartung T]J, ez 4/. Structural brain changes in
patients with post-COVID fatigue: a prospective observational study.
EClinicalMedicine. 2023;58:101874.

Krohn S, Romanello A, von Schwanenflug N, ez a/. Fractal analysis of brain
shape formation predicts age and genetic similarity in human newborns.
Nat Neurosci. 2026;29:171-185.

Madan CR, Kensinger EA. Cortical complexity as a measure of age-related
brain atrophy. Neuroimage. 2016;134:617-629.

Dfaz Beltrin L, Madan CR, Finke C, Krohn S, Di Ieva A, Esteban FJ. Fractal
dimension analysis in neurological disorders: an overview. Adv Neurobiol.
2024;36:313-328.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag099#supplementary-data
https://osf.io/aym9e/overview?view_only&;caf7fa45f07b46f6a41e050a4a270861
https://osf.io/aym9e/overview?view_only&;caf7fa45f07b46f6a41e050a4a270861
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition
https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition

Post COVID structural brain changes

30.

3L

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

S0.

S1.

S2.

Krohn S, Camma G, Zhao W, ez /. Memory dysfunction and psychiatric
outcomes in anti-NMDA receptor encephalitis are linked to altered struc-
tural brain complexity. bioRxiv. [Preprint]. Preprint. Posted online
September 22, 2025. doi:10.1101/2025.09.22.677264

Meregalli V, Alberti F, Madan CR, ez al. Cortical complexity estimation
using fractal dimension: a systematic review of the literature on clinical
and nonclinical samples. Exr | Neurosci. 2022;55:1547-1583.

Nicastro N, Malpetti M, Cope TE, ez al. Cortical complexity analyses and
their cognitive correlate in Alzheimer’s disease and frontotemporal demen-
tia. J Alzheimers Dis. 2020;76:331-340.

Ziukelis ET, Mak E, Dounavi ME, Su L, O’Brien JT. Fractal dimension of
the brain in neurodegenerative disease and dementia: a systematic review.
Ageing Res Rev. 2022;79:101651.

Cannon JW. Review of The Fractal Geometry of Nature, by BB Mandelbrot.
Am Math Mon. 1984;91:594-598.

Krohn S, Froeling M, Leemans A, et al. Evaluation of the 3D fractal dimen-
sion as a marker of structural brain complexity in multiple-acquisition MR
Hum Brain Mapp. 2019;40:3299-3320.

Madan CR, Kensinger EA. Test-retest reliability of brain morphology esti-
mates. Brain Inform. 2017;4:107-121.

Boesl F, Audebert H, Endres M, Priiss H, Franke C. A neurological out-
patient clinic for patients with post-COVID-19 syndrome—a report on
the clinical presentations of the first 100 patients. Front Neurol. 2021;12:
738405.

van Swieten JC, Koudstaal PJ, Visser MC, Schouten H, van Gijn J.
Interobserver agreement for the assessment of handicap in stroke patients.
Stroke. 1988;19:604-607.

Lux S, Helmstaedter C, Elger CE. Normierungsstudie zum Verbalen Lern-
und Merkfihigkeitstest (VLMT). Diagnostica. 1999;45:205-211.

Stern RA, Singer EA, Duke LM, ¢z 4l. The Boston qualitative scoring system
for the Rey-Osterrieth complex figure: description and interrater reliability. /
Clin Exp Neuropsychol. 1994;16:309-322.

Pfliger M, Gschwandtner U. Testbatterie zur Aufmerksamkeitspriifung
(TAP) version 1.7. Z Klin Psychol Psychother. 2003;32:155-157.
Llinas-Regla J, Vilalta-Franch J, Lépez-Pousa S, ez a/l. The trail making test.
Assessment. 2017;24:183-196.

Peridfiez JA, Lubrini G, Garcfa-Gutiérrez A, Rios-Lago M. Construct valid-
ity of the Stroop Color-Word Test: influence of speed of visual search, ver-
bal fluency, working memory, cognitive flexibility, and conflict monitoring.
Arch Clin Neuropsychol. 2021;36:99-111.

Aschenbrenner S, Tucha O, Lange KW. Regensburg Word fluency test
(Regensburger Wortfliissigkeits-Test [RWT]). 1st ed. Hogrefe; 2001.

Horn W. L-P-S Leistungspriifsystem. 2nd ed. Hogrefe; 1983.

Nasreddine ZS, Phillips NA, Bédirian V, ez a/. The Montreal cognitive as-
sessment, MoCA: a brief screening tool for mild cognitive impairment. J
Am Geriatr Soc. 2005;53:695-699.

Brazier JE, Harper R, Jones NMB, e 4/. Validating the SF-36 health survey
questionnaire: new outcome measure for primary care. Br Med J. 1992;305:
160-164.

Oppe M, Devlin NJ, van Hout B, Krabbe PFM, de Charro F. A program of
methodological research to arrive at the new international EQ-SD-5L valu-
ation protocol. Value Health. 2014;17:445-453.

Heine J, Boeken OJ, Rekers S, ez al. Patient-reported outcome measures in
NMDA receptor encephalitis. Neurol Neuroimmunol Neuroinflamm.
2024;12:€200343.

Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acza
Psychiatr Scand. 1983;67:361-370.

Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for
measuring depression. Arch Gen Psychiatry. 1961;4:561-571.

Beck AT, Epstein N, Brown G, Steer RA. An inventory for measuring clin-
ical anxiety: psychometric properties. / Consult Clin Psychol. 1988;56:
893-897.

S3.

S4.

SS.

56.

S7.

S8.

S9.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

BRAIN COMMUNICATIONS 2026, fcag099 | 11

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The
Pittsburgh sleep quality index: a new instrument for psychiatric practice
and research. Psychiatry Res. 1989;28:193-213.

Johns MW. A new method for measuring daytime sleepiness: the Epworth
sleepiness scale. Slegp. 1991;14:540-545.

Penner IK, Raselli C, Stocklin M, Opwis K, Kappos L, Calabrese P. The fa-
tigue scale for motor and cognitive functions (FSMC): validation of a new
instrument to assess multiple sclerosis-related fatigue. Mult Scler. 2009;15:
1509-1517.

Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD. The fatigue severity
scale: application to patients with multiple sclerosis and systemic lupus ery-
thematosus. Arch Neurol. 1989;46:1121-1123.

Carruthers BM, van de Sande MI, de Meirleir KL, ez 2. Myalgic encephalo-
myelitis: international consensus criteria. / Intern Med. 2011;270:327-338.
Troyer AK, Rich JB. Psychometric properties of a new metamemory ques-
tionnaire for older adults. / Gerontol B Psychol Sci Soc Sci. 2002;57:P19-P27.
Fischl B, Salat DH, Busa E, ez 2/. Whole brain segmentation: automated la-
beling of neuroanatomical structures in the human brain. Nexron. 2002;33:
341-355.

Iglesias JE, Augustinack JC, Nguyen K, ez /. A computational atlas of the
hippocampal formation using ex vivo, ultra-high resolution MRI: application
to adaptive segmentation of in vivo MRI. Neuroimage. 2015;115:117-137.
Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human
cortical gyri and sulci using standard anatomical nomenclature.
Nenroimage. 2010;53:1-15.

Hartung TJ, Bahmer T, Chaplinskaya-Sobol I, ez al. Predictors of non-
recovery from fatigue and cognitive deficits after COVID-19: a prospective,
longitudinal, population-based study. eClinicalMedicine. 2024;69:102456.
Fanshawe JB, Sargent BF, Badenoch JB, ez /. Cognitive domains affected
post-COVID-19: a systematic review and meta-analysis. Eunr | Neurol.
2024;31:e16181.

Holland J, Sheehan D, Brown S, ez 4/. Immune response and cogpnitive im-
pairment in post-COVID syndrome: a systematic review. Am J Med. 2025;
138(4):698-711.¢2.

Bungenberg J, Humkamp K, Hohenfeld C, ez 4/. Long COVID-19: objecti-
fying most self-reported neurological symptoms. Ann Clin Transl Neurol.
2022;9:141-154.

Hartung TJ, Neumann C, Bahmer T, ¢t 4l. Fatigue and cognitive impair-
ment after COVID-19: a
eClinicalMedicine. 2022;53:101651.
Taquet M, Sillett R, Zhu L, ez 4l. Neurological and psychiatric risk trajec-

prospective multicentre

study.

tories after SARS-CoV-2 infection: an analysis of 2-year retrospective cohort
studies including 1,284,437 patients. Lancet Psychiatry. 2022;9:815-827.
Gent TC, Bandarabadi M, Gutierrez Herrera C, Adamantidis AR.
Thalamic dual control of sleep and wakefulness. Naz Newurosci. 2018;21:
974-984.

Steriade M, McCormick DA, Sejnowski T]J. Thalamocortical oscillations in
the sleeping and aroused brain. Sczence. 1993;262:679-685.

Bungenberg J, Hohenfeld C, Costa AS, ez al. Characteristic functional con-
nectome related to post-COVID-19 syndrome. Sci Rep. 2024;14:4997.
Chien C, Heine J, Khalil A, ez al. Altered brain perfusion and oxygen levels
relate to sleepiness and attention in post-COVID syndrome. Ann Clin
Transl Neurol. 2024;11:2016-2029.

Albergoni M, Pagani E, Preziosa P, et al. Thalamic nuclei volume partially
mediates the effects of aerobic capacity on fatigue in people with multiple
sclerosis. J Neurol. 2024;271:3378-3388.

Jaeger S, Paul F, Scheel M, ez al. Multiple sclerosis-related fatigue: altered
resting-state functional connectivity of the ventral striatum and dorsolateral
prefrontal cortex. Mult Scler J. 2019;25:554-564.

Finke C, Schlichting J, Papazoglou S, et al. Altered basal ganglia functional
connectivity in multiple sclerosis patients with fatigue. Mult Scler J. 2015;
21:925-934.


https://doi.org/10.1101/2025.09.22.677264

	Association of structural brain changes with cognitive deficits and fatigue in patients with post-COVID-19 condition
	Introduction
	Methods
	Participants and study design
	Ethics
	Clinical assessment
	Neuropsychological assessment
	Questionnaires
	MRI data acquisition
	MRI data analysis
	Structural complexity analysis
	Statistical analysis

	Results
	Clinical symptoms
	Cognitive performance
	Association with clinical symptoms
	Association with neuropsychiatric symptoms
	Subjective memory satisfaction versus actual memory performance

	Quality of life
	Structural MRI results
	Structural complexity analysis


	Discussion
	Supplementary material
	Acknowledgement
	Funding
	Competing interests
	Data availability
	References


