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Structural brain changes in post-COVID
condition and its relationship with cognitive
Impairment
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It has been estimated that ~4% of individuals infected with SARS-CoV-2 will be diagnosed with post-COVID condition. Previous
studies have evidenced the presence of cognitive dysfunction and structural brain changes in infected individuals; however, the rela-
tionship between structural changes and cognitive alterations in post-COVID condition is still not clear. Consequently, the aim of this
work is to study structural brain alterations in post-COVID condition patients after almost 2 years of infection and their likely rela-
tionship with patients’ cognitive impairment. Additionally, the association with blood biomarkers and clinical variables was also ex-
plored. One hundred and twenty-eight individuals with post-COVID condition and 37 non-infected healthy controls from the
Nautilus Project (ClinicalTrials.gov IDs: NCT05307549 and NCT05307575) underwent structural brain magnetic resonance im-
aging and a comprehensive neuropsychological assessment. A subsample of 66 post-COVID participants also underwent blood ex-
traction to obtain levels of blood biomarkers. Cortical thickness and subcortical volumes were obtained and analysed using
FreeSurfer (v7.1). FMRIB Software Library software (v6.0.4) was used to perform grey matter voxel-based analysis and to study
microstructural white matter integrity. Patients with post-COVID performed significantly worse in working and verbal memory, pro-
cessing speed, verbal fluency and executive functions, compared to healthy controls. Moreover, patients with post-COVID showed
increased cortical thickness in the right superior frontal and the right rostral middle frontal gyri that negatively correlated with work-
ing memory performance. Diffusion tensor imaging data showed lower fractional anisotropy in patients in the right superior longi-
tudinal fasciculus, the splenium and genu of the corpus callosum, the right uncinate fasciculus and the forceps major, that negatively
correlated with subjective memory failures. No differences in blood biomarkers were found. Once patients were classified according to
their cognitive status, post-COVID clinically cognitively altered presented increased cortical thickness compared to those classified as
non-cognitively altered. In conclusion, our study showed that grey and white matter brain changes are relevant in this condition after
almost 2 years of infection and partly explain long-term cognitive sequelae. These findings underscore the critical importance of mon-
itoring this at-risk population over time.
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Brain changes and cognition in post-COVID

Introduction

The coronavirus disease 2019 (COVID-19) is an infectious
disease caused by the severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2). Most people recover fully after
the infection, but a substantial number of individuals suffer
from diverse multi-systemic symptoms months after.' The
post-COVID-19 condition (PCC) is defined as the continu-
ation or development of new symptoms 3 months after the
initial infection, with these symptoms lasting for at least
2 months with no other explanation.? PCC is characterized
by a substantial diversity of fixed or fluctuating symptoms in-
cluding fatigue, muscle and body ache, loss of smell and taste
and joint pain as the most reported symptoms according to
a population-based cross-sectional study including 4722
participants.® The severity and length of these post-COVID
manifestations have been related to the severity of the
COVID-19 disease, previous comorbidities and female gen-
der.* Nevertheless, presence of PCC is also frequent in mild
COVID-19 patients, ranging between 10 and 35%.’

The underlying cause of these symptoms remains unclear
but evidence suggests that delayed resolution of inflamma-
tion, autoimmunity and viral persistence may be overlapping
mechanisms that could contribute to the pathogenesis of the
disease, probably leading to a dysfunction in the peripheral
and CNS.° Hence, individuals with PCC commonly report
subjective cognitive complaints especially difficulty concen-
trating, presence of brain fog and forgetfulness” that have re-
cently been related to elevated serum fibrinogen and D-dimer®
as markers of coagulation system function. Respectively,
higher D-dimer levels have been related to objective cogni-
tive deficits, specifically poorer delayed verbal recall and
psychomotor speed.” Patients also tend to suffer from neuro-
psychiatric manifestations, such as depression, anxiety and
sleep disturbance,'®'" that exert a significant impact on their
functional autonomy. Moreover, objective neuropsychologic-
al assessments corroborate self-reported symptoms showing
impairments in alttention,12 executive functions,l}15 mem-
ory,'*!* processing speed'®!* and language.'® The presence
of cognitive impairment in patients with post-COVID has
been related to COVID-19 severity, describing poorer per-
formance in those individuals who were hospitalized during
the acute SARS-CoV-2 infection.'> However, some studies
have found significant cognitive deficits regardless of the
COVID-19 severity.'> Comprehension of the underlying
pathological mechanisms could be essential to palliate these
symptoms related to the functioning of the CNS.

Studies are also an evidence for structural brain changes
after COVID-19 infection. First findings were based on CT
and MRI. In a review and meta-analysis of structural neuroi-
maging findings including 1394 COVID-19 patients from 17
studies using clinical MRI or CT, the most common findings
were olfactory bulb and white matter (WM) abnormalities,
followed by acute/subacute ischaemic infarction and enceph-
alopathy.'® Nevertheless, these findings were mainly based
on acute stage of the disease.
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In 2022, a longitudinal MRI work performed a region of
interest-based analyses in a large sample of 394 infected
participants from the UK Biobank, and found reductions
of cortical thickness (CTh) in memory and olfactory-
related brain.'® Recently Petersen et al.,'” reported slightly
higher mean cortical CTh in individuals recovered from
SARS-CoV-2 infection compared to healthy controls (HC),
but differences were not statistically significant. Beyond
studies including infected individuals, as the ones mentioned
above, there is a growing interest in understanding the long-
term sequelae in actual PCC. Nevertheless, evidence related
to structural brain abnormalities in this condition is scarce
and controversial. In this regard, two recent studies reported
opposite results, whereas Serrano del Pueblo et al.,'® found
thinner CTh in long-COVID participants with neurological
symptoms in the left temporal gyrus, compared to
infected—recovered controls, Besteher et al.,'” reported high-
er CTh in patients with long-COVID in extended cortical re-
gions, compared to HC. Disparities are also found in studies
evaluating grey matter (GM) volume. While a cross-sectional
study found larger GM volume in participants long-COVID
suffering from neuropsychiatric symptoms in fronto-temporal
areas, insula, hippocampus, amygdala, basal ganglia and thal-
amus in both hemispheres, compared to HC using a voxel-
based morphometry (VBM) approach;>® another study found
decreased volumes of the left thalamus, putamen and pallidum
in individuals suffering post-COVID fatigue using a region of
interest-based subcortical analysis.”! Even some studies have
not found significant differences in GM volume between pa-
tients with long-COVID and subjective cognitive complains
and controls using a VBM approach.?” Differences in sample
recruitment and the use of diverse methodologies or differ-
ences in evolution time from infection may be causing the dis-
crepancies when studying structural brain changes in this
condition, hindering the reaching of agreement on them.

After initial studies reporting WM hyperintensities in indi-
viduals infected with COVID-19,%>** diffusion-weighted
MRI has also been used to study microstructural WM
changes in individuals with previous COVID-19 infection.
These studies reported lower fractional anisotropy (FA),>’
higher mean diffusivity (MD)," higher axial diffusivity
(AD)?® and lower radial diffusivity (RD)** compared to con-
trols. Notwithstanding, just a few studies have explored
these microstructural abnormalities in individuals with
post-COVID condition and reported discrepant findings,
whereas Serrano del Pueblo et al.,'® found lower FA and high-
er RD in patients with long-COVID, compared to infection-
recovered controls, Diez-Cirarda et al.,** found lower MD
and AD values in these patients, compared with HC.

There is a growing interest in elucidating the possible rela-
tionship between these structural brain changes and cogni-
tion in PCC. Indeed, several studies have already reported
association between neuroimaging measures and cognitive
performance including a positive correlation between short-
term memory scores and thalamic volume,”' between overall
cognition, verbal fluency, memory and attention and FA,'®
and between CTh and memory performance.”’
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In this regard, the identification of possible structural
brain abnormalities in patients with post-COVID and with
and without cognitive impairment based on clinically mean-
ingful criteria is crucially relevant. Only two previous studies
reported significant results based on this approach, while
Serrano et al.,'® found no cortical changes between the sub-
groups of patients classified by degree of overall cognitive
impairment based on the standardized NEURONORMA
for Spanish population, Besteher et al.,'” classified patients
with long-COVID and with [Montreal Cognitive Assessment
(MoCA) <26] or without (MoCA >26) cognitive deficits
and showed cortical changes in both groups compared to
non-infected controls, but did not find differences between
the PCC subgroups. In this last study, the authors showed
an increase in CTh across different PCC groups compared
with non-infected healthy individuals and suggested a
progression with more increased thickness in patients
with long-COVID exhibiting significant cognitive deficits
(MoCA <26), followed by patients with long-COVID
without cognitive deficits (MoCA > 26) and finally, recov-
ered COVID-19 survivors.

Our study aimed to investigate structural brain integrity
using a multimodal MRI approach and explore the correl-
ation with patient’s cognitive dysfunction, trying to explain
the possible brain changes underlying the persistence of
cognitive symptoms in patients suffering from post-COVID
condition. Characterizing this condition, especially PCC in-
dividuals with cognitive impairment, is of crucial interest
as they are a potentially at-risk population for age-related
diseases that should be monitored over time.

Materials and methods

The sample comprised 165 participants from the Nautilus
Project (ClinicalTrials.gov IDs: NCT05307549 and NCT
05307575), 128 with post-COVID condition and 37 HC.
The sample partially overlaps with previous studies.***%*’
The inclusion criteria for the PCC group were as follows:
(i) age between 18 and 65 years; (ii) confirmed diagnosis of
COVID-19 according to WHO criteria and (iii) at least
12 weeks after the infection. The exclusion criteria were:
(i) established diagnoses before COVID-19 disease of neuro-
logical, psychiatric, neurodevelopmental disorder, systemic
pathologies known to cause cognitive deficits and (ii) motor
or sensory alterations that obstruct the neuropsychological
evaluation. Thirty-one PCC participants were vaccinated be-
fore (24.20%) and 69 after (53.90%) Sars-CoV-2 infection
and 18 were not vaccinated (14.10%) (Supplementary
Table 1). Participants in the HC did not have a history of
symptoms compatible with SARS-CoV-2 infection nor a
positive test prior to the study. The same exclusion criteria
for the PCC group were applied to the HC group. All parti-
cipants were Spanish native speakers.

The recruitment was performed between June 2021 and
December 2023, which comprehends different waves of
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COVID-19 infection. Supplementary Figure 1 shows average
weekly mutations counts in Spain and Catalonia during this
period (enabled by Data from GISAID https:/www.gisaid.
org/). The study was conducted with the approval of the
Drug Research Ethics Committee (CEIm) of Consorci
Sanitaria de Terrassa (CEIm code: 02-20-107-070) and
the Ethics Committee of the University of Barcelona
(IRB00003099). All participants provided written informed
consent after full explanation of the procedures.

This study comprised two sessions, the detailed evaluation
was described elsewhere.”” In the first session, questionnaires
were administered to the participants to gather information
about demographic factors, data on COVID-19 infection
and previous comorbidities. Age, sex, years of education,
ethnicity, citizenship, profession and income were registered.
Participants were also asked about their medical history and
behaviour related to their health. Their COVID-19 experi-
ence (symptoms, treatment, hospitalization and time since
diagnosis) and information on their post-COVID symptoms
(including cognitive ones) were also questioned.

In the second session, each participant underwent a cogni-
tive assessment with a comprehensive neuropsychological
battery. The Montreal Cognitive Assessment (MoCA) was
used as a general cognitive screening tool.***! To assess ab-
stract reasoning, the Matrix subtest from the Wechsler Adult
Intelligence Scale I1I was used.>” Verbal learning (total learn-
ing) and memory (delayed recall) were evaluated using the
Spanish version of Rey’s auditory verbal learning test
(RAVLT);**** whereas the immediate and the 30-min delayed
recall test from the Rey—Osterrieth Complex Figure Test>® was
used for visual memory. The Wechsler Adult Intelligence Scale
III Digit Span subtest was used to measure working memory
(digit span backwards) along with verbal attention (digit
span forward).> Parts A and B of the Trail Making Test
were administered to measure visual scanning, motor speed
and attention and mental flexibility.>® Related to semantic flu-
ency, it was assessed using the category ‘animals™’ by consid-
ering the number of animals recalled in 1 min. Also, the
number of words beginning with P, M and R recalled in
1 min each was registered to measure phonemic fluency. The
Stroop test consists of three subtests: words, colours and col-
our words that conflict with the colour in which they are pre-
sented.>® Visual scanning, tracking and motor speed were
assessed by the digit symbol test from the Wechsler Adult
Intelligence Scale IIL.** The Boston naming test was used to
evaluate language.®’

The neuropsychological test scores were validated, with
normative data available for our country, adjusted by age
and education levels. Direct scores from these tests were trans-
formed into z-scores based on normative scales recommended
in previous literature, including the Digit Symbol, Matrix,
Digit Span,** RAVLT,>? Trail Making Test, Stroop, phonem-
ic fluency and semantic fluency tests, Boston naming test and
Rey-Osterrieth Complex Figure Test.*
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Lower z-scores reflect lower cognitive performance. PCC
participants were grouped into 2 categories based on the
z-scores obtained for each cognitive test. Participants were
classified as ‘not altered’ if they presented non or one cogni-
tive test with z-score <—1.5 or ‘altered’ if they presented
more than one cognitive test with z-score < —1.5.

Emotion recognition was evaluated with the reading the
mind in the eye test.*' Moreover, the world accentuation
test (TAP) was also included as an estimate of premorbid
IQ* and Spanish version of the smell identification test—
40 items (UPSIT-40)*® was used to measure olfactory func-
tion. In addition to cognitive measures, we used the
Chalder fatigue scale** to assess fatigue, the generalized anx-
iety disorder 7-item scale® to assess anxiety, the Patient
Health Questionnaire-9*° to assess depression and memory
failures of everyday test*” to assess subjective memory com-
plains. All evaluations were performed by trained neuropsy-
chologists. The interval between the infection and the
evaluation sessions was also registered.

A 3T scanner (MAGNETOM Prisma, Siemens, Germany)
was used to acquire MRI data. The protocol for scanning en-
compassed high-resolution 3D T1-weighted images captured
in the sagittal plane [repetition time (TR)=2400 ms, time
to echo (TE)=2.22ms, inversion time (TI)=1000 ms,
208 slices, field of view (FOV) =256 mm, 0.8 mm isotropic
voxel], two diffusion-weighted imaging acquisitions with
equal parameters (TR =3230ms, TE=89.20 ms, voxel
size=1.5 mm?>, 99 diffusion directions at b=0, 1500 and
3000 s/mm?, flip angle 78°, 92 slices, FOV =210 mm; slice
thickness 1.5 mm) but flipped phase-encoding direction
(anterior—posterior and posterior—anterior), and an axial
FLAIR sequence (TR = 6000 ms, TE =397 ms).

Later pre-processing and analyses were accomplished at
the Neuroimaging Laboratory of the Medical Psychology
Unit, Department of Medicine, University of Barcelona,
Spain.

FreeSurfer software (FS, version 7.1; available at: https:/
surfer.nmr.mgh.harvard.edu/) was used to pre-process struc-
tural MRI and determine CTh. The 3D cortical surface mod-
el applied for this estimation was generated using intensity
and continuity information, as detailed by the authors.***’
Results for each subject were carefully examined through
visual inspection to provide precision of registration, skull
stripping, segmentation and cortical surface reconstruction.
A circularly symmetric Gaussian kernel across the surface
with a full width at half maximum of 15 mm was used to
smooth CTh maps.

The FS pipeline was also used to obtain summary CTh va-
lues among cortical parcellations and mean Cth of both
hemispheres. To obtain a mean value of the CTh of the whole
brain, we used the following expression:
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((Ih thickness - lh surfarea) + (rh thickness - rh surfarea))

Bh_thickness = (Ih surfarea + rh surfarea)

Intergroup CTh comparisons were assessed applying a
vertex-by-vertex general linear model (GLM) with FS,
Monte Carlo Null-Z Simulation with 10 000 iterations
was applied to CTh maps to provide cluster-wise correc-
tion for multiple comparisons; the cluster-defining thresh-
old was set at 1.3, in both directions (abs). Results were set
with a threshold at a corrected P-value of 0.05 and visua-
lized with Freeview from FS.°° Then vertex-wise Cohen’s d
effect size was estimated for CTh. Only effect sizes d > 0.3
were considered.

Automated subcortical segmentation performed with
FS was used to estimate subcortical volumetry.®! In or-
der to correct volumetric data for intracranial inter-
individual differences, estimated total intracranial volume
was obtained.

T1-weighted structural images were segmented by means of
SPM’s toolbox CAT12 (https:/neuro-jena.github.io/cat/)
using the standard pipeline. We also requested the seg-
mentation toolbox to provide the maps of WM hyperintensi-
ties, which were lately quantified with the GET-TIV tool.
We constructed the template of the sample and normalized
it to Montreal Neurological Institute (MNI) space using
DARTEL.*? The resulting warps (DARTEL flow-fields + affine
transformation of sample’s template to MNI) were applied to
original GM segments. Normalized GM images were multi-
plied by the Jacobians of the warp from native space to MNI
to preserve the volume of original data in the MNI space
(modulation). Spatially normalized and modulated GM
maps where posteriorly smoothed with an 8 mm-full width
at half maximum Gaussian Kernel.

Pre-processing of diffusion MRIimages included correction for
Eddy current distortions and subject’s motion. Following the
pre-processing, we employed the diffusion tensor model fit
function within FMRIB software library (FSL) to fit the diffu-
sion tensor model to each voxel. The set of images for each sub-
ject included 14 non-diffusion-weighted with a b-value of
1500 s/mm?, and 94 diffusion-weighted volumes at b=
1500 s/mm?, in an anterior—posterior—posterior—anterior ac-
quisition. Using a diffusion tensor model fit, individual FA
maps were obtained. A statistical analysis at voxel level of
the FA, MD, RD and AD was carried out with the tract-based
spatial statistics.’> Tract-based spatial statistics performs non-
linear registration [using non-linear image registration tool
(FMRIB)] of FA images from diffusion tensor model fit to the
MNI standard space, creating a mean FA skeleton that repre-
sents the central structure of all WM tracts shared by the entire
group. Each subject’s FA image was mapped onto the skeleton
and the resulting FA skeleton images were fed into a GLM to
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compare the two patient groups and identify vertex-wise differ-
ences in FA skeleton maps. The same procedure was employed
to obtain the MD, RD and AD maps. FSL’s randomise’* was
used to compute group analysis. Results were visualized with
Fslview from FSL (https:/zenodo.org/records/11047709).

A subsample of PCC participants [38 non-hospitalized, 11
hospitalized and 17 hospitalized intensive care unit (ICU) ad-
mitted] also underwent blood extraction during the second
session. Levels of blood biomarkers: interleukin 6, reactive
protein C, nerve growing factor, ferritin, thrombomodulin,
D-dimer, endothelin 1, glial fibrillary acidic protein and mal-
ondialdehyde were measured. Interleukin 6, nerve growing
factor and reactive protein C were analysed by Bio-Plex
[Bio-Plex® Handheld magnetic masher (Bio-Rad catalog
#171020100)], samples were diluted and analysed in dupli-
cate when needed, assays were performed according to man-
ufacturer’s protocol and the plate was read in 800TS
microplate reader (BioTek) using the instrument settings in
manufacturer’s protocol. Concentration results were calcu-
lated from standard curve. For D-dimer, glial fibrillary acidic
protein, thrombomodulin, ferritin, endothelin-1 and malon-
dialdehyde levels in blood serum, we used the following
enzyme-linked immunosorbent assay (ELISA): Human
Thrombomodulin ELISA Kit (CD141) (Merck Cat.
#RAB0648-1KT), Human GFAP ELISA Kit (Elabscience
Cat. #E-EL-H6093-96T), Human Thrombomodulin ELISA
Kit (CD141) (Abcam Cat. #ab46508), Human Ferritin
ELISA Kit (Merck Cat. #RAB0197-1KT), Endothelin 1
ELISA Kit (Abcam Cat. #ab133030) and malondialdehyde.
Samples were diluted and analysed in duplicate when needed
and standards were prepared according to manufacturer’s
protocol and read it at 450 nm. Concentration results were
calculated from standard curve.
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Statistical analyses of demographic, neuropsychological,
blood biomarkers levels and volumetric data were carried
out using the statistical package SPSS-27.0.1 (2020;
Armonk, NY, USA: IBM Corp.) and Matlab (The
MathWorks Inc., 2022). Group differences in demographic
and clinical data were analysed using Student’s z, ANOVA
or non-parametric analysis (Kruskal-Wallis H and Mann—
Whitney U) when needed. Pearsons’s x> test was carried
out for categorical variables. A GLM, non-parametric F
testing with 1000 permutation was used to determine differ-
ences in cognitive performance, neuropsychiatric sympto-
mology, subcortical volumetry, whole-brain cortical mean
thickness and whole-brain mean diffusion parameters (FA,
MD, RD and AD) among groups; P-values were then cor-
rected for false discovery rate (FDR). Correlations between
mean CTh and mean diffusion parameters with cognitive
raw scores and other variables of interest were carried out
using Pearson’s or Spearman’s correlation when needed
and adjusted for age and sex. For all analyses, significance
threshold was set at a corrected level of P<0.05. Plots
were designed with R studio (https:/www.R-project.org)
using the ggplot2 package (https:/ggplot2.tidyverse.org).

Results

Participants’ sociodemographic characteristics are shown in
Table 1. PCC participants were similar to controls in age,
education, sex and estimated 1Q. Forty-one (32%) PCC pa-
tients were hospitalized during the acute infection of
SARS-CoV-2, of which 24 (19%) were admitted to the

Table | Demographic and clinical characteristics of PCC participants and HC

HC (n=37) PCC (n=128) Test stat/P-value

Demographic characteristics

Age in years, mdn (min—max) 54.00 (41-61) 52.00 (30-65) —0.88/0.377

Education in years, mdn (min—max) 16.00 (9-21) 15.00 (8-24) —0.66/0.511

Sex, female, n (%) 25 (67.6) 98 (76.6) 1.22/0.269

1Q, mdn (min-max) 107.00 (98-114) 106.00 (85-116) —1.29/0.197

Vaccine, yes, n (%) 26 (70.27) 100 (84.80) 4.14/0.042*

Hospitalization, n (%) 41 (32.0)

ICU° n (%) 24 (18.8)

Interval time COVID-MRI in months, mdn (min—max) 18.00 (3—44)

Interval time NP-MRI in months, mdn (min—max) 0.00 (0-3) 0.00 (0-5) —0.60/0.546
Clinical data®

PHQ-9, mdn (min—-max) 3.11 (0-9) 10.00 (0-25) 29.41/0.00 1 **

GAD-7, mdn (min—max) 3.00 (0-13) 5.00 (0-21) 10.47/0.003**

MFE, mdn (min—max) 7.00 (1-22) 23.00 (0-51) 29.21/0.00 1 **

CFQ, mdn (min—max) 1.50 (0-10) 10.00 (0-11) 52.85/0.001**

CFQ, Chalder fatigue scale; GAD-7, generalized anxiety disorder 7-item scale; HC, healthy controls; ICU, intensive care unit; 1Q, intelligence quotient; max, maximum; mdn, median;
min, minimum; MFE, memory failures of everyday; min, minimum; MRI, magnetic resonance imaging; NP, neuropsychological assessment; PCC, post-COVID condition; PHQ-9, Patient
Health Questionnaire-9. Group differences were tested using independent U de Mann—Whitney or GLM. Differences in categorical variables were analysed with Pearson’s y* test.
*P-value < 0.05. **P-value < 0.05 FDR-corrected. *Due to missing data, PHQ-9 and GAD-7 n = 138; MFE and CFQ n = 139 in PCC group. For control group, all four variables n = 24.

PICU-admitted participants are included in the total number of hospitalizations.
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ICU. Among the reported comorbidities, diabetes mellitus
was more prevalent among PCC participants (Supplementary
Table 2).

We obtained data from the neuropsychiatric question-
naires in 115 PCC participants. In this subsample, PCC par-
ticipants showed higher scores in tests assessing depressive
symptomatology, anxiety, memory failures and fatigue com-
pared to HC group, reported as higher scores in Patient
Health Questionnaire-9, generalized anxiety disorder 7,
memory failures of everyday and Chalder fatigue scale ques-
tionnaires (Table 1).

Post-COVID symptoms were also evaluated. Fatigue
(74%), shortness of breath (60%) and pain (55%) were
the most frequent reported symptoms, as shown in
Supplementary Fig. 2.

A blood extraction was acquired for a subsample of 66
PCC and blood biomarkers were quantified (Supplementary
Table 3).

Table 2 shows differences in cognitive performance between
PCC and HC groups. PCC showed statistically significant
poorer performance compared to control group in MoCA,
RAVLT total score, RAVLT delayed recall, RAVLT recogni-
tion, digit span forward, digit span backward, digit symbol
coding, Trail Making Test part A, Stroop words, Stroop
colors, but not Stroop interference, PMR and semantic
(animals) fluencies, and UPSIT. All differences survived sig-
nificance after FDR correction. The intergroup comparisons
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showed medium to large effect sizes. No differences between
groups were found in Matrix, Rey—Osterrieth Complex
Figure Test immediate and delayed memory accuracy, Trail
Making Test part B, Stroop interference, Boston naming
test or reading the mind in the eyes test.

CTh analysis was performed for the 165 participants (37 HC
and 128 PCC) in the study, of which 87 were not hospitalized
PCC, 17 hospitalized PCC and 24 hospitalized ICU-admitted
during the COVID acute infection PCC participants
(Table 1). Vertex-wise analyses results showed increased
CTh in PCC participants compared to HC group. Clusters
with significantly higher CTh were found in the right super-
ior frontal (2572.68 mm?; P =0.0008) and the right rostral
middle frontal (2234.87 mm?; P=0.0036) gyri (Fig. 1A
and B and Supplementary Table 4). The intergroup CTh
results reached large effect sizes (d=0.8) (Supplementary
Fig. 3). No differences were found regarding whole-brain
mean CTh between groups [HC median (min-max): 2.43
(2.28-2.59); PCC median (min-max): 2.48 (2.30-2.70).
F(1.67) (P =0.227)].

We also explored the relation between neuropsycho-
logical impairment and CTh from between-groups signifi-
cant clusters. In the PCC group, we found a significant
negative association between digit span backward and

Table 2 Differences in neuropsychological assessment of PCC participants compared to HC group

HC PCC
n Mdn (min-max) n Mdn (min-max) F/P-value Cohen’s d
MoCA 26 28.00 (25-30) 120 27.00 (18-30) 5.70/0.032** 0.51
Matrix 26 20.00 (5-26) 128 19.00 (5-50) 1.12/0.293
RAVLT total 37 50.00 (35-65) 128 45.50 (23-65) 8.35/0.019%* 0.53
RAVLT delayed recall 37 10.00 (4-15) 128 9.00 (1-15) 7.34/0.019% 0.50
RAVLT recognition 37 14.00 (10-15) 127 13.00 (3-15) 7.24/0.019%* 0.49
ROCF immediate memory accuracy 26 20.50 (8.5-30) 88 19.00 (1-30) 1.88/0.208
ROCF delayed memory accuracy 26 21.00 (8-29) 88 18.50 (1-30) 1.94/0.188
Digit span forward 26 6.00 (4-8) 128 6.00 (3-9) 8.15/0.019** 0.62
Digit span backward 26 5.00 (4-8) 128 4.00 (2-8) I1.41/0.01 1% 0.73
DSC coding 26 77.00 (37-100) 128 66.00 (21-100) 12.36/0.01 1+ 0.76
TMTA 37 27.00 (15-76) 128 35.00 (13-180) 6.02/0.03 1% —0.46
TMTB 37 66.00 (31-170) 128 72.00 (10-300) 3.80/0.080
Stroop W 35 106.00 (62—131) 125 95.00 (20-144) 12.26/0.01 I** 0.70
Stroop C 35 70.00 (46-92) 125 61.00 (21-108) 10.84/0.01 1** 0.62
Stroop WC 35 42.00 (12-65) 125 38.00 (13-96) 3.77/0.070
Phonemic fluency (PMR) 26 48.50 (23-77) 127 39.00 (14-83) 20.11/0.01 I** 0.97
Semantic fluency (animals) 37 24.00 (11-35) 128 20.00 (8-38) 8.67/0.013* 0.57
BNT 26 57.00 (47-60) 89 54.00 (34-60) 4.47/0.066
RMET 26 24.00 (15-28) 89 22.00 (15-31) 3.95/0.066
UPSIT 32 32.00 (27-38) 71 30.00 (11-37) 10.15/0.00 1 0.68

BNT, Boston naming test; DSC, digit symbol coding; HC, healthy controls; max, maximum; mdn, median; min, minimum; MoCA, Montreal cognitive assessment; PCC, post-COVID
condition; PMR, phonemic fluency; RAVLT, Rey’s auditory verbal learning test; RAVLT delayed recall, total recall after 20 min; RAVLT total, sum of correct responses from trial | to trial
V; RMET, reading the mind in the eyes test; ROFC, Rey—Osterrieth complex figure test; Stroop W, Stroop words; Stroop C, Stroop colours; Stroop WC, Stroop words-colours;
TMTA, trail making test part A; TMTB, trail making test part B; UPSIT, University of Pennsylvania Smell Identification Test. Group differences were tested using GLM. Cohen’s d effect
size is as follows: d = 0.2-0.3, small; d = 0.5-0.8, medium; d = >0.8, high. **P-value <0.05 FDR-corrected.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data

8 | BRAIN COMMUNICATIONS 2025, fcaf070

PCC > hHC

w
w
n

N
w
Y

Rh Superior frontal gyrus
w
o
ha
sl
\d/

N
o

HC PCC
Group

w
o
.

r=-0.23, p=0.010

e = M
o ©o o
.
.
|
4
|
|’
\
|
\
|

Rh superior frontal gyrus
£
o

S}
o
LY

0.2 0.0 0.2
Digit span backward

L. Pacheco-Jaime et al.

w
w

b
o

Rh Rostral middle frontal gyrus
N
w
\
e
f/

. .
c{ D> e
& B 4
2.0
HC pCC
Group
g 3.0 . r=-0.26, p=0.004
50 :
£ 1.0] - ..
o T TYY LA . o,
Boo[ T . .
= . Vo d% e o g sl ] .
T-1.0
= B L
.20 :
£ A p
0.2 0.1 0.0 0.1 0.2

Digit span backward

Figure | CTh comparison between PCC and HC. (A) PCC participants showed higher CTh in the right superior frontal (P=0.0008) and
the right rostral middle frontal (P =0.0036) gyri. Significant differences are indicated in cool colours. Heat map indicates the average difference in
CTh; the scale represents t-statistics indicating the magnitude and direction of group differences. Only clusters that survived cluster-extend Monte
Carlo corrections for multiple comparisons (P < 0.05) are shown. (B) Violin plots of mean CTh of significant clusters comparing HC and PCC
participants. (C) Partial regression plots of mean CTh from between-groups significant clusters and digit span backward raw scores, regressed by
age and sex (r=—-0.23, P=0.010; r= —0.26, P = 0.004). HC, healthy controls; L, left; PCC, post-COVID condition; R, right; Rh, right hemisphere.

the mean CTh from the right middle frontal (r =—0.23, P =
0.010) and the right superior frontal (r = -0.26, P = 0.004)
gyri (Fig. 1C). Only the correlation between the right rostral
middle frontal gyrus remained significant after FDR
correction.

None of these correlations were found in the control group.

Time interval between COVID infection and MRI acquisi-
tion showed tendency to correlate positively with the mean
thickness from the right superior frontal gyrus (r=0.16,
P=0.070).
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Moreover, no correlation was found between CTh and
any blood biomarker.

No significant between-group differences were found in GM
VBM, subcortical volumetric measures (Supplementary
Table 5) or WM hyperintensities in cm® [HC median (min—
max): 2.090 (0.62-5.43) PCC median (min-max): 2.091
(0.58-8.25) F(0.03), (P =0.874)].

A subsample of participants underwent the diffusion-
weighted imaging acquisitions, of which, 83 were not hospi-
talized, 10 hospitalized and 5 ICU admitted during the
COVID acute infection (Supplementary Fig. 4). In this sub-
sample, the PCC group did not have differences in sociode-
mographic characteristics compared to HC group in age,
education and estimated IQ. However, PCC group showed
significant higher proportion of women (88 versus 68%)
than HC (Supplementary Table 6). Therefore, sex was intro-
duced as a covariate in all the upcoming analysis between
these two groups. Differences in cognition and neuropsychi-
atric questionnaires between both groups were similar to the
ones in the whole sample (Supplementary Tables 7 and 8).

Results of diffusion tensor imaging (DTI) analyses showed
lower FA in PCC participants compared to HC group.
Significant clusters were mainly located in the right superior
longitudinal fasciculus, the splenium and genu of the corpus
callosum, the right uncinate fasciculus and the forceps major
(Fig. 2A and B and Supplementary Table 9). Moreover, sig-
nificant lower values of whole-brain mean FA were found in
PCC group compared to HC (P =0.016); however, this dif-
ference did not survive FDR correction. No differences be-
tween groups were found in whole-brain mean MD, RD or
AD (Supplementary Table 10).

No correlation was found between FA and neuro-
psychological values neither with any blood biomarker.
Nevertheless, we found a significant negative association be-
tween subjective memory failures evaluated by memory fail-
ures of everyday questionnaire and mean FA from significant
clusters (r=-0.25, P =0.019, FDR-corrected) in PCC group
(Fig. 2C). No correlations were found in the control group.

Seventy-one PCC individuals were classified as cognitively
altered and 57 as non-altered PCC patients. Cognitively al-
tered group included 46 non-hospitalized, 10 hospitalized
and 15 hospitalized ICU-admitted PCC participants; and
non-cognitively altered group included 41 hospitalized, 7
hospitalized and 9 hospitalized ICU-admitted PCC partici-
pants. Differences between both PCC groups were found
in age, education and IQ (Supplementary Table 11).
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Supplementary Fig. 5 describes mean z-scores in every test
among groups. Significant differences between altered and
non-altered PCC were found in all tests. Moreover,
Supplementary Fig. 6 shows the frequency of z-scores <—1.5
in each neuropsychological test. Of note that higher frequen-
cies are present in all cognitive tests in PCC participants classi-
fied as altered, compared with PCC participants classified as
not altered. Differences in psychiatric questionnaires be-
tween groups are shown in Supplementary Table 12.

When exploring differences in blood biomarkers between
PCC groups stratified according to cognitive impairment,
higher levels of interleukin 6 and lower levels of D-dimer
were found in cognitively altered PCC participants, compared
with non-cognitively altered PCC. No differences were found
between groups after FDR correction (Supplementary
Table 13).

Regarding structural changes, we found two clusters with
increased CTh in PCC participants with altered cognition
compared with PCC participants without altered cognition,
adjusting for age and education (Fig. 3 and Supplementary
Table 14). Clusters with significant higher CTh were found
in the right medial orbitofrontal (P =0.0036) and the left
rostral middle frontal (P = 0.0437) gyri, similar to the differ-
ences found between PCC participants and HC.

Related to microstructural WM changes, no differences
were found when comparing PCC participants with and
without altered cognition, adjusting for age and education.
No significant differences were found between groups re-
garding GM VBM, volumetric subcortical measures or
WM hyperintensities neither.

Additionally, we aimed to investigate the possible effect of
severity during the acute infection of SARS-CoV-2.
Differences in sociodemographic characteristics between
PCC classified according to hospital admission during acute
infection are shown in Supplementary Table 15.

When analysing structural brain differences splitting
the sample into 4 groups: hospitalized-ICU, hospitalized
PCC, non-hospitalized PCC and HC participants, non-
hospitalized PCC participants showed higher CTh in the
right parsopercularis [F(—3,26), P =0.00020, 2702.81 mm?,
MNIX =48.5, MNIY = 9.0, MNIZ = 12.4] compared to con-
trols, adjusting for sex. Differences were also found between
non-hospitalized and hospitalized PCC, with higher CTh pre-
sent in non-hospitalized PCC participants in the right superior
temporal [F(2.48), P=0.01851, 1701.44 mm?, MNIX =
49.7, MNIY = -27.4, MNIZ = -1.0]. No differences were
found between hospitalized PCC and HC group or
hospitalized-ICU PCC and HC group, nor between hospita-
lized and hospitalized-ICU PCC or non-hospitalized PCC par-
ticipants and hospitalized-ICU PCC participants.

Results remained significant when CTh analysis was per-
formed between 3 groups: HC, hospitalized and non-
hospitalized PCC participants, including hospitalized-ICU
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Figure 2 Tract-based spatial statistics differences between HC and PCC in FA. (A) PCC participants showed lower FA in regions
involving the right superior longitudinal fascicles (P = 0.04; P = 0.048), the right uncinate fasciculus (P = 0.049; P = 0.049), the forceps major
(P=10.049) and the splenium (P =0.038) and genu (P = 0.048) of corpus callosum. Significant differences are indicated in cool colours; the scale is
represented as alpha (P-value = | — alpha), meaning 0.95 indicates significant clusters. GLM and FSL’s randomize were used to find vertex-wise
differences in FA skeleton maps. Results are overlaid on the WM skeleton (green) and displayed over sections of the MNI 152 standard brain at
P < 0.05 FWE corrected. (B) Violin plots of the residuals of mean FA when controlled by sex, comparing PCC and HC groups. (C) Partial
regression plots of mean FA extracted from between-groups significant clusters and MFE score, regressed by age and sex (r=—0.25, P=0.019).
FA, fractional anisotropy; FWE, family-wise error; HC, healthy controls; MFE, memory failures of everyday; PCC, post-COVID condition.

participants in the hospitalized PCC group (Supplementary
Table 16). Non-hospitalized PCC participants also showed
higher CTh compared to HC [F(-3.35), P=0.00020,
2628.88 mm?, MNIX = 35.9, MNIY = 33.1, MNIZ = 14.8],
but differences between hospitalized and non-hospitalized
PCC disappeared after adjusting for time interval between
COVID infection and MRI.

Regarding DT analysis, sociodemographic characteristics
of the analysed subsample are shown in Supplementary
Table 17. Non-hospitalized PCC participants showed lower
FA values in the splenium of corpus callosum (P =0.043,
391 voxels, MAX-X =-9, MAX-Y = -34, MAX-Z =22),
compared to HC. No differences were found between

hospitalized and HC group neither between hospitalized
and non-hospitalized PCC groups in FA values.
Unfortunately, due to the limited sample size (n=3) of the
hospitalized-ICU PCC group, between-group comparison
analyses including this subgroup were not performed.

No significant differences were found between groups re-
garding GM VBM or volumetric subcortical measures.
However, significant differences were found between hospi-
talized and non-hospitalized PCC participants in white mat-
ter hyperintensities (WMH) [non-hospitalized PCC median
(min-max): 1.51 (0.58-5.13) and hospitalized PCC median
(min-max): 2.19 (0.99-8.06), F(10.34), P=0.003)]. No
other differences were found between groups in WMH.
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Figure 3 Group comparison of CTh between cognitively altered and non-cognitive altered PCC participants. (A) Altered PCC
participants showed higher CTh in right medial orbitofrontal and left rostral middle frontal. Significant differences are indicated in cool colours.
Only clusters that survived cluster-extend Monte Carlo corrections for multiple comparisons (P < 0.05) are shown. (B) Violin plots of the

residuals of mean CTh of significant clusters comparing altered and non-altered PCC participants, adjusted for age and education. L, left; Lh, left
hemisphere; PCC, post-COVID condition; R, right; Rh, right hemisphere.

Discussion

This study provides further evidence that support the hy-
pothesis that structural brain alterations are associated
with neuropsychological performance in PCC, analysing dif-
ferences between PCC patients with and without clinically
meaningful cognitive impairment. Our results evidenced cor-
tical thickening and decreased microstructural WM integrity
in PCC, as well as low performance in working memory, ver-
bal memory, mental processing speed, verbal fluency and ex-
ecutive functions. CTh correlated with working memory
performance and was identified only in those PCC patients
with altered cognition, whereas abnormal microstructural
WM integrity was associated with PCC and related with sub-
jective memory but not with objective neuropsychological
performance or other clinical variables.

In our study, individuals with post-COVID condition
showed lower performance in cognitive domains involving
working and verbal memory, processing speed, verbal flu-
ency and executive functions; compared to HC. As expected,
the results concord with results from Ariza et al.,'” using a
larger sample that partially overlapped participants of this
study. Closely, previous studies have reported memory,
attention, executive functions, processing speed and concen-
tration as the most affected cognitive domains in individuals
with post-COVID condition."*"* In this regard, our results
showed medium-to-large effects, as indicated by effect size
calculations, and half of the sample were considered cogni-
tively impaired based on clinical criteria. Moreover, cogni-
tively altered PCC performed significantly worse in all
cognitive domains, compared with non-altered PCC partici-
pants. This is relevant considering that the studied sample is



12 | BRAIN COMMUNICATIONS 2025, fcaf070

relatively young (under 65 years of age) and highlights the
importance of monitoring these individuals over time due
to the possible evolution to age-related diseases.

Regarding the neuroimaging findings, cortical thickening
in PCC patients mainly involving the right frontal lobe was
found. However, when observing the whole-brain effect
sizes, this cortical thickening seemed to be more extensive
and bilateral. Similar to our results, Besteher ez al.,'” studied
a sample of 61 PCC patients and found higher CTh PCC pa-
tients compared to non-infected HC but also to controls with
prior infection. Petersen et al.,'” also showed slightly higher
CTh in COVID-19 patients without PCC compared to the
HC group, even though differences were not significant after
statistical correction. This cortical thickening present in pa-
tients with post-COVID may have its origin in a neuroin-
flammation process caused by the virus entrance in the
CNS. In fact, several studies have proved that SARS-CoV-2
spike S1 subunit can induce by itself a neuroinflammatory re-
sponse and microglia activation.”>*® Moreover, Besteher
et al.,'” reported increased levels of IL-10, IFNy and
sTREM2 in serum related to cortical thickening in patients
suffering from post-COVID condition. These results suggest
a possible underlying inflammatory process explaining cor-
tical alterations in patients with post-COVID. Interestingly,
cognitive impairment present in patients with long-COVID
has also been associated with the presence of inflammation
and blood brain barrier disruption,’” indicating inflamma-
tion could be the cause of brain changes in these patients,
that will finally lead to cognitive impairment. Nevertheless,
our study did not find relationship between cortical thicken-
ing and inflammation biomarkers, possibly because serum le-
vels of biomarkers tend to normalize over time, hindering
their detection months after the viral infection, as other
authors have already proposed.’® Importantly, we could
not provide cognitive and imaging data at the time of the
acute infection, which prevents us from understanding the
evolution of this probable neuroinflammation and the dis-
tinction between acute and more chronic inflammatory and
structural brain changes. Longitudinal studies with data col-
lection during the acute infection or the addition of an in-
fected control group would help to clarify this question.

Our results showing increased CTh are not in line with the
longitudinal study by Douaud et al.,*” which reported cor-
tical thinning in the parahippocampal gyrus and the lateral
orbitofrontal cortex. Even though this study has been widely
cited and referenced by other authors, their participants are
not PCC but individuals recovered from COVID-19 infec-
tion and their study design is broadly different to ours, which
difficult the direct comparison with our study. Another study
reporting lower CTh in PCC patients compared with indivi-
duals recovered from COVID-19 infection.'® This men-
tioned study used a 1.5T scanner to study a smaller sample
of PCC participants with neurological symptoms and shorter
time since infection in comparison to our participants.
Notably, contrary to our results, the authors did not find
correlations between cortical thinning and cognition or clin-
ical symptoms. Indeed, we found an association between
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impaired working memory and cortical thickening in right
frontal brain regions. To our knowledge, only one recent
study reported correlation between CTh and performance
in memory domain.?” However, this study was limited by a
small sample of individuals with post-COVID condition, it
did not include a control group and used a multiple regres-
sion analyses approach based on mean thickness region of
interest data, without multiple comparison correction.
Overall, the methodological differences and the inclusion
of intracranial volume as covariate in the CTh regression
analyses could explain the discrepancies between studies.

Moreover, we also found a tendency of CTh to correlate
positively with time since infection, potentially indicating pa-
tients with a higher time between infection and assessment
may have worse structural changes as they have been carry-
ing this PCC longer time with no recovery. Servier et al.,*°
followed 2197 patients with post-COVID and found that
91% of these patients recovered slowly, but a 4% had per-
sistent condition even after 2 years of symptoms onset. In
our sample, the mean interval since infection is 20 months;
our study includes 47 participants with persistent symptom-
atology after 2 years of infection onset.

Regarding GM abnormalities, we did not find changes in
GM volume or subcortical volumetry between-groups,
even though some previous studies do report changes in these
values in PCC individuals.?’? Diez-Cirarda et al.,”* found a
correlation between GM volume and cognitive performance.
Nevertheless, associations in this study were not controlled
for age and sex even though did survive multiple comparison
correction.

The current study also found widespread microstructural
WM changes. A FA decrease, indicating a loss of microstruc-
tural integrity, was found in bilateral regions mainly involv-
ing the right hemisphere in PCC patients. Comparably to our
results, Diez-Cirarda et al.,** found WM changes in patients
with post-COVID, observing decreased MD and AD in a
voxel-wise approach and decreased whole-brain mean FA
in patients with post-COVID. Authors additionally found
correlations between mean MD and mean AD with verbal
and visual memory. In this line, Serrano del Pueblo et al.,'®
found lower values of FA and RD in patients with
post-COVID in several WM areas of both hemispheres in-
cluding the cingulum bundle, the rostrum, genu and sple-
nium of the corpus callosum, the uncinate fasciculus, the
superior and inferior longitudinal fasciculus, parts of the ar-
cuate fasciculus and medial and lateral occipitotemporal
WM. Interestingly, we also found lower values of FA in the
superior longitudinal fasciculus, the corpus callosum and
the uncinated fasciculus, WM tracts that are relevant for
higher order processing. However, whereas authors reported
a relationship between lower FA and episodic memory, over-
all cognitive function, attention and verbal fluency scores, we
only found negative correlation with subjective memory fail-
ures. Although the mean age of both samples is similar, the
age range of PCC participants in Serrano del Pueblo
etal.,'® is large, ranging from 23 to 72 years old, which could
be an important factor to consider for interpreting the



Brain changes and cognition in post-COVID

correlations and may be explaining the discrepancies with
our study. A recent study including 223 subjects,'” assessed
DTI changes using conventional DTI markers but also a
fixel-based analysis to address more complex WM composi-
tions. They found FA changes in COVID recovered patients
in a voxel-wise approach showing increases and decreases in
different regions, which may explain the lack of differences
in whole-brain mean FA values between patients and con-
trols. In fact, we also obtained the same negative result in
our analysis. Even though results are not directly comparable
due to the difference in our samples, since their participants
were not PCC but individuals recovered from COVID-19 in-
fection, their results highlight the importance of continuing
research on microstructural WM changes in this condition
and point towards the possible existence of different regional
vulnerabilities or trajectories over time.

To elucidate structural brain changes in PCC patients with
clinically meaningful cognitive impairment is of crucial inter-
est considering it represents 51-58% of the active popula-
tion who suffer from PCC®' and could be regarded as an
at-risk population. Moreover, controversy on previous re-
sults based on cognitive impairment classification could
open a debate about the clinical criteria used to identify cog-
nitive impairment in PCC. When analysing structural brain
changes in PCC patients divided according to the presence
of cognitive impairment, we found significant cortical thick-
ening in patients with clinical cognitive impairment in bilat-
eral frontal brain areas, compared to non-cognitively altered
patients. According to these results, higher cortical abnor-
malities are present in those PCC with cognitive impairment,
compared to PCC patients without cognitive impairment.
Additionally, differences in blood interleukin 6 and D-dimer
levels were found between cognitively altered and non-
cognitively altered patients. However, these differences dis-
appeared after correcting for FDR. Future studies with larger
PCC samples could be helpful to study the possible relation-
ship between cognition and blood biomarkers, and its asso-
ciation with structural abnormalities.

Contrary to our CTh results, Serrano del Pueblo et al.,'®
found no differences in CTh between cognitively altered
and non-altered PCC participants. However, a different cri-
terion was used to classify cognitively and non-cognitively
altered PCC patients. While they divided patients into two
groups according to the American Academy of Clinical
Neuropsychology (overall cognitive level z < —0.71 or over-
all cognitive level z > —0.71), we divided our patients accord-
ing to the number of cognitive tests with z < —1.5, derived
from normative population data. We have used more re-
strictive criteria to consider PCC as cognitively altered, prob-
ably enhancing the cortical differences between both groups.
Another study dividing PCC patients according to the pres-
ence of cognitive impairment, found higher CTh in both
PCC groups, compared to HC.'? Even so, these cortical areas
with increased thickness were anatomically more extended
in PCC patients with cognitive impairment. In this study,
PCC patients were classified as cognitively impaired if they
presented a MoCA score <26, while in our study patients
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were classified according to the sum of altered cognitive tests
from an extensive neuropsychological assessment. Their
classification may be less restrictive than ours, perhaps in-
cluding some patients in their non-altered group that would
be considered cognitively altered individuals based on our
criteria and highlighting the usefulness of comprehensive
neuropsychological assessment to identify cognitive impair-
ment in PCC as a possible indicator of more severe structural
brain involvement.

Previous studies have suggested the effect of acute infec-
tion severity as a relevant factor in PCC sequelae,'**** and
hypoxia as a possible pathological underlying mechanism,®*¢*
among others. In this regard, we also investigated structural
brain changes in PCC patients classified according to severity
during COVID-19 acute infection. Regarding CTh, non-
hospitalized PCC participants showed higher CTh in frontal
regions and temporal regions, compared to HC and hospita-
lized PCC participants without ICU admission, respectively.
Moreover, no differences were found in volumetric subcor-
tical segmentations or GM VBM between groups.

The lack of results in hospitalized participants compared
to HC, suggests that acute-infection severity may have a min-
imal effect on cortical structural brain abnormalities in this
sample of PCC participants. Indeed, when analysis were
performed including ICU participants in the hospitalized
PCC group, the differences between hospitalized and non-
hospitalized participants disappeared after adjusting for
time interval between infection and the MRI acquisition
dates. These results suggest that interval time since infection
could be a better indicator of brain changes in these patients.
Nevertheless, this hypothesis needs to be tested in longitu-
dinal studies.

Concerning WM changes, higher volume of WMH was
found in hospitalized PCC participants compared to non-
hospitalized participants; however no significant differences
were identified in FA values, as a marker of microstructural
WM abnormalities, between PCC groups, or between hospi-
talized PCC and HC. Lower FA values were found only be-
tween non-hospitalized PCC and HC, indicating severity
during the acute infection may not reflect microstructural
WM abnormalities. Nevertheless, future analyses with larger
sample sizes are necessary to confirm our results and to
examine DTI changes in the ICU PCC participants. Due to
the small size of this subgroup (7 = 5), we were unable to per-
form between-group comparison analyses that included only
the hospitalized ICU PCC group.

The main strength of the current work is the use of multi-
modal MRI approach to explore structural brain changes in
an extensive post-COVID condition sample, subsequently
characterized by the presence of clinical and cognitive im-
pairment, in comparison to a group of HC. Moreover, in
our study participants have performed a comprehensive
neuropsychological battery, allowing us to study different
cognitive domains, as well as to identify clinically meaning-
ful cognitively impaired patients. However, this study
had some limitations that should be considered. First, al-
though our control participants had not tested positive for
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SARS-CoV-2 or shown compatible symptoms, we cannot
rule out the possibility of having included individuals who
were infected but remained asymptomatic. In this regard,
we could not exclude participants depending on the presence
of antibodies against the virus due to vaccination protocols.
Moreover, local epidemiological data indicated that most
participants were probably infected with the alpha, delta
and omicron (BA. 1) variants. Therefore, we cannot address
the effect of different variants in brain changes associated to
COVID-19 sequalae. Another limitation regards the fact that
sample size with diffusion-weighted images is slightly smaller
than that with T1-weighted images, so results obtained from
it should be taken with caution. Moreover, we did not have
the neuropsychiatric questionnaires score from every PCC
participant in the study, limiting the conclusion extracted
from their association with brain abnormalities. Finally, as
it is a cross-sectional study, the present work can only iden-
tify brain changes in patients with post-COVID compared to
a control group, but not before COVID infection. Besides,
the time interval between acute infection and the follow-up
in our sample is highly heterogeneous, leading us to probably
include PCC participants in different time points of the dis-
ease, and consequently with different cognitive and struc-
tural brain sequels, as we believe cognitive and brain
changes in these patients could be dynamic across disease
course. Hence, longitudinal designs in post-COVID condi-
tion will be useful to study trajectories and to clarify if brain
and cognitive changes in PCC are dynamic. Further re-
searches also need to be done with other imaging techniques
to corroborate the underlying inflammatory process sug-
gested from our results in PCC participants.

Conclusion

In conclusion, our study identified structural brain alterations
implying increased CTh and abnormal microstructural WM
integrity, and worse cognitive performance across various
cognitive domains in post-COVID condition patients almost
2 years after COVID infection. Changes in CTh are associated
with clinically meaningful cognitive impairment while WM
changes are related with subjective memory failures. These
findings highlight the importance of monitoring the under-
lying pathological mechanisms of this condition and the sig-
nificance of following this at-risk population in time.

Supplementary material

Supplementary material is available at Brain Communications
online.

Funding

This work was sponsored by the Generalitat de Catalunya
(SGR 2021SGR00801), Agency for Management of University
and Research Grants (AGAUR) from the Generalitat de

L. Pacheco-Jaime et al.

Catalunya (Pandemies, 202PANDE(00053), Fundacié Ia
Maraté de TV3 (202111-30-31-32), TED2021-130409B-
C51/MCIU/AEI/10.13039/501100011033 and TED2021-
130409A-C52/MCIU/AEI/10.13039/501100011033 by
Ministerio de Ciencia, Innovacion y Universidades (MCIU)/
Agencia Estatal de investigacion (AEI) and NextGenerationEU/
Plan de Recuperacion, Transformacion y Resiliencia (PRTR)
and supported by Maria de Maeztu Unit of Excellence
(Institut de Neurociéncies, Universitat de Barcelona)
(CEX2021-001159-M), Ministerio de Ciencia e Innovacion.
J.P. was supported by a fellowship from Ministerio de
Economia y Competitividad (PRE2021-099674). J.O. was
supported by a fellowship from Ministerio de Ciencia,
Innovacion y Universidades (PRE2018-086675). I.R. was sup-
ported by a fellowship from ‘la Caixa’ Foundation (LCF/BQ/
DR22/11950012).

Competing interests

The authors report no competing interests. All co-authors
have seen and agree with the contents of the manuscript
and there are no conflicts (neither financial nor non-
financial) of interest to declare.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request. The
data are not publicly available due to information that could
compromise the privacy of research participants.

Appendix |

Members of the NAUTILUS-project Collaborative Group:
Vanesa Arauzo, Jose A. Bernia, Marta Balague-Marmana,
Berta Valles-Pauls, Jesus Caballero, Ester Gonzalez-Aguado,
Carme Tay6-Juli, Eva Forcadell-Ferreres, Silvia Reverte-
Vilarroya, Susanna Forné, Anna Bartes-Plans, Jordina
Munoz-Padros, Jose A. Mufioz-Moreno, Anna Prats-Paris,
Inmaculada Rico, Nuria Sabé, Marta Almeria, Laura Casas,
Maria José Ciudad, Anna Ferré, Tamar Garzon, Manuela
Lozano, Marta Cullell, Sonia Vega, Silvia Alsina, Maria
J. Maldonado-Belmonte, Susana Vazquez-Rivera, Eva
Bailles, Sandra Navarro, Ayoze Gonzalez Hernandez, Yaiza
Molina, Victoria Olive, Silvia Caiizares.

References

1. Raman B, Cassar MP, Tunnicliffe EM, et al. Medium-term effects of
SARS-CoV-2 infection on multiple vital organs, exercise capacity,
cognition, quality of life and mental health, post-hospital discharge.
EClinicalMedicine. 2021;31:100683.

2. Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV. A clinical case
definition of post-COVID-19 condition by a Delphi consensus.
Lancet Infect Dis. 2022;22(4):e102-e107.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf070#supplementary-data

Brain changes and cognition in post-COVID

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

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

Tsampasian V, Elghazaly H, Chattopadhyay R, ez al. Risk factors
associated with post-COVID-19 condition: A systematic review
and meta-analysis. JAMA Intern Med. 2023;183(6):566-580.

Van Kessel SAM, Olde Hartman TC, Lucassen PLB], Van Jaarsveld
CHM. Post-acute and long-COVID-19 symptoms in patients with
mild diseases: A systematic review. Fam Pract. 2022;39(1):159-167.
Mehandru S, Merad M. Pathological sequelae of long-haul COVID.
Nat Immunol. 2022;23(2):194-202.

Guo P, Benito Ballesteros A, Yeung SP, et al. COVCOG 1: Factors
predicting physical, neurological and cognitive symptoms in long
COVID in a community sample. A first publication from the
COVID and cognition study. Front Aging Neurosci. 2022;14:
804922.

Taquet M, Skorniewska Z, Hampshire A, et al. Acute blood bio-
marker profiles predict cognitive deficits 6 and 12 months after
COVID-19 hospitalization. Nat Med. 2023;29(10):2498-2508.
Miskowiak KW, Johnsen S, Sattler SM, et al. Cognitive impairments
four months after COVID-19 hospital discharge: Pattern, severity
and association with illness variables. Eur Neuropsychopharmacol.
2021;46:39-48.

Nalbandian A, Sehgal K, Gupta A, et al. Post-acute COVID-19 syn-
drome. Nat Med. 2021;27(4):601-615.

Premraj L, Kannapadi NV, Briggs ], et al. Mid and long-term neuro-
logical and neuropsychiatric manifestations of post-COVID-19 syn-
drome: A meta-analysis. | Neurol Sci. 2022;434:120162.

Graham EL, Clark JR, Orban ZS, et al. Persistent neurologic symp-
toms and cognitive dysfunction in non-hospitalized COVID-19
“long haulers.” Ann Clin Transl Neurol. 2021;8(5):1073-1085.
Andriuta D, Si-Ahmed C, Roussel M, et al. Clinical and imaging de-
terminants of neurocognitive disorders in post-acute COVID-19 pa-
tients with cognitive complaints. | Alzheimers Dis. 2022;87(3):
1239-1250.

Miskowiak KW, Pedersen JK, Gunnarsson DV, et al. Cognitive im-
pairments among patients in a long-COVID clinic: Prevalence, pat-
tern and relation to illness severity, work function and quality of
life. | Affect Disord. 2023;324:162-169.

Ariza M, Cano N, Segura B, et al. COVID-19 severity is related to
poor executive function in people with post-COVID conditions.
J Neurol. 2023;270(5):2392-2408.

Kim PH, Kim M, Suh CH, ef al. Neuroimaging findings in patients
with COVID-19: A systematic review and meta-analysis. Korean |
Radiol. 2021;22(11):1875-1885.

Petersen M, Nigele FL, Mayer C, et al. Brain imaging and neuro-
psychological assessment of individuals recovered from a mild to
moderate SARS-CoV-2 infection. Proc Natl Acad Sci U S A.
2023;120(22):e2217232120.

Serrano Del Pueblo VM, Serrano-Heras G, Romero Sianchez CM,
et al. Brain and cognitive changes in patients with long COVID com-
pared with infection-recovered control subjects. Brain. 2024;
147(10):3611-3623.

Besteher B, Rocktaschel T, Garza AP, et al. Cortical thickness altera-
tions and systemic inflammation define long-COVID patients with
cognitive impairment. Brain Bebhav Immun. 2024;116:175-184.
Besteher B, Machnik M, Troll M, et al. Larger gray matter volumes
in neuropsychiatric long-COVID syndrome. Psychiatry Res. 2022;
317:114836.

Heine ], Schwichtenberg K, Hartung TJ, et al. Structural brain
changes in patients with post-COVID fatigue: A prospective obser-
vational study. EClinicalMedicine. 2023;58:101874.

Diez-Cirarda M, Yus M, Gémez-Ruiz N, et al. Multimodal neuroi-
maging in post-COVID syndrome and correlation with cognition.
Brain. 2023;146(5):2142-2152.

Mahammedi A, Ramos A, Bargallo N, ez al. Brain and lung imaging
correlation in patients with COVID-19: Could the severity of
lung disease reflect the prevalence of acute abnormalities on

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

BRAIN COMMUNICATIONS 2025, fcaf070 | 15

neuroimaging? A global multicenter observational study. Am |
Neuroradiol. 2021;42(6):1008-1016.

Sawlani V, Scotton S, Nader K, et al. COVID-19-related intracra-
nial imaging findings: A large single-centre experience. Clin
Radiol. 2021;76(2):108-116.

Planchuelo-Gémez A, Garcia-Azorin D, Guerrero AL, Rodriguez
M, Aja-Fernindez S, de Luis-Garcia R. Structural brain changes
in patients with persistent headache after COVID-19 resolution.
J Neurol. 2023;270(1):13-31.

Scardua-Silva L, Amorim da Costa B, Karmann Aventurato I, et al.
Microstructural brain abnormalities, fatigue, and cognitive dys-
function after mild COVID-19. Sci Rep. 2024;14(1):1758.
Dacosta-Aguayo R, Puig J, Lamonja-Vicente N, et al. Reduced cor-
tical thickness correlates of cognitive dysfunction in post-COVID-19
condition: Insights from a long-term follow-up. Am | Neuroradiol.
2024;45(5):647-654.

Carnes-Vendrell A, Pifiol-Ripoll G, Ariza M, et al. Sleep quality in
individuals with post-COVID-19 condition: Relation with emotion-
al, cognitive and functional variables. Brain Behav Immun Health.
2024;35:100721.

Ariza M, Cano N, Segura B, et al. Neuropsychological impairment
in post-COVID condition individuals with and without cognitive
complaints. Front Aging Neurosci. 2022;14:1029842.

Nasreddine ZS, Phillips NA, Bédirian V, ef al. The Montreal
Cognitive Assessment, MoCA: A brief screening tool for mild cogni-
tive impairment. | Am Geriatr Soc. 2005;53(4):695-699.

Ojeda N, del Pino R, Ibarretxe-Bilbao N, Schretlen DJ, Pefia J.
Montreal cognitive assessment test: Normalization and standard-
ization for Spanish population. Rev Neurol. 2016;63(11):488.
Wechsler D. WAIS-III. Escala de inteligencia de Wechsler para
adultos-111. Original edition, 1997. TEA; 1999.

Schmidt M. Rey auditory verbal learning test: A handbook. Western
Psychological Services; 1996.

Alviarez-Schulze V, Cattaneo G, Pachon-Garcia C, et al. Validation
and normative data of the Spanish version of the Rey auditory ver-
bal learning test and associated long-term forgetting measures in
middle-aged adults. Front Aging Neurosci. 2022;14:809019.
Meyers JE, Meyers KR. Rey complex figure test and recognition trial
professional manual. Psychological Assessment Resources; 1995.
Reitan RM. Validity of the trail making test as an indicator of or-
ganic brain damage. Percept Mot Skills. 1958;8(7):271.

Ardila A, Ostrosky-Solis F, Bernal B. Cognitive testing toward the
future: The example of semantic verbal fluency (ANIMALS). Int |
Psychol. 2006541(5):324-332.

Golden CJ. Test de Colores y Palabras (Stroop). TEA; 2005.
Allegri RF, Mangone CA, Villavicencio AF, Rymberg S, Taragano
FE, Baumann D. Spanish Boston naming test norms. Clin
Neuropsychol. 1997;11(4):416-420.

Pena-Casanova |, Quiniones-Ubeda S, Gramunt-Fombuena N, et al.
Spanish multicenter normative studies NEURONORMA project):
Norms for verbal fluency tests. Arch Clin Neuropsychol. 2009;
24(4):395-411.

Ferniandez-Abascal EG, Cabello R, Fernandez-Berrocal P, Baron-
Cohen S. Test-retest reliability of the “Reading the mind in the
eyes” test: A one-year follow-up study. Mol Autism. 2013;4(1):33.
Gomar JJ, Ortiz-Gil J, McKenna PJ, et al. Validation of the word ac-
centuation test (TAP) as a means of estimating premorbid IQ in
Spanish speakers. Schizophr Res. 2011;128(1-3):175-176.

Doty RL, Frye RE, Agrawal U. Internal consistency reliability of the
fractionated and whole university of Pennsylvania smell identifica-
tion test. Percept Psychophys. 1989;45(5):381-384.

Jackson C. The Chalder Fatigue Scale (CFQ 11). Occup Med
(Lond). 2015;65(1):86.

Spitzer RL, Kroenke K, Williams JB, Lowe B. A brief measure for
assessing generalized anxiety disorder: The GAD-7. Arch Intern
Med. 2006;166(10):1092-1097.

Diez-Quevedo C, Rangil T, Sanchez-Planell L, Kroenke K, Spitzer
RL. Validation and utility of the patient health questionnaire in



47.

48.

49.

50.

S1.

52.

S3.

54.

5S.

56.

| BRAIN COMMUNICATIONS 2025, fcaf070

diagnosing mental disorders in 1003 general hospital Spanish inpa-
tients. Psychosom Med. 2001;63(4):679-686.

Sunderland A, Harris JE, Gleave J. Memory failures in everyday life
following severe head injury. | Clin Neuropsychol. 1984;6(2):
127-142.

Fischl B, Dale AM, Raichle ME. Measuring the thickness of the hu-
man cerebral cortex from magnetic resonance images. Proc Natl
Acad Sci U S A. 2000;97(20):11050-11055.

Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for
automatic correction of intensity nonuniformity in MRI data.
IEEE Trans Med Imaging. 1998;17(1):87-97.

Hagler D], Saygin AP, Sereno MI. Smoothing and cluster threshold-
ing for cortical surface-based group analysis of fMRI data.
Neuroimage. 2006;33(4):1093-1103.

Fischl B, Salat DH, Busa E, et al. Whole brain segmentation:
Automated labeling of neuroanatomical structures in the human
brain. Neuron. 2002;33(3):341-355.

Ashburner J. A fast diffeomorphic image registration algorithm.
Neuroimage. 2007;38(1):95-113.

Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial
statistics: Voxelwise analysis of multi-subject diffusion data.
Neuroimage. 2006;31(4):1487-1505.

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE.
Permutation inference for the general linear model. Newuroimage.
2014;92:381-397.

Amruta N, Ismael S, Leist SR, et al. Mouse adapted SARS-CoV-2
(MA10) viral infection induces neuroinflammation in standard la-
boratory mice. Viruses. 2022;15(1):114.

Frank MG, Nguyen KH, Ball JB, et al. SARS-CoV-2 spike S1 sub-
unit induces neuroinflammatory, microglial and behavioral sickness

57.

58.

59.

60.

61.

62.

63.

64.

L. Pacheco-Jaime et al.

responses: Evidence of PAMP-like properties. Brain Behav Immun.
2022;100:267-277.

Greene C, Connolly R, Brennan D, et al. Author correction: Blood—
brain barrier disruption and sustained systemic inflammation in in-
dividuals with long COVID-associated cognitive impairment. Nat
Neurosci. 2024;27(5):1019.

Kanberg N, Ashton NJ, Andersson LM, et al. Neurochemical evi-
dence of astrocytic and neuronal injury commonly found in
COVID-19. Neurology. 2020;95(12):e1754-e1759.

Douaud G, Lee S, Alfaro-Almagro F, et al. Brain imaging before and
after COVID-19 in UK Biobank. medRxiv 21258690. https:/doi.
0rg/10.1101/2021.06.11.21258690, 15 June 2021, preprint: not
peer reviewed.

Servier C, Porcher R, Pane I, Ravaud P, Tran VT. Trajectories of the
evolution of post-COVID-19 condition, up to two years after symp-
toms onset. Int | Infect Dis. 2023;133:67-74.

Johnsen S, Sattler SM, Miskowiak KW, et al. Descriptive analysis of
long COVID sequelae identified in a multidisciplinary clinic serving
hospitalised and non-hospitalised patients. ER] Open Res. 2021;
7(3):00205-2021.

Hampshire A, Azor A, Atchison C, et al. Cognition and memory
after COVID-19 in a large community sample. N Engl | Med.
2024;390(9):806-818.

Chougar L, Shor N, Weiss N, et al. Retrospective observational
study of brain MRI findings in patients with acute SARS-CoV-2 in-
fection and neurologic manifestations. Radiology. 2020;297(3):
E313-E323.

Kandemirli SG, Dogan L, Sarikaya ZT, et al. Brain MRI findings in
patients in the intensive care unit with COVID-19 infection.
Radiology. 2020;297(1):E232-E235.


https://doi.org/10.1101/2021.06.11.21258690
https://doi.org/10.1101/2021.06.11.21258690

	Structural brain changes in post-COVID condition and its relationship with cognitive impairment
	Introduction
	Materials and methods
	Participants
	Neuropsychological assessment
	MRI acquisition
	CTh and volumetric measures
	GM volume and WM hyperintensities
	Diffusion tensor imaging
	Blood biomarkers
	Statistical analysis

	Results
	Sociodemographic and clinical characteristics
	Neuropsychological assessment
	Brain alterations and clinical correlations
	Cortical thickness

	GM volume, subcortical volumetric measures and WM hyperintensities
	Diffusion MRI parameters
	Clinical cognitively altered versus non-cognitively altered patients
	Role of hospitalization during the acute infection

	Discussion
	Conclusion
	Supplementary material
	Funding
	Competing interests
	Data availability
	Appendix 1
	References




