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Introduction: There is a growing interest in the effect of Long-COVID (LC) on
cognition, and neuroimaging allows us to gain insight into the structural and
functional changes underlying cognitive impairment in LC. We used multimodal
neuroimaging data in combination with neuropsychological evaluations to
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study cognitive complaints in a cohort of LC patients with mild to moderate
severity symptoms.

Methods: We conducted a 3T brain magnetic resonance imaging (MRI) study
with diffusion tensor imaging (DTI) and functional MRI (fMRI) sequences
on 53 LC patients 1.8years after acute COVID-19 onset. We administered
neuropsychological tests to evaluate cognitive domains and examined
correlations with Tract-Based Spatial Statistics (TBSS) and resting state.

Results: We included 53 participants with LC (mean age, 48.23years; 88.7%
females). According to the Frascati criteria, more than half of the participants
had deficits in the executive (59%) and attentional (55%) domains, while 40%
had impairments in the memory domain. Only one participant (1.89%) showed
problems in the visuospatial and visuoconstructive domain. We observed
that increased radial diffusivity in different white matter tracts was negatively
correlated with the memory domain. Our results showed that higher resting
state activity in the fronto-parietal network was associated with lower memory
performance. Moreover, we detected increased functional connectivity among
the bilateral hippocampus, the right hippocampus and the left amygdala, and
the right hippocampus and the left middle temporal gyrus. These connectivity
patterns were inversely related to memory and did not survive false discovery
rate (FDR) correction.

Discussion: People with LC exhibit cognitive impairments linked to long-lasting
changes in brain structure and function, which justify the cognitive alterations

detected.

KEYWORDS

diffusion tensor imaging, resting state, Long-COVID, cognition, multimodal
neuroimaging, connectivity

1 Introduction

Post-acute sequelae of SARS-CoV-2, known as Long-COVID
(LC), is a post-viral syndrome affecting more than 30% of COVID-19
survivors (1), even those asymptomatic during the acute infection (2).
Patients suffering from this syndrome develop a variety of long-
lasting, debilitating symptoms, including fatigue, cognitive
impairment, and depression (3), among other neuropsychiatric and
physical problems. These symptoms can last for at least 3 months until
more than 2years after the infection (4) and may interfere with the
patient’s quality of life and daily functioning (5).

The cognitive consequences of SARS-CoV-2 infection have been
widely reported, but the brain mechanisms underlying these
impairments are not well understood. A comprehensive
neuropsychological evaluation of recovered COVID-19 patients who
have subjective cognitive complaints could shed light on the cognitive
domains affected by the infection (6-11). Attention, memory, and
executive functions are the most affected cognitive domains in
these patients.

Recently, several studies have explored the relationship between
brain changes and cognitive impairment in patients with LC (8, 12—
17). However, the long-term effects of these brain changes on cognitive
function remain largely unknown, and this information could provide
insights into the underlying mechanisms and outcomes of LC.

Research on the long-term effects (minimum of 3 months) of
COVID-19 revealed changes in the brain’s white matter (WM)
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structure, including the presence of hyperintensities and alterations
in microstructural integrity (18-20), although not all the studies
point in the same direction One study assessed patients 1 year after
SARS-CoV-2 infection and revealed reduced fractional anisotropy
and volume fraction of intracellular water compared to controls
(18). The same authors conducted a two-year follow-up study of the
same participants and found that with some recovery, the patients
with LC still showed increased radial diffusivity in some anatomical
areas when compared to controls (21). In the study conducted by
Liang et al. (8), 11 months after symptoms onset, they found
alterations in white matter axial and mean diffusivity in different
anatomical regions of the brain. In contrast, fractional anisotropy
and radial diffusivity showed no significant differences between
groups (8). In two studies conducted by Liang et al. and Chang
et al. (13, 15) the authors found that controls and LC patients had
similar cognitive performance (13, 15). In the study conducted by
Liang et al. (15) LC patients showed higher fractional anisotropy
(FA) and lower diffusivities in multiple white matter tracts (15).
However, in the study conducted by Scardua-Silva et al. (17), the
authors found higher axial diffusivity values in LC patients
compared to controls (17). In the same direction, in the study
conducted by Paolini et al. (16), the authors identified increased
axial, radial, and mean diffusivity in LC patients with cognitive
complaint in comparison with LC patients with no cognitive
complaint, implicating disrupted white matter integrity in cognitive
impairment during LC (16).
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There are mixed findings on functional activity and connectivity.
Previous research investigated the changes in brain network activity
after COVID-19 infection for 3 weeks and found that the anterior
piriform cortex, a region involved in olfactory processing, showed
reduced functional connectivity with olfactory dysfunction (22).
Diez-Cirarda et al. (23) found hypoconnectivity between left and
right parahippocampal areas and between bilateral orbitofrontal
and cerebellar regions compared to controls (8). In a study
conducted by Churchill et al. (24) with LC patients after
11.08 +4.47 months since the first symptoms, they found that
patients with LC had lower temporal and subcortical functional
connectivity than controls (25). In another study conducted by
Voruz et al. (26) they found reduced functional connectivity in
COVID-19 patients compared to controls, including the
hippocampal and cerebellar areas (27). Pointing to the same
direction of the above-mentioned studies, the research conducted
by Bungenberg et al. (12), found that the red nucleus was
significantly hypoconnected across most regional graph measures.
They also found decreased functional connectivity in the olfactory
cortex and the medial orbital gyrus. However, they found increased
connectivity in the intralaminar nuclei of the thalamus in
individuals recovering from COVID-19 (12). However, studies on
persistent olfactory dysfunction have reported increased
connectivity within the default-mode network (DMN) (28).
Another study of recovered individuals showed decreased
connectivity within the temporal lobe and angular gyrus but
increased connectivity within the hippocampus (29). In relation to
the DMN, in a study conducted by Chang et al. (13), the LC patients
exhibited greater brain activation in the right superior frontal gyrus
and lesser deactivation in the default mode regions during working
memory task than the control participants (13).

In the present study, we explored the long-lasting effects of
COVID-19 on the brain, especially in relation to cognitive decline.
To examine this issue, we used two types of brain imaging techniques
by magnetic resonance imaging (MRI): diffusion tensor imaging
(DTI), which measures the integrity of white matter tracts, and
resting-state functional activity (rs-fMRI) and connectivity (rs-FC),
which measure the synchrony of brain activity across different
regions. Using a comprehensive and objective neuropsychological
battery of cognitive tests, we correlated the brain images of LC
patients who reported subjective complaints regarding their
cognitive performance.

2 Materials and methods

2.1 Standard protocol approvals,
registrations, and patient consents

The study protocol (ref.21/220-P) was approved by the Foundation
University Institute for Primary Health Care Research Jordi Gol
i Gurina (IDIAPJGol) ethics committee, which ensured adherence to
ethical standards and guidelines. The participants gave written consent
to take part in the study and to allow their data to be used for research
purposes after being informed of the aims, methods, risks, and
benefits of the study. All procedures followed good clinical practices
and the General Data Protection Regulation 2016/679 on data
protection and privacy for all individuals within the European Union.
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2.2 Study population and design

The Alianca ProHEpiC-19 Cognitiu (APC) is a prospective,
longitudinal study that explores how LC affects the brain and
cognition. We recruited participants who experienced long-lasting
symptoms after SARS-CoV-2 infection, with or without cognitive
complaints, as well as participants who were SARS-CoV-2 infected
who fully recovered, and participants who were not infected (30)
from primary health centers and hospitals in Northern Area from
Barcelona (Spain) between January 2022 and March 2023.
Participants were recruited through hospital referrals and consecutive
snowball sampling. Of the initial sample of 182 participants, 3
(1.64%) abandoned the study for various reasons. We also excluded
13 (7.14%) due to a history of neuropsychological conditions, as
detailed in the exclusion criteria. Our final pool consisted of 166
participants. This paper discusses the interim findings of the first
batch of 53 participants resulting from the convenience sampling of
the final pool. Out of the 53 participants, 43 had mild-to-moderate
COVID severity, 9 required hospitalization, but none of them
required intubation or any ICU treatment (23). This cross-sectional
sub-study included 53 LC patients who reported persistent cognitive
complaints after SARS-CoV-2 infection, and we performed brain
imaging and cognitive testing as part of the main study. We included
participants with a diagnosis of LC based on WHO criteria (31),
between 20 and 70years old, and Spanish or Catalan speakers.
We excluded patients with prior psychiatric, neurological, or
neurodevelopmental disorders that could affect cognitive functioning,
with a history of substance abuse or a life expectancy of less than
6 months, and those who were not able to undergo the MRI due to
medical contraindications or claustrophobia.

2.3 Neuropsychological assessment and
criteria for cognitive impairment

The study collected data from the participants in two sessions. In
the first session, participants provided sociodemographic information
detailed in the Supplementary material. Then, the cognitive domains
of executive function, attention and processing speed, memory,
language, and visuospatial and visuoconstructive functions were
evaluated by a comprehensive neuropsychological battery
administered by a trained and qualified clinical neuropsychologist
with more than 5 years of experience in the assessment of neurological
disorders and a psychologist carefully trained and supervised by the
same clinical neuropsychologist. The cognitive tests used for each
domain were as follows: for executive functions, the Digit Span
Backward subtest from Pena-Casanova et al. (32, 33), a difference
score (B-A) that removed the speed element from the test evaluation
was calculated (34), the phonetic (letters beginning with “P “M,” and
“R,” one minute each) and semantic verbal fluency tests (“animals” in
one minute) (35, 36), and the interference score of the Color-Word
Stroop Test (37); for attention and velocity, the Digit Span Forward
subtest (32, 33), the Symbol Search from the WAIS-IIT (38), the
TMT-A (32, 33), and the Symbol Digit Modality Test (WAIS-III) (38);
for memory, the total learning and delayed recall from the RAVLT
(39), and the delayed recall from the Rey Osterrieth Complex Figure
(ROCEF) (40, 41); for language, the short version of the BNT (24) and
the vocabulary test from the WAIS-III (38); and for visuospatial and
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visuoconstructive functions, the copy accuracy of the ROCF (40, 41).
Fatigue was assessed with the Modified Impact Fatigue Scale (MFIS).
This scale includes three subscales: cognitive, physical, and
psychosocial. In this scale, participants are asked to rate the extent of
fatigue in their lives in the past 4weeks, with “0” indicating “no
problem” and “4” indicating “extreme problem.” There is a total of 21
items, 10 cognitive items, 9 physical items, and 2 psychosocial items.
The maximum score is 84, 40 for the cognitive subscale, 28 for the
physical subscale, and 8 for the psychosocial scale, with a score higher
than 38 meaning significant fatigue (42). For each test, we used the
internationally accepted adjustments and norms discussed in the
corresponding papers and used the PAR Toolkit (PAR Inc. Mobile)
to calculate the standard Z-scores. We used the Frascati Criteria (43)
to assess cognitive impairment in participants with LC. According to
these criteria, patients have cognitive impairment if they score below
—1.5 standard deviation (SD) across the sample on any subtest within
a cognitive domain or below —1 SD on 2 subtests of the same
cognitive domain.

In the second session, LC individuals underwent a brain MRI
scan acquisition within 6 months (x=6.23; SD=4.20) from the
cognitive assessment. To protect the privacy of our participants,
we used cryptographic hashtags to anonymize the project database.
We also employed the same 10-digit numeric encoding system
hosted by REDCap, version 12.4.22—Vanderbilt University, for the
MRI study.

2.4 Neuroimaging

In the second session, LC individuals underwent a brain MRI
scan acquisition within 6 months (x=6.23; SD=4.20) from the
cognitive assessment. To protect the privacy of our participants,
we used cryptographic hashtags to anonymize the project database.
We also employed the same 10-digit numeric encoding system hosted
by REDCap, version 12.4.22—Vanderbilt University, for the
MRI study.

2.4.1 Neuroradiological assessment of the
structural magnetic resonance imaging

The assessment was carried out by the project’s neuroradiologist
with extensive experience, primarily aimed at excluding the presence
of brain lesions. This was achieved through the examination of
T1-weighted, FLAIR, and diffusion sequences, with a specific focus
on identifying regions of encephalomalacia due to trauma or previous
surgical interventions, territorial vascular infarctions, lacunes, or
brain tumors. No incidental findings were identified that needed
specific medical attention or further secondary testing in our cohort.
Five individuals had isolated and non-specific hyperintensities on
FLAIR in the supratentorial subcortical white matter.

2.4.2 MRI acquisition protocol

All images were acquired on a Vantage Galan 3T MRI (Canon
Medical Systems Corporation, Tochigi, Japan) at the Centre for
Comparative Medicine and Bioimage Image (CMCiB, Germans Trias
i Pujol Research Institute [IGTP], Badalona, Spain) using a 32-channel
head SPEEDER coil with foam padding and headphones to limit head
movement and suppress scanner noise. See Supplementary material
for the MRI protocol and acquisition and parameters.
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2.4.3 Processing and analysis of the
diffusion-weighted images

The diffusion-weighted images were processed using FSUs
FMRIB Diffusion Toolbox (FDT).' We used the two B0 images with
opposite phase-encoding directions to run topup” and eddy” tools to
estimate and correct susceptibility-and motion-induced distortions.
After estimating the diffusion tensor models, we calculated the maps
of fractional anisotropy (FA), radial diffusivity (RD), and axial
diffusivity (AD). We entered them into Tract Based Spatial
Statistics—TBSS (44) to test whether they have a significant
relationship with performance in the different cognitive domains
(each domain in separate models). Inference was calculated using
nonparametric analysis using 10,000 permutations and Threshold-
Free Cluster Enhancement (TFCE), adjusting for age, sex, and years
of education. We excluded vascular risk factors and body mass index
(BMI) from the model because they did not show any significant
association with the cognitive outcome variables in the regression
analysis (see the Supplementary material for the statistical models).
The resulting p-values were corrected for Family-Wise Error (FWE).
With a threshold of 0.05.

2.4.4 Processing and analysis of the resting-state
fMRI

The preprocessing of the functional data was conducted using
FEAT (FMRI Expert Analysis Tool, v.6) from FSL-6.0.6 (45).*
Briefly, the first five volumes were removed to ensure the adaptation
of the participants to the imaging environment, leaving 251 volumes
for analysis. Further steps included the removal of non-brain
structures using the Brain Extraction Tool, motion correction using
MCFLIRT, high-pass filtering with a frequency cut-offt at 100s,
spatial smoothing using a Gaussian kernel with full-width half-
maximum of 5mm, and boundary-based registration to the
subject’s anatomical T1-weighted image, and linear registration to
the MNI152 template. After this preprocessing, we used
ICA-AROMA (46), a data-driven method, to identify and remove
motion-related components. After preprocessing, we run FSL
MELODIC (version 3.15) using the temporal concatenation
approach to identify 25 independent components (IC). The clinical
relevance of the ICs was tested using dual regression (47, 48) and
nonparametric testing with 10,000 random permutations (49). The
model included the cognitive performance (each domain in
separate models) as a regressor of interest and was adjusted for age,
sex, and years of education. After employing threshold-free cluster
enhancement (TFCE), regression with a family-wise error (FWE)
corrected p <0.05 was considered significant. ICs with significant
regression were anatomically labeled with reference to the Harvard-
Oxford cortical and subcortical structural atlases® and matched to
the resting-state network template available online (50, 51) using
spatial correlation and visual inspection and to annotate them both
anatomically and functionally.

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
https://fsl.fmrib.ox.ac.uk/fsl/docs/#/diffusion/topup/index
https://fsl.fmrib.ox.ac.uk/fsl/docs/#/diffusion/eddy/index
http://www.fmrib.ox.ac.uk/fsl
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases

g M~ NN
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2.4.5 Functional connectivity analysis

We used FreeSurfer to parcellate the cortex and subcortex based on
the Desikan-Killiany atlas and aligned it with fMRI data in the subject
space, which resulted in 91 regions of interest (RO, after excluding white
matter, CSE ventricles, and cerebellum). We extracted and averaged the
time series from each ROI and computed the Pearsons correlation
coefficients between the right and left hippocampus and the other 90
ROISs, resulting in 90 correlations per hippocampus. We converted the
correlation coefficients to Fisher’s Z-transformed scores and tested
whether they varied across the participants with memory performance
while controlling for age, sex, and education. We applied FDR correction
to the p<0.05 values to account for the multiple testing.

2.5 Statistical analysis

Statistical analyses on demographical data were performed with
the Statistical Package for the Social Sciences (SPSS, Chicago), version
17.0 for Windows. The distributions of demographic variables were
tested for normality by the Shapiro-Wilk test. Continuous variables
were expressed as mean, standard deviation, or median and
interquartile range. Categorical variables were defined as frequencies
and percentages. Results from the cognitive tests were z-scored before
the analysis, considering age and years of education for the main tests.

3 Results

3.1 Demographical and clinical
characteristics

This study included 53 individuals with LC and cognitive
complaints with a mean age of 48.23 years (SD=9.2) and a mean
education level of 14.04years (SD=2.6). Most participants were
female (88.7%) and had a mild-moderate clinical spectrum of
COVID-19 (81.1%). The sample’s most common vascular risk factors
were smoking (current or former, 44.2%) and alcohol consumption
(40.4%), the 34% of participants were overweight (BMI 25-29.9),
13.2% were obese (BMI 30-34.9), and 13.2% were extremely obese
(BMI>35). The mean time since diagnosis of COVID-19 was 1.8 years
(SD=0.52). The 92.45% (n=49) of participants were vaccinated.
Diagnosis of COVID-19 was as follows: 66.04% (1 =35) Polymerase
chain reaction (PCR); 7.55% (n=4); Rapid antigen test (TAR); 9.43%
(n=5) serology; and 16.98% (1 =9) symptomatology.

The most frequent persistent symptoms were weakness and
discomfort (92.5%) and fatigue (83%), followed by nonspecific insomnia
(80%), muscle pain (71.9%), vertigo and dizziness (71.2%), and tingling
sensations (66.7%). The most common cognitive symptoms reported
were difficulty with concentration and memory (96.2%), followed by
brain fog (84.9%). 92.5% of the sample scored more than 38 points on the
Modified Impact Fatigue Impact Scale (MFIS) (23, 42).

3.2 Cognitive characteristics

Taking into consideration cognitive domains and following
Frascati criteria, the most impaired cognitive domains were executive
function (58.5%), attention and processing speed (54.7%), and
memory (39.6%). Only one participant showed problems in the
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visuospatial and visuoconstructive function (1.9%). None of them had
difficulties in the language domain. The most impaired cognitive tests
(scores below —1.5 SD) were semantic verbal fluency (41.5%), digit
span forward (33%), and phonological verbal fluency (32.1%) (23).

3.3 Diffusion tensor imaging

LC participants showed a significant regression with a negative
slope with t>1.4 between radial diffusivity (RD) and memory
performance in a widely distributed network of many tracts (Table 1
and Figure 1). No tract showed significant regression for fractional
anisotropy (FA) or axial diffusivity (AD).

3.4 Resting-state fMRI

LC participants showed a significant regression with a negative slope
with £>3.1 between memory performance and the resting-state fMRI
(rs-fMRI) activity in the Independent component (IC) corresponding to
the right fronto-parietal network (FPN). Three clusters with local maxima
in the right middle temporal gyrus (further involving the superior
temporal gyrus and the supramarginal gyrus) and the right and left
posterior cingulate cortices showed significant regression (Figure 2 and
Table 2), meaning more impairment in the memory domain was related
to greater activation in these regions (Figure 3).

3.5 Resting-state functional connectivity
(rs-FC)

Functional connectivity of the hippocampi with several cortical
and subcortical regions showed a negative regression with memory
performance (Figure 4 and Table 3), meaning higher impairment in
the memory domain was related to higher functional connectivity
between the corresponding hippocampus (Figure 5). No significant
p-value overcame the FDR correction.

4 Discussion

In this study, we evaluated the brain changes in structure and
function that were observed in 53 LC participants who had cognitive
complaints almost 2 years after they were infected with SARS-CoV-2.
Our study revealed that the participants experienced a wide range of
physical and cognitive symptoms, with weakness, discomfort, and
fatigue being the most prevalent. Other physical symptoms included
non-specific insomnia, muscle pain, vertigo and dizziness, and tingling
sensations. The cognitive symptoms reported by the participants
matched the findings of previous research in this area (6-11). However,
those findings did not match the results found in the study conducted
by Liang et al. (15) in which the authors found that controls and LC
patients had similar cognitive performance (15). Nevertheless, LC
patients had higher levels of depression, anxiety, fatigue, pain
interference, and perceived stress, and it did not seem to affect the
cognitive results as one could expect. Emotional stress was not assessed
in our study. Therefore, no interpretations can be made on this point.
However, preliminary results on this point are controversial as some
authors (52) have found that it is closely related to subjective cognitive
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TABLE 1 Significant White Matter RD negatively correlated with memory.

Scwe e e e

Anterior thalamic radiation, L 1,512 —22.72 13.87 0.029
Anterior thalamic radiation, L 7 2.2 16.26 —38.17 32.74 0.029
Anterior thalamic radiation, R 5 2.06 —23.25 —13.13 2.61 0.029
Anterior thalamic radiation, R 1,163 3.74 18.25 —0.32 13.04 0.029
Corticospinal tract, L 1,216 3.69 -21.12 —23.83 41 0.029
Corticospinal tract, L 14 2.24 20.5 —7.08 7.1 0.029
Corticospinal tract, R 1,655 4.54 21.15 —23.22 39.06 0.029
Cingulum (cingulate gyrus), L 653 3.35 —12.98 -33.39 29.11 0.029
Cingulum (cingulate gyrus), R 366 35 15.53 —38.05 33.83 0.029
Cingulum (hippocampus), L 142 3.36 —29.09 —8.4 —30.91 0.029
Cingulum (hippocampus), L 14 2.38 15.79 —61.27 42.82 0.029
Cingulum (hippocampus), R 443 4.51 24.46 —33.31 —6.17 0.029
Forceps major, L 19 2.24 —26.84 —67.71 8.01 0.029
Forceps major, R 310 3.5 18.52 —49.14 17.6 0.029
Forceps minor, L 451 4.21 —14.56 41.03 12.69 0.029
Forceps minor, R 1,016 3.69 16.31 47.82 14.59 0.029
Inferior fronto-occipital fasciculus, L 1,333 4.06 —32.88 —-9.37 —0.49 0.029
Inferior fronto-occipital fasciculus, R 1983 4.28 31.19 —21.38 5.01 0.029
Inferior longitudinal fasciculus, L 2,120 3.87 —40.86 —20.67 —12.87 0.029
Inferior longitudinal fasciculus, R 2,106 423 41.1 —23.87 —11.64 0.029
Superior longitudinal fasciculus, L 4,727 4.41 —40.23 —21.48 21.56 0.029
Superior longitudinal fasciculus, R 4,327 5.12 39.03 —20.91 27.66 0.029
Uncinate fasciculus, L 619 3.7 —-31.15 12.25 —12.64 0.029
Uncinate fasciculus, R 513 3.5 27.75 13.29 —16.32 0.029
Superior longitudinal fasciculus, L 73 3.19 —44.44 —28.79 2.06 0.029
Superior longitudinal fasciculus, R 389 3.13 49.01 —37.38 -1.65 0.029

FIGURE 1
Increased radial diffusivity (RD) (red-yellow) superimposed on the tract skeleton (green)

complaints and could interfere with cognitive performance, while others ~ negative correlation between memory domain performance and RD
(15) reported near-normal cognitive performance despite the presence  across multiple WM tracts. RD is a measure of how easily water
of depression, anxiety, and perceived stress. Our analysis showed a ~ molecules can move across the axons of nerve cells. We observed that
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FIGURE 2

Significant regression with a negative slope between the memory performance and the resting-state fMRI activity in the right fronto-parietal network
MTG, middle temporal gyrus; PCC, posterior cingulate cortex right and left. The color bar shows the T-scores.

TABLE 2 Anatomical regions with significant resting state activity.

Scus e e

Sup. Temporal Gyrus, posterior division, R 59.27 -27.9 0.001
Mid. Temporal Gyrus, posterior, division, R 137 5.43 64.32 —25.55 —5.05 0.001
Mid. Temporal Gyrus, temporooccipital, R 70 4.34 57.66 —47.37 7.59 0.001
Supra. Gyrus, posterior division, R 11 3.84 54.15 —38.9 7.1 0.001
Cing. Gyrus, posterior division, L 17 4.43 —4.7 —33.4 28.81 0.001
Cing. Gyrus, posterior division, R 15 4.67 6.25 —33.06 27.19 0.001
Sup, Superior; Mid, Middle; Supra, Supramarginal; Cing, Cingulate.
PCCR PCCL MTG R
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FIGURE 3
Negative regression between memory performance and resting-state activity in the fronto-parietal network. Abbreviations: act, resting-state fMRI activity;
MEM, memory domain; MTG_R, middle temporal gyrus, right; PCC_R, posterior cingulate cortex, right; PCC_L, posterior cingulate cortex, left

lower scores in memory were associated with RD values in our cohort  reported that although there was a recovery over time, there were still

(i.e., negative correlation), suggesting reduced myelination of the axons  signs of inflammation and a disrupted RD in the participants with LC
compared to a group of healthy controls (21). In this direction, multiple
sclerosis (MS) has been proposed as a model to study the effects of
SARS-CoV-2 on brain atrophy (53). In patients with MS, RD is often

increased, indicating damage to the nerve cells. This damage can affect

and that memory impairment was linked to lower integrity of the white
matter network. This effect was distributed symmetrically in both
hemispheres. Those results are in agreement with a two-year
longitudinal study conducted by Huang et al. (21) in which the authors
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L.
2.1 2.6

FIGURE 4

Resting-state functional connectivity (rs-FC) between the left and
the right hippocampus, the right hippocampus and the left
amygdala, and the left middle temporal gyrus. The color bar shows
the T-values. The p values did not survive FDR.

TABLE 3 Resting-state functional connectivity (rs-FC) correlations.

Left

Right hip hip Leftamyg Left MTG
Left hip p=-0.13;
t==2.1;
punc=0.04
Right hip f=-0.15; f=—-0.11;
t=-2.6; t==2.1;
punc=0.01 punc=0.04

cognitive functions, such as memory, attention, and reasoning. Previous
studies have shown that increased RD is strongly related to cognitive
impairment in MS (54, 55). In this line, RD was negatively correlated
with a decline in memory in our LC cohort. Recent studies (15) have
highlighted the impact of COVID-19 on brain structure, revealing that
LC patients exhibit abnormal brain diffusivity, including changes in
white matter integrity, such as patients including differences in fractional
anisotropy (FA) and mean diffusivities in various white matter tracts,
suggesting possible neuroinflammation or changes in myelination (15).

Regarding rs-fMRI, we found a significant independent component,
the fronto-parietal network (FPN), which was negatively correlated with
the cognitive memory domain. That is, greater impairment in the
memory domain was related to greater activation in these regions. The
regions that showed more activation were the right middle temporal
gyrus and right and left posterior cingulate cortices. The right middle
temporal gyrus (rMTG) is a brain region implicated in various cognitive
functions, such as language processing, semantic memory, and social
cognition. Recent studies have suggested that the rMTG is involved in the
integration of multimodal information, such as visual, auditory, and
linguistic cues, to form coherent representations of concepts and events.
The rMTG may also play a role in the modulation of attention and
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salience, as well as in the detection of incongruence and conflict between
different sources of information (56). The posterior cingulate cortex
(PCC) is also a core component of the default mode network (DMN), a
large-scale brain system that supports self-referential, social, and memory-
related functions. The PCC has been implicated in various aspects of
DMN processing, such as switching between internal and external
attention, monitoring the relevance of stimuli, and integrating information
across modalities and domains (26, 57). Resting-state increases in the
middle temporal gyrus (right and left) and the posterior cingulate cortex
have been related to subcortical vascular mild cognitive impairment
(MCI) (58). According to recent studies, COVID-19 is significantly
associated with different types of vascular impairment. The virus can
affect blood vessels and cause inflammation, clotting, or bleeding (59-63).
Although FPN hypometabolism has been proposed as a biological
fingerprint of LC neurocognitive impairment (64), we propose that the
unusually elevated neural activity observed in patients with LC at rest may
indicate a compensatory mechanism that partially mitigates the memory
impairment associated with their condition. This hypothesis is based on
the assumption that increased activity may reflect enhanced encoding or
retrieval processes that facilitate memory performance in the absence of
external stimuli. Interestingly, in the study conducted by Chang et al. (13)
the authors suggest an alternative compensatory mechanism when LC
patients with neuropsychiatric symptoms heavily use alternative brain
regions and networks to maintain normal performance during working
memory tasks (13).

Finally, regarding the results from the rs-FC, we observed that,
although no p<0.05 value supported FDR correction for multiple
testing, we observed higher functional connectivity between the left and
right hippocampus, the right hippocampus and the left amygdala, and
between the right hippocampus and the right middle temporal gyrus in
those with lower memory performance. That is, the worse the memory;,
the higher the connectivity. The results reported in the literature
regarding functional connectivity in LC patients are controversial. Some
authors have found hypoconnectivity between different anatomical
regions (8, 25, 27), whereas others have found hyperconnectivity (28,
29). In particular, Cattarinussi et al. (54) found hyperconnectivity in the
hippocampus, a region in which we also observed hyperconnectivity
(29). Our results, although meaningful in the context of memory,
should be interpreted with caution and validated with more samples, as
they did not support the FDR correction.

One of the strengths of our study compared to previous research is
that we evaluated LC and cognitive complaints in participants who had
mild to moderate SARS-CoV-2 infection 1.8years after symptom
initiation and in a relatively middle-aged population. In addition,
we identified brain structural and functional abnormalities related to
cognitive performance. These abnormalities would not have been visible
with conventional MRI within the healthcare system as we applied a
comprehensive research-oriented MRI protocol. Our results present a
robust and systematic methodological approach to investigate the neural
and cognitive effects of LC. We used multiple neuroimaging methods and
a comprehensive cognitive battery to assess LC patients, most of whom
were outpatients, reflecting the typical COVID-19 population.

However, it also has some limitations that merit comment. First,
our sample size may not be sufficient to generalize these results to
this population type. Second, the lack of control groups prevents
establishing the specificity of our findings. Therefore, future
research should follow three directions: first, MRI assessment
should be done for a wider population of LC individuals with
cognitive complaints and compare them to control groups. Third,
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Negative regression between memory performance and the right and left hippocampal functional connectivity with the aforementioned
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these studies should be repeated over time to see if these structural
changes are stable, progressive, or reversible. Fourth, cognitive
interventions should be evaluated in LC to see if they affect
cognition and its neural correlates.

The present study used a comprehensive neuropsychological
battery and a highly specialized MRI protocol to investigate brain white
matter integrity and resting state functional activity and their
associations with cognitive function in middle-aged participants. Our
results showed that the cognitive deficits in memory were associated
with a disruption in radial diffusivity, an increase in resting state activity,
and functional connectivity in different anatomical regions, which may
explain the cognitive complaints described by these participants.
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