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Abstract  6 

Brain changes have been reported in the first weeks after SARS-CoV-2 infection. However, 7 

limited literature exists about brain alterations in post-COVID syndrome, a condition 8 

increasingly associated with cognitive impairment. The present study aimed to evaluate brain 9 

functional and structural alterations in patients with post-COVID syndrome, and assess whether 10 

these brain alterations were related to cognitive dysfunction. 11 

Eighty-six patients with post-COVID syndrome and 36 healthy controls were recruited and 12 

underwent neuroimaging acquisition and a comprehensive neuropsychological assessment. 13 

Cognitive and neuroimaging examinations were performed 11 months after the first symptoms of 14 

SARS-CoV-2. Whole-brain functional connectivity analysis was performed. Voxel-based 15 

morphometry was performed to evaluate grey matter volume, and diffusion tensor imaging was 16 

carried out to analyse white matter alterations. Correlations between cognition and brain changes 17 

were conducted and Bonferroni corrected.  18 

Post-COVID syndrome patients presented with functional connectivity changes, characterized by 19 

hypoconnectivity between left and right parahippocampal areas, and between bilateral 20 

orbitofrontal and cerebellar areas compared to controls. These alterations were accompanied by 21 

reduced grey matter volume in cortical, limbic and cerebellar areas, and alterations in white 22 

matter axial and mean diffusivity. Grey matter volume loss showed significant associations with 23 

cognitive dysfunction. These cognitive and brain alterations were more pronounced in 24 

hospitalized patients compared to non-hospitalized patients. No associations with vaccination 25 

status were found.  26 
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The present study shows persistent structural and functional brain abnormalities 11 months after 1 

the acute infection. These changes are associated with cognitive dysfunction and contribute to a 2 

better understanding of the pathophysiology of the post-COVID syndrome. 3 
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Introduction  1 

Post-COVID syndrome (PCS) has been described in patients with history of SARS-CoV-2 2 

infection, with symptoms developed during or after the infection that persist over 12 weeks.
1
 3 

Symptomatology related with PCS is diverse, ranging from chronic fatigue, anosmia, dyspnea, 4 

pain, and cognitive symptoms also called “brain fog”.
2
 The pathophysiology of these symptoms 5 

is still under evaluation. Studies have suggested that COVID-19 may damage neurological, 6 

vascular, respiratory, and renal structures.
3
  7 

Cognitive dysfunction has been highlighted as one of the most frequent symptoms in PCS.
4
 8 

Restricted evidence suggests that SARS-CoV-2 virus may enter the central nervous system 9 

through the olfactory fibers or the nasal passages, or by hematogenous spread, causing among 10 

others, cerebrovascular disease,
5
 but COVID-19 sequelae have also been related to the presence 11 

of hypoxia, and inflammatory dysfunction.
6
  12 

Few studies have performed a comprehensive neuropsychological assessment in COVID-19 13 

patients, and showed cognitive dysfunction in a wide range of cognitive domains, including 14 

attention, processing speed, memory, executive functions, language and visuospatial ability, 15 

being attention, memory and executive functions the most affected capacities in these patients.
7–9

 16 

Longitudinal studies revealed that cognitive deficits persist after 1-year follow-up ranging from 17 

12%,
10

 18-19%
11

 to 34% of patients.
12

  18 

Limited literature exists about brain alterations in PCS patients. Studies in the post-acute phase 19 

found alterations in grey matter (GM) volume, including the hippocampus,
13–16

 white matter 20 

(WM) changes
13,15

 and presence of WM hyperintensities.
17

 However, absence of significant 21 

changes were also found in other studies regarding GM volume.
18,19

 One study evaluated 22 

functional connectivity (FC) after three weeks of infection, and revealed alterations in the 23 

anterior piriform cortex related to olfactory impairment.
20

 One longitudinal study that followed 24 

up 401 COVID-19 patients before infection and after four months from the acute phase, 25 

evidenced reduced brain volume in orbitofrontal, and parahippocampal gyrus related to the 26 

primary olfactory and gustatory systems.
21

 However, very few studies have evaluated the brain 27 

alterations after longer periods of time following SARS-CoV-2 infection. One study assessed 28 

patients 1-year after SARS-CoV-2 infection, and revealed structural WM abnormalities, 29 
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specifically, reduced fractional anisotropy and volume fraction of intracellular water compared to 1 

controls.
22

 In this regard, the role of brain changes in the pathophysiology of cognitive symptoms 2 

in the PCS is unknown.  3 

Although some of these studies reported cognitive decline parallel to brain damage, few studies 4 

have performed associations between brain alterations and cognitive deficits. Significant 5 

associations have been reported between GM reductions and cognitive deficits,
21

 while another 6 

study showed absence of relationship between WM alterations and cognition.
22

 7 

Multimodal magnetic resonance imaging (MRI) may be useful to disentangle pathophysiological 8 

mechanisms of brain disorders. However, there is a lack of multimodal imaging studies in PCS 9 

patients, and scarce studies have evaluated associations between brain alterations and cognitive 10 

impairment with a comprehensive neuropsychological battery. Therefore, we aimed to 11 

investigate patients with PCS and cognitive complaints using a multimodal brain imaging 12 

protocol that included T1-weighted, diffusion-weighted and functional MRI sequences, as well 13 

as a neuropsychological assessment. We aimed to detect structural and functional brain changes 14 

in comparison with a control group, and evaluate whether these brain alterations were related to 15 

cognitive dysfunction in PCS.  16 

The first objective of the present study was to evaluate the brain FC alterations in PCS patients. 17 

The second objective was to evaluate whether FC alterations were accompanied with GM and 18 

WM structural alterations. Finally, we aimed to investigate whether functional or structural 19 

alterations were related to clinical or cognitive symptoms in PCS patients 1-year after SARS-20 

CoV-2 Infection. 21 

Materials and methods  22 

Participants  23 

We performed a cross-sectional evaluation of 86 participants with subjective cognitive 24 

complaints after SARS-CoV-2 infection (with mean evolution since first symptoms of 11.08 ± 25 

4.47 months). Patients were consecutively recruited through the department of Neurology at 26 

Hospital Clínico San Carlos between November 2020 and December 2021. Thirty-six healthy 27 
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controls were also recruited. Serological analysis was conducted in controls to ensure they were 1 

not exposed to the SARS-CoV-2. 2 

Inclusion criteria for the PCS group were: 1) Diagnosis of COVID-19 confirmed by RT-PCR at 3 

least three months before the inclusion in the study; 2) Cognitive complaints temporally related 4 

to the SARS-CoV-2 infection. Patients were excluded if they presented with other neurological, 5 

or psychiatric disorders that could affect the study outcomes. Specifically, exclusion criteria 6 

included: 1) Any cognitive complaint before COVID-19; 2) History of stroke, traumatic brain 7 

injury, or any neurological disorder potentially associated with cognitive impairment; 3) Active 8 

psychiatric disorder or previous psychiatric disease with a potential cognitive effect (e.g. 9 

schizophrenia); 4) History of abuse of alcohol or other toxics; 5) Drugs or uncontrolled medical 10 

conditions associated with cognitive impairment at the moment of the assessment 6) Sensory 11 

disorder potentially biasing cognitive assessments; 7) Deep WM cerebral small vessel disease 12 

(Fazekas grade 2 or higher). Inclusion and exclusion criteria for controls are detailed in 13 

Supplementary Materials. The main clinical and demographic characteristics of COVID-19 14 

patients are shown in Table 1. Vaccination status from patients was also retrieved. PCS patients 15 

underwent a clinical and neuropsychological assessment. All neuroimaging analyses were 16 

performed on 86 patients with PCS and 36 controls, except for WM analyses in which two 17 

controls were excluded due to differences in DWI parameter acquisition. 18 

Clinical and Neuropsychological assessment 19 

Clinical evaluation included the Modified Fatigue Impact Scale (MFIS) for fatigue assessment.
23

 20 

In addition, State-Trait Anxiety Inventory (STAI),
24

 Beck Depression Inventory-II,
25

 Brief Smell 21 

Identification Test (BSIT)
26

 and the Pittsburgh Sleep Quality Index (PSQI)
27

 were also 22 

administered to PCS patients. The following cut-offs were used according to the previous 23 

literature: BSIT ≤ 8 was categorized as having abnormal olfaction; STAI-S ≥ 40 was considered 24 

clinically significant anxiety; BDI-II ≥ 19 was regarded as moderate or severe depression;
28

 25 

PSQI >5 defined poor sleep quality and MFIS ≥ 38 was considered as having fatigue.
29

 26 

PCS patients underwent a comprehensive neuropsychological evaluation. A trained 27 

neuropsychologist administered the cognitive protocol including attention, working memory, 28 

processing speed, executive functions, memory, language, and visuoperceptive and visuospatial 29 

abilities. Specifically, the tests included were: Forward and Backward Digit Span, Corsi Block-30 
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Tapping Test (forward and backward), Symbol Digit Modalities Test (SDMT), Free and Cued 1 

Selective Reminding Test (FCSRT), Rey-Osterrieth Complex Figure (ROCF) (copy and recall at 2 

3, 30 min, and recognition), verbal fluency (animals and words beginning with “P”, “R”, and 3 

“M” in one minute each one), Stroop Color-Word Interference Test, Boston Naming Test (BNT), 4 

Judgment Line Orientation (JLO), and the Visual Object and Space Perception Battery (VOSP). 5 

These tests were validated and normative data are available in our country, adjusted by age and 6 

education level.
30,31

 Impairment was set at two cut-off scores, first, at the scaled-score of five or 7 

less, which is equivalent to a percentile of ≤ 5 or z-score ≤ 1.65, and at the scaled-score of seven 8 

or less, which is equivalent to a percentile of ≤ 16 or z-score ≤ 1.  9 

Neuroimaging acquisition and analysis  10 

Patients and controls were scanned using a 3.0T Magnet (GE Signa Architect) and a 48-channel 11 

head coil. Resting-state fMRI, T1-weighted images, T2 FLAIR, and diffusion-weighted images 12 

were acquired in a single session. Acquisition parameters are shown in Supplementary Materials. 13 

Resting-state fMRI 14 

Functional connectivity analysis was performed using Conn Functional Connectivity Toolbox 15 

18.b.
32

 After removing the first 5 scans, each subject’ 200 functional images were realigned and 16 

unwraped, non-linear coregistered with structural data, slice timing corrected (interleaved 17 

bottom-up), spatially normalized into the standard MNI space (Montreal Neurological Institute), 18 

then, outliers were detected (ART-based scrubbing) and finally, images were smoothed using a 19 

Gaussian kernel of 8 mm FWMH. As recommended, band-pass filtering was performed with a 20 

frequency window of 0.008 to 0.09 Hz.
33

  21 

Because SARS-CoV-2 infection is a novel disease, we have no prior hypothesis on brain 22 

functional alterations. Therefore, we performed a whole-brain Region of interest (ROI) ROI-to-23 

ROI approach analysis according to Conn toolbox options to test differences between PCS 24 

patients and controls. Atlases used were the Automated Anatomical Labeling atlas (AAL) atlas 25 

parcellation included in CONN toolbox, and supplementary materials show results with the 26 

Brodmann’s area atlas.
34

 BrainNet Viewer software was used for FC visualization purposes.
35

 27 

T1-weighted images 28 
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T1-weighted images were preprocessed and analysed with the DARTEL tool (Diffeomorphic 1 

Anatomical Registration Through Exponentiated Lie Algebra) in SPM12.
36

 After orientation and 2 

segmentation, the mean template was created, then performed spatial normalization into the 3 

Montreal Neurological Institute (MNI) template space. Then, images were modulated, and 4 

smoothing with isotropic Gaussian kernel of 8 mm full-width at half maximum (FWHM) was 5 

applied. Two sample t-test were performed with age as nuisance covariate and Total Intracranial 6 

Volume introduced for proportional scaling in analysis. The AAL atlas parcellation was used for 7 

GM results localization. 8 

White Matter Lesion Segmentation 9 

3D FLAIR images were used for WM lesion segmentation using SPM12. WM hyperintensities 10 

(WMH) were automatically extracted using the Lesion Prediction Algorithm from the LST 11 

toolbox.
37,38

 Initial threshold mask was set at 0.3, and the number of iterations was set at 50. 12 

WMH volume and the number of lesions were calculated from lesion maps using a threshold of 13 

0.5.
37,38

 WM lesion maps were calculated in MRIcron, creating overlap image for PCS and 14 

control group.  15 

DWI images 16 

Diffusion data were preprocessed and analyzed in FMRIB Software Library (FSL) (v.6.0.5). 17 

First, each subject’s images were concatenated and radiologically oriented. Then, topup was 18 

applied to estimate and correct susceptibility-induced distortions (fieldmap estimation).
39

 Then, 19 

BET brain extraction was applied.
40

 Eddy command was used to correct for distortion (eddy 20 

currents, susceptibility-induced distortions, and subject’s motion)
41

 with a fieldmap estimated by 21 

topup. After, dtifit command was applied to fit diffusion tensors into the eddy-corrected data. For 22 

voxelwise statistical analyses, data were processed applying the standard FSL pipeline for Tract-23 

Based Spatial Statistics (TBSS).
42

 Finally, fractional anisotropy, mean diffusivity, radial 24 

diffusivity and axial diffusivity whole-brain maps were calculated. Randomise was performed 25 

with 5000 permutations. Mean values of whole-brain fractional anisotropy, mean diffusivity, 26 

radial diffusivity and axial diffusivity were calculated and extracted for analyses in SPSS. 27 

Additionally, WM indexes were also calculated for the main WM tracts that showed significant 28 

differences among groups. WM tract masks were extracted from the JHU White-Matter 29 

Tractography Atlas from FSL.  30 
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 1 

Statistical analyses 2 

Statistical analyses were performed in SPSS v26 program. Normality of data was tested with 3 

Kolmogorov-Smirnov. Sociodemographic, clinical and cognitive characteristics of the sample 4 

were calculated using U-Mann Whitney or Chi-squared tests for quantitative or categorical data, 5 

respectively. For FC analyses, two-sided T-test of CONN toolbox was used with FDR-corrected 6 

p < 0.05 threshold. Regarding GM volume differences, results are reported at p < 0.05 FWE-7 

corrected and p < 0.001-uncorrected (k ≥ 200) for exploratory purposes. WM alterations cluster 8 

significance was set at p < 0.05 FWE-corrected, Threshold (T value) > 2 and k >200 voxels. 9 

Covariates were demeaned before including in neuroimaging analyses. All neuroimaging 10 

analyses included age as nuisance covariate. Moreover, GM volume analyses were also 11 

controlled for Total Intracranial Volume. Finally, we aimed to investigate whether brain 12 

alterations were related with cognitive dysfunction. Therefore, variables were extracted and 13 

introduced in SPSS for correlation analysis. Correlation analyses were performed with Pearson’s 14 

correlation coefficient, and set at p < .01. Additionally, Bonferroni correction was also indicated, 15 

corrected by the number of cognitive tests, at p < 0.0017. Post-hoc analyses were performed to 16 

test differences between hospitalized patients and non-hospitalized patients. Moreover, the 17 

influence of vaccination status in cognitive and neuroimaging results was also evaluated. Finally, 18 

supplementary analysis was performed to explore the effect of arterial hypertension in 19 

neuroimaging results; it was introduced as covariate in neuroimaging analyses, but results 20 

remained significant (Supplementary Materials).  21 

 22 

Ethics Committee 23 

The present study was approved by the ethics committee from Hospital Clínico San Carlos 24 

(reference: 21/062-E) and participants provided written informed consent prior to research 25 

participation. 26 
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Data availability  1 

The data that support the findings of this study are available from the corresponding author upon 2 

reasonable request and once the project is finalized. 3 

Results  4 

Clinical and neuropsychological characteristics 5 

The mean age of PCS patients was 50.71 ± 11.20 years old, and 67.44% were women. During 6 

the acute phase of COVID-19, 29 (33.72%) were hospitalized. Main clinical and demographic 7 

characteristics are depicted in Table 1. Patients showed no significant differences in age, sex or 8 

education with controls. 9 

Regarding clinical profile, PCS patients reported fatigue in 82.4% (mean (m) = 53.76 ± 15.19), 10 

depression in 27.1% (m =14.42 ± 8.94), sleep quality dysfunction in 82.1% (m = 9.71 ± 4.73), 11 

32.9% presented with olfaction problems (m = 9.12 ± 2.36) and 9.3% showed anxiety symptoms 12 

(m = 21.36 ± 11.90).  13 

Cognitive impairment was present in PCS patients. Most cognitive alterations were detected in 14 

attention and working memory (up to 44.2%), but deficits were also found in memory (up to 15 

40.7%) and executive functions (up to 39.5%), followed by visuospatial ability (up to 36%), and 16 

language (up to 18.6%) (Figure 1, Supplementary Table 1).  17 

Brain alterations 18 

Functional connectivity 19 

PCS patients showed FC alterations compared to controls (Figure 2). Specifically, PCS patients 20 

presented with reduced FC between left and right parahippocampal gyrus (t = 3.63; p = 0.048-21 

FDR) compared to controls. In addition, PCS patients showed reduced connectivity from the left 22 

cerebellar III (vermis) to the left frontal superior orbital cortex and (t = 3.54; p = 0.047-FDR) and 23 

right frontal superior orbital cortex (t = 3.43; p = 0.047-FDR).  24 

Grey matter volume 25 
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We found no statistically significant differences in GM volume between PCS patients and 1 

controls at p < .05 FWE corrected. Exploratory analyses showed lower GM volumes in PCS 2 

patients compared to controls (p < .001-uncorr; k > 200). GM volume reductions were found in 3 

the parahippocampal gyrus, frontal gyrus, anterior cerebellar, occipital lobe, and bilateral 4 

superior temporal lobe (Figure 3.A, Table 2). 5 

White matter hyperintensities 6 

Results showed no significant differences in WMH total lesion volume between PCS patients (m 7 

= 1.60 ± 2.92 ml) and controls (m = 1.66 ± 2.68 ml) (F = 0.010; p = .922). Similarly, the number 8 

of lesions did not show significant differences in PCS patients (m = 9.18 ± 8.86); compared to 9 

controls (m = 9.75 ± 7.91) (F = 0.109; p = .742). However, after controlling for age, statistically 10 

significant differences emerged, showing the control group increased WMH total lesion volume 11 

and increased number of lesions compared to PCS patients (p < .001). Supplementary Figure S1 12 

shows WM lesion maps, revealing very low percentage of overlap of WM lesions within each 13 

group, and similar WM lesion location and distribution in PCS and control groups.  14 

 15 

White matter alterations 16 

WM alterations were present in PCS compared to controls. PCS patients revealed reduced mean 17 

diffusivity and axial diffusivity in Corpus Callosum, Forceps Minor, Middle Longitudinal 18 

Fasciculus, Uncinate tract, and Fronto-Occipital fasciculus compared to controls (p < .05-FWE 19 

corrected). Mean diffusivity alterations were found mostly in the right hemisphere, while axial 20 

diffusivity alterations were found bilaterally in frontal (near the orbital area), temporal (next to 21 

the angular gyrus and parahippocampal area), parietal (next to the precuneus), occipital, and 22 

subcortical areas (proximal to the lentiform nucleus). Fractional anisotropy and radial diffusivity 23 

showed no significant differences between groups in specific tracts. WM alterations are depicted 24 

in Figure 3.B and peak coordinates are described in Supplementary Table 2.  25 

Moreover, PCS patients compared to controls showed reduced whole-brain mean values in 26 

fractional anisotropy, mean diffusivity, radial diffusivity and axial diffusivity (Supplementary 27 

Table 3).  28 

 29 
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Cognitive and Brain Correlations in PCS patients 1 

We aimed to investigate whether brain alterations in PCS patients were related to cognitive 2 

dysfunction.  3 

GM atrophy showed significant relationships with cognitive dysfunction, mostly with attention, 4 

working memory and processing speed, showing greater GM volume loss associations with 5 

poorer cognitive performance (Figure 4). Stronger correlations were found between the attention 6 

and processing speed and the left parahippocampal area, the left superior temporal gyrus, and the 7 

anterior cerebellar area. Additionally, GM volume also showed positive correlations with 8 

memory and visuospatial test performance (Figure 4). 9 

Moreover, FC alterations between the bilateral frontal superior orbital cortex and cerebellar area 10 

III (vermis) correlated with memory (learning and recall), showing that reduced FC was 11 

associated with poorer learning and recall performance (Figure 4).  12 

On the contrary, reduced WM alterations showed scarce associations and barely significant with 13 

cognitive dysfunction (Supplementary Figure S2).  14 

Additionally, relationships between brain alterations and the days of evolution of PCS was 15 

explored (interval from first symptoms of SARS-CoV-2 to the enrollment). Results showed no 16 

significant associations between GM, WM or FC alterations and the days of evolution.   17 

 18 

Hospitalized versus non-hospitalized patients 19 

Post-hoc analyses were performed to test whether these cognitive and brain alterations differed 20 

between hospitalized and non-hospitalized patients. Sociodemographic and clinical differences 21 

between groups are shown in Supplementary Table 4. Age was included as covariate. Among the 22 

29 hospitalized patients (days of hospitalization: 22.00 ± 19.10), eight were admitted in the 23 

intensive care unit.  24 

Hospitalized patients revealed greater cognitive deterioration compared to non-hospitalized 25 

patients, in attention and working memory, processing speed, memory and visuospatial ability 26 

and language (Supplementary Figure S3).  27 
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Hospitalized patients showed brain differences compared to non-hospitalized patients 1 

(Supplementary Figure S4). Specially, hospitalized patients showed reduced FC between the left 2 

and right parahippocampal areas compared to non-hospitalized patients. In addition, reduced GM 3 

volume was also found in hospitalized patients in most of the brain areas showing alterations in 4 

PCS patients compared to controls, including the superior temporal gyrus, frontal and cerebellar 5 

areas. In addition, hospitalized patients showed increased WM mean diffusivity compared to 6 

non-hospitalized patients (Supplementary Figure S4). 7 

 8 

Association with vaccination status  9 

None of the patients was vaccinated before COVID-19 infection. We performed statistical 10 

analyses to test differences between vaccinated and non-vaccinated patients at time of 11 

enrollment. Fifty (58.13%) patients were not vaccinated before enrollment on the study and 36 12 

(41.86%) had vaccination before enrollment (17 patients received 1 dose before enrollment, and 13 

19 patients received 2 doses before enrollment). Results showed no statistically significant 14 

differences in cognition, GM, WM, WMH, or FC among groups, except for one cognitive 15 

subtest, VOSP discrimination (p = .003), showing vaccinated patients better performance 16 

compared to non-vaccinated patients. 17 

Discussion  18 

The present study evaluated patients with post-COVID syndrome after 11.08 ± 4.47 months 19 

since first symptoms of SARS-CoV-2, with multimodal functional and structural neuroimaging 20 

analyses and a comprehensive neuropsychological battery. Findings showed presence of 21 

hypoconnectivity changes that were accompanied by WM alterations and slight GM volume 22 

reduction. These alterations were related to cognitive performance, mostly attention and working 23 

memory deficits, which are the most common cognitive deficits involved in these patients. We 24 

found cognitive dysfunction mainly in attention and working memory (up to 44.2%) followed by 25 

memory (up to 40.7%), executive functions (up to 39.5%), visuospatial abilities (up to 36%) and 26 

language (up to 18.6%). These results are in line with previous cognitive studies in post-COVID 27 

patients, showing cognitive dysfunction after several months from the acute infection.
8,12,43

 28 
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These confirmed cognitive symptoms in PCS patients were accompanied by brain functional and 1 

structural GM and WM alterations.  2 

First, PCS patients presented hypoconnectivity between bilateral orbitofrontal areas and 3 

cerebellar area III (vermis) and between left and right parahippocampal areas compared to 4 

controls. These FC alterations were related with learning memory and recall deficits in PCS. 5 

Extensive literature has related learning and memory deficits with alterations in parahippocampal 6 

and orbitofrontal areas,
44–46

 but also with the cerebellum.
47

 Previous COVID-19 studies also 7 

showed reduced FC in COVID patients compared to controls, including the hippocampal and 8 

cerebellar areas.
48

 Supplementary FC analyses with Brodmann’s area atlas were also performed 9 

to test the consistency across brain atlas parcellations.
34

 Results showed some consistency, 10 

reporting both atlases FC alterations in frontal and parahippocampal regions in PCS patients 11 

compared to controls. These results go in line with a recent longitudinal study in post-COVID 12 

patients that reported brain alterations in orbitofrontal and parahippocampal areas.
21

 The reduced 13 

FC in these areas is also consistent with previous studies that have found reduced perfusion in 14 

orbitofrontal and temporal areas in COVID-19 patients.
49,50

 In fact, these regions are located in 15 

areas adjacent to the olfactory regions, and previous studies proposed the olfactory system as the 16 

entry route of SARS-CoV-2 infection to the central nervous system.
51

  17 

These FC alterations were accompanied by structural WM diffusivity abnormalities. PCS 18 

patients presented mainly widespread reduced axial diffusivity and reduced mean diffusivity 19 

mostly lateralized in the right hemisphere. Following previous literature in neurodegenerative 20 

diseases, these results are unexpected. Patients with neurodegenerative disorders usually show 21 

increased diffusivity and reduced anisotropy values compared to controls.
52–54

 However, in the 22 

case of PCS patients from this study, reduced axial and mean diffusivity was found, and mostly 23 

located in the following WM tracts: the callosal body, forceps minor, superior longitudinal 24 

fasciculus, inferior fronto-occipital fasciculus and the uncinate tract. Peak values were located in 25 

WM areas adjacent to the hippocampal area, frontal orbital lobe, basal ganglia, cuneus, 26 

precuneus and supramarginal gyrus, among others. WM alterations from the present study 27 

showed no relevant association with cognitive dysfunctions, similar to a previous study in PCS.
22

 28 

Interestingly, similar results were found in previous studies in COVID-19 patients, which 29 

reported reduced mean and axial diffusivity, showing significant differences compared to 30 

controls
13

 or slight differences but not statistically significant.
43

  31 
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The interpretation of WM integrity and diffusivity measures is complex and should always be 1 

taken with caution.
55

 Mean diffusivity represents the average mobility of water molecules, and 2 

has been described in some cases as an inverse measure of membrane density, sensitive to 3 

edema, and necrosis.
56

 The interpretation of axial diffusivity has been more variable. Axial 4 

diffusivity reflects diffusivity parallel to axonal fibers, and it has been interpreted as a marker of 5 

axonal damage but also has been related with brain maturation.
55,56

 The combination of reduced 6 

axial and mean diffusivity may reflect axonal injury.
57

 Therefore, following previous literature, 7 

we hypothesized that WM alterations in PCS patients seem not to resemble a neurodegenerative 8 

process, but seem more likely to be a consequence of axonal damage or reduced perfusion, or a 9 

consequence of neuroinflammation. Studies combining MRI and histopathological analysis 10 

and/or other biomarkers (CSF, specific PET tracers) could be useful to disentangle the 11 

pathophysiology of MRI alterations. In one hand, patients from this study suffered from COVID-12 

19 symptoms, including respiratory problems, and 80% of them presented headache. 13 

Remarkably, a previous study showed widespread reduced WM mean diffusivity without 14 

changes in fractional anisotropy in patients with hypoxia state with subsequent headache, and 15 

hypothesized that it might be indicative of intracellular swelling added to extracellular edema.
58

 16 

Another study also found reduced mean diffusivity in hypoxia exposure.
59

 Additionally, 17 

decreased mean diffusivity has been associated with reduced perfusion, suggesting primary 18 

ischemia.
60

 Moreover, one of the main symptoms of COVID-19 patients is the presence of 19 

hyposmia, and a previous study in Parkinson’s disease patients with olfactory impairment 20 

showed reduced axial diffusivity and mean diffusivity in the left uncinate tract, in WM areas 21 

adjacent to olfactory sulcus, in the orbitofrontal cortex and the entorhinal cortex.
61

  22 

Patients from the present study (1-year follow-up from diagnosis) presented with WM alterations 23 

similar to patients at the post-acute phase.
13,43

 However, another study that also evaluated 24 

patients after 1-year follow up did not find similar results, but found reduced intracellular water 25 

volume fraction in the corpus callosum and superior longitudinal fasciculus tracts.
22

 One possible 26 

explanation could be the degree of symptomatology presented by the patients. In the study of 27 

Huang et al.,
22

 22.73% of the patients presented with fatigue, and during the acute phase 4.55% 28 

of the patients presented headache, and 40.91% hyposmia, while patients from the present study 29 

presented with more severe symptoms, showing fatigue in 82.4% of the patients, and during the 30 

acute phase presented headache in 80.23% and hyposmia in 53.48%. Therefore, severity of 31 
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symptoms at infection may influence WM alterations at 1 year follow-up. Overall, WM results 1 

from the present study added to previous findings suggest variability in WM alterations among 2 

COVID-19 patients, which may indicate a dynamic process and not a permanent alteration, 3 

which could be mediated by the severity of the symptoms. 4 

The present study also found slight GM volume reductions in PCS patients, in the anterior part of 5 

the cerebellum, parahippocampal gyrus, frontal, temporal, parietal and occipital areas. A recent 6 

longitudinal study in post-COVID patients revealed GM atrophy in specific regions, including 7 

parahippocampal and orbitofrontal gyrus, and tissue damage in brain areas that are functionally 8 

connected to the olfactory cortex.
21

 GM alterations in the present study were related to presence 9 

of cognitive deficits, mainly, the reduced volume in the parahippocampal, superior temporal 10 

gyrus and anterior cerebellar area showed relationships with attention and working memory and 11 

processing speed deficits. Interestingly, Douaud et al. 
21

 also found associations between 12 

cognitive deficits and the cerebellum in PCS. The many regions involved and the correlation 13 

between these regions and cognitive function suggest the existence of multiple networks and 14 

systems implicated in the generation of cognitive deficits in patients with PCS. On the one hand, 15 

this could explain the heterogeneous cognitive deficits found in recent studies in PCS 16 

population.
8,9,22

 On the other hand, our findings confirm that although the prefrontal cortex is still 17 

considered the main region associated with attention and executive function, many other cortical 18 

and subcortical regions are participating in this function. Specifically, attention tests were 19 

correlated with superior medial frontal and precentral gyri, but also with the superior temporal 20 

gyrus, lingual gyrus and cuneus, paracentral lobe, parahippocampal gyrus and cerebellar vermis. 21 

Some of these regions have been associated with a network related to attention and processing 22 

speed in healthy volunteers
62

 and suggest the impairment in top-down and bottom-up attentional 23 

processes in the PCS.  24 

Worth to highlight, the parahippocampal region in PCS patients from this study showed FC 25 

alterations, accompanied by GM volume reduction and presented adjacent WM abnormalities. 26 

Atrophy in the parahippocampal region was also previously found in PCS patients, showing 27 

reduced volume compared to controls
21

 but also enlarged GM volume.
16

 GM volume alterations 28 

in the hippocampal area have been reported since the post-acute phase.
13,15

 These findings 29 

suggest that this region might be a target of COVID-19 infection.  30 
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WM lesions have been found to influence neuroimaging results, such as FC alterations.
63

 PCS 1 

patients from the present study presented reduced WM lesion volume and reduced number of 2 

lesions compared to the control group, however, these differences were minor (lesion volume: 3 

1.60 vs 1.66; number of lesions: 9.18 vs 9.75). Moreover, lesion maps showed an unspecific 4 

pattern of WM lesions in PCS patients and very reduced overlap within the group. Indeed, WM 5 

lesion map from the PCS group revealed similarities with the lesion map in the control group. 6 

Therefore, these results suggest that FC, GM, or WM results from the present study were not 7 

influenced by WM lesions. 8 

Overall, although the olfactory region was emphasized as a potential entry route of the virus in 9 

the central nervous system and subsequent damage of adjacent or connected brain regions,
51

 10 

findings from the present study seem to partially but not totally sustain this hypothesis. PCS 11 

patients from this study showed FC alterations in regions that have been found to be directly or 12 

indirectly functionally connected to the olfactory system, including orbitofrontal region and 13 

parahippocampal gyrus.
64

 Furthermore, no structural alterations in the olfactory bulb or piriform 14 

cortex were reported. Conversely, patients presented multifocal changes in both cortical and 15 

subcortical regions including GM and WM alterations. These could support the existence of 16 

neuroinflammatory mechanisms and/or endothelial damage, brain-blood disruption and passage 17 

of neurotoxins that could induce a generalized or multifocal brain damage.
65

 Thus, findings 18 

suggests the existence of several pathophysiological mechanisms in patients with persistent 19 

symptoms after COVID-19, which may be different according to each deficit. The clinical 20 

similarities of some manifestations of PCS with neuroinflammatory disorders, such as Multiple 21 

Sclerosis (e.g. fatigue, cognitive deficits with predominant attention deficits, mood disorders) 22 

could also suggest shared mechanisms with these diseases that should be specifically 23 

investigated. 
66

 24 

The cognitive and brain alterations found in PCS patients, were more severe in hospitalized 25 

patients compared to non-hospitalized patients. Cognitive deficits were more severe in 26 

hospitalized patients, mainly in attention and working memory, processing speed, memory and 27 

visuospatial ability. Moreover, brain GM volume reductions, WM and FC alterations in PCS 28 

patients were more accentuated in hospitalized patients compared to non-hospitalized patients. 29 

However, although hospitalized patients present with greater brain and cognitive changes, our 30 

findings suggest that these changes are not exclusive to the severe forms of the disease, because 31 
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most of our sample included patients that suffered relatively mild forms of COVID-19 during the 1 

acute stage. Moreover, brain alterations were not related with the days of evolution from 2 

infection to enrolment, as previously found in another study.
21

  3 

Furthermore, the influence of vaccination status at the time of enrollment was also inspected. 4 

Results suggested that vaccination status had no influence on cognitive deficits or neuroimaging 5 

alterations in PCS patients. A recent study also reported absence of differences in the evolution 6 

of clinical symptoms between vaccinated and non-vaccinated post-COVID patients.
67

 Despite 7 

these results, survey studies with long-COVID patients declared improvements in cognitive and 8 

clinical symptoms after receiving vaccination.
68

 Therefore, future studies should address this 9 

subject.  10 

Some limitations should be considered. First, the present study presents a cross-sectional design, 11 

without neuroimaging or cognitive data from these patients before the SARS-CoV-2 infection. 12 

Therefore, the present study can only identify brain alterations in post-COVID syndrome 13 

compared with a control group. In addition, cognitive or mood was not evaluated in the control 14 

group, a limitation also shared with the majority of post-COVID studies.
8,9,12,69

 Despite that 15 

previous studies already reported greater cognitive decline in post-COVID patients compared to 16 

controls,
10,70

 the evaluation of the control group would have been of interest. Moreover, 17 

longitudinal studies are needed to study whether these changes are permanent or dynamic and to 18 

identify if these brain changes are compensatory mechanisms or part of a recovery process. It 19 

would be interesting to identify whether these changes are a consequence of the SARS-CoV-2 20 

infection or if there is still an active pathological process.  21 

 In conclusion, our study shows persistent brain functional and structural abnormalities 1-year 22 

after the acute infection. These changes involved GM and WM, and are associated with FC 23 

disturbances including cortical and subcortical structures. These findings provide novel insights 24 

to the understanding of the neural underpinnings of cognitive dysfunction of post-COVID 25 

syndrome and the pathophysiology of this disorder. Future studies with longitudinal designs 26 

should evaluate the dynamics of brain and cognitive changes over time to further understand the 27 

pathophysiological events that occur during the post-acute stages of COVID-19 and their 28 

neurological consequences.  29 

ACCEPTED M
ANUSCRIP

T



18 

Acknowledgements  1 

We would like to thank all the participants involved in the study. The authors would like to thank 2 

Pablo García‐Polo, GE Healthcare, Spain, for his help developing the protocol of MR imaging 3 

used in the study. We acknowledge Dr Andrea Valcárcel, Dr Mariam Farid, and Dr Ernesto 4 

Botella, from the Department of Internal Medicine of our centre, and Dr Maria Jose Gil, Dr 5 

Maria Romeral, Dr José Luis González, Dr Patricia Simal, and Dr Jesús Porta-Etessam, from the 6 

Department of Neurology, for the help in the recruitment.  7 

Funding  8 

This research has received funding from the Nominative Grant FIBHCSC 2020 COVID-19 9 

(Department of Health, Community of Madrid). Jordi A Matias-Guiu is supported by Instituto de 10 

Salud Carlos III through the project INT20/00079 (co-funded by European Regional 11 

Development Fund “A way to make Europe”).  12 

Competing interests  13 

 The authors report no competing interests. 14 

Supplementary material  15 

Supplementary material is available at Brain online.  16 

References  17 

1.  UK National Institute for Health and Care Excellence. COVID-19 rapid guideline: 18 

managing the long-term effects of COVID-19. Published 2022. Accessed May 23, 2022. 19 

https://www.nice.org.uk/guidance/ng188/resources/covid19-rapidguideline-20 

%0Amanaging-the-longterm-effects-of-covid19-pdf-51035515742%0A 21 

ACCEPTED M
ANUSCRIP

T



19 

2.  Hewitt KC, Marra DE, Block C, et al. Central Nervous System Manifestations of COVID-1 

19: A Critical Review and Proposed Research Agenda. J Int Neuropsychol Soc. 2 

2022;28(3):311-325. doi:DOI: 10.1017/S1355617721000345 3 

3.  Mehandru S, Merad M. Pathological sequelae of long-haul COVID. Nat Immunol. 4 

2022;23(2):194-202. doi:10.1038/s41590-021-01104-y 5 

4.  Premraj L, Kannapadi N V, Briggs J, et al. Mid and long-term neurological and 6 

neuropsychiatric manifestations of post-COVID-19 syndrome: A meta-analysis. J Neurol 7 

Sci. 2022;434:120162. doi:10.1016/j.jns.2022.120162 8 

5.  Miners S, Kehoe PG, Love S. Cognitive impact of COVID-19: looking beyond the short 9 

term. Alzheimers Res Ther. 2020;12(1):170. doi:10.1186/s13195-020-00744-w 10 

6.  Vanderlind WM, Rabinovitz BB, Miao IY, et al. A systematic review of 11 

neuropsychological and psychiatric sequalae of COVID-19: implications for treatment. 12 

Curr Opin Psychiatry. 2021;34(4):420-433. doi:10.1097/YCO.0000000000000713 13 

7.  Delgado-Alonso C, Valles-Salgado M, Delgado-Álvarez A, et al. Cognitive dysfunction 14 

associated with COVID-19: A comprehensive neuropsychological study. J Psychiatr Res. 15 

2022;150:40-46. doi:10.1016/j.jpsychires.2022.03.033 16 

8.  García-Sánchez C, Calabria M, Grunden N, et al. Neuropsychological deficits in patients 17 

with cognitive complaints after COVID-19. Brain Behav. 2022;12(3):e2508. 18 

doi:10.1002/brb3.2508 19 

9.  Voruz P, Allali G, Benzakour L, et al. Long COVID Neuropsychological Deficits after 20 

Severe, Moderate, or Mild Infection. Clin Transl Neurosci . 2022;6(2). 21 

doi:10.3390/ctn6020009 22 

10.  Liu Y-H, Chen Y, Wang Q-H, et al. One-Year Trajectory of Cognitive Changes in Older 23 

Survivors of COVID-19 in Wuhan, China: A Longitudinal Cohort Study. JAMA Neurol. 24 

Published online March 8, 2022. doi:10.1001/jamaneurol.2022.0461 25 

11.  Han Q, Zheng B, Daines L, Sheikh A. Long-Term Sequelae of COVID-19: A Systematic 26 

Review and Meta-Analysis of One-Year Follow-Up Studies on Post-COVID Symptoms. 27 

Pathog . 2022;11(2). doi:10.3390/pathogens11020269 28 

ACCEPTED M
ANUSCRIP

T



20 

12.  Ferrucci R, Dini M, Rosci C, et al. One-year cognitive follow-up of COVID-19 1 

hospitalized patients. Eur J Neurol. 2022;n/a(n/a). doi:https://doi.org/10.1111/ene.15324 2 

13.  Lu Y, Li X, Geng D, et al. Cerebral Micro-Structural Changes in COVID-19 Patients – An 3 

MRI-based 3-month Follow-up Study. EClinicalMedicine. 2020;25:100484. 4 

doi:https://doi.org/10.1016/j.eclinm.2020.100484 5 

14.  Hafiz R, Gandhi TK, Mishra S, et al. Higher Limbic and Basal Ganglia volumes in 6 

surviving COVID-negative patients and the relations to fatigue. medRxiv Prepr Serv Heal 7 

Sci. Published online March 2022. doi:10.1101/2021.11.23.21266761 8 

15.  Qin Y, Wu J, Chen T, et al. Long-term microstructure and cerebral blood flow changes in 9 

patients recovered from COVID-19 without neurological manifestations. J Clin Invest. 10 

2021;131(8). doi:10.1172/JCI147329 11 

16.  Tu Y, Zhang Y, Li Y, et al. Post-traumatic stress symptoms in COVID-19 survivors: a 12 

self-report and brain imaging follow-up study. Mol Psychiatry. 2021;26(12):7475-7480. 13 

doi:10.1038/s41380-021-01223-w 14 

17.  Andriuta D, Si-Ahmed C, Roussel M, et al. Clinical and Imaging Determinants of 15 

Neurocognitive Disorders in Post-Acute COVID-19 Patients with Cognitive Complaints. J 16 

Alzheimers Dis. Published online April 2022. doi:10.3233/JAD-215506 17 

18.  Cecchetti G, Agosta F, Canu E, et al. Cognitive, EEG, and MRI features of COVID-19 18 

survivors: a 10-month study. J Neurol. Published online March 6, 2022:1-13. 19 

doi:10.1007/s00415-022-11047-5 20 

19.  Voruz P, Cionca A, Jacot de Alcântara I, et al. Functional connectivity underlying 21 

cognitive and psychiatric symptoms in post-COVID-19 syndrome: is anosognosia a key 22 

determinant? Brain Commun. 2022;4(2):fcac057-fcac057. 23 

doi:10.1093/braincomms/fcac057 24 

20.  Esposito F, Cirillo M, De Micco R, et al. Olfactory loss and brain connectivity after 25 

COVID-19. Hum Brain Mapp. 2022;43(5):1548-1560. 26 

doi:https://doi.org/10.1002/hbm.25741 27 

21.  Douaud G, Lee S, Alfaro-Almagro F, et al. SARS-CoV-2 is associated with changes in 28 

brain structure in UK Biobank. Nature. 2022;604(7907):697-707. doi:10.1038/s41586-29 

ACCEPTED M
ANUSCRIP

T



21 

022-04569-5 1 

22.  Huang S, Zhou Z, Yang D, et al. Persistent white matter changes in recovered COVID-19 2 

patients at the 1-year follow-up. Brain. Published online December 2021. 3 

doi:10.1093/brain/awab435 4 

23.  Kos D, Kerckhofs E, Carrea I, Verza R, Ramos M, Jansa J. Evaluation of the Modified 5 

Fatigue Impact Scale in four different European countries. Mult Scler J. 2005;11(1):76-80. 6 

doi:10.1191/1352458505ms1117oa 7 

24.  Spielberger CD, Gonzalez-Reigosa F, Martinez-Urrutia A, Natalicio LFS, Natalicio DS. 8 

The State-Trait Anxiety Inventory. Rev Interam Psicol J Psychol. 2017;5(3 &amp; 4 SE-9 

Articles). doi:10.30849/rip/ijp.v5i3 & 4.620 10 

25.  Beck AT, Steer RA, Brown GK. Beck depression inventory-II. San Antonio. 11 

1996;78(2):490-498. 12 

26.  Doty RL, Marcus A, William Lee W. Development of the 12-Item Cross-Cultural Smell 13 

Identification Test(CC-SIT). Laryngoscope. 1996;106(3):353-356. 14 

doi:https://doi.org/10.1097/00005537-199603000-00021 15 

27.  Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh sleep quality 16 

index: A new instrument for psychiatric practice and research. Psychiatry Res. 17 

1989;28(2):193-213. doi:https://doi.org/10.1016/0165-1781(89)90047-4 18 

28.  Beck AT, Steer RA, Carbin MG. Psychometric properties of the Beck Depression 19 

Inventory: Twenty-five years of evaluation. Clin Psychol Rev. 1988;8(1):77-100. 20 

doi:https://doi.org/10.1016/0272-7358(88)90050-5 21 

29.  Strober LB, Bruce JM, Arnett PA, et al. Tired of not knowing what that fatigue score 22 

means? Normative data of the Modified Fatigue Impact Scale (MFIS). Mult Scler Relat 23 

Disord. 2020;46:102576. doi:10.1016/j.msard.2020.102576 24 

30.  Peña-Casanova J, Blesa R, Aguilar M, et al. Spanish Multicenter Normative Studies 25 

(NEURONORMA Project): Methods and Sample Characteristics. Arch Clin 26 

Neuropsychol. 2009;24(4):307-319. doi:10.1093/arclin/acp027 27 

31.  Peña-Casanova J, Casals-Coll M, Quintana M, et al. Estudios normativos españoles en 28 

ACCEPTED M
ANUSCRIP

T



22 

población adulta joven (Proyecto NEURONORMA jóvenes): métodos y características de 1 

la muestra. Neurología. 2012;27(5):253-260. doi:https://doi.org/10.1016/j.nrl.2011.12.019 2 

32.  Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity toolbox for 3 

correlated and anticorrelated brain networks. Brain Connect. 2012;2(3):125-141. 4 

doi:10.1089/brain.2012.0073 5 

33.  Weissenbacher A, Kasess C, Gerstl F, Lanzenberger R, Moser E, Windischberger C. 6 

Correlations and anticorrelations in resting-state functional connectivity MRI: a 7 

quantitative comparison of preprocessing strategies. Neuroimage. 2009;47(4):1408-1416. 8 

doi:10.1016/j.neuroimage.2009.05.005 9 

34.  Bryce N V, Flournoy JC, Guassi Moreira JF, et al. Brain parcellation selection: An 10 

overlooked decision point with meaningful effects on individual differences in resting-11 

state functional connectivity. Neuroimage. 2021;243:118487. 12 

doi:https://doi.org/10.1016/j.neuroimage.2021.118487 13 

35.  Xia M, Wang J, He Y. BrainNet Viewer: A Network Visualization Tool for Human Brain 14 

Connectomics. PLoS One. 2013;8(7):e68910. 15 

https://doi.org/10.1371/journal.pone.0068910 16 

36.  Ashburner J, Barnes G, Chen CC, et al. SPM12 Manual.; 2014. 17 

37.  Schmidt P, Gaser C, Arsic M, et al. An automated tool for detection of FLAIR-18 

hyperintense white-matter lesions in Multiple Sclerosis. Neuroimage. 2012;59(4):3774-19 

3783. doi:10.1016/j.neuroimage.2011.11.032 20 

38.  Schmidt P. Bayesian inference for structured additive regression models for large-scale 21 

problems with applications to medical imaging. Dissertation, LMU München: Faculty of 22 

Mathematics, Computer Science and Statistics. 2016;(November). https://edoc.ub.uni-23 

muenchen.de/20373/ 24 

39.  Andersson JLR, Skare S, Ashburner J. How to correct susceptibility distortions in spin-25 

echo echo-planar images: application to diffusion tensor imaging. Neuroimage. 26 

2003;20(2):870-888. doi:https://doi.org/10.1016/S1053-8119(03)00336-7 27 

40.  Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. 2002;17(3):143-155. 28 

doi:https://doi.org/10.1002/hbm.10062 29 

ACCEPTED M
ANUSCRIP

T



23 

41.  Andersson JLR, Sotiropoulos SN. An integrated approach to correction for off-resonance 1 

effects and subject movement in diffusion MR imaging. Neuroimage. 2016;125:1063-2 

1078. doi:https://doi.org/10.1016/j.neuroimage.2015.10.019 3 

42.  Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial statistics: voxelwise 4 

analysis of multi-subject diffusion data. Neuroimage. 2006;31(4):1487-1505. 5 

doi:10.1016/j.neuroimage.2006.02.024 6 

43.  Silva LS, Joao RB, Nogueira MH, et al. Functional and microstructural brain 7 

abnormalities, fatigue, and cognitive dysfunction after mild COVID-19. medRxiv. 8 

Published online January 1, 2021:2021.03.20.21253414. 9 

doi:10.1101/2021.03.20.21253414 10 

44.  Brugnolo A, Morbelli S, Arnaldi D, et al. Metabolic Correlates of Rey Auditory Verbal 11 

Learning Test in Elderly Subjects with Memory Complaints. J Alzheimer’s Dis. 12 

2014;39:103-113. doi:10.3233/JAD-121684 13 

45.  Köhler S, Black SE, Sinden M, et al. Memory impairments associated with hippocampal 14 

versus parahippocampal-gyrus atrophy: an MR volumetry study in Alzheimer’s disease. 15 

Neuropsychologia. 1998;36(9):901-914. doi:https://doi.org/10.1016/S0028-16 

3932(98)00017-7 17 

46.  Segura B, Ibarretxe-Bilbao N, Sala-Llonch R, et al. Progressive changes in a recognition 18 

memory network in Parkinson’s disease. J Neurol Neurosurg Psychiatry. 2013;84(4):370-19 

378. doi:10.1136/jnnp-2012-302822 20 

47.  Ferrari C, Cattaneo Z, Oldrati V, et al. TMS Over the Cerebellum Interferes with Short-21 

term Memory of Visual Sequences. Sci Rep. 2018;8(1):6722. doi:10.1038/s41598-018-22 

25151-y 23 

48.  Voruz P, Cionca A, Jacot I, et al. Brain functional connectivity alterations associated with 24 

neuropsychological post-COVID syndrome. Published online 2022. doi:10.21203/rs.3.rs-25 

1411239/v1 26 

49.  Yus M, Matias-Guiu JA, Gil-Martínez L, et al. Persistent olfactory dysfunction after 27 

COVID-19 is associated with reduced perfusion in the frontal lobe. Acta Neurol Scand. 28 

2022;n/a(n/a). doi:https://doi.org/10.1111/ane.13627 29 

ACCEPTED M
ANUSCRIP

T



24 

50.  Morbelli S, Chiola S, Donegani MI, et al. Metabolic correlates of olfactory dysfunction in 1 

COVID-19 and Parkinson’s disease (PD) do not overlap. Eur J Nucl Med Mol Imaging. 2 

2022;49(6):1939-1950. doi:10.1007/s00259-021-05666-9 3 

51.  DosSantos MF, Devalle S, Aran V, et al. Neuromechanisms of SARS-CoV-2: A Review. 4 

Front Neuroanat. 2020;14:37. doi:10.3389/fnana.2020.00037 5 

52.  Melzer TR, Watts R, MacAskill MR, et al. White matter microstructure deteriorates across 6 

cognitive stages in Parkinson disease. Neurology. 2013;80(20):1841-1849. 7 

doi:10.1212/WNL.0b013e3182929f62 8 

53.  Agosta F, Pievani M, Sala S, et al. White Matter Damage in Alzheimer Disease and Its 9 

Relationship to Gray Matter Atrophy. Radiology. 2011;258(3):853-863. 10 

doi:10.1148/radiol.10101284 11 

54.  Bergsland N, Schweser F, Dwyer MG, Weinstock-Guttman B, Benedict RHB, Zivadinov 12 

R. Thalamic white matter in multiple sclerosis: A combined diffusion-tensor imaging and 13 

quantitative susceptibility mapping study. Hum Brain Mapp. 2018;39(10):4007-4017. 14 

doi:https://doi.org/10.1002/hbm.24227 15 

55.  Alexander AL, Lee JE, Lazar M, Field AS. Diffusion tensor imaging of the brain. 16 

Neurotherapeutics. 2007;4(3):316-329. 17 

56.  Alexander AL, Hurley SA, Samsonov AA, et al. Characterization of cerebral white matter 18 

properties using quantitative magnetic resonance imaging stains. Brain Connect. 19 

2011;1(6):423-446. 20 

57.  David G, Mohammadi S, Martin AR, et al. Traumatic and nontraumatic spinal cord injury: 21 

pathological insights from neuroimaging. Nat Rev Neurol. 2019;15(12):718-731. 22 

doi:10.1038/s41582-019-0270-5 23 

58.  Lawley JS, Oliver SJ, Mullins PG, Macdonald JH. Investigation of whole-brain white 24 

matter identifies altered water mobility in the pathogenesis of high-altitude headache. J 25 

Cereb Blood Flow Metab. 2013;33(8):1286-1294. doi:10.1038/jcbfm.2013.83 26 

59.  Chen L, Cai C, Yang T, et al. Changes in brain iron concentration after exposure to high-27 

altitude hypoxia measured by quantitative susceptibility mapping. Neuroimage. 28 

2017;147:488-499. doi:https://doi.org/10.1016/j.neuroimage.2016.12.033 29 

ACCEPTED M
ANUSCRIP

T



25 

60.  Saindane AM, Law M, Ge Y, Johnson G, Babb JS, Grossman RI. Correlation of Diffusion 1 

Tensor and Dynamic Perfusion MR Imaging Metrics in Normal-Appearing Corpus 2 

Callosum: Support for Primary Hypoperfusion in Multiple Sclerosis. Am J Neuroradiol. 3 

2007;28(4):767 LP - 772. http://www.ajnr.org/content/28/4/767.abstract 4 

61.  Georgiopoulos C, Warntjes M, Dizdar N, et al. Olfactory Impairment in Parkinson’s 5 

Disease Studied with Diffusion Tensor and&nbsp;Magnetization Transfer Imaging. J 6 

Parkinsons Dis. 2017;7:301-311. doi:10.3233/JPD-161060 7 

62.  Silva PHR da, Secchinato KF, Rondinoni C, Leoni RF. Brain Structural–Functional 8 

Connectivity Relationship Underlying the Information Processing Speed. Brain Connect. 9 

2020;10(3):143-154. doi:10.1089/brain.2019.0726 10 

63.  Langen CD, Zonneveld HI, White T, et al. White matter lesions relate to tract-specific 11 

reductions in functional connectivity. Neurobiol Aging. 2017;51:97-103. 12 

doi:https://doi.org/10.1016/j.neurobiolaging.2016.12.004 13 

64.  Zhou G, Lane G, Cooper SL, Kahnt T, Zelano C. Characterizing functional pathways of 14 

the human olfactory system. Mainland J, Gold JI, Olofsson J, eds. Elife. 2019;8:e47177. 15 

doi:10.7554/eLife.47177 16 

65.  Lee MH, Perl DP, Steiner J, et al. Neurovascular injury with complement activation and 17 

inflammation in COVID-19. Brain. 2022;145(7):2555-2568. doi:10.1093/brain/awac151 18 

66.  Su Y, Yuan D, Chen DG, et al. Multiple early factors anticipate post-acute COVID-19 19 

sequelae. Cell. 2022;185(5):881-895.e20. doi:10.1016/j.cell.2022.01.014 20 

67.  Wisnivesky JP, Govindarajulu U, Bagiella E, et al. Association of Vaccination with the 21 

Persistence of Post-COVID Symptoms. J Gen Intern Med. 2022;37(7):1748-1753. 22 

doi:10.1007/s11606-022-07465-w 23 

68.  Strain WD, Sherwood O, Banerjee A, Van der Togt V, Hishmeh L, Rossman J. The 24 

Impact of COVID Vaccination on Symptoms of Long COVID: An International Survey of 25 

People with Lived Experience of Long COVID. Vaccines . 2022;10(5). 26 

doi:10.3390/vaccines10050652 27 

69.  Almeria M, Cejudo JC, Sotoca J, Deus J, Krupinski J. Cognitive profile following 28 

COVID-19 infection: Clinical predictors leading to neuropsychological impairment. 29 

ACCEPTED M
ANUSCRIP

T



26 

Brain, Behav Immun - Heal. 2020;9:100163. 1 

doi:https://doi.org/10.1016/j.bbih.2020.100163 2 

70.  Ortelli P, Benso F, Ferrazzoli D, et al. Global slowness and increased intra-individual 3 

variability are key features of attentional deficits and cognitive fluctuations in post 4 

COVID-19 patients. Sci Rep. 2022;12(1):13123. doi:10.1038/s41598-022-17463-x 5 

 6 

 7 

  8 

ACCEPTED M
ANUSCRIP

T



27 

Figure legends 1 

Figure 1 Percentage of cognitive impairment in PCS patients. Impairment is shown at the 2 

adjusted scaled-score of ≤ 5 with solid fill and ≤ 7 with striped fill. Color bars represent 3 

cognitive domains evaluated: Green= Attention and Working Memory; Red= Executive 4 

Functions; Blue = Learning and Memory; Orange: Visuospatial and visuoconstructive; Purple = 5 

Language. Stroop W= Stroop Words; Stroop C = Stroop Color; Stroop WC= Stroop Word-6 

Color; SDMT= Simbol Digit Modality Test; ROCF= Rey-Osterrieth Complex Figure; VOSP= 7 

Visual Object and Space Perception Battery; JLO= Benton Judgment Line Orientation; BNT= 8 

Boston Naming Test. 9 

 10 

Figure 2 Functional connectivity alterations in PCS patients compared to controls. Blue 11 

connections indicate PCS < Controls. Boxplots are shown with the distribution of mean FC 12 

values of each group (z-score). L= Left; R= Right; Cerebellar= Cerebellar Area III (Vermis); FS 13 

Orbital = Frontal Superior Orbital Cortex; PaH= Parahippocampal gyrus. 14 

 15 

Figure 3 Structural brain alterations in PCS patients compared to controls. (A) GM areas 16 

showing volume decrease in PCS compared to controls are shown in red-yellow. Coordinates are 17 

shown in MNI space (Montreal Neurological Institute) (p < .001-uncorr); (B) Significant WM 18 

differences between groups are shown in red-yellow; the WM skeleton is shown in green. 19 

Coordinates are shown in MNI space (Montreal Neurological Institute). The red-yellow scale 20 

represents t-scores of those areas that showed significant differences between PCS patients and 21 

HC (p<.05 FWE corrected). R= Right; L= Left. 22 

 23 

Figure 4 Heatmap showing correlations between GM and FC alterations with cognitive 24 

dysfunction. Significant associations are shown in color heatmap. *Show significant 25 

associations (p < .01). **Bonferroni Corrected (p < .0017). Stroop W= Stroop Words; Stroop C 26 

= Stroop Color; Stroop WC= Stroop Word-Color; SDMT= Simbol Digit Modality Test; ROCF= 27 

Rey-Osterrieth Complex Figure; FCSRT = Free and Cued Selective Reminding Test; VOSP= 28 

Visual Object and Space Perception Battery; JLO= Benton Judgment Line Orientation; BNT= 29 
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Boston Naming Test. FS Orbital = Frontal Superior Orbital Cortex; CB = Cerebellar Area III 1 

(Vermis); Green line = Attention and Working Memory; Red line = Executive Functions; Blue 2 

line = Learning and Memory; Orange line = Visospatial and visoconstructive ability; Purple line 3 

= Language. 4 
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Table 1 Sociodemographics and clinical characteristics of the sample 1 

  PCS (n = 86) Controls (n=36) U/ χ² p 

Age 50.71 (11.20) 49.33 (15.99) 1524.00 0.893 

Sex (women%) 67.44% 61.11% 0.451 0.502 

Education (years) 14.20 (2.34) 15.43 (3.28) 741.00 0.178 

Premorbid risk factors  

Hypertension 25 (29%) 4 (11.1%) 4.24 0.039 

Diabetes 10 (11.62%) 1 (2.77%) 2.31 0.128 

Dyslipidemia 23 (26.74%) 4 (11.1%) 3.36 0.067 

Neurological symptoms in the acute stage 

Headache 69 (80.23%) -   

Hyposmia+ageusia 46 (53.48%) -   

 2 

 3 
 4 
 5 

 6 

 7 

Table 2 GM volume reduction in PCS patients compared to HC 8 

GM Brain Area Coordinates K T* 

x y z 

Precuneus, Cuneus L & R −8 −88 40 780 3.92 

Lingual L / Cuneus −4 −90 −14 685 4.38 

Superior Motor Area R / Paracentral R 10 −3 64 670 4.03 

Fusiform L / Parahippocampal L −14 0 −38 539 4.32 

Vermis IV-V / Lingual Gyrus R 3 −56 3 394 4.76 

Superior Temporal L −44 −30 2 241 3.95 

Precentral, Postcentral gyrus R 36 −22 50 221 3.70 

Frontal Sup Medial L  −2 64 6 218 3.71 

*P < 0.001-uncorrected, k > 200.  9 
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Figure 1 2 
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Figure 2 2 
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Figure 3 2 
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Figure 4 2 
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