
© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(8):5499-5512 | https://dx.doi.org/10.21037/qims-24-162

Original Article

Evaluation of microstructural brain changes in post-coronavirus 
disease 2019 (COVID-19) patients with neurological symptoms: a 
cross-sectional study

Ibrahim Ibrahim1^, Antonín Škoch1^, Monika Dezortová1^, Theodor Adla1^, Vlasta Flusserová2, 
Markéta Nagy1, Irena Douchová1, Martina Fialová3^, Vanda Filová3^, Dita Pajuelo1^, 
Markéta Ibrahimová4^, Jaroslav Tintěra1^

1MR Unit, Department of Diagnostic and Interventional Radiology, Institute for Clinical and Experimental Medicine, Prague, Czech Republic; 
2Specialised Outpatient Care Division, Department of Neurology, Institute for Clinical and Experimental Medicine, Prague, Czech Republic; 
3Laboratory Methods Division, Institute for Clinical and Experimental Medicine, Prague, Czech Republic; 4Laboratory of Immunology, Thomayer 

University Hospital, Prague, Czech Republic

Contributions: (I) Conception and design: I Ibrahim, J Tintěra; (II) Administrative support: M Nagy, I Douchová, D Pajuelo; (III) Provision of study 

materials or patients: V Flusserová, M Ibrahimová, M Fialová, V Filová; (IV) Collection and assembly of data: I Ibrahim, M Dezortová; (V) Data 

analysis and interpretation: I Ibrahim, A Škoch, T Adla; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Ibrahim Ibrahim, MSc, PhD. MR Unit, Department of Diagnostic and Interventional Radiology, Institute for Clinical and 

Experimental Medicine (IKEM), Videnska 1958/9, Prague 14021, Czech Republic. Email: ibrahim.ibrahim@ikem.cz.

Background: Changes in both the vascular system and brain tissues can occur after a prior episode of 
coronavirus disease 2019 (COVID-19), detectable through modifications in diffusion parameters using 
magnetic resonance imaging (MRI) techniques. These changes in diffusion parameters may be particularly 
prominent in highly organized structures such as the corpus callosum (CC), including its major components, 
which have not been adequately studied following COVID-19 infection. Therefore, the study aimed to 
evaluate microstructural changes in whole-brain (WB) diffusion, with a specific focus on the CC.
Methods: A total of 101 probands (age range from 18 to 69 years) participated in this retrospective 
study, consisting of 55 volunteers and 46 post-COVID-19 patients experiencing neurological symptoms. 
The participants were recruited from April 2022 to September 2023 at the Institute for Clinical and 
Experimental Medicine in Prague, Czech Republic. All participants underwent MRI examinations on a 3T 
MR scanner with a diffusion protocol, complemented by additional MRI techniques. Two volunteers and 
five patients were excluded from the study due to motion artefacts, severe hypoperfusion or the presence of 
lesions. Participants were selected by a neurologist based on clinical examination and a serological test for 
COVID-19 antibodies. They were then divided into three groups: a control group of healthy volunteers 
(n=28), an asymptomatic group (n=25) with a history of infection but no symptoms, and a symptomatic 
group (n=41) with a history of COVID-19 and neurological symptoms. Symptomatic patients did not 
exhibit neurological symptoms before contracting COVID-19. Diffusion data underwent eddy current 
and susceptibility distortion corrections, and fiber tracking was performed using default parameters in DSI 
studio. Subsequently, various diffusion metrics, were computed within the reconstructed tracts of the WB 
and CC. To assess the impact of COVID-19 and its associated symptoms on diffusion indices within the 
white matter of the WB and CC regions, while considering age, we employed a statistical analysis using a 
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Introduction

Coronavirus disease 2019 (COVID-19) is a highly 
contagious and severe illness caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. It 
has led to millions of infections and fatalities, precipitating 
a global pandemic and causing extensive disruptions in the 
worldwide economy (1,2). While COVID-19 primarily 
targets the respiratory system (3) it also poses a risk to vital 
organs such as the brain, heart, kidneys, and others. This 
can lead to multi-organ dysfunction and persistent medical 
complications. These complications may persist long after 
the initial bout of COVID-19, potentially resulting in organ 
failure or even death. Many individuals who have survived 
COVID-19 continue to experience a range of neurological 
and psychological symptoms. These include headaches, 
fatigue, muscle pain, as well as depression and anxiety, 
among others (4-7).

Research findings indicate that COVID-19 patients 
manifest notable alterations in grey matter thickness and 
contrast in brain tissues. These changes primarily affect 
the orbitofrontal cortex and parahippocampal gyrus (8), 
accompanied by hippocampal atrophy and alterations in the 
corpus callosum (CC) (9). These structural and functional 
changes are closely linked to cognitive deficits, particularly 
in attention and memory, as documented in relevant 
scientific journals (10,11). Additionally, hypoperfusion 
is predominantly observed in the frontal, parietal, and 
temporal regions of patients. This observation supports the 

hypothesis that extensive network dysfunction contributes 
to cognitive issues following a COVID-19 infection (12).

The most recent research, as summarized in a systematic 
review, indicates changes in diffusion parameters within 
white matter (WM) tracts in patients with a history of 
COVID-19 (13). However, the results from various studies 
are controversial. Some authors have reported increased 
mean diffusivity (MD), radial diffusivity (RD), and decreased 
fractional anisotropy (FA) in WM following COVID-19, 
as observed in the CC (14,15), while others have reached 
the opposite conclusion, noting a decrease in MD and 
axial diffusivity (AD) (16). Furthermore, the relationship 
between COVID-19 and neurological symptoms remains 
unclear (17). Changes in diffusion parameters may be 
particularly notable in well-organized structures such as 
the CC, including its major components, which have not 
been thoroughly studied following COVID-19 infection. 
The CC is one of the largest bundles connecting the two 
cerebral hemispheres through approximately 200–250 
million axonal fibers and play a crucial role in facilitating 
interhemispheric collaboration (18,19).

The CC typically exhibits high spatial anisotropy under 
normal conditions, leading to an increased likelihood of 
detecting more pronounced changes in cases of pathology 
(20,21). Alterations in both the vascular system and 
brain tissues (22) can manifest following a prior episode 
of COVID-19, and they can be identified through 
modifications in diffusion and perfusion parameters, which 
can be traced using magnetic resonance imaging (MRI) 

linear mixed-effects model within the R framework.
Results: Statistical analysis revealed a significant difference in mean diffusivity (MD) between the 
symptomatic and control groups in the forceps minor (P=0.001) and CC body (P=0.003). In addition to 
changes in diffusion, alterations in brain perfusion were observed in two post-COVID-19 patients who 
experienced a severe course. Furthermore, hyperintense lesions were identified in subcortical and deep white 
matter areas in the vast majority of symptomatic patients.
Conclusions: The main finding of our study was that post-COVID-19 patients exhibit increased MD in 
the forceps minor and body of the CC. This finding suggests a potential association between microstructural 
brain changes in post-COVID-19 patients and reported neurological symptoms, with significant implications 
for research and clinical applications.
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techniques during both the acute and chronic phases of the 
disease (23,24). 

Generalized q-sampling imaging (GQI) is a model-
free reconstruction technique that provides a quantitative 
anisotropy (QA) parameter based on the spin distribution 
function (SDF), defined for each resolved fiber orientation. 
The GQI algorithm provides both GQI-based metrics such 
as QA and diffusion tensor imaging (DTI)-based metrics 
(FA, MD, RD, and AD) (25).

For the aforementioned reasons, our study aims to assess 
microstructural changes in whole-brain (WB) diffusion, 
with a specific focus on the CC, utilizing an advanced 
reconstruction of MR diffusion data and tractography 
techniques, known as GQI and tractography-based analysis 
(TBA) (25). We present this article in accordance with the 
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-162/rc). 

Methods

Study participants 

Neurologist-selected patients with history of COVID-19 
infection, pre-existing medical conditions, and enduring 
neurological symptoms, including headaches, fatigue, 
insomnia, as well as memory and concentration difficulties, 
underwent a thorough evaluation. This evaluation 
encompassed clinical examinations, medical histories, and 
previous assessments for COVID-19 antibody presence, 
primarily immunoglobulin G (IgG) antibodies in the blood 
(serology test) to detect evidence of prior infection. The 
selected patients were adults aged 18–69 years who had 
experienced persistent neurological symptoms for at least 
two months following a history of COVID-19 infection. 
Symptomatic patients did not exhibit neurological 
symptoms before contracting COVID-19. Subsequently, a 
control group of volunteers matched in age to the patient 
group was selected. The participants were recruited from 
April 2022 to September 2023 at the Institute for Clinical 
and Experimental Medicine in Prague (IKEM), Czech 
Republic. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013) and was 
approved by the Ethics Committee with multi-center 
competence of the Institute for Clinical and Experimental 
Medicine and the Thomayer University Hospital (No. 
29451/21; G-21-70). All participants were informed of the 
purpose of the study and signed a written informed consent 
form prior to examination.

A total of 101 probands participated in this retrospective 
study, consisting of 55 volunteers, none exhibited any 
symptoms or had a significant medical history, and 
46 post-COVID patients experiencing neurological 
symptoms. Subsequently, all participants underwent 
MRI examinations. Following the recommendation of an 
experienced radiologist (Dr. Eva Rolencová) with over  
30 years of professional experience after visual inspection 
of the acquired MR data, two volunteers and five patients 
were excluded from the study due to motion artifacts, 
severe hypoperfusion or the presence of lesions unrelated 
to COVID-19 infection. Subsequently, 53 volunteers, 
who showed no symptoms and had no significant medical 
history, underwent testing for COVID-19 antibodies. 

Detection of antibodies to the nucleocapsid of SARS-CoV-2

All volunteers (n=53) were tested for the specific 
antibodies to the nucleocapsid of SARS-CoV-2 using 
the chemiluminescence immunoassay (TestLine Clinical 
Diagnostics) on the KleeYa analyzer (Stratec). The 
determination was carried out for antibodies in the 
immunoglobulin M (IgM) and immunoglobulin A (IgA) 
classes, indicating the acute phase of infection, and in 
the IgG class, where the antibodies are anamnestic (26). 
SARS-CoV-2 infection induces IgG antibodies against the 
nucleocapsid protein (NP). Healthy volunteers with IgG 
antibody levels exceeding 22 kU/L (kilounits per liter) 
were classified as positive, indicating an asymptomatic 
infection. The results revealed that 25 out of 53 (47.2%) 
tested positive for antibodies from a previous COVID-19 
infection. As a result, the control group essentially consisted 
of another set of patients who had previously contracted the 
virus but remained asymptomatic. Based on the results of 
COVID-19 antibody testing, all participants in this study 
were categorized into three groups: the control group 
(c), comprising 28 healthy volunteers without a history 
of infection; the asymptomatic group (a), consisting of 25 
individuals with a history of infection but no symptoms; 
and the symptomatic group (patients) after COVID-19, 
with 41 participants who had a history of COVID-19 and 
neurological symptoms. Detailed information about the 
proband selection, including the patients’ neurological 
symptoms, is presented in Figure 1. The demographic 
and clinical characteristics of the groups are provided in  
Table S1 (refer to Appendix 1).

To determine the statistical power, we conducted the 
following simulation: we generated 1,000 random data 

https://qims.amegroups.com/article/view/10.21037/qims-24-162/rc
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realizations for 3 groups with sample sizes of 28, 25, and 41. 
We used Cohen’s d=0.3 to simulate a medium effect size as 
the difference between groups. Subsequently, we evaluated 
1,000 analysis of variance (ANOVA) test P values and 
calculated the proportion of significant results at P<0.05. 
The proportion of significant tests, serving as an estimation 
of power, was found to be 0.578.

MRI acquisition

Participants underwent MRI examinations in the supine 
position on a 3T MR scanner (Magnetom VIDA 3T, 
Siemens Healthineers, Germany) equipped with a 
64-channel head/neck coil. MR scans were performed 
according to the optimized measurement protocol for MR 
diffusion, which is described below:

(I)	 Diffusion-weighted imaging (DWI) data were 
obtained using a single-shot echo planar imaging 

(EPI) sequence, and a q-space diffusion imaging 
scheme was employed. A total of 122 diffusion 
samples were obtained with 12 different b-values. 
The b-values ranged from b=0 to b=4,000 s/mm2 
(b=0, b=450, b=900, b=1,350, b=1,750, b=1,800, 
b=2,200, b=2,250, b=2,650, b=3,550, b=3,950, and 
b=4,000). The in-plane resolution and slice thickness 
were both set at 2 mm. 

(II)	 The diffusion measurement was complemented 
by additional MRI techniques, including brain 
perfusion assessment using arterial spin labeling 
(ASL) technique (27) to detect hypoperfusion, 
susceptibility-weighted imaging (SWI), used for 
detecting brain hemorrhages and microbleeds (28), 
three-dimensional (3D) T2-Fluid Attenuated 
Inversion Recovery (FLAIR) (29) for detection 
of abnormalities in the brain, MR angiography 
(MRA), utilized for visualizing vascular alterations 

Figure 1 A flowchart illustrating the enrollment of participants, composed of 46 symptomatic post-COVID-19 patients (s) and 55 
volunteers with either no history of COVID-19 infection or unawareness of such history. Based on the recommendation of an experienced 
radiologist after reviewing the MR data, two volunteers and five patients were excluded from the study. Based on COVID-19 antibody 
testing, volunteers were divided into two groups: asymptomatic patients (a) who had a history of infection without symptoms, and healthy 
controls (c) with no history of COVID-19 infection. In symptomatic patients, the experienced neurological symptoms are documented. 
COVID-19, coronavirus disease 2019; MR, magnetic resonance.
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and malformations (30) and 3D T1 magnetization 
prepared rapid gradient echo single-shot echo-
planar imaging sequence (MPRAGE) for detection 
structural  abnormalit ies  (31) .  Al l  sequence 
parameters are summarized in Table S2 (refer to 
Appendix 1).

Data processing

The susceptibility distortion in diffusion data was corrected 
using the TOPUP routine, a component of the Tiny FSL 
package (http://github.com/frankyeh/TinyFSL). This 
package is a re-compiled version of FSL TOPUP from 
FMRIB, Oxford, and it has been enhanced with multi-
thread support. For this purpose, an additional b=0 image 
with phase encoding in the reverse direction relative to the 
main diffusion dataset was acquired (32,33).

For fiber tracking, a deterministic algorithm was 
employed, complemented by advanced tracking strategies 
to enhance reproducibility (21). The diffusion data was then 
reconstructed in the Montreal Neurological Institute (MNI) 
space using q-space diffeomorphic reconstruction (QSDR) 
techniques to derive the SDF (25,34). In QSDR, DSI studio 
(http://dsi-studio.labsolver.org) initially computes the QA 

mapping in the native space and subsequently standardizes 
it to the MNI QA map. The diffeomorphic reconstruction’s 
output resolution was 2 mm isotropic, with a diffusion 
sampling length ratio of 1.25.

Fiber tracking was conducted using the default tracking 
parameters in the DSI studio.

The anisotropy threshold was chosen randomly. The 
angular threshold was randomly selected within a range of 
15 to 90 degrees. Tracks with lengths less than 20 mm or 
greater than 200 mm were excluded. The step size was set 
to match the voxel spacing. 

A total of one million seeds were placed. TBA was 
conducted, using an automated fiber tracking method to 
reconstruct the entire WM bundles of the brain, with a 
focus on the CC bundles, including the forceps minor, 
body, tapetum, and forceps major.

Subsequently, various metrics, such as FA, MD, AD, and 
RD from DTI, as well as QA, restricted diffusion imaging 
(RDI), and isotropy (ISO) from GQI, were computed 
within the reconstructed tracts (Figure 2).

The representative multiparametric diffusion maps, 
encompassing QA, orientation distribution function (ODF), 
MD, and whole-CC fiber tracking of both a control subject 
and a post-COVID patient, are presented in Figure 3.

Figure 2 A flowchart describing the preprocessing and post-processing of diffusion data. NIFTI, Neuroimaging Informatics Technology 
Initiative; DWI, diffusion weighted imaging; MNI, Montreal Neurological Institute; DTI, diffusion tensor imaging.
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The mean values of DTI-based (FA, MD, AD, and RD) 
and GQI-based (QA, ISO, and RDI) metrics, along with 
their corresponding standard deviations, are presented 
in Tables S3,S4 (refer to Appendix 1). Perfusion map 
reconstructions, which included relative brain blood flow 
maps (relCBF), were performed using Siemens’ standard 
software. The assessment of perfusion maps was conducted 
through a qualitative approach, primarily involving visual 
inspection by the radiologist (Dr. Eva Rolencová).

Statistical analysis

The initial exploratory data analysis revealed distinct 
statistical properties in the tapetum, notably a significantly 
higher variance compared to other structures. This 
discrepancy could potentially violate the assumption of 
homoscedasticity in the statistical model. Consequently, it 

was decided to exclude this structure from further analysis.
To assess the impact of COVID-19 and COVID-related 

symptoms on diffusion indices in various brain WM regions 
while accounting for age, we employed a statistical analysis 
using a linear mixed-effects model within the R framework. 
The “nlme” package was utilized for this purpose, as 
documented in the references (35,36). For each dependent 
variable, such as diffusion indices (FA, MD, AD, RD, QA, 
RDI, and ISO), a separate model was constructed and 
assessed. 

The explanatory variables in the model included age as 
a continuous variable (centered around the mean age of 
the entire group), WM locality (with levels: forceps minor, 
body of CC, forceps major, and WB), group (with levels: 
controls, asymptomatic patients, symptomatic patients), 
and the interaction of structure and group. This interaction 
term allowed for the individual modeling of dependent 

QA ODF

Symptomatic patient

Healthy control

MD CC-FTA

G H I J

E KF

B C D

Figure 3 Representative multiparametric diffusion maps in a 45-year-old healthy female control [(A-F) top row] and a 45-year-old 
symptomatic female patient [(G-K) bottom row]. The color bar (middle row) visually represents the local index of the QA values in the 
mid-sagittal slice (E) of the corpus callosum fibers, illustrating the differences between the aforementioned control subject (F) and the 
symptomatic post-COVID-19 patient (K). The directions of the ODF are pseudo-colored: red in the left-right direction (L-R), blue in 
the superior-inferior direction (S-I), and green in the anterior-posterior (A-P) direction. QA, quantitative anisotropy; ODF, orientation 
distribution function obtained from q-sampling imaging; MD, mean diffusivity; CC-FT; corpus callosum-fiber tracking; COVID-19, 
coronavirus disease 2019.
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variable values for each structure and group.
Age was treated as a nuisance covariate, and its value 

was neither evaluated nor used for multiple comparison 
correction. Furthermore, the study did not explicitly test 
the effect of WM locality, specifically the differences in 
diffusion indices between WM regions, as it was not the 
primary purpose of this research.

The model’s results were evaluated by inspecting model 
residuals, and a Box-Cox transformation was applied to 
improve the normality of the residuals (37). The optimal 
lambda for the Box-Cox transformation was determined 
by assessing P values derived from the Shapiro-Wilk 
test applied to the model residuals, and the lambda 
corresponding to the maximal P value of the test was 
selected and used.

Non-significant terms were removed from the models 
using the Akaike information criterion. The exclusion of 
specific terms owing to their lack of statistical significance 
is a standard approach for simplifying models in statistical 
analysis, aiding in refining the interpretation of the results.

For the remaining terms involving group and group: 
locality interaction after model simplification, ANOVA-
like P values of likelihood ratio tests were computed 
to determine the overall significance of these terms in 
the model. These P values were subjected to multiple 
comparison correction using the Holm method (38). Given 
the significance of the interaction term in the likelihood 
ratio test for MD, a post-hoc analysis was performed on 
this model to elucidate the specific behavior of the terms 
that correspond to the relationship between MD and group 
within particular brain regions. A P value <0.05 with two-
sided test was considered statistically significant.

Results

The boxplots in Figure 4 depict diffusion indices across 
different subject groups and WM locations. These plots 
illustrate a trend of increasing values in MD, RD, and AD, 
along with a decrease in FA, when comparing controls, 
asymptomatic, and symptomatic patients. However, 
it’s important to note that this trend is not consistently 
observed across all regions. Boxplots describing the 
remaining diffusion indices for the GQI-based metrics (QA, 
RDI and ISO) are shown in Figure 5.

In the linear mixed-effects model analysis, the process of 
model simplification by removing of non-significant terms 
resulted in the exclusion of group and interaction terms 
in RDI and ISO, along with the interaction term in QA. 

The ANOVA-like P values for the remaining terms (MD, 
AD, RD, and QA) are detailed in Table 1 both before and 
after correction for multiple comparisons. Post-correction, 
only the structure: group-interaction term of MD remains 
statistically significant, indicating a noteworthy difference 
in MD concerning the group dependency across WM 
localities.

A post-hoc analysis of MD using general hypothesis test 
(implemented in R package multcomp) showed significant 
difference between control and symptomatic patients in 
the forceps minor (P=0.001), body of the CC (P=0.003), 
whereas such a difference is not observed in the Forceps 
major (P=0.7) and WB (P=0.46) (see the corresponding 
boxplot in Figure 4).

For other diffusion indices (FA, AD, RD, QA, RDI, 
and ISO), the ANOVA-like P values for terms after 
correction are not significant or were removed during the 
simplification step, indicating that the results in the graphs 
should be interpreted as non-significant trends.

In terms of brain perfusion, only two out of the six 
patients who experienced a severe course requiring 
hospitalization and treatment with oxygen therapy exhibited 
hypoperfusion in the right hemisphere, particularly in the 
temporal and frontal regions. They were subsequently 
excluded from the study to eliminate potential effects on the 
outcome of the diffusion data analysis. The remaining four 
hospitalized patients had similar diffusion and perfusion 
results to the other patients; therefore, they were included 
in the study. A representative regional cerebral blood flow 
(rCBF) map illustrating perfusion, along with corresponding 
results from complementary MR images, is shown in 
Figure 6. The remaining patients, excluding the two 
previously referenced, showed no signs of hypoperfusion, 
microbleeding, or vascular abnormalities. 

In contrast to perfusion, hyperintense lesions in the 
subcortical and deep WM were observed in the majority 
(70.7%) of symptomatic post-COVID-19 patients, as seen 
in FLAIR images with corresponding findings on MPRAGE 
images (Figure 7).

Discussion

Understanding microstructural changes in the brain, 
notably within areas such as the CC, which is an emerging 
area of research, could provide insights into the neurological 
impacts of COVID-19. The observed trend of higher MD 
values in symptomatic subjects compared to controls in our 
study suggests changes in WM microstructure that may be 
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Figure 4 The trend of increasing MD values when comparing controls, asymptomatic, and symptomatic patients. A post-hoc analysis 
showed significant differences between control and symptomatic patients in the forceps minor (P=0.001) and body of the CC (P=0.003), but 
not in the Forceps major (P=0.7) or WB (P=0.46). Similar trends were observed in other DTI-based metrics: RD and AD values increased, 
while FA values decreased, although these changes were not statistically significant. • full circles represent median values; while open  
circles ° denote outlier values. The MD, RD, and AD are expressed in units of mm2/s ×10−3. MD, mean diffusivity; F. minor, forceps minor; F. 
major, forceps major of the CC; WB, whole-brain; c, controls; a, asymptomatic patients; s, symptomatic patients; RD, radial diffusivity; AD, 
axial diffusivity; FA, fractional anisotropy; CC, corpus callosum; DTI, diffusion tensor imaging.

Figure 5 The trend of decreasing mean QA, RDI, and ISO imaging values when comparing controls, asymptomatic, and symptomatic 
patients. Nevertheless, these changes between control and symptomatic patients were not statistically significant (P>0.05). • full circles 
represent median values; while open circles ° denote outlier values. QA, quantitative anisotropy; F. minor, forceps minor; F. major, forceps 
major of the corpus callosum; WB, whole brain; c, controls; a, asymptomatic patients; s, symptomatic patients; RDI, restricted diffusion 
imaging; ISO, isotropy.
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Figure 6 A representative map (A) of normal rCBF in a 47-year-old symptomatic female patient is provided, along with the corresponding 
results from complementary MR images (B-F). The arrows indicate hyperintense lesions observed following a history of COVID-19 
infection. Apart from the lesions identified on 3D T2-FLAIR images (B), there are no abnormal findings noted on MD, SWI, MPR gradient 
echo single-shot echo-planar imaging sequence, or MRA images (C-F). L indicates left, and R indicates right. rCBF, regional cerebral 
blood flow; FLAIR, fluid attenuated inversion recovery; MD, mean diffusivity; SWI, susceptibility-weighted imaging; MPR, magnetization 
prepared rapid; MRA, MR angiography; MR, magnetic resonance; COVID-19, coronavirus disease 2019; 3D, three-dimensional. 

associated with neurological conditions. MD is recognized 
as a sensitive indicator of microstructural changes in the 
brain and can reflect variations within both the intra- 
and extracellular space (39,40). Consequently, MD values 
may be influenced by disease-related pathophysiological 
processes that affect the barriers restricting diffusion, 
leading to changes in the cellular microenvironment. 
Additionally, recent research has reported evident disruption 
of the blood-brain barrier (BBB) during acute infection and 
in patients experiencing long-term cognitive impairment 
due to COVID-19 (41).

Our results are consistent with the literature suggesting 
increased MD, RD, and AD, along with a decrease in FA in 
the WM tract within the CC among patients with a history 
of COVID-19 (13). In contrast to several published case 
reports that have shown cytotoxic lesions or encephalitis 

rCBF

SWI MPR MRA

FLAIR MDA

D E F

B C

Table 1 The ANOVA-like P values for the terms (MD, AD, RD, 
and QA) both before and after correction for multiple comparisons 

Terms (diffusion metrics) Uncorrected P Corrected P

MD group 0.0387 0.1548

MD interaction 0.0032 0.0224

AD group 0.0967 0.1548

AD interaction 0.0135 0.0810

RD group 0.0401 0.1548

RD interaction 0.0204 0.1020

QA group 0.0494 0.1548

The group-interaction term of MD is statistically significant 
(P=0.0224), suggesting a noteworthy difference in MD concerning 
the group dependency across white matter localities. ANOVA, 
analysis of variance; MD, mean diffusivity; AD, axial diffusivity; 
RD, radial diffusivity; QA, quantitative anisotropy.
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Figure 7 Examples of hyperintense lesions on FLAIR images in three symptomatic patients: a 48-year-old man (S1), a 45-year-old woman 
(S2), and a 49-year-old woman (S3), along with corresponding findings on MPR images. The arrows indicate hyperintense lesions observed 
following a history of COVID-19 infection. FLAIR, fluid attenuated inversion recovery; MPR, magnetization prepared rapid; COVID-19, 
coronavirus disease 2019. 

in the splenium of the CC (42-44), we did not observe any 
lesions in the CC in our patients. These lesions are not 
specific to COVID-19 disease and are linked to various 
categories of diseases, including toxic or drug-related 
causes, metabolic disorders, vascular issues, infections, 
traumatic events, and neoplastic conditions (45).

The observation of a significant changes in both 
the forceps minor and body of the CC, is supported by 
studies recognizing these areas as key regions where 
MD differences manifest, underscoring their relevance 
in disease characterization and prognosis (20,46,47). 
This phenomenon often signifies alterations in WM 
microstructure associated with neurological conditions 
(48-50), consistently reinforces the importance of MD 
as a reliable marker for differentiating between groups. 
However, it should be noted that the observed significant 

differences in MD are limited to specific WM regions, such 
as forceps minor and body of the CC. This suggests that 
the neurological impact of COVID-19 may not be uniform 
across the entire brain. The results of our study also 
indicate that in cases of severe disease, brain hypoperfusion 
may occur. This was observed in the temporal and frontal 
regions of the right hemisphere in two out of the six 
hospitalized post-COVID-19 patients we examined. While 
it is widely accepted that frontal regions, particularly the 
prefrontal cortex, play a pivotal role in cognitive functions 
such as decision-making, problem-solving, emotional 
regulation, working memory, and various others (51), 
the direct link between COVID-19 related neurological 
symptoms and diffusion changes in the WM of these 
regions is still a topic of ongoing research and debate. This 
connection is not fully understood. Neurological symptoms 

FLAIR

MPR

S1 S2 S3
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in COVID-19 patients can manifest due to a variety of 
reasons, including direct viral effects, viral dose, vascular 
issues, inflammation, and the unique immune response of 
each individual (52,53).

Another noteworthy finding in our study is that 
47.2% of individuals among the volunteers, identified 
as asymptomatic through antibody testing, leads to a 
significant conclusion. This suggests that a substantial 
portion of the population had encountered the virus and 
developed an immunological response. Additionally, a 
significant observation among post-COVID-19 patients 
is the outcome of proton MR spectroscopy, indicating a 
noticeable difference in choline concentration within the 
CC when compared to control groups (54). Choline is 
known as a key factor in cell membrane formation and is 
essential for normal nervous system function. It serves as 
a precursor to the neurotransmitter acetylcholine, playing 
a crucial role in signal transmission between neurons 
and contributing to processes associated with cognitive  
function (55). 

It is important to note that, although our study lacks 
a longitudinal design (patients were not scanned before 
contracting COVID-19), patients did not exhibit these 
specific neurological symptoms before their COVID-19 
infection. The observed changes in diffusion parameters 
and brain perfusion in some patients following severe 
COVID-19, along with the identification of hyperintense 
lesions in subcortical and deep WM areas in 70.7% of our 
patients following COVID-19 (as shown in Figures 6,7), may 
indicate microstructural brain changes. These abnormalities 
could potentially be linked to the neurological symptoms 
reported by these patients. 

Our study has limitations, such as variability in patients’ 
symptoms and severities, as well as the exclusive use of 
qualitative evaluation for assessing perfusion maps.

Nevertheless, our findings offer important insights 
into the variations in WM microstructure among 
different subject groups, namely control, asymptomatic, 
and symptomatic individuals. These findings provide 
a  foundat ion  for  unders tanding  how bra in  WM 
microstructure differs across these groups, which can 
have significant implications for both research and clinical 
applications. Evaluation and understanding microstructural 
brain changes, particularly in the CC, using multiparametric 
MR methods in post-COVID patients, is a crucial avenue of 
research with potential implications for patient care, public 
health, and our comprehension of the neurological effects 
of the virus.

Conclusions

Individuals recovering from COVID-19 exhibit noticeable 
modifications in the WM of the brain, particularly affecting 
the forceps minor and the body of the CC. Observed 
changes in WM, along with the presence of numerous 
hyperintense lesions and alterations in brain perfusion 
in some patients, suggest a possible correlation with the 
neurological symptoms reported by these individuals.
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