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Objectives: SARS-CoV-2 infection is associated with a decline in functional 
outcomes; many patients experience persistent symptoms, while the underlying 
pathophysiology remains unclear. This study investigated white matter (WM) 
integrity on brain MRI in hospitalized COVID-19 patients and its associations 
with clinical outcomes, including long COVID.

Materials and methods: We included hospitalized COVID-19 patients and 
controls from CORONavirus and Ischemic Stroke (CORONIS), an observational 
cohort study, who underwent MRI-DWI imaging at baseline shortly after 
discharge (<3  months after positive PCR) and 3  months after baseline scanning. 
We  assessed WM integrity using diffusion tensor imaging (DTI) and neurite 
orientation dispersion and density imaging (NODDI) and performed comparisons 
between groups and within patients. Clinical assessment was conducted at 3 
and 12  months with functional outcomes such as modified Rankin Scale (mRS), 
Post-COVID-19 Functional Status scale (PCFS), Visual Analogue Scale (VAS), and 
long COVID, cognitive assessment was conducted by the Modified Telephone 
Interview for Cognitive Status (TICS-M), and the Hospital Anxiety and Depression 
Scale (HADS) was used to assess mood disorder. Associations between WM 
integrity and clinical outcomes were evaluated using logistic regression and 
linear regression.

Results: A total of 49 patients (mean age 59.5  years) showed higher overall peak 
width of skeletonized mean diffusivity (PSMD) (p  =  0.030) and lower neurite 
density index (NDI) in several WM regions compared with 25 controls at the 
baseline (p  <  0.05; FWE-corrected) but did not remain statistically significant after 
adjusting for WM hyperintensities. Orientation dispersion index (ODI) increased 
after 3-month follow-up in several WM regions within patients (p  <  0.05), which 
remained significant after correction for changes in WMH volume. Patients 
exhibited worse clinical outcomes compared with controls. Low NDI at baseline 
was associated with worse performance on the Post-COVID-19 Functional 
Status scale after 12  months (p  =  0.018).

Conclusion: After adjusting for WMH, hospitalized COVID-19 patients no 
longer exhibited lower WM integrity compared with controls. WM integrity was 
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generally not associated with clinical assessments as measured shortly after 
discharge, suggesting that factors other than underlying WM integrity play a 
role in worse clinical outcomes or long COVID.
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1 Introduction

Coronavirus disease 2019 (COVID-19) is associated with a wide 
range of symptoms (1–3). Many patients experience reduced 
functional performance and persistent symptoms several months after 
infection, including fatigue, cognitive impairment, mood disorders, 
and anosmia, often referred to as long COVID (4). However, the 
underlying pathophysiological mechanism for these ongoing 
symptoms remains unknown. Previous studies investigating the white 
matter (WM) microstructure with diffusion-weighted imaging (DWI) 
in COVID-19 patients, conducting scans from several months to 
2 years after discharge, yielded conflicting results (5–7). Two studies, 
with scans conducted for several months after discharge, reported an 
association between lower WM integrity in several brain regions and 
a decline in cognition (6, 7). Meanwhile, a long-term follow-up study 
reported WM integrity recovery (or increased) 2 years after COVID-19 
infection in comparison to measurements conducted 1 year after 
infection (6–8). However, it is unknown whether these changes in 
alterations in WM integrity reflect COVID-19 pathology or 
age-related processes as previous studies performed baseline and 
follow-up MRI from several months to years after the acute, 
inflammatory symptomatic phase of the infection. In addition, 
previous studies did not consider comorbidity with pre-existing brain 
damage, such as white matter hyperintensities (WMH) due to 
underlying cerebral small vessel disease (SVD), which is highly 
associated with decreased WM integrity (9). Finally, previous studies 
mainly focused on cognition, but the relation with functional 
outcomes such as mood disorder, or long COVID has not yet 
been investigated.

Our aim was to investigate WM integrity using diffusion metrics, 
derived from both diffusion tensor imaging (DTI) and neurite 
orientation dispersion and density imaging (NODDI) models, in 
patients hospitalized for COVID-19 compared with unaffected 
controls (with no signs of previous SARS-CoV-2 infection in 
laboratory results) while taking into account the presence of WMH. In 
addition, we  examined changes in WM integrity in patients over 
3 months and, finally, investigated the relation between diffusion 
metrics and short- and long-term clinical outcomes (3 and 12 months 
after discharge).

2 Materials and methods

2.1 Participants

This study is part of the CORONavirus and Ischemic Stroke 
(CORONIS) study, a multicenter prospective observational cohort 
study in the Netherlands examining MRI markers of cerebrovascular 

disease in patients hospitalized for COVID-19. The study aimed to 
prospectively perform brain MRI in unselected hospitalized 
COVID-19 patients, who were not exhibiting neurological symptoms. 
A detailed description of the study protocol has been described 
elsewhere (10). Participants (n = 202) were recruited in three academic 
hospitals between April 2021 and October 2022. The inclusion criteria 
for patients are (a) hospitalization due to COVID-19, (b) 
PCR-confirmed diagnosis, and (c) ≥18 years old. Healthy controls, 
age- and sex-matched, were recruited from patients’ relatives or 
through the hospital, requiring a negative anti-Sars-CoV-2 IgG test at 
inclusion. The exclusion criteria for both groups were MRI contra-
indications, pregnancy, or limited life expectancy (<3 months). 
Additionally, to address potential confounders, we excluded patients 
with conditions such as cardiac arrest or PRES, which were not present 
in our cohort. For this study, we only included participants from a 
single site (Radboudumc) who underwent multi-shell DWI, which was 
not conducted in the other participating centers. COVID-19 patients 
with overt ischemic stroke were excluded. This study was approved by 
the Medical Review Ethics Committee of Arnhem-Nijmegen on  
1 April 2021. All participants provided written informed consent.

2.2 Data collection

Baseline data collection included demographics, lifestyle, 
education, medical history, and hospitalization details (10). Brain MRI 
scans were performed at baseline; for COVID-19 patients, either 
during admission or shortly after discharge within 3 months following 
a positive PCR, and for healthy controls, they signed the informed 
consent. Follow-up MRIs were performed for COVID-19 patients 
after 3 months. Healthy controls did not undergo a follow-up 
MRI. Telephone follow-up questionnaires were collected at 3 and 
12 months after the inclusion of all participants (for COVID-19 
patients during a 3-month MRI visit). Education levels were 
categorized on a validated scale from 1 (below primary school) to 7 
(academic degree) and grouped into ‘low’ (levels 1–3), ‘middle’ (level 
4), and ‘high’ (above level 4) following the Verhage scaling system (11). 
The type of ventilation was classified into three categories to indicate 
the severity of COVID-19: (1) non-invasive respiratory support, 
including nasal cannula or non-rebreathing mask; (2) non-invasive 
ventilation, such as Optiflow; and (3) invasive ventilation, 
involving intubation.

2.3 Neuroimaging protocol

All participants underwent the same scanning protocol on a 3 
Tesla MRI scanner (Siemens Prisma) at baseline and during follow-up. 
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The protocol included the following sequences: 3D T1 weighted 
(T1W) space fatsat with the following parameters: 0.9 ms isotropic 
voxel size, repetition time (TR) = 700 ms, and echo time (TE) = 9 mm; 
3D fluid-attenuated inversion recovery (FLAIR) with the following 
parameters: 1 mm isotropic voxel size and TR = 500 ms and 
TE = 394 ms; multi-shell DWI with the following parameters: 80 
diffusion-weighted directions (40 × b = 1,000, and 40 × b = 2,000 s/
mm2), 6 × b = 0 images, 2.0 mm isotropic voxels, and TR = 4,600 ms and 
TE = 80 ms (10). Imaging details have been described previously (10).

2.4 White matter hyperintensity (WMH) 
volume

We used a validated segmentation method based on the k-nearest 
neighbor algorithm (UBO detector) to automatically segment WMH 
and calculate WMH volumes using bias-corrected T1 and FLAIR images 
(12). Segmentations were visually reviewed for errors or artifacts. Note 
that the UBO detector calculated WMH volumes in SPM’s DARTEL 
space. Therefore, there is no need to adjust for intracranial volume.

2.5 Diffusion MRI preprocessing and 
metrics

Diffusion MRI data were pre-processed to remove the noise and 
Gibbs artifacts, correct head motion, Eddy current-induced distortion, 
susceptibility-induced distortion (top-up), and intensity bias using 
MRtrix 3.0 software (13), Functional Magnetic Resonance Imaging of 
the Brain Software Library (FSL) software (14), and advanced 
normalization tools (5). Due to the absence of a b0 image with reversed 
phase encoding in our DWI scans, ‘topup’ was performed based on a 
synthesized b0 image from the T1 image using Synb0-DISCO (15). 
Diffusion metrics derived from different diffusion models (DTI and 
NODDI) were calculated. While DTI-derived measures [including 
fractional anisotropy (FA) and mean diffusivity (MD)] have been 
widely used, they only provide a composite view of contributions from 
multiple tissue components [intra-neurite, extra-neurite, and cerebral 
spinal fluid (CSF)] within the voxel. In contrast, the NODDI model 
can delineate contributions from each compartment, offering 
measures such as neurite density index (NDI), orientation dispersion 
index (ODI), and cerebrospinal fluid volume fraction (fCSF) of each 
tissue component within one voxel (6). First, two DTI metrics were 
calculated with the pre-processed diffusion data (only b = 0 and 
b = 1,000): mean diffusivity (MD) and fractional anisotropy (FA) maps 
of each participant using the ‘dtifit’ function within FSL (16). Second, 
we used the entire multi-shell DWI data to fit the NODDI model using 
the NODDI toolbox in MATLAB (http://mig.cs.ucl.ac.uk/index.
php?n=Tutorial.NODDImatlab). Using this tool, we calculated three 
NODDI parameters: NDI, ODI, and fCSF maps for each participant 
(17). Peak width of Skeletonized Mean Diffusivity (PSMD) values were 
calculated using the PSMD tool (http://www.psmd-marker.com/) (16).

2.6 Tract-based spatial statistics

Voxel-wise statistical analysis of FA maps was conducted using the 
Tract-Based Spatial Statistics (TBSS) pipeline (18), which is a 

component of FSL software (version 6.0.1) (14, 18, 19). FA maps from 
all participants (including scans of patients at baseline and follow-up 
and healthy controls) were fed into the TBSS pipeline tool to create a 
mean FA skeleton representing the centers of all tracts shared across 
the population. Next, MD, NDI, ODI, and fCSF maps were projected 
into the WM skeleton using the ‘tbss_non_FA’ function within the 
TBSS tool of FSL, resulting in aligned maps of FA, MD, NDI, ODI, and 
fCS. Finally, the resultant five maps were analyzed using voxel-wise 
cross-subject statistics.

2.7 Clinical outcomes during follow-up

Functional outcomes included the modified Rankin Scale (mRS), 
Post-COVID-19 Functional Status (PCFS) scale, visual analog scale 
(VAS), and long COVID [defined following the WHO definition and 
Delphi (2021) consensus] (20–23). Symptoms reported by patients 
were collected during the two follow-up stages (physical and telephone 
interviews). Since participants were explicitly asked for fatigue and 
dyspnea, we only adjudicated these symptoms to long COVID if they 
had an impact on everyday functioning. This was expressed as a 
decline on the PCFS scale between study procedures (baseline and 
3-month and 12-month follow-up). The cognitive assessment included 
the Modified Telephone Interview for Cognitive Status (TICS-M). To 
assess symptoms of anxiety and depression (mood), the Hospital 
Anxiety and Depression Scale (HADS) was used (24).

2.8 Statistical analysis

Baseline characteristics of patients and controls and clinical 
outcomes were compared using chi-square tests for categorical 
variables (n, %) and the t-test (mean, SD) or Wilcoxon rank-sum 
(median, IQR) tests for continuous data. mRS and PCFS were 
categorized in the same two groups (0–1, good vs. ≥2, poor 
outcome). For the cross-sectional comparison (patients vs. 
controls) of diffusion metrics (PSMD and WMH volume), linear 
regression adjusted for age and sex was performed. Voxel-wise 
group comparisons of FA, MD, NDI, ODI, and fCSF maps between 
(1) patients and controls [adjusted for age and sex (model 1) and 
additionally for WMH volume (model 2)] and (2) within patients 
(baseline vs. follow-up) were performed using the FSL randomize 
tool (permutation-based inference: 5,000 permutations). Significant 
clusters were identified using threshold-free cluster enhancement-
based family-wise error correction for multiple comparisons in 
TBSS analyses (p < 0.05) (25). Longitudinal analysis of clinical 
outcomes within patients included McNemar’s test (n, %) for 
categorical variables and two-sample t-tests and Wilcoxon tests 
(non-normal distributions) for continuous data. DTI and NODDI 
metrics values of regions that differed between groups were 
extracted. Logistic and linear regression were used to analyze the 
relationship between significant MRI parameters (PSMD and NDI) 
and clinical outcomes, reported as crude odds ratios (OR) and 
adjusted odds ratios (aOR) (95% CIs) corrected for age (model 1) 
and additionally WMH (model 2) and multiple testing using false 
discovery rate (FDR) (26). Subgroup analyses of diffusion metrics 
were performed between (a) ICU and non-ICU patients and (b) 
patients with long COVID and patients without long 
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COVID. Education was grouped into three levels for the 
comparison of baseline characteristics and the original seven levels 
for logistic and linear regression. Two-sided p-values of <0.05 were 
considered statistically significant. Data were analyzed using R 
version 4.3.1.

3 Results

3.1 Participants

In total, 73 patients and 27 controls were eligible for participation, 
of whom 24 patients and 2 controls were excluded (Figure 1). This 
study resulted in 49 patients with COVID-19 [mean age: 59.5 years 
(SD 12.6); 32.7% female, 30.6% admitted to ICU] and 25 healthy 
controls [mean age: 58.5 years (SD 10.1); 48.0% female]. Baseline 
characteristics are shown in Table  1. There were no differences 
between patients and controls regarding age or sex. Regarding all 
participants, the time between baseline assessments and follow-up 1 
was 111 days [median, IQR (93.0–140.0)] and between follow-up 1 
and follow-up 2 was 249 days [IQR 224.0–271.0] (+ − 8.2 months). 
Radiologists have reviewed the brain MRI for the presence of acute 
disseminated encephalomyelitis (ADEM), acute necrotizing 
encephalitis, posterior reversible encephalopathy syndrome (PRES), 
and osmotic demyelination syndrome, as these conditions could 
influence the white matter abnormalities, and they were not observed 
in our study population.

3.2 WM integrity—cross-sectional analyses

At baseline, patients with COVID-19 exhibited higher age- and 
sex-adjusted PSMD values (mean = 1.70 *10−4  mm2/s, SD = 0.29 
*10−4  mm2/s) than controls (mean = 1.56 *10−4  mm2/s, 
SD = 0.13*10−4  mm2/s) (p = 0.030). After additional correction for 
WMH volume, this difference was not statistically significant 
(p = 0.590). There were no significant differences in FA and MD values 
using voxel-wise analyses between groups (p-corrected values >0.05). 
Compared with controls, adjusted for age and sex, patients 
demonstrated significantly lower NDI values in the right anterior 
thalamic radiation (ATR), forceps minor, and right inferior fronto-
occipital fasciculus (Figure 2). These differences disappeared after 
additionally adjusting for WMH volumes. Voxel-based analyses 
showed no significant differences in ODI and fCSF between patients 
and controls. In a subgroup analysis, there were no significant 
differences in diffusion metrics between COVID-19 patients with long 
COVID and COVID-19 patients without long COVID. Additionally, 
no significant differences were found in diffusion metrics between 
ICU patients and non-ICU patients.

3.3 Changes in WM integrity in patients 
over time

Of the 49 patients at baseline, 39 (79.6%) patients underwent 
brain MRI during follow-up after 3 months. Ten patients were 

FIGURE 1

Flowchart of study population. TIA  =  transient ischemic attack, DTI  =  diffusion tensor imaging.
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excluded because they did not undergo follow-up MRI due to 
various reasons [illness (n = 1), lost to follow-up (n = 5), 
claustrophobia (n = 3), and moved to a foreign country (n = 1)]. ODI 
values increased after 3 months of follow-up in patients compared 
with baseline in the ATR, bilateral corticospinal tract, cingulum 
(cingulate gyrus and hippocampus), forceps major and minor, 
inferior fronto-occipital fasciculus on both sides, bilateral inferior 
fronto-occipital fasciculus left, superior longitudinal fasciculus left 
and right, and the right uncinate fasciculus (Figure  3), which 
remained significant after correction for the change of WMH 
volume. However, other diffusion metrics and WMH volumes did 
not change over time.

3.4 Clinical outcomes during follow-up

COVID-19 patients had worse functional outcomes compared 
with controls 3 and 12 months after discharge. Patients had more 
symptoms of depression (p = 0.008), lower scores on cognitive 

functions, as measured by TICS-M at 12 months, and lower scores on 
the VAS scale (p = 0.006) (Table 2). Long COVID was present in 62.2% 
of the patients after 3 months and in 40.9% after 12 months. Apart 
from a decrease in frequency of long COVID, no differences in 
functional and cognitive outcomes were detected in patients between 
the 3- and 12-month follow-up (Supplementary Table S2).

3.5 Association between WM integrity and 
clinical outcomes

The diffusion metrics at baseline and the changes in ODI values 
during follow-up were not related to the clinical outcomes 
(Supplementary Tables S4–S6). However, lower NDI values of the 
regions that differed between patients and controls at baseline were 
significantly associated with lower scores on the PCFS scale 
(functional outcome) at the 12-month follow-up 
(Supplementary Table S3), which remained significant after additional 
adjustment for WMH volumes (p = 0.018).

TABLE 1 Baseline characteristics COVID-19 patients vs. controls.

COVID-19 patients
n  =  49

Controls
n  =  25

p-value*

Female, n (%) 16 (32.7) 12 (48.0) 0.301

Age at inclusion, mean (SD) 59.53 (12.63) 58.48 (10.06) 0.719

COVID vaccine before admission/inclusion, n (%) 21 (42.9) 22 (88.0) 0.011

ICU admission, n (%) 15 (30.6) N/A N/A

Respiratory or ventilation therapy required at maximum during admission, n (%)

Nasal cannula, oxygen mask, non-rebreathing mask 26 (53.2) N/A N/A

Non-invasive ventilation (Optiflow) 15 (30.5)

Invasive ventilation (intubation) 8 (16.3)

Days hospital admission, median [IQR] 11.0 [7.0, 15.0] N/A N/A

Days between positive PCR and baseline MRI, median [IQR] 40.0 [30.0, 54.0] N/A N/A

Days between positive PCR and inclusion study, median [IQR] 16.0 [8.0, 27.0] N/A N/A

Days between hospital admission and baseline MRI, median [IQR] 32.00 [27.0–48.0] N/A N/A

Education level, n (%) 0.085

Low 8 (16.3) 6 (24.0)

Middle 27 (55.1) 7 (28.0)

High 14 (28.6) 12 (48.0)

Cardiovascular history

Body Mass Index (BMI) in kg/m2, mean (SD) 28.40 (4.31) 27.46(3.35) 0.344

Smoking, n (%) 29 (59.2) 11 (44.0) 0.321

Diabetes Mellitus, n (%) 10 (20.4) 2 (8.0) 0.300

Hypertension, n (%) 19 (38.8) 3 (12.0) 0.034

Hypercholesterolemia, n (%) 21 (42.9) 6 (24.0) 0.181

Pulmonary disease (e.g., COPD, asthma), n (%) 21 (42.9) 1 (4.0) 0.001

MRI characteristics

White Matter Hyperintensity (WMH) volume (mm3), median [IQR] 1.481 [0.884–3.435] 0.857 [0.392–1.512] 0.021

Microbleeds, n (%) 5 (10.2) 2 (8.0) 0.759

*Unadjusted p-values.
ICU = intensive care unit, PCR = polymerase chain reaction, COPD = chronic obstructive pulmonary disease, N/A = not applicable. 
The bold values indicate significance (p < 0.05).
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4 Discussion

In our study, we showed that after adjusting for WMH volume, 
hospitalized COVID-19 patients no longer exhibited higher PSMD 
and lower NDI values compared with controls. Our longitudinal study 
revealed decreased ODI in several regions of the WM in patients 
3 months after COVID hospitalization. Patients exhibited worse 
clinical outcomes compared with controls after infection but only 
decreased NDI at baseline was associated with worse performance on 
the Post-COVID-19 Functional Status scale after 12 months. In 
addition, we found no associations between diffusion metrics and long 
COVID. Our results suggest that other factors play a role in poorer 
clinical outcomes and long COVID in patients several months after 
COVID-19 infection.

We found lower WM integrity (indicated by higher values of 
PSMD and lower values of NDI) in patients compared with controls, 
which disappeared after adjusting for WMH. Several previous studies 
demonstrated that COVID-19 patients have alterations of the cerebral 
WM identified by DWI which are present 1 year after infection (27, 
28). Some of these changes in WM integrity have been attributed to 
the SARS-CoV-2 infection. COVID-19 could potentially contribute 
to an increase in WM damage (loss of WM integrity and WMH), as 
microvascular pathology has been observed with the evidence of 
infected brain endothelial cells in the histopathology of the brains of 
COVID-19 patients (29). However, due to the absence of MRI scans 
conducted before infection in these studies, as well as in our study, it 

is not possible to demonstrate or rule out the presence of pre-existing 
WM damage, for which these previous studies also did not correct in 
analysis. In our opinion, the alterations of the WM found in our study 
are more likely to be  attributed to underlying WMH, since the 
differences disappeared after correction of this confounder in our 
study. Patients with COVID-19 had higher WMH volume at baseline, 
a hallmark of SVD, and were more frequently diagnosed with 
hypertension compared with the controls. Patients with cardiovascular 
risk factors, such as hypertension, are at an increased risk of admission 
for COVID-19 (2). This may explain the higher prevalence of 
hypertension, SVD, and higher WMH volume in hospitalized 
COVID-19 patients compared with controls. Therefore, the observed 
differences are more likely to be explained by the presence of SVD and 
less likely by the SARS-CoV-2 infection itself.

We found an increase in ODI over time within patients. Lower 
ODI values in the cerebral WM indicate that the fibers are less 
dispersed within this voxel, which, in most cases, suggests higher WM 
microstructural integrity (17). These findings of an increase in ODI 
might therefore be  indicative of ongoing WM loss, which is not 
captured by other diffusion metrics. This finding, however, contradicts 
the results of an earlier study that examined COVID-19 patients 1 and 
2 years after their discharge (7, 8). This study reported a decrease in 
ODI at the 2-year follow-up, suggesting a recovery of the WM over 
time. The observed discrepancies in results could possibly be attributed 
to different phases of the SARS-CoV-2 infection—MRI interval. Due 
to the lack of follow-up MRI in the control group, we were unable to 

FIGURE 2

Tract-based spatial statistics (TBSS) analyses of neurite density index (NDI) values between patients with COVID-19 and healthy controls. WM tracts in 
orange represent regions with significantly lower NDI values in patients with COVID-19 compared with healthy controls, after adjusting for age and sex, 
and for multiple comparisons (p <  0.05, family-wise error corrected). These differences disappeared after additionally adjusting for WMH volumes.
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confirm whether this finding could be considered as a deterioration 
specific to SARS-CoV-2 infection or might be apparent as a “normal” 
process in the brain. We acknowledge the potential influence of factors 
such as metabolic syndrome in our results, given the well-known 
associations between hypertension, hypercholesterolemia, and SVD 
which are related to WM integrity. This underscores the importance 
of considering these factors (such as metabolic syndrome) but also 
other factors such as asthma and COPD (beyond the scope of our 
current study) in future research.

Our study revealed that patients hospitalized for COVID-19 
exhibited worse clinical outcomes during follow-up assessments after 
3 and 12 months compared with the control group. Here, we only 
found an association between lower NDI values (in the MRI shortly 
after discharge) and worsened PCFS (global functional outcome scale) 
at 12 months. In contrast to previous studies on DTI and clinical 
outcomes, we found no associations with cognitive scores (7, 8). First, 
this could be due to the fact that the cognitive assessment tool we used 
(TICS-m) may lack an in-depth evaluation of cognitive function. 
Second, the relatively small sample size may have led to a type II error. 
Finally, the relative WMH damage to regions with abnormal NDI 
values might not have been enough to cause a noticeable, symptomatic 
decline in cognitive behavior or other clinical outcomes during 
follow-up.

We observed reduced white matter integrity at baseline, 
indicated by lower NDI, in the anterior thalamic radiation (ATR), 

forceps minor, and right inferior fronto-occipital fasciculus 
(IFOF) of patients. In addition, we found a significant association 
between the lower NDI of these regions and PCFS. Previous 
research has linked the ATR and forceps minor regions to 
executive function and processing speed (2). In addition, WMH 
and reduced white matter integrity in ATR and IFOF were also 
associated with reduced processing speed (3). Executive function 
and processing speed can influence overall functioning, for 
example, possibly the PCFS; however, this relationship requires 
more thorough investigation using more extensive cognitive 
assessments.We observed no difference in WM integrity diffusion 
metrics between patients with long COVID and without long 
COVID and did not find associations between baseline WM 
integrity and long COVID during the follow-up. To date, no 
studies have explored this aspect; however, we hypothesize that 
our sample size may have been too small to detect a significant 
difference. Additionally, we  did not perform MRI scans after 
12 months, on which we  determined the frequency of long 
COVID, which would have been particularly beneficial in this 
context. Given the lack of a clear association between clinical 
outcomes and diffusion metrics in a group with a high frequency 
of poor clinical outcomes, it is likely that factors such as 
respiratory problems at disease onset, length of hospital stay, and 
ICU admission may play a more significant role in explaining the 
clinical status, including long COVID.

FIGURE 3

Tract-based spatial statistics (TBSS) analyses of orientation dispersion index (ODI) values in patients with COVID-19 between baseline and follow-up 
MRI. WM tracts in yellow-orange represent regions with significant ODI values in COVID-19 at baseline compared with ODI values after 3-month 
follow-up, adjusted for multiple comparisons (p <  0.05, family-wise error corrected).
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There are some limitations that need to be addressed. First, in 
patients, we performed baseline and post-discharge brain MRI after 
3 months. Considering the time in which WM damage arises, 
including loss of microstructural WM integrity and WMH, a 
3-month follow-up period may be too short to capture changes, and 
it would have been valuable to include a follow-up MRI 1 year after 
infection for analysis and comparison with clinical outcomes. 
Second, our sample was relatively small, consisting of hospitalized 
patients varying from short stay to ICU admission including a small 
control group. Moreover, the smaller sample size that underwent 
follow-up MRI may further limit our ability to identify significant 
associations. Third, patients had not undergone brain MRI before 
COVID-19, making it impossible to adjudicate WM integrity 
assessed after the SARS-CoV-2 infection and establish the 
relationship with the actual infection. Fourth, the cognitive 

examination was limited. Extended cognitive evaluation may have an 
added value to identify impairment in specific cognitive domains or 
more subtle cognitive problems. Fifth, no follow-up imaging was 
performed in the control group, which limits our comparability of 
the WM integrity with the patients.

5 Conclusion

To conclude, our study revealed lower WM integrity in patients 
hospitalized for COVID-19 compared with healthy controls, which 
is likely explained by the presence of WMH and not by SARS-CoV-2 
infection itself. After 3 months, we  found deterioration of WM 
integrity within patients. WM integrity at baseline, or the changes 
after 3 months thereof, was generally not associated with poorer 

TABLE 2 Functional, cognitive outcome and mood symptoms between groups.

Outcomes COVID-19 
patients

Controls

n total n total p-value*
3-month follow-up

Cognitive function

TICS-M score, mean (SD) 45 36.22 (4.16) 20 37.20 (3.09) 0.386

Functional outcomes

mRS (reference 0–1)

≥2–6, n (%)

45 15 (33.3) 20 0 (0.0) 0.006

PCFS (reference 0–1)

≥2–4, n (%)

45 22 (48.9) 20 2 (10.0) 0.006

Mood

Hospital Anxiety and Depression Scale

HADS-Anxiety, median [IQR] 45 3.0 [1.0, 6.0] 20 3.0 [0.8, 5.5] 0.474

HADS-Depression, median [IQR] 45 2.0 [1.0, 7.0] 20 1.0 [0.0, 2.0] 0.095

Long COVIDa, n (%) 45 28 (62.2) – – –

12-month follow-up

Cognitive function

TICS-M, mean (SD) 42 35.24 (4.66) 21 38.81 (3.60) 0.006

Functional outcomes

mRS (reference 0–1)

≥2–6, n (%)

44 16 (36.4) 22 0 (0.0) 0.004

PCFS (reference 0–1)

≥2–4, n (%)

44 22 (50.0) 22 0 (0.0) <0.001

VAS scale (0–100), mean (SD) 44 73.77 (16.41) 24 85.92 (8.73) 0.004

Mood

Hospital Anxiety and Depression Scale (HADS)

HADS-Anxiety, median [IQR] 44 3.5 [0.0, 7.0] 24 2.5 [0.0, 4.0] 0.147

HADS-Depression, median [IQR] 44 3.5 [1.0, 8.0] 24 1.0 [0.0, 2.0] 0.008

Long COVIDa, n (%) 44 18 (40.9) – – –

*Adjusted for multiple comparisons using false discovery rate (FDR).
aDescription symptoms reported in Supplementary Table S1.
TICS-M = modified telephone interview for cognitive status, mRS = modified Rankin Scale, PCFS = Post-COVID functional scale, VAS = Visual Analogue Scale, HADS = Hospital Anxiety and 
Depression Scale, N/A = not applicable. 
The bold values indicate significance (p < 0.05).
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clinical outcomes after 1 year, suggesting that other factors play a 
more important role in the clinical outcomes and long COVID in 
patients after SARS-CoV-2 infection.
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