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Altered putamen connectivity in patients with 
neurological post-COVID condition
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Although the exact aetiology of the post-COVID condition is still under investigation, there is increasing evidence for white matter 
pathology in patients with persistent cognitive and fatigue symptoms following an infection with SARS-CoV-2. Still, to date there 
are no studies that investigated the white matter connectome in patients with post-COVID condition. Based on previous findings, 
we analyzed the structural connectome of these patients, with a focus on the thalamus and basal ganglia. In this cross-sectional study, 
43 patients (34 women, 9 men) and 41 (33 women, 8 men) healthy control participants underwent structural MRI, including T1- 
weighted and diffusion weighted imaging, as well as a comprehensive neuropsychological and psychiatric assessment. The cognitive 
assessment included verbal and visual long-term memory, working memory, attention, processing speed, executive control, verbal 
fluency and spatial navigation. Fatigue was assessed with the Fatigue Scale for Motor and Cognitive Functions, depression and anxiety 
were assessed with the Beck Depression Inventory II and the Beck Anxiety Inventory, respectively. MRI data was analyzed using prob
abilistic tractography, reconstructing 100 million streamlines per participant, to create individual connectomes. Connectome altera
tions were assessed using graph theory by calculating node strength and betweenness centrality for the thalamus and basal ganglia. We 
then analyzed group differences in these measures between patients and control participants with the Mann–Whitney-U-test. For sig
nificant alterations, we explored associations between graph measures, fatigue and cognition, depression and anxiety using spearman 
correlations. We identified significantly increased node strength of the putamen (U = 589, pFDR = 0.036), which was significantly as
sociated with the fatigue severity in patients (ρ = 0.33, P = 0.045) but not in control participants (ρ = 0.11, P = 0.509). Betweenness 
centrality of the putamen was increased in patients with post-COVID condition (U = 620, P = 0.019) but was not associated with fa
tigue (ρ = 0.07, P = 0.685). Neither node strength nor betweenness centrality of the putamen was associated with cognitive perform
ance, depression or anxiety scores. Patients with post-COVID condition exhibit structural connectome alterations that are associated 
with fatigue severity. Such structural white matter pathology may thus contribute to post-COVID pathophysiology. In addition, pu
tamen connectivity could be a neural correlate of post-COVID fatigue.
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Graphical Abstract

Introduction
Patients with post-COVID condition (PCC) often present 
with severe fatigue and cognitive dysfunction1-5. PCC is diag
nosed if symptoms persist for more than 3 months post infec
tion, affecting up to 3–10% of all COVID-19 (coronavirus 
disease 2019) patients.6,7 While the first cases of PCC were al
ready reported in the early phase of the pandemic,2 the exact 
aetiology of the persisting neurological symptoms still re
mains unclear.6 Ongoing research points towards multiple 
pathomechanisms, including immune dysregulation with 
neuroinflammation, endothelial dysfunction, coagulopathy, 
viral persistence and viral reactivation.6,8

Recent evidence shows that immune dysregulation includ
ing increased microglial reactivity can result in loss of mye
linated axons.1,9 Indeed, several neuroimaging studies have 
observed white matter alterations in patients with PCC, in
cluding T2/FLAIR (fluid-attenuated inversion recovery) hy
perintensities, decreased perfusion and oxygen levels and 
changes in diffusion imaging parameters, such as fractional 

anisotropy (FA), mean diffusivity (MD), axial diffusivity 
(AD) and radial diffusivity, indicative of altered white matter 
microstructure10-23. T2/FLAIR Hyperintensities have been 
shown to involve the frontal and parieto-occipital white mat
ter13 and the internal capsule.16 Likewise, diffusion imaging 
studies showed widespread alterations in white mat
ter10,14,15,17,19 but also more localized alterations in several 
white matter tracts, including the corona radiata (lower 
AD,10 reduced MD,21 and a lower fraction of intracellular 
water as proxy of axonal density12), the external capsule 
(lower AD10) and the corpus callosum (reduced MD,15

AD,15 FA17,22 and also lower fraction of intracellular 
water12). Repeatedly, alterations have also been observed 
in the internal capsule with lower MD19 and lower FA.17

Regional findings include altered MD10 and altered FA of 
the thalamus,11,17 lower MD of the anterior thalamic radi
ation19 and altered MD of white matter proximal to the pu
tamen and pallidus.15 Importantly, white matter alterations 
have been associated with cognitive deficits and fatigue in pa
tients with PCC.10,11,13,16,17
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Given the accumulating evidence for widespread white 
matter damage in PCC, white matter connectivity and ac
cordingly the structural connectome are likely affected by 
PCC pathology. The connectome describes a comprehensive 
map of anatomical connections that interlink the neuronal 
components of the human brain in the form of a connection 
matrix, offering a framework for network-based analyses of 
brain structure and function.24 While previous studies relied 
on approaches targeting localized microstructural properties, 
such as voxel-wise analyses (e.g. TBSS) or regional diffusion 
metrics, connectome analyses provide a complementary, 
network-level perspective on white matter organization.

Recently developed tractography algorithms provide a 
non-invasive way of reconstructing white matter pathways 
based on diffusion-weighted MRI, thereby enabling the de
tection of disease-associated connectome alterations. In the 
past, tractography has been widely used in other neurologic
al disorders with white matter damage and associated cogni
tive dysfunction and fatigue, including multiple sclerosis and 
Parkinson’s disease.25,26 However, despite the growing rele
vance of understanding neuropsychiatric disorders from a 
neural network perspective, and the growing evidence for 
white matter alterations, the structural connectome in pa
tients with PCC has not yet been studied.27

For analyzing connectome alterations, graph theory is a 
widely used approach that translates connectivity data into 
network metrics, or graph measures, which quantify changes 
in integration, segregation and hub architecture of the 
brain.28 Two important graph measures are node strength 
and betweenness centrality. Node strength is one of the 
most fundamental graph measures, representing the number 
of connections of a given brain region with all other re
gions,25 and most other graph measures are related to node 
strength.28 Betweenness centrality quantifies how often a re
gion lies on the shortest path between other regions.28 While 
higher node strength indicates how strongly a region is con
nected to the rest of the network, reflecting its contribution 
to information integration, betweenness centrality captures 
the region’s role as a connector for communication between 
other brain regions.25,28 Both measures can be used to iden
tify hub regions, which are frequently affected in neurologic
al disorders.25

Many of the previously observed white matter alterations 
are in tracts or regions that are either in close proximity or dir
ectly involve the thalamus and basal ganglia10,11,15,16,18-21. 
Similarly, we recently identified structural alterations of the 
thalamus and basal ganglia that were related to fatigue.11

Here, we therefore investigated the structural connectome in 
a cohort of patients with PCC and healthy controls with a fo
cus on basal ganglia and thalamus structural connectivity. 
Specifically, we aimed to identify characteristic changes of 
node strength and betweenness centrality of these brain regions 
in PCC patients and relate them to individual levels of cognitive 
dysfunction and fatigue severity. In accordance with previous 
findings, we hypothesized (i) that PCC patients show reduced 
structural connectivity of the thalamus and basal ganglia, 
quantified by lower node strength and betweenness centrality; 

and (ii) that these changes are associated with cognitive dys
function and fatigue severity.

Materials and methods
Participants
The study received approval from the ethics committee of 
Charité—Universitätsmedizin Berlin (EA2/007/21) and was 
conducted in compliance with the Declaration of Helsinki.

Fifty patients with post-COVID condition were recruited 
from the neurological post-COVID outpatient clinic at 
Charité—Universitätsmedizin Berlin between April 15 and 
November 30, 2021. Patients were included if they met the 
following criteria: (i) a reverse-transcription PCR test con
firmed SARS-CoV-2 (severe acute respiratory syndrome cor
onavirus 2) infection, (ii) postinfectious neurological 
symptoms for at least 3 months and (iii) no history of neuro
logical or psychiatric disease previous to COVID-19. 
Additionally, we recruited 50 healthy control participants 
without a history of neurological or psychiatric disease or 
known SARS-CoV-2 infection. The control group was 
matched to the patient group regarding age, sex, and years 
of education. Six patients and six healthy controls were 
excluded due to insufficient MRI data quality. In addition, 
one patient and three controls were excluded for lesions 
affecting the tractography. Accordingly, 43 patients (34 
women, 9 men; median age: 43.16 years) with PCC and 
41 healthy controls (33 women, 8 men; median age: 
43.73 years) were included in the analysis (Table 1). Five pa
tients and 1 healthy control participant did not provide data 
on the Fatigue Scale for Motor and Cognitive Functions 
(FSMC).

Neuropsychological and psychiatric 
assessment
Patients and control participants underwent a comprehensive 
neuropsychological assessment that included a cognitive 
screening with the Montreal Cognitive Assessment 
(MoCA), and the following cognitive tests: German 
Rey-Auditory Verbal Learning Test (RAVLT)29 and 
Rey-Osterrieth Complex Figure Test (ROCF)30 for verbal 
and visual long-term memory, Digit Span Test forward 
and backward31 for working-memory, German Test of 
Attentional Performance (TAP)32 for attention, 
Trail-Making Test A (TMT-A) for processing speed and 
Trail-Making Test B (TMT-B)33 as well as the Stroop 
Word-Color-Interference Test34 for executive functions, 
Regensburger Wortflüssigkeitstest35 for verbal fluency and 
a computerized in-house test on spatial navigation (Virtual 
Environments Navigation Assessment for young and 
middle-aged adults; VIENNA YOUNG36). In addition, we 
assessed anxiety (Beck Anxiety Inventory, BAI), depression 
(Beck Depression Inventory, BDI-II) and fatigue (FSMC).
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MRI data acquisition
Patient and control MRI data were acquired at the Berlin 
Centre for Advanced Neuroimaging with a 3T PRISMA 
scanner and a 64-channel head coil (Siemens, Erlangen, 
Germany). The MRI protocol included a T1-weigthed scan 
(3D-MPRAGE (magnetization prepared rapid gradient 
echo), TR (repetition time) = 1900 ms, TE (echo time) =  
2.22 ms, TI (inversion time) = 2100 ms, voxel size 1 × 1 ×  
1 mm3) and a diffusion weighted scan (multiband EPI 
(echo planar imaging), 98 directions, b = [0, 1500, 3000], 
voxel size 1.5 × 1.5 × 1.5 mm3). T1-weighted images were 
corrected for intensity inhomogeneities during image recon
struction using automated bias field correction.

MRI data processing and structural 
connectome generation
T1 images were segmented with Freesurfer 7.2.0.37 To 
delineate cortical and subcortical regions, we parcellated 
each image using the Desikan–Killiany atlas38 implemented 
in Freesurfer. The basal ganglia were parcellated into 
the pallidum, putamen and caudate nucleus. Diffusion 
weighted MRI scans were preprocessed with a standard 
pipeline using MRtrix339 and FSL.40 Preprocessing steps in
cluded denoising,39,41-43 unringing,39,44 and correction for 
EPI-distortion, Eddy-currents, movement-distortion,39,45-47

and bias field correction.39,48 After preprocessing, diffusion 
images were visually inspected for quality assessment, in
cluding quality control of the unringed and denoised image 
and the inspection of remaining (EPI-)distortions. Details 
are provided in the Supplementary material. Tractography 
analyses included estimating the fibre orientation distribu
tion in each voxel using multi-shell multi-tissue constrained 
spherical deconvolution,49 followed by an intensity normal
ization to make the fibre orientation distributions compar
able across participants. We segmented the T1-images into 
grey matter, white matter, and cerebrospinal fluid masks 
for anatomically constrained tractography. This involves 
seeding streamlines at the grey-matter-white-matter bound
ary and rejecting streamlines that end in cerebrospinal fluid 
or white matter, to increase biological plausibility. We then 

co-registered the T1-images and the segmented anatomical 
images to the diffusion weighted images. Finally, we ran 
the probabilistic second-order Integration over Fibre 
Orientation Distributions (iFOD2)50 tractography algo
rithm, generating 100 million streamlines per participant 
and applied the spherical-deconvolution informed filtering 
of tractograms (SIFT) 2 filter algorithm51 to reduce biases 
and enable biological plausible analysis of tract density by 
the number of streamlines. In contrast to the original SIFT al
gorithm, SIFT2 does not remove streamlines but applies a 
weighting to the connectome. After visual inspection of the 
tract images—including assessment of anatomically in
formed streamline orientation, as well as streamline start 
and termination points (details are provided in the 
Supplementary material)—we used the co-registered, parcel
lated T1-images to create structural connectivity matrices for 
each participant. Resulting connectivity matrices were de
fined by the number of reconstructed and SIFT-2-weighted 
streamlines.

Structural connectivity analysis
We used the Brain Connectivity Toolbox52 to analyze struc
tural connectivity with graph theory. Before calculating 
graph measures, we applied a global L1-normalization with
in the individual connectivity matrices by dividing each ma
trix value by the sum of all matrix values, to account for 
SIFT-2-induced inter-individual variations in the total num
ber of streamlines. Additionally, we merged corresponding 
regions of the left and right hemispheres within each con
nectivity matrix, to increase statistical power for subsequent 
group difference analyses. We then calculated the partici
pant’s individual node strength and betweenness centrality 
for each brain region. Finally, we extracted the graph mea
sures for our regions of interest: the bilateral putamen, caud
ate, pallidum, and thalamus.

Statistical analysis
Age, years of education and fatigue scores were not normally 
distributed. Accordingly, group differences in these 
sample characteristics were tested with non-parametric 

Table 1 Participant characteristics

Controls Patients P-value

Sex 33 women | 8 men 34 women | 9 men >0.999
Age (years) 43 (32–53) 43 (35–51.5) 0.876
Years of Education 16.5 (15–18) 16.5 (14–18) 0.572
Hospitalized 7 / 43 (16.28%)
Intensive Care Unit 2 / 43 (4.65%)
Fatigue (FSMC) 37 (22.75–45.25) 74.53 (15.49) <0.001
Depression (BDI-II) 3 (0.75–8.25) 16 (10–19.75) <0.001
Anxiety (BAI) 1 (0–5.5) 13.5 (8–19.5) <0.001
Acute COVID disease duration (days) 21 (17.5–28)
Time since infection (days) 243 (204.5–289.5)

Values are reported with median (interquartile range) if not otherwise indicated. ‘Hospitalized’ and ‘Intensive Care Unit’ indicates the proportion of patients who required 
hospitalization or intensive care during SARS-CoV-2 infection. FSMC, Fatigue Scale for Motor and Cognitive Functions.
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Mann–Whitney-U-test. Group differences in sex were tested 
with the chi-squared test. Likewise, the resulting graph mea
sures were not normally distributed, so we used the Mann– 
Whitney-U-test to analyze group differences between PCC 
patients and healthy control participants. To control for 
multiple comparisons, P-values for group differences were 
corrected using the false discovery rate (FDR) within each 
graph measure family, with significance set at P < 0.05. For 
graph measures with significant group differences, we fur
ther analyzed associations between the measure and the fa
tigue score using the spearman correlation coefficient. 
Exploratory analyses were additionally conducted to assess 
associations with neuropsychological test scores (raw va
lues), depression (BDI-II) and anxiety (BAI) scores, restricted 
to graph measures exhibiting significant group differences. 
Correlation analyses were conducted separately for patients 
and control participants, to identify clinically relevant asso
ciations. Correlation analyses for associations with fatigue 
were restricted to the 78 participants who had completed 
FSMC data. For significant associations with the FSMC, 
we re-evaluated any previously observed group difference 
in the restricted sample to ensure that the result was not dri
ven by the six participants lacking FSMC data.

Results
Sample characteristics
Patients with PCC and control participants did not differ sig
nificantly regarding sex, age or years of education. The pa
tient showed significantly increased fatigue, depression and 
anxiety scores in comparison to the control participants 
(Table 1). Additionally, patients exhibited significantly re
duced cognitive performance relative to control participants 
in all tested cognitive domains, except working memory (di
git span backwards) and spatial navigation (VIENNA 
Young, Table 2). Here we report relevant scores for each 
cognitive domain. Detailed results from all tests are provided 
in the Supplementary material.

Region-of-interest analyses
Results from the region-of-interest analyses are summarized in 
Tables 3 and 4. We found a significantly higher node strength of 
the putamen in PCC patients compared with control partici
pants (Fig. 1A). The group difference remained significant 
when the analysis was restricted to the 78 participants with 
complete FSMC and tractography data (Mann–Whitney U =  
496, P = 0.008). In the patient group, higher node strength of 
the putamen was significantly associated with more severe fa
tigue, ρ = 0.33, P = 0.045. In contrast, there was no significant 
correlation between the node strength of the putamen and fa
tigue in the healthy control group, indicative for a group inter
action effect (Fig. 1B). To test this effect, we ran a multiple 
linear regression with an interaction term (group and node 
strength of the putamen), which indicated a trend-level inter
action effect, t = 1.81, P = 0.074.

At the uncorrected threshold, the putamen showed higher 
betweenness centrality in PCC patients than in controls 
(Table 4). This difference did not survive FDR correction. 
Betweenness centrality was not significantly associated 
with fatigue severity. Neither node strength nor betweenness 
centrality of the putamen was significantly associated with 
any of the assessed cognitive scores (Tables 5 and 6), depres
sion (BDI-II; node strength: ρ = 0.19, P = 0.244; between
ness centrality: ρ = −0.04, P = 0.836) or anxiety (BAI; node 
strength: ρ = 0.19, P = 0.244; betweenness centrality: ρ =  
−0.05, P = 0.761) in patients with PCC.

Discussion
In this study, we applied state-of-the-art tractography to 
identify white matter connectivity changes and potential 
clinical associations in patients with PCC. We hypothesized 
that patients with PCC would show decreased structural 
connectivity of the thalamus, caudate, pallidum and puta
men. In contrast, we found increased structural connectivity 
(i.e. increased node strength) of the putamen in PCC patients 
in comparison to healthy control participants. Moreover, in
creased node strength was associated with more severe 

Table 2 Neuropsychological group differences

Neuropsychological test Cognitive domain
Controls  
(median)

Patients  
(median)

Mann– 
Whitney U P-value P-value Adj.

Rank- 
Biserial r

MoCa Global Cognition 28 27 1216.5 0.002** 0.004** 0.33
RAVLT—Delayed Recall Verbal Memory 14 11 1263.5 0.001** 0.002** 0.37
ROCF—Delayed Recall Visual Memory 26 19 1242.0 0.001** 0.003** 0.35
Digit Span Backwards Working Memory 7 6 1062.5 0.100 0.100 0.18
TAP—Tonic Alertness Attention 246 275 373.5 <0.001*** <0.001*** −0.5
TMT A Processing Speed 25 33 587.5 0.009** 0.012* −0.29
TMT B Executive Functioninga 51 59 597.5 0.011* 0.014* −0.28
Word-Color-Interference Executive Functioningb 101 114 488.5 <0.001*** 0.002** −0.38
Fluency Test: Animals Verbal Fluency 27 24 1237.0 0.001** 0.003** 0.35
VIENNA Young Spatial Navigation 20 18 1089.0 0.063 0.070 0.2

Group differences between patients and controls for the neuropsychological test scores. *P < 0.05, **P < 0.01, ***P < 0.001. Bold P-values indicate a significant group difference. MoCa, 
Montreal Cognitive Assessment; RAVLT, German Rey-Auditory Verbal Learning Test; ROCF, Rey-Osterrieth Complex Figure Test; TAP, German Test of Attentional Performance; 
TMT, Trail Making Test; VIENNA, Virtual Environments Navigation Assessment for young and middle-aged adults. aSet-shifting. bInhibition.
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fatigue in patients, but not in control participants, providing 
evidence for a PCC-related white matter dysfunction under
lying fatigue severity. Compared with our previous work, 
which focused on regional diffusion tensor imaging (DTI) 
and volumetric alterations within the basal ganglia and thal
amus,11 the current study extends these findings by examin
ing the connectivity profile of the same regions of interest 
using tractography and network-based measures. We there
by complement previous regional findings with evidence for 
large-scale network-level reorganization.

Findings in relation to previous 
research
Neuroimaging studies have consistently reported both struc
tural and functional brain alterations in patients with PCC, 

particularly in relation to fatigue and cognitive dysfunction. 
Affected regions include the thalamus and putamen, as well 
as cortical areas, the cerebellum, brainstem and limbic struc
tures such as the hippocampus and parahippocampal 
gyrus23,53-55. Structural MRI studies have primarily shown 
reduced grey matter volumes55 in these regions, although 
some reported increased volume in the basal ganglia and 
thalamus.56,57 Diffusion imaging studies, including DTI 
and more recently developed diffusion microstructural im
aging, have similarly identified widespread white matter al
terations.10,11,23,55 Functional connectivity studies further 
support these findings, revealing altered connectivity pat
terns in the brainstem, thalamus, cerebellum and limbic re
gions such as the cingulate and olfactory cortex.15 ,53-55 .

Across diffusion imaging studies, white matter alterations 
appear to be a robust finding in PCC, affecting multiple 

Table 3 Connectome analysis—node strength

ROI Controls (median) Patients (median) Mann–Whitney U P-value P-value Adj.

Caudate 0.0790 0.0755 940 0.604 0.604
Putamen 0.0771 0.0812 589 0.009** 0.036*
Pallidum 0.0420 0.0407 978 0.390 0.520
Thalamus 0.1093 0.1064 1000 0.291 0.520

Results from the connectome analyses. **P < 0.01, *P < 0.05. P-value Adj. = False-Discovery Rate Adjusted. Bold P-values indicate a significant group difference.

Table 4 Connectome analysis—betweenness centrality

ROI Controls (median) Patients (median) Mann–Whitney U P-value P-value Adj.

Caudate 22 28 901 0.863 0.863
Putamen 80 54 620 0.019* 0.078
Pallidum 0 0 902.5 0.702 0.863
Thalamus 354 352 934 0.641 0.863

Results from the connectome analyses. **P < 0.01, *P < 0.05. P-value Adj. = False-Discovery Rate Adjusted. Bold P-values indicate a significant group difference.

Figure 1 Between-group differences of Putamen node strength: (A): group difference (Mann–Whitney U-test) in node strength of the 
putamen (N = 84). Patients with PCC exhibited significantly higher node strength of the putamen compared with healthy controls. *pFDR < 0.05. (B) 
Spearman Correlation between node strength of the putamen and the fatigue symptoms (FSMC) per group (N = 78). Each data point refers to a participant’s 
score in nodes strength of the putamen and the corresponding FSMC score. Node strength of the putamen only correlated with fatigue in patients with PCC 
(ρ = 0.33, P = 0.045), with a trend-level group interaction effect (multiple linear regression analysis), t = 1.81, P = 0.074.
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tracts and brain regions10-23. Consistently reported altera
tions include the corpus callosum,12,15,17,22,23 the corona ra
diata,10,12,19,21 the internal capsule16,17,19,23 and the 
thalamic radiation.19,55 Nonetheless, these studies primarily 
relied on approaches targeting localized microstructural 
properties, such as voxel-wise analyses (e.g. TBSS) or region
al diffusion metrics, thereby providing insights into local al
terations but offering limited understanding of network-level 
disruptions.

To date, studies explicitly investigating the structural con
nectome using tractography-based approaches in PCC are 
lacking. Our study therefore complements existing literature 
by extending previous local findings to the connectome level, 
revealing altered putamen connectivity and its association 
with fatigue severity. This adds a novel system-level perspec
tive to the existing evidence of white matter pathology in 
PCC.

Among the various region implicated in PCC, the putamen 
has emerged as particularly relevant structure due to its cen
tral role in fatigue pathophysiology. Recent studies have 
identified the putamen as one of the key areas linked to fa
tigue pathophysiology in PCC, showing volumetric changes 
and deviations in diffusion parameters that correlate with fa
tigue severity11,23,56-58. Indeed, the association between al
tered putamen connectivity and fatigue is plausible given 

previous imaging findings in other neuroimmunological dis
eases and in aging. In multiple sclerosis, functional and struc
tural connectivity of the striatum, including the putamen, are 
associated with subjective and objective measures of cogni
tive fatigue59-63. Additionally, altered microstructural prop
erties of the putamen have been linked to fatigue in multiple 
sclerosis.60 In older healthy adults, smaller basal ganglia vol
ume was associated with worse fatigue, with the putamen ex
hibiting the strongest correlation of the investigated basal 
ganglia structures.64 In another study with healthy indivi
duals, functional connectivity analyses have been used to de
lineate a ‘fatigue-network’, with the striatum, including the 
putamen, as central hub.65 In the current study, we observed 
network alterations of the putamen in patients with PCC 
that were associated with fatigue severity, adding to conver
ging evidence from neuroimmunological disorders, aging re
search and healthy populations highlighting the putamen’s 
involvement in fatigue pathophysiology.

While these findings implicate that the putamen is central 
in fatigue, they also raise the question of how the putamen 
is exactly involved in the pathophysiology of fatigue. 
Anatomically, the putamen is part of the basal ganglia, which 
form a central part of several dopaminergic striato-cortical 
circuits, with strong connections to the prefrontal cortex.66,67

They play a crucial role not only in motor control but also in 

Table 6 Correlations—Putamen betweenness centrality with cognition

Neuropsychological test Cognitive domain Spearman ρ P-value

MoCA Global Cognition −0.143 0.360
RAVLT—Delayed Recall Verbal Memory −0.002 0.990
ROCF—Delayed Recall Visual Memory 0.061 0.699
Digit Span Backwards Working Memory 0.044 0.781
TAP—Tonic Alertness Attention 0.280 0.069
TMT A Processing Speed −0.135 0.389
TMT B Executive Functioninga −0.226 0.146
Word-Color-Interference Executive Functioningb −0.033 0.836
Fluency Test—Animals Verbal Fluency 0.044 0.781
VIENNA Young Spatial Orientation 0.102 0.514

Spearman correlation between betweenness centrality of the putamen and neuropsychological test scores. MoCa, Montreal Cognitive Assessment; RAVLT, German Rey-Auditory 
Verbal Learning Test; ROCF, Rey-Osterrieth Complex Figure Test; TAP, German Test of Attentional Performance; TMT, Trail Making Test; VIENNA, Virtual Environments Navigation 
Assessment for young and middle-aged adults. aSet-shifting. bInhibition.

Table 5 Correlations—Putamen node strength with cognition

Neuropsychological test Cognitive domain Spearman ρ P-value

MoCA Global Cognition 0.143 0.361
RAVLT—Delayed Recall Verbal Memory −0.087 0.578
ROCF—Delayed Recall Visual Memory −0.007 0.967
Digit Span Backwards Working Memory 0.209 0.178
TAP—Tonic Alertness Attention 0.197 0.206
TMT A Processing Speed −0.133 0.395
TMT B Executive Functioninga −0.101 0.521
Word-Color-Interference Executive Functioningb −0.066 0.674
Fluency Test—Animals Verbal Fluency 0.158 0.313
VIENNA Young Spatial Orientation 0.039 0.805

Spearman correlation between nodes strength of the putamen and neuropsychological test scores. MoCa, Montreal Cognitive Assessment; RAVLT, German Rey-Auditory Verbal 
Learning Test; ROCF, Rey-Osterrieth Complex Figure Test; TAP, German Test of Attentional Performance; TMT, Trail Making Test; VIENNA, Virtual Environments Navigation 
Assessment for young and middle-aged adults. aSet-shifting. bInhibition.
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executive functions and motivation, possibly regulating en
ergy expenditure.66,68 In particular, dysfunction of the non- 
motor circuits, affecting primarily motivational processes, is 
thought to contribute to fatigue symptoms.66 More recently, 
this hypothesis has been extended, with evidence for a dopa
mine imbalance in the prefrontal cortex and the striatum, as a 
consequence of damage to dopaminergic neurons or path
ways.67 Interestingly, recent studies have shown a detrimen
tal effect of inflammatory cytokines on dopaminergic 
neurons,67,69 with neuroinflammation possibly playing a 
role in the emergence of PCC.6,8

Interpretation of increased 
connectivity
Compensatory connectivity
In our study, we found increased structural connectivity in 
patients with PCC. While decreased connectivity is more fre
quently reported in neurological disorders there is also evi
dence of increased connectivity,70-74 particularly in 
subcortical regions such as the putamen, often accompanied 
by volume reductions.71,73,74 This pattern was similarly ob
served in our cohort. Such increased connectivity is com
monly interpreted as compensatory response to neural 
injury, aiming to maintain network function75-77. Although 
most evidence stems from functional imaging studies, struc
tural and functional connectivity are closely related.78,79

Thus, our findings may reflect an initial compensatory mech
anism following SARS-CoV-2 infection. However, the posi
tive association between increased connectivity and fatigue 
challenges the notion of successful compensation.

Maladaptive connectivity
In contrast, increased connectivity might be part of the 
underlying pathology of PCC, i.e. directly or indirectly 
caused by SARS-CoV-2 infection, leading to the observed fa
tigue symptoms. With more streamlines passing through the 
putamen, these new connections could be either futile or the 
general neural information transfer might become less effi
cient. In line with this, it has been reported that greater 
modularity (i.e. strongly connected hubs) comes at the cost 
of global information integration in connectomes.27

Furthermore, higher connectivity is metabolically demand
ing75,77 and might therefore be maladaptive in patients 
with PCC. The direction of the positive association with 
fatigue—that was only present in patients and not in healthy 
controls—is in line with this hypothesis. However, further 
research ideally on longitudinal cohorts, is required to eluci
date the underlying mechanisms.

Vulnerability
Another alternative explanation is that the observed 
connectivity pattern in patients was already present before 
the infection. In our previous study of the same cohort, we 
observed volume reduction and surface deformations of 
the putamen.11 If we assume that patients had a stronger 
connectivity of the putamen before the infection, indicative 

of a greater relevance for information processing (hub re
gion), then any local damage to the very same region would 
have a much stronger negative effect compared with regions 
with a low connectivity profile. The observed increased con
nectivity might be the result of initially persisting white mat
ter tracts that only later deteriorate. A greater premorbid 
connectivity together with COVID associated damage of 
the putamen would thus represent a vulnerability for the de
velopment of PCC.

This hypothesis is in line with findings on computationally 
simulated attacks (corresponding to neurological pathology) 
targeting highly connected and central nodes, including the 
putamen, in structural connectomes.76 Attacks on these 
nodes resulted in a 3-fold greater reduction in overall com
munication efficiency than attacks targeting nodes with low
er connectivity and centrality.76

Clinical implications
Our findings of aberrant putamen connectivity in patients 
with PCC and its association with fatigue severity highlight 
the potential of structural connectome analyses as comple
mentary tool in clinical assessment. In contrast to conven
tional MRI, connectome-based approaches can detect 
subtle network alterations that may underlie persistent 
symptoms such as fatigue, thereby providing a pathophysio
logical correlate for clinical manifestations25,27,54,80-83. With 
recent advances in imaging acquisition, tractography algo
rithms and high-performance computing, connectome ana
lyses are becoming increasingly accessible for clinical 
applications. In this context, detection of altered putamen 
connectivity may serve as an objective imaging biomarker 
to support the differential diagnosis of PCC-related fatigue 
and to monitor disease progression or response to targeted 
interventions addressing fatigue symptoms.

Limitations
There are some limitations of our study that should be noted. 
This study employed a monocentric recruitment approach. 
Future multicenter studies will facilitate the recruitment of 
larger samples and enhance the generalizability of findings. 
Other limitations were the small sample size and the lack 
of a control group consisting of individuals who were in
fected with SARS-CoV-2 but did not develop post-COVID 
condition. Future studies should replicate our findings in 
larger cohorts and include additional control groups— 
particularly individuals with prior SARS-CoV-2 infection 
who remained asymptomatic or recovered without persistent 
neurological symptoms—to better isolate the effects specific 
to post-COVID condition. Finally, tractography is an 
evolving method with some limitations, including the gener
ation of false-positive connections and diverse biases.25 We 
addressed these issues by applying state-of-the-art methods, 
including probabilistic tractography with multi-shell multi- 
tissue constrained spherical deconvolution, anatomical 
constraints, and a SIFT-2 filter algorithm, to maximize 
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biological plausibility. Moreover, we used high-performance 
computing to enable the reconstruction of a massive number 
of 100 million streamlines per participant, optimizing the 
signal-to-noise ratio. Regarding the rapid evolution of trac
tography, newly developed and further optimized algorithms 
should be applied in the future to replicate prior tractogra
phy studies, including ours.

Conclusion
Patients with PCC show altered structural connectivity of the 
putamen associated with fatigue severity. These findings sug
gest a disease-related role of these alterations, providing new 
insights in the pathology of PCC-associated fatigue and cor
roborating the key role of the putamen in the pathophysi
ology of PCC.
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Supplementary material is available at Brain Communications
online.

Funding
This work was supported by the German Research 
Foundation (DFG), grant numbers 504745852 (Clinical 
Research Unit KFO 5023 ‘BecauseY’), FI 2309/1-1 
(Heisenberg Program) and FI 2309/2-1; and the German 
Federal Ministry of Education and Research (BMBF), grant 
number 01GM2208C (CONNECT-GENERATE).

Competing interests
The authors report no competing interests.

Data availability
Data supporting the findings of this study are available from 
the corresponding author upon reasonable request. The code 
supporting the findings of this study is publicly available in 
the following repository: https://github.com/larsschlenker/ 
tractography_pipeline.git.

References
1. Monje M, Iwasaki A. The neurobiology of long COVID. Neuron. 

2022;110(21):3484-3496.
2. Nalbandian A, Desai AD, Wan EY. Post-COVID-19 condition. 

Annu Rev Med. 2023;74(1):55-64.
3. Hartung TJ, Bahmer T, Chaplinskaya-Sobol I, et al. Predictors of non- 

recovery from fatigue and cognitive deficits after COVID-19: A pro
spective, longitudinal, population-based study. eClinicalMedicine. 
2024;69:102456.

4. Hartung TJ, Neumann C, Bahmer T, et al. Fatigue and cognitive im
pairment after COVID-19: A prospective multicentre study. 
eClinicalMedicine. 2022;53:101651.

5. Martin EM, Srowig A, Utech I, et al. Persistent cognitive slowing in 
post-COVID patients: Longitudinal study over 6 months. J Neurol. 
2024;271(1):46-58.

6. Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: Major 
findings, mechanisms and recommendations. Nat Rev Microbiol. 
2023;21(3):133-146.

7. Office for National Statistics. Self-reported coronavirus 
(COVID-19) infections and associated symptoms, England and 
Scotland. Office for National Statistics; 2024. Accessed 5 February 
2025. https://www.ons.gov.uk/peoplepopulationandcommunity/ 
healthandsocialcare/conditionsanddiseases/articles/selfreported 
coronaviruscovid19infectionsandassociatedsymptomsenglandand 
scotland/november2023tomarch2024.

8. Scheibenbogen C, Bellmann-Strobl JT, Heindrich C, et al. Fighting 
post-COVID and ME/CFS—Development of curative therapies. 
Front Med. 2023;10:1194754.

9. Vlaicu SI, Tatomir A, Cuevas J, Rus V, Rus H. COVID, comple
ment, and the brain. Front Immunol. 2023;14:1216457.

10. Lu Y, Li X, Geng D, et al. Cerebral micro-structural changes in 
COVID-19 patients—An MRI-based 3-month follow-up study. 
EClinicalMedicine. 2020;25:100484.

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

12. Huang S, Zhou Z, Yang D, et al. Persistent white matter changes in 
recovered COVID-19 patients at the 1-year follow-up. Brain. 2022; 
145(5):1830-1838.

13. Cecchetti G, Agosta F, Canu E, et al. Cognitive, EEG, and MRI fea
tures of COVID-19 survivors: A 10-month study. J Neurol. 2022; 
269(7):3400-3412.

14. Boito D, Eklund A, Tisell A, Levi R, Özarslan E, Blystad I. MRI with 
generalized diffusion encoding reveals damaged white matter in pa
tients previously hospitalized for COVID-19 and with persisting 
symptoms at follow-up. Brain Commun. 2023;5(6):fcad284.

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

16. Andriuta D, Si-Ahmed C, Roussel M, et al. Clinical and imaging de
terminants of neurocognitive disorders in post-acute COVID-19 pa
tients with cognitive complaints. J Alzheimers Dis. 2022;87(3): 
1239-1250.

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

18. Chien C, Heine J, Khalil A, et al. Altered brain perfusion and oxygen 
levels relate to sleepiness and attention in post-COVID syndrome. 
Ann Clin Transl Neurol. 2024;11(8):2016-2029.

19. Nelson BK, Farah LN, Grier A, et al. Differences in brain structure 
and cognitive performance between patients with long-COVID and 
those with normal recovery. NeuroImage. 2024;300:120859.

20. Diez-Cirarda M, Yus-Fuertes M, Polidura C, et al. Neural basis of 
fatigue in post-COVID syndrome and relationships with cognitive 
complaints and cognition. Psychiatry Res. 2024;340:116113.

21. Churchill NW, Roudaia E, Chen JJ, et al. Effects of post-acute 
COVID-19 syndrome on cerebral white matter and emotional 
health among non-hospitalized individuals. Front Neurol. 2024; 
15:1432450.

22. Pacheco-Jaime L, Garcia-Vicente C, Ariza M, et al. Structural brain 
changes in post-COVID condition and its relationship with cogni
tive impairment. Brain Commun. 2024;7(1):fcaf070.

23. Hosp JA, Reisert M, Dressing A, et al. Cerebral microstructural al
terations in post-COVID-condition are related to cognitive impair
ment, olfactory dysfunction and fatigue. Nat Commun. 2024;15(1): 
4256.

Post-COVID putamen connectivity                                                                                         BRAIN COMMUNICATIONS 2025, fcaf291 | 9

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/7/4/fcaf291/8229584 by guest on 07 N

ovem
ber 2025

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf291#supplementary-data
https://github.com/larsschlenker/tractography_pipeline.git
https://github.com/larsschlenker/tractography_pipeline.git
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/selfreportedcoronaviruscovid19infectionsandassociatedsymptomsenglandandscotland/november2023tomarch2024
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/selfreportedcoronaviruscovid19infectionsandassociatedsymptomsenglandandscotland/november2023tomarch2024
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/selfreportedcoronaviruscovid19infectionsandassociatedsymptomsenglandandscotland/november2023tomarch2024
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/selfreportedcoronaviruscovid19infectionsandassociatedsymptomsenglandandscotland/november2023tomarch2024


24. Sporns O, Tononi G, Kötter R. The human connectome: A struc
tural description of the human brain. PLoS Comput Biol. 2005; 
1(4):e42.

25. Zhang F, Daducci A, He Y, et al. Quantitative mapping of the 
brain’s structural connectivity using diffusion MRI tractography: 
A review. NeuroImage. 2022;249:118870.

26. Zuo C, Suo X, Lan H, et al. Global alterations of whole brain struc
tural connectome in Parkinson’s disease: A meta-analysis. 
Neuropsychol Rev. 2023;33(4):783-802.

27. van den Heuvel MP, Sporns O. A cross-disorder connectome land
scape of brain dysconnectivity. Nat Rev Neurosci. 2019;20(7): 
435-446.

28. Bullmore E, Sporns O. Complex brain networks: Graph theoretical 
analysis of structural and functional systems. Nat Rev Neurosci. 
2009;10(3):186-198.

29. Helmstaedter C, Lendt M, Lux S. Verbaler Lern- Und 
Merkfähigkeitstest: VLMT; manual. Beltz-Test; 2001.

30. Shin MS, Park SY, Park SR, Seol SH, Kwon JS. Clinical and empir
ical applications of the Rey–Osterrieth Complex Figure Test. Nat 
Protoc. 2006;1(2):892-899.

31. Sattler JM, Ryan JJ. Assessment with the WAIS-IV. Jerome M 
Sattler Publisher; 2009.

32. Fimm B, Zimmermann P. Testbatterie Zur 
Aufmerksamkeitsprüfung: (TAP). Handbuch Teil 1. Psytest; 1993.

33. Reitan RM. Validity of the trail making test as an indicator of or
ganic brain damage. Percept Mot Skills. 1958;8(3):271-276.

34. Scarpina F, Tagini S. The stroop color and word test. Front Psychol. 
2017;8:557.

35. Aschenbrenner S, Tucha O, Lange KW. Regensburger 
Wortflüssigkeits-Test: RWT; Handanweisung. Hogrefe Verlag für 
Psychologie; 2000.

36. Rekers S, Finke C. Translating spatial navigation evaluation from 
experimental to clinical settings: The virtual environments naviga
tion assessment (VIENNA). Behav Res Methods. 2024;56(3): 
2033-2048.

37. Fischl B. FreeSurfer. NeuroImage. 2012;62(2):774-781.
38. Desikan RS, Ségonne F, Fischl B, et al. An automated labeling sys

tem for subdividing the human cerebral cortex on MRI scans into 
gyral based regions of interest. NeuroImage. 2006;31(3):968-980.

39. Tournier JD, Smith R, Raffelt D, et al. MRtrix3: A fast, flexible and 
open software framework for medical image processing and visual
isation. NeuroImage. 2019;202:116137.

40. Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith 
SM. FSL. NeuroImage. 2012;62(2):782-790.

41. Veraart J, Novikov DS, Christiaens D, Ades-aron B, Sijbers J, 
Fieremans E. Denoising of diffusion MRI using random matrix the
ory. NeuroImage. 2016;142:394-406.

42. Veraart J, Fieremans E, Novikov DS. Diffusion MRI noise mapping 
using random matrix theory. Magn Reson Med. 2016;76(5): 
1582-1593.

43. Cordero-Grande L, Christiaens D, Hutter J, Price AN, Hajnal JV. 
Complex diffusion-weighted image estimation via matrix recovery 
under general noise models. NeuroImage. 2019;200:391-404.

44. Kellner E, Dhital B, Kiselev VG, Reisert M. Gibbs-ringing artifact 
removal based on local subvoxel-shifts. Magn Reson Med. 2016; 
76(5):1574-1581.

45. Andersson JLR, Sotiropoulos SN. An integrated approach to correc
tion for off-resonance effects and subject movement in diffusion MR 
imaging. NeuroImage. 2016;125:1063-1078.

46. Smith SM, Jenkinson M, Woolrich MW, et al. Advances in function
al and structural MR image analysis and implementation as FSL. 
NeuroImage. 2004;23:S208-S219.

47. Andersson JLR, Skare S, Ashburner J. How to correct susceptibility 
distortions in spin-echo echo-planar images: Application to diffu
sion tensor imaging. NeuroImage. 2003;20(2):870-888.

48. Tustison NJ, Avants BB, Cook PA, et al. N4ITK: Improved N3 bias 
correction. IEEE Trans Med Imaging. 2010;29(6):1310-1320.

49. Jeurissen B, Tournier JD, Dhollander T, Connelly A, Sijbers J. 
Multi-tissue constrained spherical deconvolution for improved ana
lysis of multi-shell diffusion MRI data. NeuroImage. 2014;103: 
411-426.

50. Tournier JD, Calamante F, Connelly A. Improved probabilistic 
streamlines tractography by 2nd order integration over fibre orien
tation distributions. Magn Reson Med. 2010;63:562-569.

51. Smith RE, Tournier JD, Calamante F, Connelly A. SIFT2: Enabling 
dense quantitative assessment of brain white matter connectivity 
using streamlines tractography. NeuroImage. 2015;119:338-351.

52. Rubinov M, Sporns O. Complex network measures of brain con
nectivity: Uses and interpretations. NeuroImage. 2010;52(3): 
1059-1069.

53. Dadsena R, Walders J, Costa AS, et al. Two-year impact of 
COVID-19: Longitudinal MRI brain changes and neuropsychiatric 
trajectories. Psychiatry Clin Neurosci. 2025;79(4):176-186.

54. Bungenberg J, Hohenfeld C, Costa AS, et al. Characteristic func
tional connectome related to post-COVID-19 syndrome. Sci Rep. 
2024;14(1):4997.

55. Rane Levendovszky S, Patel P, Zhu C, Rutman AM, Basha MM. 
Neuroimaging biomarkers of post-acute sequelae of Coronavirus 
Disease 2019. Br J Radiol. 2025;98:1165–1175.

56. Hafiz R, Gandhi TK, Mishra S, et al. Higher limbic and basal gan
glia volumes in surviving COVID-negative patients and the relations 
to fatigue. Neuroimage Rep. 2022;2(2):100095.

57. Besteher B, Machnik M, Troll M, et al. Larger gray matter volumes 
in neuropsychiatric long-COVID syndrome. Psychiatry Res. 2022; 
317:114836.

58. Vakani K, Norbury R, Vanova M, et al. Cognitive function and 
brain structure in COVID-19 survivors: The role of persistent symp
toms. Behav Brain Res. 2025;476:115283.

59. Langley C, Masuda N, Godwin S, et al. Dysfunction of basal ganglia 
functional connectivity associated with subjective and cognitive fa
tigue in multiple sclerosis. Front Neurosci. 2023;17:1194859.

60. Román CAF, Wylie GR, DeLuca J, Yao B. Associations of white 
matter and basal ganglia microstructure to cognitive fatigue rate 
in multiple sclerosis. Front Neurol. 2022;13:911012.

61. Finke C, Schlichting J, Papazoglou S, et al. Altered basal ganglia 
functional connectivity in multiple sclerosis patients with fatigue. 
Mult Scler J. 2015;21(7):925-934.

62. Jaeger S, Paul F, Scheel M, et al. Multiple sclerosis–related fatigue: 
Altered resting-state functional connectivity of the ventral striatum 
and dorsolateral prefrontal cortex. Mult Scler J. 2019;25(4): 
554-564.

63. Jaeger S, Paul F, Finke C. Functional connectivity alterations of 
striato-cortical circuits in multiple sclerosis. Mult Scler J. 2021; 
27(9):1469-1470.

64. Banerjee N, Kaur S, Saporta A, Lee SH, Alperin N, Levin BE. 
Structural basal ganglia correlates of subjective fatigue in 
middle-aged and older adults. J Geriatr Psychiatry Neurol. 2022; 
35(6):800-809.

65. Wylie GR, Yao B, Genova HM, Chen MH, DeLuca J. Using func
tional connectivity changes associated with cognitive fatigue to de
lineate a fatigue network. Sci Rep. 2020;10(1):21927.

66. Chaudhuri A, Behan PO. Fatigue and basal ganglia. J Neurol Sci. 
2000;179(1):34-42.

67. Dobryakova E, Genova HM, DeLuca J, Wylie GR. The dopamine 
imbalance hypothesis of fatigue in multiple sclerosis and other 
neurological disorders. Front Neurol. 2015;6:52.

68. Kluger BM, Krupp LB, Enoka RM. Fatigue and fatigability in 
neurologic illnesses. Neurology. 2013;80(4):409-416.

69. Morris G, Berk M, Galecki P, Walder K, Maes M. The 
neuro-immune pathophysiology of central and peripheral fatigue 
in systemic immune-inflammatory and neuro-immune diseases. 
Mol Neurobiol. 2016;53(2):1195-1219.

70. Li Y, Jewells V, Kim M, et al. Diffusion tensor imaging based net
work analysis detects alterations of neuroconnectivity in patients 

10 | BRAIN COMMUNICATIONS 2025, fcaf291                                                                                                             L. S. Schlenker et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/7/4/fcaf291/8229584 by guest on 07 N

ovem
ber 2025



with clinically early relapsing-remitting multiple sclerosis. Hum 
Brain Mapp. 2013;34(12):3376-3391.
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