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Abstract
Background and purpose: The aim of this study was to investigate the relevance of com-
partmentalized grey matter (GM) pathology and network reorganization in multiple scle-
rosis (MS) patients with concomitant epilepsy.
Methods: From 3-T magnetic resonance imaging scans of 30 MS patients with epilepsy 
(MSE group; age 41 ± 15 years, 21 females, disease duration 8 ± 6 years, median Expanded 
Disability Status Scale [EDSS] score 3), 60 MS patients without epilepsy (MS group; age 
41 ± 12 years, 35 females, disease duration 6 ± 4 years, EDSS score 2), and 60 healthy sub-
jects (HS group; age 40 ± 13 years, 27 females) the regional volumes of GM lesions and of 
cortical, subcortical and hippocampal structures were quantified. Network topology and 
vulnerability were modelled within the graph theoretical framework. Receiver-operating 
characteristic (ROC) curve analysis was applied to assess the accuracy of GM pathology 
measures to discriminate between MSE and MS patients.
Results: Higher lesion volumes within the hippocampus, mesiotemporal cortex and amyg-
dala were detected in the MSE compared to the MS group (all p < 0.05). The MSE group 
had lower cortical volumes mainly in temporal and parietal areas compared to the MS and 
HS groups (all p < 0.05). Lower hippocampal tail and presubiculum volumes were identi-
fied in both the MSE and MS groups compared to the HS group (all p < 0.05). Network 
topology in the MSE group was characterized by higher transitivity and assortativity, and 
higher vulnerability compared to the MS and HS groups (all p < 0.05). Hippocampal lesion 
volume yielded the highest accuracy (area under the ROC curve 0.80 [0.67–0.91]) in dis-
criminating between MSE and MS patients.
Conclusions: High lesion load, altered integrity of mesiotemporal GM structures, and net-
work reorganization are associated with a greater propensity for epilepsy occurrence in 
people with MS.
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INTRODUC TION

Seizures and epilepsy may occur during the course of multiple scle-
rosis (MS). Their prevalence is estimated to be 1.5%–2.6% [1, 2] and 
0.9%–3.1% [1], respectively, which is approximately seven times 
higher than in the general population [3]. The underlying causes 
of a higher susceptibility to epilepsy occurrence in MS patients are 
poorly understood, however, an earlier onset of MS, longer disease 
duration, and greater disability have been suggested as predispos-
ing factors [4]. A few available neuroimaging and neuropathological 
studies emphasized the specific role of inflammatory and degenera-
tive cortical grey matter (GM) damage [5, 6] in promoting the occur-
rence of epilepsy in MS. In particular, inflammatory lesions, neuronal 
cell loss, and axonal demyelination were recognized as driving mech-
anisms of cortical hyperexcitability and seizure generation in MS [5, 
7]. Quantification of both lesion and tissue morphometric properties 
across different GM compartments might reveal structural abnor-
malities associated with epileptogenesis due to MS pathology. As 
spatial location of lesions and cortical atrophy are non-random and 
follow specific patterns in MS [8], the relationship between regional 
distribution of GM pathology and epilepsy occurrence is of great in-
terest. Due to the primary attribution of temporal lobe damage in 
seizure generation in MS patients [5, 9], involvement of other corti-
cal and subcortical structures has remained less well studied.

Inflammatory lesions and tissue loss induce early and wide-
spread brain network responses in MS patients, involving cortical 
and subcortical GM structures [10–13]. Similarly, network remodel-
ling occurs in epilepsy patients, locally within the seizure focus and 
spanning towards the distant areas [14–16]. Graph theory is a valu-
able tool with which to investigate the alterations of brain networks 
in both MS [17] and epilepsy [18] patients. Network alterations in 
MS patients with concomitant epilepsy have not been approached 
so far and addressing these might offer additional insights into the 
network mechanisms linked to epileptogenesis in MS.

In this study, we aimed to assess the contribution of compart-
mentalized GM pathology and network architecture to epilepsy 
occurrence in patients with MS. Hence, we analysed regional T2 le-
sion loads and volumes of cortical, subcortical and hippocampal GM 
structures, and modelled GM connectivity matrices in MS patients 
with and without epilepsy. We hypothesized that MS patients with 
concomitant epilepsy display specific topographical alterations in GM 
structures and network organization that favour epilepsy occurrence.

METHODS AND MATERIAL S

Study participants

This study was conducted at two neurology centres in Germany: 
the Department of Neurology at the University Medical Centre of 
the Johannes Gutenberg University Mainz and the Department of 
Neurology at the University Medicine Greifswald. From a large MS 
cohort (n = 1156), 30 patients satisfying the study's criteria, namely, 
diagnosis of MS based on the 2010 McDonald criteria [19] and 

concomitant epilepsy not explained by causes other than MS (MSE 
group), were included. Among these, 25 had relapsing–remitting MS 
(RRMS), three had secondary progressive MS (SPMS) and two had pri-
mary progressive MS (PPMS). Epilepsy was defined as the occurrence 
of two unprovoked epileptic seizures presenting more than 24 h apart 
[20] and epilepsy type was classified according to the International 
League Against Epilepsy (ILAE) criteria [21]. Classification of seizure 
type into focal, generalized or unknown onset was performed accord-
ing to the 2017 ILAE guidelines [22]. A control group of 60 age- and 
sex-matched MS patients (all RRMS) with no history of seizures was 
included (MS group). Patients' disability was assessed according to the 
Expanded Disability Status Scale (EDSS). All patients underwent 3-T 
magnetic resonance imaging (MRI; without corticosteroid use and no 
relapse within 30 days before the MRI scan) and all MSE patients had a 
standard 21-channel interictal electroencephalogram (EEG) recording. 
Additionally, a group of age- and sex-matched healthy subjects (HS 
group; n = 60) without prior evidence of seizures or psychiatric dis-
orders and normal MRI scans was included. The study was approved 
by the ethical committees of the State Medical Board of Rhineland-
Palatine and University Medicine Greifswald (BB022/19). All subjects 
provided written informed consent before participation.

MRI acquisition

Individual magnetic resonance images from Mainz were acquired on 
a 3-T MRI scanner (Magnetom Tim Trio, Siemens, Germany) with a 
32-channel head coil. The imaging protocol comprised sagittal three-
dimensional (3D) T1-weighted (T1W) magnetization-prepared rapid 
gradient echo (MP-RAGE) and 3D T2-weighted (T2W) fluid attenu-
ated inversion recovery (FLAIR) sequences with the following acqui-
sition parameters: MP-RAGE: repetition time (TR) = 1900 ms, echo 
time (TE) = 2.52 ms, inversion time (TI) = 900 ms, flip angle (FA) = 9°, 
field of view (FoV)  =  256 × 256 mm2, matrix size  =  256 × 256, 
slice thickness  =  1 mm, voxel size  =  1 × 1 × 1 mm3; T2W-FLAIR: 
TR = 5000 ms, TE = 388 ms, TI = 1800 ms, FoV = 256 × 256 mm2, ma-
trix size = 256 × 256, slice thickness = 1 mm, voxel size = 1 × 1 × 1 mm3.

Images of the participants from Greifswald were acquired on a 3-T 
Magnetom Verio (Siemens) with a 32-channel head coil. Acquisition 
parameters were: sagittal 3D T1W MP-RAGE: TR  =  1690 ms, 
TE  =  2.52 ms, FoV  =  256 × 256 mm2, matrix size  =  256 × 256, 
slice thickness  =  1 mm, voxel size  =  1 × 1 × 1 mm3; and sagittal 3D 
T2W FLAIR: TR  =  5000 ms, TE  =  388 ms, TI  =  1800 ms, FA  =  8°, 
FoV = 250 × 250 mm2, matrix size = 512 × 512, slice thickness = 1 mm, 
voxel size = 0.49 × 0.49 × 1 mm3.

MRI processing

Volumetric segmentation

Cortical surface reconstruction and subsequent cortical, subcorti-
cal and hippocampal volumetric parcellations of T1W images were 
performed with FreeSurfer (version 6.0, http://surfer.nmr.mgh.
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harva​rd.edu/) [23]. To avoid lesion-induced tissue misclassification 
errors, MRI preprocessing was performed after filling T1 hypoin-
tense lesions. For each subject the processing stream consisted 
of skull stripping, Talairach space transformation, optimization of 
GM–white matter (WM) and GM–cerebrospinal fluid boundaries, 
segmentation of subcortical WM and deep GM structures, and 
surface tessellation with topology correction [23]. Reconstructed 
cortical surfaces and volumetric parcellations were inspected 
for accuracy and manually corrected if necessary. Cortical sur-
face was parcellated into 68 anatomical regions according to the 
Desikan-Killiany atlas [24].

Hippocampal subfields were segmented based on the prelimi-
nary T1W subcortical segmentation of the whole hippocampus by 
applying a Bayesian inference approach and a probabilistic atlas 
of the hippocampal formation [25]. The left and right hippocampi 
were each segmented into 12 subfields: parasubiculum, presubicu-
lum, subiculum, cornu ammonis (CA) 1, CA3, CA4, granule cell layer 
of dentate gyrus, hippocampus–amygdala transition area (HATA), 
fimbria, molecular layer, hippocampal fissure, and hippocampal tail. 
FreeSurfer's automated hippocampal subfields segmentation has 
shown high accuracy and reliability within and across healthy and 
patient populations [26], and high stability within and across differ-
ent scanner platforms [27].

Finally, regional volumes of cortical, subcortical GM structures 
and hippocampal subfields were extracted for subsequent analysis.

Lesion segmentation

For the quantification of lesion volumes we employed the lesion seg-
mentation toolbox (LST; https://www.appli​ed-stati​stics.de/lst.html) 
[28], running under statistical parametric mapping (SPM12) software 
(https://www.fil.ion.ucl.ac.uk/spm/). Automated lesion segmentation 
was based on the lesion growth algorithm. First, structural T1W im-
ages were segmented into GM, WM and cerebrospinal fluid compart-
ments. Afterwards, the 3D FLAIR images were co-registered to the 
T1W images in order to obtain the lesion belief maps. These maps 
were thresholded with 20 different initial values to calculate the 
binary lesion maps. After visual inspection, the threshold of ĸ = 0.1 
was chosen as the optimal value. Finally, the binary lesion maps were 
grown along the hyperintense voxels on FLAIR images, resulting in le-
sion probability maps. To obtain individual lesion volumes of the corti-
cal and subcortical regions, including the hippocampal subfields, the 
pre-computed lesion probability maps in subject space were superim-
posed to the parcellation pre-computed on the T1W images.

Network analysis

Network reconstruction

Network analysis was performed via the open-source Brain 
Connectivity Toolbox (https://sites.google.com/site/bctne​t/) [29]. 
Obtained volumes from cortical, subcortical GM structures, and 

hippocampal subfields were embedded into a common connectivity 
matrix (N × N, where N represents the number of regions; 106 × 106) 
for each group (MSE, MS, HS) separately. Each value in the connec-
tivity matrix represents the Pearson correlation between the pairs 
of regions across group individuals. The connectivity matrices were 
binarized over a range of density levels (n = 30; starting from 0.3 in 
steps of 0.01). At each density level, the consistency of the network 
topology was evaluated.

Network topology measures

The following network measures were calculated to describe the 
topological organization of the networks: transitivity, assortativity, 
and network resilience. Transitivity, similarly to the clustering coeffi-
cient, indicates the number of connections between the neighbour-
ing nodes, but unlike the clustering coefficient, transitivity is not 
influenced by low-degree nodes [30]. Being the measure of network 
segregation, transitivity reflects the average level of local connect-
edness in a network. Assortativity is defined as the preference of a 
network's node to connect to other nodes that have a similar degree 
[31]; positive values indicate an assortative network and negative 
values indicate a disassortative network (i.e., nodes connect pref-
erentially with nodes of different degree). The assortative topology 
was shown to facilitate synchronization within the networks [32]. 
The computed network measures were corrected for age, sex and 
centre.

The resilience of a network relies on a robust and efficient con-
figuration of interregional brain connections and is associated with 
network stability [33]. To probe the resilience of brain networks, 
simulated random and targeted attacks were performed based on 
the transitivity [29, 34]. During random attack, nodes were randomly 
removed from the network and alterations in network topology (rel-
ative size of the remaining largest connected component) were as-
sessed thereafter. The targeted attack performs node removal in a 
rank order of decreasing nodal betweenness centrality, defined as 
the number of shortest paths connecting every pair of nodes in the 
network and crossing through a given node [29]. Low resilience of a 
network implies increased vulnerability of that particular network 
to insults [29].

Statistical analysis

The statistical analysis was performed using SPSS software (ver-
sion 23.0; IBM) and MATLAB R2018b (Mathworks). Group differ-
ences in demographic, clinical and MRI-derived variables were 
assessed with one-way analysis of variance (ANOVA), a Mann–
Whitney U-test, a two-sample t-test or Pearson's chi-squared test, 
as appropriate.

Between-group volumetric variations within the cortical re-
gions, subcortical GM structures and hippocampal subfields were 
assessed by employing general linear models. All models were ad-
justed for age, sex, centre and intracranial volume, and corrected 
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for multiple comparisons (post hoc Bonferroni method). Similarly, 
general linear models were used to compare the network mea-
sures (as dependent variables) among the groups (as independent 
variable), adjusted for age, sex and centre, and corrected for mul-
tiple comparisons. Group differences in network resilience were 
tested via t-tests, comparing the change in transitivity yielded by 
each level of random and targeted attack among the MSE, MS and 
HS groups.

A receiver-operating characteristic (ROC) curve analysis was 
performed to assess the performance of MRI-derived parameters 
to distinguish MSE from MS without epilepsy. For each model, area 
under the curve (AUC) with confidence intervals, sensitivity and 
specificity were calculated. An AUC greater than 0.5 indicates a 
good discrimination.

A p-value of less than 0.05 was taken to indicate statistical 
significance.

RESULTS

Subject characteristics

The groups did not differ either in age or in sex distribution (both 
p > 0.05; Table 1). The MSE and MS patients did not differ in disease 
duration, but higher EDSS scores were observed in MSE compared 
to MS (median 3.0 vs. 2.0; p = 0.02). Eighteen patients in the MSE 
group and 53 patients in the MS group were on disease-modifying 
drug treatment.

Epilepsy characteristics

In the MSE group, the mean age at first seizure presentation was 
35.2 ± 12.3 years and the mean elapsed time from MS onset to the 

TA B L E  1  Demographic, clinical and MRI characteristics of the study groups

MSE (n = 30) MS (n = 60) HS (n = 60) p value

Female: male (ratio) 21:9 (2.3) 35:25 (1.4) 27:33 (0.8) 0.09a

Age, years; mean (SD) 41 (15) 41 (12) 40 (13) 0.86b

MS duration, years; mean (SD) 8 (6) 6 (4) na 0.12c

Epilepsy duration, years; mean (SD) 5 (4) na na na

EDSS score, median (range) 3 (0–8) 2 (0–8) na 0.02d

Total lesion volume, ml; median (range) 12.8 (0.8–212.0) 8.6 (0.0–90.2) na 0.09d

Total GM lesion volume, ml; median (range) 1.0 (0.0–14.3) 0.6 (0.0–8.2) na 0.01d

Total cortical GM lesion volume, ml; median 
(range)

0.47 (0.04–16.5) 0.12 (0.0–7.6) na 0.02d

Global cortical GM volume, ml; mean (SD) 455073.7 (67897.5) 458942.3 (61246.3) 473326.1 (50318.8) 0.27e

Global subcortical GM volume, ml; mean (SD) 51719.6 (6410.0) 52448.6 (6558.9) 56090.1 (5278.7) 0.001e

Global hippocampal volume, ml; mean (SD) 6604.4 (799.2) 6663.6 (762.8) 6961.6 (7391) 0.162

Disease modifying drugs, n (%)

Beta interferons 2 (6.6) 8 (13.3)

Glatiramer acetate 4 (13.3) 4 (6.6)

Fingolimod 6 (20.0) 6 (10.0)

Dimethyl fumarate 4 (13.3) 18 (30.0)

Teriflunomide 0 (0.0) 2 (3.3)

Natalizumab 1 (3.3) 11 (18.3)

Alemtuzumab 0 (0.0) 2 (3.3)

Daclizumab 1 (3.3) 0 (0.0)

Mitoxantron 0 (0.0) 2 (3.3)

No therapy 12 (40.0) 7 (11.6)

Abbreviations: EDSS, Expanded Disability Status Scale; GM, grey matter; HS, healthy subjects; MS, multiple sclerosis patients without epilepsy; MSE, 
multiple sclerosis patients with epilepsy.
aChi-squared test.
bOne-way analysis of variance.
cIndependent samples t-test (two-tailed).
dMann–Whitney U-test.
eGeneral linear models adjusted for age, sex, centre, and intracranial volume, with Bonferroni correction for multiple comparisons.
Significant p-values are indicated in bold. For all statistical tests the significance level was set to a p-value < 0.05.
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first seizure occurrence was 5.5 ± 5.1 years. In none of the cases 
was seizure the first symptom of MS. The majority of patients ex-
perienced focal-onset seizures (84%), impaired consciousness (36%) 
being the most frequent presentation (Table 2). In more than half of 
patients (52%), focal to bilateral tonic–clonic progression was con-
firmed. Twenty-three patients (77%) received antiepileptic drugs, 
the most commonly prescribed of which was levetiracetam.

Evaluation of regional GM lesion volumes

No significant differences in total T2 lesion volume between the 
MSE and MS groups were identified but a higher lesion volume 
within the global GM and cortical GM in the MSE group (both 
p < 0.05) was observed. The MSE group displayed higher lesion 
volumes within the temporal lobe (left entorhinal, left para-
hippocampal, left/right fusiform; all p < 0.05) and frontal lobe 
(left pars triangularis; p  =  0.033) as compared to the MS group 
(Figure  1). In contrast, higher lesion volumes within the parietal 
(left/right precuneus; both p < 0.05) and occipital (left/right lin-
gual, left/right pericalcarine; all p < 0.05) lobes were detected in 
MS when compared to MSE.

At the subcortical level, between-group comparison revealed 
significantly higher lesion volumes in the left putamen (p = 0.019) 
and amygdala (p = 0.037) in the MSE than the MS group (Figure 2). 
Lesion volumes within both caudate nuclei were higher in the MS 
group (both p < 0.05).

The MSE group had higher lesion volumes within both hippo-
campi as compared to the MS group: left hippocampal tail (p = 0.010) 
and HATA (p  =  0.039), as well as right subiculum (p  =  0.033) and 
whole hippocampus (p = 0.036; Figure 2).

Regional cortical, subcortical and hippocampal lesion volumes 
are presented in Table S1.

Evaluation of regional GM volumes

No significant differences in global cortical GM volume among the 
three groups were attested. In the left hemisphere, the MSE group 

showed lower volumes of isthmus cingulate (MSE vs. MS, p = 0.04; 
MSE vs. HS, p = 0.01) and posterior cingulate (MSE vs. MS, p < 0.001; 
MSE vs. HS, p < 0.001 [Figure  3]). The MSE and MS groups both 
presented lower volumes of left temporal pole compared to the 
HS group (both p < 0.05). In the right hemisphere, the MSE group 
had lower volumes in several cortical regions as compared to the 
MS and HS groups: entorhinal (MSE vs. MS, p = 0.006; MSE vs. HS, 
p  =  0.007), parahippocampal (MSE vs. MS, p  =  0.01; MSE vs. HS, 
p = 0.001), isthmus cingulate (MSE vs. MS, p = 0.02; MSE vs. HS, 
p = 0.001), and posterior cingulate (MSE vs. MS, p = 0.006; MSE vs. 
HS, p < 0.001). Additionally, lower volumes of the right fusiform and 
lingual cortices were detected in the MSE compared to the HS group 
(both p < 0.05).

On a subcortical level, both MSE and MS patients had lower 
left caudate and putamen volumes as compared to HS (all p < 0.05; 
Figure 3). In the right hemisphere, both MSE and MS patients had 
lower thalamus, caudate and putamen volumes as compared to HS 
(all p < 0.05). Lower volumes of both globi pallidi were observed in 
MSE compared to MS patients (both p < 0.05).

Hippocampal subfield analysis revealed lower volumes of the left 
hippocampal tail and presubiculum in both the MSE and MS groups 
as compared to the HS group (both p < 0.05; Figure 3). In the MSE 
group, left fimbria volume was lower compared to the MS and HS 
groups (all p < 0.05). Within the contralateral hemisphere, both the 
MSE and MS groups had lower presubiculum volume as compared to 
the HS group (both p < 0.05). Right fimbria volume was lower in the 
MS compared to the HS group (p = 0.027).

Regional cortical, subcortical and hippocampal volumes are pre-
sented in Table S2.

Network topology and resilience

The network architecture was characterized by higher transitivity 
(F2,87 = 4.9, p = 0.009) and assortativity (F2,87 = 98.4, p < 0.001) in the 
MSE compared to the MS and HS groups (Figure 4a).

Upon random attack, resilience of the GM networks was com-
parable among the three groups in all proportions of the removed 
nodes (all p > 0.05; Figure  4b). In contrast, the response of GM 

TA B L E  2  Characteristics of seizures in multiple sclerosis patients with epilepsy

Seizure type, 
n (%) Seizure semiology, n (%)

Impairment of consciousness 
during seizure, n (%)

Focal to bilateral 
tonic–clonic, n (%) Antiepileptic drugs, n (%)

Focal – 25 (84) Focal unaware – 9 (36)
Focal motor – 6 (24)
Focal sensory – 3 (12)
Focal sensory-motor – 7 (28)

Impaired – 16 (64)
Preserved – 9 (36)

Present – 18 (52)
Absent – 12 (48)

LEV – 9 (36)
LTG – 3 (12)
LCS – 1 (4)
PMP – 1 (4)
CBZ – 1 (4)
Combination – 4 (16)
None – 6 (24)

Generalized 
– 5 (16%)

Motor – 5 (100) Impaired – 5 (100) – LEV – 4 (80)
None – 1 (20)

Abbreviations: CBZ, carbamazepine; LCS, lacosamide; LEV, levetiracetam; LTG, lamotrigine; PMP, perampanel.
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networks to targeted attack significantly differed among the groups 
at several fractions of the removed nodes. The MSE group exhibited 
the lowest resilience across a large range of steps (node removals), 
presenting significant network breakdowns at smaller factions of 
removed nodes as compared to the MS and HS groups (all p < 0.05).

ROC curve analysis

In the first model, we evaluated which variables among total lesion 
volume, global GM or global hippocampal volumes could discrimi-
nate MS patients with and without epilepsy. Total lesion volume per-
formed best in discriminating between MSE and MS patients, with 
an AUC of 0.76 (0.61–0.91), whereas global hippocampal volume and 
global GM volume yielded similar AUCs of 0.58 (0.43–0.73) and 0.53 
(0.39–0.67), respectively (Figure 5; Table S3). Pairwise comparison 
revealed that the AUC of total brain lesion volume was significantly 
different from the AUC of global hippocampal and global GM vol-
umes (both p < 0.05). In the second model, we investigated exactly 
in which brain compartment (cortical, subcortical or hippocampal) 
lesion volume could better discriminate between the MSE and MS 
patients. We found that total hippocampal lesion volume achieved 
the highest accuracy, with an AUC of 0.80 (0.67–0.91), followed by 
total cortical lesion volume, with an AUC of 0.72 (0.56–0.87) and 

total subcortical lesion volume, with an AUC of 0.71 (0.57–0.86 
[Figure  5]). At a hippocampal regional level, lesion volume of the 
subiculum (AUC = 0.74; CI 0.61–0.84) yielded the highest accuracy 
in discriminating between MSE and MS patients (Table S4).

DISCUSSION

Aiming to identify the MRI-derived correlates of epilepsy occur-
rence in MS patients, we found that increased lesion volumes and 
GM tissue loss, particularly within the hippocampal, cortical (tem-
poral and parietal) and subcortical (amygdala) compartments, were 
associated with emergence of epilepsy in MS. Hippocampal subfield 
lesion volumes, followed by cortical lesion volumes, were able to 
distinguish MS patients with epilepsy from those without more ac-
curately. Highly segregated and vulnerable network architecture in 
MSE patients was consistent with a more compromised GM integrity 
in this group.

Regional GM lesions

Inflammatory damage within the cortical GM is considered to be 
an important contributor to seizure and epilepsy occurrence in MS 

F I G U R E  1  Lesion volumes across cortical regions. Median values (with 95% confidence intervals) displaying the differences in lesion 
volumes within cortical regions between the multiple sclerosis patients with epilepsy (MSE) and multiple sclerosis (MS) patients without 
epilepsy; *p < 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]
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patients [5, 6]. MS patients with concomitant epilepsy have a higher 
lesion burden within the cortical GM [7] and tend to accumulate 
new cortical lesions over time [6]. Concordantly, the present analy-
sis evidenced that MSE had higher lesion volumes within the global 
and cortical GM, which were unevenly distributed across the corti-
cal mantle, with higher lesion load in the mesial temporal lobe and 
lower lesion load in the parietal and occipital lobe areas. We found, 
in particular, that the hippocampus, parahippocampal, entorhinal 
and fusiform cortices were characterized by higher lesion volumes 
in MSE than in MS patients. This suggests that, in addition to GM 
lesion load, the topographical location of the lesions may be a key 
factor predisposing to seizure occurrence. The relevance of tempo-
ral lobe damage for seizure occurrence has been postulated by previ-
ous studies. For instance, Calabrese et al. reported that, among GM 
structures, the hippocampal formation is most heavily affected by 
lesions in RRMS patients with epilepsy compared to patients with-
out epilepsy, followed by the temporal, cingulate and insular cortices 

[9]. This pattern of mesial temporal lobe damage is consistent with 
our findings and highlights the role of the hippocampus and nearby 
cortical areas in seizure susceptibility.

Compared with previous studies, we quantified the compart-
mentalized distribution of lesion volumes across the hippocampal 
subfields and detected higher lesion volumes in the subiculum, 
hippocampal tail and HATA of the MSE patients. In temporal lobe 
epilepsy, the cell populations of the hippocampal subfields differ in 
their vulnerability to damage and excitability properties  [35], with 
the subiculum being considered to be an important site of icto- and 
epileptogenesis [36]. Higher hippocampal lesion load in MSE patients 
was clinically reflected in the higher frequency of focal-unaware sei-
zures, the phenotype closely associated with temporal lobe epilepsy 
and that most frequently observed in our study population. MSE 
patients also experienced extratemporal lobe seizures (e.g., focal 
motor or sensory onset seizures), but these cortical regions were not 
marked by higher lesion volumes compared to MS patients.

F I G U R E  2  Lesion volumes across subcortical regions and hippocampal subfields. Median values (with 95% confidence intervals) of lesion 
volumes within subcortical grey matter structures and hippocampal subfields between the multiple sclerosis patients with epilepsy (MSE) 
and multiple sclerosis (MS) patients without epilepsy; *p < 0.05. HATA, hippocampus–amygdala transition area [Colour figure can be viewed 
at wileyonlinelibrary.com]
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Regional GM volumes

Our results show that GM integrity of MSE patients was most se-
verely affected compared to MS patients and HS with volume re-
ductions detected mainly within the mesiotemporal and parietal 
cortices. This spatial pattern of atrophy might in part explain the 
higher frequency of focal-unaware and focal-onset sensory seizures 

in MSE patients. A recent study pointed out the predominant in-
volvement of the temporal lobe regions, with cortical thickness of 
the fusiform gyrus being associated with seizure appearance [9]. 
Selective loss of GABA interneurons in cortical layers IV and VI was 
proposed as the underlying mechanism of temporal cortical atrophy 
and hyperexcitability [5]. This selective loss of inhibitory neurons 
was related to type I cortical lesions (leukocortical lesions), which 

F I G U R E  3  Between-group differences in regional grey matter volumes. Axial and coronal slices (with corresponding MNI coordinates) 
displaying which cortical and subcortical grey matter volumes and hippocampal subfield volumes differ between the multiple sclerosis 
patients with epilepsy (MSE), multiple sclerosis (MS) patients without epilepsy, and healthy subjects (HS) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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could be the source of inflammatory cells responsible for neuronal 
injury [5].

Overall, our and other available data suggest that MSE patients 
display more extensive and pronounced cortical atrophy, which, 
however, does not fully explain the complex interrelations between 
seizure generation and GM tissue loss. Does concomitant epilepsy 
in MS cause additional GM loss or does epilepsy emerge in MS pa-
tients with a more advanced cortical atrophy? One hint could be that 
in some patients with temporal lobe epilepsy, cortical regions (e.g., 
entorhinal or piriform) with neuronal loss are the sites of seizure gen-
eration [37], indicating that epilepsy in MS patients might emerge 
from more severely injured cortical areas. Given that both MS and 
MSE patients have higher cortical volume loss compared to HS, ad-
ditional damage such as lesion load, lesion type, and topography are 

important factors for initiation and maintenance of epileptogenic 
processes.

Both MS and temporal lobe epilepsy are characterized by se-
lective regional loss of hippocampal tissue [38, 39], which was also 
confirmed in our data for MSE and MS patients. It is widely accepted 
that temporal lobe seizures due to hippocampal sclerosis originate 
from the atrophied CA1 and CA4 subfields [35]. We did not find any 
volumetric differences in these subfields in MSE patients as com-
pared to MS patients, suggesting potentially different mechanisms 
underlying neuronal cell loss and hyperexcitability in MS and hip-
pocampal sclerosis. Instead, the volumes of bilateral fimbria in our 
study were found to be greater in MSE as compared to MS patients. 
This unexpected finding could be explained either by larger extra-
axonal spaces and loose axonal arrangement evidenced in epilepsy 

F I G U R E  4  Network topology measures and network resilience. (a) Boxplots displaying the differences in transitivity and assortativity 
between the multiple sclerosis patients with epilepsy (MSE), multiple sclerosis patients (MS) without epilepsy, and healthy subjects (HS). (b) 
Alterations in the relative size of the largest component of the network depending on the fraction of random and targeted node removal. 
Asterisks indicate at which fractions the difference in the size of the largest remaining components between the groups is significant; 
*p < 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]
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patients with hippocampal sclerosis [40], by higher lesion load (rela-
tive to MS patients) or by the limited sample size of MSE.

Network topology and vulnerability

Both MS and epilepsy are associated with network remodelling, 
with a shift towards a more segregated topology [41]. Since in-
creased network transitivity is observed in both MS [42] and ep-
ilepsy [18, 43], an additional effect of seizures (apart from that 
caused by MS pathology) on network topology in MSE might be 
expected. Indeed, MSE patients displayed a slightly higher tran-
sitivity as compared to MS patients. Increased transitivity in MSE 
and MS patients might be interpreted as an adaptive response of 
brain networks to tissue damage directed to maintain network 
efficiency through enhanced local connectivity [10]. Increased 
network segregation was also confirmed by high assortativity in 
both MSE and MS patients, a property that implies an increased 
tendency of network nodes to connect to other nodes with a simi-
lar degree. Strikingly assortative architecture of GM networks in 
MSE might serve as an underlying structural scaffold for seizure 
susceptibility as high assortativity values were associated with 
network synchronizability and the transition to an ictal state in 
epilepsy patients [44]. However, it remains to be elucidated in fu-
ture studies whether this is merely a response of the networks 
to an already hyperexcitable state of the lesioned GM tissue or 
whether this network architecture promotes a more epileptogenic 
environment.

Resilience is defined as the ability of brain networks to preserve 
appropriate network performance despite the presence of struc-
tural damage or functional insults [45]. Our findings revealed that, 
upon targeted attack, the network topology in MSE patients was 

highly vulnerable to simulated removal of network nodes key for 
information flows. This indicates that pathological attacks to the 
most interconnected nodes (network hubs) will be followed by a 
disproportionately greater impact on communicability than attacks 
on non-hub regions. The notably reduced network resilience in MSE 
patients might stem from the cumulative effect of decreased resil-
ience due to MS pathology [46] on one side and decreased resilience 
due to epileptic seizures [43] on the other. As both MS and epilepsy 
tend to affect network hubs, it can be postulated that MSE patients 
might have fewer parallel or alternative pathways to maintain net-
work integrity [47].

MRI predictors of epilepsy in MS

According to our findings, hippocampal (particularly subicular) 
and cortical lesion volumes but not the GM volumes achieved the 
highest classification performance in distinguishing between MS 
patients with and without epilepsy. New cortical lesions, as well 
as volume of cortical lesions and hippocampal lesions, were previ-
ously identified as independent predictors of epilepsy occurrence 
in RRMS patients [6, 9]. Currently, the degree of contribution of 
inflammatory lesions and neurodegenerative tissue loss to seizure 
occurrence in MS is largely unknown. According to one point of 
view, the risk of seizures is higher during the first years after MS 
onset given the high occurrence of seizures during relapses [48] 
and cortical hyperexcitability in RRMS patients [49], thus prior-
itizing the neuroinflammatory basis of seizure precipitation. An 
alternative point of view places emphasis on neurodegenerative 
priming, as seizure recurrence is higher in SPMS than in RRMS pa-
tients [50] and the risk of seizures increases with advanced dis-
ease and disability [4].

F I G U R E  5  Receiver operating characteristic analysis. Area under the ROC curve (AUC) measured the accuracy of total brain lesion 
volume, global hippocampal volume, and global grey matter volume (a) and total cortical lesion volume, total subcortical lesion volume, and 
total hippocampal lesion volume (b) in discriminating the multiple sclerosis patients with epilepsy (MSE) from multiple sclerosis (MS) patients 
without epilepsy. The shadowed areas represent the 95% confidence intervals. In the legend, comparison between the AUCs is shown; 
*p < 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]
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Study limitations

Despite the relatively small sample size of the MSE patients, which 
was similar to that in previous studies [6, 9], the obtained findings 
were consistent with these reported data. To minimize the effects of 
MRI scanners on the accuracy of our results, we included the type 
of scanner as a confounding factor in the statistical analysis. In ad-
dition, brain segmentation performed in FreeSurfer shows high reli-
ability across different scanner platforms [27]. The segmentation of 
brain lesions based on 3-T T1W and FLAIR sequences is not as sensi-
tive as other more advanced techniques (e.g., 7-T MRI) in detection 
of cortical lesions, hence, some cortical lesions could be missed in 
MSE and MS patients. Nevertheless, higher cortical lesion load was 
obvious in MSE compared to MS patients. Due to the cross-sectional 
setting of this study and the inclusion of mainly RRMS patients, we 
cannot address some of the questions related to the MSE patients, 
for example, further clinical course of the disease and epilepsy, lon-
gitudinal alterations in brain morphometric measures and network 
dynamics, and so on.

CONCLUSIONS

Lesion volume and altered integrity within distinct GM compart-
ments are associated with an increased susceptibility of seizure 
occurrence in MS. Among others, hippocampal and temporal corti-
cal damage are particularly relevant for epilepsy appearance in MS 
patients. Network responses – topology reorganization along with 
higher network vulnerability – might additionally facilitate seizure 
generation. These findings provide new insights into the structural 
and network alterations linked to seizure occurrence in MS patients 
that might be valuable for early identification of MS patients prone 
to developing epilepsy.
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