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Abstract
Temporal lobe epilepsy has been usually associated with progressive brain atrophy due to neuronal cell loss. However, 
recent animal models demonstrated a dual effect of epileptic seizures with initial enhancement of hippocampal neurogen-
esis followed by abnormal astrocyte proliferation and neurogenesis depletion in the chronic stage. Our aim was to test for 
the hypothesized bidirectional pattern of epilepsy-associated brain remodeling in the context of the presence and absence 
of mesial temporal lobe sclerosis. We acquired MRIs from a large cohort of mesial temporal lobe epilepsy patients with or 
without hippocampus sclerosis on radiological examination. The statistical analysis tested explicitly for common and differ-
ential brain patterns between the two patients’ cohorts and healthy controls within the computational anatomy framework of 
voxel-based morphometry. The main effect of disease was associated with continuous hippocampus volume loss ipsilateral 
to the seizure onset zone in both temporal lobe epilepsy cohorts. The post hoc simple effects tests demonstrated bilateral 
hippocampus volume increase in the early epilepsy stages in patients without hippocampus sclerosis. Early age of onset and 
longer disease duration correlated with volume decrease in the ipsilateral hippocampus. Our findings of seizure-induced hip-
pocampal remodeling are associated with specific patterns of mesial temporal lobe atrophy that are modulated by individual 
clinical phenotype features. Directionality of hippocampus volume changes strongly depends on the chronicity of disease. 
Specific anatomy differences represent a snapshot within a progressive continuum of seizure-induced structural remodeling.

Keywords  Temporal lobe epilepsy · Magnetic resonance imaging · Computational anatomy · Voxel-based morphometry · 
Brain plasticity · Hippocampus · Medial temporal lobe

Abbreviations
AO	� Age of disease onset
FS	� Frequency of seizures
FWE	� Family-wise error correction

MRI−	� MRI negative temporal lobe epilepsy
MTS	� Mesial temporal lobe sclerosis
ROI	� Region-of-interest
SPM	� Statistical parametric mapping
TD	� Time duration of disease
TIV	� Total intracranial volume
TLE	� Medial temporal lobe epilepsy
VBM	� Voxel-based morphometry

Elisabeth Roggenhofer and Emiliano Santarnecchi shared the first 
authorship.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0041​5-019-09546​-z) contains 
supplementary material, which is available to authorized users.

 *	 Bogdan Draganski 
	 bogdan.draganski@chuv.ch

1	 LREN, Department for Clinical Neurosciences, CHUV, 
University of Lausanne, Mont Paisible 16, 1011 Lausanne, 
Switzerland

2	 Department for Clinical Neurosciences, HUG, University 
Hospitals and Faculty of Medicine, Geneva, Switzerland

3	 Berenson‑Allen Center for Non‑Invasive Brain Stimulation, 
Cognitive Neurology Department, Beth Israel Medical 
Center, Harvard Medical School, Boston, MA, USA

4	 Siena Brain Investigation and Neuromodulation Lab, 
Department of Medicine, Surgery and Neuroscience, 
University of Siena, Siena, Italy

5	 Support Center for Advanced Neuroimaging, Institute 
for Diagnostic and Interventional Neuroradiology, University 
Hospital Inselspital, University of Bern, Bern, Switzerland

http://orcid.org/0000-0002-0519-3740
http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-019-09546-z&domain=pdf
https://doi.org/10.1007/s00415-019-09546-z


3151Journal of Neurology (2019) 266:3150–3159	

1 3

Introduction

There is mounting evidence about disease-related remod-
eling of specific brain structures and associated networks 
in medial temporal lobe epilepsy (TLE). The in vivo inves-
tigation of brain anatomy using MRI in TLE consistently 
showed atrophy patterns affecting not only medial tempo-
ral lobe structures, but also thalamus and fronto-limbic 
cortical areas [10, 28]. Given the high diagnostic value of 
the MRI assessment in patients with mesial temporal lobe 
sclerosis (MTS), the assumption of coexisting focal and 
wide-spread pathology holds true, particularly in drug-
resistant TLE. This notion is supported by the fact that 
resective surgery improves not only seizure frequency, but 
partially also cognitive function associated topologically 
with remote cortical areas [8, 20]. From the viewpoint of 
TLE clinical phenotype, cross-sectional studies confirmed 
the progression of cognitive decline beyond memory defi-
cits with concomitant altered ipsilateral hippocampal acti-
vation [44] in the course of the disease [3]. Much less 
is known about the factors and processes underlying the 
remodeling of brain structure in TLE patients. The pre-
sumption here is that genetic susceptibility [7, 27], inflam-
matory and neurodevelopmental factors [6, 48] as well as 
history of complex and prolonged febrile convulsions [34] 
are associated with the occurrence of epilepsy and MTS 
rather than its chronicity and progression.

Hippocampus volume loss ipsilateral to the seizure 
onset is a typical finding in TLE, reported in cross-sec-
tional [13] and longitudinal brain-imaging studies [12]. 
Currently, the presence or absence of hippocampus sclero-
sis on MRI in TLE patients motivates the widely presumed 
dichotomization in separate nosological entities associated 
with distinct trigger factors and progression [16, 32, 38]. 
Previous neuroimaging studies in TLE reported controver-
sial results ranging from continuous hippocampal volume 
loss [12] to preserved hippocampal volume during disease 
progression [16, 38]. To increase the complexity of this 
issue, a recent study reported profound differences in net-
work properties between patients with and without MTS 
when using resting measures of brain oxygen consumption 
and graph theoretical approach [15, 51].

However, considering neuronal circuits as potential 
target for structural brain remodeling, there is recent evi-
dence about differential impact of seizures on the brain, 
characterized not only by progressive neuronal cell loss, 
but also by resilience to impairment as a function of time 
and inter-seizure intervals [33, 47]. Recent animal models 
demonstrated a dual effect of epileptic seizures with ini-
tial enhancement of hippocampal neurogenesis including 
mossy fiber sprouting, alterations in dendritic branching, 
spine density and shape, followed by abnormal astrocyte 

proliferation and neurogenesis depletion in the chronic 
stage [30, 46]. The temporal evolution from an activating 
to a degenerative state might have an impact on structural 
plasticity of TLE patients. In human TLE studies, longi-
tudinal studies have been controversial regarding a dis-
ease-specific [12] or seizure-dependent [14] hippocampal 
atrophy whereas some studies did not show these effects 
[23, 35].

Based on animal studies, the hypothesis is that an 
enhancement of hippocampal volume during early disease 
stages is followed by a hippocampal volume decrease in late 
stages. This bidirectional process within the course of the 
disease was never addressed in human TLE studies to our 
knowledge. Theoretical work and experiments on activity-
dependent and seizure-induced plasticity provided a win-
dow to predict the differential impact of chronic seizures 
on clinical and cognitive outcome in individuals with TLE 
[21, 33]. Another controversy concerns the role of recur-
rent seizures on disease progression and associated focal 
and network changes [16, 23]. Along these lines, the ques-
tion about causal relationship between seizure severity and 
hippocampal integrity remains unanswered.

The main goals of our study are to prove the hypothesized 
bi-directionality of brain structure remodeling and to inves-
tigate the impact of clinical phenotype on brain anatomy in 
the context of the presence and absence of MTS. More spe-
cifically, we wanted to test the potential differential effect of 
duration of the disease (TD) on brain anatomy. We hypoth-
esize that increases of hippocampal volume emerge in the 
early phase of TLE. MTS and prolonged TD are associated 
with reduction of hippocampus volume ipsilateral to the epi-
leptogenic seizure onset zone. To this aim, we use a well-
balanced mix between established and novel approaches in 
the Statistical Parametric Mapping (SPM) framework of 
computer-based assessment of brain anatomy. We analyze 
whole-brain images with voxel-based morphometry (VBM) 
to detect patterns related to TLE progression and to sub-
sequently test for focused hippocampus changes associated 
with seizure-induced structural remodeling.

Materials and methods

Participants

We acquired cross-sectional data from 128 patients with TLE 
(69 females and 59 males, mean age ± standard deviation 
of 38.17 ± 10.81 years, age range between 19 and 63 years) 
and from 120 sex- and age-matched healthy volunteers (63 
females and 57 males, mean age of 36.01 ± 9.89 years, age 
range between 17 and 60 years; Table 1) at the center for 
epilepsy surgery of the University of Siena. No group dif-
ferences were found between healthy controls and patients 
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with TLE with respect to education levels. The protocol was 
approved by the local Ethical Review Committee. Informed 
consent was obtained from each participant. All procedures 
were performed in accordance with national and interna-
tional guidelines.

The diagnosis of TLE followed the well-established cri-
teria of the International League Against Epilepsy [9, 19] 
including: (1) clinical aspects of seizures such as semiology, 
onset and history, (2) standard and/or sleep electroencepha-
lography with or without hyperventilation and intermittent 
photic stimulation additional to long-term video-EEG moni-
toring, and (3) neuro-radiological assessment. The evalua-
tion of the lateralization of the epileptogenic seizure onset 
zone, i.e., what hemisphere was affected, depended on sei-
zure semiology, evidence of unilateral epileptic activity in 
serial routine or long-term video-EEG monitoring and MRI 
findings. Patients without strong evidence for lateralization 
of the epileptogenic seizure onset zone, bilateral, lateral tem-
poral or extra-temporal focus or with macroscopically evi-
dent brain pathology outside the medial temporal lobe were 
excluded from subsequent analysis. Additional exclusion 
criteria included history of psychogenic non-epileptic sei-
zures, autoimmune etiologies of epilepsy, history of alcohol 
or drug abuse, history of brain trauma, evidence of ischemic 
and hemorrhagic brain lesions or tumors.

Among the 128 patients, 56 had right lateralized TLE and 
72 left lateralized TLE. The neuro-radiological assessment 
confirmed the absence of macroscopic anatomical abnor-
malities in a total of 71 MRI negative patients (MRI−), 
whereas the remaining 57 patients were diagnosed with 
MTS (for details on group distribution, see Table 1) accord-
ing to neuro-radiological criteria. Inclusion and exclusion 
criteria are specified in Table s1. The MTS diagnostic crite-
ria included reduced hippocampal volume, increased medial 
temporal lobe T2 signal and abnormal morphology like loss 

of internal architecture (interdigitations of hippocampus) 
and the stratum radiata, a thin layer of white matter which 
separates the dentate nucleus and Ammon horn. In the MTS 
group with mesial temporal lobe sclerosis, there were 30 
patients with a left lateralized focus and 27 patients with a 
right lateralized one. The MRI− group contained 42 patients 
with left-sided focus and 29 patients with right-sided one. 
Individual treatment responses were classified based on the 
revised criteria of the International League Against Epilepsy 
[31]. When stratifying by seizure frequency within the pre-
ceding 12 months before MRI acquisition, we identified 
three subgroups: (1) frequent seizures (≥4 seizures/month), 
(2) moderate seizures (1–3 seizures/month), and (3) rare 
seizures (1–11 seizures/year). Seizures occurring in cluster 
on the same day were counted as a single episode. Patients 
with 4 or more seizures occurring in 1 week within a month 
(i.e., catamenial epilepsy) were classified as “moderate” (for 
details on group distribution, see Table 1). Disease duration 
was defined as the time interval between the first secondarily 
generalized seizure and the date of MRI acquisition.

MRI acquisition and processing

We acquired T1-weighted MRIs on a 1.5 Tesla Philips 
INTERA system (Philips Medical Systems, Best, The Neth-
erlands) using a 3D magnetization prepared rapid gradient 
echo protocol (MP-RAGE) yielding 150 contiguous slices 
(TE = 4.6 ms, TR = 30 ms, flip angle = 30°, FOV = 250 mm, 
matrix 256 × 256, voxel size 1 mm3 isotropic).

Image preprocessing was performed using the SPM12 
software package (Statistical Parametric Mapping software, 
https​://www.fil.ion.ucl.ac.uk/spm/softw​are/spm12​) running 
under Matlab 7.13 (Mathworks Inc., Sherborn, MA). The 
algorithm followed the default settings including automated 
tissue classification in the “unified segmentation” framework 

Table 1   Demographic and 
clinical information of study 
participants

Statistical significance for TIV group differences between TLE (sub)group and C or between MTS and 
MRI− TLE of p < 0.05 marked by * and given as values in last column
TLE temporal lobe epilepsy, lTLE left lateralized, rTLE right lateralized, MTS mesial temporal lobe sclero-
sis, MRI− MRI negative, without macroscopic MRI brain changes, C healthy control volunteers, TIV total 
intracranial volume, f female, m male, D+ drug-responsive, D− drug-resistant

No Gender 
(no.)

Age (years) Drug 
resistance 
(no.)

Seizure frequency 
(no.)

TIV (l) p value

f m D+ D− Freq. Mod.

TLE 128 69 59 38 ± 11 52 76 30 76 22 1.40 ± 0.17* 0.01 (TLE vs C)
lTLE 72 45 27 39 ± 11 36 36 17 41 14 1.38 ± 0.15* 0.002 (lTLE vs C)
rTLE 56 24 32 38 ± 11 40 16 13 35 8 1.43 ± 0.19
MTS 57 34 23 40 ± 10 7 50 10 40 7 1.36 ± 0.18* 0.002 (MTS vs C)
MRI- 71 35 36 37 ± 11 45 26 20 36 15 1.43 ± 0.16
C 120 63 57 36 ± 10 – – – – – 1.45 ± 0.14* 0.01 (TLE vs C)
Total 248 132 116 37 ± 10 1.42 ± 0.16

https://www.fil.ion.ucl.ac.uk/spm/software/spm12
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[5] using a novel set of brain tissue priors showing increased 
accuracy for subcortical structures [36]. Following this step, 
grey and white matter probability maps were spatially regis-
tered to a standardized Montreal Neurological Institute space 
using the diffeomorphic algorithm based on exponentiated 
lie algebra—DARTEL [4]. The resulting grey matter prob-
ability maps were scaled with the corresponding Jacobian 
determinants to preserve the initial total amount of signal 
intensity followed by spatial smoothing using an isotropic 
Gaussian kernel of 8 mm full-width-at-half-maximum.

Statistical analysis

For statistical analysis, we used a VBM ANOVA design 
including the healthy participants and four subgroups of 
TLE patients. The TLE subgroups were defined based on lat-
erality of the epileptogenic seizure onset zone—left TLE vs. 
right TLE and presence or absence of radiological evidence 
of a structural epileptogenic sclerosis—MTS vs. MRI−. We 
included age, gender and total intracranial volume (TIV) 
as additional regressors to control for effects of these vari-
ables on brain anatomy. We used a separate design matrix 
with four TLE subgroups for correlation analysis with dis-
ease duration. To differentiate subgroup-related patterns of 
structural plasticity and to disentangle spatially overlapping 
bidirectional effects, we performed post hoc tests (Fig. 2).

First, between-group differences were calculated using 
two-sample t tests including comparisons between single 
or multiple TLE subgroups and healthy controls (Figs. 1, 
2, Tables 1, 2). Contrast estimates of VBM clusters of 
Fig. 1 identifying volume differences were plotted for 

global maxima within hippocampus bilaterally (Figs. 1b, 
2). We report significant results at statistical threshold of 
p < 0.05 after family-wise error correction (FWE) for mul-
tiple comparisons and as trends when below p < 0.001, 
uncorrected for multiple comparisons. For projection 
of statistical results to hippocampal surfaces, we used 
rendered masks of the Automated Anatomical Labeling 
(Fig. 2) [50].

For further analysis of hippocampal volumetric profiles, 
we used a region-of-interest (ROI) approach (Fig. 3). Local 
volume estimates were extracted using an atlas-based parcel-
lation (version 2.0, provided by Neuromorphometrics, Inc. 
https​://neuro​morph​ometr​ics.com, derived from “MICCAI 
2012 Grand Challenge and Workshop on Multi-Atlas Labe-
ling”) and were computed as ratio of hippocampal volume 
estimates divided by TIV (Fig. 3). Ipsilateral (p < 0.005) ROI 
volumes in TLE patients were significantly different from 
healthy controls for left and right TLE separately. Given 
the fact that there were no significant differences between 
left/right lateralized ipsilateral or contralateral regional 
volumes ratios, we aggregated the hippocampal volumetric 
profiles relative to lateralization of the epileptogenic sei-
zure onset zone: (1) left-sided ROIs of left lateralized TLE 
were combined with right ROIs in right lateralized TLE as 
ROI ipsilateral to the epileptogenic seizure onset zone; (2) 
right-sided ROIs of left lateralized TLE were combined with 
left ROIs in right lateralized TLE as ROI contralateral to 
the epileptogenic seizure onset zone. We calculated a gen-
eral linear model as ANOVA to detect differences between 
TLE lateralities and subtypes and their interaction depend-
ent on the ipsi- and contralateral hippocampal ROI volumes 

Fig. 1   Structural brain remodeling in temporal lobe epilepsy. a Statis-
tical parametric maps—SPMs, of between-groups t tests in left later-
alized TLE (top) and right lateralized TLE (bottom) in comparison to 
C, based on VBM whole-brain analysis. Red color—increases in grey 
matter volume, blue color—decreases of grey matter volume. SPMs 
displayed on axial T1-weighted image in standard MNI space. For 

visualization purposes, SPMs thresholded at p < 0.001, uncorrected 
for multiple comparisons, displaying trends. b Group differences of 
hippocampus volume—contrast estimates and 90% confidence inter-
val are plotted for local maxima within ipsi- [for C > TLE] and con-
tralateral hippocampal regions [for TLE > C]. TLE temporal lobe epi-
lepsy, C healthy controls

https://neuromorphometrics.com
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as dependent variables, controlling for age and gender. We 
tested for correlations between TD and the hippocampal 
volume ratios.

Results

Main effects of disease, based on VBM analysis

On VBM whole-brain analysis, the comparison between 
TLE patients and healthy controls showed a spatially contin-
uous pattern of decreased grey matter volume extending over 
the medial temporal lobes ipsilateral to the epileptogenic sei-
zure onset zone, thalamus, parahippocampal gyrus, orbito-
frontal cortex, cingulum and insula (Fig. 1, Table 3). We 
note that SPM maps were thresholded at p < 0.001 for visu-
alization purposes, uncorrected for multiple comparisons.

Independent of seizure onset zone laterality, there was a 
significant volume decrease of the ipsilateral hippocampus. 
The atrophy pattern corresponded to a network common for 

both right and left hemispheric TLE and extended further to 
the ipsilateral inferior temporal gyrus, dorso-medial prefron-
tal and parietal regions. We observed bilateral involvement 
of dorso-medial prefrontal and parietal cortices solely in left 
TLE, whereas patients with right TLE showed decreased 
volume of antero-lateral temporal regions.

In left lateralized TLE, we demonstrate increased volume 
of right hippocampus, amygdala, entorhinal and parahip-
pocampal cortex when compared to healthy controls (Fig. 1, 
Table 3).

We observed between-group differences in TIV with 
higher effect size in MTS, followed by MRI− TLE in com-
parison to healthy controls (Table  1). The voxel-based 
analysis showed bilateral increase of hippocampus volume 
solely in left MRI− TLE with more prominent effects within 
the ipsilateral hippocampus head (Figs. 2a and s1A). We 
further report contiguous volume increases in the amyg-
dala and entorhinal cortex bilaterally as well as in the left 
parahippocampal gyrus (Fig. s1A-B). In MTS patients, we 
report volume reduction only for the ipsilateral hippocampus 

Fig. 2   Structural remodeling of 
hippocampus. Top: statistical 
parametric maps of between-
groups t tests, comparing left 
and right lateralized TLE to C, 
based on VBM whole-brain 
analysis, projected on hip-
pocampus surface, differentiat-
ing between a MRI− and b 
MTS patients. Side of epi-
leptogenic seizure onset zone 
assigned by circle around ipsi-
lateral hippocampus. Bottom: 
bar plots of contrast estimates 
for group differences with 90% 
confidence interval. a Volume 
increases for left MRI− TLE. b 
Volume decreases for left and 
right MTS TLE. TLE temporal 
lobe epilepsy, MRI− MRI nega-
tive, MTS mesial temporal lobe 
sclerosis, C healthy controls

Table 2   Clinical information of 
TLE patients

Statistical significance for TLE subgroup differences between MTS and MRI− TLE of p < 0.05 are marked 
by * and given as p value in next column
TLE temporal lobe epilepsy, lTLE left lateralized, rTLE right lateralized, MTS mesial temporal lobe sclero-
sis, MRI− MRI negative, without macroscopic MRI brain changes, AO age of disease onset, TD time dura-
tion of disease

AO (years) p value TD (years) p value

TLE 19.2 ± 14.3 19.0 ± 13.7
lTLE 20.4 ± 15.5 18.2 ± 13.3
rTLE 17.7 ± 12.8 20.0 ± 13.5
MTS 15.6 ± 13.2* 0.01 (MTS vs MRI−) 24.2 ± 13.3*  < 0.01 (MTS vs MRI−)
MRI- 22.1 ± 14.5* 0.01 (MTS vs MRI−) 14.8 ± 11.7*  < 0.01 (MTS vs MRI−)
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(Figs. 2b and s1B-C). The pattern of atrophy extends over 
the hippocampus body and tail, and is more accentuated in 
right MTS compared with left MTS (Fig. 2b).

Disease duration (TD) based on ROI analysis

Both our whole-brain (data not shown) and ROI analyses 
showed a moderate negative correlation between TD and the 
volume of the ipsilateral hippocampus (Fig. 3 for left TLE 
and left hippocampus ROI; p < 0.005, Pearson correlation 
coefficient r = − 0.40, for right TLE and right hippocam-
pus ROI: p < 0.005, r = − 0.44). We observed bidirectional 
temporal effects with initial volume increase in ipsilateral 
hippocampus followed by volume reduction in the course 
of the disease. The hippocampus contralateral to epilep-
togenic seizure onset zone did not correlate with TD and 
showed preponderant preserved volume estimates (Fig. 3b). 

When contrasting MRI− and MTS patients, we confirm the 
significant negative correlation between TD and ipsilateral 
hippocampus volume in MTS (p < 0.05, for left MTS TLE, 
r = − 0.36) and a trend for a similar effect in MRI− (Fig. 3c, 
d, for MRI− TLE, r = − 0.22).

Discussion

Our study demonstrates the unique spatial and temporal pat-
tern of brain structure remodeling in TLE that integrates 
previous controversies in the literature into a unified dis-
ease model. The observed initial increase of hippocampus 
volume is consistent with seizure-induced enhancement of 
neurogenesis that is subsequently replaced by marked vol-
ume reduction in due course of disease, interpreted as deple-
tion of the neural stem cells pool. Given the controversies 

Fig. 3   Correlation between hip-
pocampus volume and disease 
duration. ROI hippocampal 
volume was computed as ratio 
of hippocampal volume esti-
mates, divided by TIV. Linear 
volume decreases ipsilateral to 
epileptogenic focus (a), but not 
contralateral (b): initial higher 
volume compared to C (black 
dashed horizontal line—C 
mean) followed by progres-
sive decrease. c, d Correlation 
analyses across MRI− and MTS 
subgroups of TLE patients. TLE 
temporal lobe epilepsy, TD dis-
ease duration, MRI− MRI nega-
tive, MTS mesial temporal lobe 
sclerosis, C healthy controls
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in the literature, we provide unique evidence for the com-
mon effects of epilepsy on brain structure in TLE with and 
without hippocampus sclerosis. Our findings highlight the 
ipsilateral hippocampus as main target of bidirectional 
and spatially differential remodeling by disease phenotype 
characteristics.

Our main finding is the bidirectional character of hip-
pocampus volume changes depending on the disease stage 
of TLE that is common for patients with MTS and without 
MRI-visible hippocampus sclerosis on MRI exam. Although 
cross-sectional, our study allowed drawing inferences about 
temporal remodeling of brain anatomy given the relatively 
high number of participants with adequate representation 
of different stages of disease. The relative increase of hip-
pocampus volume in the early phase of epilepsy which we 
detected in left MRI− TLE bilateral with a predominance 
ipsilateral to the seizure focus (Fig. 2a and s1A) and indi-
rectly as a negative correlation between ipsilateral hip-
pocampal volume and disease duration (Fig. 3a, c) could 
represent the seizure-related boost of neurogenesis in the 
dentate gyrus accompanied by mossy fiber sprouting, neu-
ronal hypertrophy and persistence of hilar basal dendrites 
[17, 45]. Conversely, the hippocampus volume reduction in 
the chronic disease stage mirrors the process of stem cell 
pool depletion with continuous production of reactive astro-
cytes and neuronal loss [46]. Given that our findings are 
based on a semi-quantitative MRI technique that relies on 

contrast intensities representing mixed effects of cellular and 
extracellular tissue components, we can only speculate about 
the exact nature of underlying neurobiological processes 
[22, 41]. The assumption here is that the observed volume 
decrease reflects the combination of neuronal loss and syn-
aptic reorganization [2], most likely secondary to seizures.

Within the hippocampus, we were able to differentiate 
between volume increases localized within the head of the 
hippocampus, opposed to atrophy affecting predominantly 
the hippocampal body and tail. The spatial sensitivity of our 
results is confirmed by previous histo-pathological findings 
showing marked neuronal cell loss localized within the CA1 
and CA4 segment of the hippocampal body [49]. However, 
we also acknowledge the potential impact of inter-individual 
variability consistent with differential seizure-induced vul-
nerability of the hippocampus along its longitudinal axis 
with the ventral region being more seizure-prone and sus-
ceptible to neuronal damage compared with the dorsal hip-
pocampus [25]. Our findings extend the reported findings 
on the effects of epilepsy on brain structure by demonstrat-
ing specific changes in MRI− patients. Conversely to pub-
lished results showing either atrophy predominantly of the 
ipsilateral subiculum and CA1 [37] or absence of changes 
[16, 32, 38], we observe hippocampus volume increases in 
this TLE subgroup. The discrepant results could be inter-
preted as lack of statistical power in the previous studies or 
increased sensitivity of the applied computational methods 

Table 3   Main effects of disease

Comparison between grey matter volume in TLE cohorts and C. Parameters refer to local maxima for each 
cluster at statistical threshold of p < 0.001, uncorrected for multiple comparisons (see Fig. 1)
TLE temporal lobe epilepsy, lTLE left lateralized TLE, rTLE right lateralized TLE, C healthy controls

Contrast Brain region Hemisphere MNI coordinates (mm) Cluster size Z scores

Cluster max L/R x y z (# voxels)

C > lTLE Thalamus proper L − 3 − 11 8 579 4.74
Superior frontal gyrus L − 17 − 6 72 2611 4.30
Inferior temporal gyrus L − 48 − 14 − 32 403 4.05
Middle temporal gyrus L − 56 − 38 − 8 141 4.02
Hippocampus L − 23 − 23 − 17 130 3.92
Thalamus proper R 18 − 17 9 277 3.87
Middle frontal gyrus L − 29 48 12 170 3.81
Precuneus L 0 − 57 57 499 3.76
Superior parietal lobule R 24 − 42 69 252 3.68
Supramarginal gyrus L − 48 − 33 39 274 3.57
Precentral gyrus L − 30 − 6 48 183 3.40

lTLE > C Hippocampus R 23 − 5 − 29 284 3.84
C > rTLE Hippocampus R 33 − 21 − 11 3270 7.64

Temporal pole R 29 11 − 30 2269 5.28
Thalamus proper L − 2 − 11 3 285 4.69
Suppl. motor cortex R 5 − 12 71 238 3.48
Posterior insula R 33 − 23 8 144 3.47
Precuneus R 5 − 60 62 134 3.44
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for seizure-associated brain volume increases in the hip-
pocampus [18].

Laterality of the seizure onset influences the spatial pat-
tern of structural remodeling. We demonstrate a relative 
ipsilateral hippocampal volume increase in left MRI− TLE 
compared to healthy controls and less volume decrease in 
left TLE compared to right TLE (see Figs. 1b, 2b). These 
findings are supported by previous reports of patients with 
left TLE that showed more wide spread and diffuse abnor-
malities including cortical volume loss [29, 42] and changes 
in white matter fibre tracts [1] extending to contralateral 
regions.

The asymmetry in topology patterns could be a con-
sequence of hemisphere-specific rates of brain fibre tract 
maturation. Quantitative and diffusion imaging corroborated 
that maturation occurs earlier and evolves quicker in the left 
than in the right hemisphere [39] whereas local efficiencies 
are significantly decreased until early adulthood [52]. In the 
context of quicker left hemispheric development, less inte-
grated connection and less efficient communication, the left 
hemisphere tends to be more susceptible to initial events 
like febrile convulsions and early onset seizures [29]. Analo-
gously, hippocampal sclerosis is observed more often in left 
rather than right hemisphere after febrile convulsions [26]. 
Furthermore, left hemispheric white matter connectivity 
in individuals with left-sided language dominance exhibits 
a more wide-spread pattern and comprises more complex 
hippocampal connections [40] whereas age-related matura-
tion of white matter is delayed in children with new-onset 
epilepsy [24]. This can provide a network fundament for 
a more diffuse seizure propagation after a left lateralized 
onset, underlying network deterioration. We extend previous 
findings on main effects of epilepsy on brain anatomy by 
demonstrating the unique modulatory effect of disease dura-
tion. Whole-brain correlation analysis with disease dura-
tion showed that after an initial increase, the hippocampal 
volume ipsilateral to the seizure onset zone continuously 
declines during disease progression. The supposition here 
is that a febrile convulsive status epilepticus and prolonged 
and complex febrile childhood seizures [34] can affect the 
hippocampal integrity as precipitating injury with the con-
sequence of increased probability to develop hippocampal 
sclerosis, reoccurring seizures and subsequently TLE [43]. 
Our interpretation of initial MTL volume increases is con-
firmed by previous findings of bilateral amygdala and hip-
pocampus hypertrophy related to short disease durations in 
TLE [11]. Given that this hippocampal hypertrophy pattern 
is associated with low probability of postoperative seizure 
freedom [11], we note the importance of computer-based 
detection of hippocampus volume increase as potential pre-
dictor for clinical outcome after surgery.

We make note of potential study limitations that could 
impact our results and interpretations. The cross-sectional 

nature of the study limits our inferences to merely cor-
relational findings rather than causality. The localization 
of seizure origin was defined by routine clinical, EEG and 
MRI diagnostic criteria and was confirmed by depth-elec-
trode EEG recordings in a subset of patients. We excluded 
patients without unequivocal evidence for lateralization. 
The unconsidered impact of antiepileptic drug treatment 
or medication in general could modify atrophy patterns 
and/or rates. Current results correspond to the methodo-
logical approach of VBM and can be corroborated with 
complementary tools such as surface-based morphometry 
in future.

Conclusion

Previous classifications of TLE subtypes were interpreted 
in the context of differential underlying etiology. We inter-
pret our results as evidence for seizure-induced boost of 
neurogenesis followed by progressive atrophy of ipsilateral 
hippocampus consistent with hippocampal sclerosis. This 
unified disease model has implications for the clinical evalu-
ation and outcome prediction in TLE in future. Differen-
tiating the spatial and temporal pattern of brain structure 
remodeling on the individual patient’s level could help to 
evaluate the current state within a disease progression on 
a morphometric level. Hippocampus integrity as main tar-
get of bidirectional and spatially differential remodeling by 
disease progression may provide a complementary future 
neuroimaging marker for postoperative outcome prediction.
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