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Epilepsy is increasingly conceptualized as a network disorder. In this cross-sectional mega-analysis, we integrated 
neuroimaging and connectome analysis to identify network associations with atrophy patterns in 1021 adults 
with epilepsy compared to 1564 healthy controls from 19 international sites. In temporal lobe epilepsy, areas of 
atrophy colocalized with highly interconnected cortical hub regions, whereas idiopathic generalized epilepsy 
showed preferential subcortical hub involvement. These morphological abnormalities were anchored to the 
connectivity profiles of distinct disease epicenters, pointing to temporo-limbic cortices in temporal lobe epilepsy 
and fronto-central cortices in idiopathic generalized epilepsy. Negative effects of age on atrophy further revealed 
a strong influence of connectome architecture in temporal lobe, but not idiopathic generalized, epilepsy. Our 
findings were reproduced across individual sites and single patients and were robust across different analytical 
methods. Through worldwide collaboration in ENIGMA-Epilepsy, we provided deeper insights into the macroscale 
features that shape the pathophysiology of common epilepsies.
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INTRODUCTION
Perpetual interactions among neuronal populations through the 
scaffold of axonal pathways promote interregional communication 
and shape the brain’s structural and functional network organiza-
tion (1). This architecture facilitates efficient communication within 
the brain and may therefore be profoundly affected by pathological 
perturbations (2). Adopting network science can advance under-
standing of widespread pathophysiological effects in prevalent 
disorders and improve diagnostics and prognostication.

The application of neuroimaging to study common epilepsy 
syndromes has paradigmatically shifted from a focus on individual 
regions to approaches highlighting network effects, exemplified by 
classically defined focal epilepsies, such as temporal lobe epilepsy 
[TLE; (3, 4)]. While initial work focused on the mesiotemporal lobe, 
histopathological and neuroimaging studies increasingly detail 
morphological, structural, and functional compromise beyond this 
region (5–8), which becomes progressively more severe in patients 
with longer disease duration (9–12). Conversely, idiopathic gener-
alized epilepsy (IGE), also known as genetic generalized epilepsy, has 
been increasingly linked to subtle degrees of structural compromise, 
mainly in subcortico-cortical circuits (13–16). Support for a network 
perspective also comes from both experimental studies in animal 
models and electro-clinical observations in patients showing bursts of 
spike and slow-wave discharges occurring simultaneously over sub-
cortical and cortical areas (17, 18). Complementing these observations, 
basal ganglia atrophy as well as functional changes of the caudate and 
putamen have been previously noted but warrant further investiga-
tion to solidify the understanding of network disruptions in IGE (19, 20).

Initiatives such as the Human Connectome Project [HCP; (21)] 
provide normative structural and functional connectivity informa-
tion from a large sample of healthy individuals. Studying network 
underpinnings of morphological abnormalities may elucidate brain- 
wide mechanisms in focal and generalized epilepsies. Hub regions 
(i.e., nodes with many connections) are a cardinal feature of brain 
networks and serve as relays to efficiently process and integrate in-
formation (22, 23). Their high centrality, however, also makes them 
vulnerable to pathological processes—the so-called nodal stress 
hypothesis (2). Neurodegenerative and psychiatric research has demon-
strated that hubs typically show greater atrophy than locally connected 
peripheral nodes. This increased susceptibility to structural damage 
likely stems from their high metabolic activity and their association 
with multiple brain networks (1, 24). We anti cipate that models of 
regional susceptibility can yield substantial advances toward our 
understanding of how connectome architecture configures, to some 
extent, gray matter atrophy in the common epilepsies.

Complementing the nodal stress hypothesis, in which patterns 
of cortical atrophy and hub regions appear spatially concomitant, 
disease epicenter mapping can identify one or more specific regions— 
or epicenters—whose connectivity profile may play a central role in 
the whole-brain manifestation of focal and generalized epilepsies 
(24, 25). Among common epilepsies, application of these models to 
TLE and IGE is justified as both syndromes have been associated 
with pathophysiological anomalies in mesiotemporal and subcortico- 
cortical networks and represent conceptual extremes of a focal to 
generalized continuum of epilepsy subtypes (14, 15, 26). Disease 
epicenter mapping in TLE and IGE may therefore identify syndrome- 
specific network-level substrates and provide deeper insights into 
how epilepsy-related atrophy patterns are anchored to the connec-
tivity of specific structural and functional subnetworks.

The current work tested the hypothesis that brain network ar-
chitecture governs whole-brain atrophy in TLE and IGE. Cortical 
and subcortical gray matter atrophy patterns were mapped across 
19 international sites via ENIGMA-Epilepsy (27). We also lever-
aged the HCP dataset to derive high-resolution structural and func-
tional normative brain networks. Two classes of network-based 
models tested whether, and how, healthy connectome architecture 
can predict regional susceptibility in the common epilepsies. Our 
evaluations included (i) nodal stress models, which assessed 
whether there is a selective vulnerability of hub regions that paral-
lels syndrome- specific atrophy patterns, and (ii) disease epicenter 
mapping, which explored the influence of every brain region’s 
connectivity profile on the spatial distribution of gray matter atro-
phy in TLE and IGE. In both cases, model fit was assessed against 
null models with similar spatial autocorrelation (28). To demon-
strate clinical relevance, we investigated whether these network- 
level features could predict spatial patterns of disease duration 
and age-related effects. We also formulated a patient-tailored ad-
aptation of our network-based models to examine whether 
network-derived spatial predictors were translatable to individual 
patients.

RESULTS
Data samples
We studied 1021 adult patients with epilepsy (440 males, mean age ± 
SD = 36.72 ± 11.07 years) and 1564 healthy controls (695 males, 
mean age ± SD = 33.13 ± 10.45 years) from 19 centers in the inter-
national Epilepsy Working Group of ENIGMA (29). Our main 
analyses focused on two patient subcohorts with site-matched 
healthy controls: TLE with neuroradiological evidence of hippo-
campal sclerosis (nHC/TLE = 1418/732, 341 right-sided focus) and 
IGE (nHC/IGE = 1075/289). Details on subject inclusion and case- 
control subcohorts are provided in Materials and Methods and 
Table 1. Site-specific demographic information is provided in table S1. 
All participants were aged between 18 and 70 years.

Cortical and subcortical atrophy in the common epilepsies
While the original ENIGMA-Epilepsy study performed a meta- 
analysis of statistical results submitted by the individual sites, the 
current study directly analyzed cortical surface and subcortical vol-
ume data in all patients and controls. Cortical thickness was mea-
sured across 68 gray matter brain regions, and volumetric measures 
were obtained from 12 subcortical gray matter regions and bilateral 
hippocampi based on the Desikan-Killiany anatomical atlas (30). 
Surface-based linear models compared atrophy profiles in patients 
relative to controls, correcting for multiple comparisons using the 
false discovery rate (FDR) procedure (31).

Mirroring ENIGMA-Epilepsy’s meta-analysis of summary sta-
tistics comparing neurologically healthy controls to patients with 
epilepsy, our mega-analysis also revealed widespread cortico- 
subcortical atrophy patterns in TLE and IGE syndromes. Specif-
ically, patients with TLE showed profound atrophy in bilateral 
precuneus (PFDR < 4 × 10−36), precentral (PFDR < 8 × 10−36), para-
central (PFDR < 6 × 10−29), and superior temporal (PFDR < 3 × 10−14) 
cortices as well as ipsilateral hippocampus (PFDR < 2 × 10−199) and 
thalamus (PFDR < 5 × 10−64; Fig. 1A). In contrast, patients with 
IGE showed atrophy predominantly in bilateral precentral cortices 
(PFDR < 9 × 10−10) and the thalamus (PFDR < 3 × 10−6; Fig. 1B).
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Nodal stress models predict regional susceptibility
Having established patterns of atrophy in TLE and IGE, we eval-
uated whether these abnormalities were associated with normative 
network organization. To this end, we obtained high-resolution 
structural (derived from diffusion-weighted tractography) and 
functional [derived from resting-state functional magnetic reso-
nance imaging (fMRI)] connectivity data from a cohort of unre-
lated healthy adults from the HCP dataset (21). Details on subject 
inclusion and matrix generation are provided in Materials and 
Methods.

Echoing established network centrality maps in healthy individ-
uals (22, 23), hub regions in the HCP dataset predominated in 
medial prefrontal, superior parietal, and angular regions (Fig. 2A). 
Nodal stress models, in which spatial similarity between syndrome- 
related atrophy patterns and degree centrality was compared through 
correlation analysis (and statistically assessed via nonparametric spin 
permutation tests; see Materials and Methods), revealed that cor-
tical thinning in TLE implicated functional [correlation coefficient 
(r) = 0.69, Pspin < 0.0005] and marginally structural (r = 0.27, 
Pspin = 0.07) cortico-cortical hubs more strongly than nonhub regions 

Table 1. ENIGMA Epilepsy Working Group demographics. Demographic breakdown of patient-specific subcohorts with site-matched controls, including age 
(in years), age at onset of epilepsy (in years), sex, side of seizure focus (patients with TLE only), and mean duration of illness (in years). Healthy controls from sites 
that did not have TLE (or IGE) patients were excluded from analyses comparing TLE (or IGE) to controls. 

Case-control 
subcohorts Age (means ± SD) Age at onset 

(means ± SD) Sex (male/female) Side of focus (L/R) Duration of illness 
(means ± SD)

TLE (n = 732) 38.56 ± 10.61 16.07 ± 12.27 329/403 391/341 22.74 ± 14.06*

HC (n = 1418) 33.76 ± 10.54 – 643/775 – –

IGE (n = 289) 32.06 ± 10.85 16.84 ± 11.25 111/178 – 15.09 ± 11.70*

HC (n = 1075) 31.41 ± 9.59 – 454/621 – –

 *Information available in 695 of 732 patients with TLE and 250 of 289 patients with IGE.

Fig. 1. Cortical thickness and subcortical volume in TLE and IGE. (A) Cortical thickness and subcortical volume reductions in TLE (n = 732), compared to healthy con-
trols (n = 1418), spanned bilateral precuneus (PFDR < 4 × 10−36), precentral (PFDR < 8 × 10−36), paracentral (PFDR < 6 × 10−29), and superior temporal (PFDR < 3 × 10−14) cortices 
and ipsilateral hippocampus (PFDR < 2 × 10−199) and thalamus (PFDR < 5 × 10−64). (B) In contrast, gray matter cortical and subcortical atrophy in IGE (n = 289), relative to 
controls (n = 1075), was more subtle and affected predominantly bilateral precentral cortical regions (PFDR < 9 × 10−10) and the thalamus (PFDR < 3 × 10−6). Negative 
log10-transformed FDR-corrected P values are shown.
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(Fig. 2B). In contrast, in IGE, stronger relationships were observed 
between subcortical volume decreases and structural (r = 0.68, 
Pshuf < 0.01) and marginally functional (r = 0.50, Pshuf = 0.06) 
subcortico-cortical hubs (Fig. 2B). To verify stability, we repeated 
the above correlations across several graph-based nodal metrics (in-
cluding pagerank centrality and eigenvector centrality) and captured 
virtually identical associations between atrophy patterns and network 
centrality measures (fig. S1).

TLE and IGE have distinct disease epicenters
Since hub regions are more susceptible to atrophy than nonhub 
regions, we next investigated whether epilepsy-related cortical 
thickness abnormalities were anchored to the connectivity profile 
of one or more brain regions. To detect syndrome-specific disease 
epicenters, we systematically compared every region’s functional and 
structural connectivity profiles to whole-brain patterns of atrophy 
in TLE and IGE and assessed significance of rankings using spin 
permutation tests. Cortical and subcortical regions were ranked in 

descending order based on their correlation coefficients, with highly 
ranked—and statistically significant—regions being identified as 
disease epicenters. Disease epicenters thus represented regions whose 
functional and structural connectivity profile spatially resembled 
the epilepsy-related atrophy maps (Fig. 3A).

In TLE, spatial correlations between atrophy maps and seed-
based functional and structural connectivity profiles implicated 
ipsilateral temporo-limbic cortices (Pspin < 0.05) and several ipsilat-
eral subcortical regions as disease epicenters (Pspin < 0.05; Fig. 3B). 
Conversely, bilateral fronto-central cortices and the amygdala emerged 
as epicenters in IGE (Pspin < 0.05; Fig. 3C). Although highest ranked 
functional and structural epicenters in TLE and IGE were not hubs 
themselves (as defined by the top 10% of high-degree nodes), they 
were significantly connected to hub regions (range of spatial cor-
relations between epicenter-based connectivity and maps of degree 
centrality: rfunctional = 0.67 to 0.77, Pspin < 0.0001; rstructural = 0.27 to 
0.31, Pspin < 0.09), effectively making them feeder nodes, that is, 
peripheral nodes that are directly linked to hubs.

Fig. 2. Epilepsy-related atrophy correlates with hub organization. (A) Normative functional and structural network organization, derived from the HCP dataset, was 
used to identify hubs (i.e., regions with greater degree centrality). (B) Schematic of the figure layout is pictured in the middle. Gray matter atrophy related to node-level 
functional (left) and structural (right) maps of degree centrality, with greater atrophy in hub compared to nonhub regions. Stratifying findings across TLE and IGE, we 
observed stronger associations between cortico-cortical functional hubs and cortical atrophy patterns in TLE (Pspin < 0.0001) and between subcortical volume loss and 
subcortico-cortical structural hubs in IGE (Pshuf < 0.01).
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