13. 2. 2025

.org/ 10. 48350/ 149645 | downl oaded:

https://doi

source:

SCIENCE ADVANCES | RESEARCH ARTICLE

DISEASES AND DISORDERS Copyright © 2020

The Authors, some

Network-based atrophy modeling in the common ights eserved;

exclusive licensee
epilepsies: A worldwide ENIGMA study American st

. e ., P . . . PR of Science. No claim to
Sara Lariviére', Raul Rodriguez-Cruces’, Jessica Royer‘, Maria Eugenia Callglurlz, .
original U.S. Government

Antonio Gambardella®?, Luis Concha®, Simon S. Keller’®, Fernando Cendes’, Clarissa Yasuda’, Works. Distributed
Leonardo Bonilha®, Ezequiel Gleichgerrcht?, Niels K. Focke®, Martin Domin'®, under a Creative
Felix von Podewills'", Soenke Langner'?, Christian Rummel’?, Roland Wiest'3, Pascal Martin'?, Commons Attribution
Raviteja Kotikalapudi'#, Terence J. O'Brien'*"%, Benjamin Sinclair’>'é, Lucy Vivash'*¢, NonCommercial

L . . - . License 4.0 (CC BY-NC).
Patricia M. Desmond'é, Saud Alhusaini'”"*8, Colin P. Doherty'®?°, Gianpiero L. Cavalleri'’?°, icense 4.0 (CCBY-NO)

Norman Delanty'”'?, Reetta Kilvidinen?"??, Graeme D. Jackson?3, Magdalena Kowalczyk??,
Mario Mascalchi?*, Mira Semmelroch?3, Rhys H. Thomas?*, Hamid Soltanian-Zadeh?®%,

Esmaeil Davoodi-Bojd?, Junsong Zhang?®, Matteo Lenge3®3', Renzo Guerrini®’,

Emanuele Bartolini*?, Khalid Hamandi**34, Sonya Foley**, Bernd Weber*?, Chantal Depondt®,
Julie Absil®’, Sarah J. A. Carr®8, Eugenio Abela®®, Mark P. Richardson?, Orrin Devinsky*®,
Mariasavina Severino*’, Pasquale Striano®’, Domenico Tortora’, Sean N. Hatton?',

Sjoerd B. Vos*****, John S. Duncan?**?, Christopher D. Whelan'?, Paul M. Thompson®®,
Sanjay M. Sisodiya®>*3, Andrea Bernasconi*®, Angelo Labate??, Carrie R. McDonald*’,

Neda Bernasconi®®, Boris C. Bernhardt'*

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.

"Multimodal Imaging and Connectome Analysis Laboratory, McConnell Brain Imaging Centre, Montreal Neurological Institute and Hospital, McGill University, Montreal,
QC, Canada. *Neuroscience Research Center, University Magna Graecia, Catanzaro, CZ, Italy. *Institute of Neurology, University Magna Graecia, Catanzaro, CZ, Italy. *Insti-
tute of Neurobiology, Universidad Nacional Auténoma de México, Querétaro, México. SInstitute of Systems, Molecular and Integrative Biology, University of Liverpool,
Liverpool, UK. ®Walton Centre NHS Foundation Trust, Liverpool, UK. ’Department of Neurology, University of Campinas-UNICAMP, Campinas, Sao Paulo, Brazil. ®Depart-
ment of Neurology, Medical University of South Carolina, Charleston, SC, USA. °Department of Clinical Neurophysiology, University of Medicine Géttingen, Géttingen,
Germany. %Institute of Diagnostic Radiology and Neuroradiology, Functional Imaging Unit, University Medicine Greifswald, Greifswald, Germany. ' Department of Neurology,
University Medicine Greifswald, Greifswald, Germany. "?Institute of Diagnostic Radiology and Neuroradiology, University Medicine Greifswald, Greifswald, Germany.
13support Center for Advanced Neuroimaging (SCAN), University Institute of Diagnostic and Interventional Neuroradiology, University Hospital Bern, Bern, Switzerland.
“Department of Neurology and Epileptology, Hertie Institute for Clinical Brain Research, University of Tiibingen, Tiibingen, Germany. '*Department of Neuroscience,
Central Clinical School, Alfred Hospital, Monash University, Melbourne, Victoria, Australia. 16Departments of Medicine and Radiology, The Royal Melbourne Hospital, The
University of Melbourne, Parkville, Victoria, Australia. '’Department of Molecular and Cellular Therapeutics, The Royal College of Surgeons in Ireland, Dublin, Ireland.
®pepartment of Neurology, Yale University School of Medicine, New Haven, CT, USA. "*Department of Neurology, St. James’ Hospital, Dublin, Ireland. 2°FutureNeuro SFI
Research Centre, Dublin, Ireland. 21Epi|epsy Center, Neuro Center, Kuopio University Hospital, European Reference Network for Rare and Complex Epilepsies EpiCARE,
Kuopio, Finland. ?Faculty of Health Sciences, School of Medicine, Institute of Clinical Medicine, University of Eastern Finland, Kuopio, Finland. Florey Institute of Neuro-
science and Mental Health, University of Melbourne, Melbourne, Victoria 3010, Australia. 24Neuroradiology Research Program, Meyer Children Hospital of Florence, Uni-
versity of Florence, Florence, Italy. 2°Translational and Clinical Research Institute, Newcastle University, Newcastle upon Tyne, UK. 2%Control and Intelligent Processing
Center of Excellence (CIPCE), School of Electrical and Computer Engineering, University of Tehran, Tehran, Iran. ?’ Departments of Research Administration and Radiology,
Henry Ford Health System, Detroit, MI, USA. 28Department of Neurology, Henry Ford Health System, Detroit, MI, USA. 29Cognitive Science Department, Xiamen University,
Xiamen, China. *°Child Neurology Unit and Laboratories, Neuroscience Department, Children’s Hospital A. Meyer—University of Florence, Italy. 3'Functional and Epilepsy
Neurosurgery Unit, Neurosurgery Department, Children’s Hospital A. Meyer—University of Florence, Italy. >USL Centro Toscana, Neurology Unit, Nuovo Ospedale Santo
Stefano, Prato, Italy. **Cardiff University Brain Research Imaging Centre (CUBRIC), College of Biomedical Sciences, Cardiff University, Cardiff, UK. 3*Welsh Epilepsy Unit,
Department of Neurology, University Hospital of Wales, Cardiff, UK. **Institute of Experimental Epileptology and Cognition Research, University Hospital Bonn, Bonn,
Germany. **Department of Neurology, Hépital Erasme, Université Libre de Bruxelles, Brussels, Belgium. *’Department of Radiology, Hépital Erasme, Université Libre de
Bruxelles, Brussels, Belgium. *®*Division of Neuroscience, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, UK. 3*Department of Neu-
rology, NYU Grossman School of Medicine, New York, NY, USA. 4OIRCCS Istituto Giannina Gaslini, Genova, Italy. 41Depar‘cment of Neurosciences, Center for Multimodal
Imaging and Genetics, University of California San Diego, La Jolla, CA, USA. *Department of Clinical and Experimental Epilepsy, UCL Institute of Neurology, London, UK.
“3Chalfont Centre for Epilepsy, Bucks, UK. “44Centre for Medical Image Computing, University College London, London, UK. “Imaging Genetics Center, Mark and Mary
Stevens Institute for Neuroimaging and Informatics, USC Keck School of Medicine, Los Angeles, CA, USA. “®Neuroimaging of Epilepsy Laboratory, McConnell Brain Imaging
Centre, Montreal Neurological Institute and Hospital, McGill University, Montreal, QC, Canada. 4’ Department of Psychiatry, Center for Multimodal Imaging and Genetics,
University of California San Diego, La Jolla, CA, USA.

*Corresponding author. Email: boris.bernhardt@mcgill.ca

Lariviére et al., Sci. Adv. 2020; 6 : eabc6457 18 November 2020 10f13

T20Z ‘s Arenuer uo /B1o°Bewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

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 anticipate 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.
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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 (nyc/rLe = 1418/732, 341 right-sided focus) and
IGE (nuciige = 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 (Pgpr < 4 X 107%), precentral (Pgpg < 8 X 107%), para-
central (Pgpg < 6 X 107%), and superior temporal (Prpg < 3 X 1071
cortices as well as ipsilateral hippocampus (Pgpg < 2 x 107°) and
thalamus (Pgpgr < 5 x 107%% Fig. 1A). In contrast, patients with
IGE showed atrophy predominantly in bilateral precentral cortices
(Pepr < 9 x 1079 and the thalamus (Pgpg < 3 x 107 Fig. 1B).
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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 ilness (in years). Healthy controls from sites
that did not have TLE (or IGE) patients were excluded from analyses comparing TLE (or IGE) to controls.

f:;i:::::l Age (means +SD) (I\n?:aztsotnsseot) Sex (male/female) Side of focus (L/R) Du{;tei:::if_ 'SIIS)G =S
TLE (n=732) 38.56+10.61 16.07 +12.27 329/403 391/341 22.74 + 14.06*
|-|c o aoes 1054 ....................................... S 643/775 ............................................ S - 8
|GE = 289) oo 1035 .......................... 163411125 ............................... 111/173 ............................................ s sesais '7&
|-|c 1075 i i9.5,9” ........................................ S 454/621 ............................................. s - B

*Information available in 695 of 732 patients with TLE and 250 of 289 patients with IGE.
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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 (Prpr < 4 x 10736), precentral (Pepr < 8 X 107%9), paracentral (Pppr < 6 X 107%), and superior temporal (Pepg < 3 x 107" cortices
and ipsilateral hippocampus (Prpr < 2 x 10'199) and thalamus (Prpr< 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 (Pepr <9 x 107"% and the thalamus (Pepr< 3 x 1079). Negative
logio-transformed FDR-corrected P values are shown.

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.
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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, Pgyin < 0.0005] and marginally structural (r = 0.27,
Pgpin = 0.07) cortico-cortical hubs more strongly than nonhub regions
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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 (Pspys < 0.01).

(Fig. 2B). In contrast, in IGE, stronger relationships were observed
between subcortical volume decreases and structural (r = 0.68,
Pghuf < 0.01) and marginally functional (r = 0.50, Pgpys = 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
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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 (Pgpin < 0.05) and several ipsilat-
eral subcortical regions as disease epicenters (P, < 0.05; Fig. 3B).
Conversely, bilateral fronto-central cortices and the amygdala emerged
as epicenters in IGE (Pypi, < 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: 7functional = 0.67 t0 0.77, Pgpin < 0.0001; 7irycrural = 0.27 to
0.31, Pgpin < 0.09), effectively making them feeder nodes, that is,
peripheral nodes that are directly linked to hubs.
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