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Idiopathic generalized epilepsy (IGE) is a brain network disease, but the loca-
tion of this network and its relevance for treatment remain unclear. We
combine the locations of brain abnormalities in IGE (131 coordinates from 21
studies) with the human connectome to identify an IGE network. We validate
this network by showing alignment with structural brain abnormalities pre-
viously identified in IGE and brain areas activated by generalized epileptiform
discharges in simultaneous electroencephalogram-functional magnetic reso-
nance imaging. The topography of the IGE network aligns with brain networks
involved in motor control and loss of consciousness consistent with general-
ized seizure semiology. To investigate therapeutic relevance, we analyze data
from 21 patients with IGE treated with deep brain stimulation (DBS) for gen-
eralized seizures. Seizure frequency reduced a median 90% after DBS and
stimulation sites intersect an IGE network peak in the centromedian nucleus of
the thalamus. Together, this study helps unify prior findings in IGE and identify
a brain network target that can be tested in clinical trials of brain stimulation to
control generalized seizures.

Up to one-third of all patients with epilepsy have idiopathic general- experience seizures despite antiseizure drug treatment highlighting
ized epilepsy (IGE)". Patients with IGE have one or more generalized- the need for new therapies®. IGE is increasingly conceptualized as a
onset seizure types, including generalized tonic-clonic, absence, and/  brain network disease®™, however the location of this network and its
or myoclonic seizures, among others>>. Up to 27% of patients therapeutic relevance remain unclear'>”.
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Patients with IGE often show generalized spikes or spike-wave
(GSW) discharges on electroencephalogram (EEG), while having “nor-
mal” magnetic resonance imaging (MRI). However, subtle brain
abnormalities can be detected at the group level using structural and
functional neuroimaging, including gray matter atrophy®**° and
increased spontaneous local activity measured with resting-state
functional MRI (rs-fMRI)*%. Different studies have identified
abnormalities across different brain regions, leaving the neuroanato-
mical basis of IGE unclear®**?, Identifying the regions and networks
these abnormalities map to may help pinpoint an IGE network and
inform a potential target for therapeutic intervention.

We recently developed a technique termed ‘coordinate network
mapping,’ which tests whether heterogeneously distributed neuroi-
maging abnormalities map to a common brain network”. Coordinate
network mapping utilizes an atlas of human brain connectivity (i.e., a
human connectome) to identify the network of brain regions func-
tionally connected to a given set of coordinates. This technique is an
adaptation of lesion network mapping?>' and replaces the lesion
locations with coordinates of neuroimaging abnormalities. Coordinate
network mapping has helped identify common brain networks that
link heterogeneous neuroimaging findings in neurodegenerative dis-
eases, migraine, addiction, and several other neuropsychiatric
conditions”**¥, These coordinate networks can then be combined
with information from brain stimulation to investigate the therapeutic
relevance of the findings®, providing multimodal support for network
localization®**%4°

In this study, we combined coordinates of brain abnormalities and
deep brain stimulation (DBS) data with the human connectome to
identify a generalized epilepsy network.

Results

Systematic search and coordinates

We identified a total of 767 publications using a systematic search, of
which 81 full texts were assessed based on relevance (See Online
Methods, Supplementary Fig. 1). We included 20 publications
describing 21 independent studies (540 patients with IGE and 778
healthy controls) identifying coordinates of structural and functional
neuroimaging abnormalities associated with IGE. All patients were
diagnosed with IGE based on ILAE criteria®, including different IGE
subtypes: eight studies included IGE patients with generalized tonic-

Coordinates (n = 131) B

Fig. 1| Coordinate locations and ALE. Coordinates (n =131), shown as red spheres,
were heterogeneously distributed across the brain (A). An ALE analysis identified
consistent brain abnormalities in the bilateral thalamus (B). Notably, only 17% of all

clonic seizures (GTCS), seven with juvenile myoclonic epilepsy (JME),
two with absence epilepsy (AE), and four with mixed IGE subtypes.
Coordinates of gray matter atrophy using voxel-based morphometry
were reported in 13 studies and coordinates of increased spontaneous
local activity using resting-state functional MRI (“fMRI hyperactivity”)
were reported in eight studies (Supplementary Tables 1-3). Coordi-
nates of neuroimaging abnormalities (21 studies, 131 coordinates) were
heterogeneously distributed across the brain and involved different
cortical lobes, thalamus, basal ganglia, hippocampus, brainstem, and
cerebellum (Fig. 1A-C).

Activation likelihood estimation (ALE) meta-analysis

ALE meta-analysis of the 131 coordinates from all 21 studies identified
the bilateral thalamus (anterior, mediodorsal and ventral posterior
lateral nuclei) as regions consistently implicated across studies (Fig. 1B
and Supplementary Table 4). Repeating the ALE meta-analysis sepa-
rately for coordinates of brain atrophy or fMRI hyperactivity identified
different regions within the thalamus and cerebellum without any
overlap (Supplementary Fig. 2). Notably, only 17% of all coordinates
were in the thalamus (Fig. 1C).

Coordinate network mapping
We performed coordinate network mapping using the human con-
nectome and found that these heterogeneously distributed coordi-
nates were connected to a common brain network. This network
consists of positive connectivity to the supplementary motor area
(SMA), sensorimotor cortex (pre- and post-central gyri), superior
temporal gyrus, anterior cingulate, piriform cortex, putamen, cen-
tromedian thalamus, and cerebellum (peak positive overlap of >85% in
the centromedian thalamus, cerebellum, putamen, and piriform cor-
tex); and negative connectivity to the medial frontal lobe, parieto-
occipital, precuneus, middle and inferior temporal gyri (peak negative
overlap of >85% in the frontal poles, middle frontal gyrus, angular
gyrus, and precuneus). Hereafter, we will refer to this network (i.e., the
overlap of all 21 study-level coordinate networks) as an “IGE network”
(Fig. 2B). This network was specific to IGE compared to coordinates
from neuroimaging abnormalities in neurodegenerative disease
(Prpr < 0.05, Fig. 2D) and random coordinates (Pgpg < 0.05, Fig. 2E).
The identified IGE network showed a consistent topography across
many different variations in the methods. First, we repeated the

Coordinate locations

Temporal

Thalamus
Parietal
Cerebellum
Basal Ganglia
Insular
Occipital
Hippocampus

Brainstem

T T T
0.01 EESTT] 0.02 0 10 20 30

ALE value Proportion (%)

coordinates were in the thalamus (C). *Note that spheres of coordinates may be
assigned to multiple lobes or regions when located at the borders between them.
Source data are provided as a Source Data file. ALE activation likelihood estimation.
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Fig. 2 | Coordinate network mapping. Study-level coordinates (A, left) were used
as seeds in an atlas of human brain connectivity (i.e., a human connectome) to
identify the functional brain network connected to these coordinates. (A, right).
Coordinate networks for each study (n =21) were then overlapped to identify a

< 0.05 specific connections vs. random coordinates)

Network overlap (%)

common brain network deriving an IGE network (B). These same functional con-
nections were found to be specific to IGE compared to coordinates from neuroi-
maging abnormalities in neurodegenerative diseases (C) or randomly distributed
coordinates (D). FDR false discovery rate, IGE idiopathic generalized epilepsy.

coordinate network mapping analysis using independent normative
adult or pediatric connectomes, and a disease-specific connectome
derived from IGE patients, each of which identified a similar IGE net-
work (Supplementary Fig. 3). Second, we found that results were not
dependent on coordinate size (Supplementary Fig. 4) or arbitrary
thresholds of our study-level coordinate networks (Supplementary
Fig. 5). Third, repeating the analyses separately for studies of gray
matter atrophy or fMRI hyperactivity identified a similar network
(Supplementary Fig. 6) as did using each coordinate as a seed instead of
using study-level seeds (Supplementary Fig. 7). Fourth, using a leave-
one-diagnosis-out analysis, we found that this IGE network was not
driven by any one predominant IGE subtype (Supplementary Fig. 8).
Coordinate network mapping analyses of each IGE subtype showed
similar subcortical connectivity profiles across different diagnoses, but
slightly different cortical connectivity profiles. Notably, GTCS and JME
subtypes were positively connected to the motor cortex, while the AE
subtype was negatively connected (Supplementary Fig. 9).

Multimodal validation
The worldwide ENIGMA study identified significant atrophy in the
bilateral precentral gyri and the right thalamus”. These same brain

regions were part of the identified IGE network and overlapped more
with the network compared to a null distribution of regions randomly
selected from the same atlas (¢=0.53, P=0.015, Fig. 3A). To test
whether the identified IGE network may help explain the brain areas
activated during generalized-onset epileptiform discharges, we iden-
tified 12 studies performing simultaneous (inter)ictal EEG-fMRI in
patients with IGE or focal epilepsies and extracted the coordinates of
fMRI activation at the time of discharge. Brain regions activated during
simultaneous (inter)ictal EEG-fMRI in patients with IGE aligned more
with the identified IGE network compared to regions activated in
patients with focal epilepsy (¢=2.96, P=0.015, Fig. 3B), and aligned
more with the IGE network than a coordinate network map for neu-
rodegenerative diseases (t = 8.34, P=0.0004, Supplementary Fig. 10).
We investigated alignment between the IGE network and a previously
identified brain network derived from brain lesions associated with
focal epilepsy™ and found they were inversely related (r=-0.470).
Lesions associated with epilepsy overlapped with negative functional
connections in the IGE network, while lesions not associated
with epilepsy overlapped with positive functional connections
(t=11.05, P< 0.001, Fig. 3C). IGE network alignment with scalp EEG was
investigated using average sampling locations of scalp EEG electrodes
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Fig. 3 | Multimodal validation. Brain regions atrophied in IGE (white outlines) as
identified in the worldwide ENIGMA study" were part of the IGE network and
overlapped more with this network compared to a null distribution of randomly
selected brain regions (A). Brain regions activated by epileptiform discharges
during simultaneous EEG-fMRI (white dots) in generalized epilepsies (n = 6) show
higher overlap with the IGE network compared to focal epilepsies (n=6) in a two-
sided t-test (t=2.955, df=9.7124, P=0.0149, 95% CI [0.038, 0.389]). This is shown
in the boxplot where the center is the median overlap with the IGE network bound
by the 25th and 75th percentile of the data. The whiskers extend from the lower and
upper quartile to the minimum and maximum, respectively. The points on the plot
each mark a unique EEG-fMRI study on either generalized or focal epilepsy (B).
Lesion locations (white outlines) associated with epilepsy®® (n =347) overlap with

EEG-fMRI overlap with IGE network P=0015

Network overlap (%)
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negative functional connections in the IGE network more than lesions not asso-
ciated with epilepsy (n=1126) in a two-sided t-test (¢=12.69, df =581.9, P< 2e-16,
95% CI [0.2,+]). The distribution of the data is shown in a raincloud plot which
displays individual epilepsy and control cases in the jitter plot. The boxplot shows
the median network overlap of these two groups by the center line and is bound by
the 25th and 75th percentiles of the data. The whiskers of the plot mark data that fall
within 1.5 times the interquartile range (C). Scalp EEG electrodes (white circles) in
frontocentral regions (Cz) overlap with positive functional connections of the IGE
network, while electrodes in anterior frontal regions (Fpl/Fp2) overlap with nega-
tive functional connections (D). Source data are provided as a Source Data file. EEG-
fMRI electroencephalogram-functional magnetic resonance imaging, IGE idio-
pathic generalized epilepsy.

according to the international 10-20 system*. Scalp EEG electrodes in
frontocentral regions (Cz and C3/C4) aligned with positive
functional connections, while electrodes in frontopolar (Fp1/2) and
posterior regions (P3/4) aligned with negative functional connec-
tions (Fig. 3D).

Alignment with the somato-cognitive action network

The IGE network includes brain regions previously implicated in the
control of movement and shows a discontinuous pattern over the
motor cortex, reminiscent of the recently identified inter-effector
regions*’. We tested alignment between the coordinates of these inter-
effector regions and the identified IGE network. The inter-effector
regions aligned more with the IGE network compared to the coordi-
nates of the leg, hand, and mouth effector regions (¢=3.96, P=0.005,
Fig. 4A-C). A similar result (P<0.0001, Supplementary Fig. 11) was
found in computing the connectivity between the study-level IGE
coordinates and the (inter)effector regions in each of the subjects of
the human connectome. The IGE network shared connections with the
somato-cognitive action network (SCAN, spatial r=0.81, Fig. 4D, E),
and study-level IGE coordinates were most positively connected to the
SCAN compared to any other canonical brain network, but most
negatively connected to the default mode network (DMN, one-way
ANOVA Fqy 651 = 1989, P< 0.0001, Fig. 4F).

Relevance to deep brain stimulation

The IGE network involved peak functional connectivity to the cen-
tromedian nucleus (CM) of the thalamus, a region that has been used
as a DBS target to treat generalized seizures*’ (Fig. 5SA-C). We ana-
lyzed the DBS electrode locations and clinical outcome (% reduction
in seizure frequency) of 21 patients with IGE (15 females, 5 males, 1
non-binary) that were treated with CM DBS for drug-resistant gen-
eralized seizures. Seizure frequency reduced a median of 90%
(interquartile range: 66.5-96.5%), 66.7% on average (standard error:
14.3) and 19 of 21 patients (90%) were responders with >50% reduc-
tion in seizure frequency considered clinically significant (Fig. 5D).
DBS electrode locations aligned with the topography of the IGE
network in the thalamus (Fig. SE). Notably, the IGE network peak in
the thalamic CM (Fig. 6A) converged in the same location (MNI
coordinate: x=-9.05, y=-21.07, z=-0.07) as a recently identified
optimal DBS site (“sweetspot”) for IGE** (Fig. 6B), and 4 mm closer
compared to a DBS sweetspot for patients with Lennox-Gastaut
syndrome (LGS)* (Fig. 6C). To illustrate the clinical potential of these
findings to inform image-guided DBS for generalized epilepsy, we
localized the DBS electrodes of an independent patient (1 female)
with IGE treated in our center at the Brigham and Women’s Hospital
and visualized this IGE network peak, as well as the previously
reported DBS sweetspots in patients with IGE or LGS, and
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Fig. 4 | Alignment with the somato-cognitive action network. The motor cortex
homunculus (A, panel adapted under the Creative Commons Attribution (CC-BY)
license from Gordon et al. 2023*?) includes effector and inter-effector regions

(B, left)*”. Inter-effector regions (n = 6) align with the IGE network (B, right) and
show higher overlap compared to effector regions (n=5) in a two-sided t-test
(t=3.96, df=7.17, P=0.005, 95% CI[0.081, 0.38]). The boxplot shows the center
line as the median network overlaps for each effector and inter-effector region
(dots) enclosed by the 25th and 75th percentiles of the data, while the whiskers
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extend to the maximum and minimum (C). The peak nodes in the SCAN (D) were
used as a seed in the human connectome to generate a whole-brain map of the
SCAN (E, left), which was spatially similar to the identified IGE network (spatial
r=0.8L E, right). Coordinates of brain abnormalities in IGE were most positively
connected to the SCAN and most negatively connected to the default mode net-
work (F). Source data are provided as a Source Data file. IGE idiopathic generalized
epilepsy, SCAN somato-cognitive action network.

discriminative fibers of the reticular system (Fig. 6D) associated with
improved generalized seizure control after CM-DBS.

A convergent generalized epilepsy network

The IGE network (Fig. 7A) derived from coordinate networks of brain
abnormalities was spatially similar (spatial r=0.672) to a CM DBS
network (Fig. 7B) derived from the networks of the individual patient’s
DBS sites weighted by clinical outcome (% reduction in seizure fre-
quency). A convergent IGE network was identified by averaging the IGE
network and CM DBS network (spatial r to IGE network = 0.914; spatial
r to CM DBS network = 0.914, Fig. 7C).

Discussion

In this study, we identified a generalized epilepsy network by
combining brain abnormalities and DBS data with an atlas of human
brain connectivity (i.e., a human connectome). There are four key
findings. First, coordinates of heterogeneously distributed neu-
roimaging abnormalities in patients with IGE were connected to a
common brain network. Second, this network included structural

abnormalities in IGE previously identified in the worldwide ENIGMA
study and brain areas activated by generalized epileptiform dis-
charges in simultaneous EEG-fMRI studies. Third, the network
aligned with the inter-effector regions of the motor cortex and
shared brain network topography with the recently identified
SCAN. Fourth, the IGE network peaked in the CM nucleus of the
thalamus, a DBS target associated with a median 90% reduction in
seizure frequency in patients with IGE. These findings could be
relevant for our understanding of generalized epilepsy as a network
disease, help explain seizure semiology, or identify ther-
apeutic targets for brain stimulationt.

The ALE meta-analysis of coordinate locations identified the
anterior, mediodorsal, and ventral posterolateral thalamus as the brain
regions most consistently implicated across both structural and
functional MRI studies of IGE. This finding is consistent with a previous
ALE meta-analysis of structural brain abnormalities in IGE”, the
worldwide ENIGMA study, which identified thalamic volume loss in
IGE*” and thalamic activation in simultaneous EEG-fMRI studies***’.
However, only 17% of the total number of coordinates from our
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Fig. 5 | Relevance for deep brain stimulation. DBS electrode locations implanted
to treat drug-resistant generalized seizures in patients with IGE (n = 21) were loca-
lized with Lead-DBS software"® and plotted in relation to the CM (A, red). Notably,
the IGE network peaked in the CM of the thalamus (B), which was the most func-
tionally connected thalamic nucleus™ (C). Seizures reduced a median 90% after
CM-DBS in 21 patients with IGE (D). The IGE network was projected onto a publicly
available ultra-high resolution ex vivo brain aligned to MNI space'” (E, warm col-
ors), and DBS electrodes intersected with the peak of the IGE network in the CM

Thalamic atlas overlap

I\

HOIYASOd

—
—

0 20 40 60
Network overlap (%)

Network overlap (%)

(mesh). Source data are provided as a Source Data file. AV anterior ventral nucleus,
CM centromedian nucleus, DBS deep brain stimulation, Hb habenular nucleus, IGE
idiopathic generalized epilepsy, LGN lateral geniculate nucleus, MD mediodorsal
nucleus, MGN medial geniculate nucleus, Pul pulvinar nucleus, SCAN somato-
cognitive action network, VA ventral anterior nucleus, VLa ventral lateral anterior
nucleus, VLpd ventral lateral posterior nucleus (dorsal part), VLpv ventral lateral
posterior nucleus (ventral part), VPL ventral posterior lateral nucleus.

systematic search were in the thalamus, suggesting involvement of a
wider brain network.

Using the human connectome and coordinate network mapping,
we found that these same coordinates mapped to a common brain
network despite being heterogeneously distributed. This finding is
consistent with an increased understanding of IGE as a brain network
disease*®’ and previous coordinate network mapping studies?>**>*’,
The IGE network comprised cortical and subcortical areas, including
positive functional connectivity to SMA, sensorimotor cortex, anterior
cingulate, superior temporal gyrus, piriform cortex, thalamus, basal
ganglia, and cerebellum; and negative functional connectivity
(“anticorrelation”*®*°) to the frontal poles, medial frontal lobe, angular
gyrus, precuneus, middle and inferior temporal gyri. These regions
have previously been implicated in the generation of spike and wave
discharges in animal models of generalized epilepsy*®*, align with
structural abnormalities in IGE previously identified in the worldwide
ENIGMA study” and results from other surface-based neuroimaging
studies in patients with IGE®71017185253,

Our findings may also help unify prior neuroimaging and EEG
findings in IGE. Brain areas activated by generalized epileptiform dis-
charges in simultaneous EEG-fMRI studies, such as the sensorimotor

cortex and thalamus, align with the positive functional connections of
the IGE network®*™". Yet, routine scalp EEG in IGE patients typically
shows a frontal predominance of GSW’s in anterior and medial frontal
scalp EEG electrodes®****?, which aligns with the negative functional
connections of the IGE network. Some source imaging studies likewise
find an anteriorly predominant frontal GSW generator in the medial
prefrontal and superior frontal cortex®®®*, although results have var-
ied according to the timing of source analysis in relation to discharge
onset®***, In contrast to the sensorimotor cortex and thalamus (posi-
tive functional connections), anteromedial frontal regions (negative
functional connections) are typically deactivated in EEG-fMRI stu-
dies of IGE***>"%°, The identified IGE network thus suggests an opposing
functional relationship between the brain regions atrophied and acti-
vated in IGE versus the brain regions of a potential GSW source.

One interpretation of this finding may be that atrophy reflects
changes in a network attempting to inhibit or compensate for seizures,
consistent with previous network mapping findings****’%”! This could
potentially be supported by different components of the GSW dis-
charge localizing to different brain regions, which is a testable
hypothesis for future work. While more data is needed, spikes of the
spike-wave complex are usually distributed over anterior and medial
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Fig. 6 | lllustration of the potential clinical translation to image-guided DBS.
The DBS electrode locations of an independent patient with IGE treated with CM
DBS was plotted in relation to (1) the peak voxel of the IGE network (MNI coordi-
nate: x =-9.05, y=-21.07, z=-0.07) in the thalamus (A, red), (2) previously
reported DBS sweetspots in IGE** (B, green) and LGS* (B, purple), and (3)

[ LGS sweetspot (Warren et al. 2022)
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[ DBs fiber tract (Torres-Diaz et al. 2021)

discriminative fiber tracts” associated with improved generalized seizure control
after CM DBS (C, pink). This IGE network peak converged on a similar location to
these optimal DBS sites, yet 4 mm closer to the sweetspot derived from IGE versus
LGS patients (D). CM the centromedian nucleus, DBS deep brain stimulation, IGE
idiopathic generalized epilepsy, LGS Lennox-Gastaut Syndrome.

frontal regions (negative functional connections), yet waves are fre-
quently distributed over central regions (positive functional
connections)’>”. This is in line with the opposite direction of func-
tional connectivity in the IGE network identified here and the hypo-
thesized opposite physiological roles of spikes (‘excitation’) and waves
(‘inhibition’) during thalamocortical oscillations’*”. Finally, routine
scalp EEG typically shows GSWs, but focal EEG features are seen in
approximately 30% of patients with IGE. Focal features in IGE pre-
dominantly localize to the temporal lobe”, consistent with the topo-
graphy of negative functional connections of the IGE network and a
brain network derived from lesions associated with focal epilepsy™.
This IGE network may, therefore, provide a potential mechanism to
explain generalized epilepsy with clinical and electrographic focal
features’®”’. Overall, these network results could help unify previous
neuroimaging and EEG findings in IGE and are consistent with the
broader notion that generalized epileptiform discharges reflect
recruitment of a specific bilaterally distributed, large-scale brain net-
work, rather than the ‘whole brain”>"%"°,

Our study presents the spatial topography of a human brain net-
work implicated in IGE. The identified IGE network included positive
functional connectivity to the sensorimotor cortex. This finding is

consistent with GSW-related fMRI activation in simultaneous EEG-fMRI
studies®°. Seizure-related activation or disruption of these regions
could help explain the typical symptoms seen in generalized tonic-
clonic seizures and myoclonic jerks. More specifically, we observed a
discontinuous pattern over the motor cortex that aligned with the
inter-effector regions of the revised motor cortex architecture and a
network topography reminiscent of the SCAN*2. The SCAN is hypo-
thesized to form part of an integrated action and executive control
system to coordinate gross movements, control muscle groups, pos-
ture, and internal physiology*’. This finding may help explain why
generalized tonic-clonic seizures typically show convulsions of the
whole body rather than any single arm or leg, electrographically start
or quickly spread widely across the brain®>®°, and are often associated
with autonomic changes®. Accordingly, seizure activity may “hijack”
(parts of) the SCAN resulting in the electroclinical expression of gen-
eralized seizures along intrinsic human brain networks®’, akin to the
secondary epilepsy network hypothesis of LGS*>. While brain
abnormalities in IGE were most positively connected to the SCAN, they
were most anticorrelated to the DMN. This finding is consistent with
previous EEG-fMRI studies showing fMRI de-activation throughout the
DMN during GSW*****? and loss of consciousness typically seen with
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Fig. 7 | A convergent generalized epilepsy network. The IGE network (A) was spatially similar to the CM DBS network (B), and a convergent IGE network was identified
(C). CM the centromedian nucleus, DBS deep brain stimulation, IGE idiopathic generalized epilepsy.

generalized tonic-clonic*” or absence seizures®. In a separate analysis
of each IGE subtype, the AE subtype showed a similar subcortical
connectivity profile compared to the GTCS and JME subtypes, but the
cortical connectivity profile differed slightly. GTCS and JME coordi-
nates were positively connected to the motor cortex, while AE coor-
dinates were anticorrelated to the motor cortex, consistent with the
lack of movements during absence seizures. Involvement of the motor
cortex may thus be subtype-specific suggesting IGE and its subtypes
may involve both shared and subtype-specific (sub)cortical brain
networks®>#,

Our findings may also have therapeutic implications for brain
stimulation treatment in generalized epilepsy. Specifically, they sug-
gest that the CM nucleus in the thalamus is a key node in an IGE
network consistent with recordings of epileptiform discharges in the
CM region during generalized seizures®® and early involvement of
the CM during GSW discharges in EEG-fMRI®®, Our IGE network results
may help explain the positive results of CM DBS and RNS in patients
with IGE as reported by case- and open-label studies®*®°. Brain net-
works connected to neuroimaging abnormalities in IGE thus converge
on a DBS target used to treat generalized seizures**". Serendipitous,
the IGE network peaked in the same location in the thalamus as an
optimal DBS site (“sweetspot”) for patients with IGE**. Furthermore, a
CM DBS network derived from the stimulation sites of patients with
IGE recapitulated the IGE network. Overall, these findings suggest
potential clinical utility of the IGE network to identify brain stimulation
targets and could be used to guide DBS, responsive neurostimulation
(RNS) or non-invasive brain stimulation therapies such as transcranial
magnetic stimulation, multifocal transcranial electric stimulation, and
focused ultrasound®.

Strengths of our study include a systematic search and meta-
analysis of the published literature on voxel-based neuroimaging
abnormalities in IGE; consistency of results across multiple variations
in the methods, including different adult and pediatric normative

connectomes and a disease-specific IGE connectome; leave-one-diag-
nosis-out-analyses; and multimodal support of network localization
using different neuroimaging modalities and DBS data. There are
several limitations to consider. First, while this study highlights shared
network connections across IGE subtypes, this does not preclude
potentially important differences between subtypes. Future studies
using single-subject level data in combination with modern volume-
and surface-based analysis methods could more precisely identify
structural abnormalities in patients. Such efforts may help identify
specific networks involved in different IGE subtypes, seizure types, or
even patient-specific seizure networks’>**. Second, it remains unclear
whether brain abnormalities such as atrophy in IGE are a cause, con-
sequence, or compensatory mechanism of epilepsy. Several inter-
pretations could be made. They could reflect changes in a network
damaged by seizures and thus be a direct consequence of seizures.
They could also reflect abnormal brain development that is causing
seizures. Other hypotheses suggest atrophy is part of a degenerative
process that facilitates epilepsy, an effect of antiseizure drugs, or some
combination of these factors®. A different potential interpretation
may be that atrophy reflects changes in a network attempting to inhibit
or compensate for seizures®*”, The finding that brain lesions asso-
ciated with focal epilepsy are anticorrelated to the brain regions
atrophied in IGE suggests they involve different brain networks and
that atrophy may be a consequence or compensatory mechanism in
epilepsy rather than a cause, consistent with previous network map-
ping findings****’°”!, Future prospective longitudinal studies are nee-
ded to elucidate the causal cascade of these structural network
changes in relationship to clinical outcomes and the spatiotemporal
dynamics of seizures within this network. Third, due to the small
number of subjects and almost uniformly high response rate (90%)
after CM DBS in patients with IGE, we were underpowered to detect
connections that covary with clinical response. Future work in larger
cohorts could revisit this issue, and a clinical trial of RNS of the CM in
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patients with IGE is ongoing (ClinicalTrials.gov: NCT05147571). Fourth,
as is inherent to meta-analyses of published group-level data, we did
not have access to detailed clinical phenotyping such as seizure fre-
quency or severity, cognitive or mood comorbidities, or antiseizure
drug use™. However, these variables should increase heterogeneity in
the studied population and add noise, biasing us against identifying
convergent results across studies. Fifth, all the coordinates utilized in
this study were derived from gray matter. Given that fMRI signals in
white matter are now acknowledged as more than mere noise’* 5,
future research should incorporate findings from both white and gray
matter to map their shared networks’. Finally, our study was based on
retrospective analyses of existing data, and any clinical implications
should thus be interpreted with caution. Future prospective studies
are needed to determine if this network can be used as a safe an
effective brain stimulation target.

In summary, we identified a generalized epilepsy network that
links heterogeneously distributed brain abnormalities in IGE to a
common brain network and DBS sites reducing generalized seizures.
This generalized epilepsy network could help guide future clinical
trials of brain stimulation to better control generalized seizures.

Methods

This study was carried out in accordance with the Declaration of Hel-
sinki, approved by the institutional review board of the Brigham and
Women’s Hospital, Boston, Massachusetts. The coordinate network
mapping analysis was exempted from obtaining informed consent
based on the secondary use of published data. Any patient data used in
this study was obtained with informed consent, including secondary
use of research data. Preferred reporting items for systematic reviews
and meta-analyses (PRISMA) guidelines were followed to identify
published coordinates of neuroimaging abnormalities associated
with IGE.

Systematic search and coordinates

In line with best-practice recommendations for coordinate-based
meta-analysis'’, we systematically searched the literature for struc-
tural and functional MRI (fMRI) studies in IGE patients compared to
healthy controls. We included studies reporting coordinates of gray
matter atrophy using voxel-based morphometry and studies reporting
increased spontaneous local activity using resting-state fMRI. The
following search terms were used in PubMed and EMBASE databases:
“voxel-based morphometry”, “resting-state functional MRI”, “ALFF”,
“ReHo”, “epilepsy”, and their derivatives (Supplementary Table 1). All
reported coordinates of gray matter atrophy or increased sponta-
neous local activity (“fMRI hyperactivity”) in IGE patients compared to
healthy controls were extracted from the published studies (Supple-
mentary Tables 2, 3). Coordinates were recorded in the Montreal
Neurological Institute (MNI)-ICBM-152 space. A detailed description of
the search strategy and study selection can be found in Supplementary
Methods 1.

Activation likelihood estimation (ALE) meta-analysis

We performed a standard coordinate-based meta-analysis using acti-
vation likelihood estimation (ALE) with GingerALE software (Version
3.0.2) to identify brain areas that were consistently implicated across
studies compared to a null distribution of 10,000 randomly dis-
tributed coordinates'”. Family-wise error [FWE] rate correction for
multiple testing was performed at the cluster level (Prwe < 0.01, with a
cluster-defined threshold of P<0.001, 10,000 permutations), in line
with published recommendations'®.

Human connectome

To identify the functional connections of these coordinate locations,
we used a normative functional connectome derived from the resting-
state fMRI data of 652 healthy Asian adults (mean age + standard

error=22.9 +5.53 years old, 334 females)®. All participants provided
written informed consent. Acquisition and preprocessing of the fMRI
data were described previously'®™'®, and is consistent with pre-
processing of the Brain Genomics Superstruct Project (GSP, https://
dataverse.harvard.edu/dataverse/GSP)'* normative connectome.
Detailed steps can be found in Supplementary Methods 2'.

Coordinate network mapping

We performed coordinate network mapping according to previously
described methods”**. In short, we first create a spherical seed (6 mm
diameter) centered at each reported coordinate. For studies reporting
multiple coordinates, coordinates were combined into one volume or
study-level seed, as different coordinates from one study are not
independent. Seed-to-whole-brain functional connectivity was com-
puted on the preprocessed rs-fMRI data of 652 healthy subjects’ using
Pearson correlations. As in prior studies”’ >, a one-sample t-test was
used to identify the voxels that were significantly connected to each
seed (i.e., showing correlated fMRI signal fluctuations), resulting in a
coordinate network. Each coordinate network was then thresholded
and binarized (- 5.1 <t>5.1; voxel-wise FWE correction, P<0.01) as
previously reported. The resulting coordinate networks were over-
lapped (i.e., summed and divided by the number of studies) to identify
the common network connections across all studies, also termed a
coordinate network overlap map. The value of each voxel within this
coordinate network overlap map indicates the proportion of studies
with coordinates functionally connected to that voxel. Henceforth, we
refer to this unthresholded coordinate network overlap map as the
‘IGE network’.

We recreated the IGE network using many different variations in
the methods to assess the consistency of our results. First, we used
different independent normative connectomes including a Western
adult connectome derived from the GSP (n=1000 GSP
connectome)'”, and pediatric (9-10-year old) connectome derived
from the adolescent brain cognitive development study (n=1000
ABCD connectome)'”'%8, Second, as IGE may be associated with
changes in functional connectivity””'*’, we recreated the IGE network
using a disease-specific connectome derived from patients with IGE
(n=172, Supplementary Methods 3). Third, study-level coordinates
were recreated using different diameters (3 mm and 9 mm) to assess
the potential influence of coordinate size. Fourth, study-level coordi-
nate networks were binarized using different thresholds (positive and
negative t=4.7, 5.6, 7, and 9) to assess the potential influence of
arbitrary statistical thresholds to create the coordinate networks"’.
Fifth, we created separate coordinate network overlap maps for study-
level coordinates derived from structural or functional neuroimaging
abnormalities. Sixth, we recreated the IGE network using the individual
coordinates as seeds as opposed to the study-level coordinates.
Seventh, we performed a leave-one-diagnosis-out analysis to assess
whether our results were driven by a particular subtype such as IGE
with generalized tonic-clonic seizures (GTCS), juvenile myoclonic
epilepsy (JME), or absence epilepsy (AE). The coordinate network
mapping analysis was also repeated for each IGE subtype in a separate
analysis. Spatial similarity of the IGE network across multiple sensitivity
and control analyses was computed using a spatial correlation (Pear-
son’s r).

Specificity testing

To determine whether the IGE network was specific to neuroimaging
abnormalities in IGE and not a result of nonspecific atrophy or our
choice of connectome, we compared the IGE coordinate networks to
control networks derived from previously published coordinates of
atrophy in neurodegenerative diseases” and randomly distributed
coordinates. The neurodegenerative disease coordinate networks
included 49 study-level networks from a previous study (including
Alzheimer’s disease, n=8; behavioral variant frontotemporal
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dementia, n=21; corticobasal syndrome, n=12; and progressive non-
fluent aphasia, n =8, Supplementary Table 5)”. A null distribution of
randomly distributed coordinates were created by redistributing the
study-level coordinates of the IGE studies at random within the brain.
This was performed four times resulting in 84 randomly distributed
study-level coordinates. Voxel-wise two-sample ¢-tests were performed
using the software permutation analysis of linear models (PALM) in FSL
(V6.0.4), correcting for multiple comparisons using threshold-free
cluster enhancement and an FDR-corrected P<0.05 was considered
significant.

Multimodal validation

We validated and investigated the topography of the IGE network
using a multimodal approach. We compared the IGE network to find-
ings in previous studies by testing IGE network overlap of: (1) structural
abnormalities in IGE identified in the worldwide ENIGMA study, (2)
brain regions activated during simultaneous (inter)ictal EEG-fMRI of
generalized spike-wave (GSW) discharges, a characteristic electro
graphical feature of IGE, (3) locations of brain lesions associated with
focal epilepsy, and (4) locations of scalp EEG electrodes.

The worldwide ENIGMA study identified significant atrophy in the
bilateral precentral gyri and the thalamus” We tested whether these
same brain regions were part of the identified IGE network by calcu-
lating the average network overlap (%) of the Desikan-Killiany" masks
(i.e., the sum of the values in the IGE network within the mask divided
by the number of voxels in each mask and multiplied with 100%). We
compared this network overlap value to a null distribution of 10,000
randomly selected masks from the same atlas to assess significance. To
test whether the identified IGE network may help explain the brain
areas activated during generalized-onset epileptiform discharges, we
searched the literature to identify simultaneous (inter)ictal EEG-fMRI
studies in generalized and focal epilepsies (Supplementary Table 6).
These studies were not included in the initial coordinate network
mapping analysis because they lack a comparison to healthy controls,
as is typical of EEG-fMRI analysis. We identified 12 studies from 10
publications that used the timings of epileptiform discharge onsets on
scalp EEG in a general linear model to localize brain areas showing
blood-oxygen-level-dependent activation in fMRI during these dis-
charges (Supplementary Table 7). The results of these studies were
separated into coordinates derived from six studies including patients
with IGE and six other studies including patients with focal epilepsies
(four temporal lobe epilepsy [TLE] studies and two extra-TLE studies).
Again, we computed binary spheres (6 mm diameter) at each reported
coordinate and generated study-level regions-of-interest (ROIs) to
represent the brain areas of simultaneous EEG-fMRI activation. The
average network overlap value within the IGE network was computed
and compared between the ROIs from generalized epilepsy studies
and focal epilepsy studies using a two-sample t-test. We hypothesized
that EEG-fMRI activation associated with GSW discharges in patients
with IGE would show higher overlap than EEG-fMRI activation asso-
ciated with interictal epileptiform discharges in focal epilepsies. We
compared alignment between the IGE network and a previously iden-
tified brain network derived from brain lesions associated with focal
epilepsy*® using a spatial correlation. Lesion locations were overlapped
with the IGE network, and the average network overlap was compared
between lesions associated with epilepsy (n=347) and lesions not
associated with epilepsy (n=1126) using a two-sample t-test. To
investigate the alignment of the IGE network with locations of scalp
EEG, we created binary spheres (25 mm diameter) centered at the MNI
coordinates of scalp electrodes placed according to the international
10-20 EEG system* and calculated overlap with the IGE network.

Alignment with the somato-cognitive action network
Recently, ref. 42, revisited the topology and function of the motor
cortex using resting-state fMRI. They showed that the motor cortex

contains effector-specific regions (foot, hand, mouth) that are inter-
rupted by inter-effector regions*? involved in coordinating whole-body
movement. Inter-effector areas were highly connected to a (sub)cor-
tical network termed the somato-cognitive action network (SCAN),
crucial for the integration of action planning with whole-body control.

As generalized tonic-clonic seizures are typically associated with
involuntary movements of the whole body and limbs, we tested the
alignment between our IGE network and the (inter)effector regions
coordinating movement as defined by ref. 42. Spheres representing
coordinates of the “inter-effector” and “effector” regions (Supple-
mentary Tables 8, 9) were created at the published MNI coordinates*
and the average overlap with the IGE network was compared using a ¢-
test. We repeated this analysis using ROI-to-ROI connectivity analyses
between the study level IGE coordinates and (inter)effector regions in
each subject of our human connectome and compared the functional
connectivity between these regions. Next, spheres located at the peak
nodes of the SCAN were used as a seed in the same functional con-
nectome used in the above coordinate network mapping analysis to
create a whole-brain map of the SCAN. This map was then used to
compute a spatial correlation between the IGE network and the SCAN.
Finally, we compared ROI-to-ROI connectivity of the study-level IGE
coordinates to the peak nodes of the SCAN and other previously
defined canonical brain networks™ and tested for a statistical differ-
ence across networks using a one-way ANOVA.

Relevance to deep brain stimulation

To investigate the therapeutic relevance of the identified IGE network,
we collected clinical outcome and imaging data from patients with IGE
treated with CM DBS for the treatment of drug-resistant generalized
seizures****!>*_ DBS electrodes were localized in MNI space using
Lead-DBS software (https://www.lead-dbs.org)" and projected on top
of the IGE network. Reduction in seizure frequency at the last seen
follow-up moment was calculated as a percentage of change from
before DBS surgery (Supplementary Table 10). To illustrate the
potential clinical relevance of these network results to inform image-
guided DBS therapy, we identified a patient with IGE from our center at
the Brigham and Women'’s Hospital that received CM DBS. The DBS
electrodes were localized and plotted in relation to the IGE network
peak in the thalamus, previously published optimal DBS sites
(“sweetspot”) for IGE** and LGS*, and discriminative fiber tracts”
associated with improved control of generalized seizures after DBS.

A convergent generalized epilepsy network

A CM DBS network was computed by (1) generating the volume of
activated tissue (VAT, i.e., stimulation site) of each patient using
patient-specific stimulation parameters”, (2) identifying the brain
networks connected to these DBS sites (VATs) using the same nor-
mative functional connectome, and (3) calculating the weighted
average network across patients, weighted by each patient’s clinical
outcome (% reduction in seizure frequency) consistent with previous
work"®. The resulting CM DBS network was compared to the IGE net-
work using a spatial correlation. Finally, a convergent IGE network was
generated by z-scoring the IGE and CM DBS networks and averaging
across these two networks.

Statistical analysis

Statistical analyses were performed in R version 4.2.3 and MATLAB
version 2018a (MathWorks). Non-parametric permutation tests were
used to calculate p values. A two-sided p value <0.05 was considered
significant, and we corrected it for multiple testing. Data were col-
lected and analyzed from September 2019 through November 2023.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All coordinates of gray matter atrophy and fMRI hyperactivity used in
this study are available in the published studies listed in supplemen-
tary materials. A version of the GSP connectome along with pre-
processing details is publicly available'®. The IGE network is available
on github (https://github.com/jigongjun/IGENetwork/blob/main/
IGEnetwork.nii). Source data are provided with this paper.

Code availability

Code to conduct preprocessing and connectivity analyses is available
as part of the open-access Lead-DBS software package (https://lead-
dbs.org)’™ and WhiteMatterSF  software (https:/github.com/
jigongjun/Neuroimaging-and-Neuromodulation;  https://doi.org/10.
5281/zenodo.14252802). Voxel-wise imaging results were projected
onto a publicly available ultra-high resolution ex vivo brain aligned to

117

MNI space™’.
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