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IMPORTANCE It remains unclear why lesions in some locations cause epilepsy while others do
not. Identifying the brain regions or networks associated with epilepsy by mapping these
lesions could inform prognosis and guide interventions.

OBJECTIVE To assess whether lesion locations associated with epilepsy map to specific brain
regions and networks.

DESIGN, SETTING, AND PARTICIPANTS This case-control study used lesion location and lesion
network mapping to identify the brain regions and networks associated with epilepsy in a
discovery data set of patients with poststroke epilepsy and control patients with stroke.
Patients with stroke lesions and epilepsy (n = 76) or no epilepsy (n = 625) were included.
Generalizability to other lesion types was assessed using 4 independent cohorts as validation
data sets. The total numbers of patients across all datasets (both discovery and validation
datasets) were 347 with epilepsy and 1126 without. Therapeutic relevance was assessed using
deep brain stimulation sites that improve seizure control. Data were analyzed from
September 2018 through December 2022. All shared patient data were analyzed and
included; no patients were excluded.

MAIN OUTCOMES AND MEASURES Epilepsy or no epilepsy.

RESULTS Lesion locations from 76 patients with poststroke epilepsy (39 [51%] male; mean
[SD] age, 61.0 [14.6] years; mean [SD] follow-up, 6.7 [2.0] years) and 625 control patients
with stroke (366 [59%] male; mean [SD] age, 62.0 [14.1] years; follow-up range, 3-12 months)
were included in the discovery data set. Lesions associated with epilepsy occurred in multiple
heterogenous locations spanning different lobes and vascular territories. However, these
same lesion locations were part of a specific brain network defined by functional connectivity
to the basal ganglia and cerebellum. Findings were validated in 4 independent cohorts
including 772 patients with brain lesions (271 [35%] with epilepsy; 515 [67%] male; median
[IQR] age, 60 [50-70] years; follow-up range, 3-35 years). Lesion connectivity to this brain
network was associated with increased risk of epilepsy after stroke (odds ratio [OR], 2.82;
95% CI, 2.02-4.10; P < .001) and across different lesion types (OR, 2.85; 95% CI, 2.23-3.69;
P < .001). Deep brain stimulation site connectivity to this same network was associated with
improved seizure control (r, 0.63; P < .001) in 30 patients with drug-resistant epilepsy (21
[70%] male; median [IQR] age, 39 [32-46] years; median [IQR] follow-up, 24 [16-30]
months).

CONCLUSIONS AND RELEVANCE The findings in this study indicate that lesion-related epilepsy
mapped to a human brain network, which could help identify patients at risk of epilepsy after
a brain lesion and guide brain stimulation therapies.
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F ocal epilepsy affects more than 30 million patients
worldwide and is commonly caused by brain lesions,
such as stroke.1 However, it is unclear why some lesion

locations cause epilepsy while others do not.2

Identifying lesion locations at increased or decreased risk
of epilepsy is important for 3 reasons. First, it may help
refine models designed to predict epilepsy risk,3 allowing for
better prognosis or early intervention. Second, it may lend
mechanistic insight into why some lesion locations but not
others lead to epilepsy.2 Third, brain lesions can help identify
or refine therapeutic targets for brain stimulation,4-6 and played
a role in identifying the thalamus as a therapeutic target for
epilepsy.7,8 Given that brain stimulation outcomes in
epilepsy remain heterogenous,9 mapping lesions that cause or
do not cause epilepsy may help identify regions or networks
that could be targeted for seizure control.

Lesion mapping methods have improved in recent
years.4,10 Voxel-based lesion symptom mapping can test
whether lesions causing a specific symptom intersect
specific brain regions.10 Lesion network mapping can test
whether lesions causing a specific symptom intersect
specific brain networks and can thus detect associations
that go beyond individual brain regions.11 This latter tech-
nique uses a wiring diagram of the human brain termed the
human connectome to identify network connections com-
mon across different lesion locations. It has proven particu-
larly useful when lesions in different locations cause a simi-
lar symptom and has identified effective therapeutic targets
for brain stimulation.6,12-14 Here, we use these lesion-
mapping techniques to assess whether lesion locations
associated with epilepsy map to specific brain regions and
networks.

Methods

This multicenter study was carried out in accordance with the
DeclarationofHelsinki,approvedbytheinstitutionalreviewboard
of the Brigham and Women’s Hospital, Boston, Massachusetts,
andexemptedfromobtaininginformedconsentbasedonthesec-
ondary use of research data. Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guidelines for case-control studies were followed. For full details
on each data set and analysis, see the eMethods in Supplement 1.

Patients With Stroke and Brain Lesions
In this case-control study, we studied lesion locations from 76
patients with poststroke epilepsy (ischemia) who were part of
a previous study15 (Figure 1A). To control for the normal dis-

Key Points
Question Does lesion-related epilepsy map to a brain network?

Findings In this case-control study of lesion locations in patients
who either developed epilepsy or did not, lesions associated with
epilepsy occurred in multiple heterogenous brain locations.
However, these same lesion locations were part of a specific brain
network defined by functional connectivity to the basal ganglia
and cerebellum, and deep brain stimulation sites associated with
seizure control were connected to this same network.

Meaning The findings indicate that lesion-related epilepsy
mapped to a brain network that could help identify patients at risk
of epilepsy after a brain lesion and guide brain stimulation
therapies.

Figure 1. Lesion Locations
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tribution of stroke lesions, 2 independent and previously pub-
lished cohorts of patients with consecutive stroke and lesion
locations not associated with epilepsy were used as controls
(n = 135,16 n = 490),17 as in our prior work14,18 (Figure 1B). Pa-
tient demographic characteristics of this discovery data set
(n = 701) are presented in eTable 1 in Supplement 1.

Lesion Location Mapping
Lesion location mapping methods were used to test whether
lesions associated with poststroke epilepsy map to a specific
brain region.10 We assessed lesion overlap (or damage) of each
lesion to the cortex, subcortex, cortical lobes and vascular terri-
tories. Since larger lesions are more likely to lead to epilepsy,19 we
controlled for lesion volume in all analyses. To identify any
lesioned brain regions or voxels associated with epilepsy, we
performed voxel-based lesion symptom mapping using both
univariate and multivariate methods, correcting for lesion
volume.20-22

Lesion Network Mapping
Lesion network mapping was used to test whether
lesions associated with poststroke epilepsy map to a
specific brain network. As described previously,11,23,24 we
computed seed-based functional connectivity between
each lesion location and all other brain voxels using
the resting-state functional connectivity data (2 × 2 × 2-mm

resolution) from 1000 healthy participants (human
brain connectome from the Brain Genomics Superstruct
Project: https://dataverse.harvard.edu/dataverse/GSP).25,26

This process results in a lesion network for each lesion
location (Figure 2A and 2B; eFigure 1 in Supplement 1). To
identif y the functional connections (ie, lesion
network nodes) associated with epilepsy, we performed a
voxel-based permutation test on a whole-brain level using the
software Permutation Analysis of Linear Models (PALM)
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM)27 and controlled
for lesion volume as a covariate, as in our prior work.14,18

For detailed description of the control analyses, see
the eMethods in Supplement 1. We performed multiple con-
trol analyses to assess the consistency of our lesion network
mapping findings using different control data sets,
connectome preprocessing methods, covariates, and
subgroups. We used statistical mediation analysis to deter-
mine the association between lesion connectivity, lesion
volume, and damage to the cortex or subcortex. Finally, we
repeated lesion network mapping using a structural connec-
tome instead of a functional connectome and tested
convergence.28

Generalizability to Other Lesion Types
To test for generalizability of the lesion network nodes
derived from ischemic stroke data (ie, the discovery data

Figure 2. Lesion Location and Network Mapping
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A, Lesion location mapping methods
were not able to identify associations
between damage to a specific brain
region and epilepsy. B, Lesion
network mapping was then
performed, which computes the
functional connectivity between each
lesion location (red) and all other
brain voxels, using the resting-state
functional connectivity data from
1000 healthy participants (ie, the
human connectome). C, Lesion
network mapping identified regions
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(ie, lesion network nodes) that were
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locations associated with epilepsy vs
control lesions; 2-sided P values are
shown after familywise error rate
correction for multiple testing. Brain
slices are shown in radiological
orientation.
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set) (Figure 2C) to other lesion types, we studied 4 previ-
ously published cohorts of other lesion etiologies associated
with epilepsy: hematomas,29 traumas,30 tumors,31 and
tubers32 (validation data sets totaling 772 participants, 271
[35%] with epilepsy). Patient demographic characteristics
for these 4 validation data sets are presented in eTable 2 in
Supplement 1.

Using the lesion network nodes derived from poststroke
epilepsy as an a priori region of interest (Figure 2C), we
tested the hypothesis that each of the other lesion types
would show similar functional connections associated with
epilepsy (Figure 3). This voxel-based PALM analysis was
repeated on a whole-brain level after combining all 4 valida-
tion data sets, controlling for data set and lesion volume.

Figure 3. Generalizability to Other Lesion Types
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Lesion network nodes in the basal
ganglia and cerebellum derived from
ischemic stroke data (A) were used as
an a priori search space (white
outlines) to test for similar findings in
four validation data sets with
different lesion etiologies (B).
Negative functional connectivity to
voxels in the basal ganglia and
cerebellum was significantly
associated with epilepsy in
hematomas, traumas, tumors, and
tubers. One-sided P values are shown
after false discovery rate correction
for multiple testing. Brain slices are
shown in radiological orientation.
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Estimating Risk of Lesion-Related Epilepsy
Functional connectivity of the lesion network nodes defines
a distributed brain network map with regions of increased or
decreased risk of epilepsy (Figure 4A-C). To evaluate the po-
tential prognostic relevance of this network map, we calcu-
lated lesion connectivity values using a leave-one–data set–
out analysis. For an expanded explanation of leave-one–data
set–out analysis, see the eMethods in the Supplement 1.
Lesion connectivity values were calculated by computing the

functional connectivity between each lesion from a left-out
data set to the lesion network nodes generated from the other
4 data sets (ie, region of interest–to–region of interest connec-
tivity). This analysis tests whether lesion connectivity is as-
sociated with risk of epilepsy in an out-of-sample manner, and
can be illustrated as intersection of lesion locations with our
brain network map (Figure 4). Patients were then stratified into
3 categories of high, low, and moderate lesion connectivity (1
SD above or below the mean and in between, respectively) and

Figure 4. Relevance for Estimating Epilepsy Risk
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lesioned. Regions of increased risk in
this network include the temporal
lobe, parietal lobe, areas around the
central sulcus, and CA1 region of the
hippocampus. Regions of decreased
risk include the supplementary motor
area, anterior cingulate, and
subcortical regions. To illustrate this
finding, we show the same lesion
locations from Figure 1 (white
outlines), now overlaid on our
network map, including 5
representative lesions associated
with epilepsy (B) and 5 lesions not
associated with epilepsy (C). Note
that the lesions associated with
epilepsy intersect areas of high risk
compared to lesions not associated
with epilepsy. D, Patients were
stratified into 3 risk groups based on
intersection of their lesion location
with this network, using
leave-one–data set–out analysis.
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had epilepsy compared to patients in
the low-fc group both for ischemic
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the proportion of epilepsy was compared across categories,
similar to previous work.14

Therapeutic Relevance for Deep Brain Stimulation
To evaluate the potential therapeutic relevance of
this network, we analyzed a cohort of 30 patients who
received anterior thalamic deep brain stimulation (DBS) for
drug-resistant focal epilepsy.33 DBS electrode locations
and stimulation sites were localized using Lead-DBS (https://
www.lead-dbs.org), similar to prior work34,35 (Figure 5A and
B). Patient demographics are presented in eTable 3 in
Supplement 1. We computed the functional connectivity of the
DBS sites (volume of tissue activated) to our lesion network
nodes (Figure 2C) using region of interest–to–region of interest
connectivity and tested for association with clinical outcome
(percentage of change in seizure frequency) (Figure 5C). Next,

we performed a voxel-based analysis using PALM to identify
connections associated with improved seizure control
(Figure 5D). This analysis was performed both within the a
priori region of interest derived from lesion network mapping
(Figure 2C) and using a whole-brain analysis.

Statistical Analysis
Statistical analyses were performed in R version 2022.12
(R Foundation) and MATLAB version 2020b (MathWorks).
Power analyses were performed in G*Power version 3.1
(Heinrich Heine Universität Düsseldorf).36 Data were ana-
lyzed from September 2018 through December 2022.

Group differences in lesion volume, damage to brain re-
gions, or functional connectivity on a voxel-wise level were
tested using an Aspin-Welch test, and the V statistic was re-

Figure 5. Relevance for Deep Brain Stimulation (DBS) in Epilepsy
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A, DBS electrodes from 30 patients
with drug-resistant epilepsy show
slight variability in electrode location
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stimulation site for each patient was
identified by computing the volume
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individualized stimulation settings. C,
Functional connectivity between
patient-specific stimulation sites and
the lesion network nodes in the basal
ganglia and cerebellum was
associated with better seizure
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network nodes (white outlines) was
significantly associated with
therapeutic response after deep brain
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shown after false discovery rate
correction for multiple testing. Brain
slices are shown in radiological
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ported. To assess the association between lesion connectiv-
ity and epilepsy, multivariate models were fitted with logistic
regression and corrected for potential confounders as covar-
iates. Statistical mediation analysis was performed to assess
the relationship between epilepsy, lesion connectivity, and co-
variates. Proportions of patients with epilepsy across catego-
ries were compared using a χ2 test. To ensure results were in-
dependent of category cutoffs, we computed receiver operating
characteristics. Model discrimination was calculated as the area
under the curve. The association between DBS connectivity
and clinical outcome was calculated using a Pearson correla-
tion (r) and repeated excluding outliers. Two-sided P values
less than .05 were considered significant, unless otherwise
stated. Higher statistical thresholds were often used to high-
light the most significant findings (Figure legends). Signifi-
cance was assessed using permutations and correction for mul-
tiple testing.

Results
Lesion Location Mapping
Lesion locations associated with poststroke epilepsy were het-
erogeneously distributed across the brain (Figure 1) with a
maximum lesion overlap of 24% (18 of 76) (eFigure 2 in Supple-
ment 1). Control lesions were also heterogenous, with a maxi-
mum overlap of 16% (98 of 625). Lesions associated with epi-
lepsy were larger than control lesions (V, 4.8; corrected P = .001)
(eTable 4 in Supplement 1). After controlling for lesion vol-
ume, lesions associated with epilepsy damaged more of the
cortex (V, 4.9; corrected P < .001) and less of the subcortex (V,
−4.6; corrected P < .001), but there were no differences for a
specific lobe (including mesial temporal lobe) or vascular ter-
ritory (Figure 1; eFigures 3 and 4 in Supplement 1). Voxel-
based lesion symptom mapping was not able to identify any
lesioned brain regions or individual voxels statistically asso-
ciated with epilepsy (Figure 2A).

Lesion Network Mapping
Functional connectivity between lesion locations and re-
gions in the basal ganglia and cerebellum was strongly asso-
ciated with poststroke epilepsy (maximum V, 6.8; peak cor-
rected P < .001) (Figure 2B and C). Specifically, lesion locations
related to epilepsy were more negatively connected (ie, anti-
correlated) to the substantia nigra, globus pallidus internus,
and cerebellum (superomedial cerebellum, dentate nuclei, ver-
mis) compared to control lesions. We refer to these regions as
lesion network nodes.

Results were consistent across different control analyses
(eFigures 5-8 in Supplement 1). Lesion connectivity fully me-
diated the association between epilepsy, lesion volume, and
damage to the cortex or subcortex (eFigure 9 in Supple-
ment 1). Voxel-based lesion symptom mapping results, using
liberal statistical cutoffs, were consistent with lesion net-
work mapping results but only identified part of the network
(eFigure 10 in Supplement 1). Lesion network mapping using
a structural connectome converged on a similar network (eFig-
ure 11 in Supplement 1).

Generalizability to Other Lesion Types
In each of the 4 other lesion types (hematomas, traumas, tu-
mors, and tubers), negative functional connectivity between
lesion locations and voxels in the substantia nigra, globus pal-
lidus internus, and cerebellum was associated with epilepsy
(Figure 3A and B; eFigure 12 in Supplement 1). Combining these
4 other lesion types and repeating the lesion network map-
ping analysis without the ischemic stroke data on a whole-
brain level identified almost identical lesion network nodes in
the basal ganglia and cerebellum associated with epilepsy
(maximum V, 7.3; peak corrected P < .001) (eFigure 13A and B
in Supplement 1).

Estimating Risk of Lesion-Related Epilepsy
Functional connectivity with the lesion network nodes in
the basal ganglia and cerebellum (Figure 2C) defines a dis-
tributed brain network map of areas at increased or
decreased risk of epilepsy (Figure 4A). As such, intersection
of lesions on this network map provides a convenient tool to
visualize epilepsy risk based on lesion location (Figure 4B
and C). Functional connectivity between lesion locations
from the discovery data set (ischemic stroke data) to the
lesion network nodes derived from the validation data sets
(other lesion types) was significantly associated with post-
stroke epilepsy (odds ratio [OR], 2.82; 95% CI, 2.02-4.10;
P < .001). We repeated this leave-one–data set–out analysis
5 times and found that functional connectivity between
lesion locations (from the left-out data set) and the lesion
network nodes (derived from the other 4 data sets; eFig-
ure 13C in Supplement 1) was consistently associated with
epilepsy across different lesion types (OR, 2.85; 95%
CI = 2.23-3.69; P < .001). This result remained significant
after controlling for lesion volume (adjusted OR [aOR], 2.66;
95% CI, 2.04-3.53; P < .001) and damage to the cortex, sub-
cortex, and middle cerebral artery territory (aOR, 2.33; 95%
CI, 1.75-3.14; P < .001).

Stratifying lesions into categories of high, moderate,
and low lesion connectivity to the basal ganglia and cerebel-
lum showed a significant difference in the proportion of epi-
lepsy across categories, both in ischemic stroke (χ2, 22.5;
P < .001) and across all lesion types (χ2, 205.3; P < .001)
(Figure 4D). Results were similar using a receiver operating
characteristic analysis that was independent of risk group
cutoffs (eFigure 14 Supplement 1) and whether we stratified
patients into risk groups within each lesion type or across all
lesion types (eFigure 15 in Supplement 1).

Therapeutic Relevance for DBS
Patients with drug-resistant focal epilepsy had DBS elec-
trodes placed in the anterior thalamus, but the exact place-
ment of the electrode and clinical outcome varied from pa-
tient to patient (Figure 5A). Functional connectivity of each
patient’s stimulation site (Figure 5B) to the lesion network
nodes in the basal ganglia and cerebellum (Figure 2C) was cor-
related with an improvement in seizure frequency after DBS
(r, 0.63; P < .001) (Figure 5C). Results were similar after con-
trolling for stimulation amplitude (r, 0.54; P < .001) or vol-
ume (r, 0.51; P = .002). DBS parameters were not signifi-
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cantly correlated with seizure frequency and results were
robust to exclusion of an outlier (eFigure 16 in Supplement 1).
A voxel-based analysis found that improvement in seizure fre-
quency after DBS was associated with more positive func-
tional connectivity of the patient’s stimulation site to voxels
in the substantia nigra, globus pallidus internus, and cerebel-
lum (maximum V, 5.7; peak corrected P < .005) (Figure 5D).
These same nodes remained significant using a whole-brain
analysis (eFigure 17 in Supplement 1).

Discussion
In this study, lesion locations related to epilepsy mapped to a
specific human brain network defined by negative functional
connectivity to the basal ganglia and cerebellum. This distrib-
uted brain network differentiated lesion locations at in-
creased or decreased risk of epilepsy across different lesion
types. Thalamic DBS sites that improve seizure control in drug
resistant epilepsy were positively connected to this same net-
work. These findings are potentially relevant for estimating epi-
lepsy risk based on lesion location, understanding lesion-
related epilepsy, and improving brain stimulation treatments
for epilepsy.

Relevance for Estimating Epilepsy Risk
Based on Lesion Location
The ability to predict which patients with stroke or other le-
sions are at highest risk of epilepsy could help guide inclu-
sion criteria for antiepileptogenic trials, antiseizure treat-
ment decisions, and patient counseling.3 Consistent with
previous studies, we found that larger lesions and more dam-
age to the cortex was associated with an increased risk of
epilepsy while damage to subcortex was associated with a de-
creased risk.3,19,37,38 However, traditional lesion location map-
ping was not able to identify an association with damage to
any specific brain region or voxel. Rather, lesions associated
with epilepsy occurred in multiple heterogenous locations
spanning different lobes and vascular territories. In this situ-
ation traditional lesion location mapping may require very large
cohort sizes to detect neuroanatomical associations.39

Despite this heterogeneity, lesion locations associated with
epilepsy fell within a specific brain network. Specifically, nega-
tive functional connectivity between lesion locations and re-
gions in the basal ganglia and cerebellum was independently
associated with epilepsy across 5 different lesion etiologies and
data sets. As such, functional connectivity with these subcor-
tical regions defines a distributed brain network map of loca-
tions with increased or decreased risk of epilepsy (Figure 4C).
This network includes individual brain regions associated with
epilepsy in prior lesion mapping studies.19,30,37,40-42 This net-
work map might be used to better assess epilepsy risk based
on lesion location as opposed to individual brain regions, could
help inform prognostic models across different lesion etiolo-
gies, and may reconcile heterogeneous results across earlier
studies. Future prospective work is needed to test whether con-
nectivity can be combined with other variables to improve pre-
dictive models.

Relevance for Understanding Lesion-Related Epilepsy
While epilepsy is often considered a cortical disease and epi-
leptogenesis likely occurs at the lesion location,2 our results
suggest that connectivity to subcortical nodes may help ex-
plain why epilepsy occurs with some lesion locations but not
others. Specifically, our results implicate functional connec-
tivity to the basal ganglia and cerebellum, regions which
feature prominently in animal model research on seizure
modulation.43-48

Prior work suggests the basal ganglia and cerebellum may
act like a “common pathway,”49,50 “endogenous control
system”44,45 or “brake”51 of seizures. Lesions, electrical
stimulation, and optogenetic modulation of the basal ganglia and
cerebellum consistently reduce or terminate seizures in
different animal models of epilepsy.52-55 It has been suggested
that overt clinical seizures may thus depend on both an epilep-
togenic focus and a compromised inhibitory control
mechanism.44 This hypothesis of inhibitory control to sup-
press or even prevent seizures has seen renewed interest,56 as
it may help explain why patients with epilepsy do not continu-
ously seize,57 why only some seizures generalize,58,59 and why
seizures stop.47 However, where this inhibitory control net-
work might be localized in the human brain has remained a de-
bate and whether it plays a role in epileptogenesis is unknown.
Here, we find that lesions causing epilepsy were more nega-
tively connected (ie, anticorrelated60) to the basal ganglia and
cerebellum, which means that when the functional magnetic
resonance signal at the lesion location goes up, the functional
magnetic resonance signal in the basal ganglia and cerebellum
goes down and vice versa.11,23,60,61 One potential interpretation
is that lesions may have a diaschisislike62 effect on these sub-
cortical regions, leading to a general loss of cortical inhibition
and seizures. Another potential interpretation is that func-
tional connectivity to the basal ganglia and cerebellum defines
the topography of brain regions with more or less intrinsic sus-
ceptibility to epilepsy.63,64 Although testing mechanistic inter-
pretations of our findings requires future work, our results sug-
gest a link between animal studies on seizure modulation and
the location of lesions related to epilepsy in humans.

More broadly, our results support the notion of lesion-
related epilepsy as a network disorder.65-67 Our findings do not
preclude an important role for individual epilepsy networks
that may differ between patients with focal epilepsy, but rather
suggest the coexistence of a common network across differ-
ent types of focal epilepsy in humans, as previously pro-
posed in animal models of epilepsy.45,49,50,68

Relevance for Brain Stimulation Treatments in Epilepsy
These findings may have therapeutic implications for improv-
ing brain stimulation treatments for epilepsy.9 Specifically, our
results suggest that the antiseizure effects of thalamic DBS may
depend on positive connectivity between the stimulation site
and a brain network functionally connected to the basal gan-
glia and cerebellum. This opposing direction of connectivity
compared to lesions is consistent with previous findings in de-
pression and the clinical effects (lesions cause seizures while
DBS improves seizures).12 The finding that brain lesions caus-
ing a specific symptom (eg, seizures) are connected to the same
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network as DBS sites modulating that symptom is in line with
previous findings in Parkinson disease, depression, tremor, tics,
and addiction.6,12,13,69 Convergence across lesions and brain
stimulation sites can provide stronger support for network lo-
calization than results based on one modality alone, a method
termed convergent causal mapping.4,12

Furthermore, our findings are consistent with the hypoth-
esis that DBS reduces seizures through modulation of brain net-
works and might help explain why thalamic DBS is effective
across different types of focal epilepsy.70-72 Our results are also
in line with evidence from other disorders that clinical ef-
fects of DBS depend on connectivity between the stimulation
site and remote brain regions.35 As such, connectivity to this
network might be used to guide DBS (re)programming or even
to refine neurosurgical targeting for the treatment of patients
with drug-resistant epilepsy. Beyond thalamic DBS, there is
some limited evidence that directly targeting the basal gan-
glia or cerebellum with neuromodulation could have thera-
peutic value in patients with epilepsy.73-80 The specific net-
work topography identified here may help guide future efforts
investigating these targets.

Strengths and Limitations
To our knowledge, this is the first study to examine the asso-
ciation between lesion connectivity and epilepsy across dif-
ferent lesion etiologies. Strengths include validation in 4 in-
dependent lesion cohorts with different lesion types,
robustness of results to leave-one–data set–out analysis and
multiple control analyses, and therapeutic relevance based on
convergence with results from an independent DBS data set.

There are several limitations to this study. First, the brain
network identified here was derived from focal brain lesions.
It remains unknown whether our results are relevant for other
etiologies of focal epilepsy, mesial temporal lobe epilepsy, or
generalized epilepsy. Second, lesion network mapping uses
functional connectivity data from healthy participants to es-

timate the connectivity of the lesion location in the average
human brain.11 However, functional connectivity may be al-
tered in individuals with brain lesions or epilepsy, and these
alterations can change over time. Prior studies using an age-
matched, disease- or patient-specific connectome led to simi-
lar lesion- and DBS-network mapping results,23,35,81-83 but our
results in epilepsy remain to be tested in this manner. Third,
our stroke control cohorts from the discovery data set were not
explicitly tested for epilepsy, which may lead to an underes-
timate of the effect size in our risk stratification (Figure 4D).
Furthermore, this limitation would bias against finding group
differences and was not present in the 4 validation data sets,
which showed similar connectivity findings. Fourth, due to the
retrospective design and data availability, we could not con-
trol for variables such as stroke severity or etiology, seizure fre-
quency, subtle structural abnormalities, or predisposing ge-
netic factors. Similarly, small errors or inconsistencies across
data sets in lesion tracing and atlas registration are to be ex-
pected. However, these limitations should all introduce noise,
biasing us against the present converging findings. Fifth, our
study highlights common network connections across differ-
ent lesion types associated with epilepsy, but this does not pre-
clude potentially important differences between lesion eti-
ologies. Sixth, any clinical implications should be interpreted
with caution, as our study was based solely on retrospective
analyses of existing data sets. Future prospective studies are
needed to determine if this network can be used as a clinical
tool for prognosis or treatment of epilepsy.

Conclusions
In this study, lesion-related epilepsy mapped to a human brain
network, which could help identify patients at risk for
epilepsy after a brain lesion and guide brain stimulation
therapies.
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