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Abstract

Objective: Drug-resistant focal epilepsy is often caused by focal cortical dys-
plasias (FCDs). The distribution of these lesions across the cerebral cortex and
the impact of lesion location on clinical presentation and surgical outcome are
largely unknown. We created a neuroimaging cohort of patients with individu-
ally mapped FCDs to determine factors associated with lesion location and pre-
dictors of postsurgical outcome.

Methods: The MELD (Multi-centre Epilepsy Lesion Detection) project collated a
retrospective cohort of 580 patients with epilepsy attributed to FCD from 20 epi-
lepsy centers worldwide. Magnetic resonance imaging-based maps of individual
FCDs with accompanying demographic, clinical, and surgical information were
collected. We mapped the distribution of FCDs, examined for associations be-
tween clinical factors and lesion location, and developed a predictive model of
postsurgical seizure freedom.

Results: FCDs were nonuniformly distributed, concentrating in the superior
frontal sulcus, frontal pole, and temporal pole. Epilepsy onset was typically before
the age of 10 years. Earlier epilepsy onset was associated with lesions in primary
sensory areas, whereas later epilepsy onset was associated with lesions in asso-
ciation cortices. Lesions in temporal and occipital lobes tended to be larger than
frontal lobe lesions. Seizure freedom rates varied with FCD location, from around

30% in visual, motor, and premotor areas to 75% in superior temporal and frontal
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1 | INTRODUCTION

Epilepsy is one of the most common neurological condi-
tions, with a lifetime risk of one in 26.! Focal cortical dys-
plasia (FCD) is a malformation of cortical development
and common cause of drug-resistant epilepsy.>* In many
patients, FCD is amenable to surgical resection, with re-
ported long-term seizure freedom rates of 69%."

FCDs can be categorized into distinct histopathological
subtypes.? FCD Type I is characterized by cortical dyslam-
ination. FCD Type II is characterized by dysmorphic neu-
rons and dyslamination, and is subdivided into IIA and
IIB, with the latter having balloon cells. FCD Type III is
associated with another principal lesion, for example, hip-
pocampal sclerosis.

FCDs can occur anywhere in the cerebral cortex, but
different histopathological subtypes show some lobar
specificity.>®> FCD Type II lesions are more frequently
found in the frontal lobe, whereas FCD Type I and III are
more frequently located in the temporal lobe. To date,
most studies analyzing localization have used coarse
lobar categorizations* or have been limited by small sam-
ple sizes.” Despite anatomical mapping of lesions being
available using presurgical magnetic resonance imaging
(MRI)*® and the emergence of large collaborative neuro-
imaging studies,’ these techniques have not been used to
map the topography of FCDs.
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gyri. The predictive model of postsurgical seizure freedom had a positive pre-
dictive value of 70% and negative predictive value of 61%.

Significance: FCD location is an important determinant of its size, the age at
epilepsy onset, and the likelihood of seizure freedom postsurgery. Our atlas of
lesion locations can be used to guide the radiological search for subtle lesions in
individual patients. Our atlas of regional seizure freedom rates and associated
predictive model can be used to estimate individual likelihoods of postsurgical
seizure freedom. Data-driven atlases and predictive models are essential for
evidence-based, precision medicine and risk counseling in epilepsy.

drug-resistant epilepsy, focal cortical dysplasia, lesions, MRI, neurosurgery

Key Points

« Atlas of focal lesions reveals nonuniform distri-
bution, with lesions clustered around superior
frontal sulcus, frontal pole, and temporal pole

« Earlier epilepsy onset was associated with le-
sions in primary sensory areas, whereas later
epilepsy onset was associated with lesions in
association cortices

 Seizure freedom rates varied with FCD loca-
tion, being approximately 30% in visual, motor,
and premotor areas and 75% in superior tempo-
ral and frontal gyri

« The predictive model of postsurgical seizure
freedom, including lesional overlap with elo-
quent cortex, had a positive predictive value of
70% and negative predictive value of 61%

The gold standard treatment for drug-resistant focal
epilepsy is surgical resection.'” However, a significant
proportion of patients (31% of FCD Type II and 42% of
FCD Type I)* continue to have seizures postoperatively.
Identifying factors relating to seizure freedom is import-
ant. Some can be modified to improve patients’ clinical
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and surgical treatment. Others can be incorporated into
machine-learning models to produce patient-specific pre-
dictions of seizure freedom for use in clinical planning and
risk counseling. Across all focal epilepsies, duration of epi-
lepsy, age at surgery, lesion lobe, and histopathological diag-
nosis are predictors of postsurgical freedom.* Within FCD,
the most consistent predictive factors include complete
resection of the FCD,H’12 temporal resections, > having
an MRI-visible lesion,'” and the underlying histopathology
being FCD Type I..* However, the relationship between
precise lesion location and seizure freedom is unknown.

Detailed spatial mapping of FCD lesions would broaden
our understanding of this disease, enabling linkage of a
patient's lesion location to presurgical clinical informa-
tion. To this end, we created the Multi-centre Epilepsy
Lesion Detection (MELD) project to collate a large neu-
roimaging cohort of patients, including MRI lesion maps
with demographic, clinical, and surgical variables. We
aimed to (1) map the topographic distribution of epilepto-
genic FCDs across the cerebral cortex, (2) identify clinical
factors associated with lesion location, and (3) establish
predictors of postsurgical seizure freedom.

2 | MATERIALS AND METHODS

2.1 | MELD project consortium
We established the MELD project (https://meldproject.
github.io/), involving 20 research centers across five con-
tinents. Each center received approval from their local in-
stitutional review board or ethics committee.

2.2 | Participants

Patients older than 3 years were included if they had a
three-dimensional (3D) T1-weighted MRI brain scan (1.5
T or 3 T) and a radiological diagnosis of FCD or were MRI-
negative with histopathological confirmation of FCD.
Participants were excluded if they had previous surgeries,
large structural abnormalities in addition to the FCD, or
T1 scans with gadolinium enhancement.

2.3 | Site-level data collection and
postprocessing

2.3.1 | MRI data collection and
postprocessing

Preoperative T1-weighted MRI scans were collected at the
20 participating centers for all participants, and cortical

surfaces were reconstructed using FreeSurfer (v5.3 or
v6).16

2.3.2 | FCD lesion masking

FCD lesions were delineated on the T1-weighted MRI
scans by a neuroradiologist or experienced epilepsy re-
searcher at each site.!” For MRI-negative, histopathologi-
cally confirmed patients, the resection cavity from the
postoperative scan was used to help segment the FCD.
Volumetric lesion masks were mapped to cortical recon-
structions, and small defects were filled using a dilation-
erosion algorithm. Patients’ lesions were registered to a
bilaterally symmetrical template surface, fsaverage_sym.
Lesion size was calculated as the percentage of lesional
vertices in that hemisphere.

2.3.3 | Participant demographics

The following data were collected for all patients: age
at MRI scan, sex, age at epilepsy onset, duration of epi-
lepsy (time from age at epilepsy onset to age at MRI scan),
ever reported MRI-negative, histopathological diagnosis
(International League Against Epilepsy three-tiered clas-
sification system),” seizure freedom (Engel class I, mini-
mum follow-up time of 1 year), and follow-up time in
operated patients. Deidentified demographic information
and lesion masks were shared with the study coordinators
for multicenter analysis.

2.4 | Location of FCDs in the
cerebral cortex

Lesion masks from all patients were overlaid on the left
hemisphere of the template surface to visualize the dis-
tribution of lesions for all FCDs, as well as for histopatho-
logical subtypes (see Materials and Methods Section 2.5
for tests of interhemispheric asymmetry). Additional
surface-based lesion maps for left and right hemispheres
were generated for the whole cohort, patients who had,
and those who had not undergone resective surgery.
Lobar categorizations of lesion location were created
based on the lobe that contained the most lesional verti-
ces. For statistical comparisons of lobar location, lesions
primarily located in the smallest lobes in the parcellation
(cingulate and insula) were assigned to a second lobe (e.g.,
frontal), which the lesion mask also overlapped. A mask
of eloquent cortex was created including the following
cortical areas bilaterally from the Desikan-Killiany atlas:
precentral (motor), pericalcarine, lateral occipital, cuneus,
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and lingual labels (all visual cortical areas). Additionally,
the pars opercularis, pars triangularis, and transverse
temporal labels (language areas) were included on the left
hemisphere.

For the creation of a 3D lesion likelihood atlas, aggre-
gated surface-based lesion map values were normalized
to between 0 and 1, where the location with the highest
number of FCDs had a value of 1. This lesion likelihood
atlas was mapped back to the template MRI volume for
use as a clinical aid in guiding radiological diagnosis.

Bootstrap reproducibility was used to assess the con-
sistency of the overall spatial distribution of FCDs. FCD
frequency maps from subsets of 20-250 patients were
correlated with the map from a subset of 250 patients.
This process was randomized and repeated 1000 times.
Unstable maps had low correlations and indicated that
the sample size was too small. A predictive learning
curve was fitted to the R values of different subcohort
sizes and interpolated to determine the sample size re-
quired for a consistent spatial distribution in the lesion
pattern.'®

2.5 | Factors associated with lesion
distribution

We trained logistic regression models to test for as-
sociations between lesion location and clinical data
(Supplementary Figure S1). The models were fitted to
assess which preoperative factors are associated with the
presence or absence of lesions at a particular vertex (a
point on the cortical surface). The following preoperative
factors were included: sex, age at epilepsy onset, duration
of epilepsy, ever reported MRI-negative, lesion size, and
lesion hemisphere. Due to collinearity with duration of
epilepsy (r = 0.76), age at MRI scan was tested in a sepa-
rate model excluding duration. Regression coefficients
were tested for significance against those calculated on
1000 randomly permuted cohorts. Factors were deemed
significant if their coefficient was <2.5% or >97.5% of the
coefficients from permuted cohorts. Approximately 5%
of vertices would be significant by chance. A given fac-
tor was considered significantly related to lesion location
if the number of significant vertices exceeded the 100 —
(5/nth) percentile number of significant vertices from the
permuted cohorts, where n was the number of factors
being tested.

Post hoc analysis of significant factors included test-
ing for similarity between the surface-based map of age
at epilepsy onset and a potential explanatory variable, the
principal axis of cortical developmental organization from
primary to association areas.'® To account for spatial au-
tocorrelation, statistical significance was established by

Epilepsia*

comparing correlations with those from 1000 spherically
rotated maps.*

2.6 | Factors associated with
seizure freedom

Using the cohort of operated FCD patients with seizure
outcome, we calculated the proportion of patients who
were seizure-free with lesions at each vertex. To assess
the association of lesion location with postsurgical seizure
freedom, along with other clinical factors, three logistic re-
gression models were fitted. The first was solely based on
lesion location, predicting seizure freedom at each cortical
vertex based on which patients had lesions overlapping
that vertex. The second was fitted to predict seizure free-
dom using the following presurgically available factors:
duration of epilepsy, age at epilepsy onset, MRI-negative
status, scanner, lesion overlap with eloquent cortex, and
lesion size. Due to collinearity, age at MRI scan was tested
in a separate model excluding duration. A third model in-
cluded the postoperatively determined histopathological
FCD subtype and an interaction between lesion size and
histopathological subtype. We calculated the predicted
percentage likelihood of seizure freedom from each model
for each patient. Statistical significance for these regres-
sion models was established using the same permutation
procedures as in Materials and Methods Section 5.

To assess the predictive value of presurgical factors
(Model 2) in determining postsurgical seizure freedom,
we carried out 10-fold cross-validation. Sensitivity, spec-
ificity, positive predictive value, and negative predictive
value were calculated.

2.7 | Comprehensive search for
interrelationships between demographic,
lesional, and surgical variables

Relationships between demographic, lesion, and sur-
gical variables were systematically analyzed (Figure
4B). Heavily skewed variables were normalized using
a Box-Cox transform. The Benjamini-Hochberg pro-
cedure was used to control the false discovery rate
when conducting multiple comparisons, with « set to
0521

2.8 | Code

All analyses were performed in Python using the follow-
ing packages: NumPy, scikit-learn, scipy, pandas, niba-
bel, matplotlib, seaborn, and PtitPrince. All protocols and
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code for MELD preprocessing and POOL (Prediction of
Outcome & Location) are available to download from pro-
tocols.io/researchers/meld-project and www.github.com/
MELDProject.

2.9 | Data availability

Lesion maps for the whole cohort are freely available to
download from the MELD github (www.github.com/
MELDProject). Requests can be made for access to the full
MELD dataset.

3 | RESULTS

3.1 | Participant demographics

Data were collected from 580 FCD patients. Demographic
information is available in Table 1. Histopathological
diagnosis was available in 380 patients (66%; Table
2). Postsurgical outcome data with 1-year minimum
follow-up were available in 275 patients; 65% were
seizure-free (Engel Class I) at last follow-up (median
follow-up =2 years). Seizure freedom rates across histo-
pathological subtypes are presented in Table 2. Although
FCD Type I had a lower mean seizure freedom (55%) than
FCD Type ITIA (69%) and FCD Type IIB (66%), there was
no significant difference in outcome according to histo-
pathological subtype.

3.2 | Location of FCDs in the
cerebral cortex

Five hundred forty-eight patients had lesion masks (T1-
weighted MRI; 1.5 T, n = 98; 3 T, n = 450; FreeSurfer
v5.3, n = 401; v6, n = 147). The 32 patients who did not
have lesion masks were excluded from subsequent analy-
ses. FCDs were evenly distributed between left (L) and
right (R) hemispheres (L:R = 266:282). Lesions were lo-
cated throughout the cortex (262 frontal, 158 temporal,
90 parietal, 20 occipital, 10 cingulate, eight insula). The
MRI scans of 188 patients (32%) had at some point been
reported as MRI-negative, with a similar proportion of
patients scanned on 1.5-T or 3-T MRI being reported as
MRI-negative. Lesions were nonuniformly distributed,
with propensity for FCDs in the superior frontal sulcus,
frontal pole, temporal pole, and superior temporal gyrus
(Figure 1A,B). Lesion maps were unstable at sample sizes
typical for neuroimaging cohorts of FCD, but improved as
sample size increased (Figure 1C). A predictive learning
curve determined that a sample size of around n = 400

‘WAGSTYL ET AL.
TABLE 1 Demographics table
FCD patients,
Characteristic n =580

Age at scan, median years (IQR) 19.0 (11.0-31.3)

Sex, female:male 281:298

Age at onset, median years (IQR) 6.0 (2.5-12.0)
Ever reported MRI-negative 188/580 (32%)
Duration of epilepsy, median years (IQR) 10.4 (4.9-19.0)
Surgery performed 423/580 (73%)
Histopathology available 380/580 (66%)
Outcome available 275/580 (47%)
Follow-up time, median years (IQR) 2.0(1.3-3.4)

Abbreviations: FCD, focal cortical dysplasia; IQR, interquartile range; MRI,
magnetic resonance imaging.

would be required for a stable distribution of lesions
across the cortex. This provided support that our cohort
(n = 548) is sufficient to be representative.

Lesion maps of histopathological subtypes (Figure
1D) showed that the distribution of FCD lesions across
the cortex differs according to histopathological subtype,
with a greater proportion of FCD Type I and III lesions
located in the temporal lobe (Figure 1E). In nonoperated
patients, lesions were most frequently located in the left
inferior frontal gyrus and bilateral insula (Figure 1D,
Supplementary Figure S2). Although numbers in this co-
hort were relatively small, this may represent deliberate
avoidance of surgery in language areas and/or challenges
in the diagnosis or surgical planning of insula lesions.

3.3 | Relationships between
demographic variables and lesion
distribution

Age at epilepsy onset, duration of epilepsy, and lesion size
were significantly related to lesion location (number of
significant vertices > expected by chance, p < .01; Figure
2). Hemisphere, sex, and ever reported MRI-negative were
not. The age at onset map (Figure 2A) was significantly cor-
related with the principal axis of cortical developmental or-
ganization. Lesions in primary areas were associated with
ayounger age at onset, whereas association areas had older
ages at onset (r,q, = 0.42, pgy, < .001). Overall, lesions in
temporal, parietal, and occipital cortices were associated
with a shorter duration of epilepsy (Figure 2B), whereas
lesions around the central sulcus and frontal lobe were as-
sociated with a longer duration of epilepsy. This pattern
closely resembled the distribution of lesion size and age at
scan (Figure 2C,D), whereby cortical areas associated with
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TABLE 2 Histopathology and surgical

Histopathology, Seizure-free, Ever reported MRI-
outcome .
FCD subtype n (%) n (%) negative, n (%)
All 380 (100%) 165/252 (65%) 135/380 (36%)
FCD Type I 42 (11%) 17/31 (55%) 17/42 (40%)
FCD Type IT1A 118 (31%) 58/84 (69%) 55/118 (47%)
FCD Type IIB 199 (52%) 80/121 (66%) 55/199 (28%)
FCD Type III 21 (6%) 10/16 (62%) 8/21 (38%)
Note: Histopathology = histopathological diagnosis; Histopathology % = percentage of patients with
particular histopathological diagnosis out of the total number of patients with histopathology; Seizure-
free = number of patients with a particular histopathological diagnosis who were seizure-free out of the
total number of patients with FCD subtype and outcome data available; n = number of patients.
Abbreviations: FCD, focal cortical dysplasia; MRI, magnetic resonance imaging.
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FIGURE 1 Distribution of focal cortical dysplasia (FCD) lesions across the cerebral cortex. (A) All FCD lesion masks mapped to the left
hemisphere of the template cortical surface. The distribution of FCDs across the cerebral cortex is nonuniform, with higher concentrations
in the superior frontal sulcus, frontal pole, temporal pole, and superior temporal gyrus. (B) Three-dimensional lesion likelihood atlas.
Aggregated surface-based lesion map values were normalized to between 0 and 1 and mapped back to the template magnetic resonance
imaging volume. (C) Sample size required for consistent FCD lesion map. Rank correlation (y axis) was calculated by comparing the

lesion map from a smaller cohort to a larger withheld cohort (n = 250). r,,,,, increased with sample size. Predictive learning curve (red

line) estimated that a stable map of lesion distribution requires a sample size of n = 400. (D) Distribution of FCD lesions according to
histopathological subtype. (E) Distributions of lesions across cortical lobes within each FCD histopathological subtype. The width of bars
indicates the relative numbers of patients. Temporal lobe lesions made up larger proportions of FCD Types I and III, whereas frontal lobe
lesions were more likely to be FCD Types IIA and IIB
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Presurgical predictors of lesion location
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FIGURE 2 Presurgical factors associated with lesion location. Surface-based maps show distribution of demographic variables

according to lesion location. The color at each vertex represents the average variable value for patients with overlapping lesions. Vertices

where the presence of a focal lesion was significantly associated with that variable are delineated in red. Factors significantly (p < .01)

associated with lesion location were (Ai) age at epilepsy onset, (Bi) duration of epilepsy, and (Bii) lesion size. (Aiii) Correlation between

the sensorimotor-association axis of cortical organization (Aii) and the age at epilepsy onset (Ai) maps in comparison to spatially permuted

maps. Lesions in primary areas were associated with a younger age at onset, whereas association areas had older ages of onset (r,,,,;, = 0.39,

Pspin < -01). (Biii) Correlation between the duration of epilepsy (Bi) and lesion size (Bii) maps in comparison to spatially permuted maps.

Mean duration was significantly negatively correlated with the size of epilepsy lesion, where cortical areas with smaller lesions, for example,

precentral and frontal areas, were associated with a longer duration of epilepsy, whereas areas with larger lesions, for example, occipital

cortex, had shorter durations of epilepsy (4, = —0.42, Py, < -05)

longer durations like the frontal lobe tended to have smaller
lesions (r,q,c = —0.42, pg,, < .05) and patients tended to
have been older at MRI scan (1,4, = 0.92, pg,;, < .001).

3.4 | Factors associated with
seizure freedom

The percentage of patients who were seizure-free post-
surgery varied according to lesion location (Figure
3A). The first logistic regression model, based solely on
vertexwise lesion location, showed that visual, motor,

and premotor areas were associated with significantly
lower seizure freedom rates (30%-40% of patients were
seizure-free), likely reflecting conservative resection
around eloquent cortex.

The second model was fitted with duration of epi-
lepsy, age at epilepsy onset, MRI-negative status, scan-
ner, lesion overlap with eloquent cortex, and lesion
size. Seizure freedom decreased as the overlap with elo-
quent cortex increased (Figure 3B; = —1.39, p < .001),
with a 50% overlap between the lesion and eloquent
cortex associated with a 16% decrease in the likeli-
hood of seizure freedom compared to no overlap. Being
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FIGURE 3 Effect of lesion location,
duration of epilepsy, and histopathological
subtype on seizure freedom. (Ai)
Percentage of patients seizure-free (%)
according to lesion location across the
cerebral cortex. Visual, motor, and
premotor areas had a low percentage of
seizure-free patients (30%-40%). (Aii)
Mask of eloquent cortex. (B) Impact of
overlap of lesion with eloquent cortex and
magnetic resonance imaging scanner field
strength on likelihood of seizure freedom.
(C) Impact of duration and histopathology
on predicted percentage likelihood of
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scanned on a 1.5-T MRI scanner was associated with
lower likelihood of seizure freedom, approximately 25%
lower, but may be confounded by intersite and tempo-
ral trends (Figure 3B; f = 1.04, p < .001). Likelihood
of seizure freedom decreased with longer duration of
epilepsy (Figure 3C; = —1.23, p < .01), with a 10-year
increase in duration of epilepsy associated with a 5%
decrease in likelihood of seizure freedom. There was no
significant association between age at epilepsy onset,
lesion size, or MRI-negative status and postsurgical
seizure freedom. However, the directions of the effects
were in keeping with previous literature, where larger
lesions (# = —0.66) and having been reported MRI-
negative (f = —0.32) tended toward worse outcomes.
In the separate model, including age at MRI scan, sei-
zure freedom decreased as age at MRI scan increased
(B =-1.07, p < .01).

The third model additionally included histopathologi-
cal diagnosis and an interaction term between histopatho-
logical diagnosis and lesion size. There was no significant
association between FCD subtype and seizure freedom,
nor was there an interaction between FCD subtype, lesion
size, and seizure freedom. Duration of epilepsy, scanner
field strength, and overlap with eloquent cortex remained
significant.

Duration of epilepsy (years)

Tenfold cross-validation of the second model including
only presurgical variables was used to calculate the pre-
dictive value of the model. The model for predicting sei-
zure freedom had a sensitivity of 92%, specificity of 30%,
positive predictive value of 70%, and negative predictive
value of 67%.

3.5 | Interrelationships between
demographic, lesional, and
surgical variables

Figure 4A displays significant relationships between de-
mographic, lesional, and surgical variables after system-
atic evaluation of all interrelationships. Full statistics are
reported in Supplementary Figure S3. Results of interest
are highlighted below.

3.6 | Relationships with age at MRI scan
The distributions of age at epilepsy onset, age at MRI
scan, and duration of epilepsy revealed that overall
there was a long interval between patients developing
epilepsy and having their MRI scan (Table 1, Figure
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FIGURE 4 Interrelationships between features. (A) Pairwise comparison of demographic and clinical features. Significant relationships
after correction for multiple comparisons are shown in yellow. (B) Statistical test used for each pairwise comparison. (C) Distributions of
age at epilepsy onset, age at magnetic resonance imaging (MRI) scan, and duration of epilepsy. (D) Duration of epilepsy is significantly
associated with seizure freedom (t = —3.0, p < .001). Patients with longer durations of epilepsy are less likely to be seizure-free. (E) Age at
epilepsy onset, lesion size (as a percentage of the total hemisphere size), and seizure freedom are significantly associated. Larger lesions

are associated with younger age at epilepsy onset (r = —0.24, p < .001) and are more likely to be operated on (t = 3.69, p < .001). Similarly,
patients with a younger age at epilepsy onset are more likely to be operated on (¢t = —3.76, p < .001). Anova, analysis of variance; Na, not

applicable

4C). Although 68% of patients have epilepsy onset be-
fore the age of 10 years, 51% of patients wait >10 years
before having their MRI scan and consequently under-
going presurgical evaluation. There was a small but

significant negative correlation between age at scan
and lesion surface area (r = —0.19, p < .001), that is,
patients with larger lesions had presurgical evaluation
at a younger age. Patients scanned with 1.5-T MRI were
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on average younger than those with 3-T MRI (F = 8.58,
p < .001). Lastly, older patients were less likely to have
had surgery (t = —3.76, p < .001).

3.7 | Relationships between lesion size,
histopathology, surgery, and ever reported
MRI-negative

Patients with earlier epilepsy onset had larger lesions
(r = —0.24, p < .001; Figure 4E), were less likely to have
ever been reported MRI-negative (t = —3.70, p < .001), and
were more likely to have had epilepsy surgery (t = —3.38,
p < .01; Figure 4E). Patients with larger lesions were more
likely to have had surgery (t = 3.69, p < .001; Figure 4E).
FCD Type IIA patients were more likely to have been
MRI-negative than FCD Type IIB patients (* = 12.2,
p < .01, Tukey post hoc, p < .01).

3.8 | Relationships with lesional lobe
Lesion surface area was significantly associated with lobe
(F = 6.9, p < .001), driven by temporal lobe lesions being
larger than frontal (Tukey post hoc p < .01) and parietal
lesions (Tukey post hoc p < .05). FCD Type I and III le-
sions were more frequently located in the temporal lobe
(¥’ = 70.2, p < .001, Tukey post hoc p < .001; Figure 1E).

3.9 | Relationships with seizure freedom
Patients with longer durations of epilepsy were less likely
to be seizure-free (¢t = —3.0, p < .001). Patients with
1.5-T MRI scans were less likely to be seizure-free than
those with 3-T imaging (* = 15.7, p < .001). No other
factors survived correction for multiple comparisons
(Supplementary Figure S3).

4 | DISCUSSION

In this multicenter study of 580 patients with FCD, le-
sions were nonuniformly distributed across the cer-
ebral cortex, with predominance in the superior frontal
sulcus, frontal pole, and temporal pole. Lesion location
was significantly associated with age at epilepsy onset,
duration of epilepsy, age at MRI scan, and lesion size.
Likelihood of seizure freedom postoperatively varied
considerably according to lesion location, with lesions in
visual, motor, and premotor areas associated with much
lower rates of seizure freedom than elsewhere, likely

Epilepsia”

attributable to neurosurgical caution in resecting lesions
around eloquent cortex. A model incorporating overlap
with eloquent cortex alongside duration of epilepsy, age
at epilepsy onset, MRI scanner field strength, whether
the patient was ever reported MRI-negative, and lesion
size had a positive predictive value of 70% and negative
predictive value of 67%.

The atlas of FCD lesion location highlighted a non-
uniform distribution across and between cortical lobes
(Figure 1). It substantiated previous studies finding that
FCDs were more common in frontal (particularly FCD
Type II) and temporal (FCD Types I and III) lobes.**
Additionally, this atlas extends previous understand-
ing, demonstrating “hot spots” in the superior frontal
sulcus driven by FCD Type IIB, and a cluster of tem-
poral pole lesions in all FCD subtypes. Understanding
sites of predilection for FCD focus aids the clinical
search for FCDs. Furthermore, regional variations in
FCD incidence provide directions for research, includ-
ing whether the causative somatic mosaic mutations
occur nonuniformly** or whether regional variations
in cortical molecular expression,* electrophysiology,**
laminar organization,” or connectivity*® determine le-
sional epileptogenicity.

Linking individual clinical and demographic data
with lesion location uncovered relationships between
age at epilepsy onset, duration of epilepsy, lesion size,
and lesion location. Lesions in primary sensory, motor,
and visual areas were associated with earlier epilepsy
onset, whereas lesions in higher order association cortex
were associated with later epilepsy onset (Figure 2A,E).
This may reflect differing developmental trajectories of
these areas,lg’”’28 with seizures initiating as a result of
the maturation of particular cortical properties first in
primary areas. However, differing seizure semiologies
may also be a contributing factor, where more subtle sei-
zure symptoms are not attributed to a diagnosis of epi-
lepsy of longer duration.

Most patients had epilepsy onset during childhood
(median age at onset = 6.0 years), but the median age at
MRI scan was 19.0 years (Table 1), indicating many pa-
tients had long delays between epilepsy onset and po-
tentially curative epilepsy surgery (Figure 4C; median
duration = 10.4 years). Longer duration of epilepsy
is associated with increased morbidity and mortal-
ity, and with worse postsurgical outcome (Figures
3B and 4A).4’29 In our cohort, patients with a longer
duration of epilepsy were more likely to have lesions
in the frontal cortex, particularly around the central
sulcus. Factors contributing to longer duration of epi-
lepsy might include diagnostic and surgical challenges
such as lesion conspicuity, MRI scanning protocol, and
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whether a lesion is in eloquent cortex. In keeping with
this, larger lesions were more likely to have been oper-
ated on (Figure 4D). Other reasons for prolonged du-
rations of epilepsy might include trials of antiepileptic
drugs, alongside underreferral and delayed referral to
specialist epilepsy centers.*

Consistent with a recent study,* 66% of patients with
FCD in the MELD cohort were seizure-free postsurgi-
cally. We found that a longer duration of epilepsy was
significantly associated with a reduced chance of seizure
freedom (Figure 4A), but the impact of duration was
small, with a 5% decrease in likelihood of seizure free-
dom for every 10-year increase in duration of epilepsy
(Figure 3C). By contrast, there was a striking effect of
lesion location on seizure freedom, with the likelihood
of seizure freedom dropping from 70% when lesions had
no overlap with eloquent areas to 54% when there was
50% overlap, representing a 16% decrease (Figure 3B).
The most likely reason for this is that neurosurgical re-
section plans were intentionally cautious in an attempt
to avoid resecting motor and visual cortex or the adja-
cent white matter tracts to minimize the risk of deficits
such as hemiparesis or hemianopia,’ leading to higher
rates of incomplete resection.'

The predictive model of postoperative seizure free-
dom, which included overlap with eloquent cortex, du-
ration of epilepsy, age at epilepsy onset, MRI scanner
field strength, whether the patient was ever reported
MRI-negative, and lesion size, had a sensitivity of 92%
and demonstrated predictive power on unseen data.
However, the specificity of the model was only 30%, indi-
cating that many patients who continue to have seizures
are predicted to have a likelihood of seizure freedom of
>50%. Poor outcomes in these patients are likely to be
due to surgical factors, such as incomplete resection,
and electrophysiological characteristics of the patients,
that is, the likelihood of multiple epileptogenic sources,
which are not included in the model. Models integrating
the factors included in this model with other established
clinical predictors®*** may improve predictive modeling
of seizure freedom and provide a useful aid in presurgi-
cal decision-making.

One strength of our study is the inclusion of both op-
erated and nonoperated patients. This helped to minimize
ascertainment bias in the dataset, as the lesional distribu-
tion of nonoperated patients captured more lesions in el-
oquent language areas (e.g., left inferior frontal gyrus) or
cortex which/that is more surgically challenging to resect
(e.g., insula; Supplementary Figure S2), whereas purely
postsurgical cohorts may undersample these patients.
However, it is important to note that our cohort primar-
ily consisted of patients with epileptogenic, drug-resistant

FCDs from epilepsy surgery centers. Independent studies
are needed to establish the distributions of nonepilepto-
genic or drug-responsive FCDs, which may not present to
such centers.

One limitation is the number of clinical and MRI vari-
ables collected. Future work including more detailed clin-
ical information, such as seizure types, seizure burden,
electrophysiology, medication, genetics, and extent of
lesion resection from postoperative MRI scans might fur-
ther our understanding of FCD. In particular, identifying
patients with incomplete resections will improve the low
specificity of the model predicting likelihood of seizure
freedom. Additionally, the clinical variable “ever reported
MRI-negative” is imperfect, depending on MRI protocols
and the expertise of radiological review. Nevertheless,
over a large sample size, it does indicate that some lesions
were more subtle.

As a subtle pathology on MRI, manual masking of FCD
lesions is challenging. There is likely to be some hetero-
geneity in the masking process. Lesions masked based on
visually identified features on the T1 image may underes-
timate the dysplastic tissue, whereas MRI-negative lesions
masked based on resection cavities may overestimate le-
sion extent. Future studies using automated lesion detec-
tion and masking’ may yield more observer-independent
and consistent lesion masks. Nevertheless, the stability of
the lesion distribution pattern when randomly subsam-
pling the cohort (Figure 1C) indicates that the core find-
ings of this study are robust to idiosyncrasies of particular
lesion masks.

Large collaborative initiatives have shown the
power of big data to answer clinically relevant ques-
tions.”3**° Here, open-science practices enabled map-
ping of the topographic distribution of epileptogenic
FCDs across the cerebral cortex, a departure from the
coarse, lobar annotations usually described. The sur-
face and volumetric atlas of lesion location will serve
as a diagnostic and teaching aid in the radiological
search for an individual patient's subtle lesion. The
predictive models of postsurgical seizure freedom can
be used to estimate individual postsurgical seizure
freedom based on a lesion's proximity to eloquent
cortex. This could also inform presurgical decision-
making, resection planning, and risk counseling of
patients. Lastly, through making all our code available
and providing user-friendly interactive notebooks de-
tailing how to run all analyses, this framework can be
replicated by researchers in epilepsy and other focal
neurological conditions.
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