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1 | INTRODUCTION

Methods: A state-of-the-art deep learning-based approach was employed that
parcellates the cerebellum into 28 neuroanatomical subregions. Linear mixed
models compared total and regional cerebellar volume in (1) all epilepsies, (2)
temporal lobe epilepsy with hippocampal sclerosis (TLE-HS), (3) nonlesional
temporal lobe epilepsy, (4) genetic generalized epilepsy, and (5) extratemporal
focal epilepsy (ETLE). Relationships were examined for cerebellar volume versus
age at seizure onset, duration of epilepsy, phenytoin treatment, and cerebral cor-
tical thickness.

Results: Across all epilepsies, reduced total cerebellar volume was ob-
served (d=.42). Maximum volume loss was observed in the corpus medullare
(dpax=-49) and posterior lobe gray matter regions, including bilateral lobules
VIIB (dy = 47), crus I/II (d = .39), VIIIA (dypp=.45), and VIIIB (d,,,, = .40).
Earlier age at seizure onset (npﬁm= .05) and longer epilepsy duration (npfnaxz .06)
correlated with reduced volume in these regions. Findings were most pro-
nounced in TLE-HS and ETLE, with distinct neuroanatomical profiles observed
in the posterior lobe. Phenytoin treatment was associated with reduced posterior
lobe volume. Cerebellum volume correlated with cerebral cortical thinning more
strongly in the epilepsy cohort than in controls.

Significance: We provide robust evidence of deep cerebellar and posterior lobe
subregional gray matter volume loss in patients with chronic epilepsy. Volume
loss was maximal for posterior subregions implicated in nonmotor functions,
relative to motor regions of both the anterior and posterior lobe. Associations
between cerebral and cerebellar changes, and variability of neuroanatomical pro-
files across epilepsy syndromes argue for more precise incorporation of cerebellar
subregional damage into neurobiological models of epilepsy.
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epilepsy and underscore the importance of incorporating

the cerebellum into neurobiological models of epilepsy.

Epilepsia

Epilepsy is a prevalent, chronic group of neurological dis-
eases that affects more than 70 million people worldwide,'
and encompasses many different disorders, of which tem-
poral lobe epilepsy (TLE) is the most common in adults.?
Current models of the disease conceptualize epilepsy as
involving widespread cortical and subcortical network dis-
turbances, including reduced cortical thickness and white
matter abnormalities.>* As such, studies have frequently
overlooked the cerebellum. However, a plethora of evi-
dence from electrophysiological and optogenetic studies in
animals®” as well as noninvasive imaging studies in hu-
mans®’® provide evidence for a role of the cerebellum in sei-
zure generation. Furthermore, atrophy of the cerebellum
is associated with poorer prognosis following therapeutic
temporal resection.'® These findings highlight the cerebel-
lum as a potential target for therapeutic intervention in

Structural magnetic resonance imaging (MRI) has in-
creasingly been used to localize and quantify cerebellar
gray and white matter volume changes in people with ep-
ilepsy. The most consistent finding has been reduced total
cerebellar gray matter volume (GMV) in people with TLE
compared to controls.”*™'® Many studies suggest a nega-
tive correlation between total cerebellar volume and du-
ration of epilepsy''™"* and earlier age at seizure onset.'"’
Bilateral reduction of cerebellar GMV in TLE regardless
of the side of seizure focus has been reported by some au-
thors,'*132° whereas others have found GMV cerebellar
changes most pronounced ipsilateral to the side of the ep-
ileptogenic focus.?* Evidence for changes in cerebellar
white matter has been inconsistent,'*¢*%2*

Collectively, these studies have highlighted the pres-
ence of global cerebellar atrophy in epilepsy. However,

85U8017 SUOWILLOD 3A1E810 3(dedl|dde sy} Aq peusenob a1e sspie YO ‘8sn Jo 9| 1oy ARiqiT8uljuO A1\ UO (SUOIPUOD-PUR-SLLBILIOD S| 1M ALRIq 1 BU1UO//SANY) SUORIPUOD PUe SWB | 81 88S *[7202/50/0T] Uo Arigiauliuo A8|IM ‘euspo|N AISeAIuN Aq T88. T IdS/TTTT OT/I0p/u0o" A3 |1M Akelq 1 BulUo//Sdny Woly pepeojumod ‘v ‘%20 ‘Z9TT8ZST



KERESTES ET AL.

> L Epilepsia

Key Points

« All epilepsy types had corpus medullare and
posterior lobe “nonmotor” volume reductions
relative to controls, with maximal differences
in bilateral VIIB and crus II lobules; anterior
“motor lobe” regions were relatively spared

« Lower volume of bilateral VIIB and crus II lob-
ules correlated with longer disease duration,
independent of phenytoin use, suggesting pro-
gressive and additive damage

« Volume loss was most pronounced in TLE-HS
and ETLE, with distinct neuroanatomical pat-
terns: stronger superior “nonmotor” posterior
lobe involvement in TLE-HS and stronger left
lateralized inferior “motor” posterior lobe vol-
ume loss in ETLE

« Collectively, these findings argue for more pre-
cise incorporation of cerebellar subregional
damage into neurobiological models of epilepsy

these studies are limited, as they have largely neglected
the cerebellum's distinct underlying anatomical subre-
gions (lobules) and associated functional heterogeneity.
In addition, these studies have included modest sample
sizes and typically have been confined to one epilepsy
syndrome, limiting a thorough investigation of cerebellar
subregions across epilepsy syndromes. Anatomically, the
cerebellum is divided along its superior to inferior axis into
three lobes: anterior, posterior (further divided into supe-
rior and inferior divisions), and flocculonodular.?® Only a
few studies have distinguished the cerebellar anterior and
posterior lobes in epilepsy,'®'>'® and largely report GMV
reductions localized to the posterior lobes. Only one study
has quantified cerebellar volume of 17 subregions and re-
ported evidence for increased vermal and decreased poste-
rior lobule volumes in TLE.'® This work provides an initial
indication that cerebellar changes in people with epilepsy
are likely spatially nonuniform, supporting the need for
larger, more spatially precise examinations of cerebellar
atrophy across different epilepsy syndromes.

The development of new machine learning-based
approaches for optimized and automated feature-based
parcellation of the cerebellum allows for more spatially
precise mapping of cerebellar anatomy. These approaches
are superior to voxel-based approaches (including voxel-
based morphometry [VBM]) for accurately quantify-
ing cerebellar volume at the lobular level.*® One such
approach, called Automatic Cerebellum Anatomical
Parcellation Using U-Net With Locally Constrained
Optimization (ACAPULCO), uses a deep learning

algorithm to automatically parcellate the cerebellum into
28 anatomical subunits.?’ In contrast to registration-based
approaches such as VBM, feature-based segmentation
ACAPULCO performs on par with leading approaches for
automatic cerebellar parcellation, has broad applicability
to both healthy and atrophied cerebellums, and is more
time-efficient than other approaches.”’

Here, in the largest study of cerebellar volume in epi-
lepsy to date, we applied ACAPULCO to quantify cerebel-
lar lobule volumes from 1602 individuals with epilepsy and
1022 healthy controls from the global ENIGMA-Epilepsy
working group. We undertook multisite mega-analyses to
infer regional cerebellar volumetric differences in (1) all
epilepsies; (2) hippocampal sclerosis-related TLE, consid-
ering left-sided (TLE-HS-L) and right-sided (TLE-HS-R)
sclerosis as independent groups; (3) nonlesional TLE
(TLE-NL-L and TLE-NL-R); (4) genetic generalized epi-
lepsy (GGE); and (5) extratemporal focal epilepsy (ETLE),
compared to controls. As a secondary aim, epilepsy syn-
dromes were directly compared, to assess for syndrome-
specific changes in total and regional cerebellar volume.
Relationships between cerebellar regional volume, age
at seizure onset, and epilepsy duration were examined.
Finally, given reports of a relationship between chronic
phenytoin treatment and cerebellar atrophy,'>*® we exam-
ined associations between cerebellar volume and phenyt-
oin treatment.

2 | MATERIALS AND METHODS

2.1 | Studysample

Sixteen sites were included in this cross-sectional study,
totaling 1602 adult people with epilepsy and 1022 age-
and sex-matched controls. Demographic and clinical
characteristics of the sample are listed in Tables 1 and
S1. Exclusion criteria included participants with a co-
morbid progressive disease (e.g., Rasmussen encephali-
tis) or MRI-visible lesions in the cerebellum; however,
patients with supratentorial cortical dysplasia-related
epilepsy or cortical lesions were not excluded. An epi-
lepsy specialist assessed seizure and syndrome clas-
sifications at each center, using International League
Against Epilepsy (ILAE) terminology.***° For TLE, all
individuals presenting with the typical electroclinical
constellation and clinical semiology of this disorder
were included.* For the TLE-HS subgroups, people with
unilateral HS had a neuroradiologically confirmed diag-
nosis of hippocampal atrophy and increased T2 signal
on an epilepsy protocol clinical MRI. TLE-L and TLE-R
disorders without HS (as indicated by a normal MRI)
were considered as independent groups (TLE-NL-L and
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TABLE 1 Demographic and clinical characteristics of the total sample.

Characteristic n Age (SD)
Controls 1022

All epilepsies 1602 36.2 (11.8)
TLE-HS-L 320 38.8(10.8)
TLE-HS-R 242 40.3 (10.9)
TLE-NL-L 153 37.8 (12.5)
TLE-NL-R 131 37.3(11.5)
GGE 186 29.2(9.7)
ETLE 251 32.1(10.8)
All other epilepsies 317 36.4 (12.3)

Duration
Sex, % Age at onset, epilepsy, years
female years (SD) (SD)
56.5 18.3 (13.6) 17.5 (14.1)
54 13.8 (11.5) 25.1(14.3)
57 15.2 (12.1) 24.6 (14.7)
63 26.0 (15.3) 12.2(11.9)
59 26.5(13.7) 10.3 (10.3)
66 13.4(8.3) 15.4(10.5)
54 15.1 (10.6) 16.5 (12.1)
50 24.2(15.1) 12.5(11.0)

Abbreviations: ETLE, extratemporal focal epilepsy; GGE, genetic generalized epilepsy; TLE, temporal lobe epilepsy; TLE-HS-L, left-sided hippocampal
sclerosis-related TLE; TLE-HS-R, right-sided hippocampal sclerosis-related TLE; TLE-NL-L, left-sided nonlesional TLE; TLE-NL-R, right-sided nonlesional

TLE.

TLE-NL-R, respectively). For GGE, people with juve-
nile onset myoclonic epilepsy, absence, or myoclonic
seizures with generalized spike-wave discharges on
electroencephalogram, were included in this group. The
ETLE group included people with epileptogenic foci
identified outside of the temporal lobe. All remaining
epilepsies that could not be classified into the prede-
fined syndrome groups were combined into an “all other
epilepsies” group (Table S2).

2.2 | Image processing and
analysis: ACAPULCO

Whole-brain, T1-weighted magnetic resonance images
were collected from each participant. Scanner descrip-
tions and acquisition protocols for all sites are reported
in Table S3. We treated each individual scanner and/or
data acquisition protocol used in the collection of MRI
scans as a separate "site” during statistical analysis (see
below). Each image was processed in accordance with
the ENIGMA cerebellum parcellation protocol, as fully
described elsewhere (https://enigma.ini.usc.edu/proto
cols/imaging-protocols/).>! In brief, the cerebellum was
parceled into 28 subregions (left and right lobules I-III,
IV, V, VI, crus I, crus II, VIIB, VIIIA, VIIIB, IX, and X;
bilateral vermis VI, VII, VIII, IX, and X), and bilateral
corpus medullare (central white matter and deep cer-
ebellar nuclei) using the deep learning-based algorithm
ACAPULCO (version 0.2.1; https://gitlab.com/shuohan/
acapulco).?’ Outputs were quality checked by visual in-
spection followed by quantitative identification of outlier
volumes that were greater or less than 2.698 SD from the
group mean.

2.3 | Statistical analysis

All statistical analyses of cerebellar volume were carried
out using R version 4.1.0.> We fit linear mixed effects re-
gression models (LMMs) using Ime4 and ImerTest pack-
ages in R, with diagnosis (Dx; i.e., control or epilepsy),
age, agez, sex, and intracranial volume (ICV) as fixed fac-
tors and site as a random factor. Age” was included given
evidence of nonlinear effects of age on brain volume loss
in the cerebellum and cerebral cortex.*® Model 1 was fit
for total cerebellar volume (sum of all 28 cerebellar re-
gions of interest [ROIs]) and each cerebellar lobule in-
dividually and repeated for the total sample (all epilepsy
vs. controls) and each subgroup of interest: TLE-HS-L,
TLE-HS-R, TLE-NL-L, TLE-NL-R, GGE, and ETLE.

Volume ~ Dx + Age + Age? + Sex + ICV + 1 | site (1)

LMMs were repeated to compare epilepsy syndromes
to one another. For all analyses, results were false discov-
ery rate (FDR)-corrected (p <.05) for multiple compari-
sons. Cohen d effect sizes with 95% confidence intervals
(CIs) were calculated for each of the ROIs, based on the
estimated marginal means and Satterthwaite's approx-
imation for degrees of freedom.** Positive effect size
values correspond to people with epilepsy having lower
values relative to controls.

2.4 | Regression with clinical
variables and phenytoin therapy

LMMs were used to test for associations between each ROI
volume (and total cerebellar volume) and (1) duration of
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epilepsy and (2) age at onset in all epilepsies, as well as in
each epilepsy disorder subtype. Partial 7> is reported as a
measure of effect size. To investigate the association be-
tween phenytoin treatment and volume of each ROI in all
epilepsies, a binary variable indicating exposure to phe-
nytoin (“Yes” =have been treated with phenytoin at some
point for any duration; “No” =have never been treated
with phenytoin) was treated as the predictor of interest,
with age, age®, duration of epilepsy, and ICV included as
fixed factors and site as a random factor. To examine site-
specific effects, we also fit LMMs separately for each site.

2.5 | Laterality

In addition, we investigated whether the side of seizure
focus in patients with TLE (e.g., TLE-HS-L vs. TLE-HS-R)
was associated with left/right asymmetry of cerebellar vol-
umes. Methodological details can be found in the supple-
mentary material.

3 | RESULTS

3.1 | Participant demographics

A one-way analyses of variance (ANOVA) with group as a
fixed effect revealed differences across the eight groups in
age (F[7, 2614]=27.76, p<.001). Two one-way ANOVAs
across the seven patient groups revealed group differ-
ences in age at seizure onset (F[6, 1235]=37.12, p<.001)
and duration of epilepsy (F[6, 1248] =45.06, p <.001). Post
hoc comparisons revealed that controls were younger
than the TLE-L, TLE-R, TLE-NL-L, and "all other epilep-
sies” groups, but significantly older than the GGE group
(p<.05). The TLE-NL-L, TLE-NL-R, and "all other epilep-
sies” groups had a later age at seizure onset compared to
all other syndromes (p <.05). In addition, TLE-HS-L and
TLE-HS-R had a longer duration of epilepsy compared to
all other groups.

Four of the 16 data collection sites used more than one
imaging sequence across their cohort; these sites were
also broken into subsites, resulting in a total of 22 sites
included in our mixed linear regression models.

3.2 | Allepilepsies group

3.2.1 | Allepilepsies versus healthy controls

Compared to controls, people with epilepsy had signifi-
cantly reduced total cerebellar (gray and corpus medul-
lare) volume (d=.42, 95% CI = .33-.52). ROI analyses

revealed significantly reduced volume of the corpus med-
ullare (d=.49, 95% CI = .39-.58) and reduced GMV in
21 cerebellar lobules, with small to moderate effect sizes
(dpin=-11, d,,x= .40, all p<.05 FDR-corrected; Figure 1).
The largest effect sizes were observed in predominantly
bilateral superior and inferior posterior lobe regions in-
cluding left and right VIIB, right and left crus II, right V,
left VIIIB, left crus I, and right VIIIB. There were no sig-
nificant between-group differences for the remaining cer-
ebellar lobules (Figure 1 and Table S5).

3.2.2 | Duration of epilepsy and age at
seizure onset

Longer duration of epilepsy corresponded with smaller
total cerebellar volume across all epilepsies (partial
n*=.032, 95% CI = .017-.061, p<.001; Figure 2A).
Analyses of individual cerebellar subregions revealed
significant negative correlations between duration of
epilepsy and regions that also showed reduced GMV (all
p <.05 FDR-corrected; Table S10). To further control for
the effects of phenytoin use on the relationship between
duration of epilepsy and cerebellar volume, we repeated
this analysis in a subset of phenytoin-naive individuals.
The negative correlation with total and posterior cerebel-
lar volume remained significant (Table S11). Earlier age at
onset corresponded with smaller total cerebellar volume
(partial 172= .024,95% CI = .051-.011, p <.001; Figure 2B).
Nineteen cerebellar subregions showed a significant posi-
tive association with age at disease onset. The strongest
effects were seen for regions that showed reduced gray
matter in people with epilepsy (vs. controls; all p<.05
FDR-corrected; Table S12).

3.3 | TLE-HS group

3.3.1 | TLE-HS versus healthy controls

In TLE-HS-L (n=320), there was significantly reduced
total cerebellar volume (d=.56, 95% CI = .40-.71). ROI
analyses revealed significantly reduced volume of the
corpus medullare compared to healthy controls (d=.56,
95% CI = .40-.72). In addition, the TLE-HS-L group also
showed reduced GMYV in 22 cerebellar lobules, with small
to moderate effect sizes (dp,=.15, dp.=-48, all p<.05
FDR-corrected; Figure 3), with the largest effect sizes seen
in left and right VIIB, right crus II, and right V. The TLE-
HS-L group also showed increased cerebellar volume in
left IV (d=—-.16, 95% CI = —.32 to —.01). There were no
significant between-group differences for the remaining
cerebellar lobules (Figure 3 and Table S6).
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FIGURE 1 Atlas-based effect size (Cohen d) maps, Montreal Neurological Institute-based coronal slices (top: y=—72; bottom: y = —54),
and forest plots (Cohen d +95% confidence interval) of the significant between-group differences for all epilepsies versus healthy controls
(HC). Positive effect sizes reflect epilepsy patients < HC. Regions significant at p <.05 false discovery rate (FDR)-corrected are depicted in
color (see Table S5 for full tabulation). CM, corpus medullare; L, left; ROI, region of interest.
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FIGURE 2 Scatterplots showing the association between (A) duration of illness and (B) age at seizure onset, and total cerebellar volume

in epilepsy patients (p <.001).

In TLE-HS-R (n=242) total cerebellar volume was
significantly reduced (d = .48, 95% CI = .30-.64). ROI
analyses significantly reduced volume of the corpus
medullare compared to healthy controls (d =.63, 95%
CI = .45-.80; Figure 3). However, the TLE-HS-R group
showed less pronounced (compared to the TLE-HS-L
group) cerebellar volume loss across individual cer-
ebellar lobules. Reduced gray matter was found for
14 cerebellar lobules (d,;,=.19, dy.=.42, all p<.05
FDR-corrected; Figure 3), with the largest effect sizes
seen for left and right VIIB, left crus I, and right V
(Table S6).

3.3.2 | Duration of epilepsy and age at
seizure onset

There were no significant relationships between duration
of epilepsy or age at onset and total cerebellar volume in
the TLE-HS-L group (Tables S10 and S12). In the right
TLE-HS group, however, longer duration of epilepsy cor-
responded with smaller total cerebellar volume (partial
n*=.06, 95% CI = .01-.15, p=.010; Table S10); in addi-
tion, later age at disease onset corresponded with higher
total cerebellar volume (partial >=.06, 95% CI = .01-.14,
p=.016; Table S12).
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FIGURE 3 Atlas-based effect size (Cohen d) maps, Montreal Neurological Institute-based coronal slices (top: y=—72; bottom:
y=-54), and forest plots (Cohen d +95% confidence interval) of the significant between-group differences for left-sided hippocampal
sclerosis-related temporal lobe epilepsy (TLE-HS-L; A) and right-sided hippocampal sclerosis-related TLE (TLE-HS-R; B) versus healthy
controls (HC). Positive effect sizes reflect TLE-HS-L and TLE-HS-R < HC, respectively. Regions significant at p <.05 false discovery rate
(FDR)-corrected are depicted in color (red-yellow for epilepsy < HC; blue for epilepsy > HC; see Table S6 for full tabulation). L, left; ROI,

region of interest.

3.4 | TLE-NL group

3.4.1 | TLE-NL versus healthy controls

Compared to healthy controls, the left TLE-NL
group (n=153) did not show significant differences in
total cerebellar volume or individual cerebellar lobule

volumes (all p>.05 FDR-corrected). The TLE-NL-L
group did however, show significantly reduced white
matter volume of the corpus medullare (d =.58, 95% CI
=.37-.79; Figure Sla and Table S7).

The right TLE-NL-R group (n=131) did not show sig-
nificant differences in total cerebellar volume compared
to healthy controls (p>.05 FDR-corrected); however, they
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showed reduced volume of the corpus medullare (d=.57,
95% CI = .33-.80). TLE-NL-R also showed significantly in-
creased GMV of left lobule IV (d = —.38, 95% CI = —.61 to
—.15; Figure S1b and Table S7).

3.4.2 | Duration of epilepsy and age at
seizure onset

There were no significant relationships between duration
of epilepsy or age at disease onset and total cerebellar vol-
ume in the TLE-NL groups (all p>.05; Tables S10 and
S12).

3.5 | GGE group

People with GGE (n = 186) showed significantly reduced
total cerebellar volume (d =.42, 95% CI = .23-.61) and
reduced volume of the corpus medullare (d =.47, 95% CI
= .27-.66) compared to healthy controls. Additionally,
they showed reduced GMV in nine cerebellar lobules
with small to moderate effect sizes (d;, = .24, dppax=-38,
all p<.05 FDR-corrected; Figure 4). Differences were
seen for predominantly bilateral posterior regions

GGE < HC

Epilepsia

including left and right VIIB, right crus I, left VIIIA, and
right VIIIB (Figure 4 and Table S8).

3.5.1 | Duration of epilepsy and age at
seizure onset

There was no significant relationship between duration
of epilepsy or age at seizure onset and total cerebellar
volume in people with GGE (all p >.05; Tables S10 and
S12).

3.6 | ETLE group

Individuals with ETLE (n=251) showed significantly re-
duced total cerebellar volume (d=.58, 95% CI = .40-.76)
and reduced volume of the corpus medullare (d=.86, 95%
CI = .67-1.0) compared to healthy controls. ROI analyses
showed reduced GMV in 17 cerebellar lobules with small to
moderate effect sizes (dp;,=.12, dpp.=-52, all p<.05 FDR-
corrected; Figure 5). The largest effect sizes were seen for
predominantly left-sided posterior nonmotor and motor re-
gions: left VIIB, left VIITA, and left IX. People with ETLE also
showed increased GMV of left anterior lobule IV compared
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FIGURE 4 Atlas-based effect size (Cohen) maps, Montreal Neurological Institute-based coronal slices (top: y=—72; bottom: y=—54),
and forest plots (Cohen d +95% confidence interval) of the significant between-group differences for genetic generalized epilepsy (GGE)

versus healthy controls (HC). Positive effect sizes reflect epilepsy < HC. Regions significant at p <.05 false discovery rate (FDR)-corrected

are depicted in color. See Table S8 for full tabulation. L, left; ROI, region of interest.
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FIGURE 5 Atlas-based effect size (Cohen d) maps, Montreal Neurological Institute-based coronal slices (top: y=—72; bottom: y=—54),
and forest plots (Cohen d +95% confidence interval) of the significant between-group differences for extratemporal focal epilepsy (ETLE)
versus healthy controls (HC). Positive effect sizes reflect epilepsy patients < HC. Regions significant at p <.05 false discovery rate (FDR)-
corrected are depicted in color (red-yellow for ETLE < HC; blue for ETLE > HC); see Table S9 for full tabulation. L, left; ROL, region of

interest.

to controls (d=-.19, 95% CI = —.37 to —.01; Figure 5 and
Table S9).

3.6.1 | Duration of epilepsy and age at
seizure onset

Longer duration of epilepsy was associated with smaller
total cerebellar volume (partial =05, 95% CI = .01-.13,
p <.05 FDR-corrected; Table S10). In addition, later age at
onset was associated with larger total cerebellar volume
(partial #°=.05, 95% CI = .01-.13, p <.05 FDR-corrected;
Table S12).

3.7 | Comparisons between
epilepsy syndromes

The most significant differences were observed between
the TLE-HS-L and TLE-NL-L groups in posterior lobe
regions, where the TLE-HS-L group had significantly
lower right VIIB (d=.51, 95% CI = .20-.77) and right crus
II (d=.39, 95% CI = .11-.67) volumes. The ETLE group
showed significantly lower volume of right VIIB (d =.60,
95% CI = .20-.89) and left and right lobule IX (d = .40, 95%
CI = .14-.65; and d=.46, 95% CI = .16-.76, respectively)
compared to the TLE-NL-L group. Finally, compared to
the GGE group, people with ETLE showed significantly

decreased volume of left IX (d=.28, 95% CI = .10-.50).
A qualitative summary of the results can be found in
Figure S4.

3.8 | Relationships between
cerebellar and cerebral structural changes

We explored cerebrocerebellar relationships to assess
whether the magnitude of cerebellar volume loss observed
in people with epilepsy mirrored that seen in the cerebral
cortex. FreeSurfer-derived cortical thickness measures
were available for 1586 individuals across eight sites (con-
trols=804, epilepsies=782). Methodological details are
provided in the supplementary material. Results showed
a significant interaction between cortical thickness and
diagnosis on predicting cerebellar total volume (p=.01).
Marginal effects plots (controlling for all other covariates)
showed that a reduction in mean cortical thickness was
associated with a more pronounced decrease in cerebellar
volume for those with epilepsy (Figure S2). Additionally,
we explored the interaction of subdiagnosis with cortical
thickness. Of the epilepsy syndromes, a significant inter-
action between cortical thickness and subdiagnosis was
only observed for the TLE-HS-R and TLE-HS-L cohorts
(p=.003), suggesting that the reduction in cerebellum vol-
ume relative to cortical thickness is more pronounced in
TLE-HS.
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3.9 | Volume changes associated with
phenytoin therapy

Phenytoin therapy data (n=2802; Yes=161, No=641)
was derived from seven sites. People treated with pheny-
toin were all affected by focal epilepsy. In contrast, the
phenytoin-naive group consisted of focal, generalized,
and unspecified epilepsy cases. We therefore restricted
analyses of phenytoin use to focal epilepsies only.
Independent sample ¢-tests showed that people treated
with phenytoin had a significantly longer duration of
illness than phenytoin-naive individuals at four of the
sites (Table S13). Linear regression controlling for dura-
tion of epilepsy revealed that phenytoin therapy was as-
sociated with reduced total cerebellum volume (d =.39,
95% CI = .12-.63) and reduced gray matter of 10 poste-
rior lobe regions (all p <.05 FDR-corrected; Figure S3).
Post hoc analyses for each site independently showed
cerebellar volume loss in phenytoin-treated individuals
to be associated with medium to large effect sizes for
three sites; however, there was substantial variability in
effect sizes across sites (dp,;, =.25, dpa=-86).

3.10 | Laterality

There were no significant associations between laterality
of disease (right vs. left) and total cerebellar volume asym-
metry or individual cerebellar lobule asymmetry for any
of the epilepsy syndromes (all p>.05). Furthermore, these
findings were replicated in a phenytoin-naive subgroup
(Table S4).

4 | DISCUSSION

In the largest quantitative study of cerebellum morpho-
metry in epilepsy to date, we performed a comprehensive
assessment of regional cerebellar atrophy in >1600 adults
with epilepsy. We report significant cerebellar volume re-
ductions, principally weighted to the posterior cerebellar
lobe. These differences were observed across epilepsy syn-
dromes, although they were most pronounced in TLE-HS
and ETLE. Smaller volumes in posterior lobe regions were
associated with longer duration of epilepsy. Exploration of
cerebrocerebellar volume ratios demonstrated that corti-
cal thinning was associated with a more pronounced de-
crease in cerebellar volume in individuals with epilepsy
relative to controls. Collectively, these findings suggest
involvement of the cerebellum in epilepsy and raise im-
portant questions about the potential vulnerability of dif-
ferent cerebellar subregions in the causes, consequences,

Epilepsia

and clinical expression of specific disease features in
epilepsy.

4.1 | Dissociation in anterior "motor”
versus posterior "nonmotor” cerebellar lobe
involvement across epilepsies

The spatial nonuniformity of the observed anatomical
changes provides evidence for a dissociation in ante-
rior (motor) versus posterior (nonmotor) lobe involve-
ment in epilepsy. Previous studies report evidence for
reduced superior'® and inferior posterior lobe'® volume
in epilepsy, alongside spared or increased anterior lobe
volume. The posterior lobe, particularly lobules VII
(crus I/II and VIIB), where the observed anatomical
changes were maximal, are predominantly "nonmotor”
regions of the cerebellar cortex, and are preferentially
connected to prefrontal and posterior parietal regions of
the cerebral cortex.*>*® Functional mapping studies as-
cribe these areas to cognitive, language, and attentional
processes.’”*® Functionally, these regions are also part
of the frontoparietal and salience resting state networks
that are selectively vulnerable to neurodegeneration in
Alzheimer disease and related conditions that show evi-
dence of cerebellar functional changes and associated
cognitive decline. In contrast, the cerebellar anterior
lobe ("motor cerebellum”), flocculonodular lobe, and
vermis were relatively spared. This is perhaps surpris-
ing when drawing parallels to cerebral cortical thickness
changes of cerebral motor regions that are functionally
and anatomically connected to motor regions of the
cerebellar cortex in people with epilepsy.* Specifically,
reduced bilateral cortical thickness of the pre- and
postcentral gyri-motor cortical regions connected to
anterior lobe and motor regions of the posterior lobe,
namely, lobule VIII-has been reported in TLE-HS and
GGE epilepsy disorders.* It is important to note that
although volumetric changes were maximal in supe-
rior posterior (predominantly nonmotor) regions, the
anterior and inferior posterior (motor/premotor) lobes
were still significantly affected. Given strong evidence
of the cerebellum being a brain region particularly vul-
nerable to injury and neurodegeneration,***’ and our
observations of a negative relationship between poste-
rior lobe volume loss and illness duration, we speculate
that the posterior lobe may be particularly vulnerable
to epilepsy-related cell loss. Clinically, such pathology
of the nonmotor posterior lobe could be associated with
cognitive and emotional comorbidities in people with
epilepsy, and future imaging studies in epilepsy should
further explore this possibility.
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4.2 | Shared and distinct patterns of
cerebellar gray and white matter atrophy
across epilepsy syndromes

The most robust finding across all epilepsy disorders
was reduced corpus medullare volume, suggesting that
atrophy of the corpus medullare represents a global/
shared feature of the disease. In contrast, regional gray
matter atrophy across the cerebellum showed differ-
ent patterns across epilepsy syndromes, suggesting
unique neuroanatomical profiles of cerebellum volume
changes. We do, however, refrain from interpreting all
volumetric changes in the corpus medullare as unam-
biguously reflecting white matter atrophy. The dentate
(and other deep cerebellar) nuclei cannot be delineated
on structural T1-weighted images; therefore, the corpus
medullare label includes these structures. Nonetheless,
our findings broadly align with previous investigations
that report robust changes to white matter structure,’
and more mild changes in gray matter cortical thick-
ness,* in people with TLE.

In contrast to white matter changes, the specific pat-
tern and magnitude of volume changes in the posterior
lobe gray matter (and underlying white matter) varied
across the subgroups. Reduced GMV was most pro-
nounced in the TLE-HS groups and least pronounced in
TLE-NL groups (with the ETLE and GGE groups in be-
tween). TLE is the most common and best characterized
subtype of epilepsy” and is associated with unilateral
or bilateral hippocampal sclerosis in up to 60%-70% of
adult cases.*! Previous reports showed that even among
people with drug-resistant TLE, NL individuals have
less severe cortical**** and white matter>** abnormal-
ities. The current work indicates that this distinction,
with its implications, is recapitulated in the cerebellum.
Importantly, the TLE-HS group in our study had a more
chronic course of illness (longer duration of epilepsy),
with a largely childhood/early adolescent onset, com-
pared to NL individuals (Table 1). The TLE-HS group
also represented the largest group of individuals to be
treated with phenytoin in our study. Analyses compar-
ing the lesional (TLE-HS) and nonlesional (TSE-NL),
groups controlling for duration of illness, showed that
TLE-HS-L subjects have marked volume loss of right
VIIB and right crus II that distinguishes them from in-
dividuals without HS. The cross-sectional nature of our
study, however, precludes us from drawing causal state-
ments on volumetric changes in people with chronic
epilepsy. For example, we cannot rule out pre-existing
cerebellar brain injury that may have occurred from
the initial epileptogenic insult. Moreover, the observed
distinctions in cerebellar morphology likely reflect the
influences of illness chronicity, phenytoin exposure,

neurodevelopmental factors, and/or pathophysiological
distinctions in TLE-HS versus TLE-NL.

People with GGE showed a similar but much less pro-
nounced pattern of cerebellar GMV reduction compared
to the TLE-HS groups, alongside reduced white matter
volume, as is observed in all epilepsy syndromes. The
ETLE group showed a similar magnitude of cerebellum
gray matter loss to the TLE-HS and TLE-NL groups, but—
in an important qualitative distinction—they showed a
stronger involvement of left-lateralized "motor” inferior
posterior cerebellar regions (VIIIA, VIIIB, IX). Notably,
our analyses directly comparing epilepsy syndromes (con-
trolling for the duration of disease) showed that left lobule
IX volume in the ETLE group was significantly lower than
the nonlesional TLE and GGE groups (but not when com-
pared to the TLE-HS groups). Our results suggest that peo-
ple with ETLE harbor unique cerebellar neuroanatomical
features that are not common to focal epilepsy in general.
In summary, our findings point to shared and unique cer-
ebellar anatomical changes across epilepsy disorders.

4.3 | Clinical implications

Our findings have clinical implications in the context of
advancing treatment in epilepsy and clinical management
of the disease. Our finding of an association between pos-
terior cerebellar volume and duration of illness across all
epilepsies, in particular, demonstrates a common and po-
tentially progressive neurodegeneration in patients with
epilepsy. Importantly, this finding remained after control-
ling for phenytoin use, suggesting that the neurobiological
mechanisms underlying cerebellar neurodegeneration in
epilepsy are (at least partially) independent of phenytoin-
induced neurotoxicity of the cerebellum. Together with
our finding of greater cerebellar volume loss relative to
cerebral cortical thinning in epilepsy (compared to con-
trols), this suggests the cerebellum, particularly the pos-
terior lobe, is especially vulnerable to seizure-related
atrophy. As recognized by the ILAE, a major challenge
for the field is to develop disease-modifying or antiepilep-
togenesis treatments.”> As these medications reach late
stage clinical trials, objective measures of the presence or
progress of disease will be needed to support long-term
claims of disease modification or antiepileptogenesis.
Posterior cerebellar volume, in this case, may be a useful
additional biomarker of disease severity and progression.
In addition, the cerebellum has advantages in potentially
being a generalized marker of continued disease burden,
as we show it is uninfluenced by laterality of seizure onset
or the lesion itself. Given the cerebellum has a role in both
cognitive and emotional processing,*® reduced cerebellar
(particularly posterior) volumes could be associated with
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the common mood and cognitive comorbidities observed
in epilepsy.* If this hypothesized association was found to
be correct, cerebellar volumes could be considered when
managing the disease, specifically when deciding on an-
tiseizure medications (ASMs), with ASMs with substan-
tial known effects on mood or cognition not prescribed
as first-line therapies for patients with smaller cerebellar
volumes.

4.4 | Laterality of cerebellar changes
across epilepsy

We did not find any significant evidence for lateralized
differences in the degree of cerebellar volume loss be-
tween the left versus right cerebellum, including when
the same analysis was restricted to phenytoin-naive in-
dividuals. Notably, however, we did find that right-sided
crus II and VIIB volume in the TLE-HS-L group statisti-
cally differed from the TLE-NL group, providing some
support for cross-cerebellar changes. Evidence for lat-
eralization of cerebellar volume asymmetry in epilepsy
disorders has been inconsistent, with several studies
reporting bilateral cerebellar volume reduction, regard-
less of laterality of seizure onset.”” These findings may
suggest that cerebellar involvement is not driven by dia-
schisis via cerebrocerebellar connectivity, but represents
another element of more widespread intracranial de-
rangement associated with the consequences of seizures
and their treatment.

4.5 | Associations with phenytoin

An association between phenytoin exposure and reduced
cerebellar posterior lobe volume in TLE-HS individuals
was also observed. Our study is the most robust and larg-
est evaluation of phenytoin therapy in epilepsy disorders
to date. The pattern of atrophy—notably almost exclu-
sively localized to the posterior lobe—suggests that al-
though phenytoin is associated with pronounced targeted
cerebellar atrophy, it cannot explain atrophy occurring
across the breadth of the cerebellum in these patients and
speaks to independent disease-related cerebellar pathol-
ogy. Although our post hoc analyses revealed that the
findings were driven by three sites that were associated
with medium to large effect sizes, the variability in sam-
ple sizes across sites for which information on phenytoin
therapy was available may have rendered the analysis
underpowered to detect statistically significant effects for
smaller sites. Future studies will be required to conduct a
more fine-grained assessment of phenytoin-mediated ef-
fects on cerebellum atrophy.

Epilepsia

4.6 | Limitations and future
considerations

Our study has several limitations. The inconsistency of
data availability across sites precluded particular analyses
of disease features (e.g., cognitive impairments, compre-
hensive ASM history). The GGE and ETLE groups also
represented heterogeneous cohorts, perhaps contributing
to greater variability and weaker effects compared to the
TLE-HS groups. We did not have available information on
seizure frequency and severity, which precluded analyses
of the relationship between cerebellar volume and cumu-
lative seizure burden. Finally, although we report strong
volumetric changes of the corpus medullare across all
epilepsies, we cannot interpret these findings as reflect-
ing pure white matter. Given that the dentate nucleus and
other deep cerebellar nuclei cannot be delineated from
structural T1-weighted images, these structures were also
captured in our segmentation of the corpus medullare.
Future studies using quantitative susceptibility mapping
are required to rule out or rule in volumetric changes in
the dentate nucleus as a feature of epilepsy.

In summary, we provide evidence of shared and
unique cerebellar atrophy profiles in a large, international
cohort of people with epilepsy across epilepsy syndromes.
Shared atrophy was observed in the corpus medullare and
bilateral posterior lobes, with the strongest effects in the
TLE-HS groups, whereas volume loss in other regions
(i.e., VIIIA, VIIIB, IX) were only observed in patients with
ETLE. Importantly, cerebellar atrophy was associated
with longer disease duration and phenytoin therapy, rais-
ing concerns for a neurodegenerative aspect to this loss.
Future studies examining cerebrocerebellar spatial covari-
ance will extend upon this work and provide insights into
the prominence of cerebellar changes within current cor-
ticocentric neurobiological models of the disease.
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