Neurolmage: Clinical 39 (2023) 103473

FI. SEVIER

Contents lists available at ScienceDirect

NGUI'OImage: Clinical Neurolmage:

CLINICAL

journal homepage: www.elsevier.com/locate/ynicl ==

Spatial patterns of gray and white matter compromise relate to age of
seizure onset in temporal lobe epilepsy

Alice Ballerini ", Donatello Arienzo ™¢, Alena Stasenko ™¢, Adam Schadler >°,

Anna Elisabetta Vaudano >, Stefano Meletti ¢, Erik Kaestner »“', Carrie R. McDonald > "

—_

& Department of Biomedical, Metabolic and Neural Science, University of Modena and Reggio Emilia, Modena, Italy
Y Department of Psychiatry, University of California, San Diego, USA
¢ Center for Multimodal Imaging and Genetics, University of California, San Diego, USA

4 Neurology Unit, OCB Hospital, AOU Modena, Italy

¢ Department of Radiation Medicine & Applied Sciences, University of California, San Diego, USA

ARTICLE INFO

Keywords:

Temporal Lobe Epilepsy
Superficial White Matter
Cortical Atrophy

Age of Onset

ABSTRACT

Objective: Temporal Lobe Epilepsy (TLE) is frequently a neurodevelopmental disorder, involving subcortical
volume loss, cortical atrophy, and white matter (WM) disruption. However, few studies have addressed how
these pathological changes in TLE relate to one another. In this study, we investigate spatial patterns of gray and
white matter degeneration in TLE and evaluate the hypothesis that the relationship among these patterns varies
as a function of the age at which seizures begin.

Methods: Eighty-two patients with TLE and 59 healthy controls were enrolled. T1-weighted images were used to
obtain hippocampal volumes and cortical thickness estimates. Diffusion-weighted imaging was used to obtain
fractional anisotropy (FA) and mean diffusivity (MD) of the superficial WM (SWM) and deep WM tracts. Analysis
of covariance was used to examine patterns of WM and gray matter alterations in TLE relative to controls,
controlling for age and sex. Sliding window correlations were then performed to examine the relationships
between SWM degeneration, cortical thinning, and hippocampal atrophy across ages of seizure onset.

Results: Cortical thinning in TLE followed a widespread, bilateral pattern that was pronounced in posterior
centroparietal regions, whereas SWM and deep WM loss occurred mostly in ipsilateral, temporolimbic regions
compared to controls. Window correlations revealed a relationship between hippocampal volume loss and whole
brain SWM disruption in patients who developed epilepsy during childhood. On the other hand, in patients with
adult-onset TLE, co-occurring cortical and SWM alterations were observed in the medial temporal lobe ipsilateral
to the seizure focus.

Significance: Our results suggest that although cortical, hippocampal and WM alterations appear spatially
discordant at the group level, the relationship among these features depends on the age at which seizures begin.
Whereas neurodevelopmental aspects of TLE may result in co-occurring WM and hippocampal degeneration near
the epileptogenic zone, the onset of seizures in adulthood may set off a cascade of SWM microstructural loss and
cortical atrophy of a neurodegenerative nature.

1. Introduction

throughout the brain (Hatton et al., 2020; Whelan et al., 2018). These
pathological changes can be progressive and are intricately linked to

Temporal Lobe Epilepsy (TLE) is often a debilitating disorder, clinical outcomes and cognitive comorbidities (Kaestner et al., 2019;
affecting both gray matter (GM) and white matter (WM) networks Reyes et al., 2020; Stasenko et al., 2022). Thus, it is important to
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understand the origins and the disease mechanisms that contribute to
GM and WM pathology in TLE.

TLE can begin at any point in life and lead to abnormalities in brain
structure and function. However, the brain is particularly vulnerable to
the effects of epilepsy during childhood (Beghi, 2020). As a result, age of
seizure onset has important implications for understanding patterns of
GM and WM pathology and how they relate to one another. In partic-
ular, recurrent seizures early in life, during a period of heightened
plasticity and brain development, may disrupt WM myelination and/or
interfere with synaptic pruning in neocortex leading to structural ab-
normalities in the WM and GM, respectively (Bencurova et al., 2022;
Bliimcke et al., 2013; Hermann et al., 2002). These changes may occur
globally, or they may be more pronounced proximal to the seizure focus.
Conversely, when seizures begin in adulthood, they may lead to
different patterns of GM and WM vulnerability because of decreases in
brain plasticity in the fully developed brain (Doucet et al., 2015).

Despite accumulating evidence for the presence of broad cortical
thinning (Lariviere et al., 2020; McDonald et al., 2008), subcortical
volume loss (Whelan et al., 2018), and WM compromise in TLE (Hatton
et al., 2020; Stasenko et al., 2022), studies investigating how GM and
WM pathologies are related to one another are limited (Chang et al.,
2019; Liu et al., 2016; Winston et al., 2020). Neocortical GM appears to
follow a widespread multi-lobar and bilateral pattern of atrophy in TLE
(Galovic et al., 2019; Lariviere et al., 2020; McDonald et al., 2008).
Conversely, there is some evidence that limbic WM damage is more
pronounced in the ipsilateral hemisphere and is greatest close to the
seizure focus (Hatton et al., 2020; Urquia-Osorio et al., 2022). However,
because GM and WM developmental trajectories differ markedly early in
life (Bethlehem et al., 2022), associations between the two may differ as
a function of when seizures begin. Indeed, WM pathology has been
shown to be more pronounced in those with an early seizure onset (Nagy
etal., 2016), and there is evidence that injury to the WM sub-adjacent to
the neocortex (i.e., the superficial white matter; SWM) is related to
hippocampal sclerosis (HS) (Liu et al., 2016) — another feature asso-
ciated with early seizure onset in TLE. However, the presence of HS has
also been associated with broad patterns of cortical thinning, suggesting
a relationship between hippocampal and cortical damage in TLE
(Bonilha et al., 2010; Mueller et al., 2009). To date, studies that have
investigated the spatial patterns of atrophy in cortical thickness and
SWM (Chang et al., 2019; Liu et al., 2016; Winston et al., 2020) hint that
different biological processes are likely driving these two types of injury
in TLE. However, these studies did not directly explore the role of the
age of seizure onset and test how the age at which seizures begin in-
fluences cortical-subcortical GM atrophy relationships with WM
disruption.

Our study aims to extend knowledge about the processes underlying
GM and WM atrophy across the developmental spectrum using struc-
tural and diffusion MRI. First, we examine patterns of subcortical and
cortical GM atrophy and WM microstructural loss in a large group of
individuals with drug-resistant TLE compared to healthy controls. Next,
we characterize how these pathologies spatially correlate in TLE.
Finally, we explore whether GM and WM atrophy relationships vary
across different ages of seizure onset. We test this by measuring changes
not only in neocortical thinning and subcortical GM, but also in both the
SWM and deep WM tracts, leading to a comprehensive analysis of
neuroanatomical relationships in TLE.

2. Materials and methods
2.1. Participants

Eighty-two patients with focal TLE [mean age 35.85(+12.95), 44
females] and 59 healthy controls [mean age 36.95(+13.72), 36 females]
were enrolled from the UC San Diego and UC San Francisco Epilepsy
Centers. The TLE diagnoses were established by board-certified neu-
rologists with expertise in epileptology, according to the criteria defined
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by International League Against Epilepsy (ILAE, (Fisher et al., 2017;
Scheffer et al., 2017)). Forty-three out of 82 patients were classified as
left TLE (L-TLE), and 39 were classified as right TLE (R-TLE) based on
video-EEG telemetry, clinical history, seizure semiology, and neuro-
imaging evaluation. The MRI images were visually inspected by a board-
certified neuroradiologist with expertise in epileptology, in order to
detect the presence of HS. Patients with and without HS were enrolled in
this study; however, we excluded patients with space-occupying lesions
(e.g., focal cortical dysplasia, tumors).

2.2. Image acquisition

MRI sequences were performed on a General Electric Discovery
MR750 3 T scanner with an 8-channel phased-array head coil at either
UCSD or UCSF. Both centers used a prospectively harmonized and
identical MRI acquisition that included a conventional three-plane
localizer, GE calibration scan, a T1l-weighted 3D structural scan
(TR = 8.08 ms, TE = 3.16 ms, TI = 600 ms, flip angle = 8°,
FOV = 256 mm, matrix = 256 x 192, slice thickness = 1 mm), and for
diffusion, a single-shot pulsed-field gradient spin-echo EPI sequence
(TE/TR = 80.4 ms/8 s; FOV = 240 mm, matrix = 128 x 128 x 53; axial).
Diffusion-weighted images were acquired with b = 0 and
b = 1000 mm?/s with 30 diffusion gradient directions. Two additional
b = 0 volumes were acquired with either forward or reverse phase-
encode polarity for use in BO correction. Both T1w and DWI data were
preprocessed using a multimodal imaging processing pipeline developed
for the Adolescent Brain Cognitive Development study, according to Hagler
et al., 2019.

2.3. Image processing

T1-weighted image processing: Automatic segmentation of T1-
weighted images was performed with FreeSurfer (v7.1.1, Fischl,
2012). From the structural MRI, 16 subcortical volumes were segmented
and 68 cortical regions of interest (ROIs) were parcellated and cortical
thickness was derived based on the Desikan-Killiany atlas (Desikan
et al., 2006). Visual inspections of morphometric segmentations were
conducted following standardized FreeSurfer protocols.

Diffusion-weighted imaging processing: The diffusion MRI images were
corrected for spatial and intensity distortions due to BO magnetic field
inhomogeneities, eddy current distortion, gradient nonlinearity distor-
tion, and head motion using FSL’s TOPUP (Andersson et al., 2003; Smith
et al., 2004). The reverse gradient method was used to correct BO
distortion (Holland et al., 2010). A method using least squares inverse
and iterative conjugate gradient descent was used to correct for eddy
currents (Zhuang et al., 2006). Distortions due to gradient nonlinearity
were corrected for each frame of the diffusion data (Jovicich et al.,
2006). Head motion was corrected by registering each frame to the
parameters obtained through diffusion tensor fitting, accounting for
variation in image contrast across diffusion orientations (Hagler et al.,
2009). DMRI-derived fractional anisotropy (FA) and mean diffusivity
(MD) were calculated based on a tensor fit to the b = 1.000 data.

Fiber tract FA and MD values were analyzed for three bilateral fiber
tracts of interest [i.e., uncinate fasciculus (UNC), parahippocampal
cingulum (PHC) and fornix (FX)]. These three tracts were selected due to
their connectivity with the hippocampus/medial temporal lobe (MTL)
and evidence that they are particularly affected in TLE (Hatton et al.,
2020; Stasenko et al., 2022). FA and MD for each track was extracted
using AtlasTrack, a probabilistic diffusion tensor atlas validated in
healthy controls and TLE patients (Hagler et al., 2009). For each
participant, the T1-weighted structural images were nonlinearly regis-
tered to a common space and the respective diffusion tensor orientation
estimates were compared to the atlas. This resulted in a map of the
relative probability that a voxel belongs to a particular tract given its
location and similarity of diffusion orientation. Voxels identified with
Freesurfer (v7.1.1) as cerebrospinal fluid or GM were excluded from the
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fiber ROIs. Average of the diffusion parameters was calculated for each
fiber ROI, weighted by fiber probability, so that voxels with low prob-
ability of belonging to a given fiber contributed minimally to average
values.

SWM FA and MD were collected for the same 68 Desikan-Killiany
ROIs as was obtained for the cortical thickness. FA and MD for SWM
were calculated at each vertex using seven samples in 0.2 mm in-
crements along the vector normal to the GM/WM boundary surface,
from 0.8 mm to 2 mm inwards into peri-cortical white matter. Multiple
samples were collected to account for passing through multiple voxels
with varying properties. In order to minimize the effects of partial
voluming and regional variations, we calculated weighted averages of
FA and MD based on the proportion of GM or WM in each voxel using
Tukey’s bi-square weight function (Beaton & Tukey, 1974) to down
weight the contribution of voxels with a low proportion of the tissue of
interest. Average FA and MD measured in the WM directly beneath GM
ROIs in each individual’s native space (Elman et al., 2017). The method
is described in detail in Elman et al., 2017. All analyses described below
were performed at the ROI level and based on unsmoothed data.

2.4. Statistical analysis

Demographic and clinical variables: One-way ANOVAs and Chi-square
tests were conducted to explore differences between TLE and controls,
and between L-TLE and R-TLE, in demographic and clinical variables’
distribution. Statistical significance for all tests was set at p <.05.

Ipsilateral vs contralateral hemisphere: After inspection of the spatial
maps to ensure similar SWM, cortical, and subcortical patterns in pa-
tients with L-TLE and R-TLE (see Supplementary Figure 1), the cortical
and subcortical ROIs for the R-TLEs were flipped, thus ipsilateral
structural and diffusion data were projected on the left hemisphere and
contralateral data are projected on the right hemisphere for all patients.
This procedure allowed us to maximize power and consider ipsi- and
contralateral differences as our primary variables. Thus, all the
following analyses are reported as ipsi- or contralateral with respect to
the seizure focus. Of note, the flipping was performed after each feature
was z-scored relative to control values for each respective hemisphere,
accordingly to the literature (Horsley et al., 2022; Lariviere et al., 2022;
Winston et al., 2020) and ensuring that there were no hemispheric
asymmetries for cortical thickness, subcortical volumes, SWM (FA/MD),
and WM tracts (FA/MD) in the control population (Supplementary
Table 2).

Topography of GM and WM structures: All brain measures were con-
verted into z-scores based on the mean and the standard deviation of the
control cohort. In order to control for differences in brain size, subcor-
tical volumes were divided by total intracranial volume (ICV) for each
subject. An inspection of brain asymmetry in controls was performed by
a paired sample t-test. All analyses that follow were performed using
SPSS software 28 (IBM, Chicago, IL) or R-package software, and statis-
tical significance for all tests was set at p <0.05. Significant p-values
were considered those that survived a 5% FDR correction (Benjamini &
Hochberg, 1995). Whole brain differences between TLE and controls
were examined in GM (i.e., cortical thickness and subcortical volumes)
and WM (i.e., SWM and deep WM tracts) using multivariate analyses of
covariance (MANCOVAs) models with age and sex included as cova-
riates in all comparisons (Whelan et al., 2018).

Relationship between GM and SWM: To assess the relationships among
cortical thinning, hippocampal volume, and SWM damage, partial
Pearson correlations were performed for each ROI with age and sex as
covariates.

Effects of age of seizure onset: To test the association between age of
seizure onset and regional GM-SWM atrophy associations, we performed
a series of sliding window correlations (Schulz & Huston, 2002). This
procedure involves computing correlations in overlapping successive
windows across a clinical variable distribution (e.g., across age of the
seizure onset), revealing fluctuations in the degree, and direction of the
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correlation. We ranked participants according to their clinical variable
(e.g., from lowest age of seizure onset to highest). The correlation was
computed for successive samples of 25 participants at a time, starting
from the first 25, and then proceeding up the variable level rank order,
always including the next patient and excluding the first patient of the
previous interval (Supplementary Figure 2). A window size of 25 was
chosen to enhance stability of the correlation values. We excluded 6
patients from the analysis who had an age of epilepsy onset > 40 years
old (age of onset 42-68 years), because there were not enough patients
in this cohort for the sliding window to yield stable results. Additionally,
we applied this approach to a random rank order of values to ensure that
the correlation values obtained in the prior analyses were not due to
chance. This approach has much in common with bootstrapping and
clustering approaches (Allen et al., 2014; Shakil et al., 2018). Finally, we
considered a window significant if three consecutive windows produced
a significant effect. With this approach, we also explored the relation-
ship between the ipsilateral SWM FA/MD and ipsilateral hippocampal
volume. All plots were smoothed with the ‘zoo’ package in R, using a
moving average value of five and a step of one.

To avoid overfitting due to the high number of ROIs in the Desikan-
Killiany atlas, for this analysis we clustered the 68 cortical ROIs into
three major groups: (I) MTL, including the entorhinal cortex, para-
hippocampal cortex, and the fusiform gyrus; (II) lateral temporal lobe
(LTL), including the inferior, the middle, and the superior temporal gyri,
banks of superior temporal sulcus, and transverse temporal gyrus; (III)
extra-temporal regions, which included all the ROIs within the frontal,
parietal, and occipital lobes.

3. Results
3.1. Demographic and clinical variables

Controls and patients with TLE did not significantly differ in age, sex,
total brain volume (TBV), and ICV. Patients had significantly lower
education compared to controls (p <0.001). Forty-seven out of 82 pa-
tients had HS, whereas the rest had a normal MRI. Most of the patients
were on polytherapy (82%). The number of reported lifetime general-
ized tonic-clonic (GTC) seizures is reported in Table 1. Age, age of

Table 1
Clinical and demographic variables in TLE and controls.
TLE (N = 82) Controls Stat. Sig.
(N =59)
Age 35.85(+12.95) 36.95(+13.72) 0.483" 0.630
Sex (f/m) 44/38 36/23 0.757% 0.384
Education (y) 13.30(%2) 16.03(£2.27) 7.549 ¢ <0.001***
Icv (mms) 990814.46 1024829.31 1.852° 0.066
(£114529.56) (£97008.95)
TBV (mm®) 1128922.23 1169104.87 1.961 " 0.052
(+£128259.49) (£107476.90)
HS (yes/no) 47/35 -
Age of epilepsy 20.72(+14.30) -
onset (y)
Epilepsy 15.13(+14.21) -

duration (y)
ASMs (mono/ 15/67 -

poly)
GTC lifetime

frequency

(%)
0-1 25.6% -
2t09 34.1% -
10to 39 22% -
>40 14.6% -
N/A 3.7% -

Data are presented in means (+standard deviations). y: years, ICV: intracranial
volume, TBV: total brain volume, HS: hippocampal sclerosis, ASM: anti-seizure
medication, GTC: generalized tonic-clonic seizure, N/A: not available. “: inde-
pendent sample t-test, *: Chi-squared test, ***: p <.001.
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epilepsy onset, and years of epilepsy duration were strongly related to
one another (Supplementary Figure 3). A density plot for the age of
seizure onset and years of epilepsy duration is provided in Supple-
mentary Figure 4.

We did not find any significant differences between L-TLE and R-TLE
patients in the clinical and demographic variables. All results are sum-
marized in Table 1 and in Supplementary Table 1.

Given that the patterns of ipsilateral and contralateral cortical,
subcortical and diffusion alterations reported below were similar for L-
TLE and R-TLE (Supplementary Figure 1) and to maximize power, we
combined these two groups for all analyses.

3.2. Topography of gray and white matter structures

Whole brain cortical thickness comparison between TLE patients and
controls is shown in Fig. 1A. Significantly thinner cortex for patients was
found in posterior brain regions, particularly the bilateral precuneus
[Ipsi: (F(1,140) = 18.928, pppr = 0.001, 112 = 0.121), Contra:
(Fa,140) = 17.267, prpr = 0.001, nz = 0.112)], the pre-central [Ipsi:
(Fa1,140) = 8.908, prpr = 0.013, n2 = 0.061), Contra: (F(1,140) = 9.486,
pror = 0.011, nz = 0.065)] and the post-central [Ipsi: (F(1,140) = 11.338,
PFDR = 0.007, T]2 = 0.076), Contra: (F(1,140) = 11.108, PrFDR = 0.007,
12 = 0.074)] gyri. Cortical thinning in the superior temporal gyrus was
observed bilaterally [Ipsi: (F(1,140) = 9.905, prpr = 0.010, nz = 0.068),

A) Cortical thickness and subcortical volumes
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Contra: (F(1,140) = 5.800, prpr = 0.045, n2 = 0.041)], while the middle
temporal gyri was thinner only ipsilaterally (F( 140y = 6.696,
pror = 0.032, 12 = 0.047) (Fig. 1A). The MTL did not show any signif-
icant differences in TLE compared to controls. As expected, the ipsilat-
eral hippocampal volume was lower in TLEs compared to controls
(Fa1,140) = 19.878, pepr < 0.001, n? = 0.127) (Fig. 1A).

Fig. 1B displays the whole brain SWM comparison between TLE
patients and controls, and the significant results are summarized in
Table 2 and in Supplementary Table 3. The SWM showed a spatially
different pattern of alterations compared to the cortical thickness;
decreased FA and increased MD was observed in TLE patients in the
ipsilateral hemisphere only, with significant reductions in FA in the
ipsilateral medial and inferior temporal lobe. This pattern of ipsilateral
SWM loss was more extensive for MD, with increased MD that extended
beyond the temporal lobe into the orbitofrontal, cingulate, and insular
SWM (Supplementary Table 3).

Finally, Fig. 1C and Table 2 displays FA and MD standardized values
for the three bilateral tracts and comparisons between patients and
controls. The PHC and UNC showed a lower FA in both hemispheres, but
more pronounced decreases in FA in each ipsilateral tract. All three fiber
tracts showed increased MD in the ipsilateral tract compared to controls.

Fig. 1. Whole brain comparison between TLE and controls. Panel

©

Ipsilateral Contralateral

A) visualizes significant group differences in cortical thickness
and subcortical volume. Panel B) shows significant group dif-
ferences of superficial white matter fractional anisotropy (FA)
above, and mean diffusivity (MD) below. Data for each com-
parison are presented as effect size (Partial Eta Squared, n).
Blue colors (-0.1) represent the regions where TLE showed
atrophy, or lower FA values, compared to controls; red colors
+0.1 (+0.1) represent the regions where TLE showed hypertrophy,
or higher MD values, compared to controls. Only effect sizes

B) Superficial white matter

associated with p-values that survived FDR correction (i.e.,
Pror < 0.05) are presented in panels a) and b). Finally, panel C)
shows box-and-whisker plots of deep white matter tracts,
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_0.1 the boxes marks the median of the sample, the upper and lower
edges of the box (the hinges) mark the 25th and 75th percen-
tiles (the central 50% of the values fall within the box). The
open circles represent individual patients. The “x” in the mid-
dle of each box marks the mean values for each fasciculus. The
black line on value 0 designates the mean volume of controls.
The “*” on the box indicates the significant results of the
MANCOVA analysis (*: pgpr < 0.05, **: pppr < 0.01, ***:

C) Deep white matter tracts

pror < 0.001). FX: fornix fasciculus, PHC: parahippocampal
cingulum bundle, UNC: uncinate fasciculus. Brain maps in
panel A) and B) were created by using the ENIGMA-Toolbox

FA MD

4,000
3.000 — T +
2000

1.000

(Lariviere et al., 2021). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)

0.000

-1.000

-2.000 & 1 E=

-3.000 L

-4.000

-5.000

FX PHC UNC FX  PHC UNC FX PHC UNC FX PHC UNC

Ipsilateral Contralateral Ipsilateral Contralateral




A. Ballerini et al.

Table 2
Group comparisons between TLE and controls in superficial and deep white
matter.

TLE Controls F Sig.rpR n?
Superficial white matter
Ipsilateral superior 0.806 0.772 9.797 0.016* 0.068
temporalyp (+£0.069) (+£0.032)
Ipsilateral middle 0.810 0.782 7.538 0.033* 0.053
temporalyp (£0.062) (£0.029)
Ipsilateral inferior 0.237 0.254 8.987 0.037* 0.062
temporalps (£0.045) (£0.032)
Ipsilateral inferior 0.825 0.791 11.645 0.010% 0.079
temporalyp (£0.057) (£0.026)
Ipsilateral entorhinal ~ 0.219 0.259 17.472 0.001%** 0.115
cortexga (£0.052) (£+0.060)
Ipsilateral entorhinal ~ 0.907 0.832 12.271 0.015* 0.083
cortexyp (£0.114) (£0.113)
Ipsilateral fusiformps ~ 0.233 0.256 10.736 0.018* 0.074
(+0.048) (+0.036)
Ipsilateral 0.795 0.771 10.465 0.013* 0.072
fusiformyp (£0.053) (£0.029)
Ipsilateral 0.257 0.299 20.278 <0.001%** 0.131
parahippocampal (+0.061) (+0.047)
cortexpa
Ipsilateral 0.864 0.796 21.996 <0.001%** 0.140
parahippocampal (+0.095) (+0.081)
cortexyp
Ipsilateral temporal 0.212 0.240 22.075  <0.001***  0.141
polepa (4£0.041) (+£0.035)
Ipsilateral temporal 0.906 0.856 23.710 <0.001***  0.149
poleyp (+0.075) (£0.041)
Deep white matter
Ipsilateral FXpa 0.335 0.344 3.221 0.087 0.023
(+0.040) (+0.028)
Ipsilateral FXyp 1.156 1.067 8.612 0.034* 0.060
(£0.213) (£0.156)
Contralateral FXgp 0.346 0.346 0.002 0.967 0.000
(+0.041) (+0.028)
Contralateral FXyp 1.105 1.064 2.160 0.158 0.016
(£0.193) (£0.170)
Ipsilateral PHCga 0.337 0.375 24.405  <0.001***  0.153
(+0.049) (£0.032)
Ipsilateral PHCyp 0.850 0.777 11.746 0.014* 0.080
(£135) (+0.089)
Contralateral PHCga 0.353 0.379 9.479 0.010* 0.066
(+0.050) (£0.049)
Contralateral PHCyp 0.826 0.769 6.747 0.052 0.048
(+0.124) (+0.140)
Ipsilateral UNCga 0.393 0.424 28.200  <0.001***  0.173
(£+0.037) (£0.023)
Ipsilateral UNCyp 0.828 0.788 11.934 0.026* 0.081
(£0.074)  (£0.42)
Contralateral UNCga 0.407 0.414 7.498 0.018* 0.053
(+0.032) (+0.051)
Contralateral UNCyp 0.807 0.787 4.004 0.083 0.027
(+0.070) (£0.058)

Data are presented in means (+standard deviations). FA: fractional anisotropy,
MD: mean diffusivity, FX: fornix, PHC: parahippocampal cingulum, UNC: un-
cinate. *: pppr < 0.05, **: pgpr < 0.01, ***: pppr < 0.001.

3.3. Relationship between GM and SWM

Because the deep WM tract FA/MD values mirrored those of the
SWM but are not in spatial alignment with the cortical ROIs, we limited
our correlational analysis to GM-SWM associations. We did not find any
significant linear correlations between cortical thickness and SWM FA/
MD for any ROI in patients. However, sliding window correlations
across the age of epilepsy onset and the years of the illness duration
revealed a more complex pattern. Lower hippocampal volumes were
associated with higher SWM MD across all ROIs in those TLE with an
early age of seizure onset (Fig. 2A). There was no association between
hippocampal volumes and cortical thinning. Conversely, decreases in
cortical thickness were associated with increases in SWM MD in the
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ipsilateral MTL only (Fig. 2B), but only in patients with a later age of
seizure onset (i.e., >20 years old) and a shorter epilepsy duration (see
Supplementary Figure 5 for sliding window correlations with disease
duration). This relationship was not found in the other regions. In the
contralateral hemisphere, extra-temporal cortical thinning was associ-
ated with higher SWM MD in a restricted time window for those with a
very early onset (Fig. 2C).

The bootstrapping random rank order of values approach adopted
confirmed that the correlation values obtained were not due to chance.
All correlation coefficients and p-values for each sliding windows
comparison are reported in Supplementary Table 4 and means and
standard deviations of the age of onset and the years of epilepsy duration
for each window correlation are plotted in Supplementary Figure 6.

3.3.1. Effects of early and late age of epilepsy onset

Because associations between GM and SWM alterations in TLE
appear to depend on the age of seizure onset, we investigated whether
patients with an onset during childhood/adolescence differed in clinical
characteristics from those with onset during adulthood. To accomplish
this, we divided the patients in two groups based on the ILAE guidelines
(Wirrell et al., 2022); a childhood-onset TLE group (C-TLE) composed of
patients who developed epilepsy before 18 years old, and an adult-onset
group (A-TLE) characterized by those who developed seizures after age
18. C-TLE were characterized by a younger age and a longer disease
duration compared to A-TLE. Moreover, C-TLE patients showed a higher
frequency of HS compared to the A-TLE group. Conversely, the A-TLE
were characterized by an older age and a shorter disease duration. There
were no group differences in sex, education, ICV, and number of ASMs
(see Table 3).

Due to group differences in age, sex, HS status, and education, we
performed a secondary analysis within each group, controlling for these
variables. This secondary analysis supported our original observations.
In C-TLE, ipsilateral hippocampal volume loss was associated with
increased ipsilateral SWM MD across the whole brain (r = -0.426,
p = 0.013, Fig. 3A), in the temporal lobe (MTL: r = -0.415, p = 0.016;
LTL: r = -0.378, p = 0.030), and in extra-temporal regions (r = -0.354,
p = .043). As expected, there was no association between cortical
thinning and SWM MD in the C-TLE group (Supplementary Table 5). On
the other hand, in patients with A-TLE, cortical thinning was associated
with greater SWM MD in the ipsilateral MTL (r = -0.356, p = 0.024), but
there were no correlations in extra-temporal lobe regions, or between
SWM MD and hippocampal atrophy (r = -0.135, p = 0.406, Fig. 3B, and
Supplementary Table 5). Finally, these findings seemed to be related to
TLE pathology as these associations were not found in controls (Fig. 3,
and Supplementary Table 5).

Given the link between earlier seizure onset and a higher rate of HS
(Davies et al., 1996), in a post-hoc analysis we explored the correlation
between the age of the seizure onset and the volume of both hippocampi.
As expected, lower volume in the ipsilateral hippocampus was corre-
lated with younger age of onset (r = 0.338, p = 0.002), while volume of
the contralateral hippocampus was not associated with age of onset
(r = 0.106, p = 0.345). Therefore, we next examined whether hippo-
campal volume influences the observed relationship between age of
seizure onset and SWM using a mediation analysis (Tingley et al., 2014).
This analysis revealed non-significant overall (estimate ¢ = -0.0004,
p = 0.884) and direct (estimate ¢’=-0.0004, p = 0.966) effects, coupled
with a significant indirect effect (estimate a*b = -0.0078, p = 0.024),
such that the association between the age of seizure onset and SWM
disruption was mediated by ipsilateral hippocampal volume (Supple-
mentary Figure 7).

4. Discussion
The present study extends the literature by providing a compre-

hensive analysis of neocortical and subcortical GM and WM degenera-
tion profiles in TLE and demonstrating how these patterns relate to one
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Fig. 2. Sliding window correlations between brain measures in the TLE population as a function of the age of epilepsy onset. Panel A) shows the association between SWM-
MD and hippocampal volume in the ipsilateral hemisphere for the three main groups of regions. Panel B) shows the association between ipsilateral cortical thickness
and SWM-MD for the three main groups of regions. Panel C) shows the same association between contralateral cortical thickness and SWM-MD for the same groups of
regions. The blue lines display the correlation coefficients’ fluctuation value across age of epilepsy onset, and the blue shading indicates when the relation is sig-
nificant (p <0.05). To ensure stability of the results, a bootstrapping analysis was applied to a random rank order of values to verify that the correlation values
obtained were not due to chance. Thus, the p-values in the figure are uncorrected at each instance, reflecting the approach already described by Allen et al. (2014)
and Shakil et al. (2018). A plot with the mean (+standard deviation) of the age of onset for each window is reported in Supplementary Figure 5. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

another, to hippocampal volume, and to the seizure focus. At the whole
group level, GM and WM patterns in TLE were spatially distinct. Cortical
atrophy was observed to be widespread and bilateral, and most promi-
nent in centro-parietal regions. Conversely, WM microstructural damage
was mostly ipsilateral and temporo-limbic, following a similar pattern
for both SWM and deep WM tracts. However, unique relationships
emerged between GM and SWM pathology when groups were stratified
by age of seizure onset, suggesting that different GM and WM structures
are differentially impacted by TLE as a function of when seizures begin
in life as well as the presence of hippocampal volume loss.

4.1. The diffuse and widespread structural pathologies of TLE

TLE is a focal epilepsy syndrome that nonetheless is associated with
widespread and diffuse structural and microstructural damage (Hatton
et al., 2020; Lariviere et al., 2020; Park et al., 2022; Whelan et al., 2018)

and abnormal connectivity patterns across most of the brain (Bernhardt
et al., 2019; Liu et al., 2014; Tavakol et al., 2019). Much of the previous
literature has focused on cortical thickness, hippocampal volumes, and
deep WM tracts (Hatton et al., 2020; Lariviere et al., 2020; Park et al.,
2022; Whelan et al., 2018). Our findings complement previous reports
(Chang et al., 2019; Liu et al., 2016) and highlight that, despite their
proximity, cortical atrophy and SWM disruption appear to follow
different spatial patterns of injury in TLE. Here, cortical thinning was
widespread and bilateral, involving mostly of the posterior neocortex
including the bilateral parietal and occipital lobes, especially in the
bilateral precuneus, somatosensory and motor cortices. Furthermore,
the ipsilateral MTL did not show prominent cortical thinning, which is
also in line with previous reports (Lariviere et al., 2020). This wide-
spread multi-lobar cortical atrophy was instead characterized by a non-
limbic and non-lateralized predominance (Lariviere et al., 2020;
McDonald et al., 2008; Whelan et al., 2018) suggesting that it arises from
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Table 3
Clinical and demographic variables in C-TLE and A-TLE.
C-TLE (N = 37) A-TLE (N = 45) Stat. Sig.
Age 32.46(+13.617) 38.64(+11.798) —2.203 "¢ 0.030*
Sex (f/m) 24/13 20/25 3.405% 0.065
Education 12.97(+1.724) 13.58(+2.179) -1.371" 0.174
(62
Icv (mms) 979131.730 1000420.270 —0.836" 0.406
(£113650.017) (£115629.576)
TBV (mm°®) 1114386.657 1140873.702 -0.930 ¢ 0.355
(+£127360.941) (£129184.149)
HS (yes/no) 27/10 20/25 6.755% 0.009%*
Age of 8.30(+6.235) 30.93(+10.391) -11.633 ¢ <0.001%**
epilepsy
onset (y)
Epilepsy 24.16(+15.645) 7.71(+6.808) 6.365 " <0.001%**
duration
(62
ASMs 2.30(+0.909) 2.31(+0.925) —0.068 * 0.946
(mono/
poly)

Data are presented in means (+standard deviations). y: years, ICV: intracranial
volume, TBV: total brain volume, HS: hippocampal sclerosis, ASM: anti-seizure
medication. % independent sample t-test, X: Chi-squared test, *: p <.05, **:
p <.01, ***: p <.001.

processes independent of the seizure focus. This broad pattern of atro-
phy is supported by literature demonstrating similar patterns of cortical
thinning across very different epilepsy syndromes (e.g., focal versus
generalized), indicating that this may reflect a more general epilepsy-
related phenomenon (Whelan et al., 2018). One recent study proposed
that this spatial distribution of cortical atrophy could occur in those
brain regions structurally connected with the hippocampus (i.e., pre and
post central gyri, precuneus, lateral and medial temporal lobe) (Galovic
et al., 2019). Nevertheless, this would not explain the full pattern
observed in our study and requires replication in future studies.

In contrast to the cortical GM, the SWM showed a temporo-limbic
pattern of degeneration that was mostly restricted to the ipsilateral
hemisphere. Although FA was reduced in the inferomedial MTL only,
MD anomalies extended to the ipsilateral orbitofrontal cortex, insula,
and cingulate WM. This pattern of highly lateralized WM pathology was
mirrored in the deep WM temporo-limbic tracts of the UNC, PHC, and FX
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where FA reductions were greater and MD increases were only observed
in the ipsilateral fibers. These findings are supported by prior reports
demonstrating an association between the seizure focus and proximal
WM injury (Concha et al., 2012; Hatton et al., 2020; Urquia-Osorio et al.,
2022). Our findings extend the literature by demonstrating that this
pattern exists for both the SWM and deep WM association tracts.

4.2. Structural pathology and the developmental trajectory

Our results demonstrate spatially distinct patterns of neocortical and
WM alterations in TLE patients in most brain regions, suggesting that
different biological processes are likely driving these two types of injury.
Data from animal models provide support for this, demonstrating that
GM and WM are impacted along different timelines (Luna-Munguia
et al., 2021; Roch et al., 2002b, 2002a), with cortical GM affected more
acutely and WM affected over a longer time period following seizure
onset. In addition, WM damage in chronic TLE models supports the idea
of co-occurring damage in WM and hippocampal volume (Luna-Mun-
guia et al., 2021). Previous research reported that SWM anomalies were
mediated by hippocampal atrophy in TLE (Liu et al., 2016). Our results
support and extend this finding, suggesting that hippocampal volume
may mediate the relationship between age of seizure onset and SWM
disruption. However, we suggest that a more complex relationship exists
between cortical thinning, SWM loss, and hippocampal injury, which
may be driven by the period of life during which seizures began. Indeed,
SWM injury and hippocampal volume loss were highly related, but only
for individuals with an early age of seizure onset. This relationship was
maintained even after controlling for group imbalance in HS, suggesting
that the WM damage was not merely a by-product of HS. Although WM
and subcortical GM maturation reach their peak at different ages,
changes in both are maximal between mid-gestation to adolescence
(Bethlehem et al., 2022). Thus, the onset of seizures during this period
could interfere with brain maturation, leading to concurrent hippo-
campal injury and disruption of WM development (Liu et al., 2016).

On the other hand, developing TLE in adulthood was associated with
co-occurring cortical thinning and SWM injury, but only in the ipsilat-
eral MTL. While cortical thinning begins in childhood and shows a
relatively linear decrease across the lifespan in healthy individuals,
SWM microstructure follows a similar pattern to the deep WM
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Fig. 3. Partial correlations in controls, C-TLE (childhood-onset TLE) and A-TLE (adult-onset TLE) population. Plot A) shows the correlation between hippocampal volume
and whole brain SWM-MD. Plot B) shows the correlation between MTL cortical thickness and MTL SWM-MD. The scatterplots represent partial correlations between
the brain measures corrected for age, sex, education, and HS status. Thus, the data are presented as standardized residuals. Gray dots and line are used to represent
controls, red dots and line represent C-TLE, and blue dots and line represent A-TLE. SWM: superficial white matter, MD: mean diffusivity, MTL: medial temporal lobe,
HS: hippocampal sclerosis, *: p <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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association tracts with an increase in FA and decrease in MD that ac-
celerates during adolescence, reaching a peak between 20 and 35 years
of age (Bethlehem et al., 2022; Lebel et al., 2012; Schilling et al., 2022).
In adulthood, SWM FA/MD levels off and then declines during late-
adulthood (Schilling et al., 2022). Our results suggest that when TLE
begins in adulthood, after the period of SWM peak development, it may
lead to co-occurring and age-accelerated cortical and WM injury prox-
imal to the epileptogenic zone. Interestingly, this is observed in TLE
patients with a relatively short disease duration (Supplementary
Figure 5), suggesting that these pathological changes may occur quite
rapidly in drug-resistant adults and could underlie the progressive
cognitive decline observed in many of these patients (Costa et al., 2019;
Fernandes et al., 2022). Finally, all the results from the non-linear cor-
relations highlighted effects only with respect to SWM MD, with no
significant results found for FA. MD abnormalities refer to an overall
tissue barrier impairment and degree of water diffusion within a voxel,
with no orientation (Basser et al., 2000; Beaulieu, 2002). Thus, because
of the convergence of deep and peripheral fibers with the SWM with less
anisotropy than long WM bundles, MD may be a more sensitive marker
of SWM microstructural disruption (Urquia-Osorio et al., 2022).

4.3. Limitations and future directions

Despite our novel findings, several limitations of our study should be
addressed. First, we lack a cohort of older adults with TLE, preventing us
from evaluating the impact of epilepsy on brain pathology across the
adult lifespan. In particular, late onset epilepsy is defined as seizures that
begin after the age of 55, often having a temporal lobe predominance,
greater levels of MTL atrophy than observed in our current study, and
often no clear etiology (Kaestner et al., 2021). Future studies should
explore whether the pattern of structural pathology and its relationship
across tissue types is affected by this very late age of seizure onset, and
how these relationships may be related to cognitive decline and risk for
dementia. Although our sample size is larger than many prior studies
(Chang et al., 2019; Liu et al., 2016), a larger multi-center cohort would
allow us to stratify patients by additional clinical and brain-related
characteristics. First, this would enable us to better disentangle the
roles of the age of seizure onset from the years of epilepsy duration. Age
of seizure onset and duration of epilepsy were co-linear, and our ana-
lyses were cross-sectional, therefore limiting our ability to tease apart
the unique effects of these two variables or understand the causality of
the relationships. Moreover, a longitudinal study with a large cohort of
patients who are heterogeneous in clinical characteristics would allow
for a more enriched understanding of the mechanisms underlying TLE-
related pathology. It is well known that FA, MD, cortical thickness,
and volume have different maturation peaks during the lifespan (Beth-
lehem et al., 2022). In our secondary analysis, we clustered our sample
into those with a pediatric vs adult age of seizure onset (i.e., before or
after 18 years old), according to ILAE guidelines (Wirrell et al., 2022). A
larger multi-center cohort would allow us to stratify our sample ac-
cording to a range of brain maturation peaks and test our GM and WM
relationships across various peaks. Finally, although we purport to
replicate prior findings in our initial analysis of discordant GM and SWM
patterns, it is of note that we used different methods for both extracting
and summarizing our variables. However, we consider this a strength
and believe that it provides evidence that these findings are robust to the
methods employed.

5. Conclusion

Our data provide compelling evidence of a complex relationship
between cortico-subcortical GM loss and WM injury in TLE; our findings
suggest spatially unique patterns of cortical, hippocampal, and WM
disruption. The age at which the seizures begin appears to influence the
way in which these features are related to one another. Whereas the co-
occurrence of hippocampal injury and WM damage in the ipsilateral
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hemisphere may be linked to neurodevelopmental factors, the onset of
seizures in adulthood could set off a cascade of neurodegenerative
changes, dominated by cortical atrophy and subcortical WM injury close
to the epileptogenic zone.
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