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Temporal lobe epilepsy, a common drug-resistant epilepsy in adults, is primarily a limbic network disorder associated with predominant unilateral hippocampal pathology. Structural MRI has provided an in vivo window into
whole-brain grey matter structural alterations in temporal lobe epilepsy relative to controls, by either mapping (i)
atypical inter-hemispheric asymmetry; or (ii) regional atrophy. However, similarities and differences of both atypical asymmetry and regional atrophy measures have not been systematically investigated.
Here, we addressed this gap using the multisite ENIGMA-Epilepsy dataset comprising MRI brain morphological
measures in 732 temporal lobe epilepsy patients and 1418 healthy controls. We compared spatial distributions of
grey matter asymmetry and atrophy in temporal lobe epilepsy, contextualized their topographies relative to spatial
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gradients in cortical microstructure and functional connectivity calculated using 207 healthy controls obtained
from Human Connectome Project and an independent dataset containing 23 temporal lobe epilepsy patients and
53 healthy controls and examined clinical associations using machine learning.
We identified a marked divergence in the spatial distribution of atypical inter-hemispheric asymmetry and regional atrophy mapping. The former revealed a temporo-limbic disease signature while the latter showed diffuse and
bilateral patterns. Our findings were robust across individual sites and patients. Cortical atrophy was significantly
correlated with disease duration and age at seizure onset, while degrees of asymmetry did not show a significant
relationship to these clinical variables.
Our findings highlight that the mapping of atypical inter-hemispheric asymmetry and regional atrophy tap into
two complementary aspects of temporal lobe epilepsy-related pathology, with the former revealing primary substrates in ipsilateral limbic circuits and the latter capturing bilateral disease effects. These findings refine our notion of the neuropathology of temporal lobe epilepsy and may inform future discovery and validation of complementary MRI biomarkers in temporal lobe epilepsy.
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Introduction

acquisitions,39,41,51 obtained from both Human Connectome
Project (HCP; 207 healthy controls) as well as a local cohort of TLE
patients and controls (23 TLE and 53 healthy controls). We formulated the following hypotheses: (i) the spatial distribution of TLErelated cortical asymmetry and atrophy would differ, with the former being particularly temporo-limbic; and (ii) atypical asymmetry
and atrophy maps would relate to cortical gradients, with the
asymmetry map being more closely related to the primary temporo-limbic gradients derived from cortical microstructure. We
also assessed whether inter-hemispheric asymmetry and regional
atrophy mapping would show differential associations with clinical parameters, notably effects of disease duration and age of onset.
In addition to benefiting from the high power of ENIGMA-Epilepsy,
we validated the consistency of our findings at the level of single
patients and individual sites.

Materials and methods
Participants
We analysed 2150 T1-weighted MRI datasets from 732 patients
with TLE and confirmed/suspected mesiotemporal sclerosis (55%
females, mean age ± SD = 38.56 ± 10.61 years; 391/341 left/right TLE)
and
1418
healthy
controls
(55%
females,
mean
age ± SD = 33.76 ± 10.54 years) obtained from 19 different sites via
the Epilepsy Working Group of ENIGMA34,36,52 (Table 1). Individuals
with epilepsy were diagnosed by epilepsy specialists at each centre
according to classifications of the International League Against
Epilepsy.53 TLE patients were diagnosed based on electroclinical
and neuroimaging findings. Participants with a primary progressive disease (e.g. Rasmussen’s encephalitis), visible malformations
of cortical development, or prior neurosurgery were excluded. For
each site, local institutional review boards and ethics committees
approved each included cohort study and written informed consent was provided according to local requirements.
Gradients were derived from two independent cohorts containing
healthy controls and patients with TLE: (i) A sample of 207 unrelated
healthy young adults (60% females, mean age ± SD = 28.73 ± 3.73 years)
from the HCP54; and (ii) a sample of 53 healthy controls (38% females,
mean age ± SD = 30.84 ± 7.59 years) and 23 TLE patients (52% females,
mean age ± SD = 37.29 ± 11.96 years) from our local site at the MNI
(microstructure-informed connectomics; MICs). All participants gave
written and informed consent.

Data preprocessing
ENIGMA data
Participants underwent T1-weighted scans at each of the 19
centres, with acquisition protocols detailed elsewhere.34 Imaging
data were processed by each centre through the standard
ENIGMA workflow described in Supplementary material and
Supplementary Fig. 1.

HCP data
T1- and T2-weighted, as well as resting-state functional MRI (rsfMRI) data, were obtained using a Siemens Skyra 3 T at
Washington University.54 The T1-weighted images were acquired
using a magnetization-prepared rapid gradient echo sequence
[repetition time (TR) = 2400 ms; echo time (TE) = 2.14 ms; inversion
time (TI) = 1000 ms; flip angle = 8 ; field of view (FOV) = 224  224
mm2; voxel size = 0.7 mm isotropic; and number of slices = 256].
T2-weighted data were obtained with a T2-SPACE sequence
(TR = 3200 ms; TE = 565 ms; flip angle = variable; FOV = 224  224
mm2; voxel size = 0.7 mm isotropic; and number of slices = 256).
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Temporal lobe epilepsy (TLE) is the most common drug-resistant
epilepsy in adults. Its hallmark is pathology of mesiotemporal
structures, notably the hippocampus, entorhinal cortex, amygdala
and temporal pole.1–5 The degree of atrophy in these regions correlates with the tendency to express epileptic activity.6,7 Moreover,
unilateral anteromesial resection leads to worthwhile improvement in approximately 90% of patients and long-term seizure freedom in more than 50%.8–10
MRI can identify the pathological substrate of TLE in vivo and
lateralize and define the surgical target. Indeed, MRI has provided
biomarker candidates for TLE diagnostics, prognostics and disease
staging.11–13 MRI analyses in TLE traditionally focus on manually
or automatically delineating individual mesiotemporal structures,
followed by (i) the analysis of inter-hemispheric grey matter asymmetry or (ii) the regional comparison of morphometric measures
in patients relative to healthy controls. Studies focusing on mesiotemporal grey matter consistently reported atrophy and marked
asymmetry, reaffirming that TLE is primarily a limbic disorder.10,14–21
With advancements and automation of image processing techniques, quantitative MRI analysis has been extended to the wholebrain level using volumetric analysis and voxel-based morphometry 20,22–27 as well as surface-based cortical thickness analysis.28–
32
These studies have mainly been cross-sectional regional comparisons between TLE and healthy controls, and explored patterns
of inter-hemispheric asymmetry in TLE only sporadically. Wholebrain analyses often showed asymmetric mesiotemporal damage,
and also revealed widespread and bilateral decreases in cortical
grey matter outside the mesiotemporal lobe, with neither a limbic
nor lateralized predominance.31–35 Similar findings were confirmed by a multisite initiative aggregating and analysing brain
morphometric measures in common epilepsies.34,36
Outside the mesiotemporal regions, the scarcity of asymmetry
analyses precludes insights into how similar or different patterns
of atypical structural asymmetry are relative to patterns of regional atrophy in TLE. Analysing both atrophy and asymmetry features
could inform the development of individualized MRI biomarkers.19,20,37,38 Moreover, comparing these patterns could clarify
whether these reflect different disease processes. One emerging
family of approaches stratifies cortical areas along spatial gradients of cortical microstructure and connectivity.39–41 Cortical
areas indeed show variable microstructural characteristics, often
following sensory–fugal spatial gradients that relate to plasticity
and neural excitability.35,41–46 For example, paralimbic circuits differ from sensory networks by having an agranular architecture
with only subtle laminar differentiation and relatively low myelin
content, while sensorimotor areas have a marked layer IV and
higher intracortical myelin.35,47–50 Complementing these microstructural variations, recent work has shown gradients of functional connectivity running from sensorimotor networks towards
heteromodal systems, notably the default mode network.39
Contextualizing atrophy and atypical asymmetry patterns along
these microstructural and functional connectivity gradients may
shed light on potential anatomical determinants of cortical pathology in TLE.
We used the ENIGMA-Epilepsy dataset to map the topography
of atypical inter-hemispheric asymmetry and regional atrophy in
732 individuals with TLE and 1418 healthy controls. Using a multisite mega-analysis, we systematically assessed the commonalities
and divergences of these spatial patterns. We further contextualized findings with respect to microstructural and functional connectivity gradients, derived from parallel myelin-sensitive
microstructural
MRI
and
resting-state
functional
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Table 1 Demographic information of individuals with TLE and site-matched controls
Information

HCP (HC)

TLE

HC

732
38.56 ± 10.61
329:403
16.07 ± 12.27
391/341
22.74 ± 14.06a

1418
33.76 ± 10.54
643:775
N/A
N/A
N/A

207
28.73 ± 3.73
83:124
N/A
N/A
N/A

MICs
TLE

HC

23
37.29 ± 11.96
11:12
21.59 ± 11.65
15/7 (1 bilateral)
15.82 ± 12.45

53
30.84 ± 7.59
33:20
N/A
N/A
N/A

Means and SDs are reported. HC = healthy control; N/A = not available.
a
Information available in 695 TLE patients.

The rs-fMRI data were collected using a gradient-echo echo-planar
imaging sequence (TR = 720 ms; TE = 33.1 ms; flip angle = 52 ;
FOV = 208  180 mm2; voxel size = 2 mm isotropic; number of
slices = 72; and number of volumes = 1200 per time series). During
the rs-fMRI scan, participants were instructed to keep their eyes
open, looking at a fixation cross. Two sessions of rs-fMRI data
were acquired; each contained data of left-to-right and right-toleft phase-encoded directions, providing up to four time series per
participant. HCP data underwent minimal preprocessing pipelines
using FSL, FreeSurfer and Workbench,55–57 briefly summarized in
Supplementary material and Supplementary Fig. 1.

and insular cortex). In addition to the atypical asymmetry index,
we assessed cortical atrophy in TLE patients relative to controls.
Cortical thickness measures were z-normalized, flipped hemispheres of right TLE and harmonized as for the asymmetry index.
We compared the harmonized cortical thickness between the
groups and the findings were multiple-comparison corrected using
FDR66 as well as stratified according to functional communities
and lobes.

MICs data

We assessed topographic underpinnings of TLE-related asymmetry and atrophy through spatial correlation analysis with
microstructural and functional gradients, the principal eigenvectors explaining spatial shifts in microstructural similarity and
functional connectivity.39,41 Gradients were defined using two alternative datasets, either based on both the HCP (i.e. healthy controls) or based on the MICs (i.e. healthy controls and TLE patients),
using BrainSpace (https://github.com/MICA-MNI/BrainSpace; last
accessed 5 February 2022).51 Specifically, we calculated a parcel-toparcel affinity matrix for each feature using a normalized angle
kernel considering the top 10% entries for each parcel. As in prior
work,39,45,51,68–74 we opted for diffusion map embedding,75 a nonlinear technique that is robust to noise and computationally efficient.76,77 It is controlled by two parameters, a and t, where a controls the influence of the density of sampling points on the
manifold (a = 0, maximal influence; a = 1, no influence) and t scales
eigenvalues of the diffusion operator. The parameters were set as
a = 0.5 and t = 0 to retain the global relations between data points
in the embedded space, following prior applications.39,41,45,51,69,78
We examined associations of the estimated gradients with cortical
asymmetry in a single hemisphere and atrophy patterns in both
hemispheres via linear correlations, where significance was determined using 1000 non-parametric spin tests that account for spatial autocorrelation79 implemented in the ENIGMA Toolbox.80

Data were acquired on a Siemens Prisma 3T scanner. Acquisition
parameters were similar to the HCP dataset (T1-weighted:
TR = 2300 ms; TE = 3.14 ms; TI = 900 ms; flip angle = 9 ;
FOV = 256  180 mm2; voxel size = 0.8 mm isotropic; and number
of slices = 320; quantitative T1: same as T1-weighted except for
TR = 5000 ms and TE = 2.9 ms; TI = 940 ms; flip angle 1 = 4 ; flip
angle 2 = 5 ; rs-fMRI: TR = 600 ms; TE = 30 ms; flip angle = 52 ;
FOV = 240  240 mm2; voxel size = 3 mm isotropic; number of
slices = 48; and number of volumes = 700). MICs data were preprocessed using micapipe (https://github.com/MICA-MNI/micapipe;
last accessed February 5, 2022), which integrates AFNI, FSL,
FreeSurfer, ANTs and Workbench.55–59 Details are described in
Supplementary material and Supplementary Fig. 1.

Atypical inter-hemispheric cortical asymmetry and
regional atrophy
We calculated inter-hemispheric asymmetry of cortical thickness
using the following formula: AI = (ipsi – contra) / j(ipsi + contra)/
2j,19,60,61 where AI is asymmetry index and ipsi and contra are the
cortical thickness of ipsilateral and contralateral areas, respectively. The asymmetry index was z-normalized relative to sitematched pooled controls and sorted into ipsilateral/contralateral
to the focus.62 It was then harmonized across different sites by
adjusting for age, sex and intracranial volume using ComBat, a
batch-effect correction tool that uses a Bayesian framework to improve the stability of the parameter estimates.63,64 We compared
the harmonized asymmetry index between individuals with TLE
and controls using a general linear model implemented in
SurfStat.65 Multiple comparisons across brain regions were corrected using the FDR procedure.66 In addition to parcel-wise analysis, we stratified asymmetry measures according to seven
intrinsic functional communities (visual, somatomotor, dorsal attention, ventral attention, limbic, frontoparietal and default
mode)67 and lobes (frontal, parietal, temporal, occipital, cingulate

Association to gradients of cortical microstructure
and function

Consistency mapping across sites and individuals
We assessed the robustness of our findings within a probabilistic
framework at the single site and subject level. The consistency
across sites was measured by calculating linear correlations between epilepsy-related asymmetry and atrophy findings and gradients for each site. For individual-level consistency, we counted
how many participants are comprised within a specific threshold
(i.e. z 5 –2). The counts were divided by the number of participants
to obtain a probability map. Thus, the consistency probability indicates that the top N% patients showed extreme asymmetry or cortical atrophy measures in a given region. The consistency
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n
Age, years
Sex, male: female
Age at onset, years
Side of focus, left/right
Duration of illness, years

ENIGMA-Epilepsy
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probability was correlated with microstructural and functional
gradients, with 1000 non-parametric spin tests.79,80

Associations with clinical variables

Sensitivity analysis
Left and right TLE
To assess whether left and right TLE show consistent results, we
repeated assessing atypical cortical asymmetry and atrophy and
correlating the effects with gradients for separate left and right
TLE subgroups. We furthermore assessed cortical atrophy in individuals with left and right TLE for each hemisphere. We conducted
paired t-tests to compare cortical atrophy between hemispheres
within left or right TLE, and two-sample t-tests between left and
right TLE. Multiple comparisons were corrected using FDR.66

Different density of connectivity matrix
In our main analysis, we estimated microstructural and functional
gradients using connectivity matrices with 10% density. We
repeated generating the gradients from connectivity matrices with
different densities (20%, 30%, 40%, 50%) and correlated with atypical cortical asymmetry and atrophy patterns.

Gradients generated using local dataset
We generated microstructural and functional gradients using a
combined dataset of healthy individuals and patients with TLE, to
assess consistency of the topographic relationships between TLErelated asymmetry/atrophy and cortical gradients.

Volumetric analysis
We additionally assessed atypical inter-hemispheric asymmetry
and regional atrophy patterns of six subcortical regions (amygdala,
caudate, nucleus accumbens, pallidum, putamen, thalamus), as
well as the hippocampus, defined using the Desikan–Killiany
atlas.86 We estimated the volume of each region, calculated asymmetry index,19,60,61 z-normalized both asymmetry index and volume of TLE patients relative to controls, flipped hemispheres in
right TLE patients and harmonized data across different sites by
adjusting for age, sex and intracranial volume using ComBat.63,64
We compared asymmetry and regional volume between individuals with TLE and controls using a general linear model.65 Next, we
assessed the robustness of atypical asymmetry and atrophy by calculating consistency probability. Lastly, we performed the prediction analysis by considering both cortical thickness and
subcortical/hippocampal volume measures using LASSO regression 84 with five fold nested cross-validation.76,81–83 The prediction
procedure was repeated 100 times with different training and test
datasets and the performance was measured using linear correlations between the actual and predicted clinical variables with their
95% confidence interval, as well as MAE. We compared our model
with the baseline model, and assessed improvement of the prediction performance using Meng’s z-test.85

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data are not all publicly
available in a repository as they contain information that could
compromise the privacy of research participants.
Although there are data-sharing restrictions imposed by (i) ethical review boards of the participating sites, and consent documents; (ii) national and trans-national data sharing law, such as
General Data Protection Regulation (GDPR); and (iii) institutional
processes, some of which require a signed Material Transfer
Agreements (MTA) for limited and predefined data use, we welcome sharing data with researchers, requiring only that they submit an analysis plan for a secondary project to the leading team of
the Working Group (http://enigma.ini.usc.edu; last accessed 5
February 2022). Once this analysis plan is approved, access to the
relevant data will be provided contingent on data availability and
local PI approval and compliance with all supervening regulations.
If applicable, distribution of analysis protocols to sites will be
facilitated.

Results
Atypical inter-hemispheric asymmetry patterns
differ from regional cortical atrophy in TLE
We found significant deviations in inter-hemispheric asymmetry
in TLE relative to controls, especially in lateral and medial temporal cortex, as well as precuneus, with ipsilateral regions being
atypically smaller than contralateral regions (PFDR 5 0.05; Fig. 1A).
Stratifying effects according to intrinsic functional communities,67
highest deviations in asymmetry were observed in the limbic network followed by default mode and somatomotor networks
(Fig. 1B). Lobar analysis identified most marked degrees of atypical
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We associated clinical variables of duration and onset of epilepsy
with atypical asymmetry index and cortical atrophy using supervised machine learning. We utilized 5-fold nested cross-validation76,81–83 with least absolute shrinkage and selection operator
(LASSO) regression.84 We split the dataset into training (4/5) and
test (1/5) partitions, and each training partition was further split
into inner training and testing folds using another 5-fold cross-validation. Within the inner fold, LASSO finds a set of non-redundant
features (i.e. atypical asymmetry index or cortical atrophy of brain
regions) that could explain the dependent variable (i.e. disease
duration or onset age). Using a linear regression, we predicted the
clinical variables of inner fold test data using the features of the
selected brain regions. The model with best accuracy (i.e. minimum mean absolute error, MAE) across the inner folds was
applied to the test partition of the outer fold and the clinical variables of outer fold test data were predicted. We repeated this procedure 100 times with different training and test partitions to
avoid subject selection bias. We assessed the prediction accuracy
by calculating linear correlations between the actual and predicted
clinical variables with their 95% confidence interval across 100 repetitions, as well as MAE. The significance of the correlation between actual and predicted values was assessed using 1000
permutation tests by randomly shuffling participant indices. A
null distribution was constructed, and it was deemed significant if
the real correlation value did not belong to 95% of the distribution
(two-tailed P 5 0.05). We compared our model with the baseline
model (i.e. predicted clinical variable = mean(training set clinical
variable)) and improved prediction performance of our model was
assessed using Meng’s z-test.85 To assess whether the frequency of
the selected brain regions derived from LASSO regression across
cross-validations and repetitions is related to microstructural and
functional gradients, we calculated spatial correlations between
cortex-wide probability distributions and each of the gradients.
Significance was assessed using 1000 spin tests.79,80 As a post-hoc
analysis, we correlated the cortical features of the highly probable
regions (selected probability 4 0.5) and clinical variables, and the
significance was calculated based on 1000 permutation tests by
randomly shuffling participant indices.
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asymmetry in the temporal lobes. Asymmetry patterns of TLE
were markedly different from regional differences in bilateral cortical thickness. Indeed, comparing cortical thickness between TLE
and healthy controls showed widespread and bilateral cortical
thickness reductions in TLE, with strongest effects in precentral,
paracentral and superior temporal regions (PFDR 5 0.05; Fig. 1A).
Findings were distributed across somatomotor, dorsal attention
and visual networks (Fig. 1B). Similarly, lobar stratification pointed
to multilobar effects, most marked in frontal, parietal and occipital
lobes in both hemispheres. Notably, spatial correlations between
atypical asymmetry and atrophy patterns in a single hemisphere
were very low and did not surpass null models with similar autocorrelation (r = 0.05, P = 0.27).79

correlated with atypical asymmetry index (r = –0.13, PFDR = 0.03),
reflecting elevated atypical asymmetry in temporo-limbic cortices
in TLE (Fig. 1C). On the other hand, it was positively and markedly
correlated with regional atrophy in TLE (r = 0.72; PFDR 5 0.001;
Fig. 1C). The difference between these two correlations was significant (P 5 0.001; Meng’s z-test),85 indicating a dissociation of atypical asymmetry and atrophy patterns with respect to the primary
microstructural gradient. The functional gradient differentiated
primary sensory from transmodal regions, and did not show a significant association with atypical inter-hemispheric asymmetry in
TLE (r = –0.10, PFDR = 0.12), but a low-to-moderate positive association with regional atrophy (r = 0.31, PFDR 5 0.001; Fig. 1D).

A diverging topographic landscape of TLE-related
atypical asymmetry and atrophy

We confirmed the above topographic divergence across individual
sites (Fig. 2A) by correlating microstructural and functional gradients with atypical asymmetry and regional atrophy in TLE for
each site separately (Fig. 2B). These follow-up analyses confirmed
our main findings (Fig. 1C and D) that showed dissociation between atypical asymmetry and atrophy patterns. Multisite analyses were expanded by assessing consistency at the level of

Next, we assessed spatial associations of epilepsy-related findings
with microstructural and functional gradients. The microstructural gradient depicted a continuous differentiation of cortical features between sensory and limbic areas, and was negatively

Consistency across sites and individuals
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Figure 1 Topography of atypical cortical asymmetry and atrophy patterns in TLE. (A) Atypical inter-hemispheric asymmetry of cortical thickness and
regional cortical atrophy between individuals with TLE relative to controls, calculated using ENIGMA-Epilepsy dataset. Blue regions indicate significant ipsilateral versus contralateral cortical thickness asymmetry/atrophy in TLE relative to controls. Patient hemispheres are sorted into ipsilateral/
contralateral to the seizure focus. (B) Effects (i.e. asymmetry index and cortical thickness) are stratified according to seven intrinsic functional communities67 and major lobes. (C) Associations between epilepsy-related findings and microstructural/functional gradients calculated using HCP dataset. Cortex-wide microstructural profile similarity matrix and scree plot describing connectome variance after identification of principal eigenvectors
are shown. The first principal eigenvector (microstructural gradient) is shown on the cortical surface. Spatial correlations between the principal
microstructural gradient and TLE-related effects (i.e. atypical cortical asymmetry and atrophy) are reported with scatter plots. (D) Identical analysis
to C but based on functional gradients. Cing = cingulate; DAN = dorsal attention network; DMN = default mode network; FPN = frontoparietal control
network; Front = frontal; Ins = insular; LBN = limbic network; Occ = occipital; Par = parietal; SMN = somatomotor network; Temp = temporal; VAN =
ventral attention network; VN = visual network.
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individual patients (Fig. 2C). Prevalent atypical asymmetry was
confirmed in somatomotor and limbic regions (Fig. 2D) and spatial
patterns revealed significant associations only with the microstructural gradient (r = 0.13/–0.02, PFDR = 0.04/0.42 for microstructural/functional gradients; Fig. 2E). The consistency probability of
regional cortical atrophy showed higher consistency in sensory,
precuneus and temporal regions, and it showed significant negative correlations with both gradients (r = –0.29/–0.30, PFDR 5 0.001/
50.001), supporting patient-level consistency.

sensorimotor and limbic regions for age at seizure onset (Fig. 3D).
As in the main analyses, we observed significant associations of
the selected probability with connectome gradients (disease duration: r = –0.27/–0.34 PFDR = 0.002/50.001 for microstructural/functional gradients; age at seizure onset: r = –0.25/0.03 PFDR 5 0.001/
0.35; Fig. 3B and E). Associations in highly probable regions
(selected probability 4 0.5) were negative, i.e. disease duration/age
at seizure onset associated with cortical thickness reductions
(r = –0.30/–0.21, permutation test P 5 0.001/50.001; Fig. 3C and F).

Associations with clinical variables

Sensitivity analyses

Utilizing supervised machine learning, we probed associations of
both atypical inter-hemispheric asymmetry and regional atrophy
with disease duration and age at seizure onset. While cortical atrophy significantly predicted the clinical variables outperforming
the baseline model (disease duration: mean ± SD r = 0.26 ± 0.02,
MAE = 11.38 ± 0.10, Meng’s z-test P 5 0.001; age at seizure onset:
r = 0.17 ± 0.02, MAE = 9.91 ± 0.08, Meng’s z-test P = 0.01), atypical
asymmetry did not (disease duration: Meng’s z-test P = 0.27; age at
seizure onset: Meng’s z-test P = 0.20; Fig. 3A,D). Considering cortical atrophy, sensorimotor, medial/lateral temporal, and precuneus were frequently selected across cross-validations as salient
features for the prediction for disease duration (Fig. 3A), and

Several analyses supported robustness of our main findings.

Left and right TLE
We repeated the above analyses in left and right TLE separately.
While the degree of asymmetry was stronger in left than right TLE,
findings were overall consistent (Supplementary Fig. 2). In the
temporal lobe, while both left and right TLE patients showed more
pronounced ipsilateral cortical atrophy, ipsilateral atrophy in left
TLE was more marked than in right TLE, while contralateral atrophy was stronger in the latter subgroup (Supplementary Fig. 2E
and F).
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Figure 2 Consistency of atypical cortical asymmetry and atrophy. (A) World map of data acquisition sites. (B) Spatial correlations between topographic gradients and atypical cortical asymmetry/atrophy patterns of all sites. (C) Schema describing the computation of patient-wise consistency probability. The number of patients with large deviations of cortical features (i.e. atypical inter-hemispheric asymmetry or regional cortical atrophy) was
counted. (D) Consistency probability of atypical cortical asymmetry and atrophy. (E) Spatial correlations between consistency probability and topographic gradients.

Atypical asymmetry and atrophy in TLE
Different density of connectivity matrix
We repeated our analyses by varying the thresholds of microstructural and functional connectivity matrices across different densities (20%, 30%, 40%, 50%). Gradients and their associations with
inter-hemispheric asymmetry, as well as regional atrophy,
remained consistent (Supplementary Fig. 3).

We also repeated the analysis after building gradients using a different dataset comprising both healthy individuals and patients
with TLE. Microstructural and functional gradients were highly
similar to those from the HCP dataset, and topographic associations between TLE-related asymmetry/atrophy and cortical gradients remained consistent when using gradients based on a
combined dataset of healthy individuals and patients with TLE
(Supplementary Fig. 4).

Volumetry of subcortical regions and the hippocampus
We also studied the volume of subcortical structures as well as the
hippocampus. While atypical asymmetry and atrophy patterns
both supported marked ipsilateral hippocampal effects
(PFDR 5 0.05; Supplementary Fig. 5A), spatial correlations between
atypical inter-hemispheric asymmetry and regional atrophy were
moderate and not significant (r = 0.51, P = 0.06). As for the cortical
thickness-based results, these findings were consistent across individual subjects (Supplementary Fig. 5B). When we considered
both cortical thickness and subcortical/hippocampal volume, we
were able to confirm our initial results in that atrophy but not
atypical asymmetry related to age at seizure onset, while disease
duration was significantly associated with both measures, outperforming the baseline model (atypical asymmetry: P = 0.004 for disease duration, P = 0.14 for age at seizure onset; atrophy: P 5 0.001
for both disease duration and age at seizure onset; Meng’s z-test;
Supplementary Fig. 5C).

Discussion
Together with the multisite ENIGMA-Epilepsy initiative,34,36,52,87
we investigated patterns of atypical inter-hemispheric asymmetry
of cortical thickness and cross-sectional regional atrophy in a large
sample of TLE patients and healthy controls. In particular, we
studied whether (i) the spatial distribution of atypical inter-hemispheric asymmetry differed from patterns of regional atrophy in
TLE relative to controls; (ii) these patterns follow different topographic principles of cortical organization, particularly with respect to microstructural and functional gradients; and (iii) these
effects showed a differential association to effects of epilepsy duration and age of onset. We found that atypical inter-hemispheric
asymmetry analysis and regional atrophy mapping provide complementary insights into the pathology of TLE in vivo, with atypical
asymmetry showing an ipsilateral limbic signature, while crosssectional cortical thickness mapping indicated widespread and bilateral atrophy in TLE. Atypical asymmetry and atrophy patterns
of the cortex were also differentially associated with microstructural and functional gradients representing core axes of cortical organization,39–41,44,88 supporting a topographic divergence of these
two characterizations of TLE-related pathology. Findings were consistent across different sites and participants, corroborating generalizability. While cortical atrophy was correlated with disease
duration and age at seizure onset, atypical asymmetry did not
show an association to these variables. Collectively, our study
underscores complementarity of atypical asymmetry and atrophy
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mapping for in vivo pathology mapping, which will be relevant for
future imaging biomarker discovery and validation efforts.
In managing TLE patients, preoperative lateralization of temporal lobe pathology is key to define the surgical target and often
relies on the qualitative visual assessment of inter-hemispheric
asymmetry. Quantitative imaging analyses in clinical and research
settings can be geared towards the identification of asymmetry,
and several prior studies have systematically investigated between-hemisphere differences in grey matter morphological
measures in TLE. Most of these studies have focused on the asymmetry of the hippocampus and adjacent mesiotemporal structures, suggesting marked limbic structural asymmetry in
TLE.19,21,37,89 Asymmetry analysis has several benefits, including
the ability to use a given patient as their own baseline while controlling for corresponding measures in controls. However, the field
lacks systematic analyses of asymmetry, particularly outside the
mesiotemporal region. There have been no quantitative comparisons of atypical inter-hemispheric asymmetry with maps of crosssectional regional atrophy mapping, in which measures in patients
with TLE are compared to groups of healthy controls. When carried
out in structures of the limbic system, atrophy mapping also
reveals structural compromise in TLE compared to healthy controls, with variable degrees of asymmetry ranging from relatively
ipsilateral to rather bilateral depending on the TLE subgroups.10,15,19 The advent of automated morphometric analysis
has resulted in a predominance of studies focusing on cross-sectional regional thickness comparisons, and relatively few largescale analyses have assessed the topography of atypical cortical
thickness asymmetry patterns in TLE.31–35,38 Notably, although
atypical asymmetry and atrophy are sometimes used interchangeably in the neuroimaging literature of TLE as in vivo indices of
pathology, our findings pointed to differences in the topography of
atypical cortical asymmetry and regional patterns of cross-sectional atrophy in TLE. Spatial correlation analysis confirmed this, failing to identify an association between these spatial patterns after
accounting for spatial autocorrelations. Atypical asymmetry in
TLE followed a more specific paralimbic topography with maximal
effects in the mesiotemporal lobe, in line with the classical conceptualizations of TLE as a limbic network disorder.1–3,90 On the
other hand, in line with prior single site analyses28–31 and recent
ENIGMA-Epilepsy studies,34,36,52 regional cortical atrophy mapping
confirmed ipsilateral mesiotemporal atrophy in TLE, as well as
widespread and bilateral effects outside paralimbic cortical areas.
Findings were consistent in both left and right TLE patients. Thus,
and despite both left and right TLE groups potentially showing different structural compromise,21,34,62,91–94 findings overall suggest a
similar divergence of atrophy and asymmetry patterns irrespective
of seizure focus lateralization.
Our findings were further contextualized by quantifying the
alignment of asymmetry and atrophy patterns along microstructural and functional gradients.39–41 Cortical microstructural gradients place sensorimotor cortices with strong laminar
differentiation and high myelin content at one end and paralimbic
regions with subtle myelination, low laminar differentiation and
increased synaptic densities at the other end.41,72 Microstructural
gradients, preserved across species,41,72,95 follow canonical models
of sensory–fugal cortical hierarchies88 and capture inter-regional
variations in heritability and plasticity.96 While also starting at
sensorimotor systems, the principal functional gradient radiates
towards transmodal networks, such as the default mode and frontoparietal systems, and not the paralimbic cortices.39 This divergence between microstructural and functional gradients may
relate to less tethering of phylogenetically more recent association
networks, such as the default mode network, from underlying signalling molecules97 and may more closely reflect macroscale
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functional organization.67 Spatial correlation analyses supported
the dissociation of atypical cortical asymmetry and atrophy patterns with respect to microstructural gradients, where we
observed increasing degrees of asymmetry towards the temporolimbic anchor of the microstructural gradient, while atrophy patterns increased towards primary sensorimotor and unimodal association areas. While confirming stronger effects towards
sensorimotor anchors in the case of atrophy patterns, functional
gradient associations were less conclusive about atypical asymmetry, indirectly underscoring the paralimbic pattern of the latter.

Furthermore, these findings may indicate that cortical morphological changes are better captured by microstructural than by
functional hierarchies, a finding echoing prior associations between intracortical cellular-synaptic factors and measures of cortical thickness.98–101 Both cortical thickness and microstructural
gradients were derived from structural MRI and thickness and
intracortical myelin are largely related to cortical cytoarchitecture,45,102 which could indeed explain a strong correlation between
atrophy and the microstructural gradient. It is, nevertheless, important to point out that cortical thickness and intracortical
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Figure 3 Associations between cortical features and clinical variables. (A) Probability of regions being selected across 5-fold nested cross-validation
and 100 repetitions for predicting duration of epilepsy using atypical asymmetry index (left) and regional atrophy (right). Correlations between actual
and predicted values of epilepsy duration are reported in the scatter plots. Black lines indicate the mean correlation and grey lines represent the 95%
CI for 100 iterations with different training/test datasets. (B) Linear correlations between gradients and selected probability. (C) Spatial correlations
between duration of epilepsy and atypical asymmetry index (left), as well as cortical atrophy (right) in highly probable (selected probability 4 0.5)
regions. (D–F) Identical analysis to A–C, but with respect to age at seizure onset. MAE = mean absolute error.
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Blümcke I, Thom M, Aronica E, et al. International consensus
classification of hippocampal sclerosis in temporal lobe epilepsy: A Task Force report from the ILAE Commission on
Diagnostic Methods. Epilepsia. 2013;54(7):1315–1329.
Thom M. Review: Hippocampal sclerosis in epilepsy: A neuropathology review. Neuropathol Appl Neurobiol. 2014;40(5):
520–543.
Bartolomei F, Khalil M, Wendling F, et al. Entorhinal cortex involvement in human mesial temporal lobe epilepsy: An electrophysiologic and volumetric study. Epilepsia. 2005;46(5):
677–687.
Ogren JA, Wilson CL, Bragin A, et al. Three-dimensional surface maps link local atrophy and fast ripples in human epileptic hippocampus. Ann Neurol. 2009;66(6):783–791.
Wiebe S, Blume WT, Girvin JP, Eliasziw M. A randomized, controlled trial of surgery for temporal-lobe epilepsy. N Engl J Med.
2001;345(5):311–318.
de Tisi J, Bell GS, Peacock JL, et al. The long-term outcome of
adult epilepsy surgery, patterns of seizure remission, and relapse: A cohort study. Lancet. 2011;378(9800):1388–1395.
Bernhardt BC, Hong SJ, Bernasconi A, Bernasconi N. Magnetic
resonance imaging pattern learning in temporal lobe epilepsy:
Classification and prognostics. Ann Neurol. 2015;77(3):436–446.
Bernhardt BC, Hong S, Bernasconi A, Bernasconi N. Imaging
structural and functional brain networks in temporal lobe epilepsy. Front Hum Neurosci. 2013;7:624.
Winston GP, Micallef C, Kendell BE, et al. The value of repeat
neuroimaging for epilepsy at a tertiary referral centre: 16 years
of experience. Epilepsy Res. 2013;105(3):349–355.
Larivière S, Bernasconi A, Bernasconi N, Bernhardt BC.
Connectome biomarkers of drug-resistant epilepsy. Epilepsia.
2020;62(1):6–19.
Cascino GD, Jack CR, Parisi JE, et al. Magnetic resonance imaging-based volume studies in temporal lobe epilepsy:
Pathological correlations. Ann Neurol. 1991;30(1):31–36.
Cendes F, Leproux F, Melanson D, et al. MRI of amygdala and
hippocampus in temporal lobe epilepsy. J Comput Assist
Tomogr. 1993;17(2):206–210.
van Paesschen W, Sisodiya S, Connelly A, et al. Quantitative
hippocampal MRI and intractable temporal lobe epilepsy.
Neurology. 1995;45(12):2233–2240.
Kuzniecky RI, Bilir E, Gilliam F, et al. Multimodality MRI in mesial temporal sclerosis: Relative sensitivity and specificity.
Neurology. 1997;49(3):774–778.
Briellmann RS, Jackson GD, Kalnins R, Berkovic SF.
Hemicranial volume deficits in patients with temporal lobe
epilepsy with and without hippocampal sclerosis. Epilepsia.
1998;39(11):1174–1181.
Bernasconi N, Bernasconi A, Caramanos Z, Antel SB,
Andermann F, Arnold DL. Mesial temporal damage in temporal lobe epilepsy: A volumetric MRI study of the hippocampus, amygdala and parahippocampal region. Brain. 2003;126(Pt
2):462–469.
Bonilha L, Rorden C, Castellano G, et al. Voxel-based morphometry reveals gray matter network atrophy in refractory
medial temporal lobe epilepsy. Arch Neurol. 2004;61(9):
1379–1384.
Bonilha L, Rorden C, Halford JJ, et al. Asymmetrical extra-hippocampal grey matter loss related to hippocampal atrophy in

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

B.-y. Park et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

patients with medial temporal lobe epilepsy. J Neurol Neurosurg
Psychiatry. 2007;78(3):286–294.
Seidenberg M, Kelly KG, Parrish J, et al. Ipsilateral and contralateral MRI volumetric abnormalities in chronic unilateral
temporal lobe epilepsy and their clinical correlates. Epilepsia.
2005;46(3):420–430.
Pulsipher DT, Seidenberg M, Morton JJ, Geary E, Parrish J,
Hermann B. MRI volume loss of subcortical structures in unilateral temporal lobe epilepsy. Epilepsy Behav. 2007;11(3):
442–449.
Keller SS, Roberts N. Voxel-based morphometry of temporal
lobe epilepsy: An introduction and review of the literature.
Epilepsia. 2008;49(5):741–757.
Bonilha L, Halford JJ, Riederer F, Baumgartner C. Network atrophy in temporal lobe epilepsy: A voxel-based morphometry
study. Neurology. 2009;72(23):2052–2052.
Bonilha L, Rorden C, Castellano G, Cendes F, Li LM. Voxelbased morphometry of the thalamus in patients with refractory medial temporal lobe epilepsy. Neuroimage. 2005;25(3):
1016–1021.
Bonilha L, Elm JJ, Edwards JC, et al. How common is brain atrophy in patients with medial temporal lobe epilepsy? Epilepsia.
2010;51(9):1774–1779.
Lin JJ, Salamon N, Lee AD, et al. Reduced neocortical thickness
and complexity mapped in mesial temporal lobe epilepsy with
hippocampal sclerosis. Cereb Cortex. 2007;17(9):2007–2018.
Bernhardt BC, Bernasconi N, Concha L, Bernasconi A. Cortical
thickness analysis in temporal lobe epilepsy: Reproducibility
and relation to outcome. Neurology. 2010;74(22):1776–1784.
Bernhardt BC, Worsley KJ, Besson P, et al. Mapping limbic network organization in temporal lobe epilepsy using morphometric correlations: Insights on the relation between
mesiotemporal connectivity and cortical atrophy. Neuroimage.
2008;42(2):515–524.
McDonald CR, Hagler DJ, Ahmadi ME, et al. Regional neocortical thinning in mesial temporal lobe epilepsy. Epilepsia. 2008;
49(5):794–803.
Galovic M, Van Dooren VQH, Postma TS, et al. Progressive cortical thinning in patients with focal epilepsy. JAMA Neurol.
2019;76(10):1230–1239.
Bernhardt BC, Rozen DA, Worsley KJ, Evans AC, Bernasconi N,
Bernasconi A. Thalamo-cortical network pathology in idiopathic generalized epilepsy: Insights from MRI-based morphometric correlation analysis. Neuroimage. 2009;46(2):373–381.
Whelan CD, Altmann A, Botıa JA, et al. Structural brain abnormalities in the common epilepsies assessed in a worldwide
ENIGMA study. Brain. 2018;141(2):391–408.
Weng Y, Larivière S, Caciagli L, et al. Macroscale and microcircuit dissociation of focal and generalized human epilepsies.
Commun Biol. 2020;3(1):1–11.
Sisodiya SM, Whelan CD, Hatton SN, et al.; ENIGMA
Consortium Epilepsy Working Group. The ENIGMA-Epilepsy
working group: Mapping disease from large data sets. Hum
Brain Mapp. 2020;1–16.
Bonilha L, Kobayashi E, Rorden C, Cendes F, Li LM. Medial temporal lobe atrophy in patients with refractory temporal lobe
epilepsy. J Neurol Neurosurg Psychiatry. 2003;74(12):1627–1630.
Alhusaini S, Doherty CP, Palaniyappan L, et al. Asymmetric
cortical surface area and morphology changes in mesial temporal lobe epilepsy with hippocampal sclerosis. Epilepsia. 2012;
53(6):995–1003.
Margulies DS, Ghosh SS, Goulas A, et al. Situating the defaultmode network along a principal gradient of macroscale cortical organization. Proc Natl Acad Sci USA. 2016;113(44):
12574–12579.

Downloaded from https://academic.oup.com/brain/advance-article/doi/10.1093/brain/awab417/6432033 by University of Liverpool user on 29 March 2022

12

Atypical asymmetry and atrophy in TLE

| 13

61. Sarica A, Vasta R, Novellino F, Vaccaro MG, Cerasa A,
Quattrone A. MRI asymmetry index of hippocampal subfields
increases through the continuum from the mild cognitive impairment to the Alzheimer’s disease. Front Neurosci. 2018;12:
576.
62. Liu M, Bernhardt BC, Bernasconi A, Bernasconi N. Gray matter
structural compromise is equally distributed in left and right
temporal lobe epilepsy. Hum Brain Mapp. 2016;37(2):515–524.
63. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in
microarray expression data using empirical Bayes methods.
Biostatistics. 2007;8(1):118–127.
64. Fortin JP, Cullen N, Sheline YI, et al. Harmonization of cortical
thickness measurements across scanners and sites.
Neuroimage. 2018;167:104–120.
65. Worsley KJ, Taylor JE, Carbonell F, et al. SurfStat: A Matlab toolbox for the statistical analysis of univariate and multivariate
surface and volumetric data using linear mixed effects models
and random field theory. Neuroimage. 2009;47(Suppl):S102.
66. Benjamini Y, Hochberg Y. Controlling the false discovery rate:
A practical and powerful approach to multiple testing. J R Stat
Soc. 1995;57(1):289–300.
67. Yeo BTT, Krienen FM, Sepulcre J, et al. The organization of the
human cerebral cortex estimated by intrinsic functional connectivity. J Neurophysiol. 2011;106(3):1125–1165.
68. Hong SJ, Xu T, Nikolaidis A, et al. Toward a connectivity gradient-based framework for reproducible biomarker discovery.
Neuroimage. 2020;223:117322.
69. Hong S-J, Vos De Wael R, Bethlehem RAI, et al. Atypical functional connectome hierarchy in autism. Nat Commun. 2019;
10(1):102270. Valk SL, Xu T, Margulies DS, et al. Shaping brain structure:
Genetic and phylogenetic axes of macroscale organization of
cortical thickness. Sci Adv. 2020;6(39):1–15.
71. Müller EJ, Munn B, Hearne LJ, et al. Core and matrix thalamic
sub-populations relate to spatio-temporal cortical connectivity gradients. Neuroimage. 2020;222:117224.
72. Huntenburg JM, Bazin PL, Goulas A, Tardif CL, Villringer A,
Margulies DS. A systematic relationship between functional
connectivity and intracortical myelin in the human cerebral
cortex. Cereb Cortex. 2017;27(2):981–997.
73. Park B, Vos de Wael R, Paquola C, et al. Signal diffusion along
connectome gradients and inter-hub routing differentially
contribute to dynamic human brain function. Neuroimage.
2021;224:117429.
74. Larivière S, Vos de Wael R, Hong S-J, et al. Multiscale structure–function gradients in the neonatal connectome. Cereb
Cortex. 2020;30(1):47–58.
75. Coifman RR, Lafon S. Diffusion maps. Appl Comput Harmon
Anal. 2006;21(1):5–30.
76. Tenenbaum JB, V de S, Langford JC. A global geometric framework for nonlinear dimensionality reduction. Science. 2000;
290(5500):2319–2323.
77. von Luxburg U. A tutorial on spectral clustering. Stat Comput.
2007;17(4):395–416.
78. Park B, Park H, Morys F, et al. Inter-individual body mass variations relate to fractionated functional brain hierarchies.
Commun Biol. 2021;4(1):1–12.
79. Alexander-Bloch AF, Shou H, Liu S, et al. On testing for spatial
correspondence between maps of human brain structure and
function. Neuroimage. 2018;178:540–551.
80. Larivière S, Paquola C, Park B, et al. The ENIGMA toolbox:
Multiscale neural contextualization of multisite neuroimaging
data sets. Nat Methods. 2021;18(7):698–700.
81. Varma S, Simon R. Bias in error estimation when using crossvalidation for model selection. BMC Bioinformatics. 2006;7:91.

Downloaded from https://academic.oup.com/brain/advance-article/doi/10.1093/brain/awab417/6432033 by University of Liverpool user on 29 March 2022

40. Huntenburg JM, Bazin PL, Margulies DS. Large-scale gradients
in human cortical organization. Trends Cogn Sci. 2018;22(1):
21–31.
41. Paquola C, Vos De Wael R, Wagstyl K, et al. Microstructural
and functional gradients are increasingly dissociated in transmodal cortices. PLoS Biol. 2019;17(5):e3000284.
42. Deco G, Ponce-Alvarez A, Mantini D, Romani GL, Hagmann P,
Corbetta M. Resting-state functional connectivity emerges
from structurally and dynamically shaped slow linear fluctuations. J Neurosci. 2013;33(27):11239–11252.
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