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Abstract

Focal epilepsy is characterized by repeated spontaneous seizures that originate from

cortical epileptogenic zone networks (EZN). Analysis of intracerebral recordings

showed that subcortical structures, and in particular the thalamus, play an important

role in seizure dynamics as well, supporting their structural alterations reported in the

neuroimaging literature. Nonetheless, between-patient differences in EZN localiza-

tion (e.g., temporal vs. non-temporal lobe epilepsy) as well as extension (i.e., number

of epileptogenic regions) might impact the magnitude as well as spatial distribution of

subcortical structural changes. Here we used 7 Tesla MRI T1 data to provide an

unprecedented description of subcortical morphological (volume, tissue deformation,

and shape) and longitudinal relaxation (T1) changes in focal epilepsy patients and

evaluate the impact of the EZN and other patient-specific clinical features. Our

results showed variable levels of atrophy across thalamic nuclei that appeared most

prominent in the temporal lobe epilepsy group and the side ipsilateral to the EZN,

while shortening of T1 was especially observed for the lateral thalamus. Multivariate

analyses across thalamic nuclei and basal ganglia showed that volume acted as the

dominant discriminator between patients and controls, while (posterolateral) thalamic

T1 measures looked promising to further differentiate patients based on EZN localiza-

tion. In particular, the observed differences in T1 changes between thalamic nuclei

indicated differential involvement based on EZN localization. Finally, EZN extension

was found to best explain the observed variability between patients. To conclude,

this work revealed multi-scale subcortical alterations in focal epilepsy as well as their

dependence on several clinical characteristics.
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1 | INTRODUCTION

Focal epilepsy is a chronic neurological disorder that is characterized

by repeated spontaneous seizures caused by abnormal neuronal

rhythms. These seizures typically start in one or several specific

regions of the brain (i.e., epileptogenic zone, or EZ) and propagate to

other regions or the whole brain. The EZ is part of a hierarchical net-

work organization with subnetworks involved in the generation

(i.e., epileptogenic zone network, EZN) and propagation

(i.e., propagation network, PN) of epileptic activities across the brain

(Bartolomei et al., 2017). Brain abnormalities might extend well

beyond the EZ, involving regions that correlate with cognitive impair-

ment but are only affected by seizure propagation or even spared

from ictal discharges (i.e., non-involved networks). In approximately

30% of patients, epileptic seizures cannot be controlled by medication

(Fattorusso et al., 2021; Kwan et al., 2010), thereby significantly ham-

pering the patient's quality of life (Loring et al., 2004).

Network approaches—based on the mapping of inter-regional

connectivity or covariance—showed that focal epilepsy indeed affects

the whole-brain and that focal structural and functional changes

within the EZ appear to act more as a set of nodes in a larger network

of affected regions (Larivière et al., 2021; Rodriguez-Cruces

et al., 2022). For example, changes in cortical morphometry and con-

nectivity have been consistently observed across the cortical mantle

(Drenthen et al., 2018; Larivière et al., 2020; Larivière et al., 2022;

Whelan et al., 2018; Wirsich et al., 2016). Direct longitudinal relaxa-

tion time (T1) mapping showed a prolongation of T1 relaxation times

in temporopolar, orbitofrontal and para-hippocampal regions indicat-

ing alterations at the microstructural level as well (Bernhardt

et al., 2018).

Increasing evidence points to a crucial role for subcortical struc-

tures in facilitating and/or propagating epileptic activity (Pizzo

et al., 2021) as integrative hubs for brain connectivity (Bell &

Shine, 2016). In particular the thalamus, with its complex organization

and nuclei, is a key gateway for cortico-subcortical interactions facili-

tating precise motor-sensory to broad cognitive functioning

(Sherman, 2016; Shine, 2021). Not surprisingly, accumulating evi-

dence using stereoelectroencephalography (SEEG; Guye et al., 2006;

Pizzo et al., 2021; Rosenberg et al., 2006) and MRI (Bernhardt

et al., 2012; Guye et al., 2006; Keller et al., 2014) reveal a prominent

involvement of the thalamus in temporal lobe epilepsy (TLE). It has

been demonstrated that previously observed cortical alterations in T1

extend into the thalamic region as well, positioning thalamic T1 as a

promising metric to differentiate patients from controls (Tang

et al., 2022) and complementing earlier observations of altered tha-

lamic morphology (Keller et al., 2014; Whelan et al., 2018). Nonethe-

less, most of the published works has focused on the thalamus as a

whole, a single metric, and/or a single type of focal epilepsy (mainly

TLE). In addition, much of the current knowledge is derived from

3 Tesla (3T) MRI data which are suboptimal for identification of indi-

vidual thalamic nuclei, as well as for detection of subtle differences

across patients. Here, 7T MRI and its superior sensitivity is suitable

alternative to probe the brain's subcortical gray matter at a much finer

scale and with superior tissue contrast in the context of both health

and disease (Duyn, 2018; Marques et al., 2010; Opheim et al., 2020;

Pohmann et al., 2016; Trattnig et al., 2018). Compared to 3T MRI, its

increased signal-to-noise ratio provides unique opportunities for sub-

millimeter quantification of changes specific to certain thalamic nuclei

and regions which are difficult to identify at lower field strengths,

such as the claustrum (Marques et al., 2010; Pohmann et al., 2016).

Thus, so far it has remained elusive how each of the previous,

separate subcortical observations scale among each other based on

(i) metric type (e.g., morphometry vs. T1), (ii) thalamic nuclei and basal

ganglia, and/or depend on (iii) the type of focal epilepsy (e.g., TLE

vs. non-TLE) or (iv) clinical features (e.g., number of epileptogenic

regions, seizure frequency, left vs. right seizure onset). By leveraging

7T MRI anatomical data, this study aims to fill this knowledge gap by

using a multi-scale exploration of thalamic (nuclei) and basal ganglia

alterations based on morphological (volume, deformation, and shape)

and T1 relaxation time parameters in a heterogeneous patient popula-

tion consisting of TLE and non-TLE patients. Then, driven by the

patient heterogeneity, we will employ a multivariate data-driven

approach to highlight patterns within the subcortical MRI phenotype

(i.e., combining all MRI features) that relate to differences in EZN and

other clinical features.

2 | MATERIALS AND METHODS

2.1 | Study cohort

We retrospectively included all consecutive patients with drug-

resistant focal epilepsy who underwent the presurgical evaluation at

our center with available 7T brain MRI and SEEG recordings between

June 2017 and October 2020. The SEEG recordings were performed

in all patients as part of a routine clinical care according to the French

guidelines (Isnard et al., 2018). The 7T MRI scans were acquired in the

framework of two prospective studies recruiting patients undergoing

presurgical evaluation for drug-resistant focal epilepsy: the EPINOV

trial (NCT03643016) and the local EPI study. Both studies were

approved by the local ethics committee, and all participants gave writ-

ten consent. From the initial 52, five patients were excluded for sub-

optimal quality of MRI data and two patients were excluded because

SEEG was performed before the MRI. A last patient was excluded

because of a large cerebral pial angioma that altered the anatomy and

prevented adequate brain segmentation. Finally, data from 44 patients

were used for further analyses. Patients were classified into five

groups according to the EZN anatomo-functional organization as

defined by visual and quantitative SEEG data analyses (Bartolomei

et al., 2008) by expert neurologists (authors F.B. and J.M.): (i) temporal

plus, with EZN either limited to the temporal regions or with maximal

epileptogenicity within the temporal lobe but EZN extension to some

extratemporal regions (e.g., temporo-insular, temporo-frontal,

temporo-occipital, N = 25); (ii) prefrontal, with EZN involving prefron-

tal regions (N = 8); (iii) posterior, with EZN involving parietal and/or

occipital regions (N = 5); (iv) insulo-opercular, with EZN involving the
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insula and/or opercular cortex (N = 3); and (v) central-premotor, with

EZN involving the primary motor and/or premotor cortex (N = 3). A

second grouping-level was added by separating between temporal

(i.e., temporal plus group patients, “TLE,” N = 25) and non-temporal

patients (all other groups, “NTLE,” N = 19) together to gain statistical

power. Finally, we recruited 33 age- and sex-matched healthy controls

for comparison.

2.2 | Image acquisition

All data were acquired on a Siemens Magnetom 7T MRI system

(Siemens Healthineers, Erlangen, Germany) equipped with a

32-channel head coil (Nova Medical, Inc., Wilmington, MA). Whole

brain B1
+ and T1 maps were acquired using a spin-echo-based, asses-

sing the ratio of consecutive spin and stimulated echoes and 3D Mag-

netization Prepared with 2 Rapid Acquisition Gradient Echoes

(MP2RAGE) sequence, respectively (Marques et al., 2010). The

MP2RAGE sequence produces a T1-weighted (T1w) image with a spa-

tially normalized contrast and minimal receive bias. Acquisition param-

eters were: TRmpr/TR/TE/TI1/TI2 = 5000/7.4/3.13/2750 ms, α1/

α2 = 6�/5�, FOV = 240 mm (matrix size: 402 � 402), 256 partitions, a

parallel imaging acceleration factor of 3 (2D GRAPPA), and Partial

Fourier factors of 6/8 in both phase- and partition-encoding direc-

tions. This resulted in a nominal isotropic voxel size = 0.6 mm and a

total acquisition time of 10.12 min.

2.3 | Image preprocessing

The MP2RAGE data were used to segment thalamic nuclei and other

basal ganglia for extracting morphometric and T1 features.

MP2RAGE anatomical data preprocessing included (i) correction for

gradient non-linearities using the “gradunwarp” tool provided by the

Human Connectome Project (HCP, https://github.com/Washington-

University/gradunwarp); (ii) post hoc T1 correction for residual B1
+

inhomogeneities; (iii) a skull stripping workflow optimized for

MP2RAGE data using “PreSurfer” and (iv) cortical surface recon-

struction and parcellation using FreeSurfer (v7.1.1). The MP2RAGE

data were corrected for B1
+ inhomogeneities resulting in a “cor-

rected” T1w (i.e., UNI) and quantitative T1 map, synthesized using a

lookup table specific for the current sequence setup (https://github.

com/JosePMarques/MP2RAGE-related-scripts; Marques &

Gruetter, 2013). Non-brain tissue was then removed using the

MP2RAGE's second inversion and (corrected) UNI images using

SPM12 functionalities wrapped within PreSurfer (https://github.

com/srikash/presurfer; Kashyap, 2021; Kashyap et al., 2021). The

skull stripped MP2RAGE T1w images were used as input for the sub-

millimeter processing workflow implemented in FreeSurfer (v7.1.1,

http://surfer.nmr.mgh.harvard.edu/) image analysis suite to obtain

brain tissue segmentations, estimated total intracranial volume

(eTIV) and white matter and pial surface reconstructions

(Fischl, 2012).

2.4 | Segmentation of thalamic nuclei and basal
ganglia

2.4.1 | 7TAMIBrain

An improved version of the recently published 7TAMIBrain pipeline

by Brun et al. was employed here for subcortical segmentation (Brun

et al., 2022), making use of 60 atlases constructed from the 7TAMI-

Brain dataset (Girard et al., 2021). This multi atlas label fusion (MALF;

Wang et al., 2013) approach renders the segmentation results more

robust and accurate, especially in cohorts with (potential) variable

anatomies. The most important steps are highlighted below but see

the Supplementary Methods for more details.

For each subject, its skull stripped T1 map was first coregistered to

each of the 60 atlases using the quick three stages registration procedure

(i.e., rigid + affine + deformable SyN atlas-to-subject registrations), as

implemented in ANTs “antsRegistrationSyNQuick” script (Avants

et al., 2008; Avants et al., 2011). Fixed target (i.e., subject to segment)

and moving (i.e., atlases) images were cropped (with matrix size = 192;

Fattorusso et al., 2021) and centered on the DGN atlases pre-segmented

via the single-atlas pipeline to optimize the computing time.

Second, the Joint Label Fusion algorithm and ANT's “antsJointLa-
belFusion2” script was used to merge the warped atlases into the indi-

vidual subject's space (Wang et al., 2013). Label fusion reduces the

impact of potential biases from the image registration while providing

a good spatial consistency for the label boundaries. By default, the

Joint Fusion method is only performed in voxels for which the atlas'

labeling consensus is lower than 80%, otherwise Majority Voting is

used to determine label assignment. For this work, Joint Fusion was

used for any voxel for which full consensus was not reached across all

atlases by setting this threshold at 100%. This reduces potential recur-

rent biases in the segmentation of epileptic subjects with large ana-

tomical differences from the healthy controls of 7TAMIBrain dataset.

2.4.2 | THOMAS

To assess the impact of atlas choice on the thalamic results, thalamic

nuclei were additionally segmented using THOMAS (Su et al., 2019).

Since THOMAS is optimized to work with white matter-nulled (WMn)

Magnetization Prepared with Rapid Acquisition Gradient Echoes

(MPRAGE) images (i.e., enhanced thalamic-white matter contrast),

MP2RAGE T1 maps were first white matter-nulled using a recently

proposed thresholding method based on the inversion recovery signal

equation (Datta et al., 2021):

Msynth ¼M0 1�2e
�n
T1

� �
: ð1Þ

Here, a T1 threshold of 700 ms. was found to provide most reli-

able performance as assessed through visual inspection of segmenta-

tion results using varying thresholds. The WMn T1 maps were than

used as input for the joint-fusion THOMAS pipeline (https://github.

com/thalamicseg/thomas_new).
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2.5 | MRI feature extraction

Different MRI features were extracted from the MRI data using the

thalamic (both atlases) and basal ganglia segmentations (7TAMIBrain

atlas only).

2.5.1 | Volume-based features

For each ROI, total volume was computed (mm3) while longitudinal

relaxation time (T1, ms) were averaged across voxels. In addition,

voxel-wise deformations were obtained by warping the 7TAMIBrain

T1 template to the subject's T1 map. Here, a non-linear registration

was performed using ANTs' deformable (diffeomorphic)

registration (with shrink factors: 12 � 6 � 4 � 2 � 1; smoothing fac-

tors: 6 � 3 � 2 � 1 � 0 vox; max iterations: 100 � 100 � 70

� 50 � 10; transformation model: SyN; similarity metric: cross-corre-

lation; Avants et al., 2008). The resulting affine transformation matrix

and non-linear transformation field were combined to obtain a single

displacement field. Local change in tissue density was then estimated

as the derivative of the displacement of a given voxel in each direc-

tion. The derivatives can be calculated as the determinant of the Jaco-

bian matrix using ANTs' ComputeJacobianDeterminant function. The

absolute value of the Jacobian determinant at voxel p gives us the fac-

tor by which the tissue expands or shrinks near p. By taking the loga-

rithm of the determinant, no change is given by 0, tissue loss is given

by a positive value, and tissue expansion is given by a negative value.

Average deformation-based morphometry (DBM) values were

obtained by averaging across all voxels within each ROI.

2.5.2 | Surface-based features

To assess changes in shape, surface-based metrics were extracted fol-

lowing the procedure described previously and using openly available

image processing scripts (https://github.com/khanlab/surfmorph;

Khan et al., 2019). The subject's T1w image and labels were first

aligned along the AC-PC plane, following the HCP procedure, to

enable left–right flipping to combine analyses of the left and right

hemisphere labels. Fuzzy labels for each of the subject's labels (ROIs)

were then obtained by smoothing the binary ROI label with a

1 � 1 � 1 mm kernel size. The fuzzy (i.e., smoothed) labels for each of

the ROIs, for each subject, were transformed to MNI space using lin-

ear transformations based on the subject's MP2RAGE T1w to MNI

volume transformation. These linearly aligned labels were used to

generate unbiased averages for surface generation by iterating

through steps of (i) template generation by averaging across subjects,

and (ii) registration of each segmentation image to this template using

LDDMM registration. The resulting fuzzy segmentation was then used

to generate the ROI's template surface through a 50% probability iso-

surface. The 3D volume of the ROI's template was then fit to each

subject's segmentation using LDDMM, with affine initialization to pro-

vide vertex-wise correspondence between all surfaces of that specific

ROI. The template surface was then propagated to each subject's ROI,

to provide surfaces with common indices for projecting vertex dis-

placement values and extraction of additional shape features. As such,

vertex area and surface curvature were extracted using the “surface-
vertex-areas” and “surface-curvature” Connectome Workbench

(v1.5.0) command line functions, respectively (Marcus et al., 2011).

Please, see Figure S1 for a schematic of this procedure.

Please note that single surfaces were constructed for the thala-

mus (i.e., by grouping thalamic nuclei) and striatum (i.e., caudate

nucleus, nucleus accumbens, and putamen). However, nuclei-specific

averages were calculated through thalamic and striatal surface atlases.

To construct thalamic and striatal surface-based nuclei atlases,

subject-specific volume labels were propagated toward the subject's

surface models along the closest vertex normal, after which Majority

Voting (i.e., across all subjects) was used to assign a label to each ver-

tex. ROI-wise displacement, area and curvature were then reduced to

a single shape component through principal component analyses.

2.6 | Statistical analysis

Prior to statistical analyses, ROI-results were corrected for confound-

ing, linear effects of age, head size (both continuous), and sex (male

vs. female) and hemisphere (left vs. right) using the confounds (v.0.1.1)

Python package (Raamana, 2020). Contributions of confounding vari-

ables to the given feature were determined using a linear regression

model based on data obtained in control subjects only. Control and

patient feature data were then “residualized” by subtracting the con-

tributions from the confound variables and z-scored using the

controls' mean and standard deviation. An overview of the impact of

each of these confounding factors on the different metrics can be

found in Figure S2. Eventually, a data matrix of Nsubjects � [Nfeature type

� NROIs � Nsides] was derived that was used as input for the following

statistical analyses.

2.6.1 | Feature-wise comparison

Assessment of statistical differences of MRI features between subject

groups was performed using (multivariate) analyses of variance

(ANOVA). Besides correcting for age, head size, sex and hemisphere

(see paragraph on confounder correction), multivariate ANOVA

(MANOVA) and/or Bonferroni multiple comparisons correction was

used in case of across nuclei and/or pair-wise statistical comparisons,

respectively. Moreover, for each feature, ipsilateral minus contralat-

eral differences were computed to assess possible unilateral changes.

2.6.2 | Partial least squares analyses

Partial least squares (PLS) analyses were carried out to further

explore the variability in MRI-based features between groups

(i.e., mean-centered PLS) and with respect to the clinical features

HAAST ET AL. 4757
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across patients (i.e., behavioral PLS) using the PyPLS Python package

(https://github.com/netneurolab/pypyls; Kirschner et al., 2020;

McIntosh & Miši�c, 2013). Compared to mass-univariate (Pearson or

Spearman) correlation analyses, PLS works well with data character-

ized by multicollinearity, as is the case for the current collection of

MRI features. Mean-centered PLS is a multivariate statistical

approach that defines sets of variables in a matrix (Xn�p) which maxi-

mally discriminate between subgroups within the matrix. Here, the

n rows represent the individual subjects and p columns the MRI-

based features. The resulting latent variable (LV) then constitutes a

weighted combination of all MRI-based features that best differenti-

ates groups (e.g., “TLE vs. NTLE vs. controls”). On the other hand,

behavioral PLS identifies weighted patterns of variables across two

given matrices (Xn�p and Yn�p) that maximally covary with each

other. For example, when comparing patients' MRI-based features in

matrix X and patients' clinical phenotype in matrix Y. Statistical eval-

uation of PLS results was performed using permutation tests

(N = 10,000) to assess significance of overall patterns (i.e., LVs) and

by bootstrap resampling (N = 10,000) to rank MRI and clinical fea-

tures based on importance/reliability.

A graphical overview of the analytical pipeline is displayed in

Figure 1 The directed acyclic graph in Figure S3 shows a detailed

overview of the different (pre)processing steps.

3 | RESULTS

3.1 | Clinical features

Demographic characteristics and clinical data for all patients are

shown in Table 1. The mean age at epilepsy onset was 12.6 (range

0.1–40) years, mean duration of epilepsy was 18.3 (range 2–47) years.

Left and right seizure onset was observed in 23 (52%) and 21 (48%)

cases, respectively, while on average 5.25 (range 1–14) regions were

categorized as epileptogenic with a mean seizure frequency of 38.7

(range 2–300) per month. Anatomical MRI appeared normal in

25 (57%) and showed a structural abnormality in 19 (43%) of the cases

based on 3T examinations. For one patient, the MRI showed a lesion

at 7T while this was normal at 3T. Epilepsy etiology according to MRI

and available histopathological findings included gliosis in seven, focal

cortical dysplasia (FCD) type I/II/III in respectively five, nine and one

patient(s), dysembryoplastic neuroepithelial tumor (DNET) in four;

polymicrogyria (PMG) in two and periventricular nodular heterotopia

(PNH) in two patients.

3.2 | MRI features

Figure 2 shows the full data matrix with rows representing subjects,

grouped based on epilepsy type, and columns representing the indi-

vidual MRI features organized per metric type (i.e., volume, deforma-

tion, shape, and T1), brain structure (thalamic nuclei and other basal

ganglia) and side with respect to seizure onset for patients (ipsilateral

vs. contralateral), while based on hemisphere for control subjects.

From this birds-eye view, both volume and T1 show lower z-scores

(i.e., brighter blue) for the patients compared to controls while the

opposite pattern is true for deformation and shape (i.e., brighter red).

In the following sections will present these results in more detail

focusing first on thalamic volume and T1, after which these will be

analyzed in conjunction with the remaining MRI features (deformation

and shape), other basal ganglia data, as well as patient-specific clinical

features using PLS analyses.

F IGURE 1 Schematic display of the analytical pipeline. (a) First, high resolution T1 maps were used to segment the thalamus and other basal
ganglia. (b) Several MRI features were then extracted, focusing on morphometry, and longitudinal relaxation time (T1). Surface-based metrics
related to shape (i.e., displacement, area, and curvature) were reduced to a single shape component. (c) Statistical analyses were performed for
(1) group-wise comparisons as well as (2) identification of latent variables.
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3.2.1 | Volume

Previous work has shown thalamic volume reduction in TLE. To con-

firm these effects in the current study cohort, as well as to investigate

potential TLE and NTLE and nuclei-specific differences, we compared

thalamic changes at a global scale (i.e., whole thalamus) as well as at

the single nucleus-level.

At the level of the whole thalamus (Figure 3a), ipsilateral and

contralateral thalamic volumes were significantly different

between groups (F2,76 = 20.68, p < .001). Both groups of patients

had lower volumes compared to controls (p < .001). Thalamic vol-

ume was lower in the thalamus ipsilateral to the epileptogenic

zone compared to controls in TLE (p < .05), but not in NTLE

(p = .06). No significant differences were observed between TLE

and NTLE.

Thalamic nuclei volumes (Figure 3b) were lower than controls

in both focal epileptic groups (F18,138 = 3.502, p < .001; Wilk's

Λ = 0.471, partial η2 = .31). The strongest general group effect was

observed in the mediodorsal nucleus (F2,77 = 22.038, p < .001) with

differences originating from both TLE and NTLE (both p < .001)

groups compared to controls. The weakest (and only not signifi-

cant) group effect was observed for the anterior nucleus

(F2,77 = 2.956, p = .058). Asterisks below nuclei labels indicate

MANOVA (black), and pairwise comparison (orange for TLE and

blue for NTLE, vs. controls) results. Multivariate analysis across

thalamic nuclei did not show systematic ipsi- versus contralateral

volume differences between groups.

For brevity reasons, see the Supplementary Results

(section “Deformation and shape”) for extension of these analyses to

the other morphometric features.

3.2.2 | T1 relaxometry

Thalamic T1 relaxometry values (Figure 4a) were significantly modu-

lated by group (F2,76 = 3.80, p < .05), with differences coming from

the TLE patients compared to controls (p < .05).

As for volume, thalamic nuclei T1 (Figure 4b) values were lower

than controls in both focal epileptic groups (F18,13 = 2.230, p < .01;

Wilk's Λ = 0.600, partial η2 = .24). Here, the lateral group shows the

strongest effect (F2,77 = 3.228, p < .005) with similar contributions

from TLE (p < .05) and NTLE (p < .05) patients. As for volume, the

weakest effect was seen for the anterior nucleus (N.S.). T1 was not

significantly different between the ipsi- and contralateral sides.

3.3 | MRI versus clinical features

In previous sections we reported on thalamic changes, focusing on

the MRI features separately. Nonetheless, it remains unclear which

F IGURE 2 Z-scores heatmap. Individual MRI features are color-coded (thresholded at �1.5 and 1.5) as indicated by the horizontal bars on the
top according to metric type (volume, deformation, shape, and T1), brain structure (thalamus vs. other basal ganglia) and side with respect to seizure
onset for patients (contra- vs. ipsilateral), while left versus right for control subjects. Vertical color bars on the left side indicate subject group.
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F IGURE 3 Volumetric results. (a) Whole thalamic volume (z-scored) was compared between groups (top panel) as well as between sides
(i.e., ipsilateral–contralateral differences for patients, left–right for controls, bottom panel). (b) Similarly, average volumes of each thalamic nuclei
(z-scored) are shown for both patient groups (columns) and side (rows, left heatmap). Asterisks below nuclei labels indicate MANOVA (black), and
pair-wise comparison (orange for NTLE and blue for TLE, vs. controls) results. Strip plot and right heatmap in B illustrate the ipsilateral–
contralateral T1 differences for each patient (color-coded by group). Color-bars alongside nuclei labels indicate group assignment.
C = contralateral; I = ipsilateral; *p < .05; **p < .01; ***p < .005; ****p < .001; Bonferroni corrected in case of multiple comparisons.

F IGURE 4 T1 results. (a) Whole thalamic T1 (z-scored) was compared between groups (top panel) as well as between sides (i.e., ipsilateral–
contralateral differences for patients, left–right for controls, bottom panel). (b) Similarly, average T1 of each thalamic nuclei (z-scored) are shown

for both patient groups (columns) and side (rows, left heatmap). Asterisks below nuclei labels indicate MANOVA (black), and pairwise comparison
(orange for NTLE and blue for TLE, vs. controls) results. Strip plot and right heatmap in B illustrate the ipsilateral–contralateral T1 differences for
each patient (color-coded by group). Color-bars alongside nuclei labels indicate group assignment. C = contralateral; I = ipsilateral; *p < .05;
**p < .01; ***p < .005; ****p < .001; Bonferroni corrected in case of multiple comparisons.
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feature(s) provide(s) the most discriminatory power between groups

and/or across patients when analyzed together as well as the added

value of the other basal ganglia. As such, in the following we per-

formed mean-centered and behavioral PLS analyses to rank MRI and

clinical features in terms of importance/reliability, respectively.

3.3.1 | Mean-centered PLS

Mean-centered PLS allows to rank individual MRI features based on

their contribution to LVs that significantly differentiate(s) between

subject groups. Contrasting MRI features between NTLE, TLE and

controls resulted in one significant LV (81.4% explained variance,

pperm < .001). Figure 5a shows the ranking and comparison of the MRI

features (color-coded as in Figure 2) in terms of their absolute contri-

bution to the LV as defined by their bootstrapped ratio (BSR) between

the feature's loading and its 95% confidence interval. Metric, struc-

ture, and side-wise averages are shown using black diamonds (±95%

CI). Here, BSRs were significantly modulated by metric type

(F3,102 = 12.27, p < .001) with higher BSRs observed for the volumet-

ric features compared to deformation-, shape-, and T1-based features

(all p < .001). Although different in magnitude, a clear spatial correla-

tion between volume and shape features can be observed when pro-

jecting the BSR value onto their respective surface reconstructions,

with higher BSR values toward the ipsilateral, posterior thalamus

(Figure 5b).

A weaker, but nonetheless significant LV was detected when con-

trasting the five epilepsy types (62.3% explained variance, pperm < .05,

Figure 6). Again, BSRs varied as function of metric type

(F3,102 = 12.27, p < .001), but structure as well (F1,102 = 11.71,

p < .005). Here, highest BSRs were observed for the T1-based fea-

tures (p < .005 compared to volume and p < .001 compared to shape).

Moreover, changes in thalamic nuclei appear more strong contributors

than changes in the other basal ganglia (p < .005). See Figure S3 for

surface-wise projections.

3.3.2 | Behavioral PLS

Focusing on the patient data only, behavioral PLS provides a mean to

evaluate patterns based on both MRI and clinical features, indepen-

dent of epilepsy type. This revealed one significant LV (35.2%

explained variance, pperm < .05). Here BSRs were significantly modu-

lated by metric type (F3,102 = 13.91, p < .001), structure

(F1,102 = 6.814, p < .05) and side (F1,102 = 7.680, p < .01). Contribu-

tions predominantly came from T1 (p < .001 compared to

deformation-based features), thalamic (p < .05 compared to other

basal ganglia) and contralateral (p < .05 compared to ipsilateral) fea-

tures (Figure 7a). With regards to the clinical characteristics, strongest

contributions were found for the number of epileptic zones, but also

presence of MRI-detectable lesion(s), disease duration (years) and sei-

zure frequency (all pboot < .05, Figure 7b). Pink bars indicate associa-

tions that were significant at pboot < .05. Surface projections reveal

that volume features contributing robustly to the LV were found pre-

dominately within the thalamus, while T1 features were found more

widespread across the basal ganglia (Figure S4). Again, volume and

shape show similar surface-wise projections.

Finally, the scatterplots in Figure 7c visualize the correlations

between covarying MRI and clinical features (number of epileptic

zones and visible lesion, yes/no). We choose to show the MRI fea-

tures with the highest BSR for each metric type. Here, lateral thalamic

volume was lower in patients characterized by an increased number

of epileptic zones, r (42) = �.35, p < .05. A similar (but inverse) pat-

tern is visible for the claustrum's shape, r (42) = .37, p < .05. T1 in the

lateral geniculate nucleus seem to be reduced in patients with a visible

lesion compared to patients without a lesion (p < .05).

3.4 | Replicating using THOMAS

To assess the dependence of current results on the atlas choice, all ana-

lyses were repeated but using the THOMAS atlas for the thalamic seg-

mentations. These can be found in the Supplementary Results

(section “Replicating using THOMAS”). Briefly, analyses conducted using

thalamic results using the THOMAS atlas showed the same direction of

differences as with the 7TAMIBrain atlas. Nonetheless, while remaining

below significance threshold using the 7TAMIBrain atlas, the impact of

seizure onset side was stronger across the different metrics using

THOMAS. For example, average ipsi- versus contralateral T1 differed sig-

nificantly between TLE and NTLE patients (p < .05).

4 | DISCUSSION

Our cohort of focal epilepsy patients showed unprecedently described

structural abnormalities across the thalamus and basal ganglia. In gen-

eral, the strongest impact was observed for TLE patients. The spatial

pattern of these differences and the contribution of the different met-

rics varied depending on whether the patient data was contrasted

against controls or among themselves.

4.1 | Thalamic structural alterations

Focal epilepsy patients showed significant reduction in thalamic

volume, as well as increased—although characterized by smaller

effect sizes—tissue deformation and shape values. These indicators

of atrophy are in line with prior research in TLE (Bernhardt

et al., 2012; Keller et al., 2014; Natsume et al., 2003) and as

recently demonstrated on a larger scale using the multisite

ENIGMA Epilepsy dataset (Whelan et al., 2018). Here, we confirm

this phenomenon in our TLE and NTLE focal epilepsy cohort. This is

not surprising given the widespread thalamo-cortical connectivity

(Lambert et al., 2017) and its implications in seizure initiation, prop-

agation, spread (Bertram et al., 2008; Guye et al., 2006; Pizzo

et al., 2021) as well as focal to bilateral tonic–clonic seizures (Sinha
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et al., 2021). Moreover, the ipsilateral predominance of global tha-

lamic atrophy could intuitively be explained by the thalamo-cortical

connectivity during seizures. This has been illustrated previously by

accurate prediction of seizure onset laterality in TLE patients based

on individual thalamo-hippocampal functional connectivity scores

(Barron et al., 2015).

F IGURE 5 Mean-centered PLS results across patients and controls. (a) Line plot shows sorted bootstrapped ratios when contrasting NTLE,
TLE, and controls. Heatmaps indicate feature properties (metric type, structure, and side, color-coded as in Figure 2). Strip plot shows the
decomposition of features based on feature properties with black diamonds indicating average BSR (±95% CI). *p < .05; **p < .01; ***p < .005;
****p < .001; Bonferroni corrected in case of multiple comparisons. (b) Projection of significant bootstrapped ratio values (color-coded), based on
mean-centered partial-least squares analyses, onto the structures' surface reconstructions. Results are separated per MRI metric type (rows).
Black solid lines indicate structure boundaries.
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F IGURE 6 Mean-centered PLS results across patients. Line plot shows sorted bootstrapped ratios when contrasting epilepsy types
(i.e., temporal plus, prefrontal, posterior, insulo-opercular, and central-premotor). Heatmaps indicate feature properties (metric type, structure, and
side, color-coded as in Figure 2). Strip plot shows the decomposition of features based on feature properties with black diamonds indicating
average BSR (±95% CI). *p < .05; **p < .01; ***p < .005; ****p < .001; Bonferroni corrected in case of multiple comparisons.

F IGURE 7 Behavioral PLS results. (a) Line plot shows sorted bootstrapped ratios with heatmaps indicating feature properties (metric type,
structure, and side, color-coded as in Figure 2). Strip plot shows the decomposition of features based on feature properties with black diamonds
indicating average BSR (±95% CI). (b) Ranking of clinical features in terms of correlation with the LV. (c) Correlation between clinical features and
MRI-based z-scores. *p < .05; **p < .01; ***p < .005; ****p < .001; Bonferroni corrected in case of multiple comparisons.
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Deformation and shape might provide complementary and

spatial-specific insight into volume-based thalamic structural alter-

ations, especially at the scale of individual thalamic nuclei. Indeed, the

lack of significant effects for the medial nucleus for both deformation

and shape are indicative of spatially homogeneous alterations leading

to an overall decrease in volume. Conversely, differences in shape and

deformity may reflect preferential changes in pulvinar subparts that

sum up to atrophy based on volume alone. In addition, isolated

changes in the deformation of the anterior nucleus of the thalamus

without volume, T1, or shape changes may suggest structural remodel-

ing. Please see Section 6.2 for a more in-depth discussion at the level

of the individual nuclei.

Most interestingly, we report longitudinal relaxation data for the

thalamus and other basal ganglia in both TLE and NTLE drug-resistant

patients characterized by SEEG (i.e., Figure 2). In contrast to the data

reported in the cortex (Bernhardt et al., 2018) and thalamus previously

(Tang et al., 2022), we found a decrease in thalamic T1. It is known

that T1 shortens with increasing myelin and iron (i.e., ferritin) concen-

trations (Stüber et al., 2014). Therefore, the observed decrease in T1

can be attributed to higher levels of myelin and/or iron in patients

compared to controls. In particular the latter is a hallmark of several

neurological and neurodegenerative diseases (Ward et al., 2014). In

epilepsy, using pilocarpine-treated rats to induce a status epilepticus,

iron (and calcium) deposits were selectively observed across the thala-

mus (Aggarwal et al., 2018). Potential mechanisms leading to iron

accumulation include increased blood–brain barrier (BBB) permeabil-

ity, inflammation, iron redistribution within the brain, and changes in

iron homoeostasis (Ward et al., 2014). It remains unclear, however, if

these abnormalities are mainly caused by seizures, or by the evolution

of the disease and neurodegenerative processes. Leek et al. (2021)

showed that volumetric abnormalities of structures known to be

important for the generation and maintenance of focal seizures are

established at the time of epilepsy diagnosis and are not necessarily a

result of the chronicity of the disorder (Leek et al., 2021). On the

other hand, longitudinal tracking of cortical thickness in TLE patients

showed progressive thinning with longer disease duration, particularly

in regions structurally connected with the ipsilateral hippocampus

(Galovic et al., 2019).

Furthermore, differences between cortical and thalamus tissue

and their increase (Bernhardt et al., 2018) versus decrease in T1,

respectively, might be explained based on their tissue's organization

including their connectivity. Cortical cyto- and myeloarchitecture is

organized in a laminar fashion along a sheet-like structure with corti-

cal myelination gradually decreasing toward the pial surface and layer-

specific feed-forward and feedback projections (Nieuwenhuys, 2013).

This laminar organizational principle is not in place for thalamic gray

matter with nuclei-specific (sub)cortical projections (Morel

et al., 1997). This imposes a dense network of innervating fiber bun-

dles with high levels of crossing fibers (Behrens et al., 2003; Clascá

et al., 2012). Given the important role of the thalamus in seizure orga-

nization and therefore widespread participation during seizures,

changes in thalamic T1 might be dominated by pathophysiological pro-

cesses (e.g., BBB dysfunctioning; Rüber et al., 2018) that cause iron to

accumulate (Pizzo et al., 2021; Ward et al., 2014). In contrast, demye-

lination as also observed in postsurgical tissue derived from cortical

dysplasia might be the predominant driver of the increase in

cortical T1 (de Curtis et al., 2021). Also, while atrophy has been

observed across both cortical and subcortical areas, differences in the

microstructural environment (e.g., macromolecular composition) might

render the impact of neuronal loss on T1 relaxation differently

(Beaulieu, 2002; Mezer et al., 2013). Nonetheless, based on T1 relaxa-

tion time alone, it remains difficult to explain the histological and

molecular translation of the observed changes. Multivariate analyses

with other quantitative metrics, like the tissue's transverse relaxation

time (T2*), susceptibility value (QSM) and diffusion properties

(e.g., fractional anisotropy and mean diffusivity) are necessary to bet-

ter explain this observed decrease in T1. This has proven to be benefi-

cial at the cortical level with better discrimination of normal and

abnormal neuron density in neocortical gray matter when T1 is com-

bined with FA (Goubran et al., 2015), leading to better separation

between left and right TLE (Khan et al., 2014).

4.2 | Multi-scale structural alterations

The thalamus as a whole and by itself provides relevant information

to better understand the disease processes in focal epilepsy. How-

ever, the human thalamus hosts several nuclei with varying cytoarchi-

tectonic features and projections innervating distinct (sub)cortical

regions (Clascá et al., 2012; Jones, 2009). Therefore, thalamic nuclei

might be differentially affected depending on epilepsy type (i.e., TLE

vs. NTLE), EZN characteristics and other clinical features. Moreover,

thalamic connectivity with basal ganglia warrant investigation of

covarying patterns among subcortical structures (DeLong &

Wichmann, 2007; Kai et al., 2022; Lenglet et al., 2012). To do so, we

performed multivariate mapping of MRI-based subcortical features

and patient characteristics (i.e., epilepsy type or clinical features) using

mean-centered and behavioral PLS (Kirschner et al., 2020; McIntosh &

Miši�c, 2013), to isolate latent clinical-anatomical dimensions of focal

epilepsy. Understanding the heterogeneity of clinical and anatomical

manifestations of focal epilepsy remains a major challenge (Whelan

et al., 2018). A closer inspection and comparison of the primary LVs

derived from PLS analyses using the data presented here revealed

several interesting findings. First, while volume-based measures

appeared to be most discriminative when control data were included,

T1 measurements gain importance with respect to other metric types

when discriminating across patients only. This was evident based on

the MRI features only (i.e., mean-centered PLS), as well as when com-

bined with the clinical features (behavioral PLS). Second, the spatial

patterns of the LVs appear to be characterized by different topological

modes with robust features either (i) confined to a set of thalamic

nuclei or (ii) spread across the entire subcortex. When focusing on the

thalamus again, morphometric abnormalities within the posteromedial

thalamus, including the pulvinar and mediodorsal nucleus, acted as

dominant discriminators between patients and controls. On the other

hand, epilepsy types were best separated by their T1 within the
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posterolateral portion of the thalamus, in particular. Together, these

patterns follow the same trend as the group-level analyses and sug-

gest that predisposition of thalamic nuclei to alterations (Aggarwal

et al., 2018) may depend on the property being evaluated but also on

clinical characteristics, such as the location and/or number of epilep-

togenic zones. The medial pulvinar has been implicated in focal epi-

lepsy based on frequently observed ictal activity changes during

temporal lobe seizures (Guye et al., 2006; Rosenberg et al., 2006) and

its atrophy (Keller et al., 2014) has been proposed as potential target

for therapeutic deep brain stimulation (DBS) in drug-resistant epilep-

sies (Filipescu et al., 2019). Similarly, given its connectivity with the

amygdala and temporal cortex (Behrens et al., 2003), the mediodorsal

nucleus has been studied in the context of (medial) temporal lobe epi-

lepsy. For example, rats experiencing status epilepticus and then

developing epilepsy had a decrease in volume of the mediodorsal tha-

lamic region related to histological indicators of neuronal loss

(Bertram et al., 2001). Extending these findings to humans, mediodor-

sal and posterior thalamic gray matter density was reduced in TLE

patients (Barron et al., 2012) and in patients with persistent seizures

compared to patients without seizures after surgery (Keller

et al., 2015). On the other hand, spatial specificity of T1 decreases

toward the lateral thalamus in focal epilepsy (as well as across epilepsy

types) could be explained by the interaction between activity-

regulated myelination (Gibson et al., 2014) and seizure pathophysiol-

ogy. Increased seizure network myelination after epilepsy onset has

recently been demonstrated in rat models of absence seizures and

generalized epilepsy (Knowles et al., 2022). This, together with the

strong connectivity of the lateral thalamus to somatosensory, poste-

rior and parietal areas, organized along an anterior–posterior axis,

might explain the consistent decrease in T1 for the lateral thalamic

nuclei in our patient cohort (Behrens et al., 2003). The anterior

nucleus volume and T1 appeared relatively unaffected. This is surpris-

ing given the frequent involvement of the limbic system in the TLE

group. Potential explanations could be its small size, shape variability

(as also shown in this work; Hughes et al., 2012), and its close vicinity

to white matter (i.e., internal medullary lamina) which can influence

segmentation accuracy. Furthermore, anterior nucleus atrophy has

been reported to be particularly associated with hippocampal sclero-

sis, which was not reported in our cohort (Chan et al., 1997).

However, in line with earlier work using structural covariance net-

works in TLE and idiopathic generalized epilepsy (Whelan

et al., 2018), our LVs show that volume-based patterns extend beyond

the thalamic borders and involve basal ganglia such as internal globus

pallidus and striatum as well. This pattern might represent the same

shared patterns of structural abnormalities across different epilepsies

as suggested by Whelan et al. (2018), despite the heterogeneity of

epilepsy and seizure types. Our results complement other recent stud-

ies of multivariate analyses in focal epilepsy. For example, Lee et al.

(2022) identified several MRI-based components spanning cortical

and white matter tissue that described interindividual variability in

TLE. Within a framework to predict treatment response or surgery

outcome, these outperformed classifiers that did not operate on latent

factor information. Another multivariate approach emphasized a close

coupling of cognitive dysfunction and large-scale network anomalies

in TLE (Rodríguez-Cruces et al., 2020). Here we show that subcortical

volume measures allow discrimination between patients and controls,

while T1 measures look promising to further differentiate patients

based on epilepsy type. Altogether, these multivariate results demon-

strate the brain-phenotypic complexity of focal epilepsy at the whole-

brain scale with the extent, interplay and type of changes depending

on brain compartment as well as clinical phenotype.

4.3 | Methodological considerations and study
limitations

Although the consistency across thalamic segmentation protocols cor-

roborates the robustness of our results, they might not be generaliz-

able to external datasets and those acquired at lower field strengths,

in particular.

T1 is dependent on magnetic field strength with the level of

dependency varying based on tissue characteristics (i.e., low vs. high

molecular mobility; Rooney et al., 2007). It has been shown that 7T

allows detection of epileptogenic lesions not visible at 3T (Opheim

et al., 2020). Therefore, based on typical acquisitions performed at 3T

and 7T, differences in the signal- and contrast-to-noise ratios of T1

data will impact sensitivity to segment individual nuclei as well as the

power to detect patient-control morphometric and T1 differences at

lower field strengths (Le Ster et al., 2022; Pohmann et al., 2016). Pre-

cise delineation and quantification of thalamic nuclei and basal ganglia

have become feasible with the advent of 7T MRI and the possibility

to map T1 both at a submillimeter resolution and (relatively) fast using

the MP2RAGE sequence (Marques et al., 2010). As a result, multiple

protocols have been proposed, including the one developed in-house

(Brun et al., 2022), to segment thalamic nuclei and basal ganglia from

such data (Datta et al., 2021; Su et al., 2019). When we compared

results from our in-house 7TAMIBrain atlas method with those from

another popular approach (THOMAS), thalamic volumetric measure-

ments appear relatively similar despite differences in segmentation

algorithm and nuclei definitions. In addition, brain tissue segmenta-

tions based on (quantitative) MRI data like transmit field (B1
+)-

corrected MP2RAGE maps are known to be more robust and accurate

than those based on uncorrected images affected by residual B1
+

biases (Haast et al., 2018; Haast et al., 2021; Marques &

Gruetter, 2013). In parallel, current results provide a proof-of-concept

to assess morphometric and T1 properties of the claustrum—a deep

brain structure characterized by challenging anatomy with its thin

sheet of neurons, enclosed by white matter and situated between the

insula and the putamen (Mathur, 2014)—in a clinical population.

Our cohort is limited in the number of patients diagnosed with

non-temporal epilepsies. Consequently, we have pooled all NTLE

patients into a single patient group, with the risk of losing sensitivity

during group-level comparisons. Moreover, the statistical significance

of the PLS LVs were evaluated within a descriptive framework to

detect above-chance associations in the current dataset. As such, we

did not test whether such associations generalize to new data. For
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example, our cohort consists of rather challenging patients that

required SEEG and replication using a separate cohort with a different

number of patients per epilepsy type might rank MRI features differ-

ently and lead to different conclusions. Evaluation of out-of-sample

correlation and predictive performance using an independent and

larger study cohort is needed. It is therefore our hope that in the

future a similar action will be undertaken to establish a multisite 7T

epilepsy data as achieved by the ENIGMA Epilepsy study group

(Sisodiya et al., 2022). As a first step, recent efforts by the 7T Epilepsy

Task Force led to practical recommendations on targeted use of 7T

MRI in the clinical management of patients with epilepsy (Opheim

et al., 2020). Such datasets will help mitigate problems related to lim-

ited sample sizes as well as means to investigate potential methodo-

logical biases.

5 | CONCLUSION AND FUTURE
DIRECTIONS

This work reveals multi-scale—based on multiple parameters across

different structures—subcortical alterations in focal epilepsy patients

using 7T MRI data. It shows that the relative importance for different

MRI features across subcortical structures depend on whether the

goal is to isolate patients from controls or to differentiate between

epilepsy types. Moreover, these results provide a comprehensive

representation of the subcortical phenotype of focal epilepsy and its

correlation with clinical parameters. In future work, integration of

(i) other quantitative MRI, as well as (ii) electrophysiological data might

allow us to better understand its direct relation to the structures'

microstructural and epileptogenic properties, respectively. Moreover,

extending this framework to the cortex provides opportunities to

investigate the impact of subcortical alterations on the brain's system-

wide functioning. Finally, since deep brain stimulation is largely based

on empirical protocols, comprehensive mapping of subcortical

changes and relationship with disease heterogeneity might contribute

to an improved treatment planning and outcome.
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