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ABSTRACT 

Temporal lobe epilepsy (TLE), one of the most common pharmaco-resistant epilepsies, is associated with 

pathology of paralimbic brain regions, particularly in the mesiotemporal lobe. Cognitive dysfunction in 

TLE is frequent, and particularly affects episodic memory. Crucially, these difficulties challenge the quality 

of life of patients, sometimes more than seizures, underscoring the need to assess neural processes of 

cognitive dysfunction in TLE to improve patient management. Our work harnessed a novel conceptual and 

analytical approach to assess spatial gradients of microstructural differentiation between cortical areas 

based on high-resolution MRI analysis. Gradients track region-to-region variations in intracortical 

lamination and myeloarchitecture, serving as a system-level measure of structural and functional 

reorganization. Comparing cortex-wide microstructural gradients between 21 patients and 35 healthy 

controls, we observed a contracted gradient in TLE driven by reduced microstructural differentiation 

between paralimbic cortices and the remaining cortex with marked abnormalities in ipsilateral temporopolar 

and dorsolateral prefrontal regions. Findings were replicated in an independent cohort. Using an 

independent post mortem dataset, we observed that in vivo findings reflected topographical variations in 

cortical lamination patterns, confirming that TLE-related changes in the microstructural gradient reflected 

increased proximity of regions with more dissimilar laminar structure. Disease-related transcriptomics 

could furthermore show specificity of our findings to TLE over other common epilepsy syndromes. Finally, 

microstructural dedifferentiation was associated with cognitive network reorganization seen during an 

episodic memory functional MRI paradigm, and correlated with inter-individual differences in task 

accuracy. Collectively, our findings showing a pattern of reduced microarchitectural differentiation 

between paralimbic regions and the remaining cortex provide a parsimonious explanation for functional 

network reorganization and cognitive dysfunction characteristic of TLE. 
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INTRODUCTION 

 

Temporal lobe epilepsy (TLE) is one of the most common pharmaco-resistant focal epilepsies 1. It is 

classically associated with variable degrees of mesiotemporal pathology 2 with many patients presenting 

with significant cognitive impairment, typically difficulties in learning and memory 3-5. Memory 

dysfunction impacts quality of life in patients with epilepsy 6,7, and affects several facets of daily living 

such as well-being, educational attainment, employment, and social functioning 8. These functional 

impairments emphasize the need to assess the neural processes underlying cognitive dysfunction in TLE. 

While early studies related memory impairment to structural changes in mesiotemporal regions 9-13, 

mounting evidence has shown distributed alterations in brain structure linking large-scale changes in grey 

matter volume 14-16, cortical morphology 17-19, and network properties 20-25 to cognitive dysfunction. These 

findings are in line with contemporary theories of memory, and its contributions to abstract thought more 

generally, which highlight the distributed nature of this function along with other higher-order cognitive 

abilities 26-28. These literatures underscore the importance of macroscale features of brain organization for 

our understanding of memory, and in particular their impairments in TLE. Our study set out to bring 

together these two lines of work with the aim of reconciling disease-related anomalies in neural architecture, 

distributed changes in memory circuit function, and resulting behavioural impairments in learning and 

memory, with emerging insights into the broad neural substrates that support memory-guided cognition.  

 

Despite advances in our understanding of the structural correlates of memory dysfunction in TLE, the link 

between cognitive impairment and co-occurring changes in cortical microstructure remains elusive. 

Methodological and analytical advances in magnetic resonance imaging (MRI) acquisition and analysis 

have provided new means to investigate structure-function interactions in the human brain, enabling in vivo 

assessments of cortical microstructure and the organization of episodic memory networks in a patient-

specific manner. In particular, emerging approaches in healthy populations applying unsupervised learning 

techniques to myelin-sensitive MRI contrasts, such as quantitative T1 (qT1) relaxometry, have paved the 

way for individualized investigations of intracortical microstructural organization in living humans and its 

association with cognitive topographies 29-33. In line with foundational post mortem neuroanatomical 

studies, these methods have outlined smooth and graded transitions in cortical laminar architecture running 

from unimodal sensory and motor cortices towards paralimbic circuits 32,34. By tracking region-to-region 

variations in intracortical lamination patterns, this sensory-fugal gradient of microstructural differentiation 

has been shown to recapitulate established models of cortico-cortical hierarchy 30,32,35. Episodic memory 

functions occupy a unique position in this hierarchy, co-localizing with transmodal functional systems such 

as paralimbic and default mode networks situated at the apex of the microstructural gradient 26,32. This 

topographic distance from sensory-motor systems at the interface of the external environment may be key 

for learning and remembering, as optimal memory functioning has been suggested to rely on the 

differentiation of neural activity of transmodal cortices from peripheral systems 34,36-39. Conversely, 

alterations in the microstructural substrate separating these systems may perturb this necessary dissociation, 

being a potential mechanism associated with memory dysfunction. Investigating topographic shifts of this 

gradient of cortical microstructure in TLE can, thus, identify macroscale changes in laminar organization 

in this condition, while offering a framework to explore cellular, molecular, and functional correlates of 

such changes. 

 

Our goal was to assess large-scale changes in cortical microstructural differentiation in TLE and explore 

how these microstructural changes relate to memory dysfunction. We first compared cortex-wide in vivo 

microstructural gradients derived from high-resolution qT1 MRI between patients and controls. We 

observed reduced microstructural differentiation between paralimbic cortices and the remaining cortex in 

TLE, with epicentres in temporopolar and lateral prefrontal regions ipsilateral to the seizure focus. 

Stratifying our findings according to different cortical tissue types and harnessing post mortem histological 

and transcriptomics datasets, we demonstrated that disease-related microstructural gradient reorganization 

reflects topographical variations in cortical lamination and expression patterns of TLE-related risk genes. 
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Translating findings to cognitive architectures, we explored functional associations, with a focus on 

episodic memory networks. Specifically, we investigated cortical functional connectivity patterns of 

gradient reduction epicentres during the encoding phase of a functional MRI (fMRI) episodic memory task. 

We showed that regions of significant gradient perturbations harboured an atypical cognitive network 

architecture during memory fMRI, findings that were related to inter-individual differences in memory 

performance. Together, our findings define a novel framework to explore atypical structure-function 

coupling in TLE and the link between microstructural changes and cognitive abilities. 

 

 

MATERIALS AND METHODS 

 

Participants  

a) Discovery sample. We studied 21 individuals with mesial TLE (9 women; mean age  SD age 36.14  

11.59 years) referred to our centre for the investigation of pharmaco-resistant seizures. Patients underwent 

a research-dedicated 3T MRI between 2018 and 2021, which included qT1 MRI. Clinical history was 
obtained through interviews with patients and relatives. TLE diagnosis and lateralization of the seizure 

focus into left TLE (LTLE; n=15) and right TLE (RTLE; n=6) were determined by a comprehensive 

evaluation including detailed history, neurological examination, review of medical records, video-EEG 

recordings, and clinical MRI. Detailed clinical information including MRI-positive/negative status and 

suspected lesion type for each patient is provided in TABLE S1. Average age at seizure onset was 

17.31±9.86 years (range=0.5-42 years) and epilepsy duration was 19.00±13.40 years (range=1-44 years). 

Six patients (28.57%) had a history of childhood febrile convulsions. At time of study, 2 patients had 

undergone a selective amygdalo-hippocampectomy, 4 had undergone cortico-amygdalo-hippocampectomy 

(including 1 patient with previous stereotactic radiofrequency thermocoagulation [RFTC] who were later 

referred for resective surgery due to seizure recurrence), 1 had undergone surgical resection of a 

ganglioglioma within the mesio-temporal lobe, and 3 had undergone RFTC of structures within the 

mesiotemporal lobe (no surgical resection). Seizure outcome was determined from Engel’s modified 

classification 40 with an average follow-up durations of 23.9016.84 months. Since surgery, nine patients 

(90%) have been completely seizure-free (Engel-I); one remaining patient has recurrent seizures following 

RFTC and is currently awaiting surgery. Based on established histopathological criteria 41, four specimens 

showed hippocampal cell loss or gliosis. Histopathology of the resected hippocampus was unavailable in 

one of the temporal lobectomy cases, due to RFTC of the amygdala and hippocampus prior to resective 

surgery. History of severe traumatic brain injury and encephalitis was negative in all patients. The control 

group consisted of 35 individuals with no history of neurological or psychiatric conditions (HCs; 17 women; 

34.519.27 years) who underwent the same imaging protocol as the TLE group 42. There were no significant 

differences in age (t=0.579; p=0.565) and sex (Χ2=0.172; p=0.678) between TLE and HC groups.  

 

b) Replication sample. We assessed generalizability in an independent cohort of 22 TLE patients (13 

women; 37.558.64 years) who underwent a research-dedicated 3T MRI in our institute between 2013 and 

2016. A similar evaluation classified them as unilateral LTLE (n=9) or RTLE (n=13). Age at seizure onset 

was 12.45±10.80 years (range=1-36 years) and epilepsy duration was 25.00±11.44 years (range=2-39 

years). Eleven patients (50%) had a history of childhood febrile convulsions. At time of study, 15 patients 

had undergone a selective amygdalo-hippocampectomy. Post-surgical follow-up durations varied between 

one and five years, with 11 patients becoming completely seizure-free (Engel-I) and four showing 

significant reduction in seizure frequency (Engel-II). All available specimens showed hippocampal cell loss 

or gliosis. History of severe traumatic brain injury and encephalitis was negative in all patients. Patients in 

the validation cohort were compared 18 HC (6 women; 34.787.72 years) who underwent the same imaging 

protocol. HCs reported a negative history of neurological or psychiatric illness. As in the discovery sample, 
there were no differences in age (t=1.057; p=0.297) and sex (Χ2=2.634; p=0.105) between patients and 

controls.  
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The Ethics Committee of the Montreal Neurological Institute and Hospital approved the study and written 

informed consent was obtained from all participants. 

 

MRI acquisition  

a) Discovery sample. Scans were acquired at the McConnell Brain Imaging Centre (BIC) of the Montreal 

Neurological Institute and Hospital on a 3T Siemens Magnetom Prisma-Fit equipped with a 64-channel 

head coil. Participants underwent two T1-weighted (T1w) scans with identical parameters using a 3D 

magnetization-prepared rapid gradient-echo sequence (MPRAGE; 0.8 mm isovoxels, TR=2300 ms, 

TE=3.14 ms, TI=900 ms, flip angle=9°, FOV=256×256 mm2). T1w scans were inspected to ensure minimal 

head motion before undergoing further processing. qT1 relaxometry data were acquired using a 3D-

MP2RAGE sequence (0.8 mm isovoxels, 240 sagittal slices, TR=5000 ms, TE=2.9 ms, TI1=940ms, 

T12=2830 ms, flip angle1=4°, flip angle2=5°, FOV=256×256 mm2). We combined two inversion images for 

qT1 mapping to minimise sensitivity to B1 inhomogeneities and optimize reliability 43,44. Task and resting-

state functional MRI (rsfMRI) scans were acquired using a 2D echo-planar imaging sequence (3.0mm 

isovoxels, matrix = 80×80, 48 slices oriented to AC-PC-30 degrees, TR=600ms, TE=30ms, flip angle=50°, 

multiband factor=6). The episodic memory task lasted ~11 minutes (~6 minutes for encoding and ~5 

minutes for retrieval). Stimuli were presented via a back-projection system. The rsfMRI scan lasted ~7 

minutes, and participants were instructed to fixate a cross displayed in the centre of the screen, to clear their 

mind, and not fall asleep. 

 

b) Replication sample. Scans were also acquired at the BIC, using a 3T Siemens TrioTim with a 32-channel 

head coil. Participants underwent a 3D MPRAGE (1mm isovoxels, TR=2300 ms, TE=2.98 ms, TI=900 ms, 

flip angle=9°, FOV=256×256 mm2) and a 3D MP2RAGE sequence (1mm isovoxels, TR=5000 ms, 

TE=2.89 ms, TI1=940 ms, T12=2830 ms, flip angle 1=4°, flip angle 2=5°, FOV=256×256 mm2) for T1w 

and qT1 imaging, respectively.  

 

Multimodal MRI processing and qT1 analysis  

a) Multimodal preprocessing. Image processing leading to the extraction of cortical features and their 

registration to surface templates was performed via micapipe, an open multimodal MRI pipeline 

(http://github.com/MICA-MNI/micapipe/) 45. Subject-specific cortical surface models were generated from 

each native T1w scans using FreeSurfer 6.0 46-48. Surface extractions were inspected and corrected for 

segmentation errors via placement of control points and manual edits. Native cortical features were 

registered to the Conte69 template surface (32,000 vertices per hemisphere) using workbench tools, and 

downsampled to 5,000 vertices/hemisphere. Task fMRI and rsfMRI images were pre-processed using AFNI 
49 and FSL 50. The first five volumes of rsfMRI and task fMRI scans were discarded to ensure magnetic 

field saturation. Images were reoriented, as well as motion and distortion corrected. Motion correction was 

performed by registering all timepoint volumes to the mean volume, while distortion correction leveraged 

main phase and reverse phase field maps. Nuisance variable signal was removed using an ICA-FIX 

classifier 51. No global signal regression was performed. Volumetric timeseries were averaged for 

registration to native FreeSurfer space using boundary-based registration 52, and mapped to individual 

surfaces using trilinear interpolation. Cortical timeseries were mapped to the hemisphere-matched Conte69 

template (with 32k surface vertices/hemisphere) using workbench tools 53,54 then spatially smoothed 

(Gaussian kernel, full width at half maximum [FWHM]=10mm). Surface- and template-mapped cortical 

timeseries were corrected for motion spikes using linear regression of motion outliers provided by FSL, 

and downsampled to retain 5k vertices per hemisphere. 

 

b) Generation of microstructural gradients. We co-registered qT1 volumes to each participant’s native 

FreeSurfer space using boundary-based registration 52. We then generated 14 equivolumetric surfaces 

running between the pial and white matter boundaries to sample qT1 intensities across cortical depths in 

each participant, following validated methods (FIGURE 1A) 32,55. This procedure yielded distinct intensity 
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profiles reflecting intracortical microstructural composition at each cortical vertex. Data sampled at the pial 

and white matter boundaries were discarded to mitigate partial volume effects. Intensity values at each 

depth were mapped to a common template surface, downsampled, and spatially smoothed across each 

surface independently (FWHM=3mm). Vertex-wise intensity profiles were cross-correlated using partial 

correlations controlling for the average cortex-wide intensity profile, and log-transformed. This resulted in 

microstructural profile covariance (MPC) matrices representing participant-specific similarity in myelin 

proxies across the cortex. We converted each participant’s MPC matrix to a normalized angle affinity 

matrix, and applied diffusion map embedding 56. This non-linear dimensionality reduction procedure 

identified eigenvectors (or gradients) describing main spatial axes of variance in inter-regional similarity 

of cortical microstructural profiles (FIGURE 1B). Procrustes analysis aligned subject-level gradients to a 

group-level template generated from the group-average MPC matrix of all TLE and HC participants in the 

discovery sample 57,58. Gradient analyses were performed using BrainSpace (http://github.com/MICA-

MNI/BrainSpace), limiting the number of gradients to 10 and using default sparsity (keeping only the top 

10% of MPC weights) and diffusion (=0.5) parameters 59. Here, we focused on the principal gradient of 

microstructural similarity given its unique properties highlighting the differentiation of unimodal sensory 

and motor regions from transmodal cortices 32. Specifically, we tested how the topography of this gradient 

differed across participant groups. 

 

c) Statistical analysis. Left and right hemispheric data of individuals with TLE was sorted relative to the 

epileptogenic focus (i.e., into ipsi- and contralateral). To minimize confounds related to normal inter-

hemispheric asymmetries, prior to sorting we normalized vertex-measures using z-transformations with 

respect to HCs 60. Gradient scores were compared between TLE and HCs using surface-based linear models 

implemented in BrainStat (http://github.com/MICA-MNI/BrainStat) 61. We controlled for age and sex, and 

corrected findings for family-wise errors (FWE) using random field theory (pFWE<0.025; cluster-defining 

threshold [CDT] = 0.01). 

 

Neural contextualization  

a) Cytoarchitecture. Microstructural gradient findings in TLE were contextualized with respect to 

normative variations in cortical cytoarchitecture. The unthresholded effect size map (Cohen’s d) comparing 

age- and sex-corrected microstructural gradients in TLE and HCs was stratified according to cortical types 

defined by Von Economo and Koskinas 62-64. We also used the atlas proposed by Mesulam 65 defining four 

functional zones which follow variations in cortical laminar differentiation. We furthermore explored the 

association between microstructural gradient reorganization and histology-derived cortical 

cytoarchitectural differentiation. This analysis harnessed BigBrain, an ultra-high-resolution Merker-stained 

3D reconstruction of a post mortem human brain in which staining intensities reflect neuronal size and 

density 66. Using analogous methods to those applied to derive in vivo microstructural gradients from qT1 

imaging, gradients of cytoarchitectural differentiation were computed by sampling intracortical staining 

intensities in the BigBrain dataset. Histological staining intensity profiles and gradient maps are openly 

available as part of BigBrainWarp (http://github.com/caseypaquola/BigBrainWarp)  67. Two main axes of 

cytoarchitectural differentiation across the cortical mantle were explored, specifically sensory-fugal 

transitions differentiating sensory and motor cortices from paralimbic structures, and anterior-posterior 

gradients. Spearman rank correlations quantified the relationship between the topography of TLE-related 

microstructural gradient reorganization and these axes of cytoarchitectural differentiation. Statistical 

significance of correlations was determined using spin permutation tests (1,000 permutations) implemented 

in BrainSpace 59. 

 

b) Disease-related transcriptomics. Microstructural gradient reorganization in TLE was contextualized 

against spatial transcriptomic signatures that are potentially relevant to epilepsy. For this purpose, we 
followed established procedures detailed in the ENIGMA toolbox (https://github.com/MICA-

MNI/ENIGMA) 64, which aggregates preprocessed cortical gene expression maps from the Allen Human 

Brain Atlas (AHBA) dataset 68-70. Microarray samples were matched to parcels from the Schaefer-100 atlas 
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71 in each donor, and genes whose inter-donor correspondence fell below a pre-defined threshold (r<0.2) 

were discarded from further analysis. Gene lists provided in the ENIGMA toolbox include only those with 

biological prioritization in each epilepsy phenotype as identified in a previous genome-wide association 

study (GWAS) 72. We averaged expression maps of genes associated with focal hippocampal sclerosis (4 

genes), all epilepsies (8 genes), generalized epilepsies (13 genes), juvenile myoclonic epilepsy (1 gene), 

childhood absence epilepsy (3 genes), and focal epilepsy (4 genes). The same parcellation as the gene 

expression data was applied to the unthresholded effect size map of microstructural gradient contractions 

to assess the spatial correlation between both datasets, with significance determined using spin permutation 

tests (1,000 permutations) as above. Included genes are listed in TABLE S2. 

 

Associations with memory circuits and function 
To explore cognitive correlates of TLE-associated changes in microstructural differentiation, we assessed 

whether topography and magnitude of gradient changes related to cortical functional connectivity and 

performance during an episodic memory fMRI task. Experiment scripts and stimuli are openly available on 

GitHub (http://github.com/MICA-MNI/micaopen/, see task-fMRI).  

 

a) Task design and analysis sample. The memory task consisted of two phases. First, participants completed 

an encoding phase in which they were instructed to memorize 56 image pairs consisting of realistic 

depictions of common objects. A subset of pairs was shown twice, for a total of 84 trials. Trial duration was 

2 seconds and were separated by a randomly jittered 1.5 to 3.5-second interval. Approximately 12 minutes 

after the encoding phase, participants were asked to match an image shown at the top of the screen with its 

paired image from the encoding phase in a 3-alternative forced choice design. After excluding participants 

with incomplete data (n=4) and below chance-level performance (n=4), a total of 48 participants were 

retained for this analysis (16 TLE and 32 HC). 

 

b) Task-based and resting-state functional connectivity. To study how regions showing atypical 

microstructural differentiation were embedded within functional memory networks, we selected seed 

vertices corresponding to peak regions in each cluster of significant gradient reductions (i.e., one peak in 

the temporopolar cluster and one peak in the lateral prefrontal cluster). Seed timeseries were correlated with 

the timeseries of all other vertices across the cortex. Correlation coefficients underwent Fisher’s r-to-z 

transformation, and connectivity maps were compared across patient and controls groups using surface-

based linear models accounting for age and sex. This analysis was performed using functional timeseries 

collected during the encoding phase. To assess the specificity of uncovered connectivity alterations during 

memory encoding, we repeated this analysis using timeseries extracted from a resting-state fMRI paradigm 

acquired during the same session (and processed using the same pipelines).  

 

c) Post hoc analysis of recall accuracy. Post hoc analyses exploring the association between gradient 

changes and behavioural task performance were restricted to clusters of significant gradient reductions. 

Age- and sex-corrected z-scores were extracted from individual gradient maps at each seed described in b), 

and correlated with individual recall performance. Data from all TLE and HC participants were pooled for 

this analysis.    

 

 

RESULTS 

 

Robust and specific microstructural gradient alterations in TLE 
Cortex-wide intracortical microstructural profiles were generated for each participant. These profiles 

consisted of qT1 image intensities sampled along 14 equivolumetric surfaces running between the pial and 

white matter boundaries (FIGURE 1A). Cross-correlating vertex-wise intensity profiles resulted in subject-

specific matrices representing similarity in myelin proxies across the cortex. We estimated eigenvectors 

describing spatial gradients of cortex-wide microstructural variations (FIGURE 1B). Using this gradient in 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2022. ; https://doi.org/10.1101/2022.10.31.513891doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.31.513891
http://creativecommons.org/licenses/by-nc/4.0/


 8 

case-control comparisons can uncover different patterns of alterations in patients relative to controls. For 

instance, an expansion of the gradient in the TLE group (or scores shifting further away from the gradient 

midpoint) would suggest that local perturbations in cortical microstructure are further increasing inter-areal 

differentiation. However, a contraction of the gradient (or scores shifting towards the gradient midpoint) 

would indicate overall less pronounced microstructural differentiation in affected regions of patients.  

 

As in previous post mortem histology and in vivo MRI findings in healthy individuals, the average principal 

gradient of cortical microstructure in TLE and HC groups differentiated primary sensory and motor regions 

from paralimbic cortices 30,32. Compared to controls, individuals with TLE showed marked reductions in 

microstructural gradient scores in anterior temporal (temporopolar, lateral temporal; pFWE<0.001) and 

prefrontal regions (frontopolar, dorsolateral prefrontal; pFWE<0.001) ipsilateral to the seizure focus (FIGURE 

1C). More subtle gradient reductions were also seen in homologous contralateral regions (contralateral 

temporal pole: pFWE<0.05; contralateral ventrolateral prefrontal cortex: pFWE<0.05). Increases in gradient 

scores in TLE compared to controls were concentrated in unimodal sensory and motor cortices, and were 

strongest in contralateral inferior occipito-temporal regions (pFWE<0.05) and trended in the ipsilateral 

precentral gyrus (pFWE=0.07). In line with surface-based analyses, the histogram of group-average gradient 

values showed overall gradient reductions in patients with TLE relative to controls (Wilcoxon rank sum 

test: z=-4.147; p<0.001). The TLE group showed prominent decreases in the paralimbic extreme of the 

microstructural gradient, but only subtle increases in the sensory-motor anchor (FIGURE 1D). Post hoc 

analyses focusing on significant clusters of gradient reductions demonstrated significantly higher 

microstructural profile similarity of temporopolar and dorsolateral prefrontal regions to unimodal sensory 

and motor cortices, as well as reduced similarity to paralimbic and transmodal cortices in the TLE group 

(FIGURE S1). These results are compatible with findings observed at the gradient-level indicating large-

scale patterns of microstructural dedifferentiation of the cortex in TLE. These findings highlight a 

contracted myeloarchitectonic gradient in TLE, with reduced differentiation of paralimbic and transmodal 

regions from the rest of the cortex, particularly affecting ipsilateral temporopolar and dorsolateral prefrontal 

cortices. 
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Figure 1. Microstructural gradient contractions in TLE. (A) Quantitative T1 imaging was used as a proxy of intracortical 

myeloarchitecture 33. Intensities were sampled at 14 cortical depths between the pial and white matter boundaries (i), yielding 

vertex-wise microstructural intensity profiles. T1 values were inversed (R1=1/T1) such that higher values reflect higher putative 

intracortical myelin content (ii), exemplified here by comparing profiles sampled in the primary visual cortex (V1, blue) and 

anterior cingulate cortex (ACC, green). (B) MPC matrices were constructed by cross-correlating vertex-wise intensity profiles 

using partial correlations controlling for the average cortex-wide profile, and normalized angle affinity matrices were generated 

from corresponding subject-level MPC matrices (iii). We applied dimensionality reduction techniques 26,56 to identify eigenvectors 

(gradients) describing main spatial axes in inter-regional similarity of cortical microstructural patterns 32. The average principal 

gradient (G1) is shown in (iv) for HC and TLE groups. (C) Surface-based linear models controlling for age and sex revealed 

significant differences in gradient scores between groups. Patients showed reductions in G1 scores in ipsilateral temporopolar and 

dorsolateral prefrontal cortices (pFWE<0.001). Significant clusters after multiple comparisons correction are outlined in white 

(pFWE<0.025), while trend-level effects are outlined in thinner grey clusters (pFWE<0.1). (D) Group-level histogram analysis 

confirmed that the distribution of G1 scores in TLE was compressed compared to controls, predominantly affecting paralimbic 

regions. 

 

Robustness of microstructural gradient contractions was assessed with several additional analyses (see 

SUPPLEMENTARY MATERIALS for details). First, we found gradient reorganizations to be consistent across 

individuals, with >80% of patients showing at least moderate reductions in gradient scores (z<-1) in either 

significant cluster of findings (FIGURE S2). Lower z-scores in either significant cluster (averaged within 

each cluster) could also be seen in the ipsilateral vs. contralateral hemisphere in >90% of patients (FIGURE 

S2). In addition, investigations of secondary eigenvectors explaining less variance than the principal 
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microstructural gradient confirmed consistent changes in ipsilateral anterior temporal regions (FIGURE S3). 

Findings were similar when studying microstructural differentiation using an alternative approach i.e., 

depth-dependent statistical moments quantifying the shape of intracortical intensity profiles 

(SUPPLEMENTARY METHODS and FIGURES S4, S5). Moreover, results were robust when locally 

controlling for cortical thinning and pericortical blurring, two common imaging findings previously 

reported in TLE 73-75, suggesting intralaminar specificity (SUPPLEMENTARY METHODS and FIGURE S6). 

Finally, microstructural gradient contractions were replicable in a distinct cohort of participants who 

showed prominent gradient contractions across the ipsilateral temporal lobe, with significant reductions in 

anterior mesial and inferior temporal regions (FIGURE S7).  

 

Microarchitectural underpinnings of gradient reorganizations 
Cytoarchitectural stratification of microstructural gradient contractions supported the interpretation that 

disease-related changes in the principal microstructural gradient reflected a large-scale dedifferentiation of 

cortical microstructure. Grouping gradient effect sizes according to atlases of cortical types and functional 

zones confirmed that gradient reductions were strongest in paralimbic and dysgranular cortices, while 

gradient increases in TLE tended to affect primary areas with strong laminar differentiation (FIGURE 2A). 

Gradient changes across the cortex furthermore spatially correlated with sensory-fugal cytoarchitectural 

differentiation derived from 3D histological data 66,67 (r=-0.527, pspin=0.001). Here, gradient reductions in 

TLE co-localized with paralimbic areas, while gradient increases overlapped with primary sensory-motor 

regions (FIGURE 2A). However, cortex-wide correlations with the anterior-posterior axis of 

cytoarchitectural variation were not significant (r=-0.278, pspin=0.252). These findings demonstrate that 

macroscale perturbations in cortical microstructure in TLE follow the overall axis of cortical 

cytoarchitectural differentiation mapped from post mortem histology.  

 

Next, we leveraged disease-related transcriptomics analyses to contextualize macroscale changes in 

microstructural differentiation with respect to gene expression patterns associated with different epilepsy 

syndromes. We mapped the spatial expression profiles of disease-related risk genes (obtained from recent 

GWAS 72) using data from the AHBA (for a similar approach, see 45). Average expression maps of genes 

associated with different epilepsy types (i.e., epilepsy-related hippocampal sclerosis, focal epilepsy, 

juvenile myoclonic epilepsy, childhood absence epilepsy, generalized epilepsy, all epilepsies) were first 

correlated with the parcellated effect size map of TLE-related gradient reorganizations. We observed a 

correlation between patterns of microstructural gradient changes and risk gene expression levels of 

hippocampal sclerosis even after controlling for spatial autocorrelation (r=-0.477, pspin=0.006). Notably, 

correlations with other epilepsy-related gene sets were non-significant (focal epilepsy: r=0.321, pspin=0.151; 

juvenile myoclonic epilepsy: r=0.407, pspin=0.101; childhood absence epilepsy: r=0.108, pspin=0.736; 

idiopathic generelized epilepsy: r=0.142, pspin=0.675; all epilepsies: r=0.201, pspin=0.556; FIGURE 2B). 

Syndrome-specific gene expression maps are displayed in FIGURE S8. These results highlight the relative 

specificity of macroscale perturbations in cortical microstructural differentiation to regions with higher 

vulnerability to TLE-related genetic processes.  
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Figure 2. Cytoarchitectural and transcriptomic contextualization of microstructural gradient contractions. (A) (i) In 

reference to atlases of cortical types and functional zones, we found that gradient 1 (G1) score reductions were strongest in 

paralimbic and dysgranular cortices, while areas of TLE-related G1 increases co-localized with highly differentiated idiotypic areas 

as well as eulaminate III and koniocortical regions. (ii) 3D histological data from the BigBrain dataset 66 (left) was pre-processed 

and made available on various surface templates in the BigBrainWarp toolbox 67. Selected examples of vertex-wise histological 

profiles in the dorsolateral prefrontal cortex (DLPFC), temporal pole (TP), and primary visual cortex (V1) highlight heterogeneous 

cytoarchitectural characteristics across regions. Main axes of variations in cytoarchitectural similarity across the cortex were seen 

along sensory-fugal and anterior-posterior directions. The topography of microstructural gradient changes in TLE was significantly 

correlated with the sensory-fugal pattern of cytoarchitectural differentiation (r=-0.527; pspin=0.001), but not with the anterior-

posterior axis (r=-0.278; pspin=0.252). (B) (iii) Leveraging gene expression data of the AHBA 69, we assessed the specificity of 

microstructural gradient alterations to TLE-related disease processes. (iv) Pre-processed gene expression and gene lists 72 available 

in the ENIGMA toolbox 64 were used in disease-related transcriptomic analyses. The topography of TLE-related microstructural 

gradient contractions followed the average expression patterns of genes related to hippocampal sclerosis (r=-0.477, pspin=0.008). 

No significant correlations were found with other epilepsy type-related gene expression patterns. Statistical significance of 

correlations with histological and transcriptomic features was determined using non-parametric spin permutation testing (1,000 

permutations). 

 

Associations to cognitive network reorganization and impairment 

After establishing the topography of TLE-related changes in cortical microstructural gradients, we studied 

how identified regions were embedded within functional memory networks. Episodic memory fMRI 

involved image-pair learning followed by retrieval testing in a three-alternative forced choice design across 

56 trials (FIGURE 3A). Encoding task timeseries were extracted from two seed vertices centered on peak 

regions in clusters of gradient reductions, specifically in temporopolar and lateral prefrontal regions 

ipsilateral to the seizure focus (FIGURE 3B). We observed reduced connectivity between both seeds, with 

stronger effects observed in the hemisphere ipsilateral to the seizure focus (FIGURE 3B). Comparing 

connectivity patterns of each seed across groups using surface-based linear models were consistent with 

these results. Significant clusters of connectivity reductions during memory encoding were found between 
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the temporopolar seed and orbitofrontal, ventromedial, and ventrolateral prefrontal regions. Relatedly, 

significant connectivity reductions were found between the lateral prefrontal seed and lateral and inferior 

temporal cortices. Interestingly, the topography of seed-based connectivity reductions during encoding did 

not generalize to intrinsic functional connectivity profiles of the same seeds computed from a resting-state 

scan (FIGURE S9). Moreover, microstructural gradient alterations in these regions were associated with 

task performance. After controlling individual recall performance and gradient scores for age and sex, we 

found significant correlations between episodic memory function and microstructural gradient 

reorganizations in temporopolar regions (r=0.406, p=0.004), but not lateral prefrontal regions (r=0.111, 

p=0.457; FIGURE 3C). These results suggest that microstructural dedifferentiation in TLE, and particularly 

changes involving ipsilateral temporal structures, are associated with dysfunction of higher-order cognitive 

processes such as episodic memory supported by fronto-temporal circuits. 
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Figure 3. Microstructural gradient changes are related to episodic memory network configurations. (A) Participants 

completed an episodic memory task involving encoding and recall of 56 distinct image pairs, with half of pairs shown twice during 

the encoding phase. The task involved distinct encoding (i) and retrieval phases (ii), separated by a 12-minute delay. (B) Seed-

based functional connectivity analysis during the encoding task centered on peak regions in clusters of gradient reductions (iii) 

showed significantly reduced connectivity between temporal and prefrontal regions, with more pronounced effects ipsilateral to 

the seizure focus (iv). These findings were consistent with cortex-wide connectivity changes of each seed, which also revealed 

more extended connectivity reductions in TLE involving default mode and limbic subregions (v). In HCs (top), regions with 

significant functional connections to temporal (left) and prefrontal (right) seeds are depicted in coloured regions on the cortical 

surface (pFWE<0.05). The bottom panel illustrates TLE-related changes in functional connectivity during memory encoding, with 

significant clusters of connectivity reductions relative to HCs outlined in white (pFWE<0.05) over the unthresholded effect size map. 

The location of each seed region is indicated by a coloured marker. (C) Microstructural gradient changes in temporopolar (left), 

but not prefrontal regions (right), were significantly correlated with recall accuracy, with individuals showing stronger gradient 

contractions also scoring lower in the retrieval phase of this episodic memory task. 

 

 

DISCUSSION 

 

An emerging literature emphasizes the importance of brain-wide topography in understanding structure-

function links and cognitive architectures in both health and disease. Here, we capitalized on a high-

resolution neuroimaging dataset to explore cortical microstructural differentiation in temporal lobe epilepsy 

(TLE), one of the most common pharmaco-resistant epilepsies in adults, and to clarify its relationship with 

memory dysfunction commonly observed in this condition. We used a novel approach to conceptualize 

focal microstructural alterations in TLE within their broader architectural context using large-scale 

gradients of cortical myeloarchitecture. We found a significantly contracted sensory-fugal gradient in 

patients, reflecting large-scale dedifferentiation of cortical microstructure between paralimbic cortices and 

the remaining cortex, with epicentres located in temporopolar and dorsolateral prefrontal regions ipsilateral 

to the seizure focus. Microstructural gradient reorganization observed in patients reflected topographical 

variations in cortical lamination patterns and critically followed gene expression profiles associated with 

hippocampal sclerosis, emphasizing the relative specificity of our findings to TLE-related processes. Lastly, 

we showed that regions of strongest microstructural gradient contractions captured perturbed fronto-

temporal connectivity during encoding of new material and were significantly correlated with recall 

performance from the same task. Collectively, our work demonstrates the association between disease-

related gradient alterations and cortical cytoarchitecture, gene expression, memory network organization, 

as well as memory performance, while supporting the pivotal role of this sensory-fugal gradient for memory 

dysfunction in this cohort. Indeed, TLE appears to change associations between the microstructure of 

paralimbic regions and the remaining cortex in a way that (a) is consistent with what is already known 

about gene expression in this condition, and (b) recapitulates topographical themes thought to be important 

in emerging perspectives on how memory can guide behaviour. 

 

Hippocampal sclerosis and microstructural changes within neighboring mesiotemporal structures are a core 

feature of TLE 41,76-78. Recent advances in high-resolution MRI have facilitated investigations of these 

alterations, opening the way to detailed in vivo characterizations of temporal and extra-temporal 

microstructural pathology. Previous studies harnessing different microstructurally-sensitive MRI contrasts 

have reported robust signal changes within the mesiotemporal disease epicentre. In line with 

histopathological examinations of extratemporal neocortical tissue 79, these investigations have also shown 

more widespread alterations affecting paralimbic and transmodal association networks, including 

temporopolar, lateral temporal, orbitofrontal, and prefrontal regions 23,80,81. Moreover, recent work using 

qT1 imaging described the depth-specific nature of these changes, reporting stronger and more spatially 

distributed signal changes in more superficial layers 80. These findings are compatible with previous 

histological reports on atypical cortical layering occurring in conjunction with abnormal horizontal fibres 

and clusters of small neurons in upper cortical layers in patients with TLE 82-85. Our approach builds on 

these findings by considering local alterations in laminar architecture within their broader microstructural 

context, captured by subject-specific depictions of microstructural similarity patterns across the cortex. The 
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macroscale heterogeneity of cortical microstructure is a key feature of brain organization. Neuronal 

migration guided by signalling molecules is an important contributor to the patterning of laminar subtypes 

across the adult neocortex. This migration process terminates according to different timelines across 

cytoarchitectonic areas 86, and defects in this prenatal process are associated with several epilepsy types. 

Notably, dysfunction of Reelin signalling pathways, a core component of neuronal migration, has been 

associated with hippocampal sclerosis but may also affect laminar patterning of more extended neocortical 

sites 87-90. Regional laminar architecture and inter-areal similarity of laminar properties are closely linked 

to cortico-cortical connectivity patterns, as regions with similar laminar organization are more likely to 

share strong connections 91-93. Therefore, large-scale imbalances in the microstructural differentiation of the 

cortex have the potential to shift the balance of integration and segregation within brain networks. Structural 

and functional network topology are known to be altered in TLE, and frequently involve temporo-limbic 

and higher-order association cortices 94-98, co-localizing with significant clusters of findings identified in 

the present study. We speculate that distributed and heterogeneous anomalies in regional laminar 

architecture observed in TLE may contribute to reconfigurations of cortical networks frequently observed 

in this condition. In turn, these perturbations may be associated with the generation and propagation of 

seizures, but also to other phenotypic aspects of this condition, such as cognitive dysfunction.  

 

Our understanding of the human brain has increasingly benefitted from ‘multiscale’ approaches integrating 

microarchitectural features with macroscale principles of brain organization 68,93,99-101, a perspective that is 

also influential in contemporary thinking in how memory guides our thoughts and behaviour. To better 

contextualize TLE-related changes in sensory-fugal gradient topography, our study capitalized on measures 

of cytoarchitectural laminar architecture. We found that these changes followed variations in cortical 

laminar differentiation patterns, confirming that the altered microstructural embedding space identified 

from in vivo qT1 imaging reflected increased proximity of regions separated by differences in their laminar 

structure. Notably, strongest effects were captured by reductions of gradient scores within 

paralimbic/dysgranular cortical subtypes. Disposed in a ring-like formation at the base of the cortex, limbic 

and paralimbic cortices are characterized by little differentiation across layers 34,91,102. Several 

cytoarchitectural and molecular properties of limbic areas are thought to facilitate their greater plasticity 

relative to regions with a more defined laminar structure 103. For instance, different growth-associated 

proteins are predominantly expressed in limbic and association cortices during adulthood relative to primary 

sensory and motor cortices 91,104,105. However, this increased plasticity may render limbic areas more 

vulnerable to pathology 91 and create a favourable context for the emergence of more widespread 

microstructural anomalies and associated epileptogenic networks within these regions 106. For instance, 

animal models of TLE have shown that increased plasticity (e.g., indexed by the increased expression of 

molecules such as GAP-43) may contribute to the development of epileptogenic networks and the early 

stages of mossy fibre sprouting 107-109. Several control analyses could furthermore demonstrate the 

specificity of our findings for intracortical processes, as results were stable when independently controlling 

for subject-level measures of cortical thickness and peri-cortical interface contrast, two morphological and 

intensity features that may be atypical in TLE. In contrast, TLE-associated reorganization of the sensory-

fugal gradient strongly co-localized with changes in microstructural intensity profiles sampled within the 

cortical sheet. Quantitative profiling of local laminar architecture using statistical moments is a well-

established approach for areal boundary definition in histological studies 110,111 and has only recently been 

translated to in vivo data 29,31. Although our study demonstrates the potential of this method in characterizing 

widespread microstructural changes associated with TLE, precise investigations of underlying 

cytoarchitectural changes should be further explored using patient-specific quantitative histopathological 

data 112,113. 

 

Microstructural gradient contractions in TLE were also found to co-localize with disease-specific molecular 

features. Brain microstructure and gene expression are intricately linked: Distinct transcriptomic signatures 

are associated with different neural cell types 114-116, cortical laminar architectures 116-118, and laminar 

patterning of cortico-cortical projections 119. However, the transcriptomic mechanisms supporting 
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macroscale brain organization, and particularly how atypical molecular function ultimately contributes to 

clinical phenotypes, remain relatively unclear. By combining an openly available microarray transcriptomic 

dataset with results of a recent epilepsy GWAS, we show that sensory-fugal gradient contractions seen in 

TLE followed spatial expression patterns of risk genes associated with hippocampal sclerosis. Indeed, 

microstructural gradient reductions seen in temporo-limbic and higher-order association cortices co-

localized with areas of elevated expression of TLE risk genes, while correlations with risk gene expression 

associated with other epilepsy syndromes were not significant. Similarly, a recent study identified 

associations of structural covariance network reconfigurations in TLE with disease-related transcriptomic 

patterns 70. Although these results offer potential insights into the transcriptomic basis of macroscale 

pathophysiological processes associated with TLE, the combination of normative gene expression patterns 

obtained from the AHBA dataset and GWAS findings is hindered by several limitations 70. Firstly, while 

AHBA offers excellent cortical coverage, data are derived from only six healthy donor brains with 

predominant sampling in the left hemisphere 69. Moreover, the AHBA dataset relies on microarray 

transcriptomics, which may offer reduced sensitivity and specificity to map gene expression compared to 

more elaborate and costly methods such as RNA-Seq. Finally, our understanding of epilepsy risk genes 

identified by GWAS may also evolve as more patients are enrolled in these studies, given that GWAS will 

likely identify more relevant genes with increasing sample sizes 120. Despite these unique methodological 

challenges, our results indicate that macroscale perturbations in sensory-fugal organization in TLE may be 

rooted in disease-specific genetic processes.  

 

Previous studies have linked the structural disease substrate of TLE to cognitive impairment 19,21, including 

episodic memory deficits classically associated with the condition 3. Notably, measures looking beyond 

regional changes and considering macroscale alterations in brain structure and network organization can 

accurately capture profiles of neuropsychological impairment in TLE 19-22,121. In line with this approach, we 

investigated disease-related changes in functional connectivity of areas showing maximal microstructural 

gradient contractions during relational episodic memory encoding. Our findings revealed that regions with 

abnormal microstructure in TLE are also functionally disconnected to temporo-limbic and default mode 

subregions. Indeed, anterior temporal regions showed significantly reduced connectivity to ventrolateral 

and orbitofrontal regions, while lateral prefrontal regions were less connected to lateral and inferior 

temporal regions relative to controls during this task. Frontotemporal circuits involve crucial nodes for 

episodic memory function in humans, and perturbations in these networks may impair encoding and 

retrieval of newly learned material 122,123. Several studies have investigated the reorganization of functional 

memory networks in TLE, consistently showing increased lateralization of memory function to the 

contralesional hemisphere 124-127. In line with this observation, we found that encoding network connectivity 

reductions followed the lateralization of microstructural gradient alterations, with stronger ipsilesional 

connectivity reductions in frontotemporal circuits. These findings are consistent with a recent study 

showing perturbed functional connectivity between the mesio-temporal lobes and more distant frontal 

nodes supporting episodic memory processes 128. Increased recruitment of extra-temporal structures during 

memory encoding has also been demonstrated in TLE, notably involving regions of the dorsolateral 

prefrontal cortex 124,129. Greater activation of several extra-temporal paralimbic structures in TLE, such as 

insular, anterior cingulate, and orbitofrontal cortices have been linked with better verbal learning 

performance 124. This greater recruitment of extratemporal and contralateral temporal regions has been 

proposed to reflect a potentially compensatory, yet suboptimal, mechanism to maximize encoding of new 

material that leverages the extended network supporting episodic memory function 130. Our results suggest 

that underlying microstructural damage in TLE may be associated with relative disconnection of crucial 

nodes within this network, possibly underpinning the inefficacy of this compensatory mechanism. Our 

behavioural analysis showed that more marked microstructural gradient reductions in temporal regions 

were significantly correlated with worse recall performance. Collectively, these findings offer novel 

evidence of perturbed structure-function coupling in TLE, that not only affects the mesio-temporal disease 

epicentre, but also extends to frontotemporal systems supporting memory encoding. Moving forward, this 
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work provides an important analytic approach to leverage TLE as a disease model for how remembering 

can fail, and for understanding how memory can guide cognition in a more general manner.  

 

Several control analyses supported specificity and robustness of our main findings. First, significant group-

level patterns of microstructural gradient contractions were reproducible in most patients. Patient-specific 

asymmetry in microstructural gradient scores were furthermore consistent with lateralization of the seizure 

focus in over 90% of cases. These findings support the potential clinical utility of considering sensory-fugal 

gradient reorganizations for diagnostics; replication in larger cohorts and using different microstructure-

sensitive imaging contrasts are, however, warranted. In this regard, we replicated the main patterns of 

findings in an independent cohort of TLE patients and healthy controls who underwent similar imaging on 

a different MRI scanner, and showed significant gradient contractions in the temporal lobe, with stronger 

effects observed ipsilateral to the seizure focus. However, the prefrontal gradient changes that were 

observed in the discovery cohort did not reach significance after multiple comparisons correction in the 

validation dataset. TLE diagnosis was supported by favourable post-surgical outcomes in most operated 

cases in both cohorts. Despite careful consideration of available clinical data, the slightly higher proportion 

of unoperated cases and shorter follow-up times in our discovery cohort may indicate potential differences 

in the spatial extent and severity of pathology across samples.   

 

In summary, the present work highlights the potential of moving beyond regional analyses to study cortical 

microstructural anomalies in TLE. Microstructural changes in this condition exist within a broader 

architectural context and imply a cortex-wide dedifferentiation. This work thus centres well-documented 

local microstructural alterations within our contemporary understanding of TLE as a network disorder. 

Findings aligned with important axes of cortical laminar differentiation and with the expression patterns of 

genes associated with hippocampal sclerosis. Finally, microstructural gradient changes also related to 

memory performance and reorganization of associated functional networks. Collectively, these results 

provide a novel way to conceptualize microstructural features of TLE, while opening new avenues to 

investigate their contribution to clinical presentations and decision making. 
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