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ARTICLE INFO ABSTRACT

Keywords: Temporal lobe epilepsy (TLE) is the most common pharmaco-resistant epilepsy in adults. While primarily
Temporal lobe epilepsy associated with mesiotemporal pathology, recent evidence suggests that brain alterations in TLE extend beyond
Multi-site

the paralimbic epicenter and impact macroscale function and cognitive functions, particularly memory. Using
connectome-wide manifold learning and generative models of effective connectivity, we examined functional
topography and directional signal flow patterns between large-scale neural circuits in TLE at rest. Studying a
multisite cohort of 95 patients with TLE and 95 healthy controls, we observed atypical functional topographies in
the former group, characterized by reduced differentiation between sensory and transmodal association cortices,
with most marked effects in bilateral temporo-limbic and ventromedial prefrontal cortices. These findings were
consistent across all study sites, present in left and right lateralized patients, and validated in a subgroup of
patients with histopathological validation of mesiotemporal sclerosis and post-surgical seizure freedom. More-
over, they were replicated in an independent cohort of 30 TLE patients and 40 healthy controls. Further analyses
demonstrated that reduced differentiation related to decreased functional signal flow into and out of tempor-
olimbic cortical systems and other brain networks. Parallel analyses of structural and diffusion-weighted MRI
data revealed that topographic alterations were independent of TLE-related cortical thinning but partially
mediated by white matter microstructural changes that radiated away from paralimbic circuits. Finally, we found
a strong association between the degree of functional alterations and behavioral markers of memory dysfunction.
Our work illustrates the complex landscape of macroscale functional imbalances in TLE, which can serve as
intermediate markers bridging microstructural changes and cognitive impairment.

Multimodal

Gradient

Effectivity connectivity
Memory

1. Introduction resistant epilepsy in adults (Téllez-Zenteno and Hernandez-Ronquillo,
2012). It is commonly considered a ‘focal’ syndrome with a mesio-
Temporal lobe epilepsy (TLE) is the most prevalent pharmaco- temporal pathological core (Bliimcke et al., 2013), but increasing
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histopathological and neuroimaging evidence suggests the presence of
widespread structural and functional alterations (Lariviere et al., 2020a,
2022; Royer et al., 2022a; Stasenko et al., 2022; Whelan et al., 2018).
These findings align with contemporary theories of brain pathology,
indicating that disease-related anomalies are rarely confined to a single
region, but often affect interconnected networks (Fornito et al., 2015).
Therefore, a detailed understanding of brain network organization is
crucial for capturing TLE-related pathophysiology at a system level.
Previous studies, either carried out in single (Bernhardt et al., 2016,
2010, 2011; Yasuda et al., 2015) or multiple sites (Hatton et al., 2020;
Lariviere et al., 2022; Park et al., 2021b; Whelan et al., 2018), have
established widespread structural network reorganization in TLE,
involving both gray and white matter structural compromise. On the
other hand, despite prior research demonstrating abnormal intrinsic
functional connectivity in TLE at the level of single regions or networks
using resting-state functional magnetic resonance imaging (rs-fMRI)
(Bernhardt et al., 2016; Gonzalez et al., 2019; Maccotta et al., 2013;
Sainburg et al., 2022), large-sale functional reorganization in this con-
dition remains less well understood. Since macroscale imbalances
compromise brain health, psychosocial function, and well-being (Her-
mann et al., 2021; Lin et al., 2012; Rodriguez-Cruces et al., 2022), there
is a need to comprehensively assess functional connectome architecture
in TLE.

Brain connectivity at the level of inter-regional edges between all
regions is inherently high-dimensional, which challenges a synoptic
visualization and synthesis of disease-related perturbations. This
complexity also renders it difficult to contextualize findings in relation
to established regional neuroimaging markers, including cortical
morphology (Lariviere et al., 2020a; Whelan et al., 2018) and superficial
white matter microstructure (Anny et al., 2019; Hatton et al., 2020; Liu
et al., 2016b). Recent conceptual and methodological advances have
enabled the decomposition of whole-brain connectomes into a series of
low-dimensional manifolds (i.e., topological gradients) that capture the
spatial trends of connectivity differentiation along the cortical mantle
(Margulies et al., 2016). In contrast to graph theoretical approaches
(Bassett and Sporns, 2017; Bassett et al., 2018; Bernhardt et al., 2015;
Bullmore and Sporns, 2009) or clustering-based decompositions of the
brain into discrete communities (Yeo et al., 2011), gradient mapping
techniques describe a continuous representation of brain organization,
allowing for the identification of fine-grained changes in specific brain
regions. Prior investigations have established that connectome gradients
derived from resting-state functional, diffusion-weighted, and micro-
structural MRI spatially co-localized with the principal axes of laminar
differentiation and gene expression (Burt et al., 2018; Goulas et al.,
2021; Margulies et al., 2016; Paquola and Hong, 2022), linking brain
macroscale organization to molecular signatures. Gradient mapping
techniques, thus, provide a biologically plausible perspective on
large-scale connectome configurations in a data-driven and spatially
unconstrained manner. This framework has been recently applied in the
study of neuro-development (Dong et al., 2021; Park et al., 2022; Sydnor
et al., 2023), structure-function coupling (Paquola et al., 2019; Valk
et al., 2022), as well as the assessment of conditions involving atypical
brain function, including autism (Hong et al., 2019b; Park et al., 2021a),
major depressive disorder (Xia et al., 2022), and generalized epilepsy
(Meng et al., 2021). In the case of TLE, connectome gradient analyses
have been applied to high-resolution quantitative T1 relaxometry and
task-based functional MRI during memory paradigms, revealing micro-
structural miswiring and state-specific functional reorganization
(Caciagli et al., 2022; Li et al., 2021; Royer et al., 2023). There has also
been a recent characterization of subcortical functional gradients in TLE,
showing alterations in functional organization that varied as a function
of seizure focus laterality (Lucas et al., 2023b). In this study, we
expanded upon these findings by examining the reorganization of
intrinsic functional topographies of the cerebral cortex in TLE. The
low-dimensional insights offered by spatial gradients also allowed for
the integration of connectome-level findings with changes in regional
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morphology and microstructure estimated from structural and diffusion
MRI measures (Bernhardt et al., 2009; Hatton et al., 2020; Lariviere
et al., 2020a; Liu et al., 2016b; Whelan et al., 2018), thus allowing for
the assessment of structure-function coupling alterations.

While the analysis of connectome gradients provides a concise
mapping of functional topographies, it does not per se tap into direc-
tional signal flow that is key to cortical hierarchical organization (Gu
et al., 2021; Raut et al., 2021; Yousefi and Keilholz, 2021). Cortical hi-
erarchy is thought to constrain bottom-up information flow from sen-
sory systems to transmodal systems, as well as top-down modulation in
the opposite direction (Markov et al., 2013, 2014; Markov and Kennedy,
2013; Vezoli et al., 2021). Consequently, changes in connectivity that
result in hierarchical imbalances will affect information flow (Hong
et al., 2019b), as hypothesized in TLE (Girardi-Schappo et al., 2021). To
complement gradient-informed findings, we employed regression dy-
namic causal modeling (rDCM) (Frassle et al., 2018, 2017; Frassle et al.,
2021b), a recently developed generative model of effective connectivity.
Expanding upon the classical dynamic causal modeling framework,
rDCM is computationally efficient when dealing with large networks
comprising hundreds of nodes (Friston et al., 2014). Moreover, when
applied to rs-fMRI data, rDCM exhibits high construct validity and
test-retest reliability (Frassle et al., 2021a; Frassle and Stephan, 2022),
making it a potentially valuable tool for mapping atypical signal flow in
disease.

Our goal was to uncover perturbations in macroscale cortical hier-
archy in individuals with TLE and explore their associations with
structural compromise and cognitive deficits. Leveraging a large, multi-
site cohort of TLE patients and controls, we characterized intrinsic
functional topography using non-linear connectome compression tech-
niques and identified patterns of signal flow using rDCM. Furthermore,
we explored associations with TLE-related alterations in gray matter
morphology and white matter microstructure. Finally, we evaluated
whether these functional changes were related to impairments across
various cognitive domains, as assessed by behavioral batteries. Although
our study was data-driven and regionally unconstrained, TLE patients
were expected to exhibit atypical functional organization at a system
level. In particular, mirroring effects in other neurodevelopmental
conditions (Hong et al., 2019b; Xia et al., 2022), TLE was likely asso-
ciated with an atypical functional differentiation between transmodal
and unimodal regions, which would manifest in altered functional
topographic gradient organization as well as aberrant signal flow. Given
prior work showing that large-scale effects in TLE often aggregate within
temporo-limbic epicenters, we equally expected to identify atypical
functional organization in these regions. Our primary analysis was
conducted in a discovery cohort of 190 individuals (95 TLE patients and
95 age- and sex-matched healthy controls) aggregated from three in-
dependent sites. The generalizability of our findings was then assessed in
a replication cohort of 70 individuals (30 TLE patients and 40 healthy
controls).

2. Materials and Methods
2.1. Participants

Our discovery dataset contained a total of 190 individuals, including
95 patients with pharmaco-resistant unilateral TLE (43 males; mean age
+ SD = 31.19 + 10.57 years) and 95 age- and sex-matched healthy
controls (45 males; 31.53 + 8.37 years). All participants were aged
between 18-58 years. There were no significant differences in age (t =
0.24, P = 0.808) and sex (32 = 0.08, P = 0.771) between two groups.
Average age at seizure onset was 16.68 + 9.74 years, and average
duration of illness was 14.25 + 11.42 years. Participants were selected
from three independent sites: (i) Montreal Neurological Institute and
Hospital (MICA-MICs; n = 75) (Royer et al., 2022b), (ii) Universidad
Nacional Autonoma de Mexico (EpiC; n = 50) (Rodriguez-Cruces et al.,
2020), and (iii) Jinling Hospital, China (NKG; n = 65) (Weng et al.,
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2020). Patients were diagnosed according to the ILAE classification
based on a comprehensive evaluation includes clinical history, seizure
semiology, video-EEG recordings, neuropsychological assessment, and
clinical MRI. The study was approved by local ethics committees, and all
participants provided written informed consent in accordance with the
Declarations of Helsinki. Site-specific demographic and clinical infor-
mation can be found in Table 1.

We further evaluated an independent replication dataset of 30
pharmaco-resistant TLE patients (18 males; 30.83 + 9.35 years), and 40
age- and sex-matched healthy controls (20 males; 26.68 + 5.68 years)
recruited at the NKG site. All participants were aged between 18-48
years. A similar evaluation classified them as unilateral left (n = 11) or
right TLE (n = 19). Detailed demographic and clinical information can
be found in Table S1.

2.2. MRI Acquisition

All participants underwent multimodal MRI data acquisitions,
including T1-weighted MRI, rs-fMRI, and diffusion-weighted imaging
(DWI). In EpiC, data were acquired on a 3 T Philips Achieva scanner, and
included (i) a T1-weighted scan (3D spoiled gradient-echo, voxel size =
1x1x1 mms, TR = 8.1 ms, TE = 3.7 ms, FA = 8°, FOV
256 x256 mmz), (i) a rs-fMRI scan (gradient-echo EPI, voxel size =
2%x2x%3 mm3, TR = 2000 ms, TE = 30 ms, FA = 90°, 34 slices, 200
volumes), and (iii) a DWI scan (2D EPI, voxel size = 2x2x2 mrng, TR =
11.86 s, TE = 64.3 ms, FOV = 256 x256 mm?, 2 b0 images, b-value =
2000 s/mm?, 60 diffusion directions). In MICA-MICs, data were acquired
on a 3 T Siemens Magnetom Prisma-Fit scanner, and included: (i) two
T1-weighted scans (3D-MPRAGE, voxel size = 0.8x0.8x0.8 mm?, ma-
trix size = 320x320, TR = 2300 ms, TE = 3.14 ms, FA = 9°, TI = 900 ms,
FOV = 256x256 mmz), (ii) a rs-fMRI scan (multiband accelerated 2D-
BOLD EPI, voxel size = 3x3x3 mm3, TR = 600 ms, TE = 30 ms, FA =
52°, FOV = 240x240 mmz, multi-band factor = 6, 48 slices, 700 vol-
umes), and (iii) a multi-shell DWI scan (2D EPI, voxel size =
1.6x1.6x1.6 mm3, TR = 3500 ms, TE = 64.4 ms, FA = 90°, FOV =
224224 mm?, 3 b0 images, b-values = 300,/700/2000 s/mm?, 10/40/
90 diffusion directions). In NKG, data were acquired on a 3 T Siemens
Trio scanner, and included (i) a T1-weighted scan (3D-MPRAGE, voxel
size = 0.5x0.5x1 mm3, TR = 2300 ms, TE = 2.98 ms, FOV =
256 x256 rnrnz, FA = 9°), (ii) a rs-fMRI scan (2D echo-planar BOLD,
voxel size = 3.75x3.75x4 rnmg, TR = 2000 ms, TE = 30 ms, FA = 90°,
FOV = 240x240 mmz, 30 slices, 255 volumes), and (iii) a DWI scan (2D
EPI, voxel size = 0.94x0.94x3 mm3, TR = 6100 ms, TE = 93 ms, FA =
90°, FOV = 240x240 mm>2, 4 b0 images, b-value = 1000 s/mm?, 120
diffusion directions).
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2.3. MRI Processing

Multimodal processing utilized micapipe (version 0.1.4; http://mica
pipe.readthedocs.io) (Cruces et al., 2022), an open-access pipeline that
integrates AFNI, FSL, FreeSurfer, ANTs, and Workbench (Avants et al.,
2011; Cox, 1996; Fischl, 2012; Glasser et al., 2013; Jenkinson et al.,
2012). T1l-weighted data were de-obliqued, reoriented, linearly
co-registered, intensity non-uniformity corrected, and skull stripped.
FreeSurfer 6.0 was used to generate models of the inner and outer
cortical interfaces, with manual correction of segmentation errors.
Native cortical features were registered to the Conte69 template surface
(~32k vertices/hemisphere). Cortical thickness, measured as the
Euclidean distance between corresponding pial and white matter
vertices, was computed for each participant, and then registered to
Conte69 (Van Essen et al., 2012). DWI data were denoised, corrected for
susceptibility distortions, head motion, and eddy currents. A Laplacian
potential field was used to guide the placement of a superior white
matter (SWM) surface, targeting a depth of ~2 mm beneath the
gray-white matter boundary to capture the U-fibre system and the ter-
minations of long-range bundles located between 1.5 and 2.5 mm
beneath the cortical interface, following the approach used in previous
studies (Hong et al., 2019a; Lariviere et al., 2020b; Liu et al., 2016b).
Diffusion features, fractional anisotropy (FA) and mean diffusivity (MD),
which served as surrogates of fibre architecture and tissue microstruc-
ture, were linearly interpolated along the SWM surface and registered to
Conte69. rs-fMRI processing included discarding the first five volumes,
reorientation, slice-timing correction (EpiC and NKG), and head motion
correction. Nuisance signals were removed using an in-house trained
ICA-FIX classifier (Salimi-Khorshidi et al., 2014). Preprocessed time
series were non-linearly registered to native FreeSurfer space using
boundary-based registration and resampled to Conte69 (Greve and
Fischl, 2009). Surface-based maps, including cortical thickness, FA, MD,
and rs-fMRI time series, underwent spatial smoothing (full--
width-at-half-maximum = 10 mm). Lastly, vertex-wise maps were
downsampled using the Glasser atlas (Glasser et al., 2016), a multimodal
parcellation comprising 180 homologous parcels per hemisphere.

2.4. Connectome Gradient Analysis

Cortex-wide functional connectome gradients were generated using
BrainSpace  (version  0.1.10;  https://github.com/MICA-MNI/B
rainSpace) (Vos de Wael et al., 2020). Pearson’s correlations of time
series between each pair of regions were calculated, resulting a
360x360 functional connectome matrix per participant. Similar to
previous studies (Margulies et al., 2016), we retained the top 10%
weighted connections per region after z-transforming the data. An

Table 1
Demographic and clinical information of the discovery dataset.
EpiC Site MICA-MICs Site NKG Site
HC TLE P HC TLE P HC TLE P
Number 25 25 - 40 35 - 30 35 -
Age 31.8+12.2 30.8+11.7 0.75% 34.4+3.9 35.7+£10.7 0.48° 27.5+7.4 27.0+7.8 0.82%
(18-57) (18-58) (29-44) (18-57) (19-40) (18-43)
Sex (M/F) 14/11 10/15 0.78" 20/20 16/19 0.71° 14/16 17/18 0.88"
Side of focus (L/R) 15/10 - - 25/10 - - 15/20 -
Age at onset 13.5+10.0 20.44+10.2 - - 15.2+8.0 -
(0.7-40) (0.5-49) (1-28)
Duration of illness 17.3+13.8 15.2+12.3 - - 11.14+7.6 -
(1-49) (1-45) (0.2-29.7)
HA, n (%) - 15 (60) 19 (54) - - 32(91) -
Surgery (Engel I) - - 11 (8)¢ - - 35 (24)¢ -

Abbreviations: HC, healthy control; TLE, temporal lobe epilepsy; M, male; F, female; L, left; R, right; HA, hippocampal atrophy (percentage of patients in the group),
determined as the absolute hippocampal volumes or inter-hemispheric asymmetry (ipsilateral - contralateral) beyond 2 SDs of the corresponding mean of healthy
controls (Bernasconi et al., 2003). Age, age at seizure onset, and duration of illness are presented as mean + SD years. # Two-sample t-test. ® Chi-square test. ¢ Engel I:

seizure-free, i.e., Class I postsurgical outcome in Engel’s classification.
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affinity matrix was constructed using a normalized angle kernel to
capture the similarity in connectivity profiles between regions (Park
et al.,, 2021c). To identify gradient components that explained the
variance in the connectivity profiles of the functional connectome, we
employed diffusion map embedding, a robust and computationally
efficient non-linear manifold learning technique (Coifman et al., 2005;
Margulies et al., 2016). We set the values of a and t to 0.5 and O,
respectively, to retain global relations between data points in the
embedded space, as done in previous studies (Hong et al., 2019b; Mar-
gulies et al., 2016; Vos de Wael et al., 2020). Individual-level gradient
maps were aligned to template gradients generated from 100 unrelated
healthy adults from the Human Connectome Project (HCP) database
using Procrustes rotation, following prior work (Li et al., 2021; Park
et al., 2021b; Wang et al., 2022). The MRI parameters and processing
details of the HCP dataset can be found in refs (Glasser et al., 2013; Van
Essen et al., 2013). The HCP dataset was chosen due to its high-quality
imaging data and its common use for constructing brain atlases (Glasser
et al., 2016), as well as for building reference templates for gradient
alignment and contextualization (Paquola et al., 2019; Park et al.,
2021b; Vos de Wael et al., 2020; Wang et al., 2022).

To quantify between-group differences in functional gradient values
between TLE patients and controls, we z-scored the principal functional
gradient maps in patients with respect to site-matched controls and
sorted them into ipsilateral/contralateral to the focus (Liu et al., 2016a).
Surface-based linear models, implemented in BrainStat (version 0.4.2;
https://brainstat.readthedocs.io) (Lariviere et al., 2023), were used to
compare the groups, with age, sex, and site included as covariates.
Cohen’s d effect sizes were calculated to determine the magnitude of
between-group differences. To account for multiple comparisons, a false
discovery rate (FDR) procedure was applied (Benjamini and Hochberg,
1995). Additionally, we stratified the functional gradient findings with
respective to twelve macroscale functional networks defined on the
Glasser atlas, using the Cole-Anticevic Brain-Wide Network Partition (Ji
et al., 2019).

Post-hoc analyses were carried out to evaluate the consistency of TLE-
related gradient changes across the three sites in the discovery dataset.
Firstly, as in previous MRI analyses (Valk et al., 2015), we calculated the
average gradient values within the clusters showing significant gradient
changes in the main multisite analysis and compared them between
healthy control and TLE groups within each of the three sites separately.
This allowed us to evaluate the effect sizes of functional gradient
changes at each site at a cluster-specific level. Secondly, we repeated the
cortex-wide gradient comparison between groups at each site, while
controlling for age and sex. This analysis aimed to assess the effect sizes
of between-group differences in the principal functional gradient values
at each brain area and each site independently. Cortex-wide consistency
between sites was defined as the spatial correlations of site-specific
TLE-control effect size maps (i.e., Cohen’s d maps) (Anderson et al.,
20205 Ji et al., 2022; Xie et al., 2023). The significance of these corre-
lations was determined using spin permutation tests with 5000 itera-
tions, which preserved the spatial autocorrelation of the original data
(here P values were denoted as Pgpip) (Alexander-Bloch et al., 2018;
Lariviere et al., 2021; Vasa and Misi¢, 2022).

2.5. Effective Connectivity Analysis

To examine the directed functional flow to and from regions showing
significant gradient alterations, we employed rDCM, a scalable and
computationally efficient generative model of whole-brain effective
connectivity from rs-fMRI (Frassle et al., 2021, 2017; Frassle et al.,
2021a). Compared to the conventional dynamic causal modelling
framework (Friston et al., 2014), rDCM (i) translates state and obser-
vation equations of a linear dynamic causal model from the time to the
frequency domain, (ii) substitutes the non-linear hemodynamic model
with a linear hemodynamic response function, (iii) implements a
mean-field approximation across regions (i.e., parameters targeting
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different regions are assumed to be independent), and (iv) specifies
conjugate priors on the noise precision, connectivity, and driving input
parameters (Frassle et al., 2021a; Frassle and Stephan, 2022). These
modifications essentially reframe a linear DCM in the time domain as a
Bayesian linear regression in the frequency domain. As a result, rDCM
can be scaled to large networks comprising hundreds of nodes, allowing
for the estimation of effective connectivity from rs-fMRI at the
whole-brain level. A more detailed description of rDCM, including the
mathematical details of the neuronal state equations, can be found
elsewhere (Frassle et al., 2018, 2017). These modifications essentially
reframe a linear DCM in the time domain as a Bayesian linear regression
in the frequency domain. As a result, rDCM can be scaled to large net-
works comprising hundreds of nodes, allowing for the estimation of
effective connectivity at the whole-brain level. A comprehensive
description of rDCM, including the mathematical details of the neuronal
state equations, can be found elsewhere in refs (Frassle et al., 2018,
2017, Frassle et al., 2021b; Frassle and Stephan, 2022).

Time series derived from preprocessed rs-fMRI data were utilized for
the whole-brain effective connectivity estimation for each individual,
through a fully connected network architecture of rDCM (Fig. 2a),
implemented in TAPAS (version 6.0.1; https://www.tnu.ethz.
ch/de/software/tapas) (Frassle et al, 2021). The resulting
subject-specific effective connectivity matrix (360x 360, including 129,
240 connectivity parameters and 360 inhibitory self-connections) was
divided into an efferent component (i.e., columns in Fig. 2b), reflecting
outward signal flow, and an afferent component (i.e., rows in Fig. 2b),
reflecting inward flow. Weighted outward and inward degree measures
were computed for each node, representing the sum of the unsigned
efferent and afferent connectivity weights, respectively (Zuo et al.,
2012). To capture overall alterations in signal flows, we compared the
aggregate of outward-degree and inward-degree values between TLE
patients and healthy controls using multivariate surface-based linear
models. Post-hoc univariate models were employed to identify specific
patterns of outward-degree or inward-degree differences between both
groups.

To interrogate whether signal flow perturbations can account for
gradient alterations, we repeated the surface-wide between-group
comparisons of the principal functional gradient while additionally
controlling for the node-wise outward- and inward-degree measures.
Furthermore, we calculated the average outward- and inward-degree
values within brain regions with significant gradient changes, and
correlated them with subject-specific average functional gradient values
in the same regions in healthy control and TLE groups separately. This
analysis aimed to explore the association between functional gradient
alterations and signal flow changes within specific brain regions.

2.6. Assessment of Morphological and Microstructural Substrates

We carried out several analyses to explore the associations of func-
tional gradient changes, cortical morphology, and SWM microstructure.
Firstly, we performed surface-based linear models to assess morpho-
logical and microstructural indices between TLE patients to controls,
while controlling for effects of age, sex, and site as covariates. Secondly,
we examined TLE-related gradient changes above and beyond structural
changes by comparing the principal functional gradient values between
groups while also controlling for cortical thickness or diffusion param-
eters at each region. Furthermore, we conducted statistical mediation
analyses to quantify the extent to which cortical morphological and
SWM microstructural changes contributed to functional gradient
changes. The mediation models included the principal functional
gradient values (gradient) as the dependent variable, group (i.e., TLE vs.
controls) as the predictor, and cortical structure (structure), including
cortical thickness, or fractional anisotropy (FA), or mean diffusivity
(MD), as the mediator. For each participant, we calculated the average
cortical thickness, FA, MD, and functional gradient values within clus-
ters showing significant gradient reductions (refer to Fig. 1d). The
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Fig. 1. Between-group differences in the principal functional gradient. (a) A schematic of functional connectivity gradient mapping. (b) The principal gradient
in healthy controls (n = 95) and patients with TLE (n = 95). (c) Global histograms indicated that the two anchors of the gradient were contracted in TLE compared to
healthy controls. (d) Surface-based linear models, controlling for age, sex, and site, showed regional differences in the principal gradient between groups. Significant
clusters, corrected for multiple comparisons using the false discovery rate procedure, are outlined in black (Pgpr < 0.05). () Community-wise analysis revealed
reduced gradient values predominantly in the default-mode network (DMN) and increases in the secondary visual network (VS2) and cingulo-opercular network
(CON) in TLE (Prpr < 0.05). (f) Across-site consistency. (i) Site-specific between-group differences in the mean gradient values within regions showing significant
gradient changes. (ii) Across-site spatial correlations of between-group effect size maps (i.e., unthresholded Cohen’s d maps), with each dot representing the Cohen’s
d effect size from one region. Statistical significance of spatial correlations (i.e., Pspin) was evaluated using 5000 spin permutation tests to account for the spatial
autocorrelation (Alexander-Bloch et al., 2018; Lariviere et al., 2021; Vasa and Misic, 2022). Abbreviations: HC, healthy controls; TLE, temporal lobe epilepsy; ipsi,

ipsilateral; contra, contralateral.

mediation models involved four paths: (i) path a, representing the
relationship between group and structure; (ii) path b, representing the
relationship between structure and gradient; (iii) path c’, representing the
direct effect of group on gradient while controlling for the mediator

structure; and (iv) the mediation/indirect effect (axb), representing the
effect of the relationship between group and gradient that was reduced
after accounting for structure. Significance of paths was determined
using bootstrapped confidence intervals (10,000 times), implemented in
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the MediationToolbox (version 1.0.0; https://github.com/canlab/Medi
ationToolbox).

2.7. Associations with Cognitive Variables

At the MICA-MICs site, participants engaged in three memory tasks
(semantic, episodic, and spatial) while inside the scanner (Shahin et al.,
2022; Tavakol et al., 2021), as well as the EpiTrack test outside the
scanner (Lutz and Helmstaedter, 2005). The semantic task required
participants to identify the item that was conceptually most similar to
the target in a 3-alternative forced-choice design. A total of 56
pseudo-randomized trials were administered, consisting of 28 easy trials
(Sem-E) and 28 difficult trials (Sem-D). The UMBC index (range: 0-1),
measuring the semantic relatedness of items (Han et al., 2013), was
0-0.3 between the foils and target in Sem-E trials, and 0.3-0.7 in Sem-D
trials (Tavakol et al., 2021). The episodic task consisted of two phases.
Participants were presented with pairs of images simultaneously and
then, following a 10-minute delay, had to identify the original object
item that was paired with the target from the encoding phase in a
3-alternative forced-choice design (Tavakol et al., 2021). A total of 56
pseudo-randomized trials were administered, with 28 trials corre-
sponding to pairs of images encoded only once (Epi-D) and 28 trials
corresponding to pairs of images encoded twice (Epi-E). The UMBC
index for each pair was smaller than 0.3. In the spatial task, also
comprising two phases, participants were required to memorize the
spatial arrangement of 3 semantically unrelated items (UMBC index <
0.3) and discriminate the original layout from two additional foil layouts
of the same items, with a jittered interval of 0.5-1.5 seconds (Tavakol
et al., 2021). The task included 56 pseudo-randomized trials, with 28
trials categorized as easy (Spa-E) and 28 trials categorized as difficult
(Spa-D). In Spa-D trials, the foil layouts differed from the original one by
2 degrees of separation (e.g., rotation about the center of mass and
spacing alteration), while in Spa-E trials, the foil layouts involved 3
degrees of separation (e.g., rotation about the center of mass, spacing
alteration, and item positional swap). After excluding participants with
incomplete data (n = 12), a total of 63 participants were included in the
analysis (38 controls and 25 patients). Experiment scripts and stimuli
are available at http://github.com/MICA-MNI/micaopen/.

At the EpiC site, participants underwent the Wechsler Memory Scale
(WMS-1V) test, which consisted of 7 subtests designed to assess memory
performance (Rodriguez-Cruces et al., 2018). The WMS-IV derived 5
indices: auditory memory (AMI), visual memory (VMI), visual working
memory (VWMI), immediate memory (IMI), and delayed memory
(DMI). These indices were normalized based on a Mexican population,
and adjusted for age and education level. After excluding participants
with incomplete data (n = 5), a total of 45 participants were included in
the analysis (20 controls and 25 patients). No cognitive data were
available for the NKG site.

We investigated the relationship between participants’ cognitive
performance and functional network metrics. For each participant, we
calculated the mean functional gradient, outward-degree, and inward-
degree values within regions with significant gradient changes. Cogni-
tive performance indices were z-scored and fed to a principal component
analysis (PCA) to reduce dimensionality. We then correlated the prin-
cipal component score (PC1) which represented overall memory per-
formance, with each of the three imaging measures while controlling for
age and sex. Additionally, we constructed a multiple linear regression
model to examine the combined effects of all three imaging measures (i.
e., PC1 ~ gradient + outward-degree + inward-degree). These analyses
were conducted separately at MICA-MICs and EpiC sites. To assess the
specificity of brain-memory associations, we further examined correla-
tions between individual EpiTrack score which reflected attention and
executive functions (available only at the MICA-MICs site), and the
imaging measures.
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2.8. Cognitive Decoding based on Neurosynth

To explore the cognitive associations of brain regions showing TLE-
related gradient changes, we conducted a functional decoding analysis
using Neurosynth (https://neurosynth.org/, December 2020 release), a
platform for ad hoc meta-analysis of task-based functional MRI data
(Yarkoni et al., 2011). In briefly, the FDR-corrected brain regions
derived from between-group comparisons of the principal functional
gradient (Fig. 1d) were used as input for a “decoder” wrapper imple-
mented in BrainStat (Lariviere et al., 2023). We specifically focused on
cognitive and disorder-related terms and excluded anatomical and de-
mographic terms in our analysis.

2.9. Sensitivity, Robustness, and Replication Analyses

2.9.1. Left and Right TLE

To account for the potential effect of focus lateralization on the to-
pological organization of functional networks, we separately conducted
surface-wide between-group comparison of the principal functional
gradient for left (nyr g = 55) and right TLE patients (ngr.g = 40). We
then computed spatial correlations of effect sizes (i.e., Cohen’s d) be-
tween these two subgroups. Additionally, we performed two-sample t-
tests to compare directly the mean functional gradient values within
significant regions identified in the multisite aggregation analyses
(Fig. 1d) between the left/right TLE group and the healthy control
group.

2.9.2. Seizure-Free TLE

To ensure the validity of our findings, we selected those patients who
had undergone surgery after our initial investigation, had histologically
confirmed mesiotemporal pathology, and were seizure-free at follow-up
(ie., Engel I: MICA-MICs site, n = 8; NKG site, n = 24). We reanalysed
functional connectome gradients using the same methodology as before,
comparing this specific subgroup of patients to controls.

2.9.3. Head Motion and tSNR Effects

To confirm that the main gradient findings were not related to fMRI-
related related artifacts, we calculated the degree of head motion
(framewise displacement, FD) during rs-fMRI scans and cortex-wide
temporal signal-to-noise ratio (Murphy et al., 2013; Power et al.,
2014). We repeated surface-wide between-group comparisons of the
functional gradients while including subject-specific mean FD or
regional signal-to-noise ratio estimates as covariates to account for their
potential effects.

2.9.4. Connectivity Matrix Thresholding

To evaluate the effects of connectivity matrix thresholding on our
findings, we generated connectome gradients using matrices thresh-
olded at various levels, specifically at 50%, 60%, 70%, and 80%. We
repeated the surface-wide comparisons of newly defined functional
gradients between TLE patients and controls and determined their
consistency with the Cohen’s d map from the default setting at 90%.

2.9.5. Age at Seizure Onset Effects

To mitigate the potential impact of variations in the age at seizure
onset between the MICA-MICs site and the other sites, we performed
surface-wide functional gradient comparisons between groups after
excluding five TLE patients with a late age at seizure onset from this site
(average age at seizure onset = 17.45 + 6.82 years, range = 0.5-27
years), thereby reducing the differences in age at seizure onset between
the three sites we studied (F(2,87) = 1.61, P = 0.207).

2.9.6. Interictal Epileptiform Discharges Effects

We furthermore explored associations between functional measures
and the prevalence of inter-ictal epileptiform discharges (IEDs) in the
temporal lobe in TLE patients at the MICA-MICs site who underwent
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extended video-EEG telemetry as part of the in-patient investigations at
our hospital (mean + SD = 8.76 + 2.70 days, range = 2-15 days). For
each patient, we extracted the IEDs severity based on the classification
obtained from the clinical EEG reports during hospitalization. Following
the ACNS Critical Care EEG Terminology 2021 (Hirsch et al., 2021), TLE
patients were subdivided into three groups: rare IEDs (<1/hour; n =11),
occasional IEDs (>1/hour but less than 1/minute; n = 10), and fre-
quent/abundant IEDs (>1/minute; n = 12) (see IEDs localization in
Table S2). The features of resting-state brain function described above
were compared among these three subgroups using an analysis of vari-
ance (ANOVA).

2.9.7. Replication Analysis

We examined the reproducibility of our main findings using an in-
dependent dataset consisting of 30 individuals with pharmaco-resistant
TLE and 40 age- and sex-matched healthy adults (see Table S1). We
compared the principal functional gradient values between TLE and
control groups following the procedure outlined above.

3. Results
3.1. Altered Topographic Gradients in TLE

We studied a multisite discovery dataset of patients with TLE and
healthy controls, and applied non-linear dimensionality reduction
techniques to cortex-wide functional connectomes derived from rs-fMRI
data to estimate topographic gradients (Fig. 1a). The principal func-
tional gradient, which accounted for 16.5 + 1.3% of the total variance
(TLE: 16.4 + 1.3%; healthy controls, 16.5 + 1.3%), demonstrated a
gradual transition from unimodal sensory/motor to transmodal associ-
ation systems in both groups (spatial map similarity: rho = 0.98, Pgin <
0.001; Fig. 1b), in line with earlier findings in healthy adults (Margulies
et al., 2016).

Notably, the extremes of the gradient histogram were contracted in
TLE patients compared to healthy controls (Fig. 1¢), a finding further
supported by surface-based comparisons. Specifically, TLE patients
exhibited markedly lower functional gradient values in bilateral tem-
poral and ventromedial prefrontal cortices relative to healthy controls
(Prpr < 0.05; mean + SD Cohen’s d in significant clusters: —0.46
+ 0.14; Fig. 1d). Stratifying the topography using a well-established
functional atlas showed that TLE patients had lower functional
gradient values in the default-mode network, and higher values in the
secondary visual and cingulo-opercular networks (Pppr < 0.05, Fig. 1e)
(Ji et al., 2019). The consistency of these findings was demonstrated
across the three sites included in our study. Gradient reductions in
bilateral temporal and medial prefrontal cortices were consistent across
the 3 sites, albeit with variable effect sizes (EpiC/MICA-MICs/NKG
Cohen’s d = —0.41/—-0.64/—1.02). The spatial patterns of TLE-related
gradient alterations were similar across sites (EpiC vs. MICA-MICs: rho
= 0.35, Pgin = 0.003; EpiC vs. NKG: rho = 0.31, Pspin = 0.011;
MICA-MICs vs. NKG: rho = 0.53, Pgpin < 0.001; Fig. 1f and Figure S1).

3.2. Relation to Effective Connectivity Alterations

After characterizing topographic changes in TLE, we examined as-
sociation between these findings and atypical functional signal flow. We
utilized rDCM (Frassle et al., 2021a), a method that allowed us to esti-
mate the cortex-wide effective connectivity from rs-fMRI data for each
participant (Fig. 2a). We calculated the outward and inward degree
centrality at a nodal level to quantify the flow of functional signals (see
2.5 Effective Connectivity Analysis). The spatial distributions of
outward- and inward-degree values across the entire neocortex were
generally similar (rho = 0.54, Pgin < 0.001). Specifically, the lateral
frontoparietal and medial occipital cortices showed relatively higher
outward-degree values, indicating relatively stronger outflux signal
flow; the temporolimbic cortex exhibited lower outward-degree values,
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corresponding to weaker outflux flow. Inward-degree values, on the
other hand, predominantly varied along the anterior-posterior axis of
the neocortex, with occipito-parietal cortices exhibiting highest influx
flow, while mesiotemporal and paralimbic cortices such as the orbito-
frontal and anterior insula showed much lower flow (Fig. 2b).

Cortex-wide multivariate between-group comparisons, which
aggregated outward- and inward-degree values, found significant al-
terations in TLE patients relative to healthy controls, primarily in a
bilateral network encompassing the middle temporal gyri, insula,
ventromedial and dorsolateral prefrontal cortices, as well as the
contralateral central regions (Pppgr < 0.05; Fig. 2¢). Univariate analyses
indicated reduced outward-degree and inward-degree values in these
regions in TLE patients (Pppg < 0.05; Fig. 2¢). To evaluate the shared
effects of gradient and directed connectivity changes, we compared the
principal functional gradient between groups using statistical models
that also controlled for outward-degree and inward-degree values in
each node. This analysis revealed reduced effect sizes of functional
gradient reductions and less extended gradient changes in TLE, with
only the bilateral temporal poles showing significant gradient changes
following FDR-correction (Prpg < 0.05; Figure S2). In a post hoc analysis
focusing on regions showing significant gradient changes in TLE
(Fig. 1d), we quantified the correlation between the principal functional
gradient and directed connectivity changes. We calculated the average
outward- and inward-degree values within these regions for each
participant and correlated them with subject-specific mean functional
gradient values in the same regions. Compared to healthy controls, TLE
patients showed significant reductions in both outward- (Cohen’s d =
—0.27, P = 0.030) and inward-degree values (Cohen’s d = —0.36, P =
0.005) (Fig. 2d). Furthermore, there was a positive correlation between
functional gradient values and corresponding outward-degree (r = 0.24,
P = 0.010) and inward-degree values (r = 0.27, P = 0.005) in the TLE
group (Fig. 2d). In other words, decreases in outward and inward signal
flow were related to lower connectome gradient values. These associa-
tions between functional gradient, and outward- (r = 0.07, P = 0.266)
and inward-degree values (r = 0.20, P = 0.024) were nominally weaker
in healthy controls (Fig. 2d).

3.3. Effects of Cortical Morphology and Microstructure

Consistent with previous studies (Bernhardt et al., 2010, 2008;
Lariviere et al., 2020a; Lin et al., 2007; McDonald et al., 2008; Whelan
et al., 2018), patients with TLE exhibited cortical thinning in precentral,
paracentral, superior parietal, and precuneus areas bilaterally (Prpr <
0.05; Fig. 3a). However, when incorporating regional cortical atrophy
profiles as a covariate in the statistical model, the effect size of func-
tional gradient reductions in TLE remained virtually unchanged
(Cohen’s d = —0.47 £ 0.14; increase of Cohen’s d = 2%; Fig. 3a). We
also observed widespread TLE-related alterations in SWM parameters
(including decreased FA and increased MD), radiating away from a
temporo-limbic core to affect bilateral temporal, cingulate, lateral
frontal, and posterior parietal cortices (Pppr < 0.005; Fig. 3b and
Figure S3). In contrast to the atrophy-corrected findings, correcting for
SWM changes considerably weakened the observed functional gradient
reductions in TLE (Cohen’s d = —0.36 =+ 0.04; reduction of Cohen’s d =
21%; Fig. 3b and Figure S4). To further quantity the relationship be-
tween functional and structural alterations, we carried out a statistical
mediation analysis separately using either cortical thickness or FA and
MD as the mediator variable in brain regions showing significant
gradient reductions (see Fig. 1d). This analysis confirmed that while
TLE-related functional gradient reductions were independent of cortical
atrophy (mediation effect = 0.001, P = 0.401), they were partially
mediated by SWM alterations (mediation effect of FA and MD =
—0.006/—-0.003, P < 0.001/0.050; Fig. 3c).
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Fig. 2. Directional signal differences and correlations with gradient changes. (a) A schematic of estimating the effective connectivity matrix. Regression
dynamic causal modelling (rDCM) was employed to estimate the whole-brain effective connectivity matrix from resting-state functional MRI data for each partic-
ipant. (b) The node-wise outward degree (left) and inward degree (right) were determined by summarizing the unsigned EC weights (middle) in the columns and rows,
respectively. (¢) Univariate and multivariate analyses revealed surface-wide alterations in outward-degree and inward-degree in TLE patients compared to controls.
Significant clusters, corrected for multiple comparisons using the false discovery rate procedure, are outlined in black. (d) Correlations between the principal
gradient and directional signal flow changes. (i) Between-group differences in the mean outward-degree and inward-degree values. (ii) Across-participant corre-
lations between the mean gradient and outward-/inward-degree values in TLE and control groups separately. Subject-specific mean gradient, outward-degree, and
inward-degree values were derived from averaging regions showing significant gradient changes in Fig. 1d. * P < 0.05; ** P < 0.01. Abbreviations: HC, healthy
controls; TLE, temporal lobe epilepsy; ipsi, ipsilateral; contra, contralateral.
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Fig. 3. Structure-function relationship. (a) Surface-wide between-differences in cortical thickness (CT), and the principal functional gradient (Gradient 1) after
controlling for regional CT. (b) Surface-wide between-group differences in superficial white matter microstructural (SWM) properties (including fractional anisotropy
(FA) and mean diffusivity (MD)), and the principal functional gradient after controlling for regional SWM parameters. (¢) Mediation analyses using group (TLE vs.
HC) as the predictive variable, structure (CT, FA, or MD) as the mediator variable, and gradient as the dependent variable. Path a indicated the effects of group on
structure, path b indicated the effects of structure on gradient, and paths ¢’ and axb indicated the direct and the indirect/mediation effects of group on gradient,
respectively. Abbreviations: HC, healthy controls; TLE, temporal lobe epilepsy; ipsi, ipsilateral; contra, contralateral.

3.4. Associations with Cognition

Our main analysis was conducted at the MICA-MICs site, which
included three memory tests based on the episodic, semantic, and spatial
memory paradigms, respectively (Sormaz et al., 2017; Tavakol et al.,
2021). The results showed that TLE patients exhibited poorer memory
performance compared to healthy controls, as indicated by a unified
measure derived from principal component analysis (i.e., PC1 score,
Cohen’s d = —0.76, P < 0.010). Individual memory performance posi-
tively correlated with the principal functional gradient (r = 0.23, P =
0.034), outward-degree (r = 0.33, P = 0.004), and inward-degree values
(r = 0.34, P = 0.004) (Fig. 4a). That is, the greater functional topo-
graphic changes were associated with the more severe memory im-
pairments. This relationship was further confirmed using a multi-linear
regression including all three functional measures (i.e., PC1 ~ gradient
+ outward-degree + inward-degree; r = 0.41, P = 0.004). These findings
were replicated at the EpiC site (TLE vs. controls, Cohen’s d for PC1 =
—0.95, P < 0.001; principal gradient: r = 0.21, P = 0.078;
outward-degree: r = 0.22, P = 0.076; inward-degree: r = 0.20, P =
0.097; multi-linear regression: r = 0.34, P = 0.072; Fig. 4b).

To support the specificity of brain-memory correlations, we also
examined a complementary measure of attentional-executive ability
(EpiTrack test), available at the MICA-MICs site (Lutz and Helmstaedter,
2005). Although TLE patients displayed lower EpiTrack scores
compared to healthy controls (Cohen’s d = —0.48, P < 0.050), associ-
ations between connectome alterations and EpiTrack performance were
not as strong as those observed for memory (all P-values > 0.100;
Figure S5). Additionally, ad hoc meta-analysis using Neurosynth
confirmed that brain areas showing significant gradient reductions in

TLE were implicated in memory function (Yarkoni et al., 2011), with
several higher-order cognitive and memory-related terms showing high
enrichment (Figure S6).

3.5. Sensitivity, Robustness, and Replication Analyses

Several analyses supported the robustness and replicability of our
main functional gradient findings.

3.5.1. Left and Right TLE

Overall findings were consistent in both left and right TLE cohorts
(rho = 0.52, Py, < 0.001, Figure S7). Both left (Cohen’s d = —0.58, P <
0.001) and right TLE patients (Cohen’s d = —0.86, P < 0.001) showed
significant functional gradient reductions in bilateral temporal and
medial prefrontal cortices relative to healthy controls.

3.5.2. Seizure-Free TLE

Repeating the principal functional gradient analyses in a subcohort
of patients that were operated subsequently to our study, and that had
histopathological validation of mesiotemporal sclerosis, and seizure-free
post-surgical outcomes (i.e., Engel [; n = 32), we found largely consistent
results with our main findings (rho = 0.88, Py, < 0.001), also pointing
to marked gradient functional reductions in bilateral temporal and
medial prefrontal cortices (Cohen’s d = —1.14, P < 0.001; Figure S8).

3.5.3. Head Motion and tSNR Effects

Main gradient findings remained robust when accounting for several
confounding factors. Between-group changes in the principal functional
gradient were comparable when controlling for individual mean
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Fig. 4. Brain-memory correlations at MICA-MICs (a) and EpiC (b). (i) Between-group differences in the overall memory performance (i.e., PC1 score) determined
through principal component analyses (PCA) on various memory tests; (ii) Across-subject correlations between memory performance and the mean gradient,
outward-degree, and inward-degree values within clusters showing significant gradient changes (Fig. 1d) after controlling for age and sex. Abbreviations: HC, healthy
controls; TLE: temporal lobe epilepsy; Epi-D, episodic difficult; Epi-E, episodic easy; Sem-D, semantic difficult; Sem-E, semantic easy; Spa-D, spatial difficult; Spa-E,
spatial easy; AMI, auditory memory; DMI, delayed memory; IMI, immediate memory; VMI, visual memory; VWMI, visual working memory. ** P < 0.01; *** P

< 0.001.

framewise displacement (Cohen’s d = —0.41 + 0.05) and regional
temporal signal-to-noise ratio estimates (Cohen’s d = —0.45 + 0.04;
Figure S9).

3.5.4. Connectivity Matrix Thresholding

By repeatedly generating gradients based on the connectivity matrix
at varying thresholds, we could replicate strong functional gradient re-
ductions in patients with TLE in bilateral temporal and medial prefrontal
cortices (Cohen’s d > —0.66, all P < 0.001), and observed results which
were consistent with our original findings (spatial map similarity: rho >
0.80, Pgpin < 0.001; Figure S10).

3.5.5. Age at Seizure Onset Effects

Following the exclusion of five TLE patients with a later age at
seizure onset from the MICA-MICs site, we observed virtually identical
effect size of between-group difference in the principal functional
gradient, with marked reductions in bilateral temporal and medial
prefrontal cortices in patients with TLE (Cohen’s d = —0.71, all P <
0.001), and the Cohen’s d map exhibiting a strong correlation with that
derived from the whole sample (rho = 0.996, Pg;, < 0.001; Figure S11).

3.5.6. Interictal Epileptiform Discharges Effects

We had information on the IEDs prevalence for 33 patients at the
MICA-MICs dataset who underwent video-EEG telemetry during their
hospitalization. According to subject-specific IEDs prevalence in the
temporal lobe (see Table S2), TLE patients were subdivided into three
groups (11 with rare IEDs; 10 with occasional IEDs; 12 with frequent/
abundant IEDs). However, no significant differences were found among
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these three subgroups in the principal functional gradient (F2,30y = 1.23,
P = 0.306), outward-degree (F230) = 0.01, P = 0.998), and inward-
degree values (F2,30) = 0.03, P = 0.969) in the lateral temporal and
medial prefrontal cortices (Figure S12).

3.5.7. Replication Analysis

We repeated the main analyses in an independent replication dataset
(30 TLE patients and 40 healthy controls). Comparing the principal
functional gradient between both cohorts, we replicated significant re-
ductions in bilateral mesial and inferior temporal lobes as well as medial
prefrontal regions in TLE patients (Cohen’s d = —0.91, P < 0.001).
Moreover, the spatial patterns of functional gradient changes were also
significantly correlated between the discovery and replication datasets
(rho = 0.55, Pspin < 0.001, Figure S13).

4. Discussion

This study investigated macroscale functional network organization
in patients with pharmaco-resistant TLE and explored its association
with cortex-wide structural compromise, as well as cognitive impair-
ments. Using topographic gradient mapping and model-based estima-
tion of directional signal flow patterns in a multi-site cohort of
pharmaco-resistant TLE patients and controls, we discovered a signifi-
cant contraction of the principal unimodal-transmodal functional
gradient in the former group, particularly in bilateral temporolimbic and
ventromedial prefrontal cortices. Findings were consistently observed in
(i) the three study sites, (ii) patients with left or right focus, and (iii) a
subcohort of patients with histologically confirmed mesiotemporal
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sclerosis and post-surgical seizure freedom. Moreover, they were also
replicated in an independent replication cohort of controls and TLE
patients. Brain regions showing functional gradient alterations in TLE
furthermore exhibited reduced signal flow to and from the rest of the
brain, indicating disrupted hierarchy-dependent signaling. Additionally,
by integrating multimodal MRI features in the same participants, we
found that TLE-related functional reorganization was mediated by su-
perficial white matter microstructural changes that radiated from tem-
porolimbic regions into transmodal systems, but independent of diffuse
and bilateral changes in cortical thickness. Finally, we found specific
associations between functional features and individual differences in
memory function, highlighting the clinical relevance of these functional
changes to the commonly observed memory impairments in TLE. A se-
ries of sensitivity analyses confirmed the robustness of our findings.
Taken together, our study highlights the presence of large-scale func-
tional topographic alterations and atypical signal flow in TLE, empha-
sizes the mediating role of cortical microstructural changes, and
suggests a relationship with the memory impairments commonly
observed in the condition.

The chosen approach in the study, functional topographic gradient
mapping, utilized non-linear manifold learning techniques to compress
high-dimensional functional connectomes into a series of low-
dimensional eigenvectors. These eigenvectors capture spatial trends in
connectivity changes in a data-driven and spatially unconstrained
manner. Consistent with previous studies (Margulies et al., 2016;
Smallwood et al., 2021; Sydnor et al., 2021), the primary eigenvector
revealed a hierarchical gradient from sensory/motor systems to trans-
modal association systems, representing the transition from
external-oriented processing to higher-order abstract processing.
Cortex-wide gradient analysis demonstrated a significant compression
of the principal functional gradient in TLE patients compared to healthy
controls. This indicates a reduced functional differentiation suggestive
of imbalanced specialized and integrated functions in TLE (Chiang and
Haneef, 2014; Lucas et 2023a; Park et al., 2017).
Sensory-to-transmodal segregation, which supports specialized pro-
cessing and integrative function, may be disrupted in TLE (Chen et al.,
2017). Our findings were more prominent in lateral temporal and
ventromedial prefrontal cortices, transmodal regions known to be
vulnerable to TLE-related compromise (Lariviere et al., 2020a, 2020b).
Reductions in functional gradient values in these regions likely indicate
a diminished hierarchical differentiation in connectivity profiles from
other brain networks, in our case from regions at lower hierarchical
levels. These findings align with previous research reporting atypical
intrinsic functional signaling and altered connectivity in similar regions
in TLE (Doucet et al., 2013; Fadaie et al. 2021; Girardi-Schappo et al.,
2021; Liao et al., 2011; Pittau et al., 2012), and supported the notion
that in TLE a lesion may affect an epileptic network rather than a cir-
cumscribed focus. Further, it may be inferred that the temporal lobe
structure is a crucial part of such a network. Imbalances in short- and
long-range functional connectivity in the temporo-insular cortex have
been observed in earlier rs-fMRI studies, supporting that the atypical
connectivity with these brain regions may result in signal flow pertur-
bations (Lariviere et al., 2020b). By showing atypical functional
topography that broadly colocalizes with these cortices, our results
contribute to the growing literature supporting the impact of TLE on
intrinsic brain function, signaling, and macroscale functional topo-
graphic organization (Burman and Parrish, 2018; Girardi-Schappo et al.,
2021; Tavakol et al., 2019).

To capture atypical signal flow in TLE, we integrated a recently
developed generative model of effective connectivity, rDCM, into our
analytical framework. This computationally efficient approach is well-
suited for studying large networks (Frassle et al., 2021a; Frassle and
Stephan, 2022). In healthy participants, we found a spatially heteroge-
neous distribution of regional outward and inward degree centrality.
Core nodes of the default mode network, including medial parietal and
lateral prefrontal regions, as well as posterior regions, exhibited higher
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outward and inward degree, consistent with their role as cortical hubs
(van den Heuvel and Sporns, 2013; Zuo et al., 2012). Notably,
comparing inward-degree and outward-degree measures between co-
horts, patients with TLE exhibited broad perturbations in signal flow
across several functional systems, particularly in bilateral temporal and
frontoparietal cortices. This is consistent with earlier investigations
based on electroencephalography that found atypical, directed connec-
tivity in TLE patients, affecting both specific local circuits and macro-
scale functional networks (Coito et al., 2016, 2019; Narasimhan et al.,
2020; van Mierlo et al., 2013). Some studies based on EEG-fMRI re-
cordings have reported that the interictal epileptiform discharges (IEDs)
occurring during the resting-state may result in a relative decrease in
BOLD signal in the default mode regions in TLE (Centeno and Carmi-
chael, 2014; Laufs et al., 2007). While EEG-fMRI measures were not
obtained in our cohort, we could nevertheless evaluate associations
between functional measures and the IEDs prevalence estimated during
video-EEG telemetry for a subset of 33 patients at the MICA-MICs site.
Here, we observed that individual differences in functional gradient and
signal flow were relatively independent of individual variations in the
IEDs prevalence, suggesting that the observed alterations likely reflect a
chronic functional imbalance that may not be directly linked to the
frequency of transient epileptiform events (Laufs et al., 2007, 2006).

In TLE, epileptic activity may spread from the temporal lobe struc-
tures into functionally coupled brain regions, resulting in the recruit-
ment of other neuronal assemblies (Johnson et al., 2023; Matarrese
et al., 2023). The hierarchical organization of the cerebral cortex con-
strains the propagation of brain activity (Markov et al., 2013; Raut et al.,
2021), which may explain the observed disruptions in cortical topog-
raphies, plus shifts in signal flow in TLE patients (Miiller and Meisel,
2023). Indeed, associations between functional gradient and signal flow
patterns were more pronounced in TLE patients than healthy in-
dividuals, indicating a pathological effect between these two comple-
mentary measures. Functional connectivity studies have identified the
mesial temporal lobe (Greicius et al., 2003), and more specifically the
hippocampus (Andrews-Hanna et al., 2010; Buckner and DiNicola,
2019; Genon et al., 2021; Paquola et al., 2020; Smallwood et al., 2021;
Vos de Wael et al., 2018), as a key component of the human default
mode network. Atypical signal flow in the default mode network in TLE
could thus be the result of disturbed functional connectivity between
medial temporal structures and other default mode regions. A series of
rs-fMRI studies have demonstrated that functional segregation within
and between the default mode network was disturbed in TLE (Caciagli
et al., 2022; Lariviere et al., 2020b; Li et al., 2022; Narasimhan et al.,
2022; Sainburg et al., 2022; Stretton et al., 2013), suggestive of a
diminished ability of surrounding brain areas to regulate activity pat-
terns in this network. Additionally, our signal flow findings were
consistent with the distributions of TLE-related decreases in cortical
perfusion, controllability and network efficiency (Bernhardt et al., 2019;
He et al., 2022). Intuitively, in the absence of any external input, pa-
tients with TLE required more energy costs to drive brain state transi-
tions compared to healthy individuals. Our findings do not address the
issue of causality but indicate a correlation between cortical control
energy and default mode network fluctuation. A hypothetical explana-
tion is that the energetic inefficiency in relation to TLE results in sub-
optimal dynamics and inadequate activation, which, in turn, eventually
impair function.

Structural and diffusion-weighted MRI studies have previously re-
ported cortical morphological changes and altered microstructure in
both deep and superficial white matter in TLE patients relative to con-
trols (Anny et al., 2019; Hatton et al., 2020; Lariviere et al., 2020b; Liu
et al., 2016b; Whelan et al., 2018). These alterations can disrupt the
spatial arrangement of functional networks, thereby affecting hierar-
chical organization. In our TLE patients, the alterations in SWM
microstructure followed a spatial pattern that was enriched in trans-
modal systems, with more pronounced effects observed in tempor-
olimbic, prefrontal, and default mode regions compared to sensory and
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unimodal cortices. Similar patterns have been reported in previous an-
alyses of both deep and superficial white matter in TLE (Concha et al.,
2012; Liu et al., 2016b), with effects often radiating away from the
temporo-limbic systems, which are close to the mesiotemporal patho-
logical core region in TLE. These findings also resemble analyses of
intracortical myelin proxies, which pointed to altered microstructure
and microstructural differentiation of temporo-limbic cortices (Bern-
hardt et al., 2018; Royer et al., 2023). Importantly, the SWM findings
spatially resembled the distribution of functional gradient changes in
our TLE patients, suggesting a potential mediatory role of this
compartment in functional anomalies. Our post hoc analysis indeed
confirmed that SWM changes partially mediated functional topographic
findings. These findings support connectivity-based models of regional
susceptibility, where regions anatomically or functionally connected to
a pathological epicenter would undergo more marked alterations (For-
nito et al., 2015; Lariviere et al., 2020a; Shafiei et al., 2022, 2020). They
also align with previous models proposing increased susceptibility of
paralimbic regions to structural and functional rearrangement, possibly
due to their higher potential for plasticity and connectivity reorgani-
zation (Garcia-Cabezas et al., 2019; Park et al., 2021b). In contrast to the
SWM findings, functional topographic changes were not significantly
mediated by cortical thinning. This finding is consistent with earlier
studies showing only a modest contribution of neocortical morpholog-
ical changes to functional changes in TLE (Lariviere et al., 2020b; Xie
et al., 2023). The more diffused cortical gray matter changes observed
beyond the mesiotemporal lobe, as revealed by between-group analyses
here, may partly result from ongoing disease processes and reflect cu-
mulative effects of seizures, anti-seizure medication, and challenges in
psychosocial functioning (Caciagli et al., 2017; Coan et al., 2009;
Galovicetal., 2019; Pardoe et al., 2013). These effects may be broad and
less well captured by the intrinsic functional measures employed in this
study, which in turn indicate a more hierarchy-specific alteration of
temporal and prefrontal circuit organization.

Higher cognitive functions in humans rely on distributed network
mechanisms (Bijsterbosch et al., 2020; Paquola et al., 2022; Park and
Friston, 2013; Shine et al., 2019; Smallwood et al., 2021), and our study
found that multiscale network-level changes in TLE were closely
correlated with behavioral indices of cognitive impairment. Specifically,
the more pronounced topographic gradient alterations and reduced
signal flow in temporo-limbic and prefrontal cortices were associated
with inter-individual differences in overall memory ability.
Meta-analytical decoding further confirmed that TLE-related functional
gradient alterations co-localized with regions implicated in higher,
self-generated functions, including memory. Echoing their established
contribution to memory in healthy individuals (Buckner and DiNicola,
2019; Buckner and Wheeler, 2001; Moscovitch et al., 2016), atypical
activations of these regions in TLE patients have also been reported in
prior memory task-fMRI studies (Alessio et al., 2013; Sidhu et al., 2013).
Default mode regions, which are situated at maximal distances from
sensory systems (Margulies et al., 2016; Oligschlager et al., 2017),
provide a physical substrate for a processing route that spans from the
representation of concrete stimuli to more abstract and integrative
representations (Smallwood et al., 2021). This spatial arrangement also
increases the divergence between large-scale systems, allowing for the
formation of abstract cognition by minimizing interference from input
noise (Buckner and Krienen, 2013). In our TLE patients, the reduced
functional differentiation between unimodal and transmodal systems
may, thus, contribute to an inefficient separation between
stimulus-driven representation and internally-oriented processes, likely
leading to memory dysfunction. Therefore, by situating memory func-
tions within a topographic connectome modelling framework, our
findings highlight the contributions of macroscale functional reorgani-
zation to TLE-related cognitive impairments.
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