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Abstract:

Objective: This study evaluates pre-surgery white matter abnormalities in evaluating the association between pre-
surgical white matter integrity and post-surgery outcomes at the group level using Diffusion Tensor Imaging (DTI) in
patients with Mesial Temporal Lobe Epilepsy (MTLE), specifically examining the differences between seizure-free and
non-seizure-free patients, by Regions of Interest (ROIs) and diffusion parameters (biomarkers).

Methods: A retrospective analysis was conducted on pre-surgical DTI data from MTLE patients who underwent
amygdalohippocampectomy with the subject outcome evaluation. Key parameters, including fractional anisotropy
(FA), mean diffusivity (MD), axial diffusion (AD), and radial diffusion (RD), were extracted from regions of interest
(ROIs) such as the hippocampus, thalamus, and temporal pole. Statistical analysis included ANOVA with Bonferroni
post-hoc tests to compare surgical responders and non-responders on the ipsilateral and contralateral sides of the
epileptogenic zone, as per clinical convention.

Results: FA values in the contralateral hippocampus and thalamus were significantly lower in the Not-SF group
compared to the SF group (p< 0.05). RD values in the contralateral hippocampus and temporal pole were
significantly higher in the Not-SF group (p< 0.05). In ipsilateral regions, MD and RD values in the hippocampus and
temporal pole were significantly higher in the Not-SF group (p< 0.01), while FA values were significantly lower (p<
0.001). AD did not show significant differences. Overall, increased RD and MD and reduced FA in the Not-SF group
indicate reduced microstructural integrity associated with poor seizure control.

Discussion: This study demonstrates that diffusion-based structural connectivity analysis can distinguish seizure-
free from non-seizure-free TLE patients, highlighting the clinical relevance of hippocampus-temporal pole and
hippocampus-thalamus pathways in postoperative outcomes. By extending diffusion evaluation beyond traditional
tracts and integrating modern segmentation and tractography tools, our findings support the role of TLE as a
network disorder and emphasize the potential of advanced DTI methods for understanding the network-level changes
associated with surgical outcomes.

Conclusion: This study shows that diffusion-based structural connectivity metrics, particularly within
hippocampus-temporal pole and hippocampus-thalamus pathways, showed exploratory associations with surgical
outcomes in MTLE patients. While these metrics suggest differences between outcome groups, these findings are
hypothesis-generating.

Keywords: Epilepsy, Diffusion tensor imaging, Mesial temporal lobe epilepsy, Structural connectivity, Hippocampus,
Thalamus, Temporal pole, Surgical outcome.
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1. INTRODUCTION

About 50 million people in the world suffer from
epilepsy today, of whom 80% live in low- to middle-income
countries. The cause of the disease is not known, but it is
related to several insults such as brain trauma during
birth, head injuries, tumors, brain infections, and genetic
conditions. The classification of epilepsy includes focal,
generalized, combined (focal and generalized), and
unknown. Each of these results in syndromes with distinct
behaviors and sensations for each individual [1]. About
60% of focal seizures originate in the temporal lobe,
whereas surgery is an option for patients who are
refractory to antiseizure medications [2]. The literature
reveals that 64% of these patients, who undergo surgery,
obtain seizure control with improvement of their quality of
life [3]. Once the subject has undergone the surgical
procedure, the result is classified of treatment according
to seizure frequency, divided into four classifications,
Engel I (seizure-free), Engel II (rare seizures, 3 per year),
Engel III (valid improvement or greater than 80%
reduction in seizure frequency), Engel IV (no improvement
or less than 80% reduction in seizure frequency) [4].
MTLE (Mesial Temporal Lobe Epilepsy) is a focal epilepsy
that involves mesial structures of the temporal lobe.

1.1. DTI and its Importance

A type of MRI (Magnetic Resonance Imaging) protocol,
called Diffusion Imaging, obtains diffusion data from the
diffusion anisotropy of water molecules moving through
microstructures that hinder neuronal communication.
From diffusion data, it is possible to obtain a quantitative
parameter indicating whether the structure is well-
established and hindered.

These parameters, such as FA (Fractional Anisotropy),
which is more commonly used and quantifies how strongly
directional the local tract structure is, are related to the
quantification of the mobility of water molecules in a voxel
at an anisotropic level if close to 1, and isotropic if close to
0. It also obtains the AD (Axial Diffusion) related to the
parallel direction, RD (Radial Diffusion) related to the
transverse direction, and MD (Mean Diffusivity) related to
the mean of axial and radial components. With the effects
of anisotropy and water diffusion, biomarkers can measure
various tissue characteristics, including myelination, axon
diameter, fiber density, and fiber organization. However, it
is important to reinforce that such biomarkers should be
interpreted with caution [5-7].

However, diffusion metrics such as FA, RD, AD, and
MD are not specific to single microstructural properties
and should be interpreted cautiously, as they reflect a
combination of biological factors, including myelination,
axonal density, and fiber organization, as previously
discussed in the literature [8].

DTI is a technique for primarily mapping white matter,
with tensor adjustment at each voxel in the brain. Once
this is done, it is possible to assess the orientation of the
white fiber tracts and the strength of this directionality.
Increasing the number of diffusion encoding gradients in
the MRI protocol results in better resolution and a greater
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number of white matter tracts in that voxel. Tractography
is the ability to graphically obtain the approximate
representation of the white matter tracts. It is important
for inferring connected structures (fascicles) and can be
useful for making decisions in surgical operations. It
results from a deterministic processing of DTI data [9-15].
It is important to consider that although tractography is
capable of inferring connectivity effectively, it does not
guarantee anatomical connection by itself [16].

There is a vast literature on structural connectivity
analysis using DTI, assessing the integrity of isolated and
known fascicles, such as the fornix, uncinate fasciculus,
arcuate fasciculus, corpus callosum, fibers that are
associative, projective, and commissural [17], in various
diseases, such as in epilepsy [18-20], bipolar disorder [21],
and tumors [22]. Recent works using high-resolution DTI
have shown significant asymmetries in superficial and
deep white matter, particularly involving the cingulum,
uncinate fasciculus, and thalamic projections [23, 24].
However, there are still a few investigations into the
analysis of predefined structures independent of known
neural pathways and their correlation with clinical
implications and surgical outcomes.

The wuse of Diffusion Tensor Imaging (DTI) to
investigate structural biomarkers of neurological
pathologies represents a promising and actively explored
approach for assessing memory deficits [8]. Therefore, we
aim to further advance this research project.

1.2. A Network Disease

It is suggested that the thalamus, mainly through the
thalamocortical pathways, participates in TLE, which can
be indirectly evaluated by EEG (electroencephalography)
[25, 26], volumetric analysis [27], functional analysis [28],
and that this pathway is confirmed by structural analysis
[29]. Even with evidence not much clearer in the face of
pathology, the temporal pole is also seriously affected in
MTLE [30]. It was noted that the amygdala plays a
significant role in the propagation of specific seizures [31].
The hippocampal structure is the region that is most
affected in this type of epilepsy, and hippocampal sclerosis
is the most frequent etiology for drug-resistant patients
[32]. In terms of hippocampal functionality, it was found
that TLE not only affects declarative memory but also
performance in short-term verbal and visual memory,
long-term verbal and visual memory, and working memory
[33, 34]. Also in TLE, the thalamus volume, ipsilateral to
seizure onset, was significantly decreased compared to
controls [35]. In view of these investigations, we chose
these three ROIs to be evaluated for structural
connectivity with the hippocampus.

Recent diffusion and connectome-based studies
support the characterization of Mesial Temporal Lobe
Epilepsy (MTLE) as a disorder of distributed brain
networks rather than a purely focal hippocampal lesion.
Large-scale DTI analyses and graph-theoretical work have
shown widespread white-matter disruption, reduced
network efficiency, and altered hub integrity across
limbic, temporal, and subcortical systems in patients with
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TLE. These convergent findings imply that microstructural
network compromise contributes to seizure propagation
and clinical heterogeneity in MTLE [36, 23, 37, 38].

It is therefore of great use for the interpretation of
neurological pathologies, such as epilepsy, to identify
microstructural differences compared to healthy subjects,
knowing that it is a network disease [36, 23].

Recent work integrating structural brain abnormalities
with outcomes of deep brain stimulation has demonstrated
that both focal and generalized epilepsies are embedded
within reproducible and disease-specific network
architectures, highlighting the relevance of network
integrity for therapeutic response [39]. In parallel,
advances in neuromodulation strategies, including deep
brain stimulation, responsive neurostimulation, and vagus
nerve stimulation, have further emphasized that
successful seizure control often depends on modulating
key nodes and connections within epileptogenic networks
rather than targeting isolated lesions [40]. Together, these
findings support the pursuit of imaging-based biomarkers
capable of capturing network-level alterations relevant to
prognosis and treatment selection in patients undergoing
epilepsy surgery.

In addition, recent evidence suggests that network
plasticity plays a key role in epilepsy, with structural and
functional reorganization influencing clinical outcomes
and treatment response [41].

It is reasonable to evaluate white matter structural
connectivity using DTI in MTLE patients with seizure
control and those without. The main hypothesis of this
study was that there would be quantitative differences in
structural connectivity in strategic regions of interest
between these two groups of patients. This research is a
preliminary study aimed at investigating group-level
associations between diffusion metrics and surgical
outcomes, identifying potential markers of microstructural
damage.

2. MATERIALS AND METHODS

2.1. Study Design

This study is a retrospective cohort study designed to
investigate the association between Diffusion Tensor
Imaging (DTI) metrics and surgical outcomes in patients
with mesial temporal lobe epilepsy with hippocampal
sclerosis. The duration of the study comprised the period
from August 2022 to January 2025.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria correspond to adult patients
diagnosed with Mesial Temporal Lobe Epilepsy (MTLE)
associated with hippocampal sclerosis, patients who
underwent standard surgical treatment (selective
amygdalohippocampectomy), availability of preoperative
and postoperative diffusion MRI scans, and a minimum
postoperative follow-up sufficient for reliable Engel
classification. The exclusion criteria include: presence of
dual pathology or other structural abnormalities unrelated
to MTLE; history of neurosurgical procedures prior to

MTLE surgery; poor-quality or incomplete MRI datasets
that prevent accurate diffusion analysis; and comorbid
neurological or systemic disorders that could confound
diffusion metrics.

A retrospective of MTLE patients who underwent
amygdalohippocampectomy was analyzed. The sample
group consisted of 77 patients divided into two groups.
The first group consisted of controlled, seizure-free
patients (Seizure Free), considered Engel Ia (SF) of 43
patients, and the second group consisted of the remainder
of the classifications (Engel classes II, III, and IV), Not-SF
(Not Seizure Free) of 34 patients. This grouping reflects
clinical reality, where the primary therapeutic goal is
complete seizure freedom (Engel I), given that even rare
seizures (Engel II) significantly impact a patient’s quality
of life, legal capacity to drive, and psychosocial stability.
The control group (CTRL) comprised 76 healthy subjects.
The demographics for each group was as follows: SF,
mean age 43.25 = 9.91 (mean * standard deviation), 23
females, 20 males; Not-SF, mean age 41.91 = 11.80 (mean
+ standard deviation), 17 females, 17 males; and CTRL,
mean age 33.25 * 11.96 years (mean =+ standard
deviation), 35 females, 41 males, shown in Table 1. In
total, 153 data points of the subjects, including the control
and patient groups, were processed.

Table 1. Demographics of the subjects in the study.

Variable Male Female Age
Not-SF 17 17 41.91 = 11.80
SF 20 23 43.25 +9.91
CTRL 41 35 33.25 £ 11.96
p-value p<0.001 p<0.001 p<0.001

Regarding seizure lateralization, 44 patients presented
left-sided epilepsy and 33 patients presented right-sided

epilepsy.
2.3. MRI Acquisition and Processing

Structural images were collected using T1-weighted
acquisition, 1 mm?® isotropic voxel, gapless, flip angle,
TE/TR 3.2/7 ms, 180 sagittal slices with a FOV of 240 x
240. Diffusion images for the tractography and diffusion
quantifications were acquired via planar echo imaging
(EPI) with 2 mm® isotropic voxels, interpolated to 1x1x2
mm®, rebuilt in a 256x256 matrix, 70 slices, TE/TR
61/8,500 ms, 90° flip angle, 32 directions from gradients,
no averages, maximum b-factor 1,000 s/mm’ For the
patients, preoperative structural and diffusion data were
selected.

Performing post-processing individually (for each
subject) would be arduous and time-consuming, diverting
user attention, so a loop program was developed in
command lines to perform all data manipulation without
the user being effectively present.

The first stage of the processing in the structural
image was the extraction of the brain surface using a
subroutine of the SPM12 Matlab Toolbox software [42].
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The realization of corrections of non-uniformities,
classification of the tissue type, labeling of the brain,
internal and external masks, and the generation of the
surface was carried out via command by the CSE (Cortical
Surface Extraction) module ([43] of the software
BrainSuite. The BCI-DNI atlas [44] was used, whose
protocol outlines 26 grooves for the recognition of 95 ROIs
(Regions of Interest), including cerebral gyri and some
subcortical structures, for co-registration.

The second stage refers to the diffusion data, where
the eddy module of the FSL (FMRIB Software Library)
software [45] is used for motion correction and signal drop
due to distortion. Knowing that the operating system was
Windows (FSL only for Linux systems), to perform this
remediation step, the DSI Studio program was used, which
includes a correction module for the Windows system
developed by the author (http://dsi-studio.labsolver.org)
[46]. It was set to 0 1 0 0.1 for the acquisition parameter
(phase encoding direction) for eddy current and

Structural
Processing

Structural MRI - TI*

Tissue Classification and
Cerebrum Identification

Skull Stripping

Surface and Volume
Labeling Atlas (90 ROIS)

Topology Correction
and Tesselation

Pial Surface
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susceptibility. The tensor processing step and geometric
distortion correction for the T1 image, this vector image,
and intravoxel magnitude were performed using the BDP
(BrainSuite Diffusion Pipeline) [47]. In this step, we set the
FA threshold to 0.2, 1.25 seeds per voxel, an angle
threshold of 30 degrees, and a step size of 0.5mm.

In the tractography stage, the analysis of white matter
and connectivity between two ROIs was processed using
MATLAB's TractConnect Toolbox [48] to obtain diffusion
parameters in strategic regions of interest, based on the
surface generated by the tractography. The streamlines
were not manually selected but were auto-generated and
output by the algorithm based on seed regions between
the two surfaces' ROIs, the diffusion map file, and the
surface-registered atlas as input.

The overview of the post-processing stages of the data
is shown in Fig. (1), and an automated code
(https://github.com/italoxaviercp/Structural-Connectivity-D
TI-Multi-Tools) was used.

Difusion
Processing

Fractional Anisotropy
(FA) Map

Distortion Corrections
and Co-Registration

Diffusion Tensors
Estimations From Color-FA

Full Brain
Tractography

Tract Of Filtered

Connectivity Map ROIs

Tractography and
Connectivity

Fig. (1). (01) High-resolution structural T1-weighted MRI acquisition used as anatomical reference. (02) Skull stripping procedure for
removal of non-brain tissues. (03) Tissue classification and cerebral structure identification, enabling separation of gray matter, white
matter, and cerebrospinal fluid. (04) Topological correction and cortical surface tessellation to ensure anatomical consistency. (05)
Reconstruction of the pial surface representing the outer boundary of the cerebral cortex. (06) Surface and volumetric labeling based on
an anatomical atlas, defining 90 regions of interest (ROIs). (07) Correction of diffusion data distortions and co-registration between
diffusion and structural images. (08) Generation of diffusion maps, including fractional anisotropy (FA), axial diffusivity (AD), radial
diffusivity (RD), and mean diffusivity (MD). (09) Estimation of diffusion tensors and orientation information derived from color-encoded FA
maps. (10) Whole-brain tractography performed in individual subject space. (11) Construction of connectivity matrices representing
structural connections between atlas-defined ROIs. (12) Extraction and filtering of tracts connecting selected ROIs, enabling quantitative

analysis of diffusion parameters along specific pathways.
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2.4. Statistical Analysis

For statistical analyses, the RStudio software was
used. A total of 20 primary ANOVA tests were performed
(covering 4 diffusion parameters across 5 ROI pairs).
While Bonferroni correction was applied to all post-hoc
comparisons to control for multiple pairwise tests, no
global alpha correction was applied to the primary ANOVA
results. A p-value < 0.05 was considered statistically
significant for these exploratory analyses [49]. The
statistical analysis aimed to consider the behavior of the
FA, AD, RD, and MD parameters as a function of ROIs,
among the CTRL, SF, and Not-SF groups, both as
variables that suggest differences between the groups by
region evaluated, and also as a measure that differentiates
these same groups. From the volumetric surface of the
white matter obtained in the processing, for all patients,
among the selected ROIs, its lateralization was
categorized by epileptogenic focus. That is, for those who
underwent a surgical procedure on the left side, the
evaluation of the parameters of the structures on the left
side was considered the ipsilateral category (same side).
In the same way, the data were reorganized on the right
side. This organization of the columns facilitates the
clinical interpretation of the results.

3. RESULTS

For visual evaluation of the tractography, some
surfaces were rendered from the study between CTRL and
a random patient. With total brain treatment and filtered
ROI presentation, it was possible to verify a reduction in
the number of fibers and voxels in white matter for a
patient compared to a control. This difference was
highlighted in the left hippocampus compared with the
right hippocampus, in the hippocampus with the ipsilateral
thalamus, and in the hippocampus with the ipsilateral
temporal pole, as Fig. (2) illustrates.

For the structural connectivity between the left hippo-
campus and the right hippocampus, ANOVA indicated a
significant difference between the groups (CTRL, SF, and
Not-SF) by biomarker MD ([F(2,150) = 3.467; p = 0.0337])
(Fig. 3). The post-hoc of multiple comparisons using the
Bonferroni method did not identify a significant difference
between the groups.

For the structural connectivity between the Hippo-
campus and the Temporal Pole, Ipsilateral, the ANOVA
indicated a significant difference between the groups
through FA ([F(2,150) = 12.44; p = 1.01e-05]), RD
([F(2,150) = 11.65; p = 1.97e-05]) and MD ([F(2,150) =
8.31; p = 0.000377]) (Fig. 4). Post-hoc testing identified
differences between CTRL and Not-SF groups (p =
1.3e-05) and the SF and Not-SF groups (p = 0.00019) for
FA. The post-hoc test for RD found differences between
the CTRL and Not-SF groups (p = 2.2e-05) and between
the SF and Not-SF groups (p = 0.00043). The post-hoc test
found differences between the CTRL and Not-SF groups (p
= 0.00034) and between the SF and Not-SF groups (p =

0.00491) for MD. In these comparisons, the Not-SF group
showed significantly lower FA and higher RD and MD
values compared to the SF group, indicating reduced
microstructural integrity in patients with poor seizure
control.

For structural connectivity between the hippocampus
and the temporal pole, contralateral ANOVA indicated a
significant difference between the FA groups ([F(2,150) =
13.84; p = 3.05e-06]), RD ([F(2,150) = 14.43; p =
1.86e-06]), and MD ([F(2,150) = 9.517; p = 0.000129])
(Fig. 5). The post-hoc test identified differences between
the CTRL and SF groups (p = 0.0169) and between CTRL
and Not-SF (p = 2.6e-06) for FA. A difference was found
between the Not-SF and SF groups (p = 0.0181) and the
Not-SF and CTRL (p = 1.1e-06) for RD. The post hoc test
identified a difference between the CTRL and Not-SF
groups (p = 7.8e-05) for the MD.
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Control Patient

Fig. (2). Rendering of a control subject and a Not-SF patient
subject. A - The Hippocampal and Hippocampal ROIs. Control
presenting 435 of 1,675,966 total fibers and patient presenting 22
of 1,119,136 total fibers. B - Ipsilateral Hippocampal and
Thalamus ROIs. Control showing 6,550 of 1,675,966 total fibers
and patient, featuring 3,309 of 1,119,136 total fibers. C -
Ipsilateral Hippocampus and Temporal Pole ROIs. Control,
presenting 6,592 of 1,675,966 total fibers and patient, presenting
751 of 1,119,136 total fibers.
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Fig. (3). Boxplots showing diffusion tensor imaging (DTI) metrics between the bilateral hippocampi, including fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and
mean diffusivity (MD). Distributions are shown for healthy controls (CTRL, green), patients who achieved seizure freedom after surgery (SF, orange), and patients who did not achieve
seizure freedom (Not-SF, cream). Boxes represent the interquartile range (IQR), central horizontal lines indicate the median, whiskers denote values within 1.5 x IQR, and dots indicate
outliers. Group differences reflect variability in microstructural integrity of hippocampal interconnections as assessed by DTI metrics.
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Fig. (4). Boxplots illustrating diffusion tensor imaging (DTI) metrics between the hippocampus and the temporal pole ipsilateral to the epileptogenic focus, including fractional anisotropy
(FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). Results are shown for healthy controls (CTRL, green), patients who achieved postoperative seizure freedom
(SF, orange), and patients who did not achieve seizure freedom (Not-SF, cream). Boxes represent the interquartile range (IQR), central lines indicate the median, whiskers correspond to
values within 1.5 x IQR, and dots denote outliers. These distributions characterize microstructural differences in ipsilateral hippocampal-temporal pole connectivity among the studied
groups.
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Fig. (5). Boxplots depicting diffusion tensor imaging (DTI) metrics between the hippocampus and the temporal pole contralateral to the epileptogenic focus, including fractional
anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). Data are presented for healthy controls (CTRL, green), patients who achieved seizure freedom
following surgery (SF, orange), and patients who did not achieve seizure freedom (Not-SF, cream). Boxes indicate the interquartile range (IQR), horizontal lines represent the median,
whiskers extend to 1.5 x IQR, and dots identify outliers. These distributions reflect microstructural properties of contralateral hippocampal-temporal pole connectivity across the studied
groups.
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For the structural connectivity between Hippocampus
and Thalamus, Ipsilateral, ANOVA indicated a significant
difference between the groups through the FA ([F(2,150)
= 22.85; p = 2.18e-09]), AD ([F(2.150) = 3.095; p =
0.0482]), RD ([F(2.150) = 25.56; p = 2.8e-10]) and MD
([F(2.150) = 17.26; p = 1.8e-07]) (Fig. 6). The post-hoc
test identified differences between the CTRL and Not-SF
groups (p = 1.4e-07) and the CTRL and SF groups (p =
1.4e-06) for FA. No difference was found between the
groups for AD. The Post-Hoc Test for RD found differences
between the CTRL and Not-SF groups (p = 1.0e-08) and
between the CTRL and SF groups (p = 1.2e-06). The post-
hoc test found differences between the CTRL and SF
groups (p = 0.00012) and between CTRL and Not-SF (p =
1.5e-06) for MD. Not-SF patients presented lower FA and
higher RD and MD values compared to SF patients,
consistent with greater microstructural disruption in this
group.

For structural connectivity between Hippocampus and
Thalamus, Contralateral, ANOVA indicated a significant
difference between the groups through the FA ([F(2,150)
= 17.54; p = 1.43e-07]), RD ([F(2,150) = 16.63; p =
3.01e-07]) and MD ([F(2,150) = 9.591; p = 0.00012]) (Fig.
7). The post-hoc test identified differences between the
CTRL and Not-SF groups (p = 1.2e-07), the SF and Not-SF
groups (p = 0.0318), and the CTRL and SF groups (p =
0.0061) for FA. The post-hoc test for RD found differences
between the CTRL and Not-SF groups (p = 8.5e-07) and
between the CTRL and SF groups (p = 0.00073). Post-hoc
testing found differences between CTRL and SF groups (p
= 0.00473) and between CTRL and Not-SF (p = 0.00048)
for MD. Comparisons between SF and Not-SF groups
indicate that the Not-SF group generally exhibited lower
FA and higher RD values, suggesting persistent
contralateral microstructural alterations associated with
poor surgical outcome.

The results of ANOVA are presented in Table 2,
showing that the MD parameter was able to identify
significant differences between the groups for each pair of
connected regions, and that the AD parameter was not
useful for this context in any condition. On the other hand,
the FA and RD parameters just weren't useful for
identifying differences in the region connecting the two
hippocampi. The results of the multiple-comparison test to
verify where the difference between the groups lies are
presented in Table 3.

4. DISCUSSION

4.1. Brain Structure

White matter changes in TLE primarily affect the
ipsilateral hemisphere and temporal lobe, with no
structural abnormalities in extra-temporal regions.
Differences exist between patients who became seizure-
free after surgical treatment and those who did not,
including surgical treatment, behavioral and neuropsycho-
logical characteristics, and diffusion data, suggesting
microscopic structural distinctions.

There is evidence of hippocampal-thalamic spatial
connectivity using structural data [29], reinforcing the
involvement of medial structures in altered emotional
reactions, as suggested by Papez's circuit [50]. Structural
connectivity between the hippocampus and temporal pole
has also been evaluated [37]. To our knowledge, few
studies have analyzed diffusion data in white matter
surfaces linking the hippocampus, thalamus, and temporal
pole in TLE patients with hippocampal sclerosis post-
surgery.

A key distinction of this study is that diffusion analysis
in TLE is not restricted to known tracts such as the
uncinate fasciculus, arcuate fasciculus, cingulum, external
capsule, or fornix [51]. It extends to any regional fiber
connecting affected structures, including extratemporal
and limbic tracts like the optic radiation [52].

Within this network-based framework, the present
findings gain particular relevance. Alterations in diffusion
metrics along  hippocampal-temporal pole and
hippocampal-thalamic pathways suggest that
microstructural integrity of limbic and subcortical
connections may influence postoperative seizure control.
These pathways are central to seizure propagation and
modulation, and their involvement is consistent with
recent large-scale network models derived from structural
abnormalities and neuromodulation targets in epilepsy
[39]. Importantly, emerging molecular evidence indicates
that drug-resistant epilepsies share convergent
disruptions in gene regulatory networks across brain
regions, reinforcing the concept that epilepsy-related
dysfunction extends beyond the primary epileptogenic
zone [53, 26]. In this context, diffusion-based biomarkers
may capture downstream structural consequences of these
multilevel network alterations, offering potential markers
that reflect group-level differences in surgical response.

4.2. Processing

DTI has proven to be an innovative tool, particularly
for epilepsy cases with no clear structural abnormalities.
Our processing was conducted similarly to studies on
chronic anemia [54], evaluating intra-hemispheric
structural connectivity in cortical and subcortical regions
ipsilateral and contralateral to the epileptogenic focus.
This differs from traditional analyses of individual
structures or specific tracts [18, 51, 55-59] in TLE.

Unlike previous studies, this research integrated
multiple modern tools: automatic cortical segmentation
(SVReg), full brain tractography (Brainsuite), and ROI
filtering (Tract Connect via Matlab). This ensured a
preliminary statistical analysis with fine-tuned control over
processing.

There is a lack of prior studies analyzing hippocampal
connectivity to other cortical and subcortical regions
through diffusion parameters following TLE surgery. This
allowed for a more precise structural connectivity
assessment, suggesting that this approach may offer
additional insights in this context.
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Table 2. ANOVA for ROIs and diffusion parameters.

ROI 1 ROI 2 fFA pFA fAD PAD fRD PRD fMD pMD

Hippocampus (Left) Hippocampus (Right) 0.879 0.433 2.696 | 0.0707 2.5 0.0853 3.467 0.0337
Hippocampus (Ipsilateral) Thalamus (Ipsilateral) 12.44 | 1.01E-05 | 1.101 | 0.335 | 11.65 | 1.97E-05 | 8.311 | 0.000377
Hippocampus (Contralateral) Thalamus (Ipsilateral) 13.84 | 3.05E-06 | 0.748 0.475 14.43 | 1.86E-06 9.517 0.000129
Hippocampus (Ipsilateral) Temporal Pole (Ipsilateral) 22.85 | 2.18E-09 | 3.095 | 0.0482 | 25.56 | 2.80E-10 | 17.26 | 1.80E-07
Hippocampus (Contralateral) Temporal Pole (Ipsilateral) 17.54 | 1.43E-07 | 2.016 | 0.137 | 16.63 | 3.01E-07 | 9.591 0.00012

Table 3. Bonferroni's post-hoc test, for multiple comparisons, indicating the significant differences in
variances between the seizure-free (SF) and not-seizure-free groups (Not-SF).

ROIs Diffusion Parameter Group Comparison Significance (p<0.05)
Hippo.-Hippo. MD CTRL vs. SF 0.11
Hippo.-Hippo. MD CTRL vs. Not-SF 0.0899
Hippo.-Hippo. MD SF vs. Not-SF 1

Hippo.-Temp.Pole (ipsi) FA CTRL vs. SF 1
Hippo.-Temp.Pole (ipsi) FA CTRL vs. Not-SF 1.30E-05
Hippo.-Temp.Pole (ipsi) FA SF vs. Not-SF 0.00019
Hippo.-Temp.Pole (ipsi) RD CTRL vs. SF 1
Hippo.-Temp.Pole (ipsi) RD CTRL vs. Not-SF 2.20E-05
Hippo.-Temp.Pole (ipsi) RD SF vs. Not-SF 0.00043
Hippo.-Temp.Pole (ipsi) MD CTRL vs. SF 1
Hippo.-Temp.Pole (ipsi) MD CTRL vs. Not-SF 0.00034
Hippo.-Temp.Pole (ipsi) MD SF vs. Not-SF 0.00491
Hippo.-Temp.Pole (contra) FA CTRL vs. SF 0.0169
Hippo.-Temp.Pole (contra) FA CTRL vs. Not-SF 2.60E-06
Hippo.-Temp.Pole (contra) FA SF vs. Not-SF 0.0726
Hippo.-Temp.Pole (contra) RD CTRL vs. SF 0.0511
Hippo.-Temp.Pole (contra) RD CTRL vs. Not-SF 1.10E-06
Hippo.-Temp.Pole (contra) RD SF vs. Not-SF 0.0181
Hippo.-Temp.Pole (contra) MD CTRL vs. SF 0.1945
Hippo.-Temp.Pole (contra) MD CTRL vs. Not-SF 7.80E-05
Hippo.-Temp.Pole (contra) MD SF vs. Not-SF 0.0593
Hippo.-Thal. (ipsi) FA CTRL vs. SF 1.40E-06
Hippo.-Thal. (ipsi) FA CTRL vs. Not-SF 1.40E-07
Hippo.-Thal. (ipsi) FA SF vs. Not-SF 1
Hippo.-Thal. (ipsi) AD CTRL vs. SF 0.3797
Hippo.-Thal. (ipsi) AD CTRL vs. Not-SF 0.059
Hippo.-Thal. (ipsi) AD SF vs. Not-SF 1
Hippo.-Thal. (ipsi) RD CTRL vs. SF 1.20E-06
Hippo.-Thal. (ipsi) RD CTRL vs. Not-SF 1.00E-08
Hippo.-Thal. (ipsi) RD SF vs. Not-SF 0.6515
Hippo.-Thal. (ipsi) MD CTRL vs. SF 0.00012
Hippo.-Thal. (ipsi) MD CTRL vs. Not-SF 1.50E-06
Hippo.-Thal. (ipsi) MD SF vs. Not-SF 0.68588
Hippo.-Thal. (contra) FA CTRL vs. SF 0.0061
Hippo.-Thal. (contra) FA CTRL vs. Not-SF 1.20E-07
Hippo.-Thal. (contra) FA SF vs. Not-SF 0.0318
Hippo.-Thal. (contra) RD CTRL vs. SF 0.00073
Hippo.-Thal. (contra) RD CTRL vs. Not-SF 8.50E-07
Hippo.-Thal. (contra) RD SF vs. Not-SF 0.26987
Hippo.-Thal. (contra) MD CTRL vs. SF 0.00473
Hippo.-Thal. (contra) MD CTRL vs. Not-SF 0.00048
Hippo.-Thal. (contra) MD SF vs. Not-SF 1
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Fig. (6). Boxplots illustrating diffusion tensor imaging (DTI) metrics between the hippocampus and the thalamus ipsilateral to the epileptogenic focus, including fractional anisotropy (FA),
axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). Results are shown for healthy controls (CTRL, green), patients who achieved seizure freedom after surgery (SF,
orange), and patients who did not achieve seizure freedom (Not-SF, cream). Boxes represent the interquartile range (IQR), central horizontal lines indicate the median, whiskers extend to
1.5 x IQR, and dots denote outliers. These measures reflect microstructural integrity and diffusion properties of ipsilateral hippocampal-thalamic pathways across clinical outcome groups.
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Fig. (7). Boxplots showing Diffusion Tensor Imaging (DTI) metrics between the hippocampus and the thalamus contralateral to the epileptogenic focus, including fractional anisotropy
(FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). Comparisons are presented among healthy controls (CTRL, green), patients who achieved seizure freedom
after surgery (SF, orange), and patients who did not achieve seizure freedom (Not-SF, cream). Boxes represent the interquartile range (IQR), horizontal lines indicate the median, whiskers
extend to 1.5 x IQR, and dots correspond to outliers. These metrics characterize microstructural diffusion properties of contralateral hippocampal-thalamic pathways across outcome
groups.
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4.3. Diffusion Parameters

FA reduction in TLE patients, compared to controls,
aligns with well-established literature linking FA declines
to degenerative and demyelinating processes. This
suggests that white matter integrity is compromised in
TLE, potentially affecting functional connectivity and
seizure propagation. These findings support the
hypothesis of epilepsy as a network disorder, with
structural connectivity changes playing a crucial role in its
pathogenesis.

FA, AD, RD, and MD are established diffusion
parameters for assessing TLE outcomes, applied hemi-
spherically, individually, and in subcortical structures [57].
Our study demonstrated diffusion differences between
seizure-free (SF) and not-seizure-free (Not-SF) patients,
showing that outcome distinctions can be inferred from
diffusion metrics in specific regions (Table 3). This
highlights the advantage of analyzing connections
between structures rather than singular regions.

While the study’s findings revealed significant
differences across several pathways, these results must be
interpreted with appropriate caution. Given that multiple
ANOVA tests were conducted without a global correction
(such as FDR or a secondary Bonferroni adjustment), there
is an increased risk of Type I errors (false positives).
Consequently, these p-values should be viewed as
exploratory indicators of potential microstructural
differences rather than definitive evidence of isolated
pathological effects.

Boxplots illustrate that the interquartile range (IQR)
and upper/lower limits in TLE patients show greater
variation than controls. Discontinuous diffusion data were
observed in Not-SF patients, particularly in FA, RD, and
MD between the hippocampus and temporal pole
ipsilateral to the epileptogenic focus (Fig. 4), hippocampus
and ipsilateral thalamus (Fig. 6), and hippocampus and
contralateral thalamus (Fig. 7). Future studies may
establish numerical diffusion metric thresholds for patient
outcome classification.

MD levels in controls remained lower than in patients
across all regions. Increased MD suggests elevated
cerebrospinal fluid (CSF), indicating neurodegeneration
due to compromised barriers restricting water molecule
movement [60].

Multiple diffusion markers (FA, RD, MD) indicated
white matter disruption between the hippocampus and
ipsilateral temporal pole, reinforcing DTI’s sensitivity to
ipsilateral hemispheric changes in TLE [61]. In contrast,
only a single metric (RD) distinguished hippocampus-
temporal pole connectivity contralaterally, and FA for
hippocampus-thalamus connectivity. Axial Diffusion (AD)
failed to detect microscopic alterations, confirming
previous findings [51, 38].

Seizure duration was not used as a covariate; however,
FA differentiated hippocampus-thalamus connectivity
among groups, consistent with prior studies showing FA
reduction in the contralateral thalamus in medial structure
sclerosis [62]. This suggests contralateral changes persist
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post-surgery, though their role in distinguishing SF and
Not-SF groups remains unclear.

Increased RD and MD between the hippocampus and
ipsilateral temporal pole suggest enhanced perpendicular
water diffusion due to myelin sheath degradation [63].

An essential consideration in interpreting these
findings is the impact of normal aging on white matter
microstructure. It is well-documented that diffusion
metrics such as FA decrease, while MD and RD increase,
as part of the natural aging process. Given that our control
group was significantly younger than the patient groups,
the observed differences, particularly between controls
and patients, may reflect a combination of MTLE-related
pathology and age-related changes. Therefore, our results
should be interpreted as exploratory associations at the
group level rather than effects attributable solely to
epilepsy or surgical outcome.

4.4. Clinical Implications

It is important to recognize the inherent heterogeneity
within our Not-SF cohort. By combining patients with rare
seizures (Engel II) and those with no improvement (Engel
IV), we are analyzing a spectrum of surgical outcomes.
While this approach allows for a preliminary comparison
between 'responders' and 'mon-responders’, it may also
average out specific microstructural patterns that could
distinguish different degrees of surgical failure.

The focus of all scientific advances is to apply methods
in a practical way to solve human problems, especially in
the treatment of diseases. Surgery as a solution for
reducing seizures and improving the quality of life of TLE
patients has shown positive outcomes; however,
hypotheses are still being raised, as there are cases of
improvement and others of worsening, both at the
behavioral and neurological levels [64].

In this context, recent evidence indicates that TLE is
associated with dynamic reorganization of language and
memory networks, characterized by presurgical functional
hyperconnectivity and reduced structural connectivity,
with partial reorganization after temporal lobectomy [65].
These findings support the view that microstructural
properties captured by diffusion-based metrics may reflect
relatively stable network constraints relevant to
postoperative recovery.

Although the volume of the ipsilateral thalamus has
reduced, as a site highly impacted by the disease [8], our
findings indicate that knowing the volume is not enough to
presuppose surgical recovery, but rather the diffusion
dynamics analyzed in the white matter that surrounds the
structures involved in TLE.

We believe that the data for the hippocampus-temporal
pole ipsilateral ROI may contribute to patient selection in
future studies, given that three diffusion parameters were
able to detect differences between groups. Since TLE
causes hippocampal sclerosis, it is crucial to assess
whether the temporal pole is also affected, even after
surgery [52, 38].
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It is well known that DTI is a modern tool for analyzing
neural network connectivity. This structural assessment
modality has already been discussed regarding its utility in
characterizing white matter alterations related to recovery
for TLE patients undergoing surgery, showing advantages
over other modalities such as fMRI and resting-state fMRI
[54]. Knowing that the thalamus is the main node of early
focal epilepsy before hippocampal atrophy [66], as a
diagnostic indicator, we offer an early prognosis indicator.

Our program offers an advantage in terms of flexibility
and applicability in potential new clinical contexts. The
preliminary findings of this study may be promising but
need to be validated in a larger, more preliminary cohort.
Although our cohort of 77 patients is substantial compared
to many DTI studies in the literature, it is important to
emphasize that this work is exploratory in nature. This
sample size is adequate for detecting significant group-
level differences in white matter pathways associated with
surgical outcomes, but it does not provide sufficient
statistical power to support preliminary individual-level
predictive modeling. Achieving this reality would make it
possible to consider that further validation is required to
explore how these group-level differences might
eventually inform clinical perspectives.

5. LIMITATIONS

Raw diffusion data still pose a challenge for optimal
utilization, considering that microscopic synaptic transfers
occur in multiple directions, potentially leading to
inaccuracies in the acquisition mechanism. In other words,
the 32-gradient limitation must be taken into account.

A limitation of the methodology is that the processing
of creating the specific white matter for the ROIs can be
considered streamlined between ROI pairs beyond
boundary structures such as 'seed' and 'target’, suggesting
an 'extra' surface to be included in the analysis (limitation
of the developer). But as the program calculates the
average of the diffusion parameters, such 'extra' surfaces
of the streamlines have little weight on the total surface
generated between ROIs. This can be identified in Fig. (2),
with fibers remaining beyond those connecting ROIs, for
example, between hippocampus and hippocampus; part of
the greater forceps was included as fibers that structurally
connect these regions, but in not all subjects is this tract
projected.

Our study was unable to assess the threshold values of
diffusion metrics as reference markers for individual
recovery/seizure-free  control. Instead, it only
demonstrated that a diffusion metric can distinguish
between a patient’s improvement or deterioration.
Therefore, as a future study, statistical techniques should
be applied to establish this feasibility.

Considering the need for a multimodal analysis, it is
possible to improve result accuracy by incorporating
techniques such as resting-state fMRI, fMRI, EEG-fMRI,
and other structural mapping methods, such as ODFs, to
resolve crossing fibers [13]. Despite this, the results have
proven to be highly consistent and satisfactory for a first
study in this applied field.

Xavier et al.

The post-processing program we developed will be
able to include new connectivity regions, such as gyri and
other subcortical structures, enabling further advance-
ments and future hypotheses.

This study has limitations inherent to its retrospective
design. Imaging data were acquired over multiple years,
potentially introducing variability. A primary limitation of
this study is the modest sample size (n=77). While this
cohort allows for reliable group comparisons, it is
underpowered for building high-dimensional predictive
models involving multiple imaging features. Attempting
such modeling with the current dataset would carry a high
risk of overfitting, where the model might describe
random noise rather than true clinical patterns. Therefore,
our results represent preliminary group-level associations
rather than a validated clinical tool for individual
prognostication.

Diffusion metrics are sensitive to acquisition
parameters and tractography thresholds, which may
underestimate microstructural abnormalities. Longitudinal
postoperative DTI was not available for all patients,
limiting the interpretation of dynamic network changes.

An additional potential limitation is the age difference
between groups, as the control group was younger than
the patient groups, which may confound diffusion
measurements. However, the main comparison here was
between seizure-free and not seizure-free patients and not
between patients and controls. The DTI differences
between patients with TLE and controls are well-
established in the literature. Nevertheless, future studies
should include age-matched controls or adjustment for age
as a covariate.

Furthermore, the Not-SF group is heterogeneous,
combining patients classified as Engel II, III, and IV. This
grouping reflects the limited sample size available in this
retrospective cohort but may obscure differences between
distinct clinical outcomes. But the approach of comparing
patients with Engel I outcome versus all other outcomes is
not new and has been used consistently in a number of
studies. It is true that combining these into a single “non-
responder” category may obscure more nuanced, clinically
meaningful relationships between diffusion metrics and
the degree of surgical success. However, in clinical
practice, the ideal outcome is Engel I, since having few
seizures (Engel II) still impacts the patient’s quality of life,
precludes driving, and has several other consequences in
people’s lives. Furthermore, the approach of comparing
seizure-free versus non-seizure-free patients is standard in
the literature about epilepsy surgery.

The tractography-based connectivity analysis may
include streamlines that extend beyond the intended ROI
boundaries due to the method's intrinsic limitations.
Although this effect was mitigated by averaging diffusion
parameters across tracts, it may still introduce variability
in the measurements.

A statistical limitation of this study is the lack of
correction for multiple comparisons across the primary
ANOVA tests. Conducting 20 separate tests increases the
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likelihood of identifying significant differences by chance
alone. Although post-hoc analyses were strictly corrected,
the omission of a global correction for the main effects
means that the validity of some significance values may be
weakened. Future studies with larger cohorts should
employ more stringent family-wise error correction
methods to validate these preliminary associations.

Finally, a significant limitation of this study is the
absence of a validated predictive model (e.g., logistic
regression or machine learning framework) to evaluate the
sensitivity and specificity of these metrics for individual-
level classification. Our findings are restricted to group-
level differences and should be viewed as exploratory and
hypothesis-generating.

CONCLUSION

This study strengthens the research on identifying
group-level associations between white matter integrity
and MTLE surgical outcomes. It was possible to identify
structural differences between patients with poor seizure
control after surgical treatment. The program functioned
effectively for the intended analysis and was successfully
applied to strategically selected regions.

Statistically significant differences between SF and
Not-SF groups were observed through FA, RD, and MD
markers in the ipsilateral regions (hippocampus-temporal
pole connectivity). RD also identified differences in the
contralateral hippocampus-temporal pole connectivity,
while FA detected contralateral differences in
hippocampus-thalamus connectivity.

The study reinforces that white matter changes are
more pronounced in the hemisphere and temporal lobe
ipsilateral to the epileptogenic focus. Connectivity
between the hippocampus and other regions, such as the
thalamus and temporal pole, proved crucial for analyzing
post-surgery structural changes, as evidenced by FA
reductions and increases in RD/MD. This study provides
preliminary evidence using diffusion data for a detailed
analysis of structural connectivity changes.

The methodology, combining tools such as Brainsuite,
Tractconnect toolbox, and SVReg, enabled a preliminary,
customized analysis, ensuring rigorous control over data
processing and the evaluation of MTLE-affected
connections.

The findings suggest that diffusion metrics may have
the potential to suggest associations in patient recovery
after MTLE surgery; however, they require validation in
larger, prospective cohorts before clinical application.
While promising, validation in a larger cohort is necessary
to confirm clinical applicability.

A key limitation was the difficulty in establishing
diffusion metric thresholds to associate individual surgical
outcomes. Future studies should refine these analyses and
integrate multimodal approaches, such as resting-state
fMRI and EEG-fMRI, to provide a more comprehensive
understanding of structural and functional changes in
MTLE.
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The project's next steps involve validating these results
with additional tools, optimizing processing techniques,
expanding the analysis to other brain regions, and
applying statistical prediction models for new patients
based on the findings.

These findings should be interpreted cautiously, as
they reflect structural associations rather than definitive
causal mechanisms.
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