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Abstract

Objective: This study was undertaken to evaluate superficial-white matter (WM)
and deep-WM magnetic resonance imaging diffusion tensor imaging (DTI) met-
rics and identify distinctive patterns of microstructural abnormalities in focal epi-
lepsies of diverse etiology, localization, and response to antiseizure medication
(ASM).

Methods: We examined DTI data for 113 healthy controls and 113 patients with
focal epilepsies: 51 patients with temporal lobe epilepsy (TLE) and hippocam-
pal sclerosis (HS) refractory to ASM, 27 with pharmacoresponsive TLE-HS, 15
with temporal lobe focal cortical dysplasia (FCD), and 20 with frontal lobe FCD.
To assess WM microstructure, we used a multicontrast multiatlas parcellation of
DTI. We evaluated fractional anisotropy (FA), mean diffusivity (MD), radial dif-
fusivity (RD), and axial diffusivity (AD), and assessed within-group differences
ipsilateral and contralateral to the epileptogenic lesion, as well as between-group
differences, in regions of interest (ROISs).

Results: The TLE-HS groups presented more widespread superficial- and deep-
WM diffusion abnormalities than both FCD groups. Concerning superficial WM,
TLE-HS groups showed multilobar ipsilateral and contralateral abnormalities,
with less extensive distribution in pharmacoresponsive patients. Both the re-
fractory TLE-HS and pharmacoresponsive TLE-HS groups also presented pro-
nounced changes in ipsilateral frontotemporal ROIs (decreased FA and increased
MD, RD, and AD). Conversely, FCD patients showed diffusion changes almost
exclusively adjacent to epileptogenic areas.

Significance: Our findings add further evidence of widespread abnormalities in
WM diffusion metrics in patients with TLE-HS compared to other focal epilepsies.
Notably, superficial-WM microstructural damage in patients with FCD is more
restricted around the epileptogenic lesion, whereas TLE-HS groups showed dif-
fuse WM damage with ipsilateral frontotemporal predominance. These findings
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1 | INTRODUCTION

Hippocampal sclerosis (HS) and focal cortical dysplasia
(FCD) are among the most frequent brain lesions asso-
ciated with pharmacoresistant focal epilepsies," ™ which
can be diagnosed in vivo by neuroimaging.’ In the past 2
decades, studies have focused on understanding the role
of white matter (WM) in epilepsies through diffusion ten-
sor imaging (DTI).*”® DTI is a magnetic resonance imag-
ing (MRI) technique widely used to evaluate the brain's
WM microstructure by analyzing the preferred direction
of water diffusion.’®'! These studies have demonstrated
widespread deep-WM abnormalities in temporal lobe epi-
lepsy with HS (TLE-HS). In FCD patients, the deep-WM
abnormalities, although extending beyond the lesion seen
on MRI, appeared to be less diffuse than in TLE-HS.”™

The superficial WM (i.e., the region immediately below
the cortex) contains a large proportion of corticocortical
connections.'> Emerging evidence suggests that alter-
ations of superficial WM may be implicated in various
neuropsychiatric disorders,'® and few studies have inves-
tigated superficial-WM integrity in epilepsy.'*'® To the
best of our knowledge, there have been no studies to date
showing alteration patterns of superficial WM in contrast
with deep WM in a joint analysis to compare different
groups of focal epilepsies.

Most epilepsy DTI studies have used tract-based analy-
sis to evaluate deep WM.*”'7 Because the superficial WM
is immediately adjacent to the cortex and presents a com-
plex morphology, most DTI processing methods provide
limited information about this region.'* In this regard,
DTI region of interest (ROI)-based analysis following cor-
tical morphology can provide regional information about
the integrity of superficial WM in patients with epilepsy
and allows the investigation of the disease effects on the
WM adjacent to the epileptogenic zone. Thus, it may pro-
vide further insights into the pathophysiology process ac-
cording to etiology, ictal onset, and response to antiseizure
medication (ASM).!8

The current study evaluated whole-brain WM integrity
through an ROI-based DTI analysis. We aimed to assess
superficialWM and deep-WM diffusion characteristics

suggest the potential of superficial- WM analysis for better understanding the bio-
logical mechanisms of focal epilepsies, and identifying dysfunctional networks
and their relationship with the clinical-pathological phenotype. In addition,
lobar superficial- WM abnormalities may aid in the diagnosis of subtle FCDs.

diffusion tensor imaging, focal cortical dysplasia, frontal lobe epilepsy, superficial white
matter, temporal lobe epilepsy

Key Points

« TLE-HS groups had more widespread superfi-
cial-WM and deep-WM diffusion abnormalities
than FCD groups

« The superficial-WM damage patterns differed
among epilepsy groups with different epilepto-
genic lesion topologies (mesial TLE-HS, tFCD,
and fFCD)

« Patients with pharmacoresistant TLE-HS had
broader multilobar superficial- WM abnormali-
ties across all DTI metrics than pharmacore-
sponsive TLE-HS

« Superficial-WM analysis showed a gradient of
abnormality intensity from the seizure focus to-
ward more distant regions in all epilepsy groups

« The ROI-based superficial- WM analysis seems
helpful for a better biological understanding of
focal epilepsies and their relationship with the
clinical-pathological phenotype

and identify distinctive patterns of microstructural anom-
alies in focal epilepsies by including patients with TLE-HS
and FCD subdivided according to the response to ASM
and localization of the epileptogenic lesion.

2 | MATERIALS AND METHODS

2.1 | Participants

We enrolled 113 healthy controls, without family or per-
sonal history of epilepsy, and 113 patients with focal epi-
lepsies. The patients were divided into four groups: (1)
51 patients with TLE and MRI signs of HS refractory to
ASM (refractory TLE-HS), (2) 27 patients with TLE-HS
with good seizure control with ASM (pharmacorespon-
sive TLE-HS), (3) 15 patients MRI signs of temporal lobe
FCD (tFCD), and (4) 20 patients with frontal lobe FCD
(fFCD). All patients with FCD were refractory to ASM.
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The demographic and clinical characteristics of patients
and controls are presented in Table 1.

All patients were recruited from the tertiary epilepsy
service of the State University of Campinas, Brazil, be-
tween 2016 and 2019. The clinical diagnosis of TLE-HS
and frontal lobe epilepsy (FLE) was performed by board-
certified epileptologists as defined by the International
League Against Epilepsy.19 The response to ASM was cat-
egorized according to the frequency and type of seizures
into pharmacoresponsive (fewer than three focal seizures
per year and no focal to bilateral tonic—clonic seizures) or
refractory to ASM (more than three focal seizures or at
least one focal to bilateral tonic—clonic seizure per year).
We evaluated the seizure frequency from at least 1year
before DTI acquisition. Within the pharmacorespon-
sive TLE-HS group, 74% of patients were seizure-free for
2.2 +2.4years (mean=+SD, range = 1-10years). The re-
maining 26% had fewer than three focal seizures per year
for at least 5years before DTI acquisition.

A comprehensive evaluation was performed to lateral-
ize the seizure focus, as described previously.”” An epilepsy
MRI expert (F.C.) reviewed the images to identify MRI
signs of HS and FCD.? No patients had lesions other than
HS or FCD. All patients in this study had clearly defined
scalp electroencephalographic interictal or ictal abnor-
malities consistent with the MRI findings. Twenty-three
of the 51 refractory TLE-HS patients (45%) underwent
temporopolar resection with amygdalohippocampectomy.
Histological analysis*' confirmed the presence of HS in all
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specimens. Six of the 20 frontal (30%) and four of the 15
temporal FCD patients (27%) underwent surgical resection
of the suspected dysplastic lesion. The histological find-
ings**** of the specimens revealed that one patient had
FCD type IIa, two patients had FCD type IIb, and seven pa-
tients showed mild malformations of cortical development
with oligodendroglial hyperplasia and epilepsy.

The ethics committee of the University of Campinas
approved the study, and all participants signed informed
consent.

2.2 | MRI acquisition and DTI analysis
All brain scans were performed using a HARNESS MRI
epilepsy protocol** on a 3-T Philips Achieva scanner
with an eight-channel head coil for the diagnosis of
epileptogenic lesions. In summary, we acquired high-
resolution three-dimensional (3D) 1-mm T1-weighted
and 3D fluid-attenuated inversion recovery images, and
high in-plane resolution 2D 3-mm coronal T1-weighted
inversion recovery and T2-weighed images perpendicu-
lar to the long axis of hippocampi. We performed multi-
planar reconstructions to identify MRI signs of FCD, as
described previously.*® For DTI, we acquired a single-
shot echo-planar image of 2x 2 x 2 mm? voxel size, inter-
polated to 1 x 1 x 2mm?® (70 slices, echo time/repetition
time = 61/8500ms, flip angle = 90°, 32 gradient direc-
tions, b = 1000s/mm?).

TABLE 1 Demographic and clinical information of groups included in the study

Characteristic Controls  Refractory TLE-HS  Responsive TLE-HS TLE-FCD  FLE-FCD
n 113 51 27 15 20
Age, years, mean + SD (range) 42+11 46+9 48+38 3610 309
(18-65) (21-64) (31-64) (17-54) (17-45)
Male, n (%) 41 (36%) 14 (27%) 12 (44%) 7 (47%) 8 (40%)
Onset of epilepsy, years, mean+ SD (range) - 14+10 18+10 11£8 87
(1-41) (2-37) 1-27) (1-29)
Duration of epilepsy, years, mean + SD - 31£12 28+15 24+12 21+10
(range) (2-49) (1-47) (7-43) (9-42)
Febrile seizures, n (%) - 10 (20%) 5(19%) 2 (13%) 1(5%)
FH, n (%) - 25 (49%) 13 (48%) 8(53%) 8 (40%)
Focal seizures/last year, mean + SD (range) - 7183 BES 96+152 183 £267
(3-365) (0-2) (10-540) (1-1080)
SzF patients, n (%) - - 20 (74%) - -
Surgical treatment - 23 (45%) - 4 (27%) 6 (30%)
Engel I outcome - 17 (74%) - 1(25%) 1(17%)

Note: Age, onset, and duration are presented in mean + SD years (range). "Refractory TLE-HS" indicates patients with TLE and hippocampal sclerosis not
responding to ASM. Responsive TLE-HS indicates patients with TLE-HS with good seizure control with ASM. "TLE-FCD" and "FLE-FCD" indicate patients
with magnetic resonance imaging signs of FCD with TLE and FLE, respectively.

Abbreviations: ASM, antiseizure medication; FCD, focal cortical dysplasia; FH, family history of epilepsy; FLE, frontal lobe epilepsy; HS, hippocampal

sclerosis; SzF, seizure-free; TLE, temporal lobe epilepsy.
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The raw diffusion tensor-weighted images were
processed, segmented, and quantified in MRICloud
(www.MRICloud.org), a public web-based software as
a service.” " DTI parameter calculations and qual-
ity control were performed using the DTI process-
ing pipeline in the same automated cloud service*
through DtiStudio (H. Jiang and S. Mori, Johns Hopkins
University, Kennedy Krieger Institute).”’” Next, a DTI
MultiAtlas Segmentation pipeline was carried out,?>6:8
which combines multicontrast large deformation dif-
feomorphic metric mapping® to increase the match
between subject imaging and MRICloud template, and
multicontrast diffeomorphic likelihood fusion using the
multiatlas DTI approach to parcellate the human brain
into ROIs based on the diffusion tensor, as described by
Tang et al.*® DTI parameter (fractional anisotropy [FA],
mean diffusivity [MD], radial diffusivity [RD], and axial
diffusivity [AD]) values were obtained for 42 bilateral
ROIs to analyze whole-brain superficial- and deep-WM
microstructure integrity (21 and 21 bilateral ROIs, re-
spectively). The parcellation criteria and definition of
superficial- and deep-WM labels used in our research
were described in previous studies.'®*"*

We included the superficial- WM ROIs under the fol-
lowing cortical regions: frontal (superior/middle/inferior
frontal WMs, gyrus rectus WM, middle fronto-orbital
WM, lateral fronto-orbital WM, and precentral WM), pa-
rietal (postcentral WM, superior parietal WM, precuneus
WM, supramarginal WM, and angular WM), temporal (su-
perior/middle/inferior temporal WMs and fusiform WM)
and occipital (superior/middle/inferior occipital WMs,
lingual WM, and cuneus WM).

The deep-WM ROIs were categorized into the lim-
bic (cingulum [CGC], hippocampal cingulum [CGH],
fornix, and fornix/stria terminalis [Fx/ST]), association
(superior longitudinal fasciculus [SLF], superior fronto-
occipital fasciculus [SFO], uncinate fasciculus [UNC],
inferior fronto-occipital fasciculus [IFO], sagittal stra-
tum [SS], and external capsule [EC]), projection (ante-
rior/superior/posterior corona radiata [ACR/SCR/PCR],
anterior/posterior/retrolenticular limb of the internal
capsule [ALIC/PLIC/RLIC], and posterior thalamic ra-
diation [PTR]), and commissural fibers (genu/body/
splenium of the corpus callosum [GCC/BCC/SCC] and
tapetum [TAP]).

The ROIs were analyzed ipsilateral or contralateral
to the epileptogenic lesion. In the control subjects, left
and right ROIs were randomly lateralized into ipsilat-
eral and contralateral ROIs in the same proportion of
patients.

2.3 | Statistical analysis

We analyzed the clinical and demographic variables be-
tween study groups using the Kruskal-Wallis or Pearson
chi-squared tests.

To analyze DTI data, we first removed age and gender
effects using linear regression. We then applied a Kruskal-
Wallis test to assess group differences in FA, MD, RD, and
AD values in superficial and deep WM ROIs. We chose
a nonparametric test because the residual for parametric
models did not fit appropriately for some variables.

We applied the false discovery rate (FDR) to correct
multiple comparisons in the Kruskal-Wallis tests and
set corrected p-values < .05 as significant. Once the ROIs
with significant alterations after FDR correction had been
identified, we employed the Dunn-Bonferroni post hoc
test for pairwise comparisons between the study groups.
Finally, we calculated Cliff delta d effect sizes for the pair-
wise comparison of the epilepsy group versus controls in
those ROIs with significant DTI abnormalities.*®* We in-
terpreted effect sizes according to the equivalent Cohen
d criteria as follows: small (.15-.32), moderate (.33-.46),
large (.47-.62), and very large (>.62).>**° Only ROIs that
showed large and very large effects were included in the
main text to demonstrate the most robust group differ-
ences. The ROIs with small to moderate effect sizes are
detailed in the Supplementary Material (Figures S1-S4).

3 | RESULTS

3.1 | Demographic and clinical data

The demographic and clinical characteristics of patients
and controls are presented in Table 1. There were signifi-
cant differences in age between the five groups (Kruskal-
Wallis H-test, H, =38.72, p <.001) but not between
patients and controls (p >.05). We also found significant
differences in age at disease onset (H; =12.86, p =.005),
disease duration (H; =11.47, p =.009), and frequency
of focal seizures in the year before the MRI (H; =62.17,
p <.001) in the four epilepsy groups. Post hoc compari-
sons showed that the fFCD patients were younger than
both TLE-HS groups and controls (all p-values <.001).
The tFCD patients were younger than the pharmacore-
sponsive TLE-HS (p =.007) and refractory TLE-HS
(p =.022) epilepsy groups. The fFCD patients had a
significantly earlier disease onset than the pharmacore-
sponsive TLE-HS patients (p =.005) and a shorter disease
duration than the refractory TLE-HS patients (p =.009).
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3.2 | Epilepsy groups versus healthy
controls differences

3.2.1 | Whole-brain diffusion abnormalities
by anatomical site and fiber type

The global burden of significant superficial- WM and deep-
WM diffusion abnormalities relative to controls was more
widespread in TLE-HS patients (average ROI altered in 21
of 50 in superficial-WM [42.25%] and 31 of 56 in deep-WM
[55.58%]) than in temporal or frontal FCD patients (aver-
age ROI altered in 5 of 50 in superficial-WM [9.50%] and
11 of 56 in deep-WM [20.31%]).

The DTI abnormalities consisted of lower FA and
higher MD, RD, and AD (Figure 1). In deep-WM, both
TLE-HS groups showed bilateral widespread diffusion
changes in FA, MD, and RD in all analyzed fiber types
(limbic, association, projection, and commissural fibers),
although with a lower contralateral burden in pharmaco-
responsive TLE-HS patients. Temporal and frontal FCD
groups also showed FA, MD, and RD bilateral changes but
with a much lower load and predominant damage in pro-
jection and commissural fibers. AD alterations were less
pronounced than the other DTI metrics, although they
followed a similar fiber type pattern (Figure 1B).

Regarding the superficial WM, refractory TLE-HS pa-
tients showed diffuse, multilobar, and bilateral diffusion
changes in all DTI metrics but with a greater ipsilat-
eral burden. Pharmacoresponsive TLE-HS patients also
showed multilobar and bilateral FA abnormalities, but less
global MD, RD, and AD change, with more pronounced
diffusion change in the ipsilateral frontotemporal regions.
Temporal and frontal FCD patients, in general, showed
fewer and almost exclusively intralobular alterations,
mainly in MD and RD measures (Figure 1A).

3.2.2 | Superficial-WM diffusion
abnormalities

Refractory TLE-HS patients had large to very large effect
size differences in the superficial WM of ipsilateral middle
temporal WM for FA, MD, RD, and AD; superior temporal
region for FA, MD, and RD; inferior temporal for MD, RD,
and AD; fusiform gyrus for MD and RD; and contralateral
middle temporal region for MD and RD. Large effect sizes
were also found for ipsilateral inferior frontal and middle
occipital region for RD and contralateral middle temporal
region for RD (Figures 2 and S1A). See Appendix S1 text
and figures for Cliff delta d effect size values.
Pharmacoresponsive TLE-HS patients presented large
to very large effect size differences in the superficial WM
of the ipsilateral inferior temporal region for FA, MD, RD,
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and AD; inferior frontal region for FA, MD, and RD; and
middle temporal, middle frontal, and fusiform gyrus for
FA and RD. Large effect sizes were found for FA alone in
the ipsilateral superior temporal, frontal, parietal, rectus,
and supramarginal gyri, and contralateral superior fron-
tal, superior temporal, lateral fronto-orbital, and superior
parietal regions and precuneus (Figures 2 and S2A).

Temporal FCD patients showed large to very large ef-
fect size differences in the superficial WM of the ipsilat-
eral middle temporal region for FA, MD, and RD; inferior
temporal region for MD, RD, and AD; and FA abnormali-
ties in the ipsilateral supramarginal, middle occipital, con-
tralateral superior parietal, and fusiform gyrus (Figures 2
and S3A).

Frontal FCD patients had superficial-WM diffusion ab-
normalities with large effect sizes in the ipsilateral inferior
and middle frontal regions for FA, MD, and RD; superior
frontal region for FA and RD; and superior temporal, pre-
cuneus, and angular gyrus for FA (Figures 2 and S4A).

3.2.3 | Deep-WM diffusion abnormalities
Refractory TLE-HS patients had large to very large ef-
fect size differences for deep-WM FA, MD, and RD in the
ipsilateral IFO, SS, EC, ACR, PTR, GCC, BCC, and con-
tralateral GCC and BCC; for FA and RD in the ipsilateral
SCC, SLF, and CGH, and contralateral SCC and PTR; for
MD and RD in the ipsilateral UNC and contralateral ACR,
EC, and IFO; and for MD and AD in the bilateral SCR.
Large effect sizes were found in the ipsilateral RLIC for
FA, contralateral ALIC and Fx/ST for RD, and SFO for AD
(Figures 2 and S1B).

Pharmacoresponsive TLE-HS patients had large to
very large effect size differences compared to controls for
FA, MD, and RD in the ipsilateral UNC, IFO, EC, ACR,
ALIC, GCC, and bilateral BCC; for FA and RD in the ipsi-
lateral CGH, SS, PLIC, RLIC, SCC, and contralateral UNC,
IFO, EC, SCR, GCC, and SCC; and for MD and RD in the
ipsilateral CGC and contralateral ACR. Large effect size
differences were also found for FA in the ipsilateral PTR;
contralateral CGH, SLF, and SS; and ALIC/PLIC/RLIC
(Figures 2 and S2B).

Temporal FCD patients had large to very large effect
size differences for FA, MD, and RD in the ipsilateral SS
and contralateral SCR; for FA and RD in the ipsilateral
ACR, SCR, BCC, and SCC, and contralateral PCR and
BCC; and for MD and RD in the ACR. Large effect sizes
were observed for FA in the ipsilateral ALIC and contra-
lateral Fx/ST, ALIC, BCC, SCC, and TAP; and for RD in
the contralateral CGC (d = .53; Figures 2 and S3B).

Frontal FCD patients had large effect size differences
for FA, MD, and RD in the bilateral genu and body of
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RD - Radial Diffusivity MD - Mean Diffusivity FA - Fractional Anisotropy

AD - Axial Diffusivity
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FIGURE 1 Superficial and deep white matter diffusion tensor imaging whole-brain abnormalities by anatomical site and fiber type,
respectively. Number of regions of interest (ROIs) with diffusion abnormalities per patient group is shown compared to controls (d > .47,
p <.05, corrected for multiple comparisons). The superficial white matter (WM) ROls were categorized into frontal, parietal, temporal,
and occipital ROls. The deep-WM ROIls were categorized into limbic, association, projection, and commissural fibers. ROls were analyzed
ipsilateral and contralateral to the epileptogenic lesion. fFCD/tFCD, patients with frontal and temporal lobe epilepsy with magnetic
resonance imaging (MRI) signs of focal cortical dysplasia, respectively; refractory-TLE-HS, patients with pharmacoresistant temporal lobe
epilepsy with MRI signs of hippocampal sclerosis; responsive-TLE-HS, patients with pharmacoresponsive TLE-HS.

corpus callosum; for MD and AD in the ipsilateral SCR
and SCR; and for MD and RD in the contralateral ACR
(Figures 2 and S4B).

3.3 | Pairwise comparisons among
epilepsy groups

There were only two ROIs with significant differences
in the epilepsy groups' pairwise comparisons. Refractory
TLE-HS patients had higher RD in the ipsilateral inferior
temporal region (p =.042) and higher MD and RD in the
ipsilateral UNC (p =.019 and p =.026, respectively) than
fFCD patients. Pharmacoresponsive TLE-HS patients had
higher MD and RD in the ipsilateral UNC (p =.03 and
p =.018, respectively) than fFCD patients (Figure 3A).
Although the direct comparison between pharmacore-
sponsive TLE-HS and refractory TLE-HS did not show
significant differences after correction for multiple com-
parisons, the number of ROIs with abnormalities was
greater in the refractory TLE-HS, particularly for superfi-
cial WM, as shown in Figures 1, S1, and S2.

There was a higher number of alterations in the su-
perficial WM of temporal regions in refractory TLE-HS
when compared to refractory fFCD patients (uncorrected
p <.05). Additionally, we found more altered diffusion
metrics in the refractory TLE-HS when compared to the
responsive-TLE-HS group, mainly for superficial WM MD
and RD (uncorrected p <.05) in the ipsilateral parieto-
occipital regions (angular gyrus and middle-inferior oc-
cipital regions, respectively; Figure 3B).

4 | DISCUSSION

We found superficial-WM and deep-WM disrupted integ-
rity, including reduced FA and increased MD, RD, and
AD in patients with focal epilepsies of different etiologies,
lesion localizations, and pharmacoresponse compared to
controls. The TLE-HS groups presented more widespread
superficial- WM and deep-WM diffusion abnormalities
than TLE and FLE with FCD. Ipsilateral changes were
more pronounced in the superficial-WM analysis. Also,
distinctive peripheral microstructural abnormalities were

found between each epilepsy group, which was more evi-
dent in the TLE-HS groups than tFCD and fFCD. Whether
these WM changes are mainly an epilepsy-related finding
or inherent to the nature and location of the lesion, or
both, remains to be determined.

When compared to controls, our findings of more
diffuse and bilateral deep-WM diffusion abnormalities
in TLE-HS groups than FCD groups agree with previous
studies.”>7*' However, we observed that the superfi-
cial-WM abnormalities were greater ipsilaterally and with
a more robust effect size in the frontotemporal regions of
both TLE-HS groups. On the other hand, the FCD groups
showed significant superficial- WM abnormalities almost
exclusively in areas adjacent to the epileptogenic lesion.
These findings align with a few previous studies of super-
ficial WM in pharmacoresistant TLE with hippocampal
pathology, showing ipsilateral temporolimbic** and fron-
totemporal'® diffusion alterations. Another study showed
diffusion abnormalities in the perirolandic U-fiber region
in children with benign epilepsy with centrotemporal
spikes.'® As in our study, these findings suggest an import-
ant local effect of superficia- WM damage in focal epilep-
sies, especially in structures close to the seizure focus.

MRI-histopathological correlation studies based on
deep fibers in animal models and patients have shown
reduced FA related to the loss of WM organization over
time (i.e., decreased axonal membrane circumference
and/or myelin sheath degradations).'®*® High RD has
been consistently associated with myelin degenera-
tion,”” whereas AD alterations might be related to axonal
damage in animal models.*® Concerning MD, high val-
ues are associated with increased extra-axonal space, in
line with the reduced overall density of tissue barriers.*
As opposed to deep fiber studies, little is known about
the biological meaning of superficial-WM diffusion ab-
normalities. A recent study'® analyzed the relationship
between the conventional superficial-WM diffusion met-
rics and diffusion models that yield more specific met-
rics for neurite density and myelination,***" and found
that diffusion changes (decreased FA and increased
RD) were primarily related to reduced neurite density,
mostly in the frontotemporal regions.'® There was also
a reduction in myelin water fraction in the ipsilateral
temporal pole of pharmacoresistant TLE patients with
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refractory TLE-HS responsive TLE-HS tFCD fFCD

(n=51) vs Controls (n=27) vs Controls (n=15) vs Controls (n=20) vs Controls
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Effect Size—-CLIFF'SDELTA

Study group < Controls Study groups > Controls
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FIGURE 2 The effect size of the superficial and deep white matter diffusion abnormalities. Significant reduction of fractional anisotropy
(FA), increase mean diffusivity (MD), increase radial diffusivity (RD), and increase axial diffusivity (AD) in patients’ groups relative to
controls are shown (p <.05, corrected for multiple comparisons). cl, regions of interest (ROIs) contralateral to the epileptogenic lesion;
fFCD/tFCD, patients with magnetic resonance imaging (MRI) signs of focal cortical dysplasia with frontal and temporal lobe epilepsy,
respectively; il, ROIs ipsilateral to the epileptogenic lesion; refractory TLE-HS, patients with pharmacoresistant temporal lobe epilepsy with
MRI signs of hippocampal sclerosis; responsive TLE-HS, patients with pharmacoresponsive TLE-HS.
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(A) Corrected significant differences (p<0.05)
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FIGURE 3 Diffusion differences between epilepsy groups. (A) Significant differences in the epilepsy groups' pairwise comparisons

(H, £61.69, p <.05, corrected for multiple comparisons). (B) Effect sizes for the regions of interest (ROIs) with significant differences

(p <.05) between epilepsy subgroups before correction for multiple comparisons. AD, antiseizure medication; cl, ROIs contralateral to the
epileptogenic lesion; FA, fractional anisotropy; fFCD/tFCD, patients with magnetic resonance imaging (MRI) signs of focal cortical dysplasia
with frontal and temporal lobe epilepsy, respectively; il, ROIs ipsilateral to the epileptogenic lesion; ITWM, inferior temporal white matter;
MD, mean diffusivity; RD, radial diffusivity; refractory TLE-HS, patients with pharmacoresistant temporal lobe epilepsy with MRI signs of
hippocampal sclerosis; responsive TLE-HS, patients with pharmacoresponsive TLE-HS; UNC, uncinate.
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hippocampal pathology. These findings suggest that, de-
spite differences in the structural conformation between
the superficial WM and deep WM, the interpretation
of superficial-WM diffusion abnormalities observed in
conventional DTI metrics in patients with epilepsy may
share biological foundations with the changes observed
in deep-WM studies, possibly reflecting disturbances
of the restricting water barriers. It is also important to
consider that the analysis of superficial WM is more
complex than deep WM, with fibers entering/exiting the
cortex and U-fibers crossing the first. The tensor model
is insufficient to capture all this information.

Concerning the conventional DTI metrics altered
in our superficia-lWM analysis, when comparing epi-
lepsy groups to controls, we observed more distinctive
patterns of MD abnormalities. We found exclusively
ipsilateral MD abnormalities in both FCD groups and
pharmacoresponsive TLE-HS patients (intralobular and
frontotemporal regions, respectively). Conversely, the
pharmacoresistant TLE-HS group showed bilateral MD
changes in the superficial WM. In the RD analysis, the
abnormalities were like those reported for MD maps,
mainly in ipsilateral structures. Regarding FA, we found
mostly diffuse and multilobar changes in all epilepsy
groups. Contrary to expectation, pharmacoresponsive
TLE-HS patients had diffuse deep-WM changes like re-
fractory TLE-HS patients. These observations may be
related to (1) a floor effect or a diluted effect of phar-
macoresponsiveness within the effect of HS or (2) the
lower specificity of FA metrics.*® Because MD infers
the overall integrity of tissue barriers, thus reflecting
the overall degree of water diffusion in all directions,
regardless of orientation,'®** this might be a more re-
liable marker of microstructural damage in superficial
WM (where deep and peripheral fibers converge from
different directions).

We also showed abnormal AD increase in areas sur-
rounding the epileptogenic lesion in all epilepsy groups
compared to controls. A possible hypothesis for this find-
ing is that these regions would be more chronically hyper-
stimulated by epileptic discharges, showing more intense
WM damage. Recent studies support the association of
an increase in AD with axonal damage in patients with
chronic lesions in multiple sclerosis,* and correlations
with chronic histopathological changes in an intrahip-
pocampal kainate mouse model.** The areas surround-
ing the epileptogenic lesion also showed overlapping FA,
MD, and RD alterations with the most robust effect sizes.
These changes suggest more chronic abnormalities and a
complex pathological process, which could be explained
by more than strict axonal or myelinic dysfunction.
Nonetheless, further evidence is necessary to unravel the
biological underpinnings of AD alterations in epilepsy,

particularly for superficial WM, as suggested by other
authors.**

The distribution of the WM damage, with a gradient
of abnormality intensity from the seizure focus toward
more distant regions, has been observed in previous
deep-WM epilepsy studies,*” and more recently in su-
perficial- WM research.'*1° Similarly, our results showed
more pronounced superficial-WM microstructural dam-
age close to the epileptogenic lesion in TLE-HS and FCD
patients (i.e., ipsilateral frontotemporal areas and per-
ilesional alterations, respectively). Moreover, whereas
TLE-HS patients presented with broader deep-WM
changes in all types of fibers analyzed (i.e., limbic, as-
sociation, projection, and commissural fibers) and mul-
tilobar superficial- WM damage, FCD patients showed
predominant deep-WM diffusion alterations in projec-
tion and commissural fibers, significantly less damage
in association fibers, and rare extralobar superficial- WM
damage. These findings may be partly explained by more
preserved association tracts involved in connecting ipsi-
lateral interlobular structures. Following this reasoning,
we found unique significant deep-WM abnormalities
in the uncinate tract, where TLE-HS patients showed
higher MD and RD than FCD patients. Uncinate dam-
age is probably related to a preferential pathway of prop-
agating epileptic seizures from the mesial temporal lobe
to frontal areas in TLE.*® These observations suggest
a likely and close relationship between deep-WM and
superficial-WM alterations in the spatial distribution of
damage and open a window to study the correlations
between these two WM regions, making it possible to
improve our understanding of epileptic networks and
possible pathways for microstructural damage spread-
ing from the areas that are closest to the epileptogenic
focus to distant regions.

Our study is not without limitations. The direct com-
parison between pharmacoresponsive TLE-HS and re-
fractory TLE-HS did not show significant differences;
however, the number of ROIs with abnormalities was
greater in refractory TLE-HS than in pharmacoresponsive
TLE-HS, particularly for superficial WM, with robust ef-
fect sizes. This lack of significant differences between the
two TLE-HS groups was most likely related to our strin-
gent corrections for multiple comparisons and should be
interpreted cautiously. Nonetheless, our findings point to
target diffusion changes in ROIs that should be further ex-
plored by studies with a larger number of patients. Also,
including TLE patients with negative MRI would be im-
portant to disentangle the microstructural WM changes
related to pharmacoresponse and HS. We believe that,
based on our findings, a classifier using superficial- WM
diffusion measures alone could identify the different types
of TLE patients.
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Another relative limitation is that our cohort comes
from a tertiary center and therefore might be subject to
selection bias. Those patients currently showing good
seizure control may have had a previous history of phar-
macoresistance.* Moreover, we could not include phar-
macoresponsive patients with both temporal and frontal
FCD. Nonetheless, this study included a cohort large
enough to show epilepsy-related changes with robust
effect sizes. Our results might point toward a better un-
derstanding of diffusion changes, in particular for super-
ficial WM. Future studies should focus on disentangling
the effects of seizure control and seizure focus, as MRI
studies have been showing differential effects on under-
lying alterations regarding these clinical and pathological
features.”

In conclusion, our findings provide valuable additional
information about the WM spectrum of abnormalities in
focal epilepsies. The superficial-WM ROI-based analysis
might be useful to characterize the local effect, severity,
and extent of WM damage and identify distinctive dysfunc-
tional brain networks in focal epilepsies and their relation-
ship to clinical phenotype. The patterns of superficial- WM
diffusion abnormalities in both pharmacoresponsive and
refractory TLE-HS groups, as well as distinctive alterations
in both refractory temporal and frontal FCD groups, sug-
gest that the distinctive superficial-WM dysfunctional
brain networks in lesional focal epilepsies might be driven
mainly by intrinsic factors specifically related to the con-
nection topology of the epileptogenic lesion.
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