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ARTICLE INFO ABSTRACT
Keywords: This study aimed to evaluate the use of diffusion kurtosis imaging (DKI) to detect microstructural abnormalities
Temporal lobe epilepsy within the temporal pole (TP) and its temporopolar cortex in temporal lobe epilepsy (TLE) patients. DKI

Temporal pole

Diffusion kurtosis imaging
Automated fiber-tract quantification
Tract-based cortical analysis

quantitative maps were obtained from fourteen lesional TLE and ten non-lesional TLE patients, along with
twenty-three healthy controls. Data collected included mean (MK); radial (RK) and axial kurtosis (AK); mean
diffusivity (MD) and axonal water fraction (AWF). Automated fiber quantification (AFQ) was used to quantify
DKI measurements along the inferior longitudinal (ILF) and uncinate fasciculus (Unc). ILF and Unc tract profiles
were compared between groups and tested for correlation with disease duration. To characterize temporopolar
cortex microstructure, DKI maps were sampled at varying depths from superficial white matter (WM) towards
the pial surface. Patients were separated according to the temporal lobe ipsilateral to seizure onset and their AFQ
results were used as input for statistical analyses. Significant differences were observed between lesional TLE and
controls, towards the most temporopolar segment of ILF and Unc proximal to the TP within the ipsilateral
temporal lobe in left TLE patients for MK, RK, AWF and MD. No significant changes were observed with DKI
maps in the non-lesional TLE group. DKI measurements correlated with disease duration, mostly towards the
temporopolar segments of the WM bundles. Stronger differences in MK, RK and AWF within the temporopolar
cortex were observed in the lesional TLE and noticeable differences (except for MD) in non-lesional TLE groups
compared to controls. This study demonstrates that DKI has potential to detect subtle microstructural alterations
within the temporopolar segments of the ILF and Unc and the connected temporopolar cortex in TLE patients
including non-lesional TLE subjects. This could aid our understanding of the extrahippocampal areas, more
specifically the temporal pole role in seizure generation in TLE and might inform surgical planning, leading to
better seizure outcomes.

1. Introduction mesial temporal lobe, which is commonly induced by mesial temporal
sclerosis (MTS), including hippocampal sclerosis (Chabardes et al.,

Temporal lobe epilepsy (TLE) is the most common form of medically 2005; Jehi et al., 2015). Studies have shown, in clearly delineated MTS
intractable focal epilepsy in adults (Engel, 2006; Georgiadis et al., using both MRI (i.e., in MRI positive or ‘lesional TLE’ patients) and scalp
2013). In most of these patients, the seizure onset zone lies within the EEG, that nearly 80 % of patients are seizure-free after resective surgery
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(Abel et al., 2018). Nevertheless, full delineation of pathological tissue
can be challenging since seizures are not always exclusive to the hip-
pocampus, but may rather originate from extrahippocampal structures
(Chabardes et al., 2005). Thus, the epileptogenic zone may extend
beyond the atrophic mesial temporal structures and explain long-term
recurrence of seizures after selective resections (Berkovic et al., 1995).
A growing body of clinical investigation suggests that, among other
extrahippocampal structures possibly involved in seizures, the temporal
pole (TP, i.e., Brodmann’s Area [BA] 38 or anterior temporal lobe) could
play an important and potentially underappreciated role in TLE (Abel
et al., 2018; Thom et al., 2009). The TP is connected to the three tem-
poral gyri, while the two association fibers that terminate at the TP
provide connections to the prefrontal cortex (i.e., uncinate fasciculus
(Unc)) and amygdala and hippocampus (i.e., inferior longitudinal
fasciculus (ILF)), consequently associating with several functions
including memory (Catani and Thiebaut de Schotten, 2008; Wong and
Gallate, 2012). Also, diffusion-weighted imaging (DWI) studies have
consistently shown TLE to be a network disorder with underlying
microstructural alterations in the temporal and extra-temporal white
matter (WM) fiber bundles, supporting stereoelectroencephalography-
based findings of wide-spread cortical involvement (Bartolomei et al.,
2017). Similarly, diffusion anomalies have also been detected in the
cortical gray matter (GM) and superficial white matter (SWM, i.e., the
WM area directly bordering the GM) (Liu et al., 2016; Lorio et al., 2020;
Sone et al., 2018; Winston et al., 2020). Each of these separate studies
found microstructural irregularities in the temporal pole, as depicted in
the change of diffusion tensor imaging (DTI) parameters and decreased
fiber density measured with neurite orientation dispersion and density
imaging. Despite these promising findings using DWI, a substantial
portion of TLE patients (~30 %) — often referred to as ‘non-lesional’ (or
MRI negative) TLE patients — do not show lesions in their MRI scans,
which can complicate the presurgical workup in these cases.

Although DTI is an elegant tool with relatively straightforward im-
aging requirements, a considerable number of studies (e.g., (Tournier
et al., 2011) and references therein) have shown it to be inadequate for
quantifying regions with complex fiber configurations (e.g., crossing
fibers) (Tournier et al., 2011). As such, a technique called diffusion
kurtosis imaging (DKI) was developed to address the DTI shortcomings
that prevent it from accurately quantifying complex microstructure
(Jensen et al., 2005). DKI enables the measurement of free diffusion (i.e.,
via its derived DTI metrics) and restricted diffusion within complex
microstructure as it provides the common mean diffusivity (MD) and
fractional anisotropy (FA) parameters, as well as different kurtosis
measures, namely mean kurtosis (MK); radial kurtosis (RK); axial kur-
tosis (AK); and kurtosis fractional anisotropy (Kfa) (Jensen et al., 2005;
Wu and Cheung, 2010). (Bonilha et al., 2015; Glenn et al., 2016) showed
that these DKI-derived metrics are sensitive to WM network and GM
abnormalities associated with TLE. Furthermore, DKI can also be used to
calculate specific microstructural compartments such as the ratio of
axonal water content and the total water content per voxel, also known
as axonal water fraction (AWF) (Fieremans et al., 2011; McKinnon et al.,
2018). Therefore, DKI could provide a complementary and more
comprehensive characterization of diffusion in complex tissue environ-
ments, and potentially be more sensitive to diffusion anomalies in TLE
patients compared to the more commonly employed DTI acquisition.
However, the benefit of DKI for detecting subtle alterations in the
microstructure of the TP in TLE, including non-lesional TLE, has yet to
be established.

The work described in this paper aims to evaluate the sensitivity of
DKI to detect abnormalities at specific regions along the two association
WM fiber bundles, ILF and Unc connected to the TP and the connected
temporopolar cortex in lesional and non-lesional TLE patients. We
believe that a better understanding of the microstructural properties of
the TP in TLE patients could improve the planning of resective surgeries
and their outcomes.
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2. Materials and methods
2.1. Subjects

The study was approved by the research and ethics board at Western
University and informed consent was obtained from all patients and the
healthy control subjects prior to their recruitment in the study, following
the Declaration of Helsinki. The patient cohort was selected based on the
following inclusion criteria: (a) history of TLE; (b) clinical 1.5 T MRI,
and (c) comprehensive EEG studies completed to identify the site of their
epileptogenic region. On the other hand, a patient who: (a) had a
pacemaker or other electronic or (b) metallic implants; (c) were preg-
nant or trying to conceive, or (d) had pre-existing medical conditions
was excluded. Since the clinical epilepsy protocol MRI is performed at
1.5 T at our institute, Tlw and FLAIR images from our subsequent 3 T
MRI research protocol were assessed radiologically (M.T.J), blinded to
any clinical data of the patients. Of the 24 TLE patients recruited in this
study (9 females, mean age + SD = 32 + 10 years), 10 were considered
non-lesional TLE (i.e., patients not showing any signs of lesions in their
MRI structural scans, 4 female, 27 + 6 years). Twenty-three healthy
controls (14 female, 36 + 15 years) without any history of neurological
and psychiatric disease underwent the same neuroimaging protocol.
Thirteen patients had undergone temporal lobectomy (i.e., 6 right and 7
left hemisphere) and further investigation with post-surgical pathology
confirmed the presence of MTS and gliosis in more than 75 % of this
group. A detailed description of the demographic and clinical informa-
tion for patients included in this study is provided in Table 1. Fig. 1
below outlines the main steps of the workflow in this study, each are
discussed in detail in the following subsections.

2.2. MRI acquisition and processing

All subjects were scanned using a 3 T MRI system (Siemens Prisma,
Erlangen Germany) with a 32-channel head coil. The scanning protocol
included the acquisition of structural images using a magnetization-
prepared rapid acquisition with gradient echo (MPRAGE) sequence
(repetition time/echo time TR/TE = 5000/2.98 ms, 700 ms TI, FOV =
256x256mm?, 1 mm isotropic voxel size).

In addition, a multiband echo-planar imaging (EPI) sequence with
acceleration factor = 3 was used to acquire diffusion-weighted images
(DWI). The DWI acquisition includes b = 0, 1300, 2600 s/mm?, 130
diffusion-encoding directions acquired twice with left-right, right-left
phase encoding directions, TR/TE = 2800/66.80 ms, FOV = 224 x
224 mm? and 2 mm isotropic voxel size. The acquired diffusion-
weighted images were corrected for EPI readout and eddy current dis-
tortions using topup (Andersson et al., 2003) and eddy (Andersson and
Sotiropoulos, 2016) from FSL (Smith et al., 2004). Correction of Gibbs’
ringing artifact was performed by determining optimal sub-voxel shifts
within the neighborhood of sharp edges in the image (Kellner et al.,
2016), while noise reduction was achieved by separating the signal from
the noise in the image via local noise estimation (MRtrix3's dwidenoise)
(Tournier et al., 2012; Veraart et al., 2016) (Fig. 1A step (i) of the
general workflow).

2.3. Calculations of DKI parameters

As part of step (i) in Fig. 1A, the preprocessed DWIs were used as
input to the open-source Diffusion Kurtosis Estimator (DKE) software
package to calculate the DKI parameters (MK, AK, RK, Kfa) including
MD and FA derived from DKI (Tabesh et al., 2011). In addition, we
modeled the AWF metric from the kurtosis tensor using the DKE soft-
ware (Fieremans et al., 2011).

2.4. Automated white matter fiber quantification

The automated fiber-tract quantification (AFQ) software (Yeatman
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Table 1
Clinical characteristics of patients with left and right temporal lobe epilepsy.
ID Age Sex Hand MRI Findings Intracranial EEG Sz. Scalp EEG Sz. Hipp. path Neo.path Duration Follow up Sz.
Location Location (years) (months), Engel Frequency
outcome
1 43 M R NL L Temporal-Occipital N/A N/A N/A <1 * Daily
2 21 M R NL N/A L Temporal Lobe Gliosis Gliosis 2 60, IA Weekly
3 22 F R NL L Parietal-Opercular L Central or non- N/A N/A 1 * Daily
Localizable
4 34 M R NL R anterior-inferior R Temporal Lobe Gliosis Gliosis 4 40, IA Weekly
insula plus anterior-
hippocampus
5 27 M R NL Indep. L Insula R Temporal Lobe N/A N/A 11 * Weekly
6 28 F R NL R Temporal Lobe R Temporal Lobe Gliosis Gliosis 2 48, 1A Weekly
7 21 M R NL L Temporal Lobe L Temporal Lobe Gliosis Gliosis 2 42, 1A Monthly
8 23 M L NL N/A R Temporal Lobe Reactive Gliosis 4 33, IIA Weekly
Changes
9 29 M R NL L Anterior Mesial L Fronto-Temporal  Gliosis Gliosis 5 34,1A Monthly
Temporal Lobes
10 26 F R NL R para-central None N/A N/A 15 * Weekly
11 26 F L Bilateral MTS Bitemporal R Fronto- N/A N/A 24 * Monthly
Temporal Lobes
12 27 M R R DNET N/A R Temporal Lobe FCD/MTS/ FCD/ 26 57, IIA Monthly
Gliosis MTS/
Gliosis
13 18 M R L FCD L Insular Independent Scars Gliosis 6 44, TIA Monthly
bitemporal
14 48 M R R hippocampus N/A R Temporal Lobe N/A N/A 1 * Monthly
atrophy
15 53 M R L MTS N/A L Hemisphere MTS Gliosis 11 4, 1A Weekly
(Diffuse)
16 52 M R L MTS N/A L Fronto-Temporal ~ N/A N/A 48 * Monthly
Lobes
17 42 M R L MTS N/A L Temporal Lobe Gliosis Gliosis 7 51, A Weekly
18 31 F R L MTS N/A L Temporal Lobe MTS Gliosis 27 39, 1A Weekly
19 21 F R R amygdala FCD  N/A R Temporal Lobe Gliosis Gliosis 12 23, 1A Monthly
20 51 F R R MTS N/A R Anterior Mesial N/A N/A 40 * Monthly
Temporal Lobe
21 37 M R R MTS N/A R Temporal Lobe MTS/ MTS/ 35 29, ITIA Weekly
Gliosis Gliosis
22 36 F R R MTS R Anterior Mesial R Insular MTS Gliosis 16 23,1A Weekly
Temporal Lobe
23 30 F R R MTS N/A R Temporal Lobe N/A N/A 9 * Weekly
24 26 M R R MTS N/A R Temporal Lobe N/A N/A 5 * Weekly

MRI Findings - From 3 T MRI, DNET - Dysembryoplastic Neuroepithelial Tumor, FCD — Focal Cortical Dysplasia, L — Left, R — Right, MTS — Mesial Temporal Sclerosis,
NL - normal MRI, Sz - Seizure, and * — Not a Surgical Candidate, N/A - not available.

DWI preprocessing and

(i)

(i constrained tracking

Automated white matter

(iif)

DKI fitting

Anatomically

fiber quantification

A

2mm

SWM

pial surface

TLE patients (n = 24) and healthy
controls (n = 23)

fractional distance

Depth-wise cortical
segmentation

Mapping DKI onto
cortical surfaces

0]

(i)

Depth-wise DKI cortical
quantification

(iii)

Fig. 1. General data processing workflow. Twenty-four patients and 23 healthy controls were recruited for the study. The tract-based DKI analysis processing stream
(A) involved (i) DWI data preprocessing and generating of DKI parametric maps, (ii) white matter fiber bundles (illustrated in green and purple) extraction using
anatomically constrained tracking and (iii) white matter fiber bundle profiling. The tract-based cortical analysis (TCA) stream (B) involved (i) extraction of depth-
wise surfaces ranging from superficial white matter (SWM, i.e., at —0.5 fractional distance) towards the pial surface (i.e., 1.0 fractional distance), (ii) quantitative
mapping of DKI parametric maps to allow (iii) cortical quantification. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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et al., 2012) was used to quantify the WM fiber bundles of interest (i.e.,
ILF and Unc). The basic AFQ four-step procedure was executed: (i) fiber
tractography, (ii) fiber tract segmentation using two waypoint regions of
interest (ROIs), (iii) fiber tract refinement via a probabilistic fiber tract
atlas, and (iv) sampling diffusion measurements at 100 equidistant
points along the tract length between two waypoints. To accommodate
complex fiber configurations (i.e., fiber crossings) we modified the steps
(i) and (ii) of the AFQ workflow, and each of these steps is described in
more detail in the following respective subsections (2.4.1-2.4.3).

2.4.1. Fiber tracking and segmentation

We used the anatomically constrained tracking (ACT) algorithm
(Smith et al., 2012) implemented in MRtrix3 software (Tournier et al.,
2012) (Fig. 1A, step ii). In ACT, the first step is to calculate a response
function, which was estimated from the pre-processed DWIs using
dwiZresponse (with the “dhollander” algorithm for multi-shell data)
(Dhollander and Connelly., 2016). In the second step, the estimated
response functions for individual DWIs were used to calculate the fiber
orientation function (FOD) using dwi2fod. The FODs were separately
calculated for the three tissue types (i.e., WM, GM, and cerebrospinal
fluid (CSF)) using the multi-shell multi-tissue constrained spherical
deconvolution (CSD) method (msmt csd) (Jeurissen et al., 2014). To
allow for group comparison, the subjects” WM FODs were input to the
population_template function to generate an unbiased group average FOD
template, to which the respective subject’s FODs were warped. To
deploy the ACT algorithm, additional anatomical information is
required to guide the termination and acceptance/rejection criteria
during fiber tracking in MRtrix3 (Smith et al., 2012). Individual sub-
ject’s T1 images were segmented into five tissue types (‘5TT’), namely:
WM, subcortical GM, GM, and CSF, and the optional tissue type (i.e.,
pathological tissue, which was excluded here), using MRtrix3’s 5ttgen
command. This function uses FSL’s FIRST and FAST segmentation al-
gorithms to separate the four mandatory tissue types. To minimize
tracking into the deep GM, we generated a WM-GM interface mask by
inputting the 5TT segmented anatomical image into the 5ttgmwmi
command. The resulting WM-GM interface mask was used as seed point
for tracking. To further guide fiber tracking, extra parameters were
supplied to the MRtrix tckgen function responsible for tractography,
following the six criteria described by Smith et al. (2012). These pa-
rameters influence the streamlines in two ways: when to terminate them
and when they are either accepted or rejected based on their biological
plausibility. Since tracking was seeded in the WM-GM interface, inclu-
sion and exclusion waypoint ROIs for the bundles ILF and Unc in both
hemispheres were inputted as part of step 3 of the devised six steps, as
described by Smith et al. (2012). This removed any anatomically
implausible tracts by only allowing tracks that pass through the way-
point (Horbruegger et al., 2019; Smith et al., 2012). These waypoint
ROIs were defined in MNI152 space and coregistered to the FOD tem-
plate through a non-linear transformation hereby using the subject’s
native FOD space as an intermediate step followed by warping to the
FOD template using the warps calculated during population template
stage. Thus, no manual drawing of the ROIs for each subject was
required each time when running ACT. The registration was manually
checked before inputting the ROIs into the ACT algorithm. Finally, for
tracking, we used the tckgen iFOD2 algorithm, which is capable of
reconstructing fibers with complex configurations (Tournier et al.,
2010). We used the following additional tckgen settings and inputs: step
size 0.8 mm, min. length = 8 mm, max. length = 250 mm, max. number
of streamlines = 10,000, unidirectional, include = inclusion ROI,
exclude = exclusion ROI and seeding and cropped at GM-WM interface,
with latter crop streamline more precisely as they cross WM-GM
interface.

2.4.2. Fiber tracts refinement and cleaning
The generated tracts using ACT were refined by comparing each
candidate fiber bundle (i.e., ILF and Unc) to their respective probability
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maps provided within the AFQ tool (Yeatman et al., 2012) (within step
(iii) of Fig. 1A). As part of the AFQ processing, the probability maps are
transformed into FOD template space. The ILF and Unc are assigned
scores based on the probability values of the voxels through which they
pass. Any trajectories with low probability scores are discarded. Here,
the AFQ fiber probabilities were computed using the atlas procedure of
(Hua et al., 2008). Basically, each fiber point probability score is
determined by looping over the fiber probability maps, a mean is
calculated by collapsing the scores across all points in a fiber. To cate-
gorize the fibers, the mean fiber probability score gets sorted, fibers with
the highest score after sorting gets selected discarding any fibers with
lower scores or does not match the probability maps (Yeatman et al.,
2012). Finally, the selected ILF and Unc bundles should pass through the
two predefined AFQ waypoint ROIs and also conform to the shape of the
respective tract’s probability map. In addition, the fiber tracts are
cleaned further by determining the core of the fiber tracts to identify and
remove any stray fibers. A fiber is represented as a 3D Gaussian distri-
bution, and any outliers in the distribution are discarded (see Fig. 2 for
an example of the processed tracts).

2.4.3. Sampling diffusion measurements along WM tract lengths

The diffusion measurements were sampled along subject-specific ILF
and Unc fiber cores at 100 equidistant points (Fig. 1A, step iii), allowing
for inferences to be made at approximately identical locations across
subjects, independent of brain size. This provided the respective tract
profiles for each DKI map (MK, AK, RK, Kfa, MD, FA, and AWF) from the
individual subjects, and from which the diffusion status in the WM can
be inferred. Furthermore, to verify that diffusion profiling was restricted
to WM and not contaminated with the signal originating from GM, we
calculated the signed distance to the WM-GM boundary for each WM
voxel, with negative values indicating proper sampling (see Fig. 5A). For
group-wise statistical analyses, each patient group was separated ac-
cording to the side of lesion for lesional TLE subjects, and the side of
seizure focus, identified with comprehensive EEG investigations for non-
lesional TLE subjects (i.e., separated according to side ipsilateral to the
epileptogenic temporal lobe), and their AFQ results were used as input
to the Permutation Analysis of Linear Models (PALM) toolbox (see also
section 2.7 on statistical analyses).

In addition, the changes of diffusion properties along the fiber bun-
dles were summarized using the first four statistical moments: mean (i.
e., mean of quantitative values, mean(y) and center of gravity in the x-
direction, mean(x)), standard deviation (SD), skewness and kurtosis
(Amunts et al., 1999). These summary metrics provide further infor-
mation on any systematic change in the properties of the underlying
microstructure along the respective white matter tracts (DeKraker et al.,
2020).

2.5. Correlation between combined DKI metrics and disease duration

Since DKI quantifies both the Gaussian component of diffusion (i.e.,
DTI metrics) and the non- Gaussian component (i.e., DKI metrics), we
performed a combined DKI quantitative analysis (e.g., MD + MK). In
addition, we incorporated the patient’s disease duration (i.e., time be-
tween age of onset and age at scan) to investigate its correlation with
different combinations of the DKI metrics. The DKI metrics were
extracted from two segments of the bundles: the temporopolar segment
(i.e., sampling points 80-99) and the remaining non-temporopolar part
(i,e., sampling points 0-79). The points 0-79 and 80-99 were selected to
obtain bundle segments more distal and proximal to the temporal pole,
respectively. This cut-off value (i.e., 80) was determined based on dis-
tance to GM, z-score transitions and empirical testing across different
cut-off values (70-90). The latter did not reveal strong dependency.

2.6. Tract-based cortical analysis

To quantify diffusion profiles along the ILF and Unc to pial GM axis —
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Anterior
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Fig. 2. The two white matter fiber bundles of interest, inferior longitudinal (green) and uncinate fasciculus (purple) for a representative healthy subject. Generated
using anatomically constrained tractography and processed with AFQ. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

referred to forthwith as tract-based cortical analysis (TCA) (see Fig. 1
stream B) — we mapped all the individual subject’s DKI maps onto a
series of cortical surfaces. First, a surface-based representation of the
cortex was constructed using FreeSurfer’s recon-all pipeline and the
MPRAGE Ti;w volume. The resulting WM surface was then used to
obtain the additional cortical surfaces using FreeSurfer’s mris_expand
function. These were positioned at different depth fractions based on the
estimated local (i.e, vertex-wise) cortical thickness, starting with a ‘su-
perficial”’ WM surface (-50 % of cortical thickness with respect to WM-
GM boundary) up to the pial GM (+90 % of cortical thickness) with
steps of 10 %, resulting in a total of 15 surfaces while maintaining
smoothness and preventing self-intersection (Fig. 1B step (i)). Free-
Surfer’s mri vol2surf function was then used to project the DKI maps in
anatomical space onto each of the generated surfaces (Fig. 1B step (ii)).
The cortical reconstructions and coregistration of DKI maps were visu-
ally checked by overlaying the WM and pial surfaces onto the resampled
B0 data to assure accurate surface mapping. No manual corrections of
cortical surfaces and/or registrations were required. Due to limiting
voxel size and partial volume effects, only values up to 50 % (i.e., 0.5 or
mid-GM, see Fig. 1) are considered for interpretation. Finally, vertex-
wise DKI data were averaged within the rostral middle frontal (RMF)
and temporal pole cortical regions (defined by FreeSurfer’s cortical
parcellation) at each depth fraction per subject to allow comparison of
profiles across groups (Fig. 1B step (iii)). The RMF was included to serve
as a baseline, as we expected little to no effects relating to TLE in this
area. Similar to the WM analysis, for group-wise statistical analyses,
each patient group (i.e., lesional TLE and non-lesional TLE) was sepa-
rated according to the side of the epileptogenic temporal lobe (i.e.,
ipsilateral to the seizure focus). Hereafter, left lesional TLE and non-
lesional TLE refer to left TLE patients with or without structural
changes in the left temporal lobe, respectively. Similarly, right lesional
TLE and non-lesional TLE refer to right TLE patients with or without
structural changes in the right temporal lobe, respectively. Note, pa-
tients showing potential of bilateral lesions were lateralized according to
their EEG findings.

2.7. Statistical analysis

The PALM toolbox was used to statistically assess group-wise dif-
ferences in terms of WM profiles for each of the individual DKI-derived
and WM distance maps using recommended parameters (Winkler et al.,
2014). A total of N = 5000 permutations was used together with a
cluster-wise t-statistic threshold of 3.1, while correcting for multiple
comparisons (i.e., locations along the bundle) using the familywise error

(FWE, g-FWE = 0.05), as well as age and sex effects. Output p-values
were saved as -log10(p) for visualization. The statsmodels (v0.12.2) Py-
thon package was used for the comparison of WM profile shapes across
groups using one-way analysis of variance (ANOVA), and between
bundles (within-subjects) using repeated-measures ANOVA. As for the
WM bundles, age and sex were accounted for by including them in the
statistical models as additional regressors. Similarly, ANOVA testing was
used for contrasting WM bundle summary scores between lesional TLE
and non-lesional TLE as well as diffusion parameter maps, while linear
regression was used for testing the correlation with disease duration.
Since the main objective of the current manuscript was to highlight (i)
the added value of DKI and (ii) the involvement of the temporal pole in
TLE, robust assessment of the exact clinical impact across a wide array of
TLE ‘types’ (i.e., lesions vs non-lesional, different pathologies) would
require a more multi-disciplinary approach and a larger sample size and
therefore is beyond the scope of this article.

3. Results
3.1. White matter quantitative profiling

DKI quantitative profiles and corresponding z-scores (shown as heat
maps) for the lesional TLE subjects (i.e., left and right TLE patients with
structural changes), compared to the healthy controls, are shown in
Fig. 3. Ipsilateral to the seizure focus, significant differences were
observed between lesional TLE and controls (p < 0.005) towards the
most temporopolar segment (i.e., position 99) of the left ILF in left TLE
patients for MK, RK, AK, AWF, and MD. A comparable pattern was
observed in left Unc for the left lesional TLE patients, with significant
changes observed closer to the temporopolar cortex area in MD (p <
0.005) and MK, RK, AK, and AWF (p < 0.05). For illustrative purposes,
the corresponding p-values for the microstructural alterations based on
MK were mapped along the respective 3D renderings of the fiber bundles
(Fig. 3C). As such, it can be observed that MK for the left ILF (p < 0.005)
and left Unc (p < 0.05) from left TLE patients differ most near tempor-
opolar segments of the bundles (i.e., proximal to the left temporopolar
cortex). For the ipsilateral temporal lobe in right TLE patients, only weak
(i.e., non-significant) differences were detected ipsilateral to seizure
focus for the right lesional TLE group based on RK, AWF and MK.
Furthermore, exploration of WM bundle profiles within the contralateral
side did not reveal significant differences compared to controls for both
lesioned and non-lesioned patients (see Supplementary Fig. S1). As such,
these will not be considered further in the remainder.

Following multiple comparison corrections, for non-lesional TLE
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patients, no significant differences were observed ipsilateral to the
seizure focus (i.e., right/left ILF and Unc in right/left non-lesional TLE,
as confirmed with EEG) (Fig. 4). However, indicators of possible changes
(i.e., slight differences in z-scores) along the WM bundles were mostly
found at their most temporopolar parts in left non-lesional TLE subjects
(Fig. 4C), similar to what was observed with the lesional left TLE group
(Fig. 3C).

The profiles calculated from the distance maps (i.e., distance from
WM voxel to WM-GM boundary, Fig. 5A) from the lesional and non-
lesional TLE patient groups and the controls indicate that DKI quanti-
tative sampling occurred exclusively within the WM (i.e., negative dis-
tance, Fig. 5B, top row). One thing to note however, is the difference in
the mean distance profiles from the WM to the WM-GM interface
observed between the patient groups and the controls shown in Fig. 5B.
This is also demonstrated on the heat maps (Fig. 5C), in particular
ipsilateral to seizure focus ILF and Unc (left lesional TLE) and ipsilateral
to seizure focus ILF in left non-lesional TLE and Unc for the right non-
lesional TLE group.

3.2. Characterization of white matter DKI profiles

Characterization of the DKI quantitative profiles showed possible
differences between the two bundles (ILF and Unc), as shown in Fig. 6.
To demonstrate the distribution of the average of the diffusion kurtosis
along all diffusion directions (Steven et al., 2014), we show MK and AWF
only, the latter as a measure of possible changes in axonal density. A
more subtle and variable difference is observed between the patient
groups compared to controls’ profile as depicted in their skewness,
kurtosis, mean(y), and mean(x) distributions. However, in both lesional
and non-lesional TLE groups, the SD for the two WM bundles MK
(Fig. 6B) and AWF (Fig. 6C) values show consistent dissimilarity
compared to controls.

3.3. White matter correlational analyses

When combining the DTI metrics estimated with DKI (i.e., MK + MD
and Kfa 4+ FA), we observed significant (p < 0.05) differences between
the two patients groups (i.e., lesional TLE vs non-lesional TLE) at the
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temporopolar segment (i.e., points 80-99) of the WM bundles within the
ipsilateral temporal lobe in left TLE patients (Fig. 7A, right panels).
Higher, but not significant z-scores were also observed with MK -+ MD in
ILF and Unc from the left epileptogenic temporal lobe in left lesional TLE
patients, compared to Kfa + FA (Fig. 7A, right panels). We also observed
a weak trend (i.e., higher variability) with MK + MD in the tempor-
opolar ILF with increase in epilepsy duration as shown in (Fig. S2A).

No significant changes were detected between patient groups and
WM bundles when averaging across their temporopolar segment.
Nevertheless, in line with the observations for the temporopolar por-
tions of the bundles (i.e., close to temporopolar area), the strongest ef-
fects were observed ipsilateral to the seizure focus in left TLE patients’
data. Here, lesional TLE patients were characterized by the largest dif-
ferences, driven primarily by the MK + MD parameters (Fig. 7B, right
panels). A more comparable difference was noticed in the ipsilateral
temporal lobe between the right lesional and non-lesional TLE patient
groups’ MK + MD measurements (Fig. 7B, left panels). Based on visual
judgment, the DKI combined quantitative values show a pattern of
increased differences with persisting seizure in patients as shown in
Fig. S2B.

It was noticed that more distinct changes were seen with MK + MD
ipsilateral to seizure origin in both lesional and non-lesional left TLE
patients. As demonstrated in the Fig. 3A, left panels for the bundles’
temporopolar segment (locations 80-99) and the non-temporopolar
segments, locations 0-79 (Fig. 3B, left panels).

3.4. Tract-based cortical analysis

We observed consistently strong differences at the temporopolar

cortex tissue transition area (i.e., superficial WM towards WM-GM) be-
tween the controls and lesional TLE group (Fig. 8B, top row) for the MK,
RK, and AWF maps. In the non-lesional TLE group, we also see notable
DKI differences, except for MD. In general, z-scores gradually approach
zero while moving towards the pial surface. For both patient groups,
negligible differences were observed near the RMF region (Fig. 8B,
bottom row).

4. Discussion

In this study, we combined the anatomically constrained tractog-
raphy (ACT) using multishell constrained spherical deconvolution (CSD)
(see methods section 2.4) with DKI to compare diffusional properties
along (i) the ILF and Uncinate, two major WM fiber bundles connecting
the temporal pole with other cortical regions, as well as (ii) the WM to
the transition area of the temporal pole, between healthy controls and
TLE patients. Most importantly, we found prominent diffusion profile
differences closer to the temporopolar portions of both bundles within
the side ipsilateral to the epileptogenic temporal lobe. In addition,
diffusion anomalies were detected within the temporal pole cortex
ipsilateral to the epileptogenic temporal lobe and were more pro-
nounced in the DKI measurements of the TP compared to the reference
RMF. This is the first study to combine ACT using multishell CSD to
overcome limitations imposed by complex fiber configurations (e.g.,
crossing fibers) with AFQ for tract profiling and DKI to characterize
tissue microstructure, taking into account non-Gaussian diffusion
behavior. Furthermore, depth-dependent DKI measurements were
extracted to highlight possible diffusion abnormalities from superficial
WM towards the pial surface of the TP, a region for which its role in TLE
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is not well understood (Abel et al., 2018).

4.1. White matter quantitative profiling

Based on the diffusion profiles dissimilarities towards the tempor-
opolar segments of the bundles, more prominent (i.e., statistically sig-
nificant) differences are observable for the ipsilateral epileptogenic
temporal lobe across the left lesional TLE patients, in particular with
regards to MK, RK, AK (i.e., decrease), and MD (increase) indicating
breakdown of the underlying microstructure, such as alteration in
axonal and myelin integrity (Bonilha et al., 2015; Rodriguez-Cruces and
Concha, 2015). These findings are in line with a previous study that
looked at DKI- and DTI-based metrics along specific WM tracts of left
TLE subjects (Glenn et al., 2016). Moreover, as a surrogate marker for
axonal density, the decrease in AWF showed potential axonal degrada-
tion ipsilateral to the epileptogenic temporal lobe in left lesional TLE
patients, which has been a common finding in TLE patients with MTS
(Bliimcke et al., 2013; Khan et al., 2014; Rodriguez-Cruces and Concha,
2015). We also observed a decrease in DKI parameters and an increase in

DKI-based MD towards left TP in both of the bundles ipsilateral to
seizure focus in the non-lesional TLE group, however these differences
did not reach the significance threshold. We think this could be due to
the small sample size of the non-lesional MRI cohort that precluded
statistical significance. And also the extratemporal network involve-
ment, that has previously been found in the non-leisional MRI group
(Muhlhofer et al., 2017), might have limited us reaching the significant
threshold in the bundles (ILF and Unc). Furthermore, although com-
plementary findings to MK, RK, AWK and MD were seen for FA and Kfa,
no significant differences were observed. This could be attributed to the
fact that (i) FA and Kfa are still influenced by complex fiber configura-
tion reducing their sensitivity to the underlying microstructure (Hansen,
2019), and/or (ii) in contrast to the FA findings in previous studies
(Kreilkamp et al., 2017; Labate et al., 2015), we think our approach of
quantifying diffusion measurements at specific points along the bundles,
rather than just taking an average across ROI, could have contributed to
the difference between our study and their analysis. The differences in
diffusion abnormalities between the left and right TLE patients, as
categorized by seizure onset zone, agrees with a previous voxel-based



L.W. Kasa et al.

Neurolmage: Clinical 36 (2022) 103201

A —— Skewness
P 5550000000080 00 Py . — Kaurtosis
3 3
& t —— Mean(x)
X 9
S s Y, ——— Mean(y)
SD
2’0 4I0 6‘0 8‘0
Position
B Skewness Kurtosis Mean(x) Mean(y) SD
Controls |- 4 ---~ - i - -1 e . e I R - |
5 Non-lesional |---- & | - el D - 4 B
Lesional |---| @ -4 Ho e - -~ 4 - L
« T T T T T T — T T : T T : T
= 4 connos F-- -4 - pmmmmmmme ~ S |--mmme ¢+
© | 1 1 1
S Non-lesional f--- % A 4 4 -+ % -4 b-- 1 ---1 i hed
£ i i | 1 i
S Lesional - o - o |- - - -
T — T : T T T T T T T T —
-1 0 1 0 2 20 40 80 0.9 1.0 0.02 0.04
Between bundles: p < 0.001 Between bundles: p = 0.013 Between bundles: p < 0.001 Between bundles: p < 0.001 Between bundles: p = 0.164
(3 Controls ~ f-- ? -={ |----- ¢ - b--i--1 [----1 ® ----- | b---— - --|
"__," Non-lesional b - Hi# o Fie--i -1 @ - ie -
Lesional f--- Q] --1 fp---- ¢ - i F- #1--4 R4 ! p-- ? """ {
[TH T T T T T T T T T T T T T T T T
= ‘ 1 \
<, comos - - RIS bom- * - |
© | I I 1
5 Non-lesional ti--| - & i-F--1 [-4 4 -4 - * -
< i ; ; i
S Lesional b e [ IS S b---- @ -
—Il ll) 2;. —£.5 —1I,O —OI,5 O.IO 410 BIO O,Z;OO 0.3:25 0.3:50 0.I01 0.2)2 O,IO3 0,104

Between bundles: p < 0.001

Between bundles: p = 0.027

Between bundles: p < 0.001

Between bundles: p < 0.001

Between bundles: p < 0.001

Fig. 6. Characterization of DKI quantitative profiles demonstrate consistent standard deviation (SD) variability across ILF and Unc MK and AWF quantitative maps.
The diagram in (A) demonstrates the process for deriving profile features (see also methods section) for MK (B) and AWF (C) per group (y-axis, i.e., lesional TLE in
blue, non-lesional TLE in orange, and controls in green). The x-axes are separated with respect to the first four statistical moments; skewness, kurtosis, mean(x) —
mean in the x-direction, mean(y) — mean in the y-direction, and the standard deviation (SD) in the rightmost column. Only ipsilateral temporal lobe results from left
TLE patients are shown, as these appeared most affected based on the tract profiles. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

study demonstrating widespread and prominent DTI abnormalities in
patients with MTS and left hemispheric onset, while right non-lesional
TLE patients exhibited no detectable changes (Shon et al., 2010). The
observed variability in diffusion anomalies could be related to the
inherent distinction in different TLE types and their pathological effects
on the temporal pole and the connected WM, particularly in left versus
right TLE patients (Besson et al., 2014; Keller et al., 2002). In addition,
the findings in this study agree very closely with the accumulating ev-
idence of left TLE showing a more distributed, bilateral pattern of
structural changes compared to patients with right TLE (Bonilha et al.,
2007; Kemmotsu et al., 2011). White matter and cortical disruption have
been also reported in a number of previous studies, with left TLE
exhibiting more widespread atrophy, beyond the epileptic temporal lobe
compared to right TLE group (Ahmadi et al., 2009; Kemmotsu et al.,
2011). However, the mechanism underlying the differences in left verse
right TLE abnormalities is still unclear. Several studies suggest that, the
discrepancy between left and right TLE may have stemmed from the
slower maturity of left hemisphere compared to the right side making it
vulnerable to early insults from febrile and early-onset seizures (Cor-
ballis and Morgan, 1978; Kemmotsu et al., 2011). The significant in-
crease in MD and decrease in MK and RK noticed in left lesional TLE
group in our study support the idea of widened extra-axonal space (i.e.,
allowing increase in free water) due to disruption of myelin sheaths and
axonal membranes as well as decreased fiber density (Winston et al.,
2020). Previous histology and DTI correlation work have shown that

increase in FA and MD were due to reduction of axonal density and al-
terations in the myelin architecture within the left temporal lobe
(Concha et al., 2010; Deleo et al., 2018), including a marked temporal
pole connectivity reduction in left TLE group observed by (Besson et al.,
2014). Furthermore, reduction in smaller caliber axons and presence of
histology features such as glioses may also play a role in diffusion
anomalies (Deleo et al., 2018).

This suggests that DKI could serve as a complementary approach to
detect subtle changes in the WM fiber bundles connected to the TP. In
addition, the observed reduction in the distance of the patients’ WM
fiber bundles to the WM-GM boundary could be attributed to the pres-
ence of ectopic WM neurons (i.e., WM neurons in abnormal locations,
mostly found in the subcortical region) which increase in density in
brain specimens of TLE patients compared to controls (Emery et al.,
1997). Previous voxel- and region-based studies (Bonilha et al., 2015;
Shon et al., 2010) observed abnormalities along the WM fiber bundles in
the ipsilateral temporal tracts. Here we demonstrate that DKI, combined
with AFQ based on anatomically-constrained tracking, has the ability to
identify abnormalities at specific locations along WM fiber bundles, in
this case the ILF and Unc, both connected to the temporal pole, thus
providing granular details of their microstructure composition. Such
information, especially before surgery in TLE, could be used to guide the
procedure by more completely identifying the seizure onset zone and the
region(s) to be resected, potentially resulting in improved outcomes.
However, although the current findings demonstrate DKI's potential to
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measure diffusion in patients, it strongly motivates further evaluation
with a larger patient cohort.

4.2. Characterization of white matter DKI profiles

Tract profile analysis of the MK and AWF values along WM bundles
(i.e., between sampling points 0-99), indicated that ILF and Unc ipsi-
lateral to seizure focus have a wider SD in the non-lesional TLE group
(more pronounced in Unc). Here, SD represents the variation along the
y-axis of the profiles, implying that MK and AWF appear to vary more
along points 0-99 for the non-lesional TLE, but are more ’flat’ for the
lesional TLE patients, compared to controls. This observation could
correspond to the considerable evidence of dispersed diffusion abnor-
malities observed in non-lesional TLE patients compared to those with
TLE patients having radiological evidence of MTS (i.e., lesional TLE)
(Keller et al., 2013; Rodriguez-Cruces and Concha, 2015). In addition, a
smaller SD of the AWF data for the lesional TLE patients could also
suggest diffusion anomalies related to degradation of spatial specificity
of microstructural properties along the WM pathways compared to the
more variable changes exhibited with non-lesional TLE patients.
Furthermore, between the bundles, Unc shows greater deviations than
ILF in the non-lesional TLE patients, in concordance to a previous tract
base study, which found a significant reduction in the Unc, that was
more pronounced in the anterior temporal lobe (Glenn et al., 2016).
These differences observed in the DKI parameter distribution, specif-
ically SD, agree with the WM profiling analysis indicating potential
diffusional changes due to patterns of neuronal loss and gliosis, partic-
ularly observed in patients with MTS (Bliimcke et al., 2013).

10

4.3. White matter correlational analysis

The complementary properties of the MK and MD (i.e., restricted vs
free diffusion) parameters were utilized by combining their respective z-
scores. In agreement with the WM findings, a significant difference at
the temporopolar portion of the bundles between the two patient types
(lesional TLE vs non-lesional TLE) was observed. MK + MD demon-
strated potential microstructural changes in the ipsilateral epileptogenic
temporal lobe, where left lesional TLE showed stronger differences
compared to left non-lesional TLE group, especially towards the tem-
poropolar segments of the two fiber bundles (i.e., from sampling point
80 right to the end point 99). Similar, but milder diffusional changes
were reflected in the MK + MD values within the non-temporopolar
segments (i.e., points 0-79) of the ILF and Unc, with noticeable differ-
ences for left TLE (i.e., left lesional TLE and non-lesional TLE) patients
compared to controls. Although, these differences did not appear sta-
tistically significant, our findings go along with a previous study that
demonstrated a centrifugal decrease of DTI-based abnormalities as WM
networks extend away from the epileptogenic temporal lobe (Concha
et al., 2012; Rodriguez-Cruces and Concha, 2015). Furthermore, there
was a relationship between the MK + MD measurements and disease
duration in the two patient groups (lesional TLE and non-lesional TLE).
The detected progressive diffusion anomalies suggest gradual micro-
structural changes due to persistent seizure activities (Keller et al.,
2012). This pattern was also noted in a DTI-base study, with MD strongly
correlating with disease duration (Chiang et al., 2016). Although MK +
MD showed clear differences compared to Kfa + FA, there were no
significant differences between these combined DKI parameters (i.e.,
MK + MD vs Kfa + FA). Nevertheless, since MK and MD are average
measurements along all diffusion weighting directions in restricted and
free diffusion environments respectively, we expected MK + MD to
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provide a comprehensive characterization of diffusion properties
depicting tissue integrity. On the other hand, FA depicts the preferred
direction of diffusion and can reduce drastically in areas of crossing fi-
bers or often in regions of coherent WM (Hansen, 2019). Therefore by
combining FA and Kfa, complementary information regarding tissue
microstructure could be derived (Hansen, 2019).

4.4. Tract-based cortical analysis

The present findings indicate that MK and RK can detect micro-
structure anomalies within the temporopolar cortex in lesional TLE, and
to some extent within the non-lesional TLE patients compared to a
reference region (i.e., RMF). Although TLE appears to be characterized
by a network of abnormalities (Bonilha et al., 2015), we expected RMF
to have a minimal association with the temporopolar cortex changes due
to seizure activities. Besides the observations related to MK and RK, the
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changes in AWF indicate potential neuronal loss. This could be due to
seizure activity originating either at the temporopolar cortex or the
medial temporal lobe structures (e.g. hippocampus) (Chabardes et al.,
2005). These findings support previous work which detected neurons
and dendritic changes in the temporopolar cortex in TLE patients
(Winston et al., 2020). Parallel to this study and in support of our
findings, several earlier imaging- and histology-based studies have also
identified a reduction in neuronal density and gliosis within the super-
ficial WM and temporopolar cortex (Bonilha et al., 2010; Kuzniecky
et al., 1987). Furthermore, the WM-GM boundary diffusion anomalies
could be related to the blurring of this area, commonly attributed to
various causes (e.g. developmental cortical abnormalities, gliosis, or
myelin alterations) (Emery et al., 1997; Garbelli et al., 2012). Based on
the current results, DKI could serve as a complementary approach to
detect subtle microstructural alterations within the temporopolar cor-
tex. Understanding the role of TP in TLE is important to inform
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resection, which could help to minimize seizure recurrence due to
insufficient resection (Harroud et al., 2012).

4.5. Limitations

The diffusion anomalies along the WM fiber bundles that connect the
TP and temporopolar cortex to the rest of the brain indicate DKI’s ability
to quantify subtle alterations of tissue microstructure in TLE patients.
However, future work may include a larger cohort of (lesional TLE and
non-lesional TLE) patients to validate these findings. For example, a
power analysis (with alpha = 0.05, power = 0.80) based on a maximum
Cohen’s d effect size of 0.78 (i.e., T-statistic = 1.96) for the non-lesioned,
left ILF patients (N = 5), suggest that a minimum sample size of 27
patients is required to establish the observed differences in this partic-
ular group. This was calculated following the implementation within
pingouin’s power. ttest function. The spatial resolution (2 mm isotropic)
of the DWI used in this study is approximately equivalent to the cortical
thickness (Hutton et al., 2008). Therefore, the current findings could still
be affected by partial volume effects near CSF. As such, data closer to the
pial surface (i.e., sampling depth greater than 0.5) were not taken into
consideration. Nevertheless, as we were particularly interested in the
WM-GM transition area, the current TCA is still valid to reveal trends in
terms of microstructural differences in the TLE patients. Moreover,
statistical results were corrected for age and sex to minimize their in-
fluence on the patient vs control differences. However, age- and sex-
matched samples could avoid any residual differences in diffusion
characteristics due to aging or gender (Pal et al., 2011; Wu et al., 2011).
Besides, only side of seizure onset was considered here for patients’
stratification while other factors like lesion type (e.g., hippocampal
sclerosis vs neuroepithelial tumors) might provide relevant information
as well. Furthermore, our patient cohort might include patients with
possible involvement of contralateral side (e.g., patient ID5), this could
have added to the variability observed.

5. Conclusions

The current study demonstrated that the combination of ACT multi-
shell tracking, AFQ, and DKI could serve as a complementary approach
to detect subtle microstructural alterations within the temporopolar
segments of the two association WM fiber bundles connected to the
temporal pole. In addition, depth-dependent DKI measurements could
aid in uncovering diffusion abnormalities in the temporopolar cortex.
Furthermore, since DKI acquisition with the desired precision has been
shown to be clinically feasible (Kasa et al., 2021), the methods devel-
oped in this study could be easily implemented in a clinical workflow.
Finally, while the study was based on a limited patient cohort it provides
solid preliminary data upon which to base a more comprehensive
investigation. Identification of anomalies along the WM bundles seg-
ments and specific depths within the temporopolar cortex before surgery
could help inform the planning of selective resection to improve
outcome in TLE patients.
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