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Abstract
Background Medial temporal lobe epilepsy (mTLE) has been associated with widespread white mater (WM) alternations in
addition to mesial temporal sclerosis (MTS). Herein, we aimed to investigate the correlation between disease duration and WM
structural abnormalities in mTLE using diffusion MRI (DMRI) connectometry approach.
Method DMRI connectometry was conducted on 24 patients with mTLE. A multiple regression model was used to investigate
white matter tracts with microstructural correlates to disease duration, controlling for age and sex. DMRI data were processed in
the MNI space using q-space diffeomorphic reconstruction to obtain the spin distribution function (SDF). The SDF values were
converted to quantitative anisotropy (QA) and used in further analyses.
Results Connectometry analysis identified impaired white matter QA of the following fibers to be correlated with disease
duration: bilateral retrosplenial cingulum, bilateral fornix, right inferior longitudinal fasciculus (ILF), and genu of corpus
callosum (CC) (FDR = 0.009).
Conclusion Our results were obtained from DMRI connectometry, which indicates the connectivity and the level of diffusion in
nerve fibers rather just the direction of diffusion. Compared to previous studies investigating the correlation between duration of
epilepsy and white matter integrity in mTLE patients, we detected broader and somewhat different associations in midline
structures and component of limbic system. However, further studies with larger sample sizes are required to elucidate previous
and current results.
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Introduction

Medial temporal lobe epilepsy (mTLE/TLE) is the most com-
mon form of focal epilepsy and is characterized by recurrent
seizures that originate in the temporal lobe [1]. Apart from
seizures, patients with mTLE experience deficits in a variety
of neuropsychological domains such as attention, memory,
personality, mood, and executive function [2]. Although anti-
epileptic drugs are effective first choice options in manage-
ment of mTLE, up to 90% of pediatric patients and most adult
patients with mTLE eventually become medically intractable
[3]. A majority of these patients benefit from surgical resec-
tion. Importantly, presence of mesial temporal sclerosis
(MTS) predicts better surgical outcomes and lower risk of
recurrence after surgery [4–7]. On the other hand, a longer
disease duration and an earlier age of mTLE onset are associ-
ated with increased seizure frequency [8], increased frequency
of MTS [9], and multilobar involvement, which is in turn
predictive of surgery failure [10]. Disease duration and earlier
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onset also predict lower quality of life and associate with
cognitive impairment [7, 11].

The Btemporo-polar blurring^ in MRI, indicative of MTS,
emerges relatively late in the disease process and predicts poor
cognitive performance in mTLE patients [12]. Also, white
matter abnormalities, detected through conventional MRI,
poorly correlate with the duration of symptoms and the suc-
cess of surgical intervention [13]. ConventionalMRI is unable
to locate ultrastructural changes in temporal pole white matter
or other epileptogenic foci. On the other hand, diffusion tensor
imaging (DTI) studies have revealed disturbed microstructure
in white matter tracts connected to the affected temporal lobe
in patients with mTLE [14]. Importantly, diffusion metrics of
white matter microstructure in temporal [15–17] and extra-
temporal white matter [18] have shown association with the
duration of the disease.

Diffusion MRI (DMRI) connectometry is a novel analyti-
cal approach that uses the concept of local connectome to
identify white matter trajectories in the brain. Conventional
DTI calculates the velocity of water diffusion, i.e., how fast
the water tends to diffuse along different directions of each
voxel, while DMRI connectometry uses the diffusion density,
i.e., how many water molecules diffuse in each direction, to
characterize the white matter fibers [19]. Conventional DTI
calculates the average of the water diffusion metrics of all
voxels in a white matter tract using predefined atlas-based
trajectories. DMRI connectometry uses a model-free method
to track white matter trajectories and characterize their
diffusometric features, not the average diffusion metrics.
Based on this difference, conventional DTI loses spatial reso-
lution in areas of kissing or crossing white matter fibers, com-
monly encountered in the white matter tracts originating or
crossing the medial temporal lobe.

Mean diffusivity (MD) and fractional anisotropy (FA) are
two most popular diffusion metrics used by conventional DTI
[20]. In DMRI connectometry, significant connectomes, i.e.,
local patterns of water diffusivity, are built by tracking the
density of water diffusion along any given fiber orientation,
a parameter named spin distribution function (SDF) [21].
Quantitative anisotropy (QA) is a secondary parameter calcu-
lated from SDF and used in regression analyses [22]. QA is a
reflection of local connectome fingerprint of individual
voxels, and therefore less susceptible to partial volume effects
[23, 24]. These features confer DMRI connectometry with
more accurate and reproducible results when identifying fibers
with microstructural correlates to a variable of interest or iden-
tifying between group differences in connectomics [25–27].

We previously used DMRI connectometry to identify white
matter tracts with altered connectomics between patients with
left and right mTLE [28]. To our knowledge, no study has yet
used DMRI connectometry to identify alterations in white
matter tracts relative to disease characteristics. Using this ap-
proach, we investigated white matter tracts with altered local

connectome in mTLE patients. Next, we used DMRI
connectometry in a multiple regression model to investigate
whether disease duration could predict white matter changes.

Materials and methods

Participants

We used images of 24 patients with unilateral mTLE. All
patients underwent epileptic surgery and achieved an
Engel class I outcome after resection of their mesial tem-
poral lobe. Patients consisted of two groups of 12 right-
sided mTLE (male/female: 7:5, age: 43.3 ± 11.4 years)
and 12 left-sided mTLE patients (male/female: 6:6, age:
40.1 ± 13.7 years) (Table 1). The laterality of seizure fo-
cus was determined based on non-invasive electroenceph-
alogram and confirmed through histopathological exami-
nation of surgical specimen. None of the patients had a
history of previous brain surgery, brain tumors, or brain
trauma. All patients underwent pre-surgical DMRI. The
study population and enrollment details are described
elsewhere [29].

Images of a group of 12 age- and sex-matched healthy
adults were obtained from the freely available Binformation
extraction from images^ database (http://biomedic.doc.ic.ac.
uk/brain-development/). The subjects included six males and
six females and were 42.2 ± 11.5 years old.

Data acquisition

All patients underwent pre-surgical imaging using a 3-
Tesla scanner to collect 25-angle diffusion MRI with field
of view = 224 × 224 mm, voxel size: 1.96 × 1.96 ×
2.6 mm3, repetition time = 10,000 ms, echo time =
76 ms, at b = 1000 s/mm2, implementing the spoiled gra-
dient echo protocol, and one b0 image. In addition, a 3D
T1-weighted structural scan (SPGR) with voxel size =
0.39 × 0.39 × 2.0 mm3, repetition time = 10,400 ms, echo
time = 300 ms, and flip angle = 15° was obtained.

Table 1 Demographic characteristics of the 24 mTLE patients

Age (at surgery), mean (SD) [95% CI], year 41.8 (12.8) [36.4–47.2]

Female/male, No. (%male) 11/13 (54.2)

Disease duration, mean (SD) [95% CI], year 26.8 (16.8) [19.7–33.9]

Follow-up duration, mean (SD) [95% CI], year 4.0 (1.0) [3.6–4.5]

MTS-/MTS+ (%MTS+) 9/15 (62.5)

mTLE medial temporal lobe epilepsy, MTS mesial temporal sclerosis
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Diffusion MRI processing

The DMRI data were corrected for subject motion, eddy cur-
rent distortions, and susceptibility artifacts due to the magnetic
field inhomogeneity, using the Explore DTI toolbox [30]. We
further performed a visual quality control in T1-weighted im-
ages to rule out significant brain abnormalities, including
white matter lesions, silent brain infarction, brain tumors, hy-
drocephalus, or any other anatomical disturbing. None of the
patients in either groups were excluded after quality check.

Q-space diffeomorphic reconstruction

DMRI data were reconstructed in the MNI space in order to
obtain the SDF. SDF was calculated for each voxel, using q-
space diffeomorphic reconstruction (QSDR) method [31].
QSDR uses a model-free algorithm to quantify the density
of water diffusion at different orientations of each voxel. In
other words, QSDR first builds a matrix of orientation distri-
bution function of the diffusing spins. QSDR then determines
the peak distribution value for each voxel orientation, i.e.,
SDF, which is then converted to a new value, quantitative
anisotropy, QA. QA gives a unique identity to each voxel
based on the probability of the voxel being connected to its
adjacent voxels. This probability is simply called
Bconnectivity^ and the high dimensional vector of all SDF/
QAs magnitudes and directions is called Blocal connectome^
[]. QA in DMRI connectometry is analogous to FA in conven-
tional DTI, both referring to structural integrity and white
matter fiber health. Herein and after, QA and connectivity
are used as alternates of local connectome, when referring to
the statistical analyses performed afterwards.

DMRI connectometry

In the next step, DMRI connectometry was used to construct
white matter tracts with significant changes in local
connectome in mTLE patients compared to controls [20].
The analysis was done using the software DSI Studio (http://
dsi-studio.labsolver.org), which is publicly available. DSI
Studio adopts a multiple regression model with age and sex
as covariates to investigate white matter fibers where
connectivity is significantly correlated with disease duration.
DSI Studio allows for tuning of three parameters of the fiber
tracking algorithm: (1) T threshold, (2) length threshold, and
(3) seeding density. The algorithm then reports a p value esti-
mate for the identified null distribution of fiber tracts. The raw
estimates are then corrected for type 1 error inflation due to
multiple testing via false discovery rate (FDR) estimation.

To identify the significant local connectomes using DMRI
connectometry, we conducted a deterministic fiber tracking
algorithm along the core pathway of the fiber bundle to iden-
tify the null distribution of fiber tracts. The connectometry

approach was then followed by a permutation testing to assign
a corrected p value for the association of white matter connec-
tivity with the study variable, here disease duration. In order to
estimate the FDR, 2000 random permutations were applied to
the group label, to estimate and control the type I error infla-
tion. Adopting the highest permutation count of 2000 ensured
the most accurate estimation of FDR. Importantly, FDR is
different from other correction methods, e.g., Bonferroni cor-
rection, as it controls the number of false discoveries only in
tests that result in significant fibers, but not all tests. This
offers a higher statistical power than other conventional
methods of p value correction.

Adding to the validity of the results, the T-score threshold
was assigned to the highest level of 3, to select local
connectomes, ensuring highest specificity in fiber tracking.
Finally, the length threshold of 20 voxels distance was con-
sidered to choose tracks; the track density was 20 per voxel.

Review of literature

In a final step, we performed a comprehensive search in the
literature using the key words: (Bdiffusion MRI^ OR
Bdiffusionmagnetic resonance imaging^OR Bdiffusion tensor
imaging^ OR DTI) AND (BTemporal lobe epilepsy^ OR
TLE) using the search engines PubMed, Scopus, and
Embase. Two of the co-authors independently reviewed the
resulting 362 articles for their relevance to the question regard-
ing the association between white matter diffusion parameters
and disease duration in mTLE. Articles were initially screened
based on title and abstract and then full text. Any disagree-
ments between the authors were dismissed by a third party
reviewing the articles.

Results

Our study population consisted of 24 patients with mTLE, 12
with right-sided seizure focus, and 12 with left-sided seizure,
confirmed through post temporal resection surgery pathology.
Patients with right and left mTLEwere comparable in terms of
age, disease duration, and presence of MTS so that there was
no inhomogeneity regarding the laterali ty of the
connectometry results.

In the first step, we investigated white matter tracts with
altered connectivity in mTLE patients relative to controls.
Higher connectivity in DMRI connectometry refers to higher
QA of white matter fibers. Higher QA reflects, and can be
regarded as a signature for higher microstructural integrity
and fiber health, while lower connectivity is indicative of mi-
crostructural disorganization and demise [32, 33]. DMRI
connectometry yielded the following white matter tracts with
decreased connectivity in mTLE patients: left arcuate fascic-
ulus (AF) and left posterior limb of internal capsule (PLIC)
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(FDR= 0.002). DMRI connectometry also revealed several
fibers with increased connectivity compared to healthy con-
trols: bilateral corticospinal tracts (CST), bilateral retrosplenial
cingulum, genu of corpus callosum (CC), bilateral fornix, for-
ceps minor, and right inferior longitudinal fasciculus (ILF)
(FDR= 0.008).

Next, the multiple regression model helped narrow down
the result to white matter regions where connectivity was neg-
atively correlated with disease duration after adjustment for
subject’s age and sex. We identified connectivity in bilateral
retrosplenial cingulum, bilateral fornix, right ILF, and genu of
CC to negatively correlate with disease duration (FDR =
0.009) (Fig. 1).

In the final step, we reviewed the literature addressing the
effect of disease duration on white matter microstructure in
mTLE using diffusion tensor imaging, as described in the final
paragraph of the methods section. Five articles were finally
included after reviewing a total of 362 relevant publications.
Compared to the previous results using DTI, our finding with
DMRI connectometry identified distinct areas within cortical
and subcortical white matter where microstructural disorgani-
zation directly correlated with increased duration of mTLE.
These areas were more widespread and corroborated to both
intratemporal and extratemporal white matter tracts, consistent
with the network disruption hypothesis in mTLE [34]. Table 2

summarizes the results of the five previous articles along with
those of the current study.

Discussion

Using DMRI tractography, we identified fibers with increased
connectivity in patients with mTLE. Among these, connectiv-
ity in bilateral retrosplenial cingulum and genu of corpus
callosum as well as right ILF showed inverse correlation with
disease duration. A decrease in connectivity/QA of white mat-
ter fibers usually results frommicrostructural disruption of the
fibers, indicating reduced axonal density and myelin sheath
disruption [35]. We also identified decreased white matter
connectivity in the left AF and left PLIC fibers, yet with no
correlation with disease duration.

Diffusion-based imaging has been previously used to study
white matter alterations in patients with mTLE [15–18, 36].
Disrupted white matter microarchitecture in terms of increased
MD and reduced FA is generally observed in patients with
mTLE, predominantly in temporal lobe white matter adjacent
to the epileptogenic focus, including the ipsilateral uncinate
and arcuate fasciculi (UF and AF), and ILF [14]. The contra-
lateral fibers are also significantly, but less prominently, af-
fected [14], providing bases for the hypothesis that white

Fig. 1 White matter areas with significant correlation with disease duration in patients with TLE: a, b bilateral retrosplenial cingulum, c right inferior
longitudinal fasciculus, d bilateral fornix, and e genu of corpus callosum
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matter changes in mTLE follow a network-based pattern, with
microstructural disintegrity observed in fiber tracts belonging
to a specific network regardless of their relative anatomical
distance [37]. This is associated with compensatory changes
in fibers outside the network, despite their relative adjacency
to the medial temporal lobe, as we found in CC and forceps
minor.

Similar to the findings of our study, a review of literature
revealed several studies that identified a correlation between a
disruption in conventional diffusion metrics, i.e., decreased
FA and increased MD, with disease severity and duration of
seizures in patients with mTLE [15–18, 36]. Reduced FA in
the UF [36] and increased MD and linear and spherical an-
isotropy in the left AF and left UF [17] were shown to be
correlated with longer duration of disease in mTLE patients.
Longer disease duration was also shown to be correlated with
reduced FA in parahippocampal gyrus and thalamus [18] and
in the ILF ipsilateral to the epileptogenic focus [15]. We pro-
vided similar evidence on white matter dysconnectivity in left
AF and PLIC, as well as compensatory changes in the genu of
CC, CST, fornix, and right ILF, which was not reported by
previous DTI studies. Our discovery of reduced connectivity
in bilateral retrosplenial cingulum, fornix, and genu of CC,
associated with longer disease duration, was also never report-
ed in the DTI literature.

According to the previous studies, ILF, AF, and UF are
among the most common fiber tracts, with direct interconnec-
tion to the temporal lobe, which have shown lower FA in
mTLE patients [17, 38]. These changes are shown to be more
widespread in the ipsilateral side [15, 36] and correlate with
longer duration of epilepsy and earlier age of seizure onset

[36, 39]. Spherical diffusion indices, which have higher spec-
ificity in areas with kissing or crossing white matter fibers, are
also shown to be increased in bilateral UF and CST as well as
left ILF and AF in mTLE patients [17, 40]. It appears that this
increase in mean and spherical diffusivity indices is indicative
of disrupted white matter microstructure and is more promi-
nent in the dominant hemisphere, i.e., in the left side fibers,
which is responsible for language semantics and memory pro-
cessing. This is confirmed by our finding of reduced connec-
tivity in left AF and left PLIC, which is independent of the
laterality of the epileptogenic focus, considering the fact that
our group encompassed an equal number of patients with right
and left TLE. Fornix is another temporal lobe white matter
fiber, which has shown structural abnormalities, especially in
the ipsilateral side to the MTS in mTLE patients [38, 41].
Concordant with the higher number of patients with MTS in
our group, we identified altered fornix connectivity in mTLE
patients to inversely correlate with disease duration.

Besides the described changes in white matter fibers
projecting in or out of the temporal lobe, extensive microstruc-
tural disruptions are reported in white matter tracts that Bpass
through^ or are Badjacent^ to the temporal lobe [14].
Similarly, previous studies report that the correlation between
disease duration and white matter integrity extends beyond the
temporal lobe and involves the parahippocampal gyri, thala-
mus, and corpus callosum [39]. As an example, the
retrosplenial part of cingulum, which we identified to have
reduced connectivity associated with longer disease duration,
is known to encompass fibers that travel directly from the
temporal pole to the retrosplenial cortex [42]. We also identi-
fied reduced connectivity in the cingulum bundle, which is an

Table 2 Comparison of previous
and current studies regarding
correlation of white matter
abnormalities with TLE duration

Study Measurement Method Significant tracts

Govindan et al.
(2008)

Spherical index vs. disease
duration

Tractography UF, AF

Lin et al. (2008) FA vs. age at seizure onset ROI UF

Keller et al.
(2012)

FA vs. disease duration ROI Ipsilateral temporal lobe, ipsilateral
parahippocampal gyrus, ipsilateral
thalamus, contralateral thalamus,
corpus callosum, splenium, internal
capsule, brainstem

Chiang et al.
(2016)

MD vs. disease duration ROI Ipsilateral hippocampus

Kreilkamp et al.
(2017)

FA vs. disease duration Tractography contralateral UF

MD vs. disease duration DTI
Tractography

Ipsilateral and contralateral UF,
contralateral ILF

This study Quantitative anisotropy vs.
disease duration

DMRI
Connectom-
etry

Bilateral retrosplenial cingulum,

Right ILF,

Bilateral Fornix,

Genu of CC

TLE temporal lobe epilepsy, FA fractional anisotropy, MD mean diffusivity, UF uncinate fasciculus, AF arcuate
fasciculus, ILF inferior longitudinal fasciculus, ROI region of interest, CC corpus callosum
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extra-temporal fiber with reduced FA in both ipsilateral and
contralateral hemispheres according to previous studies [16,
35]. Crucially, it has been shown that cingulum bundle micro-
structural changes are more prominent in mTLE associated
with MTS and correlate with the degree of hippocampal atro-
phy in these patients [16, 43]. Similarly, it has been shown that
reduced axonal density in the cingulum fiber inmTLE patients
is correlated with the degree of atrophy in the hippocampal
gyrus, as well as fornix and UF, which are intra-temporal
fibers [44], supporting the network-based pattern of white
matter degeneration in mTLE.

A summary of our literature review on the associations
between disease duration in mTLE patients and DTI diffusion
indices is presented in Table 2. Herein, we used DMRI
connectometry to embody white matter connectivity, as a
proxy of the density of water diffusion, yielding more sensi-
tive outcomes than those found through conventional DTI.
Our results revealed wider associations compared to previous
studies using DTI, including both intra-temporal, such as UF
and AF, and extra-temporal white matter fibers from the de-
fault mode network.

One major limitation of our study is our small sample size.
Therefore, repeating these analyses in a larger group of mTLE
patients might revalidate the correlation between the men-
tioned tracts and disease duration. Furthermore, performing
multimodal imaging techniques, e.g., volumetric methods
with DTI or DMRI, and longitudinal assessment in a single
study population, would be of great value.

Conclusion

Results of the current study were obtained through the
novel DMRI connectometry approach, which confers a
higher sensitivity and more reproducible results when
investigating white matter microstructural abnormalities
in areas with highly crowded fibers. Compared to pre-
vious studies investigating the correlation between dura-
tion of epilepsy and white matter integrity using DTI,
we detected broader associations in temporal white mat-
ter, fibers from language circuitry, midline structures,
and components of the default mode network.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval Ethics approval was provided by Henry Ford Health
System Institutional Review Board, Detroit, Michigan, USA.

Informed consent De-identified retrospective data was used in this
research.

Glossary (adopted from: F.C Yeh; NeuroImage: Clinical 2
(2013): 912–921)

Diffusion MRI Amagnetic resonance imaging method
that generates images related to the
density, direction, or velocity of water
diffusion in the tissue.

Local
connectomics

A model to quantify local anatomical
integration of brain voxels as nodes of
a network using graph theory methods.
The model generates a connectivity
matrix.

Diffusion MRI
connectometry

A model free method to analyze
diffusion MRI connectomics using
permutation test to find the association
of white matter pathways with a study
factor. Connectometry essentially uses
the Btracking the difference^ paradigm.

Local connectome
fingerprinting

A reconstruction method that
calculates the density of diffusing
water along the major fiber bundles
from the diffusion MRI data. Local
connectome finger print is found to be
highly unique for each individual.

Quantitative
anisotropy

The quantity/density of the water dif-
fusion in each direction of a given
voxel/node of the connectivity matrix.
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