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Abstract
Purpose—Patients with medial temporal lobe epilepsy (MTLE) exhibit structural brain damage
involving gray (GM) and white matter (WM). The mechanisms underlying tissue loss in MTLE
are unclear and may be associated with a combination of seizure excitotoxicity and WM
vulnerability. The goal of this study was to investigate whether late-myelinating WM tracts are
more vulnerable to injury in MTLE compared with early-myelinating tracts.

Methods—Diffusional kurtosis imaging scans were obtained from 25 patients with MTLE and
from 36 matched healthy controls. Diffusion measures from regions of interest (ROIs) for both
late- and early-myelinating WM tracts were analyzed. Regional Z-scores were computed with
respect to normal controls to compare WM in early-myelinating tracts versus late-myelinating
tracts.

Key Findings—We observed that late-myelinating tracts exhibited a larger decrease in mean,
axial and radial kurtosis compared with early-myelinating tracts. We also observed that the change
in radial kurtosis was more pronounced in late-myelinating tracts ipsilateral to the side of seizure
onset.

Significance—These results suggest a developmentally based preferential susceptibility of late-
myelinating WM tracts to damage in MTLE. Brain injury in epilepsy may be due to the
pathological effects of seizures in combination with regional WM vulnerability.
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Introduction
Medial temporal lobe epilepsy (MTLE) is the most common form of epilepsy. MTLE is
defined by spontaneous seizures originating from the medial temporal lobe (Engel et al.,
1975) and the majority of patients with MTLE demonstrate histological abnormalities in the
hippocampus that are collectively termed hippocampal sclerosis (Babb et al., 1984).
Hippocampal sclerosis represents cell loss and gliosis within the hippocampus and these
abnormalities lead to changes that are often noticeable by qualitative inspection of routine
clinical magnetic resonance imaging (MRI) scans. Typically, patients with MTLE
demonstrate hippocampal atrophy on T1-weighted images, with concurrent increased
hippocampal T2 signal (Cendes et al., 1993; Jack et al., 1990).

Structural abnormalities in MTLE, however, are not restricted to the hippocampus. Other
anatomically and functionally connected structures may also exhibit quantifiable changes in
MRI, particularly within extra-hippocampal and extra-temporal limbic regions (Bonilha et
al., 2003; Gonçalves Pereira et al., 2005; McDonald et al., 2008). Extra-hippocampal
structural damage in MTLE is usually more pronounced if the structure is anatomically or
functionally closer to the hippocampus. This pattern of damage extending from the medial
temporal region suggests the existence of a pathological network mechanism in MTLE
evolving from the seizure onset zone and extending into areas of seizure propagation
(Bernasconi et al., 2004; Bonilha et al., 2010). The presence of a pathological network in
MTLE was first suggested based on findings from manual and voxel-based morphometric
studies (Bonilha et al., 2003; Gonçalves Pereira et al., 2005; McDonald et al., 2008). Further
studies employing diffusion tensor imaging (DTI) (Basser et al., 1994) also demonstrated an
increase in mean diffusivity (MD) and a decrease in the fractional anisotropy (FA) within
the limbic system of patients with MTLE (Arfanakis et al., 2002; Concha et al., 2009; Focke
et al., 2008; Gross et al., 2006; Thivard et al., 2005), suggesting that white matter (WM)
damage follows a network pattern and constitutes an integral component of the
pathophysiology of MTLE.

Nonetheless, the mechanisms underlying progressive and extensive structural brain damage
seen in MTLE are still unclear. Postulated mechanisms include the excitotoxic effects from
seizure activity (Bonilha et al., 2006; Coan et al., 2009; Govindan et al., 2008; Lin et al.,
2008), or deafferentation from medial temporal cell loss, but the relationship between these
factors is not well established (Arfanakis et al., 2002; Gross et al., 2006; Thivard et al.,
2005). Moreover, it is not clear why some WM tracts are more adversely affected than
others. For example, excitotoxicity possibly affects regions where seizures initially spread
from the seizure onset zone. Nonetheless, more severe microstructural damage has been
reported in more distant WM tracts than those that are directly connected to the medial
temporal lobe (Otte et al., 2012). Hence, it is likely that WM vulnerability also plays an
important role in shaping brain damage in MTLE.

The chronology of myelination during brain development has been recently proposed as an
important determinant of WM vulnerability to neurological diseases (Reisberg et al., 1999).
Myelination occurs during different developmental epochs in childhood and young
adulthood, and the term retrogenesis (Reisberg et al., 1999) describes the relation between
developmental myelination and the neurodegenerative process. Originally described in the
context of Alzheimer’s disease (AD), WM tracts that myelinate late during brain
development are postulated to be relatively more vulnerable to the pathological mechanisms
from AD compared to the WM tracts that myelinate early. This hypothesis has been
corroborated in further imaging studies in AD (Choi et al., 2005; Stricker et al., 2009) and
normal aging (Brickman et al., 2012).
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In this study, we investigate whether retrogenesis plays a role in the WM damage observed
in MTLE. Specifically, we compare the degree of WM damage in early-myelinating tracts
versus late-myelinating tracts in patients with MTLE. We assess the microstructural
integrity of WM tracts using multiple metrics obtained from diffusion MRI (dMRI) by
employing a recently developed extension of DTI termed diffusional kurtosis imaging (DKI)
(Jensen et al., 2005). DKI is an extension of conventional DTI, which utilizes multiple
diffusion weightings (b-value) to quantify the non-monoexponential decay in diffusion data.
DKI is sensitive to changes in non-Gaussian components of water diffusion, and may
provide added information regarding the complex mechanisms underlying damage in
epilepsy. We hypothesized that late-myelinating WM would exhibit a higher susceptibility
to damage in MTLE compared with early-myelinating WM, suggesting that WM loss in
MTLE is due to a combination of the pathological mechanisms of epilepsy and inherent
WM vulnerability.

Methods
Subjects

Twenty-five consecutive patients (age: 38.6 ± 14.3 years, 15 females) diagnosed with MTLE
and thirty-six healthy controls (age: 38.0 ± 11.7 years, 23 females) with no previous
neurological or psychiatric history were included in this study. MTLE was diagnosed
according to the criteria defined by the International League Against Epilepsy. All patients
underwent a comprehensive neurological evaluation and seizures were lateralized according
to medical history, neurological examination, interictal electroencephalography (EEG), and
prolonged video EEG monitoring with recordings of seizure onset. Ten patients had right
MTLE and fifteen patients had left MTLE. The patient and control groups were similar in
age and gender distributions. For each patient we collected clinical information regarding
age of onset of epilepsy, frequency of seizures, duration of epilepsy and lifetime seizure
burden (i.e., the frequency of seizures multiplied by epilepsy duration). None of the patients
had a history of status epilepticus. The Institutional Review Board of the Medical University
of South Carolina approved this study.

Image acquisition
Image acquisition was performed on a Verio 3 Tesla MR scanner (Siemens Medical,
Erlangen, Germany). Diffusion-weighted images (DWIs) were acquired from each patient
using a twice-refocused, single-shot echo planar sequence with diffusion weighting applied
respectively along 30 non-collinear directions. Images were collected with three b-values: b
= 0, 1000, and 2000 s/mm2. Other imaging parameters were: repetition time = 8500 ms,
echo time = 98 ms, field of view = 222 × 222 mm2, matrix size = 74 × 74, bandwidth: 1324
Hz/pixel, parallel imaging factor of 2, no partial Fourier encoding, number of excitations: 10
for b = 0 s/mm2, and 1 for b = 1000, 2000 s/mm2, slice thickness = 3 mm, and 40 axial
slices.

Image processing
Image post-processing was carried out using in-house software Diffusional Kurtosis
Estimator (Tabesh et al., 2011), which performed the following processing steps to generate
voxelwise diffusivity and kurtosis maps. First, motion correction was performed with a six-
parameter rigid-body transformation to spatially align all DWIs. Second, at each voxel, the
diffusion and diffusional kurtosis tensors were jointly fitted to the DWIs for b = 0, 1000, and
2000 s/mm2 for that voxel. Finally, FA, MD, axial, and radial diffusivity (D‖ and D⊥), were
calculated from the diffusion tensor for the voxel, and mean, axial, and radial kurtoses (MK,
K‖ and K⊥) were calculated from the diffusion and kurtosis tensors (Tabesh et al., 2011).
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In general, DKI is an extension of DTI since it incorporates an additional term: kurtosis,
which is a statistical measure of non-Gaussian diffusion. DKI data is obtained through
specific data acquisition parameters, combined with post processing techniques. DKI data is
acquired in a similar fashion compared with conventional DTI, but it requires multiple b-
values up to 2000 s/mm2, higher than the b-value = 1000 s/mm2 typically used in
conventional DTI. The multiple b-values are used to quantify the non-Gaussian diffusion,
which is demonstrated as non-monoexponential decay in the diffusion data. The non-
Gaussian diffusion metric (kurtosis) can be theoretically linked to restricted diffusion and
diffusional heterogeneity (Jensen et al., 2005) and may provide extra information about
tissue compartments and microstructural heterogeneity, compared with conventional DTI
metrics. It is important to notice that reduced diffusional kurtosis indicates a reduction in
diffusion heterogeneity (Jensen et al., 2005). Conversely, Increased MK can arise from
restricted diffusion, which is associated with reduced MD. Nonetheless, increased diffusion
heterogeneity results in higher MK, but MD may not necessarily change if the diffusion
magnitude remains unaltered. The original paper on DKI (Jensen et al., 2005) demonstrated
that the measured MD and MK in the human brain are weakly correlated.

Image analysis
The FA map for each subject was spatially normalized to the Montreal Neurological
Institute (MNI) standard brain using the FMRIB Software Library (FSL) (Smith et al., 2004)
and the resulting transformation was applied to the other parametric maps. Figure 1
illustrates all dMRI metrics used in the study (MD, D‖, D⊥, FA, MK, K‖, K⊥) normalized to
the MNI standard space. MK is generally higher in WM than in GM, corresponding to a
larger degree of microstructural complexity in WM (Jensen & Helpern, 2010; Jensen et al.,
2005).

To study the effect of MTLE on the early- and late-myelinating fiber tracts, regions of
interest (ROIs) were selected based on the JHU ICBM-DTI-81 WM tractography atlas (Mori
et al., 2008). The selection of early- versus late-myelinating tracts was based on previous
literature addressing retrogenesis in neurodegenerative disease (Brickman et al., 2012; Choi
et al., 2005; Stricker et al., 2009). We aimed to select WM fibers with no direct theoretical
involvement in the basic pathophysiology of the MTLE. In MTLE, tracts with a close
functional and anatomical relationship with the limbic system are likely to be directly
affected during epileptogenesis. Hence, similar to previous studies in degenerative diseases
and Alzheimer’s disease, where the medial temporal lobe is the initial site of pathogenesis
(Brickman et al., 2012), we avoided tracts representing direct input to or outflow from the
medial temporal lobe, such as the cingulate fasciculus, fornix and uncinate fasciculus. Early-
myelinating fiber tracts included the posterior limb of the internal capsule (PLIC) and the
cerebral peduncles (CP). The late-myelinating fiber tracts included the superior longitudinal
fasciculus (SLF) and the inferior longitudinal fasciculus (ILF). The selected ROIs for early-
and late-myelinating fiber tracts are illustrated in Fig. 2.

Statistical analysis
We evaluated differences between patients and controls for all measures and ROIs with
independent sample t-tests (two-tailed, unequal variances assumed) comparing the average
dMRI metrics within the ROIs. In total, 28 t-tests were performed (4 ROIs × 7 dMRI
metrics), yielding a Bonferroni p corrected for multiple comparisons of p = 0.0018, which
was used as the threshold for statistical significance. Effect sizes were calculated employing
the Cohen’s d effect size measure.

To investigate whether late-myelinating tracts exhibited more pronounced damage compared
with early-myelinating tracts, we first computed the Z score for each ROI for all patients
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(i.e., for each patient, an ROI Z score was computed for each dMRI metric as the number of
standard deviations from the mean of controls for that metric). Second, the Z scores from
late- (SLF and ILF) and early-myelinating (PLIC and CP) ROIs were each averaged,
yielding a combined late-myelinating Z score and a combined early-myelinating Z score.
Third, a repeated measures analysis of variance (ANOVA) was performed with one factor
representing the chronology of myelination (early versus late). Fourth, we investigated the
potential interaction between the chronology of myelination and whether the ROI was
ipsilateral or contralateral to the side of seizure onset. This was accomplished with a 2 × 2
repeated measures ANOVA with two factors: side (contralateral versus ipsilateral to seizure
onset) and chronology of myelination (early versus late). The p value for statistical
significance was set at p = 0.05.

We also evaluated the relationship between clinical variables (frequency of seizures,
duration of epilepsy and seizure burden) and microstructural data through multiple
correlation analyses. The level of significance was set at p = 0.05 corrected for multiple
comparisons through False Discovery Rate (Genovese et al., 2002).

Results
Compared with normal controls, patients with MTLE showed a significant decrease in FA,
MK and K⊥ (Table 1). Particularly, group differences in MK and K⊥ metrics were larger in
late-myelinating tracts (SLF and ILF) compared with the differences in early-myelinating
tracts (PLIC and CP). Significantly lower MK and K⊥ were observed in both SLF and ILF,
but only lower K⊥ were observed in CP. In addition, the Cohen’s d effect sizes of MK and
K⊥ were larger in SLF and ILF than in CP.

Kurtosis metrics were more sensitive to group differences in late-myelinating tracts than FA
(Table 1). This was demonstrated by the larger Cohen’s d effect sizes of MK and K⊥ in SLF
and ILF compared to the effect sizes of FA.

Significantly lower Z scores were observed for MK, K‖ and K⊥ for late-myelinating ROIs,
irrespective of the side of ROIs (Fig. 3).

A significant interaction was also noted between the chronology of myelination and side of
the WM tracts (Fig. 4), and was only observed with K⊥ metrics. The interaction indicates
that reductions of K⊥ were more pronounced in late-myelinating tracts ipsilateral to the side
of seizure onset.

We did not observe a significant correlation between clinical variables and microstructural
measures obtained from dMRI.

Discussion
In this study, we investigated whether the chronology of myelination is associated with WM
vulnerability in MTLE. Specifically, we assessed whether WM tracts known to myelinate
late in life exhibited more pronounced damage compared with WM tracts known to
myelinate early in life.

Using dMRI metrics sensitive to tissue microstructure, we observed that late-myelinating
tracts exhibited a higher degree of damage in comparison to early-myelinating tracts.
Specifically, a significant reduction in MK, K‖ and K⊥ was observed in late myelinating
tracts in patients with MTLE compared to controls (Table 1 and Fig. 3). Finally, we
observed a significant interaction between side of seizure onset and chronology of
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myelination (Fig. 4) since WM tracts ipsilateral to the side of seizure onset demonstrated a
more pronounced degree of damage.

Our results suggest that the chronology of myelination may be a contributing factor
underlying WM damage in MTLE, a phenomenon that has been observed in AD and normal
aging (Choi et al., 2005; Stricker et al., 2009; Brickman et al., 2012). Chronology of
myelination is also likely not the single determinant of WM injury in MTLE and other
important pathological mechanisms may play a role in cell loss in MTLE, particularly
seizure excitotoxicity and deafferentation (Bonilha et al., 2010; Concha et al., 2012).

The multifactorial nature of WM damage in MTLE is corroborated by our observation
regarding the significant interaction between chronology of myelination and lateralization of
the seizure onset zone. The presence of more pronounced changes in dMRI metrics
ipsilateral to seizure onset suggest that damage can ensue from proximity to the area of
initial seizure onset and propagation, or deafferentation from anatomical connections to the
more affected hippocampus and medial temporal lobe. Importantly, these features may
interact with the chronology of myelination to account for the resulting damage.

A potential confounder in this study is the closer functional relationship between late-
myelinating tracts and the medial temporal lobe. While early myelinating tracts represent
primary somatosensory functions (i.e., primary brain outflow and input), late myelinating
fibers represent cortical-cortical connections. The late-myelinating tracts evaluated in this
study (ILF and SLF) correspond to connections involving secondary and tertiary brain
regions. It is not possible to determine if cortical-cortical networks are initially affected by
seizures and epileptogenesis compared with somatosensory regions. We avoided tracts
corresponding to direct input or outflow from the medial temporal lobe, but the possibility
that seizures initially affect late myelinating tracts cannot be excluded by this study. It is
also noteworthy that the SLF exhibited significant damage in spite of its relative anatomical
distance to the medial temporal lobe. Furthermore, there is likely a multi-step relationship
composed of ontogenesis leading to functional organization leading in turn to excitotoxicity.
It is not possible to determine whether damage is a direct consequence of ontogenesis or a
consequence of the functional organization resulting from ontogenesis.

Interestingly, WM damage in general, and specifically WM damage involving late-
myelinating tracts, was more strongly observed with kurtosis metrics. As summarized in
Table 1, FA was reduced on both early and late myelinating tracts, while MK was reduced
only on late myelinating tracts, and radial kurtosis was reduced on early and late myelinating
tracts. It is noteworthy that the effect size was larger on late myelinating tracts when
employing DKI measures, but larger on early myelinating tracts with FA measures. These
findings suggest that FA and diffusional kurtosis measures are sensitive to different
phenomena. Kurtosis is a statistical measure of non-Gaussian diffusion, while FA is a
measure of anisotropy of diffusivity. Thus, kurtosis may provide additional information
about microstructural changes instead of replacing DTI metrics, e.g. FA. FA changes in
MTLE may reflect a possible increase in the degree of gliosis and myelin degradation,
whereas kurtosis alternations may be associated with a combination of axonal loss and
permeability changes between the intra- and extra-axonal compartments. Through tissue
modeling, kurtosis parameters have been specifically linked to the tissue properties of intra-
and extra-axonal compartments, including axonal water fraction, axonal diffusivity, and
extra-axonal tortuosity (Fieremans et al., 2011). We postulate that MTLE is associated with
complex pathological mechanisms involving neuronal loss, replacement of neurons by glial
cells, compromised axonal membrane and myelin integrity (Concha et al., 2010). These
processes involve complex changes in heterogeneous tissue compartments that may not be
reflected by bulk diffusivity measured by conventional DTI metrics but are better
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characterized by kurtosis measures. The larger effect observed with K⊥ suggests that
reduction in longitudinal diffusion with preservation of membrane compartmentalization
may be an important component of the changes observed. These phenomena are relevant in
the context of pathogenesis of epilepsy and should be explored by future studies.

It is also noteworthy that laterality of damage was demonstrated with K⊥ but not with other
modalities. For example, FA demonstrated significant damage on both hemispheres, but
there was not an interaction between time of myelination and laterality. It is also noteworthy
that we did not observe more prominent asymmetries. Nonetheless, asymmetrical WM
damage is usually more pronounced in regions underlying the medial temporal lobe
(Bonilha et al., 2010; Focke et al., 2008), which were purposefully avoided for this study. It
is possible that the mechanisms leading to WM damage in epilepsy are the results of a
complex interaction between ontogenesis, seizure excitotoxicity and the proximity of the
WM pathways to the networks underlying seizure onset. Importantly, WM damage in
epilepsy is not a homogenous process, and pathological processes may weigh differently
depending on the anatomical and functional properties of the WM tracts. Likewise, the
absence of significant correlations between clinical variables and imaging data could reflect
the lack of statistical power to detect such as relationship, or that most of the damage may
occur during key steps in epileptogenesis, and may not be related to the overall seizure
burden. This may also be explored by future studies.

In conclusion, we used dMRI to study the microstructural integrity of early- and late-
myelinating WM tracts in MTLE. We demonstrated that late-myelinating WM tracts are
more sensitive to MTLE-related microstructural damage compared with early-myelinating
WM tracts, suggesting that the chronology of myelination may be a factor involved in
microstructural damage due to seizures. Furthermore, we demonstrated that kurtosis metrics
derived from DKI are particularly sensitive to microstructural tissue damage in MTLE.
These results may be useful in better understanding the pathologic mechanisms of epilepsy.
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Figure 1.
An example of spatially normalized parametric maps derived from dMRI: mean diffusivity
(MD), axial diffusivity (D‖), radial diffusivity (D⊥), fractional anisotropy (FA), mean
kurtosis (MK), axial kurtosis (K‖), and radial kurtosis (K⊥).
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Figure 2.
Three-dimensional representation of selected ROIs for early-myelinating fiber tracts:
posterior limb of the internal capsule (PLIC) and cerebral peduncles (CP), and for late-
myelinating fiber tracts: superior longitudinal fasciculus (SLF) and inferior longitudinal
fasciculus (ILF).
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Figure 3.
Comparisons of Z-scores (deviation from the mean of normal controls) in the early- and
late-myelinating fiber tracts of the MTLE group; *: p < 0.05, **: p < 0.01, ***: p < 0.001,
****: p < 0.0001, evaluated with a repeated measure ANOVA (one factor). Error bars
represent the standard error.
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Figure 4.
Z-score differences between contralateral and ipsilateral sides and between early- and late-
myelinating fiber tracts of the MTLE group. Differences exhibited a significant interaction:
* (p < 0.05), evaluated with a repeated measure ANOVA with two factors: side
(contralateral versus ipsilateral to seizure onset) and chronology of myelination (early versus
late). Error bars represent the standard error.
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Table 1

dMRI derived parameters - mean (standard deviation) – from ROIs from normal controls (n = 36) and patients
with MTLE (n = 25).

Regions Controls (n = 36) MTLE (n = 25) t-statistic Cohen’s d

MD (μm2/ms)

  Early-myelinating

     PLIC 0.80 (0.02) 0.82 (0.07) 1.37 0.41

     CP 1.04 (0.05) 1.11 (0.12) 2.75 0.81

  Late-myelinating

     SLF 0.84 (0.03) 0.87 (0.05) 2.06 0.75

     ILF 1.05 (0.07) 1.11 (0.14) 1.99 0.74

D‖ (μm2/ms)

  Early-myelinating

     PLIC 1.34 (0.04) 1.32 (0.09) −1.06 −0.20

     CP 1.69 (0.06) 1.73 (0.13) 1.33 0.38

  Late-myelinating

     SLF 1.22 (0.03) 1.23 (0.06) 0.04 0.13

     ILF 1.55 (0.09) 1.58 (0.16) 0.74 0.37

D⊥(μm2/ms)

  Early-myelinating

     PLIC 0.52 (0.02) 0.56 (0.06) 2.96 0.97

     CP 0.71 (0.05) 0.80 (0.12) 3.41 0.99

  Late-myelinating

     SLF 0.65 (0.03) 0.69 (0.05) 2.92 0.99

     ILF 0.80 (0.06) 0.88 (0.14) 2.68 0.93

FA

  Early-myelinating

     PLIC 0.54 (0.02) 0.51 (0.03) ** −4.99 −1.42

     CP 0.52 (0.03) 0.48 (0.04) ** −4.50 −1.26

  Late-myelinating

     SLF 0.40 (0.02) 0.38 (0.03) * −4.01 −1.20

     ILF 0.42 (0.02) 0.38 (0.03) ** −5.07 −1.46

MK

  Early-myelinating

     PLIC 1.14 (0.07) 1.07 (0.12) −2.76 −0.79

     CP 1.11 (0.06) 1.05 (0.08) −3.13 −0.88

  Late-myelinating

     SLF 1.15 (0.04) 1.07 (0.07) ** −5.14 −1.47

     ILF 0.93 (0.04) 0.85 (0.06) *** −5.32 −1.49

K‖

  Early-myelinating
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Regions Controls (n = 36) MTLE (n = 25) t-statistic Cohen’s d

     PLIC 0.72 (0.03) 0.73 (0.04) 0.73 0.20

     CP 0.69 (0.03) 0.70 (0.04) 1.32 0.37

  Late-myelinating

     SLF 0.93 (0.03) 0.90 (0.03) −3.45 −0.92

     ILF 0.71 (0.02) 0.69 (0.04) −1.90 −0.54

K⊥

  Early-myelinating

     PLIC 1.58 (0.14) 1.42 (0.24) −3.07 −0.87

     CP 1.58 (0.12) 1.44 (0.16) * −3.91 −1.07

  Late-myelinating

     SLF 1.55 (0.09) 1.36 (0.13) **** −6.31 −1.76

     ILF 1.23 (0.08) 1.07 (0.11) **** −6.58 −1.81

*
p < 0.0018 (Bonferroni corrected significance level)

**
p < 10−4

***
p < 10−5

****
p < 10−6 with the independent sample t-test (two-tailed, unequal variances assumed).
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