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Abstract

Purpose—Temporal lobe epilepsy (TLE) is thought to be a network disease and structural 

changes using diffusion tensor imaging (DTI) have been shown. However, lateralized differences 

in the structural integrity of TLE, as well as changes in structural integrity with longer disease 

duration, have not been well defined.

Methods—We examined the fractional anisotropy (FA) and mean diffusivity (MD) in the 

hippocampus, as well as its primary (cingulum and fornix) and remote (uncinate and external 

capsule) connections in both right and left TLE. Changes in diffusion measures over the disease 

course were examined by correlating FA and MD in the various structures with epilepsy duration. 

The potential for each measure of anisotropy and diffusivity as a biomarker of TLE laterality was 

investigated using random forest (RF) analysis.

Results—MD was increased in the bilateral hippocampus, cingulum, fornix and the right 

external capsule in both left and right TLE compared to controls. In addition, left TLE exhibited 

an increased MD in the ipsilateral uncinate fasciculus and bilateral external capsules. A decrease 

in FA was seen in the left cingulum in left TLE. RF analysis demonstrated that MD of the right 

hippocampus and FA of the left external capsule were the strongest predictors of TLE laterality. 

An association of increased MD with epilepsy duration was seen in the left hippocampus in left 

TLE.
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Conclusion—Evidence of disrupted white matter architecture in the hippocampus and its 

primary and remote connections were demonstrated in TLE. While changes in the hippocampus 

and cingulum were more prominent in right TLE, remote changes were more prominent in left 

TLE. MD of the right hippocampus and FA of the left external capsule were found to be the 

strongest structural predictors of TLE laterality. Changes associated with duration of epilepsy 

indicated that changes in structural integrity may be progressive over the disease course. This 

study illustrates the potential of structural diffusion tensor imaging in elucidating 

pathophysiology, enhancing diagnosis and assisting prognostication.

Keywords

Temporal lobe epilepsy; diffusion tensor imaging; progression; mean diffusivity; fractional 
anisotropy

1. Introduction

Temporal lobe epilepsy (TLE) is the most common form of epilepsy in adults and is thought 

to be a network disease (Engel et al., 2013; Spencer, 2002). Diffusion tensor imaging (DTI) 

has been used to study the underlying white matter structural integrity in TLE, finding 

changes in temporal and extratemporal white matter structures (Arfanakis et al., 2002; 

Govindan et al., 2008; Gross, 2011; Gross et al., 2006; Thivard et al., 2005). The reason for 

white matter changes in TLE is unclear. However, various mechanisms have been 

suggested, including changes related to the underlying epileptogenic process, axonal 

degeneration due to seizures or epileptiform discharges, and compensatory white matter 

reorganization (Gross, 2011; Otte et al., 2012).

Measures often used to quantitate levels of white matter integrity include the fractional 

anisotropy (FA) and mean diffusivity (MD) (Le Bihan et al., 2001). FA is a measure of 

directional diffusivity in white matter, which is often decreased in white matter pathology 

including edema and inflammation. Normal white matter has axons arranged in tracts 

imparting a high directional diffusivity (high FA), while degenerated tracts have reduced 

directional diffusivity (low FA) (Basser and Pierpaoli, 1996). MD measures the overall 

motion of water molecules without respect to directionality (Le Bihan et al., 2001). A recent 

meta-analysis of 13 DTI studies in TLE found that the MD is increased and the FA reduced 

in TLE compared to healthy controls (Otte et al., 2012). DTI changes were more prominent 

in the tracts closely connected with the affected temporal lobe, including the cingulum and 

fornix (Otte et al., 2012). The major input to the hippocampus is the entorhinal cortex, which 

receives inputs from the cingulum, and the major output of the hippocampus is the fornix. 

We planned to study changes in (1) the hippocampus; (2) tracts directly connected to the 

hippocampus, including the cingulum and fornix; and (3) remote tracts previously identified 

as most significantly involved in DTI studies of TLE, including the external capsule and 

uncinate fasciculus (Otte et al., 2012). In addition to the recognized propensity to involve 

ipsilateral, rather than contralateral, white matter in TLE, there has been evidence to suggest 

that white matter changes may differ in left and right TLE, although studies investigating 

lateralized differences in structural integrity have been limited in both number and sample 

size (Ahmadi et al., 2009; Focke et al., 2008; Kemmotsu et al., 2011). Left TLE has been 
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shown to have more structural compromise than right TLE, which has been suggested to be 

related to greater vulnerability of the left hemisphere to injury and progressive effects 

(Kemmotsu et al., 2011). Left TLE has also been noted to have more widespread 

involvement, compared to a restricted ipsilateral involvement in right TLE, using FA 

measurements (Ahmadi et al., 2009). These patterns, however, were restricted to the scope 

of the specific tracts studied, and the relationship of these patterns to hippocampal changes 

is not yet clear. Due to limited evidence on lateralized differences in structural integrity 

between left and right TLE (Besson et al., 2014), we examined lateralized changes 

separately. In addition, we investigated the relative importance of structural changes in 

primary versus remote hippocampal inputs and outputs for serving as a marker of TLE 

laterality. One study has found that FA measurements in the uncinate and parahippocampal 

gyrus may lateralize TLE into left and right TLE in 90% of cases (Ahmadi et al., 2009). 

However, despite emerging evidence that differences in anisotropy and diffusivity may be 

useful for lateralizing TLE, the relative importance of affected regions for lateralizing TLE 

remains relatively unexplored.

There has also been some evidence of white matter changes associated with the age of onset 

of epilepsy (Lin et al., 2008) and epilepsy duration (Govindan et al., 2008), although other 

studies failed to show evidence of such associations (Arfanakis et al., 2002; Gross et al., 

2006; Thivard et al., 2005). In a recent study, however, Bernhardt et al. (2009) showed that 

structural changes exist in TLE beyond those attributable to normal aging. Improved 

understanding of progressive changes in the TLE network is of interest as (1) a measure of 

disease load, (2) a correlational tool with clinical measures including cognition and behavior 

(Yogarajah et al., 2010), and (3) identification of changes of interest that could help guide 

intervention using surgery or devices. However, few studies have investigated lateralized 

differences in the progression of structural integrity changes in left versus right TLE. 

Therefore, we further assessed for DTI changes correlated with the duration of epilepsy 

among separate left and right TLE groups.

The major aims of the current study were to (1) compare the MD and FA of the 

hippocampus, cingulum, fornix, uncinate fasciculus, and external capsule in left and right 

TLE to healthy controls; (2) investigate the potential of each of these measures for serving 

as a biomarker for TLE laterality; and (3) correlate these measures to epilepsy duration in 

left and right TLE.

2. Material and methods

2.1. Subjects

The study population included 28 controls (average age, 37.8±8.9 SD (y)) and 28 TLE 

patients (17 left TLE, average age, 37.3±11.6 SD (y); average epilepsy duration, 13.9±17.0 

SD (y); average age of disease onset, 23.6±13.7 SD (y); 11 right TLE, average age, 

44.6±12.8 SD (y); average epilepsy duration, 26.1±22.0 SD (y); average age of disease 

onset, 18.7±20.8 SD (y)). Epilepsy subjects were recruited from the Baylor College of 

Medicine comprehensive epilepsy center following clinical evaluation, video-EEG 

monitoring, and high-resolution MR imaging between July 2011 and June 2014. Exclusion 

criteria included patients with disabling cognitive impairment or other neurological co-
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morbidities. None of the patients had a seizure in the 24 hours preceding imaging. Control 

subjects were recruited through local advertisements and word-of-mouth, and were selected 

to match patient groups in age, gender, and educational background as closely as possible. 

The study was approved by the Institutional Review Board. Written informed consent was 

obtained from all subjects prior to scanning.

2.2. Image acquisition

Imaging was performed on a Philips Ingenia 3.0T MRI scanner (Philips Medical Systems, 

Best, Netherlands) equipped with a 16 channel digital radiofrequency coil for signal 

reception. T1-weighted imaging was performed as follows: TR = 2500 ms, TE = 4600 ms, 

FOV = 199 mm, matrix = 244 × 206, slice thickness = 1.4 mm, 284 slices. A spin-echo echo 

planar imaging based DTI sequence was acquired with the following acquisition parameters: 

FOV = 228mm × 228mm × 143mm; acquired voxel size = 2mm × 2mm × 2.2mm (i.e., 65 

slices at 2.2 mm thick); TR/TE = 9400ms/75ms; parallel imaging acceleration factor = 2.5; 

b-values acquired: 0 (3 NSA) and 1000 (1 NSA along 32 directions) s/mm2; chemical shift 

selective fat suppression. Slices were acquired in axial-oblique orientation.

2.3. DTI processing

Imaging data were acquired in PAR/REC format (Philips Healthcare, Best, Netherlands) and 

underwent DICOM-to-NIfTI format conversion with dcm2nii (http://

www.mccauslandcenter.sc.edu/mricro/mricron/dcm2nii.html). Diffusion gradient directions 

were extracted using CATNAP (Landman et al., 2013). The FMRIB Software Library 

(FSL)’s Diffusion Toolkit (FDT) was then used for diffusion-weighted image pre-processing 

and fitting of the diffusion tensor (http://www.fmrib.ox.ac.uk/fsl/fdt/index.htm) (Behrens et 

al., 2003). For each subject, brain extraction was performed on non-diffusion weighted b0 

images (b=0 s/mm2) and T1-weighted images. Diffusion-weighted images were eddy-current 

corrected and co-registered to the b0 image in order to minimize head movement. Voxel-

wise fitting of the diffusion tensor was then performed using FDT’s dtifit (http://

www.fmrib.ox.ac.uk/fsl/fdt/fdt_dtifit.html) (Behrens et al., 2003). To delineate the fornix, 

cingulum, external capsule, and uncinate fasciculus, the white matter of each subject’s brain 

was parcellated in native diffusion space based on the anatomical labeling in the ICBM-

DTI-81 atlas (Mori et al., 2008; Oishi et al., 2008). Right-left reversal and label-checking 

was manually performed after inspection (Rohlfing, 2013). To delineate the hippocampus, 

parcellation in native diffusion space based on the automated anatomical labeling (AAL) 

atlas was used (Tzourio-Mazoyer et al., 2002). Regions of interest in standard space were 

transformed to subject space using the inverse of the transformation matrix obtained by co-

registering the subject’s T1-weighted image to the b0 image, followed by linear 

transformation to the MNI template. This parcellation procedure has been utilized by various 

studies (Gong et al., 2009; Li et al., 2009; Zhang et al., 2011). These structures defined the 

cingulum, fornix, external capsule, uncinate fasciculus, and hippocampal regions of interest 

(ROIs) from which mean value of FA and MD were calculated for each individual (Figure 

1).
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2.4. Groupwise comparison of diffusion measures

Permutation testing with 10,000 resamples was used to compare DTI measures between 

controls and left/right TLE. Observations were excluded as outliers if located outside 1.5 

times the interquartile range above/below the upper/lower quartiles. Significance was 

evaluated at the α=0.05 level after multiple testing correction by controlling the false 

discovery rate (FDR) at the 0.05 level (Benjamini and Hochberg, 1995).

2.5. Discriminatory importance of diffusion measures

To identify the hippocampal inputs and outputs that best distinguished left from right TLE, 

we used supervised machine learning through random forests (RF). RF is an ensemble 

learning method in which a large number of unpruned trees are grown, and their outputs 

aggregated to produce powerful learners. RF was chosen to assess variable importance due 

to several important characteristics, including (1) its ability to account for differences in 

scaling of predictor variables, (2) high tolerance for multicollinearity, (3) lack of parametric 

model assumptions due to binary partitioning, and (4) ability to provide measures of variable 

importance (Breiman, 2001). We grew 5000 trees in each forest with four predictors 

randomly selected at each node. Variable importance of each predictor was assessed using 

permutation importance. Permutation importance measures the difference in prediction 

accuracy before and after permuting the values of the predictor, with larger positive values 

indicating greater importance in discriminating left from right TLE. K-means cluster 

analysis using Hartigan’s method with K=3 and 100 random starts was used to identify 

predictors with high, moderate, and low levels of discriminatory importance. For regions 

with high discriminatory importance, ten-fold cross-validation was used to estimate the 

percentage of patients correctly lateralized using logistic regression.

2.6. Correlation of diffusion measures with epilepsy duration

Epilepsy duration was determined from the year when the first habitual seizure occurred to 

the time of DTI. Due to non-normality and small sample size, the Spearman correlation was 

used to assess the correlation of structural connectivity with epilepsy duration. Although the 

Spearman correlation is more robust to univariate outliers than the Pearson correlation due 

to its rank transformation, sensitivity to multivariate outliers remains an issue with the 

Spearman correlation. Therefore, influential observations with a Cook’s distance of >1 and 

outlying observations in either the X or Y direction outside 1.5 times the interquartile range 

above/below the upper/lower quartiles were removed. In order to adjust the estimates of 

correlation between epilepsy duration and structural integrity for the possible influence of 

age and gender as confounding variables, the change-in-estimate (CE) criterion at the 

conventional 10% level was used, with covariates considered to be confounders if the 

Spearman correlation changed by more than 10% when the covariate was added to the 

model. The CE criterion is less influenced by sample size than use of significance testing 

(ST) criteria for confounder identification (Tong and Lu, 2001). For correlation estimates 

that demonstrated significant association with age or gender, the partial Spearman 

correlation controlling for the identified confounder was used to evaluate the relationship 

between DTI measures and epilepsy duration. For all other measures, Spearman’s 

correlation coefficient was used to evaluate the relationship with epilepsy duration. 
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Significance was evaluated at the α=0.05 level at both the exploratory level (prior to 

multiple testing correction) as well as after controlling the FDR at the 0.05 level (Benjamini 

and Hochberg, 1995). Due to the sensitivity of significance testing to sample size, effect 

sizes were also reported according to guidelines suggested by Cohen (1977), in order to 

facilitate comparison between left and right TLE progressive changes.

For significant correlates, the coefficient of determination was used to evaluate the 

percentage of variability in epilepsy duration explained by each diffusion measure. Because 

of the potential for age of disease onset to confound correlations with disease duration, the 

partial Spearman correlation coefficient was computed to determine whether correlations 

between diffusion measures and epilepsy duration were statistically significant after 

controlling for age of disease onset.

3. Results

No statistically significant differences in age, gender, handedness, education level, epilepsy 

duration, or age of disease onset were found between subject groups at the 0.05 level. The 

apparent difference in disease duration (left TLE, 13.9±17.0 SD (y); right TLE, 26.1±22.0 

SD (y)) did not yield statistical significance (p=0.23) (Table 1). Among patients for whom 

language dominance was clinically assessed, atypical language dominance was present in 

one left-handed patient for whom language dominance was not lateralized (Table 2).

3.1. Groupwise comparison of diffusion measures

Table 3 shows the groupwise differences in DTI measures of right and left TLE patients as 

compared to healthy controls. Among left TLE patients, MD was increased in the bilateral 

hippocampi, bilateral cingulate gyrus, fornix, ipsilateral uncinate, and bilateral external 

capsules. FA of the ipsilateral cingulate gyrus was also decreased. Trends toward decreased 

FA of the ipsilateral external capsule and increased MD of the contralateral uncinate were 

also observed. Among right TLE patients, an increase in the MD of the bilateral hippocampi, 

bilateral cingulate gyrus, and ipsilateral external capsule were observed. A trend toward 

increased MD of the fornix in right TLE was also observed.

3.2. Discriminatory importance of diffusion measures

The estimated variable importance of the FA and MD of each hippocampal input and output 

for distinguishing left from right TLE is shown in Figure 2. Among the diffusion measures 

of hippocampal inputs and outputs, MD of the right hippocampus and FA of the left external 

capsule had the highest discriminatory ability between left and right TLE (Figure 2), with 

higher levels of right hippocampal MD present in right TLE and lower levels of left external 

capsule FA present in left TLE (Table 3). 71.4% (95% CI, 51.3–86.8) and 64.3% (95% CI, 

44.1–81.4) of patients were correctly lateralized using right hippocampal MD and left 

external capsule FA based on 10-fold cross validation of logistic regression, respectively.

3.3. Correlation of diffusion measures with epilepsy duration

Table 4 shows the effect sizes of the correlations between epilepsy duration and DTI 

measures of structural integrity. Large effect sizes were found for the correlation between 
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epilepsy duration and increased MD of the bilateral hippocampi and right cingulate gyrus for 

left TLE patients. Among right TLE patients, large effect sizes were found for the 

correlation between epilepsy duration and FA and MD of the right hippocampus, FA of the 

bilateral cingulate gyri as well as MD of the right cingulate gyrus, FA and MD of the fornix, 

and FA and MD of the right external capsule. Null hypothesis testing yielded a significant 

correlation prior to multiple testing correction for MD of the bilateral hippocampi and right 

cingulum among left TLE patients, and for FA and MD of the right hippocampus, MD of the 

right cingulum, FA of the right external capsule, and MD of the fornix among right TLE 

patients. Of these changes, a significant positive correlation among left TLE patients 

between longer epilepsy duration and increased left hippocampal MD remained after FDR 

control. This correlation remained significant after controlling for age of disease onset 

(p=0.01). The coefficient of determination for the association between epilepsy duration and 

left hippocampal MD among left TLE patients was 0.792, indicating that an estimated 

79.2% of the variability in epilepsy duration among left TLE patients was explainable by left 

hippocampal MD.

4. Discussion

We investigated the white matter structural integrity of the hippocampus and associated 

white matter tracts in TLE through cross-sectional analysis of mean diffusivity and 

fractional anisotropy using DTI. Compared to controls, we found that the mean diffusivity 

was increased in multiple structures bilaterally in TLE, and is increased more diffusely in 

left TLE than in right TLE. Fractional anisotropy reduction was most evident in ipsilateral 

hippocampal inputs for left TLE. Among the areas tested, the right hippocampus and left 

external capsule had the highest discriminatory ability between left and right TLE. A 

significant positive correlation was identified between the mean diffusivity of the left 

hippocampus and longer epilepsy duration among left TLE patients.

4.1. Diffusion changes in TLE

Several studies have shown altered functional connectivity in TLE (Engel et al., 2013), with 

implications in seizure generation/ propagation and associated neurobehavioral comorbidity 

(McDonald et al., 2008). DTI provides a method to study the structural correlate of these 

connectivity changes. A recent meta-analysis found that DTI studies of TLE patients have 

generally shown an increase in MD and decrease in FA among multiple white matter regions 

in TLE, with involvement of both ipsilateral and contralateral hemispheres (Otte et al., 

2012).

In the present study, the hippocampus, cingulum, and fornix were found to have an 

increased MD bilaterally for both left and right TLE. Given that the hippocampus is 

typically involved with seizures in TLE, involvement of its primary output (fornix) and 

input (cingulum via entorhinal cortex) tracts is unsurprising (Mayanagi et al., 1996). 

Consistent with our finding, previous studies have observed that the MD is more likely to be 

involved closer to the presumed epileptogenic location (Otte et al., 2012). The involvement 

of the cingulum and fornix observed in our study may have resulted from downstream 

Wallerian degeneration or upstream disuse atrophy, and may be clarified by additional 

translational investigation.
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The finding of bilaterally increased MD of the hippocampi, cingulum, and fornix is 

consistent with prior reports of increased MD in the bilateral hippocampus (Thivard et al., 

2005), cingulum (Concha et al., 2009; Nilsson et al., 2008), and fornix (Concha et al., 2009; 

McDonald et al., 2008), and supports the concept of unilateral TLE as a network disease. 

Bilateral temporal epileptiform discharges are also often seen in depth electrode recordings 

in unilateral TLE, suggesting bilateral hippocampal involvement (So et al., 1989). The 

reason for bilateral hippocampal involvement in unilateral TLE is unknown, but may 

involve spread to the contralateral hippocampus through the hippocampal commissure, or 

may involve bilateral damage which is present from onset (Araujo et al., 2006; Bernasconi 

et al., 1999). Our data also show that MD is increased bilaterally in both left and right TLE, 

but occurs asymmetrically and is greater ipsilaterally. This may reflect the pattern of 

hippocampal cell loss in TLE which has been found to be bilateral but asymmetric in TLE 

(Babb and Brown, 1987).

Overall, we found more changes in MD than in FA. MD is a measure of the total diffusion 

in all directions, whereas FA characterizes the directional similarity of diffusion. Therefore, 

MD is generally more sensitive to changes in fiber density, while FA is more sensitive to 

changes in fiber orientation (Kubicki et al., 2003). The greater number of changes in MD 

than in FA may suggest that changes in fiber density play a large role in the white matter 

changes present in hippocampal inputs and outputs in TLE.

4.2 Lateralization of TLE

Both hippocampi demonstrated increased MD for both left and right TLE, with greater 

increases ipsilaterally. However, lateralizing ability of right hippocampus structural integrity 

was greater than the left hippocampus. The difference in variable importance between the 

right and left hippocampus may reflect a later and slower course of maturation of the left 

hemisphere (Corballis and Morgan, 1978). This has been postulated to lead to a greater 

baseline vulnerability of the left hemisphere to early damage in both left and right TLE 

(Kemmotsu et al., 2011), which may underlie its lower discriminatory power for TLE 

laterality. Evidence that structural integrity of the right hippocampus may have greater 

lateralizing ability than the left hippocampus has been indirectly suggested by connection-

wise group analysis of DTI, in which the left hippocampus was found to be strongly affected 

in both left and right TLE, whereas the right hippocampus was strongly affected in only 

right TLE (Besson et al., 2014).

The general pattern of results that we observed suggests that white matter changes in the 

temporal lobe and its direct connections may be more prominently affected in right TLE, 

whereas both direct and remote connections are affected in left TLE. In particular, we found 

that right TLE patients experienced changes primarily in the hippocampi, cingula, and 

fornix. One remote region, the ipsilateral external capsule, was affected in right TLE 

patients. In comparison, left TLE patients experienced white matter changes in the 

hippocampi, cingula, and fornix, in addition to changes in the bilateral external capsules and 

uncinate fasciculi. Using random forest analysis, we also found that the presence of remote 

white matter changes (left external capsule) had high discriminatory ability between left and 

right TLE. These findings suggest that the presence or absence of remote white matter 
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changes may have potential clinical utility for aiding in focus lateralization. Other DTI 

studies have also identified patterns of greater and more distant changes in left TLE, 

compared to less pronounced and more restricted changes in right TLE (Ahmadi et al., 2009; 

Besson et al., 2014; Kemmotsu et al., 2011). Patterns of more widespread atrophic changes 

in left compared to right TLE have also been observed using cortical thickness analyses 

from structural MRI (Bernhardt et al., 2010; Kemmotsu et al., 2011).

4.3. Correlation of diffusion measures with disease duration in TLE

We observed a significant correlation between longer epilepsy duration and higher MD of 

the ipsilateral hippocampus among left TLE patients after adjusting for age. Although 

structural abnormalities in TLE are widespread, the progressive nature of these changes 

remains under investigation. A previous longitudinal study spanning 3.5 years of 

pharmacologically-controlled epilepsy patients concluded that brain volume reduction in 

epilepsy is the result of an initial precipitating injury and age-related atrophy, and not the 

progressive effects of epilepsy (Liu et al., 2005). In another longitudinal study spanning 2.5 

years of intractable TLE patients, however, a cortical thickness study directly disassociated 

the effects of age and disease duration, concluding that there are effects of progressive 

atrophy in TLE distinct from aging (Bernhardt et al., 2009). Other cross-sectional (Govindan 

et al., 2008; Lin et al., 2008) as well as longitudinal (Bernhardt et al., 2010) studies have 

also demonstrated an association between structural changes and epilepsy duration. Our 

results support the hypothesis of progressive white matter changes in TLE. As a cross-

sectional investigation, our study has the advantage of spanning a longer range of disease 

duration, although the need to correct statistically for age may result in decreased effect size.

We found that a large proportion of the variability in epilepsy duration for left TLE patients 

was explained by left hippocampal MD, suggesting that quantitative measurements of left 

hippocampal MD may be a potentially useful clinical marker for disease load in left TLE 

patients. The correlation between left hippocampal mean diffusivity changes and longer 

epilepsy duration makes it tempting to speculate that this may be related to other long-term 

changes in TLE, such as memory. It is generally thought that memory decline worsens with 

longer epilepsy duration in mesial TLE patients (Jokeit et al., 1999), although another study 

of mesial and non-mesial TLE patients showed no evidence of memory decline with longer 

disease duration other than that attributable to normal aging (Helmstaedter and Elger, 2009). 

One possible reason for previous discrepancies may involve the attenuation of significant 

correlations through inclusion of heterogeneous TLE subpopulations, as hippocampal 

sclerosis is associated with both poorer memory performance (Helmstaedter and Elger, 

2009) and more extensive DTI white matter changes (Concha et al., 2009) than other 

pathologies. Further investigation on more homogeneous subgroups is needed to identify 

TLE subtypes for whom markers, such as left hippocampal MD, may serve as a clinically 

useful correlational tool.

Our observation that white matter changes were significantly correlated with disease 

duration in left, but not right, TLE patients is consistent with research from structural MRI, 

which also found a significant correlations between disease duration and cortical thinning in 

left, but not right, TLE patients (Kemmotsu et al., 2011). This may be related to a greater 
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susceptibility of the left hemisphere to longer disease duration. In particular, the left 

hemisphere exhibits more widespread white matter connectivity in left hemisphere dominant 

patients, leading seizure activity to propagate more diffusely through the left hemisphere and 

causing increased excitotoxicity from repeated seizures (Powell et al., 2007). Future 

subgroup analysis to compare longitudinal patterns between subgroups defined by 

hemispheric language dominance will be useful to evaluate this hypothesis.

Lastly, we note that effect sizes provide an estimate of the magnitude of an effect which is 

independent of sample size, and have the additional advantage of being independent of the 

original scale of the variable. We found that, although correlations of white matter changes 

with epilepsy duration were particularly strong for the ipsilateral hippocampus, a large effect 

size was also identified among left TLE patients for an increase in MD of the contralateral 

hippocampus with longer epilepsy duration. Among right TLE patients, only small to 

moderate effect sizes were identified for the contralateral hippocampus. Bilateral decreases 

in hippocampal volume with increased epilepsy duration have been observed in left and 

right TLE using MRI volumetry and PET (Jokeit et al., 1999). However, results based on 

significance testing have been mixed depending on the imaging modality: a previous DTI 

study found correlated changes in left but not right TLE (Kemmotsu et al., 2011), while a 

voxel-based morphometry study found no evidence of gray or white matter changes in a 

combined group of left and right TLE patients relation to longer epilepsy duration 

(Bernasconi et al., 2004). Our consideration of effect sizes in addition to significance testing 

supports a hypothesis that progressive changes in hippocampal structural integrity may be 

greatest ipsilaterally, with possible progressive changes also occurring contralaterally in left 

TLE. Other diffusion measures with a large effect size for correlation with epilepsy duration 

may also be worthwhile to further investigate for utility as markers of disease load. We 

identified a large effect size for increased MD of the right cingulum with longer epilepsy 

duration among both left and right TLE patients. As mentioned previously, the cingulum is 

the primary input into the hippocampus and a major tract of the limbic system. The 

correlation of increased MD of the cingulum with longer epilepsy duration may suggest that 

the level of disruption in tracts connecting limbic structures becomes more severe with 

longer epilepsy duration. Left-right asymmetry in correlational changes of the cingulum 

with longer epilepsy duration may stem from a weaker baseline level of structural integrity 

of the right compared to left cingulum, as identified through previous investigations of 

healthy controls (Gong et al., 2005). A large effect size for decreased FA and increased MD 

of the fornix with longer epilepsy duration was also found for right TLE patients. A previous 

study found that FA of the fornix is negatively correlated with epilepsy duration in patients 

with non-lesional TLE, but not for TLE with mesial temporal sclerosis (Concha et al., 2009). 

Inclusion of both pathologies in our study may lead to mitigation of these effects.

4.3. Limitations

One strength of the current study is the large number of TLE patients (n=28) investigated 

compared to prior studies (Ahmadi et al., 2009; Arfanakis et al., 2002; Concha et al., 2009; 

Govindan et al., 2008; Knake et al., 2009; Lin et al., 2008; McDonald et al., 2008; Meng et 

al., 2010; Nilsson et al., 2008; Rodrigo et al., 2007; Wang et al., 2010). This enabled 

separate investigation of left and right TLE patients, and was more powerful in examining 
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progressive changes in TLE compared to prior studies. Several methodological factors 

should also be considered. One limitation of this study is the cross-sectional study design. 

An advantage of cross-sectional over longitudinal study designs is the ability to investigate 

changes over a wider range of time than is typically feasible with longitudinal studies. 

Generally, however, cross-sectional designs are not ideal for assessing the effects of TLE 

progression on the structural integrity of hippocampal inputs and outputs due to potential 

confounding effects of age. In order to mitigate these effects, we corrected for age as well as 

age of disease onset in correlational assessment with epilepsy duration. However, decreased 

effect size may have contributed to decreased power for detecting subtle progressive 

changes.

Second, automatic registration of individual brains to a normalized template was used to 

delineate regions investigated in this study. Manual delineation is historically considered the 

gold standard technique for region delineation, and several studies have shown that regions 

obtained through automatic parcellation techniques and manual delineation may differ 

systematically (Morey et al., 2009; Pardoe et al., 2009). However, manual delineation of 

multiple brain structures is less practical in larger datasets and may lead to greater intra-

observer variability. Furthermore, the use of automated techniques allows for inter-study 

comparability, in particular to the large number of neuroimaging studies which have used 

the AAL atlas to understand changes in brain topology and connectivity. Our use of 

automated parcellation techniques to segment structures that traditionally difficult to 

delineate, such as the hippocampus, is expected to tend to label more tissue as hippocampus 

than if manual delineation were used (Morey et al., 2009; Pardoe et al., 2009). However, a 

recent study showed that the intraclass correlation coefficient (ICC) between manual 

delineation and automatic segmentation of the hippocampus is reasonably acceptable, with 

ICC values of 0.7–0.8 for healthy controls, and ICC values of 0.65–0.75 for patients. 

Moreover, the systematic differences present in automated parcellation methods were found 

not to impact the detection of group-wise differences (Nugent et al., 2013).

Third, right TLE had slightly longer disease duration than left TLE. Although this difference 

was not significant (p=0.23), it is possible that the difference may have influenced some left-

right differences observed in white matter integrity.

Fourth, use of antiepileptic drugs (Gunbey et al., 2011) and heterogeneity in TLE etiology 

(Scanlon et al., 2013) have also been shown to affect DTI. Earlier age of onset has also been 

associated with decreased hippocampal volumes (Trenerry et al., 1993). As a population-

based study of TLE, our patient sample inevitably includes patients with several different 

pathologies. This allowed us to evaluate patterns in diffusion that occur consistently across a 

wide range of TLE pathologies and may be more relevant to the general TLE population. 

However, heterogeneity of pathology, disease duration, seizure frequency and severity, and 

age of disease onset may also lead to attenuated detection of changes in TLE. Further studies 

on more homogeneous groups are needed to control for these potential confounds.
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5. Conclusions

The white matter structural integrity of the hippocampus and associated white matter tracts 

is disrupted in TLE, evident as increased mean diffusivity in several structures bilaterally. 

We also found an increase in the mean diffusivity of the left hippocampus correlating with 

epilepsy duration in left TLE, suggesting an ongoing pathological process as the disease 

progresses. This study illustrates the potential of structural DTI imaging in TLE diagnosis 

and prognostication.
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TLE temporal lobe epilepsy

DTI diffusion tensor imaging

FA fractional anisotropy

MD mean diffusivity

FDR false discovery rate

CE change-in-estimate

ST significance testing

RF random forests

EC external capsule

TR repetition time

TE echo time

FOV field of view
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Highlights

• DTI analysis in TLE showed increased MD and decreased FA of hippocampal 

connections.

• Increased left hippocampal MD correlated strongly with epilepsy duration in left 

TLE.

• Right hippocampal MD had the strongest discriminatory ability between left and 

right TLE.

• We find a reduction in white matter integrity with increasing duration of TLE 

that is distinct based on TLE laterality.

Chiang et al. Page 17

Epilepsy Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Regions of interest overlaid on a T1 weighted template in standard space
Dark blue, external capsule; teal, hippocampus; green, uncinate fasciculus; purple, fornix; 

pink, cingulum.
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Figure 2. 
Permutation importance learned by random forests, based on variable importance of FA 

and MD of hippocampal inputs and outputs for discriminating left from right TLE. Mean 

decrease in accuracy upon permutation of each predictor is shown, with higher values 

indicating greater variable importance. Negative values indicate an increase in prediction 

accuracy upon permutation of the predictor and are indicative of irrelevant predictors. From 

left to right: left external capsule MD, right uncinate MD, left hippocampal FA, right 

uncinate FA, left cingulum MD, left cingulum FA, fornix FA, right cingulum FA, left 

uncinate FA, left uncinate MD, fornix MD, left hippocampal MD, right hippocampal FA, 

right external capsule FA, right external capsule MD, right cingulum MD, left external 

capsule FA, right hippocampal MD.

Abbrevations: FOR, fornix; Cng, cingulum; UNC, uncinate; HIP, hippocampus, ExtCap, 

external capsule; MD, mean diffusivity; FA, fractional anisotropy.

Chiang et al. Page 19

Epilepsy Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chiang et al. Page 20

Table 1

Summary demographic details for subject groups.

Controls (n=28) Left TLE (n=17) Right TLE (n=11) p-value

Gender (M) 15 5 5 0.29a

Handedness (right) 25 15 9 0.88a

Age (years, mean±SD) 37.8±8.9 37.3±11.6 44.6±12.8 0.16b

Education (years, mean±SD) 14.3±2.6 13.2±4.2 12.3±2.4 0.22b

Epilepsy duration (years, mean±SD) NA 13.9±17.0 26.1±22.0 0.23c

Age of disease onset (years, mean±SD) NA 23.6±13.7 18.7±20.8 0.29c

a
Chi-square test

b
Kruskal-Wallis test

c
Mann-Whitney U test

Abbreviations: M, male; SD, standard deviation
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