

[image: image1]
Distinctive Patterns of Seizure-Related White Matter Alterations in Right and Left Temporal Lobe Epilepsy
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Background: We hypothesized that right and left temporal lobe epilepsy (RTLE and LTLE, respectively) have distinctive spatial patterns of white matter (WM) changes that can be differentiated and interpreted with the use of multiple diffusion parameters. We compared the global microstructure of fiber bundles with regard to WM alterations in both RTLE and LTLE, addressing some of the methodological issues of previous studies.

Methods: Diffusion tensor imaging data from 17 patients with RTLE (age: 40.7 ± 10.4), 15 patients with LTLE (age: 37.3 ± 10.4), and 15 controls (age: 34.8 ± 11.2) were used in the study. WM integrity was quantified by fractional anisotropy (FA), mean diffusivity (MD), longitudinal diffusivity (LD), and radial diffusivity (RD). The diffusion parameters were compared between the groups in tracts representing the core of the fiber bundles. The volumes of hippocampi and amygdala were subsequently compared across the groups, while the data were adjusted for the effect of hippocampal sclerosis.

Results: Significantly reduced FA and increased MD, LD, and RD were found bilaterally over widespread brain regions in RTLE. An increase in MD and RD values was observed in widespread WM fiber bundles ipsilaterally in LTLE, largely overlapping with regions where FA was lower, while no increase in LD was observed. We also found a difference between the LTLE and RTLE groups for the right hippocampal volume (with and without adjustment for HS), whereas no significant volume differences were found between patients and controls.

Conclusions: It appears that patients with RTLE exhibit a more widespread pattern of WM alterations that extend far beyond the temporal lobe in both ipsilateral and contralateral hemisphere; furthermore, these changes seem to reflect more severe damage related to chronic degeneration. Conversely, more restrained changes in the LTLE may imply a pattern of less severe axonal damage, more restricted to ipsilateral hemisphere. Comprehensive finding of more prominent hippocampal atrophy in the RTLE raises an interesting issue of seizure-induced implications on gray matter and WM microstructure that may not necessarily mean a straightforward causal relationship. Further correlations of diffusion-derived metrics with neuropsychological and functional imaging measures may provide complementary information on underlying WM abnormalities with regard to functional hemispheric specialization.
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INTRODUCTION

Temporal lobe epilepsy (TLE) is the most prevalent type of focal epilepsy. Whereas, neuronal loss and gliosis in hippocampus [hippocampal sclerosis (HS)] is the most common underlying pathological finding in TLE (1), widespread gray matter abnormalities are also frequently reported, including further mesiotemporal changes that extend to the parahippocampus and entorhinal cortex (2), amygdala (3), thalamus, and multiple cortical regions. Although TLE is considered to be a gray matter disorder, changes in white matter (WM) fibers that reflect altered underlying brain connectivity seem to have important implications in terms of seizure generation and propagation (4, 5).

Consistently, it has been shown that WM changes associated with TLE are not restricted to the affected medial temporal lobe and involve a larger epileptogenic network (5, 6), reflecting underlying seizure-related WM alterations. Numerous neuroimaging studies on unilateral TLE revealed further temporal and extra-temporal WM changes (7–10).

In recent decades, a growing number of studies have emphasized the role of diffusion tensor imaging (DTI) in the assessment of microstructural WM integrity. DTI provides quantitative information about the direction and magnitude of water diffusion within tissues with the use of tensor-derived parameters: fractional anisotropy (FA), mean diffusivity (MD), diffusivity longitudinal (axial, λ1, LD), and perpendicular [radial diffusivity—RD (λ2+λ3)/2)] to the principal diffusion direction. Tract-Based Spatial Statistics (TBSS) is an automated method that allows for performing multi-subject statistical testing of diffusion-related parameters; misalignment issues are solved with restricting analysis to the core of fiber bundles, represented by the local maxima of FA (11). TBSS aims to improve the sensitivity, objectivity, and interpretability of multi-subject analysis as it combines advantages of voxel-based approaches (enabling evaluation of the whole brain without a priori predefining voxels or tracts of interest) with advantages of tractography-based approaches (estimating FA from relevant voxels). Moreover, while tractography measurements are derived from averaging values over all voxels within an individual WM tract, which can possibly exclude discrete areas of difference, TBSS can quantify DTI-based WM alterations throughout the entire brain without an a priori hypothesis, and at the same time detect different patterns of abnormality within individual tracts.

Several studies employed TBSS to evaluate WM changes in TLE patients in comparison to healthy controls (9, 12–14); however, most of the reported TLE-related WM alterations were described without consideration of the affected side or possible discrepancies resulting from lateralization of brain function. We hypothesized that right and left TLE (RTLE and LTLE, respectively) have different spatial patterns of WM changes that can be differentiated and interpreted with the use of multiple diffusion parameters. The current study compares global microstructure of fiber bundles with regard to seizure-related WM alterations in both right and left TLE, addressing some of the methodological issues of previous studies.

METHODS

Subjects

Fifty-four patients with drug-resistant TLE, epilepsy surgery candidates, were enrolled into the study. All of them underwent standard preoperative examination in the Motol Epilepsy Center. The evaluation included clinical examination, EEG and video-EEG monitoring, neuropsychological assessment, repeated MRI examinations (including fMRI with linguistic-based tasks), and, in selected cases, functional examinations like ictal SPECT or interictal PET. When it seemed necessary, the patients underwent an intracarotid sodium amobarbital procedure and/or intracranial EEG monitoring. Electroclinical diagnosis was concordant with TLE in all the patients.

The age- and sex-matched control subjects were recruited among the healthy volunteers, with no history of neurological or psychiatric disorder. The study protocol was approved by the local institutional ethics committee and informed consent was obtained from all subjects.

From the initial number of 54 TLE patients, 22 subjects were excluded: 3 patients due to extensive structural lesions (2 for astrocytoma and 1 for prior herpetic encephalitis), 6 due to uncertain lateralization or localization of epilepsy (1 with suspected bilateral TLE, 1 with differential diagnosis frontal lobe epilepsy vs. TLE, 4 with temporo-parietal-occipital lesions), and 8 due to the low quality of images (2 with improper acquisition, 6 with motion artifacts or incomplete examination). One patient refused subsequent examinations. Additionally, we also excluded 4 patients that were not Czech native speakers. All patients had confirmed dominance of the left hemisphere for specialized linguistic operations as evaluated with a series of fMRI tests and/or Wada test. In the LTLE group, 8 patients were diagnosed with HS (53%); in the RTLE group, 10 patients were diagnosed with HS (58%) (Table 1).


Table 1. Characteristics of patient groups.
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Finally, DTI data from 17 patients with RTLE (age: 40.72 ± 10.38; 10 females, 7 males), 15 patients with LTLE (age: 37.33 ± 10.38; 6 females, 9 males), and 15 age-matched normal controls (age: 34.76 ± 11.16; 8 females, 7 males) were used in this study. Shapiro-Wilk tests of normality and t tests were performed using the Statistical Package for Social Sciences (SPSS 17 for OS X, SPSS Inc., http://www.spss.com).

Data Acquisition

MR imaging was carried out on a 3T GE Signa HDx MR imaging system (GE Medical Systems, Milwaukee, WI) in the Central Military Hospital, Prague. All sequences were acquired using an 8-channel head coil. The MRI protocol included high-resolution head imaging T1W (FSPGR), T2W (T2 CUBE), and FLAIR (FLAIR CUBE) 3D sequences. The FSPGR sequence parameters were as follows: TR/TE = 9.33/3.88, 120 slices, slice thickness 1 mm without gap, 320 × 256 matrix with a FOV of 24 × 24 cm2. Diffusion tensor images were obtained with a diffusion-weighted, single-shot, echo-planar imaging (b = 1,000 s/m2 images with 30 non-collinear diffusion directions—TR: 15,000 ms, TE: 89 ms, matrix: 128 × 128, FOV: 24 × 24 cm, flip angle: 90°, in-plane resolution: 1.8 × 1.8 mm2, slice thickness: 2.4 mm, with 5 non-diffusion-weighted reference volumes).

Image Analysis

DTI data were corrected for eddy currents and motion artifacts by 12 degrees of freedom (12 DOF) affine linear registration to the first non-diffusion-weighted reference image (15), which was also used to generate a binary mask with the Brain Extraction Tool implemented in FMRIB Software Library (BET, FSL v.6.0 www.fmrib.ox.ac.uk/fsl). The extraction algorithm was optimized for each subject's data. Diffusion tensors at each voxel were fitted using the FMRIB's Diffusion Toolbox (FDT). FA, MD, and LD and RD were calculated for the whole brain. In order to reduce possible errors arising from misalignment of the images, we used the Tract Based Spatial Statistics (TBSS) method (11). All subjects' FA data were aligned to the FSL FMRIB58_FA template in standard Montreal Neurological Institute (MNI) space with the use of the non-linear registration tool FNIRT (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT), which uses a b-spline representation of the registration warp field.

A mean “FA skeleton image” was computed from the mean FA image by finding the central axis of each tract, representing the centers of all tracts common to the group. Each subject's aligned FA data were then projected onto this skeleton and thresholded at 0.2 FA. In a similar fashion, the MD, LD, and RD images were also warped to the thresholded mean FA skeleton image. The resulting data were fed into voxel-wise cross-subject statistics. Modeling and inference using standard general linear model (GLM) design setup was accomplished with the use of permutation-based cluster analysis (5,000 permutations) (16) as implemented in FSL. The regressors of the GLM analysis coded for group membership and clinical variables in the design. The regressors, age and gender, were demeaned. Correlation analysis was conducted between diffusivity parameters and seizure frequency. With the GLM design, negative and positive correlations were calculated. For statistical inference, a Threshold-Free Cluster Enhancing (TFCE) approach was used (17).

Volumetric Analysis of the Subcortical Structures

Acquired structural images were additionally processed and automatic segmentation of hippocampi and amygdalae was carried out with FMRIB's Integrated Registration Segmentation Toolkit (FIRST) (18). Structural data were available and complete for all the LTLE patients, 16 RTLE patients and 14 controls. Volumetric comparisons were performed using the Statistical Package for Social Sciences (SPSS 25 for Windows, SPSS Inc., http://www.spss.com). The volumes of the segmented structures of hippocampi and amygdala were compared across groups (sides included) with a non-parametric Mann–Whitney U test.

In the next step, in order to explain the variance between groups (RTLE, LTLE and controls), we examined the influence of the diagnosed HS as a covariate on the measured hippocampal volumes. For this purpose, we used Analysis of Covariance (ANCOVA), which is a combination of an ANOVA and a regression analysis and that examines the influence of an independent variable on dependent variables, while removing the effect of the covariate factor.

RESULTS

Clinical Variables

The clinical and demographic variables of patients are summarized in Table 1. No significant differences were found between the age or gender distribution of the groups (p > 0.05). The groups did not differ in handedness (p > 0.05). In regard to disease duration and seizure frequency (seizure/month), the patients' groups did not show difference (p > 0.05).

Hippocampal and Amygdalar Volumetry

The size of hippocampi and amygdala was compared between groups. A total of 18 tests were conducted. Because the Kolmogorov–Smirnov test indicated that the normality assumption was violated, a non-parametric Mann–Whitney U test was performed.

The RTLE group of patients showed a significantly smaller size of the right hippocampi (unilateral side) compared to the left side (p < 0.024). The size of unilateral amygdala was also smaller, but the difference was not significant (p < 0.193).

It was also shown that the right hippocampi were significantly smaller when the RTLE group was compared with the LTLE. Unilateral hippocampal and amygdalar volumes were also smaller for the LTLE group, although with no significant difference (p < 0.290 and p < 0.130).

When compared with the controls, the only statistically significant result was shown for amygdalar volumes in LTLE (p < 0.023).

These results were further confirmed with the analysis of covariance. While the data were adjusted for the effect of HS (roughly more than half of subjects in patient's groups), the difference between the LTLE and RTLE groups for the right hippocampal volume remained the only statistically significant finding (p < 0.014; Figure 1) and Supplementary Figure 1.
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FIGURE 1. Right hippocampal volume comparison between left TLE and right TLE adjusted for HS with ANCOVA.



No significant differences were found between the patients and controls.

WM Microstructure Alterations in Patients With RTLE Compared to Controls

Significantly reduced FA (p < 0.01) was found bilaterally over widespread brain regions in RTLE patients when compared to the controls (Figure 2), including the genu and body of corpus callosum (but not splenium), fornix and posterior limb of internal (and external) capsule. Reduced FA values were more widely distributed in the ipsilateral hemisphere in the inferior fronto-occipital fasciculus, uncinate fasciculus, inferior longitudinal fasciculus, and caudal part of forceps minor; the largest changes were seen in the WM of the right temporal pole and the WM close to the temporal and occipital fusiform cortex and parahippocampal gyrus. Additionally, reduced FA values were present in the contralateral superior longitudinal fasciculus, superior and posterior part of the corona radiata, and cranial parts of the forceps minor.
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FIGURE 2. White matter alterations in RTLE as compared to normal controls. Red-yellow clusters indicate statistically significant results in patients: widespread clusters of reduced FA as depicted in the center of fiber bundles, paralleled with increased MD, RD, and AD. It appears that patients with RTLE exhibit a large-scale pattern of WM alterations that extends beyond the temporal lobe. Significant clusters were thickened in order to obtain better visualization. Results are overlaid on the mean FA image; the WM skeleton thresholded at 0.2 is shown in green. Images are thresholded at p < 0.05, corrected for multiple comparisons. MD, mean diffusivity; AD, axial/longitudinal diffusivity; RD, radial/perpendicular diffusivity.



Increased MD (p < 0.02) was widespread in the RTLE patients, highly overlapping with the FA changes. Again, an increase of MD was predominantly seen in the ipsilateral hemisphere: in the inferior fronto-occipital fasciculus, uncinate fasciculus, and inferior longitudinal fasciculus. Moreover, higher MD values in the superior longitudinal fasciculus, superior and posterior parts of the corona radiata, and the forceps minor were also essentially ipsilateral. Only some fiber bundles (the forceps major and the posterior part of the inferior fronto-occipital fasciculus) showed a predominantly contralateral MD increase.

RD was also higher (p < 0.01) in the RTLE patients as compared to the controls over the widespread WM fiber bundles, mostly ipsilaterally. Regions with significantly higher RD included WM fibers arising from the frontal and parietal cortex passing through the posterior limb of the internal capsule, superior longitudinal fasciculus, inferior longitudinal fasciculus, inferior fronto-occipital fasciculus (mostly the anterior part), uncinate fasciculus, and forceps minor. Whereas, generally diffuse, these changes were mostly presented in the right hemisphere.

Again, solitary clusters in the posterior part of the left inferior fronto-occipital fasciculus/forceps major were more noticeable contralaterally. Whereas, there were higher values in the bilateral body and genu of the CC (less in the splenium), no RD changes were shown in fornix.

Finally, higher values of LD (p < 0.02) were found exclusively (or almost exclusively) in the ipsilateral inferior longitudinal fasciculus, uncinate fasciculus, superior longitudinal fasciculus, and posterior limb of internal capsule; minor changes in the genu and body of the CC were seen bilaterally.

WM Microstructure Alterations in Patients With LTLE Compared to Controls

FA was reduced in the patients with LTLE compared to the controls over the WM fiber bundles in the ipsilateral hemisphere, most prominently in the left uncinate fasciculus and inferior fronto-occipital fasciculus (p < 0.01; Figure 3). Additional WM regions with significantly lower FA (p < 0.02) were also found in the ipsilateral inferior longitudinal fasciculus, superior longitudinal fasciculus, forceps minor and forceps major, and body and genu of the corpus callosum. Furthermore, some smaller clusters also appeared in the contralateral inferior fronto-occipital fasciculus and uncinate fasciculus.
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FIGURE 3. White matter alterations in LTLE as compared to normal controls. Red-yellow clusters indicate statistically significant results in patients: clusters of reduced FA and increased RD in the center of main fiber bundles (along with focal clusters of increased MD) are more restricted to the ipsilateral hemisphere. Significant clusters were thickened in order to obtain better visualization. Results are overlaid on the mean FA image; the WM skeleton thresholded at 0.2 is shown in green. Images are thresholded at p < 0.05, corrected for multiple comparisons.



Increased MD and RD values (p < 0.02) were observed in widespread WM fiber bundles ipsilaterally, largely overlapping with regions where FA was lower (inferior longitudinal fasciculus, uncinate fasciculus, inferior fronto-occipital fasciculus, and superior longitudinal fasciculus). Moreover, MD was higher in ipsilateral corona radiata; small clusters of higher MD were also found in the genu and body of the corpus callosum. No higher MD values were seen contralaterally, and only some clusters of higher perpendicular diffusivity were shown in the right superior and inferior longitudinal fasciculus, when the threshold was lower (p < 0.05).

No LD increase was observed in the patients with LTLE compared to the controls.

WM Microstructure Alterations in Patients With LTLE Compared to RTLE

No difference was found between the left and right TLE groups.

DISCUSSION

Group-level analyses of multiple diffusion parameters in the core of WM fiber bundles showed different patterns of WM changes in the RTLE and LTLE as compared to the controls. Whereas, LTLE-related WM alterations were predominately or exclusively ipsilateral, temporal and extra-temporal WM abnormalities in the RTLE appeared to be more widespread and bilateral (although also predominantly ipsilateral).

As expected, widespread WM changes were most pronounced in pathways terminating in the temporal lobe (including the inferior longitudinal fasciculus, uncinate fasciculus, and superior longitudinal fasciculus). Our findings are consistent with previous DTI studies that showed TLE-related WM abnormalities that are not only confined to the temporal lobe but associated with a larger epileptogenic network (7, 10, 19–22).

Some previous TBSS studies either combined the image data from both left and right TLE (9, 10, 14, 23, 24) or mirrored RTLE images across the midline (19, 23), thus adding more anatomical variances and making group differences more difficult to detect (19). We solved these issues by keeping left and right TLE data distinct and comparing them separately with age- and sex-matched controls in order to further differentiate WM abnormalities depending on the hemisphere of the seizure onset.

Most of the previous TBSS studies demonstrated TLE-related WM aberrations as illustrated solely by either FA reduction (21, 23) or FA reduction followed by MD increase (9, 25). In our study, we used multiple DTI metrics to provide complementary information about the underlying WM seizure-related WM damage and to strengthen the comprehensibility of the results.

In general, high MD values indicate reduced axonal fiber caliber and increased extracellular space. Whereas, FA values reflect the underlying integrity of WM tracts, MD values can also indicate the structural changes in gray matter neurons (10). The increased longitudinal diffusivity can be explained by increased extra-axonal space due to reduced axonal density and greater diffusion parallel to axons (26) as a result of axonal damage and degeneration (secondary to Wallerian degeneration), whereas diffusivity perpendicular to the principal diffusion direction mainly reflects the degree of demyelination (27, 28).

The pattern that we observed in LTLE with ipsilaterally decreased FA and increased perpendicular diffusivity, accompanied by non-significant change in longitudinal diffusivity, may be suggestive of earlier or less severe stages of degeneration (29, 30).

Conversely, severe and extensive WM microstructural alterations in RTLE represented by reduced FA and higher values of MD, LD, and RD in temporal and extratemporal WM bundles suggest an underlying combination of axon and myelin loss and indicate more severe tract damage related to advanced stages of Wallerian degeneration, likely as a result of cortical and subcortical gray matter pathology. Hippocampal volumetric measures confirmed these results, suggesting that damage of both white and gray matter was more severe in the RTLE group, as addressed later in discussion.

Previous studies have confirmed that WM structural integrity in TLE is thought to be disturbed more severely in the ipsilateral rather than contralateral hemisphere, as revealed by FA and MD changes (5, 10, 31, 32). Usually, fiber bundles connected with the affected temporal lobe are the ones most severely altered (31) and showing a centrifugal pattern of changes. Similarly, asymmetry of WM integrity (explored in terms of lower FA values) was found to be associated with a leftward or rightward tendency, depending on the affected hemisphere (33). Interestingly, some studies indicated that TLE patients with left hemispheric onset exhibit more alterations in ipsilateral and contralateral regions than those with RTLE, manifested as FA reduction and/or MD increase in temporal and extra-temporal fiber bundles (20, 34, 35); these findings were also confirmed postoperatively (21). Other studies on the effect of hemispheric laterality on diffusion parameters revealed more widespread WM abnormalities in RTLE patients than in those with LTLE (22, 36). It can be concluded that the diverse distribution of WM alterations suggests that the localization of epileptic networks may play a role in the WM burden, regardless of which initial side is studied (37).

Several possible explanations have been proposed to resolve the hemispheric predominance of WM changes. It has been suggested that neuronal connections in either the left or right hemisphere, respectively, may be more likely to support seizure propagation to the contralateral hemisphere (34, 35). In particular, it is possible that seizures cause more excitotoxic damage while originating in the dominant hemisphere, whereas the brain tissue in the dominant hemisphere may be more susceptible to pathological impact (35). In addition, the role of different maturation speed between both hemispheres has been proposed as another potential explanation for these asymmetries, implying that neurodevelopmental factors may play an important role in the epileptogenic process of TLE (38).

Importantly, many discrepancies between laterality of findings may be explained by the heterogeneity in the studied populations, followed by differences in analytical approaches. Overall, a growing corpus of research demonstrates the strong effect of etiologically distinct and pathologically different syndromes underlying TLE, while mesiotemporal–hippocampal sclerosis (HS) is considered to be a distinct clinico-pathologic entity from a non-HS group that appears to be highly heterogeneous (39).

Our results, suggesting that the epileptogenic network appears to be larger in RTLE, are partially consistent with findings presented by Bonilha et al. (36) that identified additional MD changes expressed in RTLE (additionally to diffuse pattern of FA changes in both LTLE and RTLE) and with findings described by Oguz et al. (32) that showed more extensive MD changes in RTLE in groups of both female and male patients. Also, the results described by Lemkaddem et al. are broadly consistent with the evidence that bilateral neocortical networks are severely affected in RTLE; the extensive pattern of alterations affecting temporal and extratemporal structures has been shown with a more complex combination of microstructural changes (22).

Our study confirmed more restricted WM abnormalities in LTLE than in RTLE as compared to controls; the diffusion-related asymmetry was thus more obvious in the LTLE group, with WM alterations found predominantly or almost exclusively ipsilaterally. The number of significant voxels was considerably larger in the contralateral hemisphere in RTLE subjects. Also, hippocampal volumes were significantly smaller ipsilaterally in the RTLE group, although significant analogous results were not confirmed in the LTLE group.

As already implied, several factors may influence the degree and extent of diffusion alterations in TLE, including the severity of mesiotemporal lobe sclerosis (neuronal loss and gliosis) (5, 23). Our results seem to partially confirm that widespread and severe diffusion abnormalities were more apparent in the group with significant ipsilateral hippocampal volume reduction. Contrary to studies that did not detail the repartition of HS vs. non-HS findings on MRI, we examined the influence of HS on the measured volumes, given the fact that more than half of the patients in each group demonstrated HS with a similar rate. Our analyses confirmed the diagnostic role of HS as a covariate when explaining the variance between RTLE and LTLE, but no volume differences were found in comparison to the controls. Our primary objective was to assess the degree of severity of hippocampal atrophic rates in both right and left TLE, and the diagnostic partition appeared to be consistent with these results. Our results might therefore be dominated to some extent by the finding of more prominent hippocampal atrophy in the RTLE group; however, these findings may not necessarily imply a causal relationship.

Whereas, a growing number of studies imply that the degree of WM alterations appears to be heavily influenced by the side of seizure onset and macroscopic structural changes, converse evidence from animal models and human studies suggests that hippocampal neural loss can occur following severe or prolonged seizure activity (40). Some authors suggest that patients who experience secondary generalized seizures are more prone to contralateral hippocampal volume loss (41). Others, on the other hand, argue against the hypothesis that epileptiform activity per se contributes to focal brain injury in previously undamaged cortical regions (42) and imply that structural brain damage is not an inevitable consequence of epileptic seizures (43).

Likewise, early presentation of diffusion abnormalities despite the lack of volumetric changes (44) would be indicative of contributing factors of neurodevelopmental nature. It is also possible that the microstructural architecture of WM can be at least partially altered by the presence of developmental neuronal remnants (interstitial neurons) that have been more recently reported in epilepsy (5). These findings may be interpreted as arrested neuronal migration and/or increased WM neurogenesis from progenitor cells (45, 46).

One important limitation of our study is that the time between the last seizure and MR scan was unknown and thus interictal heterogeneity within the patient groups was possible. There is growing evidence of postictal changes that may persist for longer periods of time in some patients, and which are reflected as a decrease in diffusivity (47). Specifically, these changes likely indicate cellular swelling in the area of seizure onset and possibly areas of seizure spread. Further systematic studies may therefore shed more light on complex and dynamic changes that reflect the timing of seizure and imaging. Special focus on the correlation of these changes with outcome after epileptic surgery may be the key component to determining the role of postictal diffusion measures in the presurgical evaluation of epilepsy patients.

Moreover, due to recent findings suggesting that WM architectural changes may be reversible in the contralateral hemisphere after a successful surgery in TLE (48), it would also be interesting to perform analyses on pre- and post-postoperative data, as it may help differentiate the impairment attributed either to the outcome of resection or to underlying seizure disorder. Also, further correlations of diffusion-derived metrics with quantified neuropsychological and functional imaging findings may provide complementary information about the underlying seizure-related WM abnormalities with regard to functional hemispheric specialization.

CONCLUSIONS

Overall, our results are broadly consistent with studies confirming that patients with TLE suffer from dysfunctions affecting large-scale brain networks rather than a single focal region. Our study implies that right and left TLE have different distinctive spatial patterns of WM microstructural abnormalities that can be differentiated and interpreted with the use of multiple diffusion metrics. It appears that patients with RTLE exhibit a more widespread pattern of WM alterations that extends far beyond the temporal lobe in both the ipsilateral and contralateral hemisphere; furthermore, these changes seem to reflect more severe damage related to chronic degeneration. On the other hand, diffusion changes in LTLE may suggest a pattern of less severe axonal damage, more restricted to ipsilateral hemisphere. Partially comprehensive finding of more prominent hippocampal atrophy in the RTLE raises an interesting issue of seizure-induced implications on gray matter and WM microstructure that may not necessarily mean a straightforward causal relationship. Additional correlations of diffusion-derived metrics with neuropsychological and functional imaging measures may provide complementary information about underlying seizure-related WM abnormalities with regard to functional hemispheric specialization, and correlations with outcome after epileptic surgery may determine the role of postictal diffusion measures in the presurgical evaluation of TLE patients. An interesting issue to address further would be whether these abnormalities might be reversible with good seizure control or surgery.

DATA AVAILABILITY STATEMENT

The datasets analyzed in this manuscript are not publicly available. Requests to access the datasets should be directed to IB (irena.buksakowska@gmail.com).

ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Second Faculty of Medicine, Charles University and Motol University Hospital, Prague, Czech Republic. The patients/participants provided their written informed consent to participate in this study.

AUTHOR'S NOTE

Preliminary and partial results were presented previously in conference proceedings: IB, LM, NS, JV, ZK, JM, VŠ, Amlerova J., Kyncl M., Rocek M., Horinek D., Charvat F., Marusic P., Distinctive patterns of seizure-induced white matter damage in right and left temporal lobe epilepsy, 12th European Congress on Epileptology, Prague 2016.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

FUNDING

The study was supported by grants MZ CR NT/11536-5 and NV19-04-00369, and the project FNUSA-ICRC (no. CZ.1.05/1.1.00/02.0123) from the European Regional Development Fund.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2019.00986/full#supplementary-material

Supplementary Figure 1. While the data were adjusted for the effect of HS the difference between the RTLE and LTLE groups for the right hippocampal volume remained the only statistically significant finding.

REFERENCES

 1. Bronen RA, Cheung G, Charles JT, Kim JH, Spencer DD, Spencer SS, et al. Imaging findings in hippocampal sclerosis: correlation with pathology. AJNR Am J Neuroradiol. (1991) 12:933–40.

 2. Dawodu S, Thom M. Quantitative neuropathology of the entorhinal cortex region in patients with hippocampal sclerosis and temporal lobe epilepsy. Epilepsia. (2005) 46:23–30. doi: 10.1111/j.0013-9580.2005.21804.x

 3. Hudson LP, Munoz DG, Miller L, McLachlan RS, Girvin JP, Blume WT. Amygdaloid sclerosis in temporal lobe epilepsy. Ann Neurol. (1993) 33:622–31. doi: 10.1002/ana.410330611

 4. Concha L, Beaulieu C, Collins DL, Gross DW. White-matter diffusion abnormalities in temporal-lobe epilepsy with and without mesial temporal sclerosis. J Neurol Neurosurg Psychiatry. (2009) 80:312–9. doi: 10.1136/jnnp.2007.139287

 5. Deleo F, Thom M, Concha L, Bernasconi A, Bernhardt BC, Bernasconi N. Histological and MRI markers of white matter damage in focal epilepsy. Epilepsy Res. (2018) 140:29–38. doi: 10.1016/j.eplepsyres.2017.11.010

 6. Thivard L, Lehéricy S, Krainik A, Adam C, Dormont D, Chiras J, et al. Diffusion tensor imaging in medial temporal lobe epilepsy with hippocampal sclerosis. NeuroImage. (2005) 28:682–90. doi: 10.1016/j.neuroimage.2005.06.045

 7. Gross DW. Diffusion tensor imaging in temporal lobe epilepsy. Epilepsia. (2011) 52 (Suppl 4):32–4. doi: 10.1111/j.1528-1167.2011.03149.x

 8. Schmidt MH, Pohlmann-Eden B. Neuroimaging in epilepsy: the state of the art. Epilepsia. (2011) 52 (Suppl 4):49–51. doi: 10.1111/j.1528-1167.2011.03154.x

 9. Liu Z, Xu Y, An J, Wang J, Yin X, Huang R, et al. Altered brain white matter integrity in temporal lobe epilepsy: a TBSS study. J Neuroimag. (2014) 25:460–4. doi: 10.1111/jon.12154

 10. Bao Y, He R, Zeng Q, Zhu P, Zheng R, Xu H. Investigation of microstructural abnormalities in white and gray matter around hippocampus with diffusion tensor imaging. (DTI) in temporal lobe epilepsy. (TLE). Epilepsy Behav. (2018) 83:44–9. doi: 10.1016/j.yebeh.2017.12.002

 11. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. NeuroImage. (2006) 31:1487–505. doi: 10.1016/j.neuroimage.2006.02.024

 12. Sanches P, Fujisao EK, Braga AMS, Cristaldo NR, Dos Reis R, Yamashita S, et al. Voxel-based analysis of diffusion tensor imaging in patients with mesial temporal lobe epilepsy. Epilepsy Res. (2017) 132:100–108. doi: 10.1016/j.eplepsyres.2017.03.004

 13. Sone D, Sato N, Kimura Y, Watanabe Y, Okazaki M, Matsuda H. Brain morphological and microstructural features in cryptogenic late-onset temporal lobe epilepsy: a structural and diffusion MRI study. Neuroradiology. (2018) 60:635–41. doi: 10.1007/s00234-018-2019-z

 14. Tsuda K, Tsuji T, Ishida T, Takahashi S, Yamada S, Ohoshi Y, et al. Widespread abnormalities in white matter integrity and their relationship with duration of illness in temporal lobe epilepsy. Epilepsia Open. (2018) 3:247–54. doi: 10.1002/epi4.12222

 15. Jenkinson M, Smith S. A global optimisation method for robust affine registration of brain images. Med Image Anal. (2001) 5:143–56. doi: 10.1016/S1361-8415(01)00036-6

 16. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with examples. Hum Brain Mapp. (2002) 15:1–25. doi: 10.1002/hbm.1058

 17. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold dependence and localisation in cluster inference. NeuroImage. (2009) 44:83–98. doi: 10.1016/j.neuroimage.2008.03.061

 18. Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A Bayesian model of shape and appearance for subcortical brain segmentation. NeuroImage. (2011) 56:907–22. doi: 10.1016/j.neuroimage.2011.02.046

 19. Riley JD, Franklin DL, Choi V, Kim RC, Binder DK, Cramer SC, et al. Altered white matter integrity in temporal lobe epilepsy: association with cognitive and clinical profiles. Epilepsia. (2010) 51:536–45. doi: 10.1111/j.1528-1167.2009.02508.x

 20. Focke NK, Yogarajah M, Bonelli SB, Bartlett PA, Symms MR, Duncan JS. Voxel-based diffusion tensor imaging in patients with mesial temporal lobe epilepsy and hippocampal sclerosis. NeuroImage. (2008) 40:728–37. doi: 10.1016/j.neuroimage.2007.12.031

 21. Schoene-Bake J-C, Faber J, Trautner P, Kaaden S, Tittgemeyer M, Elger CE, et al. Widespread affections of large fiber tracts in postoperative temporal lobe epilepsy. NeuroImage. (2009) 46:569–76. doi: 10.1016/j.neuroimage.2009.03.013

 22. Lemkaddem A, Daducci A, Kunz N, Lazeyras F, Seeck M, Thiran J-P, et al. Connectivity and tissue microstructural alterations in right and left temporal lobe epilepsy revealed by diffusion spectrum imaging. NeuroImage Clin. (2014) 5:349–58. doi: 10.1016/j.nicl.2014.07.013

 23. Scanlon C, Mueller SG, Cheong I, Hartig M, Weiner MW, Laxer KD. Grey and white matter abnormalities in temporal lobe epilepsy with and without mesial temporal sclerosis. J Neurol. (2013) 260:2320–9. doi: 10.1007/s00415-013-6974-3

 24. Afzali M, Soltanian-Zadeh H, Elisevich KV. Tract based spatial statistical analysis and voxel based morphometry of diffusion indices in temporal lobe epilepsy. Comput Biol Med. (2011) 41:1082–91. doi: 10.1016/j.compbiomed.2011.05.006

 25. Nguyen D, Vargas MI, Khaw N, Seeck M, Delavelle J, Lovblad KO, et al. Diffusion tensor imaging analysis with tract-based spatial statistics of the white matter abnormalities after epilepsy surgery. Epilepsy Res. (2011) 94:189–97. doi: 10.1016/j.eplepsyres.2011.02.001

 26. Sun S-W, Liang H-F, Cross AH, Song S-K. Evolving Wallerian degeneration after transient retinal ischemia in mice characterized by diffusion tensor imaging. NeuroImage. (2008) 40:1–10. doi: 10.1016/j.neuroimage.2007.11.049

 27. Budde MD, Kim JH, Liang H-F, Schmidt RE, Russell JH, Cross AH, et al. Toward accurate diagnosis of white matter pathology using diffusion tensor imaging. Magn Reson Med. (2007) 57:688–95. doi: 10.1002/mrm.21200

 28. Della Nave R, Ginestroni A, Tessa C, Giannelli M, Piacentini S, Filippi M, et al. Regional distribution and clinical correlates of white matter structural damage in Huntington disease: a tract-based spatial statistics study. AJNR Am J Neuroradiol. (2010) 31:1675–81. doi: 10.3174/ajnr.A2128

 29. Weaver KE, Richards TL, Liang O, Laurino MY, Samii A, Aylward EH. Longitudinal diffusion tensor imaging in Huntington's disease. Exp Neurol. (2009) 216:525–9. doi: 10.1016/j.expneurol.2008.12.026

 30. Cosottini M, Giannelli M, Siciliano G, Lazzarotti G, Michelassi MC, Del Corona A, et al. Diffusion-tensor MR imaging of corticospinal tract in amyotrophic lateral sclerosis and progressive muscular atrophy. Radiology. (2005) 237:258–64. doi: 10.1148/radiol.2371041506

 31. Otte WM, van Eijsden P, Sander JW, Duncan JS, Dijkhuizen RM, Braun KPJ. A meta-analysis of white matter changes in temporal lobe epilepsy as studied with diffusion tensor imaging. Epilepsia. (2012) 53:659–67. doi: 10.1111/j.1528-1167.2012.03426.x

 32. Oguz KK, Tezer I, Sanverdi E, Has AC, Bilginer B, Dolgun A, et al. Effect of patient sex on white matter alterations in unilateral medial temporal lobe epilepsy with hippocampal sclerosis assessed by diffusion tensor imaging. AJNR Am J Neuroradiol. (2013) 34:1010–5. doi: 10.3174/ajnr.A3328

 33. Li H, Xue Z, Dulay MF, Verma A, Karmonik C, Grossman RG, et al. Fractional anisotropy asymmetry and the side of seizure origin for partial onset-temporal lobe epilepsy. Comput Med Imaging Graph. (2014) 38:481–9. doi: 10.1016/j.compmedimag.2014.06.009

 34. Ahmadi ME, Hagler DJ, McDonald CR, Tecoma ES, Iragui VJ, Dale AM, et al. Side matters: diffusion tensor imaging tractography in left and right temporal lobe epilepsy. AJNR Am J Neuroradiol. (2009) 30:1740–7. doi: 10.3174/ajnr.A1650

 35. Lu J, Li W, He H, Feng F, Jin Z, Wu L. Altered hemispheric symmetry found in left-sided mesial temporal lobe epilepsy with hippocampal sclerosis. (MTLE/HS) but not found in right-sided MTLE/HS. Magn Reson Imaging. (2013) 31:53–9. doi: 10.1016/j.mri.2012.06.030

 36. Bonilha L, Edwards JC, Kinsman SL, Morgan PS, Fridriksson J, Rorden C, et al. Extrahippocampal gray matter loss and hippocampal deafferentation in patients with temporal lobe epilepsy. Epilepsia. (2010) 51:519–28. doi: 10.1111/j.1528-1167.2009.02506.x

 37. Campos BM, Coan AC, Beltramini GC, Liu M, Yassuda CL, Ghizoni E, et al. White matter abnormalities associate with type and localization of focal epileptogenic lesions. Epilepsia. (2015) 56:125–32. doi: 10.1111/epi.12871

 38. Voets NL, Bernhardt BC, Kim H, Yoon U, Bernasconi N. Increased temporolimbic cortical folding complexity in temporal lobe epilepsy. Neurology. (2011) 76:138–44. doi: 10.1212/WNL.0b013e318205d521

 39. Mueller SG, Laxer KD, Cashdollar N, Buckley S, Paul C, Weiner MW. Voxel-based optimized morphometry. (VBM) of gray and white matter in temporal lobe epilepsy. (TLE) with and without mesial temporal sclerosis. Epilepsia. (2006) 47:900–7. doi: 10.1111/j.1528-1167.2006.00512.x

 40. Cavazos JE, Das I, Sutula TP. Neuronal loss induced in limbic pathways by kindling: evidence for induction of hippocampal sclerosis by repeated brief seizures. J Neurosci. (1994) 14(5 Pt 2):3106–21. doi: 10.1523/JNEUROSCI.14-05-03106.1994

 41. Alhusaini S, Doherty CP, Scanlon C, Ronan L, Maguire S, Borgulya G, et al. A cross-sectional MRI study of brain regional atrophy and clinical characteristics of temporal lobe epilepsy with hippocampal sclerosis. Epilepsy Res. (2012) 99:156–66. doi: 10.1016/j.eplepsyres.2011.11.005

 42. Noè F, Cattalini A, Vila Verde D, Alessi C, Colciaghi F, Figini M, et al. Epileptiform activity contralateral to unilateral hippocampal sclerosis does not cause the expression of brain damage markers. Epilepsia. (2019) 60:1184–99. doi: 10.1111/epi.15611

 43. Liu RSN, Lemieux L, Bell GS, Sisodiya SM, Bartlett PA, Shorvon SD, et al. Cerebral damage in epilepsy: a population-based longitudinal quantitative MRI study. Epilepsia. (2005) 46:1482–94. doi: 10.1111/j.1528-1167.2005.51603.x

 44. Hutchinson E, Pulsipher D, Dabbs K, Myers y, Gutierrez A, Sheth R, Jones J, et al. Children with new-onset epilepsy exhibit diffusion abnormalities in cerebral white matter in the absence of volumetric differences. Epilepsy Res. (2010) 88:208–14. doi: 10.1016/j.eplepsyres.2009.11.011

 45. Richter Z, Janszky J, Sétáló G, Horváth R, Horváth Z, Dóczi T, et al. Characterization of neurons in the cortical white matter in human temporal lobe epilepsy. Neuroscience. (2016) 333:140–50. doi: 10.1016/j.neuroscience.2016.07.011

 46. Lojewski X, Hermann A, Wegner F, Araúzo-Bravo MJ, Hallmeyer-Elgner S, Kirsch M, et al. Human adult white matter progenitor cells are multipotent neuroprogenitors similar to adult hippocampal progenitors. Stem Cells Transl Med. (2014) 3:458–69. doi: 10.5966/sctm.2013-0117

 47. Diehl B, Symms MR, Boulby PA, Salmenpera T, Wheeler-Kingshott CAM, Barker GJ, et al. Postictal diffusion tensor imaging. Epilepsy Res. (2005) 65:137–46. doi: 10.1016/j.eplepsyres.2005.05.007

 48. Li W, Hao N, Liu W, An D, Yan B, Li J, et al. The experience of the multidisciplinary team in epilepsy management from a resource-limited country. Epilepsia Open. (2019) 4:85–91. doi: 10.1002/epi4.12290

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Buksakowska, Szabó, Martinkovič, Faragó, Király, Vrána, Kincses, Meluzín, Šulc, Kynčl, Roček, Tichý, Charvát, Hořínek and Marusič. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-10-00986-g002.gif
PP
PP

g A S @ an
P w o
P





OPS/images/fneur-10-00986-g003.gif
e
P

o ANk A Sk

N W W
I
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Age (years) Handedness Disease duration (years) Seizure frequency/month MRI diagnosis

1 26-30 Right 20 1 Amygdala hamartoma
2 31-35 Right 31 3 HS
3 36-40 Right 11 9 HS
4 31-35 Left 16 3 Non-lesional
5 41-45 Right 25 5 FCD1T pole + amygdala
6 26-30 Right 16 2 HS
7 56-60 Mixed 18 3 T pole cavernoma
RTLE 8 31-35 Right 11 3 HS
9 26-30 Right 5 12 Amygdala hamartoma
10 51-55 Right 9 13 HS
1 36-40 Right 9 4 Non-lesional
12 41-45 Left 30 1 HS
13 46-50 Right 37 6 HS
14 46-50 Right 48 4 HS
15 36-40 Right 30 10 HS
16 56-60 Right 41 4 HS
17 36-40 Right 6 6 T pole cavernoma
1 21-25 Mixed 6 12 Temporal encephalocele
36-40 Right 2 2 HS
3 31-35 Right 4 3 HS
4 26-30 Right 24 3 HS
5 41-45 Right 36 16 HS
6 46-50 Right 9 2 Hippocampal cavernoma
7 51-66 Right 22 2 HS
LTLE 8 26-30 Right 15 6 FCD1T pole
9 26-30 Right 13 15 Non-lesional
10 36-40 Right 12 8 HS
11 51-55 Right 6 24 T pole cavernoma
12 36-40 Right 31 20 HS
13 36-40 Right 19 8 Non-lesional
14 41-45 Right 4 2 Amygdala hamartoma

15 21-26 Left 21 5 HS
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