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We examined the white matter of patients with and without focal to bilateral tonic-clonic seizures (FBTCS), and control participants. A neural network based tract segmentation model (Tractseg) was used to isolate tract-specific, track-weighted tensor-based measurements from the tracts of interest. We compared the group differences in the track-weighted tensor-based measurements derived from whole and hemispheric tracts. We identified several regions that displayed significantly altered white matter in patients with focal epilepsy compared to controls. Furthermore, patients without FBTCS showed significantly increased white matter disruption in the inferior fronto-occipital fascicle and the striato-occipital tract. In contrast, the track-weighted tensor-based measurements from the FBTCS cohort exhibited a stronger resemblance to the healthy controls (compared to the non-FBTCS group). Our findings revealed marked alterations in a range of subcortical tracts considered critical in the genesis of seizures in focal epilepsy. Our novel application of tract-specific, track-weighted tensor-based measurements to a new clinical dataset aided the elucidation of specific tracts that may act as a predictive biomarker to distinguish patients likely to develop FBTCS.
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1. Introduction

Focal to bilateral tonic-clonic seizures (FBTCS) are a feature of focal epilepsy that can lead to an increased risk of cardiac arrhythmias (1), seizure-related injuries (2), and sudden unexpected death in epilepsy (SUDEP) (3). Unlike other focal epilepsies, the mechanisms underlying FBCTS, in particular, remain elusive. Therefore, the importance of delineating the mechanisms involved in FBTCS is amplified as a vital objective to aid the control of FBTCS and the prevention of SUDEP.

Although the taxonomy of FBTCS implies whole-brain generalization of seizures, FBTCS are primarily highly selective, producing more vigorous activity in specific brain regions (4–6). Mounting evidence has endorsed subcortical structures such as the thalamus and basal ganglia and their associated circuits as critical to the information relay involved in FBTCS. The topographical arrangement of the thalamocortical relay fibres allow the projection to the cerebral cortex, from which sensory information is processed and relayed back to the original projection site in the thalamus. Acting as a “relay station” (7), the thalamus has widespread connections across the entire cerebral cortex (8) and moderates communication between various brain regions. Within the context of FBTCS, the thalamus has been proposed as a support system for seizure propagation via its role in the synchronization of abnormal cortical-subcortical ictal discharge (9, 10).

Additionally, the basal ganglia functions as a “braking system”, interacting with the thalamus and cortex through multiple parallel circuits, including the direct and indirect pathways (11). The basal ganglia are increasingly hypothesized to play an anticonvulsive role in FBTCS (12), yet the specific mechanisms remain unclear. Increased basal ganglia activity was reported to be negatively associated with FBTCS in TLE (13, 14). In contrast, others illustrated that the basal ganglia only become involved when ictal activity disperses to additional cortical regions during secondary generalization (15).

Tensor-based metrics derived from diffusion tensor imaging have been established as a valuable technique to quantify white matter changes in a range of epilepsies (16, 17). A meta-analysis showed patients with focal epilepsy had elevated regional mean diffusivity relative to controls (17). However, findings of altered fractional anisotropy (FA) are less consistent; some studies report reduced FA in patients with epilepsy compared to controls (18, 19), whilst others report no change across several regions (20, 21); thus, further clarification is required.

Moreover, the majority of diffusion MRI studies focus on TLE without the FBTCS subtype (17). One study that examined structural network alterations in patients with TLE alone vs. TLE with FBTCS used a “node abnormality” metric to quantify patient specific node abnormality load (22). They showed that patients with FBTCS in TLE had increased abnormality load in subcortical regions. However, their network approach did not allow the identification of specific tracts that may be involved in FBTCS. Though FBTCS can present under the umbrella of TLE, a reproducible and reliable method to identify specific tracts that may be involved in FBTCS would yield great clinical utility.

Advances in image analysis techniques, such as tract-weighted tensor-metrics, may improve the reliability of findings and enhance the interpretation of standard tensor-based metrics. A recent advancement to traditional tensor-based measurements is the introduction of track-weighted (TW) measurements. Here, tensor-based images are weighted by reconstructed streamlines traversing a given voxel to generate a TW version of the tensor-based image (23). TW measurements have been shown to improve reproducibility (i.e., TW-FA has significantly higher reproducibility than FA) and, for a given effect size, have increased power to detect group differences (23). Therefore, TW tensor-based measurements (termed “TW-TM” for brevity) could reveal subtle differences in epilepsy subtypes that would typically be undetected if quantified using only traditional tensor-based metrics.

Since the subcortical structures involved in FBTCS are also involved in focal seizures (24), we included both subtypes (focal only and focal with FBTCS) in this study to uncover distinct structural differences between the two groups. In addition to the thalamic and striatal regions, we included other white matter regions based on their well-documented role in focal seizures and functional connectivity (18, 25), to determine whether any observed group differences were unique to the FBTCS group, and to account for possible whole brain differences.

The innovation in this study is the combination of a neural network based tract segmentation model [Tractseg; (26)], with subject specific, TW-TM, to investigate specific tracts as potential biomarkers of seizure propagation in FBTCS. We hypothesized that compared to controls, patients with focal epilepsy would have significantly altered white matter in the subcortical regions, as observed through the TW-TM. We further hypothesized that compared to those without FBTCS, patients with FBTCS would have significantly altered white matter in the thalamic and striatal regions, as observed through the TW-TM.



2. Methods


2.1. Participants and data

Twenty-seven adults with focal epilepsy were recruited from the Comprehensive Epilepsy Centre at the Royal Prince Alfred Hospital (RPAH, Sydney, Australia); and MRI was performed at the Brain and Mind Centre (Sydney, Australia). Inclusion criteria were adults diagnosed with focal epilepsy, aged 18–60, presenting without surgery, and with or without a cortical brain lesion, who were willing and able to comply with the study procedures for the duration of their participation. Exclusion criteria were pregnant women and individuals with intellectual disabilities. The 20 controls were neurologically normal individuals. Written informed consent was obtained from all participants before study participation. Ethical approval was obtained from the RPAH Sydney Local Health District (RPAH-SLHD) ethics committee (RPAH-SLHD approval ID: X14-0347, HREC/14/RPAH/467). All research and methods were performed in accordance with the Declaration of Helsinki and conducted in accordance with the relevant guidelines and regulations prescribed by the RPAH-SLHD.


2.1.1. Participant groups

The participants were placed into the following groups:

1. “All patients”: The entire cohort of 27 patients; all diagnosed with focal epilepsy. The “All patients” group was further separated into the following two subgroups:

-   “FBTCS-Y”: In this subgroup, the 19 patients were defined as having frequent (more than two per year) or infrequent (one per year) large, homolateral and simultaneous FBTCS. The FBTCS may have occurred during observation at the RPAH Epilepsy Centre or reported by the participant as occurring elsewhere.

-   “FBTCS-N”: In this subgroup, the 8 patients had never experienced FBTCS.

2. “Controls”: The control group consisted of 20 age and sex matched healthy individuals with no history of epilepsy.




2.2. Image acquisition

All scans were acquired on the same GE DiscoveryTM MR750 3T scanner (GE Medical Systems, Milwaukee, WI). For each participant, the following sequences were acquired: Pre-contrast 3D high-resolution T1-weighted image (0.7 mm isotropic) using fast spoiled gradient echo (SPGR) with magnetization-prepared inversion recovery pulse (TE/TI/TR = 2.8/450/7.1 ms, flip angle = 12); and axial diffusion-weighted imaging (2 mm isotropic, TE/TR = 85/8,325 ms) with a uniform gradient loading (b = 1,000 s/mm2) in 64 directions and 2 b0 s. An additional b0 image with reversed phase-encoding was also acquired for distortion correction (27).



2.3. Image preprocessing

The T1 images were processed using a modified version of Freesurfer's recon-all (v6.0) (28), alongside an in-house skull-stripping tool (Sydney Neuroimaging Analysis Centre). Each subject was inspected, and minor segmentation errors were manually corrected. A 5 tissue-type (5TT) image (29) was generated using MRtrix3 (30). The T1 image was registered to the mean b0 image; the warp was used to register the 5TT image to the diffusion image.

Diffusion image processing was conducted using MRtrix3 (30). The diffusion pre-processing included motion and distortion correction (27, 31), bias correction using ANTs (32), and resizing to voxel size 1 mm isotropic. The dhollander algorithm (33) was used to estimate the response functions of the white matter, gray matter, and cerebral spinal fluid, from which constrained spherical deconvolution was used to estimate the fibre orientation distributions using MRtrix3Tissue (30). The intensity of the white matter fibre orientation distributions was normalized (30), and used for anatomically constrained whole-brain tractography (34) (along with the registered 5TT image). The tractography protocols were as follows: 15 million tracks were generated, iFOD2 probabilistic fibre tracking (35), dynamic seeding (36), maximum length 300 mm, backtrack selected and crop at gray-matter-white-matter interface selected. For quantitative analysis, the corresponding weight for each streamline in the tractogram was derived using SIFT2 (36); the streamline weights and tractogram were used to generate a track-density image (TDI) (37).


2.3.1. Track-weighted tensor-based measurements

The pre-processed diffusion image was used to calculate the diffusion tensor. By resolving the tensor into its primary, secondary, and tertiary directions of diffusion, the following tensor-based metrics were calculated: apparent diffusion coefficient (ADC, the average of the three directions of diffusion), fractional anisotropy (FA, degree of anisotropy ranging from 0 to 1, whereby 0 indicates isotropic diffusion and 1 indicates diffusion exclusively along a single axis), axial diffusivity (AD, the primary direction of diffusion, representative of diffusion parallel to axonal fibres) and radial diffusivity (RD, the average of the secondary and tertiary directions of diffusion, representing diffusion perpendicular to axonal fibres) (38). Next, the tracks (and their weights) were used to calculate the TW-TM (i.e., TW-ADC, TW-FA, TW-AD, and TW-RD) (39). The following settings were used to generate TW images: Gaussian statistic, full-width-half-maximum of 40 and voxel size of 0.2mm.



2.3.2. Measuring tract-specific, track-weighted tensor-based metrics

Tractseg (26), a convolutional neural network based, automated tract segmentation model, was used to obtain data-driven, subject-specific tract segmentations. The tracts were used to isolate TW-TM in the specific tracts of interest. The tracts of interest are shown in Figure 1, and a schematic flow chart of the image analysis pipeline is in Figure 2.


[image: Figure 1]
FIGURE 1
 Overview of the 25 reconstructed tracts of interest. The following tracts were included (tracts names were assigned following (26): Thalamo - Prefrontal (TPREF), Premotor (TPREM), Precentral (TPREC), Postcentral (TPOSTC), Parietal (TPAR), and Occipital (TOCC); Striato - Fronto-Orbital (STFO), Prefrontal (STPREF), Premotor (STPREM), Precentral (STPREC), Postcentral (STPOSTC), Parietal (STPAR), and Occipital (STOCC); Anterior thalamic radiation (ATR), Superior thalamic radiation (STR), Corticospinal (CST), Fronto pontine (FPT), Parieto-occipital pontine (POPT), Inferior cerebellar peduncle (ICP), Middle cerebellar peduncle (MCP), Superior cerebellar peduncle (SCP), Inferior fronto-occipital fascicle (IFO), Uncinate fascicle (UF), Commissure anterior (CA), and Corpus callosum (CC). For tracts that exist in both hemispheres, the right and left sides were included in the image construction, though only the sagittal view is displayed. The tracts that cross between the hemispheres are displayed in coronal view.



[image: Figure 2]
FIGURE 2
 Schematic overview of imaging analysis pipeline. As described in Section 2.3, T1 and diffusion MRIs were preprocessed. Next, tract generation and subject-specific tract segmentation was conducted. Lastly, tensor maps were produced, and the tract-specific, track-weighted tensor-based measurements were derived.




2.3.3. Quality control

A neuroimaging specialist (CW) and neuroimaging researcher (CM) conducted quality control checks by visually inspecting each tract for consistency and anatomical correctness. The cerebellum areas in each subject were inspected and registration accuracy was verified. The right TPAR tract failed the quality control check in 10 participants; therefore the whole tract was removed from the analysis. Twenty-four tracts were included in the final statistical analysis.




2.4. Statistical analysis
 
2.4.1. Demographics

The chi-square test was used to investigate the existence of the following relationships in the patient subgroups: lesion presence and seizure onset side; lesion presence and FBTCS. Chi-square also tested for differences in drug resistance between patient subgroups and gender differences between the patient subgroups and controls. Analysis of variance (ANOVA) tests were conducted to examine differences in age between the patient subgroups and controls, and disease duration between the patient subgroups.



2.4.2. Group comparisons: All patients vs. controls

To examine whole-tract differences between groups, the weighted average of the left and right side of each tract was calculated using the equation [WeightedAverage-TW-TM = ((LTW−TM × Lcount) + (RTW−TM × Rcount))/(Lcount + Rcount)] (TW-TM: track-weighted tensor-based measurement, i.e., TW-ADC; count: tract count). Univariate analysis of covariance (ANCOVA) tests, which are robust to multiple comparisons including covariates (40), were used to examine the whole-tract differences for each TW-TM (i.e.,TW-ADC and TW-FA) between the “All patients” and control groups. A separate set of ANCOVAs was employed to investigate group differences in TW-TM in a given hemisphere. Here, the TW-TM for a given tract from a given hemisphere was compared between the “All patients” and control groups.



2.4.3. Group comparisons: FBTCS-Y, FBTCS-N vs. controls

ANCOVAs were used to investigate differences between the patient subgroups (FBTCS-Y and FBTCS-N) and control participants. Again, the weighted average of each tract's left and right sides was computed (as described above) to investigate the whole-tract differences in TW-TM between the three groups. ANCOVAs were then used to investigate group differences in a given hemisphere. Here, the TW-TM for a given tract from a given hemisphere was compared between the three groups.



2.4.4. Group comparisons: Drug resistant vs. drug responsive patients

It has been shown that drug resistant patients may have widespread alterations (41). To address this possibility in our cohort, the patients were split into “drug resistant” (N = 17) and “drug responsive” (N = 8) groups. To test for group differences, a multivariate analysis of covariance (MANCOVA) was conducted per TW-TM. Another separate MANCOVA was conducted to test for differences between the FBTCS-Y and FBTCS-N groups, with drug resistance as a covariate.

To account for age effects on diffusivity measures (42), age was included as a covariate in all the ANCOVAs for each above-mentioned group comparison. The threshold for statistical significance was set at p = 0.05 for all ANCOVAs. Bonferroni correction was used to correct for multiple comparisons as it has been shown to be a robust statistical method to control for multiple comparisons in the specific context of diffusion tensor imaging and tensor based metrics derived from an epilepsy cohort (25). In each group comparison of the TW-TM, the mean difference, p-value, and confidence intervals were taken from the Bonferroni adjusted pairwise comparisons generated from the estimated marginal means, which is robust against unbalanced groups and multiple comparisons. All statistical analysis were conducted in SPSS v28.





3. Results


3.1. Demographics

Twenty-five patients (10M, 15F, mean age 40 ±12.7 years, 17 with FBTCS-Y and 8 with FBTCS-N) and 19 controls (4M, 15F, mean age 37 ±11.12 years) were included in this study after passing the quality control (QC) check described in the Methods section 2.3. There were no significant differences in age [F(2,41) = 1.506, p = 0.234] or gender [[image: image] = 1.820, p = 0.402] between the FBTCS-Y, FBTCS-N, and control groups. There was no significant difference in drug resistance classification between the FBTCS-Y and FBTCS-N groups, [[image: image] = 1.752, p = 0.186]. There was no significant difference in disease duration between the FBTCS-Y and FBTCS-N groups, [F(1,23) = 0.121, p = 0.731]. There was no significant association between lesion presence and seizure onset side or between lesion presence and FBTCS. Table 1 shows the characteristics of all the participants.


TABLE 1 Participants' demographic and clinical characteristics.

[image: Table 1]



3.2. All patients vs. controls

Individual ANCOVA tests were conducted to examine the between-group differences in the two grouping conditions (“All patients” vs. controls; FBTCS-Y and FBTCS-N vs. controls).

To focus on the results that may yield clinical value, only the TW-TM that displayed a mean significant difference between the groups are reported here and in the following sections (p-values extracted from the pairwise comparisons); all other results are reported in the Supplementary Tables. Where more than five tracts showed significant between-group differences for a given TW-TM, the p-value is reported as p < 0.05. The exact p-values and confidence intervals for the ANCOVAs (except for Section 3.4) are provided in the Supplementary Tables.

Compared to controls, the mean TW-ADC was higher in the “All patients” group for 16 out of 24 whole brain tracts (p < 0.05). The uncinate fasciculus (UF) had a lower average TW-FA in the “All patients” group compared to controls (p = 0.023, partial n2 = 0.123). Nineteen tracts showed a higher average TW-RD in the “All patients” group compared to controls (p < 0.05). The middle and superior cerebellar peduncles (MCP and SCP) had higher mean TW-AD in “All patients” compared to controls (MCP: p = 0.033, partial n2 = 0.108; SCP: p = 0.032, partial n2 = 0.110). Figure 3 contains boxplots of the results. When group differences were tested in each hemisphere, the previously observed significant whole-tract differences were not preserved in both hemispheres. The Bonferroni corrected mean differences, exact p-values, effect sizes, and confidence intervals from the ANCOVAs between the “All patients” and control groups are reported in Supplementary Tables 1, 2.


[image: Figure 3]
FIGURE 3
 Boxplots of the mean difference in TW-TM for each whole brain tract. The asterisks indicate the tracts where the mean TW-TM difference between the two groups was significant at p < 0.05. Notable results that support the hypothesis include the significantly higher mean TW-ADC and TW-RD in the striatal and thalamic tracts (STFO, STOCC, STPAR, STPOSTC, STPREC, STPREF, STPREM, TOCC, TPOSTC, TPREC, TPREF, and TPREM), and the corpus callosum (CC) of the “All patients” group compared to controls. Compared to controls, the “All patients” groups also showed higher TW-ADC and TW-RD in the anterior and superior thalamic radiations (ATR, STR), corticospinal tract (CST), and fronto-pontine (FPT). Compared to controls, the “All patients” groups displayed higher TW-AD in the middle and superior cerebellar peduncles, and lower TW-FA in the uncinate fasciculus (UF).




3.3. FBTCS-Y, FBTCS-N vs. controls

Group differences were observed in a number of TW-TM in the whole-tract comparison. Here, we report the significant p-values from the post-hoc tests which revealed that overall, the differences between the FBTCS-N and control groups drove the significant effects observed in the ANCOVAs (see Supplementary Table 3). When compared to controls, the FBTCS-N group had higher mean TW-ADC in 18 out of 24 tracts (p < 0.05), and in the TW-FA of the corpus callosum (CC) (p = 0.043), thalamo prefrontal and premotor tracts (TPREF, TPREM, p = 0.048 and p = 0.031, respectively). When compared to controls, the FBTCS-N group also had higher mean TW-RD in 18 out of 24 tracts (p < 0.05) and higher mean TW-AD in the inferior fronto-occipital fascicle (IFO, p = 0.030), and the occipital striato and thalamo tracts (STOCC, TOCC, p = 0.018 and p = 0.026, respectively). Interestingly, compared to the FBTCS-Y group, the FBTCS-N group showed significantly higher mean TW-TM in the inferior fronto-occipital fascicle, and occipital striato and thalamic tracts (TW-ADC: p = 0.044, p = 0.032, p = 0.042 respectively; TW-AD: IFO: p = 0.049, STOCC: p = 0.033). The FBTCS-Y group also had significantly higher TW-AD than the controls in the middle cerebellar peduncle (MCP, p = 0.042). Figure 4A displays the boxplots of the results, and Figure 4B contains a visual representation of the tracts that exhibited significant TW-TM differences between the patient subgroups, and between the FBTCS-Y group and controls. When group differences were compared hemispherically, the previously observed significant whole-tract differences were not preserved in both hemispheres. The Bonferroni corrected mean differences, exact p-values, and confidence intervals from all ANCOVAs between the patient subgroups and control group are reported in Supplementary Tables 3, 4.
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FIGURE 4
 Mean group differences in TW-TM for each whole brain tract. Grouped boxplots for each TW-TM for each whole brain tract are shown in (A). A single asterisk denotes the tracts where the mean TW-TM difference between the two patient groups was significant (p < 0.05), whereas two asterisks denote the tracts where the mean TW-TM difference was significant between the FBTCS-Y and control groups (p < 0.05). In panel (B) is a visual representation of the whole-tracts where a significant difference in mean TW-TM was observed between the two patient groups (light blue: inferior fronto-occipital fascicle, metrics: TW-ADC and TW-AD; dark blue: striato-occipital tract, metric: TW-ADC and TW-AD; green: thalamo-occipital tract, metric: TW-ADC). Also shown in panel (B) is the middle cerebellar peduncle (MCP, purple) where a significant difference in mean TW-AD was observed between the FBTCS-Y and control groups. Notably, the mean TW-AD of the middle cerebellar peduncle was significantly different between all patients and controls. Splitting the patients into their subgroups revealed the significant difference was driven by the FBTCS-Y group.


Compared to the FBTCS-Y group, the significantly higher TW-ADC and TW-AD of the IFO tract in the FBTCS-N group was retained only in the right side (p = 0.047 and p = 0.028, respectively). All mean differences, exact p-values and confidence intervals for the ANCOVAs between the FBTCS-Y, FBTCS-N, and Control groups are provided in Supplementary Tables 3, 4.



3.4. Drug resistant vs. drug responsive patients

Compared to the drug responsive group, the drug resistant group had higher mean TW-AD and TW-FA in the commissure anterior (CA) and this difference was significant (TW-AD: p = 0.045, partial n2 = 0.178, 95% CI [9.116E-07, 7.560E-05]; TW-FA: p = 0.039, partial n2 = 0.187, 95% CI [1.408E-03, 5.089E-02]). The tests of between subjects effects showed that as a covariate, drug resistance was only significant in the model for the TW-AD and TW-FA of the commissure anterior and did not change any prior results. Notably, significant TW-TM differences were not observed in the commissure anterior in the other grouping conditions.




4. Discussion

In this study, tract-specific TW-TM were obtained to quantify the white matter differences in patients with and without FBTCS, compared to controls.

Our study revealed patients with FBTCS had unexpected, marked alterations in specific subcortical tracts considered critical to seizure genesis. Our findings indicated that the type of inferred white matter disruption (i.e., altered TW-AD) taken in the context of the subcortical region, may be relevant to the seizure semiology observed in FBTCS. The region-specific alterations are likely a function of seizure pathology rather than whole-brain differences. The ensuing discussion focuses solely on the compelling results that could yield clinical utility. Of particular interest were the whole brain tracts, where significantly different mean TW-TM were observed between the patient subgroups. Readers may refer to the Supplementary Tables to further examine other results.

The first remarkable finding was the significant difference between the two patient subgroups in the TW-ADC and TW-AD of the inferior fronto-occipital fascicle (IFO), and striatal and thalamic occipital tracts (STOCC and TOCC), providing support for the second hypothesis. The thalamocortical circuit has been implicated as a critical mechanism for the genesis of FBTCS (43) by engagement of the striatum and corpus callosum. In patients with mesio-TLE, stereotactic EEG (SEEG) has shown the role of thalamocortical connections in seizure termination (44). Altered thalamic functional profiles have also been proposed as imaging biomarkers of active secondary generalization (45).

Although the inhibitory role of the basal ganglia has been demonstrated in TLE with FBTCS, our study shows it may be important in other focal epilepsies presenting with FBTCS. Mounting research using stereo-EEG, deep brain stimulation, and EEG/fMRI suggests the physiological rhythms in the basal ganglia as a “pacemaker” for ictal discharge throughout adjacent regions (12). Stereo-EEG demonstrated cortico-striatal synchronization (46), implicating the changing synchronization as a mechanism to control the duration of abnormal oscillations within the striatal-thalamo-cortical loop and for potential termination. Deep brain stimulation studies show that regulation of basal ganglia activity via thalamostriatal projections may mediate generalized seizures (47). Combined EEG/fMRI measurements showed the thalamocortical-striatal network could be involved in activation (thalamocortical), deactivation (striatal), and consequently termination of cortical discharge (48). Furthermore, the cortico-striato-thalamo-cerebellar network has been implicated as a prominent feature of FBTCS via increased connectivity of structural covariance in the striatum and thalamus (49). Here, we identified alterations in the TW-TM of specific tracts (inferior fronto-occipital fascicle, striato-occipital, and thalamo-occipital tracts) that may represent a predictive biomarker to differentiate between individuals who develop FBTCS vs. those who do not. The increased TW-ADC in conjunction with the increased TW-AD could infer white matter disruption significant enough to inhibit propagation of ictal discharge. Our finding in a new dataset using reproducible imaging techniques provides the field with further evidence congruent with existing research. This finding adds to the foundational knowledge of FBTCS and could guide researchers in investigating the specific circuits and networks involved in FBTCS.

Second, the significant difference observed between the FBTCS-N and control groups in three TW-TM (TW-ADC, TW-FA, and TW-RD) derived from the thalamo-prefrontal and thalamo-premotor tracts might be explained by premorbid connections in the subcortical structures. A recent application of magnetic resonance fingerprinting in normal appearing MRI scans from a focal epilepsy cohort revealed predominantly ipsilateral changes in the tissue properties of the thalamus and basal ganglia (50), suggesting both the impairment and vulnerability of subcortical structures in focal epilepsy. In TLE, propagation patterns of electrophysiological discharge are bolstered by the structural white matter pathways which reinforce ictal propagation (51), suggesting that premorbid white matter damage may halt the natural progression of ictal discharge. However, for those with less altered TPREF and TPREM tracts, such as in our FBTCS-Y group, the white matter fibre bundles may bear a closer resemblance to the control group. Here, ictal discharge events could gain enough momentum to override the inhibitory mechanisms and spread to the contralateral hemisphere.

Lastly, given the overall significant differences were observed between the FBTCS-N group and controls, the significantly higher TW-AD of the middle cerebellar peduncle in the FBTCS-Y group is noteworthy. Unlike the thalamic tracts, the middle cerebellar peduncle is cross-hemispheric, connecting the cerebellum to the pons, and is composed entirely of centripetal fibres. Previous work has shown the role of the middle cerebellar peduncle in generalized tonic-clonic seizures (52), potentiating it as a tract where injury may increase susceptibility to the development of a generalized seizure.

Although increased AD has been shown to result from white matter maturation, all groups were age-matched, suggesting the possibility that the higher TW-AD in the middle cerebellar peduncle of the FBTCS-Y group may be due to distinct premorbid FBTCS mechanisms. Since increased AD can also imply better organization of fibre structure, the TW-AD differences between the FBTCS-Y and FBTCS-N groups in the cerebellar region could be a feature of the FBTCS brain whereby those with FBTCS-Y have stronger premorbid fibre connections and the ability to sustain the intrahemispheric flow of ictal discharge. The middle cerebellar peduncle is presented as a compelling region of interest in post-surgical imaging, and future works could investigate this further.

It is noted that although the inferior cerebellar peduncle makes up the peduncle group and is anatomically adjacent to the superior and middle cerebellar peduncles, it is neither functionally important in information relay nor inhibition, which may explain the absence of significant, between groups difference in this tract. Finally, there was no significant relationship between lesion presence and seizure onset side, or lesion presence and FBTCS, reinforcing the conjecture that the tract-specific TW-TM differences between the patient subgroups were due to premorbid connections rather than the effects of seizure injury. Our findings promote the possibility that propagation of ictal discharge from the epileptogenic zone to the contralateral hemisphere could be inhibited by premorbid damage to critical information relay and anatomically relevant tracts.

Imaging studies of patients with epilepsy are traditionally limited by small sample sizes (19–21, 53), primarily due to challenges in recruitment. Our relatively small sample size was a limitation in our study, which prevented further patient subgroup analysis of the striatal and thalamus tracts. Nevertheless, our study presents to the field specific tracts that may play a role in FBTCS, reinforcing the value of imaging techniques such as TW-TM in demystifying the mechanisms involved in FBTCS. Though generalized seizures may appear similar in semiology to FBTCS, specific pathways and networks may be involved in FBTCS once the bi-hemispheric ictal propagation begins and is a critical topic for further research. There is the possibility that the seizure onset zone may have a role in the observed differences. However, in the current sample size, such analysis would be low powered. Future work with a larger sample size would be better equipped to investigate such queries.

In summary, we used a robust and reproducible model to obtain track-specific TW-TM to show region-specific white matter alterations in a subgroup of patients with FBTCS, compared to those with focal epilepsy alone, and control participants. Our findings provide mechanistic insights into how structural changes may impact the functional role of the thalamic and striatal regions in individuals with FBCTS. We highlight specific tracts (IFO, STOCC, TPREF, and TPREM) that may be involved in FBTCS. Our results lay the foundation for a better understanding of seizure propagation in FBCTS and offer potential biomarkers that can help explain disease progression and aid treatment.
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