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Objective: The objective of this study was to explore the relation between interictal epileptiform discharge (IED) source connectivity and cortical structural couplings (SCs) in temporal lobe epilepsy (TLE).

Methods: High-resolution 3D-MRI and 32-sensor EEG data from 59 patients with TLE were collected. Principal component analysis was performed on the morphological data on MRI to obtain the cortical SCs. IEDs were labeled from EEG data and averaged. The standard low-resolution electromagnetic tomography analysis was performed to locate the source of the average IEDs. Phase-locked value was used to evaluate the IED source connectivity. Finally, correlation analysis was used to compare the IED source connectivity and the cortical SCs.

Results: The features of the cortical morphology in left and right TLE were similar across four cortical SCs, which could be mainly described as the default mode network, limbic regions, connections bilateral medial temporal, and connections through the ipsilateral insula. The IED source connectivity at the regions of interest was negatively correlated with the corresponding cortical SCs.

Significance: The cortical SCs were confirmed to be negatively related to IED source connectivity in patients with TLE as detected with MRI and EEG coregistered data. These findings suggest the important role of intervening IEDs in treating TLE.
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Introduction

Epilepsy is a chronic neurological disease characterized by episodes of abnormal neural activation that result in sensory, psychiatric, and neurological dysfunction. Temporal lobe epilepsy (TLE) is the most common form of epilepsy and is notorious for being pharmacoresistant (1). Recent findings indicate that neurobiological alterations in patients with a significant history of TLE are not limited to temporal areas but can extend to cortical regions (2). The cortical atrophy in patients with TLE has been mainly identified in the regions that connect with the temporal structures, including the prefrontal, limbic, and perisylvian regions. Some subcortical nuclei such as the thalamus and basal ganglia can also show atrophy in patients with TLE. Studies suggest that gray matter atrophy in TLE can be related to the structural connectivity of the temporal lobe (3). Alterations in structural connectivity also can cause a wide array of comorbidities in patients with TLE, including cognitive dysfunction, neuropsychological disorders, sleep disorders, and poor quality of life in patients with TLE (4, 5).

For diagnostic purposes, interictal epileptiform discharges (IEDs) are important pathological biomarkers detectable via electroencephalogram (EEG). In addition to being used to locate the epileptogenic focus for focal epilepsy, IEDs can also be applied for the analysis of brain activity dynamics (6) and obtaining information about functional brain connectivity (7). Nowadays, the findings of IED analysis reveal the epileptogenic network associated with clinical seizures and explain the presence of intrinsic brain network mechanisms of epilepsy (8, 9). Recent studies have also found that patients presenting with extensive structural and functional brain abnormalities are often closely associated with spreading IEDs (10). Therefore, uncovering and monitoring brain network alterations based on IED analysis are essential to discover structural hubs that can be used for the treatment that could control seizures effectively and protect patients' cognitive function. These networks can even be used as important structural biomarkers to predict the outcome of surgical treatment in patients and to discover new targets for micro-invasive therapies and neuromodulation therapy.

There have been many studies on patients with TLE about brain connectivity based on IEDs using novel computational algorithms; for example, the Epilepsy Connectome Project is gradually unfolding worldwide (11). However, there is a lack of integrated analysis between EEG data and cerebral structural imaging data for patients with TLE. The integrated analysis can potentially allow for precise detection of the origin and spreading pathways of epileptiform discharges, as well as an advanced understanding of the pathophysiology of TLE. Therefore, this study will perform a source localization analysis of IEDs in TLE and explore the relationship between the IED source connectivity with the cortical structural couplings (SCs). We aimed to test the hypothesis that the spreading patterns of IEDs in patients with TLE are associated with the corresponding cortical SCs on the pathophysiological level.



Methods


Participants

This study included 59 patients diagnosed with unilateral temporal lobe epilepsy (TLE) between 2015 and 2020. The inclusion criteria are as follows: patients with TLE, with a diagnosis confirmed via seizure semiology, interictal/ictal electroencephalogram, and video-telemetry recordings, as well as evidence of structural abnormalities in the temporal lobe on magnetic resonance imaging (MRI) according to the diagnostic criteria devised by the International League Against Epilepsy (ILAE) (12). Of these, 33 patients were diagnosed with unilateral hippocampal sclerosis and 15 of these underwent surgery, with the pathology indicating hippocampal sclerosis combined with focal cortical dysplasia and the seizure outcomes categorized as completely seizure-free (Engel class I), while 26 patients had negative MRI results or a slightly increased signal intensity in the hippocampal and amygdala structures. The study also included patients aged 16–40 years who were right-handed, while patients with TLE caused by inflammation, trauma, brain tumor, or vascular disease were excluded.

Written consent was obtained from 59 participants. One of the female patients was under 18 years of age, and consent was provided by both of her parents. This study was approved by the institutional review board at the General Hospital of Southern Theater Command.



Neuroimaging procedures
 
Acquisition

All the participants diagnosed with TLE underwent a high-resolution brain MRI with a General Electric (GE) 3.0T MR scanner. The traditional T1-weighted, T2-weighted, T2 FLAIR axial sequences, the T2-weighted and T2 FLAIR coronal sequences along the hippocampal axis, and the 3D T1-weighted MPRAGE sequences were acquired with the following parameters: (TE = 3.24 ms, TR = 2,300 ms, TI = 900 ms, FA = 9 degrees, bandwidth = 210 Hz/pixel, FOV = 256 mm, matrix size = 256 × 256, resolution = 1.0 × 1.0 × 1.0 mm3, number of slices = 176, and sagittal acquisition).



Image processing

The 3D T1-weighted MPRAGE images were converted into NIFIT format and imported into the Linux workstation. The artifacts of image noise, inhomogeneity, and patient head movement were excluded to control image quality, and rescanning is required for the images with poor quality. FreeSurfer 5.3 software (https://surfer.nmr.mgh.harvard.edu) was used to segment, reconstruct, and parcellate the cortical surface and subcortical GM structures (hippocampus, amygdala, caudate nucleus, shell nucleus, pallidum, volar nucleus, and brainstem). The process involved removal of non-cerebral tissue; intensity normalization; Talairach transformation; segmentation of subcortical GM structures; tessellation of the gray matter (GM)–white matter (WM) interface and automated correction of topological defects; surface deformation toward the GM–WM interface following intensity gradients to construct the pial surface; and cortical parcellation was based on the Desikan–Killiany (DK) atlas (13).




EEG procedures
 
Video-EEG acquisition

The video-EEG data were recorded with Bio-logic 32-sensor video-EEG monitoring equipment (Ceegraphy vision Digital EEG system, version 7.15.06. Copyright ©Bio-logic System Corp.). The sampling rate was set to 256–512 Hz, band-pass filtering was selected, the filter range was set to 0.5–70 Hz, the Notch was set to 50 Hz, and the time constant was set to 0.3 s. The 32 scalp sensors and bilateral sphenoid sensors were placed for the patients with TLE according to the international 10–20 system, and the average electrode was set as the reference electrode. The data were recorded continuously for 24–48 h.



EEG data processing

The EEG data files were converted into EDF file format and imported into the Brainstorm workstation (https://neuroimage.usc.edu/brainstorm). The 3D individual head model reconstructed by Freesurfer 5.3 was imported simultaneously into the workstation. The MRI registration tool was used to match the EEG leads to the individual head model, and the MRI segmentation tool was used to segment the image and obtain the 3D model of the cortical surface. The EEG of each patient was reviewed by a neurologist with professional EEG training (Z.S. Li and Q.W. Gao), the peaks of the IEDs were marked, and the EEG data between −500 ms and +500 ms at the peaks of the IEDs were averaged. The standardized low-resolution electromagnetic tomography (sLORETA) analysis was performed to locate the source of the average IEDs (14).



Interictal epileptiform discharges source connectivity calculation

The phase-locking value (PLV) is an important metric for measuring the synchronization between two time series signals. The algorithm of PLV is also a suitable method for quantifying and analyzing connectivity in dynamic systems and for brain connectivity analysis as a nonlinear dynamic system (15). The synchronicity between two signals in a system can be reflected by the phase angle between the two vectors. PLV is the absolute value of the mean phase difference between the two signals expressed as a complex unit-length vector. The PLV range is 0–1; if the marginal distributions for the two signals are uniform and the signals are independent, then the relative phase will also have a uniform distribution, and the PLV will be 0. Conversely, if the phases of the two signals are strongly coupled, then the PLV will approach 1.

In our study, the time frame of IEDs ranges from 70 to 200 ms, and the Hilbert transform method of time–frequency transformation is used for the 5.0–14.0 Hz band. The DK parcellations where the source of IEDs was located were used as the nodes, and the connectivity between the nodes was quantified using PLV. The DK parcellations in the temporal lobe (temporal pole, superior, middle, and inferior temporal gyrus, fusiform gyrus, temporal transverse gyrus, entorhinal area, and parahippocampal gyrus) that were ipsilateral to the lesion were selected as regions of interest (ROIs). The PLV values of the IED source between each ROI and other cortical DK parcellations were acquired (Figure 1).
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FIGURE 1
 The processing process of IEDs source connectivity.





Statistical analyses

The IBM SPSS 22.0 software package was used for statistical analysis (IBM SPSS Statistics for Windows, Armonk, NY, USA). Descriptive analysis was used for demographic and clinical data characterization. An independent sample t-test was used for quantitative data comparison (ages, duration of epilepsy, and ages of onset), and the chi-square test was used for categorical data comparison (sex, seizure type, seizure frequency, number of antiepileptic seizure medicines (ASMs), history of febrile convulsions, and family history of epilepsy). All tests were two-tailed, and significance levels were set at α = 0.05.

Cortical thickness data of each DK parcellation were imported into SPSS v 22.0. Principal component analysis (PCA) was used as a dimension reduction tool to extract the principal components (PCs) that explained 70% of the total variance in the cortical thickness database. Each PC represents a specific cortical structural coupling (SC) due to PCA being a useful technique for exploring connectivity. Finally, we showed the main SCs in a 3D model of the cerebral cortex. We used Spearman's correlation analysis to evaluate the relationship between the PLV of IEDs source in each ROI and the value of each cortical SC.




Results


Demographic and clinical characteristics

General demographic information and clinical characteristics, including duration of epilepsy, age of onset, seizure type (focal onset seizures or focal to bilateral tonic–clonic seizures), seizure frequency, number of anti-seizure medications (ASMs), history of febrile convulsions, and family history of epilepsy, were recorded for patients diagnosed with TLE (Table 1).


TABLE 1 Demographic and clinical characteristics of the study participants.
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The important cortical structural couplings in TLE

A total of six PCs could be extracted from the cortical thickness data of the left and right TLE groups processed by PCA accounting for 74.92 and 76.44% of the total variance, respectively. The distribution of the coefficients in the cortical regions of the four PC pairs in both groups was observably similar, suggesting the consistency of cortical SCs in the two groups. SC1: positive distribution in the extensive cortical regions (PC1 in the left and right TLE groups); SC2: Positive distribution mainly in the posterior limbic regions and negative distribution in the lateral perisylvian regions (PC2 in the left TLE group and PC4 in the right TLE group); SC3: Positive distribution mainly in bilateral medial temporal lobe structures and negative distribution in the anterior limbic regions (both PC3 in the left TLE group and the right TLE group); SC4: Negatively distributed in the ipsilateral insula, nearby cortex, and even ipsilateral hemispheric cortex based on the positive distribution in the extensive cortical regions (PC5 in the left TLE group and PC2 in the right TLE group) (Figure 2).


[image: Figure 2]
FIGURE 2
 Important principal components (PCs) in both TLEs. (A) Left TLE: PC1: Positive distribution in the extensive cortical regions. PC2: Negative distribution in the perisylvian regions. PC3: Negative distribution in the limbic regions. PC4: Negative distribution in the posterior cerebral regions. PC5: Negative distribution in the frontal, insula, cingulate gyrus, and parieto-occipital regions. PC6: Negative distribution in the bilateral temporal lobe. (B) Right TLE: PC1: Positive distribution in the extensive cortical regions. PC2: Negative distribution in the limbic regions. PC3: Negative distribution in the frontal, insula, cingulate gyrus, and parieto-occipital regions. PC4: Negative distribution in the bilateral temporal lobe. PC5: Negative distribution in the perisylvian regions. PC6: Negative distribution in the posterior cerebral regions.




The relationship between IED source connectivity and cortical SCs in TLE

The correlations between IED source connectivity and SCs in both TLE groups showed similarity to some degree, mainly as follows: (1) In each TLE group, the IED source connectivity between the ipsilateral temporal lobe and widespread cerebral regions, which included bilateral frontal, temporal, parietal, and occipital lobes, and insula and cingulate gyrus, was negatively correlated with SC1 (Figure 3); (2) in the left TLE group, the IEDs source connectivity between the left temporal lobe and the limbic regions, which included the medial temporal lobe, cingulate, and orbitofrontal cortex, was negatively correlated with SC3. In the right TLE group, the IED source connectivity between the right temporal lobe and the medial temporal and occipital lobes, cingulate gyrus, and ipsilateral pars triangularis cortex was negatively correlated with SC3 (Figure 4); (3) in the left TLE group, the IED source connectivity between the left temporal lobe and the rolandic, parietal cortex was negatively correlated with SC4. In the right TLE group, the IED source connectivity between the right temporal lobe and the frontal, temporal regions was negatively correlated with SC4 (refer to Figure 5).


[image: Figure 3]
FIGURE 3
 In each TLE group, the IED source connectivity between the ipsilateral temporal lobe and widespread cerebral regions, which included temporal lobes, frontal lobe, insula, cingulate, parietal, and occipital regions, was negatively correlated with SC1.
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FIGURE 4
 In the left TLE group, the IED source connectivity between the left temporal lobe and the limbic regions which included the medial temporal lobe, cingulate, and orbitofrontal cortex was negatively correlated with SC3. In the right TLE group, the IED source connectivity between the right temporal lobe and the medial temporal and occipital lobes, cingulate gyrus, and ipsilateral pars triangularis cortex was negatively correlated with SC3.
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FIGURE 5
 In the left TLE group, the IED source connectivity between the left temporal lobe and the rolandic, parietal cortex was negatively correlated with SC4. In the right TLE group, the IED source connectivity between the right temporal lobe and the frontal, temporal regions was negatively correlated with SC4.





Discussion

In our study, PCA and PLV algorithms were applied to calculate the cortical structural couplings and the IED source connectivity of TLE separately. Correlation analysis was performed to acquire the relationship between the cortical morphology and IEDs in TLE. The results have suggested IED source connectivity, which was negatively related to the important cortical SCs in TLE. To the best of our knowledge, this study is the first attempt to couple the cortical structural and electrophysiological data in patients with TLE to enhance the understanding of the intrinsic cerebral networks using non-invasive methods.

Extensive structural brain atrophy in patients with TLE has been reported in many studies. Illness-associated brain atrophy is a robust finding that remains in effect even after controlling for confounding clinical factors (16). In recent years, studies under the umbrella of the ENIGMA worldwide consortium have mapped the areas of neural atrophy within the prefrontal lobe, the perisylvian regions, the limbic regions, and even subcortical structures such as the thalamus and pallidum in patients with TLE (17). Conceivably, cortical atrophy in these regions can be more pronounced as the disease progresses (18), suggesting that epilepsy might be an independent risk factor for cortical volume decline.

We identified patterns of cortical structural alteration that were reflective of the TLE-related pathology, thus revealing primary substrates in the circuits connecting with the temporal lobe (3, 19). These results agree with the neuroimaging study that employed diffusion tensor imaging (DTI) of the brain; they reported alterations of the white matter fiber tracts, such as the parahippocampal cingulum, fornix/stria terminalis, and the uncinate fasciculus in TLE (20). The categorization of these alterations in TLE in our study also revealed the presence of four important connection groups. The findings from our analyses align with other reports in the literature (21). The importance of cortical SCs lies in the ability to identify important nodes for predicting surgical outcomes and medication response, as well as for uncovering important hub points for later micro-invasive surgery (22, 23). In recent years, it can also be used to reveal the underlying cerebral network mechanisms for the emergence of cognitive function subtypes in TLE. For example, the SC in the perisylvian region is closely related to language function (24). The results suggested the important role of protecting the SCs related to cognitive function in treating TLE. The clinical value of the SC still needs to be further elaborated.

Another highlight of this study is the relationship between IED source connectivity and SCs in TLE. EEG is a commonly used diagnostic method in neurological clinical settings, and due to its high temporal resolution, it is also widely used by researchers to study cerebral functional networks. It is possible to locate the EEG sources and hyperexcitability spreading pathways when applying the inverse algorithms and combining them with imaging data. The electroencephalography source imaging (ESI) was effective in excluding the influence of the confounding impact of volumetric conduction and was even applied to localize the epileptogenic zone (25, 26). PLV was used to evaluate the IED source connectivity here, which could be more confident than the correlation and coherence coefficients. First, we found that the IED source connectivity with the multiple cerebral regions in both TLE groups, especially involving the frontal, insular, and posterior cingulate regions, was negatively correlated with the cortical SC1 of DMN. This result suggests that the wide-spreading of IEDs can cause cortical injuries throughout the brain. The result is similar to the findings of superficial white matter studies that the large-scale decreased functional connectivity in the anterior and posterior DMN hub regions in patients with TLE (27). Other structural and functional connectivity studies based on respective DTI and high-density EEG analysis have also verified that patients with TLE present with decreased structural connectivity efficacy between the temporal lobe and DMN nodes, especially in relation to the decreased connectivity between the temporal lobe and posterior cingulate gyrus (28, 29).

Second, we found that the IED source connectivity between the temporal lobe and limbic regions was negatively correlated with the positively distributed regions in SC3, especially in the bilateral medial temporal lobe and orbitofrontal and posterior cingulate regions. These regions communicated mainly by the anterior commissure and fornix bundle, and epileptic discharges could spread effectively through this pathway in TLE. It was also confirmed by EEG-fMRI studies that IEDs originating from the temporal lobe are often followed by the activation of limbic regions. The cortex in the limbic regions was commonly confirmed by morphological injuries in TLE by numerous studies (30), and the pathological alterations in the limbic circuits were important morphological biomarkers associated with TLE under the use of atypical interhemispheric asymmetry and regional atrophy mapping (31). The degree of disconnectivity in the limbic system was correlated with hippocampal atrophy and abnormal myelin content (32). The disconnection of the medial temporal structures from the limbic system through loss of white matter tracts in the fornix was even confirmed as one of the predicted factors associated with favorable postoperative outcomes (33). These results suggested that the limbic system was an important target for TLE treatment. It would be an important direction for future TLE treatment from the viewpoint of blocking the spreading and injuries of abnormal discharges to the limbic system.

The distribution of SC4 differed from other SCs in that negative distribution in the ipsilateral insula and adjacent cortices were based on DMN. The IED source connectivity that correlated with SC4 was in that diffuse and positively distributed cortical regions, such as the frontal, parietal, central, insula, and occipital lobes cortex, suggesting that the spreading of IEDs through the insula is diffuse and negatively associated with widespread cortical connections. This result was also confirmed in previous studies of IEDs spreading in TLE based on the quantitative analysis of EEG and neuroimaging (10). It could be confirmed that the connection of the insula with extensive brain areas, as well as the connections between the bilateral insula to communicate with the bilateral limbic system in the cortico-cortical evoked potentials study, and the insula has major integrated roles in multimodal functional network processing, such as language, sensation, auditory, visual, limbic, and vestibular functions (34). The involvement of the insula in TLE is commonly viewed as the biomarker of the illness, which can predict poor surgical outcomes (35). The reason was likely to be related to the close connection between the temporal and insular lobe, which could induce widespread dysfunction of DMN by epileptiform activity (36). Hence, this explains our results regarding the negative correlation between the IED source connectivity within bilateral multi-cerebral-lobes with the SC4.

The results of the present study should be viewed in light of several key limitations. (1) The sample size was not large enough, and the variance of all PCs extracted accounts for only 70% of the variance of the overall data, which inevitably leads to a certain degree of bias in the acquisition of SCs. The sample size was needed to increase in future studies and improve the reliability of the results; (2) We only use the cortical thickness data for the cortical analysis in this study, which is not comprehensive enough for the cortical morphological assessment. The other cortical morphological indexes, such as gyrification, and subcortical white matter (SWM) would be involved in our further studies; (3) The correlation analysis was used to explore the relationship between IED source connectivity and SCs. The efficiency of evaluating the causal relationship between the two dimensions was lacking. More appropriate statistical analysis methods were needed.



Conclusion

This was the first study that performed correlation analysis between the IED source connectivity and cortical SCs in TLE. The negative relationship of IEDs spreading on the corresponding SC in these cerebral regions was confirmed. The results can be used to comprehensively understand the symptomatic manifestations and the comorbidities of TLE from a cerebral structural-electrophysiological connectivity perspective. The MRI-EEG data coupling can potentially be used to identify new therapeutic targets or navigate micro-invasive surgery or neuromodulation therapy.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the General Hospital of Southern Theater Command, PLA. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)' legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author contributions

ZL and CJ were responsible for the study performance, image processing, statistical analysis, and drafting manuscript. WX and ZQ were responsible for data organization. QG, JL, KP, and WeiW provided patients with TLE and interpreted the data. WeimW and BD contributed to the study concept and design, revising the manuscript, and obtaining funding. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Technology Research and Development Program (863 programs) of China (2015137). The funding body did not influence the design of the study and data collection procedures, data analyses and interpretation, and manuscript preparation.



Acknowledgments

The authors would like to thank all the participants who agreed to participate in the present study. We thank Medjaden Inc. for the scientific editing of this manuscript.



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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1029732/full#supplementary-material



References

 1. Alvim MKM, Coan AC, Campos BM, Yasuda CL, Oliveira MC, Morita ME, et al. Progression of gray matter atrophy in seizure-free patients with temporal lobe epilepsy. Epilepsia. (2016) 57:621–9. doi: 10.1111/epi.13334

 2. Bernhardt BC, Bernasconi N, Concha L, Bernasconi A. Cortical thickness analysis in temporal lobe epilepsy: reproducibility and relation to outcome. Neurology. (2010) 74:1776–84. doi: 10.1212/WNL.0b013e3181e0f80a

 3. Park BY, Larivière S, Rodríguez-Cruces R, Royer J, Tavakol S, Wang Y, et al. Topographic divergence of atypical cortical asymmetry and atrophy patterns in temporal lobe epilepsy. Brain. (2022) 145:1285–98. doi: 10.1093/brain/awab417

 4. Hermann BP, Struck AF, Busch RM, Reyes A, Kaestner E, McDonald CR. Neurobehavioural comorbidities of epilepsy: towards a network-based precision taxonomy. Nat Rev Neurol. (2021) 17:731–46. doi: 10.1038/s41582-021-00555-z

 5. GBD 2016 Epilepsy Collaborators. Global, regional, and national burden of epilepsy, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. (2019) 18:357–75. doi: 10.1016/S1474-4422(18)30454-X

 6. Omidvarnia A, Pedersen M, Vaughan DN, Walz JM, Abbott DF, Zalesky A, et al. Dynamic coupling between fMRI local connectivity and interictal EEG in focal epilepsy: a wavelet analysis approach. Hum Brain Mapp. (2017) 38:5356–74. doi: 10.1002/hbm.23723

 7. Coito A, Plomp G, Genetti M, Abela E, Wiest R, Seeck M, et al. Dynamic directed interictal connectivity in left and right temporal lobe epilepsy. Epilepsia. (2015) 56:207–17. doi: 10.1111/epi.12904

 8. Karunakaran S, Rollo MJ, Kim K, Johnson JA, Kalamangalam GP, Aazhang B, et al. The interictal mesial temporal lobe epilepsy network. Epilepsia. (2018) 59:244–58. doi: 10.1111/epi.13959

 9. Dahal P, Ghani N, Flinker A, Dugan P, Friedman D, Doyle W, et al. Interictal epileptiform discharges shape large-scale intercortical communication. Brain. (2019) 142:3502–13. doi: 10.1093/brain/awz269

 10. Fujisao EK, Alves KF, Rezende TOP, Betting LE. Analysis of interictal epileptiform discharges in mesial temporal lobe epilepsy using quantitative EEG and neuroimaging. Front Neurol. (2020) 11:569943. doi: 10.3389/fneur.2020.569943

 11. Glasser MF, Smith SM, Marcus DS, Andersson JL, Auerbach EJ, Behrens TE, et al. The human connectome project's neuroimaging approach. Nat Neurosci. (2016) 19:1175–87. doi: 10.1038/nn.4361

 12. Fisher RS, Cross JH, French JA, Higurashi N, Hirsch E, Jansen FE, et al. Operational classification of seizure types by the International League Against Epilepsy: Position Paper of the ILAE Commission for Classification and Terminology. Epilepsia. (2017) 58:522–30. doi: 10.1111/epi.13670

 13. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage. (2006) 31:968–80. doi: 10.1016/j.neuroimage.2006.01.021

 14. Pascual-Marqui RD. Standardized low-resolution brain electromagnetic tomography (sLORETA): technical details. Methods Find Exp Clin Pharmacol. (2002) 24 Suppl D:5–12.

 15. Lachaux JP, Rodriguez E, Martinerie J, Varela FJ. Measuring phase synchrony in brain signals. Hum Brain Mapp. (1999) 8:194–208.

 16. Li Z, Kang J, Gao Q, Peng K, Wang W, Lin J, et al. Structural brain assessment of temporal lobe epilepsy based on voxel-based and surface-based morphological features. Neurol Neurochir Pol. (2021) 55:369–79. doi: 10.5603/PJNNS.a2021.0042

 17. Whelan CD, Altmann A, Botía JA, Jahanshad N, Hibar DP, Absil J, et al. Structural brain abnormalities in the common epilepsies assessed in a worldwide ENIGMA study. Brain. (2018) 141:391–408. doi: 10.1093/brain/awx341

 18. Galovic M, van Dooren VQH, Postma TS, Vos SB, Caciagli L, Borzì G, et al. Progressive cortical thinning in patients with focal epilepsy. JAMA Neurol. (2019) 76:1230–9. doi: 10.1001/jamaneurol.2019.1708

 19. Royer J, Bernhardt BC, Larivière S, Gleichgerrcht E, Vorderwülbecke BJ, Vulliémoz S, et al. Epilepsy and brain network hubs. Epilepsia. (2022) 63:537–50. doi: 10.1111/epi.17171

 20. Hatton SN, Huynh KH, Bonilha L, Abela E, Alhusaini S, Altmann A, et al. White matter abnormalities across different epilepsy syndromes in adults: an ENIGMA-Epilepsy study. Brain. (2020) 143:2454–73. doi: 10.1093/brain/awaa200

 21. Li Z, Jiang C, Xiang W, Qi Z, Gao Q, Peng K, et al. Brain structural connectivity sub typing in unilateral temporal lobe epilepsy. Brain Imaging Behav. (2022) 16:2220–28. doi: 10.1007/s11682-022-00691-0

 22. Lee HM, Fadaie F, Gill R, Caldairou B, Sziklas V, Crane J, et al. Decomposing MRI phenotypic heterogeneity in epilepsy: a step towards personalized classification. Brain. (2022) 145:897–908. doi: 10.1093/brain/awab425

 23. Sinha N, Wang Y, Moreira da Silva N, Miserocchi A, McEvoy AW, de Tisi J, et al. Structural brain network abnormalities and the probability of seizure recurrence after epilepsy surgery. Neurology. (2021) 96:e758–71. doi: 10.1212/WNL.0000000000011315

 24. Reyes A, Kaestner E, Bahrami N, Balachandra A, Hegde M, Paul BM, et al. Cognitive phenotypes in temporal lobe epilepsy are associated with distinct patterns of white matter network abnormalities. Neurology. (2019) 92:e1957–68. doi: 10.1212/WNL.0000000000007370

 25. Schoffelen JM, Gross J. Source connectivity analysis with MEG and EEG. Hum Brain Mapp. (2009) 30:1857–65. doi: 10.1002/hbm.20745

 26. Singh J, Ebersole JS, Brinkmann BH. From theory to practical fundamentals of electroencephalographic source imaging in localizing the epileptogenic zone. Epilepsia. (2022) 63:2476–90. doi: 10.1111/epi.17361

 27. Liu M, Bernhardt BC, Hong SJ, Caldairou B, Bernasconi A, Bernasconi N. The superficial white matter in temporal lobe epilepsy: a key link between structural and functional network disruptions. Brain. (2016) 139(Pt 9):2431–40. doi: 10.1093/brain/aww167

 28. Chang YHA, Marshall A, Bahrami N, Mathur K, Javadi SS, Reyes A, et al. Differential sensitivity of structural, diffusion, and resting-state functional MRI for detecting brain alterations and verbal memory impairment in temporal lobe epilepsy. Epilepsia. (2019) 60:935–47. doi: 10.1111/epi.14736

 29. Coito A, Genetti M, Pittau F, Iannotti GR, Thomschewski A, Höller Y, et al. Altered directed functional connectivity in temporal lobe epilepsy in the absence of interictal spikes: A high density EEG study. Epilepsia. (2016) 57:402–11. doi: 10.1111/epi.13308

 30. Caciagli L, Bernasconi A, Wiebe S, Koepp MJ, Bernasconi N, Bernhardt BC. A meta-analysis on progressive atrophy in intractable temporal lobe epilepsy: time is brain? Neurology. (2017) 89:506–16. doi: 10.1212/WNL.0000000000004176

 31. Liu M, Bernhardt BC, Bernasconi A, Bernasconi N. Gray matter structural compromise is equally distributed in left and right temporal lobe epilepsy. Hum Brain Mapp. (2016) 37:515–24. doi: 10.1002/hbm.23046

 32. Fadaie F, Lee HM, Caldairou B, Gill RS, Sziklas V, Crane J, et al. Atypical functional connectome hierarchy impacts cognition in temporal lobe epilepsy. Epilepsia. (2021) 62:2589–603. doi: 10.1111/epi.17032

 33. Gleichgerrcht E, Drane DL, Keller SS, Davis KA, Gross R, Willie JT, et al. Association between anatomical location of surgically induced lesions and postoperative seizure outcome in temporal lobe epilepsy. Neurology. (2022) 98:e141–51. doi: 10.1212/WNL.0000000000013033

 34. Dionisio S, Mayoglou L, Cho SM, Prime D, Flanigan PM, Lega B, et al. Connectivity of the human insula: a cortico-cortical evoked potential (CCEP) study. Cortex. (2019) 120:419–42. doi: 10.1016/j.cortex.2019.05.019

 35. Barba C, Minotti L, Job AS, Kahane P. The insula in temporal plus epilepsy. J Clin Neurophysiol. (2017) 34:324–7. doi: 10.1097/WNP.0000000000000389

 36. Larivière S, Weng Y, Vos de Wael R, Royer J, Frauscher B, Wang Z, et al. Functional connectome contractions in temporal lobe epilepsy: Microstructural underpinnings and predictors of surgical outcome. Epilepsia. (2020) 61:1221–33. doi: 10.1111/epi.16540





OPS/images/fneur-14-1029732-g005.gif





OPS/images/fneur-14-1029732-i001.gif





OPS/images/fneur-14-1029732-g003.gif





OPS/images/fneur-14-1029732-g004.gif





OPS/images/fneur-14-1029732-t001.jpg
Left TLE group ight TLE group e )
Ages 28.03 £ 11.14 2823 £11.86 —0.067 0.947
Sex Male 22(66.7%) 10 (38.5%) 4.661 0.031
Female 11(33.3%) 16 (61.5%)
Duration of epilepsy 8.45+6.82 7.96 £6.19 0.287 0.775
Ages of onset 19.58 £ 11.79 20.31£12.08 —0.234 0.816
Focal onset seizures frequencies None 9 (27.3%) 9(34.6%) 1.722 0.423
<20 times/year 7 (21.2%) 8 (30.8%)
>21 times/year 17 (51.5%) 9 (34.6%)
Focal to bilateral tonic clonic seizures frequencies | None 4(12.1%) 3 (11.3%) 2,675 0.263
<10 times/year 15 (45.5%) 17 (65.4%)
>10 times/year 14 (42.4%) 6(23.1%)
History of febrile convulsions 12 (36.4%) 5(19.2%) 2.081 0.149
Family history of epilepsy 1(3.0%) 1(3.8%) 0030 0.863
Number of ASMs None 11(33.3%) 6(23.1%) 1.079 0.782
1 specie 8 (24.2%) 9 (34.6%)
2 species 10 (30.3%) 8 (30.8%)
>3 species 4(12.1%) 3 (11.5%)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The relationship between the interictal epileptiform discharge source connectivity and cortical structural couplings in temporal lobe epilepsy



		Introduction



		Methods



		Participants



		Neuroimaging procedures



		Acquisition



		Image processing









		EEG procedures



		Video-EEG acquisition



		EEG data processing



		Interictal epileptiform discharges source connectivity calculation









		Statistical analyses







		Results



		Demographic and clinical characteristics



		The important cortical structural couplings in TLE



		The relationship between IED source connectivity and cortical SCs in TLE







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

The relationship between the
interictal epileptiform discharge
source connectivity and cortical
structural couplings in temporal

lobe epilepsy





OPS/images/fneur-14-1029732-g001.gif





OPS/images/fneur-14-1029732-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





