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The role of the thalamus in focal human epilepsy: insights from stereoelectroencephalography (SEEG)
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This review explores the role of the thalamus in focal epilepsy, focusing on insights gained from stereoelectroencephalography (SEEG). The thalamus has recently regained attention as a crucial player in seizure dynamics. Thalamic SEEG recordings can be used to assess certain aspects of the thalamus’s role in human focal epilepsy, in particular the timing and dynamics of involvement of distinct thalamic nuclei during seizures and in interictal activity. Estimation of thalamic involvement in seizure propagation may be valuable before embarking on surgical resection and provide guidance for neuromodulation strategies. High thalamic epileptogenicity correlates with poorer surgical outcomes, making it a predictive biomarker. Deep brain stimulation (DBS), particularly targeting the anterior and pulvinar nuclei, has effectively reduced seizure frequency and improved consciousness during seizures. However, the effectiveness of DBS varies, emphasizing the need for individual targeting based on individual seizure dynamics. High-frequency thalamic stimulation can reduce seizure frequency and alter epileptogenic networks, offering tailored therapeutic approaches. Despite the potential added surgical risks of depth electrode implantation, thalamic SEEG significantly enhances the understanding of epileptogenic networks. It supports the development of personalized epilepsy treatments by elucidating the complex interplay between cortical and subcortical regions, paving the way for improved seizure management and neuromodulation strategies.
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Introduction

The role of the thalamus in the genesis and propagation of spikes-waves discharges is well known in generalized epilepsies, particularly in the pathophysiology of absence seizures (1–3). This subcortical region has been historically rarely investigated by stereo-electroencephalography (SEEG), compared with cortical areas, due to the lack of established guidelines for its coverage (4). Nonetheless, it has been experimentally shown that thalamic connectivity impacts the propagation of temporal lobe seizures (5). Introduced in the sixties, the SEEG method was developed as a presurgical tool to investigate focal epilepsies and provides a unique means to investigate the role of subcortical regions, including the thalamus, in the genesis and dynamic of seizures (6). The first reports on the thalamic SEEG recordings during seizures stem from French groups and date back to 2006 (7, 8). Since then, several groups have increasingly implemented thalamic recording during SEEG (9). In parallel, the growing interest in thalamic DBS for refractory epilepsies highlighted the potential relevance of these recordings in stratifying DBS targets.

In the present work, we review the current use of thalamic SEEG and its interest in research and treatment of focal epilepsy.



Methods

English-language and French-language articles related to thalamic SEEG were identified by a search in PubMed (1965–June 2024) using the following keywords: “thalamus,” “stereotactic techniques,” “intracranial EEG,” “electroencephalography” and “epilepsy.” The references in the selected papers were also included if relevant.



Results

Based on the PubMed search, 67 articles were screened. Overall, after inclusion of the relevant references, the reported studies included 562 patients with SEEG recordings including thalamic implantation (1 to 121 patients/study).


SEEG targets based on the anatomy of the thalamus

The thalamus consists of several nuclei (Figure 1) defined based on chemoarchitecture and cytoarchitecture (10) or connectivity (11) leading to multiple atlases with different numbers of defined nuclei (e.g., the stereotactic Morel atlas, cited here, involves 13 nuclei). However, thalamic nuclei have consistent topography and functionality across subjects (12). They can be subdivided into relay nuclei, the reticular nucleus and intralaminar nuclei (13). Among the relay nuclei, the anterior, mediodorsal, and pulvinar nuclei are associative nuclei and, thus, interesting targets for SEEG recordings due to their numerous connections to the limbic system, which is frequently involved in focal epilepsies (14). The reticular nucleus is a shell-shaped structure at the lateral part of the thalamus (15) that is difficult to explore by SEEG. Among the intralaminar nuclei, the centromedian nucleus is connected to widespread cortical areas. Regarding its implication in the seizure dynamics, it has been demonstrated that it can drive the cortex or, inversely, follow the cortex depending on the seizures (16). The aforementioned nuclei are the most frequent targets during SEEG recordings with thalamic implantation performed for fundamental and clinical research (4) using orthogonal transsylvian or posterior-to-anterior approaches (17). The pulvinar can be targeted without additional electrodes, by extending the trajectories of electrodes planned for cortical sampling in contrast with centromedian and anterior nuclei (6, 18, 19).
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FIGURE 1
 Segmentation of thalamic nuclei. Sagittal slice of T1-weighted 7 T brain magnetic resonance imaging where the thalamic nuclei most frequently implanted in SEEG are shown, i.e., pulvinar (Pu, green), centromedian (CM, grey), mediodorsal (MD, blue) and anterior nuclei (AV, purple). Figure from Brun et al. (78).




Implication of the thalamus during seizure genesis, propagation and termination

Ictal SEEG recordings with available sampling of subcortical brain areas demonstrated thalamic implication during the first 15 s of the seizure in 86% of patients based on visual analysis (8, 20) (Figure 2).
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FIGURE 2
 Timing of the thalamic implication in a temporal lobe seizure. Top: A 20-s SEEG recording dataset including a temporal lobe seizure and three-dimensional representation of the epileptogenicity index (EI). Seizure-onset is characterized by a DC-shift with low-voltage fast activity involving the anterior insula and the temporal pole, rapidly involving the pulvinar, and later amygdala and hippocampus. Bottom: Axial (left), coronal (middle) and sagittal (right) slices of T1-weighted brain MRI with a representation of the normalized EI values on the respective intracranial contacts (for details on the EI, see Bartolomei et al. (31), involved contacts represented according to a color scale from yellow to red, green contacts non involved in the discharge): Ia1-2 (anterior insula, right), EI = 1; H1-2 (pulvinar, left), EI = 0.97; TP2-3, TP3-4 and TP4-5 (temporal pole, middle), EI = 0.89 to 0.44.


Similarly to cortical regions (21), various patterns of seizure onsets were described at thalamic contacts, i.e., low-voltage fast activity (LVFA; 31%), rhythmic spikes (38%) or theta activity (18%) (8, 20) (Figure 3). High-frequency activity could be detected in all investigated thalamic nuclei, especially in the anterior and dorsomedial nuclei at the onset and in the centromedian nucleus at the end of the seizure (22). The sequential implication of the thalamic nuclei during the seizure time course is highly reproducible from one seizure to another, but cannot be predicted either based on the neuroanatomical knowledge, the cortical area where the seizure is starting, or the seizure semiology (23). The first thalamic ictal discharge can emerge before the first clinical manifestation (24).
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FIGURE 3
 Thalamic seizure-onset patterns. (A,B) Low voltage fast activity. (C) Rhythmic spikes. (D) Theta discharge. Figure from Pizzo et al. (20).


The pulvinar implication in temporal lobe seizures is more frequent in medial temporal lobe epilepsy (mTLE) than in lateral temporal lobe epilepsy (lTLE) (7). Pulvinar LVFA occurs more frequently at the seizure onset in lTLE (73% vs. 27% in mTLE) and rhythmic repetitive spikes and slow waves occur more frequently in mTLE (77% vs. 23% in lTLE) (8). No specific thalamic pattern was detected during seizure propagation (8). However, thalamic SEEG could assess seizure propagation patterns within different sampled thalamic nuclei, and demonstrated a prominent implication of the pulvinar (25). Cortical LVFA at seizure onset is associated with a rapid propagation to the thalamus (22). Clinically, the early medial pulvinar implication in temporal seizures correlates with an early loss of consciousness during the seizure (7). The loss of consciousness was correlated with the level of thalamocortical synchronization, possibly due to the excessive synchronization within consciousness-related thalamic structures impeding information processing (26). Furthermore, it has been demonstrated that during wakefulness, the dorsomedial nucleus exhibits rhythmic gamma activity between 30 and 40 Hz that ceases during ictal propagation, simultaneously with the loss of consciousness, and reappears simultaneously with restoration of consciousness (27).

Seizure termination, as observed through intracerebral EEG (iEEG), is characterized by two main patterns: synchronous, where neural activity ceases simultaneously across regions, and asynchronous, where cessation occurs in a more regionally staggered manner (28–30). Synchronous patterns are characterized by a higher thalamocortical synchronization at the end of seizure and more thalamic efferences than other seizures (29). Nevertheless, pulvinar and anterior nucleus are receivers of afferent information from the temporal lobe across the seizure (19) (Figure 4).
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FIGURE 4
 Afferences vs. efferences between the temporal regions and thalamic nuclei depending on the ictal timing. Mean and standard deviation of link strength between anterior nucleus (ANT), medial pulvinar (PuM), temporo-mesial structures (TM) and neocortical structures (NC) highlighting (i) stronger IN connectivity to the ANT at the middle (p < 0.01) and at the end (p < 0.001) of seizures than OUT connectivity, (ii) stronger IN connectivity to the PuM at the middle (p < 0.001) and at the end (p < 0.01) of seizures than OUT connectivity, (iii) stronger OUT connectivity from TM to NC at the middle (p < 0.001) and the end (p < 0.001) of seizures than IN connectivity. Figure from Soulier et al. (19).


The estimation of ictal epileptogenicity of different brain structures using the epileptogenicity index (EI) (31) highlighted higher epileptogenicity values in the thalamic nuclei (implanted nuclei: pulvinar in 57% of patients, medial nucleus in 11%, lateral nucleus in 22%, not localized in 10%) compared to other subcortical structures, with the thalamus EI values as high as in the epileptogenic zone in 20% of cases (20). The thalamic epileptogenicity was correlated with the extent of the epileptogenic network (ρ = 0.32, p = 0.02) (20). Functional connectivity analysis highlighted increased thalamocortical connectivity at the seizure-onset of temporal seizures compared with the interictal period (7), followed by a subsequent increase at the end of the seizure (19). Connectivity did not significantly differ between two investigated thalamic nuclei (anterior nucleus and medial pulvinar), but the pulvinar seems to initiate the seizure cessation (19). Similarly to global cerebral synchronization, thalamic synchronization is higher at the end of a seizure compared to seizure onset (29). An increase in these global cerebral synchronization values was associated with a shorter seizure duration (p = 0.045), and thalamic synchronization followed the same tendency (p = 0.052) (29). Thalamic and cortical synchronization could lead to seizure cessation (32). The coherence between seizure onset and thalamic activity increases in the delta, theta, and alpha bands, and delta activity is mainly found at the centromedian nucleus during frontal lobe seizures and at the anterior nucleus during limbic seizures (33).

Electro-clinical seizures induced modification of local field potentials within the anterior nucleus, in contrast with electrical infraclinical seizures (34). Time-frequency analysis allows to discriminate focal seizures with preserved consciousness and those with altered consciousness or secondary bilateralization based on the frequency content of ictal activity (34) (Figure 5).
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FIGURE 5
 Frequency changes in the thalamic anterior nucleus during focal seizure with impaired awareness (A) vs. focal to bilateral tonic–clonic seizure (B). Top: Filtered signal in the time domain and spectral analysis. Bottom: Signal power at each frequency of interest. Time-frequency analysis showed a large 2–6 Hz activity and a thin 8 Hz activity in the interictal period with a significant gain at 4 Hz during focal seizures with preserved consciousness and at 4 Hz, 8 Hz, 16 Hz during focal seizures with altered consciousness or secondary bilateralization. Moreover, an increase in 100–200 Hz activity occured during seizures with secondary bilateralization while a decrease at 32 Hz occurs during seizures with preserved consciousness. Figure from Singh et al. (34).


During the postictal period, it has been shown that the centromedian nucleus showed a postictal rhythmic 1.5–2.5 Hz delta activity simultaneously to the suppression of cortical background activity (35).



Interictal thalamic recordings

The high rates of thalamic spikes/ripples and a high thalamocortical connectivity in the beta and gamma bands during sleep were related to poor surgical outcome (Engel class III/IV) (36).



Thalamic stimulations

Electrical thalamic stimulation can induce various types of afterdischarges. However, electroclinical seizures triggered by thalamic stimulation are only exceptionally reported, e.g., mesiotemporal seizures induced by a 50 Hz stimulation of the midline thalamus (37). A 10 Hz stimulation increases cortical gamma activity, while a 50 Hz stimulation suppresses responses in the gamma band, however both those frequencies reduce the post-stimulation excitability (38) by either inhibition of upstream brain areas and short-term synaptic depression of thalamocortical connections in case of low-frequency stimulations, or inhibition of thalamic responses in case of high-frequency stimulations (39). Both hippocampi and neocortical brain areas with high epileptogenicity were more sensitive to this type of stimulation (38). Transient awareness alteration could be triggered by stimulations of the anterior thalamic nucleus or pulvinar, and was associated with a decreased functional connectivity (node strength) within the pulvinar as well as decrease in thalamo-cortical functional coupling (link strength), impacting connections with the insular, orbitofrontal, lateral prefrontal, temporal and parietal associative cortices (40). Interestingly, high-frequency stimulations of the centromedian nucleus during SEEG-recorded focal electro-clinical seizures were shown to discontinue seizures and associated ictal apnea (41), whereas 130 Hz stimulation of medial pulvinar could decrease seizure duration and loss of conciousness during SEEG-recorded temporal seizures, triggered by 50 Hz stimulation of the ipsilateral hippocampus (42).

Thalamo-cortical evoked potentials (TCEPs) following a pulvinar stimulation were observed in the operculo-insular areas in 90% of cases, in the lateral temporal areas in 78%, in the parietal cortex in 65%, in the frontal cortex in 52%, in the occipital cortex in 43%, in the mesiotemporal areas in 34% and in the cingular gyrus in 33% (43).



Thalamic responses to cortical stimulations

Cortico-thalamic evoked potentials (CTEPs) were mainly observed within the pulvinar (23). CTEPs recorded in the pulvinar followed 80% of mesiotemporal stimulations, 76% of lateral temporal stimulations, 66% of cingular gyrus stimulations, 40% of parietal stimulations, 25% of occipital stimulations, 17% of frontal stimulations and 14% of operculo-insular stimulations (43).

Similarly to the results from CTEPS and TCEPs, a higher effective connectivity is described from the hippocampus to the thalamus than in the opposite direction (37). Additionally, the cortico-cortical evoked potentials (CCEPs) recorded within the posterior cingular gyrus following a hippocampal stimulation have a specific morphology related to their propagation in the Papez circuit through the anterior nucleus, that was confirmed by TCEPs of the anterior thalamus inducing an earlier but similar response (44).

The CCEPs analysis demonstrated a late evoked potential around 500 ms after stimulation in rodents via cortico-thalamo-cortical pathways (45). It was therefore assumed that the described third peak in human CCEPs also evidences cortico-thalamo-cortical connectivity (46). Furthermore, the increased latency (46) and the increased variability (47) of this third CCEP peak within the epileptogenic zone could be the interictal correlate of thalamic involvement in the epileptogenic network. The transmission via electrical synapses could induce the third peak of the CCEPs (46). Moreover, a higher proportion of subcortical responses are elicited after a single-pulse electrical stimulation within the epileptogenic zone (48).



Prediction of the surgical and neuromodulation outcome

Estimating ictal and interictal epileptogenicity biomarkers is important for the prognostication of surgical outcome (49, 50) and might help to limit epilepsy surgery failures (51). High ictal thalamic epileptogenicity values, as estimated by the EI (EI > 0.3), were associated with a poorer surgical outcome at 1 year (20). Thus, thalamic EI values assessed from ictal SEEG recordings could be a potential biomarker of the postoperative prognosis (20). Similarly, increased thalamocortical coupling at the seizure onset was related to a poor surgical outcome (7). Moreover, thalamocortical connectivity was demonstrated to be predictive of the neuromodulation response in focal epilepsy in several recent studies (36, 52, 53). Finally, greater functional connectivity between the seizure sites and the DBS site correlated with more favorable outcome of DBS (54).

A better understanding of the seizure cessation mechanisms could help to select more appropriate DBS targets and/or stimulation parameters (19, 55, 56). Indeed, one third of patients are not responsive to the anterior nucleus DBS. It has been suggested that this failure could be due to the early implication of other thalamic nuclei in the ictal discharge (23). The pulvinar represents a promising target for DBS due to its role in the cessation of seizures (19). As already mentioned above, medial pulvinar stimulations applied during the SEEG recorded temporal seizures could reduce seizure duration and ictal consciousness alteration (42).

Cortico-cortical connectivity modifications induced by thalamic stimulation could be used as a biomarker for the DBS efficacy (36, 53, 57–59). A prolonged thalamic stimulation (≥90 min) at a high frequency (145 Hz) reduced the amplitude of distant CCEPs, showing a modulation of the distant connectivity (58). Disruption of the ictal discharges (i.e., mainly low-voltage fast activity commonly occurring within the first 400 ms in 95% of seizures) occur after thalamic responsive neurostimulation (RNS) (60). Nonetheless, the mechanism that underlies the efficacy depending on the stimulation target is not well understood (61). The development of algorithms to detect seizures during thalamic SEEG would allow to develop closed-loop thalamic stimulation (62).



Deep brain and responsive stimulation recordings of thalamic activity

DBS and RNS recordings also help to better understand the timing of thalamic involvement. Such recordings linked the evolution to bilateral tonic–clonic seizures with the centromedian nucleus involvement in patients with focal epilepsy (63). It was shown that during generalized seizures thalamic activity precedes cortical activity whereas thalamic activity follows cortical discharge in frontal seizures (16). The same study demonstrated presence of independent focal unilateral epileptiform discharges restricted to the centromedian nucleus suggesting the possibility of autonomous ictogenesis by these thalamic structures (16). Other studies compared the results of thalamic and scalp EEG recordings and demonstrated that discharges in the anterior nucleus were observed in patients disclosing bilateral scalp EEG discharges, whereas discharges in the dorsomedial nucleus were seen in patients presenting with unilateral scalp EEG discharges (64).

A few recent studies attempted to demonstrate potential benefit of better stratifying the stimulation target depending on electro-clinical features. In particular, centromedian nucleus DBS reduced the generalized seizure frequency (65) while having a little effect on focal seizures (66), anterior nucleus DBS reduced temporal lobe seizures (59), whereas pulvinar DBS has been shown to reduces seizure frequency in different subtypes of focal drug resistant epilepsy not accessible to surgery or after failure of resective surgery (67, 68). Another recent study has suggested that thalamic nucleus to be stimulated might be chosen depending on the type of epilepsy (69). Furthermore, multisite thalamic stimulation could be considered (70).



Risk–benefit ratio and safety considerations

Few studies reported rare short-term complications following thalamic implantation (4), especially symptomatic hemorrhages not in the thalamic area (71). Robot-assisted procedures improve the safety and precision of implantation allowing to reach the thalamic targets using conventional SEEG trajectories without adding supplementary electrodes (72). Yet the risk–benefit ratio may vary across the targeted nuclei and should be particularly carefully evaluated when targeting centromedian, dorsomedial and anterior nuclei (6). To date, the hemorrhagic complications reported in patients with thalamic coverage have not occurred within the thalamic areas and could be regarded as possibly unrelated to the thalamic targeting, per se.




Discussion and conclusion

SEEG implantation eventually including thalamic targets always involves surgical risks, therefore risk–benefit ratio should be carefully considered (72). Still, no percentage of additional risk related to thalamic implantation is provided in published studies. Nonetheless, there is a large body of evidence for a safety of conventional thalamic SEEG targets. Thalamic recordings provide valuable insides into pathophysiology of focal epilepsies, in particular the ictogenesis and epileptogenesis, and help to better estimate the global organization of the epileptogenic networks in a given patient (6). The existing literature data underline the importance of studying both cortical and subcortical brain areas that may be synchronously involved in epileptogenic networks (7). The early and/or prominent involvement of the thalamus is associated with worser epilepsy surgery outcome (7), specifically in cases of bitemporal epilepsy. Thus, estimating the thalamic epileptogenicity during the SEEG recording may be valuable for predicting surgical outcome (20). While this can be estimated with only one implanted thalamic nucleus (20), the evaluation of neurostimulation targets during SEEG should require the implantation of multiple nuclei. Through stimulation and recording of different thalamic nuclei, SEEG can provide helpful information to guide target selection for personalized neuromodulation strategies using model-free (72, 73) and model-based approaches (74). Targeting the medial pulvinar is relatively straightforward. It can be accessed by inserting the superior temporal gyrus electrode deeper (6). In our view, the medial pulvinar should be almost systematically targeted when a single orthogonal trajectory is used to sample the planum temporale, Heschl’s gyrus, and the posterior inferior insular cortex. These areas would require electrode implantation regardless, and reaching the posterior thalamus would require only a modest extension of the planned trajectory. In contrast, targeting the centromedian or anterior thalamic nucleus often necessitates a dedicated oblique trajectory. These nuclei—especially the anterior thalamus—are not easily accessible through a standard orthogonal approach. Their inclusion should therefore be considered on a case-by-case basis, informed by preoperative noninvasive data. This is all the more significant given the absence of definitive evidence that thalamic involvement observed on SEEG reliably predicts the therapeutic response to DBS. The cortical entry point should lie within the putative epileptogenic zone, and the trajectory should ideally extend from already sampled regions. Such approaches should remain within academic epilepsy surgery centers, preferably within clinical research protocols, discussed in multidisciplinary team meetings, and supported by the patient’s comprehensive informed consent. The recent technique from the Stanford group (17) offers an elegant solution by enabling the recording of multiple thalamic nuclei with a single lead. This strategy facilitates personalized mapping of seizure propagation networks through the thalamus. It should be reserved for carefully selected cases in experienced centers, particularly when preoperative investigations suggest resective surgery is unlikely and when thalamic recordings are expected to yield relevant data for neuromodulation planning. Finally, additional thalamic sampling requires specific MRI protocols to visualize the relevant nuclei accurately. Routine MRI sequences used in standard SEEG planning may be insufficient. Sequences such as STIR, f-GATIR, or QSM have demonstrated improved delineation of thalamic nuclei (75–77).

To conclude, the thalamic implantation scheme, including the number of implanted thalamic nuclei, should be defined based on the questions that are to be answered during SEEG.



Author contributions

OF: Conceptualization, Methodology, Investigation, Writing – original draft, Resources, Visualization, Writing – review & editing. FP: Visualization, Methodology, Validation, Resources, Writing – review & editing. JM: Resources, Writing – review & editing. RC: Writing – review & editing, Resources. FB: Methodology, Visualization, Conceptualization, Writing – review & editing, Writing – original draft, Supervision, Resources.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



References

 1. van Luijtelaar, G, Hramov, A, Sitnikova, E, and Koronovskii, A. Spike-wave discharges in WAG/Rij rats are preceded by delta and theta precursor activity in cortex and thalamus. Clin Neurophysiol. (2011) 122:687–95. doi: 10.1016/j.clinph.2010.10.038

 2. Lüttjohann, A, and van Luijtelaar, G. Thalamic stimulation in absence epilepsy. Epilepsy Res. (2013) 106:136–45. doi: 10.1016/j.eplepsyres.2013.03.009 

 3. Jasper, HH. Current evaluation of the concepts of centrencephalic and cortico-reticular seizures. Electroencephalogr Clin Neurophysiol. (1991) 78:2–11. doi: 10.1016/0013-4694(91)90012-S 

 4. Gadot, R, Korst, G, Shofty, B, Gavvala, JR, and Sheth, SA. Thalamic stereoelectroencephalography in epilepsy surgery: a scoping literature review. J Neurosurg. (2022) 137:1210–25. doi: 10.3171/2022.1.JNS212613 

 5. Bertram, EH, Mangan, PS, Zhang, D, Scott, CA, and Williamson, JM. The midline thalamus: alterations and a potential role in limbic epilepsy. Epilepsia. (2001) 42:967–78. doi: 10.1046/j.1528-1157.2001.042008967.x 

 6. Carron, R, Pizzo, F, Trébuchon, A, and Bartolomei, F. Letter to the editor. Thalamic sEEG and epilepsy. J Neurosurg. (2022) 138:1172–3. doi: 10.3171/2022.9.JNS222169

 7. Guye, M, Régis, J, Tamura, M, Wendling, F, McGonigal, A, Chauvel, P , et al. The role of corticothalamic coupling in human temporal lobe epilepsy. Brain J Neurol. (2006) 129:1917–28. doi: 10.1093/brain/awl151

 8. Rosenberg, DS, Mauguière, F, Demarquay, G, Ryvlin, P, Isnard, J, Fischer, C , et al. Involvement of medial pulvinar thalamic nucleus in human temporal lobe seizures. Epilepsia. (2006) 47:98–107. doi: 10.1111/j.1528-1167.2006.00375.x 

 9. Parvizi, J, Lyu, D, Stieger, J, Lusk, Z, and Buch, V. Causal cortical and thalamic connections in the human brain. Res Sq. (2024). doi: 10.21203/rs.3.rs-4366486/v1

 10. Niemann, K, Mennicken, VR, Jeanmonod, D, and Morel, A. The Morel stereotactic atlas of the human thalamus: atlas-to-MR registration of internally consistent canonical model. NeuroImage. (2000) 12:601–16. doi: 10.1006/nimg.2000.0650 

 11. Bertino, S, Basile, GA, Bramanti, A, Ciurleo, R, Tisano, A, Anastasi, GP , et al. Ventral intermediate nucleus structural connectivity-derived segmentation: anatomical reliability and variability. NeuroImage. (2021) 243:118519. doi: 10.1016/j.neuroimage.2021.118519 

 12. Lambert, C, Simon, H, Colman, J, and Barrick, TR. Defining thalamic nuclei and topographic connectivity gradients in vivo. NeuroImage. (2017) 158:466–79. doi: 10.1016/j.neuroimage.2016.08.028 

 13. Vertes, RP, Linley, SB, and Hoover, WB. Limbic circuitry of the midline thalamus. Neurosci Biobehav Rev. (2015) 54:89–107. doi: 10.1016/j.neubiorev.2015.01.014 

 14. Bertram, EH, Zhang, DX, Mangan, P, Fountain, N, and Rempe, D. Functional anatomy of limbic epilepsy: a proposal for central synchronization of a diffusely hyperexcitable network. Epilepsy Res. (1998) 32:194–205. doi: 10.1016/S0920-1211(98)00051-5 

 15. Pinault, D. The thalamic reticular nucleus: Anatomo-functional mechanisms and concept In: F Clasca, SB Hofer, WM Usrey, and SM Sherman, editors. The cerebral cortex and thalamus. United Kingdom: Oxford University Press (2023)

 16. Martín- López, D, Jiménez Jiménez, D, Cabañés- Martínez, L, Selway, RP, Valentín, A, and Alarcón, G. The role of thalamus versus cortex in epilepsy: evidence from human ictal centromedian recordings in patients assessed for deep brain stimulation. Int J Neural Syst. (2017) 27:1750010. doi: 10.1142/S0129065717500101

 17. Jamiolkowski, RM, Datta, A, Willsey, MS, Parvizi, J, and Buch, VP. Multinuclear thalamic targeting with human stereotactic electroencephalography: surgical technique and nuances. J Neurosurg. (2024) 22:1–9. doi: 10.3171/2024.7.JNS24452

 18. Bernabei, JM, Litt, B, and Cajigas, I. Thalamic stereo-EEG in epilepsy surgery: where do we stand? Brain J Neurol. (2023) 146:2663–5. doi: 10.1093/brain/awad178 

 19. Soulier, H, Pizzo, F, Jegou, A, Lagarde, S, Garnier, E, Makhalova, J , et al. The anterior and pulvinar thalamic nuclei interactions in mesial temporal lobe seizure networks. Clin Neurophysiol. (2023) 150:176–83. doi: 10.1016/j.clinph.2023.03.016

 20. Pizzo, F, Roehri, N, Giusiano, B, Lagarde, S, Carron, R, Scavarda, D , et al. The ictal signature of thalamus and basal ganglia in focal epilepsy: a SEEG study. Neurology. (2021) 96:e280–93. doi: 10.1212/WNL.0000000000011003 

 21. Lagarde, S, Buzori, S, Trebuchon, A, Carron, R, Scavarda, D, Milh, M , et al. The repertoire of seizure onset patterns in human focal epilepsies: determinants and prognostic values. Epilepsia. (2019) 60:85–95. doi: 10.1111/epi.14604 

 22. Ilyas, A, Toth, E, Chaitanya, G, Riley, K, and Pati, S. Ictal high-frequency activity in limbic thalamic nuclei varies with electrographic seizure-onset patterns in temporal lobe epilepsy. Clin Neurophysiol Off J Int Fed Clin Neurophysiol. (2022) 137:183–92. doi: 10.1016/j.clinph.2022.01.134

 23. Wu, TQ, Kaboodvand, N, McGinn, RJ, Veit, M, Davey, Z, Datta, A , et al. Multisite thalamic recordings to characterize seizure propagation in the human brain. Brain J Neurol. (2023) 146:2792–802. doi: 10.1093/brain/awad121

 24. Pizarro, D, Ilyas, A, Toth, E, Romeo, A, Riley, KO, Esteller, R , et al. Automated detection of mesial temporal and temporoperisylvian seizures in the anterior thalamic nucleus. Epilepsy Res. (2018) 146:17–20. doi: 10.1016/j.eplepsyres.2018.07.014 

 25. McGinn, R, Von Stein, EL, Datta, A, Wu, T, Lusk, Z, Nam, S , et al. Ictal involvement of the Pulvinar and the anterior nucleus of the thalamus in patients with refractory epilepsy. Neurology. (2024) 103:e210039. doi: 10.1212/WNL.0000000000210039 

 26. Arthuis, M, Valton, L, Régis, J, Chauvel, P, Wendling, F, Naccache, L , et al. Impaired consciousness during temporal lobe seizures is related to increased long-distance cortical-subcortical synchronization. Brain J Neurol. (2009) 132:2091–101. doi: 10.1093/brain/awp086

 27. Leeman-Markowski, BA, Smart, OL, Faught, RE, Gross, RE, and Meador, KJ. Cessation of gamma activity in the dorsomedial nucleus associated with loss of consciousness during focal seizures. Epilepsy Behav EB. (2015) 51:215–20. doi: 10.1016/j.yebeh.2015.07.027 

 28. Afra, P, Jouny, CC, and Bergey, GK. Termination patterns of complex partial seizures: an intracranial EEG study. Seizure. (2015) 32:9–15. doi: 10.1016/j.seizure.2015.08.004 

 29. Evangelista, E, Bénar, C, Bonini, F, Carron, R, Colombet, B, Régis, J , et al. Does the Thalamo-cortical synchrony play a role in seizure termination? Front Neurol. (2015) 6:192. doi: 10.3389/fneur.2015.00192 

 30. Salami, P, Borzello, M, Kramer, MA, Westover, MB, and Cash, SS. Quantifying seizure termination patterns reveals limited pathways to seizure end. Neurobiol Dis. (2022) 165:105645. doi: 10.1016/j.nbd.2022.105645 

 31. Bartolomei, F, Chauvel, P, and Wendling, F. Epileptogenicity of brain structures in human temporal lobe epilepsy: a quantified study from intracerebral EEG. Brain J Neurol. (2008) 131:1818–30. doi: 10.1093/brain/awn111

 32. Schindler, K, Leung, H, Elger, CE, and Lehnertz, K. Assessing seizure dynamics by analysing the correlation structure of multichannel intracranial EEG. Brain J Neurol. (2007) 130:65–77. doi: 10.1093/brain/awl304

 33. Panchavati, S, Daida, A, Edmonds, B, Miyakoshi, M, Oana, S, Ahn, SS , et al. Uncovering spatiotemporal dynamics of the corticothalamic network at ictal onset. Epilepsia. (2024) 65:1989–2003. doi: 10.1111/epi.17990 

 34. Singh, J, Miller, JA, Lucas, T, Yang, J, Sollars, C, Eliashiv, DS , et al. Anterior thalamic nucleus local field potentials during focal temporal lobe epileptic seizures. Front Neurol. (2024) 15:1419835. doi: 10.3389/fneur.2024.1419835 

 35. Arredondo, K, Ostendorf, AP, Ahrens, S, Beatty, CW, Pindrik, J, and Shaikhouni, A. Post-ictal rhythmic thalamic activity of the Centromedian nucleus. J Clin Neurophysiol Off Publ Am Electroencephalogr Soc. (2024) 41:326–33. doi: 10.1097/WNP.0000000000000991 

 36. Biagioni, T, Fratello, M, Garnier, E, Lagarde, S, Carron, R, Villalon, SM , et al. Interictal waking and sleep electrophysiological properties of the thalamus in focal epilepsies. Brain Commun. (2025) 7:fcaf102. doi: 10.1093/braincomms/fcaf102

 37. Romeo, A, Issa Roach, AT, Toth, E, Chaitanya, G, Ilyas, A, Riley, KO , et al. Early ictal recruitment of midline thalamus in mesial temporal lobe epilepsy. Ann Clin Transl Neurol. (2019) 6:1552–8. doi: 10.1002/acn3.50835 

 38. Chaitanya, G, Toth, E, Pizarro, D, Irannejad, A, Riley, K, and Pati, S. Precision mapping of the epileptogenic network with low- and high-frequency stimulation of anterior nucleus of thalamus. Clin Neurophysiol. (2020) 131:2158–67. doi: 10.1016/j.clinph.2020.05.036

 39. Mina, F, Benquet, P, Pasnicu, A, Biraben, A, and Wendling, F. Modulation of epileptic activity by deep brain stimulation: a model-based study of frequency-dependent effects. Front Comput Neurosci. (2013) 7:94. doi: 10.3389/fncom.2013.00094 

 40. Lévi-Strauss, J, Makhalova, J, Medina Villalon, S, Carron, R, Bénar, CG, and Bartolomei, F. Transient alteration of awareness triggered by direct electrical stimulation of the brain. Brain Stimulat. (2024) 17:1024–33. doi: 10.1016/j.brs.2024.08.013

 41. Nathan, CL, Gavvala, JR, Chaitanya, G, Cunningham, E, Lee, JJ, Adney, S , et al. High-frequency stimulation of the centromedian thalamic nucleus aborts seizures and ictal apnea. J Clin Neurophysiol Off Publ Am Electroencephalogr Soc. (2024) 41:570–4. doi: 10.1097/WNP.0000000000001098

 42. Filipescu, C, Lagarde, S, Lambert, I, Pizzo, F, Trébuchon, A, McGonigal, A , et al. The effect of medial pulvinar stimulation on temporal lobe seizures. Epilepsia. (2019) 60:e25–30. doi: 10.1111/epi.14677 

 43. Rosenberg, DS, Mauguière, F, Catenoix, H, Faillenot, I, and Magnin, M. Reciprocal thalamocortical connectivity of the medial pulvinar: a depth stimulation and evoked potential study in human brain. Cereb Cortex N Y N 1991. (2009) 19:1462–73. doi: 10.1093/cercor/bhn185

 44. Ojeda Valencia, G, Gregg, NM, Huang, H, Lundstrom, BN, Brinkmann, BH, Pal Attia, T , et al. Signatures of electrical stimulation driven network interactions in the human limbic system. J Neurosci. (2023) 43:6697–711. doi: 10.1523/JNEUROSCI.2201-22.2023

 45. Gronlier, E, Vendramini, E, Volle, J, Wozniak-Kwasniewska, A, Antón Santos, N, Coizet, V , et al. Single-pulse electrical stimulation methodology in freely moving rat. J Neurosci Methods. (2021) 353:109092. doi: 10.1016/j.jneumeth.2021.109092 

 46. Feys, O, Wens, V, Rovai, A, Schuind, S, Rikir, E, Legros, B , et al. Delayed effective connectivity characterizes the epileptogenic zone during stereo-EEG. Clin Neurophysiol. (2024) 158:59–68. doi: 10.1016/j.clinph.2023.12.013 

 47. Feys, O, Wens, V, Schuind, S, Rikir, E, Legros, B, De Tiège, X , et al. Variability of cortico-cortical evoked potentials in the epileptogenic zone is related to seizure occurrence. Ann Clin Transl Neurol. (2024) 11:2645–56. doi: 10.1002/acn3.52179 

 48. Feys, O, Schuind, S, Sculier, C, Rikir, E, Legros, B, Gaspard, N , et al. Dynamics of magnetic cortico-cortical responses evoked by single-pulse electrical stimulation. Epilepsia. (2025) 66:503–17. doi: 10.1111/epi.18183 

 49. Makhalova, J, Madec, T, Medina Villalon, S, Jegou, A, Lagarde, S, Carron, R , et al. The role of quantitative markers in surgical prognostication after stereoelectroencephalography. Ann Clin Transl Neurol. (2023) 10:2114–26. doi: 10.1002/acn3.51900 

 50. Roehri, N, Vulliémoz, S, and Lagarde, S. The challenge of assessing invasive biomarkers for epilepsy surgery. Brain J Neurol. (2024) 16:awae164. doi: 10.1093/brain/awae164

 51. Najm, I, Jehi, L, Palmini, A, Gonzalez-Martinez, J, Paglioli, E, and Bingaman, W. Temporal patterns and mechanisms of epilepsy surgery failure. Epilepsia. (2013) 54:772–82. doi: 10.1111/epi.12152 

 52. Ibrahim, GM, Sharma, P, Hyslop, A, Guillen, MR, Morgan, BR, Wong, S , et al. Presurgical thalamocortical connectivity is associated with response to vagus nerve stimulation in children with intractable epilepsy. NeuroImage Clin. (2017) 16:634–42. doi: 10.1016/j.nicl.2017.09.015 

 53. Deutschová, B, Pizzo, F, Giusiano, B, Villalon, SM, Carron, R, Bénar, C , et al. Ictal connectivity changes induced by pulvinar stimulation correlate with improvement of awareness. Brain Stimulat. (2021) 14:344–6. doi: 10.1016/j.brs.2021.01.021

 54. Xu, C, Qi, L, Wang, X, Schaper, FLWVJ, Wu, D, Yu, T , et al. Functional connectomic profile correlates with effective anterior thalamic stimulation for refractory epilepsy. Brain Stimulat. (2023) 16:1302–9. doi: 10.1016/j.brs.2023.08.020

 55. Acerbo, E, Jegou, A, Lagarde, S, Pizzo, F, Makhalova, J, Trébuchon, A , et al. Frequency-specific alterations in brain connectivity induced by pulvinar stimulation. Epilepsia. (2025). doi: 10.1111/epi.18405 

 56. Feys, O, Rikir, E, Legros, B, Sculier, C, Schuind, S, Wens, V , et al. Single-pulse electrical stimulations reduce the number of seizures during stereo-electroencephalography. Brain Stimul. (2025) 18:768–9. doi: 10.1016/j.brs.2025.04.005

 57. Bartolomei, F, Bonini, F, Vidal, E, Trébuchon, A, Lagarde, S, Lambert, I , et al. How does vagal nerve stimulation (VNS) change EEG brain functional connectivity? Epilepsy Res. (2016) 126:141–6. doi: 10.1016/j.eplepsyres.2016.06.008

 58. Gregg, NM, Valencia, GO, Huang, H, Lundstrom, BN, Van Gompel, JJ, Miller, KJ , et al. Thalamic stimulation induced changes in effective connectivity. Prepr Serv Health Sci. (2024). doi: 10.1101/2024.03.03.24303480

 59. Yu, T, Wang, X, Li, Y, Zhang, G, Worrell, G, Chauvel, P , et al. High-frequency stimulation of anterior nucleus of thalamus desynchronizes epileptic network in humans. Brain J Neurol. (2018) 141:2631–43. doi: 10.1093/brain/awy187 

 60. Edmonds, B, Miyakoshi, M, Gianmaria Remore, L, Ahn, S, Westley Phillips, H, Daida, A , et al. Characteristics of ictal thalamic EEG in pediatric-onset neocortical focal epilepsy. Clin Neurophysiol Off J Int Fed Clin Neurophysiol. (2023) 154:116–25. doi: 10.1016/j.clinph.2023.07.007 

 61. Ikegaya, N, Aung, T, Mallela, A, Hect, JL, Damiani, A, and Gonzalez-Martinez, JA. Thalamic stereoelectroencephalography for neuromodulation target selection: proof of concept and review of literature of pulvinar direct electrical stimulation. Epilepsia. (2024) 65:e79–86. doi: 10.1111/epi.17986 

 62. Ganti, B, Chaitanya, G, Balamurugan, RS, Nagaraj, N, Balasubramanian, K, and Pati, S. Time-series generative adversarial network approach of deep learning improves seizure detection from the human thalamic SEEG. Front Neurol. (2022) 13:755094. doi: 10.3389/fneur.2022.755094 

 63. Velasco, F, Velasco, M, Márquez, I, and Velasco, G. Role of the centromedian thalamic nucleus in the genesis, propagation and arrest of epileptic activity. An electrophysiological study in man. Acta Neurochir Suppl (Wien). (1993) 58:201–4. doi: 10.1007/978-3-7091-9297-9_48

 64. Sweeney-Reed, CM, Lee, H, Rampp, S, Zaehle, T, Buentjen, L, Voges, J , et al. Thalamic interictal epileptiform discharges in deep brain stimulated epilepsy patients. J Neurol. (2016) 263:2120–6. doi: 10.1007/s00415-016-8246-5 

 65. Vetkas, A, Fomenko, A, Germann, J, Sarica, C, Iorio-Morin, C, Samuel, N , et al. Deep brain stimulation targets in epilepsy: systematic review and meta-analysis of anterior and centromedian thalamic nuclei and hippocampus. Epilepsia. (2022) 63:513–24. doi: 10.1111/epi.17157 

 66. Velasco, F, Velasco, M, Jiménez, F, Velasco, AL, Brito, F, Rise, M , et al. Predictors in the treatment of difficult-to-control seizures by electrical stimulation of the centromedian thalamic nucleus. Neurosurgery. (2000) 47:295–304.

 67. Chandran, AS, Joshi, S, Suresh, S, Savarraj, J, Snyder, K, Vasconcellos, FDN , et al. Efficacy of neuromodulation of the pulvinar nucleus for drug-resistant epilepsy. Epilepsia. (2025) 66:1059–70. doi: 10.1111/epi.18244 

 68. Pizzo, F, Carron, R, Laguitton, V, Clement, A, Giusiano, B, and Bartolomei, F. Medial pulvinar stimulation for focal drug-resistant epilepsy: interim 12-month results of the PULSE study. Front Neurol. (2024) 15:1480819. doi: 10.3389/fneur.2024.1480819

 69. Yan, H, Wang, X, Zhang, X, Qiao, L, Gao, R, Ni, D , et al. Deep brain stimulation for patients with refractory epilepsy: nuclei selection and surgical outcome. Front Neurol. (2023) 14:1169105. doi: 10.3389/fneur.2023.1169105 

 70. Yang, AI, Isbaine, F, Alwaki, A, and Gross, RE. Multitarget deep brain stimulation for epilepsy. J Neurosurg. (2024) 140:210–7. doi: 10.3171/2023.5.JNS23982 

 71. Hect, JL, Mallela, AN, Pupi, M, Anthony, A, Fogg, D, Ho, J , et al. Safety of concomitant cortical and thalamic Stereoencephalography explorations in patients with drug-resistant epilepsies. Neurosurgery. (2024) 95:634–40. doi: 10.1227/neu.0000000000002919 

 72. Chaitanya, G, Romeo, AK, Ilyas, A, Irannejad, A, Toth, E, Elsayed, G , et al. Robot-assisted stereoelectroencephalography exploration of the limbic thalamus in human focal epilepsy: implantation technique and complications in the first 24 patients. Neurosurg Focus. (2020) 48:E2. doi: 10.3171/2020.1.FOCUS19887 

 73. Pati, S, Agashe, S, Kheder, A, Riley, K, Gavvala, J, McGovern, R , et al. Stereoelectroencephalography of the deep brain: basal ganglia and thalami. J Clin Neurophysiol Off Publ Am Electroencephalogr Soc. (2024) 41:423–9. doi: 10.1097/WNP.0000000000001097 

 74. Jirsa, V, Wang, H, Triebkorn, P, Hashemi, M, Jha, J, Gonzalez-Martinez, J , et al. Personalised virtual brain models in epilepsy. Lancet Neurol. (2023) 22:443–54. doi: 10.1016/S1474-4422(23)00008-X 

 75. Jiltsova, E, Möttönen, T, Fahlström, M, Haapasalo, J, Tähtinen, T, Peltola, J , et al. Imaging of anterior nucleus of thalamus using 1.5T MRI for deep brain stimulation targeting in refractory epilepsy. Neuromodulation. (2016) 19:812–7. doi: 10.1111/ner.12468

 76. Yu, K, Ren, Z, Yu, T, Wang, X, Hu, Y, Guo, S , et al. Direct targeting of the anterior nucleus of the thalamus via 3 T quantitative susceptibility mapping. Front Neurosci. (2021) 15:685050. doi: 10.3389/fnins.2021.685050 

 77. Li, J, Li, Y, Gutierrez, L, Xu, W, Wu, Y, Liu, C , et al. Imaging the centromedian thalamic nucleus using quantitative susceptibility mapping. Front Hum Neurosci. (2019) 13:447. doi: 10.3389/fnhum.2019.00447

 78. Brun, G, Testud, B, Girard, OM, Lehmann, P, de Rochefort, L, Besson, P , et al. Automatic segmentation of deep grey nuclei using a high-resolution 7T magnetic resonance imaging atlas-quantification of T1 values in healthy volunteers. Eur J Neurosci. (2022) 55:438–60. doi: 10.1111/ejn.15575 


Copyright
 © 2025 Feys, Pizzo, Makhalova, Carron and Bartolomei. 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-16-1608715-g005.jpg
(zH/gp) Aouanbasysamod

208858
—
H i
N ¥
] ]
%W% N Fa—
- (ZH) fousnbaiy
i !
3
2 H
i i i
] e g
I e T
3s
mmmmomm $sgec ¢ ©
” wheass
w* ¥ H
- w \\\\\\\\ m \\\\\\\\ m \\\\\\\\
I e e < = o
__a fouenvoiy
£z oy
T
23 -
mm ] H 3
H H 3
wm L e L
1l
mmmmamm g 5 = 288 ¢2° ois TS
7Y asd asd as4
(hoa3s pazioN pozieon pozeuON

A

100

50
Time (sec)

150

100
Time (sec)

50





OPS/images/fneur-16-1608715-g003.jpg
Frequency (Hz) Raw signal (uV) >

Frequency (Hz) Raw signal (uv) N

100

-100
256

128

32
16

424

[EET o

480 482

484 486

488

490

492

494

150

100
50

200
150
100
50

Frequency (Hz) Raw signal (V) @

Frequency (Hz) Raw signal (4¥) O

200

-200
-400
256
128

2
16

424

386

388

390

392

505

510

515

520





OPS/images/fneur-16-1608715-g004.jpg
Link Strenghts TM

0

06

Ms ES

BIANT>TM B PuM->TM BE TMNC
B3 TM->ANT B TM->PuM B3 NC>TM

PS





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The role of the thalamus in focal human epilepsy: insights from stereoelectroencephalography (SEEG)



		Introduction



		Methods



		Results



		SEEG targets based on the anatomy of the thalamus



		Implication of the thalamus during seizure genesis, propagation and termination



		Interictal thalamic recordings



		Thalamic stimulations



		Thalamic responses to cortical stimulations



		Prediction of the surgical and neuromodulation outcome



		Deep brain and responsive stimulation recordings of thalamic activity



		Risk–benefit ratio and safety considerations









		Discussion and conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fneur-16-1608715-g001.jpg





OPS/images/fneur-16-1608715-g002.jpg
L~
e






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

The role of the thalamus in focal
human epilepsy: insights from
stereoelectroencephalography

(SEEG)












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






