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Abstract 

Objective: To determine the involvement of subcortical regions in human epilepsy by 

analyzing direct recordings from these regions during epileptic seizures using 

stereoelectroencephalography (SEEG) Methods: we studied the SEEG recordings of a large 

series of patients (74 patients, 157 seizures) with an electrode sampling the thalamus and in 

some cases also the basal ganglia (caudate nucleus -22 patients- and putamen – 4 patients). 

We applied visual analysis and signal quantification methods (Epileptogenicity Index, EI) to 

their ictal recordings and compared electrophysiological with clinical data. Results: We 

found that in 86% of patients thalamus was involved during seizures (visual analysis) and that 

20% showed high values of epileptogenicity (EI>0.3). Basal ganglia may also disclose high 

values of epileptogenicity (9% in caudate nucleus) but to a lesser degree than thalamus 

(p<0.01). We observed different seizure onset patterns including low voltage high frequency 

activities. We found high values of thalamic epileptogenicity in different epilepsy 

localisations, including opercular and motor epilepsies. We found no difference between 

epilepsy aetiologies (cryptogenic vs malformation of cortical development, p = 0.77). 

Thalamic epileptogenicity was correlated with the extension of epileptogenic networks (p = 

0.03, ρ 0.32). We found a significant effect (p < 0.05) of thalamic epileptogenicity regarding 

the post-surgical outcome (higher thalamic EI corresponding to higher probability of surgical 

failure) Conclusions: Thalamic involvement during seizures is common in different seizure 

types. The degree of thalamic epileptogenicity is a possible marker of the epileptogenic 

network extension and of post-surgical prognosis.  
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Introduction  

Focal epilepsy is traditionally considered as the epitome of a cortical disease. However Henri 

Gastaut in the 1970s discussed the idea of focal epilepsy as a cortico-subcortical disease, in 

which subcortical structures could be responsible for the seizures’ initiation 1 . Even earlier, 

Jasper wrote about a “cortico-thalamic rhythmic system” that could be activated by a focal 

discharge. 2 Still, the involvement of subcortical structures in the epileptic network was long 

ignored. The scant literature on intracerebral recordings, mainly on temporal lobe epilepsy, 

showed that subcortical structures, such as the thalamus 3–6, caudate nucleus 7 or other basal 

ganglia 8 are involved in seizure dynamics.  Studies from non-human primates also 

demonstrated the participation of subcortical nuclei in ictal networks 9 10,11.   

Recently, the role of subcortical structures in epilepsy gained renewed interest. Some 

neuroimaging studies 12–17 evidenced the participation of the thalamus in epileptic networks 

suggesting that its involvement is related to post-surgical prognosis 4,18. Moreover, 

subcortical-cortical connectivity was shown to be altered in different epilepsy types. 19, 20 

When surgery is contraindicated or unsuccessful, deep brain stimulation (DBS) targeting 

thalamic nuclei can be an option (for a review see 21) but the mechanisms of cortico-

subcortical interactions during seizures are mostly unknown and it is unclear which type of 

epilepsy is best suited to such a treatment.  

The aims of this work were to evaluate thalamic and other subcortical nuclei participation in 

epileptogenic networks and to estimate the correlation of thalamic activity with clinical data 

and post-surgical outcome.  
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Methods 

Patient selection 

We selected patients who underwent SEEG exploration from January 2001 to May 2018 and 

who had at least one intracranial electrode implanted in the thalamus. Some of the patients 

had also an electrode reaching other subcortical structures (caudate nucleus or putamen). At 

the time of the SEEG recording, all patients had a comprehensive evaluation including 

detailed clinical history, neurological examination, neuropsychological testing, routine MRI 

and surface electroencephalography (EEG). SEEG exploration was carried out during long-

term video-EEG monitoring, as part of normal patient clinical care. Clinical data, SEEG 

recordings including recorded epileptic seizures were collected and analysed. The Engel class 

surgical outcome classification was used to assess post-surgical outcome.  

Standard Protocol Approvals, Registrations, and Patient Consents 

The institutional review board of the French Institute of Health (IRB15226) approved this 

study and a written patient consent was obtained from all included patients. 

SEEG recordings and montage selection 

Recordings were performed using intracerebral multiple contact electrodes (10–15 contacts, 

length: 2mm, diameter: 0.8mm, 1.5mm apart) placed intracerebrally according to Talairach’s 

stereotactic method. The anatomical targeting of electrodes was established, independently of 

this study, in each patient according to information available after the non-invasive study and 

clinical hypotheses about the localization of the epileptogenic zone. The number of electrodes 

ranged from 6 to 22 electrodes, with more recent implantation having an higher number of 

electrodes.  
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A post-operative computerized tomography (CT) scan and/or MRI were used to verify the 

absence of bleeding and the position of electrodes. Video-EEG recording was performed as 

long as necessary (1 to 3 weeks) to record several of the patient’s habitual seizures. Finally, 

CT-scan/MRI data fusion was performed when all data were available to accurately check the 

anatomical location of each contact along the electrode trajectory. For this purpose we used 

our in-house software GARDEL - http://meg.univ-amu.fr/wiki/GARDEL:presentation - 22. In 

patients explored before 2008, imaging data were in some cases lacking and we used the 

description of electrode position that was available for all patients. We included these patients 

since the aim of the study was to evaluate thalamic participation during seizures, while a 

detailed anatomical description of electrode position was beyond the scope of this study. An 

exploration of the thalamus targeting the pulvinar medialis has become customary in our 

department whenever a posterior temporal electrode exploring the planum temporale (PT) has 

to been implanted for the definition of the epileptogenic zone. Indeed, it is technically easy 

and safe to insert an orthogonally implanted electrode slightly deeper at the level of PT and 

thus reach the pulvinar medialis with the most medial contacts.  A division between the 

thalamic contacts located in the pulvinar versus those not reaching the pulvinar, but other 

thalamic subnuclei (anterior, median and lateral), was computed. Regarding basal ganglia, the 

electrode used to explore the frontal operculum for clinical reasons was also sampling the 

head of the caudate nucleus. The putamen could also be explored by an opercular electrode or 

an oblique insular electrode. 

Signals were recorded on a Natus system sampled at 256, 512 or 1024 Hz with 16 bits 

resolution. Two hardware filters were present in the acquisition procedure. The first is a high-

pass filter (cut-off frequency equal to 0.16 Hz) used to remove very slow variations that could 

contaminate the baseline. The second is an anti-aliasing low-pass filter (cut-off frequency 
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dependent on sampling frequency: equal to 97 Hz at 256Hz, 170 Hz at 512 Hz and 340 Hz at 

1024 Hz). 

In each patient, to analyse data, a SEEG bipolar montage was created and applied to all 

selected seizures. The SEEG montage included all subcortical channels, as well as all grey 

matter channels.  Channels showing artefacts were excluded from analysis. All signal analysis 

was performed with the AnyWave software  (available at http://meg.univ-

amu.fr/wiki/AnyWave:Download ) 23. 

Ictal recordings: visual analysis and computation of the Epileptogenicity Index (EI)  

Seizure were collected (with a maximum of 3 seizures per patient) and two types of analysis 

were done: visual and quantified. 

Visual analysis was done with the help of normalized time frequency analysis (nTF) 24. In 

particular, we characterised seizure onset patterns (SOP) 25 in the thalamus and basal ganglia. 

The pattern in the subcortical structures was analysed only if it was present during the first 15 

seconds from cortical seizure onset. Specific subcortical SOP were defined as low voltage fast 

activity (LVFA) associated or not with DC shift, rhythmic spikes or rhythmic spikes and wave 

discharges from alpha to higher frequency band (RS), and theta band discharge (theta). 

Discharges involving several frequency bands could be found in thalamus at the same time. In 

this case we selected the one with the highest normalised power as the main discharge. 

Discharges at other frequencies that were simultaneously present were also analysed. If a 

LVFA was present in any seizure for the patient, it was considered as the main pattern. With 

the RS pattern we included all patterns that did not show a clear fast discharge in the nTF but 

not even only a theta propagation pattern. Heterogeneous patterns could be recorded, ranging 

from spikes in the beta frequency to oscillations in the alpha band and a mixture of different 

activities.  
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To perform quantified analysis, we computed the EI for all selected seizures by using our in-

house plugin 26, implemented in the AnyWave software 23. The EI is a method applied to 

SEEG signal aiming at quantifying the epileptogenicity of brain structures. The EI 

methodology has been described extensively in previous works 27.  Briefly, the EI allows to 

quantify the epileptogenicity of a brain region by considering both 1) the capacity of this 

region to generate fast activity at the beginning of the seizure, changing from the slower 

background activity preceding the seizure to faster frequencies and  2) the velocity of this 

change during the seizure course; in other words the time in which this change take place. 

High EI values (> 0.3) are characteristic of regions in which we can record a fast epileptic 

discharge at the beginning of a seizure (generally the very firsts seconds).   

When computation of EI was not possible, e.g. in absence of a fast discharge or fast spiking 

activity or in presence of a noisy signal, the patient was excluded from subsequent analysis. If 

the thalamus ipsilateral to the seizure onset side was not explored, the patient was excluded. 

Structures involved at seizure onset as detected by EI analysis were then compared to visual 

analysis to verify concordance between the two analyses. A value of EI for each sampled 

brain region was calculated, with a threshold  of 0.3  to define a channel as epileptogenic27. 

The same threshold was used for other subcortical structures. 

Data analysis 

The number of patients and seizures with a high epileptogenicity in the thalamus or in another 

subcortical structure were calculated, as well as the number of patients showing an ictal 

discharge in the time course and nTF analysis. Values of thalamic epileptogenicity (one per 

patient - the maximum EI value across all seizures) were grouped according to clinical data as 

epilepsy aetiology and epilepsy type. 
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The primary goal of this study was to examine the relationship between epileptogenicity of 

the thalamus and epilepsy severity. To answer this question, we first computed the Spearman 

correlation between thalamic epileptogenicity and i) number (or percentage) of brain regions 

with high epileptogenicity (EI ≥ 0.3) and ii) epilepsy duration. Secondly, we investigated 

whether thalamic epileptogenicity is higher in patients with poor post-surgical outcome 

compared to those with good outcome (Engel class I and II vs Engel class III and IV) using a 

multivariate probit regression and taking the number of brain regions with EI ≥0.3 and its 

interaction with thalamic epileptogenicity as control variables. For the regression, we used 

standardized variables (i.e. we transformed the variables so that the mean and standard 

deviation equal zero and one respectively) to handle more homogeneous variables. We finally 

controlled for multiple testing using the False-Discovery Rate procedure28; only adjusted p-

values are reported unless stated otherwise. 

The secondary aim of this study is to describe the repartition in percentage of different clinical 

characteristics (i.e. aetiology, epilepsy type, seizure onset type) in this patient cohort, and  the 

differences of i) epileptogenicity of the explored subcortical structures (thalamus, caudate 

nucleus, putamen) and ii) thalamic epileptogenicity between different groups of aetiology and 

type of epilepsy. The comparison was only done when a minimum of twelve observations 

were available per group. This number was arbitrarily chosen as the minimum amount to have 

meaningful statistics. We report the common language effect size of the Wilcoxon rank sum 

test (i.e. the U statistic divided by the product of the number of elements of each variable) and 

its 95-percent confidence interval 29 for the comparison between different variables. The 

percentages and their 95-percent confidence intervals, calculated with continuity correction, 

are written when the number of elements is above five (minimum amount for the confidence 

interval validity). The statistical analysis was done using MATLAB (The Mathworks Inc., 
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Natick, MA, U.S.A.), and the R-package asht for the confidence interval of the Wilcoxon rank 

sum test. 

Data Availability 

Full access to data is possible upon reasonable request.   

 

Results 

Population characteristics  

In our cohort, a total of 83 patients had at least one electrode in a thalamic nucleus.  Eight 

patients were excluded due to the impossibility of computing EI (absence of fast discharges 

(5) signal too noisy (3)). One patient was excluded because the thalamus was explored in the 

hemisphere contralateral to the seizure onset. Finally, 74 patients were included (43 women). 

Twenty-two patients had an electrode in the caudate nucleus and 4 had one electrode 

exploring the putamen. Mean age at SEEG recording was 30.5 (range 5-61 SD 12.9), mean 

epilepsy duration was 18.3 (range 4-33 SD 11.4) and mean age of epilepsy onset was 12.2 

(range 4 months-28 SD 9.4). One hundred and fifty-seven seizures were analysed. 

The aetiology was: 31 (42%, [30-54%]) cryptogenic, 22 (30%, [19-41%]) malformation of 

cortical development (MCD), 8 (11%, [3-19%]) hippocampal sclerosis, 4 infectious disease, 9 

(12%, [4-20%]) other aetiologies (including 3 post-stroke, 3 tumour, 2 head trauma, 1 

cavernoma). The epilepsy type was: 36 (49%, [37-61%])  temporal lobe epilepsy (TLE) (23 

mesial TLE, 7 lateral TLE, 6 mesio-lateral TLE), 11 (15%, [6-24%]) bitemporal epilepsy, 10 

(13%, [5-22%]) temporal plus epilepsy, 3 opercular epilepsy, 8 (11%, [3-19%]) epilepsy of 

motor-premotor system, 6 (8%, [1.2-15%]) posterior epilepsy. 
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Thirty-nine patients (53 %, [41-65%]) had subsequent surgery, among which eleven had a 

follow up <12 months (15%, [6.1-24%]). The mean follow-up duration was 61 months (range 

2-198 months). 

Finally, 14/28 (50 %, [30-70%]) had good surgical outcome (12 Engel I - 2 Engel II) and 14 

(50 %, [30-70%]) had poor outcome (9 Engel III, 5 Engel IV). Thirty-five (47%, [35-59%]) 

did not have surgery after SEEG. In 24 (32%, [21-44%]) surgery was contraindicated. The 

reasons of contraindication were a widespread network (18 – 24%, [14-35%]) or overlap of 

the epileptogenic zone with eloquent cortices (6 - 8%, [1.2-15%]). Six patients are waiting for 

surgery (8%, [1.2-15%]), three had good response to thermocoagulation, one patient died, and 

one was lost to follow up/refused surgery.  

Seizure onset patterns in thalamus 

Visual analysis revealed that the thalamus participated in seizures in the great majority of 

patients (86 % [77-95%] in the first 15 seconds). Different and particular patterns were 

observed: low voltage fast activity (LVFA, 31 %, [20-42%]), rhythmic spikes (RS, 38%, [26-

50%]) or theta activity (theta, 18%, [8.2-27%]) possibly with some fast activities.  The 

distribution of SOP across epilepsy type is illustrated in Fig. 1. The main frequency of 

thalamic discharge as calculated by nTF was 20 Hz (range: 4 - 160 Hz). It should be noted 

that in 16 patients, other frequencies of ictal discharges accompanied the main one (mean 50 

Hz, range: 10 - 190 Hz). In summary a total of 4 patients presented ictal discharges above 80 

Hz. Some examples of thalamic discharges are illustrated in Fig. 2 (A-D).  

Basal ganglia can participate in seizure genesis and propagation 

High epileptogenicity values, as evaluated with quantified analysis (EI), were also recorded 

from caudate nucleus and putamen (Fig. 3). Twenty-two patients had an exploration of 

caudate nucleus (CN) and in two patients it was included in the EZ according to EI values. 
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Regarding putamen, this was sampled in four patients, being in one part of the EZ (Table 1). 

Regarding SOP, in CN we observed in 7 patients a pattern classified as RS characterized by a 

discharge around 8-10 Hz with intermingled spikes; in 3 patients we observed a LVFA pattern 

(Fig 1E), in 4 patients a theta discharge and in 7 patients no participation in the first 15 

seconds of the seizure was observed. In the putamen we observed a RS pattern in 2 patients 

(Fig. 2f), in one patient a theta activity and in one patient no ictal activity.  

Epileptogenicity of thalamus and basal ganglia and correlation with clinical data 

In fifteen patients (15/74, 20%, [10-30%]) the thalamus was included in the EZ in at least one 

seizure (21 seizures). The pulvinar was the explored nucleus in 42/74 patients, location of the 

others contacts in the thalamus was in the median nuclei (8/74), in the lateral nuclei (16/74) 

and in 8 patients it was not possible to reconstruct it retrospectively. In two patients (2/22) the 

caudate nucleus was included in the EZ as was the putamen in one patient (1/4) (Fig. 3). 

When comparing epileptogenicity in thalamus and caudate nucleus we found a large 

difference (Wilcoxon rank sum test: uncorrected p < 0.01, effect size: 0.259 [0.158 0.401]), 

with higher values in thalamus. Two examples of seizures with high subcortical 

epileptogenicity are reported in Fig. 4.1 (thalamus) and Fig. 4.2 (caudate nucleus). The 

relationship between thalamic epileptogenicity and different types of epilepsy and aetiology 

of epilepsy are shown in Fig. 5. 

The highest values of thalamic epileptogenicity were found in infectious disorders and 

cryptogenic epilepsies. No difference was found in thalamic epileptogenicity across the more 

represented aetiologies as the confidence interval of the effect size is large and centred near 

0.5 (crypto vs MCD, Wilcoxon rank sum test:  uncorrected p= 0.77, effect size: 0.531 [0.377 

0.678]). As far as localisation/type is concerned, the highest thalamic epileptogenicity was 

found in opercular and bitemporal epilepsies, but no statistical analysis was possible due to 
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the insufficient number of observations per group. A significant correlation was found 

between the extension of the epileptogenic network (% brain region with EI > 0.3 - p = 

0.0379, ρ =0.32 [0.10 0.52]- and number of regions with EI > 0.3 - p = 0.0195, ρ = 0.27 

[0.044 0.47]) and thalamic epileptogenicity (Fig. 6). No significant correlation of thalamic 

epileptogenicity and epilepsy duration was found (ρ = -0.00020755, [-0.22 0.22], p = 0.9986). 

Thalamic epileptogenicity and surgical outcome 

To compare thalamic epileptogenicity and surgical outcome we included patients with a 

follow up of more than 12 months (28: 14 Engel I or II). We found using the probit regression 

(Table 2) a significant effect (p < 0.05) of the thalamic epileptogenicity regarding the post-

surgical outcome while controlling for the number of brain regions with high epileptogenicity 

and its interaction. In fact, the confidence interval of the coefficient of the extent of the SOZ 

is large and does not permit to draw any conclusion concerning its relationship with the 

outcome. 

Discussion 

The present results demonstrate, in a large cohort of patients, that the thalamus is involved in 

focal seizures in the vast majority of patients (86%) according to visual analysis. In a subset 

of patients (20%) the thalamus was involved early in seizure generation, as shown by a high 

value of epileptogenicity measured by a quantified ictal analysis (EI). EI evaluate the rapidity 

of a brain region to generate fast activity at the beginning of the seizure, and thus indicates 

that a given region is involved at the very start of the seizure. We found a significant 

correlation between the number of regions with a high degree of epileptogenicity and thalamic 

epileptogenicity. We also showed that thalamic epileptogenicity has a significant effect 

regarding the post-surgical outcome. Taken together, these findings suggest that thalamic 
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involvement in focal seizures could be a marker of extension of the epileptogenic network and 

may influence the surgical outcome.  

Past research has mainly focused on thalamus in mesial temporal lobe epilepsy. According to 

Rosenberg and colleagues 3 and Guye and colleagues 4  a large percentage of MTLE showed 

thalamic involvement (80% ), with an effect on clinical presentation if thalamus was involved 

4. Regarding seizure onset patterns, we found similar patterns to those described by 

Rosenberg, especially a prevalence of RS in MTLE (Fig. 1), but we also observed high 

frequency discharges in some cases, reaching a maximum of 190 Hz.   

Here we showed that thalamic involvement is possible in all focal epilepsies independently of 

the lobar localisation or aetiology (Fig. 5). The possible connections of the different thalamic 

nuclei with the neocortex are reported in some tractography studies 30,31. The pulvinar is 

reported to be extensively connected to large parts of the cortex from the mesial temporal lobe 

to the parietal cortex. Interestingly, a resting state functional connectivity study proposed 

pulvinar nuclei as a key reflection of symptom-related functional deficits in mTLE 32 and 

evidenced a connectivity of this nucleus with the orbitofrontal region.  In our cohort, we 

found the highest values of thalamic epileptogenicity in bitemporal, insulo-opercular and 

motor system epilepsies. The high thalamic epileptogenicity in insulo-opercular epilepsy 

seems consistent with SEEG cortical evoked potentials, reported in Rosenberg’s study 33, in 

which these two regions appeared highly connected (90% response rate) and with recent data 

on MRI insulo-thalamic connectivity34. Regarding motor-premotor epilepsy and thalamic 

epileptogenicity, the relationship is intriguing and could be related to the “higher order 

connections” of the pulvinar 35. Patients with motor-premotor and insulo-opercular (in the 

dominant hemisphere) epilepsies are often contraindicated for surgery because of functional 

reasons. Recent data from our group 36 demonstrated that pulvinar stimulation could be 

efficient in improving seizure termination and could potentially reduce degree of impaired 
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consciousness. In this context our results suggest that DBS targeting the pulvinar could be an 

interesting option in some cases.  Nevertheless, because of the limited number of patients with 

these epilepsies in our cohort, these data should be considered as preliminary observations 

and need to be confirmed by future studies. 

Thalamic involvement in our study correlated with network extension. More complex 

epilepsies seem to more frequently involve thalamic participation in their epileptogenic 

network. Nevertheless, calculating network extension in patients with different SEEG 

implantations (number of electrodes) and different surgery outcome or contraindication to 

surgery (considering that some important brain regions could have missed in the implantation 

scheme) represent a limitation of the study. 

Thalamic epileptogenicity was found to have a significant effect regarding seizure outcome, 

confirming the prognostic value of thalamic implication. Our results are in agreement with 

recent fMRI connectivity data showing that patients with TLE who showed higher presurgical 

levels of functional synchronization between the thalamus and other extratemporal regions 

had less favourable surgical outcome 18. Thalamic involvement could also be a possible 

marker of the “synchronisability” of the network, and thus related to surgical outcome 4,37. 

Regarding basal ganglia, namely caudate nucleus and putamen, we found that they could also 

be involved in focal seizures as already reported with neurophysiological 38 and MRI data 39. 

In our cohort caudate nucleus showed high epileptogenicity in only 9% (2/22) of patients 

compared to the 20% (15/74) with high thalamic epileptogenicity and when comparing EI 

values on both structures we found a significant difference. However it could be possible that 

in a different cohort of patients, for example with a higher number of patients affected by 

frontal lobe epilepsies, caudate nucleus involvement would be more frequent 10,11. Previous 

work on temporal lobe epilepsy showed a minor role of basal ganglia in the seizure network 
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40. Recently, cortico-striatal synchronisation was reported using SEEG 7 during focal seizures, 

especially at the end of seizures, supporting a role of these nuclei in seizure termination as 

previously reported by our group regarding thalamus 6. A hypothesis about a role in inhibiting 

seizure spread was also proposed by other authors 40: according to this theory basal ganglia 

may influence cortical oscillatory processes related to control of seizures via their feedback 

pathways to the cortex. 

Recently, indications for intracranial presurgical investigation including SEEG have been 

evolving,  tending to include more “complex network” epilepsies and/or MRI-negative 

epilepsies41. Wider SEEG indications are also related to the possibility of proposing palliative 

options in complex extended cases based on SEEG-guided radiofrequency thermocoagulation 

42,43.  Moreover, SEEG has been revealed to be useful in epilepsies with widespread networks 

related to post-stroke aetiology, in order to guide surgical disconnection44.  Finally, some 

genetic epilepsies, as the case of tuberous sclerosis complex epilepsies, could also benefit 

from intracerebral explorations 45.  Actually in a large percentage of patients (24/74 39% in 

our cohort and 69/246 28% in the Cuello et al. study 46) surgery was contraindicated, 

evidencing an important need for other therapeutic options. 

Our results indicate that the vision of "focal" epilepsy should change. In addition to the 

important notion of an epileptogenic network 47,48, we showed that epilepsies are cortical-

subcortical diseases in which epileptogenicity can affect subcortical structures, particularly 

the thalamus. In the future, therapies aimed at modifying network activity on a personalized 

scale will have to take these modifications into account. In this sense, the development of 

effective thalamus stimulation paradigms in DBS aimed at desynchronizing the network 5 or 

elective modulation techniques of certain nodes through new simulation 49,50 offer particularly 

encouraging prospects. 
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Fig. 1: Percentage of different SOP in thalamus across epilepsy type.  

Legend:  biT – bitemporal epilepsy; T plus –temporal plus epilepsy; TLE,MTLE – mesio 

temporal lobe; TLE,MLTLE – mesio-lateral temporal lobe epilepsy; epilepsy TLE,LTLE – 

lateral temporal lobe epilepsy; PE- posterior epilepsy; Op – insulo-opercular epilepsy; Mot – 

motor-premotor epilepsy. 
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Fig. 2: Examples of subcortical ictal discharges represented in their time course and nTF 

analysis. In the thalamus: LVFA pattern (A and B), RS (C) and theta (D). Different 

frequencies may be present in each pattern. In D, a high frequency component is visible, 

without a clear discharge (D). SOP in the caudate nucleus (E) and in the putamen (F). 
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Fig. 3: EI values (max EI value per patient) in the different subcortical structures. 

(Thalamus vs Caudate nucleus Wilcoxon rank sum test p <  0.01) 
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Fig. 4:  Focal seizures involving thalamus (4.1, patient 64) and caudate nucleus (4.2, 

patient 52) a. SEEG at seizure onset: large epileptogenic network; note the fast discharge in 

thalamus (Th, 1a) and caudate nucleus (CN, 2a) b.  Epileptogenicity Index map showing  the 

increase in energy ratio (in blue to yellow scale) and the time of detection (circle – alarm 

time- and cross – detection time <sup>27</sup>) 27 in each selected SEEG channel. Notably 

in the map of fig 4.1 a detection cross at the level of channel Th (thalamus) is evident at the 

very beginning of the seizure given rise to the high epileptogenicity value in thalamus. To be 

noted, the first detection (cross) is not at Th level but in the OC channel that show the 

maximum value of EI (as shown in c).  Comparatively, in fig 4.2 an early cross is visible in 

the CN (caudate nucleus) but the maximum of energy ratio is evident at the level of OR that 

shows the highest EI value (shown in c). c. Results of the epileptogenicity index (in blue 

normalized EI, in red summed energy ratio) 27  d. 3D representation of the SEEG exploration; 

the balloons indicate the EI detections. Balloon colour (from yellow to red) and dimension 

correspond to the EI value e. MRI (T1 sequence) - CT data fusion: to be noted electrode H 

(see flash) sampling from thalamus (1e) and electrode OF’ (see flash) sampling from caudate 

nucleus (2e) 

Legend: aCG- anterior cingulated cortex; aIns –anterior insula ;  BT-basotemporal; Hip- 

hippocampus; Ins- insula; L- left;  mIns- middle insula; OC- central operculum; OF – frontal 

operculum; OP- parietal operculum; OR- orbitofrontal cortex;  pCG- posterior cingulated 

gyrus; pIns- posterior insula; R-right; Th - thalamus; T lat – temporo-lateral  
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Fig. 5: Thalamic epileptogenicity across different epilepsy type and aetiologies. Each 

point represents the maximum EI value in the thalamus for each patient according to the type 

of epilepsy and aetiologies respectively (crypto vs MCD, Wilcoxon rank sum test: 

uncorrected p= 0.77, effect size: 0.531 [0.377 0.678]). 

Legend: Mot – motor-premotor epilepsy;  Op – insulo-opercular epilepsy; PE- posterior 

epilepsy; TLE,LTLE – lateral temporal lobe epilepsy; TLE,MLTLE – mesio-lateral temporal 

lobe epilepsy; TLE,MTLE – mesio temporal lobe epilepsy; T plus –temporal plus epilepsy; 

biT – bitemporal epilepsy; HS – hippocampal sclerosis; Inf – post -infectious; MCD- 

malformation of cortical development; crypto – cryptogenic; other includes: cavernoma, post 

stroke epilepsy, post-traumatic epilepsy  
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Fig. 6: Thalamic EI values correlation with the percentage of brain regions with a high 

EI value. A significant correlation was found (p = 0.03, ρ 0.32) suggesting the thalamus as a 

possible marker of the extension of the epileptogenic network 
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Table 1: Patient characteristics 

n sex 
age at 
SEE
G 

n of 
seizures  epilepsy type aetiology SOP in TH 

other 
subcortica
l/SOP 

epilepsy 
onset  

du
rat
ion 

after SEEG: type of 
surgery/contraindication: 
reason 

En
gel 
cla
ss 

follow up 
(months)  

1 M 15 2 TLE, MLTLE MCD rTheta  6 9 L T  lobectomy 3 198 
 

2 F 44 1 TLE, MTLE HS none  8 36 L T  lobectomy 1 144 
 

3 M 37 2 Mot post stroke rTheta  23 14 L F cortectomy 2 46 
 

4 M 43 2 Tplus MCD RSW 
 

25 18 R T  lobectomy 3 120  

5 M 24 1 TLE, MTLE tumor  LVFA CN: LVFA 1 23 
L T  lobectomy + 
lesionectomy 4 195  

6 M 43 2 TLE, LTLE crypto RSW CN: RSW 10 33 R latero-T cortectomy 1 72  

7 F 17 3 Mot MCD  RSW CN: rTheta 0 17 L F cortectomy 3 132  

8 M 22 2 biT tumor  RSW  16 6 R T lobectomy 1 168  

9 M 22 1 TLE, LTLE MCD none  15 7 R STG cortectomy 1 120  

10 F 35 2 TLE, MLTLE HS  none CN: none 1 34 R T lobectomy 1 36  

11 M 32 2 biT crypto RSW  18 14 C: bilateral    

12 F 35 1 TLE, MLTLE tumor  LVFA  3 32 R Tl lobectomy 2 132  

13 M 31 2 TLE, MTLE HS LVFA CN: none 4 27 L T lobectomy  3 72  

14 F 54 3 TLE, MTLE Inf LVFA 
 

1 53 L T lobectomy 3 42  

15 F 13 3 TLE, MTLE HS RSW  2 11 L T lobectomy 1 42  
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16 M 25 2 Op Inf rTheta  15 10 
 
OP gamma knife  3 24  

17 F 61 2 TLE, MLTLE crypto RSW  28 33 R T lobectomy 3 36  

18 F 45 3 PE crypto none  16 29 C: bilateral    

19 M 42 1 TLE, MTLE HS rTheta  6 36 R T lobectomy 1 54  

20 F 16 1 TLE, LTLE MCD rTheta  13 3 C: function    

21 F 46 3 biT crypto none  12 34 C: bilateral    

22 F 26 2 PE crypto LVFA CN: none 7 19 L TO cortectomy 4 132  

23 M 15 3 PE MCD RSW CN: none 4 11 lesionectomy 4 150  

24 F 19 2 Tplus MCD RSW  12 7 C: function    

25 F 48 2 biT crypto RSW  14 34 C: bilateral    

26 M 29 3 Mot crypto LVFA  5 24 lost FU    

27 F 15 3 TLE, LTLE MCD RSW  11 4 L T lobectomy 1 94  

28 F 16 1 Mot post stroke RSW  3 13 C: extended    

29 F 27 2 TLE, MTLE crypto RSW 
CN and 
Put: RSW 17 10 R T lobectomy  1 18  

30 M 12 3 Op MCD  LVFA 

CN: 
LVFA  
Put: RSW 6 6 thalamic stimulation 4 140  

31 F 25 2 PE MCD  RSW  5 20 TO disconnection 3 19  

32 M 28 1 TLE, MTLE MCD LVFA  10 18 C: function    

33 F 30 3 biT MCD RSW  21 9 C: bilateral    

34 M 52 1 TLE, MTLE crypto LVFA CN: RSW 35 17 dead    

35 M 19 2 Tplus crypto LVFA CN: RSW 10 9 C: extended    

36 F 22 1 Tplus crypto  RSW  18 4 RT lobectomy, after VNS 4 41  

37 F 39 3 TLE, MTLE crypto LVFA  20 19 C: function    
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38 F 29 3 TLE, MTLE MCD RSW  8 21 R T cortectomy 1 17  

39 F 23 2 TLE, LTLE MCD none  15 8 C: function    

40 F 23 3 biT crypto LVFA  5 18 C: bilateral    

41 M 29 3 Tplus Inf LVFA CN: RSW 0 29 C: extended    

42 F 45 1 Tplus HS LVFA  1 44 C: extended    

43 F 42 3 TLE, MTLE TC RSW  24 18 in program    

44 M 45 2 TLE, MTLE crypto rTheta  17 28 C: extended    
45 M 35 2 Mot crypto rTheta  1 34 C: extended    

46 M 21 1 TLE, LTLE crypto none  15 6 
R ant T lobectomy 
(extension to T1) 

                                   
FU<12m  

47 F 42 2 TLE, MTLE MCD RSW  33 9 Good, thermocoagulation    

48 M 21 2 PE MCD  RSW  0 21 in program    

49 M 60 2 TLE, MTLE crypto rTheta  36 24 R T lobectomy 3 19  

50 F 29 3 biT MCD none  20 9 C: bilateral    

51 M 15 1 Mot crypto LVFA  3 12 C: extended    

52 M 29 3 TLE, MLTLE crypto  rTheta 
CN: 
LVFA 7 22 L T resection (extended)                                   FU<12m                         

53 F 42 3 TLE, MTLE crypto RSW  24 18 L Tl lobectomy  FU<12m  

54 F 35 2 PE MCD  rTheta  12 23 in program    

55 M 33 2 biT crypto  rTheta CN: tTheta 11 22 C: bilateral    

56 F 47 2 TLE, MTLE crypto  RSW CN: RSW 38 9 
LT lobectomy (posterior 
hipp included)  FU<12m  

57 F 38 2 Tplus crypto LVFA CN: RSW 19 19 C: extended    

58 M 36 2 Tplus cavernoma LVFA Put: rTheta 23 13 Good, thermocoagulation    

59 M 26 2 TLE, MTLE HS RSW  5 21 L ant T lobectomy  FU<12m  
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60 F 25 2 TLE, MLTLE crypto none 
CN and 
Put: none 11 14 in program    

61 M 10 3 TLE, MTLE crypto rTheta  3 7 L T lobectomy 1 18  

62 M 7 3 TLE, MTLE MCD RSW  1,5 6 LT lobectomy  FU<12m  

63 F 26 3 TLE, MTLE MCD LVFA 
 

23 3 lesionectomy plus parahipp  1 18  

64 F 38 2 Op Inf LVFA CN: none 3 35 C: bilateral    

65 F 17 3 Mot crypto LVFA  15 2 C: function    

66 F 22 3 TLE, LTLE crypto RSW  13 9 RT lobectomy plus STG  FU<12m  

67 F 7 2 Mot post stroke LVFA  2 5 L F lobectomy, SMA  FU<12m  

68 M 47 1 Tplus TC LVFA CN: rTheta 22 25 RT lobectomy   FU<12m  

69 F 20 1 TLE, MTLE HS RSW  8 12 in program    

70 F 48 2 TLE, MTLE MCD LVFA CN: RSW 11 37 Good, thermocoagulation    

71 F 37 3 biT crypto RSW  21 16 C: bilateral    

72 F 32 1 biT crypto rTheta CN: rTheta 24 8 RT lobectomy   FU<12m  

73 F 48 2 Tplus MCD none CN: none 8 40 in program    

74 M 5 3 biT crypto RSW  0 5 R T lobectomy  FU<12m  

 
             

Legend: F – female; M male; Mot – motor-premotor epilepsy;  Op – insulo-opercular epilepsy; PE- posterior epilepsy; TLE,LTLE – lateral 

temporal lobe epilepsy; TLE,MLTLE – mesio-lateral temporal lobe epilepsy; TLE,MTLE – mesio temporal lobe epilepsy; T plus –temporal plus 

epilepsy; biT – bitemporal epilepsy. HS – hippocampal sclerosis; Inf – post -infectious; MCD- malformation of cortical development; crypto – 

cryptogenic; other includes: cavernoma, post stroke epilepsy, post-traumatic epilepsy. RS- rhythmic spikes; LVF- low voltage fast activity;  R - 

right; L - left; T- temporal, F – frontal, ant- anterior, STG- superior temporal gyrus; SMA- supplementary motor area.  C- contraindication. 

In bold values of EI > 0.3 for subcortical structures. 
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Table 2: Multivariate probit regression 

95% - confidence interval of the coefficient  Coefficient estimate 

Lower bound Upper bound 

Adjusted p-value 

Constant 0.126 -0.422 0.675 NA 

Thalamic EI 0.682 0.0520 1.312 0.0451* 

Number of regions 

with EI > 0.3 

0.602 -0.124 1.328 NA 

Interactions -0.423 -1.164 0.318 NA 
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