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Objective: This study aims to evaluate the efficacy and safety of deep brain stimulation (DBS) of the medial pulvinar nucleus (PuM) in reducing seizure frequency and addressing comorbidities in patients with drug and vagal nerve-resistant focal epilepsy.

Methods: This is an open-label prospective treatment trial with a planned enrollment of 12 patients suffering from medically refractory epilepsy (Clinical trial gov NCT04692701), for which the interim 12-month post-implantation results for the first 6 patients are being reported. Inclusion criteria were focal epilepsy not suitable for or after failed surgical intervention and previous failure of neurostimulation therapies (vagus nerve stimulation or anterior thalamic nucleus DBS). Evaluations included seizure diaries, neuropsychological assessments, and scales for depression, anxiety, quality of life, and seizure severity. PuM DBS was performed using ROSA robotic assistance, with follow-ups every 3 months for 1 year.

Results: Out of six patients, five completed 1-year follow-up (one patient died prematurely). A non-significant trend toward seizure reduction was observed at 6 months, becoming more pronounced at 1 year (mean reduction: 45%; responders: 2/5). Seizure severity significantly improved (p = 0.02), with a reduction in the NHS3 scale scores. Quality of life improved significantly at 1 year (p = 0.03). Psychiatric assessments indicated a non-significant trend toward improvement in depression (mean improvement: 26%) and anxiety (mean improvement: 20%) scores. Neuropsychological testing showed stable or improved cognitive performance in three out of five patients. Adverse events included one case of cerebral hemorrhage, one infection leading to device removal, and one possible SUDEP.

Significance: Preliminary results suggest that PuM DBS may offer a promising therapeutic option for reducing seizure severity and improving quality of life and cognitive functions in patients with drug-resistant epilepsy. Despite the small sample size and the presence of serious adverse events, the findings warrant further investigation with larger cohorts to confirm these trends and optimize the treatment protocol.
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Introduction

Epilepsy affects approximately 1% of the general population, and one-third of patients are drug-resistant (1, 2). In some cases (20%), surgical resection can be offered, effective in approximately 50–70% of cases (1, 2). There is, therefore, a large population of patients for whom resective surgery is contraindicated or insufficiently effective and to whom palliative therapies are offered.

Neuromodulation represents an increasingly attractive treatment option for those patients (3). Neuromodulation can take the form of nerve stimulation, such as vagus nerve stimulation (VNS) or intracranial stimulation, such as responsive neurostimulation (RNS) or deep brain stimulation (DBS) (4).

VNS is the most commonly used of palliative therapies but has a 50% failure rate, and only 3–5% of patients are seizure-free (5). The stimulation of the anterior nucleus of the thalamus (ANT) has shown a seizure reduction of approximately 40% (6). Different brain targets for DBS have been tested, including the centromedian thalamus, hippocampus, motor cortex, caudate nucleus, and subthalamic nucleus, with a general overall efficacy in seizure reduction of approximately 35–60% (3). Except for anterior thalamic nucleus stimulation (6, 7), no randomized control trials exist in the other targeted deep nuclei stimulation.

It is crucial to note that patients with drug-resistant epilepsy frequently suffer (up to 60% of cases) from cognitive and psychiatric comorbidities (8). Depression is a significant factor affecting the quality of life of these patients. The VNS has a positive effect on depression (9), while the DBS of the anterior nucleus of the thalamus could have a more negative effect (10).

Pioneering studies using stereoelectroencephalography (SEEG) (11, 12) had already shown the participation of the thalamic median pulvinar nucleus (PuM) in the propagation and amplification of temporal seizures (11) and its possible role in their arrest (13). PuM is also involved in interictal activities, being more pronounced in patients with a worse surgical outcome (14). The PuM has extensive cortical connections (15), particularly with temporoparietal associative areas, and it is involved in seizures arising from different brain areas (16). PuM involvement in extratemporal lobe seizures was also previously shown (11, 12, 16). This nucleus, importantly, plays a role in the ictal loss of awareness (LOA) (17). The degree of LOA during temporal seizures was found to correlate with the amount of synchronization in thalamocortical systems. Interestingly, thalamic stimulation of the ANT (18) and the PuM (19) has been shown to reduce SEEG signal synchrony in responders to stimulation. Similar connectivity modifications were also found in responders to VNS (20). Recent data showed that stimulation of the PuM is well tolerated and can effectively reduce the duration and severity of attacks (21, 22).

From a surgical perspective, PuM is more readily accessible than the anterior nucleus of the thalamus in the setting of SEEG (23). In the case of DBS, the ANT’s proximity to the lateral ventricle and its vascular anatomy, including the nearby choroid plexus and thalamic-striate veins, can make it difficult to target precisely, with some evidence suggesting the trans-ventricular approach. In comparison, the PuM may present a less challenging target to access.

We, therefore, proposed a pilot study (Clinical trial gov NCT04692701) to evaluate the impact of PuM deep brain stimulation on the frequency of epilepsy seizures and comorbidities (psychiatric, cognitive) in a population of patients with focal epilepsy considered inoperable (or failing prior surgery) and in patients who failed neurostimulation therapies as VNS or thalamic anterior nucleus DBS.



Materials and methods


Study design

This is an open-label prospective pilot treatment trial involving patients with medically refractory epilepsy. In this trial, patients serve as their own internal controls and are followed for 24 months after implantation. The interim results after 1 year for the first six patients are being reported.

The final sample size of the trial will be 12 patients. It has been estimated that the average seizure frequency before inclusion in the study ranges between 8 and 20 seizures/month, though this estimate is subject to inaccuracy because of the small sample size. The standard deviation is estimated to be between 4 and 13. The goal is to achieve a significant decrease in the number of seizures after DBS surgery, that is, a decrease that is statistically different from zero. For such an effect (Cohen’s d approximately 1) and an alpha risk of 5%, at least 10 subjects are needed for a power of 95% in a matched series comparison test. This means that, depending on the frequency and variability of our sample, the result will be positive if the seizure frequency decreases to 4 or 3 seizures per month.

Patients were screened for eligibility, followed by a 3-month baseline period during which the frequency and characteristics of their seizures were closely monitored. All patients signed an informed consent statement for the study at inclusion. After the PuM electrodes were implanted, patients were monitored regularly over the following 24 months (every 3 months). These visits include neurological/neurosurgical assessments, neuropsychological testing, and maintenance of a seizure diary (Supplementary Figure S1).

A neuropsychologist has been performing an extensive cognitive evaluation before inclusion and after 12 and 24 months after the start of PuM stimulation. The neuropsychological assessment includes the exploration of intellectual efficiency, long-term memory, short-term and working memory, executive functions, processing speed, motor skills, language, visual processing, and praxis. The patient has regularly filled out a seizure diary that has been checked at each visit. A standard EEG has been performed before inclusion and at 12- and 24-month follow-up.

A general assessment of neuropsychiatric comorbidities—Depression (NDDI-E scale) and anxiety (GAD 7 scale) (24)—the quality of life (QOLIE 31 scale) (25), seizure severity (NHS3 scale) (26), adverse event effect of AEDs (LAEP scale—Liverpool Adverse Events Profile) (27) have been performed at each visit (Supplementary Figure S1).



Patients’ selection

Patients aged between 18 and 60 years suffering from focal or multifocal drug-resistant epilepsy not suitable for or after the failure of surgical intervention and deemed suitable for PuM stimulation after a multidisciplinary team meeting have been selected for the study. The target population included patients who failed previous neurostimulation techniques such as VNS (after at least 1 year of treatment or stopped earlier for seizure worsening) or anterior thalamic nucleus DBS (after 2 years of treatment or stopped earlier for seizure worsening). The PuM DBS may be indicated after failed cortical resection. To properly assess the primary outcome measure, it was considered that a minimal number of 4 seizures per month (for the last 3 months preceding inclusion) was necessary. To properly assess the secondary outcome (evaluation of neuropsychiatric and cognitive comorbidities), a QI >55 was considered mandatory. Patients presenting generalized epilepsy, contraindication to MRI, pregnancy, or presenting a history of attempted suicide in the 6 months before inclusion or a score ≥ 2 in item 10 of the Montgomery and Asberg Depression Scale (MADRS) were excluded. If the patient was treated with valproic acid for epilepsy, this drug would have been systematically stopped before surgery (28). This last criterion was added following the hemorrhagic event in P6.



Primary and secondary endpoints

The hypothesis of the research was the following: chronic medial pulvinar (PuM) stimulation in patients with drug-resistant epilepsy will be associated with a significant decrease in seizure frequency as compared with seizure frequency previously experimented by the patient.

The study’s main objective was to obtain a significant seizure frequency reduction after stimulation of PuM compared to the seizure frequency calculated in the pre-implantation period of reference (9 to 12 months after implantation vs. 3 months before implantation). The objective was to show that PuM stimulation effectively reduces seizure frequency in the targeted population.

Some other relevant benefits observed under PuM DBS therapy have been analyzed as secondary endpoints: (1) comparing the quality of life at 1 and 2 years in relationship to the pre-stimulated period. (2) Assessing the psychiatric impact (depression and anxiety): evaluation of the psychiatric comorbidities is fundamental in drug-resistant epilepsy due to the high prevalence of these disorders (especially anxiety and depression) (8). Neuromodulation therapies have also been used in some psychiatric disorders with encouraging results (29). Monitoring with adapted scales (GAD 7 and NDDI) the symptoms related to anxiety and depression clarifies the global effects of PuM DBS, other than on seizure frequency. (3) Assessing the cognitive impact (neuropsychological examination). In the trial on anterior thalamic nucleus stimulation, the stimulated group was more likely to report memory problems as an adverse event (6). (4) Evaluation of the number of responders (identified as patients with >50% of seizure reduction). (5) Evaluating the number of seizure-free patients. (6) Safety assessment and possible side effects. (7) Evaluation of the change in seizure severity (NHS3 scale). Even if the seizure frequency has not been significantly modified, clinical experience suggests that patients could experience a better quality of life. A modification in seizure semiology, especially of disabling seizures (i.e., with loss of consciousness, fall, or long post-ictal phase), has potentially been observed.



Surgical procedure

The surgical procedure was performed, as any DBS procedure for movement disorders or epilepsy in our institution, under general anesthesia with ROSA robotic assistance (Medtech, Zimmer Biomet) and intraoperative CT control (Airo, Moebus, and Strycker). The targeting of the Pulvinar medialis nucleus was based on direct visualization of 3D-T1- MP-RAGE sequences without any microelectrode recordings. The target was chosen to coincide with the location of the most distal contact of the SEEG electrode recording the medial pulvinar to be consistent with our study (21). The choice of the entry point and trajectory was determined by the individual anatomy of the patient and was in the vast majority of cases planned in double obliquity with a frontal precoronal lateral entry point. The degree of ventricular enlargement and the existence of other DBS hardware (ANT nucleus DBS when still in place) were crucial to determining the entry point and trajectory.

Robot registration was based on bony fiducials and Leksell G Frame (The mean rms value of registration should be below 0.75 mm). Intraoperative CT acquisition was performed after each lead implantation to check for proper positioning of the distal contact’s position.

The implantable pulse generator (IPG) implantation was performed on the same day, usually in the right subclavicular area [depending on the location of other IPG (ANT-DBS or VNS generator when still in place)].

The DBS hardware was as follows: four-contact chronic stimulation leads (3389) or more recently SenSight directional leads B33005 (Medtronic, Minneapolis, United States, CE marked), its extension kit DBS 37086 or more recently B34000 (60).

A postoperative CT scan was performed within 2–3 days after the procedure to double-check for the location of the lead and rule out any hemorrhagic complications. A comprehensive neurological examination was carried out immediately after surgery. Stimulation was switched on before the patient’s hospital discharge: 1/by choosing the first plot ideally located at the level of the PuM of the thalamus, based on the anatomical registration performed by the neurosurgeon. 2/systematically using the following stimulation paradigm: The parameters of stimulation are based on the SANTE trial parameters (30). The stimulation has been set at 145 Hz, 90 μs (pulse width), in bipolar mode (between the two best-located contacts), and in cycle mode with 5 min ON and 30 s OFF to start with. Delivered current was set according to the patient’s tolerance, generally starting at 1 V.

At follow-up visits, the investigator has been offered the possibility of augmenting PuM stimulation frequency and/or current intensity in case of clinical unresponsiveness. The stimulation has been left unchanged (cycle mode, bipolar) or switched to a monopolar (contact negative, case positive) to increase the volume of activated tissue around the active contact if necessary. Switching to continuous stimulation was considered if required and if the tolerance of cycle mode was good. The medications have been left unchanged as much as possible during the study, at least for the first 6 months, to rule out any potential confounding factors. However, some changes in anti-seizure drugs have been made and reported in Supplementary Table S1.



Statistical analysis

All safety and efficacy variables have been summarized descriptively. Continuous variables have been described as means (standard deviation) or medians (quartiles) depending on the Gaussian distribution. Categorical variables have been described as frequency distributions (percentages). Comparisons used parametric or non-parametric tests according to the variables’ nature and distributions. Unless otherwise specified, statistical significance was defined as a p-value of <0.05.

Statistical analyses have been performed using R software. Demographic and baseline characteristics data have been summarized by the study group for all analyzed populations. Medical history findings, previous and concomitant medications, and other pertinent information have also been summarized.

Comparability with variables at baseline was verified using statistical methods for the comparison of paired samples according to the nature and distribution of the variables.

As reported in the CRF, the number of patients who prematurely dropped out has been summarized by reason. The change (expressed in %, relative change) of the number of seizures at 12-month follow-up (mean number per month during the previous 3 months) has been compared to the 3-month baseline period using the Wilcoxon signed-rank test (paired). Categorical variables (severity of epilepsy, quality of life, scores of depression, and anxiety) as estimated at V2 to V6 have been compared to those estimated at V0 using the Friedman test and/or Wilcoxon signed-rank test at each time point (V2, V3, V4, V5, and V6). The number of responders and seizure-free patients (> 50% of seizure reduction) has been calculated.

All adverse events (AEs) have been displayed on individual data listings with descriptions of full adverse events. The characteristics of adverse events were summarized by the study group.

The study group summarized the incidence of related adverse events (including possibly and probably related adverse events) with moderate or severe intensity.

When half of the expected number of patients reached 1-year follow-up, a preliminary analysis of the collected data according to the protocol was performed.

We reported here the results of DBS efficacy and safety in patients reaching 6 and 12 months of DBS. For neuropsychological examination, we analyzed scores on each subtest and test: (1) Scores on subtests of the Wechsler Intelligence Scale and the Wechsler Memory Scale are age-corrected data (In the normal population, these standard scores have a mean of 10 and an SD of 3) (31).

To exclude the test–retest practical effect reported in technical reference manuals of intellectual or memory scales, we defined a relevant change between the two evaluations as an increase or decrease of at least 3 points. Scores on additional tests were said to be normal or pathological, depending on the age group standard. We considered them changed if they moved from one category to another between two evaluations. Finally, we established that for each patient, the global percentage of subtests and tests (n = 29) improved, became stable, and decreased. We considered the NPS testing modified if 15% (>5/29) of modifications were noticed.




Results


Patients’ characteristics and pulvinar implantation

Five patients with available 6-month and 1-year follow-up have been analyzed. One patient (P3) has been analyzed only at a 6-month follow-up. All patients were implanted in the PuM (see Figure 1 for the electrodes’ visualization and electrode coordinates).

[image: Figure 1]

FIGURE 1
 Pulvinar implantation: example of DBS electrode position in PuM (patient 2). In the table, the coordinates of the site of the more mesial contact in the DBS electrode are according to x, y, and z coordinates.


The patient’s mean age was 41.5 years (range 34–55 years). The main clinical characteristics are reported in Table 1. None of the patients had a previous epilepsy surgery, and all were contraindicated to surgery after video-EEG. Three patients (PT 1, PT3, and PT6) benefited from SEEG prior to DBS. In two cases (PT 1 and PT6), a pulvinar electrode was present during SEEG and was involved early in the recorded seizures. All patients had previously undergone VNS implantation, but there was no significant improvement, and three patients had the VNS implantation in ON mode before/during PuM implantation (Table 1). ANT-DBS was also in ON mode in three patients who were considered non-responders (Table 1).



TABLE 1 Patient characteristics, seizure frequency, and testing.
[image: Table1]



Effect on seizure frequency and severity

A trend toward seizure reduction was observed at 6 months, which became more evident at 1-year follow-up (Figure 2A) (primary outcome). However, this result did not reach significance in this small cohort of patients. In Table 1, the percentage of seizure reduction at 6 and 12 months per patient is reported, while Figure 2B shows graphically the number of seizures/month according to each patient.

[image: Figure 2]

FIGURE 2
 Graphic results—seizures. (A) Number of seizures per month at baseline (V1), at 6 months FU (V4), and at 12 months FU (V6). (B) Number of seizures per month according to each of the 6 patients and at each protocol visit. (C) Seizure severity (NHS3 score) calculated at V1, V4 and V6. Significant difference is noticed in scoring between V4, V6, and baseline. (D) Number of seizure-free days per month at each protocol visit. Legend: V1: baseline, V4: 6 months FU; V5: 9 months FU; V6: 12 months FU.


The mean percentage of seizure frequency reduction for all patients at 1 year was −45%, while for the responder patients (P1 and P2), it was −78%.

Regarding seizure severity, we observed (5 out of 6 patients) a lowering of the global score of the NHS3 according to a shift toward less severe seizure semiology (in terms of LOA, time to recovery after the seizure, ground fall, etc.). The difference in seizure severity at V4 and V6 vs. V1 reached significance (Friedman test, x2, p < 0.02) (Figure 2C). The NHS3 scale was always performed by the same neurologist (FP) who interviewed the patient. Individual severity score modification at V6 is reported in Table 1.

We also observed a trend toward the augmentation of the number of seizure-free days/month (Figure 2D) without reaching significance (p = 0.06).

We further evaluated the number of responders (identified as patients with >50% of seizure reduction): two patients were responders at 6 months (2 out of 6) and at 1-year follow-up (2 out of 5) (Table 1). No seizure-free patients were observed.



Impact on the quality of life and related measures

The quality of life at 6 months and 1-year follow-up resulted in significant improvement (p = 0.03) compared to the pre-stimulated period (Figure 3D). Regarding the different items of the QOLIE 31 testing, significance was found regarding “seizure apprehension,” “quality of life,” “emotional health,” and “energy and fatigue,” but not for “cognition,” “social aspects,” or “antiseizure medication.” Individual QOLIE improvement or stability at V6 is reported in Table 1.

[image: Figure 3]

FIGURE 3
 Graphic results—neuropsychology and quality of life. (A). NDDI-E score at baseline (V1), 6 months FU (V4), and 12 months FU (V6). (B) GAD-7 score at baseline (V1), 6 months FU (V4), and 12 months FU (V6). (C) Table shows the percentage of ameliorated and worsted performance at neuropsychological evaluation. (D) QOLIE score at baseline (V1), 6 months FU (V4), and 12 months FU (V6). Significant difference is noticed in scoring between V4, V6, and baseline.


One common observation of the patients after PuM stimulation was a state of “augmented reactivity” and/or more rapid responses to questions/actions. This has been reported but a clear measure of this effect is difficult to obtain.

Regarding the psychiatric impact (depression and anxiety), we did not find significant improvement in the related scales (Figures 3A,B). However, at 1-year FU, in four of five patients, the NDDI-E score was improved (mean 26%, range 8–50%), and GAD-7 was stable or improved (mean 20%, range 0–50%). One patient (P6 – DBS complicated with cerebral symptomatic hemorrhage) disclosed aggravation in NDDI-E and GAD-7 scores.

Regarding the stimulation’s cognitive impact (Figure 3C), the 29 scores obtained in tests and subtests remain largely stable (from 69 to 90%) for all patients. Three of five patients experience improvement in a number of scores. Improvement can represent up to 24% of the scores (P2). Cognitive domains concerned with improvement vary greatly from patient to patient. Improvement could occur regardless of baseline intellectual abilities, and improved scores do not necessarily correspond to strengths or weaknesses of baseline cognitive profile. A decrease of more than 15% in all scores is observed in one of the five patients. For this patient with higher normal intellectual efficiency, this decrease concerns speed processing and working memory scores, which moved from a high to a normal level. It occurred concomitantly with improved scores in verbal and visual reasoning tasks and does not affect a global intellectual level.



Safety assessment and side effects

One patient (P3) died prematurely, possibly from a SUDEP 6 months after the beginning of the stimulation. One patient (P6) had a cerebral hemorrhage after DBS implantation with transitory left hemiparesis and dysphasia that almost completely recovered in the following months. One patient (P2) experienced a device infection that finally led to device removal (after 15 months) (Table 1).

Regarding side effects, paraesthesia has been reported as mild cephalalgia.




Discussion

We reported preliminary results on six patients in an open clinical trial testing median pulvinar DBS in focal epilepsy. The final study includes 12 patients with a 2-year FU. Patients selected for the procedure are very complex cases of non-surgical drug-resistant epilepsy that failed to respond to VNS, and half of them also failed ANT-DBS. Regarding patient selection, based on the large cortical connections reported for pulvinar medialis [i.e., (15)] with temporal, frontal, parietal, and insulo-opercular regions and given its demonstrated role during focal seizures (16), we included patients with different and heterogeneous seizure locations. A common feature for inclusion was severe epilepsy, resistant to medications and VNS, with the majority of seizures involving loss of awareness.

The responder rate at 1-year follow-up is approximately 40% (two out of five patients), somewhat lower than the 54% reported for ANT-DBS (6). However, we noted a significant reduction in seizure severity as indicated by NHS3 scores and a trend toward increased seizure-free days per month. In fact, in both responder patients and in two out of three non-responder patients, the severity of seizures decreased, even though the seizure frequency did not significantly change.

In two patients (P3 and P6), we observed an initial increase in seizure frequency. Regarding P6, it could be related to the effects of cerebral hemorrhage following DBS implantation, with normalization occurring after recovery. In P3, aggravation in seizure frequency could be linked to the initial anti-seizure medication modification, which was necessary due to poor compliance (cfr suppTab), and later resolved. Moreover, subsequent amelioration in seizure frequency could be linked to the effect on neuromodulation through time.

Similar to other neuromodulation techniques, such as the VNS (9), we observed a significant improvement in the quality of life in the majority of patients (Figure 3D; Table 1). The first data on this small cohort of patients did not show aggravation in the scores of anxiety and depression but mostly a trend to amelioration (Figures 3A,B). A very promising result is the amelioration in neuropsychological testing in 3 out of 5 patients with 1-year follow-up, which is rarely seen in the adult population with drug-resistant epilepsy (Figure 3C). Pulvinar medialis is not involved in the Papez circuit as the ANT, so its stimulation might have less implication in memory/cognition alteration, as was reported in the first studies on ANT-DBS (6). Nonetheless, pulvinar medialis is a high-order nucleus (32), connected with multiple associative areas in the brain, and plays an essential role in attention (33, 34) and goal-oriented behavior (35). Its connectivity might improve cognitive skills and may be linked to the reported “augmented reactivity” in some patients. However, an attentive neuropsychological examination is deemed necessary.

Pulvinar stimulation, with DBS or RNS, has been reported in a few studies. Burdette et al. (22) reported very promising results in three patients, all responders, with both pulvinar and cortical RNS, for posterior quadrant epilepsy. Interestingly, they also noted mild cognitive improvement. Additionally, one case of pulvinar stimulation in Ohtahara syndrome has been described (36), as well as one case in occipital epilepsy with good results (37), and another in a patient with temporal plus epilepsy (38).

In the literature, generally, pulvinar stimulation seems to be reserved for “posterior” epilepsy. In fact, the lateral pulvinar (PuL) is crucial for visual attention and spatial processing, selectively transmitting visual information between the primary visual cortex (V1) and higher-order areas such as V4. Its extensive connectivity supports top-down attentional control and synchronization of activity across the visual cortex (39, 40). However, the pulvinar is the largest nucleus in the thalamus, and important differences exist between its lateral and medial parts (41, 42). According to functional anatomy, the PuM plays an important role in emotional processing and attention modulation (33), integrating sensory and emotional information through connections with the limbic system (43, 44), such as the amygdala and hippocampus, as well as the prefrontal cortex (43). The medial pulvinar also connects with the posterior parietal cortex, which is involved in spatial attention, and the insula, facilitating the integration of emotional states and interoceptive awareness (43).

To summarize, it should be noted that the stimulation of PuM, reported in our study, was proposed according to the known largest PuM connections (45) and not specifically to connections to “visual” areas as is the case of PuL.

In patients already receiving VNS and/or ANT-DBS, it is challenging to determine whether the reported clinical improvement is solely due to PuM DBS or a synergistic/delayed effect from the other neuromodulation techniques. In our cohort, the two responder patients experienced a marked improvement immediately following the addition of PuM DBS, which dramatically altered their clinical condition. This significant change is unlikely to be attributed solely to a delayed effect of previous stimulations, although a synergistic effect cannot be ruled out.

From a surgical perspective, targeting the PuM is challenging in several respects. First, half of the patient cohort had another DBS hardware in place, which allows little flexibility as to the choice of the entry point, given the presence of pre-existing ANT-DBS lead wires subcutaneously that should not be damaged. In addition, the double obliquity trajectory does not offer much latitude as to the entry point because of a certain degree of ventricular enlargement that makes it compulsory to place the entry point quite lateral to reach the very medial part of the pulvinar. A parietal approach or purely orthogonal approach could be resorted to but may not be advisable on several grounds because it also comes with technical constraints and risks. Finally, in some patients, a tradeoff must be found between implanting the implantable pulse generator (IPG) on the contralateral subclavicular, thus making a new scar potentially untoward for cosmetic reasons but in a healthy anatomical area, and using a previously operated-on area with a pre-existing scar with some increased risk of healing problems or infection.

We faced three serious adverse events (infection, bleeding, and SUDEP). All these complications have been reported in previous DBS studies (30) and do not appear specific to this target.

A more detailed analysis according to the etiology or epilepsy location is not possible at this stage.



Conclusion

In conclusion, we felt it was essential to publish the preliminary results of this study, given the current enthusiasm for PuM and its stimulation in epilepsy (22, 36, 38, 46). We observed a trend toward a positive effect on seizure severity, quality of life, and cognition. While the impact on seizures is more variable, two patients responded well. The full report on the 12-patient study after a 2-year follow-up will allow us to confirm these trends in the future.



Data availability statement

The datasets presented in this article are not readily available because ongoing clinical trial. Data are confidential until the end of the study. Requests to access the datasets should be directed to francesca.pizzo@ap-hm.fr.



Ethics statement

The studies involving humans were approved by Ethics committee of assistance publique hopitaux de Marseille. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

FP: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. RC: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. VL: Formal analysis, Investigation, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. AC: Data curation, Investigation, Project administration, Writing – original draft, Writing – review & editing. BG: Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. FB: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by a grant from the French Ministry of Health (PHRC-I, 2019).



Acknowledgments

We want to thank our colleagues, Stanislas Lagarde and Helene Catenoix, for addressing two of the patients reported for DBS implantation. We also thank the DSMB committee, Stephan Chabardes, Luc Valton, and Coraline Cruze, for helping us improve our practice and for following the study. We thank Sophie Tardoski, project manager for the sponsor AP-HM, Stephane Liotatis, clinical research assistant, Fanny Grimaud, safety officer, and Yasmine Hamdi, clinical data manager.



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.2024.1480819/full#supplementary-material



References

 1. Ryvlin, P, Cross, JH, and Rheims, S. Epilepsy surgery in children and adults. Lancet Neurol. (2014) 13:1114–26. doi: 10.1016/S1474-4422(14)70156-5


 2. Rydenhag, B, Flink, R, and Malmgren, K. Surgical outcomes in patients with epileptogenic tumours and cavernomas in Sweden: good seizure control but late referrals. J Neurol Neurosurg Psychiatry. (2013) 84:49–53. doi: 10.1136/jnnp-2012-302449


 3. Fisher, RS, and Velasco, AL. Electrical brain stimulation for epilepsy. Nat Rev Neurol. (2014) 10:261–70. doi: 10.1038/nrneurol.2014.59


 4. Touma, L, Dansereau, B, Chan, AY, Jetté, N, Kwon, CS, Braun, KPJ , et al. Neurostimulation in people with drug-resistant epilepsy: systematic review and meta-analysis from the ILAE surgical therapies commission. Epilepsia. (2022) 63:1314–29. doi: 10.1111/epi.17243


 5. Englot, DJ, Chang, EF, and Auguste, KI. Vagus nerve stimulation for epilepsy: a meta-analysis of efficacy and predictors of response. J Neurosurg. (2011) 115:1248–55. doi: 10.3171/2011.7.JNS11977 

 6. Fisher, R, Salanova, V, Witt, T, Worth, R, Henry, T, Gross, R , et al. Electrical stimulation of the anterior nucleus of thalamus for treatment of refractory epilepsy. Epilepsia. (2010) 51:899–908. doi: 10.1111/j.1528-1167.2010.02536.x


 7. Kerrigan, JF, Litt, B, Fisher, RS, Cranstoun, S, French, JA, Blum, DE , et al. Electrical stimulation of the anterior nucleus of the thalamus for the treatment of intractable epilepsy. Epilepsia. (2004) 45:346–54. doi: 10.1111/j.0013-9580.2004.01304.x


 8. Tellez-Zenteno, JF, Patten, SB, Jetté, N, Williams, J, and Wiebe, S. Psychiatric comorbidity in epilepsy: a population-based analysis. Epilepsia. (2007) 48:2336–44. doi: 10.1111/j.1528-1167.2007.01222.x


 9. Ryvlin, P, Gilliam, FG, Nguyen, DK, Colicchio, G, Iudice, A, Tinuper, P , et al. The long-term effect of vagus nerve stimulation on quality of life in patients with pharmacoresistant focal epilepsy: the PuLsE (open prospective randomized long-term effectiveness) trial. Epilepsia. (2014) 55:893–900. doi: 10.1111/epi.12611 

 10. Sprengers, M, Vonck, K, Carrette, E, Ag, M, and Boon, P. Deep brain and cortical stimulation for epilepsy. Cochrane Database Syst Rev. (2017) 2017:CD008497. doi: 10.1002/14651858.CD008497.pub3 

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

 12. 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 

 13. 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 

 14. 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. medRxiv. (2024):1–18. doi: 10.1101/2024.03.30.24305106


 15. 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. (2009) 19:1462–73. doi: 10.1093/cercor/bhn185 

 16. 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 

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

 18. 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. (2018) 141:2631–43. doi: 10.1093/brain/awy187 

 19. 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 Stimul. (2021) 14:344–6. doi: 10.1016/j.brs.2021.01.021 

 20. Sangare, A, Marchi, A, Pruvost-Robieux, E, Soufflet, C, Crepon, B, Ramdani, C , et al. The effectiveness of vagus nerve stimulation in drug-resistant epilepsy correlates with vagus nerve stimulation-induced electroencephalography desynchronization. Brain Connect. (2020) 10:566–77. doi: 10.1089/brain.2020.0798 

 21. Filipescu, C, Lagarde, S, Lambert, I, Pizzo, F, Trebuchon, 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 

 22. Burdette, D, Mirro, EA, Lawrence, M, and Patra, SE. Brain-responsive corticothalamic stimulation in the pulvinar nucleus for the treatment of regional neocortical epilepsy: a case series. Epilepsia Open. (2021) 6:611–7. doi: 10.1002/epi4.12524 

 23. Carron, R, Pizzo, F, Trebuchon, A, and Bartolomei, F. Thalamic sEEG and epilepsy. J Neurosurg. (2022) 1:8–9. doi: 10.3171/2022.11.JNS222195


 24. Micoulaud-Franchi, JA, Lagarde, S, Barkate, G, Dufournet, B, Besancon, C, Trébuchon-Da Fonseca, A , et al. Rapid detection of generalized anxiety disorder and major depression in epilepsy: validation of the GAD-7 as a complementary tool to the NDDI-E in a French sample. Epilepsy Behav. (2016) 57:211–6. doi: 10.1016/j.yebeh.2016.02.015 

 25. Picot, MC, Crespel, A, Daurès, JP, Baldy-Moulinier, M, and El Hasnaoui, A. Psychometric validation of the French version of the quality of life in epilepsy inventory (QOLIE-31): comparison with a generic health-related quality of life questionnaire. Epileptic Disord. (2004) 6:275–85. doi: 10.1684/j.1950-6945.2004.tb00077.x 

 26. O’Donoghue, MF, Duncan, JS, and Sander, JWAS. The National Hospital Seizure Severity Scale: a further development of the Chalfont seizure severity scale. Epilepsia. (1996) 37:563–71. doi: 10.1111/j.1528-1157.1996.tb00610.x 

 27. Panelli RJKilpatrick, C, Moore, SM, Matkovic, Z, D’Souza, WJ, and O’Brien, TJ. The Liverpool adverse events profile: relation to AED use and mood. Epilepsia. (2007) 48:456–63. doi: 10.1111/j.1528-1167.2006.00956.x 

 28. Johnston, JP, and Nerenberg, SF. Valproic acid-induced thrombocytopenia-related spontaneous systemic bleeding. Am J Case Rep. (2020) 21:1–4. doi: 10.12659/AJCR.927830 

 29. Zhou, C, Zhang, H, Qin, Y, Tian, T, Xu, B, Chen, J , et al. A systematic review and meta-analysis of deep brain stimulation in treatment-resistant depression. Prog Neuropsychopharmacol Biol Psychiatry. (2018) 82:224–32. doi: 10.1016/J.PNPBP.2017.11.012 

 30. Salanova, V, Sperling, MR, Gross, RE, Irwin, CP, Vollhaber, JA, Giftakis, JE , et al. The SANTÉ study at 10 years of follow-up: effectiveness, safety, and sudden unexpected death in epilepsy. Epilepsia. (2021) 62:1306–17. doi: 10.1111/epi.16895 

 31. Brissart, H, Planton, M, Bilger, M, Bulteau, C, Forthoffer, N, Guinet, V , et al. French neuropsychological procedure consensus in epilepsy surgery. Epilepsy Behav. (2019) 100:106522. doi: 10.1016/j.yebeh.2019.106522 

 32. Sherman, SM
. Thalamus plays a central role in ongoing cortical functioning. Nat Neurosci. (2016) 19:533–41. doi: 10.1038/nn.4269 

 33. Bourgeois, A, Guedj, C, Carrera, E, and Vuilleumier, P. Pulvino-cortical interaction: an integrative role in the control of attention. Neurosci Biobehav Rev. (2020) 111:104–13. doi: 10.1016/j.neubiorev.2020.01.005


 34. Fiebelkorn, IC, Pinsk, MA, and Kastner, S. The mediodorsal pulvinar coordinates the macaque fronto-parietal network during rhythmic spatial attention. Nat Commun. (2019) 10:215. doi: 10.1038/s41467-018-08151-4 

 35. Michael, GA, and Buron, V. The human pulvinar and stimulus-driven attentional control. Behav Neurosci. (2005) 119:1353–67. doi: 10.1037/0735-7044.119.5.1353 

 36. Beaudreault, CP, Muh, CR, Naftchi, A, Spirollari, E, Das, A, Vazquez, S , et al. Responsive Neurostimulation targeting the anterior, Centromedian and Pulvinar thalamic nuclei and the detection of electrographic seizures in pediatric and young adult patients. Front Hum Neurosci. (2022) 16:876204. doi: 10.3389/fnhum.2022.876204 

 37. 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 

 38. Vakilna, YS, Chaitanya, G, Hafeez, MU, Ilyas, A, Saranathan, M, Gavvala, J , et al. Pulvinar neuromodulation for seizure monitoring and network modulation in temporal plus epilepsy. Ann Clin Transl Neurol. (2023) 10:1254–9. doi: 10.1002/acn3.51815


 39. Saalmann, YB, Pinsk, MA, Wang, L, Li, X, and Kastner, S. The pulvinar regulates information transmission between cortical areas based on attention demands. Science. (2012) 337:753–6. doi: 10.1126/science.1223082


 40. Petersen, SE, Robinson, DL, and Morris, JD. Contributions of the pulvinar to visual spatial attention. Neuropsychologia. (1987) 25:97–105. doi: 10.1016/0028-3932(87)90046-7 

 41. Guedj, C, and Vuilleumier, P. Functional connectivity fingerprints of the human pulvinar: decoding its role in cognition. NeuroImage. (2020) 221:117162. doi: 10.1016/j.neuroimage.2020.117162 

 42. Shipp, S
. The functional logic of cortico-pulvinar connections. Philos Trans R Soc Lond B Biol Sci. (2003) 358:1605–24. doi: 10.1098/rstb.2002.1213 

 43. Romanski, LM, Giguere, M, Bates, JF, and Goldman-Rakic, PS. Topographic organization of medial pulvinar connections with the prefrontal cortex in the rhesus monkey. J Comp Neurol. (1997) 379:313–32. doi: 10.1002/(SICI)1096-9861(19970317)379:3<313::AID-CNE1>3.0.CO;2-6


 44. Behrens, TEJ, Johansen-Berg, H, Woolrich, MW, Smith, SM, Wheeler-Kingshott, CAM, Boulby, PA , et al. Non-invasive mapping of connections between human thalamus and cortex using diffusion imaging. Nat Neurosci. (2003) 6:750–7. doi: 10.1038/nn1075 

 45. Homman-Ludiye, J, and Bourne, JA. The medial pulvinar: function, origin and association with neurodevelopmental disorders. J Anat. (2019) 235:507–20. doi: 10.1111/joa.12932 

 46. Kalamatianos, T, Mavrovounis, G, Skouras, P, Pandis, D, Fountas, K, and Stranjalis, G. Medial Pulvinar stimulation in temporal lobe epilepsy: a literature review and a hypothesis based on neuroanatomical findings. Cureus. (2023) 15:e35772–8. doi: 10.7759/cureus.35772 


Copyright
 © 2024 Pizzo, Carron, Laguitton, Clement, Giusiano 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-15-1480819-g003.jpg
!
A Vi V4 Ve B \il V4
: olie score (p = 0.03]
Neuropsychology evaluation & (E )
f- ——
®
a4 B ametorated

000 025 050 075 100 »-
C proportion of the 29 items done

vt





OPS/images/fneur-15-1480819-t001.jpg
Side Seizure Etiology Fam VNS ANT Resp6M Resp12M Seiz/M Seiz/M % Seiz Seiz/M % Seiz Severity NPE QOLIE SAE

location DBS Vi \'Z3 change V6 change 12M 2M 12M
6M 12M
Pl ESS L Postincop | Crypto N Y N Y Y 23 82 -71% 54 -81%  Impr Impr | Stble N
par
P2 EM L Temps Rasmussen N Y Y Y Y 76 34 —55% 26 —66% | Tmpr Impr | Tmpr Infection
(perisylv)
P35 M35 L Parocc Crypto YO Ye N N Na 1 107 0% NA NA NA NA O NA Death
P4 B4 B Op Infect N Y N N N 2 77 -36% 9.1 ~2u% | Impr Wors | Impr N
PS M47 B Temps Crypto N N Y N N 103 105 0% 91 —12% | Impr Stable | Tmpr N
(perisyly)
Pe M8 B Temps Crypto N N Y N N 144 532 269% s ~18%  Suble Impr | Stble  Hemorrhage
(ins)

Legenda: PT: patients, M: month, Fam: familiarity, Resp: responder, seiz:seizures, NPE: neuropsychological evaluation, QOLIE: quality of lie quastionnaire, SAE: serious adverse event, post: posterior, ns: insul, par: parieta, temps temporal, erisylv: perisylvian, occ:
occipital, Ops opercular, crypto; cryptogenic, infect:infectious discase, N: non, Y: yes, p: paused, NA: not applicable, impr: improved, wors: worsened.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Medial pulvinar stimulation for focal drug-resistant epilepsy: interim 12-month results of the PULSE study



		Introduction



		Materials and methods



		Study design



		Patients’ selection



		Primary and secondary endpoints



		Surgical procedure



		Statistical analysis









		Results



		Patients’ characteristics and pulvinar implantation



		Effect on seizure frequency and severity



		Impact on the quality of life and related measures



		Safety assessment and side effects









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fneur-15-1480819-g001.jpg
Pat2 Sag Right Pat2 Ax

Lowest contact’s position Right Lead in mm (range) Left Lead in mm (range)

x coordinate (/ midline) 9.5 (6.0-11.52) 82 (5.5-11.2)
y coordinate (/ PC) -3.4 (-1.6-6-3) -4.84 (-2.2
z coordinate (AC-PC) 4.4 (1.1-8.9) 3.85 (-1.






OPS/images/fneur-15-1480819-g002.jpg
N seizures/month

30-

=l —
: —
W e i
* .
2

— =

vt va V6
Friedman test, 7%(2) =8, p = 0.018,n = 5

seizure free days/

month

o

20-

2-

20-

Pe1
P2
3
pa
s
”e

$ B Y

= v

vi

v va Vs v
Wilcoxon rank test on V1-V6 : p-value = 0.06





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

Medial pulvinar stimulation for
focal drug-resistant epilepsy:
interim 12-month results of the
PULSE study












OPS/images/crossmark.jpg
©

2

i

|






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






