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Objective: By studying the surgical outcome of deep brain stimulation (DBS) of
different target nuclei for patients with refractory epilepsy, we aimed to explore a
clinically feasible target nucleus selection strategy.

Methods: We selected patients with refractory epilepsy who were not eligible
for resective surgery. For each patient, we performed DBS on a thalamic nucleus
[anterior nucleus of the thalamus (ANT), subthalamic nucleus (STN), centromedian
nucleus (CMN), or pulvinar nucleus (PN)] selected based on the location of the
patient’s epileptogenic zone (EZ) and the possible epileptic network involved. We
monitored the clinical outcomes for at least 12 months and analyzed the clinical
characteristics and seizure frequency changes to assess the postoperative efficacy
of DBS on the different target nuclei.

Results: Out of the 65 included patients, 46 (70.8%) responded to DBS. Among
the 65 patients, 45 underwent ANT-DBS, 29 (64.4%) responded to the treatment,
and four (8.9%) of them reported being seizure-free for at least 1 year. Among the
patients with temporal lobe epilepsy (TLE, n = 36) and extratemporal lobe epilepsy
(ETLE, n =9), 22 (61.1%) and 7 (77.8%) responded to the treatment, respectively.
Among the 45 patients who underwent ANT-DBS, 28 (62%) had focal to bilateral
tonic-clonic seizures (FBTCS). Of these 28 patients, 18 (64%) responded to the
treatment. Out of the 65 included patients, 16 had EZ related to the sensorimotor
cortex and underwent STN-DBS. Among them, 13 (81.3%) responded to the
treatment, and two (12.5%) were seizure-free for at least 6 months. Three patients
had Lennox—Gastaut syndrome (LGS)-like epilepsy and underwent CMN-DBS; all
of them responded to the treatment (seizure frequency reductions: 51.6%, 79.6%,
and 79.5%). Finally, one patient with bilateral occipital lobe epilepsy underwent
PN-DBS, reducing the seizure frequency by 69.7%.

Significance: ANT-DBS is effective for patients with TLE or ETLE. In addition,
ANT-DBS is effective for patients with FBTCS. STN-DBS might be an optimal
treatment for patients with motor seizures, especially when the EZ overlaps the
sensorimotor cortex. CMN and PN may be considered modulating targets for
patients with LGS-like epilepsy or occipital lobe epilepsy, respectively.
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1. Introduction

Epilepsy is a chronic neurological disorder that affects
approximately 1% of the global population (1, 2). Currently,
most patients can benefit from drug therapy, the first-line
treatment for epilepsy. However, nearly 30% of patients suffer
from drug-resistant epilepsy (3). In these patients, identifying
the epileptogenic foci and performing resective surgery may help
reduce or even control seizures completely (4). Noteworthily,
epilepsy surgery remains challenging, including the difficulty of
localizing the seizure focus, multiple seizure foci, and seizure focus
close to the eloquent cortex (5, 6). Accordingly, not all patients
with drug-resistant epilepsy may benefit from surgical resection.
Therefore, alternative options are urgently needed (7).

Neurostimulation is an alternative treatment for patients
who reap limited benefits from resective surgery (8). In the
1970s and 1980s, deep brain stimulation (DBS) emerged as an
approach for treating epilepsy by stimulating a specific target
(9, 10). Although the specific antiepileptic mechanism remains
to be detailed, numerous clinical reports have confirmed the
effectiveness of DBS against epilepsy. Gastaut and Broughton
proposed that focal epilepsy is a cortico-subcortical disorder and
suggested that subcortical structures participate in seizure initiation
(11). Previous studies had documented that the thalamus had
a widespread interactive connection with cortical regions and
might, as a critical subcortical structure, participate in all focal
epilepsies independently of the etiology or focus localization (12).
Therefore, it seems reasonable to consider the thalamus as the
stimulation target.

The famous SANTE (Stimulation of the Anterior Nucleus of
the Thalamus for Epilepsy) clinical study has demonstrated the
safety and effectiveness of the anterior nucleus of the thalamus
(ANT)-DBS (13). Subsequent studies confirmed the efficacy of
ANT-DBS (14, 15). However, whether all patients would benefit
from ANT-DBS remains a crucial clinical question. In other words,
is the ANT the best modulating target for patients with different
epilepsy or seizure types? In our opinion, due to the complexity
of the thalamus anatomy and the functional network, one of the
challenges of the DBS treatment for epilepsy is choosing the optimal
stimulation target for specific epilepsy or different seizure types.
According to limited clinical studies, DBS can also be effective
on other nuclei, such as the subthalamic nucleus (STN) (16), the
centromedian nucleus (CMN) (17), and the pulvinar nucleus (PN)
(18). The present single-center study reports the effect of DBS on
different thalamic nuclei for drug-resistant epilepsy. It provides
new insights for selecting the optimal nuclei target for patients with
refractory epilepsy.

2. Methods

2.1. Patient selection

All the participants were diagnosed with drug-resistant epilepsy
at the Beijing Institute of Functional Neurosurgery, Xuanwu
Hospital, between January 2012 and December 2021. In total,
this study included 65 patients. Their mean age was 24.37 +
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9.56 years and 36.9% (24 subjects) were women. The mean
duration of epilepsy was 12.76 £ 7.28 years. The mean follow-
up duration was 39.4 £+ 20.9 months (ranging from 12 to 108
months). Experienced neurologists and neurosurgeons discussed
and designed the selection of the stimulation target and the surgical
plan of the DBS for each patient.

The inclusion criteria were as follows: (1) Patients diagnosed
with drug-refractory epilepsy were based on the ILAE Classification
of Epilepsies (19). (2) The preoperative evaluation indicated that
the patient was inoperable or had contraindications for resective
surgery, such as widely distributed epileptogenic zones (EZ), EZ
located in the functional cortex, failed resective surgery, or the
patient refused to undergo the resective surgery.

2.2. Presurgical evaluation

We performed long-term scalp video electroencephalography
(VEEG) to record at least three habitual seizures for each patient
using a video EEG monitoring system (Micromed, Treviso, Italy).
In some patients, we identified the EZ by performing stereotactic
electroencephalography (SEEG). All patients underwent a high-
resolution magnetic resonance imaging (MRI) protocol performed
using a 3.0-T MR Scanner (Siemens, Verio, Germany) and
consisting of conventional axial, sagittal, and coronal T1-weighted
spin-echo sequences. In some patients, we identified the EZ
by performing magnetoencephalography and positron emission
tomography-computed tomography. The patients who underwent
the DBS procedure after the special committee consultation
excluded resective surgery based on their clinical data. For each
patient, we selected the target thalamic nucleus for DBS (ANT,
STN, CMN, or PN) based on the patient’s epilepsy or seizure type
and the location of the epileptogenic focus, as well as the possible
epileptic network involved (20, 21). We defined the baseline for
each patient as their mean seizure frequency over the 3-month
pre-implant period.

2.3. Surgical method

We implanted the DBS electrodes (Model 3387 or 3389;
Medtronic, Inc., Minneapolis, MN, USA) with the assistance of a
frame-based, microelectrode-guided, stereotactic technique under
general anesthesia. All the patients receiving ANT-DBS, CMN-
DBS, and PN-DBS underwent bilateral electrode implantation.
In patients with STN-DBS, some patients with specific epilepsy
types (such as those with the possible EZ located in the unilateral
hemisphere) underwent unilateral electrode implantation. With
the help of the high-resolution T1-weighted images, we delineated
the thalamus nuclei based on the Morel Stereotactic Atlas.
We performed the surgical procedure of the implantation of
the DBS leads and the pulse generator (Model 3628 screener,
Medtronic, Inc., Minneapolis, MN, USA) based on previous studies
(22). Postoperative computed tomography was performed and
registered with the T1-weighted images to confirm the locations of
the electrodes.
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2.4. Postoperative follow-up and
parameters adjustment

One month after the implantation procedure, the pulse
generator was initiated to be activated and programmed. The
outpatient review of each patient was carried out 3 months after the
operation to identify the occurrence of long-term complications.
In addition, the stimulation parameters and contacts were adjusted
based on seizure frequency and clinical response. We categorized
patients with a >50% decrease in seizure frequency (mean seizure
frequency for the last 3 months of follow-up, compared with
the baseline as responders and patients with a < 50% decrease
in seizure frequency as non-responders. All of the patients were
followed up monthly or trimonthly, and the seizure frequency
was reported by the patient or the family members. Noteworthy,
the post-operative seizure needs to be verified with the habitual
seizure. The data were recorded from outpatient reviews, medical
record reviews, patients’ daily diaries, and telephone interviews.
The postoperative program control details for each patient were
also documented.

3. Results

Among the 65 patients, 45 underwent ANT-DBS, 16 underwent
STN-DBS, three underwent CMN-DBS, and one underwent
PN-DBS (Figures 1, 2). The demographic data and clinical
characteristics of these patients are presented in Table 1 and
Supplementary Table 1.

In our study, 46 of the 65 patients (70.8%) were responders
(average decrease in seizure frequency 81.2%, ranging from 51.6%
to 100%, interquartile range [IQR] 33.75). Among the 19 non-
responders, nine patients experienced varying degrees of decrease
in seizure frequency but <50% compared with the baseline (average
26.9%, range 9.1%—47.8%, IQR 25.75). Six patients reported no
significant changes in seizure frequency. In total, four patients
reported that their seizure frequency increased to various degrees
(ranging from —25% to —220%).

Among the 45 patients who underwent ANT-DBS, 29 (64.4%)
were responders (average decrease in seizure frequency 79.7%,
ranging from 52.8% to 100%, IQR 31.99) and four (8.9%, patients
1, 5, 26, and 35) reported being seizure-free for at least 1 year.
Based on the EEG, symptomatology, and other presurgical data,
36 of the 45 patients (80%) were diagnosed with temporal lobe
epilepsy (TLE) and 22 of them (61%) were responders (average
80.2%, range 53.3%—100%, IQR 31.10). Among patients with TLE,
nine (20%) were diagnosed with temporal plus (T-plus) epilepsy
and eight of them (89%) were responders (average 84.8%, range
61.7%—100%, IQR 33.30). Based on the MRI images, 14 of the
36 patients (39%) with TLE had bilateral hippocampal sclerosis
(HS) and eight of them (57.1%) were non-responders (ranging
from —220% to 15%). Out of the 45 ANT-DBS patients, nine
(20%) were diagnosed with extratemporal lobe epilepsy (ETLE),
and seven of them (78%) were responders (average 78.2%, ranging
from 52.8% to 100%, IQR 40.00). Among patients with ETLE,
four were diagnosed with frontal lobe epilepsy, and three of them
were responders (average 86.7%, ranging from 60.0% to 100%); five
patients were diagnosed with multifocal epilepsy, and four of them
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were responders (average 71.9%, ranging from 52.8% to 91.7%,
IQR 29.64). All of the patients’ seizure types were focal seizures,
and 28 of the 45 ANT-DBS patients (62%) had focal to bilateral
tonic-clonic seizures (FBTCS). Among the 28 patients with FBTCS,
18 (64%) were responders (average 78.4%, ranging from 52.8% to
100%, IQR 31.88). Noteworthily, two non-responders with FBTCS
reported that their seizure frequency was not significantly reduced,
while their seizure severity was significantly improved (i.e., the
duration of the seizures was reduced, and the patients quickly
regained consciousness after the seizures).

In patients who underwent STN-DBS (n = 16), the etiologies
were diverse, with cases of schizencephaly (n = 5), focal cortical
dysplasia (n = 5), gray matter heterotopia (n = 3), and encephalitis
(n = 3). One patient had both schizencephaly and focal cortical
dysplasia. Noteworthily, the EZ of all patients was associated
with the sensorimotor cortex, namely, with its centrofrontal (n
= 7), centroparietal (n = 2), and frontoparietal (n = 7) lobes.
Among the 16 patients, nine (56%) had motor seizures, while the
seven others (44%) presented focal motor seizures and FBTCS.
Moreover, 13 of the 16 patients (81%) were responders (average
87.1% reduction, ranging from 54.2% to 100%, IQR 27.58),
and two patients (13%, patients 55 and 60) remained seizure-
free for at least 6 months. Among the three non-responders,
patient 50 suffered motor seizures and FBTCS; the aware motor
seizures disappeared and the FBTCS increased after receiving
the STN-DBS procedure, patient 57 reported a 25% increase in
seizure frequency, and patient 61 reported a 43% decrease in
seizure frequency.

For patients who underwent CMN-DBS (n = 3), the EZ
was difficult to localize and, based on the EEG abnormalities
and symptomatology, they were diagnosed with Lennox-
Gastaut syndrome (LGS)-like epilepsy. The patients reported
a 51.6%, 79.6%, and 79.5% reduction in seizure frequency at
76, 43, and 12 months of follow-up, respectively. Based on the
presurgical evaluation, one patient was diagnosed with bilateral
occipital lobe epilepsy, and the possible EZ was difficult to be
removed surgically. Finally, the patient underwent PN-DBS.
After the PN-DBS with elaborate postoperative program control,
his seizure frequency was reduced by 69.7% at 13 months
of follow-up.

4. Discussion

Deep brain stimulation is an emerging and promising
treatment for epilepsy. The effectiveness of DBS is mainly related
to the appropriate candidates, the optimal stimulation target, and
the elaborate postoperative program control strategy. Currently,
there are no specific stimulation target selection criteria for
the treatment of epilepsy using DBS on the thalamus. Based
on the symptomatology, VEEG/SEEG recordings, and imaging
information, we inferred epilepsy or seizure type and EZ location
for each patient, as well as the possible epileptic network involved.
Next, we carefully selected a personalized stimulation target for
each patient. We hope that documenting the surgical outcome
of DBS in different thalamus nuclei will help clinical decision-
makers select the optimal stimulation target for patients with
refractory epilepsy.
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Different DBS procedures were selected for patients with various epilepsy or seizure types. T, temporal; LGS, Lennox—Gastaut syndrome.
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FIGURE 2

Reconstruction of electrodes in different brain nuclei. (A) ANT-DBS; (B) STN-DBS; (C) CMN-DBS; (D) PN-DBS. The ANT (red), STN (green), CMN
(brown), and PN (yellow) were reconstructed based on the Morel Stereotactic Atlas

4.1. ANT-DBS

The ANT is the most common stimulation target of DBS in
epilepsy treatment (23). The unique anatomical relationship and
the functional connection between ANT and the limbic system
make this nucleus an ideal stimulation target for TLE treatment
(24, 25). In our study, 80% of patients with ANT-DBS had TLE
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(including T-plus), and our results are in line with previous studies
(13). Our previous SEEG study demonstrated that the ANT-DBS
would desynchronize the epileptic network in patients with TLE.
In addition, the position-specific correlation had also been reported
between the DBS applied to the ANT and patients with TLE and EZ
within the Papaz circuit or limbic system (26). Moreover, the ANT
can receive the interictal period discharges that propagate from the
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TABLE 1 Characteristics of the included patients.

10.3389/fneur.2023.1169105

ANT-DBS (n=45)  STN-DBS(n=16)  CMN-DBS (n=3) PN-DBS (n = 1)
patients (n = 65)
Age (y) 29.7 £9.59 19.56 +7.99 16.00 & 4.00 23
Duration of epilepsy (y) 12.87 +7.80 12.29 & 6.45 11.33 £ 4.04 20
Females” 15 (33%) 6 (37.5%) 3 (100%) 0
Mean follow-up (m) 44.24 £ 17.55 26.63 £ 23.02 43.6 £+ 32.01 13
Seizure characteristic*
Focal seizure 45 (69.2%) 16 (24.6%) 3 (4.6%) 1(1.5%)
Focal to bilateral tonic-clonic 28 (43.1%) 7 (10.8%) 3 (4.6%) 1(1.5%)
seizures
Motor seizures 0 16 (24.6%) 0 0
Location of EZ*
T/ T-Plus 36 (80%) 0 0 0
F-C/ C-P 4 (9%) 16 (100%) 0 0
O 0 0 0 1 (100%)
Multifocal 5(11%) 0 Unknown 0
Surgical outcome®
Responders 29 (64.4%) 13 (81.3%) 3 (100%) 1 (100%)
Seizure frequency reduction 37 (82.2%) 14 (87.5%) 3 (100%) 1(100%)

*The proportion of individuals in total patients.
#The proportion of individuals in patients with specific DBS procedure.

T, temporal; T-Plus, temporal plus; F, frontal; C, central area; P, parietal; O, occipital; FBTCS, focal to bilateral tonic-clonic seizures; EZ, epileptogenic zone; y, year; m, month.

epileptogenic zones in neocortical temporal and mesial temporal
epilepsy (27). Therefore, combined with the previous clinical
studies, our data suggest that ANT is an optimal stimulation target
for patients with TLE. Fasano et al. suggested that patients with
frontal seizures also benefit from ANT-DBS (28). The long-term
follow-up of the SANTE trial showed that frontal onset seizures
also respond well to ANT-DBS (14). In our study, patients with
frontal epilepsy showed a good response to ANT-DBS. In addition,
patients with multifocal epilepsy also benefited from the ANT-DBS.
Previous studies suggested that ANT plays a role in a wider cortical
network (29, 30), and other epilepsy types could be treated through
ANT stimulation.

In patients with FBTCS, ANT-DBS showed good efficacy,
which may be because ANT-DBS modulates the epileptic network
excitability. Previous studies suggested that the ANT participates
in the organization and maintenance of seizure activity (21).
In addition, Tyvaert et al. observed a synchronous activity
between the ANT and generalized epileptogenic network in
patients with generalized epilepsy, indicating that the ANT is a
potential propagation point (31). We speculate that, on the one
hand, ANT-DBS might reduce the epileptic network excitability
to some extent and raise the seizure threshold, making the
seizure less likely to occur. On the other hand, the reduced
network excitability might limit the propagation of the epileptic
excitatory signal. This hypothesis is also supported by the
reduced severity of postoperative seizures in patients with FBTCS.
Therefore, based on the mechanism studies and the clinical
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results, ANT-DBS is also an alternative treatment for patients
with FBTCS.

The reasons why some patients have poor responses to ANT-
DBS are complex. In our study, ANT-DBS turned out to be
poorly effective for patients with bilateral HS. We speculate
that the EZ of these patients has excessive excitability, and
ANT-DBS may have a relatively weak inhibitory effect on
the sclerotic hippocampus. A previous epilepsy study reported
that hippocampal DBS was less effective in patients with HS
than in patients with normal MRI profiles (32). According
to previous studies, the sclerotic hippocampus was related to
neuronal reduction, which may prevent the hippocampus to
provide enough available tissue for modulation (33). In addition,
the sclerotic hippocampus might have an increased impedance
and require a more intense stimulus (32). Regarding ANT-DBS
in patients with bilateral HS, indirect stimulation based on the
specific network may further weaken the regulation effect on
the sclerotic hippocampus. Noteworthy, the aberrant circuits may
be involved in patients with bilateral HS, which would induce
inefficacy or even the paradoxical effect when the ANT-DBS
was applied.

Currently, identifying patients who would benefit from
ANT-DBS is difficult. Our results indicate that some epilepsy
types would be
different
indications need to be explored further for patients with

refractory to this treatment. Therefore,

stimulation targets and corresponding surgical

refractory epilepsy.
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4.2. STN-DBS

In some patients with drug-resistant epilepsy, resective surgery
would be contraindicated due to the EZ being located in the
primary motor cortex. Responsive brain stimulation (34) and
ANT-DBS (13) offer an alternative treatment for these patients,
but the response is not always satisfactory. In 2002, Benabid
et al. first applied STN-DBS to treat epilepsy in a patient with
focal centroparietal dysplasia and reported an 80.7% reduction in
seizure frequency (16). Subsequent studies confirmed the safety and
effectiveness of STN-DBS in patients with motor seizures (35, 36).
Regarding the mechanism, our team’s prior study demonstrated the
interaction between STN and the motor cortex. In addition, STN-
DBS with high-frequency stimulation suppressed the interictal
spikes and high-frequency oscillations in patients with motor
seizures (37).

Based on existing clinical evidence and our knowledge
of the mechanism, we choose STN as the target for patients
with an EZ overlapping the sensorimotor cortex. STN-DBS
significantly reduced motor seizures in these patients in
concordance with previous studies (38). Therefore, STN-DBS
can be a potent treatment option for patients with motor seizures.
Nevertheless, STN-DBS needs to be further investigated in
large-scale randomized controlled trials and specific regulative
mechanism studies. Notably, patient 57 reported a seizure
frequency increase (four times per month) after the STN-DBS,
which might be related to the lower baseline (2-3 times per
month) and require further stimulation parameter adjustment and
follow-up. The EZ of patient 50 was located in the frontoparietal
region with focal motor seizures and FBTCS. After STN-DBS, his
focal seizures disappeared, and the FBTCS frequency decreased
non-significantly; the pulse generator was removed after 14
months due to an increase in FBTCS frequency. We speculated
that the poor response may be due to improper stimulation
parameters and contacts. Therefore, even when selecting the
optimal stimulation target, elaborate postoperative program
control is particularly important.

4.3. CMN-DBS and PN-DBS

Patients with LGS present specific EEG abnormalities and
multiple seizure types, such as generalized tonic seizures (17).
Previous studies recorded epileptiform EEG activity in the CMN
of patients with generalized tonic seizures from LGS (39). In
addition, CMN has diffuse connections with the diffuse frontal
areas, brainstem, and striatum, which prompted us to choose
the CMN rather than the ANT, as the stimulation target in LGS
or LGS-like epilepsy cases (40). Velasco et al. performed CMN-
DBS on five patients with drug-resistant epilepsy and reported a
significant reduction in secondary generalized tonic-clonic seizures
(GTCS) frequency (41). Subsequent randomized controlled and
small open-label studies reported significant efficacy for CMN-
DBS in generalized seizures, especially in patients with primary or
secondary LGS (17, 42). Based on this encouraging clinical data,
we performed CMN-DBS in three patients with LGS-like epilepsy
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and also observed a good response. Therefore, we consider CMN-
DBS to be an alternative treatment for patients with generalized-
onset epilepsy.

As the largest thalamus nucleus, the PN has extensive
connections with areas of the cortex, such as the mesial temporal
lobe, the parietal cortex, and the occipital lobe (43-45). The
anatomical features of the PN indicate that it is a potential
neuromodulation target to treat epilepsy. Compared with the other
targets, clinical reports on the stimulation of PN for the treatment
of epilepsy are relatively rare. Filipescu et al. investigated PN
stimulation on temporal lobe seizures and first suggested that PN-
DBS could be a well-tolerated and effective approach for drug-
resistant epilepsy (44). In a study of responsive neurostimulation
targeting the PN to treat epilepsy, it was effective for drug-resistant
epilepsy with posterior quadrant origin (18). In our study, we
performed PN-DBS on one patient with bilateral occipital lobe
epilepsy, significantly reducing seizure frequency. Although this
is only one case, PN does seem to be an alternative target for
neuromodulation to treat occipital lobe epilepsy.

4.4. Conclusion

Based on our single central clinical results, we summarized
empirical guidance for the selection of stimulation targets for
patients with refractory epilepsy. Our results show that ANT-
DBS is effective for patients with either TLE (including T-plus) or
ETLE (including FLE and multifocal epilepsy). However, in patients
with bilateral HS, ANT-DBS should be applied with more caution.
In addition, ANT-DBS is effective for patients with FBTCS. For
patients with motor seizures, especially with the EZ overlapping
the sensorimotor cortex, STN-DBS might be a powerful treatment.
CMN-DBS and PN-DBS might be alternative options for patients
with LGS-like epilepsy and occipital lobe epilepsy, respectively.

4.5. Limitation

The small cohort of our study prevented the investigation of
the efficacy of DBS in a wider variety of epilepsy and seizure types.
In addition, we only reviewed the efficacy of DBS in different
thalamus nuclei. In future studies, we would investigate the details
of postoperative program control, such as the parameter settings
and side effects and the influence factors of surgical outcome.

Data availability statement

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

Ethics statement

The studies involving human participants were reviewed
and approved by the Ethics Committee of the Capital Medical

frontiersin.org


https://doi.org/10.3389/fneur.2023.1169105
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yan et al.

University. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.

Author contributions

HY, XW, TY, and LR designed the study. WS, CX, and RG
contributed to the analysis of data. XZ, DN, and LQ contributed
to the data acquisition. All authors contributed to the manuscript
revision and read and approved the submitted version.

Funding

This study was supported by the STI2030-Major Projects
(2021ZD0201605), the R&D Program of Beijing Municipal
Education Commission (KZ202110025036), and the National
Natural Science Foundation of China (82271494).

Acknowledgments

The authors are enormously indebted to the patients who
participated in this study as well as the nursing and physician staff
at each facility.

References

1. Kwan P, Brodie MJ. Early identification of refractory epilepsy. N Engl ] Med. (2000)
342:314-9. doi: 10.1056/NEJM200002033420503

2. Gooneratne IK, Green AL, Dugan P, Sen A, Franzini A, Aziz T, et al. Comparing
neurostimulation technologies in refractory focal-onset epilepsy. | Neurol Neurosurg
Psychiatry. (2016) 87:1174-82. doi: 10.1136/jnnp-2016-313297

3. Kwan P, Schachter SC, Brodie MJ. Drug-resistant epilepsy. N Engl ] Med. (2011)
365:919-26. doi: 10.1056/NEJMral004418

4. Jobst BC, Cascino GD. Resective epilepsy surgery for drug-resistant focal epilepsy:
areview. JAMA. (2015) 313:285-93. doi: 10.1001/jama.2014.17426

5. Wiebe S, Blume WT, Girvin JP, Eliasziw M. Effectiveness, efficiency of surgery for
temporal lobe epilepsy study G. A randomized, controlled trial of surgery for temporal-
lobe epilepsy. N Engl ] Med. (2001) 345:311-8. doi: 10.1056/NEJM200108023450501

6. Spencer S, Huh L. Outcomes of epilepsy surgery in adults and children. Lancet
Neurol. (2008) 7:525-37. doi: 10.1016/S1474-4422(08)70109-1

7. Foutz TJ, Wong M. Brain stimulation treatments in epilepsy: basic mechanisms
and clinical advances. Biomed J. (2022) 45:27-37. doi: 10.1016/j.bj.2021.08.010

8. Thijs RD, Surges R, O’Brien TJ, Sander JW. Epilepsy in adults. Lancet. (2019)
393:689-701. doi: 10.1016/S0140-6736(18)32596-0

9. Cooper IS, Amin I, Riklan M, Waltz JM, Poon TP. Chronic cerebellar
stimulation in epilepsy. Clini Anatomical Stud Arch Neurol. (1976) 33:559-
70. doi: 10.1001/archneur.1976.00500080037006

10. Van Buren JM, Wood JH, Oakley ], Hambrecht F. Preliminary evaluation
of cerebellar stimulation by double-blind stimulation and biological criteria in the
treatment of epilepsy. J Neurosurg. (1978) 48:407-16. doi: 10.3171/jns.1978.48.3.0407

11. Gastaut H, Broughton R]. Epileptic Seizures; Clinical and Electrographic Features,
Diagnosis and Treatment: Thomas. (1972).

12. Pizzo E 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:€280-€93. doi: 10.1212/WNL.0000000000011003

13. 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

14. Salanova V, Witt T, Worth R, Henry TR, Gross RE, Nazzaro JM, et al. Long-
term efficacy and safety of thalamic stimulation for drug-resistant partial epilepsy.
Neurology. (2015) 84:1017-25. doi: 10.1212/WNL.0000000000001334

Frontiersin Neurology

10.3389/fneur.2023.1169105

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.

The handling editor TL declared a shared affiliation with the
author(s) at the time of review.

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.
1169105/full#supplementary-material

15. Salanova V, Sperling MR, Gross RE, Irwin CP, Vollhaber JA, Giftakis JE, et al. The
sante 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

16. Benabid AL, Minotti L, Koudsie A, de Saint Martin A, Hirsch E.
Antiepileptic effect of high-frequency stimulation of the subthalamic nucleus
(corpus luysi) in a case of medically intractable epilepsy caused by focal
dysplasia: a 30-month follow-up: technical case report. Neurosurgery. (2002)
50:1385-91. doi: 10.1227/00006123-200206000-00037

17. Dalic L], Warren AEL, Bulluss KJ, Thevathasan W, Roten A, Churilov L, et al.
Dbs of thalamic centromedian nucleus for lennox-gastaut syndrome (Estel Trial). Ann
Neurol. (2022) 91:253-67. doi: 10.1002/ana.26280

18. Burdette D, Mirro EA, Lawrence M, 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

19. Wieser HG, Blume WT, Fish D, Goldensohn E, Hufnagel A, King D,
et al. Ilae commission report. Proposal for a new classification of outcome with
respect to epileptic seizures following epilepsy surgery. Epilepsia. (2001) 42:282-
6. doi: 10.1046/j.1528-1157.2001.4220282.x

20. Torres Diaz CV, Gonzalez-Escamilla G, Ciolac D, Navas Garcia M, Pulido
Rivas P, Sola RG, et al. Network substrates of centromedian nucleus deep brain
stimulation in generalized pharmacoresistant epilepsy. Neurotherapeutics. (2021)
18:1665-77. doi: 10.1007/s13311-021-01057-y

21. Piper RJ, Richardson RM, Worrell G, Carmichael DW, Baldeweg T, Litt B,
et al. Towards network-guided neuromodulation for epilepsy. Brain. (2022) 145:3347-
62. doi: 10.1093/brain/awac234

22. Lee K], Shon YM, Cho CB. Long-term outcome of anterior thalamic nucleus
stimulation for intractable epilepsy. Stereotact Funct Neurosurg. (2012) 90:379-
85. doi: 10.1159/000339991

23. Zangiabadi N, Ladino LD, Sina F, Orozco-Hernandez JP, Carter A, Tellez-
Zenteno JF. Deep brain stimulation and drug-resistant epilepsy: a review of the
literature. Front Neurol. (2019) 10:601. doi: 10.3389/fneur.2019.00601

24. Papez JW, A. Proposed Mechanism of Emotion. Arch Neurol Psychiat. (1937)
38:725-43. doi: 10.1001/archneurpsyc.1937.02260220069003

25. Sherdil A, Coizet V, Pernet-Gallay K, David O, Chabardes S, Piallat B.
Implication of anterior nucleus of the thalamus in mesial temporal lobe seizures.
Neuroscience. (2019) 418:279-90. doi: 10.1016/j.neuroscience.2019.06.018

frontiersin.org


https://doi.org/10.3389/fneur.2023.1169105
https://www.frontiersin.org/articles/10.3389/fneur.2023.1169105/full#supplementary-material
https://doi.org/10.1056/NEJM200002033420503
https://doi.org/10.1136/jnnp-2016-313297
https://doi.org/10.1056/NEJMra1004418
https://doi.org/10.1001/jama.2014.17426
https://doi.org/10.1056/NEJM200108023450501
https://doi.org/10.1016/S1474-4422(08)70109-1
https://doi.org/10.1016/j.bj.2021.08.010
https://doi.org/10.1016/S0140-6736(18)32596-0
https://doi.org/10.1001/archneur.1976.00500080037006
https://doi.org/10.3171/jns.1978.48.3.0407
https://doi.org/10.1212/WNL.0000000000011003
https://doi.org/10.1111/j.1528-1167.2010.02536.x
https://doi.org/10.1212/WNL.0000000000001334
https://doi.org/10.1111/epi.16895
https://doi.org/10.1227/00006123-200206000-00037
https://doi.org/10.1002/ana.26280
https://doi.org/10.1002/epi4.12524
https://doi.org/10.1046/j.1528-1157.2001.4220282.x
https://doi.org/10.1007/s13311-021-01057-y
https://doi.org/10.1093/brain/awac234
https://doi.org/10.1159/000339991
https://doi.org/10.3389/fneur.2019.00601
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1016/j.neuroscience.2019.06.018
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yan et al.

26. 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

27. Yan H, Wang X, Yu T, Ni D, Qiao L, Zhang X, et al. The anterior nucleus of
the thalamus plays a role in the epileptic network. Ann Clin Transl Neurol. (2022)
9:2010-24. doi: 10.1002/acn3.51693

28. Fasano A, Eliashiv D, Herman ST, Lundstrom BN, Polnerow D, Henderson JM,
et al. Experience and consensus on stimulation of the anterior nucleus of thalamus for
epilepsy. Epilepsia. (2021) 62:2883-98. doi: 10.1111/epi.17094

29. Molnar GF, Sailer A, Gunraj CA, Cunic DI, Wennberg RA, Lozano AM, et al.
Changes in motor cortex excitability with stimulation of anterior thalamus in epilepsy.
Neurology. (2006) 66:566-71. doi: 10.1212/01.wnl.0000198254.08581.6b

30. Zumsteg D, Lozano AM, Wieser HG, Wennberg RA. Cortical activation with
deep brain stimulation of the anterior thalamus for epilepsy. Clin Neurophysiol. (2006)
117:192-207. doi: 10.1016/j.clinph.2005.09.015

31. Tyvaert L, Chassagnon S, Sadikot A, LeVan P, Dubeau F, Gotman J. Thalamic
nuclei activity in idiopathic generalized epilepsy: an eeg-fmri study. Neurology. (2009)
73:2018-22. doi: 10.1212/WNL.0b013e3181c55d02

32. Velasco AL, Velasco E Velasco M, Trejo D, Castro G, Carrillo-
Ruiz JD. Electrical stimulation of the hippocampal epileptic foci for
seizure control: a double-blind, long-term follow-up study. Epilepsia. (2007)
48:1895-903. doi: 10.1111/j.1528-1167.2007.01181.x

33. Cuellar-Herrera M, Velasco M, Velasco F Velasco AL, Jimenez F Orozco
S, et al. Evaluation of gaba system and cell damage in parahippocampus of
patients with temporal lobe epilepsy showing antiepileptic effects after subacute
electrical stimulation. Epilepsia. (2004) 45:459-66. doi: 10.1111/j.0013-9580.2004.
43503.x

34. Jobst BC, Kapur R, Barkley GL, Bazil CW, Berg M]J, Bergey GK, et al
Brain-responsive neurostimulation in patients with medically intractable seizures
arising from eloquent and other neocortical areas. Epilepsia. (2017) 58:1005-
14. doi: 10.1111/epi.13739

35. Yan H, Ren L, Yu T. Deep brain stimulation of the subthalamic nucleus for
epilepsy. Acta Neurol Scand. (2022) 146:798-804. doi: 10.1111/ane.13707

Frontiersin Neurology

08

10.3389/fneur.2023.1169105

36. Wang X, Du J, Wang D, Xu C, Ren Z, Wang Y, et al. Long-term
outcome of unilateral deep brain stimulation of the subthalamic nucleus for
a patient with drug-resistant focal myoclonic seizure. Ann Transl Med. (2020)
8:18. doi: 10.21037/atm.2019.12.43

37. Ren L, Yu T, Wang D, Wang X, Ni D, Zhang G, et al. Subthalamic nucleus
stimulation modulates motor epileptic activity in humans. Ann Neurol. (2020) 88:283-
96. doi: 10.1002/ana.25776

38. Wille C, Steinhoff BJ, Altenmuller DM, Staack AM, Bilic S, Nikkhah
G, et al. Chronic high-frequency deep-brain stimulation in progressive
myoclonic epilepsy in adulthood-report of five cases. Epilepsia. (2011)
52:489-96. doi: 10.1111/j.1528-1167.2010.02884.x

39. Velasco M, Velasco F, Alcala H, Davila G. Diaz-de-Leon AE. Epileptiform
EEG activity of the centromedian thalamic nuclei in children with intractable
generalized seizures of the lennox-gastaut syndrome. Epilepsia. (1991) 32:310-
21. doi: 10.1111/j.1528-1157.1991.tb04657.x

40. Warren AEL, Dalic L], Thevathasan W, Roten A, Bulluss KJ, Archer J. Targeting
the centromedian thalamic nucleus for deep brain stimulation. J Neurol Neurosurg
Psychiatry. (2020) 91:339-49. doi: 10.1136/jnnp-2019-322030

41. Velasco E Velasco M, Velasco AL, Jimenez F, Marquez I, Rise M. Electrical
stimulation of the centromedian thalamic nucleus in control of seizures: long-term
studies. Epilepsia. (1995) 36:63-71. doi: 10.1111/j.1528-1157.1995.tb01667.x

42. Velasco AL, Velasco E Jimenez F, Velasco M, Castro G, Carrillo-Ruiz JD, et al.
Neuromodulation of the centromedian thalamic nuclei in the treatment of generalized
seizures and the improvement of the quality of life in patients with lennox-gastaut
syndrome. Epilepsia. (2006) 47:1203-12. doi: 10.1111/j.1528-1167.2006.00593.x

43. Bridge H, Leopold DA, Bourne JA. Adaptive pulvinar circuitry supports visual
cognition. Trends Cogn Sci. (2016) 20:146-57. doi: 10.1016/j.tics.2015.10.003

44. 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:¢25-30. doi: 10.1111/epi.14677

45. Homman-Ludiye ], Bourne JA. The medial pulvinar: function, origin
and association with neurodevelopmental disorders. J Anat. (2019) 235:507-
20. doi: 10.1111/j0a.12932

frontiersin.org


https://doi.org/10.3389/fneur.2023.1169105
https://doi.org/10.1093/brain/awy187
https://doi.org/10.1002/acn3.51693
https://doi.org/10.1111/epi.17094
https://doi.org/10.1212/01.wnl.0000198254.08581.6b
https://doi.org/10.1016/j.clinph.2005.09.015
https://doi.org/10.1212/WNL.0b013e3181c55d02
https://doi.org/10.1111/j.1528-1167.2007.01181.x
https://doi.org/10.1111/j.0013-9580.2004.43503.x
https://doi.org/10.1111/epi.13739
https://doi.org/10.1111/ane.13707
https://doi.org/10.21037/atm.2019.12.43
https://doi.org/10.1002/ana.25776
https://doi.org/10.1111/j.1528-1167.2010.02884.x
https://doi.org/10.1111/j.1528-1157.1991.tb04657.x
https://doi.org/10.1136/jnnp-2019-322030
https://doi.org/10.1111/j.1528-1157.1995.tb01667.x
https://doi.org/10.1111/j.1528-1167.2006.00593.x
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1111/epi.14677
https://doi.org/10.1111/joa.12932
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Deep brain stimulation for patients with refractory epilepsy: nuclei selection and surgical outcome
	1. Introduction
	2. Methods
	2.1. Patient selection
	2.2. Presurgical evaluation
	2.3. Surgical method
	2.4. Postoperative follow-up and parameters adjustment

	3. Results
	4. Discussion
	4.1. ANT-DBS
	4.2. STN-DBS
	4.3. CMN-DBS and PN-DBS
	4.4. Conclusion
	4.5. Limitation

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


