
Epilepsia Open. 2021;6:611–617.	﻿	     |  611wileyonlinelibrary.com/journal/epi4

Received: 16 November 2020  |  Revised: 8 July 2021  |  Accepted: 10 July 2021

DOI: 10.1002/epi4.12524  

S H O R T  R E S E A R C H  A R T I C L E

Brain-responsive corticothalamic stimulation in the pulvinar 
nucleus for the treatment of regional neocortical epilepsy: A case 
series

David Burdette1  |   Emily A. Mirro2  |   Michael Lawrence1  |   Sanjay E. Patra1

This is an open access article under the terms of the Creat​ive Commo​ns Attri​butio​n-NonCo​mmerc​ial-NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Epilepsia Open published by Wiley Periodicals LLC on behalf of International League Against Epilepsy

1Spectrum Health System, Grand Rapids, 
MI, USA
2NeuroPace, Inc., Mountain View, CA, 
USA

Correspondence
David E. Burdette, Spectrum Health 
System, 25 Michigan St NE, Suite 6100, 
Grand Rapids, MI 49503-2515, USA.
Email: David.Burdette@spectrumhealth.org

Abstract
Drug-resistant focal epilepsy with regional neocortical seizure onsets originating 
from the posterior quadrant can be particularly difficult to treat with resective surgery 
due to the overlap with eloquent cortex. Published reports indicate that corticotha-
lamic treatment targeting the anterior or centromedian nucleus of the thalamus with 
direct brain-responsive stimulation may be an effective approach to treat regional 
neocortical epilepsy. The pulvinar has remained largely unstudied as a neurostimula-
tion target to treat refractory epilepsy. Because the pulvinar has connections with the 
posterior quadrant, neurostimulation may be effective if applied to seizures originat-
ing in this area. We performed a retrospective chart review of patients with regional 
neocortical seizure onsets in the posterior quadrant treated with the RNS System. 
Demographics, epilepsy history, clinical seizure frequencies, and neuropsychologi-
cal testing results were obtained from the chart. Electrocorticogram (ECoG) records 
stored by the RNS System were reviewed to evaluate electrographic seizure onset 
patterns. Our patients were followed for 10, 12.5, and 15 months. All patients were 
responders (≥50% seizure reduction), and two of the three patients experienced a 
≥90% reduction in seizures at the last follow-up. Pre- and postsurgical neuropsycho-
logical evaluations were compared for two of the patients, and there was no evidence 
of cognitive decline found in either patient. Interestingly, mild cognitive improve-
ments were reported. The third patient had only postimplant neuropsychological test-
ing data available. Findings for this patient suggested executive dysfunction that was 
present prior to the RNS System which did not worsen with surgery. A visual inspec-
tion of ECoGs revealed near-simultaneous seizure onsets in neocortical and pulvinar 
leads in two patients. Seizure onsets in the third patient were more variable. This is 
the first published report of brain-responsive neurostimulation targeting the pulvinar 
to treat refractory regional onset epilepsy of posterior quadrant origin.
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1  |   INTRODUCTION

Focal epilepsy is refractory to medical treatment in approx-
imately one-third of patients. Posterior quadrant focal epi-
lepsy (PQE) involves seizures arising mainly from regions of 
the occipital lobe and posterior temporo-parietal lobes. PQE 
occurs in approximately 5%–10% of focal epilepsy patients.1 
PQE can be particularly challenging to treat surgically be-
cause seizure onsets are typically multilobar and in close 
proximity to visual, language, and somatosensory cortex.2–4 
Neurostimulation offers an alternative approach to treating 
focal drug-resistant epilepsy (DRE) originating from the pos-
terior quadrant (PQE-DRE) that is not amenable to resection 
or ablation.

There is literature supporting thalamic stimulation for DRE 
using open-loop continuous deep brain stimulation (DBS) of 
the anterior nucleus (ANT). Only a small number (3.5%) of 
patients with occipital epilepsy received DBS of the ANT 
during clinical trials.5 The RNS System (NeuroPace, Inc.) is 
a closed-loop direct brain-responsive neurostimulation sys-
tem that has been proven safe and efficacious in the treatment 
of focal DRE with one or two seizure foci.6 Similar to the 
DBS trials of the ANT, only a small number of RNS System 
trial patients (3%) had occipital lobe onsets. Importantly, the 
RNS System trial patients did not report visual or other side 
effects related to stimulation directly over visual cortex.7 The 
small sample sizes in both of these trials make it difficult to 
draw conclusions about the efficacy of these neurostimula-
tion approaches in the occipital lobe.

Because PQE is often multilobar in nature, it requires 
treatment of a broad region of cortex. It has been reported 
that DRE involving regional neocortical seizure onsets may 
respond to brain-responsive neurostimulation by flanking the 
region of onset either with two leads8 or with corticothalamic 
treatment.9

The pulvinar is the largest of the thalamic nuclei. The ex-
tensive pulvinar connections with the posterior quadrant sug-
gest that the pulvinar may be a potentially effective target for 
corticothalamic neurostimulation in the treatment of PQE-
DRE. We describe the treatment rationale, surgical targeting 
approach, electrographic seizures, and clinical response to 
RNS System corticothalamic treatment in the pulvinar and 
ipsilateral neocortical structures in three patients with re-
gional neocortical epilepsy of posterior quadrant onset.

2  |   METHODS

We performed a retrospective chart review on PQE-DRE 
patients with regional neocortical seizure onsets treated with 
the RNS System at Spectrum Health (Grand Rapids, MI). 
Patients were treated under IRB-approved study, and an in-
formed consent waiver was obtained. We defined regional 

neocortical epilepsy as described in the literature: a seizure 
onset region spanning more than five electrode contacts 
(>4 cm) during intracranial monitoring for seizure localiza-
tion.8 All patients received the RNS System with a depth lead 
placed in the pulvinar nucleus of the thalamus and a depth 
or cortical strip lead placed over the ipsilateral posterior 
quadrant cortex. Demographics and epilepsy histories were 
collected from the patient's chart. Adverse events related to 
surgery and stimulation side effect data were collected from 
the patient's chart. Clinically disabling seizure counts were 
obtained from the patient's chart at preimplant (baseline) and 
at their last follow-up visit. The percentage reduction in disa-
bling seizures was calculated as the difference from the pre-
RNS System baseline and the last follow-up of focal aware 
(with motor component), focal impaired awareness, or focal 
to bilateral tonic-clonic seizures. Neuropsychological testing 
reports were obtained. All electrocorticograms (ECoG) re-
cords stored by the RNS System were reviewed to determine 
which electrodes (pulvinar or cortex) contained the earliest 
electrographic seizure onset and propagation patterns.

3  |   RESULTS

Patient 1 had two RNS Systems placed. The first RNS System 
was placed with two right-sided occipital cortical strip leads. 
The patient experienced improvement in seizure frequency 
but was still having disabling seizures. Two and a half years 
after the first RNS System was placed, the patient received a 
second RNS System with a goal of covering the left-sided ab-
normalities noted during surgical evaluation. At this time, the 
patient received bilateral pulvinar depth leads and a left-sided 
depth in the occipital lobe. The right-sided neurostimulator 
had a pulvinar depth and occipital strip connected, and the 
left-sided neurostimulator had a pulvinar depth and occipital 
lobe depth lead placed.

Patients 2 and 3 received the RNS System for PQE-DRE 
with one depth lead placed in the right pulvinar nucleus and 
the other lead in the ipsilateral posterior quadrant cortex.

The patient demographics, epilepsy histories, and clini-
cal seizure reductions observed in our patients at their last 
follow-up are summarized in Table 1. All three patients had 
a cryptogenic etiology and underwent intracranial EEG eval-
uation for seizure localization. Notably, two of the patients 
(patients 2 and 3) had sEEG monitoring with a depth lead 
placed in the pulvinar nucleus. In both of these patients, it 
was possible to see early seizure propagation recorded from 
the pulvinar during sEEG.

A superior parasagittal trajectory was taken to target the 
pulvinar nucleus in all of our cases. Robotic stereotactic neu-
ronavigation (ROSA robotic stereotactic navigation system) 
was utilized. The pulvinar was targeted through an extraven-
tricular frontal approach with a 2.5 mm twist drill burr hole 
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in the region of the coronal suture. The pulvinar was defined 
as the region of the thalamus posterior to the posterior com-
missure and targeted directly with T1 MR with gadolinium 
in the geographic center of the nucleus. The ROSA robotic 
stereotactic navigation system was used for targeting after 
registration with a bone fiducial head CT utilizing at least 
four Medtronic fiducials. Registration errors were all less 
than 1  mm. A 4-contact, 3.5  mm center-to-center spaced 
RNS System depth lead was placed at the target. A postoper-
ative high-resolution head CT was done to exclude electrode 
trajectory deviations and screen for hemorrhage (Figure 1). 
There were no intra-operative or postoperative adverse events 
observed.

Patient 1 had bilateral RNS Systems implanted target-
ing bilateral pulvinar nuclei and bilateral posterior quadrant 
cortex. In this patient, the left pulvinar depth lead had the 
deepest electrode (1) located in the pulvinar, electrode 2 in 
the pulvinar border, and electrodes 3 and 4 in the ventral lat-
eral nucleus of the thalamus. On the right, this patient had 
the deepest electrode (1) located in CSF, electrode 2 in the 
pulvinar border, electrode 3 in the pulvinar, and electrode 4 
(most proximal) in the ventral lateral nucleus of the thalamus. 
Patient 2 had one RNS System placed on the right. The right 
pulvinar depth lead had the 3 deepest electrodes (1-3) in the 

quadrageminal cistern and electrode 4 in the pulvinar. Patient 
3 had one RNS System implanted on the right, the pulvinar 
depth lead had the most distal electrode (1) in the pulvinar, 
electrode 2 in the pulvinar border, and electrodes 3-4 in the 
ventral lateral nucleus of the thalamus.

The patients were followed for 10, 12.5, and 15 months. 
Antiseizure medications are provided in Table  1. No an-
tiseizure medication changes occurred during the time of 
follow-up. All patients were responders (≥50% disabling 
seizure reduction), and two of the three patients experienced 
a ≥90% reduction in disabling seizures at the last follow-up 
(Figure 2).

Pre- and postsurgical neuropsychological evaluations were 
compared for two of our three patients. For patient 1, only post-
surgical data were available for review due to the occurrence 
of multiple daily seizures with postictal psychosis interfering 
with scheduled presurgical testing. No evidence of cognitive 
decline was found in the two patients with pre- and postsur-
gical neuropsychological testing data available. In fact, mild 
improvements were observed. Improvements were primarily 
noted spanning executive-based tasks including aspects of 
working memory and processing speed, reasoning, planning 
and problem-solving, and memory recognition. For the patient 
with only postimplant neuropsychological testing data, findings 

F I G U R E  1   Postoperative Images from Patient 3. (A) Depth lead placement in the pulvinar (B) Post-implantation CT scan (C) Axial views of 
right pulvinar contact 1 and right cortical depth lead in the occipitotemporal lobe

F I G U R E  2   Clinical seizure frequency 
reductions reported at last follow-up. Patient 
2 had a right pulvinar depth and a right 
parietal depth, patient 3 a right pulvinar 
depth and right occipitotemporal depth, and 
patient 1 had two RNS Systems placed, with 
bilateral pulvinar depth leads and a right 
occipital cortical strip and a left occipital 
depth lead
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were suggestive of executive dysfunction; however, the pa-
tient's chart indicates that these deficits were long-standing and 
no additional decline following surgery was noted.

The programmed stimulation pathways were informed 
by the electrographic seizure data captured on the pulvinar 
electrodes and focused on those electrodes with the earliest 
seizure activity in the pulvinar. Patient 1 had stimulation 
delivered to both the neocortex (charge density: 1  µC/cm2, 
frequency: 200 Hz, burst duration: 100 ms) and the pulvinar 
(charge density: 0.5  µC/cm2, frequency: 125  Hz, burst du-
ration: 2 seconds) with both left and right neurostimulators. 
Stimulation was initiated solely in the pulvinar in patients 2 
and 3 (charge density: 0.5 µC/cm2, frequency: 125 Hz) with 
a burst duration of 2 seconds [patient 2] or 5 seconds [patient 
3]. Because stimulation was effective with pulvinar stimula-
tion in these two patients, cortical stimulation was not initi-
ated. The cortical leads in these two patients were used for 
detection. During in-office right pulvinar stimulation testing, 
patient 1 had peripheral left visual field positive visual phe-
nomena. The patient did not find the side effect troubling; 
therefore, the settings were programmed. These stimulation-
associated positive visual phenomena have persisted. The 
other two patients had no perception of stimulation.

A visual inspection of ECoGs containing seizure activity 
revealed near-simultaneous (≤0.25 second) seizure onsets in 
neocortical and pulvinar leads for patients 1 (Figure 3) and 3. 
Patient 1 had right-sided electrographic events far more fre-
quently (80%) than left (20%). The vast majority of this pa-
tient's electrographic seizures arose independently on either 
right or left. Onsets for patient 2 were more variable, from 
near simultaneous to up to a two-second delay from neocorti-
cal onset to the pulvinar.

4  |   DISCUSSION

To our knowledge, this is the first report of responsive neu-
rostimulation in the pulvinar to treat focal posterior quadrant 
regional neocortical epilepsy. All three of our patients were 
responders (≥50% seizure reduction) at approximately one 
year of follow-up, and two of those patients had seizure re-
ductions of 90% and greater. Implantation of RNS System 
depth leads in the pulvinar nucleus was performed without 

F I G U R E  3   Electrographic seizure example recording in both 
time and frequency domains for each patient. (A) Patient 1–right 
pulvinar depth lead displayed on first 2 channels, right occipital 
cortical strip displayed on bottom 2 channels; (B) patient 1–left 
pulvinar depth lead displayed on first two channels, occipital depth 
on lower 2 channels; (C) patient 2–right pulvinar depth displayed on 
first 2 channels, right parietal depth bottom 2 channels; (D) patient 
3–right pulvinar depth displayed on lower two channels and right 
occipitotemporal depth on upper 2 channels
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complication in all patients. There were no implant-related 
neurocognitive deficits in the two patients with pre- and post-
implant neuropsychological testing.

The pulvinar is the largest of the thalamic nuclei and has 
copious connections with neocortical regions particularly 
those associated with visual processing and memory.10 In 
our cases, the decision to target the pulvinar was based on 
data suggesting the pulvinar to be a critical hub in epilepsies 
arising from posterior brain regions. Extensive connections 
between the pulvinar and ipsilateral cortical regions provide 
support as a target for effective neuromodulation in the set-
ting of refractory seizures arising from structures of visual 
processing.

The emergence of sEEG has facilitated simultaneous 
neocortical and thalamic recording during standard epilepsy 
surgery evaluation.11 This approach has demonstrated medial 
pulvinar reflection of temporal lobe seizures, suggesting that 
the pulvinar is involved in pathways of seizure propagation.12 
Two of the patients in this series were evaluated with a depth 
lead in the pulvinar during sEEG. In both cases, we were able 
to record early electrographic seizure propagation patterns in 
the pulvinar. Data from the RNS System allowed us to cap-
ture electrographic seizures from the pulvinar in all three 
of our patients. Visual review of the electrographic seizures 
demonstrated the earliest electrographic seizure onsets in the 
posterior quadrant leads; however, early seizure propagation 
to the pulvinar was noted. These data support the pulvinar's 
involvement in seizure networks originating in the posterior 
quadrant. Whether stimulating the pulvinar is capable of mod-
ulating networks outside of the posterior quadrant is unknown.

Our decision to pursue brain-responsive neurostimulation 
rather than open-loop continuous DBS was based upon the 
prominent role that the medial pulvinar plays in cognitive 
processing10 and because of the potential value of the intra-
cranial EEG and device data. Open-loop thalamic stimula-
tion of the anterior nucleus of the thalamus is anticipated to 
produce disruptive or activating effects on a regional thal-
amocortical network that can produce adverse effects on 
sleep function or cognition.13, 14 There were no postimplant 
cognitive declines in any patient, and pre- and postimplant 
neuropsychological testing in two patients showed improve-
ments in working memory and processing speed, reasoning, 
planning, problem-solving, and memory recognition. Our 
findings are consistent with those from the RNS System clin-
ical trials that demonstrated maintenance of neurocognitive 
function and, in some cases, improvements. The published 
neuropsychological data from the trials suggested that the 
benefits associated with responsive neurostimulation may be 
due to the disruption of intermittent pathologic brain activity 
versus an open-loop approach that delivers stimulation near 
continuously15

The sample size we present here is small and an obvi-
ous limitation of this analysis. Larger, multicenter studies are 

needed to conclude on the safety and efficacy of RNS System 
stimulation in the pulvinar nucleus; however, our results in 
these three patients are informative and encouraging.

5  |   CONCLUSION

Brain-responsive neurostimulation of the pulvinar nucleus 
was feasible, well-tolerated, and potentially effective in the 
treatment of focal seizures of posterior quadrant origin in 
our small cohort of patients. Larger patient populations and 
longer-term data are necessary to confirm these findings.
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