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Neuromodulation strategies that target the epileptogenic network are options for treating focal drug-resistant
epilepsy. These brain stimulation approaches include responsive neurostimulation and more recently, chronic
subthreshold stimulation. Long-term seizure freedomwith neuromodulation is uncommon. Seizure control typ-
ically requires ongoing froms of electrical stimulation. Here,wepresent the case of a patient implantedwith three
cortical electrodes targeting the inferior frontal lobe, insula, and one subcortical electrode targeting the ipsilateral
anterior thalamic nucleus. This patient received continuous subthreshold electrical stimulation to the frontal
electrodes for 7 months, at which time stimulation was inadvertently stopped. He has now been free of seizures
for 42months. This case suggests the possibility that neuromodulation can alter epileptogenic networks and lead
to seizure freedom without ongoing electrical stimulation.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Focal epilepsy is the most common type of epilepsy encountered in
population-based studies [1]. Approximately 30% of epilepsy patients
do not achieve seizure freedom with antiseizure drugs (ASD) [2]. With
focal drug-resistant epilepsy (DRE), resection of the epileptogenic
focus offers the best chance for seizure freedom. However, when
seizures arise from eloquent cortex, a surgically inaccessible zone, or a
widespread area, resective surgerymay not be feasible. Neuromodulation
with brain stimulation offers alternatives including deep brain stimula-
tion (DBS) of the anterior nucleus of the thalamus and responsive
neurostimulation (RNS) althrough seizure freedom is rare with
neuromodulation.

Chronic subthreshold stimulation (CSS) is an investigational ap-
proach that includes continuous stimulation of the cortex [3]. Typically,
CSS includes a period of trial stimulation with temporary electrodes to
optimize the stimulation location and parameters prior to permanent
electrode implant [4]. Four electrodes with a total of 16 contacts are
often implanted [5]. We present the case of a patient with focal DRE
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who was implanted with three electrodes targeting the right inferior
frontal gyrus, frontal operculum and insula and one electrode targeting
the anterior nucleus of the ipsilateral thalamus. Reporting was approved
by the Mayo Clinic Institutional Review Board.

2. Case

A26-year-old right-handedmanpresentedwith drug-resistant focal
epilepsy that started at age 16. His history was remarkable for a right
hemispheric perinatal stroke complicated by neonatal seizures and
hemiparesis that resolved during childhood. The seizure semiology
consisted of a somatosensory aura described as “begin dunked in ice
cold water” followed by occasional non-versive right head turn, oral au-
tomatisms, and grunting and flailing movements of both arms and legs
with impaired awareness and rapid postictal return to baseline. Seizures
lasted about 20 s. Their frequency was about six events per month with
clusters that could reach up to 60 seizures in a few hours every 4–6
weeks. At presentation, he was on levetiracetam 1500 mg in the morn-
ing and 2000 mg at bedtime as well as lamotrigine 300 mg twice a day.
He had previously tried zonisamide and lacosamide without benefit.

Interictal scalp EEG did not show any epileptiform discharges,
and ictal EEG was non-lateralizing due to abundant muscle artifact.
His hypermotor semiology suggested an extra-temporal etiology.
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MRI showed chronic findings of a right middle cerebral artery infarc-
tion with associated encephalomalacia and gliosis. Subtraction Ictal
SPECT Co-registered to MRI (SISCOM) showed hyperperfusion in
the right hemisphere near the area of encephalomalacia. Magneto-
encephalography (MEG) showed right hemispheric dipoles
clustered over the right frontal operculum and posterior frontal co-
rona radiata. Neuropsychologic evaluation revealed visual memory
difficulties, constructional apraxia, and executive dysfunction with
normal verbal memory and language.

The patient underwent stereoelectroencephalography (sEEG) using
13 depth electrodes probing the right hemisphere including the tempo-
ralmesial structures aswell as the right frontal head region surrounding
the area of encephalomalacia. The most frequent interictal epileptiform
discharges (IEDs) were present in three electrodes surrounding the area
of encephalomalacia including the right inferior frontal gyrus and insula.
Approximately 40 stereotypical seizures were observed without clear as-
sociated seizure activity. However, many seizures were preceded by a
brief burst of spikes coming from the electrode targeting the right ante-
rior inferior frontal gyrus near the area of encephalomalacia and insula.
It was felt that this electrode may be near the seizure onset zone. sEEG
electrodes were removed. Resection was not pursued as it was not felt
that the seizure onset zone had been clearly localized. After discussions
in a multidisciplinary conference and with the patient, it was decided to
Fig. 1. Visualization of implanted electrodes and stimulation targets. A) Sagittal and B) axial vi
coregistered implant, with color coded stimulation targets. Red: anterior thalamus; yellow: in
Images are show in neurological orientation (right sided structures located to the right).
deformable atlases.
implant permanent electrodes surrounding this area, and externalize
the leads in order to proceed with trial stimulation for CSS. Six months
later three Medtronic 3387 leads (Medtronic, Minneapolis, MN, USA)
were implanted in the right perisylvian area, an orthogonal lead in the in-
ferior frontal gyrus and two superior-to-inferior leads targeting the ante-
rior and posterior insula. A fourth 3387 lead was implanted in the right
anterior nucleus of the thalamus (ANT) (Fig. 1). A postoperative CT scan
was unremarkable for surgical complications. A trial of therapeutic con-
tinuous extra-operative electrical stimulationwas initiated by connecting
these leads to an external neurostimulator (Medtronic 37022). Over the
course of approximately 24 h, IEDs were largely reduced using stimula-
tion parameters of 2.5 V amplitude, 2 Hz frequency, and 120 μs pulse
width applied to three electrodes surrounding the right frontal opercu-
lum. Leads were then internalized and connected to a Medtronic Restore
internal pulse generator. Prior to hospital discharge, chronic stimulation
for each of the three right frontal electrodeswas started at 2 V amplitude,
2Hz frequency and 120 μs pulsewidth in a bipolar configuration (a single
distal anode and two or three proximal neighboring cathodes for each
electrode). No stimulation was started for the right ANT lead (Fig. 2).
The patient remained seizure-free for 48 h prior to hospital discharge.

Soon after initiation of stimulation seizure frequency decreased by
more than 50%. During the subsequent four months, stimulation ampli-
tude was increased to 2.2 V. Five months after implantation, the patient
ews with 3D rendering of stimulated targets. C) Coronal and D) axial plane images of the
sula; green: frontal and central operculum; blue: inferior frontal gyrus pars opercularis.
Images were generated using Lead-DBS software [6] and thalamic [7] and cortical [8]



Fig. 2. Four electrodes were permanently implanted for chronic subthreshold stimulation.
Three leads targeted the right frontal head region, and one lead targeted the right anterior
nucleus of the thalamus. Continuous stimulation was started in the right frontal leads at 2
Hz. After five months of stimulation the patient reported seizure freedom. Two months
later stimulation of all leads ceased.
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and his wife reported seizure freedom. Routine clinical follow-up one
year later included a routine EEG during wakefulness and sleep per-
formed that was normal with no evidence of IEDs or background
slowing. The stimulation device was not interrogated during this visit
as the patient remained seizure-free. His next follow-up visit occurred
three years following implantation. At that time, it was realized that
his stimulation device had been off since approximately seven months
after implantation, or approximately twomonths after the patient's sei-
zures stopped, and had remained off. Device interrogation and assess-
ment showed no signs of malfunction or compromise of lead integrity.
In discussion with the patient, there was no history of significant
trauma. The patient may have inadvertently turned the device off with
his patient programmer. Given his continued seizure freedom, stimula-
tion was not restarted. At his last follow-up, three and a half years after
implantation, the patient remained seizure-free. Throughout this time
period, the patient did not report any new neurological symptoms. His
anti-seizure medications remained unchanged, and he reports no med-
ication side effects. In summary, the patient reports ongoing seizure
freedom that appears to be the result of persistent neuromodulation
caused by temporary brain stimulation.

3. Discussion

We describe a patient who received continuous subthreshold corti-
cal stimulation, continued to have seizures, and then became seizure-
free while receiving stimulation. He remained seizure-free despite un-
intentional deactivation of his device and has remained seizure-free
since that time approximately three years ago.

Clinical benefit fromelectrode implantation alone iswell-recognized
in DBS for movement disorders with associated functional neuroimag-
ing evidence of neurophysiologic changes [9]. Similarly with regard to
epilepsy, patients implanted with either DBS or RNS can have 20–30%
seizure frequency reduction from electrode implantation [10,11]. With
RNS, this implant effect correlates with observed neurophysiological
changes during thefirst fivemonths [12], and is considered a temporary
phenomenon.

In rare cases, the beneficial effect of electrode implantation is long-
lasting. A small controlled trial of 13 epilepsy patients undergoing
centromedian thalamic stimulation showed that two patients became
seizure-free after electrode implantation; one remained seizure-free
(5 years) and the other had recurrence at 13 months [13]. Prolonged
seizure freedom prior to stimulation initiation has also been observed
following implantation of RNS hardware [14]. In addition, seizure free-
dom following invasive monitoring with sEEG has been reported in
about 0.5% of cases [15,16]. Often there is evidence of damage along
the depth electrode tracts which could indicate unintentional lesioning
of the epileptogenic network and neighboring fibers responsible for sei-
zure spread [17,18]. This can also be observed without imaging evi-
dence of a parenchymal lesion [19] as microscopic changes in neural
tissue after electrode insertion could disrupt epileptogenic neurons
and fibers [20].

Although electrode implantation may have contributed to seizure
freedom, electrical stimulation may also have a neuromodulatory effect
such that ongoing electrical stimulation was no longer required. Avail-
able evidence from DBS-ANT and RNS pivotal trials indicate that after
the implant effect passes, the beneficial effect fromneurostimulation in-
creases over time [21,22]. Despite this, seizure freedom remains rare. In
the SANTE trial, 16% of individuals reported a seizure-free period of at
least six months and one patient was seizure-free for more than four
years in the extended follow-up period [10,22]. For RNS, 23% of partici-
pants were seizure-free for at least six months and 13% for one year
[11,21]. For CSS, periods of freedom from disabling seizures with ongo-
ing stimulationwere reported in 50% of patients for sixmonths and 40%
for one year, although these data come from limited patient numbers in
a smaller retrospective cohort [3].

The particular neurostimulation paradigm of this patient is some-
what unique given the presence of three depth electrodes targeting
neocortex surrounding the seizure focus with continuous stimulation.
These electrodes delivered approximately 37million stimulation pulses
over seven months prior to stimulation cessation. The reason for his
continued seizure freedom three and a half years later remains unclear.
However, this case report supports thepossibility that neuromodulation
can exert long-lasting changes to neural networks.
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