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Abstract

This article emphasizes the role of the technological progress in changing the land-
scape of epilepsy surgery and provides a critical appraisal of robotic applications,
laser interstitial thermal therapy, intraoperative imaging, wireless recording, new
neuromodulation techniques, and high-intensity focused ultrasound. Specifically,
(a) it relativizes the current hype in using robots for stereo-electroencephalography
(SEEG) to increase the accuracy of depth electrode placement and save operating
time; (b) discusses the drawback of laser interstitial thermal therapy (LITT) when it
comes to the need for adequate histopathologic specimen and the fact that the concept
of stereotactic disconnection is not new; (c) addresses the ratio between the benefits
and expenditure of using intraoperative magnetic resonance imaging (MRI), that is,
the high technical and personnel expertise needed that might restrict its use to centers
with a high case load, including those unrelated to epilepsy; (d) soberly reviews the
advantages, disadvantages, and future potentials of neuromodulation techniques with
special emphasis on the differences between closed and open-loop systems; and (e)
provides a critical outlook on the clinical implications of focused ultrasound, wireless
recording, and multipurpose electrodes that are already on the horizon. This outlook
shows that although current ultrasonic systems do have some limitations in deliver-
ing the acoustic energy, further advance of this technique may lead to novel treat-
ment paradigms. Furthermore, it highlights that new data streams from multipurpose
electrodes and wireless transmission of intracranial recordings will become available
soon once some critical developments will be achieved such as electrode fidelity, data
processing and storage, heat conduction as well as rechargeable technology. A better
understanding of modern epilepsy surgery will help to demystify epilepsy surgery for
the patients and the treating physicians and thereby reduce the surgical treatment gap.
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1 | INTRODUCTION

The landscape of epilepsy surgery has changed consider-
ably since the early days and since the first randomized
clinical trial (RCT) demonstrated superiority of temporal
lobectomy over medical treatment for refractory temporal
lobe epilepsy.1 Resective surgery remains the main type of
procedure for refractory epilepsy, although a trend to move
away from large, open, resective procedures, to minimally
invasive, neuromodulatory, targeted disconnective, or ab-
lative procedures has been noted over time. This change
was driven mainly by recent technological advances made
possible by a multiprofessional effort involving neurolo-
gists, neurophysiologists, neurosurgeons, engineers, and
basic scientists. The modern epilepsy surgeon became
increasingly armed with technical adjuncts that not only
influence the surgical decision tree, but also the way the
epileptogenic zone is targeted surgically. Robotic appli-
cations, lasers, wireless recording, intraoperative imag-
ing, new neuromodulation techniques, and high-intensity
focused ultrasound are only a few examples highlighting
why epilepsy surgery is becoming increasingly attractive.
These developments, extensively discussed at the bian-
nual “Epilepsy Surgery Techniques Meetings (ESTM),
have the potential to further demystify epilepsy surgery
for the patient and the treating physician. Ideally, this
would contribute to decrease the time for patients' referral
to a dedicated epilepsy program and to potentially reduce
the surgical treatment gap. This review aims at giving an
overview of these developments and at critically discuss-
ing their future potential.

1.1 | Robots influence on selecting
intracranial electroencephalography (EEG)
applications

Subdural electrodes (SDE) placement through a craniotomy
or burr hole has been the main approach for invasive elec-
troencephalography (EEG) recordings in North America,
the United Kingdom, Germany, and Austria for the past 2-3
decades.>® In contrast, evolving from Talairach's stereo EEG
(SEEG) approach, the Montreal, French, and Italian schools
advocated insertion of depth electrodes into the brain through
twist drill holes.*> Both schools coexisted for almost half a
century. Recently, and quite abruptly, the approach using
depth electrodes took over in many centers. This devel-
opment has been driven largely by the emergence and the
availability of stereotactic robots and three-dimensional nav-
igational platforms. This switch from SDE to depth electrode
placement often occurred without regard to the fact that SDE
and depth electrode techniques have specific advantages and
disadvantages.

Key Points

e Robots are used increasingly for depth electrode
implantation. They are drivers in the transition
from SDEs (subdural electrodes) to SEEG (stereo-
electroencephalography) seen in many centers

e Laser ablation has become an accepted minimally
invasive alternative to hypothalamic hamartomas
and mesial temporal lobe epilepsy

e Intraoperative magnetic resonance imaging (MRI)
guidance proved particularly useful for focal cor-
tical dysplasia (FCD), long-term epilepsy-associ-
ated tumors (LEATS), and cavernomas

e The advantages and disadvantages of closed and
open-loop neuromodulation systems need to be
further investigated

e High-intensity focused ultrasound is on the hori-
zon to allow for novel treatment paradigms

The perceived success of this transition could be ex-
plained by several factors. First, there was evidence that mor-
bidity and complication rates for depth electrode procedures
are lower than in SDE implantations. The reported compli-
cation rates after SDE implantations ranged from 5% to 17%
per procedure, whereas the complication rate per SEEG pro-
cedure was less than 1%.%7 Second, the introduction of new
radiological and computational innovations and a wide range
of navigational image-guided applications, in addition to
new stereotactic methods, allowed for a more convenient and
faster depth electrode insertion.”**° Numerous targets can
now be reached in a simplified, more efficient and accurate
fashion. Automated trajectory planning was developed to fol-
low these needs.’ Third, these advantages were translated to
robotic applications aimed at further increasing the accuracy
and improving the surgical workflow.®

Three robotic systems are currently in use. The use of
these robots varies significantly between centers, including
differences in image acquisition, trajectory planning, patient
positioning, head fixation, patient registration, and the im-
plantation method itself.'” All these steps might influence
the overall workflow, the perceived accuracy, and surgical
results.'" The differences in the surgical workflow had their
origin partly in the type of previous training and in the expe-
rience and surgical subspecialty of the user, rather than an
objective factor. If one was trained as a stereotactic neuro-
surgeon, the neurosurgeon would be more prone to use a ste-
reotactic frame with the robot; on the other hand, those not
accustomed to stereotactic procedures would prefer to use a
head clamp. Similarly, if one is used to navigational systems,
the neurosurgeon would likely use the robot coupled with
neuronavigation instead of using stereotactic coordinates.
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Proponents of robotic applications argue that the overall
accuracy is better when compared to manual methods. A re-
cent meta-analysis, which analyzed 13 different implantation
systems including frameless, frame-based, and robotic sys-
tems, suggested that robotic systems were at least noninfe-
rior to classic frame-based systems and superior to frameless
ones'>"? (Figure 1). Robotic trajectory guidance systems had
an entry point error (EPE) of 1.17 mm and a target point error
(TPE) of 1.71 mm, compared to an EPE of 1.43 and 2.45 and a
TPE of 1.93 and 2.89 for frame-based and frameless systems,
respectively.'? However, those comparisons were performed
based on retrospective frame-based and frameless systems se-
ries, and there are no adequate comparisons between robotic
trajectory guidance systems with other techniques or between
robotic trajectory guidance systems themselves. It is unlikely,
though, that robotic systems would be more accurate than
modern frame-based systems. Although rarely discussed, the
choice of imaging for referencing and the referencing method
itself affect the overall accuracy of a method considerably.
Computerized tomography (CT) frame-based referencing
was shown to be the most precise method for determining
entry points,'* with an EPE below 1 mm, followed by CT
laser referencing with an EPE below 2 mm, and finally, by
magnetic resonance imaging (MRI) laser referencing with
an EPE of about 3 mm."” Accordingly, previous studies also
showed that fiducial-based referencing was more accurate
than surface referencing and that CT surface referencing was
more accurate than using MRI. To minimize radiation ex-
posure, especially in the pediatric group, 3T MRI proved to

FIGURE 1
robotic device used for implantation
of depth electrodes with the help of
neuronavigation. The head is fixed in a

Illustration of a miniature

standard head clamp with the reference for
the navigation and the robot attached to it
via an adapter (for details please refer to
reference 10)

Epilepsia-|*
be adequate for most stereotactic procedures.16 In addition,
novel three-dimensional (3D) computerized models can now
further increase the accuracy and safety by automated vessel
detection.®

The question remains, however, if this drive toward in-
creased accuracy is justified and if an accuracy comparable
to deep brain stimulation (DBS) procedures is at all necessary
while planning for SEEG implantation. If the answer is no, then
one of the main arguments to use robotic applications would
be relativized. In contrast to DBS, the typical mean trajectory
length for depth electrodes ranges between 4 and 5 cm, which
is about half of the typical DBS trajectory. Furthermore, the
common target for depth electrodes is far less defined. The ac-
curacy needed for depth electrode implantation might depend
on the type of trajectory planning. Strict orthogonal trajecto-
ries that cross sulci or the Sylvian fissure need higher accuracy
compared to an implantation method planning trajectories that
avoid crossing sulci. Longer trajectories for insular coverage
need higher accuracy than the typical shorter ones to evaluate
mesial or superficial cortex. A combination of depth and sub-
dural electrodes would need different planning. The coverage
of the frontal, parietal, and occipital mesial cortex can be ac-
complished both by interhemispheric subdural electrodes and
longer orthogonal depth electrodes. These conceptual differ-
ences influenced the length of the trajectories, and therefore,
the level of accuracy needed. The reported low complication
rate with depth electrode use might reflect the fact that sur-
geons do well in anticipating the error margins of their applied
method when planning the trajectories.17
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An argument often made in favor of robotic applications is
that they might offer a decrease in global operative time and
time needed per electrode. Indeed, the mean time per elec-
trode using robotic applications was reported to be around
10 minutes, which was slightly faster than the reported
12-15 minutes using manual neuronavigational techniques.17
These reports, however, did not consider the pre-procedural
work-up and the additional time in the operating theatre
needed to use robotic applications. Taking this additional
time into account might diminish the reported operative time
saving. The actual operative time might be less dependent on
technical aspects than on the team and infrastructure involved
in the procedure. These factors are difficult to evaluate and
rely on national, site-specific regulations, and organizational
and administrative processes as well. The abrupt change in
invasive recording paradigm in many centers, favoring the
use of SEEG over SDE, often disregarded the fact that when
cortical mapping is needed, it is usually better achieved using
SDEs. Therefore, both SEEG and SDEs should be available
in each center, and patient-based selection of the adequate
technique is mandatory. In addition, robotic systems are ex-
pensive, and had been used mainly for SEEG implantation
only. The system's pay-back time is long, and although a drop
in the hardware price could be expected over time, sometimes
pay-back would not be achieved. It would be reasonable to
foresee that some institutions would not embark on purchas-
ing the technology at this point, and especially so when there
is a well-established frame-based stereotactic program.

1.2 | Laser interstitial thermal therapy—
expanding indications and patient selection

MRI-guided laser interstitial thermal therapy (LITT, also
called stereotactic laser ablation, or SLA) is an increasingly
used method, which requires accurate trajectories. LITT is a
minimally invasive surgical technique.18 It takes advantage
of three critical elements: stereotactic methods to position
a laser probe precisely within a therapeutic target; time-de-
pendent thermal tissue ablation from a surgical laser system;
and MRI thermography to monitor changes in temperature
and tissue destruction in real time.'® Two systems are avail-
able in the United States. Patients treated with LITT require a
very brief hospital stay, pain is usually minimal, and recovery
is often short. For these reasons, LITT is very appealing to
patients.

The best evidence supporting the efficacy of LITT to treat
patients with epilepsy with curative intent comes from the
ablation of structurally well-defined targets, including hy-
pothalamic hamartoma and mesial temporal sclerosis.'?!
As experience increases, LITT is also being used to treat a
growing list of epileptogenic substrates, including focal cor-
tical dysplasia (FCD), cavernous malformation, and lesions

in challenging anatomic locations such as the insula and
functionally eloquent cortex.>** This increasing list of pa-
thologies treated with LITT contrasts with the fact that there
is no class I evidence comparing the efficacy and complica-
tion rates of LITT with those of standard surgical treatment.
Furthermore, no specimen suitable for adequate pathological
examination is obtained during LITT procedures. This would
likely make it difficult to explore surgical outcome according
to pathology and might make it more complicated to develop
patient-specific new pharmacogenetic or gene therapies in
the future.

Hypothalamic hamartoma (HH) may be diagnosed by MRI
with high accuracy without the need for histologic verification.
Open and endoscopic surgical disconnection were associated
with high morbidity and moderate efficacy.19 LITT was in-
troduced as a minimally invasive surgical option to treat HH
and was rapidly adopted as the standard surgical technique
for patients with HH in some centers (Figure 2). LITT for HH
showed higher efficacy regarding seizure and behavior control
and low complication rates.” Seizure freedom after laser abla-
tion of HH ranged from 66% to 81% of the patients, with 20%
of patients experiencing permanent morbidity. The largest se-
ries to date included 71 patients (age range 5 months-20 years,
68% male) with gelastic seizures. Overall, 93% of patients
were free of gelastic seizures at 12 months, although 23% of
those patients required more than one LITT procedure. The
rates of memory and endocrine complications observed were
much lower than those published for open craniotomy and en-
doscopic approaches. This series encompassed the evolution
of a new surgical technique through experience over time, and

FIGURE 2 Laser interstitial thermal therapy (LITT) procedure.
The laser probe is inserted into the targeted area via a fixation bolt
using different stereotactic or navigational platforms. The approach for
the treatment of a hypothalamic hamartoma is shown
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refinements included decreasing low-temperature safety limit
cutoffs and placing these heat constraints further away from
normal structures to minimize the risk of thermal injury.lg
There is no study demonstrating that LITT would be superior
to other stereotactic disconnection techniques, such as radiof-
requency ablation, although results with LITT appear to be su-
perior to those obtained using open techniques. The sharpness
of the lesion's periphery obtained using LITT and its ability to
use MR thermography, as well as a better understanding of the
thermosensitivity of the lesion itself and of heat-sinks in an area
surrounded by cerebrospinal fluid (CSF) might prove critical
for LITT superiority in the future.

Mesial temporal sclerosis is the second most common
pathological substrate treated with LITT. The rationale
for performing stereotactic hippocampectomy is not new.
Radiofrequency stereotactic hippocampectomy had been per-
formed over the last decades with variable results.”® The ante-
rior half of the hippocampus is usually included in the ablated
volume using LITT. The issue of lack of any specimen for
pathology is also often neglected in the literature but might
represent a major burden in the future. Pathological findings
were correlated with outcome regarding seizures’’ and mem-
ory in several studies, and pathological findings might be
especially useful in patients with normal MRI. Punch biop-
sies are feasible during LITT procedures but would not pre-
serve the regional 3D anatomy or that of the hippocampus28
(Figure 3). Some reports, which included a small number of
patients, suggested a better neuropsychological outcome after
LITT, but adequate comparison to the other techniques is not
available.”” It is possible that these better cognitive findings
would be related to the smaller amount of ablated tissue and
incomplete disconnection during LITT when compared to
open techniques. It is also unclear if cognitive preservation, if
present, would come at the expense of a lower seizure control
rate. The largest retrospective series to date on mesial tempo-
ral ablation using LITT comprised 234 patients and showed
a 58.0% Engel class I outcome at both 1 and 2 years after
LITT.* This outcome was worse than that reported after con-
ventional open temporal lobe resections.”” On the other hand,
LITT procedures are much better tolerated; there is a low
overall complication rate and a fast recovery. Long-term re-
sults after LITT are not yet available. Long-term Engel class I
result decline over time after open temporal lobe resection.’!
It might be possible that higher recurrence rates might be
seen after LITT, since LITT's ablation volume is smaller than
that after open resection.*> Complications after LITT might
have been underreported in the literature, but that appears
to compare favorably to open resection. The most common
complication following LITT, as in open resection, are visual
field cuts, occurring in about 5%-29% of the patients.**>°
Automated trajectory planning tools, including tractography
data hold promise to aid in the attempt of preserving visual
function. An ongoing prospective multicenter observational

Epilepsia-|*
study (“Stereotactic laser ablation for temporal lobe epi-
lepsy,” or SLATE) might begin to address many of these
questions.34 This study's recruitment started in December
2016 with an estimated enrollment of 150 participants by
May 2022 (NCT02844465).

Compared to other minimally invasive treatment options
such as radiofrequency ablation and stereotactic radiosur-
gery, LITT has some advantages, such as real-time image
guidance, the potential for larger ablation volumes, and an
immediate therapeutic impact without delayed risks. It is
also easily coupled with other minimally invasive epilepsy
surgery techniques, most notably robotic stereo-encepha-
lography. These advantages have led to the proliferation of
LITT to treat a broad range of epileptic conditions, many of
which have yet to generate sufficient evidence to determine
efficacy. This includes hemispheric disconnections such as
corpus callosotomy using multiple lasers,*® lesional and non-
lesional focal epilepsy in deep and functionally eloquent ana-
tomic locations such as the insula,37 and focal and multifocal
epilepsy in patients with cavernous malformation®® or tuber-
ous sclerosis complex.24

The short length of surgical recovery and low rates of mor-
bidity associated with LITT generated significant enthusiasm
in the epilepsy surgery community. It is possible that LITT
could change the epilepsy surgery workflow. In such para-
digm shift, a minimally invasive procedure (LITT) may seek
to ameliorate seizures with a limited procedure. Recurrence
would then lead to subsequent localization studies and fur-
ther staged LITT procedures until seizure freedom would be
obtained. Furthermore, open surgery can be easily performed
after LITT. Increasing surgical experience with this tech-
nique coupled with a better understanding of patient selec-
tion, surgical targeting, and comparative therapeutic efficacy
will better define the role for LITT in the surgical armamen-
tarium for patients with drug resistant epilepsy in the future.
LITT was until recently available only in the United States,
and reached Europe in 2019, as shown by a recent report.39
Consumables are expensive and the procedure is highly de-
pendent on the presence of a manufacturer's technician, even
in experienced centers. It is likely that some health systems
would delay implementation of the technique until adequate
cost-effectiveness analysis is performed. Issues related to the
MR interface or the probe itself are often reported. These as-
pects might limit the use of LITT in some centers in the short
term.

1.3 | Intraoperative MRI and
neuronavigation

Intraoperative MRI (IMRI) has a major role in monitoring
anatomical and thermographic data during LITT proce-
dures. IMRI has also proven useful in different neurosurgical
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procedures. IMRI systems typically consist of the scanner
itself and a navigational system linked to the scanner.*’ The
scanner could either be in an adjacent room to where the pa-
tient is transferred or mounted on a rail and brought into the
operating room itself when needed. A new scan might be per-
formed, or a previous scan could be used, and images could
be transferred to the navigational system. Segmentation of
lesions and planning of approach trajectories may be carried
out by using the planning software (Figure 4). Other scan-
ning modalities like single-photon emission computerized
tomography (SPECT), positron emission tomography (PET),
or magnetoencephalography (MEG) images could be fused
to recent preoperative scans and used for defining the resec-
tion volume or targeting a lesion.*!*? Intraoperative scans
might determine the amount of a lesion's resection compared
to the preplanned lesion contours obtained from metabolic or

FIGURE 3 Laser interstitial thermal
therapy (LITT) procedure. (A) Axial
T2-weighted and sagittal fluid-attenuated
inversion recovery (FLAIR) magnetic
resonance imaging (MRI) slices depicting
left-sided hippocampal sclerosis. (B) Laser
probe inserted via an occipital approach
along the long axis of the hippocampus. (C)
Early T1 contrast-enhanced MRI obtained
after laser ablation showing the size of the
lesion

anatomic scans. If an incomplete resection is documented,
second-look surgery may be performed during the proce-
dure.* In this case, the patient is brought back to the oper-
ating position, re-draped, and surgery is continued after an
update of the navigational system using a 3D segmentation of
the residual lesion. A second IMRI scan is performed after the
second look is finished. Craniotomy is closed after complete
resection confirmation. Residual lesions may be approached
as many times as necessary. The patient's preparation and the
scanning itself takes time and might add an hour or more to
the operative time.

IMRI guidance proved particularly useful in patients
with epilepsy and lesions such as FCD, long-term epilep-
sy-associated tumor (LEAT), cavernoma, or arteriovenous
malformation. It might also be of help in patients whose foci
are being investigated by depth-electrode monitoring.‘m'46 A



DORFER ET AL.

Epilepsia-|*

FIGURE 4

Intraoperative magnetic resonance imaging (IMRI) in a 17-month-old child with multiple tubers. Surface electroencephalography

(EEG) suggested a right frontal seizure onset, and seizure semiology was congruent with a frontal focus. Because there were multiple tubers,
including bilateral frontal tubers, a-[11C]-Methyl-1-tryptophan—-PET (AMT-PET) was used to identify the most active tuber. At surgery, the typical
rubbery nature of the tuber was found and IMRI documented the complete resection. By the time of this writing, the child was seizure-free for

8 months and showed marked improvement in neuropsychological development. A, Preoperative MRI showing a large frontobasal tuber. B, AMT-

PET suggesting this tuber was highly epileptogenic. C-E, IMRI showing complete resection of the lesion

retrospective study including patients with refractory epi-
lepsy and FCD submitted to surgery with IMRI monitoring
showed that 75% of the patients had complete resection and
89% of them had Engel class I outcome. The use of IMRI
appeared to yield a higher rate of seizure-free patients, espe-
cially when additional resection was performed after resid-
ual FCD was shown on intraoperative scanning (73% vs 38%
in Engel IA, P < .05).*"** Incomplete resection of LEATSs
due to proximity to eloquent brain regions or misevalua-
tion of the resected volume is a strong negative predictor
for local tumor recurrence and persisting seizures.*?43:46
The combined use of IMRI and neuronavigation yielded
a 70% seizure-free rate in patients with LEATs.* Patients
with refractory epilepsy and cavernoma should be submit-
ted to surgery comprising the removal of the lesion itself
and its surrounding hemosiderin ring.47 The cavernoma
and the hemosiderin ring could be segmented individually,
displayed at the microscope, and approached using naviga-
tional guidance. IMRI proved helpful in targeting residual

cavernoma tissue or hemosiderosis yielding a high long-
term seizure-freedom rate.** IMRI could be useful during
depth and subdural electrodes implantation. IMRI could
verify the position of depth electrodes and allows for cor-
recting inappropriately positioned leads.*’ Comparison of
preexplantation and postimplantation IMRI with or without
CT fusion might be used to document lead shifting during
the recording session. The surgical approach and extent of
resection might need to be changed in patients with signifi-
cant electrode dislocation.*

The use of IMRI appears to provide for higher complete
resection rates in patients with brain lesions, and thus better
postoperative seizure control. On the other hand, no direct
comparison between IMRI-based procedures and conven-
tional ones is available. In addition, the efficacy of using
IMRI in patients with normal MRI was not adequately doc-
umented in the literature. IMRI does have drawbacks that
should not be neglected. The need for technical and person-
nel expertise might restrict its use to centers with a high case
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load, including those unrelated to epilepsy. The expertise

using IMRI in epilepsy surgery is so far limited when com-
pared to its use in brain tumor surgery.

1.4 | Neurostimulation—targeting
epilepsy networks

Neuromodulation represents a recent development to treat re-
fractory epilepsy, and the recognition of epilepsy as a network
disease led to an increase in its use. The system includes the
use of an implanted electrode array connected to a pulse gen-
erator, which can deliver electrical energy to certain neural
targets. There is the obvious advantage of using a nondestruc-
tive and reversible approach to treat drug-resistant epilepsy
(Table 1). Neuromodulation was more adequately studied
than many of the other epilepsy surgery techniques and
major RCTs reporting on vagus nerve stimulation (VNS),>12

responsive neuromodulation (RNS),53 and deep brain stimu-
lation (DBS) were published.54’55 The U.S. Food and Drug
Administration (FDA) granted PreMarket Approval (PMA)
to VNS in 1997,”° RNS in 2013,” and DBS in 2018.% These
techniques might be divided into intracranial or extracranial
modalities, VNS being the main extracranial and DBS and
RNS the main intracranial approaches.

Two RCTs led to VNS approval in the United States in
1997, and more than 100,000 patients have been implanted
worldwide. At least 50% of seizure frequency reduction might
be expected in 50% of the patients.59 There is an incremen-
tal response over time.”” Some pediatric populations, like
those children with Lennox-Gastaut syndrome appear to be
the best candidates for VNS.®' The surgical technique is sim-
ple and might be performed in noncomplex hospital settings.
Main complications are hoarseness, voice alterations, hard-
ware issues, and development or worsening of sleep apnea.
Quality of life is improved with the use of VNS.®* The use

TABLE 1 Overview of patients and outcome for the different neuromodulation/stimulation trials
Seizure frequency reductionin  Seizure frequency reduction
Patient factors Seizure type 3 mo blinded period in open-label phase
RNS (64) Age >18y Partial onset with 37.9% 44% mean (1y)

1-2 foci
Refractory to >2 AEDs

>3 seizures/mo for
>least 3 mo

AN-DBS (55,56) Age >18y

generalized
Seizures >6/mo
Refractory to >3 AEDs
and taking 1-4 drugs
VNS (53,54) Age >4y
Seizures >4/mo

Refractory to >2 AEDs

HIP-DBS (67) Age >18y FIAS, FAS

Seizures >4/mo Temporal lobe
epilepsy
Refractory to >2 AEDs

CM-DBS (69) Age <18y Secondary

generalized

epilepsy
Atonic, tonic,

myoclonic,

Refractory to >2 AEDs

absences

Daily seizures

Partial or secondarily

Partial onset seizures

2.1% seizure free 53% mean (2 y)

66%> 50% (8 y)

9% seizure free

40.4% 41% mean (1 y)

12% seizure free 56% mean (2 y)

16% seizure free

15%-28%

No patient seizure free

22.5% >90%
40.5% >75%
63.7%> 50%
36.2% < 50%
15% seizure free

87% responders (>50% N/A
reduction)

50% seizure free

N/A 87%

15% seizure free

Abbreviations: AED, antiepileptic drug; AN-DBS, deep brain stimulation of the anterior nucleus of the thalamus; CM-DBS, deep brain stimulation of the centromedian

nucleus of the thalamus; HIP-DBS, hippocampal deep brain stimulation; mo, months; N/A, not applicable; RNS, responsive neuromodulation.
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of hospital facilities, especially emergency rooms, is dimin-
ished by VNS.® Therapy price is still high, but initial hospital
costs are compensated after 5 years due to lower costs related
to seizure cornplications.64 More recently, a cardiac-based
closed-loop system was introduced to the market.%’ Early
studies showed noninferiority to standard VNS, but there is
no adequate documentation that the closed-loop system would
be more efficacious than regular VNS. The system allows for
additional stimulation cycles based on the ictal/periictal in-
crease of heart rate. An even more versatile generator, includ-
ing multiple programming capabilities, is also available,®® but
there are no data regarding its differential performance. There
is no consensus on the adequate stimulation paradigm during
VNS. The more commonly used parameters include cycling
stimulation, but higher intensity was used to further decrease
seizure frequency, and lower frequency was tried to treat side
effects.®” All seizure types and syndromes have been treated
by VNS. Those patients who prove not to be candidates for
cortical resection represent the main candidates for the proce-
dure. Despite the large number of patients already submitted to
the procedure, an adequate definition of the best candidates is
still lacking and adequately designed cohort studies and RCTs
are needed. A better understanding of its still poorly studied
mechanism of action® would help to better use this technique.

Responsive neuromodulation has been studied in a RCT
that led to its approval in the United States.”® The RNS Sys-
tem is the first technology to use a closed-loop paradigm
for the treatment of epilepsy, meaning that there are sensing
(detection) parameters that can be programmed that activate
stimulating electrodes, which can deliver therapeutic current
to the brain. The implanted hardware includes a generator
that is located within the skull (which adds to the patient
burden) and different types of electrodes (subdural, depth),
and this technique is performed more commonly in tertiary
care epilepsy centers. The sensing system utilizes line length,
frequency/saturation, and trigger detections, which allow for
personalization of unique seizure patterns. The pivotal RCT
included patients with focal epilepsy with different localiza-
tion; 37.9% were considered responders during the 3-month
blinded period. Patients commonly treated with RNS in-
cluded those with bilateral mesial temporal onset, onset in
eloquent and functional cortex, and suboptimal response to
VNS or prior resective epilepsy surgery and in whom a dis-
creet epileptogenic region has been identified. Long-term sei-
zure reduction varied from 48% to 66% between years 3 and
6.% This response seemed to be independent of lobe and 15%
of the patients had seizure-free periods greater than 1 year.70
Furthermore, there did not appear to be neuropsychological
decline, and there was quality of life improvement, decreased
sudden unexpected death in epilepsy (SUDEP) rates, and real
potential to serve as a tool for long-term chronic monitor-
ing.7l'73 RNS-like systems could also be used to document
the effectiveness of anti-epileptic medication.”* The use of
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closed-loop paradigms is likely to increase in the future pro-
vided that the necessary hardware can be further developed
and the epileptic foci dynamics can be better understood.
Deep brain stimulation has been used to treat multifocal
or nonlocalizable epilepsy. Many targets were sporadically
tried over the last decades, but stimulation of the anterior
nucleus of the thalamus was the first one to be adequately
studied in a RCT, which led to its initial approval in Europe
(2010) and 8 years later in the United States. In that study,
patients with focal epilepsy arising from all lobes were
included. The operation is presently based on direct tar-
geting with identification of the mammillothalamic tracts
and visualization of the anterior thalamic nuclei. DBS of
the anterior nucleus of the thalamus (AN-DBS) is a ste-
reotactic procedure using standard DBS hardware and is
performed in tertiary epilepsy centers. Like other types
of subcortical neuromodulation for epilepsy, AN-DBS is
mainly a palliative procedure: 40.4% of the patients were
considered responders (at least 50% seizure frequency re-
duction), and 12.7% (14 of 110 patients) were seizure-free
for at least 6 months.> Long-term 5-year follow-up on AN-
DBS showed 68% seizure reduction with 16% of the pa-
tients seizure-free for at least 6 months.”” AN-DBS uses
high-frequency cycling stimulation, and consensus on the
adequate stimulation parameters needs further exploration.
There was initial worry of worsening psychiatric symptoms
(especially depression) or sleep disturbances, but this did
not prove to be clinically significant in larger open cohorts
studied after regulatory approval.76 Complications are un-
common and included those related to DBS devices, such
as infection and hardware issues, and intracranial bleeding
or thalamic (usually asymptomatic) infarcts. Although all
focal epilepsies have been treated with AN-DBS, it appears
that patients who have an epileptogenic network in any way
connected to the AN might represent the best candidates for
this procedure.77 More recently, an RCT reporting on hippo-
campal stimulation (HIP-DBS) was published.55 This study
included only patients with refractory temporal lobe epi-
lepsy submitted to continuous, open-loop high-frequency
HIP-DBS. The study design included a longer (6 months)
double-blinded phase when compared to AN-DBS and
RNS RCTs (3 months), and a longer no-stimulation period
preceding the double-blind phase, allowing for a reduction
of the impact of the insertional implantation effect. Focal
aware and focal with impaired awareness seizures were
significantly reduced from the first month of stimulation
on. Fifty percent of the patients were rendered seizure-free.
Patients received weekly 0.4 V stimulus intensity incre-
ments, reaching 2 V at the end of that phase. These results
appeared to be superior to those obtained with AN-DBS
and RNS in patients with refractory temporal lobe epilepsy.
Stimulation of the centromedian nucleus of the thalamus
(CM-DBS) has also been attempted in the treatment of



DORFER ET AL.

= |_Epilepsia
refractory epilepsy. Both cycling and continuous high-fre-
quency stimulation were tried, and there is no consensus on
the adequate stimulation paradigms. CM is the only DBS
target that proved efficacious in the treatment of general-
ized refractory epilepsy, especially in patients with Lennox-
Gastaut syndlrome.78'80 Seventy percent of patients might be
considered responders, and 10% of them might be rendered
seizure-free by CM-DBS. There are several open-label
studies reporting on CM-DBS, but no adequate RCT has

been carried out so far.3""*?

2 | FUTURE DIRECTIONS:

HIGH INTENSITY FOCUSED
ULTRASOUND (HIFU),
MULTIPURPOSE ELECTRODES AND
CHRONIC WIRELESS INVASIVE
RECORDINGS

The utility of high-intensity focused ultrasound (HIFU) in
the treatment of epilepsy has not yet been fully explored.
Several studies have demonstrated submillimeter preci-
sion,*® thus enabling high-fidelity targeting in compact,
highly eloquent regions. One such location could be the an-
terior nucleus of the thalamus, which is the current target
for deep brain stimulation.”” Other potential applications
would be the acoustic ablation of amygdala, hippocampus,
and piriform cortex for temporal lobe epilepsy, or ablation
of lesional tissues such as focal cortical dysplasia, perive-
ntricular heterotopia, tuber, hypothalamic hamartoma, and
small neoplasm.**’ Finally, disconnective procedures using
HIFU such as corpus callosotomy and certain hemispheric
procedures could be considered in isolation or in combina-
tion with surgical therapies, to create hybrid invasive/non-
invasive approaches to the treatment of various medically
refractory seizure disorders.

Focused ultrasound
transducer

The primary barriers to implementing HIFU as a stan-
dard modality for the treatment of epilepsy are fourfold: (a)
the adequate distribution of acoustic energy into potentially
sclerotic or calcified epileptogenic tissue; (b) protection of
critical neurovascular structures in the basilar cisterns near
potential deep mesial foci; (c) the ability to focus energy at
lateral or superficial locations where lesions or epilepto-
genic foci might exist; and (d) the ability to create lesions
large enough to capture the entirety of the epileptogenic
foci (Figure 5). Calcifications are known to cause disrup-
tion to traveling ultrasound waves. In HIFU treatment par-
adigms, calcifications are masked out of the stereotactic
plan. Less is known about how sclerotic tissue may absorb
or reflect HIFU acoustic energy. Furthermore, in a labo-
ratory study analyzing modeled treatments for trigeminal
neuralgia, there was significant spread of thermal energy
to nearby cranial nerves, although the effect could be mit-
igated with appropriate masking.®® A cadaveric simulation
of mesial temporal lobe—focused ultrasound demonstrated
thermal efficacy of target tissue, but there was concern for
thermal injury to the optic, third, and fourth cranial nerves,
as well as to nearby critical vasculature. However, like
laser ablation, creating low safety targets to abort sonica-
tion if temperatures in those locations reach above a partic-
ular low threshold could be a software solution to enable
this treatment. The most efficient delivery of energy oc-
curs for centrally located targets based on the distribution
of ultrasound elements. Thus, lesions such as hypothalamic
hamartoma may be more efficiently treated compared to
lateral and superficial lesions. However, with further study,
the ability to mask and adjust element parameters could
still enable enough energy delivery to treat even these types
of suboptimally located lesions. Focused ultrasound (FUS)
lesions have similar appearance to radiofrequency abla-
tions by histological analysis and by MRL The lesions
tend to be relatively small, with diameters of approximately

Thermal ablation
at epileptic focus

FIGURE 5 High-intensity focused
ultrasound (HIFU) schematics. This
illustration shows the delivery of acoustic
energy generated by the HIFU unit to a
centrally located area of the brain
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2 mm and volumes of up to approximately 200 mm® at
1 month.” Larger ablation volumes may be required to
adequately treat epileptogenic networks, which may re-
quire technological modifications and advancements.”*?
There are two actively enrolling clinical trials for the use
of HIFU in epilepsy disorders. One is at the Ohio State
University investigating HIFU thalamotomy (anterior nu-
cleus) to prevent secondary generalization in focal onset
epilepsy (ClinialTrials.gov Identifier: NCT03417297).
The second is at the University of Virginia investigating
HIFU for subcortical lesional epilepsy (ClinicalTrials.gov
Identifier: NCT02804230). There is also one clinical trial
at the University of California Los Angeles investigating
low intensity FUS pulsation for temporal lobe epilepsy
(ClinicalTrials.gov Identifier: NCT02151175). These clin-
ical trials will provide critical information regarding safety,
feasibility, and preliminary evidence to support the expan-
sion of focused ultrasound to epilepsy. Although some
limitations exist within the framework of current focused
ultrasound systems testing is already underway to assess
general safety and feasibility of this technology in various
epilepsy disorders. Advancements in hardware and soft-
ware platforms will continue to enhance our ability to de-
liver acoustic energy, which may lead to novel treatment
paradigms and the potential to create a new standard for the
care of patients with medically refractory epilepsy.

The growing recognition of epilepsy as a neural network
disorder and the associated growth of neuromodulation for
the treatment of epilepsy places even more importance on in-
tracranial studies. There is mounting evidence from animal
studies and patients with responsive neurostimulation systems
implanted for epilepsy that long-term intracranial recordings
and the use of multipurpose electrodes may provide more ac-
curate seizure-onset and network description.%'95 The use of
depth electrodes with embedded microdialysis membranes to
measure neurotransmitters showed that glutamate levels were
elevated in the seizure-onset region and more so in propaga-
tion nodes.” This finding suggested a seizure network nodal
abnormality in neurotransmitters. Several epilepsy centers
have reported additional insights on seizure initiation and
propagation gained by microwire and single-unit data.””%
The technology for both wireless implants and remote intra-
cranial monitoring is now available but needs the research
support for extension into humans.

Future intracranial studies will include the use of rede-
signed telemetered multimodal bioelectrodes capable of ac-
quiring a wide range of data, from microwire and classical
field potentials to neurotransmitters and other biometrics
(temperature, blood flow, intracranial pressure, and so on).
These “depth probes” will be supplemented by thin-film
dense-array surface bioelectrodes, and the entire implant
will be wirelessly telemetered. The epileptic patient might
spend only a few nights in the intensive care unit/epilepsy

° L] ®
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monitoring unit (ICU/EMU) to ensure no complications,
postoperative recovery, and data acquisition fidelity. Patients
will then be monitored for an extended period of weeks to
months in their natural environment while taking their rou-
tine antiepileptic drugs (AEDs). The limited long-term data
already available from RNS patients established the feasibil-
ity of remote data uploading and proved revolutionary in a
wide array of new research endeavors. This approach and the
new data streams available will exponentially increase these
endeavors in the coming years. There are, however, a hand-
ful of developments that remain critical: power, multimodal
bioelectrodes, electrode fidelity, and data processing and
storage.

Although a variety of wireless data transmission modes
are available, they presently require a good deal of power,
and power often generates heat. There are understandably
strict regulations on how much heat an implant can produce,
usually 1°C in the human cranium. Battery size is another
constraint that becomes limiting with larger power demands
required to support broader bands of data. The expanding use
of rechargeable technology allows for larger power loads,
limited by the practical ability of battery recharge and the
use of inductive charging mechanisms with intracranial im-
plants. Institutional collaborations across expertise in neurol-
ogy, neurosurgery, engineering, and computer sciences are
presently working on this development. These probes would
contain a combination of “off the shelf” and newly devel-
oped biosensors providing the first multimodal bioelectrode.
These new bioelectrodes would be capable of monitoring pa-
rameters such as intracranial pressure, cerebral blood flow,
and partial pressure of oxygen, in addition to intracranial
EEG. The further development of multimodal bioprobes will
enhance the value of intracranial data obtained in the study
of epilepsy.mo’101

The expansion of the intracranial montage to microwires,
small-scale local-field potentials, and multimodal monitoring
significantly increases the mechanistic information acquired on
seizure initiation and propagation.98 The long-term acquisition
of single-unit data is challenging and highlights the need for
an intelligent approach to data acquisition as well as electrode
fidelity. Although microwire low field potentials (LFP) and
single-unit data can add additional understanding of local and
even cellular activity changes within a network that are associ-
ated with seizure initiation and propagation, they are subject to
increased recording requirements, variable yield, and concerns
regarding longer-term stability. Several groups published on
computational models related to the ability of intelligent dense
arrays to accommodate the failure of a few or even several
electrodes in the array.'® New intelligent high-density cortical
electrode arrays are under development. Another consideration
for high-density electrode arrays capable of micro-LFP and
single-unit acquisition is the potential damage caused by the
insertion of the device. In this setting, neurostimulation may
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be useful in seizure modification and other applications such
as prosthetics. Furthermore, new arrays will be designed to be
utilized in parallel and provide power and wireless data trans-
mission, being capable of both onboard closed-loop targeted
stimulation and wireless communication with outside acquisi-
tion and processing devices as well.

New technology would have a major role in the future
directions of epilepsy surgery, although the superiority of
new techniques and devices might need to be adequately
documented. Closed-loop neuromodulation might prove
superior to open-loop procedures in the future; new bio-
markers would prove essential for further development of
the techniques. On the other hand, presently there is no
high-level evidence that closed-loop would be superior to
open-loop stimulation. Improved strategies for foci local-
ization might improve our understanding of the epileptic
network in each individual, potentially improving treat-
ment outcome. Chronic electrocorticography and the use
of multipurpose depth electrodes would likely be part of
these efforts.
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