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ABSTRACT
More than 130-year ago, Sir Victor Horsley delivered a landmark address to the British Medical
Association, in which he described successful localization and resection of an epileptogenic focus
resulting in seizure freedom for the patient. Several important steps in epilepsy surgery have been
achieved since, including resection techniques such as anterior temporal lobectomy and selective
amygdalohippocampectomy, both resulting in 70–80% seizure freedom and distinct differences in
neuropsychological outcomes. The most recent addition to techniques for epilepsy surgery is minim-
ally invasive thermal therapy. Significant advances in imaging technology and thermal ablation have
opened a novel avenue for epilepsy treatment, permitting surgical intervention with seizure-freedom
rates approaching the success of traditional methods but with reduced invasiveness, blood loss and
duration of postoperative hospital stay. Here, we review recent advances on stereotactic ablation tech-
niques focused on epilepsy surgery. Finally, we present emerging navigation techniques, which allow
a higher degree of freedom. The described technologies render precise navigation of the ablation
probe to avoid critical structures along the trajectory path and open novel pathways to further minim-
ize invasiveness and improve safety and efficacy. Improve safety and efficacy.
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Introduction

Epilepsy surgery has been advanced over a long history of
several foundational developments. In 1886, Sir Victor
Horsley delivered a landmark address to the British Medical
Association on ‘Advances in the Surgery of the Central
Nervous System’, in which he described successful seizure
localization in three patients, who suffered from post-trau-
matic epilepsy as a result of depressed skull fractures follow-
ing a traffic accident. Drawing on the pioneering work of
John Hughlings Jackson, Horsley resected the epileptogenic
focus resulting in seizure-freedom for the patients. This
report represents the first description of epilepsy surgery and
was the foundation upon which subsequent work can be
considered. A seminal study on localization of temporal lobe
epilepsy (TLE) was presented by William Feindel and Wilder
Penfield in 1954, critically advancing the field and allowing
precise targeting of structures identified for surgical resec-
tion. Once the efficacy of temporal lobectomy was estab-
lished, techniques for optimizing this operation fell into two
schools of practice: The practice of tailored resection by
Ojemann postulated that the extent of the epileptogenic
zone and the localization of eloquent areas vary in each
patient. Therefore, surgery was conformed individually based

on results of electrocorticography and functional mapping in
the respective case [1]. The anteromedial temporal technique
developed by Spencer accessed mesial temporal structures
through the temporal pole corridor to preserve lateral tem-
poral neocortex function [2]. The latter ultimately led to the
so called selective amygdalohippocampectomy (SAH) tech-
nique described in detail below. Recently, stereotactic ther-
mal ablation has emerged as a novel treatment technique to
these traditional methods with seizure-freedom statistics
approaching those of the open resections but with signifi-
cantly less invasiveness, neuropsychiatric deficits and hospital
duration. In this review, we discuss the recent advances and
challenges in thermal ablation for epilepsy surgery.

Physiological and anatomical basis of epileptic seizures

In epilepsy, nerve cells of a seizure focus undergo sudden
depolarization that triggers an uncontrolled chain-reaction of
action-potential activation. The resulting discharge of neur-
onal ensembles together with dysfunctional inhibitory inputs
manifests as a seizure. This spread may continue along
axonal pathways intra-hemispherically on the same side of
the brain or inter-hemispherically to contralateral regions.
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Causally, genetic, structural, metabolic, idiopathic or crypto-
genic features lead to altered cellular properties and/or syn-
aptic connections resulting in the above-mentioned
imbalance between increased excitability and decreased
inhibition. Anatomically, most seizures arise in the mesial
aspect of the temporal lobe including the hippocampus, par-
ahippocampal gyrus (PHG), amygdala and the entorhinal cor-
tex. TLE is frequently associated with hippocampal sclerosis.
As such, mesial temporal lobe epilepsy with hippocampal
sclerosis (MTLE-HS) is a specific epilepsy constellation in the
2017 International League Against Epilepsy (ILAE) classifica-
tion system portraying its critical role in seizures.

Medical therapy vs surgery for epilepsy treatment

In an antiepileptic-naïve population with newly diagnosed
seizures, the first antiepileptic drug (AED) controls seizures in
50% of the patients, a second AED adds 15%, but only 4%
achieve seizure-freedom with a third AED trial [3]. Over the
past several decades, the introduction of novel anticonvul-
sant agents has increased the tolerability of these drugs but
not significantly improved their efficacy [4]. According to the
ILAE, drug resistant epilepsy is defined as ‘failure of adequate
trials of two tolerated, appropriately chosen and used AED
schedules to achieve sustained seizure freedom’. MTLE-HS is
the most common cause of pharmaco-resistant epilepsy. The
first randomized, controlled trial demonstrated that surgery
is superior to medical therapy in TLE [5], as 58% of patients
who received surgery remained seizure-free at 1 year com-
pared with 8% in the medical arm. Based on the evidence,
the guidelines of the American Academy of Neurology in
association with the American Epilepsy Society and the
Association of Neurological Surgeons began recommending
surgery as the treatment of choice for pharmaco-resistant
TLE. The Early Randomized Surgical Epilepsy Trial revealed
that medical therapy with early surgery provides better seiz-
ure control than continued medical management alone in
newly diagnosed TLE [6]. Although this study was prema-
turely terminated due to slow enrollment, nearly 75% (11/15)
of surgically treated patients remained seizure-free at 2 years,
while none of the 23 patients in the medical arm became
seizure-free. Several additional studies show that seizure-free-
dom probability after surgery for TLE was between 50 and
75% for up to 10 years [7]. This evidence urges the need for
advanced and targeted surgical therapies for TLE.

Traditional surgical treatment options in pharmaco-
resistant epilepsy

The most common surgical procedures for TLE are anterior
temporal lobectomy (ATL) and SAH. The ATL procedure can
be conceptualized as two stages, in which the lateral and
mesial parts of the temporal lobe are resected. Typically, the
extent of resection is 3–4 cm in the language-dominant
hemisphere and 5–6 cm in the non-dominant side to avoid
postoperative visual field deficits attributed to injury of the
geniculocalcarine tract (Meyer’s Loop), which results in a spe-
cific visual field deficit (contralateral superior

quadrantanopsia). SAH minimizes resection compared to ATL
and can be performed through varying trajectories:
Transcortical-transventricular [8], transsylvian [9] and subtem-
poral [10]. Postoperative seizure outcomes are usually
reported according to the Engel classification ranging from
Engel I (seizure-freedom) to IV (no worthwhile improvement)
[11]. More recent adaptations include (i) the modified Engel
classification, which assesses postoperative seizure outcomes
annually and in seizures days instead of an absolute seizure
number to allow better comparison between individual
patients, different centers and AEDs [12] and (ii) the ILAE
classification, where the terminology was re-defined and seiz-
ures were classified based on their onset, specification of
motor symptoms and non-motor symptoms [13]. Seizure out-
comes for ATL and SAH were reported equivalent, regardless
of surgery or approach [14]: A 71% seizure-freedom rate after
>10 year follow-up was shown with the transsylvian
approach [15]; similar rates were described for the transcor-
tical and subtemporal approaches [16–18]. This notion has
however been recently challenged by several meta-analyses
favoring higher seizure freedom with ATL, although rates of
seizure freedom were only subtlety different [19,20]. Notably,
neurocognitive outcomes are superior with SAH [21], in par-
ticular verbal IQ and verbal memory [22], implying that less
invasive approaches preserve more normal anatomy leading
to less postoperative deficits.

Laser ablation in neurosurgery

The first applications of lasers in the brain began in 1965
demonstrating the destructive effect of pulse laser technol-
ogy in animal tissues [23–26]. Next, laser technology was
used in the human brain for tumor ablation [27]. The aimed
tumor necrosis, however, was incomplete insinuating that,
although tissue destruction was possible, further work was
needed to provide controlled and targeted lesion ablation.
This was achieved shortly after, using a high-power continu-
ous wave CO2 laser [28]. However, this process was not
applicable in daily practice as it was highly time-consuming.
The technology was then modified to provide a practical ver-
sion of the CO2 laser. Using this principle, a large series of
250 central nervous system (CNS) ablations for extra-axial
tumors and intra-axial vascular lesions was completed [29]. In
addition to the CO2 laser, neodymium-doped yttrium alumi-
num garnet (Nd:YAG) lasers attracted attention for medical
applications. Nd:YAG lasers initially lacked the precision
needed for neurosurgical operations due to reduced laser
absorption by CNS tissue, which resulted in increased collat-
eral damage [30]. This laser differs in two main aspects from
the CO2 laser: (i) Nd:YAG laser energy is selectively absorbed
by blood and blood vessels allowing targeted blood vessel
occlusion and (ii) the laser penetrates deeper than the CO2

laser providing more predictable laser penetration [30,31].
Due to these advantages, Nd:YAG lasers had a more pro-
nounced effect on vascularized tissue than the CO2 laser.
Nd:YAG lasers were eventually used to induce focal laser
coagulation in 1983, which led to the development of laser
interstitial thermal therapy (LITT) [32,33] culminating in the
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treatment of five patients with brain tumors under CT guid-
ance [34].

The next critical advance was the development and inte-
gration of magnetic resonance imaging (MRI). The first use of
MRI to monitor thermal ablation involved preoperative target
localization and postoperative distinction and identification
between temporary and irreversible tissue destruction [35].
Importantly, the technology was unable to estimate tempera-
ture alteration online (i.e., in real-time during the ablation
procedure). Research over the past three decades has signifi-
cantly improved this shortcoming, permitting accurate peri-
procedural temperature control in today’s use of LITT. This
addition expanded laser and thermal technology to emerge
as an innovative treatment avenue for intracranial patholo-
gies including epilepsy, neoplasms, radiation necrosis, move-
ment disorders and chronic pain [36,37].

LITT for epilepsy treatment

MRI-guided laser ablation is a promising minimal-invasive
alternative to the above-mentioned classical surgical
approaches of ATL and SAH for pharmaco-resistant TLE
(Figure 1) [38]. Memory deficits and particularly verbal mem-
ory deficits are feared complications after TLE surgery. Given
that SAH results in reduced neuropsychiatric deficits com-
pared to ATL (see above), it is intriguing to speculate that a
smaller extent of potentially functional tissue resection can
spare function and reduce de novo post-surgical side effects.
Drane et al. compared LITT with open resection and reported
superior cognitive outcome for object recognition and nam-
ing in both, the dominant and non-dominant hemisphere
[39]. These findings have been confirmed by two other
reports [40,41]. On the contrary, another study found laser
ablation in the dominant hemisphere to result in a decline in
verbal and narrative memory, also here no change was seen
in naming [42]. Contradicting results are reported for laser
ablation and memory function, these differences may stem
from small sample sizes, procedural differences with LITT and
variability in test selection, patient cohorts and assessment
[43]. Studies investigating broader cognitive outcome are yet
lacking. Prospective randomized-controlled trials are needed
to investigate seizure-freedom and cognitive outcomes in
resective and ablative procedures. The ongoing prospective,
single-arm SLATE (Stereotactic Laser Ablation for TLE) trial is
underway and hopefully brings more detailed answers to
these questions. Advantages of minimal-invasive procedures
such as LITT are reduced hospital stay and thus decreased
risk of general medical complications such as infections,
deep venous thrombosis and pulmonary embolism.
Brachytherapy was the first modality used to induce stereo-
tactic amygdalohippocampal lesioning [44,45]. However, it
harbored the risk of radiation injury to adjacent blood ves-
sels. An improved method with a string electrode was then
used to induce segmental coagulations in 38 patients.
Seizure-freedom was reported in 50% of the cases, 32%
showed significant improvement and 18% remained
unchanged [46]. These results were compared to open sur-
gery outcomes in the same institution: 52% seizure-freedom,

19% significant improvement and 29% unchanged. This rep-
resents the first major comparison between stereotactic
radiofrequency ablation and open surgical outcomes after
amygdalohippocampectomy for pharmaco-resistant TLE,
showing that stereotactic ablation showed comparable and,
in some outcomes, improved results to open surgery. With
the development of MRI, an increasing number of centers
began to use thermal coagulation. Most importantly, it was
confirmed early on that seizure-free outcomes were compar-
able to open surgery [47,48]. An important step was the
identification of the PHG as a critical structure to achieve
seizure-freedom; which was significantly lower when the
PHG was not coagulated [49,50]. In a sophisticated trial from
the Czech Republic with 61 patients, an occipital insertion
point was used to calculate a trajectory avoiding critical
structures, vessels and the ventricles. Segmental lesioning of
the hippocampus, amygdala and PHG was induced under
MRI guided stereotaxis. Seizure-freedom (Engel I) was
reported in 70% of the cases, concluding that stereotactic
thermal ablation provides a safe and less-invasive modality
resulting in comparable seizure-freedom to conventional sur-
gical methods and improved cognitive outcomes [51].

With the advent of MR thermography and the coupling of
laser ablation systems to a calculation of presumed tissue
damage, a more controlled ablation became possible. Two
independent research efforts to create such a system arose
independently and were ultimately commercialized as similar
but distinct systems; Monteris Inc. and Visualase Inc. (the lat-
ter was later acquired by Medtronic Inc). The application of
such real-time MRI guided ablation was first published as a
small series of 13 patients in 2014. Seizure-freedom rates
beyond 6months were 67% in patients with preoperative
mesial temporal sclerosis (MTS), whereas significantly lower
Engel I outcomes (25%) were prevalent in non-MTS patients,
suggesting the presence of MTS as a critical factor for seizure
freedom after LITT [52]. Other authors have reported >50%
Engel I outcomes with LITT, which was lower than ATL; how-
ever, advantages for LITT over ATL were demonstrated for
surgical morbidity, lower postoperative pain, shorter hospital
stay and recovery period [53]. A clearer picture is seen with
neuropsychiatric outcomes: Several studies have demon-
strated superior outcomes with LITT over conventional sur-
gery [39,53,54]. Object recognition and naming were tested
postoperatively with the Boston Naming and Iowa Famous
Faces Test in 19 LITT patients and 39 open temporal resec-
tions. Strikingly, while no patient with LITT experienced a
decline, 32/39 patients with open resection revealed inferior
outcomes in the two categories [39]. Another important
aspect is the extent of ablation with LITT. In open surgery, it
was traditionally accepted that greater hippocampal resec-
tion results in improved seizure-freedom. However, various
case series have disputed this notion identifying possible fac-
tors being difficulty in measuring the amount of resection
precisely on MRI and poor standardization of the approach
within and across studies [55]. LITT on the other hand allows
more standardization of the surgical technique and likely
more precise measurement of the coagulated area offering a
novel opportunity to assess critical regions of ablation.
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A large, multi-center, retrospective cohort study including
234 patients used an image-based methodology to normalize
patient anatomy and quantify the extent of ablation on seiz-
ure outcomes in LITT for MTLE. The study revealed that
coagulation of the amygdala, the hippocampal head, PHG
and rhinal cortices maximizes the chance of seizure-freedom
(Figure 1(B)). While greater amygdala ablation volume corre-
lated with a higher Engel I outcome, a greater overall extent
of resection was not favorable but possibly lead to inferior
results when the resection was biased posteriorly [56]. The
large variance in seizure-free rates, however, suggests that
research still needs to be done to elucidate key factors for
seizure-freedom with LITT.

Continued challenges and future directions

The development of thermal ablation technologies opens
new avenues and possibilities to treat neurosurgical patholo-
gies. The variability of these pathologies and the long trajec-
tories often required to reach deep targets has prompted
the need for greater safety and control of the thermal abla-
tion. An early innovation was to create a directional laser
(side-fire) that could be rotated along the axis of trajectory
to shape ablations. Thermal spread of the ablation ultimately
limited this technique’s ability to tailor an ablation. In
Figure 2, this technique is compared to a traditional radial
ablation in treating the amygdala.

A more capable strategy could involve the use of steer-
able cannulas. To date, at least two techniques have been
used to create steerable surgical probes that could be uti-
lized to deliver thermal ablation. These techniques have dual
advantages, (i) improved safety in avoiding blood vessels,
ventricles and other key structures along the planned trajec-
tory, and (ii) more complete ablation of structures that are
linked with seizure freedom (amygdala, PHG, entorhinal cor-
tex, hippocampus), if these key structures do not lend

themselves to linear targeting (as is the case in many
patients). Curved trajectories allow for more varied
approaches to bypass important structures along the path
and reach targets ‘around the corner’ or in other adjacent
areas that are not reached by straight path navigation.
Another advantage is multiple-targeting through a single
insertion point. Recent research has focused on designing
different systems for curved trajectories.

One mechanism for curved trajectories is magnetic steer-
ing in which a magnetic navigation system (MNS) external to
the patient is used to steer probes with magnetic tips. This
technology was originally used to navigate cardiac catheters
in the 1980s [57], soon followed by neurosurgical application
[58–60]. Early challenges included the need for a large MNS
requiring considerable space, moving components impeding
the integration of the device into clinical workflow and
stress-relaxation of the needle tip. Advances in the manipula-
tion of magnetic fields over the past three decades have
enabled the development of new systems that have over-
come many of these challenges. One system included devel-
opment of a system with static electromagnets, thus
avoiding the need for moving magnets [61,62]. Newly devel-
oped smaller mobile electromagnetic navigation systems
eliminate the need for larger spaces or moving components,
resulting in a seamless integration into clinical routines.
Another focus has been on flexible catheters. To maximize
the degrees of steering freedom, magnetically steerable cath-
eters have been developed that consist of multiple segments
with independent stiffness control (Figure 2(A)) [63]. Further,
this technology permits the surgeon to carry out the oper-
ation remotely, which can protect the surgeon from radiation
and in light of the current Covid-19 pandemic mitigate
pathogen spread through reduced contact with the patient.
Proof-of-concept studies have been completed for this tech-
nology, animal trials are underway. Together, these innova-
tive systems permit accurate navigation of curved paths and

Figure 1. LITT Procedure. (A) Probe insertion through the StarFix frame (FHC Inc.) via an occipital entry. (B) Extent of laser ablation of the right amygdala, hippo-
campus, PHG and entorhinal cortex. Unpublished property of Dr. Joseph Neimat.
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can be remotely controlled to reduce radiation exposure and
risk of infection to the surgeon and patient.

An alternate approach to the creation of curved, steerable
cannulas is an established technique of using concentric flex-
ible tubes with precise planar or helical curvatures. It has
been demonstrated that such cannulas can be deployed
with a ‘follow the leader’ technique that does not shear the
surrounding tissue and achieves exceptional accuracy at
deployments of up to 80mm [64,65]. These strategies have
the advantage that they can be driven by pneumatic actua-
tors and adapted for use in an MRI environment.

These novel technologies open windows for new
approaches, e.g., through transvascular [66] or transforaminal
approaches that can be used to reach the target for thermal
ablation. Curved trajectory steering of the probe through

natural cranial access points opens another level of minimal-
invasiveness, preserving normal anatomy to a larger degree
than the current methods (Figure 2(B)). Further work is
needed to integrate these technologies into existing systems
and test their translation into clinical surgery. The incorpor-
ation of such technologies may improve the control and
accuracy of ablative therapies beyond the techniques of trad-
itional surgery and result in more accurate ablation
(Figure 2(C)).

Disclosure statement

JN consults for Monteris Inc., No other conflicts of interest are reported
by the author(s).

Figure 2. Flexible catheters and curved trajectories. (A) Third-generation variable stiffness catheter allowing high degree of flexibility due to multiple magnetically
steerable segments. (B) Animation of a transforaminal curved trajectory allowing ablation of the left amygdala, hippocampus, PHG and entorhinal cortex through a
minimal-invasive corridor preserving normal anatomy. (C) Postoperative MRI demonstrating difference between diffuse and directed ablation. (A) Adapted with per-
mission from Chautems et al. [63]; (B, C) Unpublished property of Dr. Joseph Neimat.
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