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Epilepsy is a common neurological disease that can affect all ages. Although the majority of people
with epilepsy will have excellent seizure control with medication, about 30% will fail anti-epileptic
drugs. For those with medically intractable epilepsy, the recurrent seizures lead to increased mortality,
risks of injury, and the seizures themselves are socially disabling [1-3]. Fortunately for many people with
intractable epilepsy, epilepsy can be cured, or seizures better controlled with surgical treatment [4,5].

Localization of the seizure focus followed by surgical resection provides the best opportunity
to cure the epilepsy, and a better understanding of the neuro-anatomy and physiology of epilepsy
improves our ability to define the epileptic network and effectively treat the epilepsy [6]. An important
advance that has improved patient care is minimal access surgical approaches, which result in more
rapid recovery from surgery, less pain, and more satisfied patients [7].

Additionally, for individuals without an opportunity for cure of their epilepsy, new and emerging
technologies have promise to reduce seizure frequency and severity, thus improving quality of life and
preventing injuries and mortality that result from intractable epilepsy.

In this special issue, Boling et al. examines the profound negative consequences of medically
intractable epilepsy that impacts the majority of the world’s population who reside in the developing
world of Asia and sub-Saharan Africa. Stigma is a major driver of the significantly reduced quality
of life of people with epilepsy, which is amplified in severely underserved and low-resource regions
of the world due to poverty, severe treatment gaps, high mortality and morbidity of intractable epilepsy,
lack of education and knowledge about epilepsy, and widespread misconceptions that epilepsy is
related to witchcraft or sorcery as well as beliefs that epilepsy is contagious. Boling et al. then describe
proof of principle in the developing world that surgery of medically intractable epilepsy can elevate
quality of life and significantly reduce stigma.

Even in the developed world, due to seemingly inextricable reasons, wait times for patients with
medically intractable epilepsy to be evaluated in a comprehensive epilepsy program are unnecessarily
long. The delay to evaluation of surgically remedial epilepsies results in many patients being exposed far
too long to the elevated mortality risk and reduced quality of life that results from intractable seizures.
Sadanand explores this knotty problem using a novel mathematical approach of non-cooperative
game theory. He then contrasts and compares the medical communities approach to glioblastoma
multiforme, which has better defined treatment algorithms and expectations of care, with the medical
community’s approach to intractable epilepsy treatment, and explains the discrepancies identified using
game theory models.

Anyanwu et al. reviews the definition of medical intractability and provides a broad overview
of the treatment options available to patients who have failed medication. Although approximately
20 anticonvulsant medications are available in North America and Europe today, the authors point out
that only two anticonvulsant medications need to be adequately trialed and failed prior to a patient
being deemed intractable. The presurgical evaluation particularly EEG and imaging are discussed.
Finally the various surgical procedures for both palliative and curative goals are covered.

New treatment options have recently become available for epilepsy patients that directly stimulate
the brain to suppress the seizure focus. The Neuropace RNS system (Mountain View, CA, USA) is
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a closed loop device that monitors EEG in order to identify a seizure onset then delivers a stimulus
to prevent the seizure from spreading to become symptomatic. Most recently, the FDA in the
United States approved anterior nucleus of the thalamus stimulation for adults with medically
intractable partial epilepsy using a Medtronic DBS stimulation device (Minneapolis, MN, USA).
Two articles, one from Kwon et al. and another from Eastin et al. explore the recent developments
and historical underpinnings of neuromodulation treatments of epilepsy. Eastin et al. reviews the
various stimulation targets that have been explored for neuromodulation of epilepsy, and they discuss
many of the individuals who have championed these efforts. Kwon et al. discuss mechanisms
of action in neuromodulation treatment of epilepsy then the authors specifically explore randomized
controlled trials of stimulation treatment strategies for epilepsy that have been published in the
literature. The pioneering work of Irving Cooper in the 1970s was the first human brain stimulation
performed for epilepsy, but randomized studies that followed soon after did not show benefit with
a cerebellar target. Most of the modern interest in brain neuromodulation has focused on thalamic
and supratentorial cortical targets, plus there is promising research targeting the hippocampus for
stimulation. However, the most common neuromodulation strategy for epilepsy today continues to be
vagus nerve stimulation.

In this special issue, Boling describes the various surgical approaches, nuances and pitfalls of
surgery of medically intractable temporal lobe epilepsy with an emphasis on mesial temporal lobe
epilepsy (MTLE). Selective and keyhole approaches to treat intractable MTLE allow for more rapid
recovery of the patient. Recently after two new laser ablation devices became available there has
been a resurgent interest in thermal ablation as a treatment option for MTLE. Despite the advances
of minimal access keyhole surgery and thermal ablation techniques, an accurate diagnosis of MTLE
remains paramount in the surgical treatment success of medically intractable MTLE.

High quality imaging is a critical component of the evaluation of intractable epilepsy.
Identification of a lesion aides in defining the epileptogenic zone and significantly improves the
seizure freedom opportunity of surgery. Skull base temporal lobe encephaloceles are fascinating and
often overlooked lesions that can result in temporal lobe epilepsy. Bannout et al. examined their
groups experience with these lesions and reviewed the literature in order to determine if a limited
lesionectomy of the encephalocele was sufficient or a more extensive anterior temporal lobe resection
was required to achieve seizure freedom in cases of medical intractability.

Finally, Hussein et al. evaluates in an animal model a common nutritional supplement
L-Carnitine that seems to have an anticonvulsant effect. The authors identify that the current
antiepileptic medications are ineffective in about 30% of people with epilepsy who will be intractable,
and anticonvulsants used today mostly reduce neuronal excitation in order to lower the seizure
threshold. In a rat model of epilepsy, the authors identified that L-Carnitine was associated with a
marked reduction of the seizure frequency and shortened the seizure duration. Also, rats treated
with L-Carnitine had relative neuroprotection with less neuronal death identified in the hippocampus.
The beneficial effects of L-Carnitine were demonstrated by Hussein et al. to work through a novel
mechanism of reduction of oxidative stress and up regulation of heat shock proteins. The authors
caution that further research needs to be done to further elucidate mechanisms of action. However,
L-Carnitine is promising as a novel class of anticonvulsant medication with a mechanism of action
different from the standard anticonvulsants that lower the threshold of neuronal excitability.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Invasive brain stimulation technologies are allowing the improvement of multiple
neurological diseases that were non-manageable in the past. Nowadays, this technology is widely
used for movement disorders and is undergoing multiple clinical and basic science research for
development of new applications. Epilepsy is one of the conditions that can benefit from these
emerging technologies. The objective of this manuscript is to review literature about historical
background, current principles and outcomes of available modalities of neuromodulation and deep
brain stimulation in epilepsy patients.

Keywords: brain stimulation; neuromodulation; epilepsy; surgery

1. Introduction

It is estimated that epilepsy affects more than 50 million people worldwide. The majority of those
patients (60-70%) reach an adequate control based on pharmacological treatments, while a refractory
group of patients can become candidates for epilepsy surgery. In some situations, surgical resection
is not feasible due to expected increased morbidity for epileptogenic focus located within highly
functional cortical areas. In temporal lobe epilepsy, 30-40% of patients do not improve satisfactorily
after resective surgery [1]. The failure rate may increase among reported series due to multiple factors,
such as location of surgical target (frontal lobe, insula), classification of failure according to studies
(strict Engel IV classification, or both Engel IIT and IV classification).

Neuromodulation allows the possibility to treat different pathologies as reversible and
non-lesional alternatives. The term “neuromodulation” is essentially electrical stimulation of the
nervous system in order to modulate or modify a specific function (as in movement disorders, pain,
epilepsy), and can be delivered in different ways: through stimulation over skin surface, peripheral
nerve stimulation, cortical stimulation, or deep brain stimulation. The different neuromodulation
systems are connected to an implantable pulse generator where different stimulation settings can be
modified (Figure 1). Different locations and targets for surgically implanted neuromodulation systems
have been proposed for the management of epilepsy, and this review will analyze the success rate and
outcomes within the available literature.

Brain Sci. 2018, 8, 2; d0i:10.3390/brainsci8010002 4 www.mdpi.com/journal /brainsci
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(a) (b)

Figure 1. (a) Lateral skull X-rays view of thalamic deep brain stimulator system; (b) Left infraclavicular
implantable pulse generator.

2. History of Neuromodulation in Epilepsy

The initial evidence of neuromodulation dates from 15 CE (Common Era) by Scribonius;
he observed that gout pain improved by accidental contact with a torpedo fish and after this discovery,
electrical shock was used to treat multiple types of pain [2]. Sir Victor Horsley, in 1886, performed
the first cortical stimulation for focal lesion resection in patient with epilepsy; by 1908, while he was
associated with Clark, they developed the stereotaxis frame for experimental stimulation in the lab [3].
Fedor Krause, between 1893 and 1912, continued performing cortical stimulation, producing the first
accurate map of human motor strip, later improved by Foerster, a neurologist trained by Dejerine
and Wernicke. Foerster later applied his neurological anatomical knowledge to perform surgical
procedures [4]. Wilder Penfield learned the motor mapping techniques from Foerster in Germany.
He eventually went beyond with mapping of speech, hearing, vision, and memory functions [4].
After 1948, the year when Spiegel and Wycis published their experience on human stereotaxy, the
surgical activity in the stereotactic field expanded dramatically, with the development of multiple
other frames and techniques [5]. The experimental models used by Hassler in the 1940s allowed him
to develop the thalamic atlas with the nomenclature most widely used nowadays [6]. During the 1950s
and 1960s the stereotactic lesions were commonly used in epilepsy with the evidence of change in
electroencephalographic recordings during stimulation of thalamus and globus pallidus [2]. In 1955,
the cerebellar cortex stimulation was studied by Cooke and Snider [7], and the first trial for chronic
cerebellar stimulation that suggested decreased seizure frequency was performed by Cooper in
1973 [8]. This was followed by multiple studies for deep cerebellar [9], and thalamic centromedian
nucleus stimulation [10]. The anterior thalamic nucleus stimulation was analyzed with SANTE trial
(Stimulation of anterior nucleus of the thalamus in epilepsy) although not obtaining Food and Drug
Administration (FDA) approval [11]. Other potential central nervous system (CNS) targets such as the
hippocampus [12] and subthalamic nucleus [13] were analyzed, evolving more recently to the direct
cortical stimulation or responsive neurostimulation [14,15] which was FDA-approved in 2013.

Peripheral nervous system stimulation in epilepsy was initially performed by Bailey in 1938.
He developed a cat model for afferent vagal stimulation that modified electroencephalogram
activity [16]. The mechanism described involved the effect in locus ceruleus and nucleus solitarius,
and its initial clinical application of vagal nerve stimulation was performed in 1988 [17], obtaining
FDA approval in 1997. More recently, based on hypothesis of connections between locus ceruleus,
nucleus solitarius and trigeminal nucleus, the idea of external trigeminal nerve stimulation through
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transdermal or subcutaneous electrodes to stimulate trigeminal nerve supraorbital branches was
triggered. This is not FDA approved yet [18].

3. Central Nervous System Stimulation

3.1. Cerebellar Stimulation

This was initially performed by Cooper in 1973, based on the idea of inhibitory effect over
efferent pathways. He reported a 50% reduction in seizure activity in 18 out of 32 patients [8].
Experimental studies favored upper medial cerebellar cortex stimulation as a potential target for
generalized seizures, while deep cerebellar nuclei could potentially control limbic seizures, although
other studies did not show any effect at all [19]. Van Buren et al. [9], in a case series did not show
seizure improvement, further contradicted by Velasco et al. [20], but later, a systematic review showed
inconsistent outcomes [21].

3.2. Thalamic Stimulation

Thalamic nucleus stimulation is well established for treatment of movement disorders, such as
essential tremor, with FDA approval since 1997. The initial ideas of therapeutic thalamic involvement
on epileptic activity dates back from stereotactic lesions for seizure control since the 1960s [22],
while pioneering deep brain stimulation for epilepsy was reported by Cooper and Upton until
1985 [23]. Two specific targets have been studied, the anterior thalamic nucleus and centromedian
thalamic nucleus.

3.2.1. Anterior Thalamic Nucleus

The rationale for anterior thalamic nucleus (AN) stimulation is based on its role as a primary relay
nucleus of the limbic system, receiving projections from mammillary bodies, cingulum, amygdala,
hippocampus and orbito-frontal cortex [24,25]. Isolated case series, with seizure suppression and
acceptable safety features, prompted a larger multicenter trial, the SANTE study (stimulation of
the anterior nucleus of thalamus for epilepsy) [11]. A total of 110 patients in 17 US institutions were
included, and showed 40% reduction in seizure frequency in the treatment group against 15% reduction
in the control group during the blinded on/off evaluation. At a 12-month open label follow-up, 54% of
patients showed more than 50% seizure reduction. The complications reported included paresthesias
(18.2%), infection (12.7%), hemorrhage (4.5%), status epilepticus (4.5%) and death (4.5%). The deaths
were attributed to sudden unexpected death in epilepsy (SUDEP), and did not occur within 30 days
after surgery. It is considered that AN deep brain stimulation can benefit frontal-temporal onset
epilepsies. This is currently approved in Europe and Canada, but not FDA approved.

3.2.2. Centromedian Thalamic Nucleus

The Centromedian (CM) thalamic nucleus, initially described by Luys in 1895, is considered
part of the intralaminar nucleus of the thalamus, and has been associated with many physiological
and pathological states [26]. Wilder and Penfield first postulated that this nucleus could modulate
or ameliorate seizures. They receive extensive input from mesencephalic, pontine, and medullary
reticular formation, while the output is described as diffuse and non-specific. Stimulation in these
areas causes the so-called cortical recruiting effect. Low-frequency stimulation causes slow-wave
electroencephalogram (EEG) activity associated with somnolence, while high-frequency stimulation
results in desynchronized cortical activity, arousal and even epileptiform activity if stimulation is very
high [27]. Extensive research and clinical work by Velasco et al., reported an overall benefit of CM
stimulation with seizure frequency reduction of generalized tonic clonic seizures by 80-100%, and
60% for complex partial seizures [28]. These results were similar to those reported by Fisher et al. [29]
and Valentin et al. [30], with more than 50% reduction of generalized seizure frequency. Overall, these
results derived from case series with small numbers of patients. With current information, it appears
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that CM nucleus stimulation can be considered as a treatment option in refractory generalized epilepsy,
although stimulation is less effective in frontal lobe epilepsies. At present, this target stimulation is not
FDA approved.

3.3. Mesiotemporal Stimulation

The role of amygdala and hippocampus in epilepsy has been long studied in experimental models,
and also from clinical experience, with surgical resections and success over medically intractable
epilepsy. The hypothesis of hippocampal stimulation for epilepsy is based on in vitro studies exploring
the effect of electrical stimulation showing suppression of epileptiform discharges with different forms
of stimulation [31]. In experimental models, low-frequency stimulation inhibits the development
and progression of seizures, while high-frequency stimulation increases threshold and latency of
after-discharges [32]. Current use of responsive stimulation is giving clinical information about high
frequency stimulation parameters and its efficacy. This option of neuromodulation has been considered
when bilateral onset of mesial temporal epilepsy is present, or when high risk of neurocognitive deficit
is expected after surgical resection.

Few clinical studies with small numbers of patients were conducted, showing overall, more than
50% seizure reduction. The initial study of hippocampal stimulation in epilepsy was conducted by
Velasco et al. [12] in 2000, studying ten patients with a short follow-up before temporal lobectomy.
The potential mechanism of action proposed was activation of perforant pathway with inhibitory
influence on epileptogenic neurons of areas cornu ammonis 1-4 (CA1-CA4). They found that in 70% of
patients, seizures were abolished. Later, the same group performed a randomized controlled trial with
longer follow-up in nine patients with bitemporal seizure onset, and encountered seizure reduction of
>95% in five patients with normal magnetic resonance imaging (MRI) and between 50-70% seizure
reduction in four patients with presence of mesial temporal sclerosis [33]. Neuropsychological testing
in those patients did not show impairment after stimulation period. Another randomized controlled
trial by Tellez-Zenteno et al. [1] in 2006, studied four patients with unilateral mesial temporal epilepsy
and hippocampal sclerosis that had high risk for memory loss with resective surgery. The reduction in
seizure frequency was 15% during “On” periods. The comparison with seizure frequency at baseline
showed a median reduction of 26% when the stimulator was “On”, and an increase of 49% when the
stimulator was “Off”. Given the small number of patients in all available studies with mesial temporal
stimulation, there is no robust evidence for its wide application. This option can be considered in
patients with high risk of memory or neuropsychological decline after resective surgery, and currently,
widespread use of responsive neurostimulation will allow for gathering of more data regarding
its effectiveness.

3.4. Subthalamic Nucleus Stimulation

Subthalamic nucleus (STN) is a well-documented target for its clinical efficacy in medically
intractable Parkinson’s disease either using frame or frameless stimulation techniques (Figure 2).
The effect of stimulation for epilepsy in experimental models suggested some efficacy on seizure control.
The proposed mechanism is by increasing glutamate input from STN, increasing gamma-Aminobutyric
acid GABA-ergic firing from substantia nigra pars reticulata (SNr), and later, causing inhibition over the
dorsal midbrain antiepileptic zone [34]. The first clinical application of STN stimulation in epilepsy was
performed by Benabid et al. [13] in 2002 in one patient, showing 80% reduction in seizures for more than
two years following treatment. Subsequent reports favored inferior subthalamic nucleus stimulation,
but unfortunately, only included a very small number of patients and lacking of solid results. STN is
also considered an experimental target in epilepsy, and will require controlled randomized trials and
detailed neuropsychological evaluations in order to evaluate efficacy and safety.
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Figure 2. (a) Frame based system for deep brain stimulation; (b) Frameless bases system for deep

brain stimulation.

3.5. Cortical Stimulation

Chronic subdural cortical stimulation: The use of surgical electrocorticography during functional
brain mapping and lesion resection trigger after discharges that can progress to full seizures. Brief
pulses of stimulation initially performed by Lesser et al. [35] were able to control after discharges;
the mechanism of this effect is not clearly understood. In theory, stimulation trigger alterations to
GABA, calcium channels, and extracellular potassium, that can induce depolarization. Experimental
and small case reports trying to optimize stimulation parameters are still under investigation to clarify
its application [36,37].

Responsive stimulation: The principle of responsive neurostimulation is the first closed-loop
system available with the ability of both recording and stimulating. This system involves implantation
of subdural and depth electrodes connected to a skull implant. The electrodes are able to register
minutes-worth of data from sliding-window of EEG recordings, sense seizure onset and to deliver
electrical activity with the objective to abort and inhibit the spread of epileptogenic activity (Figure 3).
The device is intended to be placed in eloquent areas, and the initial clinical experience was by
Osorio et al. [15], and after further studies, it was approved by FDA in 2013. A large multicenter trial
by Morrell et al. [38] evaluated efficacy with seizure reduction of 44% from baseline at one year, and
65.7% by six years. The main complication rate encountered was implant site infection in (9.4%), and
hemorrhage (4.7%). Half of the patients had temporal lobe epilepsy, and among them, the majority
had bitemporal onset. The ability to sense epileptic activity, quantify frequency of seizures, seizure
duration activity, preceding electroencephalographic events that vary among patients, and to deliver
immediate electrical stimulation, are significant advantages over other neuromodulation systems, and
can open the gateway for development and improvement of the technique.
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Figure 3. (a) Antero-posterior skull X-rays of implanted responsive neurostimulation; (b) Lateral skull
X-rays of implanted responsive neurostimulation.

4. Peripheral Nervous System Stimulation

4.1. Vagal Nerve Stimulation (VNS)

The inhibition of motor activity by stimulation of vagal nerve afferents was reported by Schweitzer
and Wright in 1937 [39]. In 1938, a cat model was developed, where afferent vagal stimulation modified
electroencephalogram activity [16]. The exact mechanism of vagal nerve stimulation to control seizures
is not well understood; however, the hypothesis is based on the anatomic projections of the vagus
nerve to reticular activating system, central autonomic network, limbic system and noradrenergic
projection system [17,40].

It is estimated that about 80% of the vagus nerve is composed of afferent fibers arising from viscera,
while around 20% is composed of efferent fibers that innervate larynx and have parasympathetic
control of the heart, lungs, and gastrointestinal system [41]. The main trunk of the vagus nerve is
easily exposed, surgically, within the carotid sheath between and behind the internal jugular vein and
common carotid artery (Figure 4). The efferent cardiac branches join the sympathetic fibers high within
the neck, and are very unlikely to reach those branches during standard dissection. The right vagal
nerve innervates the sinoatrial node, and for that reason, the vagal nerve stimulator is implanted on
the left side. Overall, given anatomical variability, it is important to communicate with anesthesia team
at the time of initial stimulation, in order to manage remote, but possible, bradycardia and asystole.

The vagal nerve stimulation is indicated for medically refractory partial onset seizures, although
commonly used for generalized seizures [42]. The largest long-term study by Morris et al. [43] showed
a median seizure reduction of 35% at one year and 44% at three years. Interestingly, another smaller
long-term study showed 65.7% seizure reduction at six years after implantation, and 75.7% seizure
reduction at 10 years [44]. It was FDA approved since 1997, and the new model has a closed-loop
system that can detect a 20% or higher sudden increase in heart rate, considering that this often signals
the onset of a seizure. This new model was FDA approved in 2015. The adverse events reported
are hoarseness and cough in around 50% of patients, which can later be improved by habituation
or modification of stimulation settings. By two years of stimulation, reported hoarseness decreased
to 19.8% [43]. Serious complications are uncommon, such as vocal cord paralysis (1%) and infection
(1.5%) [45]. Recent studies show that earlier use of VNS therapy is proven to offer better long-term
outcomes for children [46] which favored FDA approval in 2017 for children as young as four years old.
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Figure 4. Vagus nerve stimulator placement.

4.2. Trigeminal Nerve Stimulation

In 1976, Maksimow et al. [47] reported the interruption of seizures by the trigeminal nerve
stimulation. The current device available in Europe and Canada is non-invasive, and stimulates the
supraorbital and infraorbital nerves with transdermal electrodes. The rationale for its use is similar to
that of VNS, theoretically generating stimulation transmitted to the reticular activating system. In a
Phase II trial by Soss et al. [48], the seizure control was reported to be 27.4% at six months and 34.8% at
12 months. The bilateral stimulation is favored over unilateral stimulation.

5. Conclusions

The combination of pharmacological resistance in epilepsy, exhaustion, or inability to perform
safe surgical resective options in some severe epilepsy cases open the highway for neuromodulation
in epilepsy. There is a need for coupling the historical background of neuromodulation research
with recent technological and computerized advances for a better understanding of available targets.
The horizon of these technologies is huge. It is imperative to perform formal and large-scale clinical
trials to give solid indications of neuromodulation and deep brain stimulation techniques in epilepsy.
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Abstract: Epilepsy is a considerable individual and social economic burden. In properly selected
patients, epilepsy surgery can provide significant relief from disease, including remission. However,
the surgical treatment of epilepsy lags in terms of knowledge and technology. The problem arises
due to its slow adaptation and dissemination. This article explores this issue of a wide treatment gap
and its causes. It develops a framework for a rational decision-making process that is appropriate for
extant circumstances and will result in the speedy delivery of surgical care for suitable patients with
medically intractable epilepsy.
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1. Introduction

Epilepsy is known to be a devastating disease not only for the patient but also for the patient’s
family and for society. If left untreated, the long-term impact can be significant. If treatment can result
in being seizure-free or reduce the severity or frequency of seizures, then it may be worth treating.
In fact, surgical treatment is worthwhile, but not everyone who is a good surgical candidate gets timely
surgery for their epilepsy. The wait times to see a neurosurgeon are often large. In most countries,
the time from diagnosis to referral to an epilepsy center ranges from 18.9 [1] to 20 years [2].

This paper explores why this might be the case. Physicians tend to rightly believe that surgical
decision is based solely on medical evidence. This paper argues that this alone is not sufficient. In fact,
the eventual decision for surgery of a patient is the end step in a complex decision-making process
involving multiple stakeholders. This paper therefore has two tasks: first, to identify the stakeholders
and their incentives; second, to model the complex interactions among this group of entities with
vested interests.

For this purpose, the present paper will consider two factors that characterize this analysis.
First, it postulates that the primary objective of individual stakeholders is different for each stakeholder
and may conflict with those of others. From a purely public health perspective, the objective is to
maximize the return on investment (ROI) while maximizing public welfare. Using the ROI approach,
we will compare ROl in epilepsy surgery as the use case with ROl in glioblastoma multiforme (GBM) as
a control case. The control case could be any disease with postulated lower ROI and higher investments
than epilepsy surgery. Second, the complex interactions among stakeholders with diverse objectives
working in an environment of strategic interactions is impossible to model using standard decision
analysis wherein individual stakeholders are working with fixed outcomes of their actions. In other
words, present models portray an individual stakeholder making decisions under the assumption that
their decisions directly impact only the final outcome. In particular, they do not account for the fact
that, in addition, their decisions will also have an impact upon the decisions of other stakeholders
who are involved, which will alter the final outcomes. Thus, all stakeholders take actions that affect
all other stakeholders, and this inevitably leads to strategic decision-making by each while being
cognizant of the interdependence on others, until an equilibrium is reached where everyone obtains
an outcome. This is not like previous models where a given fixed net outcome is shared by all the
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stakeholders (denoted sometimes as a problem of dividing a fixed pie. Those problems are referred
to as zero-sum games. The current problem we analyze is not a zero-sum game). In our analysis,
when equilibrium is reached, each stakeholder obtains an outcome that is of a specific value to that
stakeholder. What we require is a way to model the strategic interactions among multiple stakeholders
when each one has an individualized objective that may conflict with those of others in the same
environment. Such models of strategic decision-making were first postulated mathematically by
John Nash [3] and subsequently developed further through applications to other fields [4]. This field
of mathematics is called non-cooperative game theory.

This is the first time non-cooperative game theory is being used in the literature on medical
decision analysis. Why is non-cooperative game theory a better tool for medical decision analysis
than standard Markov decision trees? The reason is that it is more realistic and hence a more accurate
model of stakeholder interaction. The stakeholders are not passive observers in the system as in the
current modeling techniques in medical decision analysis. In fact, every stakeholder is a maximizer of
his own objective function and, in that process, recognizes and adjusts dynamically to the behavior
calculus of every other stakeholder. Each stakeholder will try to predict the behaviors of all other
stakeholders in an environment of uncertainty and incomplete information about others. This is the
essence of non-cooperative game theory. Economic modeling, market analysis, individual behavior
analysis, group dynamics, and military decision-making have all abandoned the previous naive models
of dynamic programming with fixed incentive for players. Instead these models have evolved to
game theory. This shift from fixed incentives-based interactions to a dynamic interaction of multiple
players with diverse objectives who think through others” thought processes and adjust on the go
is the very basis of a complex mathematical analysis leading to the Nobel Prize in Economics in
1994 [3-5]. The mathematics behind such analysis has been referred to as game theory. Even individual
biological cell behavior is now seen to follow such models, that have been referred to as biological
games. Thus, this paper deviates from existing literature and advocates the use of game theory for
medical decision-making and considers the techniques of static and dynamic programming with fixed
incentives as a source of misleading results and not a model of real behavior.

Consider the example of a low returns (ROI)-high investment disease such as glioblastoma
multiforme (GBM), an aggressively malignant brain tumor. This is also a devastating disease with
considerable negative impact on the individual and his or her family. Despite the best treatment
options, median survival is about 18 months [6], and most patients who are diagnosed with this
disease have low productive horizons ahead of them.

Current data appears to establish that, if we compare epilepsy with GBM, the incidence of GBM
is lower, prevalence is lower, direct treatment costs are higher, indirect treatment costs are higher,
benefits are lower, contribution to GDP is lower, and ROI is lower—yet we invest more readily in GBM
treatment than in epilepsy surgery. A patient with GBM reaches the surgeon usually within a few days
after diagnosis. A patient with epilepsy takes 18-20 years [1,2] from diagnosis to reach the surgeon in
most countries. This is a problem.

This chapter addresses this issue, quantifies it, and suggests an approach based on game theoretic
analysis to develop a methodology to take a deeper look at the nature of this treatment gap and
socio-economic inefficiency.

In public health, as in public policy, economic efficiency is measured by a concept borrowed from
applied mathematics called Pareto optimum [7]. When the welfare of stakeholders can be improved
from a given situation without making anyone less well-off than the status quo, it is called a Pareto
improvement. It is well established in the economics and public policy literature that economic
efficiency requires Pareto optimal outcomes. This well-known result led to the Nobel Prize in 1972 for
Kenneth Arrow [8]. More recently, it has been advocated that Pareto optimization cannot be ignored in
medical decision-making and public health [9]. Game theory will model realistic interaction among
stakeholders, and the theorem of Pareto optimality will yield economic efficiency. Thus, amid paucity,
the creation of epilepsy centers of excellence can be Pareto optimal.
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2. Problem Definition

The underlying problem explored in this chapter is best described by Table 1, where the two
diseases are compared: glioblastoma multiforme (GBM) and surgical epilepsy (SE). SE is 3000 times
more prevalent than GBM. There are 400 times more patients who are candidates for SE than for
GBM. Total expenditures on research and treatment is roughly the same for both diseases. However,
the benefits of surgery per year for a patient with SE is 80,000 times that of a patient with GBM.

In Table 1, the direct costs for epilepsy include neurology specialist consultations, primary care
visits for reasons related to the disease, number and type of diagnostic tests performed (basic blood
test, analysis of anti-epileptic drug levels, brain Computed Tomography (CT) scan, brain Magnetic
Resonance Imagine (MRI), brain Single Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET), Electrocardiogram (ECG), Electroencephalogram (EEG), EEG with
sleep deprivation, Holter EEG, Video Electroencephalogram (VEEG), and Holter ECG), days of
hospitalization for diagnostic work up, and the treatment administered. Non-medical direct costs
include the use of transport to and from hospital and psycho-educational and social support. Costs of
anticonvulsant medications were the highest factor in direct costs. Furthermore, the indirect costs
of epilepsy are higher than direct costs in most studies. This is because of the value of a productive
person in society even if only accounting for a small probability of diminished abilities after surgery.

In the case of GBM, direct costs include consultations with primary care physicians, neurology
or neurosurgery specialists, and diagnostic tests such as CT scans, brain MRI, as well as ECGs and
blood tests. Once the diagnosis of a brain tumor is made, the patient goes immediately (during
the same admission in most cases) to surgery. Surgery and recovery then become direct costs.
The last component of direct costs arise from post-operative care, chemotherapy, radiation therapy,
rehabilitation, and a repeat of direct costs for each recurrence that is treated. Indirect costs for GBM are
lower than for epilepsy because of the limited life expectancy post-diagnosis. In addition, the average
age of diagnosis is greater in GBM compared to epilepsy. Hence the span of productive life lost is also
less than for epilepsy.
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Waiting times for GBM patients, interestingly, are extremely low compared to epilepsy patients.
Median time from diagnosis to surgery is less than 1 week and median times from surgery to adjuvant
therapy is 27 days. This is despite the costs reported [13] to be between $50,000 and $92,000 per Quality
Adjusted Life Years (QALY), barely making it over the accepted cost-effectiveness thresholds of $50,000
per QALY.

In the United States of America, 369 resective epilepsy surgeries are being carried out per year on
the average, whereas there are about 1 million surgical candidates for epilepsy surgery [21]. In India,
with a population approximately 4 times that of the United States, only 734 resective epilepsy surgeries
are carried out per year when there are 2.5 million surgical candidates [22]. In China, there are about
1.8 million surgical candidates for epilepsy surgery and only about 2500 epilepsy surgeries are carried
out per year [23]. Based on the data from these studies [21,23], China has roughly twice the number of
surgical candidates but performs eight times more epilepsy surgeries per year. However, one must
be cautious before this finding is applauded. Both countries are still woefully short of treating the
number of epilepsy surgery candidates. There is a considerable treatment gap impacting individual
and social welfare and that treatment gap is the subject of this paper. It is even more surprising that
there is such a treatment gap when the seizure-free rate averaging over all types of seizure surgeries is
68% and about 90% for certain kind of seizure foci [24].

We have thus far examined the treatment gap, the cost-benefit ratio, and the time taken from
diagnosis to surgical attention as measures of this seeming social inefficiency. We may also consider
other measures such as the cost-effectiveness ratio and the return on investment (ROI).

Any medical intervention that extends lives is measured by the cost-effectiveness ratio. It is
the ratio of costs divided by number of years gained. This does not account for the value ascribed
to those years. The smaller the number, the more worthwhile the intervention. To calculate this,
it should be noted that investment for GBM research and treatment extends life by about 1.5 years [6],
while investment for epilepsy extends good quality of life by about 40 years on average. This is
a conservative estimate due to the multimodal distribution of incidence (computed from [13] by taking
the scaled mean of histograms and subtracting that from the WHO 2015 estimate of life expectancy).

Cost-Effectiveness Ratio (CER) = Direct and Indirect Costs in US$/Benefits in Years Gained

For GBM, the CER: 1435 x 10%/1.5 =956 x 108.

For Epilepsy, the CER is: 1700 x 108/40 = 42.5 x 108.

The Benefit Cost Ratio (BCR) is like the CER but considers the value of life lived. This then
becomes a proxy for the ROI and has been computed and is shown in the last column of Table 1.

While there are several other measures one could use, such as the QALY, the point is clear:
SE research and treatment, compared to GBM research and treatment, is more efficient, more efficacious,
better for the patient, and better for the society. However, SE treatment is gravely underutilized.
Thus, how is this market inefficiency explained and how can this be addressed? A purely medical
decision-making is an evidence-based decision. On that basis alone, there is no paucity of evidence
to show that, for the properly identified candidate, epilepsy surgery is the right option rather than
medical management. However, this would ignore the reality of a medical economy. One must review
the incentives and disincentives of all stakeholders in this game of budget allocation for surgery to
advance the patient from diagnosis to surgery. Just because medical evidence shows that epilepsy
surgery is better for properly selected patients compared to medical management, it does not mean
that those patients will receive surgery in an environment where there are several stakeholders with
conflicting and diverse goals.

3. The Stakeholders, Their Incentives and Pitfalls

Surgical decision-making in epilepsy involves several stakeholders along the path from diagnosis
to surgery. The first is the physician. The second is the patient and his or her family. The third is
hospital administration. The fourth is the insurance industry. The fifth is society.
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The physician’s decisions are typically evidence-based. This is a necessary condition for surgery
but not sufficient. However, their role can push to decrease the large gap of almost 20 years from
diagnosis to surgery and, once cleared for surgery, to push for appropriate budget allocations to
enable surgery. The doctor, in most epilepsy centers, must take on the role of a physician and that of
a patient advocate.

Next, the patient and his family are dealing with a disease that not only results in a loss of income
and productivity but also the social stigma and discrimination associated with epilepsy. Therefore,
they need to be educated in the social and quality of life advantages of epilepsy surgery. Such patient
education is glaringly lacking until the patient somehow makes his first contact with a doctor. In some
countries, epileptologists are usually based in urban centers while many epilepsy patients are in
rural areas.

Hospital administrations must balance budgets and face multiple demands from different
subspecialties. Resource allocation then becomes an issue of educating administrators about the
cost-effectiveness and efficacies inherent in epilepsy surgery, even when compared to other specialties
that may have their own demands for fixed budgets, finding a proper fit with corporate missions and
medicolegal experiences.

Insurance industry needs to be made aware of the cost-benefit analysis of surgery versus the
medical care of epilepsy patients. In computing these costs and benefits, care must be taken to account
for the discounted present values along with the non-zero rates of return. Insurance companies
therefore must now weigh the cost of surgical care against the discounted present value of the future
cost of medical care. Social welfare and lost productivity are often not in their optimization problem
and may be considered externalities [25]. Externalities impose costs on other stakeholders but have no
impact on the given stakeholder’s mathematical profit maximization function.

The last stakeholder is society. How does one account for the value of epilepsy surgery to society?
Epilepsy surgery creates productive people who can live healthy lives. That is the very basis of
measures such as BCR and ROIL Thus, the impact of epilepsy surgery on this last stakeholder is
measured by the value of an individual on society. The current belief is that the value of an individual’s
life is measured by the market value of the goods and services produced by that individual. However,
this may be incorrect. The value of an individual’s productivity to society may exceed the actual
productive output of the individual due to social multiplier effects and what is known as Okun’s
law [26,27], and this must also be accounted for in computing society’s objectives in this interactive
strategic decision analysis.

4. Decision Analysis

What we have now is a complex problem of resource allocation with the following characteristics:
the existence of multiple strategic stakeholders (so current models of a single stakeholder such
as a physician, making medical evidence-based decisions alone is an inadequate model), diverse
goals (so a multiple stakeholder decision analysis wherein all stakeholders have the same goal
of patient welfare is also inadequate), computational complexities of payoffs to each stakeholder
(so a model of multiple stakeholders with fixed objectives is inadequate), the interdependence of
multiple stakeholders wherein one stakeholder’s decisions affects not only his own but also the
outcomes of others (hence a model where a stakeholder’s choices only affect his outcome is inadequate)
and the freedom to choose what is best for each stakeholder (so a model of decision analysis that
ignores the strategic freedom to choose for each stakeholder is also inadequate). In this environment,
it would not be helpful to model this situation as a simple static evidence-based decision for the
surgeon. Firstly, the surgeon is not the only stakeholder. Secondly, not every stakeholder has the same
objective and incentives as the surgeon. Lastly, not every stakeholder fully knows what others know.
This is the reason why models of what ought to be the outcome (surgery, in this case) often differs
from what becomes the outcome (treatment gap, in this case).
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The process of medical decision-making is therefore best described and computed by what is
known as strategic game theory [28]. Each stakeholder is working in an environment of incomplete
information (not everyone knows what others fully know) about the incentives faced and considered
by other stakeholders and uncertainty about their actual decisions. A decision analysis will create
a game of imperfect information in which all the stakeholders choose strategies to maximize their gains
under uncertainty in the environment and under uncertainty about others’ choices. Such complex
interactions may involve coalition forming among the stakeholders and may even result in sharing
gains from the outcome.

In such games, every player first defines what his or her goal is and what would be the
mathematical representation of those goals. It then seeks to maximize that mathematical entity
while accounting for other stakeholders’ similar thought processes. Outcomes in such situations are
called equilibria of games [29]. Since every player functions under some degree of uncertainty about
the other players’ motives and moves, the final action of each stakeholder is dictated by what is known
as Bayesian expected utility and interactive equilibrium [29]. This is the decision-making process
used by most Forbes 100 businesses, and it may be about time that medical decision-making follows
this approach by considering the strategic nature, the informational asymmetries, uncertainties in the
environment and the diverse goals of stakeholders.

5. Conclusions

There is medical evidence that, for carefully selected candidates, surgery is better than medical
management for patients with medically intractable epilepsy. However, SE is underutilized and there
is a treatment gap. SE patients must wait a long time after diagnosis to be referred to a neurosurgeon,
resulting in patients who do not receive the surgeries they need. This is not the case for GBM. Patients
with diagnosed GBM have waiting times for referral for surgery of a few days, whereas epilepsy
patients can wait years. In addition, almost every patient with a first-time diagnosis of possible GBM
undergoes surgery.

The problem may stem from complex interactions of several stakeholders. This paper advocates
a method of analysis, called mathematical game theory, that has been used in the fields of business,
economics, public policy, political science, and engineering and biology.

Decision-making for GBM surgery is much easier as all stakeholders appear to focus on the short
life expectancy after the diagnosis of GBM and the apprehensive determination to do something to
change that.

It would seem, that fear of death drives decisions differently than hope of improving the quality
of long-term life.
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Abstract: Surgery of temporal lobe epilepsy is the best opportunity for seizure freedom in medically
intractable patients. The surgical approach has evolved to recognize the paramount importance of the
mesial temporal structures in the majority of patients with temporal lobe epilepsy who have a seizure
origin in the mesial temporal structures. For those individuals with medically intractable mesial
temporal lobe epilepsy, a selective amygdalohippocampectomy surgery can be done that provides
an excellent opportunity for seizure freedom and limits the resection to temporal lobe structures
primarily involved in seizure genesis.

Keywords: temporal lobe epilepsy; selective amygdalohippocampectomy; epilepsy surgery; mesial
temporal lobe epilepsy

1. Introduction

Temporal lobe epilepsy (TLE) affects a substantial number of individuals with medically
intractable epilepsy. TLE is the most common operated epilepsy, and the majority of patients with
localization related epilepsy seen in tertiary epilepsy centers have TLE [1,2]. Although TLE is not
the most common epilepsy. TLE in the general population of Minnesota has been estimated at about
10.4 per 100,000 this is compared with 54.3 per 1000 incidence of epilepsy in the population as a
whole [3].

The frequent occurrence of intractable epilepsy in the temporal lobe bears witness to the highly
epileptogenic nature of the limbic structures that comprise the mesial portion of the temporal lobe.
The mesial part of the temporal lobe is richly connected with surrounding extra-temporal cortical
regions especially the orbitomesial frontal lobe via the uncinate fasciculus and the fornix carries
fibers from the hippocampus that project to the anteromesial frontal lobe and anterior nucleus of the
thalamus [4,5]. The mesial temporal structures are highly connected as well with the anterolateral
neocortical temporal lobe. Therefore, due to the strong connections of the mesial temporal structures
with the anterior and lateral temporal lobe in addition to other limbic regions, TLE most commonly
manifests the semiology of staring and automatisms regardless of the seizure onset zone in lateral or
mesial structures of the temporal lobe.

Despite the frequent occurrence and intractable nature of temporal lobe epilepsy, it responds very
well to surgery with high rates of resulting seizure freedom and the risks of surgery are quite low [6-8].
The decision to consider a patient with medically intractable TLE for surgery has become much clearer
nowadays since the International League Against Epilepsy (ILAE) defined medical intractability as
the failure of adequate trials of two tolerated, appropriately chosen and used antiepileptic drugs [9].
A clear definition of intractable epilepsy combined with the excellent results of surgery for symptomatic
epilepsy especially arising in the temporal lobe, has resulted in numerous consensus reports affirming
that individuals with drug resistant epilepsy should be evaluated in a comprehensive epilepsy program
to identify opportunities for surgical cure [10].

Temporal lobe epilepsy can be categorized into one of two types based on the anatomical region
of seizure onset. Seizures that originate from the temporal cortex lateral to the collateral sulcus
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are defined as lateral or neocortical epilepsy, and seizures that have a focus of onset medial to the
collateral sulcus are named mesial temporal lobe epilepsy (MTLE). The International League Against
Epilepsy recognizes there are sufficient distinguishing characteristics for MTLE to be considered a
distinct syndromic entity [11]. Although the two categories of TLE frequently share the same limbic
semiology [11-13], in general, MTLE more commonly displays the epigastric, cephalic or experiential
aura, loss or awareness, staring, automatisms and posturing that are typical temporal lobe seizure
patterns and are the result of a seizure prominently involving the limbic structures [14]. The imaging
finding that defines MTLE is atrophy and sclerosis of the hippocampus, so-called mesial temporal
sclerosis (MTS) [15]. The childhood history of patients with MTLE commonly includes the presence
of childhood febrile convulsions, especially of a prolonged and complicated nature [16]. Individuals
with neocortical epilepsy are more likely to manifest signs related to peri-Sylvian structures such as a
simple auditory hallucinations or, in the dominant hemisphere, postictal aphasia [17,18]. Although
neocortical epilepsy often spreads along fibers richly connected with the mesial temporal structures
manifesting the signs and symptoms of limbic involvement, which are the semiological features of
MTLE as well.

Due to the considerable overlap in semiology between the two categories of temporal lobe
epilepsy, multiple noninvasive data elements must converge to localize the TLE focus to the mesial
or lateral structures of the temporal lobe [19,20]. However, when patient history, seizure semiology,
EEG localization, and imaging findings point to MTLE, there is a high degree of confidence in the
diagnosis [21,22]. In a minority of patients, intracranial electrode monitoring may be required to
investigate lateralization of the seizure onset to a temporal lobe [23] or to confirm temporal lobar
localization in one hemisphere [24].

2. Surgery of Temporal Lobe Epilepsy

2.1. Temporal Lobectomy

Temporal lobectomy is a frequently a misused term that is defined as removal of the entire
temporal lobe including the mesial structures. A complete removal of the temporal lobe is rarely
performed today. The description of lobectomy to describe a resection should be reserved for the
unique situations in which an entire anatomical temporal lobe actually is removed. The standard
resections done for temporal lobe epilepsy are preferably described as an anterior temporal resection or
cortico-amygdalohippocampectomy (CAH), which more accurately describes the anatomic structures
that are removed.

2.2. Cortico-Amygdalohippocampectomy (CAH)

This is the standard temporal resection commonly performed at most epilepsy centers.
It essentially corresponds to an anterior temporal neocortical resection followed by a removal of the
temporal mesial structures. Variations on this approach have been described including anatomically
standardized resections [24-26] as well as a tailored type of operation [27].

The anatomical resection approach consists, in the dominant hemisphere of the resection along
the superior temporal gyrus (T1) posteriorly to the level of the pre-central sulcus, which corresponds to
about 3.5-4 cm from the temporal pole. In addition, in the non-dominant hemisphere the T1 removal is
delineated posteriorly by the central sulcus, which is about 4-4.5 cm from the temporal pole. Figure 1
The cortex and white matter lateral to the collateral sulcus is removed en bloc as a specimen in the first
step. Next, the temporal horn is opened in order to identify the mesial temporal structures, which are
disconnected and removed as described below for the selective amygdalohippocampectomy (SAH).
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Figure 1. 3-D reconstruction of the non-dominant right hemisphere. The dashed line illustrates
the anatomical resection approach of cortico-amygdalohippocampectomy. In the non-dominant
hemisphere, the resection is taken posteriorly to the level of the central sulcus along T1. In the dominant
hemisphere, the T1 resection is no further posterior than the precentral sulcus in order to respect and
preserve posterior language areas. Single star = central sulcus, double star = pre-central sulcus,
T1 = superior temporal gyrus, T2 = middle temporal gyrus, PoC = post central gyrus, PrC = precentral
gyrus, SM = supramarginal gyrus, ANG = angular gyrus, O2 = second occipital gyrus, which is the
gyral continuum of T2 in the occipital lobe.

2.3. Cortico-Amygdalectomy (CA)

As the name implies, CA consists of an anterior temporal resection along with the amygdala and
uncus. The remaining hippocampal formation, parahippocampus, and entorhinal cortex are spared.
The lateral neocortical resection is limited posteriorly as described above for CAH. Figure 1 In the CA,
the cortical resection is limited medially by the collateral sulcus thus preserving parahippocampus and
entorhinal cortex. The anterior temporal horn is opened for the purpose of identifying intraventricular
landmarks to confirm that the hippocampus and the adjacent parahippocampal gyrus are left intact.
Opening the ventricle also facilitates removal of the amygdala and subpial emptying of the uncus.
This surgical approach is most useful in patients who are at risk for a functional memory decline from
removal of the hippocampal complex or have failed the ipsilateral intracarotid amobarbital test for
memory. Kim, et al. identified with neuropsychological testing before and after surgery that this
surgical approach avoids memory decline, yet provides a good opportunity for seizure freedom in
patients with TLE when the hippocampus retains significant memory function [28,29].

2.4. Selective Amygdalohippocampectomy (SAH)

The SAH surgical approach is based on the understanding that the seizure focus of MTLE is
confined to the mesial temporal structures. Hughlings Jackson first illustrated this concept when
he described a patient with a lesion in the uncus causing psychomotor seizures (Jackson called a
dreamy state), which was the first description of the role the temporal lobe structures in human
epilepsy [30]. More modern experimental studies have subsequently identified the critical role of the
mesial temporal structures in experimental and human TLE [31-36]. Additionally, seizure freedom
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results realized from many patients operated for MTLE with SAH confirms the importance of the
mesial temporal and limbic structures in MTLE [35,37-40]. Because MTLE represents a sufficiently
distinct pathophysiological entity, the International League Against Epilepsy has concluded that it
does represent a specific epilepsy syndrome [11].

The SAH surgical approach was first described by the Brazilian neurosurgeon, Paolo Niemeyer
in the 1950’s to treat TLE arising from the mesial temporal structures. Niemeyer described the
innovative surgical technique he called “transventricular amygdala-hippocampectomy” and presented
the rational for a selective approach to surgery for temporal lobe epilepsy at the International
Colloquium on Temporal Lobe Epilepsy in 1957 that took place at the National Institutes of Health [41].
Figure 2 Subsequently, the importance of MTLE in medically intractable TLE has been established
by reports confirming the utility of SAH for the treatment of MTLE, [38,42—-44] and MR imaging now
greatly enables the diagnosis of patients with MTLE by defining the anatomical correlate, which is
hippocampal sclerosis [11,15].

Figure 2. Reproduced with permission from Temporal Lobe Epilepsy: A Colloquium Sponsored by
the National Institute of Neurological Diseases and Blindness, National Institutes of Health, Bethesda,
Maryland, in Cooperation with the International League Against Epilepsy [45] Copyright©1959
American Medical Association. All rights reserved. In his presentation at the colloquium, Niemeyer
described the convincing evidence from experimental research and clinical experience that the
mesial temporal structures have a critical role in epileptogeneis of TLE. Niemeyer described a
surgical technique he developed to selectively remove the mesial temporal structures via a trans-T2
trans-ventricular approach.

Niemeyer’s description of a white matter corridor through the middle temporal gyrus (T2) to
the temporal horn to selectively remove the mesial temporal structures was a very different approach
than the anterior temporal resection popular at the time. In fact, research carried out in Montreal
by Scoville and Milner [46] and Penfield and Milner [47], which had stressed the important role of
the hippocampus in memory, as well as the earlier described Kliiver-Bucy syndrome had influenced
centers surgically treating epilepsy in North America to preserve the hippocampus. Concerns about
memory were reflected in the first publication of a series of patients operated for TLE in which Penfield
and Flanigin described hippocampus removal in only 2 of 32 patients operated [48]. However, soon
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after the Penfield and Flanigin publication, experimental evidence became overwhelming that the
mesial temporal structures had an important role in epileptogenesis of TLE [31,32,34,49,50]. Penfield
and Jasper demonstrated a few years after the Penfield and Flanigin publication that further removal
of the hippocampus could convert a failed TLE surgery into a success [36]. In Britain, Murray Falconer
was an early advocate of including the hippocampus in the resection for TLE. He spoke frequently
about removal of the mesial temporal structures to provide the best opportunity for seizure freedom
in TLE, and Falconer identified the importance of mesial temporal sclerosis (he coined the term) in
the pathogenesis of TLE [51]. William Feindel in Montreal demonstrated an important role of the
amygdala in epileptogenesis and in generation of the typical automatism semiology of TLE [52].

Yasargil, et al. generated considerable interest in SAH for MTLE after the description of a selective
surgical approach using the trans-Sylvian fissure route to remove the mesial temporal structures [53].
In the technique described by Yasargil, the Sylvian fissure is opened to expose the inferior aspect of
the circular sulcus of the insula. An incision in the circular sulcus between middle cerebral temporal
opercular arteries and dissection through the white matter of the temporal stem will open the temporal
ventricular horn providing sufficient exposure to identify then remove the hippocampal formation
and amygdala. Figure 3A,B An advantage of this surgical approach to SAH is to minimize white
matter dissection required to access the mesial temporal structures as compared with Niemeyer’s
technique. The disadvantages of the trans-Sylvian approach are mostly related to the demanding
technical requirements of widely opening the Sylvian fissure and working between the middle cerebral
vessels within the fissure. Manipulation of the middle cerebral arteries during surgery in addition to
the extra-pial resection of the hippocampus are technique related aspects of the procedure that may
increase the risk of vascular injury [54].

—

(A)

Figure 3. Cont.
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(B)

Figure 3. Reprinted and Modified by permission from Springer Nature: Adv Tech Stand Neurosurg,
Yasargil MG, Teddy PJ, Roth P. Selective amygdalohippocampectomy: operative anatomy and surgical
technique. Copyright, 1985 [55]. (A) The Sylvian fissure is opened widely to expose the inferior
delineation of the insula called the circular sulcus with the planned white matter incision marked
in a dashed line between two middle cerebral opercular temporal arteries; (B) Surgeon’s view into
the opened ventricle illustrating the choroid plexus (C), hippocampus (H), collateral eminence (star),
middle cerebral vessels (M1 and M2), and amygdala (A). Numbers represent steps in the extra-pial
removal of mesial temporal structures: coagulation and division of the hippocampal vessels (steps
1 and 2), disconnection of the hippocampal body from the hippocampal tail (step 3), opening the
collateral eminence to empty and remove the parahippocampus (steps 4 and 5), and remove uncus and
amygdala (step 6).

Hori contributed importantly to the SAH literature by describing a subtemporal
amygdalohippocampectomy technique to perform SAH [56]. This approach includes at least
partial removal of fusiform gyrus in order to gain access to the parahippocampal gyrus and mesial
structures via a subtemporal route. Figure 4 Hori’s original description was extra-pial resection of
the mesial temporal structures but later he modified the approach to a subpial resection technique.
To minimize retraction on the temporal lobe, Hori drilled down the roof of the external auditory meatus.
A preoccupation with the subtemporal approach is retraction injury of the anastomotic vein of Labbé,
which Hori was able to successfully preserve using techniques described in the skull base surgery
literature [57]. The advantages of the subtemporal approach that Hori described were preservation of
visual fields, he identified no superior quadrantanposia after surgery, and the temporal lobe is not
disconnected in contradistinction to Yasargil’s trans-Sylvian approach that requires dissecting through
the temporal stem to access the mesial temporal structures. The disadvantages of the subtemporal
approach are related mostly to the extended resection of the fusiform gyrus that is not required in
other SAH approaches as well as an inherent risk of injury to the anastomotic draining vein of Labbé
from elevating the temporal lobe with a retractor, which is a particular concern in the dominant
temporal lobe.
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Ocoipito-temporal Sulcus
= Coliateral Sulcus

Figure 4. Reproduced with permission from: Figure 1. Tomokatsu Hori et al. Subtemporal
Amygdalohippocampectomy for Treating Medically Intractable Temporal Lobe Epilepsy. Neurosurgery
(1993) 33 (1): 50-57, [56]. Published by Oxford University Press on behalf of the Congress of
Neurological Surgeons. Hori developed the subtemporal approach to SAH. The illustration shows a
retractor elevating T3 (inferior temporal gyrus). This approach requires a gyrectomy of the fusiform
gyrus to obtain access to the mesial structures. Hori, et al. also demonstrated in the inset figure that
incising and reflecting the tentorium benefits accessing the mesial temporal structures for removal.

Over many years now, a transcortical approach through the second temporal gyrus has been
used by the author similar to the approach originally described by Niemeyer [58,59]. SAH achieves to
provide the best possible outcomes of seizure freedom by limiting the resection to the epileptic
focus and sparing from resection normal structures that are not primarily a part of the seizure
focus. At centers with experience in SAH, the results on seizure freedom are the same as the larger
anterior temporal resection or cortico-amygdalohippocampectomy (CAH) [24-29,35,38,44,56,58,60].
The neuropsychological results of SAH appear to be improved compared to CAH although this
conclusion is not shared by all investigations on the topic [42,61,62]. However, the objective of SAH
to spare brain tissue not involved with the seizure focus is an important goal of epilepsy surgery
in general.

3. Surgical Technique of SAH

The scalp and bone exposure for SAH can range from a frontotemporal craniotomy to a keyhole
minimal access approach. Electrocorticography (ECOG) requires the larger craniotomy to fit the
surface electrodes in the bony opening. However, if ECOG is not needed, keyhole minimal access is
the preferred approach.

The traditional frontotemporal craniotomy is exposed via a curvilinear “?” mark scalp incision
that starts at the zygoma, extends posterior just to the back of the ear, up to the superior temporal
line, and anterior to the hair line. The temporalis muscle is reflected anteriorly with scalp. Exposing
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the root of the zygoma is important to gain adequate exposure to the floor of the middle fossa. After
elevation of the frontotemporal bone flap, a craniectomy of the temporal bone is required to extend the
bone opening to the zygoma inferiorly and to the anterior extent of the middle fossa. After the dura
is reflected away from the temporal lobe, important sulcal and gyral landmarks, such as the Sylvian
fissure, superior temporal gyrus (T1), and the central sulcus are confirmed with image guidance.

A corticectomy along the superior aspect of the second temporal gyrus (T2) is made to begin the
corridor to the mesial temporal structures. A 2 to 3 cm corticectomy provides sufficient working space.
Figure 5 The posterior extent of the corticectomy is limited by the central sulcus in the non-dominant
hemisphere and by the precentral sulcus in the dominant hemisphere. Image guidance is sufficient to
localize precentral and central sulcus, which corresponds to about 3.5 cm and 4.5 cm from the temporal
tip, respectively. The author has found that using an ultrasonic aspirator at the lowest settings of
aspiration and amplitude to be the best subpial dissection and aspiration tool. A corridor is fashioned
down to the temporal horn that is opened, which is typically 3—-4 cm deep from the cortical surface.
The corridor trajectory parallels the superior temporal sulcus, which points to the temporal horn and
stops just short of it. A retractor is inserted once the temporal horn is opened to facilitate fully exposing
the mesial temporal structures by opening the ventricle from its anterior most tip to the posterior limit
of the corridor Figure 6.

Figure 5. SAH corticectomy of about 2.5 cm is made along T2 just below the superior temporal sulcus.
A white matter corridor is fashioned that follows the superior temporal sulcus down to the temporal
horn, which is opened to visualize directly the mesial temporal structures.

29



Brain Sci. 2018, 8, 35

Figure 6. Reprinted from Journal of Clinical Neuroscience 17 (9), Boling W, Minimal access
keyhole surgery for mesial temporal lobe epilepsy, 1180-1184, Copyright 2010, with permission from
Elsevier, [59]. Coronal view of the temporal lobe and nearby structures. A retractor is placed along
the white matter corridor after opening the ventricle to fully expose its contents. The first step in the
SAH is to enter the lateral ventricular sulcus (star) that lies between the bulges into the ventricle of the
hippocampus and collateral eminence in order to empty the parahippocampus in a subpial fashion.
Dotted line illustrates mesial temporal structures to be removed in this view, namely the hippocampal
complex and parahippocampus. SF = Sylvian Fissure, T1= superior temporal gyrus, T2 = middle
temporal gyrus, T4 = Fusiform gyrus, T5(PH) = parahippocampal gyrus.

The resection of the mesial temporal structures is subpial preferably using the ultrasonic aspirator
at its lowest settings of aspiration and amplitude, which is an excellent tool for subpial resection. There
are several key intraventricular landmarks identified in the mesial temporal region that guide the
SAH surgery. The lateral ventricular sulcus lying between the two bulges into the ventricle of the
hippocampus and the collateral eminence (see Figures 6 and 7) is the entry into the parahippocampal
gyrus that is emptied subpially as the first surgical maneuver. The P2 segment of the posterior
cerebral artery is usually identified bulging into the parahippocampus, which fills the space between
the collateral sulcus and hippocampal sulcus. The hippocampus can now be retracted laterally
into the space created by removing the parahippocampus in order to aspirate the fimbria from the
underlying pia. The hippocampus is next removed en bloc by disconnection from the hippocampal
tail posteriorly, which enables the hippocampus to be elevated and separated from its vascular pedicle,
the hippocampal sulcus, by teasing and separating vessels from the hippocampus or by coagulation
and division. Additional hippocampus can be aspirated and removed back to the typical posterior
limit, which corresponds to the level of the midbrain tectum, a landmark visualized readily with
image guidance.
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Figure 7. Cadaver dissection of the mesial temporal lobe cut longitudinally along the temporal horn to
illustrate the mesial temporal structures. Coll = collateral eminence, arrowheads point to the lateral
ventricular sulcus, Hippo = head of the hippocampus, CP = choroid plexus.

The anterior extent of the SAH resection includes the entire uncus that should be completely
emptied subpial. The uncus is composed mostly of the hippocampus and dentate gyri that have curved
back on themselves to create a hook-like appearance. In very close proximity to the transparent pia of
the uncus, cranial nerve IIl and the P1 segment of the posterior cerebral artery are typically visualized
beneath the pia lying in their cistern. Figure 8 The amygdala, which contributes to the dorsomedial
portion of the uncus, called the semilunar gyrus, is either aspirated completely or dissected around
and removed en bloc. The choroid plexus is an important landmark to identify early and repeatedly
refer to because it limits the mesiosuperior resection extent.

The completion of the SAH corresponds to removal of the mesial temporal structures found
between the choroid plexus and collateral sulcus that includes the uncus, amygdala, hippocampus,
parahippocampus, and fimbria. All of which are removed by keeping the underlying pia intact.
The anterior limit is to the anterior extent of the uncus at the tentorial incisura and the posterior limit
is back to the level of the midbrain tectum (Figure 9).
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Figure 8. View of a fixed and injected brain from the orbital frontal surface looking posteriorly. The
normal relationships of structures lying adjacent to the mesial temporal lobe are visualized. The 3rd
cranial nerve is normally abutting the pia of the anterior uncus. The posterior cerebral artery can
be recognized along its course beneath the transparent pia of the uncus and the parahippocampus.
The close association of the ICA and its bifurcation with the uncus and amygdala are illustrated.
T4 = fusiform gyrus of the temporal lobe, rh = rhinal sulcus, Ent = entorhinal cortex (most anterior
extent of the parahippocampus), Un = uncus, III = oculomotor cranial nerve, ICA = internal carotid artery,
PCA = posterior cerebral artery, OPT = optic chiasm, BA = basilar artery, MCA = middle cerebral artery.

Figure 9. Image guidance view of the navigation pointer at the posterior extent of the hippocampal
removal, which corresponds to the level of the midbrain tectum.
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4. Key Hole Approach in SAH

Minimal access surgery has potential to benefit patients by providing more rapid recovery
and improved patient outcomes compared with traditional larger surgical incisions and
exposures [60,63,64]. The minimal access (or keyhole) approach lends itself quite well to SAH using
either the trans-middle temporal gyrus or subtemporal approaches since the necessary maneuvers
required to remove the mesial temporal structures can be accomplished with relative ease through a
small scalp incision and bony opening [29,59,60,65]. The SAH approach was envisioned and developed
in order to spare from resection cerebral tissue that is not a part of the primary seizure focus. Therefore,
minimizing the scalp and bony opening to accomplish SAH represents a logical progression from the
larger more traditional scalp incision and craniotomy exposure. In individuals with clear-cut MTLE
who are candidates for SAH, the keyhole, minimal access approach is preferred. Because the exposure
is too limited to confidently recognize sulcal and gyral landmarks, keyhole SAH should be performed
with the aid of image guidance.

The scalp incision is curvilinear starting at the zygoma. Figure 10 The temporalis muscle is
split and held open with hooks or a self-retaining retractor. The bone opening is a silver dollar sized
craniotomy plus additional craniectomy anterior and inferior centered over the second temporal gyrus
and the planned cortical incision. Figure 11 The keyhole and non-keyhole SAH approach to the mesial
temporal structures are essentially identical. Image guidance is critical to confirm the corticectomy is
positioned properly in the middle temporal gyrus anterior to the central sulcus in the non-dominant
hemisphere and anterior to the pre-central sulcus in the dominant hemisphere.

Figure 10. The keyhole minimal access approach benefits the patient with smaller skin incision and
cranial opening. A slight curve in the scalp incision helps exposure and reduces retraction forces on the
temporalis muscle compared with a straight linear incision.
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Figure 11. Reprinted from Journal of Clinical Neuroscience 17 (9), Boling W, Minimal access
keyhole surgery for mesial temporal lobe epilepsy, 1180-1184, Copyright 2010, with permission from
Elsevier, [59]. The corticectomy and trans-T2 trans-ventricular approach to resection of the mesial
temporal structures is identical to the approach via a standard scalp incision and cranial opening.
The exposure accomplished with a keyhole access approach is more than adequate to perform the
maneuvers required to complete the SAH.

5. Percutaneous Ablation Approaches in SAH

For the past many decades there has been interest in the stereotactic insertion of a probe to
target the mesial temporal structures for thermal ablation in patients with TLE. The early efforts used
stereotactic radiofrequency thermal ablation techniques that were also being used at the time to lesion
the thalamus to treat movement disorder, the Gasserian ganglion to eliminate the pain of trigeminal
neuralgia, and other neurological disorders that could be treated stereotactically. The amygdala was
solely targeted in the initial reports of stereotactic ablation in the treatment of epilepsy. The reports
of Schwab, et al. [66] and Narabayashi, et al. [67] described approximately 30% seizure free patients
after stereotactic amygdalectomy for TLE. Flanigin and Nashold, both former fellows of the Montreal
Neurological Institute, were able to demonstrate the feasibility of multiple stereotactic ablations to
expand the volume of mesial temporal structures treated to include the hippocampus along with the
amygdala, as well as bilateral amygdalectomies [68]. However, more reports of amygdalectomy and
hippocampectomy treated with stereotactic radiofrequency probes continued to be disappointing in
regards to seizure free rates and did not approach the seizure free successes achieved with anterior
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temporal lobe resection [69-72]. The early efforts at stereotactic ablation of the mesial temporal
structures to treat intractable TLE were largely hampered by the challenges of targeting the mesial
temporal structures using the methods of the time; stereotactic targets were defined by imaging with
angiogram and pneumoencephaolgraphy or by measurements made from the AC-PC line. Also, the
early stereotactic frames were best suited for orthogonal trajectories, which made treatment along the
longitudinal axis of the mesial temporal structures a more arduous treatment plan.

With the advent of CT and MR imaging, the mesial temporal structures could be directly and more
accurately targeted for stereotactic treatment. Parrent and Blume reported the experience of stereotactic
amygdalohippocampectomy for TLE with the use of modern MR imaging [73]. The authors described
outcomes from patients with TLE and evidence of exclusively ipsilateral MTS in 11 out of 19 patients
treated. Surgery was performed using a stereotactic headframe with radiofrequency lesioning of the
amygdala and hippocampus. Postoperative MRI identified the best results were in patients with more
complete stereotactic ablations involving the entire amygdala and measuring 15-34 mm along the
hippocampus. In this group of patients, 9 out of 15 had favorable results defined as greater than 90%
reduction in seizure frequency or seizure freedom. Only 1 out 5 patients with incomplete ablation of
the amygdala and hippocampus had a favorable result. Parrent and Blume were able to demonstrate
the improved results of stereotactic ablation surgery using modern imaging to target the thermal
probe, and that more complete treatment of the amygdala and hippocampus produced better results
of seizure freedom and seizure frequency reduction.

Three additional advances have enabled further improvement in the technique of stereotactic
ablation surgery of TLE. One is frameless stereotaxy or image guidance. Now that stereotactic
surgery can be performed without the traditional stereotactic headframe in place, neurosurgeons have
considerably more freedom to plan non-orthogonal trajectories to targets that were more difficult or
even impossible to accomplish previously. Another advance is the development of low cost fiber-optic
lasers for thermal ablation. The radiofrequency ablation probe has not been able to be manufactured
to allow use in the MRI magnet. Using the laser ablation technology, only the non-ferromagnetic
fiber optic cable is in the MRI environment. Therefore, the thermal treatment can be delivered with
the patient in the MRI to confirm the anatomy treated and the thermal dose delivered, which segues
to the third advance, the ability to create a thermal map using normal MRI acquisition protocols.
Several measurable MRI variables are affected by temperature in a linear relationship and can be
used to construct a thermal map, such as diffusion coefficient [74], chemical shift, T1 relaxation [75],
magnetization transfer, proton density and proton resonance frequency (PRF). The excellent linearity
and temperature dependence of the PRF in relation to most all tissue types have made PRF-based
phase mapping methods the preferred choice for thermal mapping and this acquisition protocol is
available on most all modern MRI units.

There are 2 FDA approved laser thermal ablation devices that overlay anatomy with a thermal
map, NeuroBlate (Monteris Medical, Plymouth, MN) and Visualase (Medtronic, Minneapolis, MN).
Both devices use a pulsed laser thermal source. The probe, which consists of a fiber-optic cable to
deliver the laser plus a cooling system, is inserted stereotactically to the desired target in the operating
room. Then the actual thermal ablation treatment is performed in the MRI magnet. There has been
considerable renewed interest in the use of thermal ablation for the treatment of intractable MTLE, and
the fiber-optic laser technologies have improved the ability to target the mesial temporal structures
and assess the treatment delivered essentially real-time.

The fiber-optic laser thermal probe is typically inserted in a posterior to anterior trajectory to allow
treatment of the mesial temporal structures along the longitudinal axis. Multiple thermal treatments
are delivered as the fiber-optic probe is pulled back until a sufficient volume of mesial temporal
structures are ablated. One of the challenges of treatment planning is to insert the probe in such a
trajectory that the uncus and hippocampal head can be completely ablated. Jermakowicz, et al. found
lateral trajectories that did not include the uncus and hippocampal head in the ablation treatment were
significantly correlated with persistent disabling seizures [76]. Overall the laser ablation of mesial
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temporal structures has been shown to be a safe minimally invasive alternative to craniotomy surgery
of MTLE. Although the data thus far point to reduced odds of seizure freedom in patients treated with
laser thermal ablation versus craniotomy approaches to resect the mesial temporal structures [77].

6. Patient Outcomes from SAH

The success of SAH to achieve seizure freedom is dependent on the accurate diagnosis of MTLE
lateralized to the side of surgery and the successful removal or disconnection of the seizure focus at
surgery. At centers with expertise in the diagnosis of MTLE, the seizure freedom rates after SAH are
the same as anterior temporal resection [29,35,59,60,65,78,79]. To date a randomized controlled study
to evaluate and compare the surgical approaches of SAH and ATL for the treatment of MTLE has
not been undertaken. The literature up to now demonstrates no clear difference in ability to become
seizure free in patients with surgery of SAH or ATL for MTLE (Table 1).

Table 1. Studies comparing ATL with SAH for outcomes of seizure freedom and reducing seizure frequency.

Renowden et al. (1995) [80] Same outcome for two types of SAH
Arruda et al. (1996) [81] Similar
Pauli et al. (1999) [82] Similar
Clusmann et al. (2002) [83] Similar
Clusmann et al. (2004) [40] Better in ATL in children + adolescents
Lutz et al. (2004) [40] Same outcome for two types of SAH
Paglioli et al. (2006) [84] Similar
Tanriverdi, et al. (2007) [85] Similar
Bate et al. (2007) [86] Better in ATL in children + adolescents
Tanriverdj, et al. (2010) [87] Similar
Sagher, et al. (2012) [78] Similar
Wendling, et al. (2013) [88] Similar
Bujarski, et al. (2013) [89] Similar
Josephson, et al. (2013) [90] Better outcome in ATL
Hu, et al. (2013) [91] Better outcome in ATL
Nascimento, et al. (2016) [92] Similar although ATL associated with more complications
Schmeiser, et al. (2017) [93] No difference in three types of SAH nor in SAH versus ATL
Foged, et al. (2018) [94] No difference at 1 year and 7 years after surgery

One potential advantage of SAH is that cognitive function may be improved in patients with
more limited temporal lobe resections. This topic was reviewed by Schramm [94] who found the
literature lacking consistency on reporting of crucial study variables such as MRI confirmation of
extent of resection and studies were mostly retrospective reports. However, Schramm concluded
from the available literature that “in summary there is considerable evidence for somewhat better
neuropsychological results with SAH, although this was not consistently found.” An analysis of studies
published from 1992 to 2018 supports Schramm’s conclusion that in general there tends to be more
neuropsychological deficits in ATL than SAH surgery, although the heterogeneity of studies and the
lack of a randomized controlled study comparing the two surgical techniques makes firm conclusions
about neuropsychological impact impossible to make (Table 2).
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Table 2. Studies comparing temporal lobe surgery of ATL with SAH for neuropsychological outcome.

Goldstein, et al. (1992) [95]

No difference when using global memory test

Goldstein, et al. (1993) [96]

SAH short-term beneficial effect on memory

Wolf et al. (1993) [97]

No difference

Renowden et al. (1995) [80]

SAH better in verbal IQ and nonverbal memory

Helmstaedter et al. (1996) [98]

Immediate recall better in SAH

Jones-Gotman (1997) [42]

Similar deficits in learning + retention tasks in seizure free patients

Pauli et al. (1999) [82]

SAH better for verbal memory

Helmstaedter et al. (2002) [99]

SAH has advantage over ATL in long-term follow-up (2-10 years)

Clusmann (2004) [40]

SAH in adults: higher rate of improvement + lower rate of
deterioration in overall neuropsychological score

Hader et al. (2005) [100]

No difference

Morino et al. (2006) [101]

SAH better memory function

Paglioli et al. (2006) [84]

SAH better for verbal memory score
(30% deterioration in both groups)

Tanriverdi, et al. (2007) [85]

SAH less decline for verbal memory

Helmstaedter et al. (2008) [102]

SAH better for R-sided resection, ATL better for L-sided resection for
material-specific memory

Tanriverdi, et al. (2010) [87]

Worse verbal IQ after SAH

Sagher, et al. (2012) [78]

No difference

Bujarski, et al. (2013) [89]

No difference, except more post-surgical paranoia after ATL

Wendling, et al. (2013) [88]

Worse memory after ATL

Boucher, et al. (2015) [103]

Worse after ATL on immediate recall of Logical Memory subtest of
Wechsler Memory Scales. Delayed recognition trial of Rey Auditory
Verbal Learning Test worse after SAH

Nascimento, et al. (2016) [92]

No difference

Giil, et al. (2017) [104]

No difference

Schmeiser, et al. (2017) [93]

No difference

Foged, et al. (2018) [94]

SAH better than ATL verbal memory in left hemisphere surgery only

An additional outcome parameter of considerable importance to the patient is the ease and speed
of recovery from brain surgery. SAH has an opportunity to provide patients shorter operative time,
quicker recovery, and reduced length of stay in the hospital particularly if surgery is performed using
minimal access or key hole approaches [59,105]. Reduced hospital length of stay is a marker of both
quicker patient recovery and a more cost effective operation. Boling identified significantly reduced
operative time and shorter hospital length of stay in patients who underwent key hole craniotomy
versus a standard craniotomy approach for SAH [59].

7. Conclusions

Patients with medically intractable MTLE have an excellent opportunity for seizure
freedom from resection surgery that can be a standard anterior temporal removal or selective
amygdalohippocampectomy. The potential advantage of the SAH is a selective removal of the seizure
focus sparing temporal lobe regions that are not the actual epileptogenic zone. SAH, especially minimal
access approaches, provide direct advantages of quicker patient recovery from surgery, and evidence
points to a probable cognitive benefit compared with standard temporal resections.

Contflicts of Interest: The author reports no conflicts of interest.
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Abstract: The neurosurgical treatment of skull base temporal encephalocele for patients with epilepsy
is variable. We describe two adult cases of temporal lobe epilepsy (TLE) with spheno-temporal
encephalocele, currently seizure-free for more than two years after anterior temporal lobectomy (ATL)
and lesionectomy sparing the hippocampus without long-term intracranial electroencephalogram
(EEG) monitoring. Encephaloceles were detected by magnetic resonance imaging (MRI) and
confirmed by maxillofacial head computed tomography (CT) scans. Seizures were captured by
scalp video-EEG recording. One case underwent intraoperative electrocorticography (ECoG) with
pathology demonstrating neuronal heterotopia. We propose that in some patients with skull
base temporal encephaloceles, minimal surgical resection of herniated and adjacent temporal
cortex (lesionectomy) is sufficient to render seizure freedom. In future cases, where an associated
malformation of cortical development is suspected, newer techniques such as minimally invasive EEG
monitoring with stereotactic-depth EEG electrodes should be considered to tailor the surrounding
margins of the resected epileptogenic zone.

Keywords: temporal lobe epilepsy; encephalocele; meningoencephalocele; tailored surgery

1. Introduction

An encephalocele refers to the protrusion of brain tissue, meninges, and cerebral spinal fluid (CSF)
through a calvarial or skull base defect. Most of these lesions are due to congenital defects, although
they can be acquired following trauma, surgery, or infection [1,2]. When associated with temporal lobe
seizures, encephaloceles are associated with bony defects in the middle cranial fossa [3,4]. Associated
defects have also been localized to the petrosal bone [5,6], cribriform plate [7], and diffusely throughout
the skull.

Imaging is often reported to be normal, with the skull-base lesion noted only upon reassessment
of initial neuroimaging [3,5,6,8,9]. Magnetic resonance imaging (MRI) and high-resolution CT scan
imaging of the skull base allow for identification of these rare lesions and provide critical information
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needed to decide if a surgical approach is required as part of the treatment plan. High-resolution CT
imaging has been shown to detect bony defects associated with temporal lobe encephaloceles that are
not evident on MRI [3,8,10].

Patients with skull-base temporal encephaloceles may rarely present with seizures [3,4]. These
seizures are usually due to involvement of the neocortex, and are frequently refractory to medical
therapy [4,10,11]. Suggested mechanisms include tissue traction, gliosis, or associated dysplasia [7].
Associated cranial abnormalities are reported in only 15% of cases. These include band heterotopia,
nodular heterotopia, diffuse cortical dysplasia, and schizencephaly [7].

Resection of the encephalocele with temporal neocortical excision (lesionectomy) or performing
an anterior temporal lobectomy with amygdalohippocampectomy (ATLAH) has been reported
to be effective in controlling seizures [3,4,7,8,10,12-14]. For example, in 18 cases collected by
Faulkner et al., 2010, 56% underwent local excision and 44% underwent a wider excision with a
lobectomy. The majority of extra temporal cases (33%) are treated with local excision, while the
majority of temporal lobe cases (67%) were treated with lobectomy. There was no difference in the
reported seizure freedom rates postoperatively (100% seizure freedom in all patients).

We reviewed 44 patients with epilepsy and surgically treated temporal encephalocele as described
in the English-language medical literature (Table 1). Only one case report of bitemporal encephalocele
was found, and the remaining cases were evenly divided between the left (54%) and the right
(52%) temporal side. Sixty-three percent of cases were treated conservatively with lesionectomy
or anterior temporal lobectomy (unclear extension of resected tissue), and 34% of cases were treated
with ATLAH. The largest case report series were compiled by Panov et al., 2016 (six patients) [14] and
Saavalainen et al., 2015 (twelve patients) [15].

Table 1. Reported surgically treated temporal lobe encephaloceles in patients with epilepsy.

. Congenital or Surgical Seizure
Authors, Year Age,Sex  Location Acquired Approach Pathology Outcome/Duration
Ruiz Garcia et al., 1971 [9] 30, F L temporal ~ Congenital ATL Gliosis and fibrosis Free/NA
Acquired
40, W R temporal  (after right Lesionectomy NA Free/NA
mastoidectomy)
Hyson et al., 1984 [5] . Mixed astrocytoma
12,M R temporal Acquired ATL grade I and NA
(after trauma) . .
oligodendroglioma.
37,F L temporal ~ Congenital ATL Gliosis Free/3y
Rosenbaum et al., 1985 [17] 38, F R temporal ~ Congenital ATL + AH NA Only Aura
30, F R temporal ~ Congenital ATL + AH NA Free/NA
Whiting et al., 1990 [18] 18, F R temporal ~ Congenital ATL Meningo-angiomatosis. ~ Only Aura
37,F L temporal =~ Congenital ATL + AH Gliosis Free/NA
Le Blanc et al., 1991 [13] 36, M L temporal ~ Congenital ATL + AH Gliosis Free/NA
26, M L temporal ~ Acquired ATL + AH Gliosis Free/NA
Wilkins et al., 1993 [19] 36, F Rtemporal ~Congenital ATL Gliosis Free/18 Mo
Mulcahy et al., 1997 [20] 25,F L temporal ~ Congenital Lesionectomy NA NA
Yang et al., 2004 [6] 46, M Bitemporal ~ Congenital Lesionecotmy Inflamed neuroglial Free/NA
26, M L temporal ~Congenital Lesionectomy Astrocystotis Free/7y
Byrne et al., 2010 [21] 42,F L temporal =~ Congenital ATL + AH Astrocystotis Free/2y
57, M R temporal ~ Congenital ATL + AH Astrocystotis Free/1y
Diffuse temporal gliosis
o . involving the HC +
Aquilina et al., 2010 [12] 14, F L temporal ~ Congenital (14) ATL + AH microdysgenesis of the Free
amygdala.
39,F L temporal ~ Congenital ATL Gliosis Free/22 Mo
26,F L temporal ~ Congenital ATL Gliosis Free/12 Mo
Abou-Hamden et al., 2010 [3] Acquired
26, F L temporal  (forceps ATL Gliosis Free/12 Mo
delivery)
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Table 1. Cont.

. Congenital or Surgical Seizure
Authors, Year Age, Sex  Location Acquired Approach Pathology Outcome/Duration
Gulion et al., 2014 [10] 41, M L temporal ~ Congenital ATL Microdysgenesis Free/5y
63, M L temporal ~ Congenital ATL Microdysgenesis Free/4y
Gasparinin et al., 2014 [11] 20,M L temporal ~ Congenital Lesionectomy Mild gliosis Free/20 Mo
21, M L temporal ~ Congenital Z?mporopc?]ar NA Free/5y
. isconnection
Shimada et al., 2015 [4]
36, M L temporal ~ Congenital Tgmporopr?lar NA Free/15 Mo
disconnection
22,M L temporal NA A_TL M . Gliosis Free/25y
disconnection
ATL + -
43, F L temporal NA disconnection Gliosis Free/2.1y
ATL + -
45,F Rtemporal NA disconnection Gliosis Engl11/0.79 y
Saavalainen et al., 2015 [15] ATL +
45, F Ltemporal NA . . Gliosis Engle /1.2y
disconnection
ATL + .
32,M L temporal NA disconnection Gliosis Engle3A/13y
ATL + .
40, M Rtemporal NA disconnection Gliosis Free/1.1y
30, M Ltemporal NA A.TL * . Gliosis Free/3 Mo
disconnection
33, M R temporal  NA ATL + AH Gliosis Auraonly/49y
31, M Rtemporal NA ATL + AH Gliosis Free/6.2y
Saavalainen et al., 2015 [15] * 43, F Rtemporal NA ATL + AH Gliosis Free/59y
44, F Rtemporal NA ATL + AH Gliosis Free/3.2y
43, M L temporal NA ATL + AH Gliosis Free/3.8y
Disconnection
24,F L temporal NA (concern for Mild gliosis Free
verbal memory)
Lesionectomy
50, M Rtemporal NA (patient Reactive astrogliosis Free
preference)
ATL + AH
45,F R temporal NA (Szs originated Severe astrogliosis Free
from HC)
Panov et al., 2016 [14] ATL +AH Engle IIb
23, M Rtemporal NA (increased volume — Mild gliosis (recurred Szs but
or amygdala) overall improved)
ﬁ:é:a‘:iolume Mild Chaslin’s gliosis,
45,F Rtemporal NA and T2 MRI signal ‘:Iléh FCD-IC affecting Free
of HC)
ATL +AH
(No reported MRI -
39, M Rtemporal NA or EEG early M_oderate gI‘IOS}S and Free
. mild astrogliosis of HC
involvement
of HC)
ATL + Architectural
De Souza et al., 2018 [16] 18, F L temporal NA amygdalectomy disorganization Free/1y
alone suggestive of FCD

AH: amygdalohippocampectomy, ATL: anterior temporal lobectomy, EEG; electroencephalography, F: female,
FCD-IC: focal cortical dysplasia, with abnormal radial and tangential cortical amination according to Blumcke’s
classification, HC: hippocampus, L: left, M: male, Mo: month, MRI: magnetic resonance imaging, NA: not available,
R: right, Szs: seizures, T2: Time 2, y: year. * Samples from the base of the encephalocele were obtained from all 12
surgically treated patients. All of these samples showed gliosis and five patients (42%) had mild cortical laminar
disorganization. The temporal lobe samples showed gliosis in 11 patients and heterotopic neurons in four patients.
Hippocampus and amygdala were resected in five patients; the samples revealed normal mesial structures (1 = 2),
gliosis (n = 2), or small focal neuronal loss in CA2 area interpreted as possible mild hippocampal degeneration
n=1).

Surgical approaches vary depending on seizure type, origin of encephalocele (congenital vs.
acquired), location (temporal vs. extra-temporal), the type of brain lesion seen on MRI (with
associated signal abnormality vs. none), and concordance of studies (scalp EEG MRI, positron emission
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tomography (PET) and neuropsychological testing). Most recently, stereotactic-depth EEG electrode
implantation was used in one case report of temporal lobectomy and amygdalectomy alone, sparing
the hippocampus, with reported seizure freedom [16].

2. Case Series

We report two cases of temporal lobe encephalocele, one congenital and another traumatic, which
were treated with local excision and reparation of the encephalocele. Both cases underwent temporal
lobe neocortical resection, sparing the hippocampus. Both patients have remained with Engel class-I
surgical outcome (42 months for case 1 and 23 months for case 2).

2.1. Case 1: 24-Year-Old Ambidextrous, Bilingual (English and German) Man with Seizures Since 22 Years of
Age. Seizure Semiology: Ictal Expressive Aphasia, Right Forced Head and Eyes Deviation, Lip-Smacking,
and Sensation of Fear

Preoperative MRI (Figure 1A,B) and maxillofacial CT scan (Figure 1C) showed a large
temporo-sphenoidal encephalocele with a defect in the floor of the middle cranial fossa with herniation
of gliotic temporal and frontal opercular tissue into the defect.

Figure 1. Preoperative brain imaging. (A) Axial FLAIR sequence showing increased signal in the
left medial temporal lobe (small white arrows). (B) Axial T2 sequence shows herniated intracranial
contents extending through the skull base defect. There is thickening of the regional cortex (black arrow).
(C) Coronal CT maxillofacial showing the large left temporo-sphenoidal encephalocele (white arrows).

Scalp video-EEG monitoring captured five complex partial seizures, localized broadly to
the left fronto-temporal channels (T3/T5/01 and FP1/F3/F7). The ictal pattern was from EEG
electrodecremental response, followed by 1.5-2 Hz rhythmic activity then 12-15 Hz low amplitude
rhythmic activity (maximally at T5/0O1), which is not typical for medial temporal lobe onset seizure
but rather for neocortical onset seizure [22] (Figure 2). Electrocardiogram (ECG) correlated with
tachycardia up to 120 bpm.

Intraoperative ECoG monitoring with three 2 x 4 grids were used to cover the left frontal
operculum, anterior temporal tip containing the dysplastic tissue, and mid-posterior/lateral temporal
cortex. One 1 x 8 strip was placed in the inferior medial and anterior temporal lobe. The strip and grid
located in the inferior and anterior temporal lobes revealed occasional dysmorphic spikes anteriorly.

Epileptiform discharges were anteriorly located with the temporal pole and possibly the frontal
opercular region. There was no evidence of epileptiform discharges coming from the medial-posterior
temporal lobe strips.

Surgical approach included the insertion of a lumbar cerebrospinal fluid intrathecal drain, harvest
of abdominal fat through a separate incision, left temporal craniotomy and temporal lobectomy with
intraoperative electrocorticography, fronto-zygomatic craniotomy, and repair of left sphenonasal
encephalocele with microscopic dissection. The ECoG findings allowed for identification of a 3-cm
margin from the temporal tip for partial resection.
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Figure 2. Scalp EEG recording showing broad periodic left fronto-temporal sharp waves (arrow 1 from
the left) followed by attenuation at T3/T5 and T3/T1 (arrow 2) then low amplitude rhythmic beta
frequencies at T5/01 (arrow 3).

Surgical pathology of the resected tissue showed benign cerebral parenchyma and focal neuronal
heterotropia within the deeper portion of the white matter (Figure 3). There was no evidence of gliosis
or inflammation. There were no abnormal inclusions, myelin-related or metabolic abnormalities, or
neoplastic changes.

Figure 3. Histology of the resected left temporal lobe tissues. (A) Heterotopic white matter neurons
HE stain x 400. (B) Heterotopic white matter neurons (5 in the field) highlighted by NeuN
immunostain x 400.
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Outcome: Seizure frequency prior to surgery was 4-5 times per week. He has remained
seizure-free for 42 months since his surgery, during which levetiracetam was discontinued and
lacosamide was reduced from 200 mg bid to 100 mg bid. Patient was able to continue his collegiate
studies and scored 90th percentile on his Medical College Admission Test (MCAT). Post-operative MRI
showed preserved left hippocampus (Figure 4A) and the left temporal surgical bed (Figure 4B).
The amygdala was resected as well (Figure 4C).

Figure 4. One year post operative brain MRI. (A) Coronal T2 sequence showing preserved left
hippocampus (arrow). (B) Axial T2 sequence showing resected left temporal pole (arrow). (C) Coronal
T2 sequence showing left amydalectomy (arrow).

2.2. Case 2: 66-Year-Old Right-Handed Man with Intractable Epilepsy since the Age of 43 Years, after He Was
Struck on Forehead at Work by a Pump While Pumping Oil from a Compressor. Seizure Semiology Consisted of
Dizziness, Starring Off, Lip-Smacking, Excessive Drooling, Right Hand Rolling Movements, and Occasional
Bilateral Tonic-Clonic Seizures

Preoperative MRIs in 2009 and 2013 were reported as normal (1.5 Tesla). Preoperative
high-resolution 3.0 Tesla MRI showed herniated right temporal pole encephalocele (Figure 5). Both
hippocampi appeared normal and symmetric on MRI (Figure 5C).

Figure 5. Preoperative brain MRI. (A) Coronal T2 sequence showing symmetrical bilateral hippocampi
(vertical arrows). Coronal and Sagittal T2 sequence (B,C) showing small right sphenotemporal
meningocele with small encephalocele and focal encephalomalacia of the inferior right temporal
cortex (arrows).

Scalp video-EEG monitoring captured nine stereotyped electroclinical seizures (starring off,
lip-smacking with occasional right manual automatisms). Ictal onset originated from the right anterior
and mid-temporal channels. The electrographic ictal pattern consisted of rhythmic 2-3 Hz activity,
suggesting neocortical rather than mesial temporal onset seizure pattern [22] (Figure 6).
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Figure 6. Scalp EEG recording showing right anterior temporal evolving 2-3 Hz ictal rhythm (arrows).

Neuropsychological testing showed relatively intact neuropsychological functioning with some
areas of relative weaknesses, including evidence of weaker nonverbal (visual) new learning and
memory compared to his auditory (verbal) new learning and memory as well as significant
visuoconstructional weaknesses. The absence of any obvious nonverbal (visual) memory impairments
provided support for the absence of any right mesial temporal dysfunction and the greater likelihood
of seizure control with selective resection of the inferior temporal lobe.

Surgical approach included right temporal craniotomy, repair of lateral sphenoid encephalocele
with repair of dural defect and rotational temporalis muscle and fascial flap, partial resection of right
middle and inferior temporal gyrus for resection of seizure focus, and lumbar drain placement.

To address the seizure focus, the middle and inferior temporal gyri were identified and
cauterized. Then, a corticotomy was performed followed by partial resection of the middle and
inferior temporal gyri.

Outcome: Seizure occurred several times per month before surgery. He has remained seizure-free
for 23 months since surgery. Seizure medications were reduced, during which lamotrigine was reduced
from 900 mg to 600 mg daily and pregabalin was switched to gabapentin (from insurance perspective).
Patient also has early onset Parkinson’s disease and developed insomnia and restless leg syndrome.
Clonazepam was added at 1 mg at night. Pathology was not done due to the use of cauterized resection.
A post-operative MRI (Figure 7) showed the surgical cavity in the region of the previously noted
encephalocele with a small residual fluid collection in the right infra-temporal fossa (Figure 7B).
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Figure 7. A post-operative brain MRI showing postsurgical changes related to resection of an
encephalocele and the floor of the right middle cranial fossa. (A) Preserved right hippocampus
(vertical arrow). (B) A surgical defect at the anterior aspect of the right temporal lobe (arrow).

3. Discussion

Meningoencephaloceles can be associated with microscopic congenital malformations. As such,
it is important to realize that the meningoencephalocele may be the “the tip of the iceberg” and the
diagnosis should lead one to carefully search for evidence of an underlying malformation of cortical
development. However, seizure rates and associated cortical congenital abnormalities are probably
more uncommon in this rare form of encephaloceles compared to non-skull base encephaloceles
(cranial-vault) seen in pediatric patients, which commonly have multifocal cortical abnormalities and
generalized epilepsy [23].

The optimal surgical strategy for intractable epilepsy patients with a temporal encephalocele is not
well established. Tailored surgery of temporal pole encephaloceles was described by Giulioni et al. [10].
As it has been reported before, local excision (in extra-temporal cases) has a similar chance of
seizure freedom as lobectomy (in temporal cases), regardless of the location of the encephalocele
(Faulkner). In our review of nearly 44 cases published so far, a conservative surgical approach was
seen more often than the larger resection of the anterior temporal lobe, including the amygdala and
the hippocampus combined.

We describe here two cases of temporal lobe encephaloceles and related epilepsy in which tailored
temporal lobe resection was performed. The left (dominant) hippocampus was preserved in case 1 due
to the demanding high cognitive/memory function of a college student, and the right (non-dominant)
hippocampus was preserved in case 2 due to patient choice and concern of worsening memory in the
setting of his advanced age.

In the presence of electrographic or radiographic evidence of wide mesial structure involvement,
the approach of ATLAH is reasonable, as shown by Panov et al., who reported four out of six surgical
cases of temporal encephaloceles treated with ATLAH. However, two of those six cases were treated,
similarly to our cases, with lesionectomy and temporal lobe disconnection. Our cases also illustrate
that temporal lobe encephaloceles can be treated successfully with a conservative surgical approach
sparing the mesial temporal structures.

The result of post-operative seizure freedom after encephalocele repair with only limited temporal
lobe resection, sparing the hippocampus, demonstrates the possibility and the importance of preserving
the vital memory function of the hippocampus without jeopardizing post-surgical seizure freedom.
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As shown by De Souza et al., most recent advances in stereotactic depth electrode implantation
may provide us with better options for intracranial EEG monitoring in future cases, which would
allow us to identify the epileptogenic zone more precisely for better outcome
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Abstract: L-Carnitine is a unique nutritional supplement for athletes that has been recently studied
as a potential treatment for certain neuropsychiatric disorders. However, its efficacy in seizure
control has not been investigated. Sprague Dawley rats were randomly assigned to receive either
saline (Sal) (negative control) or pentylenetetrazole (PTZ) 40 mg/kg i.p. x 3 times/week x 3 weeks.
The PTZ group was further subdivided into two groups, the first received oral L-carnitine (L-Car)
(100 mg/kg/day x 4 weeks) (PTZ + L-Car), while the second group received saline (PTZ + Sal).
Daily identification and quantification of seizure scores, time to the first seizure and the duration of
seizures were performed in each animal. Molecular oxidative markers were examined in the animal
brains. L-Car treatment was associated with marked reduction in seizure score (p = 0.0002) that was
indicated as early as Day 2 of treatment and continued throughout treatment duration. Furthermore,
L-Car significantly prolonged the time to the first seizure (p < 0.0001) and shortened seizure duration
(p = 0.028). In addition, L-Car administration for four weeks attenuated PTZ-induced increase in the
level of oxidative stress marker malondialdehyde (MDA) (p < 0.0001) and reduced the activity of
catalase enzyme (p = 0.0006) and increased antioxidant GSH activity (p < 0.0001). Moreover, L-Car
significantly reduced PTZ-induced elevation in protein expression of caspase-3 (p < 0.0001) and
-catenin (p < 0.0001). Overall, our results suggest a potential therapeutic role of L-Car in seizure
control and call for testing these preclinical results in a proof of concept pilot clinical study.

Keywords: L-carnitine; PTZ; epilepsy; apoptosis; 3-catenin; oxidative stress

1. Introduction

Epilepsy is the second most common neurological issue after stroke affecting around 65 million
people around the world [1,2]. As early as around 400 BC, it was proposed in the Hippocratic
compositions that seizures start from the mind; however, the connection was not settled until seminal
scientific investigations were conducted in the mid-Nineteenth Century by John Hughlings Jackson [3].
From that point forward, epileptology has grown significantly in parallel with fundamental discoveries
in neuroscience.
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Epilepsy is a neurological disease that is characterized by recurrent epileptic fits [4]. This disease
involves several subtypes with particular phenotypes and pathophysiologies that are classified
according to their etiology into symptomatic (secondary to other disorders, e.g., cancer or brain
insult), idiopathic and cryptogenic (undetermined etiology, probably symptomatic) [5]. Basically,
the term ictogenesis means the neurobiological basis for the transition of the brain from the interictal
state to the ictal state, whereas epileptogenesis refers to the fundamental processes that lead to the
development of the chronic phase of epilepsy with spontaneous recurrent seizures [6]. The molecular
mechanisms behind ictogenesis and epileptogenesis are under intense investigation [7]. Current
pharmacological treatment strategies largely aim at decreasing neuronal excitability and thereby
preventing the occurrence of seizures. An alternative approach is to prevent the emergence of the
epileptic state [8]. However, breakthrough seizures, treatment resistance [8], increased epilepsy-related
morbidity and mortality [9] are fairly common, highlighting the fact that the efficacy of our current
antiepileptogenic medications remains suboptimal [10]. This major public health concern calls for
novel therapeutic targets for epilepsy [11].

L-carnitine (L-Car) is a dietary supplement that is available in health food stores. It is an
endogenous molecule that plays an important role in 3-oxidation via transport of acyl-moieties from
fatty acids through the mitochondrial membrane [12]. After oral administration of L-Car, its plasma
and cerebrospinal fluid (CSF) concentrations increase because it is easily transported through the
blood-brain barrier via the organic cation/carnitine transporter OCTN2 [13]. Semland et al. [14]
demonstrated that oral administration of L-Car in drinking water failed to stop the development of
epilepsy in a kindling animal model, although it was associated with significant improvement of
brain metabolism and energy production in pentylenetetrazole (PTZ)-induced epilepsy mouse model.
Therefore, the present study was designed to explore the possible antiepileptic role of L-car and its
effects on oxidative stress markers, apoptosis, autophagy and the neuroprotective heat shock proteins
expression in the PTZ-kindled rat model.

2. Materials and Methods

2.1. Experimental Animals

Thirty male Sprague Dawely rats, 12-16-week-old at the beginning of the experiment, were housed
in individual cages and had free access to food and water with a 12-h light-dark cycle. One week
before the experiments, rats were adapted to these conditions with monitoring of the body weight and
general conditions throughout the study. All protocols and experimental procedures were approved
by the Institutional Review Board (IRB) at Mansoura Faculty of Medicine on 6 February 2017 with
Approval Code #1/16.12.90.

2.2. Study Groups

Rats were randomly assigned to one of three groups (n = 10/group): 1, control negative: received
saline (Sal group); 2, control positive pentylenetetrazole (PTZ); (Sal + PTZ group): rats received Sal
and PTZ (40 mg/kg i.p. 3-times per week till full kindling) [15]; and 3, L-Car + PTZ group: same as the
Sal + PTZ group, but rats received L-Car (100 mg/kg/day via gastric gavage) [16].

2.3. Pentylenetetrazole-Kindled Rat Model and Scoring of Epileptic Seizure

For induction of epilepsy, we used the method described by Hansen et al. [15]. After each PTZ
injection, each rat was observed for 30 min for latency to epileptic fit, duration of seizure and seizure
stage according to a modified Racine scale [15]. Full kindling was defined as exhibiting Stage 4 or 5 of
seizure score on three consecutive trials.
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2.4. Euthanasia and Collection of Brain Samples

Rats achieving full kindling were euthanized the following day after deep anesthesia using
sodium thiopental (120 mg/kg i.p.). Five rats in each group were perfused transcardially with 100 mL
heparinized saline followed by 150 mL of 10% formalin. The brain was then collected and placed in
10% paraformaldehyde for 4 h for fixation before it was stored in a 25% sucrose plus 0.1% sodium azide
solution until processing. For the biochemical assay of markers of oxidative stress and Western blotting,
whole brain tissues (of the remaining 5 rats in each group) were collected after saline perfusion only
and stored in liquid nitrogen until the time of the required experiments.

2.5. Assay of Lipid Peroxidations Marker (MDA) and Antioxidants (GSH Activity) and Catalase in
Brain Tissues

About 50-100 mg of brain tissues were homogenized using a mortar and pestle in 1-2 mL of cold
buffer solution (50 mM potassium phosphate, pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA))
then centrifuged at 4000 rpm for 15 min at 4 °C. The supernatant was kept at —20 °C until used for
analysis. Malondialdehyde (MDA), reduced glutathione (GSH) and catalase enzyme activity in the
supernatant of kidney homogenates were measured using a colorimetric method according to the
manufacturer’s instructions (Bio-Diagnostics, Dokki, Giza, Egypt).

2.6. Gel Electrophoresis and Western Blotting for Caspase-3 and B-Catenin

Brain tissues were lysed using RIPA buffer solution (50 mM Tris-HCI pH 7.4, 1% triton-X, 0.1% SDS,
150 mM NaCl, 2 mM EDTA, 50 mM NaF) containing protease inhibitor (Roche Diagnostics, Mannheim,
Germany) and phosphatase inhibitor mixture I (Sigma Aldrich, Deisenhofen, Germany) to obtain total
cell lysates. Afterwards, protein concentrations in each sample were assayed using the Bradford protein
assay, and 30 ug of each sample were mixed with Laemmli buffer (pH 8.0) containing 8% sodium
dodecyl sulfate (SDS), 0.2 M Tris, 10% {3-mercaptoethanol and 40% glycerol. Then, protein samples
were denaturated by heating at 95 °C for 5 min. Vertical SDS-PAGE (polyacrylamide) electrophoresis
was performed to fractionate total cell lysate proteins according to their molecular weight. Then,
the fractionated proteins were transferred to the nitrocellulose membrane by the wet blotting method.
Afterwards, membranes were blocked by incubation with 5% BSA solution for 1 h at room temperature.
Samples were incubated at 4 °C overnight with primary antibodies specific for caspase-3 (molecular
weight (MW) 35 kDa, #9662, Cell Signaling Technology, Danvers, MA, USA), 3-catenin (MW 92 kDa,
clone 6B3, Cell Signaling Technology, Danvers, MA, USA) and tubulin-o (MW 50 kDa, Neomarkers,
Fremont, CA, USA). The secondary antibodies were anti-mouse-HRP (Dako-Cytomation, Glostrup,
Denmark) and anti-rabbit-HRP (Cell Signaling Technology, Danvers, MA, USA). Finally, membranes
were visualized using the ECL Western blotting detection system (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

2.7. Histopathological Examination of Hippocampal Neurons by Hematoxylin and Eosin

Twenty micrometer-thick sections of brain slices were stained with hematoxylin and eosin (H&E),
and the slides of hippocampus were stained with hematoxylin for 15 min and in HCI alcohol solution
for 35 s. Then, the sections were immersed with eosin for 10 min and 90% ethanol for 40 s. After that,
the section was examined, and images of the cornu ammonis (CA3) region were captured under
light microscope.

2.8. Measurement of Expression of Heat Shock Protein (Hsp) 70 and Microtubule-Associated Protein
1A/1B-Light Chain 3 (LC3) by Immunohistochemistry in Hippocampus

Serial coronal sections (40 im) were sliced using a freezing sledge microtome, and a 1:6 series was
used for all quantitative immunohistochemistry. Peroxidase-based immunostaining was completed
as described previously [17]. In brief, following quenching of endogenous peroxidase activity where
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appropriate (using a solution of 3% hydrogen peroxide/10% methanol in distilled water) and blocking
of nonspecific secondary antibody binding (using 3% normal serum in Tris-buffered saline (TBS)
with 0.2% Triton X-100 at room temperature for 1 h), sections were incubated overnight at room
temperature with the appropriate primary antibody diluted in 1% normal serum in TBS with 0.2%
Triton X-100 (polyclonal anti-LC3 rabbit antibody, Cat#YPA1340, dilution 1:200; Chongging Biospes
Co., Ltd., Chongqing, China) and with primary rabbit polyclonal anti-Hsp70 (Cat #NBP1-35969, Novus
Bio, Littleton, CO, USA) (diluted 1:50). Processing of brain sections and the process of immunostaining
and image capture and analysis were mentioned in full detail in our previous work [18].

2.9. Statistical Analysis

Behavioral data (i.e., seizure scores, time to first seizure and the duration of seizures) are presented
as the mean =+ standard errors of mean (SEM). Molecular data on the effects of L-Car on oxidants
and antioxidants are also presented as the mean + SEM. Separate repeated measures analyses of
variance (ANOVA) with treatment (saline and L-Car) and time (days) factors were used to compare
each behavioral variable between control positive (PTZ + saline) and experimental (PTZ + L-Car)
groups. When a significant interaction was detected, post-hoc -tests were used to compare the two
groups at different time points. Two separate survival analyses were used to examine differences in
the time to first seizure and differences in the duration of seizure between the two groups. Separate
one-way analyses of variance (ANOVA) were used to compare each molecular variable between
control negative (saline), control positive (PTZ + saline) and experimental (PTZ + L-Car) groups.
Pearson correlation analyses were used to study the relationships between seizure stage and individual
oxidative stress markers in the PTZ group. All data were analyzed using GraphPad Prism Version 7
software, (GraphPad Software, La Jolla, CA, USA). Results were considered significant when p < 0.05.

3. Results

3.1. The Behavioral Effects of L-Car on PTZ-Induced Seizure

L-Car treatment was associated with marked reduction in seizure score (F (1, 16) = 22.3, p = 0.0002)
that was evident as early as Day 2 of treatment (L-Car + PTZ vs. Sal + PTZ Day 1 mean + SEM =12 &
04vs.24+0.17 t =2.61 df = 16, p = 0.018) and continued throughout treatment (Day 14: 1.4 + 0.5 vs.
42 +0.2,t=4.64df =16, p = 0.0003; Figure 1A). Furthermore, L-Car significantly prolonged the time
to the first seizure (median survival time L-Car + PTZ vs. Sal + PTZ =165 vs. 100 s, X2=31.07,df=1,
p < 0.0001; Figure 1B) and shortened seizure duration (median survival time L-Car + PTZ vs. Sal + PTZ
=30vs. 355, X2=4.81,df =1, p = 0.028; Figure 1C). Furthermore, we studied the relationship between
seizure latency and seizure score and found a significant inverse correlation (r = —4.96, p < 0.0001,
n = 91; Figure 1D). Moreover, animals with short latency (<100 s) compared to long latency (>100 s)
have a significantly higher seizure score (t = 5.739, df = 88, p < 0.0001; Figure 1E).
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Figure 1. The behavioral effects of L-Car on PTZ-induced seizures. (A) Two-way ANOVA showed
significant effects of treatment (Fy 14 = 22.35, p = 0.0002), time (Fg 9¢ = 6.07, p < 0.0001) and the
interaction between the two factors (Fg 9 = 3.15, p = 0.007) with significant differences (*) in seizure
scores between L-Car + PTZ and Sal + PTZ groups on Day 2 (1.22 + 0.43 vs. 2.4 £ 0.17, df = 16,
p=0.018), Day 3 (0.88 + 0.42 vs. 2.8 & 0.26, df = 16, p = 0.001), Day 4 (1.1 + 0.38 vs. 3.1 £ 0.35, df
=16, p=0.005), Day 5 (2.56 £ 0.6 vs. 4.2 + 0.2, df = 16, p = 0.035), Day 6 (1.7 & 0.49 vs. 3.6 + 0.28,
df =16, p = 0.004) and Day 7 (1.4 = 0.5 vs. 42 £ 0.2, t = 4.64, df = 16, p = 0.0003) by the two-tailed f-test,
nine animals per group. (B) Survival analysis shows significant delay in time to first seizure in L-Car +
PTZ vs. Sal + PTZ animals. Median survival ratio = 1.65 (165 vs. 100 s), 95% CI of ratio = 1.073-2.537,
p < 0.0001. (C) Seizure duration is significantly reduced in L-Car + PTZ vs. Sal + PTZ animals. Median
survival ratio is 0.85% (30 vs. 35 s), 95% CI of ratio = 0.523-0.404, p = 0.028. (D) Correlation between
seizure latency and seizure score (r = —4.96, p < 0.0001, 7 = 91). (E) Seizure score in animals with short
latency (<100 s) and long latency (>100 s) (t = 5.739, df = 88, p < 0.0001). (*) significant in seizure scores
between rats with sort latency and long latency. PTZ: pentylenetetrazole; Sal: saline; L-Car: L-carnitine.
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3.2. The Molecular Effects of L-Car on MDA, GSH, Catalase Enzyme, Caspase-3 and B-Catenin

L-Car administration for 14 days attenuated PTZ-induced increase in MDA level (F (2, 15) =
98.51, p < 0.0001; Figure 2A), reduced the activity of catalase enzyme (F (2, 15) = 12.76, p = 0.0006;
Figure 2B) and increased GSH concentration (F (2, 15) = 117.6, p < 0.0001; Figure 2C). Moreover, L-Car
significantly reduced PTZ-induced elevation in protein expression of caspase-3 (F (2, 15) = 348.6,
p < 0.0001; Figure 2D) and (-catenin (F (2, 15) = 1813, p < 0.0001; Figure 2E).
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Figure 2. The molecular effects of L-car on oxidants and antioxidants. (A) PTZ-treated animals had
significantly (*) higher malondialdehyde (MDA) compared to saline controls (*): mean difference =
31.35, 95% CI = 25.52-37.18, p < 0.0001, and L-Car-treated PTZ animals compared to saline controls (*):
mean difference = 18.22, 95% CI = 12.39-24.04, p < 0.0001, as well as compared to PTZ-treated animals:
mean difference = —13.13, 95% CI = —18.96-—-7.307, p < 0.0001, by one-way ANOVA followed by
Tukey’s multiple comparisons test, six animals per group. (B) Significant difference in catalase enzyme
activity (Fy, 15 = 12.76, p = 0.0006) by one-way ANOVA with marked reduction in L-Car-treated animals
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(compared to saline control (*): mean difference = —0.63, 95% CI = —0.97-—0.30, p = 0.0005, and
compared to PTZ-treated animals (*): mean difference = —0.42, 95% CI = —0.75-—0.08, p = 0.013). No
significant difference between PTZ-treated animals and saline controls (mean difference = —0.21, 95%
CI = —0.55-0.11, p = ns) by Tukey’s multiple comparisons test, six animals per group. (C) Robust
increase in GSH concentration (F, 15 = 117.6, p < 0.0001) by one-way ANOVA. L-Car-treated animals
showed a marked increase compared to saline-treated animals (*): mean difference = 15.8, 95% CI
=12.7-18.9, p < 0.0001, and compared to PTZ-treated animals (*): mean difference = 15.8, 95% CI =
12.7-18.9, p < 0.0001. No significant difference between PTZ-treated animals and saline controls (mean
difference = 0, 95% CI = —0.31-3.1, p = ns) by Tukey’s multiple comparisons test, six animals per group.
(D) Significant difference between groups in caspase-3 protein expression (F, 15 = 348.6, p < 0.0001) by
one-way ANOVA. PTZ increased the expression compared to saline controls (*): mean difference =
0.72, 95% CI = 0.65-0.80, p < 0.0001. Furthermore, L-Car increased the expression of caspase-3 protein
compared to saline controls (*): mean difference = 0.60, 95% CI = 0.53-0.68, p < 0.0001. However, L-Car
treatment attenuated the PTZ-induced increase in caspase-3 protein expression (*): L-Car + PTZ vs. Sal
+ PTZ mean difference = —0.12, 95% CI = —0.197-—0.043, p = 0.002, by Tukey’s multiple comparisons
test, six animals per group. (E) Marked effect of treatment on 3-catenin (F,, 15 = 1813, p < 0.0001) by
one-way ANOVA. PTZ increased the expression of -catenin compared to saline control (*): mean
difference = 1.28, 95% CI = 1.23-1.34, p < 0.0001. Furthermore, L-Car increased the protein expression
of B-catenin compared to saline controls (*): mean difference = 0.48, 95% CI = 0.43-0.54, p < 0.0001.
However, L-Car treatment attenuated the PTZ-induced increase in (3-catenin protein expression (*):
L-Car + PTZ vs. Sal + PTZ mean difference = —0.80, 95% CI = —0.85-—0.74, p < 0.0001, by Tukey’s
multiple comparisons test, six animals per group, (F) Products of Western blot for caspase-3, 3-catenin
protein and tubulin (housekeeping gene) protein expression in the Sal group [1], Sal + PTZ group [2]
and L-Car + PTZ group [3].

3.3. Effects of L-Car on the Morphology of Neurons in the CA3 Region of Hippocampus

Brain sections from the Sal group (Figure 3A) showed a normal appearance for neurons in the
CAS3 region of hippocampus, while those obtained from the Sal + PTZ group (Figure 3B) showed
irregular arrangement of neurons with a reduction in the number of neurons, and the neurons showed
pyknosis (darkly-stained nucleus and cytoplasm). The number of abnormal neurons was significantly
reduced in the brains tissues obtained from the L-Car + PTZ group (Figure 3C).

Figure 3. Cont.
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Figure 3. Histopathological examination of the CA3 region in hippocampus. Normal morphology for
cells and adequate number in CA3 in brains obtained from the Sal group (A, H&E, 400x), reduced
number of neurons with pyknotic changes (black arrows) in neurons of CA3 in brains obtained from
the Sal + PTZ group (B, H&E, 400 x) and significant number of neurons with normal morphology in
CA3 in brains obtained from the L-Car + PTZ group (C, H&E, 400x).

3.4. Effects of L-Car on Hsp70 and LC3 Expression in the CA3 Region of Hippocampus

Immunohistochemical examination showed a significant decrease in the mean area of interest
(AOI) of Hsp70-positive cells in the CA3 region of hippocampus in the Sal + PTZ and L-Car +
PTZ groups compared to the Sal group (p < 0.001). On the other hand, the L-Car + PTZ group
showed a significant increase in the number of Hsp70-positive cells compared to the Sal + PTZ group
(p < 0.01) (Figure 4A). Brain sections showed a high expression of Hsp70 in the Sal group (Figure 4B),
mild cytoplasmic expression in the Sal + PTZ group (Figure 4C) and high cytoplasmic expression in
the L-Car + PTZ group (Figure 4D).

*
& 3007 * |
@
g
=
S 200+ '
o
o
<<
g
2 100-
=
o
I
0 :
NS N
Hé. '%'b \;oé
A 24 Q‘d’ &
Q

Figure 4. Cont.



Brain Sci. 2018, 8, 45

Figure 4. Mean area of interest of Hsp70 positivity in the CA3 region of hippocampus from different
groups (A). The HSP70 protein expression mean area of interest was compared between the three
groups (PTZ + Sal, Sal + Sal and PTZ + L-Car using one-way ANOVA. F(2,15)=20.53, p < 0.0001. Tukey
multiple comparisons test was done between the groups. There was a significant difference between
PTZ + Sal vs. PTZ + L-Car (*) mean difference = —43.67. 95% CI of difference = —67.47 to —19.86, p =
0.0007) and also between Sal + Sal vs. PTZ + L-Car (*) mean difference = —55.83. 95% CI of difference =
—79.64 to —32.03, p < 0.0001. Section of brain in the CA3 region of hippocampus showing negative
expression for Hsp70 in the Sal group (B, 200 ), moderate cytoplasmic expression in the Sal + PTZ
group (C, 200x) and high cytoplasmic brown staining for Hsp70 in the L-Car + PTZ group (D, 200 x).

Furthermore, immunohistochemical examination showed a significant increase in the mean area
of interest (AOI) of LC3-positive cells in the CA3 region of hippocampus in the Sal + PTZ group
compared to the Sal group (p < 0.001). On the other hand, the L-Car + PTZ group showed a significant
decrease in the LC3 compared to the Sal + PTZ group (p < 0.01) (Figure 5A). Brain sections showed
negative expression of LC3 in the Sal group (Figure 5B), high cytoplasmic expression in the Sal + PTZ
group (Figure 5C) and minimal cytoplasmic expression in the L-Car + PTZ group (Figure 5D).
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Figure 5. Mean area of interest of LC3 positivity in the CA3 region of hippocampus from different
groups (A). LC mean area of interest by one-way ANOVA F(2,15) = 72,703, p < 0.0001. Tukey multiple
comparisons test was done between the groups. There was a significant difference between PTZ + Sal
vs. PTZ + L-Car (*) mean difference = 750.8. 95% CI of difference = 745.5 to 756.2, p < 0.0001 and also
between Sal + Sal vs. PTZ + L-Car (*) mean difference = 160.4. 95% CI of difference = 155 to 165.8,
p <0.0001, and also between PTZ + Sal vs. Sal + Sal (mean difference = 590.4 95% CI of difference = 585
to 595.8, p < 0.0001). Section of brain in the CA3 region of hippocampus showing negative expression
for LC3 in the Sal group (B, 400x), high cytoplasmic expression in the Sal + PTZ group (C, 400x) and
low expression for LC3 in the L-Car + PTZ group (D, 400x).

3.5. Correlations between the Stage of Seizure, Oxidative Stress Markers, Hsp70 Expression and LC3
Expression in Hippocampus

Seizure stage showed significant positive correlations between seizure stage and MDA, LC3,
caspase-3 and Hsp70 with significant negative correlations with GSH and CAT (p < 0.01). Furthermore,
expression of LC3 and Hsp70 showed a significant positive correlation with MDA and a significant
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negative correlation with CAT (p < 0.01). In addition, LC3 expression showed significant positive
correlation with Hsp70 expression (p < 0.01) (Table 1).

Table 1. Correlation between seizure stage and oxidative stress markers, expression of caspase-3,
f-catenin, LC3 and Hsp70 in the PTZ group.

Parameters Stage of Seizure MDA GSH CAT Caspase-3 B-Catenin Hsp70 LC3
Seigure staze 078 074  —034 0.65 0.63 —061 067
8¢ 0.001 0.02 0.092 0.005 0.03 0.04 0.011

r 0811 044 0.88 0.67 —074 075

MDA v 0.01 0.067 0.005 0.01 0.01 0.01
st r 0.32 —0.82 0.85 067  —071

p 021 0.005 0.001 0004  0.003
r —013 —0.32 064 —0.67

CAT p 0.62 021 0.01 0.009
Casomses " 0.68 062 068
P » 0.01 0.04 0.03
pcatenin " 0.63 0.62
p 0.01 0.01

r 0.62

Hsp70 ; 0.011

MDA = malondialdehyde, GSH = reduced glutathione concentration, CAT = catalase activity, Hsp70 = heat shock
protein 70. r, Pearson’s correlation coefficient. p < 0.05 is considered signiﬁcant

4. Discussion

The main findings in the present study are: (a) treatment with pentylenetetrazole (PTZ) caused
full kindling of rats, enhanced redox state and upregulated the expression of LC3, Hsp70, caspase-3
and (3-catenin in the rat hippocampal CA3 region; (b) chronic daily treatment with L-Car (100 mg/kg)
caused significant attenuation in seizure stage and duration and reversed the PTZ-induced alterations
in the redox sate and the expression of caspase-3, 3-catenin and more upregulation of Hsp 70 expression
in the rat hippocampal CA3 region.

Acetyl L-Car is a well-known potent antioxidant and has several properties that may suggest
its antiepileptic effect, such as protection against glutamate toxicity [19], a favorable effect on energy
homeostasis [20-22] and lowering oxidative damage and improving mitochondrial function [23].
Moreover, pretreatment with L-Car before administration of a single convulsive dose of PTZ to mice
prolonged latency to seizures and reduced the frequency of tonic-clonic seizures in a dose-dependent
manner [24]. On the other hand, Smeland et al. [14] reported in a model of chronic epilepsy
(PTZ-kindled epileptic rat) that L-Car failed to slow down the progression and latency to clonic
convulsions. However, they reported that it normalized some metabolic parameters in brain tissues
such as lactate, (3—13C) alanine, dopamine, myo-inositol and succinate in the cortex.

In the present study, the kindling model (a chronic widely-accepted animal model of epilepsy
produced by chemical or electrical stimuli) is implicated; of the chemical stimuli, pentylenetetrazole
(PTZ) (a gamma amino butyric acid (GABA) A receptor antagonist) produces severe convulsions when
administered to animals by using subconvulsive doses that are applied intermittently and repetitively
to produce full-blown convulsions [25]. The present study reported a significant increase in seizure
score and duration with significant reduction in latency in the PTZ group. These findings are in
line with our previous work from our group [18] and others [26,27]. Furthermore, the present study
demonstrated that treatment with L-Car in the PTZ-kindling model greatly attenuated tonic-clonic
convulsions and the duration of these convulsions, as well as delayed the seizure onset.

It has been demonstrated that reactive oxygen species play a role in the development and
progression of epileptic seizure [18,28]. During convulsive seizure, the low antioxidant defense systems
can predispose the brain to oxidative stress. Furthermore, the hippocampus may be particularly
sensitive to oxidative stress because it has low endogenous levels of vitamin E, an important
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biochemical antioxidant, relatively to other brain regions [29]. The present study demonstrated a high
oxidative stress state in the CA3 region of the hippocampus of PTZ kindled rats in the form a significant
increase in MDA (marker of lipid peroxidation) and a significant reduction in antioxidants such as
catalase and reduced glutathione (GSH). These findings are in line with previous studies [18,27,30]
and suggest that the induction of seizure produces a state of oxidative stress. Furthermore, our results
provide good evidence for the role of ROS in the pathophysiology of seizure in this model.

In the present study, co-treatment with L-Car significantly reduced MDA level and increased
GSH and catalase levels relative to the PTZ group. In agreement with these findings, previous studies
reported that L-car attenuated the seizure duration and severity in pilocarpine-induced epilepsy
though its antioxidant effects, which involved the suppression of MDA and upregulation of CAT and
SOD activities [31]. These findings lend more evidence to the hypothesis that the antiepileptic effect of
L-Car could be partially related to its antioxidant effects.

Autophagy is a regulated process in which the intracellular cellular proteins aggregate and
damaged organelles are degraded by the cell lysosomes [32]. LC3 is considered the most reliable
cellular marker for autophagy activation [33]. Therefore, we evaluated in the present study LC3 protein
expression in the CA3 region of hippocampus by immunohistochemistry. According to our results,
little expression of LC3 in the CA3 region in the saline negative control group was demonstrated,
while the PTZ group showed marked LC3 expression in brains. Furthermore, there was a positive
correlation between LC3 expression and seizure stage, suggesting a role for autophagy in PTZ-induced
epilepsy. In agreement with these findings, Shacka et al. [34] showed significant accumulation of
LC3-positive autophagy vacuoles in the hippocampus of kainite-induced epileptic mice. Furthermore,
Cao et al. [35] demonstrated the presence of autophagy in pilocarpine-induced status epilepticus (SE)
models. In addition, Scherz-Shouval and Elazar [36] and Scherz-Shouval et al. [37] hypothesized
that reactive oxygen species are the most important activators of autophagy. In the present study,
we reported a positive correlation between autophagy and MDA level, which is in line with the
previous hypothesis. Moreover, in the present study, we demonstrated for the first time that L-Car
inhibits autophagy in PTZ-induced chronic epilepsy.

The role of apoptosis in epilepsy was demonstrated in many previous studies and in different
animal models. Sudha et al. [28] and Simonian et al. [38] demonstrated activation of apoptosis in
hippocampal regions of KA-induced epilepsy. Moreover, Naseer et al. [39] showed a significant
increase in caspase-3 expression with activation of neuronal apoptosis in PTZ-induced epilepsy in
adult rats. In line with these previous studies, we demonstrated a significant increase in caspase-3
expression in the CA3 region of hippocampus of the PTZ group when compared to the saline control
group. Moreover, treatment with L-Car decreased apoptosis significantly in the hippocampus CA3
region compared to the PTZ group. Activation of apoptosis in PTZ-induced epilepsy could be due to
oxidative stress and generation of reactive oxygen species, which disrupt mitochondrial membrane
potential and activate the mitochondrial pathway for apoptosis [40]. These findings, along with others
suggest a potential role for apoptosis in epilepsy and possible anti-apoptotic effects for L-Car in the
epileptic rat model.

Heat shock proteins (HSPs) are stress-induced proteins that play an important role in cellular
responses to stress [41]. The expression of HSPs has been detected in different types of cells in the
nervous system including neuralgia, neurons and endothelial cells [42]. Previous studies examined the
expression of Hsp70 in epilepsy and reported direct relationship between seizure frequency, duration,
intensity and Hsp70 expression in both animal models [18,43,44] and human epilepsy [45,46]. It was
suggested that the expression of Hsp70 has a protective role for brain cells during epilepsy. The
present study demonstrated significant upregulation in Hsp70 expression in the hippocampal CA3
region with positive correlations with the seizure stage. Moreover, we demonstrated that L-Car
treatment caused upregulation in Hsp70 in hippocampus, which was reflected in improvement
of behavioral changes. These results suggest that upregulation of Hsp70 might be one of the
potential mechanism of the antiepileptic effects of L-Car. It is plausible to assume that the highly

67



Brain Sci. 2018, 8,45

expressed Hsp70 could protect neurons against oxidative stress and apoptosis. In accordance with
this assumption, Li et al. [47] and Zhao et al. [48] reported that the highly inducible Hsp70 has a
neuroprotective role in hindering apoptosis, possibly through interacting with p53, which elicits the
apoptotic process [49,50]. Furthermore, Kanitkara and Bhonde [51] reported that Hsp-70 can reduce
oxidative stress in beta cells and increase glucose-induced insulin release. Moreover, Ayala and Tapia
demonstrated that induction of Hsp70 protects the hippocampal neurodegeneration via modulating
endogenous glutamate expression [52]. A previous study has shown increased hippocampal CA1
glutamate release in PTZ-treated animals that was inhibited by Chai-Long-Ku-Li-Tan, a Chinese herbal
medicine, as a mechanism of its anticonvulsant properties [53]. Examining the effect of L-Car on
glutamatergic neurotransmission is highly indicated, however beyond the scope of the current study,
and requires further investigation.

In the development of the nervous system, the Wnt-f3-catenin signaling pathway plays an
important role in neurogenesis, neural differentiation, synapse development and plasticity [54,55].
The Wnt signaling pathway might be involved in a number of CNS disorders such as Alzheimer’s
disease, schizophrenia and mood disorders [56-58]. Regarding epilepsy, the role of the Wnt--catenin
signaling pathway showed controversies. Some studies showed upregulation in 3-catenin in epileptic
animal models such as pilocarpine-induced status epilepticus [59], electroconvulsive seizures rat [60]
and Theihaber et al. [61], who reported upregulation of f-catenin in the hypoxic rat model. In
addition, Xing et al. [62] demonstrated that 3-catenin may not be involved in the development
of hippocampal sclerosis of mesial temporal lobe epilepsy. On the other hand, other studies
demonstrated downregulation of 3-catenin during epileptic animal models such as the Kainite-induced
rat model [63,64]. Moreover, Campos et al. [65] demonstrated that 3-catenin knockout mice have high
seizure susceptibility to PTZ. In the present study, we demonstrated upregulation of 3-catenin in CA3
hippocampal regions in the PTZ group, which could be in response to oxidative stress. Downregulation
of B-catenin in the L-Car group compared to the PTZ group supports this hypothesis.

5. Conclusions

The results of the present study confirmed the neuroprotective and antiepileptic action of L-Car
against PTZ-induced epilepsy. These effects might be explained on the basis of detected L-Car actions
such as antioxidant activity, anti-apoptotic effects, suppression of autophagy and upregulation of
neuroprotective heat shock protein. However, further knockout experiments will be required to study
the detailed molecular mechanism of L-Car.
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Abstract: Despite appropriate trials of at least two antiepileptic drugs, about a third of patients
with epilepsy remain drug resistant (intractable; refractory). Epilepsy surgery offers a potential
cure or significant improvement to those with focal onset drug-resistant seizures. Unfortunately,
epilepsy surgery is still underutilized which might be in part because of the complexity of presurgical
evaluation. This process includes classifying the seizure type, lateralizing and localizing the seizure
onset focus (epileptogenic zone), confirming the safety of the prospective brain surgery in terms of
potential neurocognitive deficits (language and memory functions), before devising a surgical plan.
Each one of the above steps requires special tests. In this paper, we have reviewed the process of
presurgical evaluation in patients with drug-resistant focal onset epilepsy.

Keywords: medically intractable epilepsy; EEG; epilepsy surgery; MRI; epilepsy; seizures

1. Introduction

The majority of patients with epilepsy can become seizure-free with antiepileptic drugs (AEDs) but
about a third will continue to have seizures. However, patients with drug-resistant focal onset epilepsy
(the most common type of epilepsy), may become seizure-free, or have significant seizure reduction,
through epilepsy surgery. In particular, the efficacy and safety of anterior temporal lobectomy in
patients with temporal lobe epilepsy has been established through randomized controlled trials [1].

Despite the evidence of its superiority to medical therapy in patients with drug-resistant epilepsy
(DRE), epilepsy surgery is still underutilized as only a small group of these patients undergo presurgical
evaluation and even a smaller group end up having surgery. It is still a common practice to try almost all
available AEDs before referring patients for possible epilepsy surgery, while with proper management,
diagnosis of DRE can be established within 1-2 years after seizure onset.

Currently, out of about one million patients with DRE in the United States—the majority of whom
are suffering from focal onset epilepsy and potential candidates for surgery—less than 1% are referred
to epilepsy centers and only 2000 to 3000 undergo surgery. The recommended approach is to refer
patients who have failed adequate trials of two AEDs, either as monotherapy or in combination, to an
epilepsy center for presurgical evaluation [2—4].

This article will review proper management of patients with DRE, presurgical evaluation,
and different surgical treatment options based on the current recommendations by the international
league against epilepsy (IALE), and established guidelines.

2. New Classification of Seizure Types

In 2017, the international league against epilepsy (ILAE) released a new classification of seizure
types. This revision was based on the previous classification that has been in use since 1981. The new
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classification was developed to reflect the developments in our understanding of the disease since
then, in particular in brain imaging, electrophysiology, and genetics. The main differences in the new
classification include listing of certain new focal seizure types that used to be under the category
of generalized seizures, replacing the term consciousness with awareness in description of seizures,
and classifying focal seizures based on the first clinical manifestation (except for altered awareness),
adding new types of generalized seizures, and adding or changing certain terms to clarity the
terminology. In particular, the most common type of epilepsy, which is also potentially treatable
through surgery, complex partial epilepsy, will be referred to as focal onset epilepsy with loss of
awareness [5,6].

3. Drug-Resistant (Refractory) Epilepsy

It has been shown that 47% of patients with new-onset epilepsy can achieve complete
seizure-freedom with the first AED, 13% of the remaining 53% may become seizure-free using a
second agent, and only 4% with a third agent and/or polytherapy [7]. Therefore, failure of two
AEDs, either as monotherapy or combination therapy, would meet the criteria for DRE [8]. However,
it should be emphasized that the AEDs must have been tried adequately. An “adequate trial” includes,
choosing an appropriate AED for the type of seizure being treated (e.g., failure of carbamazepine
in treating idiopathic generalized epilepsy would not be considered a true failure), and titrating up
the dose to the maximum tolerated dose. An AED that triggers allergic reaction or causes significant
adverse effects that requires switching to another AED, may not be counted as failure either.

It is also critical to define “seizure-freedom” when assessing the success or failure of an AED.
The recommended definition is sustained seizure freedom for a period 3 times the longest inter-seizure
interval, or 1 year, whichever that is longer [8].

4. Presurgical Evaluation

The process referred to as presurgical evaluation is the most critical aspect of epilepsy surgery.
All patients who are suspected of having- or properly diagnosed with- drug-resistant epilepsy should
be referred to an epilepsy center for presurgical evaluation. During this process, the patient will be
further evaluated to confirm the diagnosis and to classify the seizure type.

This step is critical since close to half of patients with epilepsy have idiopathic generalized
seizures which cannot be treated with resective epilepsy surgery. Only focal onset epilepsy is
amenable to surgery. Therefore, only those with DRE who have focal seizures with loss of awareness
(formerly, complex partial seizures), with or without secondary generalization, are surgical candidates
and can complete the process of presurgical evaluation.

It is also crucial to confirm that the patient has true epilepsy and not an epilepsy mimic since
patients may seem refractory for presumed seizures but may have non-epileptic spells such as syncope
or psychogenic non-epileptic seizures (PNES). Therefore, the initial evaluation includes obtaining
proper history, seizure semiology, and electroencephalographic (EEG) findings are role in this process.

The ultimate goal of presurgical evaluation is to identify the epileptogenic zone (region), and to
establish the safety of a prospective brain surgery, so that the resection can be performed with minimal
functional impairment while achieving seizure freedom, if possible.

Identification of seizure focus involves extensive workup including seizure characterization,
lateralization, and localization through detailed evaluation of history, video-EEG (VEEG)
monitoring using scalp EEG electrodes or—if indicated—via surgically implanted intracranial
electrodes, different neuro-imaging modalities, neuropsychological testing, and if indicated,
intracarotid Amobarbital injection procedure (IAP; Wada test).

The fundamental goal in presurgical workup includes defining the epileptogenic zone
(epileptogenic region) which is the area sufficient for generation of seizures, and the minimum amount
of cortex that must be resected (inactivated or completely disconnected) to produce seizure freedom.
A variety of diagnostic tools should be utilized in evaluation of the various cortical zones. They include
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seizure semiology, VEEG recording, neuro functional testing and neuroimaging techniques with a
goal to define the cortical zones involved in seizure generation and propagation. Other cortical zones
of interest besides the epileptogenic zone include seizure-onset zone (cortical region that initiates
clinical seizures), symptomatogenic zone (where initial ictal semiology is produced), irritative zone
(where interictal spikes are generated), and functional deficit zone (cortical area that functions
abnormally during interictal period) [9,10].

While the ultimate tool in detecting the epileptogenic zone is the VEEG findings (more accurately
via direct intracranial recording), it can be significantly facilitated by high resolution brain
magnetic resonance imaging (MRI) (structural integrity), diffusion tensor imaging (cellular integrity),
magnetic resonance spectroscopy (metabolite and biochemical data), or through physiological imaging
modalities such as positron emission tomography (PET) and single-photon emission computerized
tomography (SPECT) scans (glucose or other ligands’ metabolism, and cerebral blood flow,
respectively). The irritative zone (area that generates interictal epileptiform activities) can be detected
by EEG, magnetoencephalography (MEG) and special functional MRI techniques. The seizure-onset
zone (area of cortex that initiates clinical seizures) can be measured by scalp/intracranial EEG recording
and ictal SPECT.

The symptomatogenic zone (area of cortex which produces the initial ictal symptoms or signs)
can be determined by the seizure semiology. The functional deficit zones are measured with
neuropsychological examination and functional imaging studies at the baseline (interictal period).

Despite the availability of multiple diagnostic modalities, different cases may require different
diagnostic tests therefore, the evaluations process should be tailored to the individual. In particular,
since a major classification in epilepsy is differentiating temporal lobe epilepsy (TLE) from
extra-temporal epilepsy, it is crucial to make that determination during the presurgical evaluation.
This distinction is based on the critical role of temporal lobe in neurocognitive functioning, its unique
anatomy, and the clinical evidence regarding its responsiveness to surgery.

In particular, TLE with mesial temporal sclerosis (MTS) may not require extensive diagnostic work
up as it can be confirmed with concordant ipsilateral anterior-mid temporal epileptiform discharges
without the need for intracranial recording. However, some patients may require intracranial (subdural)
monitoring for seizure focus lateralization and /or accurate localization as well as functional cortical
mapping. In general, about half of patients with TLE and almost all extra-temporal cases require
intracranial EEG recording for both purposes of pinpointing the seizure onset focus and/or cortical
mapping to delineate eloquent cortices for safety [11].

It should be noted that while patients who fail two appropriate trials of AEDs should be considered
drug-resistant and should undergo presurgical evaluation, they may benefit from adjustments to their
current AED regimens as seen appropriate. Therefore, starting the process of presurgical evaluation
does not preclude using other AEDs, especially given the available variety of AEDs with different
mechanisms of action and side effect profiles.

4.1. Scalp Video-EEG Monitoring

The standard procedure after confirming that the patient has refractory epilepsy usually starts
with VEEG monitoring to further characterize, lateralize and possibly localize the seizure focus.
Localization of the seizure onset zone through scalp EEG may be limited as it detects epileptiform
activity that synchronizes at least 6 cm? of the cortex [12]. Deeper seizure foci may not be detected
via surface (scalp) electrodes. Further, scalp EEG recording is usually insufficient in extra-temporal
epilepsy or even in non-lesional (normal MRI) TLE. Using extra electrodes placed based on the 10-10
international electrode system may add significant accuracy to scalp recording and in some cases avoid
intracranial recording (Figure 1).
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Figure 1. Right temporal lobe seizure onset in a patient with right hippocampal sclerosis and temporal
lobe epilepsy (TLE). The EEG shows buildup of rhythmic repetitive sharp theta discharges arising in
the right anterior-mid temporal regions. Scalp recording during long-term monitoring using extra
electrodes placed according to the 10-10 electrode system for clear distinction between frontal and
basal-lateral temporal head regions.

When seizure onset zone is poorly lateralized because of alternating seizure onset lateralization,
bitemporal asynchrony, or frequent bilateral epileptiform discharges, it indicates a less favorable
postsurgical seizure outcome [13]. Unilateral hippocampal atrophy on MRI and concordant unilateral
interictal spikes are highly predictive of concordant ictal localization [14].

Patients are often admitted for several days, depending on their seizure frequency. Most often
their AEDs are tapered off in order to capture about 3-5 typical and consistent seizures. There is
no consensus on tapering process but in general very rapid tapering is avoided to minimize risk of
Status Epilepticus or triggering aberrant seizure onset zones. Upon the completion of scalp VEEG
monitoring, some patients may not qualify for surgery; this includes patients with primary generalized
seizures and those with clear multifocal seizures, although some in the latter group may qualify for
intracranial recording for further elaboration. When scalp EEG cannot adequately localize the seizure
focus, particularly in patients with normal brain MRI, intracranial EEG monitoring would be justified.

4.2. Brain Imaging Techniques

Advances in brain imaging technology have substantially improved seizure localization and
surgical outcome [12]. Neuroimaging studies are not routinely indicated in all types of epilepsy.
For example, patients with idiopathic (primary) generalized epilepsy syndromes such as absence
epilepsy and Juvenile myoclonic epilepsy diagnosed clinically and through EEG typically do not
require imaging [13]. All patients with clinical and EEG evidence of focal onset epilepsy should have
brain imaging which includes brain MRI.

4.2.1. MRI (Magnetic Resonance Imaging)

The principal role of MRI is to define structural abnormalities that may be the cause of seizure
disorder. A high resolution brain MRI, usually referred to as Epilepsy Protocol MRI, is recommended
as the modality of choice for all patients presenting with symptomatic focal epilepsies, with or without
generalization. Detailed MRI sequences may be added to increase diagnostic yield depending on
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the etiology. Common sequences used by most epilepsy centers include thin-section (1 mm) coronal
oblique T1 gradient echo, coronal oblique T2 series, high-resolution 3D sequences (sensitive to subtle
cortical dysplasias or small tumors), and T2 FLAIR (fluid attenuated inversion recovery) images,
performed on 3 Tesla, or higher, MRI systems [14].

Temporal lobe epilepsy is the most common type of focal epilepsy and the most common MRI
finding in these patients is MTS, although this pathology may not be present at the time of seizure onset
and may take many years to develop. The main radiological findings in MTS include hippocampal
atrophy, internal structural derangement, and T2 hyperintensity as best seen on coronal T2 flair images
(Figure 2). Other cortical epileptogenic lesions include focal cortical dysplasia (FCD), tubers, gliosis,
infectious process (e.g., neurocysticercosis, abscesses), benign and malignant tumors, and inflammatory
processes (Rasmussen’s encephalitis). Not all lesions are epileptogenic and patients may present with
dual pathologies. In MRI-negative neocortical epilepsies, the most common pathology is FCD type 1
and 2. Type 2 FCDs are preferentially located at the bottom of the sulcus with high-resolution MRI
making it possible to visually identify such in an increasing number [15,16].

Figure 2. Right mesial temporal sclerosis (MTS). There is atrophy and increased signal intensity
in the CA1-3 regions of the right hippocampus. Coronal view; fluid-attenuated inversion recovery
(FLAIR) sequence.

4.2.2. SPECT Scan (Single-Photon Emission Computerized Tomography)

Structural lesions do not always correlate with clinical semiology and EEG findings but the
regional cerebral blood flow is useful tool to localize these seizures. Ictal SPECT is more sensitive and
specific in temporal lobe epilepsies given that the seizures are longer. The strength of SPECT is the
ability to obtain images related to regional cerebral blood flow (rCBF) at the time of seizures.

Interictal or ictal SPECT have been used to localize the ictal onset and ictal propagation patterns
and add to the evidence of abnormalities in the involved site [15,17]. Meta-analytic sensitivities
of SPECT in patients with TLE have been reported as 44% (interictally), 75% (postictally) and 97%
(ictally) [18] as opposed to 66% (ictally), and 40% (interictally) in extra-temporal seizures [19,20].

Ictal SPECT studies appear to correlate with outcome when there is close concordance between
the area of hyperperfusion and the resected area and vice versa with surgical failure when there is poor
concordance. Both ictal and interictal SPECT showing a change from hypoperfusion (interictal period)
to hyperperfusion (ictal period) is more reliable than an abnormality in either stage alone. However,
it has been shown that the sensitivity of ictal SPECT is higher than that of interictal SPECT because of
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the large CBF increase from the baseline that occurs during the ictal phase [21]. A significant limitation
of SPECT scan is its logistical complexity so that a significant number of major epilepsy centers do not
use it.

4.2.3. FDG-PET Scan (Fluorodeoxyglucose Positron Emission Tomography)

Pet scan obtained with FDG (18 F-fluorodeoxyglucose) is considered a non-invasive technique.
PET scans demonstrate hypermetabolism or increased glucose uptake during an ictal event and
hypometabolism during the interictal period. When MRI is normal, PET scan may be indicated to aid
in localization. Itis often correlated with other studies including MRI findings, EEG neuropsychological
testing and Wada test. Interictal FDG PET is known to be more sensitive than interictal SPECT in
localizing extra-temporal epilepsy [22]. The changes, however, are more extensive than the structural
and EEG abnormalities and may involve other regions including the ipsilateral suprasylvian and
parietal regions. Interictal FDG-PET is considered to be the best imaging technique to assess the
functional deficit zone (FDZ).

In TLE, interictal studies show hypometabolic areas in the epileptogenic regions in approximately
70-80% of patients (Figure 3) [23]. Ipsilateral PET hypometabolism showed a predictive value of 86%
for good outcome in meta-analysis of 46 studies [24].

Figure 3. Interictal FDG PET (fluorodeoxyglucose positron emission tomography) scan.
Decreased glucose uptake in the right temporal area (arrows) compared to the left side, in a patient
with right mesial temporal lobe epilepsy (MTLE).

4.2.4. MEG (Magnetoencephalography)

Magnetoencephalography maps interictal magnetic dipole sources onto MRI to produce a
magnetic source image. It is a more recent imaging modality in the presurgical evaluation of focal
epilepsy that has proven helpful in the detection of epileptogenic foci even in patients with inconclusive
results from other non-invasive test. The additional information provided by these techniques has
been demonstrated to help those patients with non-localizing MRI or extra-temporal epilepsy. MEG is
in principle more sensitive to neuronal activity from superficial than deep-seated structures. It is more
sensitive in detecting currents that are tangential to the surface of the scalp whereas EEG is sensitive
to tangential and radial neuronal activities. MEG systems allow rapid high-resolution recordings
of cortical function and dysfunction that are neither attenuated nor distorted by the skull or other
variable intervening tissue layers between the scalp and brain. It primarily detects the magnetic fields
induced by intracellular currents, whereas scalp EEG is sensitive to electrical fields generated by
extracellular currents.

The site of surgery in 58 patients were correctly predicted by intracranial EEG in 70%, compared
with MEG (52%), interictal scalp VEEG (45%) and ictal scalp VEEG (33%) [25]. MEG has shown
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equal effectiveness compared to EEG in terms of recording epileptic spikes with a tendency to register
epileptic spikes in more patients [26].

4.2.5. fMRI (Functional MRI)

While fMRI has not been established as a valid test to replace Wada memory test [27], it may be a
potential complement to standard neuropsychological test to predict postoperative verbal memory
outcome. It has been suggested [28,29] that it may be used to determine language dominance prior to
temporal lobectomy [30-33]. Overall, besides the evidence indicating its utility as a replacement of
Wada language test [34,35], to date, the replacement of the Wada memory test has proved to be more
difficult [33,36,37].

The concordance between fMRI and Wada language lateralization has been shown in a number
of studies reporting concordance. In one such study in 100 patients with different focal epilepsies,
there was 91% concordance between the two tests. The overall rate of false categorization by fMRI was
9%, ranging from 3% in left-sided TLE to 25% in left-sided extra-temporal epilepsy [38].

4.2.6. Intracarotid Amobarbital Injection Procedure (IAP, Wada Test)

A main focus of the presurgical evaluation is to estimate the risk of language- and verbal memory
decline in patients undergoing anterior temporal lobectomy (ATL) on the language dominant side
(usually, the left). Intracarotid Amobarbital injection procedure, commonly referred to as Wada test
(after Juhn Atsushi Wada), is considered the gold standard for pre-operative lateralization of language
dominance, and a measure of memory function [39]. The Wada test is also effective in predicting
seizure control and degree of verbal memory decline post operatively.

Wada test is indicated in patients who may undergo temporal lobectomy. However, despite the
high accuracy of the Wada test in lateralizing language and memory function, this test is associated
with false negatives and false positives and needs to be performed by experienced practitioners [40].
In good hands, the test is considered reasonably safe with potential minor and major complications
that have been reported to be rare, but in some reports as high as 1.09% [41]. Despite the risk, Wada test
clearly remains useful in patients without clear language lateralization or with suspected atypical
language lateralization, but more critically in patients at risk of postsurgical memory loss [42].

In some cases the validity of the test has been questioned [43]. Prior to the procedure, cerebral
angiography is used to assess the vasculature and extent of cross-over flow to contralateral arteries.
There are different anatomical variations that lead to unreliable results. EEG will be continuously
recorded throughout the procedure. During the procedure, amobarbital (100-150 mg) is injected
into each carotid artery to produce, one at a time, to induce a temporary disruption in function in
the ipsilateral temporal lobe while the patient gets involved in a series of different language and
memory related tasks. Other agents including, propofol, methohexital and etomidate have also been
used [44-46].

Upon injection of the language dominant side, there will be global aphasia, while the patient
would have only dysarthria after injecting the non-dominant temporal lobe. The more delicate function
of Wada test is to determine the “adequacy” of the contralateral hippocampus, while shedding light
on the “reserve” capacity of the ipsilateral side (seizure side). To be able to undergo anterior temporal
lobectomy, ideally the patient is required to correctly identify at least 3 more objects out of a total of
8 target objects, after injecting the ipsilateral side (“split” score of 3). This would indicate enough
adequacy on the contralateral hippocampus for a reasonable function ipsilateral temporal lobectomy.
A suggested partial alternative to Wada test is fMRI for language lateralization however, there are no
standardized methods to assess memory using fMRI.

Currently, the test is performed in a subset of patients who appear to be at risk for clinically
significant memory loss. Therefore, some patients with TLE, including those with left-sided TLE,
may not need Wada test, depending on results of VEEG, MRI, fMRI, neuropsychological and PET scan
results. Patients with left-sided TLE and MTS, ipsilateral hypometabolism on PET scan, low baseline

78



Brain Sci. 2018, 8,49

performance in verbal memory and naming on neuropsych testing, and left language dominance
on fMRI, may not undergo the test. However, those with nonlesional brain MRI, normal PET scan,
and normal baseline verbal memory and naming on neuropsych testing may benefit from Wada
test [27,47].

4.2.7. Neuropsychological Testing

While Wada test may not be required in all patients undergoing presurgical evaluation
cases, the non-invasive outpatient neuropsychological testing should be performed in all cases.
It establishes a baseline neurocognitive profile that can be used for postoperative comparison, and
also helps with seizure focus lateralization, localization, and postoperative outcome prediction [48-50].
Neuropsychological testing evaluates a variety of neurocognitive features particularly, but not limited
to, in patients with TLE. These include verbal memory, visual memory, verbal fluency, and other
aspects of cognitive performance. For example, a typical patient with dominant (usually left-sided)
epilepsy would have significant language and memory related deficits such as verbal memory and
word finding difficulties.

On the other hand, the same type of seizure originating in the non-language dominant side would
typically result in visual memory deficits. Therefore, it is crucial to both establish a baseline, and also to
corroborate the results of prior work up since neuropsychological test results may further confirm—or
argue against—the assumed localization and lateralization of the epileptogenic zone. The testing
includes evaluation of pre-morbid intellectual function, memory function, higher executive function,
language function and visuo-spartial function.

Memory and language testing contribute to the assessment of the functional integrity of
the contralateral lobe. When testing suggests severe memory and language deficiencies in the
contralateral hemisphere, the risk of developing postoperative memory and language impairment
is high. Memory disturbances have consistently been found in patients with temporal lobe seizures
because of the relationship between mesial temporal structures and memory processes [51-55].

5. Intracranial EEG Recording (Intracranial Electroencephalography; iEEG)

In an increasing number of patients EEG data recorded through scalp electrodes fails to clearly
lateralize or localize the seizure focus. This mandates, recording the EEG directly from the brain
through surgically implanted subdural surface electrodes and/or depth electrodes inserted into the
brain tissue. This group of patients include those with non-lesional brain MRI, unclear seizure
onset lateralization, uncertain seizure onset localization, possible bilateral or multifocal seizure
disorder, suspected dual pathology, discordant noninvasive data (such as interictal and ictal EEG,
structural or functional neuroimaging and neuropsychological testing or EEG findings), and seizures
likely originating in eloquent cortex requiring accurate localization and cortical mapping prior to a
possible resection surgery.

Implanting recording electrodes, either as depth- or grids and strips, comes with its own
challenges. The location and number of hardware should be decided on an individual basis. In general,
it seems safer to use minimal required hardware, the same principle that applies to AEDs. However,
such general principles cannot dictate the exact surgical plan and therefore the decision-making process
should be individualized in every case [56,57].

The use of intracranial EEG to guide surgical resections in some patients with TLE is controversial,
particularly in those with presumed unilateral mesial temporal lobe foci [58]. Most patients with
unilateral hippocampal atrophy with concordant scalp EEG or functional imaging studies have
excellent outcomes after standard antero-medial temporal resections without intracranial monitoring
with continued postoperative seizures seen in about 30% of patients [59] and some of these may be
due to a dual pathology [60]. Patients with bilateral temporal lobe seizure onsets are known to have
poorer surgical outcome than those with unilateral foci [61].
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5.1. Subdural Electrodes

Subdural electrodes consist of small metal discs embedded in teflon or silastic sheath material
and arranged in different configurations. They can be arranged in single column (strips) or in rows
and columns (grid) in different sizes and configurations. These strips are implanted subdurally
over the surface of brain via burr holes to insert strips, or craniotomy for grids. Large areas of the
frontal, temporal, parietal, interhemispheric (para-falcine), or occipital convexities can be covered
with appropriately sized grids and strip electrodes within the subdural space directly over the brain
(Figure 4; supplementary material).

Given that substantial parts of the cortex are in the depths of the sulci, subdural grids cannot
effectively record activities from these areas. Stereotactic EEG (SEEG) on the other hand can assess
deep sulci and gyri including mesial brain, orbito-frontal, insular and basal regions implantations
without difficulty. However when mapping of the eloquent cortex is required, subdural electrodes are
needed, in some occasion along with SEEG [62].

Figure 4. 3D rendering of baseline brain magnetic resonance imaging (MRI) and surgically implanted
subdural electrodes (grids and strips).

Besides their ability to record seizures directly from the cortical surface, grid electrodes are
the standard method of extraoperative cortical mapping to delineate eloquent cortex. A review of
71 patients who underwent subdural grid placement found transient complications in a majority
of patients with two deaths reportedly due to increased intracranial pressure [63]. The authors
concluded that there was a relationship between the size of the electrode arrays and the incidence of
complications. Recording delayed for more than 2 weeks may increase chances of infection and at
times lead malfunction. Epidural electrodes may be used for localization of seizure onset but they are
limited by the fact that they can only record from the lateral convexity of the cerebral hemispheres [64].

5.2. Stereoelectroencephalography (SEEG)

Recording EEG signals through surgically implanted depth electrodes provide the best coverage
for deeper structures (such as hippocampus, amygdala and insula) and deep sulci. The SEEG method
was originally developed by Jean Talairach and Jean Bancaud during the 1950s [65]. The first SEEG
implantation was performed on 3 May 1957 at St. Anne in Paris. Its safety, along with the safety of
subdural grids, has been well established [66]. The technical aspects remained essentially unchanged
for several years but recent advancements has popularized the procedure. Less surgical complications
have been observed with SEEG compared to subdural grids.

Risk of infection and intracranial hemorrhage have been reported in 1% and 0.8-1% of patients,
respectively. In other series small hemorrhages have been reported in 5.5%, of whom only 0.9% (3/12)
required surgery and no mortality were reported [67,68]. In one study, the using SEEG has been shown
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to confirm the epileptogenic zone in 154 patients (77.0%) with 134 patients undergoing SEEG guided
resection of whom 61 patients who were followed up remained seizure free at 12 months [69,70].

The planning of SEEG implantation requires formulating precise hypotheses about the possible
epileptogenic zone, seizure onset and propagation zones to be tested. It is also important to understand
the functional networks involved in the primary organization of the epileptic activity while formulating
a hypothesis. The trajectory passes through several target points including deep sulci, different lobes
and gyri orthogonally or obliquely considering different cortical cytoarchitectural areas involved in
seizure patterns. For example, in a suspected frontal lobe epilepsy case, a trajectory may pass through
primary motor cortex, supplementary motor area, frontal eye field, and deep sulci.

Depth electrodes in various lengths and number of contacts are implanted using conventional
stereotactic technique or by the assistance of stereotactic robotic devices through 2.5 mm diameter
drill holes.

5.3. Intracranial Seizure Lateralization and Localization

After implanting the intracranial electrodes, the patients are monitored in the epilepsy monitoring
unit for 1-2 weeks or longer in some centers. The duration of iEEG recording is determined by seizure
frequency, number of seizures needed to make a decision, and the time needed to perform mapping of
the eloquent cortex.

Interpretation of the data is based on EEG pattern recognition as well as clinical semiology
(symptomatology). An accurate interpretation of intracranial ictal EEG requires appropriate electrode
coverage of potential epileptogenic areas. A key point is to have placed the iEEG electrodes in proper
locations i.e., at—or in close vicinity to—the epileptogenic zone and areas around it. Besides the more
common ictal EEG patterns such as buildup of rhythmic repetitive sharp or spike discharges (Figure 5),
there is increasing evidence that high frequency oscillations (HFOs) that may be detected visually at
seizure onset, represent the epileptogenic zone. Interpretation may be difficult in some cases since
frequency range differs from one cerebral area to another because of neurophysiological properties of
the structure and from one etiology to another [71].
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Figure 5. Ictal onset EEG recording through two 1 x 8 subdural strips placed over the basal temporal
region in a patient with left temporal lobe epilepsy (TLE). Buildup of rthythmic sharp discharges initiated
at a few electrodes (red circles) before rapid propagation to other electrodes and generalization.

81



Brain Sci. 2018, 8,49

Bursts of HFOs may also be recorded during interictal periods and may be a marker of
epileptogenicity if the same bursts will develop into sustained fast activity at seizure onset.
Sometimes ictal baseline direct current (DC) shifts may precede the fast ictal discharges [72].

A specific interictal pattern in FCD is the occurrence of fast discharges combined with almost
continuous interictal spiking in the same region [73]. In localization of seizure onset, the most reliable
part is the first clear synchronizing electrical change seen in a limited number of electrodes [74] that
precedes the onset of clinical semiology. Mesial temporal lobe seizures may also begin as low-voltage,
high-frequency discharge without preictal spiking [75].

5.4. Electrical Stimulation (Cortical) Mapping

The purpose of cortical mapping is to delineate the borders of eloquent cortex. This procedure is
performed in patients whose seizure onset zone is located in the vicinity of language or motor cortices.
The purpose is to avoid removing such cortical areas hence functional deficits. An alternating polarity
square wave pulse pair stimulation (0.3 msec in duration, at 50-100 Hz, lasting 3-5 s) is applied to a
pair of electrodes located in areas near the border of presumed eloquent cortex (Figure 6). Caution must
be taken when stimulating cortex as a seizure may be provoked particularly when stimulating highly
epileptogenic cortical regions such as primary motor cortex and mesial temporal structure. A provoked
seizure is usually heralded by after discharges (Figure 7). [76].

Figure 6. Stimulation cortical mapping. Electrodes 20 and 21, located in the prerolandic motor cortex,
are stimulated based on a particular paradigm including slow titration of current density. The patient
will be observed for any motor activity in the corresponding body part (face and hand) while engaged

in a conversation or reading out loud.
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Figure 7. During stimulation mapping the pulse stimulus (LS, localization stimulus) may induce
afterdischarges (AD). In some cases, a brief pulse stimulus (BPS) may successfully terminate the AD
and prevent a clinical seizure.
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6. Epilepsy Surgery

Following the completion of presurgical evaluation and localization of the epileptogenic zone
as well as establishing the safety of a resection surgery in the individual patient, the proper surgical
option can be decided.

Depending on the seizure type, seizure localization, presence of absence of an identifiable
pathology on brain imaging (lesional vs. nonlesional cases, respectively), and patient’s functional
baseline, different surgical approaches and methods can be used. These include potentially curative
surgeries i.e.,, ATL (using different variations in technique), and resection of the epileptogenic
zone (often extra-temporal), or hemispherectomy and palliative surgical approaches such as
corpus callosotomy.

Given the higher prevalence of temporal lobe epilepsy and its distinct features i.e., its critical role
in basic cognitive functioning and its unique anatomy, epilepsy surgery is commonly categorized and
discussed as two separate categories of temporal- vs. extra-temporal.

Temporal lobe epilepsy surgery most often is performed as anterior temporal lobectomy and
includes the removal of anterior and mesial structures which naturally raises concerns about
postoperative language and memory deficits [1]. Therefore, as discussed earlier, specific diagnostic
tests have to be performed to address those concerns before a safe surgical method can be devised.

Extratemporal epilepsy surgery on the other hand, involves the removal of an identified seizure
focus as long it does not overlap with eloquent cortex. Generally, well delineated lesions such as
cavernous angioma, and FCD are more amenable to resection surgery with better outcome in lesional
cases of extratemporal epilepsy than nonlesional cases [77].

In general, a complete resection of the epileptogenic brain region provides higher chances of
seizure freedom but the risks of postoperative deficits would increase with the extension of resection.
Therefore, the extent of resection should be weighed against such risks and individualized in every case.

While traditionally the mainstay of surgical treatment has been open brain resection, recent
innovations have allowed for less invasive ablative techniques such as MRI-guided laser interstitial
thermotherapy (LITT). A brief review of the different technical approaches and methods follows.

6.1. Surgery of Temporal Lobe Epilepsy

Anterior temporal lobectomy (ATL) is the most commonly performed surgery for the treatment
of refractory temporal lobe epilepsy. Most patients who undergo ATL have concordant findings with
MRI, VEEG, PET scan, and Neuropsychological testing. This procedure is performed using a variety
of methods. The standard (en bloc) resection includes 3-6 cm of anterior temporal neocortex and
1-3 cm of mesial structures (amygdala and hippocampus) in the resection, with more limited resections
performed on the language dominant side.

Selective amygdalo-hippocampectomy (SAH), is another modified surgical method that was
developed to avoid the resection of lateral (neocortical) temporal tissue to minimize language deficits.
The SAH is performed by accessing temporal horn through an incision in the middle temporal
gyrus and selectively removing mesial temporal structures leaving the neocortical region intact [78].
Approximately 70% of properly selected surgical candidates become seizure-free following ATL,
and the majority of remaining group benefit significantly by achieving seizure reduction and improved
quality of life (QOL) [79,80].

6.2. Laser Ablation Surgery

Another method of operation used in temporal lobe as well as extra-temporal epilepsy is a less
invasive procedure that can ablate epileptogenic focus that avoids craniotomy. Laser ablation surgery
has been effectively applied in lesional and non-lesional cases including MTS, FCD, failed prior open
surgery, and on deeper lesions that are inaccessible to open surgery.

83



Brain Sci. 2018, 8,49

This procedure has the advantage of selectively targeting small lesions responsible for seizures,
with less pain and shorter hospitalization. The goal of an MRIgLITT (MRI-guided laser interstitial
thermal therapy) system is to necrotize soft tissues through interstitial irradiation or thermal therapy
under MRI guidance. Various pathologies have been treated with this technique including MTS,
hypothalamic hamartoma, cavernous angioma, malformations of cortical development, and tuberous
sclerotic lesions [81,82].

Mesial temporal epilepsy is also suitable for MRIgLITT. A history of prior laser ablative surgery
would not preclude further open resection or repeat ablation procedure. Its safety and accuracy,
in patients with difficult-to-localize seizures has been shown [83], and its efficacy has been reported
as comparable to that of open surgery but with less morbidity [84,85] including in older patients [86].
Evidence suggests that selective surgical approaches for mesial temporal lobe epilepsy lower cognitive
risks compared to the standard ATL. [87,88].

6.3. Corpus Callosotomy

Corpus collosotomy is a palliative surgical procedure devised to alleviate debilitating seizures in
individuals with no focally resectable lesion [89]. Disconnection of the corpus callosum decreases the
severity and frequency of rapidly propagating secondarily generalized focal seizures in patients
who are not otherwise good surgical candidates particularly those with drop attacks (tonic or
atonic seizures).

6.4. Multiple Subpial Transection Procedure

This technique introduced by Morrell in 1989 is primarily used for treatment of refractory
epilepsies where resection is risky such as cases of seizure foci in the vicinity of, or with overlapping,
eloquent cortex. The technique leaves the vertical columnar arrangement of the cortex intact thereby
preserving function while preventing horizontal propagation of the seizure discharge. The procedure
has been shown to be of value in cases of epileptogenic foci involving an eloquent cortex but less
effective than excision surgery [90].

6.5. Hemispherectony

Hemispherectomy (FH) is used mainly in children with refractory focal epilepsies confined to one
hemisphere but also rarely in adults. Two main surgical techniques include anatomic hemispherectomy
(which aims to resect all cortical tissue on one hemisphere along with various amounts of subcortical
tissue), and functional hemispherectomy (which consist of more disconnection and less resection than
the anatomic hemispherectomy.

Hemispherectomy is most commonly used in patients with perinatal strokes, Sturge-Weber
syndrome, Rasmussen encephalitis, Infantile Hemiplegia Seizure Syndrome (IHSS), and
hemimegalencephaly. Surgical candidates are selected based on a number of factors including
severity of the underlying epilepsy, neurological condition, natural history of the underlying disease,
and patient’s age. Serious late post-op complications including superficial cerebral hemosiderosis
and hydrocephalus can occur although modifications of the procedure have decreased these
complications [91,92].

7. Non-Resective Surgical Treatments

Patients who are determined to be unqualified for seizure focus removal via resective surgery,
such as those with multifocal seizures and those with overlapping seizure onset zone and eloquent
cortex, may benefit from other surgical options. Attempts to control seizures through electrical
stimulation started in 1960s have resulted in a few available treatment modalities starting with
vagus nerve stimulation (VNS) in 1980s. Currently, there are two such procedures approved in the
United States and one other approved elsewhere. These surgically implanted modalities do not require
removal of brain tissue.
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7.1. Vagus Nerve Stimulation (VNS)

This is an adjunctive therapy approved by the Food and Drug Administration (FDA) for refractory
focal onset epilepsies with or without secondary generalization in patients 4 years or older. The VNS
system is comprised of a battery generator programmed to deliver intermittent electrical stimuli via the
left vagus nerve to the brain. The generator is implanted in the left upper chest and is tunneled under
the skin to the vagus nerve. A retrospective review of efficacy of VNS in 48 patients with intractable
partial epilepsy showed progressive decrease in mean seizure frequency by 26% after 1 year, 30% after
5 years, and 52% after 12 years [93].

7.2. Responsive Neurostimulation (RNS)

The RNS system was approved by the FDA in 2013 for medically refractory focal epilepsy.
It provides cortical stimulation in response to ictal discharges detected by the RNS device. This is
a programmable neurostimulator which is cranially implanted and connected to one or two depth
and/or subdural cortical strip electrodes placed over the seizure foci. The Neurostimulator continually
senses electrocorticographic activity and when detects onset of an ictal discharges, provides brief
pulses of stimulation in response (closed-loop system).

The pivotal randomized study of 191 subjects showed a progressive reduction in the frequency of
total disabling seizures in the treatment group (41.5%) compared to the sham group (9.4%) in the final
months of the 2 year study [94].

7.3. Stimulation of the Anterior Nucleus of Thalamus (Deep Brain Stimulation, DBS)

In a multicenter trial, that evaluated stimulation of bilateral anterior nuclei of the thalamus,
the treatment group had 29% greater reduction in seizures compared to the control group in the first
month, and at least 50% seizure reduction in 54% of patients on 2 years follow up [95]. Stimulation of
the anterior nucleus of thalamus has been approved as adjunctive treatment for drug-resistant focal
epilepsy in adults, in the European Union since 2010, but its approval in the by FDA for use in the
United States is still pending.

8. Postsurgical Outcome

Postsurgical outcome in epilepsy surgery is mainly assessed based on seizure-freedom or
seizure reduction, neurocognitive functioning, and change in overall QOL. More detailed elements
in measuring outcome include factors such as work eligibility, driving, etc. Of particular concern,
are language and verbal memory function following temporal lobe surgeries.

Interestingly, despite the evidence supporting the efficacy and safety of epilepsy surgery, until
2001 there was no such evidence based on randomized, controlled trials (RCT). The first RCT included
80 patients with TLE randomly assigned to surgery (ATL), or continuing medical therapy, for one year
to compare both seizure control outcome, and quality of life (QOL), disability, and mortality.

The study showed, for the first time, that after one year follow up, 58% of patients in the ATL
group were seizure- free compared to only 8% in the medical therapy group (p < 0.001). Further,
those in the surgical group had less frequent focal seizures and significantly better quality of life
compared to the non-surgical group (p < 0.001 for both comparisons). In the surgical group 4 patients
(10%) had mild language and memory deficits against one dead in the non-surgical group [1].

Since postsurgical outcome significantly depends on seizure type and seizure onset location,
different types of epilepsies and surgical approaches are to be studied separately. A summary of a few
selective outcome studies, including particular surgical methods used, follows.
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8.1. Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis

8.1.1. Standard (en Block) Anterior Temporal Lobectomy (ATL)

Patients with MTLE and MTS can achieve long-term seizure control following standard ATL
however the risk of seizure recurrence after >2 years exists. A review of 50 consecutive cases of ATL
in patients with MTLE and MTS reported 82% seizure-freedom rate at 12 months, 76% at 24 months,
and 64% at 63 months (mean follow up 5.8 years). The improvement in seizure control was associated
with improved long-term QOL. The study also indicated reduction in AED as the major risk factor for
seizure recurrence [96].

A more recent study of a similar group of patients undergoing standard ATL and followed for
mean 6.7 years found 89% seizure-freedom, and significant improvement—defined as Engel Class
I or IT in 94%. Complete seizure freedom was seen in 103 patients (89%), and Engel Class I or II
outcome (free of disabling seizures, or rare disabling seizures, respectively) in 94%. This study also
determined concordance rates between the final resection site and the following factors: VEEG (100%),
PET (100%), MRI (99.0%), and Wada test (90.4%). The lowest concordance was found with SPECT
(84.6%), and neuropsychological testing (82.5%). Interestingly, a strong Wada memory lateralization
was associated with excellent long-term seizure control, and vice versa, i.e., low disparity in scores
between the sites predicted continued seizures [97].

8.1.2. Selective Amygdalohippocampectomy (SAH)

Patients with MTLE and MTS who undergo this technique may also achieve similar outcomes
comparable to ATL with more extensive (neocortical temporal) resections [98]. While SAH was
originally introduced as a method that could minimize neurocognitive deficits by preserving the
neocortical temporal cortex, the controversy about its outcome involves neuropsychological deficits
rather than seizure-freedom rates, as compared to standard ATL. While there is some evidence of SAH
resulting in better cognitive function than ATL [99]. SAH performed in patients without adequate
memory reserve can result in verbal memory deficits in dominant temporal lobe cases [100]. This topic
has been reviewed by Schramm who concluded that there was considerable evidence of improved
neuropsychological outcomes in SAH [101].

9. Neurocognitive Deficits Following ATL

At the presurgical baseline, patients with epilepsy, in particular those with TLE, often have some
degree of cognitive impairment which may be further affected by surgery. It has been shown that
larger temporal lobe resections provide better seizure control outcome however, they are more likely
to induce cognitive deficits since larger resection risks including more of the functional tissue [102].

To further quantify association between the extent of temporal lobe resection and cognitive
outcome a group of 47 right-handed patients with left MTLE who underwent ATL was studied.
Cognitive changes were compared between limited resection (1-2 cm for mesial, and <4 cm for
neocortical), and more extensive resection (>2 cm for mesial, and >4 cm for neocortical). There were
no differences in cognitive outcome between the groups however, a negative correlation was found
with age at seizure onset [103].

10. Conclusions

Drug-resistant epilepsy, defined as failure of two anti-seizure medications to completely control
seizures, can be effectively treated with surgery. Therefore, proper use of diagnostic methods
to determine a patient’s eligibility for surgical treatment i.e., presurgical evaluation, is of utmost
importance in managing patients with DRE. This process, as discussed in this article, also determines
what type of surgical approach would be the safest and the most beneficial approach to the particular
patient. With further developments in diagnostic and therapeutic methods, both presurgical evaluation
and the surgical methods used, will improve constantly.
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Abstract: Epilepsy is an important and common worldwide public health problem that affects people
of all ages. A significant number of individuals with epilepsy will be intractable to medication.
These individuals experience an elevated mortality rate and negative psychosocial consequences
of recurrent seizures. Surgery of epilepsy is highly effective to stop seizures in well-selected
individuals, and seizure freedom is the most desirable result of epilepsy treatment due to the
positive improvements in psychosocial function and the elimination of excess mortality associated
with intractable epilepsy. Globally, there is inadequate data to fully assess epilepsy-related quality of
life and stigma, although the preponderance of information we have points to a significant negative
impact on people with epilepsy (PWE) and families of PWE. This review of the psychosocial impact of
epilepsy focuses on regions of Asia and Sub-Saharan Africa that have been analyzed with population
study approaches to determine the prevalence of epilepsy, treatment gaps, as well as factors impacting
psychosocial function of PWE and their families. This review additionally identifies models of care
for medically intractable epilepsy that have potential to significantly improve psychosocial function.

Keywords: medically intractable epilepsy; surgery of epilepsy; stigma; quality of life;
developing world

1. Literature Review

1.1. Prevalence of Epilepsy

Epilepsy is an important public health problem representing 0.6% of the global burden of
disease [1] that particularly impacts the people living in the lowest income countries where epilepsy
incidence may be 10 fold more than in the developed world. The prevalence of epilepsy is about
0.8% in North America [2]. However, prevalence rates have been estimated to vary from 49 to 215 per
100,000 people among regions of Africa [3], and an overall prevalence of 15 in 1000 has been described
for Sub-Saharan Africa (SSA) [4]. In Asia, median prevalence has been observed to be similar to that
found in Europe and North America, although with wide variation and with significant prevalence
differences between rural and urban dwellers [4].

Sub-Saharan Africa includes 11% of the world population, but benefits from only 1.3% of world
income, and of the least wealthy countries in the world, 80% are in Africa [5]. With this wealth disparity
as a backdrop, it is understandable that many Sub-Saharan residents experience inadequate access
to epilepsy care. Additionally, Sub-Saharan Africa is a mostly rural dwelling population, and of the
about 36% of Africans who live in cities, most live in extreme poverty situations. A resource poor
environment combined with inadequate access to medical care may explain the very high epilepsy
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prevalence rates observed in Africa, confounding these challenges this difficult environment results
in significant difficulty determining the true epidemiology of the disease [5]. However, several
authors have undertaken population studies of epilepsy in isolated regions of Sub-Saharan Africa.
In a cross-sectional study using a survey questionnaire of rural and urban dwelling population in
Kampala, Uganda and surrounding countryside, Kaddumukasa, et al. identified an overall epilepsy
prevalence of 13.3% [6]. Ae-Ngibise, et al. [7] conducted a cross-sectional survey of individuals
residing in the middle part of Ghana. The authors determined that 10.1 per 1000 individuals residing
in this West African region had active convulsive epilepsy. In rural Zambia a door-to-door survey
was conducted by Birbeck, et al. to determine active epilepsy prevalence identified an adjusted
prevalence of 12.5/1000 [8]. Age-specific prevalence rates were found to be highest among children
5-15 years old with a second smaller peak in the over 65-years old age group. Ngugi, et al. [9]
undertook a population-based cross-sectional and case-control study of prevalence and risk factors
of convulsive epilepsy in five African Health and Demographic Surveillance System centres (Kilifi,
Kenya; Agincourt, South Africa; Iganga-Mayuge, Uganda; Ifakara, Tanzania; and Kintampo, Ghana)
to evaluate the reasons for significant variation in estimates of prevalence in different African regions.
Adjusted prevalence rates for convulsive epilepsy ranged from a high of 14.8 per 1000 in Tanzania to
7.0 per 1000 in South Africa. Several epilepsy-related risk factors were found to be associated with
epilepsy prevalence. However, the epilepsy risk factor of most importance was exposure to parasites,
and this risk factor likely explained most of the regional variation in epilepsy prevalence.

Regional variation of prevalence rates has been identified in Asia as well. In Southern provinces
of China, a door-to-door survey identified the prevalence of epilepsy active within the last year and
the last five years of 2.8% and 3.7%, respectively, and the prevalence of epilepsy was significantly
higher in rural areas [10]. Wang, et al. also identified a contrast in epilepsy prevalence between rural
and urban provinces with higher epilepsy rates in more rural provinces of Heilongjiang and Ningxia
and relatively lower epilepsy rates in the more urban province of Henan [11]. Epidemiology studies
of epilepsy in Pakistan and India have identified twice the epilepsy prevalence in rural compared
with urban areas (6.23 versus 3.04 per 1000), and this difference was not related to neurocysticercosis
infection rates [12,13].

The full epidemiological burden of epilepsy is likely underestimated in the door-to-door survey
methodology most commonly employed in population studies of epilepsy in the developing world.
In this method of case ascertainment in population-based studies of epilepsy, a questionnaire
is administered to screen for members of a household with epilepsy. However, the commonly
used screening questionnaire [14] is most sensitive to detect generalized tonic-clonic seizures so
that individuals with partial complex, dyscognitive, or myoclonic seizures who do not experience
generalized convulsions will be under-recognized. Furthermore, epilepsy associated stigma may lead
to a reluctance to admit to an epileptic disorder in a household resulting in further underestimation of
the number of prevalent cases.

A common finding worldwide is higher epilepsy rates in rural dwelling populations. The causes
are most likely multifactorial and related to the recognized factors that result in a treatment gap in
the developing world such as lower socioeconomic status of rural dwelling people and less access
to medical clinics, health care providers, and medications. Additional possible factors impacting
higher rates of epilepsy in rural areas include exposure to environmental etiologies of epilepsy such
as parasites and less knowledge in rural areas of medical treatment options and greater reliance on
traditional healers.

1.2. Epilepsy Related Mortality and Morbidity

In addition to an elevated prevalence, mortality of intractable epilepsy is high worldwide and
particularly so in Sub-Saharan Africa. Epilepsy in East Africa has a substantially elevated standardized
mortality ratio of 7.2 times age-matched controls, among the highest of the poorest areas of the
world [15]. Low socioeconomic status is associated with an elevated risk of death from epilepsy [16,17],
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and epilepsy more frequently causes death in Sub-Saharan Africa than in developed countries [6].
The causes of epilepsy-related death include the underlying epilepsy etiologies, medical complications
of epilepsy, trauma, suicide, and sudden unexplained death in epilepsy [18-20]. In Africa, burns are
commonly encountered resulting from ubiquitous open-hearth fires in the home, and burn injuries
are disproportionately encountered in people with epilepsy [21,22]. Birbeck reported burns or falls
requiring hospitalization in 31% of epilepsy patients in rural Zambia [23]. In South Africa, 11% of
accidental scalds presenting to one burn unit were epilepsy related [24]. In Tanzania, a long term
follow-up study found that over 50% of deaths in epilepsy patients were related to status epilepticus,
burns or drowning [25].

1.3. Epilepsy Treatment Gap

The treatment gap in epilepsy can be defined as the proportion of people with epilepsy who
require treatment but do not receive it, and this parameter has been proposed as a useful concept
to compare quality of care of epilepsy patients across regions and countries [26]. Treatment gap
is strongly influenced by socioeconomics of a region or country. Meyer, et al. identified for every
one-level decrease in World Bank income category, the treatment gap increased by a factor of 1.55 [26].
In the developing countries of Sub-Saharan Africa and Latin America, up to 90% of people with
epilepsy have been reported to receive inadequate treatment or no treatment at all [12].

In Asian countries, the treatment gap is broadly estimated to be 29-98%, with a gap for most
countries between 50% and 80% [12]. In Yueyang County, Hunan province, China, a more rural region
of China, a door-to-door epidemiological survey of epilepsy was conducted by Pi, et al. [27] who
found the lifetime prevalence rate of epilepsy was 4.5%. In this survey area, 35.0% of the people with
epilepsy (PWE) had never been diagnosed or treated, 57.3% of PWE received non-standard treatments,
and only 7.7% of patients received standard treatment. The non-standard treatments included the
use of Chinese medicine in 42.7%. The authors identified in this rural Chinese region that 93.4% of
patients with active epilepsy in the last year had a treatment gap as high as 96.6%. Hu, et al. [28]
conducted questionnaire-based interviews in rural Western China to identify individuals with active
convulsive epilepsy. The estimated prevalence of convulsive epilepsy was found to be 1.8 per 1000 in
this population with a treatment gap estimated to be 66.3%. The authors were able to identify that
a majority of individuals with epilepsy had consulted a doctor but failed to receive or adhere to an
appropriate treatment program.

In Sub-Saharan Africa, the epilepsy treatment gap has not been adequately studied although
the information we have points to the presence of a significant treatment gap. Koba Bora, et al. [29]
identified in a charity run neuropsychiatric clinic in Lubumbashi, the second largest city in the
Democratic Republic of Congo, the epilepsy treatment gap was above 67%. When asked to describe the
cause of their epilepsy, 55.3% of patients or their families considered epilepsy to be of spiritual
or religious origin. In a random cluster sampling survey, questionnaires were administered to
individuals living in rural and urban parts of Rwanda to evaluate aspects of epilepsy in the country [30].
The investigators found a prevalence of 41/1000 of people having active epilepsy, and a treatment
gap of 67.8% that consisted of 43% receiving no treatment and the remainder of the gap due to
traditional healer treatment or a mixture of traditional and medical treatment. Mbuba, et al. conducted
a cross-sectional survey and risk-factor analysis of the epilepsy treatment gap in Kilifi, Kenya [31].
PWE were identified in a cross-sectional survey to establish the prevalence of active convulsive epilepsy
and to determine the presence of any treatment gap. In those with epilepsy, the investigators evaluated
blood levels of antiepileptic drugs (AEDs) to corroborate the questionnaire results concerning medical
treatment. The epilepsy treatment gap based on AEDs detected in blood samples was 62.4% and of
the PWE who sought medical treatment, 77% were prescribed antiepileptic medications. The authors
found that non-adherence to medical treatment was associated with negative beliefs and attitudes
about epilepsy. South Africa is a unique country in Sub-Saharan Africa due to its economic size and
high sophistication level of its institutions. The gross domestic product of South Africa is the third
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highest in Africa after Nigeria and Egypt. South Africa is generally considered to be the most advanced
medical system in Africa regarding patient care delivery and training of healthcare professionals.
Ngugi, et al. identified prevalence of active convulsant epilepsy in Sub-Saharan Africa to be lowest
in Agincourt, South Africa and highest in Ifakara, Tanzania with a significant difference between the
two [9].

Worldwide, particularly in low resource areas, a treatment gap is found commonly to be much
higher in rural than in urban areas. Common themes are identified that contribute to a gap in
treatment that includes poverty, a lack of access to AEDs, inadequate access to physicians trained to
manage epilepsy, poor knowledge about epilepsy among the community and healthcare providers,
failed models of healthcare delivery, as well as stigma of epilepsy arising largely from common
misconceptions about epilepsy that it is contagious or has supernatural origins [23,32].

1.4. Stigma and Psychosocial Impact of Epilepsy

The burden of epilepsy in the developing world affects the individual with epilepsy, their family,
and society in general. PWE are impacted by the physical dangers of a seizure that brings risk of
injury and death. There is a psychosocial impact as well on PWE who may be stigmatized and
marginalized in society due to epilepsy. A child with epilepsy in a low-resource family frequently
cannot participate in the activities of family life such as collecting water for fear of drowning or cooking
for fear of falling in the fire. Financial security is at risk due to the cost of epilepsy medication and
treatment [33]. Additionally, some parents must leave their jobs and experience lost income in order to
provide care for the epileptic child. Psychosocial development is affected by the stigma of epilepsy,
which is present worldwide to some degree but is most visible in the developing world. In East
Africa, epilepsy is frequently thought to result from demonic possession and a seizure is believed
to be contagious. In Asia, misconceptions that epilepsy is hereditary is a common belief about the
cause of epilepsy, which results in an inability to marry for the PWE and negatively impacts the
entire family of PWE [34]. In both China and Vietnam, the lack of marriageability of PWE centers
on two main issues: (1) the possibility that epilepsy is inheritable and so could be passed on to
offspring, and (2) the perceived inability of PWE to carry out everyday living tasks and contribute
adequately to the family economy [35]. The psychological burden of epilepsy in China was assessed
by Wang, et al. [36] by asking PWE the question “What do you worry about most”. Eighty percent
of responders replied: “when the next seizure might occur” and the second most frequent response
was: “facing discrimination”. In rural areas, traditional beliefs shape the definitions and treatment of
epilepsy, which results in patients and families seeking less Western medical treatment. In rural China,
Wang et al. [11] found the attitudes towards PWE are mostly negative. About half of the population
believed that PWE should not be employed, and epilepsy was often identified as a mental disorder
equivalent to insanity. Even among highly educated individuals and community leaders in China,
about half of people perceived epilepsy as a ‘terrible” condition, and that the disease was not curable
and may be hereditary [37]. Studies in China have identified high rates of stigma felt by PWE and
their families [38]. In a survey of PWE in China, about 1/3 of Chinese with epilepsy thought they were
treated differently by others because of their epilepsy and 50% chose to keep their epilepsy secret [39].
In both China and Vietnam, surveys of attitudes about PWE found most people thought PWE have
low intelligence, negative changes in character, and are often unfit for school [35].

In East and South-central Africa, children with epilepsy often are prevented from attending
school due to stigma. The epileptic child may be shunned from family meals. Stigma creates an
environment that leads to few or no childhood friends or play [40]. Witchcraft and sorcery may be
invoked to combat the suspected demonic origin of epilepsy, which has additional risks of injury for
the PWE and additional costs from traditional healers often sought out and exhausted prior to medical
solutions [41,42]. As a result, PWE frequently experience rejection and isolation due to commonly held
misconceptions of epilepsy etiologies and transmissibility [43,44].
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Many facets of life are impacted by epilepsy. Personal health security is threatened by epilepsy.
Fear of injury, concern about the social consequences of having a seizure, and the stigmatization
related to a diagnosis of epilepsy leads to social isolation. Baskind and Birbeck have described three
forms of stigmatization associated with epilepsy: enacted, felt, and courtesy [45]. Enacted stigma
occurs when the source of discrimination is another person. Felt stigma results from a fear of being
discriminated against. Courtesy stigma occurs when someone close to a PWE, in relation or proximity,
feels stigmatized. Studies have indicated that nearly half, and sometimes as many as 70%, of PWE
report feeling stigma [46—-49]. PWE who report greater felt stigma are more likely to suffer from low
self-esteem, poorer psychological function, and more uncertainty about the future [50]. Psychiatric
comorbidities, including depression and anxiety, are more prevalent in PWE who report greater felt
stigma [51-54]. Importantly, quality of life is appreciably decreased in these individuals [53,54]. In fact,
psychosocial factors related to the stigma of epilepsy have a greater impact on the quality of life of
PWE than clinical variables, such as side effects of medications [54,55]. The elements contributing to
felt stigma vary by region and culture, but those commonly cited include seizure worry, lack of social
support, and seizure severity [56-59]. Family members and close supporters of PWE also report high
levels of stigma [57,60]. Increased levels of felt and enacted stigma are associated with lower levels
of education, lower socioeconomic status, minorities, and those with less exposure to PWE [53,61].
Although low socioeconomic status is highly correlated with felt stigma, low socioeconomic status
alone does not account for felt stigma. Leaffer, et al. [53] found that quality of life, depressive symptoms,
and social support have the greatest impact on reported felt stigma in PWE. The researchers also
identified that felt stigma is significantly associated with quality of life in low socioeconomic status
individuals and with depression severity and social support in individuals with high socioeconomic
status. Stigma, in all forms, limits the personal, educational, and social opportunities of the person
with epilepsy, leading to a significant impact on the quality of life of both the person with epilepsy and
his or her family members.

The causes and consequences of epilepsy are heterogeneous across countries and regions, although
there are significant knowledge gaps in many areas of the world including much of the Asian continent.
It is clear that striking geographic differences exist in the etiologies of epilepsy [40-42]. There is as
well cultural variability as to how a society relates to epilepsy [43—46]. The treatment gap found in
low resource regions constrains the type and level of care that can be delivered to most of the people
of the world with epilepsy since a majority of the worlds’ population lives in low resource countries.
There are formidable political and economic forces responsible for the worldwide treatment gap in
epilepsy, yet regardless of one’s ability to access appropriate treatment stigma continues to be an
important factor in the life of PWE, and it is likely that stigma of epilepsy would need to be overcome
in order to improve quality of life of individuals with epilepsy [9,19,47,48].

Projects in the developing world such as the Global Campaign against Epilepsy are currently
working to change attitudes about epilepsy through education, to dispel myths, and reduce social
isolation [62]. However, changes in attitude are very slow to develop. Evidence in the developed world
points to seizure freedom as a critical factor to improving quality of life (QOL) in PWE, especially if
achieved at an early age when social and cognitive skills are still developing [63,64]. The earlier in life
seizures can be controlled the more likely it is that an individual will develop normal interpersonal
skills and integrate into society (i.e., complete schooling, find work, and marry) [65]. Therefore, the
most effective intervention to alleviate stigma is most likely to be elimination of the recurrent seizures.

1.5. Treatment of Medically Intractable Epilepsy

About 30% of PWE will fail medical treatment with ongoing and recurrent seizures despite
medication, so-called intractable epilepsy. Intractable epilepsy has now been defined by the
International League Against Epilepsy (ILAE) as recurring seizures that continue unabated despite
trying and failing at least 2 anticonvulsant medications over at least one year [66]. Despite over
20 anticonvulsant medications available in North America and the European Union today for the
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treatment of epilepsy, the new medications are not more efficacious in controlling seizures compared to
the old medications although newer medicines may have better side effect profiles. Intractable epilepsy,
which is dangerous and life-threatening, significantly elevates mortality rates of PWE to 4.69 times that
of age-matched controls [67]. The most effective means of reducing the morbidity and mortality of
epilepsy is seizure control [68]. And intervention to treat medically intractable epilepsy with surgery
to stop the seizures reduces mortality to that of the general population [67].

Surgery of epilepsy is a highly effective treatment to stop seizures for the majority of PWE [69,70].
The “low hanging fruit” of surgical treatment is surgery of temporal lobe epilepsy (TLE) due to the
fact that TLE is common, frequently does not respond to medication, and has excellent opportunity to
achieve seizure freedom from surgery. Boling et al. demonstrated in an epilepsy program established in
Uganda, East Africa that surgery for medically intractable TLE can be accomplished in the developing
world with good results on seizure freedom without serious complications [71]. In brief, the program
recruited children with a history and seizure semiology typical for TLE from regional clinics of
central and northern Uganda. Epilepsy characterization and seizure focus localization with video
electroencephalography EEG, computed tomography CT brain imaging, and neuropsychology testing
was done at CURE Childrens’ Hospital of Uganda (CCHU). The hurdles that must be overcome in
any developing world approach to epilepsy treatment are related primarily to inadequate expertise
for reliable EEG video interpretation, a shortage of available technology, and a harsh environment.
The lack of expertise was overcome with remote analysis of video EEG and CT imaging in North
America by epilepsy experts and teleconference linkage with the developing world site. The array of
sophisticated technology available to epilepsy programs in the developed world will not be available
in the foreseeable future to the majority of people in the world, who live in countries that are severely
resource constrained. Therefore, only technology reasonably available in the developing world site can
feasibly be used in the establishment of a sustainable epilepsy program. At the time the program was
established in Uganda, there was no MRI available in the country but CT was available, which provided
adequate imaging identification of mesial temporal sclerosis in 50% of the surgical patients. Likewise,
the candidates selected for surgery were straightforward TLE and most likely to benefit from surgery,
so-called low hanging fruit. The harsh environment relates to frequent power outages, temperature
extremes, and lack of technicians to repair and upkeep sophisticated and sensitive equipment. The CT
scan functions well in this environment and it was learned that video EEG does as well. The details of
the methods and results of the CCHU epilepsy program are available at Boling, et al. [71]. This program
established a paradigm for sustainable epilepsy care in a setting of severe resource constraints that
optimized available technology rather than maximizing technological requirements.

Fletcher, et al. then went on to analyze patients 8 years after an epilepsy evaluation at CCHU and
found 70% were seizure-free after surgery, all the seizure-free patients had stopped their anti-epileptic
medication, and none of the non-operated patients were seizure-free [72]. The authors retrospectively
analyzed quality of life (QOL), stigma, and self-esteem of individuals both cured of epilepsy with
surgery and non-operated with continued epilepsy. QOL was analyzed at long-term follow-up
using an outcomes inventory developed and validated for people with epilepsy, the quality of life
in epilepsy-31 inventory QOLIE-31 [73]. The test contains seven multi-item scales analyzing factors
commonly impacting PWE and a single item that assesses overall health. The authors identified a
significantly elevated QOL for patients in the surgical treatment group compared to non-surgical
patients. Stigma was evaluated by Fletcher, et al. with a questionnaire developed by Joan Austin, et al.
for children with epilepsy and their parents [74]. The Austin, et al. stigma measure has two scales,
one for testing the child with epilepsy and another for the parent. The parent responds to five items
on a 5-point Likert scale from 1 (strongly disagree) to 5 (strongly agree). To score, the five items are
summed and divided by the number of items. A higher score reflects greater perceptions of stigma
associated with their child having epilepsy. The child responds to 8 stigma related questions that ask
how often they felt or acted in the ways described on a 5-point Likert scale from 1 (never) to 5 (very
often). The questions broadly relate to subjective experiences with peer relationships, seizure and
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medication side effects, and day to day life challenges. To score, the items are summed and divided
by the number of items. A higher score reflects greater perceptions of stigma. In this East African
group of PWE, patients who were seizure-free after surgery showed significantly lower perceived
stigma compared to non-surgical patients with continued epilepsy. The Austin parent survey likewise
revealed lower perceived stigma in the parents with seizure-free children versus those parents with
children who continued with seizures.

Fletcher, et al. [72] found significant psychosocial improvement in individuals who realized
seizure freedom after surgery for intractable epilepsy compared with those who continued with
epilepsy, and similar psychosocial benefits were identified in the parents/caretakers of seizure-free
individuals. The authors also identified that the developing world model of TLE surgery was similarly
effective as the developed world experience to achieve seizure freedom, surgery had very low risks,
and seizure-free results were robust at long-term follow-up.

2. Conclusions

Sub-Saharan Africa appears to have a very high overall prevalence of epilepsy. However, there is
significant regional variation Asia and Africa in regards to epilepsy prevalence that may be related
to the presence of endemic disease and parasites that are epilepsy etiologies and/or related to the
availability of appropriate medical treatment of epilepsy. In the developed and developing regions of
the world, stigma appears to be an important factor that affects QOL in PWE. In most of the developing
world, there are differences between rural and urban populations in regards to degree of stigma
experienced by PWE, and the degree of epilepsy-related stigma is largely reduced in a population by a
higher level of education and acceptance of medical models of epilepsy etiology and treatment.

Medically intractable epilepsy is a chronic, disabling and dangerous disease. However, surgery
will stop seizures in the majority of well-selected individuals, and seizure freedom will reduce
the elevated mortality risk of epilepsy to that of age-matched controls [75]. Additionally, surgical
treatment of drug-resistant epilepsy in the developed world improves QOL and reduces stigma [76,77].
These outcomes, which underpin an emphasis in the developed world to surgically treat intractable
epilepsy when a clear opportunity for seizure freedom exists, are translatable to the developing
and low resource regions of the world. Surgery is the only opportunity to cure intractable epilepsy,
and, therefore, should be considered as an important treatment approach in high and low resource
regions of the world to eliminate excess mortality of intractable epilepsy and mitigate the psychosocial
consequences that impact individuals with medically intractable epilepsy.
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Abstract: Neuromodulation is a treatment strategy that is increasingly being utilized in those
suffering from drug-resistant epilepsy who are not appropriate for resective surgery. The number
of double-blinded RCTs demonstrating the efficacy of neurostimulation in persons with epilepsy is
increasing. Although reductions in seizure frequency is common in these trials, obtaining seizure
freedom is rare. Invasive neuromodulation procedures (DBS, VNS, and RNS) have been approved as
therapeutic measures. However, further investigations are necessary to delineate effective targeting,
minimize side effects that are related to chronic implantation and to improve the cost effectiveness
of these devices. The RCTs of non-invasive modes of neuromodulation whilst showing much
promise (tDCS, eTNS, rTMS), require larger powered studies as well as studies that focus at better
targeting techniques. We provide a review of double-blinded randomized clinical trials that have
been conducted for neuromodulation in epilepsy.

Keywords: epilepsy; neuromodulation; randomized clinical trials (RCT); deep brain stimulation
(DBS); transcranial direct current stimulation (tDCS); vagal nerve stimulation (VNS); external
trigeminal nerve stimulation (eTNS); repetitive transcranial magnetic stimulation (rTMS); responsive
neurostimulation (RNS)

1. History of Neuromodulation

There has been a long experimental history of cortical and deep brain neuromodulation in
epilepsy. Only in the last 20 years however, through improved knowledge of brain networks, accurate
stereotactic neurosurgery and robust trial design has this been translated into accepted clinical use.
The dawn of human stereotactic deep brain stimulation (DBS) can be seen in medial thalamotomy
psychosurgery by Spiegel and Wycis in 1947 in an attempt to decrease the brutal but commonly
performed frontal lobotomies [1]. Gildenberg, a fellow at the time to Spiegel and Wycis, stated that
intraoperative brain stimulation was used as a means of investigating the target prior to lesioning.
Hence, from the origins of DBS, electrical stimulation was adopted as a physiological tool to evaluate
deep brain structures [2]. Epilepsy too became an interest amongst early DBS pioneers, and initial
studies looked to target epileptic foci with implantation of chronic stereotactic deep brain electrodes
for interrogation and intermittent stimulation [3]. In 1947, the first human stereotactic apparatus was
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designed and used by Talairach in order to record and stimulate temporal structures in patients with
epilepsy [4]. Cooper pioneered therapeutic chronic stimulation for epilepsy in the early 1970s with
a focus on the cerebellum due to the existing evidence of the inhibitory effects of this structure.

An additional early target for epilepsy was the anterior nucleus of the thalamus (ANT). In fact,
as early as 1979, Cooper implanted chronic ANT DBS electrodes in patients with drug-resistant focal
impaired awareness seizures [5]. This very same structure has resurfaced recently in a double-blinded
RCT showing clinical benefit in some adults with drug-resistant focal seizures and focal to bilateral
tonic clonic seizures [6]. Velasco and colleagues in 1987 targeted the centromedian thalamic nuclei for
treatment of generalized or multifocal uncontrollable seizures in five patients, where clinical seizures
were significantly reduced as were EEG interictal spikes and slow waves [7]. The author performed
further studies addressing the role of the centromedian thalamic nuclei in epilepsy pathogenesis and
examining the long term effect of chronic electrical stimulation [8-10].

The technique of chronic stimulation of subcortical structures was proposed soon after the
introduction of human stereotactic surgery in 1947 [11]. What was first used as a tool to study and
treat neuropsychiatric disorders led to applications in pain management, then epilepsy, and finally
movement disorders. The historical evidence presented challenges the notion of more recent published
studies declaring DBS “a new approach” in epilepsy treatment [11].

2. Mechanism

Mechanisms of action of neuromodulation for epilepsy control are poorly understood and
acknowledged as multifaceted and multifarious. Stimulation parameters used in clinical trials have
been commonly experimental in nature, often derived from subjective configurations investigated
with each anatomic structure in question. A chasm is still evident between insufficient animal data and
limited clinical models. A need exists for more studies looking into the optimal stimulation parameters
for the clinical management of seizures.

Early animal models by Ranck investigated the amounts of current necessary to stimulate various
myelinated and unmyelinated neural structures within the central nervous system, showing that
electrical fields have a variance in effect on different neuronal structures [12]. A proposed mechanism
of action based on studies performed by Velasco and colleagues suggested that high frequency
stimulation of kindled neuronal structures increases after-discharge thresholds with subsequent
seizure reduction [13]. Additionally, it was noted that high frequency stimulation reduced regional
cerebral blood supply in the stimulated area and in the centromedian thalamic nucleus, causing
suppression of thalamic and cortical spike-wave and synchronous firing. Parahippocampal cortex high
frequency stimulation was seen to enhance the GABAergic benzodiazepine receptor numbers in the
operated field [13]. Interestingly, low-frequency stimulation had the potential to trigger or exacerbate
epilepsy in some susceptible areas, but had an inhibitory effect in others [13,14].

Some authors speculate that direct electrical current may have inhibitory effects on neurons
that participate in initiation, propagation, and protraction of epileptic activity in certain anatomical
regions [15]. Such inhibitory effects may be due to high extracellular potassium accumulation post high
frequency stimulation, causing depolarization of neurons and tonic inactivation of sodium channels,
further prohibiting initiation of action potential and consequently seizure activation and propagation.
Small elevations of potassium are capable of lowering the seizure threshold, but large increases cause
an opposite reaction and thus inhibit pathological bursting [15].

Other important studies have shown that the mechanism of seizure inhibition may be
more complex and possibly involves alteration of gene expression and protein synthesis [14].
The antiepileptogenic effects of low-frequency stimulation have been associated with the attenuation
of adenosine receptor gene expression via inhibition of the dentate gyrus and chronic vagal nerve
stimulation is seen to alter various amino acids and neurotransmitters in the brain, with decreases
in aspartate (excitatory amino acid), increases in GABA (inhibitory), and increases in ethanolamine,
a membrane lipid precursor [16].
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Further mechanisms of action regarding each modulation intervention are described in their
respective sections.

3. Modes of Treatment and Anatomical Targets for Stimulation in Epilepsy

Epilepsy affects 1% of the population worldwide, and approximately 30% of patients are
drug-resistant [17,18]. Other than the few candidates for resective surgery, most will have persistent
often disabling seizures for the rest of their lives [19]. Neuromodulation is an alternative treatment
strategy for patient with drug-resistant epilepsy. It is most often used in those for whom resective
surgery is not feasible (i.e., very extensive network, multifocal epilepsy, or epileptogenic zone in
eloquent cortex).

There is much heterogeneity in the modes of electrical stimulation for the treatment of
epilepsy, with a variety of anatomical structures, stimulation parameters, and outcome measures.
Further discussion will cover structures and neuromodulation modes of treatment for epilepsy with
a focus on published double-blinded RCTs (Table 1).

3.1. Deep Brain Stimulation (DBS)

Cerebellum: The earliest target of deep brain stimulation was the cerebellum. Therapeutic
chronic stimulation became a treatment modality for epilepsy in the early 1970s pioneered by Cooper,
and targeted due to the existing evidence of the inhibitory effects of this structure [20]. In his study, 10 of
15 patients with drug-resistant epilepsy had significant reduction or complete seizure inhibition during
three years of chronic anterior lobe cerebellar stimulation [20]. According to Rosenow, in another
group, Cooper targeted the anteromedial cerebellar surface for electrode placement and was able to
achieve >50% reduction in seizure frequency in 18 of 32 patients [5]. Following these results, Van Buren
presented a double-blinded cerebellar stimulation study of five patients with drug-resistant seizures
that showed no significant difference in outcome [21]. Due to the resultant uncertainty surrounding the
long-term outcomes of cerebellar stimulation, Wright et al. performed a double-blinded trial of chronic
cerebellar stimulation in 12 patients with severe epilepsy [22]. Two 8-button pads were positioned
on the upper surface of the cerebellum providing a mean peak current of 5-7 mA and frequency of
10 cathodal pulses per second of alternating polarity. Two of the patients had more bespoke parameters
based on their responses. The patients received three modes of stimulation with randomly allocated
two month phases of (1) continuous stimulation, (2) intermittent contingent stimulation, and (3) no
stimulation. There was no significant reduction in seizure frequency in any of the groups within this
trial [22]. After these results, cerebellar stimulation fell out of favor, until Velasco et al. re-evaluated the
controversial topic with the aid of improved technology from radiofrequency-linked pulse generators to
a fully implantable programmable battery-operated pulse generator [23]. Five drug-resistant epilepsy
patients were involved in the study with insertion of two four-contact plates onto the supero-medial
cerebellar surface. Fixed pulse width of 0.45 ms with current at 3.8 mA producing a charge density of
2.0 uC/cm? /phase was utilized. Pulse frequency was 10 pulses per second as used in the prior trials.
The patients served as their own controls and in the initial three months double-blinded stage, a 33%
reduction in seizures was reported in those with the stimulation initially on. All five patients in the
unblinded stimulation period at six months had a mean seizure reduction rate of 41%, with significant
reductions in tonic-clonic seizures and tonic seizures. Adverse events were all infectious in nature [23].

The differing target areas of stimulation and seizure patterns may be a reason for the variances
seen in these studies. However, positive results seen in certain trials show that the cerebellum remains
a potential target for neuromodulation in epilepsy.

Centromedian nucleus of the thalamus (CMT): As part of the cortico—striato—thalamic pathway,
the CMT has extensive projections to the cortex and has been observed to be involved in cortical
excitation and seizure propagation [24,25]. Several pioneering studies have shown seizure reduction
and decreased frequency in EEG spiking for generalized epilepsy [7,26-29]; other case reports have
also proven its clinical effectiveness in refractory status epilepticus [30,31].
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Two double-blinded RCTs have been performed on this structure. Fisher et al. performed in
six patients a cross-over on/off stimulation protocol in three month blocks with a three month washout
period. A 30% reduction in tonic-clonic seizure frequency with stimulation vs. 8% reduction in the
sham period was noted using stimulator parameters of 90 us pulses at 65 pulses/s, 1 min of each
5 min, for 2 h/day. To maintain effective blinding, the stimulation amplitude was set to 50% of
sensory threshold. No statistically significant improvement was seen in the double-blinded phase of
study. However, thresholds were increased to 90% in the open phase follow-up of the investigation,
where three of the six patients saw a >50% reduction in generalized seizure frequency. Velasco et al.
performed in 13 patients a double-blinded 6 month cross-over protocol with 3 month period of no
stimulation (between 6-12 months after implantation; when stimulating-alternating right and left
paradigm using parameters of 60 Hz, 4-6 V. 1 min of each 5 min, for 24 h/day) [27]. No significance
was seen in mean seizure frequency reduction. Long-term open-label follow-up however showed
a mean seizure reduction of 81.6% in patients with Lennox-Gastaut syndrome compared to 57.3% in
patients with focal epilepsy [27].

Anterior nuclei of the thalamus (ANT): As part of the limbic system, the ANT is connected to the
hippocampus and receives projections from the mammillary bodies via the mamillothalamic tract and
fornix, while itself projecting to the cingulate gyrus, orbito-frontal, and mesial prefrontal cortices [32].
Neuronal activity of the thalamic nuclei includes two major types of discharge: tonic and burst-firing.
Additionally, theta activity is noted in some neurons and thought to play an important role in synaptic
plasticity of the hippocampal circuit. Based on animal studies, and its central location with abundant
connectivity, the ANT became a common and attractive target for DBS for the treatment of drug-resistant
epilepsy. ANT DBS is an approved target for therapy in Europe in treating focal epilepsy for adults,
whereas it is still awaiting approval from the United States Food and Drug Administration (FDA).

Cooper and Upton first published subjects who underwent ANT DBS for drug-resistant focal
impaired awareness seizures in 1985. Five of six patients had a reduction of more than 60% in seizure
frequency with stimulation at 3.5 V and 60-70 Hz [5]. Following this study, various case series reported
a mean seizure reduction of >50% after ANT DBS [33-39]. These results subsequently led to a large
double-blinded RCT for the Stimulation of the Anterior Nucleus of Thalamus for Epilepsy (SANTE) in
patients with drug-resistant focal epilepsy, of which more than half of the study subjects had prior
epilepsy or VNS surgery. Data from 110 patients with focal seizures focal to bilateral tonic-clonic
seizures were collected [6]. Bilateral leads were implanted and after a one month post-operative
baseline period, patients were randomized to receive three months of stimulation with duration 90 us,
frequency 145 Hz, at 5 V (on for one minute then off for five minutes) vs. no stimulation. After the
double-blinded period, all participants received nine months of stimulation. Long-term follow-up
showed a median seizure reduction from baseline at one year of 41% to 69% at five years. In the
five years of follow-up, 16% of patients were seizure-free. Quality of life significantly improved
from baseline at year one and five. Adverse effects included stimulation-related paresthesia (22.7%),
implant site pain (20.9%), and infection (12.7%). Other open-label studies reported a reduction in
seizure frequency >50%, however insertion effects could not be ruled out due to the nature of study
design [36,38,40].

Hippocampus (HCP): Focal epilepsy involving the temporal lobe is well known to be the most
resistant to pharmacological treatment. Even though surgical resection of the epileptic focus achieves
more than 70% success rate in appropriately selected patients, this treatment option is not feasible
for patients with bilateral disease or in those where resection would necessitate removal of the
critical amygdalo-hippocampal complex responsible for verbal memory [18,41,42]. In such patients,
the hippocampus serves as an appealing target for neuromodulation, and HCP sclerosis is known to
be the most responsive to surgical treatment with favorable outcome [43,44].

Experiments on low-frequency amygdalo-hippocampal stimulation were initiated in the 1990s
and showed profound effect on seizure development, expression, and thresholds, where it has been
proposed that chronic low-frequency stimulation inhibits kindling [45,46]. Certainly, in long-term
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animal models, chronic low-frequency stimulation is associated with suppressed inhibitory effects
over time and thus increased seizure thresholds [47,48]. Alternatively, a proposed mechanism for the
effectiveness of high frequency hippocampal stimulation for epilepsy includes increased after-discharge
thresholds and latencies that shorten the duration of the after discharges, which then reduce excitability
as well as inducing hypoperfusion of the amygdalo-hippocampal complex [49-51].

Five RCTs evaluated hippocampal DBS [52-56]. The first by Tellez-Zenteno et al. performed
a double-blind cross over RCT in four patients with refractory mesial temporal lobe epilepsy
(MTLE) [52]. A median seizure reduction of 15% (not significant) was observed comparing stimulation
vs. no stimulation. Seizure severity and symptomatology did not change [52]. Velasco et al. proceeded
to a one month blinded trial in nine MTLE patients and reported a median seizure frequency reduction
of 40% in the stimulation group vs. 0% in the no stimulation group (graphical presentation) [53].
However, neither numerical values were given nor were the statistical significance of the results
stated [53]. McLachlan et al. also performed a cross-over RCT in two MTLE patients with mean
reduction in seizures of 33% in those with stimulation [54]. Although, these three studies showed
decreases in seizure frequency, sample sizes were too small and there was variability between the
studies in placebo effect [52-54]. Thus, a larger trial was designed by Wiebe et al. who looked
to examined whether hippocampal DBS was more safe and effective than simply implanting an
electrode without stimulation [55]. Despite being a multicenter trial, only six out of a target sample
of 57 were recruited leading to a halt in the RCT. None of the outcomes were statistically significant,
likely due largely to the small sample size [55]. Cukiert et al. recently published a double-blinded
RCT of hippocampal DBS in patients with drug-resistant temporal lobe epilepsy. Sixteen patients
were randomized 1:1 to either stimulation or no stimulation. All patients received bipolar continuous
stimulation with duration of 300 us, frequency at 130 Hz and weekly 0.4 V stimulus intensity increments
to a maximum of 2 V. A significant reduction in seizure frequency was observed in the stimulation
group at full generator activation of 2 V. Half of the active group became seizure free. Seven of
the eight participants had at least 50% reduction in seizure frequency. Local skin erosions were the
main side-effects noted in this study [56]. Other open-label studies quoted seizure freedom rates of
15-45% [53,57-59].

The mechanisms involved in the reduction of seizures, using optimal stimulating parameters and
targets are still unclear for hippocampal DBS. Further investigations into these variables are critical in
delineating its potential benefit.

Nucleus Accumbens (NAc): This structure has an important role in both the anatomical and
functional connectivity between frontal and temporal lobes [60]. In animal models, the NAc is seen to be
involved in the propagation of epileptiform activity [61,62]. In the only RCT of this structure performed
by Kowski et al. 4 patients underwent a cross-over protocol with bilateral DBS implantation of the
NAc and ANT. One month post-surgery the patients were randomized to receive NAc stimulation
or no stimulation (125 Hz, 5 V, 90 us, 1 min stimulation/5 min off). The treatment protocol lasted
three months and after a one month washout period the patients switched to the other protocol.
The ANT was continuously switched on in all patients. Three out of the four patients experienced
>50% reduction in frequency of disabling seizures with no further improvement with additional ANT
stimulation [63]. These results will need to be further interrogated by higher powered studies in
the future.

New DBS targets are continuously being identified and characterized for patients with difficult to
treat epilepsy. The subthalamic nucleus (STN) has an important role in motor control and motor-related
seizures and is thought to desynchronize motor pathways [64]. Several small case series exist of STN
DBS inserted for cases of motor-related seizures with favorable outcome [65-67]. Following these small
successes, a double-blinded RCT (STIMEP trial) was put in place. However, this was terminated due
to insufficient enrollment. The caudate nucleus has also been seen as a target due to its involvement
in the cortico—striato—thalamic pathway and rationale of inducing cortical hyperpolarization via
neuromodulation [68,69]. Chkhenkeli et al. exhibited in a subset of their large cohort of patients that
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with low frequency 4-8 Hz stimulation, cortical and hippocampal interictal spiking and epileptiform
activity decreased. However, due to the heterogeneity of the population, varying stimulation protocols,
uncontrolled observations, and short follow-up it is difficult to properly interpret these studies.

3.2. Transcranial Direct Current Stimulation (tDCS)

tDCS is an emerging noninvasive stimulation technique that modulates cortical activity [70].
It utilizes weak direct current to modulate neuronal membrane potentials and hence cortical
activity. The continuous stimulation in turn displaces polar-sensitive molecules, neurotransmitters,
and receptors in brain tissue, triggering a polarity shift in membrane potentials [70,71].
Negative cathodal stimulation is proposed to cause cortical inhibition and diminish epileptiform
discharges. The only double-blinded RCT compared cathodal tDCS at 2 mA for 30 min over
the epileptic foci in three settings: three consecutive days, five consecutive days, and placebo
stimulation [72]. In their 28 patients (3 day n = 12; 5 day n = 8; placebo n = 8), there was a significant
reduction in seizure frequency at one and two months post-cathodal tDCS vs. baseline in all three
arms of the study. There was significant mean seizure frequency reduction in both three and five day
cathodal tDCS as compared with placebo at two months follow-up (48% reduction in the treatment
group vs. 6.3% reduction in the placebo group). There was significantly increased reduction in seizures
in both the three days cathodal tDCS group (43% reduction in the treatment group vs. 6.3% reduction
in the placebo group and five days group (55% reduction in the treatment group vs. 6.3% reduction in
the placebo group). Short-term interictal epileptiform discharges were also significantly reduced after
stimulation in all groups. There were limited side effects with this mode of treatment, mostly local
sensory discomfort and mild headaches [72].

tDCS can be used to manage both focal and generalized epilepsy in both children and adults
and provides a slightly cheaper (vs. repetitive transcranial magnetic stimulation (rTMS)), portable
and alternative mode of treatment especially in the younger population who cannot tolerate rTMS.
The studies for tDCS are limited and the majority of investigations are preliminary, however much
promise is seen.

3.3. Vagal Nerve Stimulation (VNS)

The first report of VNS was by Schwetzer and Wright in 1937, who looked at the effects of
the knee jerk and various physiological changes in circulation and respiration by stimulating vagal
afferents [73]. In 1997, the US FDA approved VNS as the first neuromodulation mode of treatment
for drug-resistant epilepsy. In VNS surgery, the left vagus nerve, due to decreased cardiac side effects
compared to the right, is stimulated. The stimulation of mostly (80%) afferent fibers is seen to converge
onto the nucleus tractus solitarius, after which it proceeds onto the locus coeruleus [74]. Functional
neuroimaging and electrophysiological studies of VNS have examined several areas of the brain
(thalamus, cerebellum, orbitofrontal cortex, limbic system, hypothalamus, and medulla) and their
levels of immediate response following stimulation. Albeit extensive, the clinical and animal VNS
research remains inconclusive. It has been hypothesized that synaptic connections may be altered
via VNS, modifying the electrical network in the brain [75]. Long-term VNS has been suggested to
transform specific subcortical locations which in turn influence larger areas of the cortex [75-77].

Five RCTs investigating the efficacy of VNS were published between 1994 and 2014 [78-82].
The blinded phases of two key RCTs ultimately led to the approval of this mode of therapy by the
FDA in epilepsy patients with drug-resistant epilepsy. These two RCTs showed that seizure frequency
decreased >50% in 23-31% in the treatment groups vs. 13-15% in the control groups [78,79]. The study
by Klinkenberg et al. is the only pediatric RCT to date [80]. This study demonstrated no significance
in responder rate (>50% reduction in seizure frequency) with rates of 16% in high and 21% in low
stimulation. One RCT compared VNS and best medical therapy vs. medical therapy alone, with no
significant reduction in seizure frequency nor any difference in responder rates between treatment
and control groups [81]. Aihua et al. explored the efficacy and safety of transcutaneous vagus nerve
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stimulation (tVNS) in patients with drug-resistant epilepsy. After 12 months, the monthly seizure
frequency was lower in the tVNS group than in the control group (8.0 to 4.0; p = 0.003). All patients had
improved Self-Rating Anxiety Scale, Self-Rating Depression Scale, Liverpool Seizure Severity Scale,
and Quality of Life in Epilepsy Inventory-31 scores with minimal adverse effects including dizziness
and drowsiness [82]. Other studies have stated complications of VNS placement included hoarseness
(80%), dyspnea (13%), infection (12%), cough (7%), and throat pain (7%) [78-82].

3.4. Trigeminal Nerve Stimulation (TNS)

Following the treatment effects of VNS in epilepsy and evidence showing its mechanisms
involving the locus ceruleus and nucleus solitarius, the trigeminal nerve was seen as a potential
target since both the locus ceruleus and nucleus solitarius project onto the trigeminal nucleus [83-85].
External TNS (eTNS) is a noninvasive mode of treatment delivered by stimulating the trigeminal
sensory roots within the facial tissue. Similarly to VNS, TNS is thought to produce an arousal-like effect
via triggering the reticular activating system causing cortical and thalamic desynchronization [86].

DeGorgio et al. evaluated the safety and efficacy of eTNS in patients with drug-resistant epilepsy
using a double-blind RCT design, to test the suitability of treatment and control parameters in
preparation for a phase III multicenter clinical trial [87]. The responder rate, defined as >50%
reduction in seizure frequency, was 30.2% for the eTNS group (120 Hz) vs. 21.1% for the active
control group (2 Hz) for the 18-week treatment period (not significant, p = 0.31) [87]. The seizure
frequency as measured by response ratio improved within each group compared to baseline. However,
no differences were seen between the treatment and control groups. There was improvement in the
patients” depression within and between groups (Beck Depression Inventory score change of —8.13
in treatment group vs. —3.95 in the control group). Although eTNS may not seem so efficacious,
there are still advantages to this treatment that one should consider. It is non-invasive and more
economical. This RCT provides preliminary evidence that eTNS is safe and may be effective in subjects
with drug-resistant epilepsy. Side effects are primarily limited to anxiety, headache, and skin irritation.
Patients may also benefit from dual stimulation due to the central connections of the crossed and
uncrossed pathways of the trigeminal nerve and the links to key subcortical structures such as the
locus ceruleus, ascending reticular activating system, and projections to other subcortical nuclei [88].

3.5. Repetitive Transcranial Magnetic Stimulation (rTMS)

Developed in 1985 in the United Kingdom, TMS was used to examine cortical excitability in
various epilepsy syndromes, the antiepileptic medication effects on the brain and to interrogate areas
of the brain for potential surgery [89]. Once rTMS could be used to excite or suppress neural activity
for prolonged periods of time, studies began to look at its potential use of TMS as a treatment modality
for epilepsy. TMS is an electrode free-electrical stimulator, which uses alternating magnetic fields
in order to create electrical currents that in turn stimulate regional neurons to improve epilepsy
symptomatology. The magnetic pulse stimulates a small area of cortical tissue, depolarizing nearby
axons [90]. Repetitive stimulation is seen to lengthen the effects of depolarization, maintaining its
effect for more than an hour post-treatment [91]. Other than targeting the specific area of interest via
anatomical positioning over the patient’s head, there is no way to target specific cell types, nor the
interactions between inhibitory and excitatory cells. However, repetitive low-frequency stimulation
has been hypothesized to cause prolonged inhibition as each pulse arrives during the late inhibitory
phase of the last pulse, thus abating cortical hyper-excitability [90].

There has been a single double-blinded RCT of rTMS in patients with malformations of cortical
development (MCD). Patients underwent five consecutive low-frequency (1 Hz, 1200 pulses) rTMS
sessions targeting the MCD foci [92]. There was a significant reduction in seizure frequency in the
rTMS group (—58% from baseline) vs. sham group (no change) as well as a significant reduction
in epileptiform discharges straight after treatment (—31% from baseline) and at four weeks (—16%
from baseline) vs. sham group (no change). There was improvement in subjective measures of social
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interaction and energy level and cognition in the treatment group vs. control. No serious adverse
effects were reported. Headaches were experienced both in the treatment (25%) and control (22%)
groups. There was no worsening of seizures. One patient in the control group reported insomnia [92].
Other open-label studies have shown reductions in seizure frequency with pathologies near the
cortex in frontal and centro-parietal epilepsy, whereas targeting deeper structures in mesial temporal
epilepsy has been associated with poor efficacy [93-95]. The majority of studies however have only
shown evidence of decreasing epileptiform discharges, with no significant change in seizure reduction.
A reason for such inconsistencies can be due to the selection bias, blinding bias, and differences in
stimulation parameters [93-95].

rTMS is a non-invasive, inexpensive, pain-free procedure that has can modulate cortical brain
activity. Evidence shows that rTMS is effective at abating epileptiform discharges, however the evidence
for seizure reduction is still inconclusive. rTMS can certainly provide an alternative mode of treatment
when considering foci lying over eloquent cortex that is not appropriate for surgery. However, further
well-designed RCTs looking into the efficacy of this treatment are required to determine optimal
stimulation frequencies, duration of treatment, intensity, and even the shapes of the magnet we use.

3.6. Responsive Neurostimulation (RNS)

The FDA approved RNS System (NeuroPace, Mountain View, CA, USA) is the first intracranial
closed-loop system providing responsive stimulation directly to one or two seizure foci. Real time
abnormal electrographic activity is detected and an automatic responsive stimulation is triggered
thus halting any evolving seizure activity from propagating. Detection and stimulation parameters
may be adjusted according to clinical benefit and to minimize side-effects related to stimulation.
With the aforementioned possible mechanisms of stimulation in treating epilepsy, the RNS system is
more amenable to the physiological transformations occurring during stimulation, thus potentially
providing a better treatment modality over nonresponsive or continuous stimulation.

In a large multi-centered double-blinded RCT, 191 patients who had drug-resistant focal seizures
(defined in this RCT as failed >2 antiepileptic medication trials, >3 seizures/month, and 1 or 2 seizure
foci) were implanted with an RNS system [96]. Morrell et al. reported 37.9% reduction in seizure
frequency in the treatment arm vs. 17.3% reduction in the sham group at the end of the blinded
phase [76]. However, no difference in responder rates was seen between the treatment and sham
groups during the blinded phase of the study; additional reductions in seizure frequency in the
treatment group to 44% at one year and 53% at two years were reported during the open-label
extension [96,97]. Complications of RNS include a 4.7% rate of intracerebral hemorrhage and a 9%
rate of infection after a mean of 5.4 years of follow-up, requiring neurostimulator explantation in 4.7%
of the cases [96,97]. The six-year long-term analysis from this trial has shown that RNS mitigated
substantial and sustained seizure reduction in their cohort of 111 patients with drug-resistant mesial
temporal lobe epilepsy [98]. Using last observation carried forward (LOCF) analyses a median of
70% (interquartile range 31.8-92.9%; n = 106) seizure reduction was seen, and 50% responder rates
of 66% (95% CI 56.6-74.4%) at six years. Forty-five percent (50/111) of patients reporting a seizure
free period of >3 months, 29% (32/111) of patients >6 months, and 15% (17/111) of patients > 1 year.
It was also noted that the seizure reduction did not correlate with clinical characteristics such
as mesial temporal sclerosis, bilateral seizure onset, and prior respective surgery/VNS operation.
This treatment continues to improve with each year of implantation, and thus there is true potential
for true neuromodulation and slow improvement [98]. In this same cohort, seizure reduction response
in those with partial-onset seizures arising from eloquent cortex was investigated [99]. Over two-to-six
year period post-implantation, a median seizure reduction of 70% was seen in frontal onset seizures,
58% in temporal neocortex and 51% in those of multilobar onset (LOCF analysis). It was also noted that
therapeutic stimulation of eloquent cortex could be given sub-threshold and not exhibit side effects
such as involuntary motor movement of altered motor performance when stimulating the primary
motor cortex [99].
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In addition, some recent open label studies with chronic continuous stimulation have also
exhibited good outcomes [100-102]. Child et al. produced a proof of concept paper to show that
continuous neocortical neurostimulation could provide significant reduction in seizure frequency,
especially in those ineligible for resective surgery due to focal epilepsy arising from eloquent
cortex [100]. Valentin et al. exhibited >90% seizure frequency reduction with one patient experiencing
resolution of epilepsia partialis continua [101]. Lundstrom et al., in their cohort of 13 patients that
underwent subthreshold cortical stimulation, showed suppression of interictal epileptiform discharges
and improvement in clinical seizures [102].

RNS is a promising treatment for focal epilepsies even in bilateral disease and seizure foci affecting
eloquent cortex. RNS, in comparison to the open-loop DBS and VNS, has a longer battery life due to
a lower dose of stimulation. Stimulation is also not felt by patients, even when placed in an eloquent
area, due to its low intensity. RNS is generally offered to those patients who are not suitable for
resective surgery and who have foci in one or two areas of the brain. Further studies are necessary
to optimize seizure detection, improve stimulation parameters, and build more contacts for cases of
multiple foci.

4. Conclusions

Neuromodulation is a treatment strategy that is being used increasingly in those suffering from
drug-resistant epilepsy that is not suitable for resective surgery. We are seeing more double-blinded
RCTs demonstrating the efficacy of neurostimulation seizure patients. Although reductions in epilepsy
frequency and focus firing are common in these trials, obtaining seizure freedom is rare. Invasive
neuromodulation procedures (DBS, VNS, and RNS) have been approved as treatment measures.
However, further investigations are necessary to delineate effective targeting, minimize side effects
that are related to chronic implantation and to improve the cost effectiveness of these devices. The RCTs
involved in the non-invasive modes of treatment whilst showing much promise (tDCS, eTNS, rTMS),
have had only small recruitment numbers within their trials. Thus, they have not been sufficiently
large enough to provide strong evidence on efficacy. Certainly, larger studies are needed, as well as
studies that focus on better targeting techniques.
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