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Abstract

Surgery can be a highly effective treatment for medically refractory temporal lobe epilepsy (TLE).
The emergence of minimally invasive resective and nonresective treatment options has led to
interest in epilepsy surgery among patients and providers. Nevertheless, not all procedures are
appropriate for all patients, and it is critical to consider seizure outcomes with each of these
approaches, as seizure freedom is the greatest predictor of patient quality of life. Standard anterior
temporal lobectomy (ATL) remains the gold standard in the treatment of TLE, with seizure
freedom resulting in 60-80% of patients. It is currently the only resective epilepsy surgery
supported by randomized controlled trials and offers the best protection against lateral temporal
seizure onset. Selective amygdalohippocampectomy techniques preserve the lateral cortex and
temporal stem to varying degrees and can result in favorable rates of seizure freedom but the risk
of recurrent seizures appears slightly greater than with ATL, and it is not clear whether
neuropsychological outcomes are improved with selective approaches. Stereotactic radiosurgery
presents an opportunity to avoid surgery altogether, with seizure outcomes now under
investigation. Stereotactic laser thermo-ablation allows destruction of the mesial temporal
structures with low complication rates and minimal recovery time, and outcomes are also under
study. Finally, while neuromodulatory devices such as responsive neurostimulation, vagus nerve
stimulation, and deep brain stimulation have a role in the treatment of certain patients, these
remain palliative procedures for those who are not candidates for resection or ablation, as
complete seizure freedom rates are low. Further development and investigation of both established
and novel strategies for the surgical treatment of TLE will be critical moving forward, given the
significant burden of this disease.
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1. Introduction

Surgery can be a highly effective treatment for medically refractory epilepsy. In temporal
lobe epilepsy (TLE), for example, anterior temporal lobectomy (ATL) has consistently been
shown to produce excellent seizure outcomes, particularly in patients with mesial temporal
sclerosis (MTS). This has been demonstrated in both randomized controlled trials as well as
long-term longitudinal cohort studies [1-3]. There is a remarkable concordance across
studies, with 60-80% of patients achieving seizure freedom at 1-2 years after surgery, and
about 50% of individuals experience durable seizure freedom at 10 years [4—6]. Seizure
freedom is the single best predictor of quality of life in epilepsy, as recurrent seizures lead to
significant cumulative morbidity and increased mortality [7-10]. Overall, ATL is associated
with a low risk of significant morbidity [11,12] and may result in improved life span [7,13],
neuropsychological profile [14,15], and quality-adjusted life years compared to a patient's
presurgical baseline.

To address the considerable variability in clinical practice patterns, leading professional
associations including the American Academy of Neurology (AAN) and the American
Association of Neurological Surgeons (AANS) created guidelines in 2001 recommending
that patients with refractory epilepsy undergo comprehensive evaluation for surgery [16].
The guidelines were implemented in part because of clear evidence that epilepsy patients
who fail to respond to just two AEDs are unlikely to respond completely to additional drug
combinations [17,18]. Nevertheless, despite class I evidence and the introduction of clinical
guidelines, epilepsy surgery remains dramatically underutilized [19-21].

While reasons for the underutilization of epilepsy surgery are likely multifactorial, one
contributory factor is perceived risk and attendant fears about open brain surgery [19,21].
Surgery is typically treated as a last resort option, often long after irreversible neural injury
has occurred in the setting of longstanding, repeated seizures [8,22,23]. More recently,
however, new surgical approaches have been specifically developed to be less invasive
treatment alternatives for intractable focal epilepsy. While ATL remains the most established
and tested surgical therapy for TLE, patients and practitioners now have additional treatment
options to consider, which have catalyzed a resurgence of interest in epilepsy surgery. In the
present article, we review these minimally invasive surgical options for medically refractory
TLE alongside the traditional ATL, including selective mesial temporal resection,
stereotactic radiosurgery, laser thermo-ablation, and palliative device implantations such as
vagus nerve stimulation (VNS), responsive neurostimulation (RNS), and deep brain
stimulation (DBS). Table 1 offers a summary of the advantages and disadvantages related to
the various surgical approaches discussed here.

2. Anterior temporal lobectomy

We begin by describing the standard temporal lobectomy, key anatomic landmarks, and
outcomes and risks associated with the procedure to provide a basis of comparison and
understanding for less invasive techniques. As the procedure depends critically on a
thorough understanding of temporal lobe and nearby anatomical structures, Fig. 1 provides a
brief anatomical review of this region. For a more thorough review of microsurgical anatomy
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relevant to this procedure, the reader is referred to a recent manuscript by Kucukyuruk and
Rhoton [24].

It is first important to establish whether one is operating on the dominant or nondominant
hemisphere, as this will impact how far posteriorly the resection can be made on the lateral
cortical surface of the temporal lobe. The authors suggest that it is safe to resect 4-4.5 cm of
temporal lobe on the dominant hemisphere to avoid injury to language areas and 5.5 cm on
the nondominant side [5,25]. The vein of Labbé is another structure that can limit the extent
of posterior resection and should also be visualized and protected throughout the procedure.
Of note, extending the posterior resection margin on the temporal lobe can injure the
geniculo-calcarine tracts causing homonymous hemianopsia and, therefore, should be
avoided. Aside from language, memory is another important consideration when operating
on the dominant hemisphere. In dominant hemisphere MTS in patients with normal memory,
it is important to counsel patients that they are at risk for a decline in verbal memory, while
in patients with diminished memory and dominant hemisphere MTS, surgical resection has
not been shown to worsen memory and actually may offer some improvement over time if
the seizures subside and the medications are decreased [5].

Once the appropriate distance has been measured posteriorly, corticectomy is performed a
few millimeters below the sylvian fissure along the superior temporal gyrus and followed
anteriorly towards the pole. Dura should be visible anterior to the temporal pole at this point.
Subpial aspiration is continued over the insular pia and followed inferior until the inferior
circular sulcus appears. Branches of the middle cerebral artery (MCA) can be visualized
through the pia and care should be taken to avoid injury or excessive manipulation, which
can lead to MCA vaso-spasm [26]. The temporal stem begins just under the inferior circular
sulcus, and it is important not to resect deep to this structure, as injury to basal ganglia and
brainstem structures may occur. The temporal stem contains white matter tracts important to
cognition including the inferior frontooccipital fasciculus (IFOF) and the uncinate
fasciculus. The posterior cut is then performed at the predetermined distance and may be
extended posteriorly and inferiorly towards the middle cranial fossa floor. Subpial aspiration
is utilized to extend the cut deeper within the temporal lobe. The collateral sulcus is an
important structure that can assist with locating the temporal horn of the lateral ventricle by
using gentle aspiration to follow its direction. Once this structure has been located, the
lateral ventricular sulcus can be incised and followed anteriorly to assist with removal of the
lateral temporal lobe.

At this point, the hippocampus and amygdala should be visible, along with some residual
parahippocampal gyrus. This may be aspirated to allow for lateral rotation of the
hippocampus and to assist with resection. The inferior choroidal point is an important
landmark and, along with the roof of the temporal horn, serves as the superior border for
removal of the mesial structures. Care must be taken to avoid injury to the anterior choroidal
artery as this can lead to serious neurologic complications. One may follow the superior
boundaries of the inferior choroidal point and roof of the ventricle to remove the amygdala
and part of the uncus. The posterior boundary of the amygdala is the amygdala-hippocampal
sulcus, and this is the last cut to be made prior to removal of the amygdala. Mesially, there is
a layer of pia that will protect the underlying cisternal structures, and this should be
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respected. The hippocampus is then removed by subpial aspiration over the hippocampal
sulcus and following this posteriorly until the fornix is visible. Tiny vessels within the
hippocampal sulcus should be coagulated and sharply dissected, and care should be taken as
these may retract into the perimesencephalic cisterns, causing subarachnoid bleeding which
can be difficult to control. Posteriorly, the tail of the hippocampus may be resected as it
extends around the brainstem.

When the mesial structures have been completely removed, structures that should be visible
through the mesial pia include the third cranial nerve, posterior cerebral artery, cerebral
peduncles, and lateral geniculate nucleus. At this point, adequate hemostasis is performed,
the craniotomy flap is replaced, and the wound is closed in layers. Fig. 2 shows an example
MRI before and after ATL, delineating resection of the anterior hippocampus to the level of
the tectal plate, the amygdala, and approximately a 4-cm resection of the anterolateral
temporal neocortex, including the superior, middle, and inferior temporal gyri.

Seizure outcomes with ATL are favorable, producing seizure freedom in 60-80% of patients
with TLE across randomized controlled trials, retrospective cohort studies, and meta-
analyses [1,3,12,27,28]. In contrast, less than 5% of patients who do not receive surgery (but
continue aggressive medical management) achieve remission each year [2,17, 29-32].
Furthermore, ATL is associated with only 2% significant morbidity and 0.24% total surgical
mortality [11,12,31], compared to a 0.5-1% annual mortality rate and a lifetime
standardized mortality ratio of 2-3 times the general population with persistent intractable
epilepsy [11,12,31]. Thus, while the risks of ATL must be carefully considered, they are
relatively small compared to the lifetime risk of uncontrolled epilepsy.

3. Minimally invasive resective or ablative procedures

Less invasive approaches for resection or ablation of medial temporal structures in mesial
TLE include selective amygdalohippocampectomy (SAH), gamma knife stereotactic
radiosurgery (GKRS), and stereotactic laser thermo-ablation (SLA). These procedures
typically allow greater preservation of tissue and permit a smaller incision and craniotomy
(i.e., SAH), or small burr holes (i.e., SLA), or avoid open surgery altogether (i.e., GKRS). A
critical distinction between these techniques and standard ATL is that the former involves
preservation of the lateral temporal neocortex. Therefore, they are only indicated for patients
with mesial temporal seizure onset and may confer a higher risk of persistent seizures in
patients harboring a lateral temporal epileptogenic zone.

3.1. Selective amygdalohippocampectomy

The three main surgical techniques that have been described for SAH for mesial TLE
include the transsylvian, transcortical, and subtemporal approaches, as summarized in Fig. 3.
Yasargil originally described a transsylvian approach to the mesial structures, involving
microsurgical opening of the sylvian fissure to access the amygdala and hippocampus while
avoiding resection of the lateral temporal lobe [33,34]. This technique requires partial
transection of the temporal stem in order to access the body and tail of the hippocampus. To
begin, a standard pterional craniotomy is performed and the proximal fissure is carefully
dissected. The limen insulae is an important landmark, as it establishes the location of the
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MCA bifurcation. The pia is opened over the piriform cortex to expose the amygdala. This
can be dissected out in its entirety. Then, the temporal horn is adequately visualized. The
choroid plexus should be seen on the hippocampus. This can be retracted laterally and
protected while the hippocampus resection is performed. The tail of the hippocampus is
difficult to reach from this approach without significant retraction on the temporal stem, and
for this reason, an opening is made in the temporal stem to gain access to the distal
hippocampus. Alternatively, an ultrasonic tissue aspirator or suction may be used to re-sect
the hippocampus in its entirety [34]. Compared to the other SAH approaches, the
transsylvian technique is a more technically challenging procedure, which may put the MCA
branches at greater risk [34].

Selective amygdalohippocampectomy can also be achieved with a transcortical approach, as
described by Olivier. Unlikely the transsylvian approach, a middle cranial fossa craniotomy
is performed. Neuronavigation is utilized for the transcortical portion of the surgery. The
middle (or inferior) temporal gyrus is coagulated and opened parallel to the sulci and the
white matter of the temporal lobe is gently aspirated to approach the mesial structures. The
first structure encountered is the temporal horn, and utilization of neuronavigation is
important to maintain the correct approach. Once the temporal horn has been entered, the
amygdala, hippocampus, inferior choroidal point, and choroid plexus will be visualized.
Resection of these structures is performed in the same manner that has been described
previously [35,36]. Compared to the transsylvian procedure, the main benefit to a selective
transcortical approach is that the arterial and venous structures are avoided, and minimal
vessel sacrifice is required. The main criticism of the transcortical approach is that retraction
injury to tissue around the corticectomy can be significant, and it may lead to some
disconnection of the basal lateral temporal lobe.

Another variation of the SAH originally described by Hori utilizes a subtemporal approach
to the mesial structures [37,38]. This technique was modified and updated using a small
keyhole craniotomy approach, stereotactic guidance, and ultrasonic aspiration to approach
the amygdala and hippocampus while minimizing damage to surrounding structures [39].
Both procedures are performed by centering the craniotomy around the root of the zygoma
and positioning the patient so that the temporal lobe falls away from the middle cranial fossa
floor. Again, the temporal horn is a critical landmark for demarcating the lateral boundary of
the hippocampus, and it is entered in the subtemporal approach through the fusiform gyrus
or collateral sulcus. Removal of the mesial structures is performed through this narrow
working corridor [38,39]. This approach has the theoretical benefit of not damaging or
disconnecting the remaining temporal lobe. The positioning of the patient can be difficult in
this procedure, especially in obese individuals, and care must be taken to not retract the
basal temporal lobe forcefully, as this can cause significant injury.

There has been significant interest in comparing both seizure and neuropsychological
outcomes between SAH and standard ATL and among the various SAH approaches. With
regard to postoperative seizure freedom, while conflicting results have been reported by
smaller studies comparing SAH to ATL, a recent meta-analysis comparing these techniques
across 11 studies of 1203 patients demonstrated significantly higher seizure freedom rates
after standard ATL, with a summary risk difference of 8% [40]. Many proponents of SAH
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have argued that these techniques should improve postoperative neuropsychological
outcomes because the lateral temporal lobe is not resected, but there is still a great deal of
controversy in the literature about this [38, 41,42]. It has been hypothesized that the
transection or retraction of a portion of the temporal stem may lead to the neurocognitive
deficits experienced in these patients postoperatively and may explain why SAH has not
been shown to be superior to resection of the lateral temporal lobe. Another important
consideration is that ongoing epilepsy itself contributes to devastating cognitive and
neuropsychological sequelae that are frequently suffered in this disorder [8,43,44].
Therefore, the authors suggest that if SAH has a lower rate of seizure freedom, improvement
in neuropsychological testing may be mitigated by the cognitive decline associated with
persistent seizures after SAH compared to ATL.

3.2. Stereotactic radiosurgery

As previously discussed, methods to treat the mesial temporal structures (amygdala and
hippocampus) without injury to the surrounding neocortical regions have the theoretical
benefit of minimizing cognitive decline in patients with MTS. For this reason, great interest
has developed for SRS, which utilizes stereotactic radioactive cobalt to deliver 192 beams of
radiation to a focal region in the brain while leaving the remaining brain tissue intact
[45,46]. Fig. 4 demonstrates an example of the stereotactic radiation dose planning for
treatment of the mesial temporal structures. Stereotactic radiosurgery may also be an
excellent option for patients who refuse invasive open surgical treatment for the treatment of
MTS. Several studies, including a pilot multicenter prospective trial, have been performed
utilizing gamma knife SRS to treat patients with MTS [45,47,48]. These have shown seizure
outcomes similar to ATL, especially in patients undergoing high dose therapy (24 vs 20 Gy;
targets to amygdala, head of the hippocampus, and parahippocampal gyrus). In these
investigations, side effects were minimal and included temporary steroid requirements,
headaches, and visual deficits. One patient in the multicenter trial was found to have
malignant edema after treatment, which included severe headaches, papilledema and visual
field deficits not responsive to steroids, eventually requiring temporal lobectomy [48].
Furthermore, neurocognitive decline was not observed as postoperative neuropsychological
outcomes were stable from baseline [49]. This pilot study confirmed SRS as a potential
treatment option in patients with MTS and led to a prospective randomized trial of SRS
versus open ATL currently underway (Radiosurgery or Open Surgery for Epilepsy [ROSE]
trial).

Importantly, the effects of SRS on seizure control may take up to 12-24 months after
treatment to appear compared to immediate postoperative seizure control with resective
strategies. Chang et al. described that MRI characteristics within one year following SRS
may serve as a predictor of seizure freedom at three years after the treatment [50]. T2
hyperintensity volumes at nine months were found to be highly related to seizure remission
at three years. Spectroscopy was consistent with a radiation necrosis mechanism of action,
suggesting that the treatment resulted in tissue destruction. Fig. 5 summarizes the
development of these radiographic changes over time after SRS. Long-term studies will need
to be performed to evaluate seizure and cognitive outcomes, specifically relating to safety
and efficacy compared with ATL.
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3.3. Stereotactic laser thermo-ablation

Radiofrequency ablation has been utilized to create lesions for the treatment of Parkinson's
disease but difficulty controlling and monitoring the ablation limited its use in treating larger
targets [74]. A renewed interest in laser interstitial thermal therapy has emerged as
improvements in real-time MRI thermometry have made this a safe and precise method to
perform lesioning techniques. Specifically, STA techniques, such as those from Visualase
(Medtronic) and NeuroBlate (Monteris), have been advocated as a minimally invasive
technique to create lesions in the mesial temporal lobe structures with minimal damage to
surrounding tissues [51,52]. In fact, when the hippocampus is accessed from its longitudinal
axis, the inferior horn of the lateral ventricle and the cisterns medially act as a heat sink,
thereby preventing thermal injury from extending outside of the mesial structures [75]. The
scalp incision may be as small as 1 cm and closed simply with one or two staples. An
example of laser thermal ablation for mesial TLE is depicted in (Fig. 6).

In one recent series of 13 adult patients with intractable mesial TLE with or without mesial
temporal sclerosis, a mean 60% volume of the amygdalohippocampal complex was ablated,
and median hospitalization was 1 day [52]. With follow-up ranging from 5 to 26 months
(median, 14 months), 54% were free of disabling seizures. One significant complication
included a visual field defect, resulting from deviated insertion of a stereotactic aligning rod,
which was corrected before ablation [52]. Based on preliminary data, a few authors have
suggested improved neuropsychological profiles with STA compared to SAH, with favorable
naming and recognition outcomes [51,53].

Overall, early data suggest relatively favorable seizure outcomes with STA for MTS,
although seizure freedom is likely less common compared with resection. Nevertheless, the
minimally invasive aspect of the procedure may be quite desirable for some patients who
wish to avoid open surgery. Given the early stage of this novel treatment, significantly more
data are required to ascertain long-term seizure and cognitive outcomes with SLA compared
to ATL and SAH.

4. Minimally invasive nonresective palliative procedures

In most cases, the goal of epilepsy surgery is to excise or ablate an abnormal region (or
regions) of the brain harboring an epileptogenic zone and free the patient of seizures.
However, many patients with pharmacoresistant epilepsy are not candidates for resection,
such as those with generalized epilepsy syndromes and those with a seizure focus that is
poorly localized, multifocal, or positioned in the eloquent brain. In TLE, seizure origination
from bilateral mesial temporal lobes is an example in which resection or ablation is not an
option. For these individuals, palliative surgical options are considered to reduce the
frequency and severity of seizures. These include device implantation for stimulation-based
therapy using vagus nerve stimulation (VNS), deep brain stimulation (DBS), or responsive
neurostimulation (RNS). Each of these three stimulation devices has been evaluated in
randomized, controlled trials.
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4.1. Responsive neurostimulation

Unlike open-loop stimulation paradigms which utilize uninterrupted electrical pulses, such
as VNS and DBS, RNS uses a closed-loop stimulation system. Implanted subdural and depth
electrodes continuously record and analyze regional electrocorticographic signals, and
stimulation is triggered by electrographic activity concerning for seizure initiation, with the
hope of terminating the discharge before it becomes clinically apparent [54]. In February
2013, RNS received US FDA approval for the treatment of intractable partial epilepsy in
adults [55]. In patients with bilateral mesial TLE, bilateral electrode placement in the
hippocampi can be performed [56].

Responsive neurostimulation was evaluated in a recent multicenter, double-blind,
randomized, controlled trial termed the RNS System Pivotal Trial [54]. In the study, 191
adults with pharmacoresistant partial epilepsy were implanted with the RNS system and
randomized to receive responsive stimulation or seizure detection alone during a 12-week
blinded period. Patients receiving stimulation reported a decrease in seizure frequency of
38% versus 17% in the sham-treated group, and 29% of stimulated patients reported =50%
reduction in seizures, though this outcome was also reported in 27% of control subjects.
After 3 months, patients in both groups were assigned to receive therapeutic stimulation
during the open-label period. The median percent reduction in seizures during the open-label
period was 44% at 1 year and 53% at 2 years, representing a progressive improvement with
time [57]. Overall adverse events included device site infection (5.2%), headache (10.5%),
dysesthesia (6.3%), increase in complex-partial (5.8%) or generalized (4.7%) seizures, and
other less common complications [54].

Overall, RNS appears safe, and many patients do see clinical improvement after 1-2 years of
treatment. Tailored responsive stimulation therapy for epilepsy is an important area of
investigation, given potential benefits over closed-loop stimulation therapies, including
decreased side effects and increased device battery life [54,58]. Broader clinical use of RNS
will be dependent on further study and continued improvements in this technology.

4.2. Vagus nerve stimulation

Vagus nerve stimulation was approved by the United States Food and Drug Administration
(US FDA) in 1997 as an adjunctive treatment for pharmacoresistant epilepsy, and over
100,000 stimulators have been implanted worldwide. Vagus nerve stimulation is often
considered in patients with intractable epilepsy who are poor candidates for, or have failed,
resective surgery. In TLE, this may include individuals with persistent debilitating seizures
after maximal unilateral temporal lobe resection or those who refuse resective therapy. The
efficacy of VNS for intractable seizures has been evaluated by 3 blinded, randomized
controlled trials. In the first trial, Ben-Menachem and colleagues randomized 114 patients
with focal epilepsy to receive therapeutic or sham stimulation after VNS implantation, and
reported a significantly greater reduction in seizure frequency with therapeutic stimulation
after 3 months of treatment (25% versus 6%) [59]. Similar results were reported in 2
subsequent blinded randomized, controlled trials [60,61] and 2 nonblinded controlled studies
[62,63].
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In a large meta-analysis including 3321 patients treated with VNS from 77 reports, 51% of
patients treated with VNS achieved =50% reduction in seizure frequency from baseline, after
a mean follow-up of 10 months. Longer duration of therapy had a significant positive
influence on seizure control rates, although few (5-10%) patients achieved complete seizure
freedom, and one-quarter of individuals reported no measurable benefit from stimulation.
Similar outcomes have been found with analysis of the device manufacturer's patient
database. Interestingly, patients with a history of posttraumatic epilepsy or Lennox—Gastaut
syndrome may have improved response to treatment [64—68]. Adverse events associated
with treatment include hoarseness (37-62%), cough (7-21%), pain (6—17%), and infection
(4-6%), and rare incidences of asystole have been reported [59,61,65,69]. Given relatively
similar rates of seizure reduction, a prospective comparison of RNS to VNS in patients with
TLE who are not candidates for resection or ablation is warranted.

4.3. Deep brain stimulation

In the early and mid-20th century, intraparenchymal electrical stimulation of the cerebellum
was first examined as a potential treatment for intractable epilepsy [70,71]. Since then,
several other brain structures have been proposed as potential stimulation targets, including
the hippocampus, subthalamic nucleus, caudate nucleus, and centromedian nucleus. More
recently, focus has turned to the anterior nucleus of the thalamus, a structure intimately
involved in limbic circuitry and with widespread neocortical projections. Thalamic
stimulation has received approval as an adjunctive treatment for pharmacoresistant epilepsy
in Europe and Canada, but it is not approved by the US FDA.

In 2010, the effectiveness of thalamic DBS was studied in 100 adults with pharmacoresistant
partial epilepsy in the double-blinded, randomized Stimulation of the Anterior Nucleus of
Thalamus for Epilepsy (SANTE) trial [72]. In the initial 3-month blinded phase of the
SANTE trial, patients receiving stimulation had a significantly larger decrease in seizure
frequency (40%) than those in the control group (14.5%). After patients were unblinded and
all were treated with stimulation for 2 years, median seizure frequency was reduced by 56%,
with 54% of individuals achieving seizure reduction of =50%. There was a trend towards
better seizure control with longer periods of stimulation, resembling a similar relationship
between treatment duration and efficacy observed with VNS. Adverse events in the first year
of thalamic DBS included paresthesias in 18% of patients, surgical site pain in 11%, site
infections in 9%, and lead replacement in 8%, though these rates declined in the second
treatment year [72]. There were no differences in cognition or mood between treated and
untreated patients, but depression was more commonly reported with stimulation. In patients
with bilateral TLE, studies directly comparing continuous open-loop thalamic stimulation
with DBS versus periodic closed-loop hippocampal stimulation with RNS have not yet been
reported.

5. Conclusions

Despite class | evidence and practice guidelines supporting surgical evaluation for patients
with medically refractory focal epilepsy, surgical treatment of TLE remains significantly
underutilized. The emergence of several less invasive resective and nonresective treatment
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options has led to a renewed interest in epilepsy surgery among patients and providers.
Furthermore, many of these treatments offer reduced surgical risk, fewer cosmetic concerns,
and shorter recovery periods. Nevertheless, not all procedures are appropriate for all
patients, and it is critical to consider seizure outcomes with each of these approaches, as
seizure freedom remains the greatest predictor of patient quality of life.

Standard ATL remains the gold standard in the treatment of TLE, with seizure freedom
resulting in 60-80% of patients. It is currently the only resective epilepsy surgery supported
by randomized controlled trials and offers the best protection against lateral temporal
neocortical seizure onset. Selective amygdalohippocampectomy techniques preserve the
lateral cortex and temporal stem to varying degrees and result in favorable rates of seizure
freedom, but the risk of recurrent seizures appears slightly greater than with ATL.
Furthermore, data supporting improved neuropsychological outcomes with SAH compared
to ATL have not been particularly convincing.

Stereotactic radiosurgery presents the opportunity to avoid invasive surgery altogether, with
seizure outcomes based on studies to date resembling resection, with the important
disadvantage of antiseizure effects lagging 1-2 years after the procedure. Stereotactic laser
thermo-ablation allows destruction of the mesial temporal structures with low complication
rates and minimal recovery time, but seizure freedom rates appear lower compared with
open resection, and long-term outcomes remain under investigation. Finally, while
neuromodulatory devices such as RNS, VNS, and DBS have an important role in the
treatment of certain patients, these remain palliative procedures for individuals who are not
candidates for resection or ablation, as complete seizure freedom rates are low. Further
development and investigation of both established and novel strategies for the surgical
treatment of TLE will be critical moving forward, given the significant burden presented by
this disease.
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Fig. 1.
Microsurgical anatomy of the temporal lobe. A) Lateral view of the left hemisphere. The

lateral surface of the temporal lobe consists of three parallel gyri: superior, middle, and
inferior temporal gyri. These gyri are separated by the superior and inferior temporal sulci.
The lateral parietotemporal line (red dashed line), an imaginary line connecting the
preoccipital notch and parietooccipital sulcus, separates the temporal and occipital lobes,
and the occipitotemporal line (blue dashed line), an imaginary line connecting the posterior
margin of the sylvian fissure with lateral parietotemporal line, separates the temporal and
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parietal lobes. B) Inferior view of the left temporal lobe. The basal surface of the temporal
lobe consists of, from lateral to medial, the inferior margin of the inferior temporal gyrus,
the fusiform gyrus, and the parahippocampal gyrus. The fusiform gyrus is separated laterally
from the inferior temporal gyrus by the occipitotemporal sulcus and medially from the
parahippocampal gyrus by the collateral posteriorly and rhinal sulci anteriorly, which are not
continuous in every case. The basal parietotemporal line connecting the preoccipital notch
and inferior end of parietooccipital sulcus separates the temporal and occipital lobes at the
basal surface. C) The superior view of the left temporal lobe. This surface facing the sylvian
fissure is divided, from anterior to posterior, into three portions: the planum polare, the
anterior transverse temporal gyrus, referred to as the Heschl's gyrus, and the planum
temporale containing the middle and posterior transverse temporal gyri. D) Enlarged view of
the anterior and middle segments of the medial temporal region. The anterior segment of the
uncus faces the carotid cistern, and the posterior segment faces the crural cistern and the
cerebral peduncle. The uncal apex is positioned lateral to the oculomotor nerve. The cortical
component of the middle medial temporal region formed by the parahippocampal gyrus
faces the midbrain across the ambient cistern. E) The medial temporal region with
hippocampus and dentate gyrus having been removed while preserving the fimbria and the
choroid plexus attached along the choroidal fissure. The amygdala forms the anterior wall of
the temporal horn and fills most of the anterior segment of the uncus. The inferior choroidal
point, located at the lower end of the attachment of the choroid plexus in the temporal horn,
is positioned behind the head of the hippocampus, anterior to the lateral geniculate body, and
lateral to the posterior edge of the cerebral peduncle. Amb.: ambient; Ant.: anterior; Calc.:
calcarine; Car.: carotis; Cent., central; Chor.: choroidal; Cist: cistern; Coll.: collateral; CN
I11: oculomotor nerve; Fiss.: fissure; Gen.: geniculate; Hippo.: hippocampus; Inf.: inferior;
Lat.: lateral; Mid.: middle; Occ.: occipital; Parahippo.: parahippocampal; Par.-Occip.:
parietooccipital; Par.-Temp.: parietotemporal; Ped.: cerebral peduncle; Post.: posterior; Seg.:
segment; Sulc.: sulcus; Sup.: superior; Temp.: temporal; Tent.: tentorial; Tr.: tract; Trans.:
transverse; Uncin.: uncinate. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Figure and legend modified and reproduced with permission from Kucukyuruk et al. [24]
distributed under the Creative Commons Attribution License.
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Fig. 2.
Demonstration of anterior temporal lobectomy for mesial temporal lobe epilepsy. A, B)

Preoperative T2-weighted coronal (A) and axial (B) MRI showing increased T2 signal,
decreased size, and diminished cytoarchitecture of the left hippocampus, consistent with
mesial temporal sclerosis. C, D) Preoperative T2-weighted coronal (C) and axial (D) MRI
demonstrating the resection cavity after left anterior temporal lobectomy. The resection
involves the anterior hippocampus to the level of the tectal plate, the amygdala, and an
approximately 4-cm resection of the anterolateral temporal neocortex, including the middle
and inferior temporal gyri.
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Fig. 3.

M?crosurgical approaches for selective amygdalohippocampectomy. Three main approaches
are shown for selective resection of the mesial temporal structures while preserving lateral
temporal neocortex. The transsylvian approach includes microsurgical splitting of the
sylvian fissure and traversing a portion of the temporal stem, the transcortical approach
proceeds through a limited lateral temporal corticectomy while the subtemporal approach
involves gentle elevation of the temporal lobe to identify and enter the collateral sulcus. L:
left; R: right.
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Fig. 4.

Ggmma knife stereotactic radiosurgery planning in a patient with mesial temporal lobe
epilepsy. On axial (A), coronal (B), and sagittal (C) T1-weighted MRI images, treatment is
planned at the mesial temporal structures, with 50% isodose line shown in yellow, 20%
isodose line displayed in green, and crosshairs approximating the center of the target. Care is
taken to limit the radiation dose to the optic apparatus and brainstem. A: anterior; L: left; P:
posterior; R: right. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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D

Fig. 5.

ngelopment of radiologic changes in a patient with mesial temporal lobe epilepsy treated
with a 24-Gy dose gamma knife stereotactic radiosurgery. FLAIR (A-E) and T2 (K-0)
hyperintensity appeared within the medial temporal lobe beginning by the 10th postoperative
month and peaked in intensity at 12 months, corresponding to a decline in the proportion of
patients experiencing complex partial seizures. Contrast enhancement (F-J) followed a
similar time course, except that it preceded T2 changes and diminished quickly after months
10-12. Enhancement was typically ring-enhancing and centered over the target region.
Figure and legend reproduced with license and permission from Chang et al. [73].
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Fig. 6.

Stgreotactic laser thermo-ablation in mesial temporal lobe epilepsy. A-C) T1-weighted
periprocedural MRI coronal (A), axial (B), and sagittal (C) images showing laser probe
placement along the axis of the left hippocampus, prior to thermo-ablation in a patient with
mesial temporal lobe epilepsy. D-F) Contrast-enhanced T1-weighted MRI coronal (D), axial
(E), and sagittal (F) images after thermo-ablation of mesial temporal lobe structures, with
contrast enhancement observed in the region of ablation. A: anterior; L: left; P: posterior; R:
right.
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Comparison of surgical treatments for temporal lobe epilepsy.
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Advantages

Disadvantages

Anterior temporal lobectomy (ATL)

Selective amygdalohippocampectomy (SAH)
Transsylvian approach

Transcortical approach

Subtemporal approach
Gamma knife radiosurgery (GKRS)
Stereotactic laser thermo-ablation (STA)
Device implantation

Responsive neurostimulation (RNS)

Vagus nerve stimulation (VNS)

Deep brain stimulation (DBS)

Supported by class | evidence; best seizure
outcomes

Preservation of lateral cortex; smaller incision
and craniotomy

Complete preservation of lateral cortex

Technically less challenging

Avoids both sylvian fissure and lateral cortex
No invasive surgery

Only burr hole required; preliminarily
favorable neuropsychological outcomes

No brain resection

Direct closed-loop therapy to EZ

EZ localization not required

EZ localization not required

Largest incision and craniotomy; questionable
neuropsychological implications of lateral
cortex resection

Slightly worse seizure outcomes than ATL;
still requires open surgery

Technically challenging; damage to temporal
stem

Damage to lateral cortex

Possible retraction damage to basal temporal
lobe

Antiseizure effects delayed by 12-24 months

Higher risk of persistent seizures than
resection; long-term outcomes require further
study

Palliative; worse seizure outcomes than
resection/ablation

EZ localization required; seizure freedom is
rare

Seizure freedom is rare

Seizure freedom is rare

EZ: epileptogenic zone.
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