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Abstract

Surgery can cure or significantly improve both the frequency and intensity of seizures in

patients with medication-refractory epilepsy. The set of diagnostic and therapeutic interventions
involved in the path from initial consultation to definitive surgery is complex and includes a
multidisciplinary team of neurologists, neurosurgeons, neuroradiologists, and neuropsychologists,
supported by a very large epilepsy-dedicated clinical architecture. In recent years, new practices
and technologies have emerged that dramatically expand the scope of interventions performed:
stereoelectroencephalography has become widely adopted for seizure localization; stereotactic
laser ablation has enabled more focal, less-invasive, destructive interventions; and new brain
stimulation devices have unlocked treatment of eloquent foci and multifocal-onset etiologies. This
article articulates and illustrates the full framework for how epilepsy patients are considered for
surgical intervention, with particular attention given to stereotactic approaches.

Most patients with epilepsy can achieve good seizure control with antiseizure medications.
Approximately 30% of people with epilepsy do not achieve seizure remission despite two
or more medication trials1=3. These individuals would be classified as having refractory

or intractable epilepsy®. In individuals with refractory epilepsy, surgical evaluation should
be considered early®. This is especially true in those with focal epilepsies localized to

the temporal lobe in whom surgery may result in a high likelihood of seizure freedom®.

In patients with temporal lobe epilepsy and concordance between EEG localization and a
structural abnormality on imaging, they can have up to 80% chance of seizure freedom’.

There is often a delay before referral for epilepsy surgery. In adult patients, there can be up
to a 20-year delay between epilepsy onset and time of surgery8: °. In children, this delay

is less but on average 9 years and 7 to 8 anti-seizure medication trials later!?. Reasons

for delay can include delay in epilepsy diagnasis, delay in referral to an epilepsy center,
waiting for epilepsy to be “outgrown,” continued medication trials with low likelihood of
remission, lack of findings on imaging, and external patient factors (lower socioeconomic
status, cultural beliefs, reluctance to undergo surgery)! 12, However, the evidence for the
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benefit of surgical intervention is clear: In the only randomized controlled trial of epilepsy
surgery vs medical management, surgery outperformed medical management (58% vs 8%
free of impaired-awareness seizures, and 38% vs 3% free of all seizures at one year)13. In a
trial of early epilepsy surgery vs medical therapy for mesial temporal lobe epilepsy, 11/15 in
the surgery group compared to 0/23 in the medical group were seizure free at 2-year follow
upt4.

The concept of epilepsy surgery goes back millennia to Hippocrates®; however, our
understanding of epilepsy and its mechanisms have evolved significantly from the simple
skull trephinations performed in antiquity. Modern epilepsy surgery is a relatively recent
development, starting with Sir Victor Horsley in the late 19th century, who anatomically
localized patients’ epileptic onset based upon their symptoms during seizures and cured
them by resection!® 17, Following advances in stereotactic targeting!® 19, Bickford &
Cairns?0-23 and later Talairach24 pioneered diagnosis of seizure onset from electrical
activity measured with penetrating depth electrodes. Talairach’s frame, enabling pure

lateral trajectories guided by angiogram to avoid vasculature, is the foundation of modern
stereotactic EEG25: 26, This pioneering work allowed for chronic intracranial EEG recording
which had previously not been possible. In the decades since, magnetic resonance imaging
and intraoperative neuronavigation have enabled millimeter-scale precision for targeting
with direct knowledge of the cortical anatomy beneath. Today, the stereotactic EEG
approach consists of customized trajectories that optimize sampling with skewed trajectories
that specifically target imaging-identified pathologies and suspected seizure-onset zones,
while maintaining distance from dangerous structures. In the last decade, stereotactic
placement of clear cannulas combined with the ability to measure temperature in real time
with MRI (MR thermometry) has seen the emergence of laser heating to heat and destroy the
seizure focus, sparing the patient a craniotomy with damage to unrelated brain tissue?’. As
this shift towards minimally invasive epilepsy surgery continues to evolve in the modern era,
the process from diagnostic workup to definitive intervention has become more nuanced.
This manuscript aims to highlight the potential uses of stereotaxy in medically intractable
epilepsy and to provide a resource to navigate the decision-making process in epilepsy
surgery (Figure 1).

From referral to multidisciplinary conference

Once a diagnosis of refractory epilepsy is made, the next step should be consideration of
epilepsy surgery. In all patients with surgically remediable epilepsy, early referral is better.
In children, earlier referral can be associated with improved developmental outcomes28.
Reasons for referral to a epilepsy center include: age less than 2 years old2?; epilepsy

is not controlled within two years of onset or after trials of two or more medications;
intolerable side effects are experienced; disabling seizures; imaging demonstrating a focal
unilateral lesion consistent with seizure semiology; an epileptic encephalopathy, with lack
of expected developmental progression, plateauing or regression coincident with seizure
onset or increase in frequency; and an etiology which requires special dietary or medical
management — i.e. glucose transporter deficiency, Dravet syndrome, etc.2°.
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Comprehensive presurgical evaluation at an epilepsy center typically begins with attempts at
seizure classification and anatomic localization of the seizure onset zone (SOZ). This starts
with a thorough seizure history and evaluation by an epileptologist (Figure 1). Continuous
video EEG monitoring is necessary to record symptoms before, during, and after the seizure
(ictal semiology) and correlate these with electroencephalographic findings. In order to
determine whether there is an identifiable anatomic abnormality (i.e. whether this represents
lesional focal epilepsy), high-fidelity imaging including a brain MRI, ideally on a 3 Tesla
MRI scanner when possible, including thin cuts through the hippocampi and sequences
which can aid in the identification of abnormalities, such as double-inversion recovery (DIR)
which can highlight gray matter abnormalities such as focal cortical dysplasia or migrational
abnormalities30.

When a patient is non-lesional or “MRI-negative” additional studies should be performed.
Imaging modalities such as PET coregistered to CT or MRI can identify areas of

focal hypometabolism suggestive of a seizure onset zone in the interictal period or
hypermetabolism, which can be seen following a recent seizure3l: 32, Other modalities
which can aid in localization can include studies such as magnetoencephalography, which
can be an adjunct to EEG to identify a cluster of electrical dipoles that localize the SOZ.
During a monitoring unit evaluation, performing ictal SPECT (single photon emission
computed tomography) can help identify areas of cerebral hypermetabolism which may
indicate the SOZ. This can further be enhanced by co-registration to MRI as is done with
SISCOM (subtraction ictal-SPECT coregistered to MR1)31: 33 and with statistical parametric
mapping (SPM)34,

Following completion of phase 1 (admission to the epilepsy monitoring unit (EMU)

for seizure localization with scalp EEG) of the presurgical evaluation, many centers

convene a multidisciplinary epilepsy surgery conference that involves epileptologists,
neurosurgeons, neuropsychologists, and neuroradiologists. Neuropsychologists evaluate for
cognitive deficits that can help in assessing the patient-specific morbidity of particular
surgical interventions, particularly in function related to memory, naming, or speech3.

One of the key benefits of this step in the process is the potential to re-review previous
imaging or electrophysiological studies for evaluation of subtle findings that may have been
overlooked on initial radiologic interpretation3®. Following this meeting, the committee may
recommend (with the weight and gravity of a consensus): further diagnostic studies; medical
management without surgical intervention; a definitive procedure, such as neurostimulator
implantation, resection, or disconnection; or phase 2 evaluation with intracranial EEG may
be the next step.

A question of concordance

When evaluating candidacy for epilepsy surgery, one of the primary goals is to evaluate for
concordance (agreement) in the hypothesized SOZ between seizure semiology, diagnostic
electrophysiology (EEG), and abnormalities on imaging3/-39. Having concordance increases
the likelihood that the suspected epileptogenic zone has been correctly identified and
increases the likelihood of a seizure-free outcome: When there is an identifiable lesion,

the odds of seizure freedom can be 2.5 times higher compared to those without a structural
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abnormality, therefore, it can be important to pursue multiple modalities when assessing for
concordance?0.

Magnetic resonance imaging (MRI) is the cornerstone of lesion identification, and most
patients undergoing presurgical evaluation will already have updated neuroimaging to assess
whether they may have lesional focal epilepsy. In patients with MRI-negative epilepsy who
have not undergone recent imaging (within the past 6-12 months), it may be reasonable

to repeat imaging as part of the phase 1 evaluation. This is particularly true if technology
has changed or improved or if, for example, the patient previously had MRI imaging on

a 1.5 tesla coil MRI and now a 3 tesla MRI scanner is available*l. While not routinely
clinically available, though often available on a research basis, 7 tesla MRI can identify
subtle malformations of cortical development that were initially not identified (or were
inconclusive) on 3 tesla MRI42 43, Having a standardized epilepsy imaging protocol as well
as staff trained to interpret the sequences is critical in the evaluation*4-47. Utilizing specific
sequences, such as double inversion recovery (DIR) can be helpful in identifying a lesional
abnormality3C. Image post-processing, such as morphometric analysis, can be particularly
valuable in the workup of non-lesional focal epilepsy*8-51,

In addition to MRI, a number of ancillary studies can be performed to further refine

SOZ localization and help to create a surgical plan. /ctal SPECT is an imaging study

where a radiotracer is injected during a seizure shortly after clinical or electrographic
seizure onset°2-54, Once the radiotracer is injected it is selectively concentrated in areas

of hAypemperfusion and Aypermetabolism within the brain, which, during the early phase of
seizures, identifies the SOZ. With late injections, these may be non-localizing as electrical
hyperactivity may have diffused or spread due to generalization of epileptiform activity.
Interictal SPECT can also be helpful, where the injection is repeated during a period of

time without seizure, and areas of Aypoperfusion/metabolism are of interest. Subtraction
ictal SPECT coregistered to MRI (SISCOM) subtracts ictal and interictal SPECT studies and
overlays them on MRI, which can sometimes identify a more nuanced area of interest for the
SOZ, or where a subtle malformation may have missed on initial inspection®2: 55-57,

Statistical parametric mapping (SPM) is an image processing tool that analyzes cerebral
blood flow changes comparing voxels and can be helpful in identification of seizure onset
zone hyperperfusion®8: 59, This information can also be coregistered to MRI, i.e. StatiSCOM,
to again help point out subtle abnormalities not initially identified on imaging34.

Positron emission tomography (PET) is a nuclear medicine study which evaluates energy
utilization, commonly in the form of 18 F-fluorodeoxyglucose (FDG) assessing areas of
hypometabolism for identification of the epileptogenic region®0. This can be particularly
helpful in the identification of focal cortical dysplasia (FCD) overlooked on initial
inspection of the MRI. Coregistration of PET onto MRI or CT can identify areas of relative
hypo- and hyper-metabolism, which can indicate the SOZ in its ictal or interictal states.
Emerging techniques coregister PET with ictal SPECT®1,

Digital analysis of raw EEG data and synthesis with imaging can be helpful
for understanding seizure initiation and propagation in an anatomically grounded
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framework, and aid in planning if the patient is a surgical candidate®2-67. Similarly,
magnetoencephalography (MEG) is a complementary electrophysiology technique that
records magnetic fields generated by cellular activity®8. Information from MEG is combined
with the structural MRI in order to localize the source of the generated signal (magnetic
source imaging - MS1)8%. MEG can be particularly helpful for confirming a lesion or

the area surrounding a lesion is the SOZ, with anatomic colocalization of epileptic spike
source to pathology on imaging® 71. In non-lesional (MRI-negative) epilepsy cases, source
localization of interictal dipole clusters can help identify a region of suspicion that could be
further evaluated with SEEG electrodes during subsequent intracranial monitoring. In those
with restricted zones of dipole clusters, seizure free outcomes may still be achieved with
normal or non-lesional MRI72.

In some patients with clear concordance, there is limited benefit from additional evaluation
and a definitive procedure is recommended as the next step. These situations may be because
there is a clear lesion that can be implicated as causative for the patient’s epilepsy (i.e.
encephalocele, tumor, etc.) or a procedure with known benefits (corpus callosotomy for
atonic seizures). If the abnormality is far from eloquent cortex or felt to be fairly “low risk,
high reward” such as in non-dominant temporal lobe with concordant seizure semiology

and EEG findings, then many may go directly to surgery. If the seizure semiology does

not match with the expected imaging findings, then further evaluation with SEEG would be
reasonable to try to find the suspected seizure onset zone.

Mapping techniques to identify brain function

Non-invasive functional mapping is essential for understanding the epileptic-eloquent
interface and counseling patients and their families about surgical risk or neuromodulatory
side effects. These mapping studies are performed to localize eloquent brain areas involved
with speech/language, sensorimotor function, vision, and memory. Functional MRI (fMRI)
does this by measuring MR correlates of blood oxygenation while patients perform tasks

in the scanner’3: 74, The subtlety of mapping scales with patient participation and can be
performed in young children for motor localization /6. Active functional mapping can

be performed non-invasively with transcranial magnetic stimulation (TMS) — a stimulation
method that applies changing magnetic fields outside the head to induce electrical currents
within the brain to map language and motor function’”: 78, TMS is effective in adult and
pediatric epilepsy patients with a minimal side effect profile, including headaches and scalp
discomfort, and a small (<1%) risk of seizure’983, As an interesting aside, TMS can also be
used as an intermittent neuromodulatory therapy for refractory focal epilepsy84-87.

Targeted brain tissue ablation with laser interstitial thermal therapy (LITT)

Laser interstitial thermal therapy (LITT, Figure 2) is a minimally invasive, stereotactic
technique that has been adopted within the last decade for the treatment of refractory
epilepsy in both adults and children88-91, LITT burns brain tissue by laser heating with a
fiber optic filament advanced through an irrigating cooling catheter that is stereotactically
placed in the SOZ, while monitoring heat distribution within the brain volume using
continuous MRI (modified T2* sequence). By virtue of the real-time temperature maps
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from MRI (MR Thermography - Figure 3), LITT is safer than classical radiofrequency

(RF) ablation when lesioning sensitive brain areas. Laser ablation often follows SEEG-based
identification of the SOZ and can be helpful for deeper and difficult to reach structures®2,
Real-time thermal mapping is used to show the area of burn surrounding the area of interest
(Figures 2, 3, 4, 5, & 9). The temperature limits are set to protect injury to sensitive
structures, where low-temperature triggers are placed on imaging, and automatically turn off
the laser before the tissue is burned. This can be repeated multiple times, and along multiple
trajectories to destroy the SOZ.

The most classic, and most successful, target for surgical intervention in epilepsy is mesial
temporal sclerosis (MTS, also called hippocampal sclerosis), a pathology characterized

by atrophy and scarring down/sclerosing of the hippocampus with loss of normal
cytoarchitecture93: 94, Stereotactic laser ablation can be used as an alternative to an

open anterior temporal lobectomy with amygdalohippocampectomy (Figure 2)9°. Studies
comparing stereotactic laser ablation to standard anterior temporal lobectomy (ATL) for
mesial temporal sclerosis have found that LITT fully preserves naming compared with
>75% deficit rate with ATL96: 97 While there are still some memory deficits seen with
dominant mesial temporal LITT, these are less severe and far less frequent than dominant
ATL96. 98 As currently performed, LITT provides a slightly lower probability of seizure
freedom versus standard temporal lobectomy for MTS9: 93-102 However, LITT does not
preclude subsequent resection, so ATL may follow if improvement is only partial or non-
sustained. This can still be an appealing surgical option given the minimally invasive nature
compared to open resection, and, anecdotally, many patients who decline an open resection
do choose to undergo LITT.

Encephaloceles are herniations of brain tissue into a skull defect, which can be

either acquired or congenital. Some acquired causes are previous head trauma or prior
neurosurgical intervention 193, These can be found in any location, but more commonly
identified in the anterior and middle cranial fossae, where they are epileptogenic and
resection or ablation is generally recommended’93-195, For some encephaloceles, ablation
via stereotactic laser thermal ablation is emerging as an approach to minimize morbidity
while stopping seizure activity from spreading to other brain regions, although it does not
directly repair the cranial defect (Figure 3)106. 107,

In patients with epileptogenic tissue aberrancies, such as focal cortical dysplasia, gray
matter heterotopia, cortical tubers, etc., consideration can be made for LITT in place of
open resection. This can follow in cases of strong initial EEG concordance or from an
SEEG evaluation if confirmation of SOZ is needed. Laser ablation can also be performed
initially as part of a staged procedure, to be followed by open resection in the case of
incomplete seizure control or as part of a planned staged approach for larger lesions!8. In
some pathologies, LITT may be the clearly preferred approach for surgery, as in the case
of hypothalamic hamartoma, where endoscopic or open resection may be associated with
increased risk of complications and lower rates of seizure freedom109-112,

Stereotactic innovation has enabled new avenues for therapy for epileptogenic brain tumors.
Using stereotaxy, tumors can be biopsied to obtain diagnostic tissue, followed by laser
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ablation of the tumor, which can be particularly useful for deep or difficult to access
tumors!13: 114 For a number of tumor types, the diagnostic yield of stereotactic versus open
biopsy can be similar15, while the frequency of epilepsy associated with brain tumors is
variable depending on the tumor pathology. A number of brain tumors are known to be
highly epileptogenic, such as neuroglial tumors and gangliogliomas, where rates of epilepsy
could approach 100%, though the natural history of the lesions may be otherwise relatively
benign116. Neuroglial tumors, such as dysembryoplastic neuroepithelial tumor (DNET) and
polymorphous low-grade neuroepithelial tumor of the young (PLNTY), while rare, are
among the most common causes of intractable focal epilepsy!1’. The prototypic scenario
where laser ablation may be recommended would be in the case of epilepsy associated

with hypothalamic hamartomal18, For patients with imaging and history consistent with
these tumors or previous subtotal resection, ablation can be considered over open resection,
particularly for hard to reach or deep tumors1® 120 (Figure 4).

Stereotactic disconnection surgery — laser corpus callosotomy

In the case of intractable atonic seizures or drop attacks, there may be no discrete regions
of seizure onset. The sequelae of these seizures may be dramatic and, cumulatively, life
threatening with frequent injury. As drop attacks result from interhemispheric sustainment
of seizure activity with synchronized loss of function, a palliative corpus callosotomy to
prevent spread between the hemispheres may be the next recommended step. While atonic
seizures can often be seen in individuals with Lennox-Gastaut syndrome, they may also be
seen in other childhood onset epilepsies and epileptic encephalopathies. These and other
refractory epilepsies may respond to callosotomy 121-123 Corpus callosotomy involves
dissection of the fibers of the corpus callosum as an effort to prevent rapid propagation

of epileptic activity between the hemispheres. While callosotomies have traditionally been
performed via an open approach, laser ablation has recently been adopted as an alternative
by placement of multiple thermal ablation catheters throughout part or all of the corpus
callosum (Figure 5). LITT is significantly less invasive than the open approach, which
involves craniotomy, dissection, brain retraction, potential injury to the pericallosal arteries,
and blood loss!24. The most common complication of complete corpus callosotomy, which
can be seen with both open and laser approaches, would be a disconnection syndrome,
characterized by ataxia, aphasia/mutism, apraxia, anomia, and alien hand syndrome, which
often is transient. Recovery time and length of hospital stay are dramatically reduced
following laser callosotomy compared with an open approach. LITT can also be performed
to complete a prior partial callosotomy or any residual connections from a prior open
resection125-127,

Decision point: should this patient undergo stereo-EEG?

Stereoelectroencephalography (SEEG) records electrical signals within the brain by using
electrodes that are implanted using a minimally invasive procedure where wires are passed
through 2 mm burr holes in the skull. These electrodes help locate the seizure source
when scalp EEG is unclear or imaging is negative, but seizure activity is still suspected or
observed (Table 1). SEEG may also be used to map function in areas of the brain to be
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removed via resection or thermal ablation or to assess whether patients would benefit from
implanted stimulation therapy.

Until recently, most patients who currently undergo sEEG in the United States would
instead have been monitored with grid, strip, and depth electrodes using traditional
electrocorticography (Figure 6), which records from larger areas of the brain surface
following craniotomy. In contrast, SEEG can be performed via small holes drilled in

the skull, anchors placed over these holes, and then placement of the intracranial SEEG
electrodes through these holes guided by stereotactic navigation to pre-planned locations.
Between 10 to 15 electrode leads are typically placed during sEEG implantation (with
more than 200 total electrode contacts) depending on the set of hypotheses for location(s)
of the seizure onset zone (Figure 7). Many centers now have robotic-assisted SEEG
implantation, which can speed up implantation time up to 2.5 times faster than frame-
based approaches!28. Additionally, robotic-assisted implantation has been associated with
improved target accuracy (reduced deviations from the intended trajectory) and reduced
rates of catastrophic complications!2%. Recently, head-mounted 3-D printed customized
stereotactic fixtures, with all trajectories pre-aligned, have allowed for rapid SEEG
placement with high accuracy and fewer free parameters than other approaches!30-132,

SEEG in lesional epilepsy:

SEEG can serve an important role in the diagnosis and treatment of lesional epilepsy.

In the case of multiple evident lesions on brain imaging, with inconclusive scalp EEG

to delineate between them, implanted SEEG electrodes can isolate which is the SOZ. In

the lesional case where the SOZ is coarsely known, sEEG can to help define the extent

of resection — defining the epileptic margin — while also enabling extraoperative cortical
stimulation mapping, defining the functional margin (eloquent boundary). The two margins
can then be weighed against one another to determine what intervention will maximize
reduction in seizures while minimizing the risk of significant deficit. This approach is
particularly useful with malformations of cortical development, where eloquent cortex

can be intermixed with dysplastic cortex and there is markedly increased risk of deficit

if function is not characterized prior to resection33, At the brain surface, stimulation
mapping with ECoG has been shown to improve seizure-free outcomes while minimizing
post-operative deficits!34 135 Mapping with SEEG electrodes has the benefit of sampling
brain structures throughout the brain volume, which cannot be done with brain-surface
ECoG grid & strip electrodes. However, the extent of contiguous coverage with SEEG

is limited by sparse sampling, while ECoG can provide a regular sampling of the brain
surface surrounding the superficial lesion margin of lesion for direct epileptic and functional
mapping’36: 137 Despite this, electrical stimulation mapping with SEEG can still be helpful
with mapping motor and language function, but more likely underrepresents the extent of
eloquent cortex138. 139 One benefit of deeper sampling with SEEG mapping is the ability
to assess propagation and spread of activity from stimulated contacts in gray matter through
white matter which can assist with mapping the epileptic network40. In select patients,
awake resection with intraoperative ECoG can be considered to further delineate epileptic
and eloquent cortex if needed#, even in patients who may have undergone prior SEEG
monitoring.
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SEEG in non-lesional epilepsy

While seizure-free outcomes for patients without obvious imaging abnormalities (“imaging
negative”, non-lesional) are typically considered lower compared to lesional epilepsy, SEEG
can significantly improve the prospect of seizure reduction or freedom129 142, 143 "1 non-
lesional epilepsy, the set of regions targeted by SEEG is primarily driven by the scalp EEG
findings and the seizure semiology, with a canonical set of trajectories for each candidate
brain region. For example, epigastric rising sensation and olfactory auras suggest the mesial
temporal lobel44, prompting subsequent SEEG lead placement in the hippocampal body &
head and the amygdala. Scalp EEG with diffuse lateral interictal epileptiform discharges
over frontal, temporal, and central leads would prompt placement of SEEG leads into

the ipsilateral insula. Ancillary metabolic imaging studies like PET and SPECT may also
provide candidate SOZs for SEEG lead placement. MEG, when available, can also guide
SEEG targeting as an electrophysiological adjunct to EEG, with ictal dipoles interpolated on
a co-registered MRI145,

Radiofrequency ablation through stereoelectroencephalography (SEEG)

electrodes

As previously discussed, SEEG can also be performed as the first part of a staged
intervention, such as radiofrequency ablation (RF) or LITT. RF ablation is performed

by delivering high levels of electrical current through the implanted SEEG leads to burn
adjacent epileptogenic tissue (principally in Europe, and now being increasingly adopted in
the United states)146-149. The procedure is performed after a period of prolonged inpatient
monitoring, where the seizure focus (or foci) has been localized, and clinical stimulation
mapping has been performed through the SEEG leads to rule out post-procedural deficit.

It may be performed at the bedside, with typically a neurosurgeon attaching RF cables to
the SEEG leads and delivering high power (typically ~5 watts) current sequentially through
a set of pre-determined contacts using a clinical radiofrequency generator. A neurologist
reviews the EEG traces from the adjacent leads during the ablation and clinically monitors
the patient for seizures or behavioral changes. While the RF ablation volumes are smaller
than other techniques like LITT (~3.5mm versus >12mm diameterl49), RF ablation may
serve several important purposes: 1) RF ablation can be performed to “mark” seizure onset
zone as (Figure 8); 2) Some patients experience a sustained reduction of seizures following
RF ablation alonel46: 148: 3) In those with even a transient reduction in seizure frequency
or a change in seizure character, RF helps to identify regions for future LITT, resection,

or neurostimulation to produce a more lasting effect; 4) The implanted electrophysiology
may continue to be monitored after the RF ablation, providing the epilepsy team with novel
understanding of the patient’s seizure network to devise permanent treatment strategies (this
is particularly relevant in multifocal epilepsy, where only a subset of foci may be ablated due
to eloquence).

The connection between sEEG and brain stimulation to treat epilepsy

During phase 2 monitoring, it may be discovered that the patient is not a focal resection
candidate, most commonly because the patient has multifocal epilepsy or the identified

Epilepsia. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller and Fine

Page 10

SOZ is in elogquent cortex. In cases of multifocal or eloquent SOZ, sEEG can be used in
the evaluation for candidacy for neuromodulation. In light of this, the preoperative SEEG
planning should answer the question, “Could this patient benefit from neuromodulation,
and will this monitoring plan determine the best neuromodulation strategy?” In the case
of lesional epilepsy, where the extent of SOZ extension into eloquent cortex is unknown,
adequate electrode coverage of the lesion borders can be used for trial stimulation and to
see if the patient would benefit from focal stimulation (i.e. responsive neurostimulation
(RNS) or chronic subthreshold cortical stimulation(CSCS)). For patients with multifocal,
diffuse, or generalized epileptic networks, a more generalized stimulation modality (deep
brain stimulation (DBS) or RNS into thalamic targets) may be more helpful, and SEEG
implants into the thalamus may help determine optimal permanent stimulating electrode
placement®0-152_ Trial stimulation through SEEG electrodes delivers current to the same
locations that would be implanted with RNS or DBS, while continuing to observe the patient
in the epilepsy monitoring unit and observing changes in electrographic interictal spikes,
electrographic seizures, and clinical seizures!®3,

Brain stimulation for epilepsy with chronically implanted electronic devices

Implanted brain stimulation for epilepsy currently falls into two general paradigms. The first
is to target electrode contacts to the identified SOZ specific to the patient being treated.

The second paradigm is to target electrode contacts to a part of the brain that receives a
confluence of inputs from distributed circuitry, typically in the thalamus. Neurostimulation
strategies in both paradigms may be implemented using a “responsive” (RNS) approach
with current delivery explicitly triggered by events identified from the measured voltage
trace (Figure 10)151. 154, 155  Aternately, stimulation may be delivered according to

a prescheduled pattern, independent of underlying brain activity. When prescheduled
stimulation is delivered to the SOZ it is called chronic subthreshold cortical stimulation
(CSCS), where ‘subthreshold’ refers to the calibration of parameters so that stimulation does
not induce a perception by the patient (Figure 11)156: 157, prescheduled stimulation of the
thalamus is called deep brain stimulation (DBS, Figure 12).

Stimulating the SOZ

Electrical stimulation at the site of seizure initiation can arrest seizure progression
acutely®8: 159 stop seizures from initiating to reduce their frequency over timel60, and
induces plasticity in the seizure circuits'61, Both RNS (closed-loop sensing and stimulation)
and CSCS (open loop stimulation) of the SOZ have been shown to be effective (with
75-90% reduction in seizures) and are particularly useful for eloquent cortex SOZs162-165
(Figure 11). Stimulating electrodes may be placed on the exposed brain surface with paddle-
style electrodes or depth electrodes. Permanent stimulator implantation of the SOZ will
follow a period of implanted monitoring, except in the case of clearly concordant lesional

epilepsy.

Epilepsia. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller and Fine

Page 11

Stimulating the seizure circuit with electrode contacts in the thalamus

In contrast with the patient-idiosyncratic targeting of the SOZ, it is also possible to target
central brain nodes where propagating seizure activity converges. For epilepsy, these targets
have been in the thalamus. The stimulation presumably works by arresting generalization
of seizures (i.e. disrupting ictal activity spreading via the thalamus), by disentraining
hyperconnectivity in seizure circuits, and by modulating SOZs interictally in such a way
that they are less epileptogenic. Anterior nucleus of the thalamus (ANT) has been assessed
and approved through an FDA premarket approval clinical trial, finding a 56% and 69%
seizure reduction at 2 and 5 years, respectively166-168 However, the ANT is a component
of limbic circuitry and is not a universal node in all seizure networks. Most epilepsies

come from discrete networks, so the nucleus selected for thalamic stimulation should be
determined by the putative network involved. In the emerging framework for patient-specific
thalamic stimulation, the centromedian nucleus is suggested for basal-ganglial, motoric,
and generalized epilepsies due to its unique widespread connectivities!®2 169, The pulvinar
has been suggested as a common target for occipital-onset seizures (especially those

with occipital horn periventricular nodular heterotopias), and those with eye movement
semiologies’0. The central lateral (intralaminar) nucleus is being trialed for non-lesional,
extratemporal epilepsies of impaired awareness!’1. Further targets will emerge based upon
evolving neuroscientific understanding of how the hemispheres interact with the thalamus,
and what circuit dysfunctions underly different seizure types.

We believe that stereotactic approaches are a natural extension of the personalized approach
that is essential for the idiosyncratic nature of epilepsy. Moving forward, optimized therapies
will move beyond a “node-based” philosophy, toward a “network-based” philosophy,

where patient-specific SEEG findings will guide stimulation and/or ablation of multiple
nodes within and across networks specific to that patient. Treatment of SOZs in the
hemispheres with ablation or stimulation may be paired with thalamic stimulation for a

more comprehensive seizure suppression strategy. For tandem SOZ+thalamic stimulation
multi-lead stimulation strategy can be trialed over several days in the epilepsy monitoring
unit through implanted SEEG arrays after the diagnostic portion of the SEEG monitoring
period is complete.

Conclusion

Recent advancements in stereotactic neurosurgery are facilitating less-invasive, more
sophisticated interventions for epilepsy. This manuscript illustrates the decision-making
process that guides each patient from their initial presentation to definitive therapy,
highlighting the roles of SEEG, LITT, and brain stimulation. These techniques are the core
of a network-based paradigm for epilepsy therapy, which is a concept that has been talked
about for a long time but is only recently being realized in clinical practice.
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. New advances in MR-guided laser ablation, depth electrode measurement,

. Decision making in neurosurgical treatment of epilepsy is highly complex

. Stereotactic interventions access deep areas of the brain through penetrating

Article Highlights:

and brain stimulation have dramatically expanded and complicated the range
of neurosurgical interventions to treat patients with epilepsy.

and requires multiple stages of coordinated discussion between neurologists,
neurosurgeons, neuroradiologists, and neuropsychologists.

electrode leads and laser cannulas advanced via several square millimeter
holes drilled through the skull.
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Figure 1:

Overview of the decision-making process in stereotactic epilepsy surgery. The process
begins in the top left, with a consultation to the epileptologist. Steps illustrated in this
manuscript are noted by corresponding figure number.
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Figure 2: Dual filament LITT ablation for mesial temporal sclerosis.
(A) Coronal (top) and axial (bottom) T2 MRI showing left hippocampal mesial temporal

sclerosis. Sclerotic hippocampus indicated by red arrow. (B) The transparent laser cannula is
continually cooled with cycled saline and held in place with a skull alignment and anchoring
bolt that can be entirely plastic (as seen here), or metal & plastic (seen in C). (C) The

mesial temporal structures are targeted with two cannulas. One is from a posterior approach
(yellow-dashed), targeting the body and lateral head of the hippocampus, and the other

is from a lateral approach, targeting the amygdala and the superior-medial aspect of the
hippocampal head. (D) The posterior-approach laser cannula seen by air artifact on in-plane
pseudo-coronal (top) and pseudo-axial (bottom) T2 MR, indicated by yellow arrows. Green
arrows show the lateral approach cannula, which can also be seen on the coronal image. (E)
Thermal damage map from the posterior cannula in pseudo-coronal (top) and axial (bottom)
sections. (F) As in D&E, but for the lateral approach cannula, indicated in green arrows.
Note the ablation from the posterior approach (yellow arrow) that can be seen on the coronal
image. (G) Post-ablation damage revealed on T1 post-contrast (gadolinium) MRI, in coronal
(left), axial (right), and sagittal (bottom) sections.
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Left Temporal Encephalocele Realtime
e MRI Thermography

Figure 3: Illustration of laser interstitial thermal therapy (LITT) for a left temporal
encephalocele.

(A) A left anteromedial temporal skull base defect can is seen on 3D rendering (red

arrow). (B) The skull defect and herniating brain tissue is seen in coronal section. (C)
Operative photograph showing site of cannula insertion through skull bolt. (D) Realtime
image of temperature map from MR thermography (modified T2* sequence). (E) Realtime
cumulative damage map for estimated permanent burn using the Arrhenius equationl’2. (F)
Sequential ablations - realtime MRI thermography (from white box in (D). (G) Sequential
cumulative damage map (from white box in (E).
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Figure 4: Coordinated biopsy and LITT of an epileptogenic tumor.
(A&B) A child with intractable seizures was found to have a right-sided lingual gyrus

lesion, seen here in T1&T2 axial sections. (C) Diffusion tractography imaging (DTI)
showed close proximity of the lesion to the optic radiations. (D) Three laser cannulas were
placed stereotactically. A needle biopsy was performed through the posterior trajectory prior
to cannula placement, and the lesion was found to be a dysembryoplastic neuroepithelial
tumor (DNET). (E-G) Damage maps for 3 laser trajectories. (H&I) Post-ablation damage
revealed on contrasted (gadolinium) T1 (H) and T2 (I) MRIs.
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Figure 5: Complete corpus callosotomy performed by four-cannula LITT approach.
(A) Four skull bolts are placed with an anterior-posterior posterior callosal body (P.B.)

trajectory, transverse trajectories through the genu (G) and splenium (S), and a posterior-
anterior anterior callosal body (A.B.) trajectory. (B) Segments of the corpus callosum
traversed by laser cannulas in cartoonized sagittal (upper) and coronal (lower) images. (C)
Illustration using axial FLAIR MRI imaging of an ablation trajectory in post-placement,
pre-treatment imaging where artifact from air shows the cannulas (left), during the treatment
where the estimated damage can be seen in orange (middle), and post-treatment, where the
ablated region can be seen with hyperintensity. (D) Pre-operative (top) and post-treatment
(bottom) FLAIR imaging in coronal (left), sagittal (middle), and axial (right) sections,
showing the ablation extent.
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Fig 6. Electrocorticography (ECoG) and stereoelectroencephalography (SEEG).
(A) Grids of brain surface ECoG electrodes are placed through large openings in the skull

(craniotomies). (B) Recently, there has been increasing use of stereotactically-placed depth
electrodes — SEEG, placed through bolts embedded in the skull. (C) ECoG electrodes
sample the exposed, convexity, brain surface at regular intervals. (D) SEEG samples this
convexity irregularly and sparsely, though can be targeted precisely. (E) SEEG is used to
precisely sample surface & deep gray matter as well as subcortical nuclei to identify seizure
onset zones and potential therapeutic loci.
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Fig 7. Stereoelectroencephalography implantation.
(A) Preoperatively, insertion sites are marked and small shaves are made. (B) SEEG bolts

are placed stereotactically and SEEG leads are advanced in-line through them. (C) An
inverted x-ray shows a variety of trajectories. Note that many surgeons are increasingly
placing “skew” trajectories that follow gyral anatomy rather than pure lateral trajectories
that dominated in Europe in previous generations. (D) Fusion of CT to post-gadolinium
enhancement T1 MRI shows the precise relationship of each electrode to underlying brain
anatomy.
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Fig 8. Radiofrequency ablation (RF) through stereoelectroencephalography electrodes.
(A) Seizure onset was identified by SEEG in several of the deepest contacts, centered at

the red dot, and indicated by an arrow (on CT fused to gadolinium-contrasted T1). (B)

RF ablation is performed by passing current directly through the SEEG electrodes, using
a grounding pad on the leg. (C-D) Immediate post-procedure MR imaging on T2 FLAIR
(C), and susceptibility-weighting (D). (E&F) 16-month post-procedure T2 FLAIR (E) and
standard T2 (F) showing persistent lesion effect.
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| FLAIR hyperintensity in R claustrum

»

Fig 9. Peri-insular seizure onset zone intervention.
(A) A hyperintensity is seen on MR FLAIR sequence in the right claustrum (circled in red),

but scalp EEG non-focal within the right hemisphere. (B&C) Implanted SEEG electrodes
(white-orange) fused to the FLAIR MRI localized seizure initiation (white arrow) to the
claustrum/insula (B-axial, C-coronal). RF ablation changed seizure semiology, though did
not eliminate seizures altogether. (D) Based upon causal suggestion from RF, LITT was
performed, with intraoperative damage estimate (orange) overlaid on axial T2 MRI. (E)
Post-LITT axial FLAIR MRI. (F) Post-LITT gadolinium-contrasted T1 MRI seen in axial,
coronal, and sagittal sections. Note that the peri-insular seizures were also captured in
electrodes out of plane in addition to that noted by white arrow in panels C&D.
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Embedded recording & seizure detection
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Fig 10. Responsive neurostimulation (RNS), illustrated for bitemporal epilepsy with for the

Neuropace system.

(A) The sense & stimulate device is embedded in a tray in the right parietal boss of

the skull, and leads are placed stereotactically (insertion site the right lead shown with

a white arrow). (B) Lateral x-ray shows leads bilaterally. (C) Fused post-implant CT to
gadolinium-contrasted T1 MRI in sagittal (upper panel) and axial (lower panel) planes,
showing the leads traversing the hippocampus and extending into the anterior-inferior
portion of the amygdala. (D) Incisions for device implantation, with the left incision for
insertion and anchoring of left lead, and the closed right incision from (A). (E) Schematic
of implantation from a right-sided view showing a common trajectory (here terminating

in the hippocampus). (F) Data are recorded continuously from the implanted structure and
processed in the RNS device. When the custom-parameterized predictor exceeds a threshold
(indicating seizure detection), electrical stimulation pulses are sent back into the lead.

(G) Example voltage trace from an implanted patient, showing emergence of a seizure,

stimulation, and resolution of the seizure.
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Fig 11. Constant subthreshold cortical stimulation (CSCS) of two spatially-separated SOZs.
(A) Co-opted pulse generators typically used for DBS are used to deliver electrical current

into the seizure network using paddle or penetrating lead electrodes. Target sites within

the seizure network are initially identified with ECoG or SEEG. (B) An example implant
with penetrating leads, seen on a skull surface rendering and intraoperative photograph
(inset, with corresponding skull surface indicated by white trace). (C) AP and lateral x-rays
showing penetrating leads. (D) Co-registered Implanted SEEG electrodes (white-orange)
fused to the gadolinium-contrasted T1 MRI show implantation in the primary and pre-motor
areas. Yellow and green indicate corresponding sites in (B-D).
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Anterior nucleus stimulation
diffusely modulates limbic circuitry

Stimulating leads

Fig 12. Deep brain stimulation to treat epilepsy.
(A) A deep brain stimulation system consists of stimulating electrodes that target central

brain structures connected to a pulse generator (placed in the chest). (B) The thalamus

may be approached from a posterior-to-anterior trajectoryl73, as illustrated, or a superior-to-
inferior trajectory through the ventricle. Inset shows electrode positions on post-implant CT.
(C) The anterior nucleus of thalamus (ANT - yellow encircled region within blue encircled
thalamus in inset) is the most common target for deep brain stimulation. A trajectory is
shown with 4 contacts in the thalamus, 2 of which lie within the ANT, in axial section.

(D) The same trajectory as (C), but in sagittal section. The ANT lies immediately superior
to the termination of the mammillothalamic tract (white arrows). (E) Because of its diffuse
projections, DBS of the ANT is thought to suppress seizures throughout the limbic network,
despite not targeting the sites of seizure onset directly.
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Table 1.

The role of stereoelectroencephalography (SEEG) in epilepsy treatment.
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Refining the hypothesis

* SOZ hypothesis may be based on limited evidence

« There can be discordance between EEG, imaging, and/or ancillary studies
« Scalp EEG may be poorly localizing

« Clinical semiology may not be specific to a particular region

Sampling a deeper focus

« SEEG electrodes can sample deep structures, while studies like ECoG cannot

« Can sample multiple targets with a single lead

« Ability to sample white matter tracts

« Ability to sample networks beyond cortex, examining spread into the thalamus and other deep structures.

Seizure localization

« Scalp EEG may show secondary ictal propagation and be falsely localizing

« Can sample areas of interest widely with electrodes

« Can home in on the SOZ (not just seizure propagation to the surface) and minimize/refine potential area of resection/ablation

Defining the borders of resection

« SEEG can help with mapping the borders of resection

« Multiple electrodes can be implanted surrounding a lesion/abnormality

« Contacts within the SOZ and other active contacts of secondary propagation can be identified

« Can be done extraoperatively with seizure localization and intraoperatively with electrical stimulation of active contacts

Mapping eloquent cortex/tracts
« SEEG can be utilized for mapping of eloquent cortex and white matter tracts.
« Can be useful to sample around and within a malformation as dysplastic, epileptogenic, cortex can be intermingled with eloquent cortex

Assessing candidacy for RF ablation

« RF ablation can be performed through SEEG electrodes

« SOZ in noneloquent cortex (determined by stimulation) can be considered for RF ablation
« Response to RF ablation may predict future response to laser ablation or resection

« Well tolerated — low risk, performed at bedside

Assessing candidacy for neuromodulation with DBS or RNS using trial stimulation

« Stimulation montages targeting the SOZ(s) or thalamus independently or in tandem can be assessed.
« Response to different programming and parameters can be assessed

« Implanted thalamic electrode stimulation can be used to test response to DBS or RNS
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