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Abstract Medically refractory epilepsy is a significant cause
of morbidity and mortality in pediatric neurology. Surgical
intervention has been well established as a viable treatment
option in certain cases. This article reviews the process of
selecting appropriate patients using the latest advances in neu-
roimaging and electrophysiologic techniques. It also discusses
the various surgical techniques currently available, including
recent advances in minimally invasive approaches.
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Introduction

Epilepsy is one of the more common neurologic disorders in
childhood. Unfortunately, a significant proportion of patients
do not respond well to medications [, 2]. Such medically
refractory patients have significant morbidity from their epi-
lepsy and/or multiple anti-epileptic medications. Ongoing sei-
zures are known to be detrimental to the normal development
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of the pediatric brain [3—6]. In select cases, medically refrac-
tory patients may benefit from surgical intervention as treat-
ment of their epilepsy. Outcome studies have proven that early
intervention with surgery can significantly improve the devel-
opment of children with refractory epilepsy [7-9]. Over the
past 25 years, epilepsy centers have gained vast experience
using surgery as treatment for epilepsy leading to well-
established surgical techniques for specific patient popula-
tions. Patients with certain symptomatic epilepsies, such as
focal cortical dysplasia (FCD), hemimegalencephaly (HME),
and Rasmussen encephalitis, are known to be good surgical
candidates (Table 1). Technological advances in neuroimag-
ing and electrophysiology have allowed clinicians to better
identify the epileptogenic zone (EZ) in a wide array of pa-
tients, even those without obvious anatomic abnormalities.
More recently, less invasive surgical techniques are being used
to decrease operative complications and hospital stays with
good results.

Presurgical Evaluation

For surgery to be considered, a patient must be medically
refractory, failing at least two appropriate anti-epileptic med-
ications. Because pediatric patients often have very frequent
seizures, as well as significant developmental disruptions, sur-
gery is often considered earlier in the course of their epilepsy
than is typical for adults [10]. This is especially true for those
patients with conditions mentioned above, e.g., FCD and
HEM, and outlined in Table 1. Before a child is considered a
candidate for epilepsy surgery, a comprehensive presurgical
evaluation is required. The goal of this evaluation is twofold:
identify the epileptogenic zone and differentiate it from
eloquent/functional areas [11]. Every year, new technologies
are added to the armamentarium to aide in this process
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Table 1  Surgical options and respective pathologies

Surgical option Lesion/pathology

Hemispherectomy Rasmussen encephalitis
Hemimegalencephaly

Remote vascular lesions
Sturge-Weber syndrome

Large cortical malformations

Corpus callosotomy Atonic seizures in LGS

Lobectomy MTS
Cortical malformation

Focal resection Focal cortical dysplasia
Tuberous sclerosis
Tumor

Small cystic lesions
Laser ablation TSC

Hypothalamic hamartoma

MTS

Tumor

LGS Lennox-Gastaut syndrome, MTS mesial temporal sclerosis, 7SC
tuberous sclerosis complex

(Table 2). In 2014, the ILAE commissioned a task force to
provide guidelines on the evaluation process [12¢¢]. Scalp
video-EEG and structural imaging via MRI make-up the two
core diagnostic tests. Non-invasive video-EEG may provide
very useful data identifying the epileptogenic zone as well as
confirming clinical semiology, especially in temporal lobe ep-
ilepsy [11]. In contrast to adults, however, pediatric patients
may have complex ictal electrophysiology, with seemingly gen-
eralized onsets at times. It has been well documented that in
cases with known early-life lesions, generalized EEG patterns
do not exclude one from being a good surgical candidate [13¢].

High quality structural imaging is a crucial aspect of the
presurgical work-up. Advances in MRI techniques have
allowed for the detection of subtle cortical malformations,
which in the past had gone unnoticed [14]. This increased
sensitivity is important since patients with MRI-positive le-
sions have a much better seizure-free rate following resective

Table 2  Diagnostic modalities for surgical evaluation

Electrophysiology Imaging Functional

Scalp EEG MRI fMRI

High density EEG PET WADA
with 3D modeling

MEG SPECT MEG EP

ECOG TMS

Intracranial electrodes WADA

sEEG Cortical stimulation

Neuropsychological testing

MEG magnetoencephalogram, ECOG electrocorticography, sEEG ste-
reo-EEG, MEG EP MEG-evoked potentials, 7MS transcranial magnetic
stimulation
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surgery. If possible, epilepsy protocol, high-resolution 3T
MRI should be performed. Epilepsy protocol MRI includes
axial and coronal sequences using both T1- and T2-weighted
imaging [15]. Contrast-enhanced imaging should be consid-
ered for cases where tumor is in the differential. More recently,
it has become commonplace to include diffusion tensor imag-
ing (DTI), used in tractography. This technique allows better
visualization of specific white matter tracts, which has become
a helpful tool in both the detection of subtle cortical
malformations as well as surgical planning [16—18]. In
imaging-negative cases, the MRI should be re-reviewed dur-
ing the surgical conference with a neuroradiologist skilled in
pediatric epilepsy using the electrophysiologic data to look in
close detail at areas of interest.

When EEG data and structural imaging are not conclusive,
functional imaging is often used in an attempt to better define
the EZ. Positron emission tomography (PET) and single pho-
ton emission computed tomography (SPECT) are the two
most commonly used modalities and are felt to have relatively
comparable utility [19]. FDG-PET is performed in the
interictal state to assess areas of regional hypometabolism.
Such areas are thought to correlate well with the epileptogenic
zone. It appears to be of most use in lateralizing the EZ, par-
ticularly in very young children and infants. FDG-PET has
been used in children with infantile spasms and normal MRI
studies, in which the PET showed focal hypometabolism cor-
relating to EEG onset [20, 21]. AMT-PET is being used to
better define the most epileptogenic tuber in patients with
tuberous sclerosis complex with good outcomes [22]. Due to
technical reasons, AMT-PET is unfortunately not widely
available. SPECT studies are obtained both ictally and
interictally. SPECT scans are sensitive to shifts in regional
perfusion of the cerebral cortex. During the interictal state,
there is typically less perfusion around the EZ. In contrast,
during a seizure, there is a regional increase in perfusion to
the ictal cortex. By subtracting the two studies, one can locate
the area with the largest difference in perfusion between the
two states. The yield of the study is best with early ictal injec-
tion, occurring before the seizure has spread throughout the
cortex. Subtraction ictal SPECT coregistered to MRI
(SISCOM) may be used to aid in defining the EZ [23, 24].
The sensitivity of SISCOM has been reported between 60 and
80 % and appears most useful in cases with FCD [25, 26].
SISCOM has yet to become widely available, largely due to
technical challenges such as isotope handling and timing of
injection.

Magnetoencephalogram (MEG) and 3D EEG source local-
ization are growing electrophysiologic tools. MEG is able to
localize interictal discharges with better spatial resolution than
scalp EEG [27]. It is also a more reliable localization tech-
nique when there are significant anatomic abnormalities such
as skull defects or large cystic lesions [28]. Burgeoning data
suggests the appearance and subsequent resection of tight
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dipole clusters on MEG may lead to improved surgical out-
comes [29, 30].

Once the EZ is established via the above techniques, the
functional zone must be delineated. Several non-invasive mo-
dalities are available, including fMRI, WADA, and TMS. In
cooperative patients, fMRI can accurately identify cortical re-
gions important for motor, sensory, language, vision, and
memory functions [31, 32]. WADA is useful to lateralize lan-
guage and, to a lesser extent, memory function, particularly
when fMRI and other clinical data are discordant [33].
Transcranial magnetic stimulation is a new, non-invasive tech-
nique for performing non-invasive cortical stimulation. It has
been used extensively for motor mapping, and now is begin-
ning to be used for language mapping [34, 35]. In addition to
the above functional tests, all patients undergoing epilepsy
surgery should have a comprehensive preoperative neuropsy-
chological or neurodevelopmental assessment [12¢¢].

In some cases, non-invasive techniques are not sufficient to
either delineate the EZ or outline the FZ. Intracranial EEG
monitoring is considered the gold standard for localizing the
seizure onset zone. This technique is not always feasible in the
pediatric population nor is always required. When non-
invasive EEG data is not concordant with the MRI lesion,
non-lesional cases, or when the EZ is close to or overlapping
eloquent cortex, intracranial EEG is strongly suggested [36¢¢].
Subdural electrodes are typically placed broadly over the area
of interest (Fig. 1). With deep lesions, a combination of sub-
dural and depth electrodes may be used. The patient recovers
in the ICU and seizure-monitoring unit and seizures are re-
corded. Invasive electrodes also allow for cortical stimulation
to determine areas of cortex crucial for function. A compre-
hensive map can then be generated comparing the seizure
onset area with the functional area, allowing the surgeon to
perform a resection without causing significant deficit
[37-39]. Stereotactic placement of depth electrodes (SEEG)
is becoming more widely used in pediatric patients over the
last 5 years. SEEG allows for better coverage of deep lesions
without the need for craniotomy [40]. When there is need for
broad or bilateral coverage, sEEG is an ideal method. Like
subdural electrodes, depth electrodes may be used for cortical

Fig. 1 Subdural electrodes
placed over temporal lobe in a
patient with focal cortical
dysplasia. On lefi: OR photograph
of subdural electrodes laying over
the left temporal and parietal
lobes. On right: 3D
reconstruction of electrodes
overlaid upon patient's MRI

stimulation to define eloquent cortex. SEEG has been shown
to be safe and effective even in patients under the age of
5 years [41, 42].

Focal Resection/Lobectomy

Focal resective surgery can be used to remove a wide variety of
epileptic substrates such as cortical dysplasias, hippocampal
sclerosis, cortical gliosis, atrophy/infarction, primary neo-
plasms, and arteriovenous malformations (AVM). The im-
provements in MRI imaging have allowed for a significant
increase in the number of detectable focal lesions. Chern
et al. found that 92.3 % of patients having surgical removal
of FCDs have MRI-visible lesions prior to surgery [43].
Seizure-free rates following resection of cortical dysplasias
have been around 60 %, with FCD type II more favorable than
type I [38, 44, 45]. One of the primary indicators for seizure
freedom seems to be extent of resection. Eighty-two percent of
patients who underwent a complete resection, based on histo-
logical, MRI, or ECoG, achieved seizure freedom whereas
only 24 % with incomplete resections were able to do so.
The primary reason for incomplete resection was the dysplasia
being in a location where there was significant risk of resection
causing neurological deficits [46]. The location of resection
appears to influence seizure outcomes as well, whereby 68 %
of temporal resections achieve seizure freedom versus 50 % in
extratemporal resections [43, 47¢]. In a review of patients who
underwent frontal lobe surgical resection, there was a 45 %
seizure-free rate but those patients with non-lesional/idiopathic
or postinfectious etiologies for frontal seizures had much
worse rates of seizure freedom (21-32.7 %) [48]. There is no
difference in age groups when comparing seizure freedom rate
in patients under 18 years old and patients above 18 years old
[47¢]. When looking at other etiologies requiring focal resec-
tion, the rates of success vary. In patients with gangliogliomas
or dysembryoplastic neuroepithelial tumors as a primary cause
for seizures, there was an 80 % seizure freedom rate following
resection. Again, there was no significant difference between
adult and pediatric populations [49].
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Hemispherectomy

Hemispheric disconnection has been a long used surgical tool
in patients with multilobar or hemispheric epilepsy refractory
to medical management. The ultimate goal of hemispherecto-
my is to remove or isolate an epileptogenic zone that is widely
distributed in unilateral hemispheric syndromes.
Hemispherectomy has been used since the 1920s to improve
seizure frequency secondary to a variety of epileptic sub-
strates. Hemispherectomy is an old surgical technique with
success rates in the past ranging anywhere from 52 to 80 %
[50].

Amenable lesions can be broken down into three main
categories: acquired, developmental, and other. The majority
of'acquired lesions are due to cerebrovascular accidents. Other
acquired lesions include sequelae of infections such as cysts or
lesions from traumatic brain injury. The primary developmen-
tal hemispheric brain abnormalities that cause seizures are
hemimegalencephaly and hemispheric cortical dysplasia, with
hemimegalencephaly representing the most common epilepsy
condition requiring hemispherectomy [51]. Other
malformations of cortical development include
polymicrogyria and schizencephaly. Finally, Rasmussen en-
cephalitis and Sturge-Weber present with unilateral lesions
and refractory epilepsy making patients with these conditions
ideal candidates for hemispherectomy. In addition to epilepsy,
patients with hemispheric dysfunction are at risk for signifi-
cant developmental delay and neurologic hemideficits such as
hemiparesis and hemianopia prior to surgery [53].

The anatomic hemispherectomy procedure was first per-
formed in the 1920s and has been modified throughout the
years to help reduce morbidity while still maintaining seizure
control. Anatomic hemispherectomies have classically in-
volved removal of the temporal, frontal, parietal, and occipital
lobes, sparing the thalamus, basal ganglia, and insular cortex.
The concept of the functional hemispherectomy arose in
which the temporal lobe is removed, a corpus callosotomy is
performed, and there is decortication of remaining tissue to
disconnect the frontal and occipital lobes from the rest of the
brain. There have been many modifications to the functional
hemispherectomy procedure. Villemure was the first to intro-
duce the concept of peri-insular hemispherectomy as a variant
on the traditional functional hemispherectomy to reduce the
amount of brain tissue removed [51]. Delalande proposed ver-
tical parasagittal hemispherotomies, which result in complete
disconnection at the level of the thalamus and avoid having to
make incisions into the insula [53].

There is no clear consensus regarding which hemispherec-
tomy technique is superior. Pinto et al. documented the largest
proportion of anatomic hemispherectomies with 15 out of 36
patients who underwent hemispherectomy. Ten of those 15
(66 %) patients had hydrocephalus requiring a
ventriculoperitoneal shunt (VPS) as an adverse outcome.

@ Springer

Five other patients who had functional hemispherectomies
required repeat surgery during which anatomic hemispherec-
tomy was performed. Out of these, two patients (40 %) devel-
oped hydrocephalus requiring a VPS. The group recommend-
ed the peri-insular form as it resulted in fewer rates of reoper-
ation and hydrocephalus [51]. Hemimegalencephaly and
hemispheric cortical dysplasia were the etiologies that most
frequently required anatomic hemispherectomy [50]. Dorfer
et al. described 40 patients who underwent vertical
hemispherotomy with very good results. Only one (2.5 %)
patient required a VPS [53]. Overall, the trend has been to
push for more disconnective procedures rather than anatomic
hemispherectomies.

Following hemispherectomy, all patients have an improve-
ment in seizure frequency. Seizure freedom was reported in
61-92 % [50-53]. It should be noted that the 92 % was seen in
the sole study reviewed that used the Wieser rating scale as
opposed to the more commonly used Engel criteria, which
uses seizure rates at 1-year intervals [53]. All other studies
reported a seizure freedom rate of 61-69 %. When we expand
the criteria for success to Engel class 2 (rare disabling sei-
zures), 80-87 % of patients achieve good outcomes. The
greatest risk of seizure recurrence is within the first 6 months.
If patients were seizure free after 6 months, the seizure free-
dom rate increased to 80 % [50]. A large percentage (20—
80 %) of seizure-free patients is able to be weaned off
AEDs. Moosa el al. had the largest cohort of patients and were
able to take 67-82 % of patients off of AEDs. In patients with
seizure recurrence, the majority (2/3) had epileptic activity
that originated from the non-operated hemisphere [50].

Many predictors for seizure recurrence have been exam-
ined in the past including EEG findings, MRI findings, semi-
ology, and etiology. There does not appear to be a correlation
between seizure semiology or bilateral MRI findings and sei-
zure freedom. Pinto et al. found that patients with develop-
mental malformations such as hemimegalencephaly, and cor-
tical dysplasia had the higher rates of seizure recurrence with
rates of 37 % as compared to 21 % in patients with acquired
lesions. It was thought that the difficulty in assessing anatom-
ical landmarks in patients with developmental malformations
led to difficulty with achieving complete disconnection [51].
Lee et al. presented similar findings with seizure control in
62.5 % of patients with developmental lesions versus 75 % in
those with acquired lesions but none of their patients with
hemimegalencephaly (n=2) achieved seizure freedom [54].
Other studies did not find a significant relation between etiol-
ogy and seizure freedom. Moosa et al. did, however, note poor
outcomes in patients with abnormal EEG activity in the non-
operated lobe, bilateral PET signal abnormalities, and acute
postoperative seizures [50]. Ramantani et al. did not show a
correlation between abnormal EEG in the normal lobe and
seizure recurrence but had a smaller sample size (n=52).
Interestingly, they noted that patients who had surgery after
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a longer period of having seizures tended to have lower sei-
zure recurrence rates [55]. The majority of those patients,
however, had acquired lesions such as stroke.

The majority of patients who were candidates for hemi-
spherectomy had some level of baseline hemiplegia. Moosa
et al. looked at a total of 115 children over an average of
6 years follow-up to assess for changes in motor function.
Following hemispherectomy, 83 % were able to walk unaided,
an increase of 21 % from the preoperative cohort. Sixty-four
percent had unchanged or improved hemiparesis [56].
Ramantani et al. provided similar rates with 67 % having
unchanged or improved hemiparesis [55]. It does not seem
like the improvement in motor function is symmetric.
Hamad et al. reported an asymmetry in weakness with the
upper extremities being more significantly affected than the
lower extremities by surgery [57].

In regard to predictive factors, Moosa et al. noted abnor-
malities in the contralateral hemisphere on MRI, preexisting
bilateral motor deficits, and postoperative seizures increased
the risk for non-ambulation. In their cohort, 98 % of patients
with a normal contralateral hemisphere were able to walk
independently. Factors such as bilateral abnormal FDG PET
signal, seizure semiology, or seizure etiology do not affect
ambulation [56]. Bulteau et al. stated that patients with ac-
quired lesions had better postoperative motor function but
their patient cohort was focused on infants, which may explain
the difference in outcomes [53].

Similar to the motor outcomes, seizure control was a very
important factor in cognitive and developmental outcomes,
with early postoperative seizures having the strongest negative
effect on outcomes. Preexisting developmental problems were
another common risk factor for postoperative developmental
delays. About 10 % of patients had worsening of their devel-
opment postoperatively [55].

Bilateral MRI abnormalities and preexisting language de-
lay were risk factors for postoperative language problems. It
was interesting to note that which hemisphere was removed
did not seem to influence language outcomes. Patient’s read-
ing skills seemed to follow a similar pattern as language in-
volvement. Patients with bilateral hemisphere MRI abnormal-
ities and preexisting reading problems were at higher risk of
postoperative reading delay. In line with the preexisting read-
ing problems, patients with a younger age at seizure onset
were also at risk of reading delay, likely due to the devastating
effect that seizures can have on cognitive development [56].

Corpus Callosotomy

Van Wagenen and Herren first introduced the corpus
callosotomy as a treatment of refractory seizures in the
1940s [58]. Over the years, it has remained a palliative option
for patients with atonic seizures in Lennox-Gastaut syndrome

(LGS) or those with frequent rapidly secondarily generalized
tonic-clonic seizures without a resectable lesion [59, 60]. In
some rare cases, it has been helpful in lateralizing or even
localizing the EZ, allowing the patients to subsequently have
resective surgery. Newer surgical techniques, such as anterior
callosotomy, have been developed to avoid the well-known
adverse affect of disconnection syndrome [61]. Because of the
possible adverse affects on learning, language, and memory,
callosotomy is currently used somewhat sparingly. Long-term
studies have shown superior seizure reduction in patients un-
dergoing complete callosotomy. Drop attacks or atonic sei-
zures appear to be best controlled with this procedure, with
other seizures types to a lesser degree. In addition to a reduc-
tion in seizures, over half of patients will report an improve-
ment in daily functioning, including reduction of hyperactiv-
ity, improved social interactions, speech, and memory
[62-64].

MRI-Guided Laser Ablation

MRI-guided laser ablation is a form of stereotactic laser abla-
tion that has recently been developed for use in epilepsy sur-
gery, with the goal being to reduce injury to surrounding tissue
compared to resective surgery. More specifically, the
Visualase technique is a FDA-approved MRI-guided laser in-
terstitial thermal therapy. It allows for real-time monitoring of
the ablation as well as feedback control [65]. The system uses
a 15 W, 980-nm diode laser and cooled laser applicator system
with an image-processing center to provide real-time MRI
guidance with thermal imaging.

The laser is inserted through a hole in the scalp and into the
brain with the aid of a surgical navigation system called a
stereotactic frame. MRI confirms the location prior to onset
of treatment. While still in the MR scanner, the laser is turned
on and the heat signature is monitored on MRI to evaluate the
extent of damage produced. The procedure allows for a great-
er degree of precision due to improved MR visualization as
well as a faster recovery time.

All studies reported success placing the probe and ablating
the targeted lesion. Lesions that have been ablated include
mesial temporal sclerosis, periventricular heterotopias, and
hypothalamic hamartomas. Curry et al. were able to complete-
ly destroy their target lesion in 3 out of 5 patients.
Complications reported include homonymous hemianopsia
[66], memory impairment [65], and subdural hemorrhages
and were dependent on the region of the brain ablated. Most
patients were only in the hospital for 1-8 days with Wilfong
et al. reporting a median and mode of only 1 day [67]. Follow-
up imaging largely has shown non-enhancing cystic or
pseudocystic atrophy confined to the areas of ablation.
Others reported high FLAIR signal within the ablated region
and no residual areas of damage outside of the target [65].
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In regard to seizure resolution postoperatively, there ap-
pears to be varying degrees of success depending on the sub-
strate being ablated. Esquenazi et al. attempted Visualase on
patients with periventricular nodular heterotopias with good
surgical success but poor seizure outcome. In one of their
cases, it was found that seizure onset was from both the
PVNH and the surrounding mesial temporal region and thus
the area of ablation was too small to prevent seizure recur-
rence. The Visualase did provide an opportunity to attempt
curative ablation prior to having to perform a larger surgical
resection [66]. In patients with mesial temporal lobe epilepsy,
Willie et al. reported a 77 % reduction in meaningful seizures
with 54 % of patients being Engel 1 and 23 % being Engel 2 in
regard to seizure control [68]. Patients with mesial temporal
sclerosis had 67 % seizure-free rates after ablation. It is inter-
esting that patients with mesial temporal epilepsy but not MTS
had worse seizure control postoperatively. Some required
open surgical removal of the temporal lobe and hippocampus
for seizure freedom indicating a larger epileptic focus than
previously thought. Surgical failures tended to occur within
the first 6 months following surgery. It appears that there is no
significant relationship between volume of ablation and sei-
zure freedom. Also, it appears that there may be improved
outcomes in neuropsychological testing and object recogni-
tion in non-invasive ablative procedures as compared to open
procedures [69].

The greatest utility for laser ablation at this time appears to
be in patients with hypothalamic hamartomas (HH). Wilfong
et al. demonstrated a seizure freedom rate of 79 % in patients
with HH after one round of Visualase treatment. In patients
who had a second round of laser ablation therapy, the rates
increased to 90 % seizure freedom. In patients who had pre-
viously undergone open removal of HH, seizure freedom rates
were 50-60 %. No patients experienced postoperative diabe-
tes insipidus, which was a common adverse event in patients
who underwent open surgical removal [67].

There have only been a handful of studies reporting on
MRI-guided laser ablation and the total number of subjects
is still low. The initial data, however, suggests that there is
good utility for MR-guided laser ablation in patients with hy-
pothalamic hamartomas and to a lesser degree in patients with
mesial temporal lobe epilepsy. In patients with mesial tempo-
ral lobe epilepsy, the seizure freedom rate was reasonable at
54 % but not up to the 60-70 % level that is normally associ-
ated with resective surgery. Visualase, does, however reduce
the postoperative morbidities by being less invasive and re-
moving less tissue.

Conclusion

For children with refractory epilepsy, surgery is a well-
established treatment option and, in up to 70 % of certain
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populations, may even be curative [69]. Every case is
approached individually with regard to presurgical diagnostic
testing. In some cases, invasive monitoring should be consid-
ered when presurgical data is not definitive. The work-up and
surgery should be performed at specialized epilepsy surgery
centers to ensure the best outcomes. Future trends include
more sensitive non-invasive diagnostic testing, minimally in-
vasive surgery, and wider use of SEEG.
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