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ABSTRACT

Intraoperative functional language mapping is vital to minimize the risks associated with surgical
removal of the seizure onset zone in selected patients with epilepsy. In children, this method has been
reported extraoperatively by the placement of invasive electrodes to map the language area and monitor
epileptic activity. It is difficult from a technical standpoint to perform an awake craniotomy and language
mapping in young children under 10 years of age. Here we report a 9-year-old boy suffering from drug-
resistant non-lesional epilepsy who underwent extraoperative and intraoperative electrical stimulation
with successful identification of Broca’s language area. Electrocorticography (ECOG) was applied intraop-
eratively in a continuous manner utilizing grid electrodes before the skin opening. We found that the use
of visual digital video games facilitated extraoperative and intraoperative cortical mapping. Cortical lan-
guage inhibition by electrical stimulation was elicited at an amplitude of 7 mA (100 ps single-phase dura-
tion and 50 Hz pulse width). Resection of the seizure onset zone was completed safely. The post-resection
ECOG revealed the disappearance of epileptogenic electrographic discharges at the seizure onset contacts
and at other involved contacts in the epileptogenic zone. After surgery, the child recovered well with no
language deficits and remained seizure-free. The child remembered only the video game test that was
performed intraoperatively. This report highlights safety strategies for awake language mapping in pedi-
atrics and the importance of the perioperative use of a visual digital video game and continuous ECOG, in
addition to the use of targeted language cortex stimulation to facilitate faster and safer intraoperative

language mapping under awake conditions in this age group.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

rience with cortical mapping under awake conditions in
adolescents and adults [3,4]. Penfield and Jasper utilized intraoper-

Surgical intervention is an effective treatment for drug-resistant
epilepsy in children [1]. Intraoperative electrical stimulation for
language cortex mapping is often performed in adult and adoles-
cent patients, though rarely in young children [2]. Subsequent to
the first awake craniotomy for epilepsy performed by Vector Hors-
ley in late 1800, Penfield and Jasper described their extensive expe-
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ative electrocorticography (ECOG) in children as young as 4 years
of age. There are several reports of awake craniotomy in children;
however, this technique is primarily employed in tumor cases [5-
7]. Preoperative mapping using noninvasive techniques such as
functional magnetic resonance imaging (fMRI) is beneficial in
many patients with epilepsy originating at, or in the vicinity of,
eloquent cortex, including the motor or language cortices. In young
children, fMRI can provide a hemispheric lateralization and lan-
guage regional localization [8]. In certain reports, fMRI was found
to be less specific in the precise anatomical localization as com-
pared to electrical cortical stimulation [9,10]. Extraoperative corti-
cal stimulation using invasive implanted electrodes is considered
to be an effective method to map language areas prior to epilepsy
surgery in young children [11]. However, grid electrodes may
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move during the surgical exposure to remove the epileptic focus.
Thus, the most precise method of identifying the language area is
intraoperative cortical stimulation under awake conditions [5,12].
Awake craniotomy for cortical language mapping is very challeng-
ing in younger children and requires a specific perioperative tech-
nique to ensure a successful cortical mapping process [13,14]. This
case report describes an awake craniotomy technique to map Bro-
ca’s language area by intraoperative cortical stimulation, with the
patient aided by interactive video games to reduce anxiety and
enhance engagement with the given intraoperative task. Another
feature of this technique involved the continuous application of
the ECOG to establish electrographical landmarks of the grid con-
tacts as a means of providing additional information to the
anatomical landmarks.

Case study methodology

After the approval of the research institutional review board, we
report a 9-year-old boy who was diagnosed with drug-resistant
epilepsy at the age of 7. The patient presented with two semiolo-
gies. The first was focal-aware motor seizures characterized by
right upper-limb extension and aphasia, in addition to versive head
movement to the right side and unilateral grimacing with and
without focal to bilateral tonic-clonic seizures. The second was
bilateral tonic-clonic seizures that occurred during wakefulness
and sleep. The overall average seizure frequency was two every
week. His epilepsy was uncontrolled despite trials of multiple anti-
seizure medications. He had no history of epilepsy risk factors and
a normal neurological examination with no dermatological
stigmata.

Presurgical evaluation

Video-electroencephalography (EEG) monitoring revealed rare
interictal sharp waves over the left frontocentral and left anterior
frontal regions evident during wakefulness and sleeping. Ictal
EEG showed a left hemispheric seizure onset in the frontocentral
region. Brain magnetic resonant imaging (MRI) at 3 T showed no
structural abnormalities. Fluorodeoxyglucose-positron emission
tomography (FDG-PET) scan revealed focal hypometabolism at
the left dorsolateral anterior frontal region. Interictal single-
photon emission computed tomography (SPECT) revealed hypop-
erfusion at the left anterior lateral frontal region. Ictal SPECT
showed hyperperfusion at the left lateral frontal and, to a certain
extent, at the mesial anterior frontal regions Fig. 1A &B. Neuropsy-
chological evaluation of the patient revealed average IQ and
normal-for-age working memory.

Invasive EEG monitoring and extraoperative language mapping

Subdural grid and strip electrodes were placed to cover the left
frontal pole and dorsolateral and mesial frontal lobe. The temporal,
orbitofrontal, and parietal lobes were covered as well. A grid with
32 contacts, 4.5 mm in diameter, and spaced 10 mm apart (PMT®;
Chanhassen, MN, USA) was placed over the patient’s dorsolateral
frontal region, where it encompassed the expressive speech area
of the motor cortex for additional eloquent cortical stimulation
mapping.

Seizure onset was identified electrographically at the left mid-
dle frontal gyrus, with activities beginning at least 3 s prior to
speech arrest and other seizure semiology. The seizure onset was
localized at two electrodes on the grid, as is shown in Fig. 1D.
Extraoperative electrical cortical stimulation (Nihon Kohden®
MS120, Foothill Ranch, CA, USA) was performed utilizing the fol-
lowing parameters: 50 Hz frequency, 0.2 millisecond pulse, up to
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5 s train, and 1-8 mA current intensity. Stimulus intensity was
increased in a stepwise manner starting at 1 mA until a clinical
response was achieved or after discharge was obtained. A video
game based on number counts and word generation utilizing an
iPad screen (Apple Inc., USA) was provided to the patient before
and during cortical stimulation. The video game consisted of num-
bers appearing on the screen, which the patient needed to identify
quickly to reach a certain sequence that would then be followed by
a reward score announced on the screen. The patient was also
given a picture-naming video game that followed a pattern similar
to that of the number game. The child was familiarized with the
game prior to the cortical stimulation. Speech hesitation was eli-
cited using 6 mA stimulation intensity over the inferior frontal
gyrus corresponding to the anatomical Broca’s area; however, no
classic speech arrest was confirmed Fig. 1D. A habitual focal aware
seizure was induced by stimulating the contact located near the
seizure onset using 6 mA stimulation intensity. This limited further
extraoperative language mapping.

Awake craniotomy with continuous ECOG monitoring

The patient was brought to the operating room accompanied by
his father while engaged in the video game on the iPad screen. This
method has been found to be effective in reducing preoperative
anxiety in children by our anesthesia team. The patient was
sedated with remifentanil and propofol at an infusion rate of
0.06 pg/kg/minute and 60/kg pg/kg/minute, respectively. This
was stopped before the awake cortical mapping procedure began.

The head was placed over a horseshoe head holder exposing the
left side of the head Fig. 2A-C. Before beginning the procedure, the
invasive electrode cables were connected to ECOG for periopera-
tive recording. The maximal cluster of interictal spikes matched
the location of the spikes during extraoperative recording and
did not change during the cortical exposure phase of the surgical
procedure. This indicated that the location of the grid electrodes
did not change during surgical exposure. We applied a transparent
operative drape used specifically for awake craniotomies.

Intraoperative cortical stimulation for language mapping

After removing the grid electrodes and labeling the cortical
location of the seizure onset and the preoperatively identified Bro-
ca’s area, the patient was brought out of sedation and the iPad was
reintroduced to him with the same video games used during the
extraoperative cortical mapping. Once the child was engaged in
the video game, electrical stimulation was initiated applying Pen-
field’s technique using the Ojemann stimulator (Integra OCS2),
with a 5 mm distance between 1 mm contact electrodes. Electrical
stimulation was applied with a constant current generator produc-
ing a square wave train with biphasic pulses of 2 ms duration at a
frequency of 50 Hz. The stimulus was initially applied at 1 mA and
was gradually increased by 0.5-1 mA, and the duration on the cor-
tical surface was 2-4 s for each stimulation. Cold saline was pre-
pared in case of intraoperative seizure. The stimulation targeted
the preoperatively located speech hesitation area for a faster map-
ping process. Speech arrest was elicited at 7 mA. The stimulation
site was then moved 20 mm away from Broca’s area to define
the cortical speech area, then moved 10 mm closer to Broca’s area.
Speech hesitation (paraphasia) occurred at 7 mA at the site 10 mm
from Broca’s area, with no afterdischarges on ECOG or intraopera-
tive seizure. The tongue cortical area was identified at 5 mA poste-
rior to the speech area Fig. 2D & E. Resection of the seizure onset
zone was carried out safely using an ultrasonic surgical aspirator,
removing all involved cortical areas. The child recovered post-
procedure with no speech dysfunction or any neurological deficits.
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Fig. 1. Functional neuroimages and invasive EEG seizure onset zone. A) 18 FDG-PET scan brain coronal view showing a focal hypometabolism at the left frontal area. B) Ictal
SPECT coronal view showing a slight hyperperfusion at the left frontal region. C) Motor hand cortex area fMRI. Note that language could not be tested by fMRI. D) Invasive EEG

ictal onset featuring the localized seizure onset zone.

He remained seizure-free at 6-month follow-up and at the time of
writing this report.

Discussion

Awake craniotomy is widely used in adult and adolescent
patients to map language and motor areas; similar methods are
rarely performed in young children [2,3,6,15]. We are reporting
on this case, illustrating the methodology applied. On the other
hand, it is considered the first awake language mapping in a young
child reported from our country to our knowledge. In young chil-
dren, the application of extraoperative language cortical mapping
using a grid electrode is appropriate due to the presence of family,
which provides a more optimal setting that reduces anxiety and
improves compliance and cooperation. This allows for effective
cortical stimulation test conduction with high reliability. In addi-
tion, this setting allows children as young as 2 years old to be can-
didates for this procedure [16]. Schevon and colleagues showed
that the rate of extraoperative identification of a language area in
children below 10 years of age is lower than in older children
and adults [17]. Although extraoperative stimulation is important
for delineating the language area in relation to the seizure onset
zone, the grid electrodes may move during the exposure phase of
the definitive epilepsy surgery. We used the continues ECOG
method to ensure that the grid remained in place and did not shift,
using the electrographical spikes as markers for certain contacts.
However, precise intraoperative localization of the language cortex
is thus critical during resection of the seizure onset zone in the
vicinity of this eloquent area [18].

In this report, a video game familiar to the patient was utilized
to reduce anxiety and increase compliance and cooperation during
awake language cortical mapping. The same technique was used in
an extraoperative setting and resulted in the effective engagement
of the child during cortical electrical stimulation without notice-
able discomfort caused by the operating room environment. It

was difficult to run a psychometric assessment to quantify the anx-
iety level for this child during such procedure. The awake cran-
iotomy condition that we employed is similar to what has been
utilized over many decades and reported in the literature
[6,11,15,18]. Continuous ECOG during the exposure allowed for
monitoring of any changes in the grid location by tracing the spikes
at each individual contact located at the seizure onset. Further-
more, ECOG enabled the verification of electrical stimulation arti-
facts and afterdischarges during cortical mapping. The bipolar
cortical electrical stimulation method permits a localized stimula-
tion field with an effect area of 1.2 mm? that minimizes current
spread and lowers the chance of intraoperative seizure [11]. In
our case, Broca’s area boundaries were mapped using a bipolar
probe with no adverse events. The use of an iPad projecting a
familiar video game visualizing numbers and pictures for verb gen-
eration facilitated the conduction of cortical mapping.

Specialized cortical area for language has been identified in the
cortex prenatally, suggested by the asymmetry of anatomical lan-
guage cortices in both hemispheres [19]. Language transformation
has been seen after hemispheric disconnection surgery, however,
reflecting the degree of language cortical plasticity during early
childhood brain development [20,21]. During tumor surgeries,
Sanai and colleagues identified different language-associated corti-
cal areas around the primary expressive speech area [G]. In our
patient, Broca’s area was identified at the opercularis cortical area,
which was the expected anatomical location, indicating no alter-
ation in this cortical function location by the epileptogenic zone.
In general, language area connectivity is complex, and despite sev-
eral decades of functional anatomy research, this area remains dif-
ficult to characterize [22]. Future direction with the advancement
in different techniques and technologies of cortical functional
mapping might change the current method of cortical mapping
during epilepsy surgery in children. These include diffusion tensor
images, cortico-cortical evoked potentials, and ECOG high-gamma
modulation language mapping techniques [23-25]. This will
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Fig. 2. Results of language cortical mapping and electrocorticography (ECOG). A) Cortical exposure with the grid in place. B) Cortical mapping positive area after removing the
grid and using a strip electrode for ECOG. C & D) Cortical language and motor mapping positive and negative clinical responses labeled in different colors in correlation to the

corticectomy area. E) Pre- and post-resection ECOG.

indeed enhance epilepsy surgery safety in children and adults dur-
ing resection of seizure onset zone at an eloquent language cortical
area.

Conclusion

Awake craniotomy for language mapping in children requires a
specific perioperative strategy. We described in this case report a

quick, targeted method of language cortex intraoperative electrical
stimulation using a video game to enhance patient engagement.
Applying the ECOG method during surgical exposure provided
electrographical landmarks for the grid contacts in addition to
the anatomical landmarks. The future direction of language map-
ping in children may depend on perioperative techniques and tech-
nology such as diffusion tensor imaging, high-gamma modulation,
and cortico-cortical evoked potentials.
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