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BACKGROUND Presurgical mapping of eloquent cortex in young patients undergoing neurosurgery is critical but presents challenges unique to the
pediatric population, including motion artifact, noncompliance, and sedation requirements. Furthermore, as bilingualism in children increases, functional
mapping of more than one language is becoming increasingly critical. Transcranial magnetic stimulation (TMS), a noninvasive brain stimulation
technique, is well suited to evaluate language areas in children since it does not require the patient to remain still during mapping.

OBSERVATIONS A 13-year-old bilingual male with glioblastoma multiforme involving the left parietal lobe and deep occipital white matter underwent
preoperative language mapping using magnetic resonance imaging-guided TMS. Language-specific cortices were successfully identified in both
hemispheres. TMS findings aided in discussing with the family the risks of postsurgical deficits of tumor resection; postoperatively, the patient had intact
bilingual speech and was referred for chemotherapy and radiation.

LESSONS The authors’ findings add to the evolving case for preoperative dual language mapping in bilingual neurosurgical candidates. The authors
illustrate the feasibility and utility of TMS as a noninvasive functional mapping tool in this child. TMS is safe, effective, and can be used for preoperative
mapping of language cortex in bilingual children to aid in surgical planning and discussion with families.
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Presurgical mapping of eloquent cortex is especially critical in
pediatric patients with brain tumors in whom in addition to being an
effective treatment, early surgical intervention has the potential to
minimize cognitive and neuropsychiatric sequelae and improve
overall quality of life.1–4 Given that nearly 22% of American children
speak a language other than English at home,5 with two-thirds of
the world’s population speaking two or more languages,6 an
increasing number of neurosurgical candidates present with lan-
guage-specific concerns best addressed by noninvasive presurgical
mapping. While motor and somatosensory mapping can be per-
formed in children using functional magnetic resonance imaging
(fMRI) and magnetoencephalography (MEG), language mapping in
this population can be challenging.7–9 MEG and fMRI in children

are often performed under sedation, limiting differential language-
specific mapping and often precluding localization of language func-
tions altogether.10 Direct cortical stimulation (DCS) has limited suc-
cess in younger children and is rarely performed in patients with
malignant tumor due to time sensitivity and increased risk of compli-
cations.11–13 On the other hand, transcranial magnetic stimulation
(TMS), a noninvasive alternative to DCS, is well suited to evaluate
language areas in children, since it is unaffected by patient move-
ment, can be performed with young children, and can be repeated
to test multiple languages as necessary.14–17 Here, we report a
case managed at an academic teaching hospital where TMS was
used to localize bilingual language cortices in a 13-year-old child
with glioblastoma multiforme.

ABBREVIATIONS DCS = direct cortical stimulation; EEG = electroencephalogram; fMRI = functional magnetic resonance imaging; MEG = magnetoencephalography;
MRI = magnetic resonance imaging; PET = positron emission tomography; TMS = transcranial magnetic stimulation.
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Illustrative Case
A 13-year-old right-handed English–Italian bilingual White male

patient, previously in good health, presented with complaints of gen-
eralized tonic–clonic seizure of 20- to 30-minute duration to a com-
munity hospital. Based on clinical examination and magnetic
resonance imaging (MRI), he was initially diagnosed with a left pari-
etal tumor and started on antiseizure medication, levetiracetam.
However, seizures continued after discharge with 3-day electroen-
cephalogram (EEG) monitoring capturing up to five electrographic
seizures per hour, characterized primarily by word-finding and artic-
ulation difficulties, sensations of “fuzziness” in the left posterior
head region, and progressive right visual field defects. The patient
was referred to our facility for further workup and possible surgical
intervention, at which time symptoms had persisted for 6 weeks
and had not responded to treatment with levetiracetam or oxcarba-
zepine. Upon clinical examination, the patient was awake, alert, ori-
ented, and in no distress. Motor and sensory examination was
normal, although right inferior quadrantanopia was noted.

Diagnostic Imaging
MRI of the brain showed a large T2 hyperintense-enhancing

mass in the left superior parietal lobule and cuneus, extending ante-
riorly into the posterior left angular gyrus and medially into the deep
white matter of the right occipital lobe (Fig. 1). In addition to con-
firming the initial diagnosis, the MRI indicated overall growth of 9
mm as well as slight intratumoral hemorrhage since the initial MRI
6 weeks earlier. Video EEG monitoring showed nearly continuous
left temporoparietal focal slowing, focal epileptiform discharges over
the left parietal and temporal regions, intermittent bursts of quasir-
hythmic theta activity over the left parietal region without any asso-
ciated clinical symptoms, and a single electroclinical seizure arising
from the left parietotemporal region.

In addition, the patient underwent fMRI, TMS, and formal visual
field testing for localizing motor, language, and vision functions.
Using an active-motion paradigm, fMRI localized the upper-extrem-
ity motor cortex to the precentral gyrus in both hemispheres, well
removed from the lesion; TMS motor mapping results were in
agreement. Using monolingual (English) active and passive para-
digms, fMRI then localized left expressive language to the anterior
and medial tumor margins, with receptive language nearby; how-
ever, activation was found in both hemispheres during each task,

suggesting bilateral language representation. Because Italian-lan-
guage stimuli for fMRI tasks were not readily available, second-lan-
guage mapping was not performed using fMRI in this patient. fMRI
also indicated early involvement of the tumor in left hemispheric
visual field pathways, producing right inferior quadrantanopia, which
was confirmed by formal visual field testing.

TMS was used to localize language-specific cortex by employing
the “virtual” lesion paradigm.16,18 TMS language mapping was per-
formed using the speech module incorporated in the navigated TMS
system (NexSpeech module; Nexstim Inc.) and a cooled figure-eight
TMS coil. The patient’s head was coregistered to the high-resolution
T1-weighted MRI without contrast using anatomical landmarks and the
surface matching procedure implemented in the TMS system. We first
used a standard object naming task commonly used with adolescents
and adults, asking the patient to name images in English, and later
repeated a simpler version of the test with colors and numbers, asking
the patient to name images in Italian. Language mapping was com-
pleted in two sessions, one per language, of approximately 60 minutes
each; sessions were conducted on day 1 and day 5 of admission,
respectively. The Italian-language testing was simplified for ease of
analysis, and all images and associated correct responses were con-
firmed by the patient’s mother, a native Italian speaker. Five-hertz TMS
(5 pulses) at an intensity of 35% stimulator output (Electric-field of
75 V/m), time-locked to stimulus onset, was delivered to the temporal
lobes in the two hemispheres as the patient performed each task. For
each trial, the stimulus presented, the patient’s response, and the corti-
cal location of TMS were recorded and compared with his baseline
speech performance. When tested in both English and Italian, in the
left hemisphere, TMS-induced speech arrest, semantic errors, and hes-
itation errors were noted in the angular gyrus and the posterior parts
of the superior and middle temporal gyri, partially localizing along the
anterior and ventral margins of the tumor; additional errors were noted
in the anterior superior temporal sulcus during Italian-language testing
only (Fig. 2A and B). Stimulation of temporal regions in the right hemi-
sphere revealed speech arrest and hesitation errors in the supramargi-
nal gyrus, posterior superior temporal gyrus, and anterior middle
temporal gyrus (Fig. 2C and D), indicating the presence of English and
Italian language-specific cortex in both hemispheres (Fig. 3). Based on
these findings, the medical team discussed the risks and benefits of
surgery and the possibility of retaining language function with the family
and recommended to pursue a microsurgical tumor resection followed
by chemotherapy and radiation.

Surgical Procedure
One week after admission, the patient underwent a stealth

frameless stereotactic MRI-guided left parietal craniotomy under
general anesthesia. First, microsurgical tumor resection was per-
formed with subcortical white matter tract debulking. Next, intraopera-
tive electrocorticography was performed using four-contact subdural
electrodes along the resection cavity (0.5 minimum alveolar concen-
tration isoflurane and 0.3 minimum alveolar concentration sufentanil),
finding low amplitude mixed delta, theta, and faster frequency activi-
ties without epileptiform discharges. An intraoperative MRI was then
performed, which showed infiltrated tissue remaining superior to the
resected area. Further debulking was performed, after which a sec-
ond intraoperative MRI indicated total resection of visible tumor but a
remainder of infiltrated brain, left in place due to speech involvement
(Figs. 2A, 2B, 3A, and 4). Postoperative MRI showed expected surgi-
cal changes (Fig. 4). Pathology found poorly differentiated glial cells

FIG. 1. Preoperative MRI showing T1 (left) and hyperintense T2
(right) mass (white arrows), subsequently identified as glioblastoma
multiforme. The images are depicted in radiological convention.
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with microscopic foci of necrosis and TP53 mutation, consistent with
glioblastoma multiforme. The patient’s postoperative course was
uncomplicated, and his speech in both English and Italian remained
intact. He was maintained on levetiracetam and lacosamide and
referred to an area hospital for follow-up and chemotherapy and radi-
ation treatment.

Discussion
Although more than half of people worldwide speak two or more

languages, cortical representation of language in bilingual and multi-
lingual speakers remains a topic of debate, with specific attention to
whether various languages are represented in distinct or universal
areas. Neuroimaging studies using fMRI, MEG, and PET have pro-
duced mixed results, likely due in part to differences in language

proficiency and age of second language acquisition.19–21 However,
recent neuroimaging findings22,23 have included differences in spa-
tial distribution of languages,24 differences in language network
white matter connections between bilingual and monolingual speak-
ers,25 and increased gray matter density in trilingual speakers com-
pared to bilingual speakers.26 Likewise, direct cortical stimulation
and Wada studies in bilingual and multilingual speakers have
shown both grossly common and distinct language-specific cortical
and even subcortical areas.19 To our knowledge, three previous
studies of bilingual language organization have used TMS, all in
healthy adults; all demonstrated both shared and distinct language-
specific cortical areas, although one examined the right hemisphere
and differences in error rates between the first and second lan-
guage did not reach statistical significance.17,27,28 Additionally, there
are two reports of TMS causing or altering involuntary language
switching in three patients following application to the left dorsolat-
eral prefrontal cortex.29,30 Our TMS results in this patient provide
further evidence that bilingual language representation comprises
both shared and distinct, language-specific cortical areas.

Despite a number of reports of selective or differential aphasia in bilin-
gual patients following seizure, stroke, or neurosurgery,19,31–36 preoperative
language mapping of both or all languages spoken by a neurosurgical can-
didate is relatively uncommon, especially in a pediatric setting. Given the
increasing evidence for partially distinct cortical representation of each lan-
guage, it may no longer be adequate to use the functional map of a bilin-
gual or multilingual patient’s first language as a surrogate for their other
tongues, particularly with lesions abridging expected language cortex.32,37

However, investigation of multiple languages may not always be feasible.
In children, the general challenges of performing language mapping are
amplified by the increased time and compliance needed to repeat mapping
in a second language.7–10 Because it does not require patients to remain
still for long periods of time, TMS ameliorates related compliance and seda-
tion concerns, and sessions can be separated to further reduce fatigue and
inattention.12,14,15,18 Further, TMS stimulation provides causal, not correla-
tive, information, identifying the sites necessary to the language task rather
than merely participatory.17,38

Observations
This case represents the challenges of managing a bilingual

child with malignant brain tumor.
While both fMRI and TMS were successful in mapping English-lan-

guage cortex, second-language mapping in this child was performed
with only TMS. Critical bilingual language cortices were successfully
identified in both temporal lobes using TMS, and distinct language-spe-
cific sites were visualized within common language areas. In this child,
bilateral language representation most likely indicated partial disease-
induced reorganization, and this finding aided in discussion of the risks
of surgical intervention, as well as the likelihood of preserved language
postoperatively. TMS findings also helped to inform surgical planning,
such that function in each of the patient’s languages, and consequently
the patient’s quality of life, could be maximally preserved. Consistent
with our expectations, the patient did not have functional deficits in
either language following surgery. To the best of our knowledge, this is
both the first demonstration of distinct, language-specific cortex in a
bilingual clinical patient and the first patient with glioblastoma multi-
forme to undergo successful bihemispheric presurgical language map-
ping in multiple languages with TMS.

FIG. 2. Results of TMS of the left hemisphere in English (A) and Ital-
ian (B) and the right hemisphere in English (C) and Italian (D). Gray
pegs indicate stimuli that did not cause a speech error, whereas red
pegs indicate performance errors, yellow pegs indicate semantic
errors, and white pegs indicate speech arrest.

FIG. 3. English and Italian speech maps visualized together in the left
(A) and right (B) hemispheres. Red pegs indicate errors in English,
while yellow pegs indicate errors in Italian. Gray pegs indicate stimuli
that did not cause any speech error. Although each language is repre-
sented within the same broad cortical regions in both hemispheres,
some focal sites appear to be language-specific. English-specific sites
are circled in red; TMS stimulation at these sites produced errors in
English but not in Italian. Italian-specific sites are circled in yellow;
TMS stimulation at these sites produced errors in Italian but not in
English. Shared cortical areas, where TMS stimulation produced
errors in both languages, are circled in orange.
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Lessons
Neuroimaging and direct cortical stimulation studies of bilingual

and multilingual speakers suggest that within common language corti-
cal areas exist more focal, distinct single-language sites. Along with
numerous reports of differential or selective aphasia in bilingual
speakers following seizure, neurosurgery, or brain lesion, these data
imply a need for more detailed examinations of multilanguage repre-
sentation in bilingual and multilingual patients undergoing neurosur-
gery. In our patient, TMS was used to map language cortices in
English and Italian prior to tumor resection, with language-specific
findings within the expected, shared cortical regions. TMS-induced
error rates, types, and spatial distributions were different between the
two languages, consistent with previous findings. Both language
maps were used in consultation with the patient and family, as well as
in surgical planning; the patient exhibited no postoperative deficits in
either language immediately following surgery or thereafter.

TMS is a safe and effective noninvasive language mapping tool
in children and can be readily adjusted for use in bilingual speak-
ers. The primary limitation of the technique for dual language map-
ping is that investigators must be able to analyze the patient’s
speech. Ideally, data would be collected and analyzed by investiga-
tors fluent in both languages, and the same object naming task and
stimuli could be used for both studies; unfortunately, this is not
always feasible in a clinical setting. In our case, we instead simpli-
fied the stimuli used in the Italian study to include only basic colors
and numbers (1–10), so that we could easily learn the correct
responses, provided by the patient’s mother in order to ensure
accuracy and correct for dialectal characteristics, for analysis.
Although we have had success using color-naming tasks for clinical
language mapping in young and developmentally delayed chil-
dren,39 it is possible that the more rote number-naming task utilized
a different network entirely, as recent direct cortical stimulation find-
ings suggest.40 Indeed, our patient made no errors when presented
with number stimuli during stimulation, and thus we do not recom-
mend use of number-naming tasks for TMS language mapping.

Future large-scale studies are needed to optimize and validate stim-
uli for use in multiple language mapping with TMS, with particular
attention to options for speech analysis by nonfluent investigators.

Another limitation of TMS language mapping, particularly when
used to map multiple languages in a single patient, is its time-intensive
nature. In our experience, clinical language mapping with TMS takes
approximately an hour for the average patient. Each language will

require its own TMS session for thorough and comparable mapping,
potentially complicating testing with patient fatigue and time or sched-
uling constraints; we recommend spreading the sessions across sev-
eral days to mitigate these challenges. Other limitations include TMS-
induced muscle activation, primarily with stimulation of the inferior
frontal gyri, which may produce jaw or eye twitching, discomfort, and/
or pain, occasionally precluding frontal mapping altogether. Accord-
ingly, lesion location should be taken into account, and patients with
lesions in Broca’s area or its homolog may benefit from additional lan-
guage mapping using other methods. Finally, the positive predictive
value of TMS compared to direct cortical stimulation varies signifi-
cantly across studies (20–97%),12,14,43,44 likely due to lack of stan-
dardized methodology.41 However, its negative predictive value is
consistently very high (74–99%); thus, TMS has excellent reliability in
identifying noneloquent cortex for language.12,14,41,42 TMS is also
more sensitive, although less specific, than fMRI compared to DCS,
and results of TMS are less affected by brain lesions.41,43

Our case adds to the growing body of evidence for specialized
language areas in bilingual and multilingual speakers, suggesting a
potential need for language-specific preoperative mapping in these
patients to reduce risks of postoperative selective or differential lan-
guage impairment. Language-specific mapping during presurgical
workup can also aid in the discussion of risks and benefits with
patients and families, help to alleviate concerns regarding bilingual
function, and assist in accurate, informed surgical planning.

Because TMS is not precluded by patient movement, does not
require sedation, is easily adjusted to the patient’s own baseline
speech patterns, and provides causal, rather than correlative, infor-
mation, it is a valuable alternative to other noninvasive functional
mapping methods, such as MEG and fMRI, especially in children.
This report illustrates the feasibility and utility of presurgical TMS
language mapping in bilingual children with brain tumor.
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