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� Picture naming-specific high-gamma augmentation was noted in the bilateral occipital-fusiform
pathways.

� Auditory naming-specific high-gamma augmentation was noted in the bilateral superior temporal
gyrus.

� Auditory naming-specific high-gamma augmentationwas noted in the left perisylvian network regions.

a b s t r a c t

Objective: To characterize the spatiotemporal dynamics of auditory and picture naming-related cortical
activation in Japanese-speaking patients.
Methods: Ten patients were assigned auditory naming and picture naming tasks during extraoperative
intracranial EEG recording in a tertiary epilepsy center. Time-frequency analysis determined at what
electrode sites and at what time windows during each task the amplitude of high-gamma activity (65–
95 Hz) was modulated.
Results: The superior-temporal gyrus on each hemisphere showed high-gamma augmentation during
sentence listening, whereas the left middle-temporal and inferior-frontal gyri showed high-gamma aug-
mentation peaking around stimulus offset. Auditory naming-specific high-gamma augmentation was
noted in the bilateral superior-temporal gyri as well as left frontal-parietal-temporal perisylvian network
regions, whereas picture naming-specific augmentation was noted in the occipital-fusiform regions,
bilaterally. The inferior pre- and postcentral gyri on each hemisphere showed modality-common high-
gamma augmentation time-locked to overt responses.
Conclusions: The spatiotemporal dynamics of auditory and picture naming-related high-gamma augmen-
tation in Japanese-speaking patients were qualitatively similar to those previously reported in studies of
English-speaking patients.
; iPreCG,
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Significance: The cortical dynamics for auditory sentence recognition are at least partly shared by cohorts
speaking two distinct languages. Multicenter studies regarding the clinical utility of high-gamma lan-
guage mapping across Eastern and Western hemispheres may be feasible.

� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction speaking patients. We specifically hypothesized that auditory
Regardless of patient demographics, the goals of resective epi-
lepsy surgery include the minimization of postoperative functional
deficit risk. Electrical stimulation mapping (ESM) and functional
MRI (fMRI), with anatomical landmarks taken into consideration,
can effectively estimate the locations of language areas during
presurgical evaluation (Lesser et al., 2010; Austermuehle et al.,
2017). A growing number of investigators currently employ mea-
surement of task-related high-gamma activity at �50 Hz on
intracranial EEG (iEEG) recording as a complementary tool for lan-
guage mapping (Towle et al., 2008; Crone et al., 2011; Ruescher
et al., 2013; Mooij et al., 2016; Arya et al., 2018). Task-related aug-
mentation of high-gamma activity is an excellent summary mea-
sure of task-related cortical activation (Ray et al., 2008; Keller
et al., 2013). High-gamma language mapping is useful not only to
localize areas that support language function but also to clarify
the temporal order of task-related cortical activation (Cervenka
et al., 2013; Nakai et al., 2017). Picture naming is the task most
commonly employed in high-gamma language mapping, partly
because of its simplicity of the task design (Arya et al., 2018). Based
on previous iEEG studies, the spatiotemporal dynamics of high-
gamma augmentation during picture naming are qualitatively sim-
ilar across patients speaking distinct native languages, including
Japanese (Tanji et al., 2005; Kunii et al., 2013; Ogawa et al.,
2017), Chinese (Lin et al., 2015; Wen et al., 2017), English (Sinai
et al., 2005; Edwards et al., 2010; Cervenka et al., 2013; Arya
et al., 2017; Babajani-Feremi et al., 2018; Forseth et al., 2018;
Nakai et al., 2019), French (Lachaux et al., 2007; Llorens et al.,
2011), and Dutch (Bauer et al., 2013). Picture naming-related
high-gamma augmentation was reported to take place commonly
in the bilateral occipital and fusiform regions immediately follow-
ing stimulus presentation, subsequently involve left inferior frontal
gyrus (IFG), and finally involve the bilateral inferior pre- (iPreCG)
and postcentral gyri (iPostCG) during overt responses (Forseth
et al., 2018; Nakai et al., 2019).

Auditory description naming, in which patients answer audi-
tory sentence questions, is also a useful task to localize language
areas (Hamberger and Seidel, 2003). Previous iEEG studies using
auditory sentence stimuli in English have demonstrated high-
gamma augmentation bilaterally in the superior temporal gyrus
(STG) and iPreCG shortly after stimulus onset, then spreading in
the left perisylvian network regions including middle temporal
(MTG), supramarginal gyrus (SMG), and IFG peaking around the
offset of sentence stimuli, and eventually in the bilateral iPreCG,
iPostCG, and STG during an overt answer (Nakai et al., 2017;
Forseth et al., 2018). Building from these English-language data,
we then asked, Are the spatiotemporal dynamics of high-gamma aug-
mentation during auditory description naming grossly similar across
patients speaking different languages? Empirical data from non-
English speaking patients are currently scarce, but we expected
that this study of Japanese speaking patients would adequately
address this question. Japanese is different from English in a num-
ber of aspects including syntax, morphology, lexis, and phonology.

The purpose of this iEEG study was to investigate the hypothe-
sis that the spatiotemporal dynamics of naming-related high-
gamma augmentation in Japanese-speaking patients would be
qualitatively similar to those reported in studies of English-
naming-related high-gamma augmentation in the left frontal-
parietal-temporal perisylvian network regions, herein defined to
consist of left MTG, SMG, and IFG (Binder et al., 1997; Hickok
and Poeppel, 2007; Xiang et al., 2010), would peak around the off-
set of sentence stimuli rather than at the offset of each word. This
hypothesis was motivated by the notion that the human brain lar-
gely processes the meaning of an entire sentence question as a sin-
gle chunk rather than processing each word strictly in a piece-by-
piece manner (Wickens, 1970; Baddeley, 2000) and that distant
areas within the left frontal-parietal-temporal perisylvian network
regions are anatomically and functionally connected (Matsumoto
et al., 2004; 2012; Catani and Mesulam, 2008; Martino et al.,
2013). Based on previous observations in English-speaking patients
(Nakai et al., 2019), we hypothesized that picture naming-specific
high-gamma augmentation would be noted in the bilateral ventral
visual pathways including the occipital and fusiform regions,
whereas auditory naming-specific high-gamma augmentation
would be noted in the bilateral STG as well as in the aforemen-
tioned left frontal-parietal-temporal perisylvian network regions.
We also discuss potential pitfalls for future multicenter collabora-
tive studies on the clinical utility of high-gamma mapping across
Eastern and Western hemispheres.

2. Methods

2.1. Participants

Inclusion criteria consisted of patients who underwent both
auditory description naming (Fig. 1A) and picture naming
(Fig. 1B) tasks during extraoperative iEEG recording at National
Center of Neurology and Psychiatry, Tokyo, Japan. Exclusion crite-
ria consisted of: (i) presence of massive brain malformations
deforming the central or lateral sulcus, (ii) inability to complete
the tasks, (iii) primary language other than Japanese, (iv) history
of previous resective epilepsy surgery, and (v) right-hemispheric
language dominance as suggested by the result of Wada test or
left-handedness associated with left-hemispheric congenital neo-
cortical lesions (because of the increased likelihood of interhemi-
spheric language reorganization; Kojima et al., 2013a). Ten
patients satisfying the inclusion and exclusion criteria were stud-
ied (age range: 19–54 years; 5 females; Table 1). None of our
patients fluently speak a language other than Japanese. This study
(A2017-028) was approved by the Institutional Review Board at
the National Center of Neurology and Psychiatry, and performed
under the approved guidelines. Informed consent was obtained
from the patients or the guardian of a pediatric patient.

2.2. Acquisition of iEEG and 3D MR images

The data acquisition and analytic methods were similar to those
reported in previous iEEG studies (Kambara et al., 2018b; Nakai
et al., 2019). As part of our routine presurgical evaluation for local-
ization of the epileptogenic zone, platinum electrodes were chroni-
cally implanted on the affected hemisphere in the operation room
and were used to subsequently record iEEG signals directly from
the cerebral cortex in the inpatient ward. The iEEG sampling rate
was 1000 Hz (Nihon Kohden EEG 1200, Tokyo, Japan). Across 10



Fig. 1. Auditory and picture naming tasks. (A) Auditory description naming task. The response time was defined as the period between the stimulus offset and the onset of
overt response. Each auditory question included the following three chunks: [object or complement], [verb] and [what, when or where]. (B) Picture naming task. The response
time was defined as the period between stimulus onset and response onset. At the end of each response, the examiner pressed the button to present the next stimulus
following a cross in the center of the screen presented for 2000 or 2500 ms. In both auditory and picture naming tasks, the baseline period was set at a 400-ms silent period
between 600 and 200 ms prior to stimulus onset in the analysis time-locked to stimulus onset and a 400-ms silent period between 1600 and 2000 ms following overt
response in the analysis time-locked to response onset.
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patients, a total of 428 subdural disk electrodes (diameter: 2.3 mm;
center-to-center distance: 10 mm) and 402 depth electrodes
(length: 370 mm; center-to-center distance: 5 mm)were implanted
(number of electrodes per patient: 64–124). iEEG signals were visu-
ally evaluated and later quantitatively analyzed using a common
average reference (i.e., an average of voltages across all channels
except for those showing large interictal epileptiform discharges
or artifacts). A 3D cortical surface image with electrode locations
was created using a pre-implantation T1-weighted image and a
post-implantation CT image as previously reported (Budke et al.,
2018). The accuracy of this co-registration procedurewas confirmed
by a visual assessment of intraoperative photographs and the post-
implantation CT image (Nakai et al., 2017).

2.3. Auditory and picture naming tasks

Patients were assigned auditory and picture naming tasks dur-
ing extraoperative iEEG recording. Tasks were employed at the
bedside during wakefulness, and patient participation time was
less than 30 minutes in total. During the auditory naming task
(Fig. 1A), patients were instructed to overtly verbalize an answer
for a series of 1.8 s auditory sentence questions (such as ‘Sora-wo
tobuno-wa nani?’ [English translation: ‘What flies in the sky?’]). A
total of 100 prerecorded questions were presented via a speaker.
During the picture naming task (Fig. 1B), patients were instructed
to overtly name an object presented on an LCD monitor. A total of
60 picture stimuli (such as a cat, desk, etc. [Kojima et al., 2013b])
were presented at the center of a 15-inch laptop computer. The
size of pictures ranged from 11 to 16 cm in height and width. Pre-
sentation of auditory and picture stimuli was performed with
PowerPoint Presentation Software (Microsoft Corporation, Red-
mond, WA, USA); thereby, the timings of stimulus presentations,
overt patient responses, and iEEG signals were synchronized using
a photosensor and microphone (Kambara et al., 2018b). Trials not
accompanied by overt, correct answers were excluded from subse-
quent time-frequency analysis (Nakai et al., 2019).

2.4. Time-frequency analysis

We determined the spatiotemporal dynamics of naming-related
high-gamma modulations using a time-frequency analysis
methodology as previously reported (Brown et al., 2008;
Kambara et al., 2018b). Channels showing artifacts on visual
assessment were excluded from analysis. iEEG voltage traces were



Table 1
Patient profile.

Total number of patients 10
Mean age (year old) 33.3
Median age (year old) 32.5
Range of age (year old) 19–54
Range of age of epilepsy onset (year old) 5–52
Proportion of female (%) 50.0
Proportion of Right handedness (%) 100.0
Proportion of sampled hemisphere (%)
Left 5 (50.0)
Right 4 (40.0)
Both 1 (10.0)

Seizure onset zone. Number of patients (%)
Left frontal 2 (12.5)
Left temporal 3 (18.8)
Left parietal 1 (6.3)
Left lateral occipital 0 (0)
Right frontal 2 (12.5)
Right temporal 4 (25.0)
Right parietal 3 (18.8)
Right lateral occipital 1 (6.3)

Mean number of antiepileptic drugs 2.7
Median number of antiepileptic drugs 2.5
Range of number of antiepileptic drugs 1–5
Carbamazepine 4 (16.0)
Clobazam 1 (4.0)
Clonazepam 2 (8.0)
Diazepam 2 (8.0)
Lacosamide 2 (8.0)
Levetiracetam 4 (16.0)
Lamotrigine 2 (8.0)
Perampanel 1 (4.0)
Phenytoin 1 (4.0)
Topiramate 1 (4.0)
Valproate 3 (12.0)
Zonisamide 2 (8.0)

Etiology. Number of patients (%)
Tumor 2 (20.0)
Dysplasia 5 (50.0)
Hippocampal sclerosis 1 (10.0)
Arteriovenous malformation 1 (10.0)
Heterotopia 1 (10.0)
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aligned to stimulus onset and response onset, and transformed into
the time-frequency domain, in steps of 10 ms and 5 Hz, using a
complex demodulation technique (Papp and Ktonas, 1977) incor-
porated in the BESA software package (BESA GmbH, Gräfelfing,
Germany; Hoechstetter et al., 2004). This was effectively equiva-
lent to a Gabor transformation since the time-frequency transfor-
mation was obtained by multiplication of the time-domain
signals with a complex exponential, followed by low-pass filtering
consisting of a finite impulse response filter of Gaussian shape. In
each 10 ms window, we measured the percent change in high-
gamma, defined as 65–95 Hz, amplitude (equivalent to the square
root of power) relative to the mean amplitude during a baseline
period. The baseline period was defined as a 400-ms quiet, resting
period between trials as shown in Fig. 1. The high-gamma fre-
quency range was defined to avoid alternating current artifacts
and their harmonics. The frequency of alternating current is
50 Hz in Eastern Japan (including Tokyo) but 60 Hz in Western
Japan, thus we chose to avoid both ranges to maximize our ability
to relate our findings to data collected from across the region. At
each 10-ms 5-Hz time-frequency bin, we determined whether aug-
mentation (or suppression) of high-gamma amplitude reached sta-
tistical significance with the studentized bootstrap statistic
followed by Simes’ correction (Brown et al., 2008; Koga et al.,
2011). The aforementioned analyses characterized the temporal
dynamics of naming-related high-gamma modulations at each
recording channel of each patient (Fig. 2; Supplementary
Figs. S1–S9). To rule out spurious high-gamma activity related to
EMG artifacts, we repeated the time-frequency analysis with bipo-
lar montage with neighboring electrode pairs, which can reduce
the contamination of EMG signals from a distant source
(Nagasawa et al., 2011; Kambara et al., 2018b). If overt response-
related high-gamma augmentation was seen on the common aver-
age reference but not on the bipolar montage, we treated such
high-gamma augmentation as derived from EMG artifacts
(Forseth et al., 2018).

In Fig. 3, we plotted naming-related high-gamma activity of
channels, each of which showed significant high-gamma aug-
mentation during either task. These plots allowed us to deter-
mine whether auditory naming-related high-gamma
augmentation at left MTG, SMG, and IFG would peak at the off-
set of sentence stimuli (Fig. 3B, F, and G). Using McNemar’s test,
we determined whether the bilateral ventral visual pathways,
defined to include occipital and fusiform regions, were preferen-
tially associated with picture naming-related high-gamma aug-
mentation. Likewise, we determined whether the bilateral STG
as well as the left frontal-parietal-temporal perisylvian network
regions, defined to include left MTG, SMG, and IFG, were prefer-
entially associated with auditory naming-related high-gamma
augmentation.
3. Results

The median response time (Fig. 1) during auditory naming task
ranged from 1132 to 3678 ms (grand median across ten patients:
1922 ms), whereas that during picture naming task ranged from
855 to 2932 ms (grand median: 1246 ms). All ten patients showed
significant naming-related high-gamma augmentation during both
auditory and picture naming tasks (Fig. 2 and Supplementary
Figs. S1–S9).
3.1. Auditory naming-related high-gamma augmentation

Significant high-gamma augmentation was noted in the STG on
either hemisphere during the presentation of auditory stimuli,
with the largest amplitude augmentation immediately following
the sentence onset (average peak latency relative to stimulus
onset: +160 ms on left STG and +300 ms on right STG; Fig. 3A).
Modest but significant high-gamma augmentation was noted in
the left iPreCG during the presentation of auditory stimuli
(Fig. 3H). Around stimulus offset, high-gamma augmentation was
observed in subsets of the left MTG, SMG, and IFG (average peak
latency relative to stimulus offset: �90 ms on left MTG; �680 ms
on left SMG; +30 ms on left IFG; Table 2; Fig. 3B, F, and G). Signif-
icant high-gamma augmentation then involved the left and right
iPreCG and iPostCG with the magnitude of augmentation peaking
at the onset of overt responses (Fig. 3H and I). Significant high-
gamma augmentation was also observed in the bilateral STG fol-
lowing the onset of overt responses (Fig. 3A).
3.2. Picture naming-related high-gamma augmentation

Significant high-gamma augmentation was noted initially in
the left and right occipital lobes and fusiform gyri (Fig. 3D and
E). Prior to overt response onset, significant high-gamma aug-
mentation was observed in small subsets of the left MTG and
IFG (Table 2), and broadly in the left and right iPreCG and
iPostCG. Across response-involved ROIs, the magnitude of high-
gamma augmentation peaked at the onset of overt responses
(Fig. 3H and I). Significant high-gamma augmentation was also
observed in the left and right STG following the onset of overt
responses (Fig. 3A).



Fig. 2. Naming-related high-gamma modulations in a 26-year-old male (Patient #1). (A) Representative 3D MR surface image from one patient. Circular dots: subdural
electrode sites. Square dots: depth electrode insertion site. Red electrodes: Significant high-gamma augmentation during both auditory and picture naming tasks. Green
electrodes: Significant high-gamma augmentation during auditory naming task alone. Blue electrodes: Significant high-gamma augmentation during picture naming task
alone. Black electrodes: Failure to show significant high-gamma augmentation in either task. (B) Time-frequency plots during the auditory naming task. Red blobs indicate
significant relative increase compared to baseline; blue blobs indicate significant relative decrease compared to baseline. Major vertical lines indicate stimulus onsets/offsets
and response onsets; minor vertical lines indicate time scale at second intervals. (C) Time-frequency plots during picture naming task. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. High-gamma modulations specific and common across stimulus
modalities

The McNemar’s test demonstrated that the bilateral ventral
visual pathways were preferentially associated with picture
naming-related high-gamma augmentation (p = 0.0001; odds
ratio: 11.0 [95%CI: 2.7–96.5]). Specifically, 22 out of 56 channels
in the ventral visual pathways showed high-gamma augmentation
during the picture naming task alone, whereas only 2 showed
high-gamma augmentation during the auditory naming task alone
(Table 2).

The McNemar’s test demonstrated that the bilateral STG chan-
nels were preferentially associated with auditory naming-related
high-gamma augmentation (p = 0.0001; odds ratio cannot be com-
puted). Specifically, 26 out of 108 STG channels showed high-
gamma augmentation during the auditory naming task alone,
whereas none showed high-gamma augmentation during the pic-
ture naming task alone (Table 2).

The McNemar’s test demonstrated that the left frontal-parietal-
temporal perisylvian network regions consisting of left the MTG,
SMG, and IFG were preferentially associated with auditory
naming-related high-gamma augmentation (p = 0.01; odds ratio:
3.4 [95%CI: 1.2–11.8]). Specifically, 17 out of 134 left perisylvian
network channels showed high-gamma augmentation during
auditory naming task alone, whereas only 5 showed high-gamma
augmentation during picture naming task alone (Table 2).

Overt response-related high-gamma augmentation in the bilat-
eral iPreCG/iPostCG sites was commonly noted during auditory
and picture naming tasks. Specifically, 18 out of 38 iPreCG/iPostCG
sites showed high-gamma augmentation during both picture and
auditory naming tasks, whereas 2 showed augmentation during
picture naming task alone and another 2 showed augmentation
during auditory naming task alone. The McNemar’s test failed to
prove that iPreCG/iPostCG sites were preferentially associated with
one task over the other (p = 0.6; 95%CI: 1.0 [95%CI: 0.07–13.8]).

A single right IFG site of each of the two patients showed signif-
icant high-gamma suppression commonly during the presentation
of auditory and picture stimuli (Supplementary Figs. S7 and S9).
4. Discussion

4.1. Summary of our observations

To our knowledge, this is the first ECoG study of high-gamma
modulations elicited by an auditory description naming task in
Japanese-speaking patients. As of 2018, the United States Depart-
ment of State has classified Japanese as one of the five ‘super-
hard’ languages exceptionally difficult to learn for native English
speakers (https://www.state.gov/m/fsi/sls/c78549.htm). In turn,
native Japanese speakers have likewise experienced difficulty
studying English in school and ranked 40th out of 48 countries in
the Test of English for International Communication (TOEIC) in
2013 (Hongo, 2014). These observations are attributed mainly to
a fundamental difference in syntax, phonology, lexic and morphol-
ogy between two languages (Cook, 2016). For example, a verb typ-
ically comes after the object in Japanese but before the object in
English (Lehmann, 1973). One has to listen to the very end of the
verb, in general, to understand each sentence in Japanese
(Teruya, 2006). Nonetheless, the spatiotemporal dynamics of
high-gamma amplitude changes in our Japanese-speaking patients
were grossly similar to those reported in English-speaking patients
(Nakai et al., 2017; Forseth et al., 2018). Our observations are con-
sistent with the hypothesis that the neural dynamics supporting
auditory sentence recognition and visual object recognition are
grossly shared by individuals speaking two distinct languages.

During sentence listening, stimulus-related high-gamma aug-
mentation in the bilateral STG is thought to support acoustic and
phonological processing (Démonet et al., 1992), whereas activity
in the iPreCG may be related to phonological processing or verbal
working memory maintenance (Nishida et al., 2017; Kambara
et al., 2018a). A previous study reported that electrical stimulation
of STG on either hemisphere elicited auditory hallucination (Nakai
et al., 2017). High-gamma augmentation in the left frontal-
parietal-temporal perisylvian network regions is likely associated
with semantic processing and lexical retrieval (Binder et al., 1997;
Hickok and Poeppel, 2007). Previous studies reported that stimula-
tion of leftMTG, SMG, and IFGwas associatedwith increased chance
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of inducing receptive or expressive dysphasia (Sanai et al., 2008;
Tate et al., 2014; Nakai et al., 2017). Overt response-related high-
gamma augmentation in the bilateral iPreCG/iPostCG likely reflects
neural activation supporting an oral movement. Previous studies
reported that stimulation of these regions induced either speech
arrest or mouth movement (Tate et al., 2014; Chang et al., 2017;
Nakai et al., 2017). High-gamma augmentation in the STG immedi-
ately following the onset of overt response may reflect self-
monitoring of own voice (Schulz et al., 2005).

Picture naming-related high-gamma augmentation sequentially
involving the bilateral occipital to posterior fusiform regions likely
reflects lower- to higher-order visual processing (Fisch et al.,
2009). Previous studies reported that electrical stimulation of the
medial/polar surface of the occipital lobe on either hemisphere fre-
quently induced the perception of phosphene, whereas that of the
posterior fusiform gyrus occasionally induced the perception of
visual distortion (Lee et al., 2000; Nakai et al., 2017). Stimulation
of the left posterior fusiform gyrus was also reported to be associ-
ated with transient impairment of visual semantic recognition
(Forseth et al., 2018).

The left frontal-parietal-temporal perisylvian network regions
consisting of the left MTG, SMG, and IFG showed high-gamma aug-
mentation preferentially during the auditory naming task, whereas
the occipital-fusiform regions showed high-gamma augmentation
Fig. 3. Naming-related high-gammamodulations at a group level. Percent change of high-g
function of time. Red lines: significant high-gamma augmentation during both naming ta
alone. Blue lines: significant high-gamma augmentation during picture naming task alo
Electrode sites failing to show significant high-gamma augmentation are not presented in t
Inferior temporal gyrus (ITG). (D) Fusiformgyrus. (E) Occipital lobe. (F) Supramarginal gyru
as the precentral gyrus between the level of superior-frontal and lateral sulci. (I) Inferio
superior-frontal and lateral sulci. (For interpretation of the references to colour in this fig
preferentially during picture naming task. This observation is con-
sistent with previous fMRI and iEEG studies of English-speaking
patients (Hamberger et al., 2014; Nakai et al., 2019). Our results
support the notion that picture naming task, compared to auditory
naming, can be completed with less extensive activation of the left
frontal-parietal-temporal perisylvian network but requires more
extensive activation of the ventral visual pathways. Less extensive
high-gamma augmentation in the left inferior-frontal region dur-
ing picture naming task can be explained in part by the difference
in experimental paradigms. Not picture- but auditory-naming task
requires syntactic processing, which is partly supported by the left
inferior-frontal gyrus (Dapretto and Bookheimer, 1999; Hagoort,
2005). Further studies are warranted to determine whether the
extent of high-gamma augmentation in the left frontal-parietal-
temporal perisylvian network is dependent on the modality of
stimuli or the relative requirement of syntactic processing in audi-
tory naming versus picture naming.

4.2. Feasibility of multicenter collaborative studies across the Eastern
and Western hemispheres

iEEG recording provides a unique window to measure neural
dynamics with outstanding signal fidelity, temporal resolution of
the order of 10 ms, and spatial resolution of 5–10 mm (Ball et al.,
ammaamplitude at channels showing significant augmentation (Table 2) plotted as a
sks. Green lines: significant high-gamma augmentation during auditory naming task
ne. ‘‘n” indicates the number of electrodes from each category included in the plot.
hese figures. (A) Superior temporal gyrus (STG). (B)Middle temporal gyrus (MTG). (C)
s (SMG). (G) Inferior frontal gyrus (IFG). (H) Inferior precentral gyrus (iPreCG), defined
r postcentral gyrus (iPostCG), defined as the postcentral gyrus between the level of
ure legend, the reader is referred to the web version of this article.)



Fig. 3 (continued)
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2009). Investigators often have difficulty in securing sufficient sta-
tistical power because the number of extraoperative iEEG record-
ing is typically less than 30 per year in many of tertiary epilepsy
centers. Thus, multicenter collaborative studies have been
employed across countries to address research questions of inter-
est promptly and also to increase the generalizability of models
of normal and pathological physiology (e.g., Frauscher et al.,
2018; Jacobs et al., 2018). One concern for transnational collabora-
tive studies on culturally-defined behaviors, such as language, is
that the underlying physiology may differ, thus presenting chal-
lenges for pooling data. However, based on the results of this study,
we believe that multicenter studies utilizing iEEG-based language
mapping for clinical and cognitive research are feasible across East-
ern and Western hemispheres. We strongly encourage the devel-
opment of multi-language studies as the majority of iEEG-based
language research has reflected the English language, whereas
80% of the general population in the world primarily speak lan-
guages other than English (McArthur, 2004). Further study is war-
ranted to determine if the differences in syntax and semantics
between languages such as English and Japanese have a substantial
influence on the spatiotemporal dynamics of neurological systems
which support language.

A potential pitfall for intercontinental studies includes regional
differences in the frequency of alternating current used in electri-
cal infrastructure. iEEG signals suffer from contamination due to
line noise at 50-Hz or 60-Hz depending on the region in which
the recording is made. This is of critical importance for iEEG studies
as a primary variable of interest is event-related augmentation of
recorded neurological activity in a broad frequency range above
50 Hz (Brown et al., 2008; Towle et al., 2008; Manning et al.,



Table 2
Spatial profiles of high-gamma augmentation.

Number of all
available
channels

Number of channels showing
significant HG augmentation
during both naming tasks (%)

Number of channels showing
significant HG augmentation during
auditory naming task alone (%)

Number of channels showing
significant HG augmentation during
picture naming task alone (%)

Left STG 49 8 (16.3) 16 (32.7) 0 (0.0)
Right STG 59 8 (13.6) 10 (16.9) 0 (0.0)
Left MTG 91 1 (1.1) 4 (4.4) 4 (4.4)
Right MTG 49 0 (0.0) 1 (2.0) 0 (0.0)
Left ITG 25 0 (0.0) 0 (0.0) 1 (4.0)
Right ITG 14 0 (0.0) 0 (0.0) 0 (0.0)
Left fusiform 12 1 (8.3) 0 (0.0) 3 (25.0)
Right fusiform 12 0 (0.0) 0 (0.0) 5 (41.7)
Left occipital 11 0 (0.0) 2 (18.2) 5 (45.5)
Right occipital 21 1 (4.8) 0 (0.0) 9 (42.9)
Left SMG 15 1 (6.7) 5 (33.3) 0 (0.0)
Right SMG 25 0 (0.0) 2 (8.0) 0 (0.0)
Left IFG 28 2 (7.1) 8 (28.6) 1 (3.6)
Right IFG 28 0 (0.0) 0 (0.0) 0 (0.0)
Left iPreCG 6 4 (66.7) 0 (0.0) 1 (16.7)
Right iPreCG 12 6 (50.0) 1 (8.3) 0 (0.0)
Left iPostCG 2 1 (50.0) 0 (0.0) 1 (50.0)
Right iPostCG 18 7 (38.9) 1 (5.6) 1 (5.6)

STG: superior-temporal gyrus. MTG: middle-temporal gyrus. ITG: inferior-temporal gyrus.
SMG: supra-marginal gyrus. IFG: inferior-frontal gyrus. iPreCG: inferior precentral gyrus.
iPostCG: inferior postcentral gyrus. HG: high-gamma.
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2009; Crone et al., 2011). In the present study, we defined the fre-
quency range of high-gamma activity as 65–95 Hz. This frequency
range effectively avoids potential contamination of 50-Hz or 60-Hz
line noise (as well as those of related harmonic frequencies),
thereby maximizing the potential to relate our findings to those
from other laboratories independent of geographical region.

To facilitate multi-language auditory naming studies, we have
made standardized auditory sentence stimuli publicly available
in English, Hindi, Arabic, and Japanese (https://www.ncbi.nlm.nih.-
gov/pmc/articles/PMC5744878/; Kambara et al., 2018b). Additional
language releases are planned and in development.
4.3. Limitations of the study

The main limitation of the present study is the small sample
size. As a result, we did not have complete coverage of all brain
regions. While we have demonstrated the involvement of several
frontal, temporal, and occipital regions in auditory and picture
naming, these networks may include other regions which were
not sampled in the present study. We plan to continue to measure
naming-related high-gamma activity during extraoperative iEEG
recordings in all languages, but due to the slow rate at which such
recordings occur, several years would be needed to accumulate a
sufficient sample size to detect a difference in neural dynamics
between two patient cohorts speaking two distinct languages. This
difficulty may be ameliorated in the future by increased multicen-
ter studies. Furthermore, we did not determine the association
between naming-related high-gamma activity and stimulation-
induced behavioral changes, since ESM was not systematically
employed in our study cohort and meaningful analysis was not
possible to conduct.

Another limitation of this study is the lack of direct comparison
of high-gamma measures between age-matched cohorts of
Japanese- and English-speaking patients. The median age of
Japanese-speaking patients was 33.3 years in the present study,
but 14.0 years in a previous iEEG study of 79 English-speaking
patients (Nakai et al., 2019). A sophisticated statistical analysis
controlling the potential effects of epilepsy profiles (e.g., mixed
model analysis as reported in Nakai et al., 2018) may be warranted
to employ in larger cohorts of patients for optimal determination
of the effect of spoken native language on the spatiotemporal
dynamics of naming-related high-gamma activity.
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