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Abstract

OBJECTIVE—We determined the clinical impact and developmental changes of auditory-
language-related augmentation of gamma activity at 50-120 Hz recorded on electrocorticography
(ECoG).

METHODS—We analyzed data from 77 epileptic patients ranging 4 — 56 years in age. We
determined the effects of seizure-onset zone, electrode location, and patient-age upon gamma-
augmentation elicited by an auditory-naming task.

RESULTS—Gamma-augmentation was less frequently elicited within seizure-onset sites
compared to other sites. Regardless of age, gamma-augmentation most often involved the 80-100
Hz frequency band. Gamma-augmentation initially involved bilateral superior-temporal regions,
followed by left-side dominant involvement in the middle-temporal, medial-temporal, inferior-
frontal, dorsolateral-premotor, and medial-frontal regions and concluded with bilateral inferior-
Rolandic involvement. Compared to younger patients, those older than 10 years had a larger
proportion of left dorsolateral-premotor and right inferior-frontal sites showing gamma-
augmentation. The incidence of a post-operative language deficit requiring speech therapy was
predicted by the number of resected sites with gamma-augmentation in the superior-temporal,
inferior-frontal, dorsolateral-premotor, and inferior-Rolandic regions of the left hemisphere
assumed to contain essential language function (r2=0.59; p=0.001; odds ratio=6.04 [95%
confidence-interval: 2.26 to 16.15]).

CONCLUSIONS—Auditory-language-related gamma-augmentation can provide additional
information useful to localize the primary language areas.

"Corresponding Author: Eishi Asano, MD, PhD, MS (CRDSA: Clinical Research Design & Statistical Analysis), Address: Division of
Pediatric Neurology, Children’s Hospital of Michigan, Wayne State University. 3901 Beaubien St., Detroit, MI, 48201, USA. Phone:
313-745-5547; FAX: 313-745-0955; eishi@pet.wayne.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kojima et al. Page 2

SIGNIFICANCE—These results derived from a large sample of patients support the utility of
auditory-language-related gamma-augmentation in presurgical evaluation.

Keywords

Epilepsy surgery; Intracranial EEG recording; Event-related synchronization; Ripples; High-
frequency oscillations (HFOs); Oncogenicity; Outcome

1. INTRODUCTION

Primary or essential language areas are ultimately defined as brain regions of which
resection results in impairment in language function (Geschwind, 1972). Identification of
such areas is required in the presurgical evaluation of epileptic patients who undergo
epilepsy surgery. Substantial evidence derived from lesion and electrical stimulation studies
of humans suggests that the left superior-temporal, inferior-frontal, dorsolateral-premotor,
and inferior-Rolandic regions should generally contain sites essential for acoustic analysis
followed by language comprehension, production and articulation with some degree of inter-
subject spatial variability (Broca, 1861; Wernicke, 1911; Geschwind, 1972; Penfield and
Boldrey, 1937; Lesser et al., 1986; Ojemann et al., 1989; Dronkers et al., 2004; Hickok and
Poeppel, 2007). Neuroimaging studies of healthy individuals using functional MRI (fMRI)
also showed that the aforementioned four regions of interest are activated during auditory-
language tasks and that such activations are generally more extensive and intensive in the
left hemisphere, irrespective of handedness (Pujol et al., 1999). Thus, neocortical resection
involving the left hemisphere poses a greater risk of postoperative language deficits
compared to surgery involving the right, unless essential language function has been
reorganized to the right hemisphere. It has been widely considered that left-handed patients
with left-sided seizure foci and early-onset left-sided neocortical lesions are most likely to
have right-hemispheric language dominance (Rasmussen and Milner, 1977; Akanuma et al.,
2003; Moddel et al., 2009).

Electrical stimulation currently serves as the clinical gold standard to estimate the location
of primary language areas (Ojemann et al., 1989), but carries several limitations. Cortical
stimulation via implanted subdural electrodes is a time-consuming procedure accompanied
by a risk of after-discharges and electrically-induced seizures (Lee et al., 2010; Kojima et
al., 2012). Trains of electrical stimuli could be simultaneously propagated to remote sites
even without creating after-discharges and the testing of a given site may result in false
positive detection of primary language cortex. For example, stimulation of left basal
temporal sites simultaneously induced remote discharges involving the superior temporal
gyrus along with transient language impairment; subsequent resection of the left basal
temporal sites resulted in no language deficits (Ishitobi et al., 2000). Furthermore, electrical
stimulation could fail to reliably elicit transient language impairment in some individuals,
especially uncooperative or young patients (Schevon et al., 2007; Kojima et al., 2012).

Since the spatio-temporal characteristics of event-related gamma-augmentation recorded on
intracranial ECoG were first reported at the end of the 20th century (Crone et al., 1998), a
number of studies have demonstrated that language-related sites detected by gamma-
augmentation on ECoG were co-localized with those defined by stimulation with high
statistical significance (Sinai et al., 2005; Tanji et al., 2005; Towle et al., 2008; Wu et al.,
2010; Miller et al., 2011; Kojima et al., 2012). Our recent study of 13 epileptic patients with
left-hemispheric language dominance suggested by the Wada test showed that language-
related gamma sites identified those suggested by stimulation, with sensitivity of 0.83-0.91
and specificity of 0.62-0.64 (Kojima et al., 2012). Surgically-inflicted cortical damage
involving sites of significant gamma-augmentation in the superior-temporal, inferior-frontal,
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dorsolateral-premotor, and inferior-Rolandic regions predicted the incidence of
postoperative language deficits requiring speech therapy (Kojima et al., 2012). Thus, in the
present study, we defined the summation of these four regions of interest as ‘ canonical
language regions’ . Since populations in previous ECoG studies have typically not exceeded
15 patients, the utility of gamma-augmentation as a biomarker of underlying language
function needs validation with a larger sample size.

In this study, we specifically addressed the following hypotheses: (i) A postoperative
language deficit requiring speech therapy would be predicted by a logistic regression model
incorporating gamma-augmentation measures in the ‘ canonical language regions’ of the left
hemisphere assumed to contain essential language function. Speech therapy is an expensive
procedure, which inherently delays the return to home, school, or work. (ii) Auditory-
language-related gamma-augmentation would be less frequently elicited in the seizure onset
compared to non-seizure onset sites. (iii) Patient age would be correlated with the spectral
frequency peak and the spatial pattern of gamma-augmentation. (iv) In addition to the
“canonical language regions’, the middle-temporal, medial-temporal, and medial-frontal
regions in both left and right hemispheres would show gamma-augmentation. Previous
studies have suggested that these three regions might be involved in, to some extent,
semantic/lexical processing (Mandonnet et al., 2007), verbal memory processing
(Hamberger et al., 2010), and voluntary control over the initiation and suppression of
articulation (Jirgens, 2002), respectively. Although, surgical excision of any of these three
areas was not reported to be associated with acute/major postoperative dysphasia.

2. METHODS

2.1. Patients

This study has been approved by the Institutional Review Board at Wayne State University.
The inclusion criteria consisted of: (i) patients with focal epilepsy who underwent
extraoperative subdural ECoG recording as part of presurgical evaluation in Children’s
Hospital of Michigan or Harper University Hospital in Detroit between January 2007 and
May 2012; (ii) language mapping using measurement of gamma-augmentation elicited by an
auditory-naming task (Brown et al., 2008; Kojima et al., 2012); and (iii) written informed
consent obtained by patients or their guardians. The exclusion criterion was limited
vocabulary of nouns (less than 60 nouns). This cohort study included a consecutive series of
77 English-speaking patients who satisfied these criteria (age range: 4-56 years; median
age: 14 years) (Table 1).

2.2. Definition of anatomical regions of interest

The anatomical regions of interest included: the superior-temporal region (Brodmann Area
[BA] 22/41/42), inferior-frontal region (inferior frontal gyrus involving BA 44/45),
dorsolateral-premotor region (dorsolateral portion of BA 6), and inferior-Rolandic region
(BA 4/3/1/2 not more than 4 cm superior from the sylvian fissure; Haseeb et al., 2007;
Fukuda et al., 2008; Figure 1). The summation of these four regions was referred to here as
“canonical language regions’. The present study will determine whether gamma-
augmentation in ‘ canonical language regions’ could predict postoperative language deficits.
In addition, the present study will describe the spatial-temporal characteristics of less-
frequently studied regions: the middle-temporal region (defined as the middle temporal
gyrus involving BA 21/37), the medial-temporal region (defined as BA 27/28/34/35/36) and
the medial-frontal region (medial portion of BA 6/8 and posterior portion of BA 24/32/33),
bilaterally (Brodmann, 1909; Mitelman et al., 2003; Figure 1). Regions outside of the
aforementioned seven regions were collectively defined as ‘other’, in each hemisphere
(Figures 1 and 2).
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2.3. Preoperative estimation of reorganization of essential language function to the right

hemisphere

Based on handedness and neuroimaging data obtained during Phase-1 presurgical evaluation
(Asano et al., 2009a), the language-dominant hemisphere was assumed for each patient;
namely, left-handed patients with left-sided seizure focus and early-onset left-sided
neocortical lesions (defined as either congenital or perinatal lesions such as dysplasia,
encephalomalacia and porencephaly) were assumed to have right-hemispheric language
dominance (Rasmussen and Milner, 1977; Akanuma et al., 2003; Mdddel et al., 2009). All
remaining patients with left-sided seizure focus were assumed to have either left-sided
language dominance or bilateral language representation regardless of handedness; thus, the
surgical hemisphere was assumed to still contain essential language cortex. Those with a
right-sided seizure focus were assumed to have left-sided language dominance, regardless of
handedness. We recognize that there is no ideal gold-standard to determine the language
dominant hemisphere. The majority of young children with epilepsy cannot complete the
Wada test, fMRI, or magnetoencephalography (MEG) in a cooperative fashion. The ultimate
goal of this study is to determine whether and how well a new language deficit requiring
postoperative speech therapy was predicted by a logistic regression model not incorporating
the results of the Wada test, fMRI, or MEG.

2.4. Subdural electrode placement

Platinum macro-electrodes (intercontact distance: 10 mm; median: 112 electrodes per
patient [standard deviation: 24.4]) were surgically placed in the subdural space over left,
right, or bilateral cortical regions. The number of implanted electrodes was less than 50 in 3
patients in which the extent of surgical resection was expected to be small preoperatively.
Placement of intracranial electrodes was guided by the results of Phase-I presurgical
evaluation including: scalp video-EEG recording, MRI, and 2-deoxy-2-[18F] fluoro-D-
glucose (FDG) positron emission tomography (PET) (Asano et al., 2009a). All electrode
plates were stitched to adjacent plates or the edge of dura mater, to avoid movement of
subdural electrodes after intracranial implantation. In all patients, intraoperative photographs
were taken with a digital camera before dural closure as well as after re-opening during the
second stage of surgery. All electrodes were displayed on the three-dimensional brain
surface reconstructed from high-resolution MRI, as previously described in detail (Alkonyi
etal., 2009; Wu et al, 2011). We confirmed the spatial accuracy of electrode display on the
three-dimensional brain surface by using intraoperative digital photographs (Wellmer et al.,
2002; Dalal et al., 2008).

2.5. Extraoperative video-ECoG recording

ECoG signals were obtained for 3-5 days with a sampling rate of 1,000 Hz, using a 192-
channel Nihon Kohden Neurofax 1100A Digital System (Band-pass: 0.08-300 Hz; Nihon
Kohden America Inc, Foothill Ranch, CA, USA). The averaged voltage of ECoG signals
derived from the fifth and sixth intracranial electrodes on the amplifier was used as the
original reference; ECoG signals were then re-montaged to a common average reference.
Channels contaminated with large interictal epileptiform discharges or artifacts were
visually identified and excluded from the average (Laufs et al., 2006), in order to minimize
their influence on the results. Usage of a common average reference is a widely-accepted
practice in assessment of event-related gamma-augmentation recorded on subdural grid
electrodes; its advantages and limitations were previously discussed (Crone et al., 2001;
Asano et al., 2009b; Nagasawa et al., 2011; Kojima et al., 2012). Surface electromyography
electrodes were placed on the left and right deltoid muscles, and electrooculography
electrodes were placed 2.5 cm below and 2.5 cm lateral to the left and right outer canthi.
ECoG traces were visually inspected with a low-frequency filter at 53 Hz and a sensitivity of
20 wV/mm:; thereby, irregular broadband signals synchronized with facial and ocular muscle
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activities seen on electrooculography electrodes were treated as artifacts (Otsubo et al.,
2008; Jerbi et al., 2009a; Kovach et al., 2011; Kojima et al., 2012). Seizure onset sites were
clinically determined (Asano et al., 2009a).

2.6. Language mapping using gamma-augmentation

While awake and comfortably seated with intracranial electrodes in place, each patient
submitted to an auditory-naming task (Brown et al, 2012; Kojima et al., 2012). Patients
received a series of question-and-answer trials. Question stimuli ranged from 1-to 2.5-s in
duration. Patients were instructed to overtly verbalize a one- or two-word answer (e.g.:
‘Ears’) to a given auditory question (e.g.: “What do you hear with?). Source analysis was not
conducted in the present study. Each ECoG trial was transformed into the time-frequency
domain using complex demodulation (Papp and Ktonas, 1977) via BESA® software (BESA
GmbH, Gréfelfing, Germany; Hoechstetter et al., 2004). The ECoG signal at each channel
was assigned an amplitude (a measure proportional to the square root of power) as a
function of time and frequency (in steps of 10 ms and 5 Hz). The time-frequency transform
was obtained by multiplication of the time-domain signal with a complex exponential,
followed by a band-pass filter. The band-pass filter used here was a finite impulse response
filter of Gaussian shape, making the complex demodulation effectively equivalent to a
Gabor transform. The filter had a full width at half maximum of 2 x 15.8 msec in the
temporal domain and 2 x 7.1 Hz in the frequency domain. The corresponding time-
frequency resolution was £15.8 msec and £7.1 Hz (defined as the 50% power drop of the
finite impulse response filter). ECoG traces were aligned to: (i) stimulus (question) onset;
(i) stimulus offset; and (iii) response (answer) onset. We determined ‘when,” “‘where,” and
‘how much’ gamma activity at 50-120 Hz averaged across trials (Kojima et al., 2012) were
augmented compared to the resting periods. Further methodological details (such as the
reference periods) are described in Figure S1 on the website. We also determined whether
the degree of such gamma-augmentation reached significance using studentized bootstrap
statistics followed by Simes’ correction (Brown et al., 2008; Koga et al., 2011). Sites
surviving correction showing significant gamma-augmentation spanning (i) at least 20-Hz in
width and (ii) at least 20-msec in duration (Kojima et al., 2012) were defined as ‘language-
related gamma sites’. We previously discussed the advantage and limitation of this analytic
approach (Wu et al., 2011; Brown et al., 2012). We previously reported that the sites
showing significant event-related gamma-augmentation agreed with the sensory and motor
symptoms elicited by electrical stimulation (Fukuda et al., 2008; Nagasawa et al., 2010a;
2010b). We also reported that ‘language-related gamma sites’ determined by this procedure
predicted postoperative language deficits requiring speech therapy in 13 epileptic patients
with left-hemispheric language dominance suggested by the Wada test (Kojima et al., 2012).

2.7. Language mapping using electrical stimulation

Following the above-mentioned auditory-language task, language mapping by cortical
stimulation was performed (Kojima et al., 2012). Patients and Clinical Neuropsychologists
(R.R. and D.F.) were blinded to, but epileptologists (A.S., M.A., M.B. and E.A.) were aware
of, the results of time-frequency analyses prior to electrical stimulation. A pulse-train of
repetitive electrical stimuli was delivered to subdural electrode pairs, using the Grass
constant-current stimulator (Astro-Med, Inc, West Warwick, RI, USA). The stimulus
frequency was 50 Hz, the pulse duration was 300 psec, and the train duration ranged from 5
to 10 sec. Initially, stimulus intensity was set to 3 mA, and stimulus intensity was increased
up to 9 mA in a stepwise manner until a clinical response or after-discharge was observed.
We rarely increased the stimulus intensity above 9 mA, since such stimulation frequently
elicits after-discharges. During each period of stimulation, each patient was asked to answer
brief auditory questions similar to those used for ECoG mapping. Other tasks such as picture
naming, counting, and reciting ABC’s were also performed. Sites at which stimulation
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reproducibly resulted in auditory perceptual changes, failure to verbalize correct responses,
or sensorimotor symptoms involving the mouth or throat were determined by at least two
investigators, always including at least one Clinical Neuropsychologist, and defined as
‘language-related stimulation sites’ (Kojima et al., 2012). It is plausible to assume that
auditory perceptual changes induced by stimulation would reflect the cortical function of
auditory analysis and stimulation-induced failure to verbalize correct responses would
reflect the cortical functions necessary for naming; stimulation-induced sensorimotor
symptoms involving the mouth or throat would reflect the cortical function involved in
articulation. Sites were declared ‘not proven to be language-related’ if after-discharges were
elicited without a clinical symptom, clinical responses failed to be elicited by maximal
stimulation, or baseline language performance between electrical stimuli was too poor to
clearly distinguish inducible language deficits.

2.8. Assessment of the effect of seizure onset zone on auditory-language-related gamma-
augmentation

Here, we empirically determined whether significant gamma-augmentation would be less
frequently elicited in the seizure onset compared to the non-seizure onset sites. Initially, we
compared the proportion of seizure onset sites showing significant gamma-augmentation
with that of non-seizure onset sites using the chi-square test. Subsequently, we determined
the effect of clinical classification as “seizure onset’ on the proportion of significant gamma-
augmentation, after controlling for electrode site locations. In each region of interest (e.g.: in
the left superior-temporal region; Figure 1), we separately calculated the proportion of
seizure onset and non-seizure onset sites showing significant gamma-augmentation. Then,
we determined whether the median proportion of sites showing significant gamma-
augmentation across all regions of interest differed between the seizure onset and non-
seizure onset sites (Wilcoxon signed rank test; Figure 2).

2.9. Assessment of the effect of age on the spectral frequency of auditory-language-
related gamma-augmentation

We determined whether age would correlate with the spectral frequency of peak gamma-
augmentation. Initially, the spectral frequency band showing the maximal augmentation was
determined on each electrode site showing significant gamma-augmentation. Subsequently,
the median peak frequency band was determined among electrode sites in each region of
interest for each patient. Coefficients of correlation between age and median peak frequency
band were measured for all regions of interest, using the Spearman’s rank test. Finally, we
determined the effect of age on peak spectral frequency of gamma-augmentation across all
regions of interest (one-sample t-test). Statistical analysis was conducted by excluding
seizure onset sites in order to control for the potential effects of the seizure onset zone on the
spectral characteristics of gamma-augmentations.

2.10. Assessment of the effect of age on the spatial pattern of auditory-language-related
gamma-augmentation

We determined which regions of interest would show a different proportion of significant
gamma-augmentation between patients above 10 years and those younger (chi-square test).
Statistical analysis was conducted while excluding seizure onset sites. A previous study of
epileptic patients showed that electrical stimulation was insensitive to language-related sites
in patients of 10 years and younger (Schevon et al., 2007). Behavioral studies of healthy
children reported age-related linear increase in performance of verbal working memory and
phonological processing between 6 and 10 years of age (Gaulin and Campbell, 1994;
Korkman et al., 2001).
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2.11. Delineation of the temporal characteristics of auditory-language-related gamma-
augmentation

Initially, we determined the moment of peak gamma-augmentation in each electrode site,
and plotted the temporal profile of gamma-augmentation in each region of interest in each
hemisphere. We then determined whether gamma-augmentations in the middle-temporal,
medial-temporal, inferior-frontal, dorsolateral-premotor, and medial-frontal regions occurred
following that of the superior-temporal region but before that of the inferior-Rolandic
region. Analysis was conducted by excluding seizure onset sites.

2.12. Prediction of a new language deficit requiring postoperative speech therapy

The extent of cortical resection was determined after the team had extensive discussion with
the patient or the legal guardian(s), regarding the risks and benefits of surgical resection of
eloquent areas including ‘language-related stimulation sites’ (Asano et al., 2009a). The
results of language mapping using gamma-augmentation were not used for surgical
decision-making in this study period; each ‘language-related gamma site’ was considered to
be involved but not necessarily essential for language function unless cortical stimulation
proved it to be essential (Crone et al., 2006).

We determined whether the language outcome would be predicted by a logistic regression
model incorporating the extent of resection of ‘language-related gamma sites’ but not
incorporating the results of Wada testing or electrical stimulation. The outcome measure of
interest was a categorical variable for the occurrence of a post-operative language deficit
which was not explained by the effects of medications or altered consciousness and which
required speech therapy. Disturbance in verbal comprehension, naming, repetition,
articulation or fluency was evaluated by the speech therapist as well as the family member
or legal guardian of the patient. In this study, we specifically determined whether the
language outcome was predicted by the number of resected ‘language-related gamma sites’
in the *canonical language regions’ on the left hemisphere assumably containing essential
language function. The present study was not designed to correlate the predictor measures
with the postoperative neuropsychological measures, since neuropsychological data were
not systematically collected before and after surgery.

Even if the univariate logistic regression model incorporating ‘language-related gamma
sites” turned out to predict the language outcome with statistical significance, this
observation does not rule out the possibility that its prediction performance was simply
attributed to the extent of resection in the aforementioned regions of interest. Also, it does
not suggest that ECoG provides an improvement over electrical stimulation data.
Furthermore, a previous study using electrical stimulation suggested that removal of
hippocampus in the dominant hemisphere was a predictor of postoperative language declines
detected by neuropsychological assessment (Hamberger et al., 2010). Therefore, we
determined whether ECoG’s prediction performance remained significant even if the extent
of resection, electrical stimulation or such hippocampal resection was incorporated into the
logistic regression model at each time. In addition to the p-value, the r? value was also used
to estimate the prediction performance of each logistic regression model. The extent of
resection was calculated using the number of resected electrode sites, which is readily
available prior to dural closure (Jacobs et al., 2010; Akiyama et al., 2011; van’t Klooster et
al., 2011). All statistical tests were two-tailed with a significance threshold of 0.05.

Clin Neurophysiol. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kojima et al. Page 8

3. RESULTS

3.1. Preoperative estimation of language dominant hemisphere

Four left-handed children had early-onset neocortical lesions (cortical dysplasia with or
without encephalomalacia) in the left-hemisphere preoperatively suggested on
neuroimaging. According to the definition described earlier, these four children were
assumed to have essential language function reorganized to the right hemisphere in this
study. None of these four patients underwent a Wada test.

The remaining 73 patients were assumed to have essential language function represented in
the left hemisphere or in both hemispheres. Thirty-one patients underwent a Wada test (Shah
et al., 2010; Kojima et al., 2012). Left-hemispheric language dominance was suggested in 26
patients and bilateral language representation was suggested in 2 patients. The language-
dominant hemisphere failed to be satisfactorily evaluated in the remaining three patients,
due to a lack of sufficient hemiparesis induced by the maximal dose of sodium amobarbital
(2 mag/kg; maximum 125 mg per side); these patients were, therefore, treated as the others
who went without Wada testing.

3.2. The effect of seizure onset zone on auditory-language-related gamma-augmentation

Significant gamma-augmentation was elicited in 70 out of 740 analyzed seizure onset sites
and in 1485 out of 6910 remaining sites in all 77 patients. In 73 patients with essential
language function assumed to remain in the left hemisphere, gamma-augmentation was
elicited in 70 out of 717 analyzed seizure onset sites and in 1429 out of 6504 remaining sites
(9.8% vs 22.0%). The chi-square test suggested that gamma-augmentation was less
frequently elicited in the seizure onset compared to the non-seizure onset sites (p<0.0001).
We subsequently considered the proportion of sites showing gamma-augmentation in each
region of interest in the same 73 patients (Figure 2). The Wilcoxon signed rank test, when
employed across the regions of interest, suggested that the median proportion of sites
showing gamma-augmentation was smaller in the seizure onset sites (n=16 regions of
interest; p=0.004). Taken together, the seizure onset sites were found to elicit gamma-
augmentation less frequently compared to non-seizure onset sites.

3.3. The spatial characteristics of auditory-language-related gamma-augmentation

Figure 2 shows the proportion of sites showing significant gamma-augmentation in each
region of interest across the 73 patients with essential language function assumed to remain
in the left hemisphere. Gamma-augmentation was elicited at 49-59% of the superior-
temporal and inferior-Rolandic sites, bilaterally. Conversely, gamma-augmentation was
elicited at about 22—-39% of the middle-temporal, medial-temporal, inferior-frontal,
dorsolateral-premotor, and medial-frontal sites on the left hemisphere and at only 5-20% of
those regions on the right hemisphere. We also compared the proportion of sites showing
gamma-augmentation between the hemispheres (Figure 2). The Fisher’s exact probability
test suggested that gamma-augmentation was elicited more frequently in the left compared
to the right hemisphere (false discovery rate [FDR]-corrected p-value<0.05) except for the
superior temporal regions (FDR-corrected p>0.05).

3.4. Effect of age on the spatial pattern of auditory-language-related gamma-augmentation

Out of 73 patients with essential language function assumed to remain in the left
hemisphere, 20 patients were 10 years old or younger and the remaining 53 were older than
10 years (Figure S2 on the website). The Fisher’s exact probability test was employed to 16
regions of interest, and revealed that gamma-augmentation in the left dorsolateral-premotor,
right inferior-frontal, and left ‘other’ regions (Table 2; Figures 1 and 2) was more frequently
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noted in patients above 10 years old compared to those younger (FDR-corrected p<0.05;
Figure 3). These results cannot be simply attributed to the difference in the number of
analyzed trials between the two age groups, since there was no detectable difference (mean
trial number: 80.9 in the younger group and 81.9 in the older group; p=0.90 on t-test).
Likewise, there was no difference in verbal comprehension index between the two age
groups (mean: 83.8 in the younger group and 85.0 in the older group; p=0.79).

Patient age was positively correlated to the proportion of sites showing gamma-
augmentation in the left dorsolateral-premotor region (rho=0.32; p=0.04 on Spearman’s rank
test) and right inferior-frontal region (rho=0.62; p=0.001) but not to that in the left ‘other’
region (rho=0.12; p=0.41).

3.5. Effect of age on spectral frequency of auditory-language-related gamma-augmentation

Regardless of age or sampled hemisphere (Table 2), significant gamma-augmentation most
commonly involved the 80-100 Hz frequency band, as reported in other investigators’
studies of mostly adult populations (Sinai et al., 2005; Tanji et al., 2005; Towle et al., 2008;
Jerbi et al., 2009b; Flinker et al., 2010; McDonald et al., 2010; Wu et al., 2010; Conner et
al., 2011; Miller et al., 2011). Figure 4 shows the relationship between patient age and the
median frequency bands of peak gamma-augmentation elicited in the left inferior-Rolandic
region. The Spearman’s rank test, employed to all regions of interest in the 73 patients with
essential language function assumed to remain in the left hemisphere, failed to find an
overall correlation between patient age and median frequency band of peak gamma-
augmentation (mean rho-value across regions of interest: +0.06; 95% confidence interval
[95%CI]: —-0.07 to +0.19).

3.6. Temporal characteristics of auditory-language-related gamma-augmentation

Figure 5 shows the temporal characteristics of gamma-amplitudes at 80-100 Hz in each
region of interest of the left hemisphere of patients with essential language function assumed
to remain in the left hemisphere. The detailed temporal profiles of gamma-augmentations at
each region of interest on each hemisphere are presented in Tables S1-S3 on the website.
In short, according to 95%CI of peak latencies, gamma-augmentation in both hemispheres
initially involved the superior-temporal regions, subsequently the middle-temporal, medial-
temporal, inferior-frontal, dorsolateral-premotor, and medial-frontal regions with
considerable temporal overlap across regions, and finally involved the inferior-Rolandic
regions.

3.7. Prediction of language outcome

A total of 15 out of all 77 patients developed a post-operative language deficit requiring
speech therapy following resection of the presumed epileptogenic zone. The incidence of
such a deficit, the primary outcome measure of this study, was not associated with patient
age at surgery (p=0.6 on the Mann-Whitney U test).

The univariate logistic regression model suggested that the language deficit was predicted
by the number of resected ‘language-related gamma sites’ in the “ canonical language
regions’ in the left hemisphere assumed to contain essential language function (r?=0.59;
p=0.001; odds ratio=6.04 [95%CI: 2.26 to 16.15]). This finding indicates that a more
extensive resection involving such ‘language-related gamma sites’ was associated with a
greater chance of post-operative language deficits, and that 58.7% of the outcome measures
can be explained by this univariate model. Another univariate model incorporating the
number of resected electrode sites in ‘ canonical language regions’ in the left hemisphere
containing essential language function also predicted the postoperative language deficit
(r?=0.51; p=0.001; odds ratio=1.54 [95%CI: 1.20 to 1.97]). Furthermore, the multiple
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logistic regression model incorporating both predictors suggested that the prediction
performance of such ‘language-related gamma sites’ remained significant (p=0.04), but that
of extent of resection did not (p=0.81).

The results of electrical stimulation mapping are presented in Figure S3 on the website.
The univariate model incorporating ‘language-related stimulation sites’ in the ‘canonical
language regions’ in the left hemisphere containing essential language function predicted the
language deficits (r2=0.41; p=0.02; odds ratio=16.8 [95%Cl: 1.65 to 172.0]). The multiple
logistic regression model suggested that the prediction performance of ‘language-related
gamma sites’ remained significant (p=0.005), but that of ‘language-related stimulation sites’
did not (p=0.24).

A total of 17 patients had resection involving the hippocampus in the left hemisphere
assumed to contain essential language function. The univariate model incorporating such
hippocampal resection failed to predict the language deficits (r?=0.005; p=0.6; odds
ratio=1.37 [95%CI: 0.37 to 5.02]). The multiple logistic regression model suggested that the
prediction performance of ‘language-related gamma sites’ remained significant (p=0.002),
but that of such hippocampal resection failed to reach significance (p=0.24).

Since the number of resected ‘language-related gamma sites’ in the ‘ canonical language
regions’ in the left hemisphere turned out to be a significant predictor of language outcome,
we explored how well ‘language-related gamma sites’ in the left middle-temporal, medial-
temporal, or medial-frontal region also predicted the language outcome, in a post-hoc
fashion. The univariate logistic regression model suggested that the postoperative language
deficit was predicted by the total number of resected ‘language-related gamma sites’ in the
‘canonical language regions’ plus the middle-temporal region in the left hemisphere
assumed to contain essential language function (r2=0.59; p=0.001; odds ratio=5.0 [95%ClI:
2.18 to 11.32]). Likewise, the language outcome was predicted by the total number of
resected ‘language-related gamma sites’ in the ‘ canonical language regions’ plus the medial-
temporal region (r2=0.42; p=0.001; odds ratio=2.3 [95%ClI: 1.47 to 3.57]) and that in the

‘ canonical language regions’ plus the medial-frontal region (r2=0.58; p=0.001; odds
ratio=5.84 [95%Cl: 2.22 to 15.38]). These findings suggest that ‘language-related gamma
sites’ in the left middle-temporal and medial-frontal regions (but not necessarily in the left
medial-temporal region) were also important in prediction of the new/acute language deficit
requiring speech therapy.

4. DISCUSSION

4.1. Significance of auditory-language-related gamma-augmentation

In the present study, all 77 patients, including a 4-year-old patient, completed a given
auditory naming task (Figure 6) and showed significant gamma-augmentations in variable
areas as summarized in Figure 1. We found that the logistic regression model incorporating
gamma-augmentation predicted a postoperative language deficit. Furthermore, the predictive
performance of this logistic regression model incorporating gamma-augmentation remained
significant after controlling for the extent of resection, electrical stimulation data or
resection of the hippocampus in the hemisphere assumed to contain essential language
function. Since there is no added risk in the employment of auditory naming tasks,
measurement of auditory-language-related gamma-augmentation may be warranted as a part
of presurgical evaluation of epileptic patients who undergo extraoperative ECoG recording.

The outcome measure of interest in the present study was an acute language deficit requiring
speech therapy. It remains uncertain whether gamma-augmentation can predict the long-
term language outcome following surgery. The assumption of full recovery from
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postoperative language deficit may or may not be feasible even in pediatric patients
(Sherman et al., 2011). Thus, it is expected that there will be considerable inter-subject
variability in the degree of improvement in language skills following speech therapy,
whereas we can report that such improvement was observed in all patients who developed a
language deficit in the present study. It is quite possible that some patients might have had
minor language impairment following surgery that went clinically undetected. A previous
study of preadolescent children with temporal lobe epilepsy showed that left-sided resection
was associated with a chronic decline in verbal memory (Szabo et al., 1998). Another study
of adults with temporal lobe epilepsy showed that resection of the hippocampus in the
dominant hemisphere resulted in a chronic decline in verbal memory performance detected
by neuropsychological assessment (Hamberger et al., 2010). Studies incorporating
systematically obtained pre- and postoperative neuropsychological measures are warranted
to determine whether and how well gamma-augmentation can predict long-term language
outcome.

We still do not fully understand which language task or combination of tasks would
maximize the performance of prediction of language outcomes. While the auditory-naming
task used in the present study requires semantic/lexical and syntactic processing, a word
association task would require semantic/lexical but less syntactic processing (Thampratankul
et al., 2010), and a phoneme repetition task would least require either (Fukuda et al., 2010).
Combinations of tasks may segregate the underlying function of a site showing gamma-
augmentation specifically elicited by one or a set of tasks but not by others. A number of
previous studies employed visually-triggered language production tasks (Sinai et al., 2005;
Tanji et al., 2005; Wu et al., 2010; Pei et al., 2011; Wu et al., 2011), as opposed to entirely
auditory tasks like the one described here. Further studies are warranted to determine the
spatial characteristics of common and differential gamma-augmentations elicited by
different language tasks and to determine their performances of outcome prediction.

4.2. Developmental changes in auditory-language-related gamma-augmentation

In the present study, adults and children over the age of 10 had gamma-augmentation
elicited more extensively in the left dorsolateral-premotor region especially in the portion
involving the posterior portion of the left middle-frontal gyrus (Figures 3 and S2 on the
website). Likewise, correlation with age was found in the right inferior-frontal region. These
observations are consistent with fMRI observations suggesting that adults and older
children, compared to younger children, showed larger augmentation of language-related
blood oxygenation level-dependent (BOLD) responses in these regions (Adleman et al.,
2002; Gaillard et al., 2003; Brown et al., 2005; Chou et al., 2006; Szaflarski et al., 2006).
Previous studies reported that the amplitude of gamma-activity at >50 Hz on ECoG was
tightly correlated to BOLD responses on fMRI (Niessing et al., 2005; Scheeringa et al.,
2011). A potential explanation of less extensive gamma-augmentation in the aforementioned
region in the younger age group is that language is less proficiently processed by an
immature brain. A volumetric MRI study reported that white matter volume in the frontal
lobes continues to increase until age 12 (Giedd et al., 1999). Significance of gamma-
augmentation in the right inferior-frontal region could be of nonlinguistic nature, since
functional imaging studies previously reported that tasks requiring identification of pitch
patterns were associated with increased blood flow in this region (Zatorre et al., 1992; Wong
etal., 2004).

Although some might expect that the frequency band of peak gamma-augmentation
increases with age, this was not the case in the present study. Instead, regardless of age,
patients showed significant gamma-augmentation most commonly involving 80-100 Hz
frequency band (Figure 4). This observation is consistent with those in previous ECoG
studies that various sensorimotor and cognitive tasks elicit gamma-augmentation commonly
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involving this frequency band in human neocortex (Axmacher et al., 2006; Crone et al.,
2006; Jensen et al., 2007; Tallon-Baudry, 2009). It still remains unknown at what point each
brain region begins to show language-related gamma-augmentation maximally involving
80-100 Hz. Our recent ECoG study of a 10-month-old patient with right-sided seizure focus
reported that spontaneous cooing and babbling elicited gamma-augmentation ranging up to
100 Hz in the right inferior-Rolandic and superior-temporal regions (Cho-Hisamoto et al.,
2012). Since few infants have the capability to complete a naming task, studies including
infants using passive auditory or somatosensory tasks may be warranted to determine the
developmental changes of event-related gamma-augmentation.

4.3. Effects of seizure focus on auditory-language-related gamma-augmentation

In the present study, the seizure onset sites were found to elicit gamma-augmentation less
frequently compared to the non-seizure onset sites. The seizure onset zone often includes
lesions such as cortical dysplasia with disorganized laminar architecture (Palmini et al.,
1995; Bast et al., 2004). A previous study reported that lesioning resulted in decreased
amplitude of physiological cortical gamma activity in rats (Bragin et al., 1995). One of the
possible explanations for less frequent gamma-augmentation in the seizure onset zones is
dysfunction associated with macro- or microscopic lesions in the seizure onset zone.
Another possible explanation is temporal inhibition of gamma-augmentation by interictal
epileptiform discharges. A previous ECoG study using micro- and macro-electrodes
reported that subsets of neurons were suppressed for 100-1300 ms following single pulse
electrical stimulation (Alarcon et al., 2012). A previous fMRI study showed that interictal
spike-and-slow wave discharges on scalp EEG recording, especially those with large slow
wave components, were followed by a lingering decline in cerebral blood flow (Kobayashi
et al., 2006). Lastly, it is also possible that paroxysmal epileptiform gamma-band activity at
>40 Hz (Andrade-Valenca et al., 2011) may contaminate ECoG signals during the reference
period, effectively *hiding’ physiological gamma activity from our analysis. It is very
difficult to completely exclude the effects of such contamination on the measurement of
language-related gamma-augmentation, since physiological gamma activity is also
spontaneously generated by non-epileptogenic neocortex (Csercsa et al., 2010; Le Van
Quyen et al., 2010; Nagasawa et al., 2012). Further studies using a trial-by-trial analysis are
warranted to determine the transient effects of interictal epileptiform discharges on
language-related gamma-augmentation.

4.4. Temporal characteristics of auditory-language-related gamma-augmentation

According to 95%CI of peak latencies (Tables S1-S3 on the website), gamma-
augmentation initially involved the superior-temporal regions bilaterally during the
questions. The superior-temporal regions may be involved in acoustic and phonetic analyses
as well as semantic/lexical comprehension (Crone et al., 2001; Poeppel et al., 2004).
Previous fMRI studies of healthy volunteers indicated that greater BOLD responses in the
right more than left superior-temporal region was noted during discrimination of pitch and
duration, while greater responses in the left more than right superior-temporal region was
noted during categorical perception of syllables, and lexical decision (Poeppel et al., 2004;
Reiterer et al., 2005; Hyde et al., 2008).

The left middle-temporal region may be also involved in semantic/lexical comprehension.
Gamma-augmentation in the left middle-temporal region reached the maximum value
immediately prior to stimulus offset (Figure 5). Previous fMRI studies reported that BOLD
responses in both left superior- and middle-temporal regions were larger when word stimuli
were given compared to when nonlinguistic control stimuli were provided (Scott and Wise,
2004; Rimol et al., 2006).
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Gamma-augmentation in the left medial-temporal region reached the maximum value
around stimulus offset (Figure 5). The roles of the medial-temporal structure in language
processing are less fully understood in humans, though it is considered to be essential for
verbal memory. A study of adults who underwent selective amygdalohippocampectomy
revealed that four out of the 10 patients postoperatively developed a minor decline in
linguistic functions characterized by reduced language comprehension and fluency, well-
articulated speech, and frequent word-finding difficulties (Bartha et al., 2004). A PET study
of healthy volunteers showed that successful word retrieval following repeated encoding
was associated with increased blood flow in the left medial-temporal region (Heckers et al.,
2002). Previous ECoG studies reported that successful recalls of stimuli such as word, letter
or face were predicted by the gamma-amplitudes following stimulus presentation (Sederberg
et al., 2007) as well as during a nap between stimulus presentation and recalls (Axmacher et
al., 2008); furthermore, such gamma-amplitudes were increased with memory load (van
Vugt et al., 2010). Taken together with the results of the present study, gamma-
augmentation observed in the left medial-temporal region may play a role in encoding and
retrieval of contextually-mediated episodic memories as well as working memory, but loss
of function in the left medial-temporal region may not be necessarily associated with acute
major language deficits.

Gamma-augmentation in the left inferior-frontal region reached the maximum value around
stimulus offset, which was immediately followed by the peak gamma-augmentation in the
left dorsolateral-premotor region (Figure 5). These structures are likely to be involved in
encoding of given stimuli into working memory (Howard et al., 2003; Mainy et al., 2007),
generation of semantically, syntactically and phonologically appropriate responses (Mainy
et al., 2008; Sahin et al., 2009), and selection of a single response from a range of possible
options (Koga et al., 2011). Considerable temporal overlap in gamma-augmentation was
noted between the temporal and frontal lobes at both intra- and inter-individual levels
(Figure $4 on the website; Brown et al., 2008; Kojima et al., 2012). This observation
supports but does not sufficiently prove the notion that both frontal and temporal language
networks interact bi-directionally in real-time rather than a unidirectional, linear transfer of
information from the temporal to the frontal lobe.

Gamma-augmentation in the medial-frontal regions reached the maximum between stimulus
offset and response onset (Figure 5). This finding is consistent with the notion that this
region is involved in voluntary control over the initiation and suppression of articulation
(Jurgens, 2002). A study of adults with focal epilepsy reported that electrical stimulation of
the pre-supplementary motor area induced various forms of clinical responses including
vocalization, speech arrest, and slowing of speech (Fried et al., 1991).

Immediately prior to and during responses, gamma-augmentation finally involved bilateral
inferior-Rolandic regions, which is thought to continuously determine and monitor the
dynamic positioning of the mouth and throat (Sinai et al., 2005; Towle et al., 2008; Fukuda
et al., 2010).

4.5. Methodological issues

Inherent limitations of our ECoG study include cross-sectional measurement, which is less
sensitive to the detection of small magnitude developmental changes compared to
longitudinal measurement. We cannot exclude the effects of confounding factors that are
difficult to control for, such as different type and number of oral antiepileptic drugs (Chen et
al., 1997; Zijlmans et al., 2009) and variance in 1Q across subjects. Another limitation of
ECoG and stimulation-based language mapping is limited spatial sampling. Since it is
impossible to sample ECoG from all cortical regions in a single individual, we cannot rule
out the possibility of variations in latencies of peak gamma amplitudes across patients.
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Auditory-language-related gamma-augmentation may be an alternative, useful biomarker of
underlying language function, but should be interpreted alongside other clinical variables,
such as patient handedness and neuroimaging.
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Figure 1. Locations of subdural electrodes and auditory-language-related gamma-augmentation
(A) Regions of interest were color-coded as follows. Green: Superior-temporal region
(superior-temporal gyrus involving BA 22/41/42). Yellow: Inferior-frontal region (inferior-
frontal gyrus involving BA 44/45). Light-blue: Dorsolateral-premotor region (dorsolateral
portion of BA 6). Pink: Inferior-Rolandic region (BA 4/3/1/2 not more than 4 cm superior
from the sylvian fissure). These four regions of interest were analyzed in our previous study
of 13 patients with left-hemispheric language dominance on Wada test (Kojima et al., 2012).
Light-green: Middle-temporal region (middle-temporal gyrus involving BA 21/37). Purple:
Medial-temporal region (parahippocampal gyrus, hippocampus, and uncus involving BA
27/28/34/35/36). Blue: Medial-frontal region (medial portion of superior-frontal and
anterior-cingulate gyri involving the posterior portion of BA 24/32/33). White: ‘other’
regions. The *canonical language regions were defined as a summation of superior-
temporal, inferior-frontal, dorsolateral-premotor, and inferior-Rolandic regions in the
present study. (B) Subdural electrodes on each region of interest in the individual brain
surface image are superimposed on the given region of interest of this schematic illustration.
Red dots indicate the sites showing significant gamma-augmentation (i.e.: ‘language-related
gamma sites’). Black dots indicate all remaining sites analyzed. Seizure-onset sites are not
shown in this figure. The presented data are derived from 73 patients who were assumed to
have essential language function remaining in the left hemisphere.
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Figure 2. The effects of seizure onset and sampling location on auditory-language-related

gamma-augmentation

The proportion of sites showing significant gamma-augmentation was calculated in 14
regions of interest plus 2 ‘other’ regions. The Wilcoxon signed rank test compared such a
proportion in a total of 16 regions between seizure onset and non-seizure onset sites and
found that the proportion of sites showing significant gamma-augmentation was smaller in
the seizure onset sites across regions (p=0.004). The Fisher’s exact probability test was
repeated eight times for each region of interest and suggested that significant gamma-
augmentation was more frequently noted in the left compared to the right hemisphere (FDR-
corrected p<0.05) except for the superior-temporal region (FDR-corrected p>0.05). The
presented data are derived from 73 patients who were assumed to have essential language

function remaining in the left hemisphere.
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Figure 3. The effect of patient age on the spatial pattern of auditory-language-r elated gamma-

augmentation

The proportion of sites showing significant gamma-augmentation was calculated in 14
regions of interest plus 2 ‘other’ regions in each age group (white bar: 10 years old or
younger; black bar: over 10 years old). The Fisher’s exact probability test was repeated for
16 regions of interest in 73 patients with essential language function assumed to remain in
the left hemisphere; the proportion of sites showing significant gamma-augmentation in the
left dorsolateral-premotor, right inferior-frontal, and left ‘other’ regions was greater in the
older age group (*: FDR-corrected p<0.05 on Fisher’s exact probability test). The
distribution of sites showing gamma-augmentation on each age group is presented in Figure

S2 on the website.
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Figure 4. The effects of patient age and the peak frequency band of auditory-language-related
gamma-augmentation in the left inferior-Rolandic region

Each square indicates the median of peak frequency bands of gamma-augmentations in the
left inferior-Rolandic region in each of patients assumed to have essential language function
remaining in the left hemisphere. Each triangle indicates that of patients assumed to have
essential language function reorganized to the right hemisphere. The median of peak
frequency bands of gamma-augmentations in each region of interest is listed in Table 2.
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Figure 5. Thetemporal characteristics of auditory-language-related gamma-augmentation in the
left hemisphere

The X-axis shows the time in ms, and +/- 0 ms reflects the offset of question. The Y-axis
shows the average percent change of gamma-amplitudes at 80-100 Hz compared to those
during the reference period 3000 to 2600 msec prior to the offset of question. Gamma-
augmentation reached the peak sequentially in the superior-temporal (=230 msec prior to the
stimulus offset), middle-temporal (=110 msec), inferior-frontal (50 msec), medial-temporal
(110 msec), dorsolateral-premotor (210 msec), medial-frontal (290 msec), and inferior-
Rolandic regions (680 msec). The presented data are derived from patients with essential
language function assumed to remain in the left hemisphere.
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Stimulus onset Stimulus offset

Figure 6. Auditory-language-related gamma-augmentation in a 4-year-old boy with epilepsy

(A) Red circles indicate ‘language-related gamma sites’ (showing significant gamma-
augmentation at 50-120 Hz, spanning at least 20-Hz in width and at least 20-msec in
duration). (B) The results of time-frequency analyses are shown. Red: significant amplitude-
augmentation prior to the preceding resting period. Blue: significant amplitude-attenuation.
Significant gamma-augmentation sequentially involved the left superior-temporal (Channel
#1), middle-temporal (Channel #2), medial-temporal (Channel #3), inferior-frontal (Channel
#4), dorsolateral-premotor (Channel #5) and inferior-Rolandic regions (Channel #6). The
left medial-frontal region was not sampled.
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Table 1

Demographic and Clinical Characteristics of the Patients
Age - year

Median 14

Range 4-56
Gender-number (%)

Male-number (%) 40 (51.9)

Female-number (%) 37 (48.1)
Oral antiepileptic drugs *

1-number (%) 22 (28.6)

2-number (%) 37 (48.1)

3-number (%) 16 (20.8)

4-number (%) 2 (2.6)
VCI score (60 patients)

Mean 84.5

Standard deviation 17.7
VIQ score (6 patients)

Mean 7.7

Standard deviation 10.5
PPVT score (47 patients)

Mean 82.6

Standard deviation 18.7
CELF score (23 patients)

Mean 75.5

Standard deviation 231
Handedness

Right-number (%) 62 (80.5)

Left-number (%) 14 (18.2)

Ambidextrous-number (%) 1(1.3)
Subdural electrodes

Mean 107.2

Standard deviation 244
Number of analyzed trials

Mean 81.5

Standard deviation 28.9

The following neuropsychological measures were obtained preoperatively.

VCI: Verbal Comprehension Index. VIQ: Verbal 1Q. PPVT: Peabody Picture Vocabulary Test. CELF: Clinical Evaluation of Language
Fundamentals.
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*

The number of patients taking each oral antiepileptic drug is listed as follows. Oxcarbazepine: 41, Levetiracetam: 31, Lamotrigine: 19,
Lacosamide: 14, Valproic acid: 11, Topiramate: 9, Carbamazepine: 9, Phenytoin: 6, Zonisamide: 3, Clobazam: 3, Ethosuximide: 1, Vigabatrin: 1,
Clonazepam:
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Table 2

Spectral frequency of auditory-language-related gamma-augmentation

Page 29

L eft hemisphere

Right hemisphere

Region of interest

Number of patients

Median of peak frequency
bands (95%ClI)

Number of patients

Median of peak frequency
bands (95% ClI)

Superior-temporal 40 95.0 Hz (90.9 t0 99.1) 29 100.0 Hz (95.0 to 100.5)
Middle-temporal 20 90.0 (79.3 t0 100.7) 3 95.0 (58.8 to 131.2)
Medial-temporal 12 87.5(74.9 to 100.1) 3 80.0 (46.7 to 113.3)

Inferior-frontal 26 95.0 (88.2 t0 101.8) 7 90.0 (55.6 to 124.4)
Dorsolateral-premotor 31 90.0 (85.2 t0 94.8) 26 97.5 (92.5 to 102.5)
Medial-frontal 17 87.0 (78.1t0 95.9) 11 82.5 (76.6 to 88.4)
Inferior-Rolandic 36 90.0 (86.0 to 94.0) 32 90.0 (84.4 t0 95.6)
‘Other’ regions 27 90.0 (83.5 to 96.5) 13 95.0 (80.6 to 109.4)

The median frequency band of peak gamma-augmentations on each region of interest is presented. ‘Other’ regions were defined as the entire
regions outside the aforementioned seven regions in each hemisphere. These data are derived from 73 patients with essential language function
assumed to remain in the left hemisphere. The seizure onset sites were excluded.
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