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Abstract

Gamma oscillations are physiological phenomena that reflect perception and cognition, and involve parvalbumin-positive
γ -aminobutyric acid-ergic interneuron function. The auditory steady-state response (ASSR) is the most robust index for
gamma oscillations, and it is impaired in patients with neuropsychiatric disorders such as schizophrenia and autism.
Although ASSR reduction is known to vary in terms of frequency and time, the neural mechanisms are poorly understood.
We obtained high-density electrocorticography recordings from a wide area of the cortex in 8 patients with refractory
epilepsy. In an ASSR paradigm, click sounds were presented at frequencies of 20, 30, 40, 60, 80, 120, and 160 Hz. We
performed time-frequency analyses and analyzed intertrial coherence, event-related spectral perturbation, and
high-gamma oscillations. We demonstrate that the ASSR is globally distributed among the temporal, parietal, and frontal
cortices. The ASSR was composed of time-dependent neural subcircuits differing in frequency tuning. Importantly, the
frequency tuning characteristics of the late-latency ASSR varied between the temporal/frontal and parietal cortex,
suggestive of differentiation along parallel auditory pathways. This large-scale survey of the cortical ASSR could serve as a
foundation for future studies of the ASSR in patients with neuropsychiatric disorders.

Key words: auditory steady-state response, electrocorticography (ECoG), gamma oscillation, high-frequency oscillation
(HFO), intertrial coherence (ITC)
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Introduction
Gamma oscillations have attracted attention due to their role in
perception and cognition, and their association with inhibitory
parvalbumin (PV)-positive γ -aminobutyric acid (GABA)-ergic
interneurons (Cardin et al. 2009; Sohal et al. 2009; Cardin 2016).
Abnormal gamma oscillations are consistently detected in
subjects with neuropsychiatric disorders such as schizophrenia
and autism spectrum disorder (Uhlhaas and Singer 2010;
Sun et al. 2011). Specifically, a reduction in the gamma-band
auditory steady-state response (ASSR), a measure of oscillatory
responses to periodic auditory stimuli (Galambos et al. 1981),
is the most robust finding linking gamma oscillations with
schizophrenia (Thuné et al. 2016; Tada et al. 2019) and animal
disease models (Sivarao 2015; Sivarao et al. 2016; Kozono et al.
2019).

Despite the crucial role that gamma oscillations play in cog-
nitive processing and cognitive disorders, the precise location
of gamma-band ASSR in the human brain remains controver-
sial (Farahani et al. 2019). Previous noninvasive magnetoen-
cephalography (MEG) studies have shown that gamma-band
ASSR is localized in the superior temporal plane, presumably
corresponding to the primary auditory cortex (A1; Herdman
et al. 2003; Draganova et al. 2008). Brugge et al. (2009) used
a depth electrode to observe gamma-band ASSR in postero-
medial Heschl’s gyrus, near A1. In contrast to these conven-
tional studies, some previous reports showed that potential
sources of the ASSR are not limited to the auditory cortex.
Source estimation using an independent component analysis of
electroencephalography (EEG) data showed a widely distributed
network of the ASSR not only in the temporal cortex, but also
in the frontal cortex and subcortical regions (Farahani et al.
2017). However, findings have varied according to the analytic
methods. In an updated localization study using group-ICA for
more accurate source reconstruction of the same data found in
Farahani et al. (2017), the frontal cortex was not confirmed as the
source; instead it was the parietal cortex (Farahani et al. 2019).
The precision of the signal localization may have been limited
by the low spatial resolution of the EEG, in turn due to signal
attenuation by the skull (Cohen and Cuffin 1983). Therefore,
whether there are cortical sources of the ASSR other than the
auditory cortex is still a matter of debate. ASSR reduction is
a robust finding in various neuropsychiatric disorders, and is
often associated with symptom severity or cognitive dysfunc-
tion, rather than merely auditory dysfunction (Tada et al. 2016;
Koshiyama et al. 2018; Zhou et al. 2018). Thus, impairments in
cortical sources outside the auditory cortex may affect ASSR
reduction in patients.

Different frequency rhythms are believed to have different
generation mechanisms and functions in the brain (Hutcheon
and Yarom 2000; Kopell et al. 2010; Whittington et al. 2019). For
example, a rodent study showed that PV-positive neurons are
associated with gamma-band oscillation (typically 30–100 Hz),
whereas somatostatin (SOM)-positive neurons are associated
with beta-band oscillation (typically 13–30 Hz; Chen et al. 2017).
In previous clinical studies, ASSR reduction in patients with
schizophrenia was achieved at 40 but not 20 Hz (Uhlhass and
Singer 2010). High-frequency oscillations (60–200 Hz), which are
easier to detect using electrocorticography (ECoG) compared
with scalp EEG, have been observed in a variety of functional
brain systems (Crone et al. 2006). Therefore, exploring wider
oscillation frequencies in addition to the gamma band is
important.

In this study, we investigated how the frequency and
temporal characteristics of the ASSR varied across cortical
regions in humans. The ASSR is believed to be composed of
an early-transient and late-sustained component that have
different neural underpinnings (Pantev et al. 1993, 1996; Ross
et al. 2002; Ross and Pantev 2004; Ding and Simon 2009). Several
previous clinical studies investigated the time course of ASSR
(O’Donnell et al. 2004; Light et al. 2006; Wilson et al. 2007,
2008; Hamm et al. 2011; Rojas et al. 2011; Tada et al. 2016);
specifically, a late-latency ASSR equivalent to the sustained
component was more reduced in patient groups. We used ECoG
that could detect local signals (Dubey and Ray 2019) from a
large cortical area spanning the bilateral temporal, frontal, and
parietal cortices, to precisely determine the intracranial location
and topographical organization of the ASSR and its frequency
and time dependence.

Materials and Methods
Participants

We recorded ECoG from 11 patients with refractory epilepsy
who underwent subdural electrode implantation for diagnos-
tic purposes (identification of epileptic foci and localization
of functional brain areas) at the University of Tokyo Hospital
between June 2014 and February 2017. The participants were
aged between 18 and 58 years (mean age: 32.3, standard devi-
ation [SD]: 13.6) and had left hemisphere language dominance.
No patient had a low premorbid intelligence quotient (IQ < 70).
Participants were screened using the Mini-International Neu-
ropsychiatric Interview (Sheehan et al. 1998), which was con-
ducted by an experienced psychiatrist, to rule out psychiatric
disorders. One patient was excluded due to a diagnosis of autism
spectrum disorder. Two additional patients were excluded due
to definite epileptiform discharges which were hard to exclude
by the off-line analysis on the continuous ECoG data. As a
result, our analyses were restricted to 8 patients (5 males and
3 females). The clinical characteristics of the participants are
presented in Table 1. Prior to enrollment, audiometric testing
was used to confirm that all participants were able to detect
1000 and 4000 Hz tones at 30 dB, as per the criteria of the Oto-
Rhino-Laryngological Society of Japan for general medical exam-
inations. This study was approved by the institutional review
board of the University of Tokyo Hospital (No. 1797). Written
informed consent was obtained from all patients, and from
the families of the younger participants, following a detailed
explanation of the study. The participants were the same as in
previously reported studies (Ishishita et al. 2019; Takasago et al.
2020).

Electrode Implantation and Data Acquisition

Electrode implantation was conducted in a similar manner to
previous studies (Kunii et al. 2013a, 2013b). We used grid-type
subdural electrodes, which consisted of silastic sheets embed-
ded with platinum electrodes (Unique Medical). Two types of
electrode sheets, a conventional sheet with a 3-mm diameter
electrode and 10-mm interelectrode interval (center to cen-
ter), or a high-density sheet with a 1.5-mm diameter electrode
and 5-mm interelectrode interval (center to center) covered the
lateral surface of the frontal, temporal, and parietal lobes. It
was important to perform precise functional mapping in the
left hemisphere to avoid resection of the language area during
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Table 1 Demographic characteristics of the study participants

No. Age (years)/sex Duration of
epilepsy (years)

Electrode
coverage

Epileptic foci Etiology and MRI
findings

AED

1 43/M 23 Bilateral FT Left lateral &
medial T

No lesion LTG, GBP, CBZ

2 20/M 2 Bilateral FTP Bilateral T No lesion LEV, CLB
3 33/F 20 Bilateral FTP Right lateral and

medial T
Heterotopia in left
lateral ventricle

LTG, CBZ, PHT,
CBZ

4 58/F 49 Left FTP Left lateral and
medial T

Old CI of left
basal ganglia

LEV, LTG, ZNS

5 20/F 12 Left FTP Left lateral and
medial T

No lesion LEV, LTG, VPA,
ZNS

6 36/M 18 Bilateral FTP Left lateral T No lesion TPM, VPA, CLB
7 18/M 10 Bilateral FTP Right O Right O

ganglioglioma
LEV, LTG, CBZ

8 30/M 14 Bilateral FTP Right lateral T No lesion LEV, TPM, GBP

Abbreviations: AED: anti-epileptic drug; CBZ: carbamazepine; CI: cerebral infarction; CLB: clobazam; F/O/P/T: frontal/occipital/parietal/temporal lobe; GBP: gabapentin;
LEV: levetiracetam; LTG: lamotrigine; MRI: magnetic resonance imaging; PHT: phenytoin; TPM: topiramate; VPA: valproate; ZNS: zonisamide.

epilepsy surgery. Therefore, we used smaller (high-density) elec-
trodes for the dominant hemisphere, while standard electrodes
were used in the nondominant hemisphere. Electrode loca-
tions were identified by a postimplantation-computed tomog-
raphy scan registered to a preimplantation MRI scan based on
the mutual information method, using Dr-View software (Info-
com Corp.) for the Linux operating system. Three-dimensional
(3D) brain surfaces with subdural electrodes were reconstructed
using Real INTAGE software (Cybernet Systems, Ltd.). For group-
level analysis, each electrode location was transformed to Mon-
treal Neurological Institute (MNI) coordinates using the param-
eters generated during normalization of 3D MRI data with SPM8
software (http://www.fil.ion.ucl.ac.uk/spm). We identified Brod-
mann areas (BAs) from MNI coordinates using the MNI2TAL con-
version tool (Papademetris et al., http://www.bioimagesuite.o
rg.). MNI-to-Talairach mapping and BA localization were based
on previously described methods (Lacadie et al. 2008). Electrodes
in the occipital lobe were excluded from this analysis.

ECoG data were digitally sampled and recorded at 2000 Hz
using a multichannel EEG system (EEG 1200; Nihon Koden Corp.).
The hardware band-pass filter was set to 0.09–600 Hz. A refer-
ence electrode was placed on the inner surface of the dura mater
over the parietal lobe.

Auditory Stimuli and Procedures

The ASSR paradigm was employed as described previously (Tada
et al. 2016). Briefly, participants were seated on a bed with a
reclining backrest in a quiet, electrically shielded room and
instructed to relax with their eyes open. Auditory stimuli were
presented binaurally through inserted earphones (Multi Trigger
System; Medical Try System). The auditory stimuli were click
sounds (80 dB and 1 ms) presented in 500-ms trains at frequen-
cies of 20, 30, 40, 60, 80, 120, and 160 Hz. Click sound trains were
presented at each frequency in a single block containing 120
sequences. The intertrain interval was 500 ms.

Data Analyses

We used the EEGLAB Matlab toolbox (Delorme and Makeig 2004)
to perform offline analyses. We excluded 3 bad channels that
were affected by excess epileptic discharge and artifacts. A

total of 1175 electrodes in the left hemisphere and 378 in the
right hemisphere were included in the analysis. A high-pass
filter (1 Hz) and notch filter (50, 150 Hz) were applied to the
EEG data to remove artifacts. EEG data were segmented from
−250 to 750 ms relative to the stimulus onset. The mean of
the prestimulus baseline was subtracted for baseline correction.
Epochs exceeding ±1000 μV at any electrode were rejected. The
number of artifact-free epochs did not differ significantly among
stimulus frequencies (one-way analysis of variance [ANOVA],
F6, 48 = 1.16, P = 0.34). The mean (±SD) numbers of epochs for each
stimulus frequency were as follows: 20 Hz: 111 ± 7; 30 Hz: 111 ± 3;
40 Hz: 112 ± 6; 60 Hz: 116 ± 3; 80 Hz: 109 ± 9; 120 Hz: 114 ± 5; and
160 Hz: 112 ± 5.

We performed time-frequency analyses via short-term
Fourier transformation, and then calculated intertrial coherence
(ITC) and event-related spectral perturbation (ERSP) in the
same manner as our previous study (Tada et al. 2016), as
well as high-gamma activity (HGA). HGA was extracted as the
average ERSP within the frequency range of 70–200 Hz at each
time point, excluding frequencies around the ASSR stimulus
frequency (80 ± 5, 120 ± 5, and 160 ± 5 Hz). ITC indicates the
phase consistency across trials, and ranges between 0 (random
phase across trials) and 1 (identical phase across trials). For
ITC calculations, short-term Fourier transformation (Hanning
window) was performed in each epoch using the EEGLAB
function (timef()), as referred to in a previous report (Roach and
Mathalon 2008). ERSP indicates event-related changes in power
relative to a prestimulus baseline. HGA is a proxy for multiunit
activity (Ray et al. 2008). Decreases in ITC and ERSP are often
reported in patients with schizophrenia (Kwon et al. 1999; Light
et al. 2006, 2017; Spencer et al. 2008; Brenner et al. 2009; Kirihara
et al. 2012; Thuné et al. 2016). We also measured evoked power
in addition to ITC and ERSP, because evoked power is more
robust to noise. Evoked power was calculated using a short-
term Fourier transformation (Hanning window) after averaging
the data across trials for each electrode.

We calculated the mean ITC and ERSP at all electrode sites by
averaging the data over the first 500 ms within a trial (0–500 ms)
for each frequency range (20 Hz: 16–25; 30 Hz: 26–35; 40 Hz: 36–45;
60 Hz: 56–65; 80 Hz: 76–85; 120 Hz: 116–125; and 160 Hz: 156–165).
The mean HGA was calculated in a similar way, but independent
of ASSR frequency.

http://www.fil.ion.ucl.ac.uk/spm
http://www.bioimagesuite.org
http://www.bioimagesuite.org
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Figure 1. Auditory oscillatory responses are maximized at 40 Hz in the primary auditory cortex (A1). Time-frequency maps of intertrial phase coherence (ITC: first and
third row) and (ERSP: second and fourth row) at each stimulus frequency at the electrode (red dot in left insets) closest to A1 in a representative individual (Pt. 1). Top
2 rows indicate the left hemisphere; bottom 2 rows indicate the right hemisphere. In each map, the x-axis indicates time from stimulus onset (ms), and the y-axis
indicates frequency (Hz). Color indicates ITC or ERSP at each time frequency point. Numbers above the maps indicate mean ITC/ERSP. Asterisks indicate statistically

significant ITC/ERSP.

The ASSR is believed to be composed of an early transient
and a late-sustained component, which have different neural
underpinnings (Pantev et al. 1993, 1996; Ross et al. 2002; Ross and
Pantev 2004; Ding and Simon 2009). Therefore, we analyzed the
entire time course of the ASSR and confirmed the presence of
transient waveforms in the high-frequency range (80, 120, and
160 Hz). In contrast, sustained responses were apparent in the
low-frequency range (30, 40, 60, and 80 Hz). We then calculated
the mean ITC for each time block (early: 0–50 ms and late:
150–500 ms).

Statistical Analyses

The significance of ITC values was evaluated by Rayleigh’s test,
performed using the Matlab CircStat toolbox for circular statis-
tics (Berens 2009) as in Besle et al. (2011). We extracted the angle
data at the stimulus frequency for each trial, and tested whether
the distribution across trials deviated from random at each time
point. The significance of ERSP and HGA values was evaluated
using a one-sample t-test. We extracted ERSP at the stimulus
frequency, as well as HGA for each trial, and tested whether
the distribution across trials deviated from 0 at each time point.
ITC, ERSP, and HGA values were considered significant if any
P value within 500 ms of the stimulus onset was below 0.01.
The false discovery rate (FDR) was controlled using the Ben-
jamini/Hochberg approach. To assess the extent to which evoked
power explains ITC/ERSP, we used Spearman’s rank correlation
coefficient between evoked power and ITC/ERSP.

Frequency selectivity was analyzed using one-way ANOVA
by comparing mean ITC values across all electrodes. Subse-
quently, to elucidate latency-specific ASSR characteristics, a
three-way ANOVA (stimuli frequency ∗ time ∗ cortical lobes) was
performed. Separate ANOVAs were performed for each hemi-
sphere, because electrode size differed between the left and
right. Tukey’s honestly significant difference post hoc test was
performed for significant main effects. For all ANOVAs, we set
the threshold for statistical significance at P < 0.05.

All statistical analyses were conducted using custom scripts
written in Matlab R2014a (MathWorks).

Results
Auditory Gamma Oscillatory Responses Were
Distributed Globally across the Cortex

We measured ASSR using ECoG in 8 patients with refractory
epilepsy, using a wide stimulus frequency range (20, 30, 40, 60, 80,
120, and 160 Hz) to elucidate frequency-specific characteristics.
We first analyzed the ITC, which measures phase consistency
across trials, and the ERSP, which measures relative spectral
power compared with baseline, at the electrode closest to A1,
which is generally considered to be a main source of ASSR.
Figure 1 shows time-frequency maps of ITC and ERSP at each
stimulus frequency at one selected electrode near the A1 in
a representative individual. Electrode identification was based
on visual inspection of the intersection of the lateral sulcus
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Figure 2. ITC is distributed globally across the cortex. Spatial distribution of electrodes with statistically significant ITCs on the normalized brain for each stimulus
frequency. Top 2 rows indicate the left hemisphere; bottom 2 rows indicate the right hemisphere. Electrodes are color-coded depending on the magnitude of ITC.

and a line extending from the postcentral sulcus. Similar to
findings from human EEG recordings that ASSR is most evident
in the gamma frequency range (30–50 Hz; Galambos et al. 1981;
Artieda et al. 2004), robust ITC and ERSP were observed at gamma
band stimulus frequencies (30–80 Hz) for both hemispheres.
The largest activation within this stimulation frequency range
(20–160 Hz) was observed at 40 Hz in the vicinity of A1, which is
consistent with the findings of conventional ASSR studies con-
ducted using EEG or MEG. HGA (activity in the high-frequency
range that is different from the stimulus frequency in the ERSP
map) was also evident, especially in the right hemisphere. HGA
was not maximal at 40 Hz, but became stronger with a higher
stimulus frequency and was maximal at 120 Hz.

To determine whether the ASSR is localized to A1, we ana-
lyzed the spatial distributions of ITC, ERSP, and HGA for all stim-
ulus frequencies combined across all subjects (Figs 2–4). Spatial
normalization was performed by extracting MNI coordinates for
each electrode. Only electrodes with statistically significant ITC
(Rayleigh test, P < 0.01, FDR-corrected), ERSP (one-sample t-test,
P < 0.01, FDR-corrected), and HGA (one-sample t-test, P < 0.01,
FDR-corrected) values are shown. Interestingly, significant ITC
and ERSP values were observed not only near A1 or in the
temporal cortex, but also across a wide range of the cortex
encompassing the frontal and parietal cortices, particularly at
40-Hz values. HGA was mainly localized near A1, but was still
widespread at higher stimulus frequencies.

Finally, we measured evoked power which calculates phase-
locked activity. Because evoked power is calculated after
averaging across trials, we could not use single-trial values for
statistical evaluation. Thus, instead of evaluating the spatial
distribution of evoked power, we assessed the correlation
between evoked power and ITC/ERSP at 40 Hz. Evoked power
was tightly correlated with both ITC and ERSP, but more so with
ITC (Fig. 5). The correlation coefficient between evoked power
and ITC (Spearman’s r = 0.80) was greater than that between
evoked power and ERSP (Spearman’s r = 0.45). Therefore, large
ITC values were presumably due to activity phase locked to the
stimulus.

Auditory Oscillatory Responses Were Maximized
at 40 Hz

ITC and ERSP values were maximal at 40 Hz (Fig. 1). To
quantify this observation, we examined the average frequency
tuning across all electrodes (Fig. 6). A one-way ANOVA of ITC
showed a significant main effect of frequency for both the left
(F6, 8031 = 210.2, P < 0.0001) and right (F6, 2579 = 72.2, P < 0.0001)
hemispheres. ERSP also showed a significant main effect
of frequency for both the left (F6, 8031 = 35.1, P < 0.0001) and
right (F6, 2579 = 19.5, P < 0.0001) hemispheres. Post-hoc analysis
showed that ITC was larger at 40 Hz than at other frequencies
in both hemispheres (P < 0.001), except at 80 Hz in the right
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Figure 3. ERSP is distributed globally across the cortex. Spatial distribution of electrodes with statistically significant ERSPs on the normalized brain for each stimulus
frequency. Electrodes are color-coded depending on the magnitude of ERSP.

hemisphere (P = 0.99); ERSP was larger at 40 Hz than at other
frequencies in both hemispheres (P < 0.001), except for 60 Hz in
the right hemisphere (P = 0.91); these findings are consistent
with those of previous EEG studies (Galambos et al. 1981;
Artieda et al. 2004). Importantly, ITC was also large among 80-Hz
ASSR values, and relatively large among 160-Hz ASSR values.
High-frequency ASSRs (> 100 Hz) are known to be difficult to
detect using MEG (Pfurtscheller and Cooper 1975; Picton et al.
2003; Hamm et al. 2011), but can be detected using ECoG. Our
results revealed that phase synchrony of neural oscillations was
maximized not only at 40 Hz, but also at multiples of 40 Hz.

40 Hz ITC Was Prominent in the Parietal, Frontal,
and Temporal Cortices

Because ITC was most robust at 40 Hz, we focused our subse-
quent analysis on 40-Hz ITC values. To further explore the ITC
spatial distribution at 40 Hz, we compared ITC values across BA.
Each electrode was classified into a BA according to its MNI coor-
dinates using the MNI2TAL conversion tool, a component of the
Yale BioImage Suite Package (Papademetris et al., http://www.
bioimagesuite.org.). Figure 7 shows 40-Hz ITC averages across
electrodes with statistically significant ITC values (Rayleigh test,
P < 0.01, FDR corrected) for each BA. A wide distribution of 40-Hz
ITC values was observed from the temporal to parietal cortex in
the left hemisphere. In the right hemisphere, the frontal cortex

also showed a high frequency of 40-Hz ITC values. Table 2 shows
the average ITC (± SD) for each BA, as well as the number of
electrodes that contributed to the calculation. BA1 (postcentral
gyrus) showed the largest ITC, followed by BA40 (supramarginal
gyrus) in both hemispheres. This finding confirms that areas
in the parietal cortex had the largest ITC values. In the right
hemisphere, BA4 (primary motor cortex) and 6 (supplementary
motor area) also showed high ITC values. In summary, 40-Hz ITC
values were widely distributed throughout the cortex, with the
strongest responses seen in the parietal cortex.

Early and Late-Latency Auditory Oscillatory Responses
Had Different Frequency Tuning

A recent study showed that the early and late-latency ASSR
was impaired differentially at various clinical stages of
schizophrenia (Tada et al. 2016). Specifically, an early latency
ASSR was reduced in patients with first-episode schizophrenia
but intact in a pre-onset ultra-high risk (UHR) group, whereas a
late-latency ASSR was reduced in both groups. To determine
whether the early and late-latency ASSRs have a different
generating mechanism, we first analyzed the time course of the
ASSR (Fig. 8). For the high-frequency ASSR (80, 120, and 160 Hz),
transient waveforms (a sharp response around 50 ms) were
apparent, whereas for the low-frequency ASSR (30, 40, 60, and
80 Hz), sustained responses were apparent. This is consistent

http://www.bioimagesuite.org
http://www.bioimagesuite.org
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Figure 4. High-gamma activity (HGA) is distributed globally across the cortex. Spatial distribution of electrodes with statistically significant HGAs on the normalized
brain for each stimulus frequency. Electrodes are color-coded depending on the magnitude of HGA.

Figure 5. Correlation between evoked power and ITC/ERSP at 40 Hz. Correlation between evoked power and ITC (Left). Correlation between evoked power and ERSP
(Right). The abscissa is the square root of evoked power which is equivalent to the ERP amplitude.

with previous studies that proposed that ASSR is composed of
a transient and sustained component (Pantev et al. 1993, 1996;
Ross et al. 2002; Ross and Pantev 2004; Ding and Simon 2009).
The time to peak response depended on the ASSR frequency:
the peak latency was shorter for higher frequency stimulation
(Figure 9). This suggests that steady-state responses developed

until a certain number of clicks (∼10) were heard, and were then
sustained until the end of auditory stimulation in the case of
low-frequency ASSR (30, 40, 60, and 80 Hz).

We next focused our analysis on the frequency tuning of
early (0–50 ms) and late- (150–500 ms) latency ASSRs; these
time windows were selected so that the overlap between the
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Table 2 Number of electrodes and average ITC for each BA in the temporal, parietal, and frontal cortices

Area BA No. electrodes
(total)

ITC (SD) Area BA No. electrodes
(total)

ITC (SD)

Left Right Left Right Left Right Left Right

Frontal 4 8 (11) 8 (12) 0.17 (0.05) 0.27 (0.10) Parietal 1 14 (24) 13 (15) 0.31 (0.12) 0.31 (0.11)
6 29 (48) 9 (15) 0.16 (0.03) 0.28 (0.13) 39 57 (176) 24 (43) 0.20 (0.09) 0.21 (0.06)
8 14 (50) 3 (11) 0.18 (0.06) 0.16 (0.03) 40 46 (81) 27 (40) 0.28 (0.16) 0.30 (0.15)
9 49 (97) 23 (47) 0.16 (0.04) 0.15 (0.04) Temporal 20 21 (28) 0 (0) 0.17 (0.03)
10 28 (81) 14 (34) 0.15 (0.03) 0.16 (0.03) 21 87 (137) 23 (27) 0.21 (0.07) 0.23 (0.08)
44 38 (82) 6 (15) 0.16 (0.03) 0.18 (0.05) 22 64 (77) 24 (28) 0.21 (0.06) 0.25 (0.09)
45 20 (56) 3 (8) 0.15 (0.02) 0.20 (0.09) 37 30 (76) 21 (28) 0.19 (0.04) 0.23 (0.09)
46 19 (63) 2 (11) 0.16 (0.02) 0.14 (0.005) 38 23 (24) 2 (2) 0.19 (0.03) 0.16 (0.04)
47 7 (20) 3 (8) 0.13 (0.01) 0.17 (0.01) 41 (A1) 20 (22) 6 (7) 0.22 (0.05) 0.23 (0.06)

Notes: The number of electrodes with significant ITCs is indicated along with the total number of electrodes (in parentheses) for the left and right hemispheres
separately. Average ITC for electrodes with statistically significant ITCs are provided along with the SD, separately for the left and right hemispheres.

Figure 6. Auditory oscillatory responses are maximized at 40 Hz across the

cortex. ITC (top row) and ERSP (bottom row) frequency tuning. Red dots and lines
indicate average ITCs and ERSPs across all electrodes in both hemispheres for all
individuals. Black dots and dotted lines correspond to frequency tuning for each
individual. Error bars indicate SEM across electrodes.

transient and sustained components was minimal. Figure 10A
shows early and late-latency ITCs at 20- and 40-Hz stimula-
tion for the electrode shown in Figure 1 (left hemisphere), and
Figure 10B shows a comparison of early and late-latency ITC
magnitude across all electrodes for the same representative
individual. At 20 Hz, the magnitude of early latency ITC was
comparable with that of late-latency ITC across electrodes (t-
test, P = 0.94), whereas the late-latency ITC was much larger
than the early latency ITC at 40 Hz (t-test, P < 0.0001). Thus, the
late-latency ITC is robust in the gamma frequency range.

To confirm this finding across subjects and cortical areas, we
examined the grand average frequency tuning of the early and

late-latency ITC across all electrodes separately in the temporal,
parietal, and frontal lobes (Fig. 11). The frequency tuning curve
for the early latency ASSR was relatively flat, indicating that
frequency selectivity was weak; a modest peak was found at
120 Hz in the right temporal and parietal cortices. By contrast,
the frequency tuning curve for the late-latency ASSR peaked
significantly at 40 Hz in all parts of the cortex. Three-way ANOVA
confirmed the main effects of frequency, area, and latency,
as well as interactions among all 3 for the left hemisphere
(frequency, F6, 15 754 = 186.0, P < 0.0001; area, F2, 15 754 = 126.7,
P < 0.0001; latency, F1, 15 754 = 218.6, P < 0.0001; and all interac-
tions, P < 0.0001) and right hemisphere (frequency, F6, 4836 = 79.6,
P < 0.0001; area, F2, 4836 = 113.2, P < 0.0001; latency, F1, 4836 = 257.4,
P < 0.0001; and all interactions, P < 0.0001). A two-way ANOVA
performed separately for each area showed main effects of
frequency and latency, as well as their interaction for both the
left hemisphere (temporal: frequency, F6, 5010 = 88.2, P < 0.0001;
latency, F1, 5010 = 120.7, P < 0.0001; interaction, F6, 5010 = 61.1,
P < 0.0001; parietal: frequency, F6, 3766 = 37.0, P < 0.0001; latency,
F1, 3766 = 60.4, P < 0.0001; interaction, F6, 3766 = 22.5, P < 0.0001; and
frontal: frequency, F6, 6978 = 88.8, P < 0.0001; latency, F1, 6978 = 18.6,
P < 0.0001; interaction, F6, 6978 = 54.7, P < 0.0001) and the right
hemisphere (temporal: frequency, F6, 1242 = 30.1, P < 0.0001;
latency, F1, 1242 = 134.0, P < 0.0001; interaction, F6, 1242 = 31.3,
P < 0.0001; parietal: frequency, F6, 1416 = 27.6, P < 0.0001; latency,
F1, 1416 = 56.7, P < 0.0001; interaction, F6, 1416 = 17.1, P < 0.0001; and
frontal: frequency, F6, 2178 = 19.1, P < 0.0001; latency, F1, 2178 = 43.5,
P < 0.0001; interaction, F6, 2178 = 9.7, P < 0.0001). Thus, frequency
tuning characteristics differed between early and late-latency
ASSRs, suggesting different mechanisms for early and late-
latency ASSR generation.

Interestingly, frequency tuning for the late-latency ASSR
showed a single peak at 40 Hz in the parietal cortex, whereas
the temporal and frontal cortices showed double peaks
at 40 and 80 Hz for both the left and right hemispheres
(Fig. 11). A two-way ANOVA performed separately for each
latency showed the main effects of frequency and area,
as well as their interaction for both the left hemisphere
(early: frequency, F6, 7877 = 36.1, P < 0.0001; area, F2, 7877 = 18.2,
P < 0.0001; interaction, F12, 7877 = 4.8, P < 0.0001; and late: fre-
quency, F6, 7877 = 284.0, P < 0.0001; area, F2, 7877 = 144.1, P < 0.0001;
interaction, F12, 7877 = 20.2, P < 0.0001) and the right hemisphere
(early: frequency, F6, 2418 = 20.6, P < 0.0001; area, F2, 2418 = 22.0,
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Figure 7. Auditory gamma oscillatory responses in each BA. Average ITC values across electrodes with statistically significant ITCs within each BA in the temporal
(blue), parietal (red), and frontal (green) cortices. Error bars indicate standard error of the mean (SEM).

Figure 8. Time course of ITC. The time course of ITC values is shown at each stimulus frequency for the left hemisphere (top row) and right hemisphere (bottom row).

P < 0.0001; interaction, F12, 2418 = 2.8, P = 0.001; and late: fre-
quency, F6, 2418 = 110.3, P < 0.0001; area, F2, 2418 = 107.3, P < 0.0001;
interaction, F12, 2418 = 13.6, P < 0.0001). Therefore, frequency
tuning characteristics of the late-latency ASSR varied between
the temporal/frontal and parietal cortex, supporting a differen-
tiation along parallel auditory pathways.

Discussion
In this study, we used ECoG recordings to directly demonstrate
that the gamma band ASSR is composed of multiple neural
circuits that are widely distributed in the parietal, frontal, and
temporal cortices. In particular, we found that frequency tuning
characteristics differed between early and late-latency ASSRs.
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Figure 9. Time to peak ITC depends on the number of tone intervals. Time from

tone onset to peak ITC is plotted as a function of stimulus frequency. Circles
indicate data from the left hemisphere and crosses indicate data from the right
hemisphere. The thick black line indicates the time after 10 stimulus intervals.

Figure 10. Time course of 40-Hz ITC values is different from that of 20-Hz ITC

values. (A) The time course of 20 and 40-Hz ITC values at a representative
electrode (as in Fig. 1, left). The x-axis indicates time (ms) and the y-axis indicates
ITC. (B) Average late-latency (150–500 ms) ITCs are p lotted against average early
latency (0–50 ms) ITCs for each electrode in a representative individual (Pt. 1).

Our previous clinical study in patients with schizophrenia
showed that early and late-latency ASSRs were differentially
impaired between pre-onset UHR individuals and patients with
first-episode schizophrenia (Tada et al, 2016). Specifically, the
late-latency ASSR was reduced in both groups, whereas the
early latency ASSR was intact in the pre-onset UHR group,
which is consistent with the suggestion that the ASSR can
be decomposed into a transient gamma band response at 0–
100 ms, and a steady-state gamma band response at 250–500 ms

(Ross et al. 2002). The present study showed that frequency
tuning for the late-latency ASSR was sharper in the gamma
frequency range (40 Hz) compared with the weakly tuned
early latency ASSR, suggesting that the ASSR consists of the
following 2 components: an early broadband response and a late
gamma oscillatory response. The former response may simply
reflect transient neural firing in response to auditory stimuli,
as reported in previous studies (Pantev et al. 1991; Tiitinen et al.
1993), which is weakly dependent on frequency. By contrast, the
late response may reflect intrinsic gamma oscillations (Chen
et al. 2017).

We also found that the ASSR was widely distributed. In par-
ticular, BA1 and BA40 electrodes in the parietal cortex showed
the highest ITC values, and frontal areas also showed significant
ITCs. These results are in contrast with the conventional view
that the ASSR is localized in the auditory cortex (Herdman
et al. 2003; Draganova et al. 2008; Brugge et al. 2009). Applying
independent component analysis to EEG data, Farahani (2017,
2019) showed widely distributed ASSR sources, located in the
cortical and subcortical regions. Specifically, the former study
(Farahani et al. 2017) showed that 40 Hz ASSR sources were in the
frontal, right limbic, occipital, and left temporal lobes, whereas
a later study (Farahani et al. 2019) found sources in the right
occipital lobe, precentral gyrus, auditory cortex, and superior
parietal lobe. The temporal source was consistent between stud-
ies, but the frontal source was not confirmed in the later study.
Our present results and another ECoG study (Krom et al. 2020)
found ASSRs in both the frontal cortex and temporal cortices.
Furthermore, we found parietal ASSRs in addition, to frontal
and temporal ones, using chronically implanted electrodes that
could detect local signals (Dubay and Ray 2019). Discrepancies
between the findings of the present study and those of previous
source estimation studies showing localization in the superior
temporal plane may be due to those studies assuming a sin-
gle or small numbers of sources, as is often the case in MEG
studies. Higher signal sensitivity of MEG to brain sulci (e.g., the
superior temporal plane) compared with cortical gyri (Cohen
and Cuffin 1983) could also be a confounding factor. The broad
distribution observed in this study could have been attributed to
volume conduction; however, the distribution was not uniform,
which would be predicted by volume conduction. Addition-
ally, volume conduction could not explain the differentiation
of frequency tuning between the frontal/temporal and parietal
cortices observed in this study. Therefore, we suggest that the
ASSR does not originate only in the auditory cortex.

We analyzed the utility of both ITC and ERSP for evaluating
ASSRs. ITC had a broader spatial distribution compared with
ERSP, likely because ITC and ERSP measure different aspects
of ASSR. Indeed, ITC and ERSP show differences in frequency
tuning. In addition, the broader distribution of ITC may be due
to its greater resiliency to noise. Furthermore, it is possible
that gamma-band ITC and ERSP were overestimated because
of greater spreading of gamma-band oscillation (Dubey and
Ray, 2016). However, in the study of Dubey and Ray (2019),
this frequency-dependent spreading was mainly observed for
LFP signals and was much weaker for ECoG signals. HGA was
stronger and more widespread for higher frequency ASSR. HGA
is presumably dependent on auditory stimulus energy and may
be different from oscillatory responses.

In addition to its global distribution on the cortical surface,
we found significant differences in the frequency tuning charac-
teristics of late gamma oscillatory responses between the pari-
etal and temporal–frontal cortices (Fig. 11): the parietal cortex
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Figure 11. Early and late-latency auditory oscillatory responses have different frequency tuning. Frequency tuning of early and late-latency ITCs. Average ITCs across
electrodes was calculated for early (0–50 ms) and late- (150–500 ms) latency ITCs at each stimulus frequency for the temporal (blue), parietal (red), and frontal (green)

cortex. Error bars indicate SEM across electrodes.

had a single peak at 40 Hz, whereas the temporal–frontal cortices
had double peaks at 40 and 80 Hz. Although the functional rele-
vance of a single peak (40 Hz) in the parietal cortex and double
peaks (40 and 80 Hz) in the temporal/frontal cortices remains
unclear, the different patterns may arise from local circuits that
are tuned to different frequencies in the corresponding lobes, or
to the characteristics of the auditory cortex source that project
to different lobes via the dorsal and ventral auditory streams
(Rauschecker and Scott 2009; Rauschecker 2018). Understanding
the bidirectional neural network involved in ASSR generation is
an important target for future studies.

Our results suggest that high-gamma oscillations may play a
significant role in the temporal-frontal auditory pathway. Inter-
estingly, we found that ITC was large for multiples of 40 Hz;
this was not observed for ERSP. We propose that the neural
circuits responsible for the generation of ITCs are tuned to
40 Hz, so that the response phase is consistent across trials at
40 Hz, and multiples thereof, compared with other frequencies.
Regardless of the underlying mechanism, our findings suggest
that ERSP and ITC are dissociable measures of ASSR, and that
40 Hz may be an important index for evaluating oscillatory
responses. Previous MEG and ECoG studies have suggested that
both high and low (<40 Hz) gamma oscillations are related to
various cognitive functions (Crone et al. 2006; Uhlhaas et al.
2011). Some studies have reported that an 80-Hz ASSR is reduced
in patients with schizophrenia (Hamm et al. 2011; Tsuchimoto
et al. 2011; Puvvada et al. 2018). The neural circuits that underlie
differential frequency tuning also remain open for discussion.
A previous study reported that both high (> 70 Hz) and low
(30–70 Hz) gamma oscillations were dependent on recurrent
inhibition; however, their localizations were different in the cat
visual cortex (Oke et al, 2010). Oke et al. (2010) found high-
gamma oscillations in layer III and low gamma oscillations in

layer V. Although the neural circuit underlying high- and low-
gamma oscillation in the human cortex remains unclear, it
may be associated with differential distribution of GABAergic
interneurons that generate the gamma band.

A reduced gamma band ASSR is robustly detected in neu-
ropsychiatric disorders, especially schizophrenia (Kwon et al.
1999; Light et al. 2006, 2017; Spencer et al. 2008; Brenner et al.
2009; Kirihara et al. 2012; Thuné et al. 2016). Our findings have
several implications for the pathophysiology of neuropsychiatric
disorders. We found that the broad distribution of the ASSR was
most robust in the gamma band range, which may reflect the
resonant activity of gamma oscillations. Abnormal features of
gamma band ASSR in neuropsychiatric disorders may reflect
brain dysfunction across the cortex, rather than solely reflecting
dysfunctions of the auditory cortex. The broad distribution of
ASSR may also be related to ASSR attenuation in a variety
of psychiatric disorders including autism (Wilson et al. 2007),
bipolar disorder (O’Donnell et al. 2004; Rass et al. 2010; Oda
et al. 2012), and 22q11.2 deletion syndrome (Larsen et al. 2018).
Furthermore, gamma oscillations are considered to be related
to the excitation and inhibition (E/I) balance of neurons (Cardin
2016). Moreover, the ASSR is sensitive to the pharmacologic
modulation of NMDA receptors in healthy subjects and patients
with schizophrenia, which may impact the E/I balance (Light
et al. 2017). E/I imbalance is a common pathophysiology in
various neuropsychiatric disorders (Tatti et al, 2017). Because
the ASSR is not confined to a particular brain area, it may be
a useful tool to detect dysfunction in a variety of psychiatric
disorders.

Our data show that the ASSR was generally larger in the right
hemisphere. Although this finding is consistent with those of
previous studies (Ross et al. 2005), our observations should be
interpreted with care. The electrode size was larger in the right
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hemisphere for all but one patient, which may have resulted in
a better signal-to-noise ratio and more coherence among trials.

Our study has several limitations. First, our recordings were
conducted in patients with refractory epilepsy. To minimize the
effect of the epileptic foci, we performed spatial normalization
among 8 participants with differing epileptic foci. Nevertheless,
the epileptic foci may have had effects on our results (Mat-
subara et al. 2018). A recent MEG study reported that ASSRs
(phase-locking factor [PLF] and power values) were reduced in
patients with mesial temporal lobe epilepsy compared with
healthy controls, according to source localization analysis of
MEG data for Heschl’s gyri (Matsubara et al. 2019). Although our
results may not be generalizable to healthy individuals, it seems
unlikely that ASSRs were increased by epileptic foci. Second,
although the implanted electrodes widely covered the lateral
surface of the brain (frontal, parietal, and temporal cortices),
areas within the sulci (e.g., superior temporal plane) were not
recorded. Because the A1 is embedded in the superior temporal
plane, we did not detect responses that directly arose from it.
Thus, our evaluation of the relative contributions of superficial
cortical areas and the A1 is limited. A previous study (Nourski
et al. 2013), which investigated both the lateral temporal lobe
and the superior temporal plane showed that both Heschl’s
gyrus and the posterolateral superior temporal auditory area
(posterior portion of the lateral STG) produced ASSRs. Although,
larger ASSRs were found in Heschl’s gyrus compared with the
lateral STG, differences in recording electrodes (ECoG for lateral
STG; depth electrode for Heschl’s gyrus) may have affected the
results. Third, we did not record from subcortical areas. A pre-
vious fMRI study demonstrated the contribution of subcortical
areas, including the inferior colliculus and the medial geniculate
nucleus, to the ASSR (Steinmann and Gutschalk, 2011). Our study
did not exclude the contributions of these areas in addition to
those of the cerebral cortex. Finally, although subdural ECoG
recordings do not require the same kind of spatial reformatting
that is often used with scalp EEG (Crone et al. 2006), localization
from ECoG is problematic because of the potential influence of
volume conduction (Pesaran et al. 2018). Using current source
density analysis along with laminar multichannel microelec-
trodes (Csercsa et al. 2010) may be more useful for precise
localization.

In conclusion, we found that the ASSR was distributed glob-
ally across the cerebral cortex. Although our results do not pre-
clude the contribution of A1, we suggest that ASSR is generated
in a broad range of the cortex, has different generators for
time-dependent components, and is communicated in parallel
along the temporal/frontal and parietal cortices according to
frequency tuning characteristics. Because PV-positive GABAer-
gic interneurons are thought to be crucial for the generation
of cortical gamma oscillations (Cardin et al. 2009; Sohal et al.
2009), future studies investigating the differential distribution
and abnormalities in cortical GABAergic interneurons across
the dual auditory pathway in patients with neuropsychiatric
disorders may help to elucidate the pathophysiology underlying
the observed ASSR attenuation in patients (Gonzalez-Burgos and
Lewis 2008; Fisahn et al. 2009).
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