
fnins-17-1127040 February 20, 2023 Time: 14:41 # 1

TYPE Brief Research Report
PUBLISHED 24 February 2023
DOI 10.3389/fnins.2023.1127040

OPEN ACCESS

EDITED BY

Jyrki Ahveninen,
Athinoula A. Martinos Center for Biomedical
Imaging, Massachusetts General Hospital
and Harvard Medical School, United States

REVIEWED BY

Megumi Takasago,
The University of Tokyo, Japan
Isil Uluc,
Athinoula A. Martinos Center for Biomedical
Imaging, Massachusetts General Hospital
and Harvard Medical School, United States

*CORRESPONDENCE

Shunsuke Sugiyama
s0450032@yahoo.co.jp

SPECIALTY SECTION

This article was submitted to
Auditory Cognitive Neuroscience,
a section of the journal
Frontiers in Neuroscience

RECEIVED 19 December 2022
ACCEPTED 13 February 2023
PUBLISHED 24 February 2023

CITATION

Sugiyama S, Taniguchi T, Kinukawa T,
Takeuchi N, Ohi K, Shioiri T, Nishihara M and
Inui K (2023) The 40-Hz auditory steady-state
response enhanced by beta-band
subharmonics.
Front. Neurosci. 17:1127040.
doi: 10.3389/fnins.2023.1127040

COPYRIGHT

© 2023 Sugiyama, Taniguchi, Kinukawa,
Takeuchi, Ohi, Shioiri, Nishihara and Inui. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

The 40-Hz auditory steady-state
response enhanced by beta-band
subharmonics
Shunsuke Sugiyama1*, Tomoya Taniguchi2, Tomoaki Kinukawa2,
Nobuyuki Takeuchi3, Kazutaka Ohi1, Toshiki Shioiri1,
Makoto Nishihara4 and Koji Inui5,6

1Department of Psychiatry, Gifu University Graduate School of Medicine, Gifu, Japan, 2Department
of Anesthesiology, Nagoya University Graduate School of Medicine, Nagoya, Japan, 3Neuropsychiatric
Department, Aichi Medical University, Nagakute, Japan, 4Multidisciplinary Pain Center, Aichi Medical
University, Nagakute, Japan, 5Department of Functioning and Disability, Institute for Developmental
Research, Aichi Developmental Disability Center, Kasugai, Japan, 6Section of Brain Function
Information, National Institute for Physiological Sciences, Okazaki, Japan

The 40-Hz auditory steady-state response (ASSR) has received special attention

as an index of gamma oscillations owing to its association with various

neuropsychiatric disorders including schizophrenia. When a periodic stimulus

is presented, oscillatory responses are often elicited not only at the stimulus

frequency, but also at its harmonic frequencies. However, little is known about

the effect of 40-Hz subharmonic stimuli on the activity of the 40-Hz ASSR. In the

present magnetoencephalography study, we focused on the nature of oscillation

harmonics and examined oscillations in a wide frequency range using a time-

frequency analysis during the 6.67-, 8-, 10-, 13.3-, 20-, and 40-Hz auditory stimuli

in 23 healthy subjects. The results suggested that the 40-Hz ASSR represents

activation of a specific circuit tuned to this frequency. Particularly, oscillations

elicited by 13.3- and 20-Hz stimuli exhibited significant enhancement at 40 Hz

without changing those at the stimulus frequency. In addition, it was found

that there was a non-linear response to stimulation in the beta band. We also

demonstrated that the inhibition of beta to low-gamma oscillations by the 40-Hz

circuit contributed to the violation of the rule that harmonic oscillations gradually

decrease at higher frequencies. These findings can advance our understanding of

oscillatory abnormalities in patients with schizophrenia in the future.

KEYWORDS

auditory steady-state response, oscillation, harmonic, magnetoencephalography,
schizophrenia

1. Introduction

Steady-state responses (SSRs) are evoked oscillatory responses driven by a train
of stimuli delivered at a sufficiently high rate. SSRs can be recorded non-invasively
using electroencephalography (EEG) and magnetoencephalography (MEG) in different
sensory modalities. Auditory steady-state responses (ASSRs) reach maximum amplitude
at approximately 40 Hz (Galambos et al., 1981; Picton et al., 2003), which is within the
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gamma-band frequency range (30–80 Hz). ASSRs have been
interpreted as reflections of endogenous oscillatory activity
representing auditory objects (Santarelli et al., 1995; Santarelli and
Conti, 1999; Ross et al., 2002, 2005a). Therefore, the 40-Hz ASSR is
considered a sensitive electrophysiological index for investigating
intrinsic gamma-band oscillations (Tada et al., 2020; Sugiyama
et al., 2021). Gamma oscillations have been associated with several
cognitive functions (Fries, 2009; Uhlhaas et al., 2011) and inhibitory
GABAergic interneurons (Cardin et al., 2009; Sohal et al., 2009);
therefore, it has attracted the interest of researchers. In addition,
abnormalities in gamma oscillations have been shown in patients
with neuropsychiatric disorders such as schizophrenia (Uhlhaas
and Singer, 2010; Hirano and Uhlhaas, 2021) and Alzheimer’s
disease (Mably and Colgin, 2018; Traikapi and Konstantinou,
2021). Particularly, many EEG and MEG studies using ASSR have
revealed reduced power and phase synchronization in response
to 40-Hz stimulation in patients with schizophrenia (Kwon et al.,
1999; O’Donnell et al., 2013), and one meta-analysis concluded
that deficits in the 40-Hz ASSR occur frequently in schizophrenia
(Thuné et al., 2016).

In a frequency domain representation, when a periodic
stimulus that induces SSR is presented, brain oscillatory responses
are elicited not only at the stimulus frequency, but also may
occur at its harmonic frequencies, which are integral multiples
of the stimulus frequency (Regan, 1966; Zhou et al., 2016). For
example, an auditory stimulus with a repetition rate of 90 Hz will
generate ASSRs at 90 Hz (the fundamental), 180 Hz (the second
harmonic), 270 Hz (the third harmonic), etc., which have peaks
of amplitude and/or phase synchronization in a frequency domain
representation. In general, these oscillatory responses decrease as
the harmonic number increases (Okawa et al., 2017; Retter et al.,
2020, 2021). Although oscillations at harmonic frequencies are an
essential part of SSRs, they have not been systematically addressed
in studies using the frequency-tagging approach (Retter et al.,
2021). Moreover, a relatively large number of reports have studied
the harmonics in the steady-state visual evoked responses (visual
SSRs) (Vialatte et al., 2010; Rossion, 2014; Norcia et al., 2015;
Rossion et al., 2020). However, few studies have investigated the
harmonics of ASSRs in detail. Ross et al. (2000) investigated the
effect of modulation frequency on the amplitude and phase of
ASSRs at 30 different stimulation rates between 10 and 98 Hz
and reported that the oscillatory responses of harmonics near
40 Hz were predominant over the fundamental ASSR at modulation
frequencies between 10 and 20 Hz. Other studies have also
confirmed that the amplitude of oscillation at 40 Hz is greater
than that of the fundamental ASSR for the stimulation rate of
20 Hz (Pastor et al., 2002; Sugiyama et al., 2022). These results
suggest that auditory stimuli at the subharmonic frequency of 40 Hz
may specifically enhance the 40-Hz ASSR. However, despite the
special attention given to the 40-Hz ASSR in previous studies, the
extent to which the subharmonics of 40 Hz enhance the activity
of the 40-Hz ASSR remains unknown. In addition, repetition rates
below 10 Hz have received little attention in studies using ASSRs
(Tlumak et al., 2011). Therefore, gaining a thorough understanding
of the underlying mechanisms of the 40-Hz ASSR is crucial, as
it has begun to demonstrate clinical effects. To address this, in
the present study we recorded the MEG signals emitted under
repetitive auditory stimuli at the one-sixth (6.67 Hz), one-fifth
(8 Hz), one-fourth (10 Hz), one-third (13.3 Hz), and one-half

(20 Hz) subharmonics of 40 Hz, as well as those emitted under
the fundamental of 40 Hz. Time-frequency analysis was performed
to investigate the modulation of neural oscillations over a wide
frequency range from 4 to 100 Hz.

2. Materials and methods

2.1. Subjects

We enrolled 23 healthy volunteers (9 women and 14 men) aged
24–62 (mean, 38.78). The subjects were not using any medications
at the time of testing and had no history of mental or neurological
illnesses or substance misuse in the previous 2 years. The patients
had a hearing threshold of <25 dB at 1,000 Hz, which was assessed
using an audiometer (AA-71, Rion, Tokyo, Japan).

2.2. Auditory stimulation

Auditory stimuli were induced using repeats of a brief pure
tone. The pure tone was 800 Hz in frequency, and the sound
pressure level was 70 dB. Six pure tones were played in durations
of 150, 125, 100, 75, 50, and 25 ms (rise/fall, 5 ms). Each tone
was repeated until the time threshold of 1,000 ms was reached.
Therefore, there were six frequency conditions: 6.67, 8, 10, 13.33,
20, and 40 Hz. The sound stimulus was presented binaurally
via earpieces (E-A-RTONE 3A, Aero Company, Indianapolis, IN,
USA), and the sound pressure was controlled with an audiometer
(AA-71, RION, Tokyo, Japan).

2.3. MEG recordings

Magnetic signals were recorded using a 306-channel whole-
head MEG system (Vector-view, Elekta Neuromag, Helsinki,
Finland) composed of 102 identical triple sensor elements. Three
separate measurements of magnetic fields were obtained from
each sensor element’s two orthogonal planar gradiometers, one
magnetometer, and multi-superconducting quantum interference
device. The MEG signals were recorded using 204 planar-type
gradiometers. Signals were captured using a 0.1–300 Hz band-pass
filter and were digitized at 1,000 Hz. Epochs with MEG signals of
>2.7 pT/cm were excluded from the average.

The experiments were conducted in a silent, magnetically
protected room. The participants were instructed to sit in a chair
and watch a silent movie projected on a screen 1.5 m in front
of them and to ignore the auditory stimulation. The six auditory
stimuli were randomly presented with an even probability using
a stimulus onset asynchrony of 1,500 ms. A total of at least 100
artifact-free epochs were averaged for each stimulus per participant.

2.4. Data analysis

Signal space projection was used to suppress environmental
noise. Artifacts due to eye blinks or the heart were removed
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using independent component analysis if visually detectable. Then,
dipole analyses were performed to estimate an equivalent current
dipole for the main component of the ASSR by hemisphere.
In the present study, only dipole analysis was used for source
estimation. For dipole analyses, the Brain Electrical Source Analysis
software package (GmbH, Gräfelfing, Germany) was used. The
MEG waveforms of the 40-Hz condition were averaged across 100
trials and were digitally filtered with a band-pass filter of 37.5–
42.5 Hz. The equivalent current dipole for the main component
of the ASSR was estimated per hemisphere in a time window of
200–1,000 ms. The left and right dipoles for the main components
of the 40 Hz ASSR were estimated for all 23 subjects. However, in
some cases, we could not estimate the dipoles in other conditions.
Therefore, as in a previous study (Sugiyama et al., 2022), the
obtained two-dipole model of the 40 Hz condition was applied
to the MEG signals in all conditions, and time-frequency analysis
was performed on the source strength waveforms obtained by the
two-dipole model. The dipoles were estimated to be located in
the transverse gyrus. By applying the two-dipole model to the
MEG signals, source strength waveforms were obtained for time-
frequency analysis. Time-frequency analysis was applied to each
epoch at 250 ms before and 1,000 ms after the onset of auditory
stimulation, and the amplitude and inter-trial phase coherence
(ITPC) of evoked oscillations for each frequency were calculated
from 4 to 100 Hz, with 1-Hz frequency resolution using Morlet
wavelet transformation every 50 ms. Results of the analysis were
then averaged throughout all epochs. For statistical analyses, the
average amplitude and ITPC of the baseline from 250 to 0 ms before
the onset of auditory stimulation (Pre) and the average amplitude
and ITPC of 200–1,000 ms (Post) were used.

We performed three analyses. First, to confirm the trend
that the amplitude and ITPC of oscillations decrease with
increasing harmonic number, Post/Pre ratios from the first to fifth
harmonics were compared without distinguishing the left and right
hemispheres in five conditions (not the 40-Hz condition) using
one-way repeated-measures analysis of variance (ANOVA) with
harmonic as an independent variable. Here, the first harmonic
was used as the fundamental stimulus frequency. The integer
frequencies closest to the harmonic frequencies were used for the
analysis under the 6.67- and 13.3-Hz conditions. Then, a two-
way ANOVA was performed with hemisphere and PrePost as
independent variables, to compare Pre and Post at 4–100 Hz under
each condition to examine whether a distinct signal-to-noise ratio
by harmonics was obtained for amplitude and ITPC, respectively.
Post hoc paired comparisons were performed using Bonferroni
adjusted t-tests when the hemisphere × PrePost interaction effects
were significant. Post/Pre ratios of amplitude and ITPC at 40 Hz for
conditions with significant increases were compared using two-way
ANOVA with hemisphere and stimulus frequency as independent
variables, respectively. To compare the differences between the
conditions, post hoc multiple comparisons were performed using
Bonferroni adjusted t-tests. All statistical analyses were performed
at p ≤ 0.05.

3. Results

The train of six pure tones induced an increase in the
amplitude and ITPC of oscillations at almost all stimulus

frequencies and some of its harmonic frequencies. The ratio
of the average amplitude and ITPC relative to the baseline
(Post/Pre ratio) for each frequency in all conditions are shown
in Figures 1, 2, respectively. Regarding the changes in amplitude
and ITPC of oscillations associated with harmonic numbers, one-
way ANOVA showed that the harmonic significantly affected
the amplitude [F(4,1145) = 16.35, p = 4.97 × 10−13] and the
ITPC [F(4,1145) = 21.55, p = 3.67 × 10−17]. Although the
ITPC was smallest for the fifth harmonic, the first to third
harmonics did not show a clear gradual decrease, which appeared
to depend on the specific increase at 40 Hz (Figure 2A). Therefore,
to confirm the phenomenon that oscillations decrease as the
harmonic number increases, the data was reanalyzed without 40-
Hz oscillation. As a result, we confirmed a gradual decrease in
amplitude and ITPC of oscillations with advanced harmonics. One-
way ANOVA showed that the harmonic significantly affected the
amplitude [F(4,961) = 25.17, p = 7.50 × 10−20] and the ITPC
[F(4,961) = 11.10, p = 8.42 × 10−9]. However, the data from each
sound stimulus did not follow this trend.

The effects of modulation of the oscillation in amplitude
and ITPC at all frequency sampling points from 4 to 100 Hz
were examined for each condition. Regarding the amplitude,
two-way ANOVA (hemisphere × PrePost) revealed that PrePost
significantly affected the oscillation amplitude around the first
harmonic under the 6.67, 8, 10, and 40 Hz conditions. Under
these four conditions, no significant increase in the amplitude of
other harmonics was observed. In the 13.3 and 20 Hz conditions, a
significant increase in the amplitude was observed around the third
(38–41 Hz, p < 0.012) and second (38–42 Hz, p < 3.56 × 10−4)
harmonics at 40 Hz, respectively, but not around the first
harmonic (Figure 1B). As shown Figure 2A, the harmonics in
each condition increased the ITPC in more frequency bands than
the amplitude. The results of the two-way ANOVA showed that
PrePost significantly affected the ITPC of oscillations around the
harmonics: from the first to eighth harmonics in the 6.67-Hz
condition, from the first to fifth harmonics in the 8-Hz condition,
from the first to fifth harmonics and at the seventh harmonic in
the 10-Hz condition, from the second to fourth harmonics in the
13.3-Hz condition, from the first to third harmonics in the 20-
Hz condition, and at the first and second harmonics in the 40-Hz
condition (Figure 2B). The time-frequency maps of amplitude and
ITPC for each condition are shown in Figure 3. Notably, there was
no significant increase in either the amplitude or ITPC around the
first harmonic in the 13.3-Hz condition. Regarding the hemispheric
difference, the overall amplitude tended to be greater for the
left hemisphere under all conditions. In particular, a significant
increase in amplitude was observed at 4–28 Hz under all conditions.
This was largely due to the greater baseline amplitude in the left
hemisphere. However, the degree of facilitation at the stimulus
frequency tended to be greater in the right hemisphere. Conversely,
the baseline ITPC tended to be greater for the right hemisphere.
The facilitation at the stimulus frequency was also greater in the
right hemisphere, which resulted in a significant difference around
the stimulation frequency band; for example, at 36–42 Hz for the
40-Hz condition. Although no significant hemisphere × PrePost
interactions were found in the amplitude, a significant interaction
was observed around some harmonic frequencies in the ITPC;
for example, at 39–42 Hz in the 20-Hz condition. The ITPC at

Frontiers in Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnins.2023.1127040
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1127040 February 20, 2023 Time: 14:41 # 4

Sugiyama et al. 10.3389/fnins.2023.1127040

FIGURE 1

Changes in the amplitude of oscillations. (A) The effects of modulation of the oscillation on the amplitude at all frequency sampling points. The
vertical axis indicates the ratio of the average amplitude at 200–1,000 ms (Post) relative to the baseline from 250 to 0 ms before the onset of
auditory stimulation (Pre). (B) The results of two-way ANOVA. The vertical axis indicates the p-values for the effect of PrePost obtained in each
condition. Significant increases in the amplitude are indicated by red dots and decreases are indicated by blue dots. Green arrows indicate harmonic
frequencies in each condition.

200–1,000 ms was significantly greater in the right hemisphere, but
not at baseline.

A significant increase in ITPC was observed around 40 Hz
for all conditions: in the 6.67 Hz (39–41 Hz, p < 0.023), 8 Hz
(39–41 Hz, p < 0.004), 10 Hz (38–41 Hz, p < 0.013), 13.3 Hz
(37–43 Hz, p < 0.027), 20 Hz (36–43 Hz, p < 0.019), and 40 Hz
conditions (36–44 Hz, p < 0.048) (Figure 2B). We subsequently
examined whether this increase in ITPC of the 40-Hz harmonic in
each condition was significantly greater than the other harmonics.
The Post/Pre ratios in the ITPC that were significantly increased
for each condition were compared using two-way ANOVA with
hemisphere and harmonic as independent variables. The results
showed that the harmonic significantly affected the ITPC in the
6.67 Hz [F(6,17) = 6.46, p = 1.09 × 10−4], 13.3 Hz [F(2,21) = 9.30,
p = 1.28 × 10−4], 20 Hz [F(2,21) = 24.13, p = 3.62 × 10−6],
and 40 Hz conditions [F(2,21) = 24.13, p = 3.62 × 10−6].
Conversely, the harmonic did not play a role in determining
the ITPC in the 8 and 10 Hz conditions (p > 0.067). The
ITPC in the right hemisphere was significantly greater in the
20 Hz [F(1,22) = 9.86, p = 4.76 × 10−4] and 40 Hz conditions
[F(1,22) = 5.43, p = 0.029]. There were no interaction effects in
all conditions (p > 0.34). Post hoc multiple comparisons using
Bonferroni adjusted t-tests revealed the following results: in the

6.67-Hz condition, the first harmonic was significantly higher than
the fifth, seventh, and eighth (p < 0.030) harmonics, but the
sixth harmonic (40 Hz) was not significantly different from the
other harmonics (p > 0.16). In the 13.3-Hz condition, the third
harmonic (40 Hz) was significantly increased compared to the
second and fourth harmonics (p < 0.003). In the 20-Hz condition,
the harmonics significantly increased in the order of the third, first,
and second (40 Hz) (p < 0.001), and in the order of the second and
first in the 40-Hz condition (p < 0.001).

There was a significant increase in amplitude around 40 Hz
for the 13.3, 20, and 40 Hz conditions and for all conditions in
the ITPC. The Post/Pre ratios of amplitude and ITPC at 40 Hz
under these conditions were compared, respectively. In case
of the amplitude, two-way ANOVA (hemisphere × stimulus
frequency) revealed a significant difference in hemisphere
[F(1,22) = 4.54, p = 0.044] and stimulus frequency [F(2,21) = 25.34,
p = 2.52 × 10−6], but no interaction effect [F(2,21) = 3.47,
p = 0.050]. All the amplitudes at 40 Hz in the three conditions
showed right hemisphere dominance. Post-hoc tests showed that
the amplitude at 40 Hz was significantly increased in the order of
13.3, 20, and 40 Hz conditions (p < 0.001). Regarding the ITPC,
the results showed a significant difference in stimulus frequency
[F(5,18) = 24.51, p = 1.90 × 10−7], but not between hemispheres
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FIGURE 2

Changes in the inter-trial phase coherence (ITPC) of oscillations. (A) The effects of modulation of the oscillation in ITPC at all frequency sampling
points. The vertical axis indicates the ratio of the average ITPC at 200–1,000 ms (Post) relative to the baseline (Pre). (B) The results of two-way
ANOVA. The vertical axis indicates the p-values for the effect of PrePost obtained in each condition. Significant increases in the amplitude are
indicated by red dots and decreases are indicated by blue dots. Green arrows indicate harmonic frequencies in each condition.

[F(1,22) = 0.66, p = 0.43]. No interaction was detected between
stimulus frequency and hemisphere [F(5,18) = 2.76, p = 0.051].
The post-hoc tests showed that the 40-Hz condition was the highest
(p < 0.022), followed by the 20 and 13.3 Hz conditions. There was
no significant difference between the 20 and 13.3 Hz conditions
(p = 0.16), but they were significantly greater than the 6, 8, and
10 conditions (p < 0.001). There were no significant differences
between the 6, 8, and 10 Hz conditions (p > 0.99).

However, reductions in amplitude or ITPC were detected in
other frequency bands. For example, a significant decrease in the
amplitude was observed; at 29–31 Hz in the 10-Hz condition
(p < 0.016), at 31 Hz in the 13.3-Hz condition (p = 0.031), and at
30–32 Hz in the 40-Hz condition (p < 0.044) (Figure 1B). These
reductions in amplitude were considered to reflect suppression of
oscillations around 30 Hz by activating the 40-Hz oscillation, as
shown in a previous study (Sugiyama et al., 2022). Additionally,
a significant decrease in ITPC was widely observed around the
alpha and beta frequency bands; at 10, 11, and 29 Hz in the 6.67-
Hz condition (p < 0.017), at 12–14 Hz in the 8-Hz condition
(p < 0.003), at 14 and 15 Hz in the 10-Hz condition (p < 0.025),
at 6–11 and 17–21 Hz in the 13.3-Hz condition (p < 0.017), at 6–15

and 26–28 Hz in the 20-Hz condition (p < 0.044), and at 6–12 and
14–16 Hz in the 40-Hz condition (p < 0.014) (Figure 2B).

4. Discussion

In this study, with particular attention to harmonics, we
examined brain oscillations over a wide frequency range during
auditory stimulation between 6.67 and 40 Hz that have the
harmonic at 40 Hz. Harmonics were identified in all conditions.
In particular, the increase in ITPC by harmonics was detected
at more frequencies than the increase in amplitude under all
conditions. We first evaluated whether the oscillatory responses
decreased as the harmonic number increased (Retter et al., 2021).
However, the results did not follow this rule because the present
study employed sound stimuli at subharmonics of 40 Hz. When
the 40-Hz oscillation was excluded from the analysis, the response
gradually decreased as the harmonic number increased, which
was consistent with an exponential decrease (Retter et al., 2021).
In each condition, both amplitude and ITPC of oscillations were
significantly increased at each stimulus frequency for the 6.67,
8, and 10 Hz conditions, but only ITPC increased at stimulus
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FIGURE 3

Time-frequency maps. Grand-averaged time-frequency maps of amplitude (left panel) and ITPC (right panel) to the baseline for each condition.

frequency for the 20-Hz condition. However, neither amplitude
nor ITPC of oscillations increased at the stimulus frequency for
the 13.3-Hz condition. Interestingly, these two stimuli at 13.3 and
20 Hz caused a significant increase in the amplitude and ITPC of the
40-Hz oscillation relative to other harmonics, thus they specially
enhanced the 40-Hz ASSR. These findings indicate that the brain
oscillatory circuit in the auditory cortex is particularly driven by
the 40-Hz sound stimulus, as well as by stimuli in the specific
frequency band with a harmonic at 40 Hz, which is consistent with
the previous study (Ross et al., 2000).

In the 6.67, 8, and 10 Hz conditions, the harmonic increases in
ITPC were observed over a wide frequency range, but there were no
harmonic increases in amplitude. The amplitudes at the stimulus
frequency in these three conditions were significantly increased, but
their Post/Pre ratios were very small compared to those in ITPC.
It could be suggested that the harmonic increases in amplitude

did not appear due to lower relative changes in amplitude at the
stimulus frequencies. In a study examining the test-retest reliability
of the ASSR using MEG, ITPC exhibited high reliability compared
to spectral power (Tan et al., 2015). In addition, baseline-corrected
spectral power for the ASSR at lower frequency (e.g., 5 Hz) resulted
in lower reliability due to the higher baseline power at lower
frequencies (Tan et al., 2015). Our results also suggest that ITPC
has an advantage over amplitude in measuring harmonics and
fundamentals in low-frequency oscillations. Conversely, in the
13.3-Hz condition, no significant increase at the stimulus frequency
was observed not only in amplitude but also in ITPC. Even with the
20-Hz condition, there was no increase in amplitude at the stimulus
frequency, only an increase in ITPC. These findings indicate that,
at least between the 6.67 and 40 Hz conditions that were examined
in this study, the 13.3-Hz oscillation circuit is the most difficult to
drive, followed by the 20-Hz circuit. Picton et al. (1987) showed that
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responses for amplitude modulation tones were high at amplitudes
between 2 and 7 Hz and between 27 and 55 Hz. Tlumak et al. (2011)
reported the smallest fundamental amplitude at 10 Hz among
auditory stimuli at 0.75, 1.25, 2.5, 5, 10, 20, and 40 Hz. These
findings are roughly consistent with the present results.

In some conditions, the oscillatory responses did not follow
the phenomenon of decreasing as the harmonic number increased,
except the 40-Hz harmonic. In the 13.3-Hz condition, ITPC did not
increase with stimulus frequency, but it did increase significantly
not only in the third (40 Hz) but also in the second and fourth
harmonics. This finding indicated that the special activation of
the oscillation by harmonics affected not only 40 Hz but also
the surrounding frequency bands. Conversely, ITPC under the
10-Hz condition showed that the second harmonic (20 Hz) was
larger than the fundamental, although there was no significant
difference between the fundamental and the harmonics. A similar
phenomenon was observed in the 6.67-Hz condition, where the
ITPC at the third (20 Hz) harmonic was slightly larger than the
ITPC at the second harmonic. In addition, in the 8 and 10 Hz
conditions, sporadic significant increases in ITPC were observed
at the eleventh (88 Hz) and seventh (70th) harmonic, respectively.
These trends may reflect a previous study that showed peaks in the
phase response of the ASSR at approximately 20, 40, and 80 Hz
(Ross et al., 2000). It has to be kept in mind, however, that the
present results did not clearly show peaks around 20 and 80 Hz.

The 13.3 and 20 Hz conditions showed a specific increase in
40-Hz oscillations, but the amplitude of oscillations at the stimulus
frequency did not show a significant increase. This indicates that
these stimuli actually activated some oscillations at subharmonic
frequencies of 40 Hz, but the response did not fall in a sufficiently
narrow-frequency range to create a prominent peak. Thus, one
explanation of the finding could be the non-linearity of the
responsible cells (Retter et al., 2021). The lack of a significant
increase in amplitude at 12–35 Hz in all conditions supports this
view. Therefore, the non-linear frequency range appears to extend
from the beta to low-gamma band. However, some results did
not support this view, for example, ITPC of the 10-Hz stimulus
was greater for the second harmonic (20 Hz) than that for the
fundamental frequency. An alternative hypothesis to explain this
phenomenon is that the activation of 40-Hz oscillation inhibits
oscillatory activities, including 13.3 and 20 Hz. Our previous study
demonstrated the suppression of ongoing low-gamma oscillations
by the activation of 40-Hz oscillation (Sugiyama et al., 2022). In
the present study, decreased oscillatory activity during the 40-
Hz stimulus was observed at approximately 30–32 Hz. Numerous
studies on patients with schizophrenia have demonstrated that
broadband spontaneous oscillations increase during auditory
stimulation at 40 Hz (Spencer, 2012; Hirano et al., 2015). An
increase in 20-Hz oscillation for a 40-Hz drive has also been
demonstrated in patients with schizophrenia (Spencer et al., 2008;
Vierling-Claassen et al., 2008; Metzner and Steuber, 2021). These
findings indicate that the 40-Hz stimulus can activate oscillations
at broadband frequencies. Our hypothesis could explain why
deficits in the 40-Hz oscillation in patients with schizophrenia are
related to an increase in oscillations at broadband frequencies.
Llinás et al. (1991) investigated guinea pig oscillatory neurons and
demonstrated that neurons with intrinsic oscillatory properties
were divided into broad-frequency oscillators (10–45 Hz) and
narrow-frequency oscillators (35–50 Hz). The latter corresponds

well to the 40-Hz oscillation in humans. Unlike the narrow-
frequency oscillator, the broad-frequency oscillator often showed
spontaneous oscillations, and its oscillatory frequency changed
depending on the degree of membrane depolarization. Thus, it
is possible, according to our hypothesis, that 40-Hz oscillation
inhibits both spontaneous and evoked broadband oscillations.
Interestingly, one in vitro study demonstrated the inhibition of
low-gamma oscillations by a 40-Hz circuit (Middleton et al., 2008).

Our study has several limitations. First, whether the 40-
Hz circuit suppresses broadband oscillations in patients with
schizophrenia remains unexplored. Therefore, further clinical
studies should be conducted to strengthen our hypothesis. Further
research using cytological and other biological techniques is also
needed to provide evidence that two categories of oscillators
interact to generate neural oscillations. The second limitation
concerns hemispheric differences. As shown previously (Ross et al.,
2005b), the amplitude and ITPC of ASSR showed right hemisphere
dominance. In contrast, while the overall baseline amplitude tended
to be greater for the left hemisphere, the baseline ITPC tended to
be greater for the right hemisphere. We could not find a reasonable
explanation for the hemispheric difference between the amplitude
and ITPC baselines. Furthermore, specifically designed studies are
needed to address this issue. Finally, while significant reductions in
ITPC were found in the alpha and beta frequency bands, the details
of this finding are unclear. These reductions were common to all
conditions, suggesting that they reflect the effect of the auditory
stimulus rather than the stimulus frequency. They might also reflect
event-related desynchronization by auditory stimuli (Krause, 2006;
Pesonen et al., 2006).

5. Conclusion

Using the nature of oscillation harmonics, we identified
subharmonics that specifically activate the 40-Hz ASSR. These
subharmonics at the beta frequency band were not activated at their
own stimulus frequency and could have been suppressed by the
resonant 40-Hz circuit. These findings may provide novel insights
into the pathophysiology of various neuropsychiatric disorders
associated with abnormalities in the 40-Hz ASSR.

Data availability statement

The original contributions presented in this study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

This study was approved by the Ethics Committee of the
National Institute for Physiological Sciences, Okazaki, Japan and
was conducted in accordance with the Declaration of Helsinki. The
patients/participants provided their written informed consent to
participate in this study.

Frontiers in Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fnins.2023.1127040
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1127040 February 20, 2023 Time: 14:41 # 8

Sugiyama et al. 10.3389/fnins.2023.1127040

Author contributions

SS and KI designed the work and drafted the manuscript.
SS, TT, TK, NT, MN, and KI performed the experiments. SS
analyzed the data. KO and TS provided valuable critical input on
the manuscript. All authors read and approved the manuscript.

Funding

This study was supported by JSPS KAKENHI Grant Numbers:
JP20K16624 to SS and JP18K07619 to KI and the Cooperative Study
Program (22NIPS154) of the National Institute for Physiological
Sciences.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K.,
et al. (2009). Driving fast-spiking cells induces gamma rhythm and controls sensory
responses. Nature 459, 663–667. doi: 10.1038/nature08002

Fries, P. (2009). Neuronal gamma-band synchronization as a fundamental process
in cortical computation. Annu. Rev. Neurosci. 32, 209–224. doi: 10.1146/annurev.
neuro.051508.135603

Galambos, R., Makeig, S., and Talmachoff, P. J. (1981). A 40-Hz auditory potential
recorded from the human scalp. Proc. Natl. Acad. Sci. U.S.A. 78, 2643–2647. doi:
10.1073/pnas.78.4.2643

Hirano, Y., and Uhlhaas, P. J. (2021). Current findings and perspectives on aberrant
neural oscillations in schizophrenia. Psychiatry Clin. Neurosci. 75, 358–368. doi: 10.
1111/pcn.13300

Hirano, Y., Oribe, N., Kanba, S., Onitsuka, T., Nestor, P. G., and Spencer, K. M.
(2015). Spontaneous gamma activity in schizophrenia. JAMA Psychiatry 72, 813–821.
doi: 10.1001/jamapsychiatry.2014.2642

Krause, C. M. (2006). Cognition- and memory-related ERD/ERS responses in
the auditory stimulus modality. Prog. Brain Res. 159, 197–207. doi: 10.1016/S0079-
6123(06)59013-2

Kwon, J. S., O’Donnell, B. F., Wallenstein, G. V., Greene, R. W., Hirayasu, Y., Nestor,
P. G., et al. (1999). Gamma frequency-range abnormalities to auditory stimulation in
schizophrenia. Arch. Gen. Psychiatry 56, 1001–1005. doi: 10.1001/archpsyc.56.11.1001

Llinás, R. R., Grace, A. A., and Yarom, Y. (1991). In vitro neurons in mammalian
cortical layer 4 exhibit intrinsic oscillatory activity in the 10- to 50-Hz frequency range.
Proc. Natl. Acad. Sci. U.S.A. 88, 897–901. doi: 10.1073/pnas.88.3.897

Mably, A. J., and Colgin, L. L. (2018). Gamma oscillations in cognitive disorders.
Curr. Opin. Neurobiol. 52, 182–187. doi: 10.1016/j.conb.2018.07.009

Metzner, C., and Steuber, V. (2021). The beta component of gamma-band auditory
steady-state responses in patients with schizophrenia. Sci. Rep. 11:20387. doi: 10.1038/
s41598-021-99793-w

Middleton, S., Jalics, J., Kispersky, T., Lebeau, F. E., Roopun, A. K., Kopell, N. J.,
et al. (2008). NMDA receptor-dependent switching between different gamma rhythm-
generating microcircuits in entorhinal cortex. Proc. Natl. Acad. Sci. U.S.A. 105,
18572–18577. doi: 10.1073/pnas.0809302105

Norcia, A. M., Appelbaum, L. G., Ales, J. M., Cottereau, B. R., and Rossion, B.
(2015). The steady-state visual evoked potential in vision research: A review. J. Vis.
15:4. doi: 10.1167/15.6.4

O’Donnell, B. F., Vohs, J. L., Krishnan, G. P., Rass, O., Hetrick, W. P., and Morzorati,
S. L. (2013). The auditory steady-state response (ASSR): A translational biomarker
for schizophrenia. Suppl. Clin. Neurophysiol. 62, 101–112. doi: 10.1016/b978-0-7020-
5307-8.00006-5

Okawa, H., Suefusa, K., and Tanaka, T. (2017). Neural entrainment to auditory
imagery of rhythms. Front. Hum. Neurosci. 11:493. doi: 10.3389/fnhum.2017.00493

Pastor, M. A., Artieda, J., Arbizu, J., Marti-Climent, J. M., Peñuelas, I., and
Masdeu, J. C. (2002). Activation of human cerebral and cerebellar cortex by auditory
stimulation at 40 Hz. J. Neurosci. 22, 10501–10506. doi: 10.1523/JNEUROSCI.22-23-
10501.2002

Pesonen, M., Björnberg, C. H., Hämäläinen, H., and Krause, C. M. (2006). Brain
oscillatory 1-30 Hz EEG ERD/ERS responses during the different stages of an

auditory memory search task. Neurosci. Lett. 399, 45–50. doi: 10.1016/j.neulet.2006.0
1.053

Picton, T. W., John, M. S., Dimitrijevic, A., and Purcell, D. (2003). Human auditory
steady-state responses. Int. J. Audiol. 42, 177–219. doi: 10.3109/1499202030910
1316

Picton, T. W., Skinner, C. R., Champagne, S. C., Kellett, A. J., and Maiste, A. C.
(1987). Potentials evoked by the sinusoidal modulation of the amplitude or frequency
of a tone. J. Acoust. Soc. Am. 82, 165–178. doi: 10.1121/1.395560

Regan, D. (1966). Some characteristics of average steady-state and transient
responses evoked by modulated light. Electroencephalogr. Clin. Neurophysiol. 20,
238–248. doi: 10.1016/0013-4694(66)90088-5

Retter, T. L., Jiang, F., Webster, M. A., and Rossion, B. (2020). All-or-none
face categorization in the human brain. Neuroimage 213:116685. doi: 10.1016/j.
neuroimage.2020.116685

Retter, T. L., Rossion, B., and Schiltz, C. (2021). Harmonic amplitude summation
for frequency-tagging analysis. J. Cogn. Neurosci. 33, 2372–2393. doi: 10.1162/jocn_a_
01763

Ross, B., Borgmann, C., Draganova, R., Roberts, L. E., and Pantev, C. (2000). A high-
precision magnetoencephalographic study of human auditory steady-state responses
to amplitude-modulated tones. J. Acoust. Soc. Am. 108, 679–691. doi: 10.1121/1.429600

Ross, B., Herdman, A. T., and Pantev, C. (2005a). Stimulus induced
desynchronization of human auditory 40-Hz steady-state responses. J. Neurophysiol.
94, 4082–4093. doi: 10.1152/jn.00469.2005

Ross, B., Herdman, A. T., and Pantev, C. (2005b). Right hemispheric laterality
of human 40 Hz auditory steady-state responses. Cereb. Cortex 15, 2029–2039. doi:
10.1093/cercor/bhi078

Ross, B., Picton, T. W., and Pantev, C. (2002). Temporal integration in the human
auditory cortex as represented by the development of the steady-state magnetic field.
Hear. Res. 165, 68–84. doi: 10.1016/s0378-5955(02)00285-x

Rossion, B. (2014). Understanding individual face discrimination by means of fast
periodic visual stimulation. Exp. Brain Res. 232, 1599–1621. doi: 10.1007/s00221-014-
3934-9

Rossion, B., Retter, T. L., and Liu-Shuang, J. (2020). Understanding human
individuation of unfamiliar faces with oddball fast periodic visual stimulation
and electroencephalography. Eur. J. Neurosci. 52, 4283–4344. doi: 10.1111/ejn.1
4865

Santarelli, R., and Conti, G. (1999). Generation of auditory steady-state responses:
Linearity assessment. Scand. Audiol. Suppl. 51, 23–32.

Santarelli, R., Maurizi, M., Conti, G., Ottaviani, F., Paludetti, G., and Pettorossi,
V. E. (1995). Generation of human auditory steady-state responses (SSRs). II: Addition
of responses to individual stimuli. Hear. Res. 83, 9–18. doi: 10.1016/0378-5955(94)00
185-s

Sohal, V. S., Zhang, F., Yizhar, O., and Deisseroth, K. (2009). Parvalbumin neurons
and gamma rhythms enhance cortical circuit performance. Nature 459, 698–702.
doi: 10.1038/nature07991

Spencer, K. M. (2012). Baseline gamma power during auditory steady-state
stimulation in schizophrenia. Front. Hum. Neurosci. 5:190. doi: 10.3389/fnhum.2011.
00190

Frontiers in Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2023.1127040
https://doi.org/10.1038/nature08002
https://doi.org/10.1146/annurev.neuro.051508.135603
https://doi.org/10.1146/annurev.neuro.051508.135603
https://doi.org/10.1073/pnas.78.4.2643
https://doi.org/10.1073/pnas.78.4.2643
https://doi.org/10.1111/pcn.13300
https://doi.org/10.1111/pcn.13300
https://doi.org/10.1001/jamapsychiatry.2014.2642
https://doi.org/10.1016/S0079-6123(06)59013-2
https://doi.org/10.1016/S0079-6123(06)59013-2
https://doi.org/10.1001/archpsyc.56.11.1001
https://doi.org/10.1073/pnas.88.3.897
https://doi.org/10.1016/j.conb.2018.07.009
https://doi.org/10.1038/s41598-021-99793-w
https://doi.org/10.1038/s41598-021-99793-w
https://doi.org/10.1073/pnas.0809302105
https://doi.org/10.1167/15.6.4
https://doi.org/10.1016/b978-0-7020-5307-8.00006-5
https://doi.org/10.1016/b978-0-7020-5307-8.00006-5
https://doi.org/10.3389/fnhum.2017.00493
https://doi.org/10.1523/JNEUROSCI.22-23-10501.2002
https://doi.org/10.1523/JNEUROSCI.22-23-10501.2002
https://doi.org/10.1016/j.neulet.2006.01.053
https://doi.org/10.1016/j.neulet.2006.01.053
https://doi.org/10.3109/14992020309101316
https://doi.org/10.3109/14992020309101316
https://doi.org/10.1121/1.395560
https://doi.org/10.1016/0013-4694(66)90088-5
https://doi.org/10.1016/j.neuroimage.2020.116685
https://doi.org/10.1016/j.neuroimage.2020.116685
https://doi.org/10.1162/jocn_a_01763
https://doi.org/10.1162/jocn_a_01763
https://doi.org/10.1121/1.429600
https://doi.org/10.1152/jn.00469.2005
https://doi.org/10.1093/cercor/bhi078
https://doi.org/10.1093/cercor/bhi078
https://doi.org/10.1016/s0378-5955(02)00285-x
https://doi.org/10.1007/s00221-014-3934-9
https://doi.org/10.1007/s00221-014-3934-9
https://doi.org/10.1111/ejn.14865
https://doi.org/10.1111/ejn.14865
https://doi.org/10.1016/0378-5955(94)00185-s
https://doi.org/10.1016/0378-5955(94)00185-s
https://doi.org/10.1038/nature07991
https://doi.org/10.3389/fnhum.2011.00190
https://doi.org/10.3389/fnhum.2011.00190
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1127040 February 20, 2023 Time: 14:41 # 9

Sugiyama et al. 10.3389/fnins.2023.1127040

Spencer, K. M., Salisbury, D. F., Shenton, M. E., and McCarley, R. W. (2008).
Gamma-band auditory steady-state responses are impaired in first episode psychosis.
Biol. Psychiatry 64, 369–375. doi: 10.1016/j.biopsych.2008.02.021

Sugiyama, S., Ohi, K., Kuramitsu, A., Takai, K., Muto, Y., Taniguchi, T., et al. (2021).
The auditory steady-state response: Electrophysiological index for sensory processing
dysfunction in psychiatric disorders. Front. Psychiatry 12:644541. doi: 10.3389/fpsyt.
2021.644541

Sugiyama, S., Taniguchi, T., Kinukawa, T., Takeuchi, N., Ohi, K., Shioiri, T., et al.
(2022). Suppression of low-frequency gamma oscillations by activation of 40-Hz
oscillation. Cereb. Cortex 32, 2785–2796. doi: 10.1093/cercor/bhab381

Tada, M., Kirihara, K., Koshiyama, D., Fujioka, M., Usui, K., Uka, T., et al. (2020).
Gamma-band auditory steady-state response as a neurophysiological marker for
excitation and inhibition balance: A review for understanding schizophrenia and
other neuropsychiatric disorders. Clin. EEG Neurosci. 51, 234–243. doi: 10.1177/
1550059419868872

Tan, H. R., Gross, J., and Uhlhaas, P. J. (2015). MEG-measured auditory steady-
state oscillations show high test-retest reliability: A sensor and source-space analysis.
Neuroimage 122, 417–426. doi: 10.1016/j.neuroimage.2015.07.055

Thuné, H., Recasens, M., and Uhlhaas, P. J. (2016). The 40-Hz auditory steady-
state response in patients with schizophrenia: A meta-analysis. JAMA Psychiatry 73,
1145–1153. doi: 10.1001/jamapsychiatry.2016.2619

Tlumak, A. I., Durrant, J. D., Delgado, R. E., and Boston, J. R. (2011). Steady-
state analysis of auditory evoked potentials over a wide range of stimulus repetition

rates: Profile in adults. Int. J. Audiol. 50, 448–458. doi: 10.3109/14992027.2011.56
0903

Traikapi, A., and Konstantinou, N. (2021). Gamma oscillations in Alzheimer’s
disease and their potential therapeutic role. Front. Syst. Neurosci. 15:782399. doi:
10.3389/fnsys.2021.782399

Uhlhaas, P. J., and Singer, W. (2010). Abnormal neural oscillations and
synchrony in schizophrenia. Nat. Rev. Neurosci. 11, 100–113. doi: 10.1038/nrn
2774

Uhlhaas, P. J., Pipa, G., Neuenschwander, S., Wibral, M., and Singer, W. (2011). A
new look at gamma? High- (>60 Hz) γ-band activity in cortical networks: Function,
mechanisms and impairment. Prog. Biophys. Mol. Biol. 105, 14–28. doi: 10.1016/j.
pbiomolbio.2010.10.004

Vialatte, F. B., Maurice, M., Dauwels, J., and Cichocki, A. (2010). Steady-state
visually evoked potentials: Focus on essential paradigms and future perspectives. Prog.
Neurobiol. 90, 418–438. doi: 10.1016/j.pneurobio.2009.11.005

Vierling-Claassen, D., Siekmeier, P., Stufflebeam, S., and Kopell, N. (2008).
Modeling GABA alterations in schizophrenia: A link between impaired inhibition and
altered gamma and beta range auditory entrainment. J. Neurophysiol. 99, 2656–2671.
doi: 10.1152/jn.00870.2007

Zhou, H., Melloni, L., Poeppel, D., and Ding, N. (2016). Interpretations
of frequency domain analyses of neural entrainment: Periodicity, fundamental
frequency, and harmonics. Front. Hum. Neurosci. 10:274. doi: 10.3389/fnhum.2016.0
0274

Frontiers in Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2023.1127040
https://doi.org/10.1016/j.biopsych.2008.02.021
https://doi.org/10.3389/fpsyt.2021.644541
https://doi.org/10.3389/fpsyt.2021.644541
https://doi.org/10.1093/cercor/bhab381
https://doi.org/10.1177/1550059419868872
https://doi.org/10.1177/1550059419868872
https://doi.org/10.1016/j.neuroimage.2015.07.055
https://doi.org/10.1001/jamapsychiatry.2016.2619
https://doi.org/10.3109/14992027.2011.560903
https://doi.org/10.3109/14992027.2011.560903
https://doi.org/10.3389/fnsys.2021.782399
https://doi.org/10.3389/fnsys.2021.782399
https://doi.org/10.1038/nrn2774
https://doi.org/10.1038/nrn2774
https://doi.org/10.1016/j.pbiomolbio.2010.10.004
https://doi.org/10.1016/j.pbiomolbio.2010.10.004
https://doi.org/10.1016/j.pneurobio.2009.11.005
https://doi.org/10.1152/jn.00870.2007
https://doi.org/10.3389/fnhum.2016.00274
https://doi.org/10.3389/fnhum.2016.00274
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	The 40-Hz auditory steady-state response enhanced by beta-band subharmonics
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Auditory stimulation
	2.3. MEG recordings
	2.4. Data analysis

	3. Results
	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


