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Abstract: The purpose of this study was to observe the effects of audible and inaudible binaural
beat stimuli on alpha power elicitation and compare the differences in triggering effects depending
on sound perception. Experiments were conducted on healthy male and female subjects (11 males
and 10 females, mean age of 24.6 ± 1.8). To induce alpha waves, audible (250 Hz) or non-audible
baseline sound frequencies (18,000 Hz) were presented to the left ear, and a frequency 10 Hz higher
than the baseline was presented to the right ear. There were two experimental phases: a rest phase
(5 min) in which no stimulus was presented and a stimulation phase (5 min) in which the binaural
beat stimulus was presented. An electroencephalogram was measured at a sampling rate of 500 Hz,
and relative alpha power values were calculated for each phase in each brain area. In the central
regions, both baseline frequencies (audible and inaudible) increased the relative alpha power during
the stimulation phase compared with the rest phase, and there were no differences between the
two baseline frequencies. In the frontal and central regions, there was a greater increase in relative
alpha power in the audible case compared with the inaudible case.

Keywords: binaural beat; audible; inaudible; electroencephalogram

1. Introduction

A binaural beat (BB) is a sound that is capable of evoking specific brain-wave states
based on differences in the frequencies of auditory stimuli [1,2]. When two different
frequencies of sound are presented to both ears, the brain recognizes the difference between
the two sounds. For instance, when a baseline frequency of 250 Hz is presented to one
ear and a frequency of 10 Hz higher than the baseline frequency is presented to the other
ear, the human brain will be tuned to the beat frequency of 10 Hz, which is the difference
in frequency.

Previous studies have shown that specific brain waves can be induced depending
on the difference in the BB frequency, and different effects from cognitive and emotional
perspectives have been noted depending on the state of the induced brain waves [3–7].
Therefore, alpha activity increased from the onset of the BB stimulus that induced alpha
waves [8], and the state–trait anxiety inventory measure decreased in subjects exposed to
this type of BB stimulus [9]. In addition, it was found that tension, confusion, and fatigue
were reduced in subjects whose delta and theta waves were induced by BB stimuli [10]. In
subjects whose beta waves were induced by the BB stimulus, improvements were evident
in long- and short-term memory and cognitive abilities [11], as well as in the ability to recall
memories and improve moods [12].

Various baseline frequencies have been tested in previous studies; however, they
fell within the range of audible frequencies. One study used only baseline sinusoidal
sounds, whereby a constant sound was presented at a single frequency [13]. Another study
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used the sound of music as a baseline frequency on top of which the BB stimulus was
overlaid [11,14]. The brainwave induced by the audible BB stimulus and the cognitive and
emotional effects may be affected by both the sound perception (baseline frequency) and
the frequency difference. Thus, BB can be effectively applied only when a few studies that
evaluate the effects of such sound perception can validate scientifically the effectiveness of
BB. There are reports indicating that auditory stimulation in the inaudible frequency range
could affect human recognition and psychology. This phenomenon is called the hypersonic
effect. Moreover, auditory stimulation, including that in the inaudible frequency ranges,
can increase the alpha-wave and comfortable listening levels [15].

This study verifies the effects of inaudible binaural beat (BB) by comparing it with
audible BB. When analyzing the effect of audible BB, the effect of auditory perception
at the baseline frequency cannot be excluded. Therefore, the study aimed to investigate
whether inaudible BB has similar effects as audible BB by comparing the two. Thus, this
study examined the effects of inducing brainwaves with BB and an inaudible baseline
frequency. It was determined that a specific brainwave (α) was induced when a BB with
a baseline frequency of 18,000 Hz and a frequency difference of 10 Hz was presented.
Furthermore, the effect of BB based on the commonly used audible baseline frequency
(250 Hz) on inducing the brainwave (α) was also observed to compare the effects of audible
and inaudible baseline frequencies.

2. Materials and Methods
2.1. Subjects

The experiments were conducted on a total of 21 healthy male and female subjects
(11 males with a mean age of 25.9 ± 1.4 years and 10 females with a mean age of
23.3 ± 1.7 years). The subjects did not have any history of hearing deficiency or hear-
ing loss, and they were unaware of the purpose of the study. The subjects were instructed
not to move during the experiment to minimize the noise due to movements. In addition,
they were instructed to look at a white cross (+) on a black background displayed on the
monitor with their eyes open during the experiment. This study was conducted with the
approval of the Konkuk University institutional review board (7001355-202105-HR-439).
Prior to the experiments, participants were informed about the study and provided written
informed consent.

2.2. Binaural Beats

An auditory stimulator (company G product Q) induced alpha waves by presenting
a sound with a baseline frequency (250 or 18,000 Hz) to the left ear and a sound with a
frequency 10 Hz higher than the baseline frequency to the right ear through earphones. The
experimental procedure consisted of a rest phase (5 min) without any stimuli presented,
followed by a stimulation phase (5 min) which involved BB stimuli (Figure 1). All subjects
took part in two experiments using audible (250 Hz) and inaudible (18,000 Hz) baseline
frequencies, and the order of the experiments was counterbalanced. Moreover, after the
end of the experiment, a survey was conducted to assess if they could actually hear the
inaudible BB, and all the subjects answered that they could not hear.
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2.3. Encephalogram Measurement

An electroencephalogram (EEG) was recorded using Enobio20 (NeuroElectrics, Barcelona,
Spain) at a sampling rate of 500 Hz. The electrodes were placed at 19 positions (including
frontal (Fp1, Fp2, F3, F4, F7, F8, and Fz), central (C3, C4, and Cz), parietal (P3, P4, P7, P8,
and Pz), temporal (T7 and T8), and occipital (O1 and O2)) according to 10–20 systems.
The reference electrode was positioned on the right mastoid and the ground electrode on
the right earlobe. The impedance between the electrode and the scalp was maintained at
values below 5 kΩ. The experiment was conducted in a shielded room to block external
electromagnetic waves that may affect the experiment.

2.4. EEG Analysis

The EEG data were analyzed using MATLAB 2017 (MathWorks, Boston, MA, USA).
Artifacts caused by eye blinking and movement were removed through visual inspection.
Initially, the noise artifact due to eye blinking and motions was manually removed. Next,
noise due to the power supply and electromagnetic noise was removed using a 0.5–50 Hz
bandpass filter. The noise that may occur at the beginning and end of the experiment was
reduced by capturing only the EEG signals from the rest (270 s) and stimulation (270 s)
phases based on the trigger signal (Figure 1).

A power spectral analysis was performed to observe the average alpha power of the
rest and stimulation phases. Each phase was subjected to a fast Fourier transform and
converted into power values based on its frequency. The relative power of the alpha band
was calculated for each data point to reduce variability between subjects. Therefore, the
alpha frequency range (8–13 Hz) was divided by the total frequency range (0.5–50 Hz) to
calculate the ratio.

The relative power values for each of the five brain regions (frontal, central, pari-
etal, temporal, and occipital) were averaged, followed by a two-way analysis of vari-
ance (ANOVA), with the phase (phase: rest/stimulation) and audible state (state: au-
dible/inaudible) as the independent variables. Additionally, an independent t-test was
performed to compare the relative power values of the two types of baseline frequencies
(audible and inaudible) for each brain region (SPSS, version 25, IBM, Armonk, NY, USA).

3. Results

Two-way ANOVA results showed that the increase in relative alpha power was more
significant in the stimulation phase than in the rest phase in all brain regions, as shown in
Table 1. However, there was no difference between the two baseline frequencies (states).
There was an interaction effect between the frontal and central regions. Therefore, the
variation according to the phase of the two baseline frequencies differed. To interpret
the interaction effect, a simple effect test was conducted on the frontal and central re-
gions(Table 2). As a result, in the case of audible BB in the frontal region, alpha power
significantly increased during the stimulation phase compared to the rest phase (p = 0.017).
In the central region, alpha power significantly increased during the stimulation phase
compared to the rest phase for both audible and inaudible BBs (audible p = 0.002, inaudible
p = 0.012). In addition, no differences were recognized for both frontal and central states
(Figure 2). The increase in relative alpha power caused by the stimulus was greater with
audible sounds than with inaudible sounds (Figure 2). This was verified by an indepen-
dent t-test analysis of the difference in the rate of increase (stimulation-rest/rest × 100)
in relative power between the two baseline frequencies (audible and inaudible). The rate
of increase in the relative alpha power was greater in both regions when the sound was
audible (Figure 3).
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Table 1. Results of the relative alpha power of a two-way analysis of variance (ANOVA) by using
phase and state as independent variables at the five brain areas.

Type III
Sum of Squares

Degree of
Freedom

Mean
Square F Value Significance

Frontal
Phase 0.001 1 0.001 4.648 0.037 *
State 0.003 1 0.003 0.949 0.336

Phase × State 0.001 1 0.001 4.831 0.034 *

Central
Phase 0.002 1 0.002 20.152 p < 0.001 ***
State 0.005 1 0.005 1.323 0.257

Phase × State 0.000 1 0.000 4.229 0.046 *

Parietal
Phase 0.005 1 0.005 19.232 p < 0.001 ***
State 0.010 1 0.010 1.409 0.242

Phase × State 0.001 1 0.001 2.478 0.123

Temporal
Phase 0.001 1 0.001 8.262 0.006 **
State 0.004 1 0.004 1.167 0.286

Phase × State 0.000 1 0.000 2.390 0.130

Occipital
Phase 0.006 1 0.006 11.351 0.002 **
State 0.005 1 0.005 0.462 0.501

Phase × State 0.001 1 0.001 2.017 0.163

*: p < 0.05, **: p < 0.01, ***: p < 0.001.

Table 2. Simple-effect test results for phase and state in two brain regions.

Mean
Difference

Degree of
Freedom T Value Significance

Frontal

Rest Audible-
Inaudible −0.019 40 −1.661 0.105

Stimulation Audible-
Inaudible −0.005 40 −0.358 0.722

Audible Rest-
Stimulation −0.014 20 −2.598 0.017 *

Inaudible Rest-
Stimulation 0.000 20 0.039 0.970

Central

Rest Audible-
Inaudible −0.020 40 −1.599 0.127

Stimulation Audible-
Inaudible −0.011 40 −0.747 0.460

Audible Rest-
Stimulation −0.015 20 −3.643 0.002 **

Inaudible Rest-
Stimulation −0.006 20 −2.769 0.012 *

*: p < 0.05, **: p < 0.01.
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Degree of 
Freedom T Value Significance 
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Rest Audible-In-
audible −0.019 40 −1.661 0.105 

Stimulation Audible-In-
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−0.005 40 −0.358 0.722 

Audible Rest-Stimu-
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4. Discussion

This study examined the effects of audible and inaudible BB stimuli on alpha power
elicitation, with differences observed according to the availability of sound perception.

In five brain regions, the increase in relative alpha power was significant with the
BB stimulus during the stimulation phase compared with the rest phase, both with and
without sound perception, and there were no differences between the states. Thus, both
baseline frequencies influenced the induction of alpha waves. However, the increase in
relative alpha power was greater during the audible phase than during the inaudible phase
in the frontal and central areas.

It has been reported that single frequency sound alone influences EEG activation. Thus,
when stimuli with different single frequency sounds were presented, the brain responded
differently to each stimulus [16]. In addition, there have been reports that the sounds
in the inaudible frequency range affect human recognition and psychology. The alpha-
wave and comfortable listening levels increased when exposed to auditory stimulation in
inaudible and audible frequency ranges, rather than just the audible frequency range [17].
For BB stimuli with equal difference frequency but different baseline frequency, there was a
difference in the activated brain region and the degree of activation [11,13,18]. Particularly,
previous studies comparing low and high baseline frequencies (400 Hz versus 3200 Hz,
250 Hz versus 1000 Hz) with equal frequency differences [19,20] exhibited a greater effect
from BB at the lower baseline frequency compared with that at a higher baseline frequency.
This can be attributed to the larger evocation of the auditory steady-state response (ASSR)
at the lower baseline frequencies.

In this study, the difference in the reference frequency was considerably large; therefore,
an extreme case with the presence or absence of sound perception was compared, and
a difference in activation was observed, as in previous studies. Particularly, it could be
expected that the case of sound perception induced ASSR, further highlighting the BB
effect in both frontal and central regions. This showed similar results to previous studies.
Yamsa-ard revealed that pure-tone audible alpha BB increases alpha waves in the frontal
and central regions [21].

This study concludes that an increase in the alpha-power value can be induced only
owing to frequency differences, even when the sound is not audible. Consequently, the
pure effect of BB without the effect of sound was verified. Additionally, it has been observed
that the sound factor can alter the BB effect.

The ages of the subject-group participants were a limitation of this study. Considering
this limitation, future research is necessary, particularly considering that ASSR is affected
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by age. Additionally, new research on the distinct mechanisms that influence the BB effect
is necessary for optimizing the BB effect by comparing various baseline frequencies. In
particular, it is necessary to study the cause of the EEG-induced effect observed only in
specific brain regions (frontal and central) and not in other regions. Finally, research on
the effects of the various components (delta, theta, and beta) beyond the alpha component
is required.
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