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Abstract.

BACKGROUND: Several studies have continuously investigated FFRs using binaural beat (BB) stimulations and their related
effects. However, only a few studies have investigated the differences in BB stimulation effects according to basic demographic
characteristics, such as gender and age.

OBJECTIVE: This study aimed to determine the alpha wave activity after a 10-Hz BB stimulation and subsequently identify
differences according to gender across all brain areas (frontal, central, parietal, temporal, and occipital areas).

METHODS: A total of 23 healthy adults (11 male and 12 female), aged 20-29, participated in the study. For the 10-Hz BB
stimulation, pure tone auditory stimuli of 250 and 260 Hz were given to the left and right ear, respectively. Through a power
spectrum analysis of the phase-excluding BBs (non-BBs) and phase-including 10-Hz BBs (a-BBs), the alpha power at each
brain area was estimated. These values were compared using a mixed-design ANOVA.

RESULTS: With the exception of the temporal area, all other brain areas showed a significant increase in alpha power for a-BBs
compared to those of non-BBs. However, the difference according to gender was not significant.

CONCLUSION: The results indicated the lack of gender effects in alpha wave generation through a 10-Hz BB stimulation.
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1. Introduction

Frequency-following response (FFR) refers to the brain nerve activity synchronization phenomenon
under frequency stimuli. In particular, binaural beats (BBs), a type of FFR, refer to the sounds that control
the brain wave based on differences in the auditory stimuli frequency. BBs consist of a baseline and
baseline + difference frequency. For example, when BBs are stimulated with a baseline frequency of
200 Hz and baseline + difference frequency of 210 Hz, the brain synchronizes to the difference frequency
of 10 Hz [1-5].
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Numerous studies have reported FFRs using BB stimulations. Jirakittayakorn and Wongsawat [6]
showed that BBs with a 6-Hz difference frequency could increase the theta wave. Furthermore, Puzi
et al. [7] confirmed an increase in the alpha wave after BBs were stimulated with a 10-Hz difference
frequency. In addition, Park et al. [8] reported an increase in the beta wave after BBs were stimulated
with a 20-Hz difference frequency.

The generation of a specific brain wave through BB stimulation may also induce several emotional
effects. BBs that led to delta or theta wave generation could induce physical and psychological comfort,
thus enhancing the quality of sleep [9]. David et al. [10] reported an improvement in tinnitus through an
8-Hz BB stimulation. Furthermore, Beauchene et al. [11] revealed that a 15-Hz BB stimulation led to
beta wave generation, which helped in enhancing short- and long-term memory and cognitive ability.

Accordingly, studies have continuously investigated FFRs using BB stimulations and their related
effects. However, only a few studies have investigated the differences in BB stimulation effects according
to basic demographic characteristics, such as gender and age. Norhazman et al. [12] found a higher level
of increase in alpha waves in males than in females with a 9-Hz BB stimulation after induced stress,
indicating that the effect of stress reduction was greater in males. However, their study was limited in that
only the frontal brain area was examined. Although some attempts have been made to identify the effects
of BB stimulations according to gender, it is essential to further verify whether gender has a significant
effect on brainwave synchronization via BB stimulation across all brain areas under various emotional
and cognitive perspectives. Furthermore, such studies are needed to perform an in-depth analysis of the
effects and standards of BB stimulations.

Therefore, this study aimed to determine the effects of BB stimulation according to gender by first
monitoring alpha wave generation with a 10-Hz BB stimulation. Subsequently, the differences in alpha
waves according to gender across all brain areas (i.e., the frontal, central, parietal, temporal, and occipital
areas) were examined.

2. Method
2.1. Subjects

In this study, 23 healthy male (11) and female (12) adults, aged 20-29, voluntarily participated after
being recruited through an advertisement. The subjects filled out the consent form to participate in the
experiment. Table 1 presents the age characteristics of the study participants. The subjects did not have
a medical history related to auditory function (hearing impairment or loss) and were instructed to take
an adequate sleep of at least 7 h on the night before the day of the experiment. The subjects were also
prohibited from engaging in activities that may affect the electroencephalogram (EEG) results, such
as the intake of caffeinated drinks, drugs, and alcohol and smoking on the day of the experiment. In
addition, this study was conducted with the approval of the Konkuk university institutional review board
(7001355-202105-HR-439).

2.2. Binaural Beats (BBs)

The BB was set to 10 Hz, which is the median value of the alpha spectrum (8-13 Hz) [13,14]. An
auditory stimulator (Q product, G company, South Korea) was used to induce 250 Hz and 260 Hz stimuli
to the left and right ears, respectively, through a pair of earphones (sound pressure: about 60 dB). The
experiment comprised a 5-min phase each without (non_BBs) and with BB stimulation (a._BBs) (Fig. 1).
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Table 1
Age characteristics of the study participants
Male Female Total

Number of subjects 11 12 23
Mean age (SD) 259 (£1.5) 229(x13) 244(£2.0)

Epoching Epoching

(a) Non-BBs

(b)a-BBs | |
T 1 1
0 05 5 9.5 10 (min)

Fig. 1. Experimental design.
2.3. EEG measurement and analysis

Using Enobio20 (NeuroElectrics, Spain), brainwaves were measured at a 500-Hz sampling rate. Based
on the 10-20 system, the electrodes were attached to a total of 19 areas in the frontal (Fpl, Fp2, F3, F4,
F7, F8, Fz), central (C3, C4, Cz), parietal (P3, P4, P7, P8, Pz), temporal (T7, T8), and occipital (O1,
02) areas. The reference and ground electrodes were attached to the right mastoid and right ear lobe,
respectively. The impedance was maintained below 5 k€2 between the electrode and scalp. To prevent any
external stimuli that may affect the results, the experiment was conducted in an isolated area.

The resulting brainwave data were analyzed using MATLAB 2017 (MathWorks, USA). First, a
bandpass filtering of 0.5-50 Hz was performed to remove different noises, including the power noise,
electromagnetic waves, blinking, and other movements. To minimize possible noise at the start and end of
the experiment, the initial and final 30 s of each measurement were excluded, and the brainwave signals
were obtained through epoching for the non- and a-BBs (4.5 min each) (Fig. 1).

The collected data were converted to power values using frequency-based fast Fourier transform (FFT),
and the mean absolute power of the alpha frequency range (8—13 Hz) was produced via power spectrum
analysis [6,15,16].

To compare the BB stimulation effects in terms of state and gender, the mean alpha power was obtained
for each brain area, and a mixed-design ANOVA was performed (SPSS25, IBM, USA).

3. Results

Figure 2a and b illustrate the changes in mean alpha wave power in accordance with the BB stimulation
for the entire brain and for each different brain area, respectively. With the exception of the temporal area
(p =0.077, 171% = 0.141), the mean alpha power level was significantly higher for a-BBs than for non-BBs
across all brain areas, as listed in Table 2. All brain areas, except for the temporal area, showed an effect
magnitude of approximately 25%, indicating a relatively strong influence of the 10-Hz BB stimulation on
alpha wave activity. Furthermore, the differences according to gender were not statistically significant
across all brain areas, and no interaction effect was observed (Table 2). Similarly, the magnitude of the
effect was small, which was approximately 5% or less on average.

4. Discussion

This study examined whether a 10-Hz BB stimulation led to changes in alpha waves across all brain
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Table 2
Mixed-design ANOVA results
Brain area Effect MS df F P 172
Frontal State™ 0.001 1 5255 0.032 0.200
Gender 0.004 1 2247 0.149 0.097
State X Gender 0.000 1 0.093 0.764 0.004
Central State™* 0.001 1 8267 0.009 0.282
Gender 0.001 1 0201 0.659 0.009
State X Gender 0.000 1 0943 0.343 0.043
Parietal State™* 0.001 1 9278 0.006 0.306
Gender 0.001 1 0234 0.634 0.011
State X Gender 0.000 1 3235 0.086 0.134
Temporal  State 0.000 1 3451 0.077 0.141
Gender 0.001 1 0398 0.535 0.019
State X Gender 0.000 1 0926 0.347 0.042
Occipital State™ 0.002 1 5540 0.028 0.209
Gender 0.004 1 0493 0490 0.023
1

State x Gender  0.000
*p < 0.05; **p < 0.01.
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Fig. 2. Alpha wave comparison according to the BB stimulation state. (a) Brain topography for 19 channels. (b) Alpha power at
each brain area.

areas (i.e., the frontal, central, parietal, temporal, and occipital areas) and whether there was any effect
according to gender on the FFR. The magnitude of the effect was analyzed for the main BB stimulation
state effect, differences according to gender, and interaction effect (state x gender). The magnitude of
the effect is a standard indicator of the influence of an independent variable on dependent variables. It is
commonly used in studies on gender effects to estimate the level of influence on each variable [17-20].

The main effect (BB stimulation state) analysis indicated that all brain areas except the temporal area
had an increase in alpha waves with a relatively high effect magnitude, which may be interpreted as the
influence of the BB stimulation on alpha wave generation. This is consistent with previous studies that
monitored alpha wave generation through BB stimulation [21,22]. Conversely, the increasing trend in
alpha waves for the temporal lobe was not statistically significant. The temporal lobe is the area that
handles auditory information, and it is presumed that the actual auditory recognition of the baseline
frequency stimulation (a fall in alpha wave) offsets the effect of the difference frequency (a rise in alpha
wave).

The analysis of the other main variable (gender) revealed that it was not a significant variable because
the magnitude of the effect in terms of alpha waves was substantially low.



K.-B. Kim et al. / FFR effect according to gender using a 10-Hz binaural beat stimulation S7

The interaction effect was also analyzed to verify that gender did not influence the FFR after a BB
stimulation across all brain areas. Both male and female participants in this study exhibited an increase in
alpha waves after the BB stimulation, and the rate of increase was approximately 8% and 4%, respectively.
This appear to be in agreement with a previous study reporting a higher level of brainwave synchronization
after a BB stimulation in male subjects. However, as the difference in the rate of increase between genders
and the magnitude of the effect were considerably low, it is difficult to conjecture that there was any
significant effect according to gender on brainwave synchronization after a BB stimulation. From an
anatomical and physiological perspective, the cochlea in females is shorter than in males; therefore, the
delay time for auditory information processing is shorter in females, while males were able to better
detect auditory information in complex masking tasks. This was a feature related to complex auditory
stimuli detection, including linguistic sounds that indicated a difference according to gender [23]. In
contrast, no difference according to gender was found in another study that applied pure tone stimuli [24].
Although further studies are necessary, it is plausible that differences regarding pure tones as relatively
simple auditory stimuli are minimal across genders, despite differences in the processing of information
containing complex linguistic factors. Therefore, no differences according to gender were found in this
study, where the BB stimulation was applied by 10-Hz pure tone stimuli.

5. Conclusion

The results of this study indicated that a 10-Hz BB stimulation could cause alpha wave generation
across all brain areas except the temporal area, and gender had no effect on the FFR process. This suggests
that BB stimulations may produce effective outcomes regardless of gender. In addition, for the temporal
lobe, where the auditory information is processed, the baseline frequency is likely to offset the difference
frequency to render the BB stimulation without a significant effect. Based on these results, this study
effectively addressed the limitations of previous studies that focused solely on a specific brain area.

Nevertheless, there still remains many variables that need to be analyzed for a more reliable de-
termination of the effectiveness of BB stimulations. The effects of BB stimulations under various
emotional/cognitive states and according to age as the most representative demographic variable will be
investigated in a future study.
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