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ABSTRACT Binaural beats (BB), in which pure tones are delivered at fixed frequency, seek to influence
neural activity during cognitive tasks and induce frequency-following response which can entrain brain
rhythms to the frequency of external stimulation. An increasing number of studies have suggested that BB
can be used to alter or enhance cognitive processes. This study aimed to explore the effect of 40 Hz binaural
beats on workingmemory. In addition to further verifying whether there was a frequency-following response,
changes in microstates were observed, providing new evidence for the effectiveness of binaural beats.
40 healthy volunteers completed visuospatial and verbal working memory tasks when listening to pink noise
and 40 Hz binaural beats (R: 440 Hz, L: 400 Hz). The EEGwas analyzed in terms of behavioral performance,
relative power, Higuchi fractal dimension (HFD) and microstates after BB stimulation. We found that
subjects performed better on the working memory task when stimulated by 40 Hz binaural beats, with
significantly higher HFD in the temporal and parietal lobes and a significant positive correlation between
HFD and relative power in the gamma band, in addition to a significant increase in the duration and coverage
of microstate D and a significant decrease in those of microstate A. Our results demonstrate that 40 Hz
binaural beats improve working memory, and induce frequency-following responses. Besides, changes in
both HFD and microstates are correlated with attention, which may also account for the changes in working
memory performance affected by 40 Hz binaural beats.

INDEX TERMS Binaural beats, frequency-following response, microstate, Higuchi fractal dimension.

I. INTRODUCTION
Neuromodulation has emerged as a powerful tool in human
neuroscience, and has become integral to the next-generation
psychiatric and neurological therapeutics. It can be broadly
processed in the human brain using three different stimula-
tion methods: (a) sensory entrainment, (b) invasive electrical
entrainment, (c) non-invasive electrical/magnetic entrain-
ment [1]. Each of these methods modulates the activity of
neurons and neural networks in which they reside, ultimately
inducing changes in specific brain functions. Working mem-
ory, an important high-level function of the central nervous
system, plays an important role in high-level cognitive activi-
ties for many complex tasks, such as comprehension, reading,
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and learning, and has become the focus of neuromodulation
research.

When two ears hear pure tones of the same intensity
but slightly different frequencies simultaneously, the brain
receives this frequency difference, which is called binau-
ral beats (BB), and the perceived beat corresponds to the
frequency difference of the presented tones. As a sensory
entrainment neuromodulation technique, it has a higher safety
and cost benefit than other neuromodulation techniques.

BB originate in the inferior colliculus (IC) in the central
nervous system (CNS) auditory pathway [2], [3]. By deliv-
ering a continuous external stimulus of relatively constant
frequency, it can induce frequency-following response, which
can entrain brain rhythms to the frequency of the external
stimulation [4]. Neuroscientists hypothesize that it may be
effective in regulating the activity of the brain circuits respon-
sible for cognitive processing, making it more suitable for
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FIGURE 1. 40 Hz binaural beats on a 400 Hz carrier tone generated within
the brain.

applications in cognitive function improvement or adjunctive
treatment of related cognitive deficit disorders.

Several studies have confirmed that BB have a range
of effects on behavior and cognition. For example,
Le Scouarnec, Brady [5] and Steven et al. suggest that delta
and theta band frequencies BB can reduce anxiety, pro-
mote deep meditation and increase hypnotic susceptibility;
Lane [6] et al. demonstrated that beta BB helped
increase alertness as well as improve mood; Carlo Lovati’s
team demonstrated that theta and alpha BB improved
migraines [7]; Gerardo Gálvez et al. applied 14 Hz BB
in a double-blind randomized controlled study in patients
with Parkinson’s disease (PD) and showed that beta-band
frequencies BB can effectively affect brain activity and
improve cognitive performance in Parkinson’s patients [8]; In
addition, previous work in children with attention deficit and
hyperactivity disorder (ADHD) has shown that beta BB can
also be used in brainwave induction therapy for ADHD and
has a facilitative effect on the behavioral performance of chil-
dren with ADHD [9]; Hessel Engelbregt et al. examined the
effects of 40 Hz BB and monaural beats (MB) stimulation on
attention and working memory in high and low mood partic-
ipants and found that participants’ reaction times were faster
when receiving 40HzBB, possibly due to the increased speed
of attentional processing by gamma-frequency BB [10].

In summary, there is an important feature of the study
of the relationship between BB and cognitive function: BB
can affect neural oscillations in the brain, thus changing the
behavioral performance of subjects, and the frequency of the
stimulus can play a crucial role in this process.

The brain exhibits characteristic oscillatory activity,
depending on its functional or behavioral state. Among these,
gamma frequency oscillations have received much attention
from researchers because of their potentially important role in
cognitive function [11]–[15]. For example, Laure Verret et al.
studied human amyloid precursor protein transgenic mice,
which simulate key aspects of Alzheimer’s disease (AD).
Electroencephalographic recordings in mice revealed spon-
taneous epileptiform discharges primarily during reduced
gamma oscillatory activity [16]. In addition, the involve-
ment of gamma-band synchronization in various cogni-
tive paradigms in humans suggested that gamma-frequency

activity has an important role in attention and working
memory. Meanwhile, because of its importance in neuronal
communication and synaptic plasticity, gamma-frequency
oscillatory could provide a key for understanding neu-
ronal processing in both local and distributed cortical net-
works engaged in complex cognitive functions [14]. Since
brain oscillations are central to memory processes, human
gamma-band activity provides physiological markers of
human attention andmemory processes. Therefore, this study
selected 40 Hz frequency of the gamma band.

The effects of gamma-frequency BB on cognitive function
are currently in a developmental stage. The exact underlying
neural mechanisms are unclear, and there are few studies
on its effects on tasks related to working memory [17].
Research methods based on gamma-frequency BB include
power spectrum analysis, behavioral performance analysis
with subjective scale assessment, and brain function connec-
tivity. These research methods lack metrics that can more
sensitively detect frequency entrainment and stimulation
effects, and do not take full advantage of the nonlinear fea-
tures and rich spatial information contained in EEG signals.
Therefore, we introduced the HFD and microstate analysis
methods.

HFD can provide a detailed and precise analysis of subtle
changes in EEG after BB stimulation, providing better tem-
poral resolution than spectral analysis. Among the nonlinear
methods of analyzing EEG data, fractal dimensions analysis
is widely used in various biomedical applications owing to
its low computational cost and efficient analysis of nonlinear
signal complexity, and it has been found to be effective in
the analysis of neuronal disorders [18]. Fractal dimensions
quantify the complexity of dynamic signals as the ratio of
detailed changes to the scale variation in the signal under
consideration. Compared to the Katz and k-nearest neighbor
algorithms, Higuchi’s algorithm provided the most accurate
estimate of the entire range of theoretical FD values [19].
Therefore, we chose HFD as one of the measures to describe
the EEG changes after BB stimulation. HFD has been studied
under other disease conditions. For example, patients with
AD have reduced HFD values in the parietal region compared
with healthy controls [20]. HFD can also distinguish between
autism spectrum disorder (ASD) and normally developing
children [21] and between depressed and normal individu-
als [22]. Moreover, HFD has been found to be suitable for
analyzing various incoherent phenomena such as epilepsy,
sleep disorders, and dyslexia. HFD has been successfully
applied in different fields of neurophysiology, but the use
of HFD in EEG recordings in response to binaural beats is
quite novel. Furthermore, the application of HFD in basic
research and medical practice demonstrates its advantages
and complementarity with existing linearmethods.Moreover,
the application of HFD in combination with other linear
analysis methods shows complementarity and the results are
even more reliable and accurate [18]. In this study, relative
power was combined with HFD to obtain more accurate and
reliable results.
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The microstate analysis technique based on scalp electric
field topography clustering can make full use of the rich
spatial information contained in the EEG signal to fill the gap
in past studies, and can reflect the pattern of EEG activity
after BB stimulation [23]. EEG microstate analysis began in
1987 with a study by Lehmann et al. [24] They found that
the scalp voltage topography of resting-state EEG signals
did not change randomly or continuously over time. The
topography of the topology remains relatively stable for a
certain period (80-120 ms), after which it rapidly switches to
another topography that remains relatively stable for a certain
period of time [25], [26]. Lehmann et al. proposed that the
phases in which the topographic map remains in a steady state
reflect the basic steps of brain information processing, which
constitute the atoms of thought, and are called functional
microstates [23], [27]. By microstate analysis of resting-state
EEG, four different topographic maps (microstates A, B, C,
and D) can explain the vast majority of variation (around
80%) in resting-state EEG signals [28]–[30]. By analyz-
ing the parameters and topographic topology of these four
microstate categories, researchers have found that these met-
rics are associatedwith numerous factors such as neurological
and psychiatric disorders, age, personality traits, and cogni-
tive operations [25], [28], [31]–[36]. Accordingly, microstate
analysis seems particularly promising in detecting differences
for processing associated with attention, mental states, and
reality testing.

In summary, to better explore the neural mechanisms by
which gamma-frequency BB affect the physiological state of
the brain and to provide new evidence for its effectiveness,
we designed visuospatial and verbal working memory tasks,
recorded EEG when stimulated by 40 Hz BB and pink noise,
and used HFD and microstate analysis methods.

Thus, we propose the following hypotheses: Compared
with pink noise, subjects showed (1) significant improvement
in cognitive behavior after BB stimulation, (2) significant fre-
quency entrainment in EEG after BB stimulation, (3) signif-
icant changes in microstate categories after BB stimulation.

II. MATERIALS AND METHOD
All the volunteers completed an informed consent form
before participating in the experiment. Ethical approval for
the study was granted by the Biomedical Ethics Committee
of Hebei University of Technology (approval number:

HEBUThMEC2021009). All experimental dataset
involved in this study were collected by ourself.

A. PARTICIPANTS
We recruited 40 healthy participants (18 females, 22 males;
mean age = 22.64 years, SD = 2.60 years) who reported
no history of hearing, color weakness, color blindness or
neurological disorder.

B. STIMULI
It has been recommended that the afferent neural representa-
tion of stimulus is better in the neighborhood of 300-600 Hz

than at higher or lower frequencies [37], [38]. Thus, 400 Hz
was chosen as the carrier frequency for the stimuli to
present 40 Hz BB (L:400 Hz; R:440 Hz).

Many teams have used white noise, pink noise or blank
tape as control groups in their studies and found no significant
differences in the experimental results produced by these con-
trol groups [8], [10], [39]–[42]. The results of the significance
analysis of the scores of the evaluation indexes of different
noises by Wu et al. showed that there was no significant dif-
ference between the subjective evaluation scores of pink noise
and white noise. This indicated that the subjects’ subjective
perceptions of pink and white noise were approximately the
same [43], while the interference and annoyance of pink noise
were slightly lower than those of white noise. Therefore, pink
noise was used as the control in this experiment. The stimulus
was delivered to each participant via Huawei R©AM115 over-
ear headphones.

FIGURE 2. The schematic representation of experiment structure.

C. EXPERIMENTAL PROTOCOL
The experiment consisted of two main parts. A visuospa-
tial working memory task and a verbal working memory
task were performed successively when stimulated by pink
noise (PN) and 40 Hz binaural beats (BB). It has been demon-
strated that BB continue to have a persistent effect on cogni-
tive behavior as well as EEG for a while after stimulation;
Therefore, PN was arranged before BB in this experiment.

Before and after each part, the EEGwas collectedwith eyes
closed for two minutes. Thus, the experiment encompassed
5 blocks (E1, PN, E2, BB, E3) with a total duration about
50 mins (Fig.2).

1) VISUOSPATIAL WORKING MEMORY TASK PARADIGM:
DELAYED MATCH-TO-SAMPLE VISUOSPATIAL TASK
Delayed match-to-sample task allows each phase of working
memory (encoding period, maintenance period, and retrieval
period) to be completely divided by time, facilitating the
phasing of working memory, which is highly utilized in
research [44]. As shown in Fig.3, after encoding the ini-
tial image, volunteers were instructed to retain the image
without further input during working memory maintenance.
During retrieval, subjects were asked to compare the retained
image with the current image and point out whether they
matched. The difficulty will gradually increase during the
process, slowly transitioning from delayed match-to-sample
of two color-blocks to delayed match-to-sample of five color
blocks.
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FIGURE 3. The schematic representation of delayed match-to-sample
visuospatial working memory task.

2) VERBAL WORKING MEMORY TASK PARADIGM: WORD
LIST RECALL TASK
The word list recall task in the present study consisted of two
groups of words (Source fromModern Chinese Corpus, word
frequency between 45% and 55%). Each word list contained
15 words items, and all words were presented for 2 s. The
recall period began two minutes after the end of the last word.
Subjects were required to write down each word they could
remember in any order.

D. EXPERIMENT APPARATUS AND EEG RECORDING
We used earphones AM115 to present the stimuli. EEG
data were recorded using a 64-channel Quick-cap system
(Compumedics, Neuroscan) at 1000 Hz sampling rate. The
impedance of all electrodes was < 10 k�.

Data were re-referenced to the binaural mastoid. Due to
the fact that induced gamma-band activity in scalp-recorded
EEG data usually appears as bursts of high frequency, approx-
imately 30-80 Hz, oscillatory activity [45]–[48], and Finite
Impulse Response (FIR) filter is suitable for extracting spe-
cific frequency intervals with sensitive and realistic filtering
parameters [49], we used 6 independent FIR filters to obtain
full-band (1-80Hz), delta-band (1-4Hz), theta-band (4-8Hz),
alpha-band (8-13Hz), beta-band (13-30 Hz) and gamma-band
(30-80 Hz) frequency intervals. And the power line noise was
removed via the 50 Hz bandstop filters. At the same time,
to ensure the integrity of the data and the reliability of the
results, this study did not apply downsampling. In addition,
a semi-automatic procedure, based on Independent Compo-
nent Analysis (ICA), was applied to identify and remove
ocular, cardiac and muscular artefacts. Finally, a thresh-
old of ±100 µv was used to exclude artifacts with high
amplitudes.

E. SIGNAL PROCESSING
1) RELATIVE POWER
Fast Fourier transform (FFT) was conducted on each selected
signal. Relative power (RP) of delta, theta, alpha, beta and
gamma oscillations were assessed for statistical analysis. The
use of relative power can better eliminate the impact caused
by fluctuations of the total energy of EEG waves and high-
light the proportion of power in a certain frequency band in
the total power.

2) HFD
The method to calculate the fractal dimension of in-plane
curves was proposed by Higuchi in 1988. A fractal function
or signal can be analyzed as a time series x(1), x(2), . . . , x(N )
where N is the number of data points in the original signal.
From the starting time series, a new self-similar time series
Xmk is computed as:

Xmk = [x (m) , x (m+ k) , x (m+ 2k) , . . . , x(
m+ int[

N − m
k

]k
)
] (1)

for m = 1, 2, . . . , k , and k = 1, 2, . . . , kmax ,where m and k
are integers. The length of the curve Lm(k) formed by Xmk is
computed as follows:

Lm (k)=

(
int[N−mk ]∑
i=1
|x (m+ik)−x(m+(i−1)k)| N−1

int
[
N−m
k

]
k
)

k
(2)

Lm(k) was averaged for all m forming the mean value of
the curve length L(k) for each k = 1, . . . , kmax as:

L (k) =

∑k
m=1 Lm (k)

k
(3)

The slope of least squares linear best fit from the plot of
ln(L(k)) versus ln(1/k) gives the HFD:

HFD = ln(L(k))/ln(1/k) (4)

For each volunteer, HFD was calculated for each channel
separately. The kmax calculation for each channel is derived
on the basis of the saturation range of the HFD [21].

3) MICROSTATE ANALYSIS
Currently, researchers mainly use two spatial clustering algo-
rithms: K-means clustering algorithm, atomize and agglom-
erate hierarchical clustering (AAHC) technique [50]. Some
researchers have compared two algorithms and found their
performance is comparable [51], so we used AAHC cluster-
ing algorithm with the following steps.

(1) Calculate the global field power (GFP) of each topo-
graphic map. Because the topographic maps with higher GFP
usually have higher relative stability and signal-to-noise ratio,
only the topographicmaps located at the peak of GFP are used
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as the ‘‘original map’’ in clustering.

GFP (t) =

√∑N
i=1 (µi − µ̄)

2

N
(5)

where N denotes the total number of electrodes, µi is the
voltage value of the i th electrode at moment t , µ̄ is the
average voltage value of all electrodes at that moment.

(2) Each original map was assigned to a unique category.
(3) Calculate the spatial correlation coefficient of each

template graph with each original graph separately. All topo-
graphic maps in this category are independently reassigned to
the category with the highest spatial correlation coefficient.

(4) AAHC iterates by removing one category at a time,
until all original maps are combined into 4 microstate
categories.

Common indices of resting-state EEG microstate analysis
in research include: Duration (mean duration of a microstate
class), Occurrence (occurrence rate per second of amicrostate
class), Coverage (time coverage of a microstate class) and TP
(transition probability between microstate class) [26], [34].
The microstate analysis was computed usingMST1.0 plugins
in eeglab toolbox.

4) STATISTICAL ANALYSIS
Behavioral data from different blocks were statistically ana-
lyzed using matched samples t-test to analyze the effect of
BB on the behavioral performance of working memory.

To examine how the different condition impact the EEG
feature, repeated measures analysis of variance (ANOVA)
was computed for each microstate parameter (coverage,
occurrence and duration and TP), HFD and RP. Repeated
measures ANOVA performed the statistical tests at the sig-
nificance level of α = 0.05.

III. RESULT
A. BEHAVIORAL PERFORMANCE
1) DELAYED MATCH-TO-SAMPLE TASK
The accuracy and response time of the different workloads
in PN block and BB block were statistically analyzed by
matched samples t-test. Only the total accuracy was statis-
tically different (P = 0.010 < 0.05), and the total accuracy
was larger in BB block than PN block (Fig.4).

2) WORD LIST RECALL TASK
We calculated the number and scores of recalled words sep-
arately. As for calculating the score, each word position had
its own weighting points as follows: 1 point for each of the
1 to 3 positions at the beginning and end of the list; 3 points
for each of the 4 to 6 positions at the beginning and end of the
list; and 5 points for each of the 7 to 9 positions in the list.

The mean and standard deviations (SD) of the number and
scores of recalled words under different acoustic stimula-
tion are as Table 1 showed. The number of recalled words
in PN block and BB block were statistically analyzed by
matched samples t-test and found to be statistically different

FIGURE 4. Behavioral performance of delayed match-to-sample
visuospatial task. (a) The accuracy of the different workloads in PN block
and BB block. (b) the response time of the different workloads in PN
block and BB block (mean ± standard error). Asterisks indicates the t-test
was significant (p < 0.05).

(p < 0.001). Similarly, the scores of recalled words in PN
block and BB block were statistically analyzed by matched
samples t-test and also revealed a significant difference
(P = 0.006).

B. RELATIVE POWER
The repeated-measure ANOVA revealed no significant
changes in any relative power of different frequency bands
in E1, E2 and E3 blocks (p > 0.05). As shown in Fig.5, the
relative power in the occipital, parieto-occipital and temporal
lobes increased a little in the E3 block, but there was no
significant difference.

FIGURE 5. The relative power topography of gamma frequency band at
each block.
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TABLE 1. Results of behavioral performance in word list recall task.

FIGURE 6. Scatter plots of HFD and relative power of the gamma band in the electrodes of the prefrontal, frontal, central, temporal, parietal,
parietal-occipital and occipital lobes, along with the best line fitted to the data through the least square method. There was significant positive
correlation between HFD and relative power of the gamma band in all the electrodes of seven lobes. In each plot, r represents Pearson’s correlation
coefficient, while p is the p-value obtained in the Pearson’s correlation test.

C. HFD
We calculated the HFD for each channel of each block for
each individual. In addition, Pearson’s correlation test was
performed in order to investigate whether there is a relation-
ship between the HFD and the relative power of the gamma
band. The results (Fig.6) found that the HFD of each channel
had a significant positive correlation with the relative power
of the gamma band. This presentation of the cross-correlation
between them is also pretty novel.

As it is shown in Fig.7, there were significant differences
between the HFD corresponding to the different blocks in the
temporal (F (1.774,69.194) = 5.139, p = 0.011) and parietal
(F (1.499,58.448) = 5.294, p = 0.14) lobes.
Results indicated that all the E3 blocks had significantly

higher HFD than the E1 and E2 block in the temporal and
parietal lobes. To deeply investigate the changes of HFD in
channels, electrodes in these regions were individually put to
the statistical analysis. Significant differences were observed
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FIGURE 7. Group means of the HFD of seven brain regions in E1, E2, E3
block (mean ± standard error). Asterisks indicates the ANOVA was
significant (p < 0.05).

FIGURE 8. The topographic distribution of HFD in each block.

in T7 (F (2,78) = 7.181, p = 0.001), P3 (F (1.448,56.465) =
3.805, p = 0.027), and Pz (F (1.269,49.493) = 7.886, p =
0.004). Results revealed that E3 blocks had significantly
higher HFD than the other block in T7, P3 and P7 (Fig. 8).

D. MICROSTATE ANALYSIS
The four grand mean microstate classes (Fig.9) extracted
from resting EEG of the different blocks in E1, E2 and

FIGURE 9. Microstate EEG topography (Upper: E1 block; Middle: E2 block;
Lower: E3 block). All of them are highly similar to the four types of
classical microstate topographies from previous studies: microstate A has
a topographic centre of gravity in the left frontal and right
parieto-occipital lobes, microstate B has a topographic centre of gravity in
the left parieto-occipital and right frontal lobes, microstate C has a
topographic centre of gravity in the central frontal and parieto-occipital
lobes and microstate D has a topographic centre of gravity in the frontal
and central regions.

E3 were very similar to the 4 classes from the normative
database. It is important to note that the polarity of each
raw map needs to be ignored in the topographic clustering
analysis of resting-state EEG signals. And variance ratios
of the 4 kinds of topographic map interpretations were all
between 67% and 82%.

We performed repeated measures ANOVA on the
microstate time series parameters of all subjects, using
Greenhouse-Geisser sphericity correction and Bonferroni
correction for multiple comparisons (Fig.10).

Duration of microstate A was significantly different
(F (1.584,61.770) = 8.642, P = 0.001) in E1, E2 and E3
block. And it in E3 block was significantly smaller than
the other two blocks (E3 < E1: p = 0.010; E3 < E2: p =
0.007); Coverage of microstate A was significantly different
(F (2,78) = 18.516, P < 0.001) in E1, E2 and E3 block.
Moreover, it in E3 block was significantly smaller than the
other two blocks (E3< E1: p< 0.001; E3< E2: p< 0.001).

Duration of microstate D was significantly different
(F (1.592,62.070) = 6.880, P = 0.004) in E1, E2 and E3
block. And it in E3 block was significantly larger than E1
block (E3 > E1: p = 0.012); Also, coverage of microstate D
was significantly different (F (1.789,69.761) = 14.504, P <
0.001) in E1, E2 and E3 block. Besides, it in E3 block was
significantly bigger than the other two blocks (E3 > E1: p <
0.001; E3 > E2: p = 0.010).
In terms of TPBA (Transition Probability of microstate B

to microstate A), there was significant difference among E1,
E2 and E3 block (F (2,78) = 15.039, P < 0.001). Moreover,
it in E3 block was significantly smaller than the other two
blocks (p < 0.001); For TPCA, there was significant differ-
ence among E1, E2 and E3 block (F (2,78) = 28.962, P <
0.001). In addition, it in E3 block was significantly smaller
than the other two blocks (p < 0.001); In terms of TPDA,
there was significant difference among E1, E2 and E3 block
(F (1.759,68.610) = 8.280, P = 0.001). Also, it in E3 block
was significantly smaller than the other two blocks (E3< E1:
p = 0.023; E3 < E2: P = 0.004); As for TPBD, there was
significant difference among E1, E2 and E3 block (F (2,78)=
8.408, P< 0.001). And, it in E3 block was significantly larger
than the other two blocks (E3> E1: p= 0.001; E3> E2: p=
0.013); As for TPCD, there was significant difference among
E1, E2 and E3 block (F (1.660,64.725)= 11.177, P< 0.001).
Furthermore, it in E3 block was significantly larger than E1
block (E3 > E1: p = 0.001).

IV. DISCUSSION
As expected, we observed significant differences in behav-
ioral performance and EEG characteristics after BB stimula-
tion compared with pink noise.

A. BEHAVIORAL PERFORMANCE
Compared to pink noise, the results of both the visuospatial
working memory task and the verbal working memory task
were significantly different when stimulated by BB. This
indicates that 40 Hz BB can effectively improve the subjects’
working memory performance and enhance cognitive levels.
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FIGURE 10. Microstate parameters (mean and standard error) in E1, E2 and E3 block. (a) Occurrence, (b) Duration, (c) Coverage, and
(d) TP. Limited to space, the TP map only draws part of the data with differences between groups (Black represents E1 block, red
represents E2 block, blue represents E3 block; Asterisks indicates the ANOVA was significant, p < 0.05).

This is consistent with the findings of Friedrich et al. [52],
who showed that stimulation at 40 Hz enhances memory
capacity. However, gamma stimulation at 37.5 Hz did not
modulate memory recall accuracy in Chen et al.’s study [53].
This may be because 40 Hz is the ideal spike-time-dependent
plasticity (STDP) in the human visual cortex during memory
encoding, while 37.5 Hz is not. It refers to the fact that
synaptic plasticity has been shown to be heavily dependent on
the time delay between upstream and downstream neuronal
firing. A rat study found that synaptic plasticity is highly
sensitive to the timing of firing and that spikes must co-occur
within a timewindow of approximately 25ms (corresponding
to a gamma frequency of 40 Hz) to facilitate synaptic modi-
fications [54]. This is thought to underlie memory formation.
This means that 40 Hz oscillations may modulate memory
content during the memory encoding phase, in line with
the time window of STDP, and therefore improve working
memory performance.

B. RELATIVE POWER
The results showed that the relative power of gamma was
not significantly different at all electrodes which is consistent

with reports of similar null effects following exposure to
theta [4] and alpha [53] binaural beats.

However, the lack of significant difference in relative
power alone does not deny that BB do not produce frequency
entrainment, and it has been reported that HFD can replace
relative power as a tool to verify frequency entrainment and
is more sensitive than relative power. Therefore, we also
analyzed the variation in HFD.

C. HFD
The results showed that HFD was significantly and posi-
tively correlated with gamma relative power, and 40 Hz BB
increased the HFD. Besides, this change had a significant
influence on the temporal and parietal lobes, especially at
electrodes T7, P3, and Pz.

The temporal lobe is responsible for memory storage and
is associated with hearing. The left temporal lobe, where
T7 is located, contains linguistic analysis areas of the brain,
such as Broca’s area (syntactic processing and speech produc-
tion) and Wernicke’s area (auditory association and speech
comprehension) [56]. Moreover, there is evidence that sig-
nificant activation of T7 plays an important role in memory
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retrieval [57]. P3 is close to the superior parietal and intra-
parietal sulcus lobes, as the basic structure of the dorsal atten-
tional network. It has high potential to be the most sensitive
electrode in the dorsal attentional network [58]. In a study
that used fractal dimension to distinguish between relaxation
and attention, P3 was found to be the best spot for measuring
attention [59]. The precuneus (Pz) is an important struc-
ture involved in processing visual image information during
recall. Focused attention enhances its activity. In addition, the
parietal cortex is thought to play an important role in different
memory systems, such as the retrieval of visuospatial working
memory [60]. These facts explain why the changes in HFD
were stronger in these electrodes.

Our study, for the first time, demonstrated that for each
of the electrodes in the aforementioned lobes, there was
significant positive correlation between the relative power of
the gamma band and HFD. In other words, the more brain
entrainment BB caused, the more HFD was obtained, which
is equivalent to greater EEG complexity.

The reason may lie in the fact that BB deal with cognitive
aspects, such as attention [61], focusing [62] and mem-
ory [17], [63], [64]. In particular, BB mobilize more atten-
tional resources and perceptual arousal (i.e., more complex)
brain responses [65], with an increased distribution of cortical
activity.

On the other side, in this study, the EEG signal had a
fractal behavior on a large frequency band that produced a
spreading of signal energywith a corresponding higher fractal
dimension value [66].

D. MICROSTATE ANALYSIS
Previous studies have shown that microstates are thought
atoms that can represent the underlying cognitive processes
in different states and tasks [67]–[70]. To the best of our
knowledge, this study is the first to propose EEG microstates
to study the neuromodulatory mechanisms of 40 Hz binaural
beats. And our results showed that microstates could be used
as novel markers to reveal the neuromodulatory effects of
40 Hz binaural beats. First, compared to pink noise, after
40 Hz BB stimulation the main findings were a significant
increase in the duration and coverage of microstate D and a
significant decrease in microstate A. Second, the functional
significance of the four microstates and their interactions
have not been fully determined, but many studies agree that
the functions ofmicrostates A, B, C, andD are correlatedwith
auditory, visual, default mode, and attention, respectively,
in the fMRI resting-state networks (RSN) [35], [71], [72].

Microstate A was related to activation of the bilateral
superior temporal gyrus regions and middle temporal gyrus
regions that are associated with speech processing [71].
Cai et al. demonstrated that the duration of microstate A
in patients with tinnitus was significantly increased [73].
These results are similar to the findings of Milz et al., who
found that verbal cognition was negatively associated with
the duration of microstate A [67]. That is, the experimental
results of the present study suggest that the requirement for

auditory processing may be reduced after 40 Hz binaural
beats stimulation, but does not diminish the ability of the pro-
cessing system to store linguistic information, thus reducing
the appearance of microstate.

Microstate D correlates with signals in the right lateral
dorsal and ventral regions of the frontal and parietal cortices.
These regions roughly correspond to the central executive
network [71]. The network is involved in active manipulation
and maintenance of attention, decision-making, and work-
ing memory [74]. Marina et al. observed a positive asso-
ciation between the duration of microstate D and vigilance
level [75]. Moreover, the most robust finding, confirmed in
a recent meta-analysis [29], is a decrease in microstate D
in patients with schizophrenia [27] or at risk of developing
schizophrenia [74], [76], a disequilibrium that is normalized
when patients are treated with antipsychotic medication [77]
and with rTMS [78]. These findings correspond well with
the interpretation that microstate D reflects attention and
cognitive control.

In the present study, the duration and coverage of
microstate D strongly increased after binaural beats stim-
ulation. This could reflect achievement on the task, which
implies that activation of the central executive network leads
to improved attention and better performance on the working
memory task. It may reveal a new perspective on the effect
of binaural beats on cognitive behavioral changes found in
previous studies [3], [4], [37], [38].

Besides, in patients with schizophrenia, major depressive
disorder [79], or Huntington’s disease, there is converging
evidence that microstate D, and functions assumingly asso-
ciated with it, are reduced but increased in microstate A.

Consequently, 40 Hz BB stimulation effectively influences
microstate A and microstate D may constitute a treatment
option with a potential positive effect on these psychiatric
disorders.

V. CONCLUSION
Our results show that there is a significant increase in HFD
in the temporal and parietal lobes after 40 Hz binaural beats
stimulation, and prove that there is a significant positive
correlation between the relative power in the gamma band and
HFD. In other words, it was further verified that 40 Hz bin-
aural beats could induce frequency-following response. HFD
can replace relative power as a detection tool to verify brain
frequency entrainment, and it is more rapid and sensitive.
Thus, HFD can be used for real-time detection of stimulation
effects in the future, for example, to recognize user’s mental
state changes when performing the steady-state visual evoked
potential-brain–computer interface task [80]. At the same
time, the microstate A parameter was significantly reduced
and the microstate D parameter was significantly increased
after 40 Hz binaural beats stimulation. Changes in both HFD
and microstate parameters were correlated with hearing and
attention, which may explain the behavioral changes in work-
ing memory affected by binaural beats.
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In the future, it may be possible to use 40 Hz binaural
beats to assist in the treatment of related diseases such as
schizophrenia, major depressive disorder or Huntington’s dis-
ease. Moreover, it is possible to apply 40 Hz binaural beats
in real-life situations where high levels of performance in
working memory-related events can be expected.

However, we found that the computational burden and run
time of HFD are more than that of relative power. Therefore,
the development of new methods for fractal dimension esti-
mation can solve the computational speed problem, and thus
create better measures for detecting brain frequency entrain-
ment that can be used for real-time applications. Besides,
due to the limitation of experimental equipment, we used
EEG, which is the most widely used, for this study. In the
future, if other brain imaging techniques (such as fMRI or
PET) can be used, more comprehensive research results can
be obtained.
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