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A growing literature has shown that binaural beat (BB)—generated by dichotic presentation of slightly mismatched pure tones—
improves cognition. We recently found that BB stimulation of either beta (18 Hz) or gamma (40 Hz) frequencies enhanced auditory
sentence comprehension. Here, we used electroencephalography (EEG) to characterize neural oscillations pertaining to the enhanced
linguistic operations following BB stimulation. Sixty healthy young adults were randomly assigned to one of three listening groups:
18-Hz BB, 40-Hz BB, or pure-tone baseline, all embedded in music. After listening to the sound for 10 min (stimulation phase), participants
underwent an auditory sentence comprehension task involving spoken sentences that contained either an object or subject relative
clause (task phase). During the stimulation phase, 18-Hz BB yielded increased EEG power in a beta frequency range, while 40-Hz
BB did not. During the task phase, only the 18-Hz BB resulted in significantly higher accuracy and faster response times compared
with the baseline, especially on syntactically more complex object-relative sentences. The behavioral improvement by 18-Hz BB was
accompanied by attenuated beta power difference between object- and subject-relative sentences. Altogether, our findings demonstrate
beta oscillations as a neural correlate of improved syntactic operation following BB stimulation.

Key words: language; sentence comprehension; binaural beat; auditory beat stimulation; EEG; beta frequency; grammar; syntax;
cognition; entrainment; performance enhancement.

Introduction
A binaural beat (BB) is a de novo sound that occurs when two
slightly mismatched pure tones are dichotically presented. For
example, the brain will generate a BB of 20 Hz when 440 and
460 Hz pure tones are presented to left and right ear, respectively.
The BB is thought to take place at the level of the superior olivary
nuclei in the brainstem (Wernick and Starr 1968; Oster 1973). This
phenomenon has been studied for several decades (e.g. Licklider
et al. 1950), but it is only recently that the BBs—across multiple
frequencies, i.e. theta (4–7 Hz), alpha (8–12 Hz), beta (13–30 Hz),
and gamma (>30 Hz)—are on the horizon as a means to improve
various cognitive and mental states (for reviews, see Chaieb et al.
2015; Garcia-Argibay et al. 2019a). For example, BB stimulation
has been shown to enhance attention (40 Hz: Reedijk et al. 2015;
Colzato et al. 2017; Ross and Lopez 2020; Engelbregt et al. 2021),
visuospatial and N-back working memory (15 Hz; Beauchene et al.
2016; Beauchene et al. 2017), immediate (5 Hz: Ortiz et al. 2008)
and delayed (20 Hz: Garcia-Argibay et al. 2019b) recall of verbal
items, and vigilance (16–24 Hz; Lane et al. 1998). In addition, BBs
have been used to reduce anxiety (9 Hz: Isik et al. 2017; 4–7 Hz:
Mallik and Russo 2022; 10 Hz: Wiwatwongwana et al. 2016).

We have recently explored the potential of BB stimulation
in facilitating language processes with healthy young adults
(Kim et al. 2023). In this behavioral study, 100 participants were
randomly assigned to one of four different listening groups: 18-
Hz (beta) BB + music, 40-Hz (gamma) BB + music, 7-Hz (theta)

BB + music, and music only as a baseline. Immediately after
10 min of auditory stimulation, they performed a comprehension
task requiring prompt analysis on noun–verb relations in spoken
sentences containing either a subject-relative (SR) or an object-
relative (OR) center-embedded clause. We found that beta and
gamma BB, but not theta, yielded significantly better performance
than the baseline (music only), especially for syntactically
less canonical and more complex OR sentences (Gibson 1998;
Levy 2008).

Subsequent to this behavioral finding, we sought to investigate
neural correlates of the enhanced sentence comprehension by BB
stimulation at beta and gamma frequencies. Previous studies have
shown that BB stimulation can entrain neural oscillations to the
corresponding beat frequency (Draganova et al. 2008; Pratt et al.
2010; Becher et al. 2015; Beauchene et al. 2016; Jirakittayakorn
and Wongsawat 2017; Ala et al. 2018; Lee et al. 2019; Perez et al.
2020), presumably via phase-locking of neuronal excitability to
BB (Lakatos et al. 2019). Hence, one testable conjecture is that BB
stimulation may lead to better language performance by modu-
lating neural oscillations of specific frequencies pertaining to lin-
guistic operations (Weiss and Mueller 2012; Friederici and Singer
2015; Meyer 2018; Prystauka and Lewis 2019).

In the language domain, both beta- and gamma-band neural
oscillations have been implicated in sentence comprehension
(Prystauka and Lewis 2019). Beta oscillation is frequently
associated with syntactic processing. For example, beta power has
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Fig. 1. A schematic of the experimental procedure. Participants were first provided with tutorial and practice for a sentence comprehension task. Then,
they underwent auditory stimulation followed by a task phase.

Table 1. Sentence examples in the auditory sentence
comprehension task.

Sentence type Sentence Answer

Subject relative Boys that join aunts are lucky Male

Object relative Boys that aunts join are lucky Female

Subject relative Aunts that join boys are lucky Female

Object relative Aunts that boys join are lucky Male

The embedded clauses are underlined, and the target action verbs are
in bold.

been shown to increase while reading syntactically well-formed
compared with ill-formed sentences (Bastiaansen et al. 2010;
Bastiaansen and Hagoort 2015) or listening to sentences with
a long compared with a short subject–verb distance (Meyer et al.
2013). In contrast, gamma oscillation has been primarily impli-
cated in studies examining semantic processing while reading
or hearing sentences. For example, semantically congruent sen-
tences elicited increased gamma power compared with seman-
tically uninterpretable sentences or word lists (Hald et al. 2006;
Bastiaansen and Hagoort 2015), while decreased gamma power
was observed in response to semantically anomalous words
(Penolazzi et al. 2009; Wang et al. 2012; Rommers et al.
2013). Outside of the language domain, both beta and gamma
oscillations have been widely implicated in domain-general
cognitive functions, such as memory and attention (Benchenane
et al. 2011; Fries 2015; Schmidt et al. 2019).

In the present study, we recorded electroencephalography (EEG)
throughout the experiment that began with a BB stimulation
phase and ended with a post-stimulation task phase (Fig. 1).
Participants were randomly assigned to one of three listening
groups: 18-Hz (beta) BB, 40-Hz (gamma) BB, or pure tone (i.e. the
same frequency tone played to both ears), all embedded in music.
During the task phase, participants listened to a series of SR or OR
sentences and were asked to indicate the gender of the agent in
each sentence (Table 1).

We formulated the following hypotheses. First, 18- and 40-
Hz BBs would elicit higher beta and gamma power, respectively,
compared with pure tone, during the stimulation period. Sec-
ondly, 18- and 40-Hz BBs would yield better sentence compre-
hension performance compared with pure tone, particularly for
OR sentences, as has been previously observed (Kim et al. 2023).
Thirdly and most importantly, we investigated whether the lan-
guage enhancement from 18- and 40-Hz BB stimulation would
be accompanied by modulation of beta-band (i.e. 13–30 Hz) and
gamma-band (i.e. 31–45 Hz) oscillatory activities during sentence
processing, respectively. Of particular interest is the directionality
of beta power; while a previous EEG study reported increased
beta power for OR compared with SR sentences (Bastiaansen
and Hagoort 2006), other studies showed the opposite pattern,
with decreased beta power in response to OR than SR sentences

(Meltzer and Braun 2011; Lewis et al. 2016, 2023). For the 40-
Hz BB, although gamma power has yet been implicated during
the relative clause processing (but see Weiss et al. 2005 for EEG
coherence results), we expected that 40-Hz BB stimulation would
modulate gamma power during the language task—especially for
syntactically more complex OR condition—to keep up with the
task demand.

Materials and methods
Participants
Sixty-three volunteers participated in the study for mone-
tary compensation or course credits (mean age = 24.6 years,
SD = 2.7 years, range = 18–35 years; 14 females; all right-handed).
All participants reported normal or corrected-to-normal vision
and no history of psychiatric or neurological disorders. Two
participants were excluded from the further analyses due to
poor behavioral task performance (i.e. accuracy < 3 SD from the
mean) and another was excluded due to poor EEG signals, leaving
a total of 60 intact participants’ data. Participants gave their
informed online consent prior to the study. The study protocol
was approved by the Institutional Review Board of the University
of Texas at Dallas (IRB-21-19) and conducted in accordance with
the Declaration of Helsinki. All methods were carried out in
agreement with the relevant guidelines and regulations.

Stimuli and procedures
All auditory stimuli were delivered through electromagnetic
radiation-free stereo earphones (DefenderShielder) at a com-
fortable volume which was adjusted for individual participants.
None of the participants reported an issue with hearing music
and sentences. Each participant was randomly assigned to one
of three listening groups (n = 20 per each): 18-Hz BB (L:250 Hz; R:
268 Hz), 40-Hz BB (L:250 Hz; R: 290 Hz), and pure-tone baseline
(L:250 Hz; R: 250 Hz). Two pure tones were embedded in an excerpt
of slow-tempo, nonrhythmical music (Dangol 2019; Kim et al.
2023), at a beat-to-music ratio of −2 dB. Auditory sentence stimuli
were generated using the Google Text-to-Speech with the speaker
voice set to an American-English speaking male.

The language materials for the sentence comprehension task
consisted of 132 English spoken sentences, each containing a
male noun, a female noun, a transitive action verb, and an adjec-
tive (Table 1). Each sentence was center-embedded with either a
subject relative (SR) or an object relative (OR) clause. The two
sentence types (i.e. SR and OR sentences) only differed in the
order of the noun and the verb within the relative clause, which
determined the meaning of a sentence (Table 1). Note that, in
OR sentences, the individuals performing an action (e.g. join) are
different from those described by an adjective (e.g. lucky), whereas
in SR sentences, those are the same. Such mismatch may further
make the comprehension of OR sentences more difficult. These
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sentence stimuli were equalized in root-mean-square intensity. In
the task, participants listened to a spoken sentence and indicated
the gender of the individuals performing an action as quickly and
accurately as possible within 2 s from the offset of each sentence
by pressing either the “male” (d) or “female” (g) button on the
keyboard with the left hand. The sentence type (i.e. SR and OR) and
the gender of the agent (i.e. male or female) were counterbalanced
across the 132 sentences.

As depicted in Fig. 1, participants first underwent a practice
session consisting of 12 trials, for which feedback was provided.
Participants then underwent another practice session with the
same 12 trials. If participants’ accuracy was lower than 80%
on either of the two practice sessions, they continued repeating
the practice session with the same 12 trials until achieving an
accuracy of over 80% in two sessions (these did not have to be
consecutive). After the practice session, participants proceeded
to the stimulation phase lasting 10 min. They were instructed
to close their eyes, avoid body movement, and pay attention to
the sound during this period. The stimulation phase was imme-
diately followed by the language task phase. In each trial, partic-
ipants were instructed to refrain from eye-blinking and to hold
a response until the sentence ended. An eye-blink prompt was
presented for 2 s after each response. Participants were trained on
the eye-blinking instruction during the practice. The experimental
instruction, stimuli, and response collection for auditory stimu-
lation and sentence comprehension task were controlled using
PsychoPy3 (Peirce 2007). The experiment took ∼1.5 h, including
EEG preparation.

Behavioral data analysis
For the (binary) accuracy data, we used a generalized logistic
linear mixed-effect (LME) model. An LME model was instead
used for (continuous) reaction time data obtained from correct
trials. We used the lme4 packages (Bates et al. 2015) in R (ver
2022.07.0 + 548). The model included two fixed effects of sentence
type (SR vs. OR) and listening group (18-Hz BB, 40-Hz BB, and pure-
tone baseline) as well as two random intercepts of participants
and items. We report statistical significance of the fixed effect
using the Type III Wald chi-square test of the car package (Fox
et al. 2012). We used a two-sided general linear hypothesis test
(glht) of the multcomp package (Hothorn et al. 2016) to examine
the difference in accuracy and reaction time between each of
the two BB groups and the baseline group, following a significant
interaction effect.

EEG recording
EEG was recorded using Neuroscan SynAmps 2 amplifier with the
CURRY-8 Neuroimaging Suite Software and 64 Ag-AgCl electrodes
mounted Quik-Cap Neo Net (Neuroscan Inc.). A reference elec-
trode was positioned between Cz and CPz, while a ground elec-
trode was placed between FPz and Fz. Additionally, bipolar vertical
(above and underneath the left eye) and horizontal (left and right
of the eyes) electrooculograms (EOGs) were recorded to monitor
eye-blinks and eye-movements, respectively. All impedances were
kept below 5 kΩ. EEG data were collected at a sampling rate of
1,000 Hz, high-pass filtered at 0.1 Hz, and low-pass filtered at
400 Hz.

EEG preprocessing pipeline
Raw EEG signals were preprocessed using EEGlab toolbox v14.1.1
(Delorme and Makeig 2004) in Matlab 2021b (Mathworks, Inc.). All
EEG signals were resampled at 250 Hz and bandpass filtered using
Butterworth impulse response function (cut-off at 0.1 and 58 Hz).

Bad channels containing high spectrum variation (i.e. greater than
5 SD) were removed using the pop_rejchan function in the EEGlab.
Independent component analysis (ICA) was performed on the
continuous EEG signal for each participant, and the artifact ICA
components associated with eye-blinks, movement, and muscle
activity were removed using the ICLABEL (MARA; Pion-Tonachini
et al. 2019). The post-ICA EEG data were adjusted using the Com-
mon Average Reference scheme, in which the mean EEG signal
across 64 channels was subtracted from each channel’s signal.

For the EEG data recorded during the stimulation phase, the
EEG signals were segmented into the first 3 min, the middle 3 min,
and the last 3 min, each of which was subsequently segmented
into consecutive 2-s epochs. The EEG signals obtained during the
task phase were segmented from −500 to +1,800 ms with respect
to the onset of the relative pronoun (i.e. “that”) of each sentence.
For the baseline correction, the EEG amplitude averaged from
−100 to 0 ms was subtracted from the EEG amplitudes of the range
(i.e. −500 to +1800 ms) of each epoch. Spherical interpolation
was used to recover the bad channels from the EEG signals for
both phases. After segmenting the epochs, artifact rejections were
further performed using the following parameters: the lowest
activity trend of 0.05 μV; the highest activity trend of 50 μV; and
the range of allowed amplitude between −100 and + 100 μV. On
average, 88% and 85% of data remained after the artifact rejection
procedure for stimulation and language task EEGs, respectively.
After artifact rejection, 83.4 (SD = 8.3), 84.8 (SD = 6.4), and 84.2
(SD = 7.3) epochs survived for the first, middle, and last 3-min
periods during the stimulation phase, respectively. For the task
phase, 51.9 (SD = 8.4) and 53.7 (SD = 7.2) epochs were entered into
data analyses for the OR and SR sentence conditions, respectively.

Finally, each of the cleaned epochs was transformed to the
frequency domain using a short-time Fourier transform via the
Fieldtrip toolbox (Maris and Oostenveld 2007), yielding a time–
frequency spectrum of signal amplitude (μV) with a frequency
width of 2 Hz for smoothing (0.5-Hz steps) and a sliding time
window of 500 ms (20-ms steps) multiplied with a Hanning taper.
Note that there is inherent trade-off between time and frequency
resolutions, with better time resolution at the expense of reduced
frequency resolution, and vice versa. Here, we chose 500 ms as
a fixed time window based on a recent study that also used
sentences containing relative clauses (Lewis et al. 2023). For the
task phase data, we normalized the EEG power signals for each
condition and participant by calculating relative power changes
with respect to the mean power during the baseline period (−440
to 0 ms). The baseline range was defined as the averaged interval
from the onset of the first word to the occurrence of pronoun
“that” (i.e. 440 ms) in a given sentence.

Cluster-based permutation analysis
To investigate the entrainment effects of 18- and 40-Hz BBs on
the EEG power during the stimulation phase, we first calculated
two neural entrainment indices (NEI), one by subtracting the
averaged power of the first 3-min from the middle 3-min (mid-
NEI), and the other by subtracting that of the first 3-min from the
last 3-min (late-NEI), per each of the listening groups. We then
compared the NEI between 18-Hz BB vs. baseline as well as 40-Hz
BB vs. baseline, using a cluster-based permutation procedure in
the Fieldtrip toolbox (Maris and Oostenveld 2007), in the beta (13–
30 Hz) and the gamma (31–45 Hz) ranges, respectively. The size of
the frequency-electrode cluster was determined by triangulation
parameters in the Fieldtrip, and a minimum of two neighboring
frequencies and channels constituted each cluster. A cluster-level
test statistic was then calculated by summing all the t-values
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from independent t-tests within each frequency-electrode cluster.
The significance of each cluster was assessed using a Monte Carlo
method, wherein the analysis was repeated 10,000 times, each
with new random labels. The significance was determined with
P < 0.05.

To examine the neural oscillations during the auditory sen-
tence comprehension task, we calculated a syntactic difference
index (SDI) by subtracting the average power change of SR from
OR sentences for each group. We then performed cluster-based
permutation tests to determine the significance of SDI difference
between 18-Hz BB vs. baseline as well as 40-Hz BB vs. baseline,
across the time points from 0 to 1200 ms at all electrodes. For the
former comparison, three beta bands of interest, i.e. β1 (13–18 Hz),
β2 (19–25 Hz), and β3 (26–30 Hz) were chosen as frequencies of
interest in a post hoc manner based upon a review article (Weiss
and Mueller 2012), which described results at each of the three
beta subbands including beta1 (e.g. Bastiaansen et al. 2010), beta2
(e.g. Luo et al. 2010), and beta3 (e.g. Shahin et al. 2009). For the lat-
ter, we opted to use γ 1 (31–34 Hz), γ 2 (35–40 Hz), and γ 3 (41–45 Hz),
based on the previous finding that showed a significant coherence
difference between OR and SR sentences in a low gamma range
(30–34 Hz; Weiss et al. 2005). Upon significant group differences,
we examined the SDI separately for each group, using cluster-
based permutation paired t-tests. Throughout comparisons of
the task phase data, the aforementioned analytic procedure was
also used.

Results
Stimulation phase
When the mid-NEI was compared between the 18-Hz BB and
baseline groups, we found a significant difference in the β1

band (15–16 Hz) in the left posterior and anterior electrodes
(P = 0.020) due to significant increase in NEI in the 18-Hz
BB group (t(19) = 3.31, P = 0.004) and decrease in the baseline
group (t(19) =−4.31, P < 0.001) (Fig. 2A). In contrast, a significant
increase in the late-NEI emerged in the β2 band (22.5–23 Hz)
in the left anterior electrodes (P = 0.049) during the stimulation
phase (Fig. 2B). As can be seen in Fig. 2D, the EEG power was
increased in the 18-Hz BB group (t(19) = 2.99, P = 0.008), while
it was decreased in the baseline group (t(19) = −2.54, P = 0.020)
after stimulation. When the NEI was compared between the 40-
Hz BB and baseline groups, we found no significant differences
in NEI.

Task phase
Behavioral data
Figure 3A shows the accuracy of the behavioral performance. For
the accuracy data, we found a significant main effect of sentence
type (χ2(1) = 40.99, P < 0.001), with a higher score in SR sentences
(M = 98.2%) than in OR sentences (M = 92.4%). The main effect of
listening group was marginally significant (χ2(3) = 5.98, P = 0.050),
with higher accuracy in the 18-Hz BB (M = 97.1%) and the 40-
Hz BB (M = 95.2%) groups than in the baseline group (M = 93.6%).
The interaction effect between sentence type and group was
also marginally significant (χ2(3) = 5.98, P = 0.064), indicating that
the group effect was more pronounced in OR sentences. Post-
hoc comparisons between the three groups for OR sentences
showed that accuracy was significantly higher in the 18-Hz BB
group (M = 95.5%) than the baseline group (M = 89.2%) (z = 2.42,
P = 0.026). Although accuracy was numerically higher in the 40-
Hz BB group (M = 92.5%) than the baseline, the difference was not
statistically significant (z = 0.83, P = 0.408).

For the response time data, there was a significant main effect
of sentence type (χ2(1) = 30.80, P < 0.001), with faster response in
SR sentences (M = 921 ms) than in OR sentences (M = 1176 ms).
We also found a significant main effect of group (χ2(3) = 7.42,
P = 0.024), with faster response in the 18-Hz BB (M = 889 ms) and
40-Hz BB (M = 997 ms) than in the baseline group (M = 1258 ms).
Importantly, an interaction effect between two factors was sig-
nificant (χ2(3) = 16.68, P < 0.001), indicating a more robust BB
effect on OR compared with SR sentences. We further compared
response time between 18-Hz BB vs. baseline and 40-Hz BB vs.
baseline within OR sentences. Response time was significantly
faster in the 18-Hz BB group (M = 973 ms) than the baseline
group (M = 1446 ms) (z = 2.63, P = 0.027). As is the case with the
accuracy, the response time of 40-Hz BB group (M = 1109 ms)
was numerically faster than the baseline, but it did not survive
significance (z = 1.94, P = 0.123).

EEG data
When the SDI (i.e. OR minus SR EEG power) was compared
between the 18-Hz BB and baseline groups, a significant difference
emerged in β2 power at the time window of 680–840 ms in the left
anterior electrodes (P = 0.046; Fig. 4A). In contrast, we found no
difference in SDI when the 40-Hz BB and baseline groups were
compared in any of γ 1, γ 2, and γ 3 power. To further examine
the significant group effect on SDI, we examined the β2 power
changes within the 18-Hz BB and baseline groups separately.
As can be seen in Fig. 4B and C, higher β2 power change was
observed for OR compared with SR sentences in the baseline
group, specifically at the time window of 680–780 ms in the left
anterior electrodes (P = 0.033). In contrast, there was no such
difference between OR and SR sentences in β2 power in the 18-Hz
BB group.

Discussion
This EEG study sought to determine the neural consequence of
BB stimulation on auditory sentence comprehension. We found
that 18-Hz BB stimulation elicited increased EEG power toward
the end of the stimulation phase at 22.5 and 23 Hz—parts of the
β2 frequency (i.e. 19–25 Hz)—in the left anterior region, while the
control pure-tone stimulation elicited decreased EEG power in
the same frequency-electrodes. During the subsequent auditory
sentence comprehension task, the 18-Hz BB yielded higher accu-
racy and faster reaction times than did the pure-tone, particularly
for syntactically more complex OR sentences. Such behavioral
improvement was accompanied by modulation of β2 power in a
consistent location, i.e. the left anterior region, that was indepen-
dently found during the stimulation phase, further confirming the
impact of 18-Hz BB stimulation on syntactic processing within
the left frontal area. Importantly, the entrainment induced by 18-
Hz BB stimulation was manifested as substantial attenuation of
power difference between SR and OR conditions. In contrast, we
found no significant neural and behavioral effects induced by 40-
Hz BB stimulation. In what follows, we elaborate these findings in
more detail.

Previous studies have shown that BB stimulation gives rise to
neural entrainment across multiple frequency bands (e.g. Perez
et al. 2020). Our results are partially consistent with the extant
data, in that 18-Hz BB stimulation increased EEG power at beta
frequencies, while there was no significant change in gamma
power following 40-Hz BB stimulation. This may indicate that
neural entrainment at a gamma range is more difficult to induce
than at a beta range with the current sample size (n = 20 per
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Fig. 2. A and B, left) EEG topography of difference in NEI between the 18-Hz BB and the baseline groups at frequencies exhibiting significant group
differences. Asterisks denote electrodes that show a significant difference in NEI. A and B, right) Bar plot displays NEI calculated from the significant
frequencies and electrodes. Error bars indicate SEM.

Fig. 3. Behavioral results of A) mean accuracy rate and B) mean response time of auditory sentence comprehension task. Error bars indicate SEM.

each listening group). Intriguingly, the 18-Hz BB enhanced neural
oscillations at slightly lower (i.e. 15–16 Hz) or higher (i.e. 22.5–
23 Hz) frequencies, albeit within the same beta band. Such cross-
frequency entrainment via BB stimulation has been demonstrated
in previous work, a characteristic which was not observed using
monaural beats (Perez et al. 2020; Engelbregt et al. 2021). Surely,

the underlying mechanism of how BB stimulation entrains brain
oscillations at different frequencies, as well as the lack of a
gamma entrainment effect, deserve further research endeavors.
The neuroscience research of BB stimulation is still in its infancy.

Next, we turn to our findings of behavioral and EEG data
pertaining to the task phase. Consistent with our previous work
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Fig. 4. A and B) EEG topographies of the contrast in SDI (i.e. power difference between OR and SR) between the 18-Hz BB vs. the baseline groups (A) and of
SDI in the 18-Hz BB (B, left) and the baseline groups (B, right), all in the β2 (19–25 Hz) range. C) EEG topographies (top) and time–frequency plots (bottom)
of SDI averaged across the time window and the electrodes showing significant baseline SDI differences, for the 18-Hz BB (left) and the baseline groups
(right). Asterisks indicate electrodes that show a significant group difference in SDI (A) or a significant SDI in the baseline group (B and C). The box in
the time-frequency plot indicates the time window showing a significant SDI.

(Kim et al. 2023), we observed a significant improvement in lan-
guage task performance for syntactically more complex OR sen-
tences following 18-Hz BB stimulation. Nevertheless, we failed to
replicate the 40-Hz BB stimulation effect in the current study.
Such discrepancy could be attributed to a difference in sentence
stimuli. That is, sentence materials were more complex in the
previous study such that each sentence contained two verbs
(e.g. “Gentlemen that ladies help adore children.” or “Gentlemen
that help ladies adore children.”), with one serving as a target
(“help”) and the other being a nontarget (“adore”). This necessarily
increased task demand on working memory and/or attention as
well as semantic demand, compared with the sentences in the
present study that include only one action verb (e.g. Boys that join
aunts are lucky; see Table 1). Given that gamma band oscillations
have been primarily implicated in semantic rather than syntactic
operations (Penolazzi et al. 2009; Wang et al. 2012; Rommers et al.
2013), participants may have benefited from listening to 40-Hz
BB more greatly in the previous study than the current study. In
other words, we may have observed only a trending effect of 40-
Hz BB due to the lack of domain-general and/or semantic demand
in the present study. A follow-up study with systematic semantic
manipulation is necessary to address this possibility.

Relatedly, 18-Hz BB stimulation was more beneficial for OR
than SR sentences, resulting in smaller difference in both accu-
racy and response time between the two sentence types. To
parallel the behavioral data, we calculated a “neural” SDI by
obtaining difference in EEG power between OR and SR conditions.
Indeed, the SDI mirrored the behavioral pattern, such that the
neural index at the β2 range was significantly smaller in the 18-
Hz BB group than the baseline group. This suggests that 18-Hz
BB stimulation induced neural entrainment within the β2 range
during the stimulation phase, which may in turn have reduced
the SDI in the β2 range.

Of note, the SDI pattern in the baseline condition was not
consistent with previous EEG studies that have shown decreased
beta power for OR vs. SR sentences (Meltzer and Braun 2011;
Lewis et al. 2016, 2023). Such a decrease in beta power has been
interpreted as a disruption of maintaining sentence-level repre-
sentations due to the less canonical (and thus less predictable)
nature of OR sentences (Lewis et al. 2016, 2023). However, it should
be noted that, in the current study, the SR and OR sentences
were presented with fixed sentence structures (see Table 1), which
were relatively short and simple compared with those used in the
previous work (e.g. Meltzer and Braun 2011). Moreover, given that
the fixed sentence structures were repeated throughout the lan-
guage task, the OR sentences may not have been so unpredictable
compared with the SR sentences. The remaining feature of the OR
condition shall be its higher syntactic complexity (Gibson 1998).
Such demand in maintaining the OR sentence representation
likely yielded higher beta power. Alternatively, the higher beta
power for OR than SR sentences may reflect greater demand on
attention and/or working memory (King and Just 1991; Just and
Carpenter 1992). In either case, the current study demonstrates
that the attenuation of SDI in the beta band in the 18-Hz BB
group may be a neural correlate of the language enhancement
from 18-Hz BB stimulation. This finding naturally invites further
questions regarding the functional role of beta frequency during
on-line sentence processing.

The beta band modulation was observed at about 600–
800 ms after the onset of “that” in the sentences, which roughly
corresponded to the second word of the relative clause (Fig. 4).
This time window aligns well with that in previous studies
reporting beta-band power modulations using syntactic violations
(Davidson and Indefrey 2007; Pérez et al. 2012; Schneider et al.
2016), as well as that of P600—a hallmark EEG component of
syntactic operation (Friederici 2004; Leckey and Federmeier 2020).
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Moreover, in the baseline group, the EEG power topography
revealed significant beta modulation in the left anterior region,
an area well-established as a part of the core syntactic network
(Embick et al. 2000; Bornkessel et al. 2005; Grodzinsky and
Friederici 2006; Hagoort and Indefrey 2014; Lee et al. 2022).
Consistent with this finding, it has been shown that anodal
transcranial direct current stimulation (tDCS) at the left lateral
prefrontal cortex or the left inferior frontal gyrus improves
sentence comprehension (Hussey et al. 2015; Vergallito et al.
2020). The tDCS technique has gained increasing attention as a
therapeutic tool to elicit prolonged changes in the brain, especially
for aphasia (Monti et al. 2013). For instance, Marangolo et al. (2011)
found that anodal tDCS at the left inferior frontal gyrus daily
for a week resulted in improved word repetition performance
compared with a week of sham stimulation in patients with
chronic aphasia.

In sum, this is the first EEG study demonstrating a neural cor-
relate of beta BB stimulation that resulted in enhanced sentence
comprehension performance especially when syntactic complex-
ity was high. From a clinical standpoint, our findings may pave the
way for future studies to investigate the potential of beta-band BB
stimulation as a therapeutic option for people who have grammar
deficits including developmental language disorder and primary
progressive aphasia. Certainly, more systematic and empirical
validation is required to determine the practical application of BB
stimulation in the language domain.
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