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Auditory beat stimulation in the delta—theta frequency range (0—7 Hz) is gaining
interest as a non-invasive intervention for anxiety. This study investigated the
effects of a relatively understudied form—monaural beats—and whether they
produce acute changes in anxiety and mood when presented alone or embedded
harmonically within music. Participants (n = 308) were randomly assigned to one
of three 30-min listening conditions: (1) Monaural Beats + Music, (2) Monaural
Beats-Only, or (3) a Pure Tone Control. Psychological effects were assessed via
changes in self-reported anxiety (State—Trait Anxiety Inventory, state subscale)
and mood (bipolar Likert scales for emotional valence, arousal, and energy). The
results showed that only the Beats + Music condition significantly reduced anxiety
from before to after listening with a medium effect size anxiety from before
to after listening (p < 0.001, d = —0.58). Furthermore, only the Beats + Music
significantly increased emotional valence from before to after listening (p < 0.001,
d = 0.48). Finally, the Beats-Only condition showed a significant reduction in energy
from before to after listening (p < 0.05, d = —0.28). These findings indicate that
monaural beats can be harmoniously integrated into music without diminishing
the anxiolytic properties of the latter, whereas presentation of beats alone has
different effects. This suggests that integrating monaural beats within music may
be a viable approach for targeted auditory neuromodulation.
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Introduction
Definitions

Auditory beats are amplitude fluctuations that arise when two tones with similar
fundamental frequencies (FOs) interact, producing alternating constructive and
destructive interference at a rate equal to their frequency difference (e.g., 100 Hz and
104 Hz tones yield a 4 Hz beat). Beats are perceptible when FOs differ by ~1-40 Hz,
depending on center frequency (Schwarz and Taylor, 2005). Smaller differences are heard
as steady pulsations; larger ones elicit a sensation of “roughness” (Pratt et al., 2010; Oster,
1973; Schwarz and Taylor, 2005; von Helmholtz, 1863). Fluctuation depth, determined by
the relative amplitudes of the tones, affects perceived salience (Grose et al., 2012).
Monaural beats occur when both tones are played to both ears, creating physical amplitude
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modulation, while binaural beats arise when tones are presented
separately to each ear, with the beat percept generated in the brain
(Dove, 1844).

History

Monaural beats have long been used in Tibetan and Indian
monastic traditions—for example, in singing bowls supporting
meditation and healing practices (Seetharaman et al., 2024). Scientific
interest grew in 19th century Germany with Dove’s discovery of
binaural beats (Dove, 1844) and Helmholtz’s recognition of monaural
beating in music (von Helmholtz, 1863). Helmholtz viewed high-rate
beats (~30-50 Hz) as dissonant irritants. Lower-rate beats, like those
used in traditional contexts, received little attention until Oster (1973)
Scientific American article revived popular interest in the topic (Oster,
1973). More recent research using EEG has shown that auditory beat
stimulation can modulate neural oscillations (e.g., Dos Anjos et al.,
2024; Draganova et al., 2008; Derner et al., 2021; Schwarz and Taylor,
2005), supporting the hypothesis that beats may promote neural
entrainment with therapeutic relevance (Aarts et al., 2014; Carvajal
et al,, 2024; Stupacher et al., 2016; Stupacher et al., 2017).

Therapeutic effects

Growing evidence suggests that listening to binaural beats in the
delta (<4 Hz) and theta (4-8 Hz) frequency range can reduce
physiological stress markers (e.g., heart rate variability, blood pressure)
and self-reported anxiety (Demirci and Sezer, 2024; Isik et al., 2017;
Kelton et al., 2021; Klimesch, 1999; Le Scouarnec et al., 2001; Loong
etal., 2022; McConnell et al., 2014; Padmanabhan et al., 2005; Olgiicii
et al, 2021; Wiwatwongwana et al, 2016). For example,
Wiwatwongwana et al. (2016) found that 60 min of binaural beats
combined with music before and during cataract surgery significantly
reduced self-reported anxiety, blood pressure, and heart rate compared
to a silent control condition (earphones without sound); heart rate was
also lower than in a music-only control condition. Similar effects have
been reported with shorter exposures (e.g., 10-30 min) and when
beats are only presented preoperatively (Padmanabhan et al., 2005;
Olciicii et al,, 2021). Outside clinical contexts, binaural beats have
been linked to greater relaxation and cardiovascular recovery after-
exercise (McConnell et al,, 2014), as well as acute reductions in
anxiety. In an online study, Mallik and Russo (2022) found that beats
combined with music reduced anxiety—particularly cognitive
symptoms like rumination—more effectively than music alone, beats
alone, or pink noise in individuals with moderate trait anxiety (Mallik
and Russo, 2022). Supporting the growth of this use case, a 2022 global
survey found that 5.3% of the 30,896 respondents reported using
binaural beats as a “digital drug” for stress relief (Barratt et al., 2022).
Finally, although most studies have focused on binaural beats, the
traditional use of monaural beats, along with evidence that they (1)
elicit more salient percepts at equivalent beat frequencies and
modulation depths (Oster, 1973), and (2) elicit stronger auditory
steady-state responses in EEG recordings (Grose et al., 2012; Kuwada
et al., 1984; Perez et al., 2020; Pratt et al., 2010; Schwarz and Taylor,
2005), suggests that monaural beats have greater neurophysiological
and thus potentially stronger therapeutic effects on anxiety.
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Beats alone or embedded in music?

Many studies examining auditory beats embed the stimulus
within other audio—e.g., pink noise (McConnell et al., 2014; Wahbeh
et al., 2007), natural soundscapes (Wiwatwongwana et al., 20165
Kuratomo et al., 2019; Weiland et al., 2011; Shepherd et al., 2023), or
music (Mallik and Russo, 2022; Padmanabhan et al., 2005; Demirci
and Sezer, 2024; O]gﬁcﬁ et al., 2021; Parodi et al., 2021; Le Scouarnec
2001; 2023; 2024;
Wiwatwongwana et al., 2016)—possibly leveraging the anxiolytic

et al, Bhusari et al, Salehabadi et al,
effects of these forms (e.g., Krumhansl, 1997; Jiang et al., 2013;
Sandstrom and Russo, 2010; Smith and Morris, 1977; Sokhadze,
2007). However, a meta-analysis of 22 studies examining the effects of
beats on anxiety, analgesia, memory, and attention found that effects
were stronger for beats alone than for beats embedded in music,
raising the possibility that musical elements (e.g., melody, harmony,
rhythm) may interfere with beat processing (Garcia-Argibay et al.,
2019). That said, this conclusion is weakened by substantial
methodological variability across studies. Embedding practices vary
widely—some render beats nearly subliminal (e.g., Wiwatwongwana
etal, 2016; Bang et al., 2019), while others present them prominently
(e.g., Padmanabhan et al., 2005). Key parameters of beat stimuli, such
as center frequency, modulation depth, and amplitude relative to the
embedding stimulus, are often unreported (e.g., Bhusari et al., 2023),
hampering cross-study comparisons, especially with respect to the
question of which methods are best for beat stimulation. As a result,
whether musical embedding enhances or interferes with beat-driven
anxiolysis remains unresolved.

The present study

To investigate the anxiolytic and mood elevating potential of
auditory beat stimulation embedded in music, we conducted a single-
blind randomized controlled trial comparing the effects of listening to
Monaural beats embedded in music (Beats + Music), Monaural beats
alone (Beats—Only), and a Pure Tone Control. The intervention lasted
30 min and was administered to a non-clinical online sample (N = 308).
We hypothesized that music embedded with monaural beats—designed
to be harmonically and rhythmically congruent with the music—would
lead to greater reductions in state anxiety and improvements in mood
than either Beats-Only or the Pure Tone Control.

Methods
Participants

Participants were recruited for this study from Prolific', an online
crowdsourcing platform for behavioral research with vetted
participants and demographic pre-screening capabilities. All
participants were based in the United States, had normal hearing, no
self-reported psychiatric conditions, and were not currently taking
medication for depression or anxiety. An a priori power analysis based

1 www.prolific.com
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on an expected medium effect size between the Beats + Music and Pure
Tone Control conditions (Cohen’s d = 0.49; Mallik and Russo, 2022)
indicated that a sample size of approximately 91 participants per
condition would be required to achieve 95% power at an alpha level of
0.05. Given differences in our experimental design, and a projected
attrition rate of 20% (e.g., due to failure to pass a headphone screener),
we recruited 150 participants per condition (450 total) to ensure that
the study would be adequately powered. Participants were paid at
Prolific’s recommended hourly rate of $12.00. All participants provided
informed consent. Our study protocol was approved by Salus, a third-
party Institutional Review Board (protocol number 24387).

Stimuli

Three 30-min audio stimuli were created for this study:
Beats + Music, Beats-Only, and a Pure Tone Control. The audio
exposure duration of 30 min was determined based on Mallik and Russo
(2022), which used a 24-min protocol in a similar between-subjects
study design. The music track was a 30-min mix of While Were Young
by Jhené Aiko, selected for its harmonic and rhythmic stability, as well
as pre-testing results indicating that it was broadly perceived as relaxing
(see Supplementary Table 1 and Figures 1, 2). Monaural beats were
generated to align with the track’s rhythmic and tonal structure. To
match the rhythm, a beat frequency of 1.067 Hz was used—
corresponding to one cycle per quarter note at the track’s tempo (64
beats per minute). To match the tonality, carrier tones at 219.465 Hz and
220.535 Hz (a 1.067 Hz difference) were used, producing a perceived
pitch at 220 Hz (A3), the dominant tone in the track’s key of D major.
This tone was harmonically consistent with the tracK’s chord structure,

10.3389/fpsyg.2025.1539823

which  primarily comprised Dmaj7 and Gmaj7 (see
Supplementary Figure 3). The two carrier tones were set to equal
amplitude, producing 100% modulation depth for maximum beat
salience. Relative to the music, the beats were embedded at —34.7
decibels relative to full scale (dBFS), which pre-testing determined to
correspond to 54.6dB SPL (A-weighted) when played through
headphones at maximum device volume—the average preferred
loudness for the Beats-Only stimulus (see Supplementary material,
Pre-test 2). A 0.1 dBFS headroom was reserved in the Beats + Music
stimulus to prevent clipping or distortion. The Pure Tone Control
stimulus consisted of a single tone at 220 Hz, calibrated to 54.6 dB SPL

under the same playback conditions.

Self-reported measures

Participants completed self-report assessments of anxiety and
affect immediately before and after each listening intervention. State
anxiety was measured using the State subscale of the State-Trait
Anxiety Inventory (STAI-S; Spiclberger et al, 1983). Mood was
assessed using three bipolar 7-point Likert scales: “negative” to
“positive” (valence), “tired” to “energetic” (energy), and “sleepy” and
“alert” (arousal), following Garrido and Schubert (2013). For all scales,
participants were asked to rate how they were feeling at that moment.

Randomization and blinding

This was a single-blind study: participants were unaware of their
condition assignment, while experimenters were aware during data

Beats + Music Beats - Only Pure Tone
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FIGURE 1
Violin plots showing STAI-S scores by condition and time. Jitterplot shows individual data points. Error bars show means +/— 1 standard error.
*p < 0.05, **p < 0.01, ***p < 0.001.
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Violin plots showing valence by condition and time. Higher scores indicate "positive” and lower scores indicate "negative” emotional valence. Jitterplot
shows individual data points. Error bars show means +/— 1 standard error. **#*p < .001.
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analysis. To maintain participant blinding, details about the study
purpose, conditions, and audio stimuli were omitted from the consent
form and participant instructions. Accordingly, participants had no
knowledge of whether the condition to which they were assigned was
“treatment” or “control” Condition assignment was handled
automatically using Qualtrics’ randomization algorithm, which was
configured to allocate participants evenly across the three conditions.
Because the study was fully automated with no human interaction
during task completion, there was no risk of differential experimenter
influence on participant responses. Although experimenters were not
blinded during data analysis, potential bias is mitigated through
transparent reporting of methods and results.

Procedure

After randomization, participants completed a validated
headphone screening test that uses dichotic Huggins pitch stimuli
which can only be heard with proper left/right channel separation to
confirm headphone use (Milne et al.,, 2021). This is a standard method
for ensuring adequate listening standards and minimizing
environmental noise in online psychoacoustic research (e.g., Orpella
et al., 2025). Participants who failed the headphone screen—by
incorrectly identifying the dichotic pitch on one or more of three
trials—were not allowed to continue. The remaining participants were
randomly allocated to one of the three experimental conditions.
Participants were instructed to set their computer volume to
maximum, press play, sit quietly with eyes closed, and avoid
movement, reading, or other activities during the 30-min listening
session. After the audio concluded, a “next” button appeared,

Frontiers in Psychology

04

triggering the post-intervention assessments. An attention check was
included in post-intervention measures but not during the listening
period (Mallik and Russo, 2022).

Statistical analysis

Analyses were conducted in R using the rstatix and car packages
(R Core Team, 2024). A mixed-model repeated-measures ANOVA
was performed for each outcome variable (STAI-S, valence, energy,
and arousal) with Time (pre vs. post) as a within-subjects factor and
Condition (Beats + Music, Beats-Only, or Pure Tone Control) as a
between-subjects factor. Assumptions were evaluated by testing the
normality of all combinations of time and condition via Shapiro Wilk
tests. Effect sizes for the ANOVASs are reported as partial eta squared
(11,)). Post hoc pairwise comparisons are corrected using the Holm-
Bonferroni method, and effect sizes were reported as Cohen’s d.

Results
Participant demographics

Out of the 450 recruited participants, 135 failed to pass the
headphone screener and did not proceed to condition randomization.
No data was collected from these participants. An additional 7
participants were excluded after completing the intervention for
failing the post-interventions attention checks, leaving a total sample
of 308 participants for analysis. A one-way ANOVA showed no
significant effect of Condition on Age F(2,305) = 0.1, p = 1 or Gender

frontiersin.org
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F(2,304) = 1.44, p = 0.238 at baseline. One-way ANOVAs comparing
baseline STAI-S, valence, energy, and arousal confirmed that there
were no significant differences between the three conditions (see
Table 1 for number of participants and demographics by condition
and results of one-way “ANOVA”).

Anxiety

The results of the STAI-S analysis are shown in Figure 1. The
assumption of normality was met for all combinations of “Time and
Condition’, as evidenced by the non-significant Shapiro-Wilks tests
(p > 0.05 for all groups). The mixed ANOVA predicting STAI-S scores
indicated a significant Time*Condition interaction effect,
F(2,305) = 16.5, p < 0.001, 171,2 =0.098. Holm—Bonferroni corrected
pairwise comparisons showed that STAI-S scores in the Beats + Music
condition significantly decreased post-listening (M = 27.72, SD = 8.11)
compared to pre-listening (M = 33.54, SD = 11.68); #(112) = 38.55,
P <0.001, d=-0.58. Cohen’s d indicates a medium effect size. In
contrast, there was a small, significant increase in STAI-S scores in the
Pure Tone Control condition post-listening (M = 37.87, SD = 15.16)
compared to pre-listening (M = 34.62, SD = 11.31); #(94) = 6.42,
p=0.028, d= 0.24. No significant change in STAI-S scores were
observed in the Beats-Only condition post-listening (M = 34.03,
SD =11.72) versus pre-listening (M = 33.76, SD = 11.61); #(99) = 0.05,
p=0831.

Affect

The results of the emotional valence analysis are shown in Figure 2.
The assumption of normality was met for all combinations of time and
conditions, as evidenced by the non-significant Shapiro-Wilks tests
(p > 0.05 for all groups). The mixed ANOVA predicting valence scores
indicated a significant Time*Condition interaction effect,
F(2,305) = 12.09, p < 0.0001, npz = 0.073. Holm-Bonferroni corrected
pairwise comparisons indicated that valence scores in the Beats + Music

TABLE 1 Descriptives of main study participants by condition and effects
of condition on emotional arousal, energy, valence and STAI-S.

Beats Pure
—Only Tone
M(SD)  M(SD)
N 113 100 95 - - -
Mean (age) 39.28 38.55 38.81 - - -
SD (age) 12.51 11.79 12.38 - - -
% Female 51.33 46.00 38.95 - - -
STAI-S 33.54 33.76 34.62
305 0.24 0.783
(11.68) (11.61) (11.39)
Emotional 5.26
5.44 (1.45) 4.96 (1.7) 305 2.58 0.077
Valence (1.47)
Emotional 5.28
5.19 (1.8) 5.32(1.5) 305 0.19 1.00
Energy (1.58)
Emotional 4.61
4.68 (1.82) 4.79 (1.5) 305 0.28 0.754
Arousal (1.69)
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condition were significantly higher post-listening (M =6.11, SD = 1.33)
compared to pre-listening (M = 5.44, SD = 1.45), #(112) = 26.65,
P <0.0001, d = 0.48, indicating a medium size effect increase in positive
affect. No significant changes were observed for valence scores in the
Beats-Only condition post-listening (M = 4.96, SD = 1.65) versus
pre-listening (M = 5.26, SD = 1.47); t(99) = 2.71, p = 0.134. Similarly,
there were no significant changes for valence scores in the Pure Tone
Control condition post-listening (M= 4.58, SD= 1.94) versus
pre-listening (M = 4.96, SD = 1.7); #(94) = 3.44, p = 0.134.

Energy

The results of the energy analysis are shown in Figure 3. The
assumption of normality was met for all combinations of time and
conditions, as evidenced by the non-significant Shapiro-Wilks tests
(p > 0.05 for all groups). The mixed ANOVA predicting energy scores
indicated a significant Time*Condition interaction effect
F(2,305) = 4.38, p < 0.05, npz =0.028. Holm-Bonferroni corrected
pairwise comparisons indicated that energy scores in the Beats-Only
condition were significantly lower post-listening (M = 4.33, SD = 1.75)
compared to pre-listening (M = 4.79, SD = 1.50); #(99) = 7.35,
p=0.024, d=-0.28, indicating a small effect sized increase in
tiredness. No significant changes were observed in energy scores in
the Beats + Music post-listening (M = 4.84, SD = 1.75) versus
pre-listening (M = 4.68, SD = 1.82); #(112) = 1.15, p = 0.286. No
significant changes were observed in energy scores in the Pure Tone
Control condition post-listening (M = 4.26, SD = 1.75) versus
pre-listening (M = 4.61, SD = 1.75); t(94) = 4.28, p = 0.082.

Arousal

The assumption of normality was met for all combinations of time
and conditions for the arousal data, as evidenced by the non-significant
Shapiro-Wilks tests (p >0.05 for all groups). F(1, 305) = 42.5,
P <0.0001, 7,° = 0.12, indicated a general increase in sleepiness across
all conditions. There was, however, no significant main effect of
F(2, 305)=0.08, p=0.93,
Time*Condition interaction (2, 305) = 1.38, p = 0.25, suggesting no

Condition, and no significant
differential effects across experimental conditions. Data is available

upon request.

Discussion

The results revealed significant, medium-sized effects of the
Beats + Music condition in reducing self-reported anxiety and enhancing
emotional valence, consistent with prior work on auditory beats (e.g.,
Garcia-Argibay et al,, 2019; Mallik and Russo, 2022). Neither the Beats-
Only nor Pure Tone Control conditions produced significant effects on
anxiety or mood, suggesting that the observed benefits were specific to
the combination of beats and music. Notably, the Beats-Only condition
showed a small but significant reduction in self-reported energy (i.e.,
increased tiredness), with a similar trend in the Pure Tone Control, while
the Beats + Music condition showed a non-significant trend toward
increased energy. These findings support the hypothesis that embedding
harmonically and rhythmically congruent monaural beats within music
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individual data points. Error bars show means +/— 1 standard error. *p <.05.
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Violin plots showing energy scores by condition and time. Higher scores indicate “energetic” and lower scores indicate “tired". Jitterplot shows

can more effectively reduce anxiety and improve mood than beats alone
or comparable non-beating auditory stimuli.

Importantly, these results do not demonstrate that adding
monaural beats enhances the anxiolytic or mood-elevating effects of
music. Rather, they suggest that such beats can be “embedded” in music
without disrupting its well-established therapeutic properties (e.g.,
Hennessy et al., 2021; Jiang et al., 2013; Stratton and Zalanowski, 1991;
Sokhadze, 2007). The absence of significant effects on anxiety or mood
for the Beats-Only condition “contrasts” with some prior findings (e.g.,
Chaieb et al., 2017), potentially reflecting suboptimal stimulation
parameters. Supporting this interpretation, participants reported
increased tiredness after listening to beats alone for 30 min, which may
have dampened any positive effects. It is also possible that this fatigue
effect reflects the relatively low frequency of our beat stimulus
(1.067 Hz, in the delta range), which is typical of slow wave sleep.
Regardless of mechanism, the results indicate that auditory beats exert
different effects when presented alone versus embedded in music. This
aligns with the findings of Mallik and Russo (2022), who also observed
that music combined with beats (this time in the theta range) reduced
anxiety, while beats alone did not. Taken together, these results suggest
that while the beat frequency for anxiolysis may be somewhat flexible,
musical embedding may be important for tolerability and
therapeutic efficacy.

Ultimately, identifying which aspects of our stimulation protocol
account for discrepancies with previous studies is hindered by substantial
methodological variability in the existing literature. Studies differ widely
in stimulation “dosage” (duration; range=180s - 60 min), beat
frequency (range = 1 Hz - 18,000 Hz), center frequency, as well as in beat
type (monaural vs. binaural), embedding practices, and experimental
context (e.g., peri-operative, at-home use, laboratory testing, passive
listening vs. task performance; see Supplementary Table 6). Additional
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variability stems from stimulation design—for example, while our
protocol used a stable beat throughout the session, Chaicb et al. (2017)
varied the center frequency over time. Finally, as noted in the
introduction, critical acoustic parameters reported in our study (e.g.,
modulation depth, amplitude relative to embedding stimulus) are often
missing from prior work. More consistent and detailed reporting of beat
characteristics will be essential for facilitating cross-study comparisons
in future research.

Limitations

Several limitations of this study warrant consideration. First, the
headphone exclusion rate was relatively high (29.3%) compared to prior
studies (e.g., just 8.2% in Orpella et al., 2025). Given the psychoacoustic
nature of our task and our goal of influencing listener psychology,
rigorous headphone screening was prioritized. We used a conservative
test that typically passes only 80% of true headphone users and may have
further increased its difficulty by administering only three trials instead
of the recommended six (Milne et al., 2021). Importantly, our screener
was administered before randomization to prevent potential allocation
bias. Future studies may improve compliance by more strongly
emphasizing headphone use in instructions.

Second, using a single musical track limits generalizability. This was
an intentional decision aimed at prioritizing validation of core
methodological elements—beat-to-music harmonic and rhythmic
congruence, monaural beat efficacy, and embedding parameters
(modulation depth, relative amplitude). To further advance the method
employed here, future studies will need to expand testing to diverse
musical contexts. Practical guidance for beat embedding as performed
here is provided in the Supplementary material.
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Third, the absence of a music-only control prevents us from directly
assessing whether the addition of beats enhances the anxiolytic effects of
music. While this is distinct from the present study’s focus, it remains an
important question for justifying the therapeutic value of combining
beats with music.

Finally, the online format limited control over listening conditions
(e.g., volume, ambient noise, temperature). While this reduced
experimental control, it increased ecological validity and sample
diversity—important for real-world applications. Importantly, prior
research has shown that auditory beats can produce significant
psychological effects in both lab-based and online settings (cf. Chaicb
etal, 2017; Mallik and Russo, 2022), suggesting that strict environmental
control is not essential. Moreover, because condition assignment was
randomized, there is no reason to expect these factors to have varied
systematically across groups.

Conclusion

This study provides evidence that music embedded with rhythmically
and harmonically congruent monaural beats can significantly reduce self-
reported state anxiety and enhance mood in a non-clinical sample. These
effects were not observed for monaural beats presented alone or for a
pure-tone control. While this study did not test whether beats enhance
the therapeutic effects of music, the results demonstrate that beats can
be embedded without diminishing music’s established benefits for anxiety
and mood—opening the door to clinical and real-world applications that
combine music’s emotional impact with targeted neuromodulation.
Moving forward, efforts to replicate and extend these findings across
diverse musical contexts, stimulation parameters, and populations will
be essential for applying auditory beats in scalable, effective music-based
interventions for anxiety and mood regulation.
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