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Abstract:

Background: Low-frequency acoustic stimulation can entrain brain oscillations, yet most studies
have emphasized gamma-range auditory inputs. The region-specific cortical effects of sub-gamma
low-frequency pitch tones in healthy adults remain largely unexplored, and safety concerns persist
due to historical reports of adverse effects at high intensities.

Objective: To characterize safe, sub-threshold, low-frequency pitch—-induced modulation of
cortical oscillations and connectivity using EEG in healthy adults.

Methods: Twenty adults were exposed to pure tones (30, 45, and 60 Hz) at intensities. <40 dB
SPL; well below thresholds associated with adverse neurological effects, under. controlled
laboratory conditions. EEG was recorded from 8 strategically placed electrodes.(cavering frontal,
parietal, occipital, and temporal regions) using the international 10—-20 system,.enabling targeted
region-of-interest (ROI) analysis while minimizing noise and redundancy. Power spectral density
and alpha-band phase-locking values (PLVs) quantified spectral and connectivity changes.
Results: Safe-level low-frequency stimulation elicited region-specific increases in alpha and theta
power in frontal, parietal, and occipital cortices (p < 0.05), particularly at'30—45 Hz. Alpha-band
PLVs showed enhanced frontal-parietal, frontal-occipital, and. parietal-occipital coupling (p <
0.05). Pitch and exposure duration significantly predicted oscillatory changes (p = 0.0018).
Conclusion: Contrary to prior studies linking low-frequency sound to risk at high intensities, our
findings demonstrate safe, targeted neuromodulation at sub-threshold levels, revealing frequency-
specific entrainment patterns with potential cognitive-and therapeutic applications.

Keywords: Low-frequency pitch stimulation;-EEG spectral analysis; Cortical oscillations; Alpha-

band connectivity; Functional connectivity; Auditory neuromodulation.



Introduction

The human brain operates as a network of oscillatory systems, with distinct frequency bands
subserving perception, cognition, and consciousness. External rhythmic stimuli, including sound,
can modulate these oscillations through entrainment, creating opportunities for non-invasive
neuromodulation [1, 2]. While most auditory entrainment research has focused on gamma-
frequency stimulation (e.g., 40 Hz), low-frequency pitch tones within the 30—60 Hz range have
received minimal attention, despite their potential to interact with intrinsic alpha and theta rhythms.
Previous studies examining low-frequency auditory effects often employed high. intensities or
targeted pathological conditions, where risks such as epileptiform activation were.noted [3, 4]. In
contrast, the present work investigates stimulation at intensities well below-adverse thresholds
(<40 dB SPL) in healthy populations. Furthermore, earlier research frequently used broadband or
mixed-frequency noise, limiting insights into pure-tone, frequency-specific cortical entrainment.
By isolating these parameters, our study provides a controlled assessment of safe, reproducible
modulation of brain oscillations and connectivity.

Given our aim to examine region-level oscillatory dynamics rather than fine-grained source
localization, we employed an 8-channel EEG system distributed across major cortical regions. This
configuration optimizes spectral and phase-locking value (PLV) analysis while minimizing
redundancy and computational noise, providing sufficient spatial resolution for detecting region-
specific changes in oscillatory power.and inter-regional coupling.

Understanding the frequency=specific effects of low-intensity pitch stimulation is important for
two reasons. First, it holds. therapeutic potential: targeted entrainment may aid cognitive
rehabilitation, attention enhancement, or mental health interventions without the risks associated
with higher-intensity protocols. Second, it offers mechanistic insights into how rhythmic auditory
inputs shape large-scale network dynamics and sensory-driven plasticity.

We hypothesized that low-frequency pitch stimulation at safe intensities would enhance alpha and
theta-oscillatory power and strengthen alpha-band connectivity across frontal, parietal, and
occipital regions. This work provides evidence that pure-tone stimulation within the 3060 Hz

range can selectively engage large-scale cortical networks without adverse effects



Materials and Methods

Study Design and Participants

This randomized parallel-group experimental study was conducted among young adult students at
Delta State University, Abraka, Nigeria (5°47'0"N, 6°6'0"E) during the 2019/2020 academic
session. The source population comprised 19,657 students aged 16-35 years. A total.of 400
participants were recruited and randomly allocated to four stimulation groups (n = 100 per-group)
corresponding to 30 Hz, 40 Hz, 50 Hz, and 60 Hz auditory stimulation. All participants underwent
baseline EEG recording in silence prior to stimulation.

Sample size estimation was performed using G*Power 3.1, assuming a medium effect size
(Cohen’s d = 0.4) and 80% power at a = 0.05. A minimum of 88 participants per group was

required; 100 were enrolled per group to account for attrition and data loss from artifact rejection

Eligibility Criteria

Only participants with no known auditory pathology-(including partial or complete hearing loss),
no use of ototoxic medications, and no history of neurological disorders were included. Exclusion
criteria included ongoing ear treatment, a history. of epilepsy, or any psychiatric condition. All

participants were screened using an otoscope.and medical questionnaire before enrolment.

Acoustic Stimulation Protocol

Pure sinusoidal tones at 30.Hz, 40 Hz, 50 Hz, or 60 Hz were generated using Audacity® (v3.1.3)
and delivered via calibrated Bluetooth-enabled binaural earphones (Impedance: 32 Q; frequency
response +0.5%). Stimuli were presented at ~70 dB SPL for 5 minutes following a 2-minute
baseline silence. Participants sat upright in a sound-attenuated, dimly lit studio and were instructed

to keep theireyes closed and remain still. Room temperature was maintained at ~24°C

EEG Data Acquisition

EEG was recorded using an OpenBCIl Cyton Biosensing Board (OpenBCI Inc., USA) with 8
channels, 24-bit resolution, and a sampling rate of 250 Hz. Electrodes were positioned according
to the international 10-20 system at Fpl, Fp2, F3, F4, P3, P4, O1, and O2. FPz served as ground
and the right mastoid as reference. Electrode impedance was maintained below 5 kQ using

conductive gel. Signals were visualized in real-time via the OpenBCI GUI to monitor data quality

5



and logged for offline processing in MATLAB. Calibration was performed weekly with a test

signal generator to ensure fidelity

EEG Preprocessing

Data were exported as .csv files and imported into MATLAB R2022b using EEGLAB (v2022.0).
Preprocessing steps included common average re-referencing, segmentation into 2-second.epochs
with 50% overlap, baseline correction, and bandpass filtering between 0.5 and 45 Hz using a zero-
phase Hamming-windowed FIR filter. A notch filter at 50 Hz was applied to_remove.line noise.
Artifact rejection was performed through visual inspection and Independent Component Analysis

(ICA) to remove ocular, muscle, and cardiac components.

EEG Streaming Session

Haven cautiously placed all electrodes on participants’“head, the OpenBCI GUI (Open
Brain-Computer-Interface Graphical User Interface), a-pre-installed, open-source software that
accompanied the EEG kit was launched (by double-clicking the icon) and configuring for live
(from Cyton Bioseng Board) EEG streaming with the wireless serial (Dongle) port connected to
the computer, while simultaneously administering sounds (via a headset) on participant subjects.

Figure 1 shows a screenshot image of the GUI session for one of the participant’s session
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Figure 1: Screenshot image of the Open BCI GUI session for one of the participants. EEG signals were visualized in
real-time using the OpenBCI GUI and logged for subsequent export as .csv files for offline processing in MATLAB



Note: This entire procedures were recorded for all of the sampled subjects and subsequently

accessed within the notepad file (figure 2), before exporting as . csv for METLAB analysis.

| statisticssusa - Notepad
File Edit Format \View Help

kchannelO_mean:-13135.5
channelO_var :4.93041e+007
channelO_stdvar:7021.589
channell_mean:23382.3
channell_var:4.24456e+006
channell_stdvar:2060.23
channel2_mean:-69164.6
channel2_var :4.84987e+007
channel2_stdvar:6964.1
channel3_mean:-9386.23
channel3_var:1.83558e+007
channel3_stdvar:4284.37
channeld_mean:-168605
channeld4_var:6.4011e+007
channeld4_stdvar :8000.69
channels_mean:-50232.7
channel5_var:4,57913e+007
channel5_stdvar:6766.93
channelé_mean:-63402.9
channelé_var :6.80054e+007
channel6_stdvar :8246, 54
channel7_mean:-91680.3
channel7_var:4.869732+007
channel7_stdvar:6978. 35

Figure 2: Screenshot of notepad file that logged EEG waveforms for the duration of sound administration on
participants. Noticeable from the file are the EEG records for each of the channels as obtained for EEG activity.

Spectral and Connectivity Analysis

Power spectral density (PSD) was.computed using fast Fourier transform (FFT) with a 2-second
Hanning window and 50% overlap. PSD was averaged for standard frequency bands: delta (0.54
Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (30-45 Hz). Cortical regions
were defined as frontal\(Fpl, Fp2, F3, F4), parietal (P3, P4), and occipital (O1, O2). Phase-locking

value (PLV) was calculated for interregional connectivity within the alpha band.

Alertness Monitoring

Participants were monitored verbally to prevent drowsiness during recordings. EEG traces were
screened for prolonged alpha/theta dominance indicating sleep onset. Sessions showing such
patterns were excluded (6 out of 400 recordings).



Statistical Analysis

All data were analyzed using GraphPad Prism v8.1 (GraphPad Software, USA). Variables were
assessed for normality using the Kolmogorov—Smirnov test. Log transformations were applied to
non-normally distributed variables. A two-way repeated-measures ANOVA (condition x region)
was performed to evaluate EEG power differences across stimulation frequencies and brain
regions. Tukey’s HSD test was applied for post hoc comparisons. Pearson’s correlation
coefficients were computed to assess relationships between sound frequency and regional, power
modulation. Statistical significance was set at p < 0.05.

Results

This study explored how low-frequency auditory pitch stimulation(30-60 Hz) affects cortical
electrical activity and interregional functional connectivity in healthy adults. While broad analysis
of global brainwave frequencies showed no statisticallysignificant variations across pitch
conditions, further region-specific spectral and connectivity analyses revealed significant
modulations, particularly within the theta and alpha bands. The results are organized into global
spectral shifts (Table 1), correlation / regression analyses (Tables 2-3), regional power changes

(Table 4), and functional alpha-band connectivity (Table 5).

Global Brainwave Analysis: No.Significant Changes Detected Across Conditions

Table 1: Mean EEG Frequency Components across Pitch Conditions (Global Averages)

Pitch Gamma (Hz) Beta (Hz) Alpha (Hz) Theta (Hz) Delta (Hz)
Baseline 3242+0.09 28.16+0.13 9.14+0.07 4.73+£0.04 1.03+0.05
30 Hz 32.39+0.09 28.02+0.14 9.36+0.07 4.71+£0.04 2.08+0.08
40-Hz 3242+0.09 2785+0.15 9.32+0.08 6.00+0.09 0.94+0.05
50 Hz 3248+0.85 2794+0.14 10.98+0.09 4.74+0.05 1.01+0.05
60 Hz 32.36+0.09 29.96+0.21 9.30+0.08 4.68+0.04 0.96+0.05
ANOVA p-value 0.9052 0.1001 0.4008 0.2000 0.1000

Note: Values are Mean + SD. No statistically significant differences (p > 0.05) were observed. Greenhouse—Geisser
correction applied for sphericity. Despite minor numeric fluctuations, repeated-measures ANOVA revealed no
statistically significant changes in global gamma, beta, alpha, theta, or delta activity across pitch conditions (p > 0.05).
These global averages, however, obscure more localized and network-level effects seen in subsequent analyses.



Correlation and Regression Analysis: Weak Predictive Utility

Table 2. Pearson’s Correlation between Pitch and Global Brain Activity

EEGBand r I p-value Interpretation
Gamma -0.1060 0.0114 0.8650 Weak Negative (NS)
Beta 0.6272 0.3935 0.2570 Strong Positive (NS)
Alpha 0.4010 0.1608 0.5030 Weak Positive (NS)
Theta -0.0192 0.0004 0.9750 Weak Negative (NS)
Delta -0.3896 0.1518 0.5170 Weak Negative (NS)

None of the correlations between pitch and global EEG frequencies reached statistical significance (p > 0.05). Though
beta and alpha waves showed modest positive trends, their effect sizes were weak and nonsignificant (NS).

Table 3. Multiple Linear Regression Predicting EEG Activity from Pitch and Listening Duration

Model Equation SEM t-stat p- R2 Interpretation
value

EEG =f(pitch, Y =3.37+0.03xPitch— 0.13 _72.48. 0.0018 0.0243 Significant but weak

time) 0.02xTime model

The regression model was statistically significant (p.=.0.0018), indicating a relationship between sound pitch,
listening duration, and global EEG dynamics. However, the R2 value (0.0243) suggests that only ~2.4% of EEG
variance is explained by these variables, indicating a weak effect size despite statistical significance; likely due to
sample homogeneity and limited stimulus complexity. Although significant, the low R2 indicates minimal practical
explanatory power
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Region-Specific Spectral Power: Alpha and Theta Activity Are Modulated by Pitch

Table 4: Mean EEG Power (WV?/Hz) Across Brain Regions during Auditory Stimuli

Brain Frequency Silence White 30 Hz 45 Hz 60 Hz ANOVA
Region Noise p
Frontal Theta 6.52 + 6.78x112 831 =+ 794 + 732 = 0.003*
1.04 1.21 1.10 1.08
Alpha 588 + 6.02+1.03 789 + 824 + 755 £ <0.001*
0.95 1.17 1.15 1.11
Parietal Theta 5.23 + 544+093 650 + 705 _+ 623 =+ 0.012*
0.88 1.02 1.09 1.00
Alpha 7.34 + 745+101 812 + 876 ,+ 803 =+ 0.008*
1.06 1.09 1.13 1.08
Occipital Alpha 6.99 + 710x112 785" +-804 + 830 + 0.031*
111 1.19 1.18 1.16

Note: Data are Mean + SD. Repeated-measures ANOVA with-Greenhouse—Geisser correction applied. *p < 0.05
indicates significance. n? effect sizes ranged from 0.18 t0.0.25, suggesting small-to-moderate regional effects.

Exposure to 30-45 Hz tones significantly increased alpha and theta band activity in frontal,
parietal, and occipital cortices compared to silence and white noise. These effects suggest pitch-

dependent entrainment of cognitive (alpha) and attentional (theta) neural rhythms.

Functional Connectivity: Pitch Stimuli Enhance Alpha-Band Synchrony

Table 5: Phase-Locking Value (PLV) in Alpha Band across Brain Regions

Region.Pair Silence White Noise 30 Hz 45 Hz 60 Hz p-value
Frontal-Parietal 0.42+0.06 0.44+0.07 056+0.08 0.58+0.09 0.50+0.07 0.002*
Frontal-Occipital 0.38+0.05 0.40+0.05 0.49+£0.06 051+0.06 0.47+0.06 0.006*
Parietal-Occipital 0.45+0.06 0.47+0.06 0.50+£0.07 054+0.07 051+0.07 0.017*

Note: PLV = Phase-Locking Value. Higher values indicate greater synchrony. Repeated-measures ANOVA was
corrected for multiple comparisons using Bonferroni. Cohen’s d values ranged from 0.56 to 0.69, suggesting moderate

effects.
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Alpha-band PLV significantly increased across frontal-parietal, frontal-occipital, and parietal—occipital
axes during 30-60 Hz pitch exposure, indicating enhanced long-range neural synchrony. These results
underscore the network-level influence of low-frequency pitch on brain communication pathways.

Summary of Findings

. No global EEG amplitude differences were found across pitch conditions.

. Region-specific alpha and theta power significantly increased in response to 30-45 Hz
tones.

. Alpha-band connectivity (PLV) was significantly enhanced between frontal, parietal, and

occipital cortices.

. Regression analysis showed weak but significant prediction of EEG activity by pitch and
duration.

. Multiple comparisons were corrected using Greenhouse—Geisser and Bonferroni methods.
. Moderate effect sizes were evident in alpha and.-theta ‘modulation, supporting their

physiological relevance.

This comprehensive analysis reveals that while global.averages may overlook subtleties, region-
specific and connectivity-based EEG metrics provide compelling evidence that low-frequency
pitch modulates cortical dynamics and netwaork:integration.

Discussion

This study investigated the modulatory effects of low-frequency sound pitch (30-60 Hz) on
cortical electrical activity in young adults using spectral and connectivity-based EEG analyses.
Although global ANOVA tests on mean brainwave amplitudes across pitch conditions did not
reveal statistically-significant changes (p > 0.05), more detailed, region-specific analyses
uncovered physiologically meaningful modulations, particularly within the alpha and theta bands.
The absence of significant global EEG changes may be attributed to the regional specificity of
auditory-induced neural entrainment. Prior studies have shown that rhythmic auditory stimuli can
elicit’ localized neural resonance depending on the frequency range and attention level of the
listener (16, 17). Global averaging may mask these focal effects, which become apparent only

through region-by-region spectral decomposition, as demonstrated in this study.
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Enhancement of Alpha and Theta Bands: Indicators of Cognitive Modulation

Spectral power analysis showed that low-frequency pitch tones enhanced theta and alpha activity,
particularly in frontal and parietal cortices. For instance, alpha power in the frontal cortex increased
significantly during 45 Hz stimulation, while theta power peaked during 30—45 Hz exposures.
These findings are consistent with prior reports suggesting that low-frequency stimulation can
promote cognitive relaxation and attention modulation via increased alpha and theta synchrony
(18, 19).

Theta oscillations, especially at frontal midline sites, are known to support.executive control,
internal attention, and emotion regulation (20). Alpha rhythms, particularly-in posterior cortices,
have been associated with cortical inhibition and attentional disengagement, often seen during
meditative states or rest (21, 22). Hence, the observed enhancements suggest that specific low-
frequency auditory inputs may evoke neuromodulatory states sconducive to relaxation,

mindfulness, or cognitive reorganization.

Minimal Gamma and Beta Response: Subthreshold Activation

Beta (13-30 Hz) and gamma (>30 Hz) bands showed-minimal change across pitch conditions. This
aligns with the understanding that gamma. oscillations are more strongly engaged by tasks
requiring active sensory integration or‘high cognitive load (23), conditions absent in the present
passive-listening paradigm. Likewise, beta rhythms are typically associated with motor activity
and sustained alertness (24),-which may not be adequately stimulated by low-frequency tonal

exposure under relaxed-laboratory conditions.

Increased Interregional Connectivity in the Alpha Band

Significant increases in phase-locking values (PLVs) were observed in the alpha band between
frontal—parietal, frontal-occipital, and parietal-occipital pairs. This supports the idea that low-
frequency tones foster large-scale neural synchronization, possibly through rhythmic entrainment
of thalamo-cortical loops (25). Alpha synchrony is a well-established marker of functional
connectivity, especially within the default mode and attentional networks (26). Such enhanced
coordination may underlie improved internal processing, memory encoding, or reduced sensory

overload during sound stimulation.
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Correlation and Regression Findings: Pitch as a Modulator

Correlation analysis revealed a strong but non-significant positive relationship between pitch and
beta power (r = 0.63), and a weaker positive trend with alpha power (r = 0.40). Although not
statistically significant, these results suggest potential pitch-specific entrainment effects,
especially within the 30-50 Hz range. This hypothesis was supported by multiple regression
analysis, which found that pitch and listening duration jointly predicted global EEG activity.(p =

0.0018), indicating a cumulative and frequency-dependent modulation of brain oscillations.

Clinical and Physiological Implications

The realtime entrainment of alpha and theta rhythms and the strengthening of alpha-band
interregional connectivity may have valuable clinical implications. Auditory stimulation protocols
have been explored for enhancing cognitive performance, promoting relaxation, and even treating
neuropsychiatric disorders such as ADHD, depression, and cognitive decline (27, 28). The results
of this study support the feasibility of low-frequency pitch as a non-invasive neuromodulation tool
that could be integrated into auditory neurofeedback, mindfulness training, or cognitive
rehabilitation programs.

While the current study was conducted on. healthy participants, the underlying mechanisms;
rhythmic entrainment and functional integration are foundational to numerous neuromodulatory
interventions. Future studies should explore clinical populations and investigate long-term

neuroplastic effects of repeated low-frequency stimulation.
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Conclusion

This study demonstrates that low-frequency auditory pitch stimulation (30-60 Hz) can subtly but
meaningfully modulate cortical oscillatory dynamics and interregional functional connectivity in
healthy young adults. Although global EEG changes were statistically nonsignificant, region-
specific analyses revealed that pitch exposure in the 30—45 Hz range enhanced alpha and theta
power across frontal, parietal, and occipital cortices. Furthermore, the observed increase in alpha-
band phase synchrony between cortical regions highlights the capacity of rhythmic. auditory
stimuli to entrain large-scale neural networks.

These findings provide neurophysiological evidence supporting the use of low-frequency auditory
input as a non-invasive approach to functional brain tuning. The enhancements observed in neural
oscillatory coherence and connectivity offer translational potential for clinical applications
targeting stress regulation, cognitive enhancement, and neurorehabilitation. Future studies with
larger samples, patient cohorts, and long-term stimulation protocols are warranted to explore the

therapeutic viability of pitch-specific neuromodulation strategies
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