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Abstract
Background: With urbanization accelerating, traffic noise has become a significant environmental factor in daily urban life.

Objective: This study investigates the effects of short-term traffic-noise exposure on energy metabolism and physiological status in healthy individuals,
systematically characterizing the metabolic pathways induced by noise and exploring the protective role of mask sound (natural mixed sound) intervention.

Methods: A randomized crossover design was employed, with 26 healthy adults exposed to three types of sound environments: quiet (46.52 dBA (± 0.31),
8:00 AM - 7:00 AM the next day), traffic noise (76.23 dBA (± 1.21), 8:00 AM - 10:00 PM), and mask sound (76.15 dBA (± 1.32), 8:00 AM - 10:00 PM).
Continuous monitoring tracked energy metabolism, physiological indicators, hormone levels, and subjective feelings, with comparisons across environments.

Results: Short-term traffic noise amplified sympathetic, HPA, and HPT axis activity, raising heart rate and blood pressure (HR +2.95%, diastolic BP +3.09%).
Glycemic regulation worsened (glucose up 7.72%), metabolic flexibility declined (ΔNPRQ postprandial − fasting −42.11%), and rhythms/mood were
disrupted. Women exhibited more pronounced autonomic and metabolic disturbances. Mask sound modestly mitigated adverse effects, improving
cardiovascular measures (HR +2.55% decline, diastolic BP +0.3%), lowering insulin resistance (glucose down 4.39%), and enhancing metabolic flexibility
(ΔNPRQ postprandial–fasting +41.67%), though protection was weaker in women. Conclusions: We concluded that short-term traffic noise triggers broad
neuroendocrine activation and may elevate the risk of cardiovascular and metabolic diseases, particularly in women. Mask sound intervention effectively
attenuates acute metabolic and physiological damage, suggesting potential nonpharmacological benefits for noise protection.

Trial registration: ChiCTR2500098645

Introduction
The rapid urbanization and motorization worldwide have made traffic noise an undeniable public health burden, directly challenging the goal of "inclusive,
safe, and sustainable cities and communities" outlined in Sustainable Development Goal (SDG 11) [1]. The World Health Organization (WHO) 2018 guidelines

on environmental noise recommend threshold levels that are frequently exceeded in many rapidly urbanizing large cities [2]. Epidemiological evidence
suggests that with the acceleration of urbanization, traffic noise has emerged as a significant environmental risk factor affecting the public health of urban
residents [3,4]. The WHO assessment of populations in Europe indicates that with each increase of 10 A-weighted decibels (dBA) in road traffic noise, the risk
of ischemic heart disease rises by 8%, and the incidence of diabetes increases by 8% [2,5]. Beyond hearing impairment and emotional damage, traffic noise is

closely associated with psychological disorders, sleep disturbances, cardiovascular diseases, and metabolic abnormalities [6-11]. 

Acute noise exposure triggers complex physiological responses beyond auditory processing. The central nervous system initiates neural and endocrine
cascades, with the autonomic nervous system regulating cardiovascular control and activating the HPA axis, releasing stress hormones [4,12]. Noise also
indirectly activates hypothalamic pathways by affecting sleep and releasing stress signals [13]. Mouse studies show noise disrupts sleep architecture and

circadian rhythms [14]. Noise causes inflammation, oxidative stress, eNOS/nNOS uncoupling, and mitochondrial ROS production, contributing to vascular and
neural dysfunction [14], and increasing the risk of aging and metabolic diseases [15]. Noise perturbs cardiovascular stability and insulin homeostasis in
animals. Mice exposed to noise develop insulin resistance, linked to reduced Akt signaling and GLUT4 translocation [16]. Simulated aircraft noise elevates

systolic blood pressure, norepinephrine, and angiotensin II in mice [13]. These effects form a multi-layered network driving injury progression [14]. While
animal and human physiological thresholds are similar [17], human evidence on noise-induced stress and neuroendocrine responses is limited, often relying
on long-term epidemiological studies linking noise to cardiovascular damage and insulin resistance [18,19]. Noise increases sympathetic nervous activity [20].

An RCT showed noise amplifies air pollution's effects on heart rate variability at high noise levels (>65.6 dBA) [21]. Overactive sympathetic nerves precede
insulin resistance, promoting obesity and metabolic syndrome [22,23], but an RCT linking this to noise is lacking. Only one RCT reported noise's effect on
glycemic and insulin homeostasis, showing traffic noise exposure reduced glycemic tolerance and insulin sensitivity in healthy subjects after four nights, but
mechanisms weren't explored [11]. Human studies indicate noise causes sleep and circadian rhythm disturbances, but underlying reasons remain unclear

[24,25]. The effects of traffic noise on human autonomic nervous system and metabolic health require further clinical investigation.

Traffic noise causes broad and far-reaching harm. Mitigation strategies typically involve blocking, eliminating, or mask sound, with mask sounds (e.g., flowing
water) being the simplest and most cost-effective option [26,27]. Mask sounds may exert neuromodulatory effects, elevating positive affect, improving
functional connectivity of the brain, and reducing irritability and stress responses. Experimental and observational studies show that mask sounds
significantly enhance activation in the left medial prefrontal cortex and the right medial orbitofrontal cortex, with the associated emotional effects linked to
pleasant experiences [28]. Meanwhile, mask sounds are thought to enhance mood and psychological comfort, and to reduce negative responses associated

with noise [29]. The protective effect is more evident under higher noise levels; when natural soundscapes are overlaid with traffic noise, the positive
emotional effects of natural sounds may decline, suggesting an intensity-dependent efficacy of mask sounds [30]. Additionally, some RCT studies report that
mask sound can improve sleep and anxiety, and reduce blood pressure and heart rate during surgical stress. [31-34]. However, existing studies lack integrated
physiological and metabolic monitoring in human evidence, and the protective mechanisms of mask sound on cardiovascular and metabolic health remain
unclear. Therefore, exploring the potential of mask sound as a protective intervention may provide new insights into understanding the mechanisms of noise-
induced health impacts.

To fill this gap, the current study has designed a prospective randomized crossover trial aimed at systematically assessing the effects of traffic noise on
human neuroendocrine function, physiological metabolism, and subjective feelings for the first time in a population. Additionally, it will evaluate the potential
protective effects of mask sound, in order to uncover the key links in the chain of noise stimulation-neuroendocrine response-metabolic physiological
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changes. This study will provide new perspectives on understanding the relationship between noise and metabolic health and will offer an evidence base for
the formulation of effective public health policies and personalized intervention strategies.

Methods
Study Participants

This study was approved by the ethics committee of the hospital where the researchers are based (ChiCTR2500098645). The study protocol, screening
questionnaire, and informed consent document were approved by the local ethics committee and strictly adhered to the Declaration of Helsinki and
international ethical standards. The participants for this study were recruited from March 2025 to October 2025 through questionnaire advertisements
posted on social media and within the community. The research team conducted rigorous medical screening of potential participants to ensure they met the
study criteria. All enrolled participants underwent blood tests to confirm normal levels of hematological parameters (including thyroid-related indicators,
adrenal-related indicators, and glycemic and lipid metabolism-related indicators) and were assessed through hearing tests to ensure their hearing thresholds
were within the normal range based on age and sex. Individuals with recent prolonged exposure to high-decibel environments (such as construction sites,
factories, loud music, noisy conditions, or heavy traffic) were excluded from participation, as were those with long-term exposure to high-noise environments
as part of their occupations, such as traffic police or airport workers. To ensure the accuracy of the study results, participants were also required to have
good subjective sleep quality ((Pittsburgh Sleep Quality Index (PSQI) ≤ 5)) and no symptoms of daytime sleepiness ((Epworth Sleepiness Scale (ESS) ≤ 10)).
Individuals who had taken long-haul flights across time zones within the month prior to recruitment were also excluded. This study only included non-
smokers and individuals who had not taken any medications (including hormonal contraceptives). Female participants underwent progesterone testing
before enrollment, and all female participants were scheduled to participate during the period from day 0 to day 11 of their menstrual cycle (the follicular
phase) to control for potential hormonal cycle effects on the outcomes. Sensitivity to noise was assessed using the Noise Sensitivity Questionnaire
(NoiSeQ). After the stringent screening process, a total of 174 potential participants (84 female) were evaluated, and ultimately 26 participants (13 female)
were included in the analysis and completed all experimental phases (Supplementary Fig. 1). All participants signed a written informed consent form before
officially beginning the experiment. 

Pre-Experimental Conditions

To maintain a regular sleep-wake rhythm, participants were instructed to keep their habitual bedtime within ±30 minutes for one week prior to the study. They
were required to spend 8 hours in bed and avoid napping. Participants were not allowed to be exposed to high noise environments (>70 dBA according to
WHO guidelines). Additionally, they were asked to avoid the intake of stimulating foods (such as coffee, tea, and chocolate) and alcohol, to maintain a normal
diet while avoiding greasy meals, and to refrain from engaging in vigorous physical activity to match laboratory conditions as closely as possible.

Laboratory Study Conditions

The experimental design is illustrated in Fig. 1, which details the design and implementation of the randomized crossover study. A total of 26 healthy
participants (13 females) were randomly allocated (Fig. 1A), with the allocation sequence generated using random number tables. The study employed a
crossover design where each participant underwent two exposure conditions in succession: traffic noise (Noise) and mask sound (Mask). The daily activities
and measurement schedule are presented in Fig. 1B, which details the daily 24-hour routine and data collection time points during the experimental period.

Characteristics of traffic noise and mask sound

Sound stimuli were created using recorded segments of real-world sounds, with traffic noise data collected on July 26, 2023, aimed at capturing the noise
characteristics during typical peak hours on a workday. The noise collection was primarily focused on the morning peak (from 8:51 to 8:58), and all data were
gathered at 769 Zhaojiabang Road, located in the central area of Shanghai, which is a busy main road exhibiting typical urban traffic noise characteristics.
The mask sound data utilized a mixture of natural sounds designed by Cai et al., including birdsong, water sounds, and rain sounds, which were processed to
match the sound level of the traffic noise [35]. The background noise level during the noise day was recorded at 76.23 dBA (± 1.21), while the background
noise level on the mask day was 76.15 dBA (± 1.32). There was no significant difference in sound levels between the noise day and the mask day (See
supplementary materials for more acoustic information).

Energy Expenditure and Substrate Oxidation

To accurately measure the energy expenditure levels and substrate oxidation (such as carbohydrates and fats) of the participants, the entire experiment was
conducted within a metabolic chamber. Each chamber was a closed space of 30,000 liters, equipped with amenities including an adjustable bed, a desk,
chairs, a cycle ergometer, a washbasin, and a toilet. The temperature within the chamber was tightly controlled at 25.0 ± 0.1°C, and the air was continuously
extracted at a constant rate of 80 liters per minute. The concentrations of oxygen (O₂) and carbon dioxide (CO₂) in the sampled air were monitored in real-
time using the Promethion integrated system (model GA-06/FG-01) manufactured by Sable Systems International, based in Las Vegas, USA. To ensure
optimal performance, the gas analyzers were calibrated weekly with standard gases. The calculations for oxygen uptake (VO₂) and carbon dioxide production
(VCO₂) utilized the Henning method. To minimize potential errors associated with the metabolic chamber, the accuracy of the measurements was verified
using the propane combustion methodology. The results demonstrated that the accuracy of oxygen consumption measurements reached 99.3 ± 0.8%, while
carbon dioxide production measurements achieved an accuracy of 100.0 ± 0.6%. The VO₂ and VCO₂ data obtained via the Henning method were initially
recorded per minute and subsequently aggregated into hourly data for later statistical comparisons. The oxidation rates of macronutrients and total energy
expenditure calculations were performed using the Weir formula, in conjunction with nitrogen excretion data from urine samples [36]. The measurement of
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urinary nitrogen was conducted on 24-hour urine samples collected in segments. In order to correct the bias of body fat composition on substrate oxidation,
the energy consumption results are calibrated with fat-free mass.

Physiological Measures

Non-invasive blood pressure, three-lead electrocardiogram (ECG), and peripheral pulse oxygen saturation (SpO₂) were continuously monitored using a cardiac
telemetry system (WEP-5204C, Omegawave, Tokyo, Japan). During the study, blood pressure (BP) measurements were taken every 30 minutes for systolic
and diastolic values. Heart rate, respiratory rate, and SpO₂ were recorded once per second throughout the study period. 

Laboratory test

Laboratory test results for participants were recorded during each visit of the screening and intervention periods. The tested items and metrics included:
Glycemic metabolism indicators and insulin: Venous blood glucose (VBG), insulin, and C-peptide (CP). Endocrine Hormones: Total triiodothyronine (T3), total
free thyroxine (T4), thyroxine-binding globulin (TBG), reverse triiodothyronine (rT3), free triiodothyronine (FT3), free thyroxine (FT4), thyroid-stimulating
hormone (TSH), metanephrine (MN), and normetanephrine (NMN). Urea Nitrogen: Blood urea nitrogen (BUN) and urine volume. Salivary Melatonin. During the
screening period, participants underwent fasting venous blood collection for glycemic, insulin, CP, and all aforementioned endocrine hormones at 8:00 AM.
Throughout the intervention period (Days 1-4), blood samples, saliva, and urine were collected at various time points each intervention day after the
placement of a catheter in the antecubital vein or dorsal hand vein. 

Statistical Analysis

This study collected continuous variable data, with the experimental group exposed to continuous traffic noise and the control group exposed to mask sound
throughout the day. The significance level was set at α = 0.05 and β = 0.1. The sample size was determined based on similar transportation noise
intervention studies by L. Thiesse et al., which observed significant changes in the glycemic area under the curve (AUC) (mmol/L·min·10) for participants on
the last morning of the experimental day, with a comparison of high-intensity noise versus low-intensity noise groups (p < 0.0001) [11]. Considering a dropout
rate of 10%, we planned to recruit 26 participants to complete the experiment, which is expected to achieve a statistical power of 95%. Participant
characteristics were summarized using descriptive statistics, with continuous variables expressed as means ± standard deviation and categorical variables
as percentages. Differences between groups were estimated using a linear mixed-effects model, with the observed parameters as dependent variables,
experimental day groupings (quiet, noise, and mask) as independent variables, and sequence and time as covariates, with participants treated as random
effects. When significant differences were detected, post-hoc tests were conducted using Bonferroni correction. Correlation coefficients were calculated to
analyze relationships between heart rate variability and indicators of HPA and HPT axis, glycemic, insulin sensitivity and energy metabolism parameters [37].
The statistical method employs Pearson correlation analysis and controls for the risk of false positives due to multiple comparisons through Bonferroni
adjustment. The threshold for statistical significance was established at p < 0.05. Unless otherwise specified, data results are presented as means ±
standard error (SE), and all statistical analyses were conducted using R version 5.0.

Results
The study design is illustrated in Supplementary Fig. 1. A total of 26 potential participants were screened for the study. Ultimately, 26 healthy participants (13
males and 13 females) successfully completed all experimental procedures and provided complete data. There were no significant differences in
demographic and primary metabolic parameters among all participants at baseline (Day 0) (p > 0.05), specifically including age, height, weight, body mass
index (BMI), and body composition parameters (such as body fat percentage, lean body mass, muscle mass, etc.), as detailed in Table 1. Moreover, baseline
metabolic and endocrine-related indicators, including fasting glycemic, fasting insulin, and Homeostasis Model Assessment of Insulin Resistance (HOMA-
IR), showed no statistically significant differences across groups. This further confirms the effectiveness of randomization, ensuring good comparability
between groups.

Changes in HRV and catecholamines

Interpret autonomic nervous system homeostasis changes through HRV and catecholamine secretion. Regarding HRV (Fig. 2), the noise day exhibited
significantly lower levels of SDNN (Standard Deviation of Normal-to-Normal intervals, Fig. 2A), TP (Total Power, Fig. 2B), and HF (High Frequency, Fig. 2E)
compared to the quiet day (all p < 0.001). In contrast, LF (Low Frequency, Fig. 2D) and the LF/HF ratio (Fig. 2C) were substantially higher on the noise day
than on the quiet day (both p < 0.001). In terms of catecholamines, noise exposure significantly elevated the average daily levels of MN (Fig. 3A) and NMN
(Fig. 3B) during the noise day, with MN and NMN levels significantly higher than those on the quiet day (MN: noise, 36.71 ± 6.42 pg/ml vs. quiet, 31.74 ± 5.73
pg/ml, p < 0.01. NMN: noise, 52.7 ± 11.24 pg/ml vs. 44.91 ± 10.56 pg/ml, p < 0.001; mean ± SD). 

Changes in HPA axis and HPT axis hormone secretion

In the HPA axis (Supplementary Fig. 2A, 3B), noise exposure significantly increases the secretion of ACTH and cortisol (ACTH: noise, 24.94 ± 7.42 pg/ml vs.
quiet, 22.31 ± 8.32 pg/ml, p < 0.05. Cortisol: noise, 15.07 ± 3.89 pg/ml vs. quiet, 13.79 ± 3.78 pg/ml, p < 0.05. mean ± SD). Regarding the hypothalamic-
pituitary-thyroid (HPT) axis (Supplementary Fig. 2C - I), short-term exposure to noise significantly increased thyroid hormone secretion. On the noise day, the
average daily levels of T4 (Supplementary Fig. 2D), FT3 (Supplementary Figure 2E), FT4 (Supplementary Fig. 2F), TSH (Supplementary Fig. 2G), and TBG
(Supplementary Fig. 2I) were significantly higher compared to the quiet day, with T4, FT4, and TBG showing the most pronounced increases (T4: noise,
101.52 ± 9.23 mmol/L vs. quiet, 95.32 ± 8.75 mmol/L, p < 0.001. FT4, noise, 13.25 ± 1.34 pmol/L vs. quiet, 12.67 ± 1.57 pmol/L, p < 0.001. TBG: noise, 19.45 ±
3.78 ng/mL vs. quiet, 17.23 ± 4.12 ng/mL, p < 0.001. TSH: noise, 1.55 ± 0.72 μIU/mL vs. quiet, 1.36 ± 0.63 μIU/mL, p < 0.05. FT3: noise, 4.52 ± 0.64 pmol/L vs.
quiet, 4.35 ± 0.74 pmol/L, p < 0.01. mean ± SD). 
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Changes in cardiovascular parameters, glycemic-insulin homeostasis, energy metabolism, rhythm, and subjective perceptions

Short-term exposure to traffic noise exerted a significant impact on the cardiovascular system, with the average daily heart rate (HR, Fig. 3C) on the noise day
significantly higher than that on the quiet day (HR: noise, 81.25 ± 13.44 bpm vs. quiet, 78.92 ± 11.23 bpm, p < 0.001. mean ± SD). Regarding blood pressure,
systolic blood pressure (SYS, Fig. 3D) showed no significant change on the noise day, while diastolic blood pressure (DIA, Fig. 3E) was significantly higher
than that on the quiet day (DIA: noise, 71.35 ± 8.46 mmHg vs. quiet, 69.21 ± 9.52 mmHg, p < 0.01. mean ± SD). Short-term exposure to traffic noise exerts
multifaceted and significant effects on glycemic-insulin homeostasis and substrate utilization in healthy participants (Fig. 4, Supplementary Fig. 3, Table 2).
Firstly, regarding the dynamic changes in glycemic and insulin, noise exposure significantly disrupted daytime glycemic homeostasis. As shown in Fig. 4A
and Supplementary Fig. 3A, VBG levels peaked significantly higher on the noise day at both 2 hours and 12 hours post-exposure compared to the quiet day
(2h VBG: noise, 5.89 ± 1.52 mmol/L vs. quiet, 4.97 ± 1.21 mmol/L, p < 0.001. 12h VBG: noise, 6.05 ± 1.42 mmol/L vs. quiet, 5.45 ± 1.51 mmol/L, p < 0.001.
mean ± SD). The average daily glycemic levels during the exposure were also significantly higher on the noise day than on the quiet day (VBG: noise, 5.72 ±
0.87 mmol/L vs. quiet, 5.31 ± 0.46 mmol/L, p < 0.001. mean ± SD). For insulin levels, as illustrated in Fig. 4B and Supplementary Fig. 3B, insulin rapidly
increased at 2 hours post-exposure on the noise day (2h Insulin: noise, 26.76 ± 8.73 pmol/L vs. quiet, 12.52 ± 4.32 pmol/L, p < 0.001. mean ± SD), and the
daily average was significantly higher than the levels on quiet day (Insulin: noise, 28.74 ± 11.23 pmol/L vs. quiet, 23.42 ± 12.52 pmol/L, p < 0.05. mean ± SD).
The changes in CP mirrored these results (Fig. 4C and Supplementary Fig. 3C): significant peaks in CP levels at 2 hours and 14 hours post-exposure in the
noise day were observed, exceeding those of both the quiet and mask groups (2h vs quiet, p < 0.001). Additionally, the average CP levels during the first 2
hours of noise exposure were significantly the highest. According to Table 2, fasting glycemic after noise exposure was 4.98 mmol/L, and fasting insulin was
8.65 pmol/L, both significantly higher than those on the quiet day (4.7 mmol/L and 6.97 pmol/L, respectively), with the difference in fasting glycemic
reaching statistical significance (p = 0.024). Notably, the HOMA-IR increased sharply from 1.46 on the quiet day to 1.95 after noise exposure (p = 0.047). In
terms of glycemic tolerance, the postprandial glycemic level at 2 hours (G120) also significantly elevated (5.9 mmol/L vs. 4.95 mmol/L, p < 0.001). The
Matsuda index significantly decreased to 6.56 on the noise day (p = 0.0015). In terms of substrate utilization for energy metabolism, there were no significant
differences in energy expenditure (EE, Supplementary Fig. 3E) among the groups. However, significant changes in substrate utilization were observed. The
non-protein respiratory quotient (NPRQ, Fig. 4D and Supplementary Fig. 3D) was significantly lower in the noise day (NPRQ: noise, 0.75 ± 0.33 vs. quiet, 0.78
± 0.29, p < 0.05. mean ± SD). This trend was also reflected in the fat oxidation rate (FOX, Fig. 4F), which showed a significantly higher average level
throughout the exposure period (p < 0.01). Notably, protein oxidation rate (PROX, Supplementary Fig. 3F) significantly decreased on the noise day (p < 0.01),
being markedly lower than on the quiet day, both overall and across time segments. The ΔNPRQ (Fig. 4E), an indicator of metabolic flexibility, also showed a
significant decrease on noise days, whether during the daytime (ΔNPRQ Day-Night: noise, 0.051 ± 0.016 vs. quiet, 0.064 ± 0.021, p < 0.05. mean ± SD), post-
meal (ΔNPRQ Postprandial-Fasting: noise, 0.011 ± 0.006 vs. quiet, 0.019 ± 0.008, p < 0.001. mean ± SD), or post-exercise (ΔNPRQ Post exercise-Pre exercise: noise,

-0.041 ± 0.018 vs. quiet, -0.027 ± 0.011, p < 0.001. mean ± SD). Salivary melatonin levels, which reflect rhythmic disruption (Supplementary Fig. 4), indicated
significant differences at the 13-hour mark after exposure started (21:00). The noise group exhibited significantly lower melatonin levels compared to the
quiet day (p < 0.001). Notably, the noise group showed significantly higher melatonin levels the following morning compared to both the quiet and mask
groups (p < 0.001, p < 0.01). As shown in Fig. 5 and Supplementary Fig. 5, exposure to traffic noise significantly impacted participants' subjective feelings
and emotional states. In terms of sleep-related scores, the daytime sleepiness score (Fig. 5A) was significantly lower on both noise and mask days
compared to the quiet day (p < 0.01), indicating that both types of sound exposure enhanced individuals' tendency to feel awake during the day. The Stanford
Sleepiness Scale (SSSS, Supplementary Fig. 5A) showed no significant differences among the three groups, suggesting that noise exposure did not
markedly alter participants' overall evaluation of sleep quality. Regarding emotional states, noise exposure triggered negative emotional responses. Anxiety
scores (Fig. 5B) sharply increased on the noise day, significantly higher than those on the quiet day (p < 0.001). This indicates that noise exacerbated
participants' feelings of anxiety. Simultaneously, happiness scores (Fig. 5C) were significantly lower on both the noise and mask days compared to the quiet
day (p < 0.001), suggesting that both noise and mask sound reduced the experience of positive emotions. In terms of appetite and satiety, the hunger score
(Supplementary Fig. 5C) was significantly higher on the noise day compared to the quiet day (p < 0.05), implying that noise could enhance feelings of hunger.
The fullness level (Supplementary Fig. 5D) was significantly lower on the noise day than on the quiet day (p < 0.05), indicating that noise exposure may
diminish individuals' subjective feelings of fullness. Participants' temperature perception (Supplementary Fig. 5B), stomach capacity (Supplementary Fig.
5E), willingness to eat (Supplementary Fig. 5F), and maximum food intake scores (Supplementary Fig. 5G) exhibited no significant changes among the three
groups. In summary, short-term exposure to traffic noise leads to increased subjective wakefulness and anxiety, decreased well-being, and abnormal appetite
regulation among participants. 

The protective effect of masking sound

The protective effects of mask sound involve multiple facets. During the mask sound intervention, SDNN, TP, and HF levels were significantly higher than
those on the noise day (p < 0.001), while LF and LF/HF were significantly lower than on the noise day (p < 0.001), returning close to quiet day levels (Fig. 2).
The levels of MN and NMN in the mask sound group fell between those of the noise group and the quiet group, showing no statistical difference between the
quiet and noise groups (Fig. 3A, Fig. 3B). In HPA axis, mask sound can alleviate the secretion of ACTH and cortisol, although not significantly
(Supplementary Fig. 2A, Supplementary Fig. 2B). Regarding the HPT axis, the mask sound group exhibited some protective effects concerning these thyroid
hormone indicators, as their daily average levels were lower than those on the noise day, with FT4 notably lower than on the noise day (FT4, mask, 12.85 ±
1.17 pmol/L vs. noise, 13.25 ± 1.34 pmol/L, p < 0.05. mean ± SD) (Supplementary Fig. 2F). Regarding cardiovascular responses, the mask sound alleviated
the increase in heart rate (reduced by 2.55%), bringing it closer to levels observed on the quiet day. Although not statistically significant, the mask sound
group showed a 0.3% reduction in DIA (Fig. 3E). In terms of glycemic and insulin homeostasis, the protective effects of mask sound were evident in the
partial restoration of several metabolic indicators: although fasting glycemic and fasting insulin on the mask day were slightly higher than those on the quiet
day, the differences were not statistically significant when compared to the noise day (Fig. 4A, Fig. 4B, Table 2). Additionally, G120 was significantly lower on
the mask day than on the noise day (p = 0.0032). Importantly, the Matsuda index recovered to 8.31 on the mask day, with no significant differences from the
quiet day (Table2). In terms of energy metabolism, the performance of the mask sound group in terms of respiratory quotient and protein oxidation rate was
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generally intermediate between the quiet group and the noise group. However, ΔNPRQ Day-Night (Fig. 4E) also significantly decreased on mask day (ΔNPRQ

Day-Night: mask, 0.052 ± 0.019 vs. quiet, 0.064 ± 0.021, p < 0.05. mean ± SD). It is noteworthy that ΔNPRQ on mask day shows significant improvement before
and after meals and before and after exercise compared with the noise days (ΔNPRQ Postprandial-Fasting: mask, 0.016 ± 0.008 vs. noise, 0.011 ± 0.006, p < 0.05.

ΔNPRQ Post exercise-Pre exercise: mask, -0.032 ± 0.013 vs. noise, -0.041 ± 0.018, p < 0.05. mean ± SD). Regarding salivary melatonin, in contrast, the mask sound
intervention appeared to alleviate this impact, leading to a secretion pattern that was closer to what was observed on quiet days (Supplementary Fig. 4).
Mask sound can moderately improve subjective well-being. While mask sound significantly alleviated anxiety scores, its effects on appetite and overall well-
being appear to be limited (Fig. 5, Supplementary Fig. 5).

Correlations and sex-stratified analysis

Fig. 6A and Fig. 6B show a significant correlation between sympathetic nervous activity (LF/HF ratio) and changes in catecholamines (MN, R = 0.45, p =
0.023; NMN, R = 0.72, p < 0.001). Female participants exhibit higher sensitivity to traffic noise (MN, R = 0.57, p = 0.043; NMN, R = 0.75, p = 0.003). On noise
days, sympathetic activity is positively correlated with HPA axis secretion (Supplementary Fig. 6C,cortisol, R = 0.44, p = 0.025); moreover, in women, cortisol
secretion on noise days shows a tighter association with sympathetic activity (R = 0.57, p = 0.043). In Supplementary Fig. 6D - F and Supplementary Fig. 7A
- D, changes in T4, FT3, FT4, and TBG are positively correlated with sympathetic nervous activity (T4, R = 0.49, p = 0.011; FT3, R = 0.42, p = 0.034; FT4, R =
0.46, p = 0.019; TBG, R = 0.49, p = 0.011). Women also demonstrate higher sensitivity in their responses to these hormones (T4, R = 0.57, p = 0.041; FT3, R =
0.6, p = 0.03; FT4, R = 0.57, p = 0.041; TBG, R = 0.66, p = 0.013). Data in Supplementary Fig. 6C - E and Supplementary Fig. 7B - D show that mask sound also
helps maintain hormonal secretion homeostasis in the HPA and HPT axes, especially in women. Changes in glycemic levels (VBG during exposure, Figure 6C,
G120, Fig. 6D), insulin (Fig. 6E), and glycemic-insulin homeostasis (HOMA-IR, Fig. 6F, Mastuda Index, Supplementary Fig. 6A) are also affected. The
correlations between noise and VBG (R = 0.62, p < 0.001), G120 (R = 0.74, p < 0.001), insulin (R = 0.41, p = 0.037), HOMA-IR (R = 0.6, p < 0.001), and Mastuda
Index (R = -0.41, p = 0.0035) show that noise significantly disrupts metabolic homeostasis. Women show higher sensitivity in VBG (R = 0.67, p = 0.012), G120

(R = 0.79, p = 0.001), insulin (R = 0.57, p = 0.042), and insulin resistance (HOMA-IR, R = 0.65, p = 0.017; Mastuda Index, R = -0.6, p = 0.031). The use of mask
sound is associated with improvements in glycemic and insulin levels, with data in Figure 6C - 6F and Supplementary Fig. 6A demonstrate that the changes
in glycemic and insulin in the mask sound group are smaller, with less disruption to glycemic-insulin homeostasis, particularly in women. 

Discussion
Traffic noise has broad adverse health effects, yet prospective human studies are scarce, and daytime physiological/metabolic impacts remain limited [4].
Mask sound is a potential nonpharmacological intervention; early studies suggest benefits, but robust evidence across physiological, metabolic, and
psychological domains is still needed [38]. In this randomized cross-over study, we assessed short-term physiological and energy-metabolic responses to
traffic noise and evaluated the protective role of mask sounds. For the first time in a healthy population, we show that brief traffic-noise exposure activates
the sympathetic nervous system and the HPA/HPT axes, disrupts autonomic and endocrine balance, increases cardiovascular load, perturbs glycemic–
insulin homeostasis, and impairs metabolic flexibility. Mask sound provided protective effects across multiple domains by maintaining autonomic balance
and reducing excessive HPA/HPT activity, thereby mitigating noise-related cardiovascular, insulin resistance, and metabolic-flexibility impairments. Our
findings suggest that optimizing the acoustic environment and timely use of mask sound offer a practical, nonpharmacological intervention for those
exposed to noise pollution.

Neural and endocrine pathways linking traffic noise to autonomic dysregulation

Animal and human studies using fMRI and electrophysiology show noise activates the cochlea–auditory cortex–amygdala pathway, shaping downstream
neural and endocrine responses [39,40]. HRV is a key mechanistic indicator of autonomic state, with LF reflecting sympathetic activity, HF reflecting vagal
activity, and the LF/HF ratio serving as a sympathovagal balance index [41,42]. Kraus found that 6-hour daytime noise exposure alters HRV: LAeq <65 dBA, each

5 dBA increase raises LF/HF by 4.89%, while LF and HF decline (−3.77%, −8.56%), and SDNN rises with noise levels <65 dBA (5.74%). This aligns with our
finding that traffic noise reduces HRV overall, lowering SDNN, TP, HF, raising LF, and increasing LF/HF, indicating sympathetic predominance. Walke et al.
reported opposite autonomic results: 40 minutes of noise reduced HRV, with low-frequency noise decreasing HF, LF, and SDNN by 32%, 34%, and 16%,
respectively, and high-frequency noise reducing LF by 21%; no clear sympathetic/parasympathetic shift emerged, possibly due to mild stress and coordinated
rebalancing [45]. From electrophysiology, traffic noise appears to trigger sympathetic activation, with catecholamines (adrenaline, noradrenaline, MN/NMN)
as indirect endocrine markers [46]. Some studies found no nighttime catecholamine changes with noisy nights, which may reflect differences in exposure or
methods [47,48]. Our randomized exposure study with real-time blood analyses shows noise significantly affects catecholamine secretion. Animal data

corroborate this: 29-day exposure to airport noise at 75–80 dBA raises plasma normetanephrine [49], supporting population-level links. In sum,
electrophysiological and endocrine evidence converge on traffic noise inducing sympathetic activation and disrupted autonomic balance, reflected in HRV
and catecholamine dynamics.

Traffic noise activates sympathetic, HPA, and HPT axes

Studies show that, beyond sympathetic activation, noise stimulates endocrine axes via the hypothalamus [4]. Animal and mechanistic reviews consistently
report that environmental noises, including traffic-like continuous noise, activate the HPA axis and raise stress hormones. Reviews on environmental
pollution indicate traffic-related pollution (particulates plus noise) can trigger the HPA axis and increase glucocorticoids, elevating allostatic load and
potentially harming the CNS [50]. Mice exposed to 75 dBA long-term had elevated ACTH [51], aligning with our findings. In piglet transport trials, noise
increased ACTH and cortisol after brief transport, supporting noise-induced HPA activation [52], concordant with our ACTH/cortisol results. Correlations
show higher cortisol with greater sympathetic activity on days with noise, indicating cooperation between HPA and sympathetic pathways in response to
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noise [53]. The HPT axis also participates in stress, though its response depends on energy status, stress type, and exposure duration; it activates under
energy-demanding conditions [54,55]. Few studies treat noise as a direct stressor; our data show noise over-stimulates FT3, FT4, and TSH via the HPT axis.
Analogies with other stressors suggest noise may affect the HPT axis through energy metabolism and mood–sleep pathways. Masoud et al. followed 297
male workers for four years and found that every 10 dBA noise increase raised TSH, especially at mid-frequencies, implying long-term noise exposure may
impair HPT homeostasis, paralleling our short-term findings [56]. We also found positive correlations between HRV and FT3/FT4 during noise exposure,
indicating HPT involvement in neuroendocrine regulation. Collectively, this study provides the first human corroboration that traffic noise affects downstream
metabolism and homeostasis through coordinated regulation of the sympathetic system, HPA axis, and HPT axis.

Multisystem neuroendocrine mechanisms of traffic noise: cardiovascular, glycemic-insulin homeostasis and metabolic flexibility

From an exposure–response perspective, activating the sympathetic nervous system and the HPA axis triggers cardiovascular responses, altering heart rate
and blood pressure [57]. In mice, simulated traffic/aircraft noise increases systolic blood pressure and heart rate, with vascular dysfunction and inflammation
[58]. Münzel et al. exposed mice to aircraft noise peaks of 85 dBA (avg 72 dBA) for 4 days, raising systolic blood pressure, NMN, and angiotensin II [12]. These
findings align with ours. Human evidence on noise and cardiovascular responses is mixed. Haralabidis et al. reported 15-minute aircraft events increasing
systolic blood pressure by 6.2 mmHg and diastolic blood pressure by 7.4 mmHg [59], while we found traffic noise raises heart rate by ~2.95% and diastolic
pressure by ~3.09%. Roberto et al. describe temporary blood pressure and HR increases during exposure and for 2–3 hours after, with higher blood pressure
variability [60]. Walke et al. found no blood pressure changes after 40 minutes of low-frequency noise [44], likely due to differences in exposure duration,
intensity, measurement timing, and population. Thyroid hormone elevation raises myocardial oxygen demand, heart rate, and contractility, and increases
catecholamine sensitivity, mechanistically supporting higher HR and blood pressure [55]. Our results suggest short-term noise stimulates the HPT axis,
contributing to greater cardiovascular load. Notably, noise increased diastolic blood pressure but not systolic blood pressure, likely due to sympathetic-driven
peripheral vasoconstriction (elevated normetanephrine) with limited changes in cardiac output and baroreceptor adjustments [61]. Vascular-type
hypertension features higher peripheral resistance and diastolic blood pressure with modest systolic blood pressure changes, typical of stress, while
exercise-type stress elevates cardiac output and systolic blood pressure [62,63]. Thus, traffic noise–induced sympathetic and HPA/HPT activation may raise
cardiovascular risk. In multivariable analyses, long-term LF/HF power was independently linked to insulin sensitivity, implying sympathetic imbalance may
drive insulin resistance and type 2 diabetes risk [64]. Natural daylight rapidly reshapes glycemic metabolism via the SCN–hypothalamus–autonomic pathway

[65]. Noise can perturb cardiovascular/metabolic homeostasis through central autonomic networks and the HPA/HPT axes, offering a plausible noise–
metabolism link. No RCTs directly confirm neuroendocrine activation by traffic noise disrupting glycemic homeostasis, though animal studies link 95 dBA
noise to insulin resistance in mice, with duration-related persistence [16]. Prolonged noise elevates glycemic and corticosterone levels, reduces hepatic
insulin sensitivity, and sustains insulin signaling activation [66], consistent with our findings (glycemia up 7.72% during exposure; day after, HOMA-IR up

33.56%) and supports noise-induced insulin resistance via sympathetic and HPA activation [67–69]. Chronic stress and glucocorticoids augment
gluconeogenesis and suppress insulin signaling, promoting insulin resistance and type 2 diabetes [70]. For metabolic flexibility, we first quantified ΔNPRQ
under noise. Noise shifted substrate use toward more fat oxidation, reduced protein oxidation, and impaired metabolic flexibility, especially after meals and
exercise (ΔNPRQ Day-Night 20.31% lower; ΔNPRQ postprandial-fasting 42.11% lower; ΔNPRQ post-exercise 51.85% lower) — aligning with obesity, insulin resistance,

and type 2 diabetes traits [71]. Metabolic flexibility, a measure of system resilience, decreases with metabolic ill-health and links to obesity, metabolic

syndrome, fatty liver, CVD, and worse outcomes [72]. Mechanistically, sympathetic activity, HPA activation, and HPT activation from noise may impair
metabolic flexibility. Chronic noise can sustain catecholamine elevations, promoting insulin resistance, visceral fat, and low-grade inflammation, placing the
body in a state of high glycemic/high fatty acid availability but reduced insulin sensitivity, hindering carbohydrate–fat oxidation switching across states [73].
In mice with limited catecholamine release, elevated sympathetic activity drives insulin resistance and fatty liver; reducing sympathetic activity protects
against these conditions [67]. HPA activation increases glucocorticoids, upregulating gluconeogenic genes and opposing insulin signaling, affecting lipid

metabolism and fat redistribution [74]. Long-term noise exposure in animals elevates glycemic indices and lipids while suppressing thyroid axis activity,
suggesting duration-dependent effects on the HPT axis; acute stress may transiently activate the HPT axis to meet energy demands, with FT3/FT4
promoting fatty acid oxidation alongside hepatic lipogenesis [55,76]. Elevated ACTH, cortisol, and thyroid hormones may also disrupt mood and circadian
rhythms [77,78]. Consistent with prior work, traffic noise worsens subjective distress and disrupts rhythms, increasing appetite and reducing satiety. Prolonged
daytime noise (65–100 dBA, 17 days) raises body weight and food intake in adult female rodents, with lower energy expenditure during exposure and
recovery [79]. Five weeks of high-intensity noise (87.5 dBA) in juvenile males increases intake and weight, with CART up and leptin receptor down, indicating
energy conservation with higher intake [80]. Engineered noise exposure also raises fat mass, adipocyte size, and lowers HDL [81], aligning with our findings of
compensatory eating and fat accumulation. Circadian disruption includes reduced nighttime melatonin and morning melatonin shifts, with sleep disruption
affecting leptin/ghrelin and energy intake [79]. Stress and circadian disturbances may worsen insulin resistance and metabolic flexibility. In summary, traffic
noise activates the sympathetic, HPA, and HPT axes, elevating heart rate and blood pressure, promoting lipolysis and insulin resistance, and impairing
metabolic flexibility, circadian rhythm, and mood, thereby increasing obesity and diabetes risk.

Multisystem protective effects of mask sound against traffic noise: cardiovascular, endocrine and metabolic

Natural white noise is widely used in environmental interventions to improve sleep and reduce stress. A study by Marsman et al. found that white noise
significantly enhanced HRV compared to various music genres [82]. Mask sound, defined as white noise added to ambient noise, similarly inhibits
sympathetic nerve excitation, improving HRV. Unlike detrimental noise like traffic noise, natural white noise at equivalent levels has no adverse effects on the
sympathetic nervous system or HPA axis, nor does it induce oxidative stress, inflammation, or endocrine disorders, as shown in animal studies [12]. Our
research demonstrates that mask sound reduces excessive ACTH and cortisol secretion by the HPA axis, aligning with animal studies. We are the first to
report mask sound's protective effect on the HPT axis in humans, mitigating noise-induced FT4 increases. This is significant as stress elevates FT4 in animal
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models [55]. This suggests that thyroid activation and related metabolic axes are curtailed. We are the first to identify mask sound's protective effects on the
sympathetic nervous system, HPA axis, and HPT axis in humans, benefiting cardiac autonomic regulation and metabolism. Elevated HRV is linked to reduced
cardiovascular disease risk. Animal experiments show white noise, unlike aircraft noise, does not elevate blood pressure [42], a finding supported by our
human study where mask sound significantly lowered heart rate and diastolic blood pressure during noise exposure, nearing quiet-state levels. This indicates
improved cardiac rhythmicity and vascular tone, reducing cardiovascular stress. Mask sound also reduced sympathetic excitation, and by lowering FT4
secretion, it contributed to reducing cardiovascular burden, as elevated FT4 is linked to increased heart rate and blood pressure [83,84]. Our study also reveals
mask sound's positive role in glycemic-insulin homeostasis. Core indicators like glycemic and HOMA-IR levels were lower in the mask group, closer to quiet
levels. This suggests mask sound alleviates glycemic-insulin damage by reducing sympathetic excitation. Mask sound also partially reverses noise-induced
metabolic imbalances, improving respiratory quotient and fat/protein oxidation, promoting balanced metabolism and preventing unhealthy energy mismatch.
It demonstrates a significant protective effect on metabolic flexibility, mitigating impaired substrate-switching caused by traffic noise, thereby helping prevent
obesity and diabetes. FT4 modulates peripheral metabolism and energy allocation during stress [85]. The protective mechanism involves the combined
actions of the sympathetic nervous system and the HPT axis. Ebben et al. found white noise significantly reduced wakefulness and nocturnal awakenings in
individuals with noise-induced sleep disturbances [86]. Systematic reviews show white noise improves multiple sleep parameters [87]. Our study found mask
sound positively impacts subjective mood and physiological rhythms. Although melatonin levels initially decreased, they recovered by early morning.
Participants reported reduced anxiety and improved psychological well-being. Rhythm and subjective perception abnormalities are linked to insulin
resistance [88]. Our study is the first human trial to reveal mask sound's protective effect on subjective mood and physiological rhythms. Improved neural and
endocrine activation states, specifically ameliorated sympathetic nerve activation and HPT axis secretion, are key to alleviating rhythms and mood,
consistent with previous conclusions [89]. In summary, mask sound may alleviate cardiovascular burden by mitigating sympathetic nervous system and HPT
axis activation, with additional HPA axis support. It improves glycemic-insulin homeostasis, metabolic flexibility, subjective mood, and rhythms by reducing
stress on the sympathetic nervous system and HPT axis. Experimental studies suggest women may have higher baseline sympathetic nervous system
activation under stress, making them more susceptible to noise's health impacts [90]. W. Babisch et al. found elevated catecholamines in women living near

high-traffic streets [91], consistent with our findings that traffic noise strongly stimulates catecholamine secretion in women. Females may be more
vulnerable to noise-induced HPA axis activation due to hormonal differences [90], aligning with our findings. Vella and colleagues noted that stress effects on
the HPT axis are "biphasic by sex" and early-life stress impacts the female HPT axis more [92]. Our findings support this: women have a higher risk of
excessive HPT axis secretion under noise-induced sympathetic activation. Noise stimulation in women leads to stronger activation of the sympathetic, HPA,
and HPT axes, causing more severe physiological and metabolic damages. A large cohort study found women had a greater increased risk of diabetes from
long-term traffic noise exposure than men [5], suggesting females are more susceptible to glycemic homeostasis disruption from noise-related sympathetic
activation. Subgroup analysis showed that while mask sound didn't significantly activate the sympathetic pathway in females, its correlation with metabolic
disorders was higher in females than males. Despite women's higher sensitivity to acoustic stimuli, mask sound still offers significant protection in females
compared to noise exposure. These findings suggest women are increasingly primary victims of traffic noise, and mask sound intervention for susceptible
populations may need to be combined with other approaches (e.g., earplugs) for optimal outcomes.

Strengths and limitations

Although this study has made preliminary findings regarding the mechanistic links and intervention effects, there are certain limitations. Firstly, the sample
size is relatively small, with only 26 healthy participants, which limits the stability and generalizability of the statistical conclusions, making it difficult to
represent the overall effects in a broader population. Secondly, this study involved a short-term intervention with subjects limited to healthy young individuals,
and thus, it cannot assess the effects of long-term exposure or intervention on specific populations, such as the elderly or individuals with chronic diseases.
Furthermore, future research should strengthen collaborations with basic research, integrating animal models and molecular mechanisms to provide more
robust causal inferences and biological explanations for observational findings in human populations. Therefore, it is recommended that future studies
involve larger sample sizes and more diverse populations, expand mechanism indicators, refine circadian dynamic monitoring, assess the feasibility of long-
term interventions, and deepen cross-disciplinary studies with basic experiments. This is aimed at providing a more solid theoretical basis for noise-related
chronic disease prevention and individual health management.

Conclusion
This study systematically reveals that short-term exposure to traffic noise can activate the sympathetic nervous system and neuroendocrine axes (the HPA
and HPT axes), leading to increased cardiovascular load, impaired glycemic–insulin homeostasis and metabolic inflexibility, and disruptions in circadian
rhythm and mood, thereby elevating the risk of metabolic diseases such as cardiovascular diseases as well as obesity and diabetes. Mask sound
intervention can partly mitigate the adverse effects of noise, including improvements in sympathetic activation and excessive endocrine axes activation,
thereby ameliorating downstream cardiovascular stress, insulin resistance and energy metabolism abnormalities. This highlights its potential as a simple,
non-pharmaceutical protective measure. Due to their sensitivity to noise, the protective effect of mask sound is less effective in women compared to men,
necessitating the use of multiple protective measures. Therefore, the rational application of mask sound for populations affected by noise pollution is
expected to become an important supplementary intervention for chronic disease prevention and control.
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Characteristics      Female Male

No. of participants (n = 26) 13 13

Age (years) 25.54(4.24) 25.76(3.72)

Height (cm) 163.46(5.93) 177.03(4.77)

Weight (kg) 59.39(8.86) 72.49(7.85)

BMI (kg/m2) 22.17(2.46) 23.12(2.28)

Fat (%) 33.83 (4.94) 23.87 (4.7)

FFM (kg) 38.97 (4.0) 55.04 (5.69)

Metabolic Rate and Physiology    

RMR (kJ/min) 4.75 (1.08) 4.50 (1.18)

Heart rate (beats/min) 61.62(5.05) 64.47(9.37)

Diastolic blood pressure (mmHg) 60.71(3.75) 61.18(5.42)

Systolic blood pressure (mmHg) 100.47(5.32) 100.27(4.18)

Baseline metabolic variables    

Fasting Glycemic (mmol/L) 4.78(0.34) 4.58(0.44)

Fasting CP (μg/L) 1.63(0.45) 1.8(0.33)

Fasting Insulin (pmol/L) 6.95(1.49) 7.4(1.91)

HOMA-IR 1.49(0.3) 1.51(0.43)

Matsuda index 16.57(4.98) 14.54(4.16)

Participant characteristics were summarized using descriptive statistics, with continuous variables expressed as means ± standard deviation (SD) and
categorical variables as percentages. BMI, Body Mass Index; FFM, Fat Free Mass, RMR, Resting Metabolic Rate; HOMA-IR, Homeostasis Model Assessment
of Insulin Resistance.
 

Table 2 Comparison of metabolic status and insulin sensitivity under different sound conditions.

  Quiet

(mean ±
SE)

  Noise

(mean ± SE)

  Mask

(mean ± SE)

  vs. Quiet

(p-value)

vs. Post-Intervention

(p-value)

      Pre-Noise Post-
Noise

  Pre-Mask Post-
Mask

  Pre-
Noise

Post-
Noise

Pre-
Mask

Post-
Mask

  Pre-
Noise

Pre-
Mask

Fasting state                            

Fasting
glycemic
(mmol/L)

4.7(0.44)   4.72(0.46) 4.98(0.34)   4.74(0.43) 4.87(0.32)   0.65 0.024* 0.97 0.12   0.03* 0.16

Fasting
insulin
(pmol/L)

6.97(4.02)   8.07(3.2) 8.65(4.45)   7.75(3.22) 8.35(5.21)   0.11 0.15 0.31 0.34   0.92 0.83

HOMA-IR 1.46(0.88)   1.52(0.68) 1.95(0.58)   1.57(0.6) 1.74(0.65)   0.5 0.047** 0.33 0.13   0.033* 0.46

Post load indexes                            

Matsuda
index

11.58(1.73)   6.56(0.71)     8.31(0.72)     0.0015**   0.74        

The fasting status indicators for the intervention day are collected before the onset of sound (8:00 am). The post-intervention day indicators were collected
at 8:00 am on the morning of the second day after the intervention (Fig 1). The glycemic data for the fasting phase and the two-hour postprandial phase were
obtained from venous blood draw results. Differences between groups were estimated using a linear mixed-effects model, with the observed parameters as
dependent variables, experimental day groupings (Quiet, Noise, and Mask) as independent variables, and sequence and time as covariates, with participants
treated as random effects. When significant differences were detected, post-hoc tests were conducted using Bonferroni correction. Data were presented as
raw mean ± SE. *, p<0.05, **, p<0.01, ***p<0.001.

Figures
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Figure 2

Changes in HRV during the experiment.

The following parameters were compared between groups during the exposure period based on overall daily averages: (A) Standard deviation of heart rate
variability, (B) Total power, (C) Low-frequency/high-frequency ratio, (D) Low-frequency power, (E) High-frequency power. Differences between groups were
estimated using a linear mixed-effects model, with the observed parameters as dependent variables, experimental day groupings (Quiet, Noise, and Mask) as
independent variables, and sequence and time as covariates, with participants treated as random effects. When significant differences were detected, post-
hoc tests were conducted using Bonferroni correction. All data are presented as Mean ± SE. Asterisks indicate significant differences when compared to the
quiet day (Quiet). The significance levels are defined as follows: *, p<0.05, **, p<0.01, ***p<0.001. This format allows for a clear understanding of the
differences in heart rate variability parameters between the noise exposure and mask sound exposure conditions, highlighting the physiological impact of
these auditory environments.
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Figure 5

Changes in subjective rating scales questionnaires.

The following parameters were assessed for changes in daily averages: (A) Sleepiness Score, (B) Anxiety Score, (C) Happiness Score. All data are presented
as Mean ± SE. Differences between groups were estimated using a linear mixed-effects model, with the observed parameters as dependent variables,
experimental day groupings (Quiet, Noise, and Mask) as independent variables, and sequence and time as covariates, with participants treated as random
effects. When significant differences were detected, post-hoc tests were conducted using Bonferroni correction. Asterisks indicate significant differences
when compared to the quiet day (Quiet); Plus signs indicate significant differences between the noise day (Noise) and mask day (Mask). The significance
levels are defined as follows: *, p<0.05, **, p<0.01, ***p<0.001; +p < 0.05, ++p < 0.01, +++p < 0.001.

Figure 6
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Heart rate variability and its relationship with glycemic, insulin sensitivity and catecholamines during sound stimulation.

Changes in low frequency/high frequency ratio measured by heart rate variability, with average values of various correlation analysis indicators taken during
sound exposure. The statistical method employs Pearson correlation analysis and controls for the risk of false positives due to multiple comparisons
through Bonferroni adjustment. The dashed lines represent the 95% confidence interval (CI).
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