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Background: The burden of Occupational Noise-Induced Hearing Loss (ONIHL) is escalating globally, presenting significant challenges to society and healthcare systems. This study aims to provide a comprehensive assessment of the global burden of ONIHL from 1990 to 2021, analyze these impacts by gender, and project the future burden of ONIHL over the next fifteen years.



Methods: The data were sourced from the Global Burden of Disease (GBD) study conducted in 2021. A Joinpoint regression model was employed to calculate the annual percentage change (APC) in ONIHL Years Lived with Disability (YLDs) rate, and a decomposition analysis was utilized to quantify the influences of age structure, population growth, and epidemiological changes on the global burden of ONIHL. Additionally, predictions of future YLDs rate trends were made using Bayesian Age-Period-Cohort (BAPC) and Autoregressive Integrated Moving Average (ARIMA) models.



Results: The global rate of ONIHL YLDs escalated from 3,838,055 person-years in 1990 to 7,847,445 person-years in 2021, with an age-standardized YLDs rate experiencing a 23% increase. Males exhibited a higher number and rate of YLDs than females, however, the growth rate for females was greater, with Estimated Annual Percentage Changes (EAPCs) recorded at 0.42 (0.41–0.43) for females and 0.11 (0.09–0.12) for males, respectively, and Average Annual Percentage Changes (AAPCs) of 0.44 (95% CI: 0.43–0.45) for females compared to 0.13 (95% CI: 0.12–0.14) for males. In 2021, the YLDs rate decreased as the Socio-Demographic Index (SDI) increased across 224 countries, indicating a concentration of the burden in countries with a medium SDI. Between 1990 and 2021, the incidence of ONIHL among females exhibited an upward trend in most countries, whereas among males, it predominantly reflected a downward trend. The decomposition analysis revealed that population growth was the primary factor contributing to the increase in YLDs. Projections indicate that by 2036, the YLDs rate for ONIHL will reach 103.45 per 100,000 in males and 74.19 per 100,000 in females.



Conclusion: The global burden of ONIHL is rising at a concerning rate, particularly in countries with a medium SDI and among females. Therefore, it is imperative to implement targeted health education, regular screenings, and accessible hearing protection measures to mitigate the risks associated with ONIHL, specifically for females.
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Introduction

In 2021, age-related and other hearing loss resulted in 44·5 million (95% UI 30·7–62·0) Years Lived with Disability (YLDs). It was the fourth-ranked cause of YLDs in 2021 for non-communicable diseases (1). Hearing loss is recognized as the most prevalent sensory impairment worldwide, with occupational noise exposure identified as an important contributing factor. Occupational Noise-Induced Hearing Loss (ONIHL) poses a substantial public health challenge globally. Research demonstrates that individuals working in sectors such as construction, manufacturing, mining, agriculture, utilities, transportation, military service, and music are at the highest risk for ONIHL (2). Although ONIHL does not directly result in premature mortality, it can lead to considerable disability and associated issues. It may hinder effective communication, resulting in social stress, emotional distress, diminished self-esteem, identity crises, and weakened interpersonal relationships (3). What's more, studies indicate that exposure to high levels of noise can trigger physiological responses within the autonomic nervous and endocrine systems, resulting in enhanced secretion of stress hormones. This physiological reaction correlates with increased risks of hypertension, coronary heart disease, and stroke (4, 5). The ongoing discourse surrounding gender disparities in noise-induced hearing loss is particularly relevant, given the growing prevalence of women's exposure to various occupational noise levels (6). However, there is a noticeable lack of comprehensive information pertaining to the epidemiological characteristics and factors influencing hearing loss among females in the workforce. Most research on occupational noise exposure predominantly involves male participants (7), with some studies exclusively focusing on this demographic, potentially reflecting the higher percentage of men in noisy work environments (8). Thus, there is a pressing need for an in-depth epidemiological examination of gender differences associated with hearing loss resulting from occupational noise exposure.

This study seeks to evaluate the global disease burden of hearing loss attributed to ONIHL from 1990 to 2021. It further investigates factors such as sex, age, and the SDI to address gaps identified in the Global Burden of Disease (GBD) reports. By analyzing variations in YLDs across different sexes, ages, and SDI categories over the last 32 years, this research offers essential insights for the formulation of occupational noise safety initiatives worldwide.



Data sources and definitions

The GBD database employs comparative risk assessment methodologies to estimate mortality rates attributable to various risk factors, along with years of life lost (YLLs), YLDs and disability-adjusted life years (DALYs). This comprehensive analysis encompasses 87 risk factors across 204 countries and regions worldwide, covering data from 1990 to 2021 (9). Specific information regarding age-related and other forms of hearing loss, including YLD numbers, YLD rates, and their age-standardized rates (ASR) in Global from 1990 to 2021, was sourced from the Institute for Health Metrics and Evaluation (https://vizhub.healthdata.org/gbd-results/). The waiver of knowledgeable consent for the GBD study has received approval from the Institutional Review Board at the University of Washington.

DALYs encompass YLLs due to premature mortality and YLDs resulting from illness. Hearing loss associated with occupational noise does not typically lead to premature death, which contributes to lower YLL figures, thus, YLDs are identified as the primary measure of disease burden. YLDs are computed by multiplying the prevalence of a condition by its corresponding disability weight, which reflects the severity of that condition compared to all other health states (10). Disability weights range from 0, symbolizing perfect health, to 1, representing death. Hearing loss is defined as a reduction in auditory capability greater than 20 dB in the better ear, calculated as the average across four frequencies (500–4,000 Hz) (11). The GBD study characterizes hearing loss as the average minimum sound level detectable by an individual's better-hearing ear, assessed through the pure-tone average hearing threshold at 0.5, 1, 2, and 4 kHz. It categorizes hearing loss into seven severity levels, ranging from normal (0–19 dB) to important (≥95 dB), while also considering the presence of tinnitus (12). Occupational noise exposure is defined as the percentage of the population that has encountered noise levels of 85 decibels or greater in the workplace, based on population distributions across 17 economic sectors (13).

GBD 2019 used a diverse array of data sources, including censuses, surveys, registries, surveillance, and scientific literature, to assess the prevalence and impact of various risk factors associated with hearing loss (12). To mitigate challenges related to data gaps and inconsistencies, GBD 2019 implemented a range of statistical techniques. These included employing random forest algorithms for imputing missing values, applying hierarchical Bayesian regression models to smooth and refine raw data, and using causal diagram models to evaluate the interrelationships among risk factors (12). Building on these methodologies and the resulting data, we developed our models to investigate trends and determinants of hearing loss across different geographic regions and time periods.

Socio-Demographic Index (SDI) is an aggregative metric that measures the development of a country or region, combining data on the total fertility rate for females under 25, the average level of education of females aged 15 and over, and per capita income, which is closely related to the residents' health status. The value range of SDI is (0, 1), with higher scores representing higher per capita income and education levels, but lower fertility rates. Based on the SDI value, countries or regions are categorized into low SDI, low-middle SDI, middle SDI, high-middle SDI, and high SDI (14).



Statistical analysis

This study provides insights into the YLDs and ASRs of ONIHL globally and according to SDI, stratified by age and gender, accompanied by 95% uncertainty intervals (UIs). The 95% UI reflects the range of potential values around an estimate, indicating a 95% confidence that the true value falls within this range, leaving a 5% probability that it lies outside. We calculated 95% UIs by employing 1,000 samples from the posterior distribution at each stage of the estimation process, using the 2.5th and 97.5th percentiles of the ordered values (9).

Joinpoint analysis was used to discern trends in ONIHL YLDs from 1990 to 2021. As introduced by Kim in 2000 (15), this method allows for the segmentation of longitudinal data through piecewise regression, enabling the identification of statistically major trends within these segments. Regression analysis was conducted on the natural logarithm of YLD rates across various segments, followed by the calculation of the annual percentage change (APC) and its corresponding 95% confidence interval (CI) for each period. The global trend was represented by the Average Annual Percentage Changes (AAPCs). Statistical significance for both APC and AAPC was established through non-overlapping 95% CIs and a p-value of less than 0.05, compared to the null hypothesis of no variation. Besides, we employed the decomposition method developed by Das Gupta to assess the impacts of age structure, population growth, and epidemiological changes on the global burden of asbestosis (16).

The autoregressive integrated moving average (ARIMA) model was used to forecast the future trends of ONIHL yield rates over the next fifteen years. The model is represented as ARIMA (p, d, q), where p denotes the autoregressive order, d indicates the number of differences, and q represents the moving average order (17). The differencing technique was applied to convert non-stationary data into stationary data. Subsequently, the autocorrelation function (ACF) and partial autocorrelation function (PACF) were plotted to assess the stationarity of the sequence following differencing. The auto.Arima () function was employed to identify the optimal model based on the Akaike information criterion (AIC). This function is adept at analyzing various ARIMA models for univariate time series data, exploring potential models in accordance with specified constraints, and determining the most suitable model (18, 19). The normality of the residuals was evaluated through QQ plots, and ACF and PACF plots. The Ljung–Box test for white noise was used to examine the presence of serial correlations in the residuals. The predictive accuracy of the ARIMA models was assessed using metrics such as mean error (ME), root mean squared error (RMSE), mean absolute error (MAE), mean percentage error (MPE), mean absolute percentage error (MAPE), and mean absolute scaled error (MASE).

Additionally, we employed the Bayesian Age-Period-Cohort (BAPC) model to project the future trends of the global burden of ONIHL YLDs rates for both females and males, using this as an external method to validate the accuracy of the ARIMA model. The BAPC approach has been widely used in epidemiological studies to analyze temporal trends in chronic diseases and predict future disease burdens (20, 21).

Joinpoint analysis was performed using Joinpoint Regression software version 5.3 (Statistical Research and Applications Branch of the National Cancer Institute, USA). The ARIMA analysis and associated visualizations were conducted with R software version 4.2 (R core team), using the “forecast,” “tseries,” and “ggplot2” packages, and the BAPC analysis was implemented using the R software packages “INLA” and “BAPC”. A p-value of less than 0.05 was deemed statistically important.



Results


Burden of YLDs of ONIHL during 1990–2021


Global

From 1990 to 2021, the number of YLDs due to occupational noise demonstrated a major increase, rising from 3,838,055 person-years (95% UI: 2,630,899–5,373,293) to 7,847,445 person-years (95% UI: 5,313,648–10,980,789). The age-standardized YLDs rate increased from 84.28 per 100,000 person-years (95% UI: 57.62–118.17) to 91.12 (95% UI: 61.98–127.2), representing a 23% rise. Analyzing gender differences, male YLDs rose from 2,427,796 (95% UI: 1,658,223–3,398,390) to 4,779,975 (95% UI: 3,229,199–6,666,481), with the age-standardized YLDs rate increasing from 108.98 (95% UI: 74.17–152.26) to 113.35 (95% UI: 76.93–157.86). In contrast, female YLDs grew from 1,410,259 years (95% UI: 963,823–1,986,866) to 3,067,470 years (95% UI: 2,087,477–4,314,308), while the age-standardized YLDs rate rose from 60.98 (95% UI: 41.37–85.93) to 69.87 (95% UI: 47.67–97.95). By comparing the data from 2021 to 1990, the global challenge of hearing loss resulting from noise exposure has become increasingly important for both genders. Although the burden of ONIHL is notably higher in males, the rate of increase for females has outpaced that of males, with EAPC of 0.42 (0.41–0.43) for females compared to 0.11 (0.09–0.12) for males (Table 1).



TABLE 1 Global and SDI quintile regions cases and age-standardised YLDs rates of ONIHL from 1990 to 2021.



	Location
	1990
	2021
	EAPC (95%CI)



	Total
	Female
	Male
	Total
	Female
	Male
	Total
	Female
	Male



	Cases (95%UI)
	ASR per 100000 (95%UI)
	Cases (95%UI)
	ASR per 100000 (95%UI)
	Cases (95%UI)
	ASR per 100000 (95%UI)
	Cases (95%UI)
	ASR per 100000 (95%UI)
	Cases (95%UI)
	ASR per 100000 (95%UI)
	Cases (95%UI)
	ASR per 100000 (95%UI)





	Global
	3,838,055 (2,630,899, 5,373,293)
	84.28 (57.62, 118.17)
	1,410,259 (963,823, 1,986,866)
	60.98 (41.37, 85.93)
	2,427,796 (1,658,223, 3,398,390)
	108.98 (74.17, 152.26)
	7,847,445 (5,313,648, 10,980,789)
	91.12 (61.98, 127.2)
	3,067,470 (2,087,477, 4,314,308)
	69.87 (47.67, 97.95)
	4,779,975 (3,229,199, 6,666,481)
	113.35 (76.93, 157.86)
	0.23 (0.21, 0.25)
	0.42 (0.41, 0.43)
	0.11 (0.09, 0.12)



	High SDI
	445,410 (302,453, 629,366)
	43.46 (29.37, 61.72)
	161,384 (111,494, 228,400)
	29.97 (20.57, 42.46)
	284,026 (190,657, 404,010)
	58.61 (39.33, 83.11)
	734,617 (495,089, 1,039,611)
	45.56 (30.66, 64.63)
	271,228 (185,740, 385,777)
	33.07 (22.51, 47.02)
	463,389 (309,870, 658,099)
	58.4 (38.98, 82.57)
	0.15 (0.12, 0.18)
	0.33 (0.32, 0.35)
	−0.02 (−0.07, 0.03)



	High-middle SDI
	851,449 (577,126, 1,196,402)
	79.32 (53.63, 111.58)
	344,431 (231,443, 482,560)
	61.61 (41.3, 86.57)
	507,018 (345,188, 715,207)
	99.49 (67.79, 139.63)
	1,654,261 (1,112,237, 2,342,966)
	91.4 (61.49, 127.84)
	692,363 (463,007, 980,935)
	74.33 (49.73, 104.68)
	961,899 (646,587, 1,359,363)
	109.65 (73.69, 153.14)
	0.49 
(0.47, 0.5)
	0.63 (0.61, 0.64)
	0.35 (0.33, 0.37)



	Middle SDI
	1,424,978 (972,881, 1,998,624)
	107.5 (72.62, 151.54)
	542,415 (367,770, 763,356)
	82.71 (55.74, 116.31)
	882,563 (602,765, 1,235,248)
	132.46 (89.76,185.65)
	3,014,042 (2,027,104, 4,241,934)
	107.22 (72.41, 150.41)
	1,208,670 (808,429, 1,709,208)
	84.26 (56.74, 118.69)
	1,805,372 (1,215,604, 2,533,879)
	131.1 (88.43, 183.79)
	−0.01(−0.02, 0)
	0.07 (0.06, 0.08)
	−0.04(−0.06, −0.03)



	Low-middle SDI
	767,793 (532,015, 1,074,485)
	97.38 (66.41, 135.99)
	230,461 (157,372, 328,129)
	59.55 (40.05, 84.45)
	537,331 (367,936, 749,669)
	134.04 (91.59,185.74)
	1,648,017 (1,137,712, 2,286,803)
	96.87 (66.53, 135.34)
	575,088 (396,034, 805,313)
	66.21 (45.39, 93.2)
	1,072,929 (736,877, 1,495,640)
	129.02 (88.08, 179.25)
	−0.11(−0.15, −0.08)
	0.23 (0.19, 0.28)
	−0.21 (−0.24, −0.18)



	Low SDI
	345,556 (236,905, 480,733)
	114.32 (78.7, 157.77)
	130,462 (89,206, 179,679)
	86.31 (59.09, 118.76)
	215,094 (147,620, 300,551)
	141.76 (98.03,196.54)
	791,734 (543,966, 1,102,725)
	111.72 (77.54, 154.69)
	318,235 (217,911, 440,572)
	87.56 (60.26, 120.24)
	473,499 (323,863, 664,474)
	136.7 (95.04, 190.7)
	−0.12 (−0.15, −0.09)
	−0.04(−0.11, 0.03)
	−0.13(−0.15, −0.11)









SDI

In 2021, there were marked variations in the number of YLDs attributed to occupational noise across various SDI regions. The middle SDI region reported the highest number of years YLDs, totaling 3,014,042 person-years (95%UI: 2,027,104–4,241,934). This was followed by the high-middle SDI region, which accounted for 1,654,261 person-years (95%UI: 1,112,237–2,342,966). Conversely, the low SDI region recorded the lowest number of YLDs at 791,734 person-years (95%UI: 543,966–1,102,725). In all five SDI regions, the number of impacted males surpassed that of females (Table 1).

In the SDI quintile regions, the age-standardized YLDs rate saw the most substantial increase in the high-middle SDI region, which rose by 49% (95% UI: 0.47–0.5). Notably, the increase for females was greatly higher at 60.3% (95% UI: 0.61–0.64) compared to 35% (95% UI: 0.33–0.37) for males. The high SDI region exhibited a growth rate of 15% (95% UI: 0.12–0.18), with a notable increase of 33% among females (95% UI: 0.32–0.35), while the male population remained consistent. In the middle SDI, low-middle SDI, and low SDI regions, the overall rates of YLDs, and those specifically for males, have demonstrated a decline. Female YLD rates in the Middle SDI and low-middle SDI regions demonstrated an upward trend, whereas the figures in the low SDI region remained unchanged for females (Table 1).




Impact of age and gender on the burden of ONIHL

Both genders experienced an upward trend in the quantity and rate of YLDs associated with noise exposure as age increased, peaking in the 70–74 age group. Across all age categories, male YLDs were consistently higher than those of females (Figure 1). In the five SDI regions, the trends in burden shifts for both males and females across different age groups in high and high-middle SDI areas align with global patterns (Supplementary Figures S1A,B). The number and rate of YLDs are relatively low during middle age but gradually rise in older age. In middle SDI regions, the number and rate of YLDs begin to increase middle a marked escalation observed particularly in those over 50 (Supplementary Figure S1C). Conversely, in low SDI regions, both the number and rate of YLDs start to rise greatly at younger ages (Supplementary Figures S1D,E). What's more, in high-middle SDI regions, the burden for females across various age groups generally exceeds that of males (Supplementary Figure S1B).


[image: Bar graphs displaying Years Lived with Disability (YLDs) numbers and rates by age group for global populations in 1990 and 2021. Panel A shows data for females, with higher YLDs around ages 65-69. Panel B presents data for males, with peaks near ages 60-64. Data are shown as bars with error lines, using green for 1990 and pink for 2021.]
FIGURE 1
ONIHL burden across different ages and genders [(A) Female, (B) Male]. ONIHL, Occupational Noise-Induced Hearing Loss.




Joinpoint regression analysis of the burden of disease attributable to ONIHL

The Joinpoint regression model was employed to analyze the temporal trends of ONIHL burden among different genders globally and across various SDI regions, emphasizing important regional disparities. The global age-standardized YLDs rate for ONIHL exhibited a consistent upward trajectory (APC for 1990–1993: 0.52, 1993–1997: 0.36, 1997–2005: 0.27, 2005–2010: 0.06, 2010–2019: 0.26, 2019–2021: 0.04) (Supplementary Figure S2). The increase observed in females (APC for 1990–1999: 0.55, 1999–2006: 0.39, 2006–2012: 0.33, 2012–2015: 0.39, 2015–2018: 0.60, 2018–2021: 0.31) was markedly more pronounced than that for males (APC for 1990–1994: 0.40, 1994–2005: 0.18, 2005–2010: −0.09, 2010–2019: 0.12, 2019–2021: −0.15), with AAPCs of 0.44 (95% CI: 0.43–0.45) for females and 0.13 (95% CI: 0.12–0.14) for males, respectively (Figure 2; Supplementary Table S2).

In the five SDI regions, the age-standardized YLDs rate for females exhibited an upward trend in the high SDI, high-middle SDI, middle SDI, and low-middle SDI categories. Notably, the high-middle SDI region recorded five important increases (APC from 1990 to 1996 = 0.72, 1996 to 2001 = 0.58, 2001 to 2005 = 0.82, 2005 to 2015 = 0.53, 2015 to 2018 = 0.88, and 2018 to 2021 = 0.14) (Figure 2A). The low-middle SDI region experienced one important decrease and five important increases (APC from 1990 to 1994 = 1.12, 1994 to 2000 = 0.58, 2000 to 2004 = −0.23, 2004 to 2009 = 0.09, 2009 to 2019 = 0.23, and 2019 to 2021 = 0.43) (Figure 2A). The high SDI region also saw five increases (APC from 1990 to 1995 = 0.44, 1995 to 2000 = 0.24, 2000 to 2006 = 0.38, 2006 to 2009 = 0.04, and 2009 to 2019 = 0.48), followed by a decline starting in 2019 (APC from 2019 to 2021 = −0.29) (Figure 2A). The middle SDI region recorded three important increases during the periods 1990–2019 (APC = 0.25), 2001–2005 (APC = 0.21), and 2014–2019 (APC = 0.18), before experiencing an important decrease beginning in 2019 (APC from 2019 to 2021 = −0.48). Conversely, the low SDI region demonstrated no important growth from 1990 to 2021, with an AAPC of 0.05 (95% CI: −0.11 to 0.21) (Supplementary Table S2), however, a marked increase was noted starting in 2019 (APC from 2019 to 2021 = 2.39) (Figure 2A).


[image: Two line charts show age-standardized YLD rates from 1989 to 2022 for females (top) and males (bottom) across different regions and socio-demographic index (SDI) categories. The female chart includes global, high SDI, high-middle SDI, low SDI, low-middle SDI, and middle SDI trends, each with different lines and markers. The male chart shows similar categories. Each line represents different APC (Annual Percentage Change) periods with corresponding legends. Rates vary by gender and SDI categories over time.]
FIGURE 2
Trends of age-standardized YLDs rate in female (A) and male (B) of ONIHL in SDI. YLDs, years lived with disability; ONIHL, Occupational Noise-Induced Hearing Loss; SDI, socio-demographic index.


In comparison to females, the age-standardized YLDs rate for males across the five SDI regions exhibited a notable increase exclusively in the high-middle SDI region, with an AAPC of 0.32 (95% CI: 0.30, 0.34) (Supplementary Table S2). Conversely, the rates in the middle SDI, low-middle SDI, and low SDI regions demonstrated important decreases, with AAPCs of −0.04, −0.12, and −0.12, respectively (Supplementary Table S2). The decline observed in the high SDI was not statistically important. The high-middle SDI experienced five notable increases and one decrease during the study period, with APCs of 0.39 from 1990 to 1995, 0.23 from 1995 to 2001, 1.00 from 2001 to 2004, 0.23 from 2004 to 2015, 0.42 from 2015 to 2019, and −0.37 from 2019 to 2021 (Figure 2B). While fluctuations in the high SDI over the 32-year span were not statistically important, a marked decline commenced in 2019, with an APC of −0.82 noted for the period from 2019 to 2021 (Figure 2B).



YLDs rates for 204 countries in 2021 and AAPCs change from 1990 to 2021

The 2021 data indicates that in the 204 countries, an increase in SDI correlates with a decrease in YLDs rate. The ONIHL burden predominantly occurs within the SDI range of 0.25–0.75, particularly in nations with an SDI between 0.25 and 0.5, where the burden is most pronounced (Figure 3A). Among these, Madagascar experiences the highest burden, reporting 216.77 cases per 100,000 individuals annually, followed by Burundi, Malawi, Rwanda, Ethiopia, and Mozambique. Countries with SDIs between 0.5 and 0.75, such as Kenya, Zambia, China, Thailand, and Myanmar, also endure important burdens (Figure 3A). In nations with an SDI below 0.25, Somalia demonstrates the most acute burden, with 144.698 cases per 100,000 individuals per year, while Qatar shows the highest burden in countries with an SDI exceeding 0.75, at 95.54 cases per 100,000 individuals per year (Figure 3A). This data emphasizes that nations with medium SDI values are most affected by the ONIHL burden.


[image: Four scatter plots compare variables related to the Socio-Demographic Index. Plot A shows YLDs per 100,000 data points for both sexes. Plots B, C, and D display AAPC data points for both sexes, females, and males, respectively. The black lines indicate trends.]
FIGURE 3
Age-standardized YLDs rate in 204 countries for 2021 and changes in AAPCs from 1990 to 2021. YLDs, years lived with disability; AAPCs, average annual percentage changes. (A) Age-standardized YLDs rate for 2021, (B) Overall AAPC, (C) Female AAPC, (D) Male AAPC.


During the period 1990–2021, several countries experienced a major increase in the AAPC, notably Guyana, the Solomon Islands, Kazakhstan, Bosnia and Herzegovina, Mozambique, Nepal, China, and Bahrain (Figure 3B). In most countries, the AAPC for females showed an upward trend, with Bangladesh exhibiting the most substantial increase at an AAPC of 2.24 (95% CI: 2.21–2.27). This was followed by notable increases in the Solomon Islands, Honduras, Kiribati, Oman, Pakistan, and the Netherlands (Figure 3C). In contrast, the AAPC for males declined in the majority of countries, with notable growth observed in Honduras, Myanmar, the Solomon Islands, Kiribati, Mauritania, the Netherlands, China, and Chile (Figure 3D).



Analyses of decomposition

A decomposition analysis was performed on the original YLDs to assess the individual effects of aging, population growth, and epidemiological changes on ONIHL from 1990 to 2021. The analysis revealed a global upward trend in YLDs for ONIHL across all SDI regions, with the most major increase occurring in middle-SDI regions (Supplementary Figure S3). On a global scale, population growth and aging accounted for 67.81% and 21.34% of the rise in disease burden, respectively (Supplementary Table S3). The effect of population growth was most pronounced in low SDI regions, with an increase of 106.71%, followed by low-middle SDI (86.71%), middle SDI (65.41%), high SDI (54.58%), and high-middle SDI regions (44.73%) (Supplementary Table S3). Aging had a greater impact in higher SDI regions, with contributions of 35.5% in middle SDI, 34.61% in high SDI, 32.16% in high-middle SDI, 13.6% in low-middle SDI, and a negative impact of −3.6% in low SDI regions. In contrast, the contribution of epidemiological changes was relatively minor, with positive effects observed in high SDI (10.8%) and high-middle SDI (23.11%) regions, while negative contributions were noted in middle SDI (−0.91%), low-middle SDI (−0.32%), and low SDI (−3.1%) (Supplementary Table S3). The alterations in male YLD values and the contributions of aging, population growth, and epidemiological factors at the global level and across all SDI regions reflect similar trends. For females, the impacts of population growth and aging are consistent with the global average, while the influence of epidemiological factors is positive (Figures 4A,B).


[image: Bar charts labeled A and B compare overall differences in Years Lived with Disability (YLDs) for females and males across various socio-demographic indices (SDI). Bars are divided into aging, epidemiological change, and population. Chart A shows that globally, females have a higher overall difference with significant contributions from population and aging. Chart B indicates that males show similar trends with smaller differences, except in the Middle SDI category, where males have higher YLDs. Both charts include black dots marking specific values.]
FIGURE 4
Changes in ONIHL YLDs according to population-level determinants of aging, population growth, and epidemiological change from 1990 to 2021 at the global level and by SDI quintile [(A) Female, (B) Male]. YLDs, years lived with disability; ONIHL, Occupational Noise-Induced Hearing Loss; SDI, socio-demographic index. The black dot represents the overall value of change contributed by all three components. For each component, the magnitude of a positive value indicates a corresponding increase in YLDs attributed to that component, while the magnitude of a negative value indicates a corresponding decrease in YLDs attributed to the related component.




Predicted trends of ONIHL YLDs rate in 2022–2036

The ONIHL age-standardized YLDs rate data from 1990 to 2021 was then applied to quantitatively predict future trends over the next fifteen years in ARIMA models and BAPC models. In the ARIMA model, as presented in Supplementary Figures S4A–C, the longitudinal ONIHL YLDs rate were non–stationary, therefore, ﬁrst–order differencing was performed to stabilize the variance of the series (Supplementary Figures S4D–F). The differential time series were further veriﬁed as non–random series through the whitenoise test (Supplementary Table S4). Filtered by the auto.arima() function, the optimized parameters for ARIMA model were chosen to be (1,2,0) for males and (1,1,1) for females, with AICs of −77.39 and −101.75, respectively. Q–Q plots, ACF and PACF plots revealed that the residual error was normally distributed (Supplementary Figure S6). The Ljung–Box test conﬁrmed that ARIMA models were robust and the residuals were white noise (χ2 = 7.421/13.28, p = 0.826/0.349). ARIMA (1,2,0) and ARIMA (1,1,1) models were then used to predict YLDs rate of ONIHL from 2022 to 2036 by gender, as displayed in Figure 5. YLDs rate in males is expected to decrease from 113.35 per 100,000 in 2021 to 103.45 per 100,000 in 2036, whereas YLDs rate in females will Continuously rise in the next fifteen years, increasing from 69.87 per 100,000 in 2021 to 74.19 per 100,000 in 2036. The predictive capacity of ARIMA models was listed in Supplementary Table S5. Figures 5C,D illustrates the BAPC model predictions for YLDs rate for both males and females from 2022 to 2036, with the predicted trends being similar to those of the ARIMA model.


[image: Four graphs show the trends and forecasts for Years Lived with Disability (YLDs) rates per 100,000 for females and males globally from 1990 to 2030. Graphs A and C display data for females, with actual and projected increases and a diverse forecast range. Graphs B and D present data for males, showing a stable historical trend with varying forecasts. Graphs use red and black lines for actual data and shaded areas for forecasts.]
FIGURE 5
Prediction of ONIHL burden from 2022 to 2036. [(A,B) The prediction for males and females based on the ARIMA model. (C,D) The prediction for males and females based on the BAPC model. (A,C) Age-standardized YLDs rate trend of female from 2022 to 2036 attributable to ONIHL, (B,D) age-standardized YLDs rate trend of male from 2022 to 2036 attributable to ONIHL. The yellow lines represent the predicted trend and the light-yellow shaded regions represent the 95% confidence interval of predicted values, the gray dot vertical line split data into true value (1990–2021) and predicted value (2022–2036). YLDs, years lived with disability; ONIHL, Occupational Noise-Induced Hearing Loss; BAPC, Bayesian age-period-cohort; ARIMA, autoregressive integrated moving average.





Discussion

Occupational noise exposure is a widespread issue affecting worker health around the world. Workers who spend long hours in noisy environments not only risk hearing loss but also face a range of other health problems, including cardiovascular diseases, sleep disorders, and stress-related issues (22). These challenges not only diminish the quality of life for workers but also contribute to an increase in YLDs, placing a heavy burden on society's economy. That's why it's essential to study the impact of occupational noise exposure on YLDs. This research specifically aims to explore how noise exposure affects YLDs, with a focus on the growing numbers among females and the trends we foresee in the future. We'll discuss the potential causes and mechanisms behind hearing loss in female to offer targeted insights and recommendations for addressing these concerns effectively.


Shifts in occupational structures are increasing opportunities for female

Our research emphasizes an important increase in age-standardized YLDs rates in the middle SDI regions, particularly among female. These areas are currently undergoing a transformation in their economic structures as they industrialize. While men still make up the majority of the workforce, there's a noticeable rise in the number of Women entering traditionally male-dominated sectors, like manufacturing and construction, which are often associated with high levels of noise pollution (23). This shift in job roles is contributing to an increased cumulative risk of occupational noise exposure for female. On top of that, the medical resources in these middle SDI regions are relatively sufficient, and there's a wider availability of hearing screenings. This means that cases are being diagnosed and reported more accurately, finally leading to a higher detection rate of hearing-related issues.

Female in high-to-middle SDI regions may be more likely to work in service industries such as healthcare, education, and catering. While these jobs aren't usually labeled as “high-noise occupations,” prolonged exposure to background sounds—like equipment noise and the hustle and bustle of crowds—can still lead to cumulative hearing damage. This finding is corroborated by the literature data referenced later. For instance, research indicates that 16.0% of female orthopedic surgeons have experienced some degree of hearing loss since starting their careers, with 5.3% officially diagnosed with noise-induced hearing loss (24). In intensive care units (ICUs), where the constant activity of medical staff, combined with the sounds of alarms from monitoring equipment, creates sound levels that often surpass national and international guidelines (25). Similarly, a Swedish study focused on women preschool teachers showed that they experience higher rates of hearing loss, tinnitus, and sensitivity to sound compared to a control group. In fact, preschool teachers are at a greater risk for hearing-related issues than women in the general population (26).

In regions with low SDI, the YLDs rate is noticeably higher compared to areas with high SDI. This trend can be attributed to several factors. Female in low SDI regions often work in informal sectors where monitoring of noise exposure is lacking due to limited healthcare resources. Also, these areas tend to rely heavily on noisy industries and have inadequate labor protection systems, which likely contributes to the enhanced disability rates.



Impact of changes in social demographics

In 2021, there was a notable increase in YLDs attributable to occupational noise compared to 1990, primarily influenced by population growth and aging. Gender disparities reveal that the global burden of ONIHL is greatly higher in male than in female, corroborating earlier research findings (21). Occupational noise exposure is particularly common in sectors such as mining, manufacturing, and construction, which typically employ a larger share of male workers, thus intensifying the noise exposure burden for men (9). However, the situation is changing as more women are entering the workforce. According to the 2024 Global Gender Gap report, more and more women are entering the job market, particularly in entry-level positions, which now accounts for almost half of the workforce (27). This growth means that a larger segment of the population is exposed to occupational noise. Another factor to consider is the aging workforce and the cumulative effects of exposure over time. Prolonged noise exposure can have long-term negative impacts on hearing (28). Our research also indicates that YLDs among female peak at ages 70–74. This could be linked to women's longer life expectancy and the decreased protective effects of estrogen (29). Looking at it from a different angle, the long-term effects of chronic occupational exposure might be intensified due to women's tendency to live longer.



Interaction between biological and social factors

Noise can have a major impact on the protein levels in our cochlea, which in turn affects our hearing (30). Research indicates that estrogen activates the ERα/ERβreceptors in the cochlea's stria vascularis, helping to regulate oxidative stress pathways and counteract hearing issues caused by noise exposure (29). This might be one reason why people have historically believed that female are less affected by noise than men (31). Studies show that estrogen has a direct effect on auditory nerve function and blood flow in the cochlea. A decline in estrogen levels is closely linked to an early increase in high-frequency hearing loss, suggesting that postmenopausal women are at a greater risk for hearing impairment (32). In our research, we noted that the rate of YLDs for female tends to rise sharply with age, peaking around 70–74 years. This increasing likely correlates with the major drop in estrogen levels during menopause. However, the current occupational health assessment systems haven't yet taken into account female's hormonal statuses, like screening for perimenopausal changes. This oversight means that the strategies we have in place to protect female's hearing often lack a strong biological foundation.

Research indicates that when noise levels reach 83 decibels, women are more susceptible to hearing loss than men, particularly at high frequencies (33). Certain noisy occupations set permissible exposure limits at 85 decibels, and in such environments, workers may neglect to use hearing protection, thus increasing their risk of noise exposure (8). Research has shown that race plays a role in hearing health. A study found that Black women face a higher risk of hearing loss compared to other racial and gender groups, with an odds ratio of 2.9 (34). Besides, both Black and Brown women, particularly those with lower socioeconomic status, may find themselves at a disadvantage when it comes to accessing hearing healthcare. This can result in them recognizing their hearing loss only when it has progressed greatly (29).



Dual impact of work hours and noise exposure intensity

Noise-induced hearing loss can be greatly affected by two main factors: the duration of exposure at work and the intensity of the noise itself. Industries like textiles, which employ primarily women, have particularly high levels of noise exposure (35, 36). For instance, a study emphasized that Surakarta, one of India's largest textile companies, struggles with noise levels that exceed the Threshold Limit Value. This issue has led to various health concerns, such as enhanced blood pressure, irregular pulse rates, and hearing loss (37). What's more, it's important to note that even if noise levels are within safe limits, factors like heavy workloads and long hours can still heighten the risk of cumulative damage to hearing over time (35, 36).



Differences in hearing protection devices use between genders

Wearing hearing protection devices (HPDs) can greatly reduce the risk of hearing damage caused by noise, making sound attenuation an essential step in preventing hearing loss (38). Even occasional users of these devices enjoy better protection compared to those who have never used them (39). However, research has shown that women tend to use hearing protection equipment less frequently than men (40). For example, a survey in India's textile industry found that only 29% of workers recognized the potential dangers of noise to their health, and fewer than 30% reported wearing earplugs (41). In the U.S, about 50.7% of women exposed to noise use HPDs, compared to 68.9% of men (23). Also, a report from the European Union on women's work conditions emphasized that women generally receive less training and guidance on HPDs usage than men, which could be a contributing factor to their lower usage rates (23). Comfort and fit are also important issues, existing HPDs, like earplugs and earmuffs, may not always be suitable for female's ear anatomy, which can affect their willingness to wear them (38).



Upcoming challenges in addressing health risks related to female's noise exposure

In the forecast for the next 15 years, the YLDs rate for males is projected to show a declining trend, with the following main reasons considered, (1). Upgraded protection in traditional high-noise industries: Industries such as manufacturing and construction, which are predominantly male-dominated and traditionally associated with high noise levels, have seen improvements in noise control in recent years due to technological advancements and policy changes (42). (2). Personal protective measures: Implementing personal protective measures is crucial for preventing occupational diseases, particularly by providing appropriate hearing protection to individuals exposed to excessive noise. This approach is now widely adopted by enterprises (43). (3). Institutionalization of occupational health monitoring: The government has established relevant laws and regulations, while enterprises have created occupational health records, conducted regular hearing screenings, enabling the early detection of hearing damage and early intervention.

However, In the 15-year forecast, the YLDs rate for females is predicted to rise instead of decline. This projected outcome is likely driven by a combination of factors, including the changing gender-differentiated occupational structure, disparities in industry protection measures, and physiological factors. Building upon the previous discussion, the specific reasons considered are as follows: 1. Occupational Factors: (a) An increasing participation rate of women in the labor market (27); (b) A significant growth trend in the occupational penetration of women into traditionally male-dominated noise-intensive industries (23); (c) “Feminization” of emerging noise-exposure industries: Service sectors with a high proportion of female workers (e.g, education, healthcare) may contain new sources of noise exposure (25, 26), but these are often not included in routine regulations, leading to low awareness and long-term neglect of protective measures (35, 36); (d) For female-dominated high-noise-exposure industries, such as the textile industry, even if noise exposure levels do not exceed safety thresholds, high-intensity workloads and long overtime hours may still increase the risk of cumulative damage. 2. Gender Factors: (a) Women have a longer life expectancy, and the lack of estrogen protection after menopause may lead to cumulative exposure effects (29); (b) Gender differences in the use of hearing protection devices have not been adequately recognized; (c) When noise levels reach 83 decibels, women are more susceptible to hearing loss than men, particularly in the high-frequency range (33); (d) Dual exposure burden: In addition to occupational noise, women often bear a greater burden of domestic noise exposure (e.g, from household appliances), creating a cycle of “all-day noise exposure damage”. 3. Other Factor: Compared to other gender/ethnic groups, the risk associated with hearing loss appears to be stronger in Black women (34).

Even though more females are entering the workforce, the current occupational health and safety systems still have major gaps when it comes to gender considerations. Many industries are still applying outdated standards that don't adequately address the unique health risks female face—like the recognition of occupational injuries, protective gear, and health management strategies. One striking trend is that the increase in noise-related YLDs among female is surpassing that of male globally. If this trend continues, we can expect to see a notable rise in YLDs for female due to noise-related issues over the next 15 years. This is a reminder that we need to pay more attention to hearing loss in female. For instance, when setting standards for occupational noise levels, it's critical to take gender differences into account. Some non-traditional noisy environments, such as ICUs, agriculture, healthcare, and education, have a higher percentage of female workers, so we should consider how these conditions affect their hearing. Besides, we should design HPDs that cater specifically to female and include female figures in our awareness campaigns to help them find role models for using these devices. Finally, it's essential to enhance government oversight to raise awareness among females about the dangers of noise exposure, and to provide them with training and guidance on the proper use of hearing protection equipment.



Burden of ONIHL varies among different countries

According to data from 2021 spanning 204 countries, an increase in the SDI corresponds with a general decline in the age-standardized YLDs rates. Over the past 32 years, the AAPC for males has predominantly decreased across most countries, while females have displayed an opposing trend, aligning with previous findings. In 2021, the burden of ONIHL was primarily concentrated in nations with an SDI value between 0.25 and 0.75, with countries in the medium SDI range experiencing the greatest impact. This trend can be attributed to their large, rapidly expanding populations and their position in the mid-industrialization phase, where reliance on manufacturing and related industries for economic growth has outpaced the implementation of adequate occupational health protections. Besides, the simplicity of hearing diagnostic technology has contributed to a rise in reported cases of hearing loss. Among the 204 countries assessed, Madagascar exhibited the highest burden of ONIHL, followed closely by Burundi, Malawi, and Rwanda—all located in Africa—where burgeoning populations and an important proportion of mining and informal economic activities may exacerbate the disease burden (44). In regions with an SDI below 0.25, Somalia stands out with the most acute ONIHL burden, attributable to factors such as prolonged instability, inadequate infrastructure, weak regulatory frameworks, a high disease burden, and potential underreporting. In contrast, nations with an SDI exceeding 0.75, such as Qatar, face important ONIHL challenges, likely linked to their rich oil and natural gas resources, swift urbanization, population increase, extensive construction activities, and a surge in automobile usage (45).



Occupational noise exposure in low SDI regions: hidden concern of younger-onset hearing loss

The number and rate of YLDs resulting from occupational noise-induced hearing loss increase with age, reaching their highest point in the 70–74 age demographic, as supported by existing research (9). However, in areas with low and medium-low SDI, there is a notable trend toward younger individuals being affected by noise-related damage. This shift can be attributed to several factors: Firstly, economies in these regions often depend heavily on high-noise industries such as manufacturing, construction, and mining, which necessitate considerable physical labor and employ younger workers. Besides, familial economic pressures and lower educational attainment lead to early workforce entry for young people, who are exposed to hazardous noise levels from a young age. This is particularly evident in informal industries where basic protective equipment is often lacking. For instance, at a small-scale gold mine in Tarkwa, worker ages range from 17 to 72, with 70% of employees lacking any protective measures (46). Secondly, regulatory enforcement and oversight in these regions are often insufficient. While certain countries have established limits for occupational noise exposure, implementation is frequently weak, and compliance from companies is minimal. There is also a general lack of public awareness regarding occupational health issues, which hampers the effectiveness of protective measures. Even when earplugs and earmuffs are provided, workers may not fully comprehend the risks associated with noise exposure or the correct usage of protective gear, rendering these safety measures ineffective. Thirdly, noise exposure initially affects higher frequencies, which do not greatly hinder everyday communication. The limited availability of medical resources, coupled with a lack of awareness regarding occupational hazards, often leads to the inability to detect early signs of hearing damage among young workers in a timely manner. This results in cumulative damage, contributing to the trend of increased risk among younger age groups. Fourthly, compared to high SDI regions and countries, low SDI regions may have relatively inadequate access to healthcare services. Workers in these areas may find it difficult to detect hearing loss early, and even when experiencing symptoms such as hearing decline or tinnitus, they may not receive timely medical care, which can easily lead to accumulated exposure.




Limitation

This study acknowledges several limitations. Firstly, GBD data is dependent on the reporting systems of various regions, which may contribute to the underreporting of certain occupational noise epidemiological data, particularly in areas with medium to low SDI. Secondly, the constraints of the GBD data allow for only a general assessment of the burden of ONIHL, without an in-depth analysis of its impact on employees across different sectors, even though this burden can differ considerably among various industries (47). Lastly, due to insufficient data, we were unable to classify occupational noise into distinct categories, such as steady-state and non-steady-state noise, preventing us from accurately estimating the hearing loss burden caused by different types of noise exposure.



Conclusion and recommendation

Occupational noise exposure isn't just a workplace health issue, it's a global challenge that has serious implications for social and economic development. The rising burden of ONIHL among females reflects major changes in the global labor market, and shortcomings in our occupational health systems. Moving forward, we need more research to discover how biological, social, and policy factors intersect. It's also important to include a gender perspective when developing occupational health standards to ensure fair prevention and control of hearing loss. Besides, we should tackle noise control from various angles—like technology, policy, and culture—to create a more effective protective framework for all workers, finally helping to lessen the burden of related diseases.
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