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Background: Oxidative stress is associated with the occurrence of hearing loss and tinnitus. The oxidative balance score (OBS), a composite indicator evaluating the balance between antioxidant and pro-oxidative components across various dietary and lifestyle factors, indicates the overall oxidative balance status. However, the association of OBS with hearing loss and tinnitus has not been reported previously.

Methods: Cross-sectional data from the National Health and Nutrition Examination Survey (NHANES) 1999–2018 were analyzed. Weighted multivariable logistic regression, weighted multivariable linear regression, and restricted cubic spline curve (RCS) regression were employed to explore the relationship between OBS and hearing loss at speech, low, and high frequencies, along with tinnitus. Subgroup analysis and sensitivity analysis were used to ascertain the consistency across subgroups and stability of the results.

Results: We included 13,715 and 21,644 individuals to investigate the association between OBS and hearing loss, as well as between OBS and tinnitus, respectively. The second, third, and fourth quartiles of OBS were significantly associated with a lower risk of hearing loss at speech, low, and high frequencies, as well as tinnitus, compared to the lowest quartile. The RCS regression analysis indicated a negative linear association of OBS with hearing loss and tinnitus. Most associations were maintained in subgroup analysis and sensitivity analysis. Additionally, the dietary and lifestyle OBS independently contribute to the protection against hearing loss and tinnitus.

Conclusion: OBS is negatively correlated with the risk of hearing loss and tinnitus. The findings suggest that combined antioxidant diet and lifestyle hold promise as potential strategies for reducing the prevalence of hearing loss and tinnitus.
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1 Introduction

Hearing loss is a prevalent otological disorder that affects a significant portion of the global population. Current estimates suggest that approximately 1.5 billion individuals are experiencing different degrees of hearing loss globally, and this figure is projected to increase to 2.4 billion by 2050 (1). Recognized as the fifth leading contributor to disability worldwide by the Global Burden of Disease Study (2), hearing loss exerts profound effects on individuals’ quality of life and psychological well-being (3–5). Regrettably, effective hearing restoration methods are lacking in the majority of cases (6). Hearing loss is the most common associated condition and the primary risk factor for tinnitus, which is defined as the perception of phantom sounds or noise without corresponding external stimuli. The increasing prevalence of hearing loss contributes to the growing incidence of tinnitus (7, 8). Currently, tinnitus affects an estimated 740 million individuals worldwide (9), imposing a high economic burden on society. However, due to the heterogeneity of the condition, there is scant evidence supporting the effectiveness of standard treatments for tinnitus (10). Therefore, effective interventions assume paramount importance for both hearing loss and tinnitus.

Previous research indicates that lifestyle elements like smoking, alcohol intake, and physical activity are linked with both hearing loss and tinnitus, presenting opportunities for possible interventions (10–15). Furthermore, dietary factors, as modifiable risk factors for hearing loss and tinnitus, have increasingly received attention in recent years. Single nutrients or dietary supplements (16–20), as well as dietary patterns (21–23), have demonstrated potential in protecting against hearing loss and tinnitus. Although the underlying mechanisms by which these lifestyle and dietary factors affect hearing loss and tinnitus remain incompletely understood, antioxidant properties are a primary focus of speculation (24, 25).

Increasing evidence suggests the pivotal involvement of oxidative stress (OS) in the pathophysiological mechanisms underlying hearing loss and tinnitus (26, 27). OS signifies the imbalance between reactive oxygen species (ROS) and the antioxidant defenses within cells (28). Excessive free radicals and ROS can cause DNA damage and lipid and protein degradation in tissues with high metabolic demands, such as the cochlea, leading to cell death (29, 30). Moreover, OS can trigger mutations in mitochondrial DNA, which disrupt mitochondrial function and cause cochlear cell apoptosis (31, 32). Moreover, antioxidants have demonstrated protective effects against hearing loss and tinnitus (24–26, 33), underscoring the potential significance of assessing the antioxidant effects of lifestyle and dietary factors for protecting against hearing loss and tinnitus.

The oxidative balance score (OBS), a tool evaluating the balance between antioxidant and pro-oxidative components across diverse dietary and lifestyle factors, has emerged as a promising metric (34). Recent studies have associated OBS with various diseases, such as depression (35), cardiovascular disease (36), kidney stones (37), and non-alcoholic fatty liver disease (38), demonstrating that a higher OBS is linked to a lower risk of these diseases. However, there are currently no studies on the correlation between OBS and hearing loss as well as tinnitus. To address this gap, our study investigates, for the first time, the association of OBS with hearing loss and tinnitus.



2 Materials and methods


2.1 Study population

We conducted a cross-sectional investigation using data from the National Health and Nutrition Examination Survey (NHANES). NHANES is a population-based survey employing complex, multistage, and probability sampling techniques to procure data representative of the U.S. population. The Research Ethics Reviewer Board of the National Center for Health Statistics (NCHS) approved the study protocol, and all participants provided written informed consent. Among 101,316 participants in the NHANES 1999–2018, we included two distinct study populations to investigate the association between OBS and hearing loss, as well as the association between OBS and tinnitus. Individuals were excluded if (1) they are less than 20 years old (N = 46,235), (2) they had less than 16 items among the total of 20 components of the OBS (N = 6,326), (3) they had missing data on the pure-tone average (PTA) of speech frequencies (0.5, 1, 2, and 4 kHz) for bilateral ears (N = 33,504) or missing data on tinnitus (N = 24,496), and (4) they had incomplete covariates data including educational level, marital status, family income-to-poverty ratio (PIR), noise exposure, total energy intake, hypertension, and diabetes (N = 1,536 in the study of hearing loss; N = 2,615 in the study of tinnitus). Ultimately, a total of 13,715 and 21,644 individuals were included in study population 1 and study population 2, respectively (Figure 1).
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FIGURE 1
 Flow chart of the selection strategy. NHANES, National Health and Nutrition Examination Survey.




2.2 Oxidative balance score (exposure)

NHANES conducted nutritional assessments through in-person 24 h dietary recall interviews administered by trained dietary interviewers to participants of all age groups. The sample design and data Research Topic were overseen by the National Center for Health Statistics (NCHS), while the methodology for data Research Topic, as well as subsequent data processing and review, were managed by the USDA Food Survey Research Group (FSRG). The determination of OBS was based on earlier studies (34–39). OBS was computed through the evaluation of 16 dietary and 4 lifestyle components, comprising 15 antioxidants and 5 pro-oxidants. The total OBS score was calculated by adding up individual component scores, with a higher OBS value indicating increased exposure to antioxidants. The first dietary review interview provided data on the intake of 16 nutrients, which include dietary fiber, carotene, riboflavin, niacin, vitamin B6, total folate, vitamin B12, C, and E, calcium, magnesium, zinc, copper, selenium, total fat, and iron. The four lifestyle components comprised physical activity, alcohol consumption, smoking status, and body mass index (BMI). Physical activity was quantified by multiplying the metabolic equivalent (MET) score by the frequency and duration of each physical activity performed per week. Alcohol consumption was determined by calculating the mean number of alcoholic beverages consumed per day, regardless of the type of beverage. The intensity of smoking was gauged through cotinine levels, the primary metabolite of nicotine, serving as an indicator for both active smoking and exposure to secondhand smoke. BMI was calculated as weight in kilograms divided by height in meters squared. Among these components, total fat, iron, alcohol consumption, smoking status, and BMI were classified as pro-oxidants, while the remainder were categorized as antioxidants. Alcohol consumption was classified into three categories: non-drinkers, moderate drinkers (0–30 g/day for men and 0–15 g/day for women), and heavy drinkers (≥30 g/day for men and ≥ 15 g/day for women), with corresponding scores of 2, 1, and 0, respectively. Subsequently, the remaining components were stratified by gender and divided into three groups based on their tertiles, which were calculated after weighting. Antioxidants received scores ranging from 0 to 2 across the first to third tertiles, while pro-oxidants received scores ranging from 2 to 0, respectively (Supplementary Tables S1, S2). To minimize data loss and enhance data integrity and representativeness, participants with 16 or more complete data points out of the 20 OBS components were included. For any missing OBS components, regardless of their classification as antioxidants or pro-oxidants, a score of 0 was assigned (35).



2.3 Hearing loss and tinnitus (outcome)

The audiometry measurement of NHANES, which was pure-tone air conduction audiometry, was conducted by a highly trained examiner using audiometers with standard headphones and insert earphones in a calibrated sound booth. Participants underwent hearing threshold testing in both ears across seven frequencies (0.5, 1, 2, 3, 4, 6, and 8 kHz) over an intensity range from −10 to 120 dB. To ensure measurement reliability, the 1 kHz frequency was examined twice in each ear, with results excluded if a discrepancy exceeding 10 dB between the two measurements was observed. Further information on the audiometric measurement could be found in the Audiometry-Procedures-Manual of the NCHS. The PTA of speech frequencies (0.5, 1, 2, and 4 kHz) was calculated and defined as SF-PTA (speech-frequency pure-tone average). Additionally, the PTA of low frequencies (0.5, 1, and 2 kHz) is calculated and termed LF-PTA (low-frequency pure-tone average), while the PTA of high frequencies (3, 4, and 6 kHz) is defined as HF-PTA (high-frequency pure-tone average). All individuals underwent a comparison of their left and right PTA results, with the ear exhibiting better hearing chosen as the hearing index. According to the World Report on Hearing of the World Health Organization (40), PTA ≥ 20 dB is classified as hearing loss. Consequently, SF-PTA, LF-PTA, and HF-PTA ≥ 20 dB are, respectively, defined as speech-frequency hearing loss (SFHL), low-frequency hearing loss (LFHL), and high-frequency hearing loss (HFHL). The tinnitus occurrence (yes or no) of individuals was determined based on answers to the question, “In the past 12 months, have you been bothered by ringing, roaring, or buzzing in your ears or head that lasts for 5 min or more?”



2.4 Covariates

Sociodemographic data, including age, gender, race, educational level, marital status, and PIR, were collected through self-reported interviews. We combined Mexican American, other Hispanic, and other race into the category “Others” (41). The educational level was coded as high school graduate or less, college or above. Marital status was classified as married/living with partner, never married, and widowed/divorced/separated. PIR was grouped as ≤130, >130 to 350%, and > 350%. In addition, risk factors closely correlated with hearing loss and tinnitus, such as noise exposure, hypertension, and diabetes (42–47), along with total energy intake, were included as covariates. The noise exposure (yes or no) of individuals depends on whether they are exposed to noise at work, after work, or from firearms. Any affirmative response to these exposures indicated the presence of noise exposure. Hypertension was characterized by meeting any of these criteria: (1) a history of hypertension; (2) taking antihypertensive medications; or (3) a mean blood pressure ≥ 140/90 mmHg during the physical examination. Diabetes was characterized by meeting any of these criteria: (1) a history of diabetes; (2) taking diabetic pills or the use of insulin injections; (3) a fasting blood glucose level ≥ 7.0 mmol/L; or (4) an HbA1c level ≥ 6.5%.



2.5 Statistical analysis

Descriptive data for baseline characteristics were presented as the weighted mean (standard errors) for continuous variables and sample numbers (weighted percentages) for categorical variables. Group differences were evaluated utilizing the t-test for continuous variables and the chi-square test for categorical variables. To ensure the robustness of our findings regarding the association between OBS and hearing loss, weighted multivariate logistic regression models and weighted multivariate linear regression models were simultaneously employed to investigate the associations between OBS and hearing loss (SFHL, LFHL, and HFHL), as well as the associations between OBS and PTA (SF-PTA, LF-PTA, and HF-PTA), respectively. As for tinnitus, weighted multivariate logistic regression models were used. Three models were implemented in the regression analyses. Model 1 was a crude model adjusted for age, gender, and race. Model 2 included additional adjustments for educational level, marital status, PIR, total energy intake, and noise exposure. Model 3 encompassed further adjustments for hypertension and diabetes, in addition to the variables in Model 2. Considering the potential for a nonlinear association between OBS and hearing loss as well as tinnitus, we also divided the continuous OBS into quartiles to form a categorical variable, and then calculated the P for trend. The OBS was further categorized into dietary OBS and lifestyle OBS to explore their associations with hearing loss as well as tinnitus independently. To ascertain the consistency of the results across subgroups and assess their stability, subgroup and sensitivity analyses were performed. We performed exploratory stratified analyses across all covariates to examine the associations between OBS and hearing loss as well as tinnitus across different population subgroups. Among these, we stratified individuals into elderly (≥60 years) and non-elderly (<60 years) groups to explore potential age-related differences in the association between OBS and auditory health outcomes. Additionally, multiplicative interaction tests were conducted to assess the potential interaction between covariates and OBS. In the sensitivity analyses, we divided the OBS by tertile or quintile and then analyzed the relationship between OBS and hearing loss as well as tinnitus using weighted multivariate logistic regression. Moreover, in order to address the potential selection bias due to excluding participants with missing data, we utilized multiple imputation methods to fill in missing covariates and recalculated the OBS. Subsequently, we analyzed the association between OBS and hearing loss as well as tinnitus in imputed data. Finally, restricted cubic spline (RCS) regression analysis was employed to illuminate the association of OBS with hearing loss as well as tinnitus.

Accounting for the complex sampling design of NHANES, sample weights were incorporated into all analyses. Statistical analyses were performed using R version 4.3.1. A significance level of p < 0.05 (two-tailed) was adopted for statistical significance.




3 Results


3.1 Baseline characteristics

Table 1 illustrates the baseline characteristics of two study populations. In the hearing loss study, 13,715 individuals were included with an average age of 46.53 years, among whom 3,455 were diagnosed with hearing loss. In the tinnitus study, 21,644 individuals were included with an average age of 47.43 years, among whom 4,706 were diagnosed with tinnitus. Both studies stratified participants into diseased and non-diseased groups. With the exception of total energy intake, which showed no significant difference between tinnitus and non-tinnitus patients, significant differences were observed in all covariates between the diseased and non-diseased groups. Participants diagnosed with hearing loss or tinnitus were more likely to be older, male, non-Hispanic white, divorced/separated/widowed. They also tended to have a lower educational level and family income, along with a history of noise exposure, hypertension, or diabetes. Importantly, participants with hearing loss or tinnitus tended to receive lower OBS.



TABLE 1 Weighted characteristics of the study populations.
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3.2 Association between OBS and hearing loss as well as tinnitus

As shown in Table 2, weighted multivariate logistic regression and weighted multivariate linear regression analyses demonstrated associations between OBS and both SFHL and tinnitus. In the fully adjusted model (Model 3), OBS exhibited an inverse correlation with both SFHL and tinnitus, with ORs (95% CI) of 0.969 (0.957 to 0.982) and 0.978 (0.971 to 0.986), respectively, both of which were statistically significant (p < 0.001). OBS also showed a negative correlation with the SF-PTA, with a β coefficient (95% CI) of −0.123 (−0.158 to −0.089, p < 0.001). In Model 3, the second, third, and fourth OBS quartiles all showed significantly negative associations with the risk of SFHL compared to the lowest quartile, with ORs (95% CI) of 0.709 (0.570 to 0.882, p = 0.002), 0.654 (0.511 to 0.838, p < 0.001), and 0.532 (0.415 to 0.681, p < 0.001), respectively. Regarding the association between OBS and SF-PTA, although the negative correlation between the second quartile of OBS and the SF-PTA did not reach significance compared to the lowest quartile (Q2: β = −0.642, −1.372 to 0.088, p = 0.084), outcomes for the third and highest quartiles resembled those observed for SFHL (Q3: β = −1.640, −2.333 to −0.947, p < 0.001; Q4: β = −2.177, −2.944 to −1.411, p < 0.001). For tinnitus, the second, third, and fourth OBS quartiles all displayed significantly negative associations with the risk of tinnitus compared to the first quartile, as evidenced by ORs (95% CI) of 0.862 (0.750 to 0.992, p < 0.05), 0.717 (0.625 to 0.823, p < 0.001), and 0.709 (0.604 to 0.833, p < 0.001), respectively. Trend tests for SFHL, SF-PTA, and tinnitus all indicated statistically significant decreasing trends (p for trend <0.001). Notably, the analysis results were relatively stable across different models.



TABLE 2 Association between OBS and hearing loss as well as tinnitus.
[image: Table2]

The association between OBS and both LFHL and HFHL is shown in Supplementary Table S3. The inverse association between OBS and both LFHL and HFHL was similar to that observed in the analysis of the speech-frequency group mentioned above, and the declining trend in both associations remained statistically significant. Additionally, the results indicate that the negative association between OBS and HFHL may be weaker compared to that between OBS and LFHL.



3.3 Association between dietary/lifestyle OBS and hearing loss as well as tinnitus

The association between dietary/lifestyle OBS and SFHL, SF-PTA, and tinnitus was investigated using weighted multivariate logistic regression analysis, with the results presented in Table 3. Upon adjustment for confounding variables, both dietary and lifestyle OBS were significantly linked to lower SFHL risk, with ORs (95% CI) of 0.972 (0.959 to 0.984, p < 0.001) for dietary OBS and 0.920 (0.873 to 0.970, p = 0.002) for lifestyle OBS. Similarly, both showed negative associations with SF-PTA, presenting β coefficients (95% CI) of −0.117 (−0.154 to −0.081, p < 0.001) for dietary OBS and − 0.302 (−0.458 to −0.146, p < 0.001) for lifestyle OBS. Moreover, both dietary and lifestyle OBS were significantly inversely related to tinnitus, with ORs (95% CI) of 0.981 (0.972 to 0.989, p < 0.001) and 0.936 (0.906 to 0.967, p < 0.001), respectively. In summary, both dietary and lifestyle OBS independently demonstrated negative associations with SFHL and tinnitus.



TABLE 3 Association between dietary/lifestyle OBS and hearing loss as well as tinnitus.
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3.4 Subgroup analysis

Figure 2 and Supplementary Table S4 illustrate the associations between OBS and SFHL, SF-PTA, and tinnitus across different subgroups. The significant negative correlation between OBS and SFHL was observed across all covariate subgroups, except for individuals categorized as “Other” race, those who are divorced/separated/widowed, or never married. This indicates that the protective effect of OBS against SFHL remains consistent across different subgroups of age, gender, racial background (non-Hispanic white or non-Hispanic black), educational level, income level, as well as noise exposure, hypertension, and diabetes status. Concerning SF-PTA, the inverse linear correlation between OBS and SF-PTA was non-significant solely within the subgroup of participants with diabetes. For tinnitus, the negative correlation between OBS and tinnitus was significant across all covariate subgroups, except for those categorized as “Other” race, and individuals who are never married, which is similar to the results observed for OBS and SFHL.

[image: Figure 2]

FIGURE 2
 Forest plot of subgroup analysis of the association between OBS and SFHL (A), SF-PTA (B), and tinnitus (C). Odds ratios and regression coefficients (95% confidence intervals) were obtained after individually removing the examined variable from the weighted multivariate logistic regression models and weighted multivariate linear regression models, adjusted for age, gender, race, educational level, marital status, PIR, noise exposure, total energy intake, hypertension, and diabetes. OBS, oxidative balance score; SFHL, speech-frequency hearing loss; SF-PTA, speech-frequency pure-tone average; OR, odds ratios; β, regression coefficient; CI, confidence interval; PIR, income-to-poverty ratio.


In the interaction analyses of SFHL and SF-PTA, the interaction p-values for educational level were 0.037 and 0.025, respectively, indicating that the negative association of OBS with SFHL or SF-PTA was significantly more pronounced in individuals who are college students or above compared to those who are high school graduates or less. Other interactions in the analyses of SFHL and SF-PTA were not statistically significant. For the analyses of tinnitus, all interactions were not statistically significant. These findings of subgroup and interaction analysis suggest the consistency of the negative correlation between OBS and SFHL, SF-PTA, and tinnitus across subgroups.



3.5 Sensitivity analysis

Sensitivity analyses were conducted to verify the stability of our results. After dividing OBS into tertiles and quintiles, weighted multivariate logistic regression and weighted multivariate linear regression analyses were performed for SFHL, SF-PTA, and tinnitus, with results presented in Supplementary Tables S5, S6. Within the tertiles of OBS, the results were largely consistent with those observed in the quartile analysis mentioned earlier. In the quintiles of OBS, except for the lack of statistical difference between the second quintile and the lowest quintile, the remaining outcomes were similar to the quartile analysis. Both the tertiles and quintiles of OBS showed statistically significant decreasing trends in SFHL, SF-PTA, and tinnitus (all p for trend <0.001). Additionally, the association between OBS and hearing loss as well as tinnitus in imputed data, which indicated a similar trend to our previous findings, was presented in Supplementary Table S7. These findings underscore the robust stability of our results.



3.6 Restricted cubic spline regression analysis

As illustrated in Figure 3, we employed the RCS models to examine the relationships between OBS and hearing loss (SFHL, LFHL, and HFHL) as well as tinnitus. There was a negative linear association of OBS with hearing loss (SFHL, LFHL, and HFHL) as well as tinnitus. As OBS increases, the OR for hearing loss (SFHL, LFHL, and HFHL) and tinnitus decreases, indicating a diminished risk of suffering from these auditory conditions. In the RCS models for LFHL and HFHL, the OR values for HFHL showed less change with OBS compared to LFHL, suggesting that OBS may have a more pronounced preventive effect on LFHL than on HFHL.

[image: Figure 3]

FIGURE 3
 Restricted cubic spline regression analysis of the association between OBS and SFHL (A), LFHL and HFHL (B), and tinnitus (C). Odds ratios (95% confidence intervals) were obtained from the weighted multivariate logistic regression models, adjusted for age, gender, race, educational level, marital status, PIR, noise exposure, total energy intake, hypertension, and diabetes. The solid lines and shaded areas represent the central risk estimates and 95% CIs. OBS, oxidative balance score; SFHL, speech-frequency hearing loss; LFHL, low-frequency hearing loss; HFHL, high-frequency hearing loss; OR, odds ratios; CI, confidence interval; PIR, income-to-poverty ratio.





4 Discussion

To our knowledge, our study is the first to employ the OBS index to assess the protective effects of the body’s overall antioxidant capacity derived from various dietary and lifestyle factors on hearing loss at speech, low, and high frequencies, along with tinnitus. Our findings demonstrate a negative association between OBS and the risk of hearing loss and tinnitus. This suggests that a higher OBS, indicative of greater antioxidant levels in the body, acts as a protective factor against hearing loss and tinnitus. Furthermore, our analysis reveals that both independent dietary OBS and lifestyle OBS exert protective effects against hearing loss and tinnitus. Additionally, the impact of OBS appears to be more prominent on LFHL compared to HFHL.

In the process of auditory perception, the hair cells situated in the organ of Corti within the cochlea are essential in converting sound energy into neural signals, and they are non-regenerative cells (6). The insufficiency of the antioxidant defenses to clear excessive ROS within cells leads to OS. OS can induce apoptosis and necrosis of hair cells by disrupting intracellular macromolecules and impairing mitochondrial function. These processes are implicated in the development of hearing loss and tinnitus (29–31). While the specific pathophysiological mechanisms underlying various types of hearing loss and tinnitus may vary, OS emerges as a central player (26). Increasing evidence suggests that OS is associated with hearing loss arising from different etiologies, such as age-related, noise-induced, and diabetes-induced hearing loss (24, 48, 49), as well as tinnitus, with our analysis revealing significant negative correlations between OBS and these types of hearing loss and tinnitus. Among them, the inverse linear correlation between OBS and SF-PTA is not significant within the subgroup of participants with diabetes. It is likely due to the high levels of ROS and OS in diabetic patients (50), which reduce the protective effects of OBS. However, the significant negative correlation between OBS and SFHL in diabetic patients indicates that the protective effects of OBS are still meaningful. Our findings indicate that the overall antioxidant capacity derived from dietary and lifestyle factors serves to neutralize ROS and thereby protects the hair cells against oxidative damage (26).

An interesting phenomenon observed is the differential impact of OBS on HFHL and LFHL. In the weighted multivariate logistic regression and RCS regression analyses of HFHL and LFHL, the influence of OBS was found to be more pronounced on LFHL compared to HFHL. Histologically, the hair cells within the cochlea exhibit differential responses to sound frequencies: they are predominantly sensitive to low-frequency sounds at the apex and to high-frequency sounds at the base (51, 52). Based on our findings, it can be inferred that the antioxidant properties of OBS primarily affect the hair cells at the cochlear apex. Common forms of hearing loss, such as age-related, drug-induced, and noise-induced hearing loss, are closely associated with OS (30, 48, 53). In the pathogenesis of these conditions, the susceptibility of hair cells to OS follows a base-to-apex pattern (30, 48, 53–55), resulting primarily in damage and apoptosis in the basal hair cells. These damages may be early and severe, making it challenging for the antioxidant capacity of OBS to provide apparent protection. In contrast, apical hair cells, which receive low-frequency sounds, are less affected by OS, thereby demonstrating a more pronounced protective effect of OBS. Another possible explanation is that apical hair cells, being farthest from the blood supply to the cochlea, are more susceptible to the effects of microcirculation in the stria vascularis. The various components of OBS, such as folic acid, fat, and physical activity, may not only possess antioxidant properties but also potentially protect low-frequency hearing by improving microcirculation, which consequently demonstrates a protective effect on low-frequency hearing (56–58). Additionally, the weaker protective effects of OBS on HFHL may be attributed to the higher biological variability associated with high-frequency thresholds compared to those of low frequencies. Further research is required to elucidate the differential protective effects of OBS on the apical and basal hair cells of the cochlea.

Based on the important involvement of OS and antioxidants in hearing loss and tinnitus, an expanding body of research supports the effectiveness of various dietary or lifestyle factors with antioxidant properties in protecting against hearing loss and tinnitus (24, 25). These dietary factors, such as carotene, vitamins B12, C, and E, and magnesium, along with lifestyle factors such as smoking, alcohol consumption, and physical activity, are all components of the OBS. Most studies have primarily examined the relationship between individual or specific combinations of these antioxidant factors and hearing loss or tinnitus, rather than evaluating total antioxidant capacity comprehensively (24, 25). A recent study investigated the association between dietary total antioxidant capacity (dTAC) and hearing loss (59). However, in the overall population, there was no significant correlation observed between elevated dTAC levels and a decreased risk of hearing loss. Possible explanations for this observation include a relatively small proportion of elderly participants, insufficient data on noise exposure, and non-representative study populations. Additionally, a notable limitation is the absence of an assessment of lifestyle antioxidant capacity. The effective combination of dietary and lifestyle factors has been demonstrated in various age-related or chronic diseases, including tinnitus (60–64). Therefore, it is meaningful to investigate the association of the combined antioxidant capacity of dietary and lifestyle factors with hearing loss and tinnitus. The OBS was formulated to assess body’s overall oxidative balance using 16 dietary and 4 lifestyle components, comprising 5 pro-oxidants and 15 antioxidants (34). Our study illustrates an inverse correlation between OBS and hearing loss as well as tinnitus, providing support for tailored dietary and lifestyle interventions aimed at mitigating these auditory conditions. The universal exposure of dietary and lifestyle factors suggests that tailored dietary and lifestyle interventions could significantly impact hearing loss and tinnitus in the population.

Our study possesses several significant strengths. Our study is the first to use the OBS index to assess the protective effects of the body’s overall antioxidant capacity derived from various dietary and lifestyle factors on hearing loss at speech, low, and high frequencies, as well as tinnitus. By concurrently investigating the associations between OBS and hearing loss (SFHL, LFHL, and HFHL), as well as the associations between OBS and PTA (SF-PTA, LF-PTA, and HF-PTA), we enhanced the robustness of our findings. Furthermore, our study is based on NHANES data spanning from 1999 to 2018, encompassing individuals aged 20 and above. This ensures the representativeness of the study population and the generalizability of the obtained results. Additionally, we included several important covariates based on prior research, reducing the impact of confounding variables. Lastly, we conducted subgroup and sensitivity analyses, which affirmed the consistency and stability of our findings.

Some limitations should be noted. Firstly, our study did not categorize hearing loss and tinnitus by cause, thereby constraining our comprehension of the association between different types of hearing loss as well as tinnitus and OBS. Secondly, its cross-sectional design prevents the establishment of causality between OBS and hearing loss as well as tinnitus, which needs future longitudinal research. Moreover, our study did not account for the contribution of antioxidant intake from dietary supplements. Additionally, potential sources of bias inherent in using self-reported diet and lifestyle data from NHANES cannot be ignored. Finally, potential alterations in dietary and lifestyle patterns over time were not considered, which may potentially influence OBS and its association with hearing loss as well as tinnitus.



5 Conclusion

This comprehensive cross-sectional study has demonstrated a significant negative association between OBS and hearing loss (SFHL, LFHL, and HFHL) as well as tinnitus. The protective effect of OBS against SFHL and tinnitus remains consistent across different groups of age, gender, racial background (non-Hispanic white or non-Hispanic black), educational level, income level, as well as noise exposure, hypertension, and diabetes status. These findings underscore the potential of antioxidant diets and lifestyles based on OBS in mitigating the risk of hearing loss and tinnitus. Therefore, combined antioxidant dietary and lifestyle interventions hold promise as potential strategies for reducing the prevalence of hearing loss and tinnitus. Future prospective and experimental studies are necessary to validate the causal relationship and elucidate the precise mechanisms of the association between OBS and hearing loss as well as tinnitus.
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Total energy intake, Mean 219630 223581 204939 <0.001 2067.70(908) | 215872(992) | 2198.97 (22.96) 0.116
(SE) (1099) (11.18) (24.86)
OBS, 1 (%) <0.001 0.001
Q 3274(L71) | 2297(2049) | 977(2627) 5196 (2L61) 3949 (20.88) 1,247 (24.18)
Q 3501(2406) | 2,567(2374) | 934(25.26) 5511(2412) 4,304 (23.90) 1,207 (2490)
Q4 3506(26.28) | 2.651(2629) | 855(2622) 5536(2628) 4390 (26.80) 1,146 (24.45)
Q4 3434(27.95)  2745(2948) | 689(2225) 5401(27.99) 4295 (28.42) 1,106 (26.47)

Values were presented as the weighted mean (standard errors) or sample numibers (veighted percentages). The differences between groups were assessed using the f test orthe chi-square test
(p-value <0.05 indicates statistical significance). HL, hearing loss; PIR, income-to-poverty ratio; OBS, oxidative balance score; Q, quartil.
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