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Background: Hearing loss has occurred as a critical concern for aging and health. However, it remains unknown whether nocturnal sleep and midday napping duration are associated with hearing loss in middle-aged and older adults.

Methods: The study comprised 9,573 adults from China Health and Retirement Longitudinal Study, who have completed the survey for sleep characteristics and subjective functional hearing. We collected self-reported nocturnal sleep duration (<5, 5 to <6, 6 to <7, 7 to <9, ≥9 h/night) and midday napping duration (≤5, 5 to ≤30, and >30 min). The sleep information was classified into different sleep patterns. The primary outcome was self-reported hearing loss events. Multivariate Cox regression models and restricted cubic splines were used to investigate the longitudinal association of sleep characteristics with hearing loss. We applied Cox generalized additive models and bivariate exposure-response surface diagrams to visualize the effects of different sleep patterns on hearing loss.

Results: We confirmed 1,073 cases of hearing loss (55.1% female) during the follow-up. After adjusting for demographic characteristics, lifestyle factors and health condition, nocturnal sleep with < 5 h was positively associated with hearing loss [hazard ratio (HR): 1.45, 95% confidence interval [CI]: 1.20, 1.75]. Individuals with napping for 5 to ≤30 min had a 20% (HR: 0.80, 95%CI: 0.63, 1.00) lower risk of hearing loss compared with those with napping ≤ 5 min. Restrictive cubic splines showed the reverse J-shaped association between nocturnal sleep and hearing loss. Moreover, we found significant joint effects of sleeping < 7 h/night and midday napping ≤ 5 min (HR: 1.27, 95% CI: 1.06, 1.52) on hearing loss. Bivariate exposure-response surface diagrams also reflected the finding that short sleep without napping existed the highest risk of hearing loss. Compared with persistently sleeping moderately (7–9 h/night), those who persistently slept < 7 h/night or shifted from < 7 h/night to moderate or > 9 h/night had higher risks of hearing loss.

Conclusion: Inadequate nocturnal sleep was associated with an elevated risk of poor subjective hearing in middle-aged and older adults, while moderate napping decreased the risk of hearing loss. Keeping sleep stable within recommendation duration may be a useful strategy for preventing poor hearing loss.
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1. Introduction

According to a nationwide investigation, 58% of adults over 60 had hearing loss (HL) diagnosed (1). HL has occurred as the main contributor of disability-adjusted life-years (DALYs) among the population aged over 50, making it a critical issue for aging and health (2–4). Previous research reported that HL may be related to both physical and mental problems, increasing the risks of dementia, social isolation, cognitive decline, frailty, mortality, etc. in the elder population (5–8). Despite its prevalence and severity, it may be underrecognized due to the misconception that HL is a normal part of aging (9).

Sleep architecture changes with growing age in human beings, which are embodied in shorter sleep duration, sleep fragment and poorer sleep quality (10). It was reported that sleep might affect hearing condition by disrupting fluid absorption and ion homeostasis, destructing hair cells in the cochlea and changing neural input from the central auditory system (11–13). Being considered as a behavior distinct from nocturnal sleep, midday napping is common in both many countries and more prevalent in the old (14–17). Napping has been shown to benefit older adults by improving well-being and cognition (18). Furthermore, sleep at night and midday napping may influence mutually, with nappers reporting more difficulty falling and staying asleep at night (19, 20). Studies have portrayed that different patterns of nocturnal sleep and napping have complex effects on health events. In this context, it is critical to explore their conjoint effect (17, 21, 22).

Change in sleep duration was also highlighted as a predictor of negative health outcomes (23–25). However, it is yet uncertain how the comprehensive sleep patterns, as well as changes in nocturnal sleep duration and midday napping duration, relate to the risk of HL.

Research from China and America have suggested the U-shaped linkage between nocturnal sleep duration and HL that the risk of HL increased with sleeping shorter than 6 or longer than 8 h/night (26, 27). The other work demonstrated different results. Each additional hour of sleep is related to worse high-frequency hearing among participants who slept more than 8 h in an American cohort (28). A Japan study observed that compared with 6 h, prolonged sleep duration was significantly associated with incident HL (29). However, the cross-sectional analysis could not avoid reverse causality and restricted the strength of evidence. Additionally, these articles did not include the measurement of napping and describe sleep patterns comprehensively. Therefore, the longitudinal relationships between sleep characteristics, sleep patterns and HL remain unclear.

This study aimed to estimate the correlation between nocturnal sleep duration, midday napping duration and subsequent HL among a large cohort of Chinese adults and to provide more longitudinal evidence. We also assessed the effect of different sleep patterns as well as changes in nocturnal sleep and napping on HL risk.



2. Methods


2.1. Study population

The study was conducted based on the China Health and Retirement Longitudinal Study (CHARLS), which is a prospective and representative cohort study enrolling a large population aged ≥ 45 years. The survey compiles extensive health data of community residents through face-to-face personal interviews with the structured questionnaire. Detailed information has been previously published (30). The CHARLS survey project was approved by the Biomedical Ethics Review Committee of Peking University, and informed consent forms were acquired from all participants.

A baseline survey was conducted in 2011 and follow-ups were on average every 2–3 years until 2018. In this study, we originally included 19,674 participants who reported sleep characteristics at baseline and the second visit with completed hearing assessments. The procedure of sample selection is displayed in Figure 1.

[image: Figure 1]

FIGURE 1
 Flow chart of filtration.




2.2. Sleep characteristic assessment

Nocturnal sleep duration was numerically examined by the subjective answer to the question: “During the past month, how many hours of actual sleep did you get at night?” The answers were then categorized into five groups (<5, 5 to <6, 6 to <7, 7 to <9, ≥9 h/night). According to the recommendation from the National Sleep Foundation, the 7 to <9 h group was treated as the reference group (31).

Midday napping duration was collected by asking “During the past month, how long did you take a nap after lunch?.” Based on previous studies, midday napping with ≤ 5 min may have limited recuperative power compared to non-nappers, and therefore the respondents were categorized into three groups (≤5, 5 to ≤30, and >30 min) through treated naps ≤ 5 min as no napping group (31, 32). The group of ≤ 5 min was used as the reference.

We defined total sleep duration as nocturnal sleep duration plus midday napping duration.



2.3. Definition of hearing loss

Respondents were required to answer a single-item scale: “Would you say your hearing is excellent, very good, good, fair, or poor?” In order to focus on more clinically meaningful outcomes including moderate to severe hearing loss and minimize potential misclassification, we defined the answers of “excellent,” “very good,” “good” and “fair” as “not having HL,” while “poor” was defined as “having HL” (33–36). In our study, HL refers to self-perceived functional hearing more than ability disorder (37).



2.4. Covariates

We collected potential confounders including demographic variables, lifestyle risk factors and health condition. Age, gender, area of residence (urban or rural), education (below primary school, middle school, high school or above) and marital status (married or not). Body mass index (BMI, kg/m2) was calculated as weight divided by height squared. We measured lifestyle with smoking (ever or never smokers) and drinking status (current or non-drinkers). Social participation was measured by a multiple-choice question “Have you done any of these activities in the last month?” The answers include 11 activities and the total numbers were divided into three groups: None, 1 type and ≥ 2 types (38). Health condition was assessed by self-reported hypertension, diabetes, stroke, heart disease, psychiatric disease, memory-related disease, dyslipidemia, cancer and chronic lung disease by asking the question such as “Have you been diagnosed with a condition by a doctor?” with standardized questionnaire and computer-assisted personal interview technology. Furthermore, the answers of participants were double-checked with the question “Is the disease record from the last survey correct?” to minimize the potential risk of recall bias. The question “How often do you feel the quality of your sleep is bad during sleep last week?” was used to assess sleep quality and responses were categorized into “good” (<1 day), “fair” (1–2 or 3–4 days) and “poor” (5–7 days) (39).



2.5. Statistical analysis

Baseline characteristics were provided as median (interquartile range) for continuous variables and frequencies (%) for categorical ones. The Wilcoxon signed-rank tests were used to analyze differences in characteristics, while the χ2 tests and the Wilcoxon rank tests were for categorical ones.

We used multiple linear regression to calculate the variance inflation factor (VIF) to check the collinearity of variables and assessed the proportional hazards (PH) assumption by examining log (−log) survival plots. The separate and joint associations between sleep characteristics and HL were determined by Cox proportional hazards models and calculated as hazard ratios (HRs) and 95% confidence intervals (CIs). Latent confounders were chosen based on a directed acyclic graph (DAG; Supplementary Figure S1). We first estimated the crude HRs in unadjusted models, and then adjusted for gender, age, marital status, education level, area of residence, smoking status, drinking status, BMI, social participation, baseline chronic condition status and sleep quality. For the analysis of joint effect, we combined extreme duration of nocturnal sleep groups to conserve statistical power, with a sleep pattern of moderate nocturnal sleep without napping set as the reference group. Furthermore, stratified analysis by different categories of nocturnal sleep and napping duration was used to investigate the association closely.

As the known nonlinear relationships between sleep duration and various health outcomes, we further detect the nonlinear patterns of association mentioned above. Restricted cubic splines (RCS) with nocturnal sleep duration in hours and napping duration in minutes as continuous variables and duration of 7 h and 0 min as the reference point, respectively. To model the underlying connection, three knots were placed at the 5th, 50th, and 95th percentiles. A value of p of non-linear < 0.05 suggested a non-linear association between the exposure and HL.

We further explored the relationship between changes in duration of nocturnal sleep, midday napping and the occurrence of HL. Changes in nocturnal sleep duration between baseline and subsequent visits were classified into 9 patterns by combining 3 groups (<7, 7 to <9, ≥9 h/night). Similarly, three categories of midday napping duration (≤5, 5 to ≤30, and > 30 min) were used to create 9 subgroups of changes. The individuals who persistently slept 7 to <9 h/night or took ≤5-min naps were treated as the reference groups, respectively.

The Cox generalized additive model (CGAM) was applied to estimate nonlinear or nonparametric relationships between nocturnal sleep, napping and the risks of HL more flexibly by smoothers (40). The bivariate model was built as followed, where [image: image] denoted the hazard function at [image: image] times under the risk factors [image: image], [image: image] denoted the baseline hazard function at [image: image] times with all independent variables were 0, [image: image] was the bivariate smooth functional relationships.

Other confounders were directly included in the model. The degree of freedom of the smoothing number was set to 6 for [image: image].

[image: image]

The results were visualized by plotting bivariate exposure-response surface diagrams.

In sensitivity analysis, we re-categorized sleep duration as short (<7 h/day), moderate (7 to <9 h/day) and long (≥ 9 h/day) and re-assigned the reference group as 7-8 h to evaluate the robustness of results. Given that obstructive sleep apnea-hypopnea (OSAH) and snoring may be important confounders (41, 42) and their strong association with obesity and sleep quality shown previously (43, 44), we took BMI as a surrogate for OSAH and snoring and excluded obese participants (BMI ≥ 30 kg/m2) to limit their effects. Multiple imputations were applied to handle missing data in Cox regression analysis assuming missing at random. Ten imputed datasets were created and the statistical estimates were pooled to compare results between imputed and complete datasets.

SAS version 9.4 software (SAS Institute, Cary, NC, United States) and R version 4.1.3 (R Foundation for Statistical Computing) were used to analyze the data. All statistical analyses were the two-sided test, and p < 0.05 was considered statistically significant.




3. Results


3.1. General characteristics

Our study enrolled a total of 9,573 participants, and the median age was 56.0 years and 47.6% were men. The median (interquartile range [IQR]) of self-reported nocturnal sleep duration was 7.0 (6.0, 8.0) h and midday napping duration was 1.0 (0.0, 60.0) min at baseline.

Table 1 displays the baseline characteristics of subjects. Compared to the individuals without HL, those who developed HL were more likely to be older, rural residents and highly educated, and less likely to be overweight, married, current drinking and active in social participation (p < 0.05). Individuals who developed HL reported higher percentages of hypertension, heart disease, chronic lung disease and bad sleep quality (p < 0.05).



TABLE 1 Characteristics of studied population at baseline with or without hearing loss.
[image: Table1]

Baseline characteristics grouped by nocturnal sleep, napping and total sleep duration were displayed in Supplementary Table S1–S3. The characteristics of the subjects included or excluded from the main analyses due to missing data are described in Supplementary Table S4.



3.2. The separate and joint association of nocturnal sleep and midday napping duration on hearing loss at baseline

Table 2 summarizes the HR and 95% CIs for the risk of HL across the categories of nocturnal sleep duration and midday napping time.



TABLE 2 Separate and joint effects of sleep characteristics on hearing loss.
[image: Table2]

Of the original 9,753 participants, 1,073 (11.0%) developed HL. In the unadjusted model, participants with short duration of sleep (<5 h/night) were significantly associated with a higher incidence of HL compared with the 7 to <9 h/night group (HR: 1.99, 95% CI: 1.68, 2.36). The risk was attenuated yet the positive association remains with full adjustment (HR: 1.45, 95% CI: 1.20, 1.75). A similar association was discovered in the analysis of total sleep duration (Supplementary Table S4). In terms of midday napping, moderate nappers (5 to ≤30 min) had lower risks of HL compared with non-nappers after adjusting for confounders including sleep quality (HR: 0.80, 95% CI: 0.63, 1.00). Long nocturnal sleep (≥ 9 h/night) and long napping (> 30 min) were not significantly associated with HL.

Restricted cubic splines was used to assess and visualize the relationship between sleep duration and HL. Figure 2 shows a reverse J-shaped dose–response association between nocturnal sleep and the hazards of HL after adjusting all covariates (P of nonlinear = 0.053). Compared with participants who slept 7 h/night, the hazards of HL increased with shorter or longer sleep at night. However, we did not observe a nonlinear association of midday napping (P of nonlinear = 0.099) with HL. Compared with non-nappers, the HR initially decreased and peaked at napping of about 45 min, then slowly increased at longer naps, while HRs remained non-significant for all napping durations.

[image: Figure 2]

FIGURE 2
 The shape of the association between nocturnal sleep duration (A), midday napping (B) and the development of HL. Lines with short dashes represent the pointwise 95% confidence intervals for the fitted nonlinear trend (solid line). The horizontal line with long dashes represents the reference line (hazard ratio: 1). Data were adjusted for all variables. The reference group was 7 h/night for nocturnal sleep duration (A) and 0 min for midday napping duration (B).


For the analysis of joint association, relative to non-nappers with moderate nocturnal sleep duration, individuals who had sleep duration < 5 h/night and napping ≤ 5 min extended a higher hazard of HL (HR: 1.27, 95% CI: 1.06, 1.52). Short midday nappers with short or long duration of nocturnal sleep had a lower hazard of HL (HR: 0.90, 95% CI: 0.65, 1.25 for < 7 h/night; HR: 0.53, 95% CI: 0.17, 1.66 for ≥ 9 h/night), although not statistically significant.



3.3. Association between changes in sleep characteristics and hearing loss

The effects of changes in duration of nocturnal sleep and midday napping are presented in Table 3, with the lowest incidence of HL in the population with moderate time of sleep at night (8.1%) and napping (7.9%). Compared with the reference group, the risks of HL augmented by 29% among persons who consistently reported short nocturnal sleep (HR: 1.29, 95% CI: 1.07, 1.55), by 25% among persons who reported sleep duration increased from short to moderate (HR: 1.25, 95% CI: 1.00, 1.56). Additionally, persons whose nocturnal sleep duration increased from short to long reported the highest HL risk (HR: 1.73, 95% CI: 1.21, 2.48).



TABLE 3 Development of hearing loss by changes in subcategories of nocturnal sleep duration and midday napping duration.
[image: Table3]

The risks of incident HL were neither considerably elevated nor reduced by changes in duration of midday napping. Modestly lower risks were observed in participants who napped for the consistently moderate duration (HR: 0.76, 95% CI: 0.51, 1.14), increased duration from 5 to ≤30 min (HR: 0.71, 95% CI: 0.49, 1.04) or decreased duration from > 30 min (HR: 0.73, 95% CI: 0.48, 1.09).



3.4. Cox generalized additive models and bivariate surface diagrams

A U-shaped association between napping time and HL risk existed for the same nocturnal sleep time was shown in bivariate surface diagrams. With the extended napping duration, the risk of HL events declined until around 45 min and then rose rapidly, especially when napping duration ranged from 100 to 180 min. Longer nocturnal sleep enhanced HL risk regardless of napping. Overall, the bivariate response diagrams suggest a significant synergistic effect between nocturnal sleep and midday napping (Figure 3).

[image: Figure 3]

FIGURE 3
 Different angles of exposure-response surface plots of the combined effects of nocturnal sleep duration (A) and midday napping duration (B).




3.5. Stratified analysis and sensitivity analysis

The results show that among non-nappers, those who slept < 7 h/night had a significantly higher hazard of HL (HR: 1.26, 95% CI: 1.05, 1.51), while longer or shorter nocturnal sleep duration did not improve the HL risk across other categories of napping (Table 4). In addition, the moderate midday napping may reduce the risk of HL incidence for people who slept too short (HR: 0.72, 95% CI: 0.53, 0.99) or too long (HR: 0.42, 95% CI: 0.13, 1.36) at night (Table 5).



TABLE 4 Association between nocturnal sleep duration and hearing loss stratified by midday napping duration.
[image: Table4]



TABLE 5 Association between midday napping duration and hearing loss stratified by nocturnal sleep duration.
[image: Table5]

Sensitivity analyses were performed by excluding people with BMI ≥ 30 kg/m2, reclassifying time of nocturnal sleep into three groups and resetting 7–8 h/night as the reference group. Both dropping the obese individuals and resetting 7–8 h/night as the reference group did not change the direction and magnitude of association (Supplementary Table S6, S8). Combination of < 5, 5 to <6 and 6 to <7 groups may weaken the strength of the association (Supplementary Table S7). Additionally, the results from the multiply imputed datasets were similar to estimates obtained from complete case analysis (Supplementary Table S9).




4. Discussion

We discovered a significant association of short nocturnal sleep duration (<5 h/night) with subjective poor HL. Furthermore, moderate midday napping duration (5 to ≤30 min) may decrease risk of incident HL. The associations were independent of gender, age, marital status, education level, area of residence, smoking status, drinking status, BMI, social participation, baseline health condition and sleep quality.

A few population-based studies provided insights into the heterogeneous effects of nocturnal sleep duration (26–29). Some studies reported that long duration of nocturnal sleep could be a sign of high HL risk (26, 27). A recent article revealed an association between nocturnal sleep with ≤ 4 h (OR: 1.53, 95%CI: 1.31, 1.80) and HL in comparison to the 7 h group (26). Wu et al. (27) found that among the Chinese participants, sleep duration < 6 h/night was positively associated with high-frequency HL (OR: 1.46, 95%CI: 1.05, 2.03) and speech-frequency HL (OR: 1.38, 95%CI: 1.04, 1.83). The results of our research supported that people who slept with shorter time may have a higher risk of HL incidences by longitudinal analysis. Analysis of total sleep duration shows similar impacts. The pathophysiological mechanisms leading to the association are not fully clear. Inadequate sleep duration might affect fluid absorption and ion homeostasis and destruct hair cells in the cochlea by inflammatory cytokines and thus impair sensory transduction (12). Change of hippocampal structure is another potential procedure, by which sleep disturbed neural input from the central auditory system (11, 13). Also, sleep curtailment strikingly altered metabolic and endocrine function, causing eustachian tube dysfunction and poorer nerve conduction (45, 46). However, several other studies confirmed the association between short time of nocturnal sleep and HL (28, 29). The evidence from National Health and Nutrition Examination Survey (NHANES) demonstrated that every additional hour of sleep duration exceeded 8 h was marginally associated with a 2.89 dB higher pure-tone average (95% CI: 0.02, 5.76) on high-frequency hearing level (28). A Japanese study observed that compared with 6 h, prolonged sleep duration was significantly associated with HL (29). In discordance with findings in cross-sectional analysis, we merely observed the insignificantly increased risk of HL with longer nocturnal sleep lasted in the RCS plot. The disparities could be plausible given those different definitions of nocturnal sleep and the reference group, as well as different sources and sample sizes. Another possible reason is bias caused by the bidirectional relationship between sleep duration and HL, according to a population-based study in Israel, which suggested that subjects with pre-existing hearing impairment showed greater difficulty in maintaining sleep (47).

We found a modest beneficial effect of moderate midday napping (5 to ≤30 min) on incident HL after adjustment for sleep quantity and nocturnal sleep, implying its independent function. Epidemiological researches concerning the HL events in midday napping are still insufficient. However, several experimental studies accounted for its positive influence on unhealthy adverse events. Daytime sleep progressively increased parasympathetic activity as non-rapid eye movement sleep deepened, which could help to recover from hearing-related stress (48, 49). Besides, napping contributed to stress-releasing and immune responses as a countermeasure to the detrimental health consequences of sleep debt (50).

Notably, despite no significant interactions, we observed a significant joint effect that sleeping < 7 h/night in conjunction with ≤ 5 min of midday napping rose the risk of HL. Our results of stratified analysis supported that moderate midday napping exhibited a protective effect on those who slept inadequately at night. Bivariate surface diagrams show higher hazards of HL in pretty short nocturnal sleep without napping. This may be due to extremely short duration of sleep and no midday napping affecting hearing shared the common pathway, including worse subjective alertness and cognition and greater fatigue (18, 51). Another reason is that the above-mentioned sleep pattern reflects reduced total sleep duration.

Changes in duration of nocturnal sleep and napping have been linked to a variety of medical condition (23–25). In our sample, the change from baseline short sleep at night to other groups remarkably raised the risk of HL incidence. Relative to persistent short nocturnal sleep, sleep duration that shifted from baseline short to long, meaning disruption of sleep homeostatic processes, had a stronger effect on incident HL. One possible mechanism is the mutual relationship between sleep homeostat and the circadian phase (52). Also, activation of pro-inflammatory pathways may present a mechanism by which change in nocturnal sleep affect hearing (53). Although lack of statistical significance, midday napping change towards 5 to ≤30 min produced protective effects.

The main strengths of this study were demonstrated as follows. First, previous researches were cross-sectional and therefore causality and direction of effects cannot be elucidated. In addition, they majorly focused on a relatively small sample of general adults or the older-aged population. In contrast, we included a large sample containing middle-and old-aged adults from a nationally representative database, emphasizing not only separate effects of baseline sleep characteristics but also influences of their longitudinal changes on sequent HL. Second, the combined use of multivariable regressions and CGAMs could better illustrate the joint effects in a flexible and intuitionistic manner. Third, the application of RCS avoided insufficient statistical power caused by the categorization of sleep duration and disclosed the underlying non-linear correlation.

There are several limitations to our study. Health condition, sleep characteristics and hearing status were collected by self-report, which may lead to subjective bias, recall bias and loss of detailed data including sleep latency and sleep efficiency (54). Though previous studies have validated the accuracy of self-reported health condition in CHARLS (55, 56). Self-reported sleep duration agreed with objective measurement is considered as a simple and fast method (26). A cross-sectional study compared the subjective poor hearing to objective moderate to severe HL and observed similar prevalence (57). Although the accuracy of this definition still needs further verification, hearing measurement by a single-item question makes participants feel easy to answer and had been recommended for application in observational studies (58–60). It should be noted that self-reported HL, which represents the incidence of disturbance of hearing function, tends to underestimate or overestimate compared to objective measurements due to age, sex, physical and mental health conditions, etc. (61–63). The observed incidence of HL in our study was lower than total prevalence reported by another study in China (1). However, results of this study were closer to prevalence of disabling HL ranged from 8.0 to 16.1% in several surveys (64–67). Therefore, we applied the definition in the present study to minimize potential measurement error and focus on poor HL. Five-way stratification of sleep duration may introduce exposure classification bias. Therefore, in addition to considering extreme sleep duration and re-categorized it into three groups, we also employed RCS to lessen the possibility of bias. Results show consistency. It is widely confirmed in the existing literature that ambient noise, OSAH and snoring are independent risk factors of HL, which the CHARLS dataset did not record (41, 42, 68–70). However, even after controlling for noise exposure, the association between short sleep duration and HL remained significant (71). Analysis with the exclusion of obese persons after controlling for sleep quality did not alter the results primarily indicating the limited bias of OSAH and snoring. Besides, effects on health may differ between types of midday napping, which our study did not consider (72). More studies on large representative samples are needed to better understand the impacts of nocturnal sleep, midday napping and sleep patterns on hearing status in the future.



5. Conclusion

Our study provided community-based and longitudinal evidence on the impact of short nocturnal sleep duration, moderate napping and their changes on HL in middle-aged and older Chinese adults. The results highlighted the harmful effect of sleep patterns of short nocturnal sleep without napping. Monitoring and intervening in unhealthy sleep characteristics could be a potentially effective strategy for the management of HL.
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