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Background: The principal objective of the present investigation is to undertake an in-depth exploration of the relationship that exists between the newly introduced weight-adjusted waist index (WWI), employed as a surrogate way for corpulence, and obstructive sleep apnea (OSA).

Methods: Analysis using cross-sectional data from 11,545 NHANES participants across 2005–2008 and 2015–2020. Obesity via WWI (waist circumference over sqrt of body weight). OSA via 3 NHANES QnA items: monthly excessive sleepiness, weekly wheezing/snoring/breathing stoppage, weekly snoring. Relationships between WWI and OSA probed with weighted multivariate logistic regression and smoothed curve fitting. Also did subgroup, interaction tests and threshold effect analysis. Excluded those with incomplete WWI, OSA or hypertension data as they might have different health profiles. We excluded participants with incomplete data on WWI, OSA, or hypertation-related items, as those with missing data might have different health profiles.

Results: The study, encompassing a cohort of 11,545 participants, revealed that 5,727 individuals were diagnosed with OSA. Upon conducting fully adjusted models, A positive relevance between WWI and OSA was established, with an odds ratio of 1.57 (95% CI: 1.44, 1.71), indicating a significant relationship. Notably, participants falling within the highest quartile of WWI exhibited a markedly heightened propensity for OSA, being 2.58 times more likely to suffer from it than those in the bottom quartile [OR: 2.58 (95% CI: 2.10, 3.17)]. Rigorous subgroup analyses and interaction tests further confirmed the robustness of this positive association across various subgroups, thereby affirming the consistency of the observed relationship. Additionally, a noteworthy non-linear association and saturation phenomenon were discerned between the WWI and OSA, demarcated by an inflection point at 11.70 cm/√kg.

Conclusion: Our research has clearly shown a significant positive correlation, along with a saturation effect, between WWI and OSA in the American population. However, the cross-sectional design limits causal inference, and the exclusion of certain participants may affect the generalizability of the findings. Future longitudinal studies are needed to explore causality and address potential biases associated with participant exclusion, ultimately improving the broader applicability of the results.

Keywords
weight-adjusted waist index, obstructive sleep apnea, obesity, NHANES, cross-sectional study


Introduction

The incidence of obstructive sleep apnea (OSA) is on the rise globally. Community studies from developed countries have shown that the prevalence of OSA in adult men can reach between 15 and 30%, while in adult women, it ranges from 5 to 15%. For example, a sleep cohort study in the US state of Wisconsin has shown a gradual increase in the prevalence of OSA over time. This trend indicates that the incidence of OSA is gradually increasing in different groups (1). OSA, a condition in which the upper respiratory tract becomes blocked during sleep, has become more common in recent years and has become an increasingly important public health issue. OSA can cause decreased oxygen saturation and disrupted sleep, leading to symptoms such as snoring, apnea, and excessive daytime sleepiness (2). The occurrence of OSA is closely related to the anatomy of the upper respiratory tract, involving the nasal cavity, nasopharynx, oropharynx, laryngeal pharynx, and larynx. Malformations or lesions in any of these structures can cause the airway to narrow or collapse, triggering apnea. Several studies have shown that anatomical abnormalities in the nasal cavity and oropharynx are linked positively to the severity of OSA (3, 4). In addition, obesity is a significant risk factor for the occurrence and development of OSA, which the academic community has widely confirmed (5). The occurrence of OSA is also closely related to neuromuscular factors, endocrine and metabolic disorders, and genetic factors (2, 6, 7).

OSA is not merely associated with a significant deterioration in patients' quality of life, but also exhibits a robust correlation with the incidence of various cardiovascular diseases, metabolic, as well as neurological conditions including coronary heart disease, hypertension, diabetes, and cerebrovascular incidents, which together constitute a significant threat to patient health (8, 9). Several studies have shown a correlation between the severity of OSA and the incidence of cancer, suggesting a potential causal relationship (10, 11). In addition, OSA is closely associated with the occurrence of psychiatric disorders, further expanding the scope of its clinical manifestations (12, 13). Obesity is acknowledged as a critical risk factor for OSA, and in particular, traditional measures of obesity, such as body mass index (BMI), are commonly utilized to predict an individual's susceptibility to OSA (14).

Although BMI is commonly used to assess obesity, it has inherent limitations, such as its inability to differentiate between adipose tissue and muscle mass and its failure to account for variations in body fat distribution (15). These limitations reduce BMI's accuracy in capturing the true nature of obesity, particularly in its relationship with conditions like OSA. In contrast, the Weight-Adjusted Waist Index (WWI) offers a more comprehensive and accurate assessment of obesity. WWI, derived from the quotient of waist circumference to the square root of body weight, better reflects central adiposity, which is a stronger predictor of metabolic and cardiovascular risks (16, 17). Additionally, WWI accounts for both abdominal fat and overall body weight, offering a more nuanced view of body fat distribution and obesity severity. This makes WWI a potentially more effective indicator for understanding the complex relationship between obesity and OSA, addressing the need for more precise measures in this field (18, 19). Despite this, research on the link between WWI and OSA is still scarce. To address this knowledge gap, this study conducted a cross-sectional analysis using well-designed National Health and Nutrition Examination Survey (NHANES) data from 2005–2008 to 2015–2020. NHANES is a large-scale, rigorously designed clinical registry with a wealth of follow-up data, offering a distinct advantage in examining the relationship between WWI and OSA. The primary aim of the study was to assess the association between WWI and OSA, suggesting that WWI could be an effective predictor of OSA. By leveraging NHANES resources, this investigation elucidates the nexus between WWI and OSA, offering potentially transformative implications for clinical practice.



Methods


Materials and methods data source

This cross-sectional study utilizes a publicly accessible dataset sourced from NHANES, available at https://wwwn.cdc.gov/nchs/nhanes/Default.aspx, thereby eliminating the necessity for additional approvals from an ethical review committee.



Study population

The dataset employed is derived from NHANES, a stratified, multistage probability sample survey conducted by the National Center for Health Statistics (NCHS) executes a pivotal survey, the National Health and Nutrition Examination Survey (NHANES), to assess the health and nutritional status across adult and pediatric demographics in the United States. NHANES, which boasts national representativeness, utilizes a meticulously detailed information collection methodology, as outlined on its website [http://www.cdc.gov/nchs/nhanes.htm; (20)]. Our research analyzed data from the NHANES survey cycles spanning 2005–2008, and 2015–2020, initially encompassing a cohort of 12,232 participants. However, after excluding individuals with incomplete data on WWI (n = 685) and those incomplete information on OSA and hypertension (n = 2), the final analysis sample comprised 11,545 participants (Figure 1). In our study, missing values for the covariates were categorized as a separate group. This was undertaken in order to reduce bias.
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FIGURE 1
 Flowchart of the study design and participants who were excluded from the study.




Assessment of WWI

The WWI, an anthropometric measure was developed to assess body fat mass by normalizing waist circumference concerning weight and muscle mass to evaluate obesity (21). Certified health technicians, using the mobile examination center, gathered weight and body measurement data from participants. Participants were directed to don examination attire and stand unshod on a digital scale, arms positioned at their sides, with a forward gaze. This protocol adheres to the standardized methodologies for obtaining measurements (22). WC was determined using tape measures placed accurately at the junction of the mid-axillary line with a horizontal line that runs just superior to the lateral border of the right patella, following the standard protocol outlined in the guidelines (17). The calculation of WWI necessitated the implementation of the following formula: WC (cm) divided by weight (kg) squared root (23). Within our analytical framework, WWI was initially regarded as a continuous variable and subsequently stratified into quartiles to group participants for further exploration.



Assessment of OSA

In accordance with earlier studies (24, 25), a diagnosis of OSA is conferred upon individuals who provide affirmative responses to at least one of the three diagnostic inquiries posed by NHANES, namely, ① the reporting of excessive daytime sleepiness occurring between 16 and 30 times per month, despite having achieved a minimum of 7 h of sleep per night during weekdays or weekday evenings ② experiencing wheezing, snoring, or cessation of breathing for three or more nights weekly; or ③ engaging in snoring for three or more nights weekly.



Assessment of covariates

Drawing upon previous research findings, our study encompassed a wide spectrum of covariates that Certain demographic factors, encompassing age, gender, and ethnicity (categorized distinctly as Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, and Other Race), have the potential to be covariates that modulate the relationship between WWI and OSA; socioeconomic indicators including marital status, family income, and poverty-income ratio [PIR; (26)]. Educational attainment (27), lifestyle habits like alcohol consumption (28) and smoking status (29), sleep duration (30), medical conditions such as coronary heart disease [CHD, (28)], hypertension (31), diabetes (32), and Body Mass Index [BMI; (27)].



Statistical analysis

Consistent with the methodological directives provided by the Centers for Disease Control and Prevention (CDC), a sophisticated multi-stage cluster sampling design was utilized in the statistical analysis, categorical variables were thoroughly assessed using chi-square tests, while continuous variables underwent meticulous examination through analysis of variance (ANOVA). To ascertain the odds ratio (OR) with its corresponding 95% confidence interval (CI) that reflects the association between WWI and OSA, weighted multivariate Logit models—designated as Models I, II, and III—were implemented. Beginning with Model I, which was not controlled for any covariates, we then applied Model II, accounting for age, gender, and race. Finally, Model III was extended to include further controls for gender, age, race, education, marital status, PIR, smoking status, alcohol consumption, hypertension, diabetes, coronary heart disease, and sleep duration. To investigate potential disparities among different population segments, subgroup analyses and interaction assessments were performed. Additionally, the study explored the potential for a non-linear relation between OSA and the WWI index through the application of smoothed curve fitting techniques. The WWI was reclassified into quartile categories to facilitate a sensitivity analysis. The entire statistical analysis process was facilitated by the utilization of EmpowerStats 4.2 software (accessible at http://www.empowerstats.com) and Stata software (version 18), with statistical significance attributed to P < 0.05 in interpreting the results.




Results


Baseline traits of participants

The survey, encompassing a total of 11,545 participants, comprised a demographic breakdown of 49.00% men and 51.00% women, with ethnic distributions being 9.94% non-Hispanic white, 15.82% non-Hispanic black, 23.32% Mexican-American, 39.44% other Hispanic, and 11.49% belonging to other racial groups. The quartiles for WWI were demarcated as follows: Quartile 1, respectively, spanning values from 8.04 to 10.47; Quartile 2, encompassing values from 10.47 to 11.05; Quartile 3, ranging between 11.05 and 11.65; and Quartile 4, comprising values from 11.65 to 14.41. A substantial proportion of 49.61% of the participants were diagnosed with OSA overall, with a notable increase in OSA prevalence observed across higher WWI quartiles (Q1: 37.80%, Q2: 50.76%, Q3: 53.85%, Q4: 56.01%; p < 0.001). Individuals within the highest WWI quartile exhibited a profile characterized by older age, female gender, other Hispanic ethnicity, lower socioeconomic status, marital statuses of divorced, widowed, or separated, lower educational attainment, reduced alcohol consumption, former smoking status, higher body weight, elevated WC, increased BMI, and a greater propensity for diabetes, hypertension, and coronary heart disease relative to individuals in the lowest quartile (p < 0.001). Although sleep duration exhibited variability across different WWI zones (p < 0.001), these differences were relatively minor in magnitude (Table 1). The prevalence of OSA was 94.33% in the included group and 94.46% in the excluded group. There was no significant difference in OSA prevalence between the two groups (χ2 = 0.097, P = 0.755; Supplementary Table 1).


TABLE 1 Baseline participant characteristics.
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The correlation between WWI and OSA

The relationship between WWI and OSA is depicted in Table 2, indicating a positive correlation between increased WWI exposure and the likelihood of OSA. Across Models 1, 2, and 3, a consistent positive correlation between OSA and WWI was observed. Notably, after comprehensive adjustments in Model 3, individuals with an elevated WWI showed an increased risk of OSA by a factor of 1.57, the analysis revealed a statistically significant correlation, with an odds ratio (OR) of 1.57 and a 95% confidence interval (CI) extending from 1.44 to 1.71 (Model 3: OR = 1.57, 95% CI: 1.44 ~ 1.71). When WWI was categorized into quartiles, the statistical significance of the correlation persisted. Notably, participants in the highest WWI quartile exhibited a substantial 2.58-fold increased risk of OSA relative to individuals in the lowest quartile, yielding an OR of 1.59 with a 95% CI extending from 1.36 to 1.85, and a p-value for the trend that was <0.0001, indicating a robust and statistically significant association (OR = 1.59, 95 % CI: 1.36 to 1.85; P for trend < 0.0001).


TABLE 2 The association between WWI and OSA.
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Analysis of curve fitting and threshold effects

The analysis revealed a non-linear association between WWI and the incidence of OSA (Figure 2A). Sensitivity analyses were conducted by transforming WWI into categorical variables, and the results showed a positive correlation as the adjusted OSA percentage gradually increased with the increase in WWI (Figure 2B). Upon closer examination of the threshold effect, a key inflection point was identified at a WWI value of 11.70 (Table 3). When WWI was below this threshold, the likelihood of developing OSA increased by 60% for each unit increment (OR = 1.60; 95% CI: 1.49–1.72; p < 0.0001). In contrast, for WWI values above the threshold, no statistically significant relationship was discovered (OR = 0.97; 95% CI: 0.84–1.13; p = 0.69). The threshold's statistical significance was substantiated by the likelihood ratio test, yielding a p-value significantly below the 0.001 threshold.


[image: Figure 2]
FIGURE 2
 (A) Curve fitting for WWI (Continuous) vs. OSA. Smoothed curve fitting of WWI vs. OSA. Detection of non-linear relationship between WWI and OSA by logistic regression modeling. The red solid line represents the smoothed curve fit between the variables. The blue dashed line represents the 95% CI of the fitted results. (B) Curve fitting for WWI (quartile) vs. OSA.



TABLE 3 The threshold effect analysis of the WWI on OSA risk.
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Subgroup analysis

A comprehensive subgroup analysis was conducted to evaluate the strength and consistency of the association between WWI and OSA, with stratification by all covariates. An interaction test was performed for age, gender, race, education level, marital status, PIR, alcohol consumption, smoking, hypertension, diabetes, CHD, and sleep duration. The results revealed statistically significant interactions for age (p = 0.0057), education level (p = 0.0178), and smoking (p = 0.0195), suggesting that these factors may modify the relationship between WWI and OSA. Notably, variability in the relationship by race was observed, with non-Hispanic Blacks (OR = 1.65, 95% CI: 1.44, 1.90) and individuals from other racial groups (OR = 1.86, 95% CI: 1.51, 2.28) showing higher odds ratios compared to non-Hispanic Whites (OR = 1.51, 95% CI: 1.27, 1.81) and Mexican Americans (OR = 1.44, 95% CI: 1.27, 1.64). However, no significant interactions were found for other covariates, including sex (p = 0.7356), marital status (p = 0.0955), PIR (p = 0.0562), alcohol consumption (p = 0.2127), CHD (p = 0.3496), hypertension (p = 0.0925), diabetes (p = 0.9253), or sleep duration (p = 0.2693), indicating that the relationship between WWI and OSA was not strongly dependent on these factors (Figure 3). Furthermore, we developed curve-fitting analyses for the three covariates that exhibited significant interactions (Supplementary Figure 1).
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FIGURE 3
 Subgroup analysis and interaction for the association between WWI and OSA.





Discussion

This study was a cross-sectional study involving 11,545 non-hospitalized residents of the United States to investigate the relationship between WWI and OSA. The findings revealed a notable correlation where an escalation in WWI was considerably linked to a higher prevalence of OSA, and the association was statistically significant. This consistency was maintained regardless of the WWI being categorized into quartiles (Q1–Q4). Additional subgroup analyses and assessments of interactions confirmed that the significant positive association persisted across the entire spectrum of subgroups, including factors such as sex, age, race, education, PIR, marital status, smoking behavior, alcohol intake, hypertension, diabetes, coronary heart disease, and sleep duration. It is important to note that the interaction p-values for age groups, education levels, and smoking behaviors were found to be statistically significant (p ≤ 0.05). This indicates that the associations between WWI and OSA may vary across these subgroups, suggesting potential modifiers of the WWI-OSA relationship. Notably, the study also found a non-linear relationship in which the association with OSA risk decreased when WWI exceeded 11.70. This critical threshold may provide a new perspective for future risk assessment and intervention strategies. The results of this study suggest that WWI can be used as a predictor of OSA incidence and suggest that obesity management as measured by WWI may help predict OSA risk. The biological mechanisms behind this may include changes in fat distribution, development of metabolic syndrome, and increased insulin resistance (33, 34). These findings suggest that the threshold effect of WWI may be associated with changes in insulin sensitivity in adipose tissue, which may further influence the relationship with OSA. However, the practical implications of the WWI threshold value (11.70 cm/√kg) remain to be fully explored. Future studies are needed to examine its potential role in clinical decision-making, including its utility in risk stratification, early detection, and the development of targeted disease management strategies. In the context of data analysis, the inclusion of missing values for covariates as a distinct group is primarily motivated by the desire to preserve the integrity of the data and to mitigate potential bias. Missing values for categorical variables possess the potential to convey informative content in their own right; the direct replacement or removal of these missing values may result in the introduction of bias or the masking of underlying patterns (35). Moreover, the segregation of missing values facilitates the avoidance of distributional imbalances that may be introduced by the application of the filling method, thereby providing a more robust foundation for subsequent analyses. This approach has been widely adopted in analogous studies that have dealt with missing values for categorical variables. For instance, some studies have recommended treating missing values as a distinct category in order to more accurately reflect the actual structure of the data (36).

Growing research supports the notion that obesity plays a substantial role as a risk factor in the development of OSA (8, 14). For example, Leeba Rezaie et al. analyzed data from 251 participants and concluded that a higher BMI could help non-specialist healthcare providers identify individuals at increased risk for OSA (37). Similarly, a prospective study by Gruber et al., involving 38 patients with OSA and 41 controls, found that higher BMI and waist circumference increased the likelihood of developing OSA (38). In addition, in a cross-sectional study of 4,588 participants aged 20 years and older in the United States, Xingru Meng et al. found that the risk of OSA in the higher BMI quartile group was 3.42 times higher than that in the lower quartile group (39). This study compared OSA prevalence and demographic traits between included and excluded participants. No significant difference in OSA prevalence was found, indicating that inclusion criteria did not bias OSA assessment. However, differences in demographics such as sex, age, education, marital status, income, alcohol use, hypertension, diabetes, and heart disease were noted, which may limit the findings' generalizability. Future research should aim to further explore these differences and their implications for the prevention and management of OSA.

WWI, introduced as an innovative obesity metric, integrates the advantages of WC and diminishes the correlation with BMI, allowing for a more accurate description of centripetal obesity independent of weight. In addition, WWI provides an assessment of fat and muscle mass, surpassing the constraints of conventional BMI criteria (40, 41). It is worth noting that, compared with other anthropometric indicators such as waist-height ratio, BMI, and waist circumference, WWI is more significantly correlated with sarcopenic obesity in older adults (42). Thus, as a more comprehensive and accurate obesity assessment tool, WWI is expected to provide greater insight into the relationship between obesity and OSA (41).

Recent studies further consolidate the advantage of WWI as a predictor of disease compared to BMI and WC (22, 43). Evidence from WWI suggests that WWI offers a more precise and targeted evaluation of central adiposity compared to other fat distribution metrics like the waist-to-hip ratio (WHR), and its utility is consistent across various ethnic groups and populations. WWI has shown excellent stability and reliability, especially in cross-ethnic or multi-center studies (44). Therefore, WWI is recognized for its simple calculation, cost-effectiveness, and excellent predictive power in disease risk assessment, and it possesses superior predictive accuracy for disease risk, warranting the attention of healthcare providers. Multiple mechanisms have been put forth to account for the observed positive association between WWI and OSA, including changes in upper airway structure and function, enhanced airway collapse, reduced resting lung volume, and disruption of the interaction between respiratory drive and load compensation (45). Specifically, obesity, particularly central obesity, increases susceptibility to sleep apnea by increasing the mechanical load on the upper respiratory tract and reducing compensatory neuromuscular responses (46, 47). These findings further reinforce the role of WWI as a critical indicator for understanding and predicting OSA risk and highlight its broader impact on disease prediction.

The practical importance of this research is underscored by the identification of WWI as a potential predictive biomarker for assessing the risk of OSA in adult individuals. Specifically, WWI was superior to conventional fat parameters in predicting OSA risk, providing a more robust risk assessment and enabling clinicians to incorporate WWI measurements into routine assessments to identify individuals at risk for OSA more precisely. In addition, recognizing WWI's role as a prognostic biomarker for OSA may enable medical professionals to develop tailored interventions that not only address obesity more effectively but also mitigate the risk of OSA.

WWI's predictive power is enhanced by its ability to more accurately capture centripetal obesity, independent of overall body weight, offering a significant advantage over traditional measures like BMI and waist-to-hip ratio (WHR). Unlike BMI, which fails to differentiate between adipose tissue and muscle mass and does not account for body fat distribution, WWI provides a more nuanced assessment of obesity-related risks. Additionally, WWI's ability to reflect abdominal fat distribution—an important factor for metabolic and cardiovascular health—makes it particularly valuable in identifying individuals at higher risk for conditions like OSA. Its utility across various ethnic groups and populations further emphasizes its potential as a reliable tool for public health assessments and disease risk prediction, addressing the limitations of BMI and WHR in diverse cohorts (48).


Study strengths and limitations

This study explored the association between WWI and OSA through a cross-sectional examination, using a representative sample size to offer a new perspective on this relationship. While we applied multiple adjustment models and conducted subgroup analyses to enhance our understanding of population-specific differences, it is important to note that the cross-sectional design limits our ability to infer causality. Additionally, the reliance on self-reported data and the exclusion of certain covariates may introduce bias or affect the generalizability of the findings. Despite these limitations, our in-depth subgroup analyses revealed varying patterns of association, highlighting the complexity of the relationship between WWI and OSA across different cohorts. These findings provide valuable insights that could inform targeted interventions and public health policies, though further research is needed to confirm these results and address the limitations identified.

Although this study provides valuable insights, several limitations should be considered. First, the cross-sectional design of the study precludes the establishment of causal relationships, limiting the ability to infer directionality between WWI and OSA. Second, the data were sourced from the NHANES database, which, while widely used and validated in previous studies, may still be subject to selection bias and measurement inaccuracies (49, 50). The reliance on self-reported OSA diagnosis, in particular, introduces the possibility of recall bias, as participants may not accurately report their symptoms or may underreport or overreport them. While questionnaire-based assessments are common in large-scale surveys, they lack the precision of objective diagnostic methods like polysomnography. Future studies should aim to validate self-reported OSA assessments against objective measures to enhance the reliability of findings. Moreover, generalisability of results may be limited by different ethnic and socio-economic groups. Additionally, while we adjusted for several confounders, other potential confounders, such as physical activity and dietary habits, were not included and may have influenced the results. Physical activity and dietary habits are well-established factors affecting both obesity and sleep quality, and their exclusion may have resulted in an incomplete analysis. Lastly, participant exclusions may have introduced bias, particularly among subgroups with high WWI or severe OSA, which could affect the generalizability of the findings. Future studies would benefit from employing prospective designs and optimizing data collection to address these limitations and improve the accuracy and generalizability of the results.




Conclusion

Our findings suggest a positive correlation between WWI and OSA, with a notable trend observed among U.S. adults. While these results are promising, it is important to recognize that this study is exploratory in nature, and the conclusions should be interpreted with caution due to the limitations inherent in the cross-sectional design, reliance on self-reported data, and potential biases from missing covariates. Although WWI appears to be a valid anthropometric indicator for predicting OSA, further research, including longitudinal studies, is essential to establish causality and explore its clinical applications in preventing and treating OSA. This study lays the groundwork for future investigations into WWI's role in OSA, and we hope it will encourage further research in this area.
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