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Background: Obesity is a significant risk factor for obstructive sleep apnea (OSA). The weight-adjusted-waist index (WWI) reflects 
weight-independent centripetal obesity. Our study aims to evaluate the relationship between WWI and OSA.
Methods: The data used in the current cross-sectional investigation are from the National Health and Nutrition Examination Survey 
(NHANES), which was carried out between 2017 and 2020. We utilized weighted multivariable-adjusted logistic regression to 
evaluate the relationship between WWI and the risk of OSA. In addition, we applied various analytical methods, including subgroup 
analysis, smoothing curve fitting, threshold effect analysis and the receiver operating characteristic (ROC) curve. To further explore 
the relationship, we conducted a MR study using genome-wide association study (GWAS) summary statistics. We performed the main 
inverse variance weighting (IVW) method along with other supplementary MR methods. In addition, a meta-analysis was conducted to 
provide an overall evaluation.
Results: WWI was positively related to OSA with the full adjustment [odds ratio (OR)=1.14, 95% confidence interval (95% CI): 
1.06–1.23, P<0.001]. After converting WWI to a categorical variable by quartiles (Q1-Q4), compared to Q1 the highest WWI quartile 
was linked to an obviously increased likelihood of OSA (OR=1.26, 95% CI: 1.06–1.50. P=0.01). Subgroup analysis revealed the 
stability of the independent positive relationship between WWI and OSA. Smoothing curve fitting identified a saturation effect of 
WWI and OSA, with an inflection point of 11.62. In addition, WWI had the strongest prediction for OSA (AUC=0.745). Sensitivity 
analysis was performed to verify the significantly positive connection between WWI and stricter OSA (OR=1.18, 95% CI: 1.05–1.32, 
P=0.005). MR meta-analysis further supported our results (OR=2.11, 95% CI: 1.94–2.30, P<0.001). Sensitivity analysis confirmed the 
robustness and reliability of these findings.
Conclusion: WWI was significantly associated with the risk of OSA, suggesting that WWI could potentially serve as a predictor for 
OSA.
Keywords: weight-adjusted waist circumference index, WWI, obstructive sleep apnea, OSA, National Health and Nutrition 
Examination Survey, NHANES, Mendelian randomization analysis, cross-sectional study

Introduction
Obstructive sleep apnea (OSA) is a clinical disorder characterized by recurrent episodes of complete upper airway 
obstruction (apneas) or partial upper airway obstruction (hypopneas). This condition leads to increased negative 
intrathoracic pressure, fragmented sleep, and intermittent hypoxia.1 Epidemiological studies indicate that OSA affects 
approximately 17% of women and 34% of men aged 30 to 70 in the United States.2 If left untreated, OSA can result in 
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serious health complications such as hypertension,3 cardiovascular disease,4 and diabetes.5 Therefore, identifying novel 
and more accurate biomarkers is crucial for the early diagnosis of OSA.

Obesity has reached epidemic levels worldwide, affecting an increasing number of individuals.6,7 The rising 
prevalence of obesity significantly contributed to the growing incidence of OSA.8,9 The relationship between obesity 
and OSA is complex and interdependent.10 Excess abdominal fat, in particular, is a major risk factor for both the 
development and exacerbation of OSA. Previous studies have demonstrated a positive correlation between visceral fat 
mass and the incidence of OSA.11 Recent large observational trials strongly suggest that weight loss can either correct or 
significantly improve OSA symptoms.12 For instance, a longitudinal study conducted in Wisconsin found that a 10% 
increase in body weight (BW) was associated with a 32% rise in the Apnea-Hypopnea Index (AHI), while a 10% 
decrease in BW was linked to a 26% decrease in the AHI.13

Body mass index (BMI) is commonly used to assess obesity, but its limitations, including its inability to distinguish 
between fat and muscle mass and the existence of the obesity paradox, raise questions about its effectiveness.14,15 In 
contrast, the weight-adjusted waist circumference index (WWI) is a new obesity index that normalizes waist circumfer-
ence (WC) by weight. This approach retains the benefits of WC measurement while reducing its association with BMI.16 

WWI not only distinguishes between fat and muscle mass but also accounts for central obesity that is independent of 
overall weight.17,18 Previous studies have indicated that elevated WWI is strongly associated with various diseases, 
including stroke, erectile dysfunction, and heart failure.19–21 Despite WWI’s validation as an effective predictor for many 
diseases, its potential relationship with OSA has not yet been investigated.

In this study, we combined a large-scale observational study in the NHANES 2017–2020 and a two-sample MR 
analysis to comprehensively assess the relationship between WWI and OSA, and we assume that WWI make a strong 
predictive effect on OSA.

Methods
Study Samples in NHANES
The data for this analysis were sourced from the NHANES database (https://www.cdc.gov/nchs/nhanes/index.htm). The 
protocols of the NHANES study were authorized by the Research Ethics Review Board of NCHS. Informed consent was 
obtained from all the NHANES participants. The study was exempt from the approval of the institutional review board as 
it used de-identified, publicly available data. NHANES is a major national project conducted by the National Center for 
Health Statistics (NCHS) of the Centers for Disease Control and Prevention in the United States, designed to assess the 
health and nutritional status of the US population. All NHANES participants provided informed consent. As this study 
utilized anonymous, publicly available data, institutional review board (IRB) approval was not required. Between 2017 
and 2020, a total of 15,560 participants were registered in NHANES. Following strict inclusion and exclusion criteria, 
this study identified a final sample size of 8048 US adults from the NHANES 2017–2020 cycle. Specifically, 2993 
participants were excluded due to missing WWI data, 3659 participants were excluded due to missing OSA data, and 860 
participants under the age of 20 were excluded from this study (Figure 1).

Assessment of WWI
The WWI is a new obesity assessment indicator. A greater WWI score indicates a higher level of obesity. WWI is 
calculated using the following formulas, where WC is in cm and BW is in kg.16

The anthropometric assessments were performed by professional health technicians at the Mobile Examination Centers 
(MECs), with accuracy ensured through direct observation, data review, and expert examiner evaluation. The “body 
measurement” data on WC and BW are publicly available on the NHANES website. Generally, a higher WWI value 
indicates more severe obesity. In the analysis, respondents were divided into 4 groups (Q1-Q4) based on WWI quartiles 
for further analysis. WWI was set as both a continuous variable and a categorical variable and considered an exposure 
factor in our study.
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Assessment of OSA
According to early research, a diagnosis of OSA can be made if a person answers “yes” to at least one of the following 
three NHANES questions:22 (1) feeling excessively sleepy during the day 16–30 times per month despite sleeping around 
7 or more hours per night on weekdays or work nights; (2) gasping, snoring, or apnea occurring three or more times per 
week; and (3) snoring three or more times per week. In sensitivity analyses, we strictly redefined OSA as a participant 
who answered “yes” to two or more questions.

Other Covariates Used in NHANES
When selecting covariates, we referenced extensive research on obstructive sleep apnea (OSA) and factors related to 
weight-adjusted-waist indexes (WWIs) in the early stages. A meta-analysis has indicated that the incidence rate of OSA 
significantly increases with age, with the prevalence being notably higher among men compared to women.8 A research 
by Peter Debbaneh et al further revealed the differential incidence characteristics of OSA among various races.23 Another 
study revealed that elderly, untreated OSA patients with higher educational levels generally outperform those with lower 
educational attainment on cognitive function tests.24 Additionally, it is found that married OSA patients have a higher 
survival rate compared to those who are single.25 In terms of disease-related factors, OSA exhibits an independent and 
significant correlation with various chronic diseases such as diabetes, hypertension, and dyslipidemia.26–28 Drinking 
behavior has been identified as an independent risk factor for OSA, particularly for individuals with alcohol use disorders 
who face higher risks. Moreover, the frequency of alcohol consumption, the amount consumed each time, and the 
frequency of excessive drinking are all closely associated with an increased risk of OSA.29 Conversely, there is also 
a significant association between smoking behavior and OSA, especially for heavy smokers with a smoking history of 
more than 20 PYs, whose risk of developing OSA further increases.30 Therefore, to control for potential confounding 
effects, we adjusted for the following demographic characteristics: age, gender, race, education level, marital status, 
poverty-income ratio (PIR), smoking, alcohol consumption, BMI, diabetes, hypertension, total cholesterol (TC), high- 
density lipoprotein cholesterol (HDLC), low-density lipoprotein cholesterol (LDLC), and triglyceride (TG). Education 
level was divided into three groups: below high school, high school, and above high school. Marital status was 
categorized into two groups: married or cohabiting and living alone. The questionnaire included alcohol consumption, 
smoking, diabetes, and hypertension. Participants provided their medical history through self-report to assess chronic 

Figure 1 Flow chart of patient screening. WWI, weight-adjusted waist index. OSA, Obstructive sleep apnea. 
Abbreviations: NHANES, National Health and Nutrition Examination Survey; WWI, weight-adjusted waist index; OSA, Obstructive sleep apnea.
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health conditions and indicate whether they had been informed of specific health issues by doctors or other healthcare 
professionals. Smoking status was classified based on whether participants had smoked 100 or more cigarettes. Ever have 
4/5 or more drinks every day was the definition of alcohol consumption status.

Genome-Wide Association Study (GWAS) Sources and Single Nucleotide 
Polymorphisms (SNPs) Selection
Due to the lack of GWAS data related to the WWI, WC has been widely used as a substitute indicator for WWI in 
subsequent MR analysis. There is a strong correlation between WC and WWI, and since WC is a major component of 
WWI, it effectively captures most changes in WWI, making it a suitable proxy variable. Particularly in large-scale MR 
analyses, GWAS studies on WC are more prevalent and typically involve larger sample sizes compared to those on WWI. 
In contrast, GWAS studies on WWI remain underdeveloped, especially in certain datasets where WWI data may be 
entirely unavailable. Therefore, using WC as an alternative data source for MR analysis of WWI can enhance the 
robustness of the study. Although it is reasonable to use waist circumference (WC) as a substitute for WWI in Mendelian 
randomization (MR) analyses, the strong correlation between WC and WWI, along with the availability of genetic tools, 
has raised concerns about potential biases related to confounding, measurement errors, and pleiotropy. For example, WC 
may not accurately reflect central obesity like WWI, as it does not account for changes in weight, potentially leading to 
overestimation or underestimation of obesity levels. In addition, WC does not distinguish between fat and muscle tissue, 
potentially overlooking the impact of muscle mass on health when assessing obesity-related health risks. Individuals with 
higher muscle mass may have lower health risks, but using WC alone may not capture this distinction. Given the possible 
inconsistency in the correlation between WC and WWI, using WC as a substitute variable may lead to overestimation or 
underestimation of the impact of WWI on the results. For example, in some populations, WC may not be as sensitive as 
WWI and may fail to capture all health risks associated with central obesity. Additionally, in MR studies, there are 
unmeasured confounding factors that may affect WWI and the results, so using WC as a proxy variable may introduce 
bias. Although MR methods can mitigate some of this bias, they cannot completely eliminate it. Measurement errors in 
WC may also impact the interpretation of results. If the measurement of WC is not sufficiently accurate, using WC as 
a proxy for WWI may introduce additional random errors, affecting our estimation of the relationship between WWI and 
the outcomes. These biases may compromise the accuracy and reliability of causal estimation, so special caution should 
be exercised when interpreting the results. These biases may affect the accuracy and reliability of causal estimations, so 
special caution is warranted when interpreting the results. However, by employing one-by-one exclusion analysis and 
MR-Egger regression, it is possible to detect and correct for pleiotropy bias or weak instrument bias introduced by WC, 
thereby obtaining more reliable conclusions. We obtained GWAS data related to WC as exposure from the IEU Open 
GWAS database, which contains 462,166 individuals of European ancestry. In addition, we obtained summary data on 
the genetic associations with OSA from the FinnGen consortium, comprising 16,761 cases and 201,194 controls. We also 
incorporated WC-related exposure data from studies by Shungin et al and Mbatchou et al31,32 Finally, we included data 
on smoking and drinking from the GWAS and Sequencing Consortium of Alcohol and Nicotine use.33 These GWAS 
datasets are publicly available through the IEU Open GWAS database (https://gwas.mrcieu.ac.uk/). Detailed information 
on the data sources is provided in eTable 1. All studies were reviewed and approved by the local IRB, and informed 
consent was obtained from all participants.

The selection of instrumental variables (IVs) was based on three fundamental assumptions: (1) the IV must be 
strongly associated with the exposure, (2) the IV must be independent of confounding factors, and (3) the IV should be 
linked to the outcome exclusively through the exposure, with no direct association with the outcome.34 To identify 
genetic variations suitable for estimating the relationship between WC and OSA, we set the genome-wide significance 
threshold at P < 5×10−8 to screen for genetic variants that were closely associated with exposure. We also excluded SNPs 
with linkage disequilibrium (LD) (r2<0.001,10,000kb) where possible. We then eliminated SNPs with allelic discordance 
and SNPs with intermediate allele frequencies.35 Additionally, we applied the Mendelian Randomization Pleiotropy 
RESidual Sum and Outlier (MR-PRESSO) algorithm to detect and eliminate outliers with significant deviations.36 

Finally, we calculated the F-statistic to assess the strength of the IVs and identified potential bias from weak instruments. 
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An F-statistic greater than 10 is generally considered indicative of a strong correlation between the IV.37 The F-value was 
calculated using the formula F = Beta2/ Se2, where Beta represents the allele effect value and Se denotes the standard 
error of Beta.

Statistical Analysis
In the NHANES analysis, this research assessed the characteristics of participants based on quartiles of the WWI 
utilizing chi-square tests or t-tests. Multivariate logistic regression was used to examine the linear association between 
the WWI and OSA in three different models. Model 1 (unadjusted), Model 2 (adjusted for age, gender, and race), and 
Model 3 (adjusted for age, gender, race, education level, marital status, PIR, smoking, alcohol consumption, BMI, 
diabetes, hypertension, TC, HDLC, LDLC, and TG). The results are expressed as odds ratios (OR) with 95% confidence 
intervals (CI). Trend tests were conducted to examine the linear association between WWI and OSA after transforming 
WWI scores from continuous to categorical variables (quartiles). By conducting interaction tests, our goal was to explore 
the consistency of the association between WWI and OSA within different groups. To comprehensively analyze any 
potential nonlinear relationships between WWI and OSA, we also performed smooth curve fitting. The receiver operating 
characteristic (ROC) curve and the area under curve (AUC) were presented to assess the predictive power of WWI, BMI, 
and WC for OSA. Considering the complex, probabilistic clustering design of NHANES, weights were incorporated into 
the statistical analysis.

Before commencing the analysis, we first synchronized exposure and outcome data to ensure alignment of effect 
alleles with the positive strand, excluding intermediate allele frequency palindromes from further MR analysis.38 Inverse 
variance weighting (IVW) was regarded as the most effective method for detecting relationships in MR analysis.39 The 
IVW method, an extension of the Wald ratio estimation method based on meta-analysis principles,40 employs the inverse 
variance of SNPs as weights in meta-analysis to evaluate the combined effect. To further demonstrate the stability and 
directionality of the results, we utilized MR-Egger41 and the weighted median method42 for auxiliary assessments of the 
relationship.

To ensure the stability and reliability of our findings, we conducted sensitivity analyses and performed additional 
validations. Firstly, we used Cochrane’s Q-test to assess the impact of heterogeneity on the results. Heterogeneity within 
the IVW model was gauged using Cochran’s Q-test,43 with a P < 0.05 indicating significant heterogeneity. Notably, 
heterogeneity does not inherently compromise the IVW model’s validity, especially when employing a random-effects 
model in MR analysis. Considering the influence of unknown confounders on genetic diversity and causal effects, we 
used MR‒Egger regression to assess whether the included SNPs were potentially horizontally pleiotropic, and horizon-
tally pleiotropic results (P < 0.05) were excluded.41 Additionally, we employed the MR-PRESSO algorithm to detect 
outliers with significant differences and evaluate adjusted causal effects after removing outliers.36 Although MR-Egger 
regression has its advantages, this method also has some limitations. The traditional MR-Egger regression method is 
based on the assumption that there is no measurement error in the association between single nucleotide polymorphisms 
(SNPs) and exposure (NOME assumption). Unfortunately, while MR-Egger enhances its robustness to pleiotropy, it does 
so at the expense of reducing stability, which violates the NOME assumption and leads to dilution bias in regression.44 

Similarly, the MR-PRESSO method also has its limitations. In some situations, even with correction strategies such as 
outlier removal or covariate adjustment, the issue of horizontal pleiotropy revealed by the MR-PRESSO global test 
cannot be completely eliminated.36 Furthermore, we performed leave-one-out analysis to thoroughly evaluate the 
stability of the MR results.

In statistics, sample overlap refers to the presence of common samples in two or more datasets. In MR analysis, this 
situation may arise when using different genome-wide association study (GWAS) datasets from the same population or 
containing partially identical participants. Sample overlap may lead to estimation bias in the results, as it violates the 
assumption of independent samples. It should be noted that our summary statistics are based solely on the European 
population and cannot rule out the possibility of sample overlap. To minimize any errors that may be introduced due to 
the inability to directly determine the sample overlap rate, we used the MRlap function to correct the inverse variance 
weighted (IVW) results.45 If the disparity between the observed effect and the adjusted effect is not significant (p>0.05), 
it can be considered that the IVW-MR estimation is reliable. Conversely, if a significant difference (p<0.05) is found, we 
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should rely more on the adjusted effect that is not affected by sample overlap. To further test the second core hypothesis 
of MR and mitigate the influence of variables that may distort the results of two-sample MR, we used multivariate 
Mendelian randomization (MVMR) to assess the relationship between exposure, confounding factors, and 
outcomes. Through literature review, we identified common risk factors associated with WC and OSA, including 
smoking30,46 and alcohol consumption.29,47

For the meta-analysis of the three sets of estimates derived from the MR analysis, we used a random effects model to 
calculate OR when heterogeneity was present, and a fixed effects model when no heterogeneity was detected. The I2 test 
was employed to test heterogeneity. Meta-analysis results were considered homogeneous if the I2 value was less than 
50% and P>0.05.

P<0.05 was used as the statistical significance threshold. The statistical analysis was performed using R (version 
4.3.1) and EmpowerStats (version 2.0).

Results
Participant Characteristics in NHANES
A total of 8048 subjects were included in this study, with a mean age of 50.63±17.39 years. The sample included 3932 
males (48.86%) and 4116 females (51.14%). The prevalence of OSA was 49.85% among all subjects, with prevalence 
increasing across higher WWI quartiles. The mean WWI for all subjects was 11.12±0.86cm/√kg, with quartile ranges as 
follows: 8.44–10.54 cm/√kg for the first quartile, 10.55–11.12 cm/√kg for the second quartile, 11.13–11.71 cm/√kg for 
the third quartile, and 11.72–14.14 cm/√kg for the fourth quartile. Compared to individuals in the lowest WWI quartile, 
those in the highest quartile were more likely to be elderly, female, non-Hispanic white, less educated, and smokers, and 
they had a higher likelihood of having diabetes, hypertension, and OSA. Meanwhile, higher WWI was often associated 
with increased levels of BMI, WC, weight, TG, LDLC, and TC, but decreased levels of PIR and HDLC (Table 1).

Table 1 Basic Characteristics of Participants by Weight-Adjusted Waist Index Quartile

Weight-Adjusted-Waist Index (WWI) Q1 Q2 Q3 Q4 P-Value
N=2012 N=2012 N=2012 N=2012

(8.44–10.54) (10.55–11.12) (11.13–11.71) (11.72–14.14)

Age (years) 39.10±14.86 48.67±15.51 54.60±16.31 60.14±15.48 <0.001

Sex, (%) <0.001

Male 1181 (58.70%) 1116 (55.47%) 978 (48.61%) 657 (32.65%)
Female 831 (41.30%) 896 (44.53%) 1034 (51.39%) 1355 (67.35%)

Race, (%) <0.001

Mexican American 152 (7.55%) 229 (11.38%) 293 (14.56%) 260 (12.92%)
Other Hispanic 170 (8.45%) 212 (10.54%) 209 (10.39%) 230 (11.43%)

Non-Hispanic White 588 (29.22%) 662 (32.90%) 693 (34.44%) 849 (42.20%)

Non-Hispanic Black 704 (34.99%) 522 (25.94%) 498 (24.75%) 420 (20.87%)
Other Race 398 (19.78%) 387 (19.23%) 319 (15.85%) 253 (12.57%)

Education level, (%) <0.001

Less than high school 227 (11.28%) 339 (16.85%) 418 (20.78%) 483 (24.01%)
High school 469 (23.31%) 446 (22.17%) 509 (25.30%) 531 (26.39%)

More than high school 1316 (65.41%) 1227 (60.98%) 1085 (53.93%) 998 (49.60%)

Marital status, (%) <0.001
Married/Living with Partner 1072 (53.28%) 1289 (64.07%) 1226 (60.93%) 1109 (55.12%)

Living alone 940 (46.72%) 723 (35.93%) 786 (39.07%) 903 (44.88%)

OSA, (%) <0.001
No 1270 (63.12%) 998 (49.60%) 898 (44.63%) 846 (42.05%)

Yes 742 (36.88%) 1014 (50.40%) 1114 (55.37%) 1166 (57.95%)

(Continued)
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Association Between the WWI and OSA in NHANES
With the purpose of further investigating the correlation between WWI and OSA, three multiple regression models 
were constructed for analysis (Table 2). A significant positive relationship between WWI and OSA was observed 
across all models. In the fully adjusted model (Model 3), each unit increase in WWI was associated with a 14% 
increase in the risk of OSA (OR=1.14, 95% CI: 1.06–1.23, P<0.001). In addition, when continuous WWI variables 
were categorized into quartiles, this positive correlation remained stable (trend P values were all <0.05). In the fully 
adjusted model, individuals in the highest quartile (Q4) of the survey had a 26% higher risk of OSA compared to those 

Table 1 (Continued). 

Weight-Adjusted-Waist Index (WWI) Q1 Q2 Q3 Q4 P-Value
N=2012 N=2012 N=2012 N=2012

(8.44–10.54) (10.55–11.12) (11.13–11.71) (11.72–14.14)

Alcohol drinking, (%) 0.093

No 1776 (88.27%) 1733 (86.13%) 1727 (85.84%) 1736 (86.28%)

Yes 236 (11.73%) 279 (13.87%) 285 (14.17%) 276 (13.72%)
Smoking, (%) <0.001

No 1283 (63.77%) 1170 (58.15%) 1110 (55.17%) 1125 (55.91%)

Yes 729 (36.23%) 842 (41.85%) 902 (44.83%) 887 (44.09%)
Diabetes, (%) <0.001

Yes 62 (3.08%) 219 (10.88%) 350 (17.40%) 576 (28.63%)

No 1913 (95.08%) 1749 (86.93%) 1583 (78.68%) 1361 (67.64%)
Borderline 37 (1.84%) 44 (2.19%) 79 (3.93%) 75 (3.73%)

High blood pressure, (%) <0.001

No 1650 (82.01%) 1344 (66.80%) 1113 (55.32%) 869 (43.20%)
Yes 362 (17.99%) 668 (33.20%) 899 (44.68%) 1143 (56.81%)

PIR 2.69±1.57 2.70±1.55 2.53±1.50 2.31±1.42 <0.001

Weight (kg) 74.67±17.95 82.88±21.00 86.27±22.77 90.28±25.28 <0.001
BMI (kg/m2) 25.34±5.20 29.01±6.04 31.14±6.86 34.24±7.87 <0.001

Waist circumference (cm) 85.94±11.23 98.01±12.40 105.07±13.72 114.93±16.10 <0.001

Total cholesterol (mmol/L) 4.67±0.94 4.89±1.01 4.88±1.10 4.77±1.04 <0.001
HDL-C (mmol/L) 1.48±0.42 1.37±0.40 1.35±0.41 1.32±0.36 <0.001

Triglycerides (mmol/L) 0.96±0.46 1.14±0.93 1.17±0.77 1.20±0.72 <0.001

LDL-C (mmol/L) 2.72±0.60 2.82± 0.61 2.82± 0.67 2.76± 0.62 <0.001

Notes: Mean±SD for continuous variables: the P value was calculated by the weighted linear regression model (%) for categorical variables: the P value 
was calculated by the weighted chi-square test. 
Abbreviations: Q, Quartile; OSA, Obstructive sleep apnea; PIR, Ratio of family income to poverty; BMI, Body mass index; HDL-C, High-density 
lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol.

Table 2 The Association Between Weight-Adjusted Waist Index and OSA

Exposure Model 1 [OR (95% CI)] Model 2 [OR (95% CI)] Model 3 [OR (95% CI)]

Weight-adjusted waist index (continuous) 1.47 (1.40, 1.55) 1.61 (1.51, 1.72) 1.14 (1.06,1.23)

Weight-adjusted waist index (quartile)

Quartile 1 Reference Reference Reference
Quartile 2 1.74 (1.53, 1.97) 1.78 (1.57, 2.03) 1.23 (1.07, 1.41)

Quartile 3 2.12 (1.87, 2.41) 2.26 (1.97, 2.59) 1.31 (1.12, 1.52)

Quartile 4 2.36 (2.08, 2.68) 2.72 (2.35, 3.15) 1.26 (1.06, 1.50)
P for trend <0.001 <0.001 0.012

Notes: Model 1: no covariates were adjusted. Model 2: adjusted for age, sex, and race. Model 3: adjusted for age, sex, race, education level, marital status, 
alcohol drinking, smoking, diabetes, high blood pressure, PIR, weight, BMI, waist circumference, total cholesterol, HDL-C, triglycerides, LDL-C. 
Abbreviations: PIR, Ratio of family income to poverty; BMI, Body mass index, HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density 
lipoprotein cholesterol.
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in the lowest quartile (Q1) (OR=1.26, 95% CI: 1.06–1.50). To further visualize the correlation between WWI and 
OSA, smooth curve fitting based on Model 3 was conducted. Results in Figure 2 indicated a nonlinear relationship 
between WWI and OSA. Then, threshold effect analysis was performed to clarify their relationship. The inflection 
point for WWI was determined as 11.62 (log-likelihood ratio=0.004), indicating that when WWI levels were below 
11.62, every one-unit increase in WWI showed a relationship to a 26% elevation in the risk of OSA. When LAP levels 
exceeded 11.62, the correlation between WWI and OSA risk disappeared, suggesting that further increases in WWI did 
not significantly elevate the risk of OSA.

Subgroup Analyses
To evaluate the consistency of the association between WWI and OSA across different populations, we performed 
subgroup analyses and interaction tests based on age, gender, race, education level, marital status, alcohol drinking, 
smoking, diabetes, and hypertension. As depicted in Table 3, our results indicate that the relationship between WWI and 

Figure 2 The nonlinear association between the WWI and OSA. The solid red line represents the smooth curve fit between variables. Blue bands represent the 95% 
confidence interval from the fit. 
Abbreviations: WWI, weight-adjusted waist index; OSA, Obstructive sleep apnea.

Table 3 Subgroup Analysis of the Association Between Weight-Adjusted 
Waist Index and OSA

Subgroup OSA [OR (95% CI)] P for Interaction

Age 0.08

<50 years 1.22 (1.10, 1.34)
≥50 years 1.09 (1.00, 1.20)

Sex 0.51

Male 1.12 (1.02, 1.24)
Female 1.17 (1.07, 1.28)

Race 0.56

Mexican American 1.17 (0.97, 1.41)
Other Hispanic 1.21 (1.01, 1.46)

Non-Hispanic White 1.13 (1.01, 1.25)

Non-Hispanic Black 1.09 (0.98, 1.22)
Other Race 1.25 (1.08, 1.46)

(Continued)
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OSA is independent of these factors (all interaction P-values > 0.05). Moreover, the positive association between WWI 
and OSA exhibited a similar trend across various subgroups, including gender, age, race, education level, diabetes, and 
hypertension. This suggests that the observed association may be applicable to diverse populations.

WWI as a Predictor for OSA
We utilized ROC analysis assess the predictive value of WWI, BMI and WC for OSA (eFigure 1). The area under the 
curve (AUC) for OSA indicated that WWI had a significantly larger AUC (AUC=0.647) compared to BMI and WC 
(eTable 2), indicating that WWI may be a better predictive index of OSA than BMI and WC.

Sensitivity Analysis
We designed the participants who answered the sleep questionnaire with two or three “yes” answers as individuals with 
more severe OSA for sensitivity analysis. As shown in Table 4, a significant positive relationship between WWI and 
OSA was observed across all models. In the fully adjusted model (Model 3), each unit increase in WWI was associated 
with a 18% increase in the risk of OSA (OR=1.18, 95% CI: 1.05–1.32, P=0.0047). In addition, when continuous WWI 
variables were categorized into quartiles, this positive correlation remained stable (trend P values were all <0.05). In the 
fully adjusted model, individuals in the highest quartile (Q4) of the survey had a 43% higher risk of OSA compared to 
those in the lowest quartile (Q1) (OR=1.43, 95% CI: 1.10–1.87). In addition, we explored the linear association between 
WWI and stricter OSA using a smooth curve fitting and generalized addition model (Figure 3), and WWI was still 
linearly positively related to stricter OSA.

Table 3 (Continued). 

Subgroup OSA [OR (95% CI)] P for Interaction

Education level 0.66

Less than high school 1.09 (0.95, 1.25)
High school 1.15 (1.02, 1.30)

More than high school 1.17 (1.07, 1.28)

Marital status 0.10
Married/Living with Partner 1.10 (1.01, 1.21)

Living alone 1.21 (1.10, 1.32)

Alcohol drinking 0.09
Yes 0.96 (0.76, 1.20)

No 1.18 (1.09, 1.27)

Smoking 0.38
Yes 1.12 (1.01, 1.23)

No 1.17 (1.08, 1.28)

Diabetes 0.55
Yes 1.14 (0.96, 1.36)

No 1.16 (1.07, 1.25)

Borderline 0.95 (0.67, 1.35)
High blood pressure 0.28

Yes 1.10 (0.99, 1.22)
No 1.18 (1.08, 1.28)

Notes: Age, sex, race, education level, marital status, alcohol drinking, smoking, diabetes, high 
blood pressure, PIR, weight, BMI, waist circumference, total cholesterol, HDL-C, triglycerides, 
LDL-C were adjusted. 
Abbreviations: PIR, Ratio of family income to poverty; BMI, Body mass index; HDL-C, High- 
density lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol.
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Two-Sample MR Analysis
There were 369 SNPs (Group 1), 327 SNPs (Group 2) and 41 SNPs (Group 3) with P < 5×10−8. Following the exclusion 
of intermediate allele frequency palindromes and unmatched SNPs, 351, 271, and 40 IVs respectively were retained for 
MR analysis. Additionally, the MR-PRESSO test identified outlier IVs as follows: for Group 1, rs13322435, rs56094641, 
rs7952436, rs1051613; for Group 2, rs10938398, rs56094641, rs72820274, rs7952436, rs13322435; and for Group 3, 
rs633715. These outlier IVs were removed and the analysis was conducted again. The F-statistic for each SNP is greater 
than 10 (eTable 3). In our single-factor MR study assessing the impact of WC on the risk of OSA, the IVW analysis 
revealed a significant correlation between WC and OSA: Group 1: OR=2.12, 95% CI: 1.88–2.39, P<0.001; Group 2: 
OR=2.09, 95% CI: 1.82–2.39, P<0.001; Group 3: OR=2.18, 95% CI: 1.71–2.78, P<0.001. These findings were consistent 
with the results from the weighted median analysis (Group 1: OR=2.05, 95% CI: 1.74–2.41, P<0.001; Group 2: 
OR=1.99, 95% CI: 1.67–2.37, P<0.001; Group 3: OR=1.84, 95% CI: 1.41–2.42, P<0.001). In addition, except for 
group 3, the MR Egger analysis results of the other two groups were also consistent with IVW (Group 1: OR=3.14, 95% 
CI: 2.22–4.43, P<0.001; Group 2: OR=3.31, 95% CI: 2.24–4.90, P<0.001; Group 3: OR=1.43, 95% CI: 0.60–3.44, 
P=0.43) (eTable 4). In the sensitivity analysis, although Cochran’s Q test indicated heterogeneity among the three groups 
(all P<0.05), this heterogeneity may distort the overall effect, increase uncertainty in result estimation, and weaken 

Table 4 Sensitivity Analysis for the Association Between WWI with Stricter OSA

Exposure Model 1 [OR (95% CI)] Model 2 [OR (95% CI)] Model 3 [OR (95% CI)]

Weight-adjusted waist index (continuous) 1.51 (1.40, 1.64) 1.72 (1.57, 1.89) 1.18 (1.05,1.32)
Weight-adjusted waist index (quartile)

Quartile 1 Reference Reference Reference

Quartile 2 1.72 (1.39, 2.13) 1.81 (1.45, 2.25) 1.21 (0.96, 1.53)
Quartile 3 2.08 (1.68, 2.56) 2.31 (1.85, 2.90) 1.25 (0.98, 1.59)

Quartile 4 2.79 (2.28, 3.42) 3.47 (2.75, 4.38) 1.43 (1.10, 1.87)

P for trend <0.001 <0.001 0.013

Notes: Model 1: no covariates were adjusted. Model 2: adjusted for age, sex, and race. Model 3: adjusted for age, sex, race, education level, marital status, 
alcohol drinking, smoking, diabetes, high blood pressure, PIR, weight, BMI, waist circumference, total cholesterol, HDL-C, triglycerides, LDL-C. 
Abbreviations: PIR, Ratio of family income to poverty; BMI, Body mass index; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density 
lipoprotein cholesterol.

Figure 3 The nonlinear association between the WWI and stricter OSA. The solid red line represents the smooth curve fit between variables. Blue bands represent the 
95% confidence interval from the fit. 
Abbreviations: WWI, weight-adjusted waist index; OSA, Obstructive sleep apnea.
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statistical significance and confidence. However, the estimations from the MR models showed consistency, with 
heterogeneity remaining within an acceptable range. Random effects inverse variance weighting (IVW) analysis 
continues to be the primary detection method.

The estimated effects sizes for gene predictions are illustrated in the scatterplots (Figure 4). MR-Egger intercept 
analysis confirmed the absence of pleiotropy (all P>0.05) (eTable 5). Furthermore, the leave-one-out sensitivity test 
demonstrated that the effect of any single SNP on the relationship between WC and OSA did not vary significantly. In 
addition, the funnel plot did not reveal any outlier IVs (eFigure 2), further affirming the robustness of our findings.

MRlap Analysis
The results of MRlap analysis are detailed in eTable 6. According to MRlap, the MR results for the association between 
WC and OSA were indeed influenced by sample overlap, leading to biased results. To address this issue, we employed 
calibrated data. Notably, the MRlap-corrected results aligned with the initial MR analysis results, further substantiating 
the robustness of the IVW method.

MVMR Analysis
MVMR is crucial for exploring the relationships between multiple exposures and a single outcome variable, especially 
when these associations are influenced by genetic tools. Additionally, MVMR has the potential to minimize bias caused 
by confounding factors. Considering the potential association between smoking and alcohol consumption in relation to 
WC and OSA, we performed an MVMR analysis to adjust for the genetic predictions of the effects of smoking and 
alcohol consumption. The analysis revealed that WC remained significantly associated with the risk of OSA (group 1: 
OR=2.27; 95% CI: 1.98–2.61; p<0.001; group 2: OR=2.22; 95% CI: 1.90–2.60; p<0.001; group 3: OR=1.96; 95% CI: 
1.54–2.49; p<0.001). These findings further substantiate the robustness of our results (eTable 7).

MR Meta-Analysis
Using IVW as the primary approach, we performed a meta-analysis to obtain the overall outcome. The results revealed no 
statistical heterogeneity (I2=0.0%, H=1.00, P=0.95). Consequently, we opted for the fixed-effect model to perform the 
results (OR=2.11, 95% CI: 1.94–2.30, P<0.001) (Figure 5). Meanwhile, sensitivity test demonstrated that Egger’s test (P 
= 0.61), Begg’s test (P = 0.33), and the visualization of funnel plots provided no indication of publication bias.

MR analysis employs genetic variation as an instrumental variable to infer causal associations between exposure 
factors and outcomes. However, when exposure is represented as binary results, the limitations of MR analysis become 
more pronounced. In MR analysis, we generally assume that the association between genetic variation and exposure is 
causal and that genetic variation and confounding factors are independent of each other. Nonetheless, in the context of 
binary exposure, these assumptions may be harder to validate, as binary results are more susceptible to numerous 

Figure 4 Scatter plot of Mendelian randomization analyses from WC to OSA. 
Abbreviations: WC, waist circumference; OSA, Obstructive sleep apnea; SNP, Single Nucleotide Polymorphism.
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unobserved confounding factors. Therefore, even when MR analysis provides robust evidence for the relationship 
between exposure and outcomes, these results should be interpreted as associations rather than definitive causal 
relationships. Particularly for binary results, the estimated values from MR analysis can be influenced by 
a combination of sample size, genetic variation effect size, and potential confounding factors, potentially leading to 
overestimation or underestimation of causal effects. Therefore, while MR analysis can reveal associations between 
exposure and outcomes, the interpretation of these relationships should avoid over-inference as true causal relationships.

Discussion
In this study, we integrated the observational study using the nationally representative NHANES 2017–2020 cohort and 
a two-sample MR analysis to investigate the relationship between WWI and OSA. Our results showed that an increase in 
WWI was closely related to a higher incidence rate of OSA. When converting WWI into categorical variables based on 
quartiles (Q1-Q4), this positive correlation remained significant. Subgroup analysis demonstrated that all stratified 
variables did not affect the stability of the relationship between WWI and OSA, and a positive correlation still existed. 
In addition, we used ROC curves to explore and compare the predictive effects of WWI, BMI, and WC on OSA, finding 
that WWI had better predictive ability for OSA than both BMI and WC. We also conducted a sensitivity analysis using 
a stricter definition of WWI and found that the impact of WWI on OSA was further enhanced. We determined a WWI 
saturation value of 11.62 for all participants, demonstrating a strong correlation between WWI levels and OSA within 
a specific range. This suggests that maintaining an ideal WWI level may have potential clinical significance for reducing 
the risk of OSA. At the same time, the MR meta-analysis further confirmed our results. It is noteworthy that, in this MR 
analysis, OSA appears as a binary result, and binary variables have limitations in capturing true causal relationships. 
Consequently, the causal estimation of binary exposure in MR studies lacks clear interpretability. In this scenario, a more 
cautious approach is to refrain from estimating causal effect parameters and to report only whether there is a correlation 
between variables and outcomes.48 Therefore, we only conclude that there is an association between WC and OSA, and 
further research is needed to verify whether a causal relationship exists between the two.

The association between obesity and OSA has received extensive research support. As early as 20 years ago, the 
relationship between visceral obesity and OSA was widely recognized. In an observational study, Vgontzas et al found 
that visceral fat mass was positively correlated with the incidence rate of OSA.11 Recent large-scale observational trials 
further indicate that weight loss and increased physical activity can effectively correct or at least improve the symptoms 
of OSA.12 As is well known, BMI is one of the most commonly used indicators for assessing obesity, and many studies 
have reported a positive correlation between BMI and OSA. Rezaie et al found that a higher BMI was closely related to 
a higher AHI index in patients with OSA.49 Additionally, Pancholi et al demonstrated that the BMI of OSA patients was 
statistically significantly higher than that of the non-OSA group.50 However, as research has advanced, some scholars 
have discovered the “obesity paradox”16,51 when using BMI as an indicator of obesity. Participants who are relatively 
obese may have a better prognosis than those with a normal BMI, especially in patients with coronary artery disease and 
acute coronary syndrome.14 This phenomenon underscores the importance of identifying an obesity index that can 
eliminate the obesity paradox. It is worth noting that a major limitation of BMI is that it cannot distinguish between body 
fat and lean body mass, nor can it assess the distribution of weight.52 For example, individuals with more muscle mass 

Figure 5 Forest plot of results from Mendelian randomization analysis.
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and less fat may be mistakenly considered to have a higher BMI, while individuals with increased fat mass and decreased 
lean body mass may be considered to have a normal BMI.20 WWI is a recently designed anthropometric index. Its simple 
method and ability to distinguish lean body mass from fat mass make WWI a reliable tool for measuring obesity, 
alongside BMI and WC.16 It is noteworthy that the obesity paradox observed in the relationship between BMI and 
mortality did not appear in the association between WWI and mortality.17 A recent study has further confirmed that WWI 
can effectively differentiate muscle mass from fat mass,53 making it an emerging indicator of obesity, closely related to 
multiple factors, especially cardiovascular disease (CVD). Zhao et al found a significant J-shaped relationship between 
higher WWI levels and CVD risk in patients with hypertension and OSA, especially when WWI exceeds 11.5cm/√kg.54 

In addition, Li et al found that WWI was associated with a high incidence of hypertension in rural areas of China, and 
there was a statistically significant correlation between the two.51 OSA and CVD have been demonstrated to share many 
common risk factors, including but not limited to obesity, hypertension, and diabetes.55,56 Studies have shown that OSA 
is an independent predictor of CVD and provides crucial opportunities for prevention and treatment.57,58 Therefore, the 
relationship between CVD and OSA has been widely confirmed. Furthermore, there is robust evidence indicating 
a significant positive correlation between WWI and abdominal fat.59 Wang et al discovered that central adiposity 
assessed by a high waist-hip ratio (WHR) was highly associated with male OSA.60 Consequently, it can be inferred 
that WWI may be positively associated with the incidence of OSA. In our analysis, both the original model and the 
adjusted model demonstrated a positive correlation between WWI and elevated OSA. Additionally, sensitivity analysis 
using WWI as a quartile indicated a positive relationship between WWI and OSA. We observed a non-linear relationship 
between WWI and OSA, with a breakpoint at 11.62. On the left side of the breakpoint, there is a positive correlation 
between WWI and OSA, whereas there is no correlation on the right side, indicating a significant threshold effect 
between WWI and OSA. OSA has become a significant health concern, adversely impacting individuals’ quality of life. 
However, the diagnosis of OSA is often time-consuming, labor-intensive, and financially burdensome for patients. This 
highlights an urgent clinical need for a more convenient and effective diagnostic approach. WWI serves as a cost- 
effective and easily measurable marker that aligns well with these clinical needs. The findings from this study offer 
valuable guidance for healthcare providers to efficiently identify patients at risk of OSA. Given the limited research in 
sleep medicine on the association between WWI and OSA risk, this study presents important insights that may be 
particularly relevant for high-risk adult populations.

The specific mechanism behind the association between increased WWI and a higher prevalence of OSA is not fully 
understood, but research suggests several potential mechanisms. Multiple factors and mechanisms are involved in the 
development of obesity and OSA. An important factor is the impact of obesity on respiratory function. Firstly, excessive 
fat accumulation in the neck of obese individuals can lead to increased neck circumference and directly contribute to 
upper airway stenosis. There is also a tendency for ectopic fat deposition within the upper airways, potentially leading to 
the development of pharyngeal pads. The accumulation of fat around the neck and upper airways can cause narrowing or 
obstruction of the airways during sleep, causing complete or partial cessation of breathing (apnea or hypopnea).61,62 

Secondly, the distribution of body fat can affect the occurrence and development of OSA. A recent retrospective study 
indicated that visceral obesity increases the distensibility of the upper airway.63 Obesity leads to the enlargement of soft 
tissue structures in and around the airways, significantly contributing to the narrowing of the pharyngeal airway. In 
a study by Luciano et al, it was found that obesity also indirectly causes upper airway narrowing during sleep. Increased 
abdominal fat mass and a recumbent position result in significant reductions in lung volume. This reduction in lung 
volume may decrease longitudinal tracheal traction and pharyngeal wall tension, which may cause airway narrowing and 
promote the occurrence of OSA.4 Thirdly, obese individuals are more prone to upper airway collapse compared to non- 
obese individuals, and this collapse does not improve even when the mandible is advanced to expand the airway during 
swallowing. Additionally, obesity can also stimulate the release of various inflammatory and adipogenic factors in the 
body, leading to systemic inflammation and oxidative stress. These conditions can impair the function of upper 
respiratory muscles and promote the proliferation of adipose tissue around the upper respiratory tract, thereby increasing 
the risk of OSA.8,64 Obesity is often associated with a chronic low-grade inflammation state that contributes to metabolic 
disorders.65 Numerous studies have demonstrated that adipose tissue in obese individuals and animals commonly exhibits 
cell hypertrophy, inflammatory cell infiltration, and increased levels of inflammatory markers in the systemic circulation, 
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such as C-reactive protein (CRP), interleukin-2, (IL-2), and IL-6.65–67 Many studies have shown that levels of CRP and 
IL-6 are also elevated in patients with OSA, indicating that macrophages in adipose tissue are targeted by intermittent 
hypoxia. Intermittent hypoxia activates the inflammatory pathway in adipose tissue, leading to the release of IL-2 and IL- 
6, which then stimulate the liver to produce CRP.68,69 Hypoxia also activates nuclear factor (NF)-κB in endothelial cells, 
which subsequently increases the release of inflammatory factors in adipocytes. Growing evidence suggests that hypoxia 
plays a crucial role in mediating the proinflammatory response of obese adipose tissue.70 As adipose tissue expands, 
angiogenesis increases to provide sufficient oxygen and nutrients. However, persistent hypertrophy of adipocytes leads to 
local tissue hypoxia, which activates hypoxia-inducible transcription factors.71

The main strength of this study lies in its combination of the observational analysis from NHANES 2017–2020 with 
the MR method. The comprehensive evaluation of various factors, coupled with a large sample size, enabled reliable 
adjustment for multiple confounders simultaneously in the multivariate regression model and provided sufficient 
statistical power to evaluate the relationship between WWI and OSA. Additionally, the MR method helps mitigate 
unmeasured confounding. Notably, the consistent results obtained from both methods enhance the reliability of the 
findings.

However, our study has several limitations. (1) This study utilized a cross-sectional design, which means we were 
unable to observe the dynamic changes in WWI indicators over time. As a result, there are limitations to the long-term 
trend analysis of health status and environmental factors, which may weaken the empirical strength of the association 
between exposure and outcomes; (2) Due to the lack of direct WWI data in the GWAS database, we only used WC as 
a substitute for WWI in MR analysis. This may lead to confusion between abdominal obesity and overall obesity, 
potentially introducing bias. Therefore, we look forward to using more detailed WWI data in the future to further validate 
our research findings; (3) Given the limitations of the GWAS dataset and the impact of sample overlap on MR results 
revealed by MRlap analysis, future studies are needed to further elucidate potential causal relationships and explore 
potential pathogenic mechanisms. This is crucial for the development of clinical intervention strategies. (4) The reliance 
on data from the US population may limit the generalizability of the findings to other populations; (5) Due to limitations 
in the NHANES database, we can only find some of the most typical OSA symptoms through sleep questionnaires, such 
as snoring, respiratory arrests, and daytime sleepiness. Because of this limitation, the respondents did not undergo 
polysomnography examinations, which may have resulted in overlooked cases of OSA and an underestimation of its 
actual prevalence. (6) Although we controlled for many covariates that were considered relevant confounders, it is 
possible that there was still residual and unmeasured confounding.

Conclusion
The results of this investigation indicated that a greater WWI was associated with an increased risk of OSA. This finding 
may provide new insights for the future of OSA prevention and treatment. However, higher-quality prospective studies 
are needed to corroborate our results.
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