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Osteoporosis and osteopenia pose substantial public health challenges, particularly among 
postmenopausal women. Although various anthropometric measures have been proposed for risk 
assessment, their predictive performance and nonlinear relationships with bone outcomes remain 
unclear. We analyzed data from six consecutive cycles (2007–2018) of the National Health and 
Nutrition Examination Survey (NHANES). A total of 4473 postmenopausal women aged ≥ 50 years 
were included, each classified as having normal bone density, osteopenia, or osteoporosis based on 
dual-energy X-ray absorptiometry measurements. Ten anthropometric indices—waist-to-height ratio 
(WTHR), conicity index (CI), a body shape index (ABSI), body roundness index (BRI), lipid accumulation 
product, visceral adiposity index, cardiometabolic index, atherogenic index of plasma, weight-
adjusted-waist index (WWI), and triglyceride–glucose (TyG) index—were examined using multiple 
logistic regression, restricted cubic spline curves, threshold-effect analyses, and SHAP (SHapley 
Additive exPlanations) analysis to assess their associations with osteoporosis and osteopenia. In 
fully adjusted models, individuals with higher WTHR, CI, BRI, WWI, and TyG tended to have a lower 
likelihood of osteoporosis or osteopenia (p < 0.01), whereas those with elevated ABSI were more likely 
to be diagnosed with these conditions (p < 0.01). Notably, several indices showed nonlinear effects on 
bone outcomes. Receiver operating characteristic (ROC) analyses indicated that WTHR and BRI had the 
highest discriminative capacity for differentiating osteoporosis from osteopenia. SHAP analysis further 
highlighted WTHR and BRI as the most influential predictors. WTHR and BRI demonstrated strong 
predictive utility for osteoporosis and osteopenia, suggesting their potential as noninvasive, cost-
effective screening metrics for postmenopausal bone health. These findings provide insight into the 
varying roles of central and general obesity indicators in bone density and underscore the importance 
of incorporating novel anthropometric indices into early-stage risk assessment.

Osteoporosis and osteopenia occur at significantly higher rates among postmenopausal women in the United 
States. Studies indicate that approximately 30–50% of postmenopausal women develop osteopenia, and 15–20% 
ultimately progress to osteoporosis1. Furthermore, the risk of osteoporosis in this population is estimated to be 
two to three times higher than in men. The menopausal transition is associated with a decline in estrogen levels, 
neurodegenerative changes, and alterations in dietary habits2,3. Notably, reduced estrogen concentrations lead 
to an imbalance in bone remodeling, characterized by diminished osteoblast activity and heightened osteoclast 
activity. This phenomenon largely accounts for the difference in bone mineral density (BMD) observed before 
and after menopause. Indeed, the most rapid decline in femoral neck and lumbar spine BMD typically occurs 
within the first 1–2 years after menopause4,5. In a study by Liu and colleagues, the probability of osteoporosis in 
women over 50 years of age was 2.5 times greater than that in age-matched men; moreover, more than 55% of 
postmenopausal women with osteoporosis had sustained at least one fracture6.

Current intervention strategies predominantly emphasize pharmacological treatments for osteoporosis, 
whereas preventive measures have received comparatively less attention7. Most research to date has focused 
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on menopausal hormone therapy (MHT), as well as calcium and vitamin D supplementation, to manage 
osteoporosis and osteopenia. Although MHT can increase bone mass and reduce fracture risk, its long-term 
use has been linked to elevated incidences of breast cancer and cardiovascular disease, thereby constraining its 
clinical applicability8,9. Consequently, preventing excessive bone loss from the outset may be more pragmatically 
beneficial. Previous studies have shown that increasing physical activity, maintaining an appropriate body weight, 
and optimizing nutritional intake can effectively attenuate bone loss and reduce fracture risk10,11. Nonetheless, 
non-pharmacological interventions often suffer from low adherence rates and considerable interindividual 
variability, limiting their broader impact12,13. Therefore, identifying simple, cost-effective early screening tools is 
crucial for enabling timely, targeted interventions during the early stages of disease progression and ultimately 
reducing fracture risk among postmenopausal women.

Anthropometric indices, which are noninvasive, cost-effective, and easily measured, have emerged as vital 
tools for screening health risks. Although body mass index (BMI) is widely used, it fails to capture individual 
variations in fat distribution or overall body composition. Hence, several novel indices—including the WTHR, 
CI, LAP, and TyG index—have been developed14–17. These indices demonstrate robust predictive value for 
various conditions, including cardiovascular disease, hip fractures, and metabolic syndrome. For instance, 
WTHR and CI can identify high-risk individuals for cardiovascular disease and hip fractures at an earlier stage, 
whereas the BRI exhibits high sensitivity in predicting cardiovascular mortality and overactive bladder18. LAP 
is used to assess hepatic steatosis, and TyG is strongly associated with both metabolic syndrome and insulin 
resistance. Additional indices—including ABSI, VAI, CMI, AIP, and WWI—are also gaining attention19. 
ABSI integrates waist circumference, BMI, and height to provide a more accurate predictor of mortality; VAI 
incorporates waist circumference, BMI, triglyceride, and high-density lipoprotein cholesterol levels to assess 
visceral fat accumulation and metabolic risk; and CMI combines waist circumference with lipid profiles to 
evaluate cardiovascular disease risk20. Collectively, these anthropometric measures can facilitate self-monitoring 
and early detection of obesity, osteoporosis, and metabolic disorders, which is particularly beneficial for 
postmenopausal women seeking to adopt lifestyle modifications and prevent adverse outcomes21. Nevertheless, 
no comprehensive study has yet confirmed the correlations between these emerging indices and osteopenia or 
osteoporosis in this specific population.

In light of these gaps, the present study analyzed data from the NHANES to investigate associations between 
ten anthropometric indices—WTHR, CI, ABSI, BRI, LAP, VAI, CMI, AIP, WWI, and TyG—and the prevalence 
of osteoporosis and osteopenia among postmenopausal women. These findings will provide a valuable reference 
for future longitudinal investigations and inform the development of novel screening strategies aimed at early, 
targeted interventions in this high-risk demographic.

Methods
Participants
The NHANES, initiated in 1960, includes participants of all ages, sexes, races, and geographic regions across the 
United States. It provides extensive data on demographics, dietary intake, body weight, height, and biochemical 
parameters. Each survey cycle comprises approximately 260 subcomponents and more than 1,400 research 
variables. As of 2024, data from 11 cycles have been released22.

In this study, we included 4473 postmenopausal women aged 50  years or older from six consecutive 
NHANES cycles (2007–2008 through 2017–2018). Menopausal status was determined using two items from 
the reproductive health questionnaire: (1) “Have you had at least one menstrual period in the past 12 months?” 
and (2) “What is the main reason for not having a menstrual period in the past 12 months?” Participants were 
considered postmenopausal if they answered “No” to the first question and “Menopause/Hysterectomy” to 
the second. Those who answered “Yes” to the first question—or “No” to the first question but “Pregnancy,” 
“Breastfeeding,” “Medical condition/treatment,” or “Other” to the second—and were under 55 years of age were 
classified as premenopausal23,24. We excluded 3555 adults who did not undergo bone density examinations, 772 
individuals with incomplete menstrual cycle data, 67 lacking anthropometric information, and 26 with missing 
covariates. Ultimately, 4473 postmenopausal women with osteoporosis or osteopenia were retained for the final 
analysis (Fig. 1).

Outcome
Dual-energy X-ray absorptiometry (DXA) was performed by NHANES-certified radiologic technologists. 
Individuals with metallic implants, severe cardiopulmonary conditions, or body weight exceeding the DXA 
scanner’s capacity were excluded25. Because questionnaire responses may be subject to recall bias, osteoporosis 
and osteopenia in women were defined according to BMD measurements and their standard deviations at 
multiple sites, including the total femur (TF), femoral neck (FN), and lumbar spine (LS)26. The mean BMD of 
female participants aged 20 to 29 years served as the reference value for diagnosing postmenopausal osteoporosis 
and osteopenia27. Osteopenia was defined as a BMD value 1.0 to 2.5 standard deviations (SD) below this young-
adult mean, whereas osteoporosis was defined as a BMD value more than 2.5 SD below the same reference 
(Supplementary Table 1).

Exposures
Anthropometric data were collected using calibrated and standardized equipment to ensure accurate 
measurements. Each parameter was measured at least twice to minimize random error, and any questionable or 
anomalous values were rechecked and validated. We then calculated the WTHR, CI, ABSI, BRI, LAP, VAI, CMI, 
AIP, WWI, and TyG index using previously validated formulas28–31.
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Fig. 1.  Flow chart of the study population.
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Covariates
In this study, we included and adjusted for multiple potential confounders to ensure the accuracy and reliability 
of our findings. We considered demographic variables, including age (categorized as middle-aged: 50–64 years, 
or older: ≥ 65 years), race (non-Hispanic White, non-Hispanic Black, Mexican American, and other), educational 
level (below high school, high school, or above high school), household income (determined by the ratio of 
family income to the poverty threshold [PIR]: low income [PIR ≤ 1.3], middle income [1.3 < PIR < 3.5], or high 
income [PIR ≥ 3.5]), and marital status (married or cohabiting, divorced/separated/widowed, or single). We also 
accounted for lifestyle factors, such as body mass index (BMI; normal or underweight < 25, overweight 25–
29.9, or obese ≥ 30) and moderate physical activity (At least 150 min of moderate-intensity physical activity per 
week). In addition, we considered chronic noncommunicable diseases closely associated with BMD, including 
hypertension, cardiovascular disease (CVD), and diabetes. Hypertension was defined as an average systolic 
blood pressure (based on three measurements) ≥ 140  mmHg and/or diastolic blood pressure ≥ 90  mmHg, or 
a self-reported history of hypertension. CVD encompassed physician-diagnosed congestive heart failure, 
coronary heart disease, angina, myocardial infarction, or stroke. Diabetes was defined by a fasting plasma 
glucose ≥ 7.0 mmol/L, a 2 h plasma glucose ≥ 11.0 mmol/L, a glycated hemoglobin A1c ≥ 6.5%, or a self-reported 
diabetes diagnosis. All covariates were defined and measured in accordance with standardized data collection 
procedures of the NHANES. Further details are provided in the official NHANES documentation ​(​​​h​t​t​p​s​:​/​/​w​w​w​
n​.​c​d​c​.​g​o​v​/​n​c​h​s​/​n​h​a​n​e​s​​​​​)​.​​

Statistical analysis
We consulted the NHANES analytical guidelines to properly account for sample weights, stratification, and 
clustering. In this study, categorical baseline characteristics are expressed as counts and percentages, whereas 
continuous variables are reported as means and standard deviations. To enhance model accuracy and efficiency, 
and to reduce the impact of varying measurement scales, we applied z-standardization to transform non-
normally distributed data into a standard normal distribution with a mean of zero and a standard deviation of 
one.

We used multiple logistic regression models to assess associations between various anthropometric indices 
and osteoporosis or osteopenia. Three models were developed. Model 1 was unadjusted. Model 2 controlled 
for demographic variables (age, race, education level, PIR, and marital status). Model 3 was fully adjusted by 
including hypertension, cardiovascular disease, diabetes, and moderate physical activity in addition to the 
demographic covariates. We then employed RCS curves and threshold-effect analyses to examine potential 
nonlinear associations between different anthropometric indices and osteoporosis or osteopenia. Discriminatory 
power was evaluated by comparing area under the curve (AUC) values and ROC curves for each index among 
postmenopausal individuals with osteoporosis or osteopenia. Finally, to quantify the relative importance 
of each anthropometric measure in predicting osteoporosis and osteopenia, we conducted SHAP (SHapley 
Additive exPlanations) analyses. All statistical procedures were performed using R (version 4.3.1) and Empower 
(version 4.2.0; www.empowerstats.com).

Results
Baseline characteristics
As shown in Supplementary Table 2, this study included 4,473 postmenopausal women, of whom 2274 (50.9%) 
had normal bone density, 199 (4.4%) had osteoporosis, and 2000 (44.7%) had osteopenia. Overall, the median age 
was approximately 64 years. However, among participants with osteoporosis, 75.4% were aged 65 years or older, 
a proportion significantly higher than that in both the normal bone density group (31.4%) and the osteopenia 
group (53.5%) (p < 0.001). In terms of educational attainment, the osteoporosis group had the highest percentage 
(35.2%) of individuals with less than a high school education, compared with 23.2% in the normal bone density 
group and 25.9% in the osteopenia group (p = 0.002). Regarding marital status, 60.8% of participants in the 
osteoporosis group were divorced, separated, or widowed, markedly exceeding the proportion observed in the 
other two groups (p < 0.001). From a lifestyle perspective, 79.4% of those in the osteoporosis group reported no 
moderate exercise, which was significantly higher than the 62.2% in the normal bone density group and 63.0% 
in the osteopenia group (p < 0.001).

When categorized according to body mass index (BMI), 62.3% of the osteoporosis group were classified as 
normal or underweight (BMI < 25). By contrast, 54.1% of the normal bone density group were obese (BMI ≥ 30), 
while 27.3% of the osteopenia group met the obesity criterion (p < 0.001). This distribution was also reflected 
in mean body weight: the osteoporosis group recorded the lowest average (56.98 ± 11.76 kg), followed by the 
osteopenia group (68.32 ± 14.03  kg) and the normal bone density group (81.41 ± 17.91  kg) (p < 0.001). Waist 
circumference showed a similar pattern (87.59 ± 12.67 cm vs. 94.86 ± 12.93 cm vs. 103.15 ± 14.14 cm, p < 0.001). 
Furthermore, key anthropometric indices such as waist-to-height ratio (WTHR; 56.75 ± 8.50) and the body 
roundness index (BRI; 4.86 ± 1.88) were significantly lower in the osteoporosis group than in the other two 
groups, whereas a body shape index (ABSI; 0.085 ± 0.005) was relatively higher (p < 0.001). By comparison, 
WTHR, BRI, and weight-adjusted-waist index (WWI) values were notably higher in both the osteopenia and 
normal bone density groups.

Associations between anthropometric parameters and osteoporosis and osteopenia in 
postmenopausal women
In this study, we used multiple logistic regression to evaluate the relationships between ten anthropometric 
indices and osteoporosis or osteopenia. Central obesity indicators included WTHR, LAP, VAI, ABSI, AIP, and 
CL. According to the regression results, WTHR showed a significant negative association with both osteoporosis 
and osteopenia (OR < 1, p < 0.01), (Supplementary Table 2). Specifically, higher WTHR was related to a lower 
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prevalence of these conditions in all models. In Model III, the odds ratio for WTHR was 0.91 (95% CI 0.89–
0.93, p < 0.01) in the osteoporosis group and 0.95 (95% CI 0.94–0.95, p < 0.01) in the osteopenia group. LAP 
demonstrated a similar trend, with an OR of 0.26 (95% CI 0.11–0.58, p < 0.01) for osteoporosis and 0.42 (95% 
CI 0.30–0.58, p < 0.01) for osteopenia in Model III. By contrast, ABSI differed from the other central obesity 
indices by showing a positive correlation (OR > 1, p < 0.01) with both osteoporosis and osteopenia. As ABSI 
increased, the prevalence of osteoporosis rose accordingly (Model III OR = 1.44, 95% CI 1.21–1.71, p < 0.01). 
CL also showed a significant negative association in some models. Although AIP exhibited a stronger inverse 
association with osteopenia (Model III OR = 0.57, 95% CI 0.39–0.82, p < 0.01), it was not significantly related to 
osteoporosis (p > 0.05). Finally, VAI did not reach statistical significance (p > 0.05), and its effect on osteoporosis 
or osteopenia remains unclear.

General obesity indicators included BRI, WWI, TyG, and CMI. BRI showed a significant negative correlation 
(OR < 1, p < 0.01). In Model III, its OR for osteoporosis was 0.67 (95% CI 0.61–0.75, p < 0.01), while for osteopenia 
it was 0.81 (95% CI 0.78–0.84, p < 0.01). WWI displayed a similar negative trend, with an OR of 0.77 (95% CI 
0.67–0.89, p < 0.01) for osteoporosis and 0.84 (95% CI 0.79–0.89, p < 0.01) for osteopenia in Model III. However, 
TyG and CMI showed inconsistent associations across models. TyG only exhibited a negative correlation with 
osteoporosis in the Q4 subgroup of Model III (OR = 0.46, 95% CI 0.19–1.10, p = 0.08), which did not meet the 
conventional threshold for statistical significance. Meanwhile, CMI was inversely related to osteopenia (Model 
III OR = 0.66, 95% CI 0.54–0.82, p < 0.01), but it was not significantly associated with osteoporosis.

Overall, central obesity indices had a more pronounced impact on osteoporosis and osteopenia than general 
obesity indicators. WTHR, LAP, BRI, and WWI all displayed consistent negative correlations (OR < 1, p < 0.01). 
In contrast, ABSI and CL were positively associated (OR > 1) in selected models. VAI, TyG, and CMI yielded 
variable results across different analyses.

Nonlinear associations and threshold effects of anthropometric indices with osteoporosis 
and osteopenia
We applied RCS curves and threshold-effect analyses to explore nonlinear relationships between ten 
anthropometric indices and osteoporosis or osteopenia, (Supplementary Table 3). In the osteoporosis group, 
seven indices—all except ABSI, WWI, and TyG—exhibited significant nonlinear associations with osteoporosis, 
(Figs. 2, 3). In contrast, only the BRI, LAP, VAI, and CMI demonstrated nonlinear relationships with osteopenia. 
The key turning points for WTHR, CL, BRI, ABSI, LAP, VAI, CMI, AIP, WWI, and TyG in the osteoporosis 
group were 53.57, 1.29, 4.43, 0.09, 45.50, 2.22, 0.63, 0.15, 17.55, and 8.44, respectively. The corresponding 
cut-offs in the osteopenia group were 58.45, 1.30, 5.39, 0.09, 56.11, 2.48, 0.73, 0.26, 17.95, and 8.68. Among 
individuals with osteoporosis, WTHR, BRI, LAP, WWI, and TyG remained negatively correlated with the 
disease across the full range of values. In contrast, although CL, ABSI, VAI, CMI, and AIP became positively 
correlated with osteoporosis once they exceeded their respective thresholds, these relationships did not reach 

Fig. 2.  RCS Analysis between 10 Anthropometric Indicators and Osteoporosis.
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statistical significance. Finally, in the osteopenia group, increases in VAI and CMI exhibited a robust U-shaped 
association with osteopenia (p for non-linearity < 0.05).

Diagnostic performance of different anthropometric indicators
In this study, we used ROC curves to assess the performance of several anthropometric indices for distinguishing 
osteoporosis from osteopenia, (Supplementary Table 5). Our findings revealed that the WTHR and the BRI 
achieved higher areas under the curve (AUCs) than the other indices in both conditions, (Fig. 4). Moreover, the 

Fig. 4.  ROC Curves for Osteoporosis and Osteopenia Prediction. The ROC curves illustrate the predictive 
performance of various anthropometric indices for osteoporosis (A) and osteopenia (B).

 

Fig. 3.  RCS Analysis between 10 Anthropometric Indicators and Osteopenia.

 

Scientific Reports |        (2025) 15:10994 6| https://doi.org/10.1038/s41598-025-94218-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


optimal cut-off values for WTHR and BRI in the osteoporosis group were − 0.16 and − 0.22, respectively, whereas 
in the osteopenia group, these values were − 0.91 and − 0.89.

Model decision of SHAP
We used SHAP analysis to determine the relative importance of various anthropometric indices in predicting 
osteoporosis and osteopenia, (Fig. 5). First, we compared multiple machine learning models by evaluating their 
performance using ROC curves, confusion matrices, Youden’s index, area under the curve (AUC), accuracy, 
and F1 scores, (Supplementary Table 6). Based on these criteria, the neural network model (AUC = 0.898) and 
the logistic regression model (AUC = 0.823) were identified as the most effective classifiers for osteoporosis and 
osteopenia, respectively. We then conducted SHAP analyses, which included swarm plots and feature-importance 
rankings, to identify the most influential predictors. Our results indicate that, for osteoporosis, the BRI has the 
strongest predictive influence, followed by the WWI. In contrast, for osteopenia, the WTHR emerged as the 
most significant predictor, with WWI and BRI ranking second and third, respectively.

Discussion
We used data from six consecutive cycles (2007–2018) of the NHANES to investigate associations between 
ten anthropometric indices—WTHR, CI, ABSI, BRI, LAP, VAI, CMI, AIP, WWI, and TyG index—and the 
prevalence of osteoporosis and osteopenia in postmenopausal women. In fully adjusted models, most indices 
(WTHR, CI, BRI, WWI, and TyG) were negatively and significantly associated with these conditions, whereas 
ABSI displayed a positive correlation with osteoporosis and osteopenia. Among the ten indices, BRI and WTHR 
demonstrated the highest discriminative capacity. Notably, several indices exhibited nonlinear relationships with 
bone outcomes. For example, when BRI fell below 4.44, even a minor increase was linked to a substantial rise in 
osteopenia risk. Furthermore, SHAP analysis confirmed that WTHR and BRI were among the most influential 
predictors of osteoporosis and osteopenia, underscoring the importance of these anthropometric measures in 
clinical assessments of bone health.

Based on the results of this study, the WTHR and the BRI demonstrated strong predictive value for 
osteoporosis and osteopenia, along with evidence of a nonlinear relationship32,33. In recent years, both indices 
have been increasingly examined in metabolic disorders, cardiovascular diseases, and bone health. WTHR 
captures waist circumference relative to height and effectively reflects central adiposity, whereas BRI incorporates 
waist circumference and height into a mathematically optimized model, making it more sensitive to overall body 
shape and fat distribution34–36. In the context of bone health, previous research indicates that central obesity 
may promote bone loss through chronic inflammation, abnormal adipose metabolism, and insulin resistance, 
thereby elevating osteoporosis risk37,38. These mechanisms could explain the significant associations between 

Fig. 5.  SHAP Analysis of Anthropometric Indicators in Predicting Osteoporosis and Osteopenia. (A, D) ROC 
curves comparing the performance of different machine learning models for predicting osteoporosis (A) and 
osteopenia (D). (B, E) Mean absolute SHAP values ranking the most influential features in the neural network 
(B) and logistic regression (E) models. (C, F) SHAP summary plots showing the distribution of SHAP values 
for each feature in the neural network (C) and logistic regression (F) models.
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WTHR, BRI, and reduced BMD observed in our study39. Published evidence further highlights the potential 
role of WTHR and BRI as clinical tools for assessing bone health. For example, Lin et al.40 reported that WTHR 
not only predicted sarcopenia but also effectively forecasted osteoporosis, thereby emphasizing its promise as 
a clinical screening approach. However, that study did not explore possible nonlinear effects of WTHR or its 
applicability across diverse populations41,42. Likewise, Chen et al.43 identified a U-shaped relationship between 
WTHR-defined obesity and osteoporosis in postmenopausal women, suggesting that both extremely low body 
weight and excessive adiposity may increase the risk of osteoporosis. Nevertheless, their findings were limited 
by a lack of covariate adjustments, restricting the generalizability of the conclusions. Ding et al.44 further 
demonstrated a key threshold for BRI in predicting osteoporosis risk: once BRI exceeded 9.5229, BMD declined 
significantly (− 0.0363 g/cm2 per unit increase), suggesting that higher BRI values may serve as a risk factor 
for osteoporosis45. These data align with our findings and underscore the importance of BRI in monitoring 
bone health. In conjunction with our study, the collected evidence suggests that WTHR and BRI could serve 
as valuable, noninvasive, and cost-effective screening metrics for identifying osteoporosis and osteopenia in 
postmenopausal women46,47. Future research should validate these indices across diverse ethnicities, age cohorts, 
and health statuses.

WTHR and BRI, which emerged as the most robust anthropometric predictors of bone density in our 
analysis, may influence bone health through distinct physiological pathways. As a measure of central obesity, 
WTHR primarily reflects abdominal fat accumulation, which has been linked to osteoporosis via chronic 
inflammation, endocrine imbalances, and insulin resistance40. Excess visceral adipose tissue secretes pro-
inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6). These mediators 
can activate the RANK/RANKL/OPG signaling cascade, increasing osteoclast activity while inhibiting osteoblast 
differentiation and thus accelerating bone loss48. Moreover, a cohort study revealed that each incremental rise in 
WTHR was associated with a 1.47-fold increase in fracture risk (95% CI 1.20–1.81, p < 0.01) in postmenopausal 
women, lending further support to WTHR as a tool for early osteoporosis screening44. By contrast, BRI reflects 
general (overall) obesity by integrating weight and waist circumference, allowing it to capture comprehensive fat 
distribution and body composition. In this study, a higher BRI was significantly and inversely correlated with 
osteoporosis and osteopenia (OR < 1, p < 0.01), suggesting that elevated BRI values might confer a protective 
effect on bone25. One plausible explanation lies in the dual role of adipose tissue: subcutaneous fat may enhance 
bone formation, whereas visceral fat can be harmful to bone integrity. Furthermore, reduced muscle mass 
often accompanies obesity and may diminish mechanical loading on bone, aggravating bone loss. Indeed, one 
investigation reported that each 1 kg increase in muscle mass lowered the risk of low bone density by 7% (p = 0.03) 
in postmenopausal women49. Since an elevated BRI typically corresponds to reduced muscle mass, this interplay 
could partly explain the paradoxical relationship between adiposity and bone status in obese populations.

Despite the strong predictive performance of WTHR and BRI for osteoporosis, controversies persist 
concerning the effects of different obesity phenotypes on bone metabolism50. For instance, the LAP showed 
promising predictive utility in this study, yet its association with osteoporosis remains inconsistent across the 
literature. Some investigations have noted a positive correlation between LAP and BMD, whereas others propose 
that higher LAP could amplify fracture risk. Similarly, although the WWI demonstrated a protective influence 
on BMD in certain scenarios, it exhibited weaker predictive power here (OR = 0.84, 95% CI 0.79–0.89, p < 0.01). 
A systematic review also demonstrated that people with a higher TyG index tend to have lower BMD, which is 
consistent with our conclusion51. The AIP was significantly and inversely associated with low bone density in our 
sample but did not reach statistical significance in the osteoporosis subgroup, suggesting it may be more sensitive 
to mild bone loss52,53. Collectively, these findings indicate that both central and overall obesity indices exert 
varied effects on osteoporosis and osteopenia via distinct physiological pathways. In our analysis, WTHR and 
BRI demonstrated the highest discriminatory capacity, likely owing to their links with inflammatory pathways, 
fat distribution, and muscle mass changes.

This study has several limitations. First, as a cross-sectional investigation, it can only establish associations 
between anthropometric indices and osteoporosis or osteopenia, without inferring causality or underlying 
mechanisms. Longitudinal cohort studies are needed to track changes in bone mineral density over time and 
clarify the progression from osteopenia to osteoporosis. Second, although we adjusted for common chronic 
noncommunicable diseases such as hypertension, cardiovascular disease, and diabetes, we did not explicitly 
exclude conditions that directly affect bone health, such as fractures and bone tumors. Finally, this study did 
not address the key factor of postmenopausal osteoporosis—estrogen levels—and did not explore in detail how 
endocrine changes in older women might influence anthropometric indices and osteoporosis.

Conclusion
WTHR and BRI demonstrated strong predictive utility for osteoporosis and osteopenia, suggesting their potential 
as noninvasive, cost-effective screening metrics for postmenopausal bone health. These findings provide insight 
into the varying roles of central and general obesity indicators in bone density and underscore the importance 
of incorporating novel anthropometric indices into early-stage risk assessment. Future studies should validate 
these measures across diverse populations and clinical settings to enhance osteoporosis prevention strategies.

Data availability
The survey data are publicly available on the internet for data users and researchers throughout the world 
(https://www.cdc.gov/nchs/nhanes/index.htm).
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