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Abstract 

Objectives  The relationship between abdominal adipose tissue and osteoporosis is poorly understood. The pur-
pose of this study was to examine the associations of abdominal adipose tissue with bone mineral density (BMD) 
among a nationally representative sample of US middle-aged adults.

Material and methods  This study included 1498 participants from the National Health and Nutrition Examination 
Survey 2013–2014 and 2017–2018. Dual-energy x-ray absorptiometry was used to measure BMD at the lumbar spine 
and femoral neck, as well as to assess abdominal adipose mass by categorizing total adipose tissue (TAT) into visceral 
adipose tissue (VAT) and subcutaneous adipose tissue (SAT). Linear regression was used to assess the relationship 
between abdominal adipose tissue and BMD, and logistic regression and generalized additive model were used 
to assess the associations of abdominal adipose tissue with the development of low BMD.

Results  In our study, men accounted for 51.3%, and the mean age and body mass index for men and women were 
49.3 and 49.6 years, and 23.9 and 28.3 kg/m2, respectively. In the univariate model, we found that abdominal adi-
pose mass was positively associated with BMD at femoral neck and spine in both genders. In the multivariate model, 
among men, a negative correlation was observed between TAT and SAT and BMD at the femoral neck. Addition-
ally, higher masses of TAT, SAT, and VAT were found to significantly increase the risk of low BMD at both the femoral 
neck and lumbar spine. In contrast, there was no significant association between abdominal adipose mass and BMD 
in middle-aged women, regardless of menopausal status.

Conclusions  Our finding suggested that abdominal adipose tissue, regardless of its location (SAT or VAT), 
may have a negative impact on BMD in middle-aged men independently of body weight, but this relationship 
was not observed in women. Further research is needed to confirm these findings and investigate potential mecha-
nisms underlying these associations.

Keywords  Abdominal adipose tissue, Bone mineral density, Osteoporosis, Subcutaneous adipose tissue, Visceral 
adipose tissue

†Xueqin Cao and Leilei He contributed equally to this work.

*Correspondence:
Siyu Chen
justin_yesterday@outlook.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-023-06844-6&domain=pdf


Page 2 of 11Cao et al. BMC Musculoskeletal Disorders          (2023) 24:715 

Introduction
Osteoporosis is a debilitating disease characterized by 
low bone mineral density (BMD), microarchitectural 
deterioration of bone tissue, and an increased risk of 
fracture [1]. It affects more than 200 million people glob-
ally [2], resulting in an estimated 10 million fragility frac-
tures each year [3]. The healthcare and economic burden 
of osteoporosis on both individuals and society is signifi-
cant [4]. In the US, approximately 31,000 annual deaths 
occur within 6 months of hip fracture, with an estimated 
cost of $17.9 billion on osteoporosis-related fracture 
annually [5, 6].

The relationship between obesity and osteoporosis is 
complex and not fully understood [2]. Traditionally, it 
was believed that obesity, as measured by a high body 
mass index (BMI), had a protective effect on osteoporo-
sis due to increased mechanical loading on bones [7–10]. 
However, recent studies have challenged this belief and 
have shown that deposition of abdominal adipose tissue 
may have a negative impact on BMD and increase the 
risk of site-specific fractures [11–13]. Abdominal fat tis-
sue deposition can be broadly categorized into visceral 
adipose tissue (VAT) and subcutaneous adipose tissue 
(SAT) [14]. VAT has been strongly linked with multiple 
cardiovascular risk factors, markers of inflammation and 
oxidative stress, hepatic steatosis, insulin resistance, and 
atherosclerosis, and has shown to increase the risk of 
obesity-related complications, including type 2 diabetes 
and cardiovascular disease [15–18], while the relation-
ship between SAT and metabolic diseases remains con-
troversial and limited [19–22]. Distribution of adipose 
tissues seem to be important for bone health, and stud-
ies on the relationship between VAT and SAT on bone 
health have yielded mixed results. While a few studies 
have reported a positive association between abdominal 
fat mass, particular VAT, and BMD [23, 24], the major-
ity of studies have reported either no significant relation-
ship or even a negative association after adjusting for 
BMI [25–29]. Some studies have suggested that the accu-
mulation of SAT presented with greater BMD even after 
adjustment BMI [19, 20], while others reported that SAT 
may be detrimental for bone health [21, 22]. The incon-
sistency of the results may be partly explained by the 
diversity in study design, sample population and meth-
ods applied. Mechanical factors and the propensity of 
visceral fat to systemic inflammation may also play a role 
[14, 30, 31]. The interplay between bone and adipose tis-
sue through adipokines, sex hormones, and bone-derived 
metabolic factors further complicates the relationship, 
with feedback mechanisms and varied effects on bone 
remodeling [2, 32]. While osteoporosis is more prevalent 
in elderly women, bone loss begins to occur in both sexes 
at age of 40 and continues throughout life [33]. However, 

to our knowledge, most of the existing studies focused on 
female and conducted among elderly population.

Therefore, the aim of the present study was to exam-
ine the association of abdominal adipose tissue, which 
was categorized into VAT and SAT, with BMD at femo-
ral neck and lumbar spine in a nationally representative 
study of middle-aged US men and women.

Research design and methods
Study population
The National Health and Nutrition Examination Survey 
(NHANES), conducted by the National Center for Health 
Statistics (NCHS), was aimed to evaluate the health and 
nutritional status of adults and children in the United 
States. The survey was conducted among a nationally 
representative sample of approximately 5000 individuals 
per year, selected from counties across the country, with 
15 counties visited annually. Data collection is conducted 
in accordance with protocols outlined on the NHANES 
website and with the approval of the institutional review 
board of the NCHS. All participants provide written 
informed consent.

In the current study, we analyzed data from the 
NHANES 2013–2014 and 2017–2018 surveys. Indi-
viduals aged from 40 to 59 years with complete available 
BMD data for the femoral neck and lumbar spine, as well 
as valid data for TAT, SAT, and VAT were included. Par-
ticipants with known rheumatoid arthritis, cancer, preg-
nancy, or missing reasons for menopause and individuals 
using medications that might influence BMD (e.g., taking 
prednisone or cortisone daily, and treatment for osteopo-
rosis) were excluded. Finally, and a total of 1498 partici-
pants were included in the analysis.

Women were classified as premenopausal if they self-
reported not being in menopause and having at least one 
menstrual period in past 12 months. Women were clas-
sified as postmenopausal if they had a surgical history of 
bilateral oophorectomy, or self-reported being postmen-
opausal. If menstrual period status was missing, women 
under 50 years old were classified as premenopausal, and 
those 50 or older were classified as postmenopausal.

Assessment of Covariates
Information on race/ethnicity, age, sex, education level, 
smoking status, physical activity, family income, dis-
ease status, and medication use were collected from 
household interviews questionnaires. Body weight, 
height and alcohol intake were obtained when people 
performed  health exam in a mobile examination center 
(MEC). Height was measured using a stadiometer with 
a fixed vertical backboard and an adjustable head piece, 
and reported in centimeters. Weight was measured using 
a digital weight scale and reported in kilogram. BMI was 
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calculated as weight in kilograms divided by height in 
meters squared. Race/ethnicity was classified as Mexi-
can American, other Hispanic, non-Hispanic white, non-
Hispanic black, or other (including multiracial persons). 
Education level was categorized as less than high school, 
high school or equivalent, or college or above. Drinking 
status was grouped into nondrinker, low-to-moderate 
drinker (defined as < 2 drinks/day in men and < 1 drink/
day in women), or heavy drinker (defined as ≥ 2 drinks/
day in men and ≥ 1 drink/day in women). Smoking status 
was classified as never smoker, current smoker, or ever 
smoker. Leisure activity was categorized into inactive 
group (no leisure-time physical activity), insufficiently 
active group (leisure-time moderate activity 1–5 times 
per week with metabolic equivalents ranging from 3–6 
or leisure-time vigorous activity 1–3 times per week with 
metabolic equivalents > 6), or active group (those who 
had more leisure-time moderate-or-vigorous activity 
than above). Family income-to-poverty ratio is an index 
for the ratio of monthly income to poverty, calculated by 
dividing family income by the poverty guidelines, specific 
to family size, as well as the appropriate year and stater 
[34], and was classified as ≤ 1.0, 1.0–3.0, or > 3.0. Addi-
tionally, the total calcium concentration was measured 
using the Photometric Roche Cobas 6000 Analyzer, and 
the concentration of total phosphorus was determined 
utilizing the timed-rate method on a Beckman UniCel® 
DxC800 Synchron instrument. Rigorous procedures as 
outlined in the NHANES Laboratory Medical Technolo-
gists Procedures Manual were applied throughout blood 
collection and analysis.

Body DXA scans
Dual-energy x-ray absorptiometry (DXA) was used to 
measure participants’ BMD and adipose tissue mass in 
the MEC during the years 2013–2014 and 2017–2018, 
and all measurements were performed by well-trained 
and certified radiology technicians. The scans were 
acquired on Hologic Discovery model A densitometers 
(Hologic, Inc., Bedford, Massachusetts), using software 
version Apex 3.2, with BMD reported in gm/cm2 and adi-
pose mass reported in gm. T scores were calculated as 
BMD(target)−mean BMD(reference group)

Standard deviation(reference group)
 , with reference values 

using BMD data from a young adult reference group in 
NHANES III [35]. According to World Health Organiza-
tion (WHO) criteria, osteopenia was defined as − 2.5 < T 
score < -1.0, osteoporosis was defined as T score ≤ -2.5, 
and low BMD was defined as a diagnosis of osteopenia or 
osteoporosis [1]. VAT and SAT mass were measured at 
the approximate interspace location of L4 and L5 verte-
bra and body fat percentage (%) was obtained by whole 
body scans. Details of the DXA examination protocol are 

documented in the Body Composition Procedures Man-
ual located on the NHANES website [36].

Statistical analysis
All calculations and statistical analyses for survey data 
were performed with consideration for strata, cluster, and 
weight variables to accommodate the sampling scheme. 
Baseline characteristics were presented as n (weighted 
percentage) for categorical variables, and weighted mean 
(95% confidence interval  [CI]) for continuous variables. 
Standard errors were calculated using the Taylor-line-
arization method. Differences in means or proportions 
across groups were tested using χ2 test and linear regres-
sion model, respectively. We used linear regression 
models to estimate the regression coefficients (β) and 
standard errors (SE) for the association of abdominal 
fat mass with BMD and used logistic models to estimate 
the odds ratios (ORs) and 95% CI for the association of 
abdominal fat mass with low BMD risk. The nonlinear 
relationship of fat mass and BMD was also examined by 
generalized additive models (GAM). Multivariate model 
was adjusted for age, race, education, family income-
to-poverty ratio, smoking and drinking status, leisure 
activity, BMI, calcium supplement use, vitamin D sup-
plement use, and diabetes. In addition, for women, hor-
mone replacement therapy and menopause status were 
also included in the model. Furthermore, we performed 
stratified analysis by obesity status (defined by BMI and 
body fat percentage), and menopause status for women. 
Obesity status was categorized based on the WHO clas-
sification guidelines for BMI and body fat percentage. 
Individuals were classified as underweight if BMI was 
less than 18.5  kg/m2, normal weight if their BMI was 
between 18.5 to 25.0 kg/m2, overweight if their BMI was 
between 25.0 to 30.0 kg/m2, and obese if their BMI was 
equal to or greater than 30.0 kg/m2 [37]. Men with a body 
fat percentage of 25% or higher and women with a body 
fat percentage of 35% or higher were considered as obese 
[38]. All analyses were performed with SAS (Version 9.4, 
The SAS institute, Cary, NC) and EmpowerStats software 
(https://​www.​empow​ersta​ts.​com). P < 0.05 was consid-
ered statistically significant.

Results
Table 1 presents the demographic characteristics of par-
ticipants. Our study included 1498 participants (768 men 
and 730 women), with a majority being white (61.5%) 
and a mean age of 49.5 years. Compared to men, women 
were less likely to be heavy drinkers or current smokers, 
more likely to take calcium and vitamin D supplements, 
and had a higher proportion of osteoporosis (20.2% vs 
8.2%) and a lower proportion of diabetes (9.1% vs 13.6%). 
Among women, 48.3% were postmenopausal and 14.8% 

https://www.empowerstats.com
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Table 1  Characteristics of the participants by sex

Data were presented as n (weighted percentage) for categorical variables and weighted mean (95% CI) for continuous variables

Abbreviations: BMD Bone mineral density, BMI Body mass index, CI Confidence interval

Total Men Women P-value

N 1498 768 730

Race 0.085

  Mexican American 234 (9.9) 124 (10.6) 110 (9.2)

  Other Hispanic 153 (6.8) 66 (5.7) 87 (8.0)

  Non-Hispanic White 494 (61.5) 264 (63) 230 (59.7)

  Non-Hispanic Black 293 (11.6) 147 (10.8) 146 (12.5)

  Other Race 324 (10.2) 167 (9.9) 157 (10.5)

Osteoporosis  < 0.001

  Yes 166 (13.9) 56 (8.2) 110 (20.2)

Education 0.217

  Less than high school 301 (14.3) 161 (15.6) 140 (13.0)

  High school or equivalent 325 (24.4) 174 (26.3) 151 (22.3)

  College or above 872 (61.2) 433 (58.1) 439 (64.7)

Drinking 0.039

  Nondrinker 448 (23.8) 189 (20.3) 259 (27.6)

  Low-to-moderate drinker 787 (59.2) 432 (60.6) 355 (57.6)

  Heavy drinker 125 (10.3) 78 (12.4) 47 (8.0)

Smoking 0.004

  Never smoker 917 (60.5) 408 (56.0) 509 (65.4)

  Current smoker 293 (18.5) 182 (21.7) 111 (14.9)

  Ever smoker 288 (21.1) 178 (22.3) 110 (19.7)

Leisure activity 0.085

  No leisure-time physical activity 820 (51.0) 437 (54.8) 383 (46.9)

  Insufficiently active-moderate activity 444 (32.5) 214 (29.4) 230 (35.9)

  Active-moderate activity 233 (16.5) 117 (15.8) 116 (17.2)

calcium supplement use 0.046

  Yes 558 (42.5) 261 (38.5) 297 (46.9)

vitamin D supplement use  < 0.001

  Yes 548 (42.0) 240 (35.7) 308 (48.9)

Hormone replacement therapy  < 0.001

  Yes 83 (14.8)

Diabetes 0.002

  Yes 232 (11.5) 130 (13.6) 102 (9.1)

Family income-to-poverty ratio 0.564

  0–1.0 248 (11) 129 (11.3) 119 (10.7)

  1.0–3.0 471 (27.7) 237 (29.2) 234 (26.0)

   > 3.0 646 (53.7) 329 (52.3) 317 (55.4)

Menopause

  Yes 328 (48.3)

  Age, years 49.5 (49.1—50.0) 49.3 (48.7—50.0) 49.7 (49.0—50.5) 0.400

  BMI, kg/m2 28.7 (28.2—29.1) 29.0 (28.5—29.6) 28.3 (27.7—28.8) 0.048

  Total calcium, mmol/L 2.35 (2.34—2.36) 2.35 (2.34—2.36) 2.35 (2.34—2.36) 0.376

  Phosphorus, mmol/L 1.20 (1.18—1.21) 1.17 (1.15—1.19) 1.23 (1.21—1.25)  < .001

  Subcutaneous adipose tissue mass, kg 1.59 (1.54—1.64) 1.37 (1.31—1.44) 1.82 (1.76—1.89)  < .001

  Total abdominal fat tissue mass, kg 2.17 (2.11—2.23) 2.02 (1.94—2.10) 2.33 (2.24—2.41)  < .001

  Visceral adipose tissue mass, kg 0.58 (0.56—0.60) 0.65 (0.62—0.67) 0.50 (0.48—0.53)  < 0.001

  Femoral neck BMD, gm/cm2 0.81 (0.80—0.82) 0.83 (0.82—0.85) 0.79 (0.78—0.80)  < .001

  Lumbar spine BMD, gm/cm2 1.03 (1.02—1.04) 1.04 (1.03—1.05) 1.02 (1.00—1.03) 0.015
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were taking hormone replacement therapy. The demo-
graphic characteristics of participants according to gen-
der-specific quantiles of TAT, SAT, and VAT mass are 
presented in Supplementary Table 1–3. With increasing 
quantiles of TAT mass, participants were less likely to 
take active leisure physical activities, and more like to 
have diabetes, however, there was no trend in age. Addi-
tionally, compared to those with lower TAT mass, those 
with higher TAT mass had higher levels of BMI, SAT 
mass, VAT mass, and BMD at the femoral neck and lum-
bar spine.

The associations of abdominal adipose tissue mass 
with BMD assessed by linear regressions are shown in 
Table  2. In univariate analysis, all types of abdominal 

adipose tissue (TAT, SAT, and VAT mass) were posi-
tively correlated with BMD at femoral neck and lumbar 
spine in both genders. However, after adjusting for other 
variables in multivariate analysis, negative correlations 
were observed between abdominal adipose tissue mass 
and BMD at the femoral neck (STA: β -0.073, p = 0.001; 
TAT: β -0.062, p < 0.001; VAT: β -0.086, p = 0.054) in men, 
but not at the lumbar spine. No significant associations 
were found in women. When further stratified by BMI, 
negative correlations were observed between TAT and 
BMD at femoral neck in both non-obese and obese men 
(β -0.045, p = 0.042 and β -0.088, p = 0.001, respectively), 
between TAT and BMD at lumbar spine in obese men 
(β -0.069, p = 0.009), between SAT and BMD at femoral 

Table 2  Relationships between abdominal adipose tissue and bone mineral density assessed by linear regression

Linear regression models were used to estimate the regression coefficients and 95% (CI) for the association of fat tissue with BMD. Multivariate model was adjusted for 
age, race, education, family income-to-poverty ratio, smoking and drinking status, leisure activity, body mass index, calcium supplement use, vitamin D supplement 
use, and diabetes, and for women, hormone replacement therapy, and menopause status

Abbreviations: CI Confidence interval, SAT Subcutaneous adipose tissue, TAT​ Total adipose tissue, VAT Visceral adipose tissue

Femoral neck BMD Lumbar spine BMD

Univariate model Multivariate model Univariate model Multivariate model

Coefficient (95% CI) P value Coefficient (95% CI) P value Coefficient (95% CI) P value Coefficient (95% CI) P value

TAT​

  Men 0.043 (0.027–0.058)  < 0.001 -0.062 (-0.090–0.034) 0.001 0.044 (0.025–0.063)  < 0.001 -0.031 (-0.070–0.008) 0.114

     BMI, kg/m2

       < 30 0.022 (-0.009–0.052) 0.157 -0.045 (-0.087–0.002) 0.042 0.031 (-0.003–0.065) 0.075 -0.008 (-0.065–0.049) 0.779

       ≥ 30 0.032 (-0.001–0.065) 0.060 -0.088 (-0.136–0.041) 0.001 0.036 (0.000–0.072) 0.048 -0.069 (-0.119–0.018) 0.009

  Women 0.062 (0.049–0.074)  < 0.001 -0.009 (-0.043–0.025) 0.599 0.043 (0.028–0.059)  < 0.001 0.006 (-0.033–0.045) 0.756

     BMI, kg/m2

       < 30 0.026 (-0.005–0.058) 0.099 0.001 (-0.042–0.044) 0.955 0.006 (-0.033–0.044) 0.761 -0.016 (-0.06–0.027) 0.451

       ≥ 30 0.038 (0.009–0.067) 0.012 -0.027 (-0.064–0.011) 0.162 0.030 (-0.001–0.060) 0.057 0.011 (-0.048–0.071) 0.701

SAT

  Men 0.066 (0.046–0.087)  < 0.001 -0.073 (-0.111–0.035) 0.001 0.068 (0.044–0.092)  < 0.001 -0.026 (-0.066–0.015) 0.206

    BMI, kg/m2

      < 30 0.045 (0.001–0.088) 0.044 -0.044 (-0.094–0.006) 0.085 0.056 (0.009–0.103) 0.022 0.004 (-0.074–0.082) 0.911

      ≥ 30 0.055 (0.010–0.101) 0.019 -0.099 (-0.167–0.030) 0.006 0.063 (0.010–0.116) 0.022 -0.056 (-0.120–0.008) 0.086

  Women 0.086 (0.070–0.102) -0.009 (-0.051–0.034) 0.685 0.063 (0.042–0.083)  < 0.001 0.012 (-0.030–0.054) 0.572

     BMI, kg/m2

       < 30 0.047 (0.001–0.092) 0.046 0.011 (-0.050–0.072) 0.720 0.025 (-0.025–0.075) 0.317 -0.004 (-0.062–0.055) 0.895

       ≥ 30 0.059 (0.035–0.084)  < 0.001 -0.040 (-0.081–0.002) 0.059 0.044 (0.015–0.073) 0.004 0.020 (-0.032–0.072) 0.439

VAT

  Men 0.066 (0.009–0.124) 0.025 -0.086 (-0.173–0.002) 0.054 0.070 (0.007–0.134) 0.031 -0.065 (-0.169–0.039) 0.209

    BMI, kg/m2

      < 30 -0.002 (-0.074–0.07) 0.960 -0.126 (-0.245–0.007) 0.039 0.028 (-0.065–0.122) 0.539 -0.057 (-0.187–0.074) 0.385

      ≥ 30 0.009 (-0.087–0.106) 0.843 -0.076 (-0.199–0.046) 0.214 0.012 (-0.070–0.094) 0.764 -0.100 (-0.202–0.002) 0.055

  Women 0.126 (0.085–0.167)  < 0.001 -0.012 (-0.075–0.051) 0.701 0.075 (0.028–0.122) 0.003 -0.007 (-0.095–0.081) 0.872

    BMI, kg/m2

      < 30 0.011 (-0.063–0.086) 0.759 -0.032 (-0.13–0.066) 0.511 -0.068 (-0.177–0.041) 0.211 -0.079 (-0.194–0.037) 0.176

      ≥ 30 -0.026 (-0.119–0.066) 0.564 0.010 (-0.078–0.098) 0.819 -0.013 (-0.102–0.076) 0.773 -0.011 (-0.106–0.084) 0.811
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neck in obese men (β -0.099, p = 0.006), and between 
VAT and BMD at femoral neck in non-obese men (β 
-0.126, p = 0.039). Supplementary Table  6 presented the 
results of stratified analyses conducted by body fat per-
centage, negatively correlations were observed between 
VAT and BMD at femoral neck in men and lumbar spine 
in women (β -0.209, p = 0.015 and β -0.195, p = 0.010, 
respectively).

As presented in Fig. 1, multivariable logistic regression 
analysis was used to assess the associations of abdominal 
adipose tissue with the risk of low BMD (osteopenia/oste-
oporosis, T score < -1.0). In men, a kilogram increase in 
SAT mass was associated with a 2.85 times higher risk of 
low BMD at femoral neck and a 2.56 times higher risk of 
low BMD at lumbar spine. Similarly, a kilogram increase 
in TAT mass was linked to a 2.41 times higher risk of low 
BMD at femoral neck and a 2.19 times higher risk of low 
BMD at lumbar spine. These associations were not found 
to be significant in women. Additionally, using the gen-
eralized additive model, nonlinear relationships between 

abdominal adipose tissue (TAT, SAT, and VAT mass) and 
risk of low BMD at femoral neck were observed in men, 
but not in women (Fig. 2A and B).

Stratified analyses were also conducted by menopau-
sal status (non-menopause, menopause) in women. Our 
results showed that in women, the correlation between 
abdominal adipose tissue and BMD at the femoral neck 
and lumbar spine did not reach statistical significance, 
regardless of menopausal status (See Supplementary 
Tables 4 and 5).

Discussion
The current study is the largest study to extensively eval-
uate the association of abdominal adipose tissue with 
BMD in the middle-aged adults. Our findings revealed 
that increased abdominal adipose tissue mass, includ-
ing TAT, SAT, and VAT, was significantly inversely cor-
related with BMD at the femoral neck, and increased the 
risk of low BMD at the femoral neck and lumbar spine 

Fig. 1  Title: Associations of abdominal adipose tissue with the risk of low BMD assessed by logistic regression. Legend: Logistic model was used 
and adjusted for age, race, education, family income-to-poverty ratio, smoking and drinking status, leisure activity, body mass index, calcium 
supplement use, vitamin D supplement use, and diabetes, and for women, hormone replacement therapy, and menopause status
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A

B

Fig. 2  A Title: Associations of abdominal adipose tissue with the risk of low BMD assessed by a GAM in men. Legend: A weighted generalized 
additive model and a smooth curve fitting were performed to assess the relationship between SAT, TAT, VAT and risk of low BMD at femoral neck 
and spine in men. Blue lines represent 95% confidence intervals. Covariates, including age, race, education, family income-to-poverty ratio, 
smoking and drinking status, leisure activity, body mass index, calcium supplement use, vitamin D supplement use, and diabetes were adjusted 
in the models. B Title: Associations of abdominal adipose tissue with the risk of low BMD assessed by a generalized additive model in women. 
Legend: A weighted generalized additive model (GAM) and a smooth curve fitting were performed to assess the relationship between SAT, TAT, VAT 
and risk of low BMD at femoral neck and spine in women. Blue lines represent 95% confidence intervals. Covariates, including age, race, education, 
family income-to-poverty ratio, smoking and drinking status, leisure activity, body mass index, calcium supplement use, vitamin D supplement use, 
and diabetes, and for women, hormone replacement therapy, and menopause status, were adjusted in the models. All P value > 0.05
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in middle-aged men. However, this association was not 
observed in women, regardless of menopausal status.

Obesity, as measured by BMI, has been traditionally 
thought to have a positive association with increased 
BMD [23, 39, 40]. This is supported by the "mechanostat 
theory" of bone remodeling, which states that bones 
adapt to mechanical loading by increasing their density, 
further reinforcing the idea that obesity may provide pro-
tection against osteoporosis [41]. A previous study in the 
same population as ours found that android and gynoid 
fat mass was positively associated with BMD [23], with 
android fat predominantly located around the trunk and 
upper body, and gynoid fat concentrated in areas such 
as the buttocks, hips and thighs [42, 43]. However, since 
the previous study did not incorporate BMI into its con-
siderations, it can’t be definitively concluded whether 
mechanical loading or the very nature of fat mass itself 
had the definitive role in influencing BMD.

Our present study focused on the abdominal adipose 
tissue which classified into SAT and VAT. VAT refers to 
the fat stored in and around abdominal viscera in mes-
entery and omentum, while SAT is the fat stored beneath 
the skin in the subcutaneous tissue [14, 31]. Recent evi-
dence suggested that excessive abdominal fat, specifically 
visceral fat, may have a negative impact on bone health 
[44–47]. Epidemiological studies have shown that simple 
abdominal obesity indexes, like higher waist circumfer-
ence or higher waist to hip ratio, and abdominal obe-
sity as measured by gold standards such as DXA or CT, 
were associated with lower BMD or higher fracture risk 
[29, 48–51]. Additionally, recent accumulating evidences 
suggested that visceral adiposity might be deleterious to 
bone microarchitecture [20, 48, 49], and was associated 
with lower BMD and increased osteoporotic vertebral 
compression refractures [29, 52–54]. Evidence regard-
ing the relationship between SAT and BMD is still lim-
ited and controversial. Some studies reported a positive 
association, indicating that subcutaneous fat beneficially 
impacted bone structure and strength in healthy indi-
viduals [20]. This could, in part, be due to the hormone 
leptin, produced by subcutaneous fat, may increase bone 
mass by stimulating osteoblast activity [20, 55, 56]. How-
ever, these findings mainly come from studies conducted 
with nonobese or slightly obese individuals [56–58]. 
Study conducted among postmenopausal females or 
obese women found that subcutaneous fat was negatively 
associated with BMD [59], while others reported no asso-
ciation [60, 61].

In the present study, we found negative correlations 
between abdominal adipose tissue, including TAT, SAT, 
and VAT, and BMD at the femoral neck in men, but 
not in women. In addition,  every kilogram of increase 
in SAT or TAT mass was associated with a 2.19 to 2.85 

times higher risk of low BMD at the femoral neck or 
lumbar spine in men. Analysis using GAM also showed a 
non-linear relationship between VAT and the risk of low 
BMD at the femoral neck in men. It was reported that 
increase in adipocytes might cause a decrease in osteo-
blasts, and dysfunctional abdominal adipose may release 
pro-inflammatory cytokines that inhibit bone formation 
and increase bone resorption, leading to an imbalance 
in the bone remodeling process [53, 62–64]. Consist-
ent with our study, other studies also showed a gender-
specific differences in the association between fat mass 
and BMD [65–67]. For instance, a study suggested that 
fat mass was negatively associated with BMD in men but 
not in women [65]. Additionally, other studies have also 
shown that fat mass had a stronger negative effect on 
BMD in men compared to women [66, 67]. The potential 
mechanisms remain unclear. It is worth noting that men 
and women differ in the patterns of fat deposition, fat 
mobilization, and the consequences of both excess and 
insufficient fat stores [42, 68]. Women are more likely to 
deposit fat subcutaneously and on their lower extremi-
ties; men are more likely to deposit fat in the abdomi-
nal region. This ‘female’ fat distribution, independent of 
total body fat, confers protection against metabolic dis-
eases, such as type 2 diabetes and atherosclerosis, which 
partly owing to the role of sex hormones, as well as the 
microenvironment and cell-specific properties within 
fat depots [68–70]. However, more research is needed to 
understand the impact of gender and visceral adiposity 
on bone health.

Our BMI stratified analysis revealed that even in non-
obese men, increased mass of abdominal adipose tissue, 
including TAT and VAT, were significantly associated 
with lower BMD at the femoral neck. Similarly, in obese 
men, increased mass of abdominal adipose tissue, includ-
ing TAT and SAT, were significantly associated with 
lower BMD at the femoral neck. These findings suggest 
that abdominal fat may have a negative impact on bone 
health, particularly at the femoral neck, in men regard-
less of overall body weight. We found that there is still 
a negative association between VAT and BMD among 
individuals with lower body fat percentage when strati-
fied analysis  was conducted by body fat percentage, 
indicating that VAT may have an independent impact 
on bone health, beyond its correlation with overall body 
fat percentage. In addition, we found that the relation-
ship between abdominal adipose mass and BMD was 
non-significant for women, regardless of menopausal 
status. Although it is well-established that menopause 
is associated with changes in abdominal fat distribution 
and increases in visceral fat, which are linked to circulat-
ing estrogen levels [71–73], our findings suggested that 
these changes may not have a significant impact on bone 
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health in women. Estrogen plays a key role in maintain-
ing bone health, and a decrease in estrogen levels during 
menopause is a major risk factor for osteoporosis [74]. 
Abdominal fat is a source of estrogen, which may par-
tially compensate for the drop in estrogen levels during 
menopause [75]. However, evidence regarding the effect 
of menopause on the association of fat mass and BMD 
is limited. A previous study suggested that menopause 
status has a negligible effect on the association between 
abdominal fat and metabolic syndrome components in 
overweight women, indicating that other factors may 
play a more important role in determining bone health 
in women [76]. Nonetheless, further research is needed 
to fully understand the relationship between menopause-
related changes in abdominal fat and bone health.

Our study had several strengths, including the use of 
a nationally representative sample of US adults, which 
enhances the generalizability of the results. Addition-
ally, we adjusted for multiple covariates, including demo-
graphic, lifestyle, and health factors, which helped to 
control for potential confounding variables. We also used 
DXA, a widely accepted method for measuring bone 
density and body composition. However, there were also 
some limitations to our study. First, our study had a lim-
ited sample size, and further research with larger samples 
is necessary to confirm our findings. Second, our study 
did not measure serum biomarkers of inflammation 
which play a key role in potential mechanisms. Third, as 
this study was a cross-sectional observational study, it 
cannot establish causality, and more prospective research 
is needed to explore the association between abdominal 
adipose tissue and BMD.

Conclusions
In conclusion, in this US population-based study, we 
found that abdominal adipose mass (TAT, SAT, VAT) 
was significantly negative associated with BMD at femo-
ral neck, and increased risk of low BMD of femoral neck 
and lumbar spine in middle-aged men. The relationship 
between abdominal adipose mass with BMD at both 
femoral neck and lumbar spine was non-significant in 
women, independently of menopausal status.
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