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MINI ABSTRACT 38 

The relationship between obesity and osteoporosis is poorly understood. In this study we 39 

assessed the association between adiposity and bone. The fat-bone relationship was dependent on 40 

sex, body mass index classification, and menopausal status. Results highlight the importance of 41 

accounting for direct measures of adiposity (beyond BMI) and menopause status. 42 

 43 

 44 

 45 

 46 
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ABSTRACT  47 

Purpose: Assess the relationship between direct measures of adiposity (total body fat mass, 48 

visceral adipose tissue, and abdominal subcutaneous adipose tissue) with whole body and 49 

clinically relevant bone sites of lumbar spine, and femoral neck areal bone mineral density 50 

(aBMD) in men and women. Methods: This cross-sectional analysis was conducted utilizing de-51 

identified data from the UK Biobank on participants (n = 3,674) with available dual-energy x-ray 52 

absorptiometry (DXA) and magnetic resonance imaging (MRI) data. Sex-stratified multiple 53 

linear regression was used to assess the relationship between adiposity measures and aBMD 54 

outcomes, controlling for age, race, total body lean mass (DXA), height, BMI class, physical 55 

activity, smoking, menopausal status (women), and hormone use (women). Results: In men, 56 

significant interactions were observed between measures of adiposity and BMI on aBMD for the 57 

whole body and lumbar spine. Interactions indicated a positive relationship between adiposity 58 

and aBMD in men classified as normal weight, but an inverse relationship in men with elevated 59 

BMI. In women, significant interactions between adiposity measures and menopausal status were 60 

observed primarily for whole body and femoral neck aBMD bone outcomes which indicated a 61 

negative relationship between adiposity and aBMD in premenopausal women, but a positive 62 

relationship in postmenopausal women. Conclusion: Total body adiposity, abdominal 63 

subcutaneous adipose tissue, and visceral adipose tissue were all significantly associated with 64 

aBMD in both men and women. The strength and direction of association was dependent on sex, 65 

BMI classification, and menopausal status (women).  66 

 67 

KEY WORDS: Aging, Menopause, Adiposity, Visceral fat, DXA, Bone 68 

 69 
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INTRODUCTION  70 

Obesity and osteoporosis are two major public health concerns, increasing morbidity and 71 

mortality world-wide. Globally, more than 2.1 billion adults are classified as overweight or 72 

obese, increasing risk for non-communicable diseases, such as type 2 diabetes and cardiovascular 73 

disease [1,2]. Osteoporosis is characterized by a loss of bone mass causing deterioration of bone 74 

architecture and increased frailty of the bones [3]. Approximately 50% of women and 20% of 75 

men in the United States and United Kingdom experience an osteoporotic fracture after the age 76 

of 50 years, most commonly at the hip, spine, and forearm [4]. Although osteoporosis can be 77 

diagnosed based on dual-energy x-ray absorptiometry (DXA) areal bone mineral density 78 

(aBMD), it is often not detected until after a fracture has occurred due to the silent nature of the 79 

disease [5,6].  80 

Obesity and osteoporosis are known to be interrelated diseases, but the relationship is not 81 

well understood. While it was previously thought that obesity, as defined by body mass index 82 

(BMI), is protective against osteoporosis due to the additional forces and strain that a higher 83 

body weight places on the bone [7,8], more recent research utilizing direct measures of total 84 

adipose tissue suggests that higher adiposity may be associated with poorer bone health and an 85 

increase in osteoporotic fracture risk [9,10]. Inconsistency in findings might be due to the use of 86 

non-specific measures for obesity, such as BMI or percent body fat, which do not account for the 87 

physiological differences between adipose tissue depots [11,12]. 88 

Abdominal adipose tissue deposition has been shown to be particularly deleterious and 89 

increase the risk of many chronic diseases [11,12]. The most commonly studied abdominal fat 90 

deposition patterns can be broadly categorized into abdominal visceral adipose tissue (VAT) and 91 

abdominal subcutaneous adipose tissue (ASAT) [11,12]. While ASAT expands via a 92 
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combination of hyperplasia and hypertrophy, VAT has a greater propensity to expand via 93 

adipocyte hypertrophy, altering immune cell composition and function, often leading to a state of 94 

low-grade inflammation [11,13]. Chronic low-grade inflammation has been linked to impaired 95 

bone mineral accrual and bone architecture, increasing osteoporotic fracture risk [14,15]. 96 

Therefore, increased VAT may be particularly important in explaining the relationship between 97 

obesity and osteoporosis due to its role in the development of metabolic dysfunction (i.e., 98 

chronic inflammation, insulin resistance) [16,17]. Several studies have assessed the relationship 99 

between VAT and bone outcomes, yet there remains no consensus on this relationship in men 100 

[18-22] nor women [18,23,19,20,24,21,22], although the majority of studies have observed a 101 

negative relationship between VAT and aBMD in individuals with overweight and obesity.  102 

 A previous study analyzed the relationship between VAT with vertebral fracture and 103 

structure in the UK Biobank, and showed an inverse association between VAT and vertebral 104 

body aBMD in men but not women [19]. However, to our knowledge, no other studies have been 105 

conducted to assess the relationship between adipose tissue distribution with other clinically 106 

relevant bone sites in the UK Biobank. Therefore, the aim of the present analysis was to examine 107 

the association of MRI-derived VAT and ASAT as well as DXA derived total body fat mass with 108 

whole body, lumbar spine, and femoral neck aBMD in the UK Biobank Imaging study. The core 109 

hypothesis was that total body fat and ASAT would be positively associated with whole body, 110 

lumbar spine, and femoral neck aBMD (due to mechanical strain) while VAT would be 111 

negatively associated with aBMD across these whole-body and site-specific measures (due to 112 

associated inflammation) in both men and women. 113 

 114 

METHODS 115 
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Study Design 116 

The UK Biobank is an open-access prospective cohort study with comprehensive 117 

phenotypic, lifestyle, and genetic measures, along with health care outcomes data collected from 118 

over 500,000 individuals in the United Kingdom between 2006 and 2010 (baseline data 119 

collection). The current analysis was based on a sub-sample of participants who participated in 120 

the UK Biobank imaging sub-study that began in 2014 and have complete available DXA data, 121 

92% of which have abdominal MRI data as well. The only exclusion criterion was having a 122 

medical condition that may interfere with the ability to complete imaging scans (e.g., metal or 123 

electrical implants). Although the imaging sub-study is ongoing, 48,999 individuals have 124 

attended an imaging visit and complete processed DXA data was available on 5,170 participants 125 

(Figure 1). All participants with available imaging data attended the Cheadle imaging center. 126 

Participants provided written informed consent prior to data collection. All data were obtained 127 

from the UK Biobank in a de-identified format. For clarity, field ID (fid) values are provided for 128 

each variable utilized from the UK Biobank database. Unless otherwise specified, variables were 129 

collected at the imaging visit. 130 

The sample size was fixed by the number of UK Biobank participants with available 131 

imaging data and complete covariates. Effect size estimation for linear regression models is 132 

based on the increase in the R2 value (percentage of variance in the dependent variable explained 133 

by the independent variables) when adding the predictor of interest to a model adjusted for the 134 

relevant confounders. To assess statistical power, prior estimates of the R2 values adjusting only 135 

for the confounders of interest were obtained from the study of body size and bone mineral 136 

density in elderly men and women in the Rancho Bernardo cohort [25]. Our sample size for 137 

males (n = 1,864) and females (n = 1,810) allowed for detection of a 1% improvement in the R2 138 
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with > 95% statistical power (two-sided test) in sex-stratified analyses, assuming an R2 value of 139 

0.17 for males and 0.27 for females with the confounders alone.  140 

 141 

Demographics, Health History, and Lifestyle  142 

When participants attended the UK Biobank Assessment Center, information on age (fid 143 

21003), sex (fid 31), race/ethnicity (fid 21000), and smoking status (fid 20116) was obtained. 144 

Since approximately 96% of the imaging sample identified as white race, this variable was 145 

condensed into either white or non-white due to the limited sample size of non-white individuals. 146 

Information on lifestyle and medical history, including smoking, disease diagnoses and 147 

medication use, was collected via a self-reported questionnaire and then verified by a nurse in a 148 

follow-up interview. Participants using medications that affect bone and/or body composition 149 

(e.g., testosterone, sex hormone inhibitors, corticosteroids, osteoporosis medications) (n = 217) 150 

or with diseases known to impact bone and/or body composition (n = 590) were excluded from 151 

the analysis. A full list of medications and diseases used for exclusionary purposes can be found 152 

in Supplemental Table 1.  153 

Physical activity was assessed at the baseline visit by questions adapted from the 154 

validated International Physical Activity Questionnaire short version. Questions regarding leisure 155 

time physical activity, domestic activities, work-related activity, and transportation-related 156 

activity and data are presented as metabolic equivalent (MET) min per week of walking (fid 157 

22037), moderate physical activity (fid 22038), vigorous physical activity (fid 22039), or 158 

summed MET min/week for all activities (fid 22040). MET min/week of moderate and vigorous 159 

physical activity were then summed to form moderate to vigorous physical activity (MVPA).  160 

 161 
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Female Specific Measures 162 

Female specific variables were used to assess pregnancy status (fid 3140), menopausal 163 

status (fid 2724), oral contraceptive use (fid 2784), age when last used oral contraceptives (fid 164 

2804), hormone replacement therapy (HRT) use (fid 2814), age at last HRT use (fid 3546), 165 

hysterectomy (fid 3591), and bilateral oophorectomy (fid 2834). There were no women in the 166 

imaging sub-study who reported being pregnant. Women were categorized as premenopausal if 167 

they self-reported that they had not gone through menopause and had no surgical history of a 168 

hysterectomy or bilateral oophorectomy. Women were categorized as postmenopausal if they 169 

self-reported being postmenopausal, self-reported menopause as “not sure – hysterectomy” or 170 

had a surgical history of hysterectomy or bilateral oophorectomy. To maximize sample size, 171 

women missing menopause status after classification (n = 124) were classified as premenopausal 172 

if they were < 51 years old and postmenopausal if they were ≥ 51 years old, based on the average 173 

age of menopause in the UK [26].  174 

Contraceptive use in premenopausal women and HRT use in postmenopausal women 175 

were classified using similar methods based off responses to questions regarding oral 176 

contraceptive use, age when last used oral contraceptives, HRT use, age at last HRT use, and 177 

self-reported medications. Premenopausal women were considered to be current/recent 178 

contraceptive users if they reported age of last oral contraceptive use to either be “still taking the 179 

pill” or less than one year from their current age at imaging visit and/or reported use of 180 

medication that can be used for contraception, including injections. Postmenopausal women 181 

were considered to be current/recent HRT users if they reported age of last HRT use to be “still 182 

taking HRT” or less than one year from their current age at imaging visit and/or reported use of a 183 

medication that can be used for HRT. Women were then categorized as current/recent hormone 184 
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users if they had taken contraceptives or HRT within the past year or never/non-recent users if 185 

they had not taken contraceptives or HRT within the past year. 186 

 187 

Anthropometric Measurements 188 

 Anthropometric measurements were taken manually at the assessment center during the 189 

imaging visit. Standing height (fid 50) was measured using the Seca 202 device (Hamburg, 190 

Germany). Weight (fid 21002) was measured to the nearest 0.1 kg using the scale feature of the 191 

Tanita BC-418MA body composition analyzer (Arlington Heights, IL). BMI was calculated as 192 

weight in kilograms divided by height in meters squared. BMI was categorized based on World 193 

Health Organization BMI classification guidelines of underweight (BMI < 18.5 kg/m2), normal 194 

weight (BMI ≥ 18.5 and < 25.0 kg/m2), overweight (BMI ≥ 25.0 and < 30.0 kg/m2), and obese 195 

(BMI ≥ 30.0 kg/m2) [27]. Due to the low frequency of males (n = 2) and females (n = 23) 196 

classified as underweight, individuals in the underweight category were combined into the 197 

normal weight category (BMI < 25.0 kg/m2). 198 

 199 

Whole Body DXA Scans 200 

Measures of soft tissue composition and bone were obtained using a GE-Lunar iDXA 201 

(Madison, WI) following standard subject positioning and data acquisition protocols. DXA 202 

machines were calibrated via phantom per manufacturer recommendations and underwent daily 203 

quality control procedures. Total body fat mass (TBFM) (fid 23278), total body lean mass 204 

(TBLM) (fid 23280), and aBMD for the whole body (WB) (fid 23236), lumbar spine (LS) (fid 205 

23204), and femoral neck (FN) (fid 23299) were derived from scans. 206 

 207 
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Abdominal MRI 208 

Abdominal subcutaneous and visceral adipose tissue composition were obtained from 209 

abdominal MRI scans. All scans were performed on a Siemens Aera 1.5 T scanner (Syngo MR 210 

D13) (Siemens, Erlangen, Germany) following the 6-minute dual-echo Dixon Vibe protocol 211 

from neck to knees [28,29]. Following validated and standardized techniques, VAT (fid 22407) 212 

and ASAT (fid 22408) were derived from fat and water images and then quantified [28]. 213 

Analyses were performed in AMRA Profiler (AMRA AB, Linköping, Sweden) using the 214 

automated segmentation software and were visually verified for accuracy by an analysis 215 

engineer. 216 

 217 

Statistical Analysis 218 

 Descriptive statistics, including means and standard deviations for normally distributed 219 

variables, and median and interquartile range for skewed variables, were calculated for 220 

participant demographic, anthropometric, adipose tissue and bone characteristics at the imaging 221 

visit. Males and females were stratified and differences between BMI categories were tested 222 

using one-way ANOVA for normally distributed continuous variables, Kruskal-Wallis test for 223 

non-normally distributed continuous variables, and chi-squared test for categorical variables. 224 

 Multiple linear regression analysis was used to assess the relationship between adipose 225 

tissue variables (TBFM, ASAT, VAT) and aBMD for WB, LS, and FN regions of interest. All 226 

models were sex stratified. Stratifying models by menopausal status was also considered; 227 

however, the relatively small sample for premenopausal females (n = 231) did not provide 228 

adequate statistical power. Covariates were selected based on previously established 229 

relationships with aBMD and availability in the UK Biobank dataset. Covariates included in all 230 
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models were total body lean mass, age, height, BMI category, smoking status (never smoker, 231 

prior smoker, current smoker), MVPA, and race (white or non-white). Models for females were 232 

also adjusted for hormone use (i.e., contraceptives and HRT). Based on the BMI stratified 233 

findings of Zhu et. al. [21], we tested for an interaction between adiposity measures and BMI 234 

category (males and females). Due to the adipose tissue changes that occur after the onset of 235 

menopause [30], we also tested for an interaction between adiposity measures and menopausal 236 

status in females. Interactions were tested in all models, but only included in models when a 237 

statistically significant interaction was present. 238 

 Models were checked for the assumptions of linear regression. Linearity between the 239 

outcome variables and each covariate was assessed via scatter plots. In males, TBFM and ASAT 240 

had a non-linear relationship with aBMD outcomes and were consequently log transformed to 241 

meet the assumption of linearity. Due to the non-linear relationship between BMI and aBMD 242 

outcomes in both men and women, BMI was categorized in the models. Residual versus 243 

predictors plots were used to visually inspect the assumption of homoscedasticity. Normality was 244 

assessed using Q-Q plots. Multicollinearity was assessed using the variance inflation factor. All 245 

analyses were performed in RStudio using R software version 3.6.3 (R Foundation for Statistical 246 

Computing, Vienna, Austria). A p-value of < 0.05 was considered statistically significant. 247 

 248 

RESULTS 249 

 Characteristics of males and females in the UK Biobank imaging sub-study with 250 

available imaging data are provided in Tables 1 and 2, respectively. Approximately 50% of the 251 

sample was female and the majority of individuals (96%) identified as white. Ages ranged 252 

between 45-75 years old for women and 44-76 years old for men. Most women (87%) were 253 
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postmenopausal. The majority of men were classified as overweight (50.3%) while the majority 254 

of women were classified as normal weight (46.4%). Average percent body fat was 30% for men 255 

and 39% for women. Men tended to have more VAT than women (median males 4.86 liters vs 256 

median females 2.27 liters), but less ASAT (median males 5.86 liters vs. median females 7.40 257 

liters). There were significant differences in all body composition variables between BMI 258 

categories. For both men and women, individuals in the obese category had the highest aBMD 259 

across all bone sites. A total of 110 men (6.3%) and 56 women (3.2%) reported a diagnosis of 260 

diabetes mellitus, of which only 3 were reported as type 1 diabetes. 261 

 Standardized beta coefficients for predictors of interest from linear regression models for 262 

men are provided in Table 3 and full regression models are provided in Supplemental Table 2. 263 

For all adiposity measures (log TBFM, VAT, and log ASAT) significant interactions between 264 

adiposity and BMI category were identified for WB and LS aBMD outcomes. Interactions 265 

indicated that adiposity measures were positively related to aBMD among men with BMI ≤ 25 266 

kg/m2, but higher adiposity in the presence of elevated BMI was negatively associated with 267 

aBMD. Figure 2a depicts the interaction between VAT and BMI category on WB aBMD as a 268 

visual representation. There was no association between any direct adiposity measures and FN 269 

aBMD.   270 

Standardized beta coefficients for predictors of interest from linear regression models for 271 

women are provided in Table 4 and full regressions models are provided in Supplemental 272 

Table 3. For women, significant interactions were observed between adiposity measures with 273 

menopausal status for WB aBMD (TBFM, VAT, and ASAT) and FN aBMD (TBFM and ASAT) 274 

bone outcomes. Additionally, interactions were observed between VAT and menopausal status 275 

on LS aBMD as well as ASAT and BMI category on LS aBMD. The interactions between 276 
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adiposity measures and menopausal status indicated that adiposity had a null or negative 277 

relationship with aBMD among premenopausal females, but a positive relationship among 278 

postmenopausal females. The single interaction between ASAT and BMI category showed that 279 

ASAT was positively related to LS aBMD in females classified as underweight/normal weight, 280 

but the relationship was negatively related to LS aBMD in females classified as overweight and 281 

obese. As a visual representation, the interaction between VAT and menopausal status on WB 282 

aBMD is provided in Figure 2b.  283 

 To ensure that the findings for VAT and ASAT were specific to these adipose tissue sub-284 

compartments, and not a reflection of the relationship with TBFM (e.g., the positive association 285 

between VAT and aBMD observed in women was reflecting that those with higher VAT had 286 

higher TBFM), we re-ran VAT and ASAT models additionally controlling for TBFM. Including 287 

TBFM in models did not significantly change the findings, so to avoid the overfitting of models, 288 

only the original models were reported. 289 

 290 

DISCUSSION 291 

 The present study aimed to assess the relationship between VAT, ASAT, and TBFM with 292 

aBMD at the WB, LS, and FN in a population-based sample of males and females. In males, we 293 

showed that the relationship between adiposity and aBMD varies by bone site and is dependent 294 

on BMI classification for WB and LS aBMD. For females, we also observed that the relationship 295 

between adiposity and aBMD varied by bone site but showed that this relationship was primarily 296 

dependent on menopausal status.  297 

 298 

Adiposity and aBMD in Men 299 
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Adiposity (VAT, ASAT, TBFM) was positively associated with aBMD for the WB and 300 

LS among males classified as normal weight, but negatively associated among men classified as 301 

obese. No significant relationship between adiposity and aBMD was found at the FN in men. 302 

The finding that VAT was positively associated with WB and LS aBMD in men classified as 303 

normal weight contradicts previous findings that VAT is negatively associated with WB [21] and 304 

spine [19] bone density outcomes. However, similar to the analysis of Zhu et al. which used data 305 

from the Busselton Healthy Ageing Study [21], we found the relationship between VAT and 306 

aBMD to be dependent on BMI category. Notably, the prior study showed that the negative 307 

association between VAT with WB aBMD was strongest in males classified as overweight, 308 

while our current analysis showed that this relationship was strongest in males classified as 309 

obese. Katzmarzyk et al. similarly observed a negative relationship between VAT and WB 310 

aBMD in overweight and obese African American and White males [18], but did not assess 311 

normal weight males. Few studies have assessed the relationship between VAT and bone aBMD 312 

at the femur. Unlike our findings which showed null results between adipose tissue depots and 313 

aBMD at the FN, Zhu et al. found a negative relationship between VAT with total hip and FN 314 

bone density [21]. Divergence in these findings may be due to the difference in covariates 315 

controlled for in the respective models. In the current analysis, total body lean mass was the 316 

strongest predictor of FN aBMD. However, Zhu et al. did not control for a measure of lean mass. 317 

Results from a meta-analysis by Dolan et al. previously showed that while total body fat 318 

mass (kg) was positively correlated with aBMD in males with overweight and obesity, relative 319 

adiposity (%TBFM) was negatively correlated with aBMD [31]. Consistent with this, we found 320 

an inverse relationship between adiposity with WB and LS aBMD in males classified as 321 

overweight or obese, after controlling for TBLM. Counter to our original hypothesis, this 322 
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negative relationship was observed for all measures of adiposity and not only VAT. There are 323 

several possible mechanisms that may underlie this relationship. First, a higher degree of 324 

abdominal adiposity in the presence of BMI-defined overweight and obesity may be associated 325 

with biomarkers of metabolic dysfunction, such as inflammation or insulin resistance, which may 326 

in turn influence aBMD [14,15]. In the Rancho Bernardo Study, von Muhlen and colleagues 327 

observed that aBMD was lower in those with metabolic syndrome after adjusting for BMI [25]. 328 

However, in the UK Biobank, blood biomarker measurements are only available from the 329 

baseline data collection (at least 4-8 years prior to imaging visit), limiting our ability to test this 330 

hypothesis. Another potential explanation could be the dysregulation of the GH-IGF-1 axis. 331 

Growth hormone (GH), an important regulator of bone [32], secretion is decreased with obesity, 332 

especially in individuals with greater visceral adiposity [33], which may result in poorer bone 333 

outcomes. In a study by Bredella and colleagues, pre-menopausal women with abdominal 334 

obesity were given either subcutaneous GH or placebo injections over 6 months. Women who 335 

received the GH injections had increased bone formation [34]. Greater bone formation was 336 

correlated with greater IGF-1 and lean mass as well as reduced abdominal fat and inflammation. 337 

A final mechanism may be sarcopenic obesity [35]. While we do not yet have longitudinal 338 

imaging data on this cohort, it is likely that individuals in this aging population are experiencing 339 

sarcopenia. It is possible that the loss in muscle mass and coinciding gain in adiposity that often 340 

occurs during aging has a detrimental effect in males with overweight and obesity. Meanwhile 341 

the additional body mass associated with greater adiposity within the normal weight category 342 

(e.g., BMI 18.5 kg/m2 vs. BMI 24.5 kg/m2) would put an increased load on the bones, leading to 343 

a positive relationship between adiposity and aBMD.  344 

 345 
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Adiposity and aBMD in Women 346 

In females, the relationship between adiposity and aBMD for the WB and FN was 347 

predominantly dependent on menopausal status. In general, measures of adiposity primarily 348 

showed a null or negative relationship with WB and FN aBMD in premenopausal females, but a 349 

positive relationship in postmenopausal females. This interaction was only observed for VAT 350 

with LS aBMD. The relationship between TBFM and ASAT with LS aBMD, regardless of 351 

menopausal status, was positive. However, there was a significant interaction between ASAT 352 

with BMI classification on LS aBMD which indicated a positive relationship between ASAT and 353 

aBMD in females classified as underweight or normal weight, but a negative relationship in 354 

females classified as overweight and obese. Menopause is a complex physiological transition 355 

characterized by increase in adiposity, notably VAT, and decline in sex steroid hormones, yet 356 

many prior analyses have not considered the potential moderating effect of menopause. 357 

Additionally, most studies have primarily focused on females with overweight and/or obesity. 358 

Therefore, comparison to previous literature is limited due the variation in how menopausal 359 

status was handled in previous analyses, and the limited results in females that are normal 360 

weight. Regardless, prior studies have primarily focused on VAT, and have observed a negative 361 

relationship between VAT and LS trabecular bone in premenopausal females with obesity [23], a 362 

negative relationship between VAT and SAT with WB aBMD in African American and White 363 

females with overweight and obesity (controlled for menopause) [18], and a negative 364 

relationship between VAT with WB, FN, and LS aBMD in females who were overweight (did 365 

not control for menopause) [21]. 366 

Although the causal effect of menopause on loss of bone mass and increase in 367 

osteoporosis risk has long been established, in more recent years it has been suggested that the 368 
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rapid decline in estrogen occurring with the onset of menopause accelerates the loss of cortical 369 

bone, but the loss of trabecular bone appears to be less dependent on estrogen and begins to 370 

occur earlier in aging [36]. While the DXA imaging technology utilized in this study cannot 371 

distinguish between cortical and trabecular bone, WB and FN contain greater amounts of cortical 372 

bone and less trabecular bone than the LS. Since adipose tissue releases estrogen, it is possible 373 

that higher estrogen levels due to greater adipose tissue in postmenopausal females may help to 374 

prevent the loss of bone for WB and FN in postmenopausal females. Therefore, future studies 375 

should further assess the interplay between menopause and adiposity on bone outcomes and 376 

consider stratification by menopausal status when there is sufficient statistical power. 377 

 378 

Strengths and Limitations 379 

This study had many strengths including the large sample size of males and females, use 380 

of gold standard imaging technique (MRI) to quantify abdominal VAT and ASAT, and the 381 

clinically relevant outcomes of LS, and FN aBMD. Despite these strengths, this analysis also had 382 

several limitations. First, the small number of premenopausal females did not allow for 383 

stratification of females by menopausal status. Second, DXA is a two-dimensional imaging 384 

technique that does not allow for the differentiation between cortical and trabecular bone, nor 385 

three-dimensional measures of bone architecture, which could influence fracture risk. Third, the 386 

sample was primarily comprised of white individuals, limiting translation to other populations. 387 

Fourth, a measure of skeletal muscle or total body lean soft tissue mass was not available in the 388 

UK Biobank, so total body lean mass was used as a surrogate measure of muscle mass and 389 

strength. Fifth, physical activity was only measured at the baseline visit (average 6.2 years prior 390 

to imaging visit) and may not necessarily reflect current physical activity status. Finally, this was 391 
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a cross-sectional analysis and the lack of biomarkers available at the same cross-section of time 392 

limited our ability to explore potential mechanisms, such as inflammation. 393 

 394 

Conclusions 395 

Overall, our findings in the UK Biobank imaging study showed that the relationship 396 

between adiposity and bone is dependent on sex, BMI classification, bone outcome, and 397 

menopausal status (females). In males, overweight and obesity may initially appear protective 398 

against osteoporosis; however, overweight and obesity combined with higher degrees of 399 

adiposity may be detrimental to bone. These results suggest further body composition analysis 400 

should be considered in males with overweight and obesity as a further screening tool for 401 

osteoporosis risk. In females, adiposity may be detrimental to aBMD in premenopausal females, 402 

but may help protect against osteoporosis in postmenopausal females, potentially driven by 403 

adipose-derived estrogen. Despite this potential benefit, the putative benefit of greater adiposity 404 

on osteoporosis risk should be weighed against the possible detrimental effects of excess 405 

adiposity, such as cardiovascular disease, diabetes, and several cancers. The findings of this 406 

analysis highlight the importance of stratifying analyses by sex and menopausal status when 407 

assessing the relationships between fat and bone.  408 
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FIGURES 525 

 526 

Figure 1: Flow diagram for sample size determination 527 

 528 



 25 

529 

Figure 2: Interactions with 95% confidence intervals between (a) visceral adipose tissue and 530 

BMI category on whole body areal bone mineral density (aBMD) in males and (b) visceral 531 

adipose tissue and menopausal status on whole body aBMD in females. 532 

 533 

 534 
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Table 1: Characteristics of males in the UK Biobank imaging study, stratified by BMI category 535 

 
Overall Normal Weight 

BMI < 25 kg/m2 
Overweight 

BMI ≥ 25 and < 30 kg/m2 
Obese 

BMI ≥ 30 kg/m2 P 

n 1864 569 938 357  
Age (yr)  61.92 (7.51) 62.45 (7.42) 62.12 (7.47) 60.54 (7.63) <0.001 
Ethnic Background (n (%))     0.132 
     White 1789 (96.0) 543 (95.4) 901 (96.1) 345 (96.8)  
     Mixed 8 (0.4) 3 (0.5) 3 (0.3) 2 (0.7)  
     Asian/Asian British 35 (1.9) 12 (2.1) 19 (2.0) 4 (1.0)  
     Black/Black British 16 (0.9) 3 (0.5) 8 (0.9) 5 (1.2)  
     Chinese 7 (0.4) 6 (1.1) 1 (0.1) 0 (0.0)  
     Other 9 (0.5) 2 (0.4) 6 (0.6) 1 (0.2)  
Smoking (n (%))     0.028 
     Never 1050 (56.3) 340 (59.8) 525 (56.0) 185 (51.8)  
     Prior 712 (38.2) 194 (34.1) 372 (39.7) 146 (40.9)  
     Current 102 (5.5) 35 (6.2) 41 (4.4) 26 (7.3)  

Height (cm)  176.11 (6.62) 176.19 (6.55) 175.87 (6.52) 176.58 (6.96) 0.215 
Weight (kg)  84.46 (14.27) 71.98 (6.64) 84.59 (7.50) 104.03 (14.66) <0.001 
Body Mass Index (kg/m2) (median [IQR]) 26.75 [24.48, 29.20] 23.50 [22.40, 24.25] 27.20 [26.17, 28.38] 32.17 [30.96, 34.17] <0.001 
Total METs (min/wk) (median [IQR]) 1720 [795, 3384] 1758 [933, 3428] 1794 [783, 3392] 1506 [626, 3240] 0.023 
MVPA METs (min/wk) (median [IQR]) 960 [240, 2160] 1080 [260, 2320] 960 [300, 2160] 800 [160, 1920] 0.036 
Total Body Lean Mass (kg) (median [IQR]) 55.23 [50.84, 59.73] 51.26 [48.17, 54.98] 55.50 [51.96, 59.18] 61.90 [56.99, 66.96] <0.001 
Total Body Fat Mass (kg) (median [IQR]) 23.53 [18.92, 29.01] 17.07 [13.88, 19.49] 24.79 [21.66, 27.88] 34.97 [31.05, 40.92] <0.001 
Percent Fat Mass  29.99 (6.49) 24.28 (5.23) 30.82 (4.33) 36.90 (5.05) <0.001 
Abdominal Subcutaneous Adipose Tissue (l) 
(median [IQR]) 5.43 [4.22, 6.97] 3.85 [3.07, 4.50] 5.79 [4.93, 6.73] 8.80 [7.25, 10.22] <0.001 

Visceral Adipose Tissue (l) (median [IQR]) 4.59 [3.23, 6.25] 2.83 [1.89, 3.82] 4.98 [3.88, 6.05] 7.41 [6.02, 8.87] <0.001 
Whole Body aBMD (g/cm2)  1.30 (0.12) 1.25 (0.11) 1.31 (0.11) 1.35 (0.12) <0.001 
Lumbar Spine aBMD (g/cm2)  1.25 (0.19) 1.19 (0.18) 1.27 (0.19) 1.31 (0.20) <0.001 

Femoral Neck aBMD (g/cm2)  0.99 (0.14) 0.95 (0.13) 1.00 (0.13) 1.04 (0.14) <0.001 
Notes: mean (SD) unless otherwise specified. P-value from one-way ANOVA for normally distributed continuous variables, Kruskal-Wallis test for non-536 
normally distributed continuous variables, and Chi-square test for categorical variables. Data missing for subcutaneous and visceral adipose tissue (n = 176), 537 
lumbar spine aBMD (n = 20), femoral neck aBMD (n = 8). 538 
Abbreviations: aBMD areal bone mineral density; MET metabolic equivalent of task; MVPA moderate to vigorous physical activity 539 
 540 
 541 
 542 
 543 
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Table 2: Characteristics of females in the UK Biobank imaging study, stratified by BMI category 544 

 
Overall Normal Weight 

BMI < 25 kg/m2 
Overweight 

BMI ≥ 25 and < 30 kg/m2 
Obese 

BMI ≥ 30 kg/m2 P 

n 1810 841 619 350  
Age (yr)  60.38 (7.49) 60.08 (7.32) 60.88 (7.67) 60.19 (7.53) 0.114 
Ethnic Background (n (%))     0.123 
     White 1753 (96.9) 819 (97.4) 599 (96.8) 335 (95.7)  
     Mixed 14 (0.8) 5 (0.6) 7 (1.1) 2 (0.6)  
     Asian/Asian British 13 (0.7) 6 (0.7) 3 (0.5) 4 (1.1)  
     Black/Black British 10 (0.6) 2 (0.2) 4 (0.6) 4 (1.1)  
     Chinese 10 (0.6) 6 (0.7) 4 (0.6) 0 (0.0)  
     Other 10 (0.6) 3 (0.4) 2 (0.3) 5 (1.4)  
Smoking (n (%))     0.958 
     Never 1174 (64.9) 552 (65.6) 395 (63.8) 227 (64.9)  
     Prior 563 (31.1) 255 (30.3) 198 (32.0) 110 (31.4)  
     Current 73 (4.0) 34 (4.0) 26 (4.2) 13 (3.7)  
Postmenopausal (n (%)) 1579 (87.2%) 738 (87.8%) 529 (85.5%) 312 (89.1%) 0.213 
Hormone Use (yes) (n (%)) 163 (9.0) 77 (9.2) 58 (9.4) 28 (8.0) 0.758 
Height (cm)  162.68 (6.44) 163.41 (6.28) 162.34 (6.63) 161.53 (6.30) <0.001 
Weight (kg)  69.63 (13.21) 60.13 (6.54) 71.84 (6.68) 88.53 (11.77) <0.001 
Body Mass Index (kg/m2) (median [IQR]) 25.37 [22.87, 28.79] 22.71 [21.38, 23.93] 27.14 [26.02, 28.38] 32.71 [31.16, 35.44] <0.001 
Total METs (min/wk) (median [IQR]) 1718 [808, 3327] 2068 [1045, 3804] 1662 [823, 3286] 1095 [476, 2444] <0.001 
MVPA METs (min/wk) (median [IQR]) 890 [240, 2040] 1080 [420, 2320] 880.00 [300, 2120] 400 [80, 1120] <0.001 
Total Body Lean Mass (kg) (median [IQR]) 39.37 [36.52, 42.79] 37.70 [35.33, 40.25] 39.89 [37.11, 42.82] 43.89 [40.50, 47.06] <0.001 
Total Body Fat Mass (kg) (median [IQR]) 25.19 [19.91, 31.93] 19.61 [16.46, 22.78] 28.45 [25.41, 31.40] 39.59 [35.70, 44.34] <0.001 
Percent Fat Mass  39.06 (7.30) 33.63 (5.59) 41.44 (4.06) 47.89 (3.51) <0.001 
Abdominal Subcutaneous Adipose Tissue (l) 
(median [IQR]) 7.40 [5.54, 9.93] 5.46 [4.30, 6.60] 8.57 [7.40, 9.75] 12.57 [11.08, 14.22] <0.001 

Visceral Adipose Tissue (l) (median [IQR]) 2.27 [1.40, 3.48] 1.45 [1.00, 2.09] 2.73 [2.03, 3.58] 4.34 [3.51, 5.20] <0.001 
Whole Body aBMD (g/cm2)  1.14 (0.13) 1.10 (0.12) 1.15 (0.12) 1.20 (0.12) <0.001 
Lumbar Spine aBMD (g/cm2)  1.14 (0.18) 1.09 (0.17) 1.17 (0.18) 1.22 (0.18) <0.001 

Femoral Neck aBMD (g/cm2)  0.92 (0.14) 0.88 (0.13) 0.94 (0.13) 0.99 (0.14) <0.001 
Notes: mean (SD) unless otherwise specified. P-value from one-way ANOVA for normally distributed continuous variables, Kruskal-Wallis test for non-545 
normally distributed continuous variables, and Chi-square test for categorical variables. Data missing for subcutaneous and visceral adipose tissue (n = 142), 546 
lumbar spine aBMD (n = 12), femoral neck aBMD (n = 5). 547 
Abbreviations: aBMD areal bone mineral density; MET metabolic equivalent of task; MVPA moderate to vigorous physical activity 548 
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Table 3: Standardized beta coefficients for models assessing the relationship between adipose tissue deposition and aBMD for males 549 
in the UK Biobank imaging study  550 

  Whole Body aBMD Lumbar Spine aBMD Femoral Neck aBMD 
  Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value 
  Log Total Body Fat Mass (TBFM) 
TBFM (log transformed) 0.029 (0.018, 0.040) < 0.0001 0.044 (0.023, 0.064) < 0.0001 0.010 (-0.001, 0.020) 0.06 
Body Mass Index          
     Overweight 0.005 (-0.013, 0.023) 0.57 0.013 (-0.018, 0.045) 0.40 0.018 (-0.002, 0.037) 0.08 
     Obese 0.019 (-0.012, 0.050) 0.24 0.012 (-0.043, 0.066) 0.67 0.004 (-0.031, 0.039) 0.81 
Interaction           
     TBFM*Overweight -0.022 (-0.039, -0.004) 0.01 -0.024 (-0.054, 0.006) 0.12 --- --- --- 
     TBFM*Obese -0.047 (-0.068, -0.027) < 0.0001 -0.037 (-0.073, -0.001) 0.047 --- --- --- 
  Visceral Adipose Tissue (VAT) 
VAT 0.022 (0.006, 0.037) 0.005 0.049 (0.023, 0.076) 0.0002 0.002 (-0.007, 0.011) 0.63 
Body Mass Index          
     Overweight 0.020 (0.001, 0.039) 0.04 0.017 (-0.015, 0.050) 0.30 0.029 (0.010, 0.047) 0.002 
     Obese 0.037 (0.008, 0.066) 0.01 0.032 (-0.018, 0.083) 0.21 0.028 (-0.004, 0.061) 0.09 
Interaction          
     VAT*Overweight -0.018 (-0.036, 0.000) 0.05 -0.031 (-0.062, -0.000) 0.05 --- --- --- 
     VAT*Obese -0.039 (-0.059, -0.020) < 0.0001 -0.053 (-0.087, -0.020) 0.002 --- --- --- 
  Log Abdominal Subcutaneous Adipose Tissue (ASAT) 
ASAT (log transformed) 0.023 (0.011, 0.035) 0.0001 0.028 (0.008, 0.049) 0.006 0.005 (-0.004, 0.015) 0.28 
Body Mass Index          
     Overweight 0.017 (-0.002, 0.035) 0.07 0.037 (0.006, 0.068) 0.02 0.024 (0.004, 0.044) 0.02 
     Obese 0.035 (0.003, 0.067) 0.03 0.064 (0.008, 0.119) 0.02 0.020 (-0.015, 0.055) 0.27 
Interaction          
     ASAT*Overweight -0.023 (-0.040, -0.006) 0.007 -0.033 (-0.062, -0.004) 0.03 --- --- --- 
     ASAT*Obese -0.041 (-0.062, -0.020) 0.0001 -0.040 (-0.077, -0.004) 0.03 --- --- --- 

Notes: All models controlled for age, height, race, total body lean mass, smoking status, and moderate to vigorous physical activity. Reference group for body 551 
mass index is normal weight. Only statistically significant interactions included in models. 552 
Abbreviations: aBMD areal bone mineral density; ASAT abdominal subcutaneous adipose tissue; CI confidence interval; TBFM total body fat mass; VAT 553 
visceral adipose tissue 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
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Table 4: Standardized beta coefficients for models assessing the relationship between adipose tissue deposition and aBMD for 562 
females in the UK Biobank imaging study 563 

  Whole Body Lumbar Spine Femoral Neck 
  Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value 
  Total Body Fat Mass (TBFM) 
TBFM  -0.010 (-0.025, 0.004) 0.16 0.017 (0.002, 0.032) 0.03 -0.001 (-0.018, 0.016) 0.87 
Body Mass Index          
     Overweight 0.028 (0.014, 0.043) 0.0002 0.042 (0.019, 0.066) 0.0004 0.025 (0.008, 0.042) 0.005 
     Obese 0.027 (-0.000, 0.054) 0.05 0.031 (-0.012, 0.075) 0.16 0.027 (-0.005, 0.060) 0.10 
Postmenopausal  -0.056 (-0.073, -0.038) < 0.0001 -0.102 (-0.130, -0.075) < 0.0001 -0.047 (-0.067, -0.027) < 0.0001 
Interaction (Menopause Status)          
     TBFM*Postmenopausal 0.021 (0.008, 0.035) 0.002 --- --- --- 0.018 (0.002, 0.034) 0.03 
  Visceral Adipose Tissue (VAT) 
VAT -0.018 (-0.034, -0.003) 0.02 0.004 (-0.020, 0.029) 0.73 0.018 (0.009, 0.026) <0.0001 
Body Mass Index          
     Overweight 0.031 (0.017, 0.045) < 0.0001 0.035 (0.014, 0.057) 0.001 0.023 (0.006, 0.039) 0.006 
     Obese 0.033 (0.010, 0.057) 0.006 0.020 (-0.017, 0.057) 0.30 0.029 (0.001, 0.056) 0.043 
Postmenopausal -0.049 (-0.067, -0.030) < 0.0001 -0.098 (-0.127, -0.069) < 0.0001 -0.050 (-0.070, -0.029) < 0.0001 
Interaction (Menopause Status)          
     VAT*Postmenopausal 0.027 (0.012, 0.043) 0.0005 0.025 (0.000, 0.049) 0.046 --- --- --- 
  Abdominal Subcutaneous Adipose Tissue (ASAT) 
ASAT -0.014 (-0.029, 0.001) 0.06 0.041 (0.017, 0.065) 0.0007 -0.005 (-0.022, 0.012) 0.56 
Body Mass Index          
     Overweight 0.030 (0.015, 0.045) 0.0001 0.029 (0.002, 0.057) 0.04 0.028 (0.011, 0.046) 0.002 
     Obese 0.031 (0.004, 0.058) 0.03 0.032 (-0.013, 0.078) 0.16 0.040 (0.008, 0.072) 0.01 
Postmenopausal -0.055 (-0.073, -0.037) < 0.0001 -0.103 (-0.131, -0.075) < 0.0001 -0.048 (-0.068, -0.027) < 0.0001 
Interaction (Menopause Status)          
     ASAT*Postmenopausal 0.023 (0.009, 0.037) 0.001 --- --- --- 0.018 (0.002, 0.034) 0.03 
Interaction (Body Mass Index)          
     ASAT*Overweight --- --- --- -0.047 (-0.083, -0.012) 0.009 --- --- --- 
     ASAT*Obese --- --- --- -0.036 (-0.069, -0.003) 0.03 --- --- --- 

Notes: All models controlled for age, height, race, total body lean mass, smoking status, hormone use, and moderate to vigorous physical activity. Reference 564 
group is normal weight for body mass index and premenopausal for menopause status. Only statistically significant interactions included in models. 565 
Abbreviations: aBMD areal bone mineral density; ASAT abdominal subcutaneous adipose tissue; CI confidence interval; TBFM total body fat mass; VAT 566 
visceral adipose tissue 567 
 568 
 569 


