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ABSTRACT  
 

The relationship between body composition and bone mineral density in women  

Purpose: The purpose of this study was to investigate the relationships between body 

composition (fat and lean mass), body weight, body mass index (BMI) and bone mineral density 

(BMD) and bone mineral content (BMC) in women across the age span. Methods: 1046 healthy 

Caucasian women (49.9 ± 15.9 years old) were recruited and categorized to four age groups, 

ranging from 18 to 35 years old, 35 years to before the age of menopause, menopause to 65 years 

and over 65 years old.  Each different age group was further categorized according to subjects’ 

body mass index (BMI < 25, BMI = 25-29.9, and BMI ≥ 30).  Measurements included 

anthropometrics, body composition and BMC/BMD by dual-energy x-ray absorptiometry (DXA). 

Results: Subjects in the younger groups were taller, weight less and had greater total body 

BMC/BMD and BMD at spine, femoral neck, and total femur (p<0.05) compared with older 

subjects.  Obese women had higher total lean and fat mass, and the highest BMD/BMC in all 

skeletal sites (p<0.05) among different age groups.  Weight, BMI, total lean, and total fat mass 

were positively correlated with total body BMC/BMD, BMD of all skeletal sites among different 

age groups.  The results from multiple linear regression models revealed that weight was a 

significant predictor of total body BMC/BMD, BMD of all skeletal sites in women of different 

age groups, gonadal status, and different BMI, except overweight women.  Both lean and fat 

mass were important determinants of total body BMC/BMD, BMD at femur and forearm in 

premenopausal women though total lean mass had greater effect than total fat mass.  Total fat 

mass was the only significant predictor of total body BMC/BMD, BMD at other sites in 

postmenopausal women.  Furthermore, total fat mass became more important with the increased 

body weight.  Further analysis of covariance in subjects stratified by body weight and percent 

body fat revealed that high percent body fat seemed to have negative effect on bone mass in total 

body BMC/BMD and BMD at spine, femoral neck and forearm when mechanical loading effect 

of body weight was controlled. Conclusions: These results show that overweight/obese women 

had higher BMD in all skeletal sites than normal-weight women.  Lean mass was an important 

predictor of BMD in premenopausal women and fat mass became more important in 

postmenopausal women.  Higher fat mass however, may not have beneficial effect on bone mass 

when mechanical loading of weight is accounted for.
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CHAPTER 1 
 

INTRODUCTION 

An important public health challenge worldwide is osteoporosis a disorder 

characterized by low bone mass and microarchitectural deterioration of bone tissue.  It 

increases skeletal fragility, fracture susceptibility and is a significant risk factor for 

morbidity and mortality among the elderly (Melton, 2003).  In the United States, 

osteoporosis affects at least 25 million Americans with the highest prevalence in 

postmenopausal women (National Osteoporosis Foundation, 1998).  The prevalence of 

osteoporosis is expected to increase as the population ages (National Osteoporosis 

Foundation, 1998).  The National Osteoporosis Foundation estimates that costs associated 

with this disorder will be on the order of $19 billion in 2005, with $7 billion per year 

related to hip fractures alone ( National Osteoporosis Foundation, 2009).  Caucasian 

women older than 50 have a 40% chance of sustaining an osteoporosis-related fracture 

during the remainder of their lifetime.  Hip fractures are of particular concern because of 

increased risk of mortality within 1 year of the occurrence (Kirk, Spangler, & Celestino, 

2000). 

Researcher tried to find out the relationship between overweight and osteoporosis.  

Obesity, defined as excess body fat accumulated in the body, is another important clinical 

and public health challenge worldwide.  It has been estimated that 1.1 billion adults and 

10% children are overweight or obese (Haslam & James, 2005).  Between 2003-2004 the 

National Health and Nutrition Examination Survey (NHNES) indicated that 

approximately 66.3% adults aged 20 years or older in the US were either overweight or 

obese and that 32.2% adults were obese (Ogden et al., 2006).  Obesity significantly 

increases the rate of diseases, such as type 2 diabetes, cardiovascular disease, stroke, 

some types of cancer, and causes premature death worldwide (Calle & Kaaks, 2004; 

Calle, Rodriguez, Walker-Thurmond, & Thun, 2003; Chan, Rimm, Colditz, Stampfer, & 

Willett, 1994; Hu et al., 2004; Krauss, Winston, Fletcher, & Grundy, 1998; Kurth et al., 

2002; Lee, Manson, Hennekens, & Paffenbarger, 1993; Rexrode et al., 1997).  The 

prevalence of overweight or obesity among women aged 20-74 continuously increased 

from 1980 to 2000 in the NHANES.  The prevalence of overweight females rose from 



2 
 

41-62% and obesity rose from 41-62% from 2000 through 2004 (Ogden et al., 2006).  

Women are more at risk for being overweight or obese, especially as they age.  Therefore, 

as obesity keeps increasing among U.S. women, the prevention and treatment of 

overweight and obesity are crucial to ensure a healthier life for women especially after 

menopause. 

Body mass index (BMI) is a common method used to assess weight status and 

determines the degree of overweight/obesity.  It is calculated by dividing the weight (kg) 

by the square of the height (m2) (National Institute of Health, 1998).  The World Health 

Organization (WHO) recommends using BMI to classify weight status in adults 20 years 

and older: 18.5–24.9 kg/m2 (is considered normal-weight), 25.0–29.9 kg/m2 (overweight), 

30.0–39.9 kg/m2 (obese), and ≥ 40 kg/m2 (extremely obese).  Although calculating one’s 

BMI is the easiest method to determine one’s weight status, it has limitations, including 

the fact that it cannot distinguish between fat and lean mass.  As a result, athletes and 

muscular people might be classified as overweight based on BMI assessment.  Therefore, 

other methods (e.g., dual energy x-ray absorptiometry; DXA) may be more appropriate 

for some populations.  DXA, when available, is the preferred method of assessment since 

it provides more accurate and objective measurement of percent body fat and 

overweight/obesity status. 

For many years, overweight/obesity and osteoporosis were thought to be mutually 

exclusive.  More recently, it has been demonstrated that bone mass is positively 

associated with body weight (Cifuentes et al., 2003; Dawson-Hughes, Shipp, Sadowski, 

& Dallal, 1987).  This positive relationship may not necessarily represent a correlation 

between obesity and bone mass but obesity is characterized as excessive adipose tissue 

rather than higher lean mass.  The question remains whether or not fat mass and/or fat 

free mass, influence bone mass.  Many researchers have focused on the relationship 

between body composition and bone mineral density (BMD)/bone mineral content (BMC) 

among young and postmenopausal women (Ilich-Ernst, Brownbill, Ludemann, & Fu, 

2002).  However, less is known about this relationship in middle-aged women.  Current 

studies have focused on how body weight affects BMD but few studies have investigated 

the influence of a range of body weights (i.e., normal-weight, overweight, and obesity) 
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and body composition (lean and fat masses) on BMD and BMC in women of different 

ages. 

Therefore, to address the gap in the scientific understanding of body weight and 

BMD, the overall purpose of this study was to investigate the relationships between body 

composition (i.e., fat and lean mass), total weight, BMI and bone mineral density and 

bone mineral content in women across the age span. 

Specific Aims 

Specific Aim 1.  To determine the association between weight/BMI and bone mineral 

density/content in women of different ages.   

The influence of BMI or total body weight on bone mass has been documented 

(Cifuentes et al., 2003; Dawson-Hughes et al., 1987).  Total body weight is positively 

associated with whole body (Reid, Plank, & Evans, 1992), spine (Reid, Ames et al., 

1992), and femoral neck BMD (Siris et al., 2001) in premenopausal women.  The 

association between body weight, BMC and BMD was also found in overweight 

perimenopausal -- defined as beginning its transition into menopause, (Brot, Jensen, & 

Sorensen, 1997; Pesonen et al., 2005) and overweight postmenopausal women (Chen, 

Lohman, Stini, Ritenbaugh, & Aickin, 1997; Kirchengast, Peterson, Hauser, & Knogler, 

2001).  Few studies investigated the correlation between BMC/BMD and body weight in 

obese postmenopausal women.   

This aim tested the working hypothesis that there is a positive relationship 

between weight/BMI and BMD/BMC in all measurable skeletal sites, namely, the total 

body, spine, hip and forearm. 

Specific Aim 2.  To determine the relationship between fat and lean mass and 

BMD/BMC in women of different ages.   

Body composition, including lean and fat tissue, is one of the important predictors 

of BMD/BMC although it is not clear which one (lean or fat) has greater influence.  

Some researchers have proposed that total lean mass is a stronger predictor of BMD than 

fat mass (Chen et al., 1997; Li, Wagner, Holm, Lehotsky, & Zinaman, 2004), whereas 

others have proposed that total fat mass is stronger associated with BMD (Coin et al., 

2000; Reid, Ames et al., 1992; Reid, Plank et al., 1992).  Others have shown that both fat 
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and lean mass are equally associated with BMD (Khosla, Atkinson, Riggs, & Melton, 

1996; Lim et al., 2004).   

This aim tested the working hypothesis that lean and fat mass are both positively 

associated with BMD/BMC in all measurable skeletal sites, namely the total body, spine, 

hip, and forearm, but the lean mass has a stronger positive relationship. 

Specific Aim 3.  To determine whether higher fat mass negatively affects BMD/BMC in 

women of different BMI ranges.   

Obesity is characterized by an excessive fat mass contributing to total body 

weight.  Fat mass increases with age, especially after menopause.  It is still unknown 

whether the effect of weight on BMC and BMD will still remain when fat mass reaches a 

certain percentage of the weight.  Some evidence suggests that obesity may increase the 

risk of osteoporosis as well (Hsu et al., 2006). 

This aim tested the working hypothesis that there is no negative effect of fat mass 

on BMD/BMC in normal-weight women while there is negative effect of fat mass on 

BMD/BMC in overweight and obese women. 

Definitions 

Menopause: the permanent cessation of reproductive fertility occurring some time before 

the end of the natural lifespan. 

Bone mineral content (BMC): the amount of mineral measured in a defined section of 

bone, expressed as gram. 

Bone mineral density (BMD): a measure of the amount of bone mineral behind the 

shadow cast by the bony structure, divided by the area of that shadow and is expressed as 

bone mineral per unit area (BMC/area). 

Fat mass: the amount of fat in the body. 

Lean mass: the weight of the body, less the weight of its fat 

Assumptions 

The following assumptions are included: 

1. All subjects truthfully reported their age, menopause status, health conditions and 

supplements intake. 

2. All laboratory equipment (scale, stadiometer, DXA) and measurement techniques 

yielded accurate measurements throughout the entire study period. 



5 
 

Delimitations 

The following delimitations are applied to this study: 

1. The subjects were limited to Caucasian women 18-88 years of age that were recruited 

from Tallahassee, Florida; Storrs, Connecticut; and the surrounding communities in these 

locales, as well as several municipalities in Croatia. 

2. Subjects were excluded for any of the following conditions: pregnancy, uncontrolled 

hypertension, heart disease, diabetes, thyroid disease, cancer, liver and kidney disease, if 

taking hormone replacement therapy or medications that affect bone metabolism, and 

calcium and vitamin D supplementation.  

3.  If subjects were willing to stop hormone replacement therapy, calcium or vitamin D 

supplementation for 3 months, they were recruited after that period. 

4. Subjects’ weight could not be over the limitation of Lunar iDXA (181.6 kg) and the 

whole body had to fit within the scanning area. 

Significance 

The significance of this study is that it provides information about the relationship 

between body weight, body composition and BMD/BMC in women across different ages 

and BMI, as opposed to merely in premenopausal or overweight postmenopausal women.  

Large numbers of data from participants were utilized that enables the assessment of 

epidemiological proportions.  Different populations of Caucasian women were collected 

which makes the data applicable for general population.  In addition, it elucidated the 

effect of higher body fat on bone mass.  Body weight is composed of bone, lean and fat 

mass.  Many studies have suggested that lean mass may be beneficial to BMD in young 

adults, and the fat mass is important for maintaining BMD in postmenopausal women.  

However, conflicting results show that lean mass is important for postmenopausal women 

and fat mass is the major contributor to bone mass in premenopausal women.  These 

conflicting results require further investigation, which this proposed study explored: 

Whether higher weight/BMI is beneficial to increase BMD for women regardless of 

different ages?  Does lean mass contribute equally to BMD as does fat mass for women 

of a wide age range?  Is higher percent fat mass beneficial to bone mass in women of 

different BMI? 
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CHAPTER 2 
 

REVIEW OF LITERATURE 

Osteoporosis 

Osteoporosis is a condition characterized by low bone mass and structural 

deterioration of bone tissue, resulting in bone fragility and an increased susceptibility to 

fractures, especially of the hip, spine and wrist.  One of the main causes of bedridden 

conditions of the elderly is fracture due to osteoporosis.  Osteoporosis is typically 

diagnosed in the individual when the T-score is 2.5 or more standard deviations below 

normal (T-score = -2.5 or less) (Kanis, Melton, Christiansen, Johnston, & Khaltaev, 

1994).  Osteoporosis has become a major public health problem in the U.S. according to 

the National Osteoporosis Foundation (National Osteoporosis Foundation, 2009).  The 

percentage of women with osteoporosis increases significantly with age from 13% in 

their 50s to 67% in their 80s (Looker et al., 1997).  In generally with every 10% decline 

in bone mass, the fracture risk doubles (Cummings et al., 1993). 

 In order to prevent osteoporosis, it is necessary to recognize the risks.  Age is one 

of the major risk factors and bone density dramatically drops in women after menopause.  

Other risks include gender, race and ethnicity, family history of fragility fracture, low 

body weight/frame size, lack of exercise, as well as inadequate vitamin D and calcium 

intake (Javaid & Holt, 2008).  Certain risk factors cannot be changed; some, however, 

can be reduced with diet, exercise and altering life style.  This project focused on the 

association between body weight, including lean and fat tissue and bone mass.  

Normal-weight and BMD 

The relationship between body weight and/or BMI with bone mass has been 

documented earlier (Cifuentes et al., 2003; Dawson-Hughes et al., 1987), but a few 

studies have directly investigated the influence of normal body weight on BMD/BMC.  

Rico et al. (Rico et al., 2002) found that those who were overweight or obese had a higher 

total body BMC compared to underweight or normal-weight women regardless of 

gonadal status with regard to premenopause or postmenopause.  This suggested that 

weight is a more important determinant of bone mass than gonadal status.  For women, 

the decreasing estrogen concentration after menopause is the major cause of the decline 

in BMD.  Recently, Cifuentes et al. (Cifuentes et al., 2003) have shown that 
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postmenopausal women, not on hormone replacement therapy and having a normal-

weight had a lower total body BMC than overweight or obese women.  Based on many 

studies in older women, greater BMI is associated with higher BMD (Bauer et al., 1993; 

Felson, Zhang, Hannan, & Anderson, 1993; Glauber, Vollmer, Nevitt, Ensrud, & Orwoll, 

1995; Holbrook & Barrett-Connor, 1993; Kameda et al., 1997), so it is possible that the 

weight gain in older women may reduce the prevalence of osteoporosis. 

Furthermore, the influence of total body weight on bone mass is greater at weight-

bearing sites such as spine and femurs.  Stratifying postmenopausal women by weight 

(115% or more above ideal body weight) has shown that heavier women have a 

significantly higher BMC in the spine, hip and radius compared to normal-weight women 

(Dawson-Hughes et al., 1987).  In a study of age-matched obese perimenopausal, 

postmenopausal and normal-weight women, the obese postmenopausal women had 

significantly greater vertebral BMD than normal-weight women (Ribot et al., 1987).  It 

must be noted that for this study, obese was defined as having a body weight greater than 

10% over normal-weight.  These studies support the notion that BMD and BMC, 

especially at weight-bearing sites, are higher in heavier women regardless of gonadal 

status.  

Total body weight is also positively associated with whole body (Reid, Plank et 

al., 1992), spine (Reid, Ames et al., 1992), and femoral neck BMD (Siris et al., 2001) in 

premenopausal women suggesting that having a greater body weight protects against 

bone loss.  Losing body weight may result in bone loss and this may increase the 

incidence of osteoporosis and risk of fractures (Guney et al., 2003; Radak, 2004; 

Wardlaw, 1996).  Thus the correlation between body weight and BMD may be even 

stronger than the correlation between age and BMD (Slemenda et al., 1990).  To date, 

few longitudinal studies have addressed the effect of weight on the rate of bone loss in 

women (Brot et al., 1997; Harris, Dallal, & Dawson-Hughes, 1992; Ravn et al., 1999; 

Tremollieres, Pouilles, & Ribot, 1993).  Harris et al.(Harris et al., 1992) carried out a 

prospective study to assess the influence of body weight on rates of change in BMD in 

healthy postmenopausal women.  They found that women above 106% of ideal body 

weight had significantly higher BMD in the spine, femoral neck and radius compared to 

normal-weight women.  Although the adjusted mean annual percent loss in BMD and 
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BMC tend to be lower in heavier women, these changes in BMD and BMC were not 

significant.  The absence of significance may be attributed to the fact that the subjects 

were not heavy enough for the bone loss to become significantly less than in normal-

weight women during the two years follow-up period. 

Similar results were reported by Tremollieres et al. (Tremollieres et al., 1993) 

who assessed the rate of vertebral bone loss in overweight and normal-weight women.  

These authors found that women with normal-weight had a significantly lower vertebral 

BMD at the baseline and an appreciably higher annual rate of vertebral loss for the same 

follow-up period of time than overweight women.  Moreover, baseline urinary calcium 

excretion was higher in normal-weight women.  These results suggest that an increased 

body weight may have a protective effect and prevent bone resorption.  The data from 

Tremollieres et al. also showed that baseline BMD was positively correlated with both 

body weight and BMI.  A significant positive correlation was found between the annual 

rate of vertebral bone loss and BMI, but not body weight.  These results were in 

agreement with Ravn et al.’s (Ravn et al., 1999) findings that women in the lowest tertiles 

of BMI (16-<23) had up to 12% lower baseline spine and hip BMD as compared to those 

in the highest tertiles (BMI 27-<40).  In addition, women with lowest BMI tertiles had 

approximately a 2-fold greater bone loss at the spine and hip than those with highest BMI 

tertiles after 2 years follow-up.  In addition, women in the lower BMI range had a higher 

baseline level of urinary calcium.  Low bone mass, higher baseline bone turnover and 

greater bone loss, increases the risk of subsequent development of postmenopausal 

osteoporosis.  Both Ravn and Tremollieres et al.’s studies found that relationship between 

BMI and BMD was independent of age and years since menopause, which suggests the 

importance of body weight on BMD.  Tremollieres et al. (Tremollieres et al., 1993) 

suggested that the protective effect of weight on bone is likely to be related to excess 

adipose tissue.  However, given that Tremollieres et al. and Ravn et al. did not measure 

the body composition, the basis for their conclusion is unclear.  

Lean and Fat Tissue and BMD in Normal-weight Women 

Body composition, including lean and fat tissue, is one of the important predictors 

of BMD although the relative effect of body composition on BMD is still equivocal.  

Some researchers have proposed that total lean mass is a stronger predictor of BMD, 
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(Chen et al., 1997; Li et al., 2004) whereas others have proposed that total fat mass is 

related to BMD (Coin et al., 2000; Reid, Ames et al., 1992; Reid, Plank et al., 1992).  

Others have shown that fat mass and total lean mass are equally associated with BMD 

(Khosla et al., 1996; Lim et al., 2004).  These discrepancies may be explained by the 

different populations studied, instrumentation methods, skeletal sites evaluated, body 

composition measurements and the subjects’ body weight.  

To date, few studies have investigated the effect of body composition on BMD in 

normal-weight women.  In a recent study, Gnudi et al. (Gnudi, Sitta, & Fiumi, 2007) 

demonstrated that both total fat and lean mass in normal-weight postmenopausal women 

were positively correlated with total BMC and BMD.  Total lean mass had a higher 

coefficient of correlation with BMD than total fat mass.  Ilich-Ernst et al. (Ilich-Ernst et 

al., 2002) also found that lean mass was a significant predictor in total body BMD, all 

region of hip, and lumbar spine in slightly overweight perimenopausal women.  Douchi 

et al. (Douchi et al., 2000) showed that total fat mass and total lean mass were both 

significantly related to lumbar spine BMD in normal-weight premenopausal and 

postmenopausal women.  In a multiple regression, total fat mass and total lean mass were 

both important determinants of BMD in postmenopausal women, but only total lean mass 

was an important determinant in premenopausal women.  However, no significant 

difference in total fat mass was observed between premenopausal and postmenopausal 

women.  In a earlier study, the authors not only found that lean mass was the most 

significant determinant of lumbar BMD but also of total body BMD (Douchi et al., 1997).  

Several investigators have agreed that lean mass is a better predictor of BMD than fat 

mass in normal-weight premenopausal women (Winters & Snow, 2000).  In addition, a 

study by Winter et al.(Winters & Snow, 2000) reported that lean mass was a robust 

predictor for total body, femoral neck, and total hip BMD in premenopausal women.  

Nichols et al. (Nichols, Sanborn, Bonnick, Gench, & DiMarco, 1995) demonstrated that 

regional lean mass was a main determinant of BMD at that site.  The greater the amount 

of lean mass in premenopausal women, the greater the BMD (Sowers, Kshirsagar, 

Crutchfield, & Updike, 1992).  In a 12-year longitudinal study, researchers found that a 

change in lean mass over the 12-year follow-up period, but not a change in fat mass was a 

significant determinant of proximal femur BMD in normal-weight premenopausal 
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women.  This evidence suggests that total lean mass or site-specific lean mass has a 

significant effect on total BMD or site-specific BMD in normal-weight premenopausal 

women.  It also indicates that maintaining lean mass during the premenopausal years is 

critical to maintaining bone mass in later life. 

The question that requires attention is why the total fat mass is a more prominent 

determinant for BMD in postmenopausal women than in premenopausal women (Reid, 

Ames et al., 1992; Reid, Evans, & Ames, 1994).  It is suggested that as body composition 

changes with age this will influence BMD.  Reid et al. (Reid, Ames et al., 1992) 

completed a series of studies in normal-weight postmenopausal women to determine if fat 

mass and lean mass are related to bone density.  The correlation between fat mass and 

bone density (whole skeleton; 0.34 < r < 0.55), was greater than the correlation between 

lean mass and bone density (0.18 < r < 0.20).  However, when both were considered as 

independent variables in a multiple regression analysis, only fat mass was significantly 

related to BMD.  They suggested that the association between lean mass and bone density 

relied on the interdependence of fat mass and lean mass.  They further investigated this 

relationship by measuring posteranterior and lateral spine scans and total body bone 

density and found that the correlation between bone density and fat mass decreased but 

remained significant, whereas, no correlation between lean mass and bone density existed 

(Reid, Evans et al., 1994).  They suggested that the relationship between bone mass and 

lean mass depends on the mutual dependence of lean and fat mass on skeletal size.  

Moreover, they conducted a two-year prospective study investigating the relationship 

between bone density and body composition.  They found that both baseline fat mass and 

changes in fat mass during the follow-up period reflected the changes in bone density 

(Reid, Ames, Evans, Sharpe, & Gamble, 1994).  Interestingly, baseline lean mass had no 

significant effect, although the femoral trochanter BMD was positively related to the 

change of lean mass during the follow-up period.  Pluijim et al. (Pluijm et al., 2001) 

assessed the effect of lean mass and fat mass on BMD in postmenopausal women.  This 

study also showed that fat mass had a significant effect on bone density in older women 

although BMI was not measured.  These results suggest that lean mass is associated with 

bone density during growth and development, but fat mass becomes a more powerful 

determinant of bone density in older women.  Although a broad literature search revealed 
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somewhat conflicting findings, two observations must be noted: a) lean mass may be a 

more reliable predictor of BMD in normal-weight pre-menopausal women; b) fat mass 

may be a better predictor of BMD in normal-weight post-menopausal women. 

Overweight and BMD 

The association between body weight, BMC and BMD was also found in 

overweight perimenopausal (Brot et al., 1997; Pesonen et al., 2005) and overweight 

postmenopausal women (Chen et al., 1997; Kirchengast et al., 2001).  Looker et al. 

(Looker, Flegal, & Melton, 2007) reported significantly higher mean femoral neck BMD 

in overweight older women than in normal-weight older women although the increased 

weight did not result in a lower prevalence of osteoporosis in older women in the 

NHANES III (1988-1994).  Glauber et al. (Glauber et al., 1995) measured bone density at 

different skeletal sites in 6705 overweight (based on BMI) postmenopausal women over a 

2-year period.  They found that weight was a major determinant of BMD of all skeletal 

sites but especially at weight-bearing sites, such as the proximal femur and os calcis.  

BMI was also correlated with bone density at all skeletal sites; however, BMI was a less 

effective predictor than weight alone.  Kin et al. (Kin, Kushida, Yamazaki, Okamoto, & 

Inoue, 1991) suggest that  the protective effect of a higher body weight on vertebral bone 

mass is only significant after age 40-49.  There is abrupt bone loss after menopause and 

women with a BMI greater than 25 kg/m2 had a higher vertebral BMD than thin and 

normal-weight women at that time. 

Body Composition and BMD in Overweight Women: Cross-sectional Studies 

Elderly women exhibit a decrease in lean mass and an increase in fat mass.  This 

may have important implications in bone health (Mazariegos et al., 1994).  Although 

many researchers have tried to elucidate the importance of fat mass and lean mass with 

regard to BMD in overweight pre- and postmenopausal women, the relationship between 

body composition and BMD in premenopausal women is not well characterized 

(MacInnis et al., 2003).  In a cross-sectional 30-65 year-old co-twin study, lean mass was 

related to BMD of all skeletal sites except for the forearm in overweight premenopausal 

women (MacInnis et al., 2003).  Wang et al. (Wang et al., 2005) investigated how fat 

mass and lean mass are related to bone mass of the spine, femoral neck and total body in 

an ethnically diverse group of 921 young women, aged 20-25 years.  Both fat mass and 
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lean mass were positively correlated with bone density in multiple linear regression 

analysis when analyzed in separated models.  When both were analyzed in the same 

model, a positive association with bone density was still evident.  However, lean mass 

had a significantly stronger effect than fat mass for all bone density measurements except 

spine.  So far it is difficult to determine whether lean mass or fat mass has stronger 

influence on BMD from these studies.  More studies are required to investigate the 

important relationship between body composition and BMD in overweight 

premenopausal women. 

Perimenopause, beginning a few years before actual menopause, is considered a 

separate part of the menopause process (Laskey, 1996).  The perimenopausal transition 

has also been associated with a decrease in lean body mass, an increase in fat mass and an 

increase in total body weight (Svendsen, Hassager, & Christiansen, 1995).  Again, few 

studies have investigated the relationship between body composition, higher body weight 

and BMD in perimenopausal women (Li et al., 2004; Salamone et al., 1995).  Li et al. (Li 

et al., 2004) showed that lean mass was a better determinant of total proximal femur and 

femoral neck BMD in overweight perimenopausal women.  These results confirm 

Salamone et al.’s (Salamone et al., 1995) findings that lean mass is the critical predictor 

of total body and spine BMD.  These studies support the perception that the effect of 

body composition on BMD is primarily mediated through the mechanical pull of lean 

mass on the skeleton.  Fat mass was not an indicator for any bone density measurement, 

suggesting that the contribution to bone was minimal in perimenopausal women.  This 

suggests that ovarian estrogen is the dominant form in perimenopausal women and the 

effect of fat mass on BMD may be masked by ovarian estrogen (Douchi et al., 2000). 

 The influence of lean mass on BMD is also found in overweight postmenopausal 

women (Zhao et al., 2007).  Ilich and Brownbill (Ilich & Brownbill, 2008) showed that 

baseline lean mass had the predominant effect on total body, femoral neck, total femur, 

and spine BMD and BMC as well as radius BMC in slightly overweight postmenopausal 

women and the contribution of fat mass was significant only for total body and femoral 

neck BMD/BMC as well as total femur BMC.  Recently, Zhao et al. (Zhao et al., 2007) 

reevaluated the data and controlled for mechanical loading of body weight and found that 

fat mass was negatively related to weight-adjusted BMD, suggesting that a higher fat 
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mass may not increase BMD.  However, this study showed that lean mass is the major 

contributor to BMD in overweight postmenopausal women.  Similar results were reported 

by Bedogni et al. (Bedogni et al., 2002) who found that when BMC was assessed, lean 

mass was a better determinant than fat mass in postmenopausal women, although with 

progressive adjustment for age, weight and height, the impact of lean mass BMC 

declined.  MacInnis et al. (MacInnis et al., 2003) also showed that lean mass was related 

to BMD of all skeletal sites except hip BMD and fat mass were related to hip BMD and 

total body BMC in the overweight postmenopausal women.  Kirchengast et al. 

(Kirchengast et al., 2001) found that lean and fat mass correlated with BMD even after 

BMD was adjusted for height in overweight women.  In multiple regression analysis, fat 

and lean mass were both significantly related to the femoral BMD although lean mass 

explained 12% more of the variance of BMD.  However, Taaffe et al. (Taaffe, Villa, 

Holloway, & Marcus, 2000) examined the relationship between body composition and 

BMD at different skeletal sites, as well as the whole body in healthy Mexican-American 

postmenopausal women having a BMI greater than 25 kg/m2.  In multiple regression 

analysis, lean mass was the more important determinant of BMD at lumbar spine and 

femoral trochanter, as well as whole body although this effect disappeared when BMD 

was adjusted for height and bone size.  If height and bone size were excluded, these 

studies would have had similar outcomes, suggesting that lean mass is the dominant 

contributor to BMC and BMD in overweight postmenopausal women. 

Body Composition and BMD in Overweight Women: Longitudinal Studies 

Many cross-sectional studies have investigated the determinants of bone mass, 

while few prospective studies examined the factors that influence bone mass in women.  

Young et al.’s (Young et al., 2001) measured areal BMD during linear and post-linear 

growth of 286 female twins aged 8 to 25 years.  They found changes in BMD were 

strongly associated with changes in lean mass during linear growth whereas changes in 

fat mass became a stronger predictor of bone density during post-linear growth.  In 

another prospective study, Chen et al. (Chen et al., 1997) found that baseline BMD and 

BMC in total body and at different sites were significantly related to baseline lean mass.  

BMD and BMC were related to baseline fat mass only at femoral neck and trochanter.  

When entering both fat mass and lean mass as independent variables into univariate and 
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multiple regressions, baseline lean mass was a significant predictor of BMC and BMD of 

all skeletal sites.  Baseline fat mass was a significant predictor in total and femoral 

trochanter BMD and BMC.  This suggested that lean mass was a better predictor of total 

BMD and BMC compared to fat mass.  However, the change in BMD and BMC were not 

significantly correlated with baseline fat mass and lean mass.  After adjustment for initial 

bone mineral values, changes in total and regional BMD were related to the change in fat 

mass but not lean mass.  They proposed that initial BMD and changes in BMD may be 

influenced by different components of body composition and indicated that different 

mechanism may affect BMD in different skeletal sites.  Similar results were also shown 

in some studies indicating that fat mass may be associated with BMD at regional sites in 

normal-weight postmenopausal women.  Wu et al. (Wu et al., 2002) found that baseline 

and 10-year follow-up fat mass was significantly correlated with 10 years follow-up 

BMD at different sites.  The changes in lean and fat mass were positively correlated with 

follow-up BMD at total body, spine and trochanter.  The changes in BMD at multiple 

sites were correlated with fat mass.  However, lean mass was not related to the rates of 

BMD changes at any site.  In multiple regressions, only fat mass was a positive predictor 

of total body, lumbar spine and trochanter.  However, the lean mass was negative 

predictor of total body, lumbar spine and trochanter.  The discrepancy may be due to that 

initial BMD and changes in BMD may be influenced by different components of body 

composition and different mechanisms may affect BMD in different skeletal sites. 

Taken together, these studies indicate that lean mass may be the main determinant 

of total body and regional BMD in overweight perimenopausal and postmenopausal 

women.  As changes in total and regional BMD were related to fat mass; fat mass may be 

a better predictor of hip BMD. 

Obesity and BMD 

The contribution of body composition to BMD provides mixed results in normal-

weight and overweight women with different menopausal status.  One potential problem 

that has drawn some attention is the correlation between obesity and BMD.  Obesity is 

defined as excessive fat mass rather than total body weight.  Normal-weight women have 

an average fat mass of 25%; the majority of the remaining weight is lean mass (Jensen, 
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Kollerup, Quaade, & Sorensen, 2001).  Fat mass increases with age, especially after 

menopause. 

Few studies have been carried out to investigate the correlation between BMC or 

BMD and body weight or obesity in postmenopausal women.  A positive association has 

been shown between body weight and BMD in obese postmenopausal women (Ribot et 

al., 1987).  Albala et al. (Albala et al., 1996) determined that the mean BMD at femoral 

sites and lumbar spine were significantly higher in obese women than non-obese women.  

This agrees with Looker et al. (Looker et al., 2007) who showed that a lower risk of 

osteopenia in femoral neck and lumbar spine was observed in obese women compared to 

non-obese women.  In a cross-sectional study, Ribot et al. (Ribot et al., 1987) supports 

these findings and concluded that the protective role of obesity on bone mass was 

particularly evident in obese postmenopausal women.  To date, no data, however, study 

on the relationship between body composition in obese postmenopausal women and 

BMD.  More studies are needed to investigate the correlation between body composition 

and BMD. 

The Negative Effect of Obesity on BMD 

It is commonly agreed that obesity is protecting women from osteoporosis (Ribot 

et al., 1987); however, some studies have disagreed with that assumption (Nunez et al., 

2007).  In a recent large Chinese cohort of different aged women, they found the risk of 

osteoporosis, osteopenia, and non-spine fractures were significantly higher for 

individuals with higher percentage body fat (Hsu et al., 2006).  This conflicting result 

suggests a complex relationship existed between fat and bone mass, which is likely to 

depend on the participant’s age, sex and ethnicity.  The first study to investigate the effect 

of race compared postmenopausal women from Hispanic and African Americans 

communities and found that African Americans have significantly higher T-score and 

BMD compared to Hispanic women although BMI did not significantly differ (Castro et 

al., 2005).  They also found that an increased BMI was associated with slightly lower 

odds of having a low BMD.  However, when race was entered as an independent variable 

to examine its effect on BMD; as BMI increased so did the risk of having a low BMD in 

African Americans.  This result was different from the National Osteoporosis Risk 

Assessment (NORA) study that found no such relation between BMI and BMD in 
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African Americans (Siris et al., 2001).  However, the majority of the subjects were 

Caucasian (89.7%) and African American women only accounted for 3.9% of the study 

population.  In addition, the NORA study used a range of BMI’s unlike Castro et al.’s 

study that only utilized obese subjects.  So far it is unclear why the protective effect of 

obesity does not apply to African Americans. 

When body weight reaches a certain level, the positive effect of body weight on 

BMC and BMD does not exist.  Rico et al. (Rico et al., 2002) compared the total and 

regional BMC at different sites (legs, arms, trunk) of postmenopausal obese women 

grouped by different BMI and reported a significant relationship between BMI and BMC.  

In this study, obese and overweight women had a significantly higher BMC in legs and 

trunks compared to normal-weight and thin women.  However, the only significant 

difference in BMC between overweight and obese women was at the arm.  Cifuentes et al. 

(Cifuentes et al., 2003) found a significantly lower total BMC in normal-weight non-

estrogen taking women compared to overweight and obese non-estrogen taking women.  

In addition, no difference was found in total BMC between the non-estrogen taking 

overweight and obese women.  BMI had no effect on total BMC in women taking 

estrogen.  This suggests that estrogen and body weight may have the same effect on BMC 

in postmenopausal women.  These results were in agreement with Harries et al.’s (Harris 

et al., 1992) findings;  a weight increases of 106% above ideal body weight (IBW) may 

protect against loss of BMD and BMC at the lumbar spine.  While this figure was 

estimated from one study, the range of values is likely to fall between 89% and 110% of 

IBW.  These results suggest that no added effect of body weight on BMD and BMC at 

total body and spine was found after a threshold level. 

In contrast to these findings, Tarquini et al. (Tarquini et al., 1997) found no 

difference was found in  proximal and ultra-distal BMD between obese and normal-

weight postmenopausal women.  When they separated women with abdominal obesity 

from those with peripheral obesity by waist-hip ratio over 0.85, they observed that 

abdominal obese women had higher proximal and ultra-distal BMD compared to 

peripheral obese and normal-weight women.  Presently, the positive relationship between 

body weight and BMD is believed to be due to an increase in mechanical loading and 

adipose tissue derived hormones.  As mechanical loading may not be contributing to the 
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protective effect, this suggests that the hormonal effect of adipose tissue may have the 

greater impact on BMD.  Excess body weight may not be beneficial at weight-bearing 

sites but it may be beneficial to non-weight bearing sites, such as the forearm. 

Mechanism of the Effect of Lean Mass on BMD 

It is proposed that an increase in BMD concomitant with an increase in body 

weight is due to skeletal adaptations resulting from an increased mechanical load 

(Edelstein & Barrett-Connor, 1993).  The bulk of muscles and non-fat soft tissues 

contribute to the mechanical loading carried by the skeleton, and this will also tend to 

lead to a positive relationship.  Muscles exert their actions through interactions with 

bones and both have been shown to exhibit hypertrophy with exercise.  It is well known 

that resistance training increases bone density, particularly at sites affected by mechanical 

loading.  The classic example is the increased bone density at the dominant arm in tennis 

players (Huddleston, Rockwell, Kulund, & Harrison, 1980).  Many studies have shown 

that moderate intensity weight-bearing exercise significantly increases BMD at vertebral 

(von Stengel, Kemmler, Kalender, Engelke, & Lauber, 2007), femoral (Engelke et al., 

2006), radial (Liu-Ambrose, Khan, Eng, Heinonen, & McKay, 2004) and whole skeleton 

(T. Lohman et al., 1995).  It is true that increase of bone mass in overweight individuals 

occur in weight-bearing bones (Tremollieres et al., 1993) and the increase of bone mass 

in peripheral skeletal sites is less noticeable (Aloia, McGowan, Vaswani, Ross, & Cohn, 

1991).  However, this phenomenon cannot be explained by mechanical effect alone.  

Genetic factors also play a role in the regulation of body composition and bone mass, 

thus, there may be a link between them.  Moreover, physical size also affects both lean 

and bone mass, e.g. taller people with longer legs require larger muscles resulting in a 

higher bone mass. 

Mechanism of the Effect of Fat Mass on BMD 

Fat mass also contributes to skeletal load, so the mechanical effect of fat mass 

may be responsible for some of the observed increase in bone mass.  It is suggested that 

in addition to the mechanical effect of fat mass, genetic factors may be involved, because 

both fat mass and bone density may be genetically determined (Nguyen, Howard, Kelly, 

& Eisman, 1998).  A further possible mechanism between bone and fat tissue is 

hormones.  A number of hormones from parathyroid gland (parathyroid hormone), 
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pancreatic beta-cell (i.e., Insulin, amylin, and preptin), and from adipocytes (i.e. estrogen, 

resistin, leptin, adiponectin, and interleukin-6 (IL-6) were implicated in the bone and fat 

tissue relationship.  The most accepted mechanism explaining how fat mass affects BMD 

is by the increased peripheral estrogen levels derived from extraglandular aromatization 

of androgen in adipose tissue and the increased weight-bearing effect of fat mass on 

BMD in postmenopausal women (Douchi et al., 2000).  Postmenopausal bone loss rate 

varies according to the individual and may be modulated by genetic and nutritional 

factors as well as exercise status.  Low estrogen activates osteoclasts via an increase in 

the levels of certain cytokines (i.e., interleukin-1 (IL-1), IL-6, and TNF-).  Estrange, the 

most abundant circulating estrogen in postmenopausal women, is greater in obese women 

compared to thin women (Szymczak, Milewicz, Thijssen, Blankenstein, & Daroszewski, 

1998).  This may explain the decrease in bone resorption and the consequent higher bone 

mass found in overweight postmenopausal women.  Finally, obesity has been related to 

insulin resistance.  High plasma insulin concentration may result in androgen and 

estrogen overproduction in the ovaries and reduced production of sex hormone binding 

globulin (SHBG) by the liver.  These changes may result in elevated sex hormone levels 

that lead to increased bone mass due to reduced osteoclast activity and possibly increased 

osteoblast activity (Reid, 2002).  Hla et al. (Hla et al., 1996) suggest that both fat and lean 

mass have independent influences on bone mass and their relative influence may vary by 

bone site depending on trabecular content, type of physical activity and amount of muscle 

at the site. 

Limitation of DXA Measurement for Measurement of Body Composition 

The dual-energy X-ray absorptiometry (DXA) was introduced in the early 1990s 

(Pietrobelli, Formica, Wang, & Heymsfield, 1996) and since then became one of the most 

widespread methods of measuring body composition and BMD in human subjects.  The 

popularity of DXA can be partly attributed to its short scan time, low radiation exposure, 

high resolution image, good precision and relative stability of measurements over time 

(Blake & Fogelman, 1997).  Therefore, DXA is widely used to diagnose osteoporosis and 

assist in devising treatment plans.  New generation DXA machines have improved 

capabilities and can measure body composition and BMD with higher precision.  At 

present, there are three manufacturers that provide these latest DXA machines: Hologic 
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Inc. (Waltham, MA, USA), GE Medical Systems, former Lunar Corp (Madison, WI, 

USA), and Orthometrix, Inc., Former Norland (Fort Atkinson, WI, USA).  Studies 

showed that old DXA machines overestimated fat mass and underestimated lean mass 

compared with multicompartmental model in healthy (Hendel, Gotfredsen, Andersen, 

Hojgaard, & Hilsted, 1996) and ill subjects (Tothill, Han, Avenell, McNeill, & Reid, 

1996).  Norland DXA overestimated the percentage fat mass by up to 11.4% (Houtkooper, 

Going, Sproul, Blew, & Lohman, 2000) and Hologic overestimated fat for about 5.7% 

(Kerr et al., 2007).  Lunar DXA machines, however, gave an accurate percentage fat 

mass in healthy young adults (Snead, Birge, & Kohrt, 1993).  Other studies showed that 

DXA overestimated the percentage fat mass by 5.3% in postpartum women but 

underestimated it by 0.5% in obese women compared with potassium-40 counting (Evans 

et al., 1999; Tothill et al., 1996).  In weight reduction studies, Hologic DXA also 

overestimated the decrease in fat mass that was attributed to changes in lean mass in 27 

obese women undergoing a 16-week intervention study (Saland, Goode, Haas, Romano, 

& Seikaly, 2001).  Typically, differences of 10% in fat mass, 6% in lean mass (Kistorp & 

Svendsen, 1997) and 2.6-6.3% in percentage body fat  (Tothill, Avenell, & Reid, 1994) 

are reported in DXA.  Overall, DXA is still one of the most sensitive devices in detecting 

small changes of body composition because the precision of a particular DXA machine 

for measurement of total body composition has generally good coefficients of variation 

(CV%) of about 2-3% for total body fat mass (Mattsson & Thomas, 2006), and total body 

lean soft tissue 1-2% (Economos et al., 1997). 

When DXA is used for the measurement of lean mass, the precision depends on a 

constant hydration and electrolyte content of lean mass.  However, that may not be true 

for all ages or in some disease states (S. Jebb & Elia, 1995).  Changes of hydration of 

lean mass occur in different physiological states, age and races (Pietrobelli, Wang, 

Formica, & Heymsfield, 2000).  Although lean mass hydration levels from 68.2% to 

78.2% do not significantly change the total percentage fat measured, severe over-

hydration, such as ascities or edema, may affect the percentage fat measurement (T. G. 

Lohman, Harris, Teixeira, & Weiss, 2000).  It is estimated that a 5% alteration in the 

hydration of lean mass will affect the DXA measurement of fat by 1% to 2.5% (Tataranni 

& Ravussin, 1995). 
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In previous generation DXA machines, the scanner area was restricted, 

prohibiting accurate measurements of bones and body composition in overweight/obese 

subjects.  Despite that, many studies were performed reporting body composition in 

overweight/obese individuals.  See debate by Brownbill and Ilich’s study (Brownbill & 

Ilich, 2005).  Hendel et al. (Hendel et al., 1996) found that this space issue resulted in 

underestimation of body weight by more than 3 kg compared to a high-precision scale.  

In order to counteract this, many studies only performed a half-body scan (Westmacott et 

al., 1998) or positioned the subjects with their arms behind their heads (T.  Lohman, 

1996).  These limitations also greatly affected studies involving overweight or obese 

individuals.  The latest DXA machines from GE Medical System (iDXA) have a wider 

platform and greater weight limit so it is possible to scan heavier individuals and 

determine the whole body and regional body composition in a more accurate way.  

Difficulties in interpretation of results are another drawback for DXA-based 

studies.  Saland et al. (Saland et al., 2001) reported that the variability in age-adjusted 

standard-deviation scores (z-scores) for bone density depends on which normative 

reference data are used for comparison.  This is especially evident in pediatric cohort 

studies where a relatively small amount of studies provide gender- or race-specific 

standards.  Furthermore, when the BMD of short patients is compared with controls 

matched by height instead of age, the prevalence of abnormal results decreased 

dramatically.  The use of different software modes (standard vs. extended) also affects 

the BMD measurement.  The studies monitoring individuals experiencing weight loss 

presents another problem.  Tothill et al. (Tothill, Laskey, Orphanidou, & van Wijk, 1999) 

re-analyzed published results and found that weight reduction results in considerable 

BMD anomalies in all three brands of DXA machines, with the most serious ones 

happening in Hologic.  The inaccuracies were attributed to the use of different software 

modes and the different assumptions regarding fat distribution. 

Another key point is that DXA measures areal rather than volumetric BMD.  

DXA provides an estimate of BMC expressed as grams per anatomical region.  The BMD 

that is calculated by dividing the BMC (g) by the projected area of the bone (cm2) is not a 

measure of volumetric density due to the lack of a depth measurement.  Bones with larger 

width and height have a tendency to be thicker.  Since DXA cannot estimate the thickness 
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of bone, the BMD inherently underestimates the bone density of short people.  Children 

with smaller bones will appear to have a mineralization disorder.  Many models have 

been proposed to estimate volumetric density by manipulating current models or 

adjustments for height (Laskey, 1996). 

Validation of DXA Measurements 

The precision of DXA analysis for assessing body composition has shown high 

repeatability within-subject measurements.  In full-sized clinical instruments, the 

measurement of body composition in humans can be performed with CVs ranging from 

0.6 to 1.6 for lean mass, and from 2.0 to 6.9 for percentage body fat.  To evaluate the 

accuracy of DXA for determining body composition in humans, investigators have 

compared the results to chemical analysis.  Researchers found good precision and high 

levels of agreement between body composition from DXA and chemical analysis on 

bigger animals (Black et al., 2001; Svendsen, Haarbo, Hassager, & Christiansen, 1993).  

Svendsen et al. (Svendsen et al., 1993) did not find any significant difference between 

DXA and carcass analysis for percentage fat mass, total fat and lean mass in pigs (Lunar 

DPX, software version 3.2).  Black et al. (Black et al., 2001) found that body fat, lean 

mass and lumbar spine BMC were no different between DXA measurement and chemical 

analysis in rhesus monkeys.  This confirms that the accurate measurement of fat and lean 

mass by DXA.  This suggests that DXA may be a useful tool to measure body 

composition of bigger animals. 

In contrast, data from piglets (Windahl, Vidal, Andersson, Gustafsson, & Ohlsson, 

1999) and growing pigs (S. A. Jebb, Garland, Jennings, & Elia, 1996) showed significant 

differences between DXA and carcass analysis (Hologic QDR-100/W, software version 

6.02 and Lunar DPX-L, software versions 1.3y and 1.5d, respectively).  A positive 

correlation, however, was found between DXA and carcass analysis.  In smaller animal 

studies, there were some discrepancies between DXA and chemical carcass analysis 

(Bertin, Ruiz, Mourot, Peiniau, & Portha, 1998; Nagy & Clair, 2000).  A study done by 

Makan et al. (Makan, Bayley, & Webber, 1997) found no significant difference between 

DXA and chemical carcass analysis in 26 rats.  Bertin et al. (Bertin et al., 1998), however, 

measured 26 rats’ weight from 130 to 492 g with three consecutive scans in one day.  

Comparison of DXA data to that chemical carcass analysis showed that DXA 
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overestimated fat mass although the fat mass was linearly correlated with the chemical 

analysis (r2=0.97).  After correcting the values of percentage fat mass of DXA using 

linear regression, the difference between the means was 0.04 ± 1.6%.  Jebb et al. (S. A. 

Jebb et al., 1996) found that DXA overestimated fat mass by one-third than chemical 

carcass analysis.  Fat mass determined by DXA was related to chemical analysis (r=0.96) 

in12 rats that be triplicately measured without repositioning between scans (Hologic 

QDR-1000W, software version 5.61P).  The total body bone mineral did not show a 

difference between DXA and chemical analysis, although DXA tends to overestimate 

total body bone mineral at low values and underestimate at higher values.  Rose et al. 

(Rose, Flatt, Martin, & Lewis, 1998) used a later version of software to analyze fat mass.  

They also found percentage body fat was overestimated, although fat mass and total body 

bone mineral determined by DXA were correlated to the chemical carcass analysis (r=.99 

and 0.81, respectively).  These studies implied that DXA can be used to predict chemical 

carcass analysis although it overestimates fat mass. 

Significance and Summary of Objectives 

 It has been suggested that body weight and body mass index are positive 

predictors of bone mass although the contribution of fat and lean mass to BMD is 

controversial and not clearly elucidated among different age groups and gonadal stages of 

women.  An association of lean mass with bone mass may be due to mechanical loading 

on bones.  The effect of fat mass on skeleton may be due to the changes in estrogen, 

parathyroid hormone, insulin, adiponectin and leptin levels.  However, it is unclear 

whether fat mass or lean mass has more influence on bone mass.  There are at least two 

reasons to account for the difficulty in clearly defining the relationship between fat mass 

and lean mass and bone density.  First, fat mass and lean mass are highly correlated 

which makes it difficult to differentiate the effect of one from the other.  Second, 

differences across study designs and gonadal stages of women make it difficult to 

compare results.  Therefore, the objectives of this study were to determine the influences 

of weight and different component of body composition on BMD/BMC in women of 

different ages and gonadal stages.
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CHAPTER 3 
 

RESEARCH DESIGN AND METHODS 

Subjects 

In a cross-sectional design, data from three different locations were utilized.  467 

subjects were recruited from Tallahassee, FL and surroundings.  Baseline measurements 

collected from different studies at the University of Connecticut provided data for 203 

subjects.  Similarly, baseline measurements collected from different studies in Medical 

Centers in Croatia provided data for 376 subjects.  All subjects (n=1046) were Caucasian 

women between 18 and 88 years of age.  All subjects met the following criteria for 

participation in the study: 1) not taking calcium or vitamin D supplement; 2) free from 

any major medical condition such as cardiovascular, gastrointestinal diseases, severe 

osteoporosis, diabetes, uncontrolled hypertension, cancers, eating disorders, liver and 

kidney diseases; 3) not taking hormone replacement therapy or medications that affect 

bone metabolism.  Subjects for the FSU cohort were recruited through advertisements in 

local newspapers and flyers posted around the Tallahassee areas (Appendix A).  Efforts 

were made to collect data on premenopausal and postmenopausal women with a wide 

range of BMI and young overweight and obese women.  Subjects were assigned code 

numbers for data recording to ensure anonymity and categorized to four age groups, 

ranging from 18 to 35 years old, over 35 years to before the age of menopause, 

menopause to 65 years and over 65 years old.  Each different age group was further 

categorized according to subjects’ body mass index (BMI < 25, BMI = 25-29.9, and BMI 

≥ 30) (Figure 1). 

Telephone Screening 

Potential subjects were screened by an initial telephone interview to assess the 

eligibility for the inclusion in the study.  The telephone interview with potential subjects 

assessed general health status, self-reported height and weight, medication and dietary 

supplement use.  Individuals who were found to have risks associated with study 

participation were excluded from the study.  Once entered into the study, all potential 

participants signed an informed consent (Appendix B) that was approved by Florida State 

University Institutional Review Board.  As part of the informed consent process, details 
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of the study were explained as well as risks associated with study participation were 

outlined to the subjects. 

Measurement of Anthropometrics and Bone and Body Composition 

Anthropometric measurements in all the studies were obtained using the same 

protocol.  Height was measured without shoes using a wall-mounted stadiometer with 

heels, buttocks, upper back and head touching the vertical plane, and recorded to the 

nearest 0.1 cm.  Weight was measured on a digital scale and recorded to the nearest 0.1 

kg.  Anthropometrics were measured in normal indoor clothes (t-shirt and shorts, or t-

shirt and scrub pants) without shoes and jewelry, including rings, watches, piercings, or 

objects contained within pockets.  Body mass index was calculated as Weight 

(kg)/Height (m2).   

The bone mineral density and body composition of soft (lean and fat) mass was 

measured by dual energy x-ray absorptiometry using a Lunar iDXA machine (GE 

Medical Systems, Madison, WI) with standard software supplied by the manufacturer 

(Encore 2006, version 9.1).  The upper weight limit for the table is 181.6 kg and all 

subjects are positioned to fit within the scanning area.  Densitometers used at the 

University of Connecticut and at the Medical Center in Croatia were Lunar DPX-MD and 

Lunar Prodigy, respectively, both also manufactured by GE Medical Systems, Madison, 

WI.  Participants were measured for total body (including the body composition analysis), 

anterior-posterior spine (L2-L4), non-dominant femur (neck and total), and non-dominant 

forearm (radius at 33% distance from styloid process).  Upon consulting with 

programmers and scientists from GE Medical System (the DXA manufacturer), we were 

advised that combining the data from different DXA machines is justifiable and valid if 

absolute values for identical variables are compared.  To examine the BMD/BMC values 

among subjects from three locations, total body BMD/BMC, BMD of spine, hip and 

forearm were compared within similar age and BMI groups.  The BMD/BMC values in 

similar age and BMI groups from three locations were well correlated and similar 

indicating good agreement and comparability among densitometers. 

The measurement specifications for DXA scans were set as follows.  Spine height 

(L2-L4) for each subject was set to y=68mm (default size).  After the scan, the regions of 

interest (ROI) were placed on the top of L5 (site of pelvis), the center of the spine, all of 
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abdomen (top of pelvis) and on the midpoint of the thigh.  Scans were performed 

according to the manufacturer’s instructions with subjects in the supine position.  The 

DXA machines were calibrated daily.  Long-term stability was determined by weekly 

measurement of an aluminum spine phantom.  Coefficient of variation (CV %) of BMD 

for various skeletal sites was determined by repeated measurements (10 times) on three 

normal participants as described in Ilich et al (Ilich, Zito, Brownbill, & Joyce, 2000).   

Statistics 

 Sample size was estimated by SAS software (version 9.1.3 for Windows; SAS 

Institute Inc., Cary, North Carolina) and was based on the effect size (ES), the 

significance value (alpha) and the statistical power of a previously published study using 

similar groups and procedure (Rico et al., 2002).  Seeking a power of 0.80 and an alpha 

of < 0.05, sample size was determined as n=67 per group.  Data were categorized to four 

age groups, ranging from 18 to 35 years old, over 35 years to before the age of 

menopause, menopause to 65 years and over 65 years old.  Each different age group was 

further categorized according to subjects’ body mass index (BMI < 25, BMI =25-29.9, 

and BMI ≥ 30) (Figure 1).   

All statistical analyses were performed using SPSS (version 16 for Windows; 

SPSS, Inc., Chicago, IL).  All variables were checked for normal distribution and were 

found to be normal distributed.  Descriptive data were presented as mean  standard 

deviation.  p < 0.05 was considered significant for all tests.  One-way analysis of variance 

(ANOVA) was used to determine significant differences between age and BMI groups 

for anthropometrics, body composition variables, and BMC/BMD, BMD of the total 

body, spine, femoral neck, total femur and forearm.  When significant differences were 

found with the ANOVA, post-hoc Bonferroni tests were performed to identify specific 

group differences.   

To assess relationships between total body BMC, BMD of all sites with body 

weight, BMI, total fat mass, and lean mass, Pearson’s correlation tests were performed.  

To further evaluate the correlation between various measure of BMC, BMD, height, body 

weight, total fat mass, and lean mass, stepwise multiple linear regressions were 

performed to estimate the regression coefficients for body weight, age, height, total fat 

mass, and total lean mass to determine the best prediction model for BMC/BMD in 
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various skeletal sites.  To assess the effect of fat mass on bone mass without the 

confounding factor of body weight, total body weight, height, age, and menopausal status 

were included as covariates in the analysis of covariance (ANCOVA).  For the ANCOVA 

analysis, total body BMD/BMC, BMD of spine, hip and forearm were stratified by 

percent body fat in subgroups of normal-weight, overweight and obese groups in all 

women.
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CHAPTER 4 
 

RESULTS 

Descriptive Data 

The study comprised 1046 Caucasian women with a mean age of 49.9 (SD = 15.9) years. 

467 women were recruited from Tallahassee, including student and surrounding communities, 

204 women were from the University of Connecticut study and 375 women were from studies in 

Croatia.  The characteristics of all subjects are listed in Table 1.  Mean body weight was 70.9 kg 

(SD = 14.2) and BMI was 26.5 (SD = 5.1).  Menopause age among postmenopausal women was 

49.2 years (SD = 5).  The mean of total body, spine (L2-L4), left femur neck, total left femur and 

forearm BMD was 1.1 (SD = 0.1), 1.2 (SD = 0.2), 0.89 (SD = 0.2), 0.95 (SD = 0.2), and 0.66 

(SD = 0.1), respectively.  Figure 1 depicts study design; subjects were stratified according to 

their BMI and age. 

 
Table 1. Characteristics of the study population 

Variables Mean ± SD Min Max 

Age (years) 49.9 ± 15.9 18.1 88.6 

Height (cm) 163.7 ± 6.3 143.9 187.7 

Weight (kg) 70.9 ± 14.2 42.9 131.3 

BMI (kg/m2) 26.5 ± 5.1 18.51 51.2 

Age at menopause onset (years) 49.4 ± 5.0 28 63 

Menopause duration (years) 11.2 ± 8.5 0.46 41 

Total lean mass (kg) 41.0 ± 5.0 27.8 60.4 

Total fat mass (kg) 27.2 ± 11.0 7.3 68.7 

Total body fat (%) 38.8 ± 13.9 14.6 57.1 

BMD (g/cm2)    

     Total body 1.124 ± 0.111 0.72 1.46 

     Spine (L2-L4) 1.176 ± 0.184 0.61 1.90 

     Femoral neck 0.893 ± 0.175 0.43 1.48 

     Total femur 0.945 ± 0.158 0.53 1.47 

     Forearm     0.666 ± 0.911 0.37 1.08 

Total body BMC (g) 2320.8 ± 436.8 1265 3936 

Data are presented as mean ± standard deviation; BMI = body mass index; BMD = bone mineral 
density; BMC = bone mineral content; Forearm = 33% radius.
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Figure 1: Diagram of sample stratification and sample size in each group categorized by age and BMI 
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Figure 2 presents scatterplots of body composition (lean and fat tissue), BMD of several 

skeletal sites, and total body BMC as a function of age in all women.  Total lean mass 

maintained the same level until about 55 years when it started decreasing (A).  Total body fat 

started to increase around 40 years, reached the highest level around 56 years, and then started 

decreasing (B).  Total body BMD and BMC had similar pattern characterized by a slight 

decrease with age and a more rapid decrease around 45 years (C, D).  Spine and forearm BMD 

followed the typical pattern (E, F).  After relatively stable levels throughout young adulthood, 

there was a rapid decrease at about age of 50 years.  Femoral neck and total femur BMD were 

characterized by a continuous decrease with age (G, H).  



30 
 

 

(A) Total body lean mass 

908070605040302010

60

55

50

45

40

35

30

Age (years)

To
ta

l b
o

d
y

 le
a

n
 m

a
ss

 (
kg

)

 

(B) Total body fat mass 
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(C) Total body BMD 
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(D) Total body BMC 
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(E) Spine BMD 
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(F) Forearm BMD 
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(G) Femoral neck BMD 
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(H) Total femur 
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Figure 2. Scatterplots with regression lines showing relationship between age and lean body 
mass (A), fat mass (B), total body BMC (C), total body BMD (D), spine L2-L4 BMD (E), 
Radius 33% BMD (F), femoral neck BMD (G), total femur BMD (H). 
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Table 2 compares anthropometrics and BMD/BMC among subjects across the age groups.  

Weight, height, BMI, total lean and fat mass, percent body fat, and BMD of total body, spine and 

forearm did not differ significantly between younger subjects aged between 18 to 35 years and 

those over 35 to before the age of menopause.  Subjects in the younger groups had higher height, 

less weight and greater BMC and BMD at total body, spine, femoral neck, and total femur 

(p<0.05) compared with older subjects.  Among postmenopausal women, those over 65 years 

women had significantly shorter, less body weight, lean mass , fat mass and lower BMD of all 

skeletal sites (p<0.05) compared to postmenopausal women below 65 years. 

 

Table 2. Comparison of anthropometrics and bone mineral density across the age groups 

Variables Age >18 and   

 35  
(n=221) 

Age >35 and  

 menopause 
(n=183) 

Age > 
menopause and 
≤ 65 (n=474) 

Age > 65  
(n=168) 

Age (years) 25.8 ± 4.8 41.9 ± 4.5a 56.7 ± 4.9b 71.3 ± 5.1c 

Height (cm) 165.1 ± 6.9 165.6 ± 6.2 163.4 ± 5.4a 160.8 ± 6.7b 

Weight (kg) 67.9 ± 14.5 67.8 ± 13.1 71.4 ± 14.6a 68.4 ± 11.3 

BMI (kg/m2) 24.9 ± 5.0 24.8 ± 5.0 27.9 ± 5.3a 26.4 ± 3.8b 

Total lean mass (kg) 40.9 ± 5.8 40.8 ± 4.7 41.7 ± 5.1a 38.9 ± 5.2 

Total fat mass (kg) 23.8 ± 10.6 23.8 ± 9.6 31.1 ± 11.6a 26.3 ± 8.4 

Total body fat (%) 35.1 ± 8.7 35.1 ± 7.5 40.5 ± 7.5a 39.8 ± 6.2a 

BMD (g/cm2)     

    Total body 1.181 ± 0.090 1.164 ± 0.104 1.103 ± 0.118a 1.051 ± 0.970b 

    Spine (L2-L4) 1.244 ± 0.125 1.249 ± 0.156 1.148 ± 0.189a 1.070 ± 0.199b 

    Femoral neck 1.061 ± 0.135 0.975 ± 0.145a 0.848 ± 0.154b 0.762 ± 0.122c 

    Total femur 1.059 ± 0.133 1.003 ± 0.139a 0.921 ± 0.143b 0.833 ± 0.129c 

    Forearm     0.678 ± 0.053 0.691 ± 0.081 0.680 ± 0.091 0.585 ± 0.095a 

Total body BMC (g) 2543.5 ± 405.2 2476.4 ± 367.5 2199.2 ± 402.0a 2074.86 ± 424.8b 

Data are presented as mean ± standard deviation; BMD = bone mineral density; BMC = bone 
mineral content; Forearm = 33% radius; abc

P<0.05; means with different superscripts are 
significantly different according to ANOVA with post-hoc Bonferroni test. 
 

Table 3 compares anthropometrics and BMD/BMC in all women across different BMI 

categories.  Weight, BMI, total lean and fat mass, percent body fat, and BMD/BMC of total body 

and spine were significantly different (p<0.05) among each group.  On average, obese women 

had the highest total lean and fat mass, and BMD/BMC in all skeletal sites (p<0.05).  No 
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difference was found in BMD in femoral neck, total femur and forearm between normal and 

overweight women, but obese women had significantly higher BMD (p<0.05) compared with 

normal and overweight women. 

 

Table 3. Comparison of anthropometrics and bone mineral density in all women across the body 
mass index (BMI) categories 

Variables Normal-weight 
(n=469) 

Overweight 
(n=348) 

Obese 
(n=229) 

Age (years) 47.1 ± 16.9 52.9 ± 15.5a 51.3 ± 14.0a 

Height (cm) 164.7 ± 6.5 162.9 ± 5.9a 163.1 ± 6.1a 

Weight (kg) 60.4 ± 6.8 72.1 ± 6.3a 90.7 ± 12.2b 

BMI (kg/m2) 22.3 ± 2.1 27.2 ± 1.5a 34.0 ± 3.8b 

Total lean mass (kg) 38.7 ± 4.5 41.4 ± 4.8a 44.7 ± 5.3b 

Total fat mass (kg) 18.8 ± 5.2 29.1 ± 7.1a 41.0 ± 9.0b 

Total body fat (%) 32.2 ± 5.9 40.4 ± 5.4a 46.4 ± 5.0b 

BMD (g/cm2)    

     Total body 1.098 ± 0.106 1.129 ± 0.110a 1.168 ± 0.109b 

     Spine (L2-L4) 1.164 ± 0.176 1.165 ± 0.189a 1.122 ± 0.186b 

     Femoral neck 0.879 ± 0.187 0.881 ± 0.167 0.942 ± 0.151a 

     Total femur 0.918 ± 0.163 0.938 ± 0.142 1.014 ± 0.138a 

     Forearm     0.654 ± 0.088 0.665 ± 0.102 0.696 ± 0.075a 

Total body BMC (g) 2213.5 ± 405.0 2337.8 ± 435.7a 2509.4 ± 433.9b 

Data are presented as mean ± standard deviation; BMD = bone mineral density; BMC = bone 
mineral content; Forearm = 33% radius; ab

P<0.05; means with different superscripts are 
significantly different according to ANOVA with post-hoc Bonferroni test. 
 

Table 4 compares anthropometrics and BMD/BMC in women aged 18 to 35 years across 

different BMI.  There were no significant differences between groups for age, height, and BMD 

of spine and femoral neck.  Obese women had higher total body BMD and BMC (p<0.05) 

compared with normal-weight women, but not overweight women.  Overweight and obese 

women had significant higher body weight, total fat mass and percent body fat (p<0.05) 

compared with normal-weight women.  Obese women had significant higher BMD of total femur, 

forearm and total lean mass (p<0.05) compared with normal-weight women, but not overweight 

women. 
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Table 4. Comparison of anthropometrics and bone mineral density in women aged 18 to 35 years 
across the body mass index (BMI) categories 

Variables Normal-weight  
(n=130) 

Overweight 
(n=54) 

Obese 
(n=37) 

Age (years) 26.2 ± 4.9 24.8 ± 4.6 25.6 ± 4.9 

Height (cm) 166.0 ± 6.7 163.0 ± 7.1 165.2 ± 6.7 

Weight (kg) 59.4 ±7.6 72.4 ± 7.7a 91.4 ± 11.6b 

BMI (kg/m2) 21.5 ± 2.2 27.2 ± 1.4a 33.4 ± 2.8b 

Total lean mass (kg) 38.9 ± 5.4a 42.2 ± 4.6ab 46.1 ± 5.2b 

Total fat mass (kg) 17.4 ± 5.5  27.4 ± 5.1a  40.7 ± 9.4b 

Total body fat (%) 29.3 ± 5.9 38.6 ± 5.2a 45.6 ± 5.9b 

BMD (g/cm2)    

     Total body 1.144 ± 0.083 1.214 ± 0.058a 1.259 ± 0.087a 

     Spine (L2-L4) 1.229 ± 0.122 1.258 ± 0.127 1.322 ± 0.121 

     Femoral neck 1.043 ± 0.134 1.081 ± 0.127 1.154 ± 0.123 

     Total femur 1.036 ± 0.131a 1.087 ± 0.116ab 1.171 ± 0.115b 

     Forearm     0.662 ± 0.045a 0.701 ± 0.049ab 0.739 ± 0.054b 

Total body BMC (g) 2400.0 ± 314.5 2684.0 ± 313.4a 2839.0 ± 556.2a 

Data are presented as mean ± standard deviation; BMD = bone mineral density; BMC = bone 
mineral content; Forearm = 33% radius; ab

P<0.05; means with different superscripts are 
significantly different according to ANOVA with post-hoc Bonferroni test. 
 

Table 5 compares the anthropometrics and BMD/BMC in women over 35 years to before 

the age of menopause across different BMI categories.  There were no significant differences 

between groups for age, height, spine, femoral neck, total femur and forearm BMD.  Body 

weight, total fat mass and total body percent body fat were significantly lower (p<0.05) in 

normal-weight versus overweight women and overweight versus obese women.  Obese subjects 

had significantly higher total lean mass and total BMC (p<0.05) compared with normal-weight 

women, but not than overweight women.  Obese women had higher total body BMD (p<0.05) 

than normal-weight women, but not overweight women. 
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Table 5. Comparison of anthropometrics and bone mineral density in women over 35 years to 
before the age of menopause across the body mass index (BMI) categories 

Variables Normal-weight  
(n=109) 

Overweight 
(n=48) 

Obese 
(n=26) 

Age (years) 41.6 ± 4.5 42.6 ± 4.4 42.1 ± 5.0 

Height (cm) 166.8 ± 6.0 164.4 ± 6.2 163.2 ± 6.3 

Weight (kg) 60.1 ± 6.7 73.2 ± 5.9a 90.5 ± 12.1b 

BMI (kg/m2) 21.5 ± 2.0 27.1 ± 1.3a 34.0 ± 4.1b 

Total lean mass (kg) 39.2 ± 4.0a 42.0 ± 3.9ab 45.7 ± 4.7b 

Total fat mass (kg) 18.1 ± 4.8 28.2 ± 6.2a 39.8 ± 8.0b 

Total body fat (%) 30.5 ± 4.9 38.8 ± 4.9a 44.7 ± 5.7b 

BMD (g/cm2)    

     Total body 1.139 ± 0.109 1.190 ± 0.080 1.218 ± 0.095a 

     Spine (L2-L4) 1.236 ± 0.164 1.269 ± 0.133 1.292 ± 0.144 

     Femoral neck 0.961 ± 0.140 0.995 ± 0.151 1.021 ± 0.159 

     Total femur 0.987 ± 0.139 1.020 ± 0.133 1.075 ± 0.130 

     Forearm     0.686 ± 0.070 0.693 ± 0.117 0.715 ± 0.050 

Total body BMC (g) 2383.7 ± 340.2a 2561.9 ± 325.9ab 2716.3 ± 419.2b 

Data are presented as mean ± standard deviation; BMD = bone mineral density; BMC = bone 
mineral content; Forearm = 33% radius; ab

P<0.05; means with different superscripts are 
significantly different according to ANOVA with post-hoc Bonferroni test. 

 

Table 6 compares the anthropometrics and BMD/BMC in women aged from menopause 

to 65 years across different BMI categories.  Obese women had significantly higher weight, total 

lean, total fat mass, percent body fat, femoral neck and total femur BMD and total body BMC 

(p<0.05) versus overweight women and so did overweigh versus normal-weight subjects.  

Overweight and obese women had significantly higher total body BMD (p<0.05) compared with 

normal-weight women.  Additionally, obese women had higher BMD of spine and forearm 

(p<0.05) compared with normal-weight women, but not compared with overweight women. 
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Table 6. Comparison of anthropometrics and bone mineral density in women from menopause to 
65 years across the body mass index (BMI) categories 

Variables Normal-weight  
(n=163) 

Overweight 
(n=170) 

Obese 
(n=141) 

Age (years) 57.4 ± 5.3 56.4 ± 4.6 56.4 ± 4.8 

Height (cm) 163.5 ± 5.9 163.7 ± 5.0 162.9 ± 5.5 

Weight (kg) 61.3 ± 6.1 73.1 ± 5.8a 91.3 ± 12.2b 

BMI (kg/m2) 22.9 ± 1.7 27.2 ± 1.4a 34.4 ± 4.0b 

Total lean mass (kg) 37.2 ± 8.5 40.5 ± 8.6a 44.3 ± 5.1b 

Total fat mass (kg) 19.1 ± 6.4 30.1 ± 9.2a 41.5 ± 9.3b 

Total body fat (%) 33.5 ± 5.8 41.3 ± 5.3a 46.8 ± 4.6b 

BMD (g/cm2)    
     Total body 1.055 ± 0.098 1.112 ± 0.108a 1.145 ± 0.098a 
     Spine (L2-L4) 1.080 ± 0.176a 1.144 ± 0.192ab 1.205 ± 0.179b 
     Femoral neck 0.758 ± 0.138  0.867 ± 0.146a 0.929 ± 0.124b 
     Total femur 0.836 ± 0.126 0.931 ± 0.126a 1.008 ± 0.120b 
     Forearm     0.662 ± 0.102a 0.681 ± 0.091ab 0.699 ± 0.078b 
Total body BMC (g) 1945.6 ± 371.2 2229.7 ± 380.6a 2402.3 ± 318.3b 

Data are presented as mean ± standard deviation; BMD = bone mineral density; BMC = bone 
mineral content; Forearm = 33% radius; ab

P<0.05; means with different superscripts are 
significantly different according to ANOVA with post-hoc Bonferroni test. 
 

Table 7 compares anthropometrics and BMD/BMC in women over 65 years across 

different BMI categories.  There were no differences between groups in total lean mass, total 

body BMC, BMD, spine and femoral neck.  Obese subjects had higher weight, BMI, total fat 

mass and percent body fat (p<0.05) versus overweight subjects and so did overweight versus 

normal-weight subjects.  Additionally, obese women had significantly higher BMD of total 

femur and forearm (p<0.05) compared with normal-weight women, but not with overweight 

women.  There was no difference in total body, spine and femoral neck BMD between three 

groups although generally, it was found that obese women have a lower rate of hip fractures 

compared to normal-weight women. 
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Table 7. Comparison of anthropometrics and bone mineral density in women over 65 years 
across the body mass index (BMI) categories 

Variables Normal-weight  

(n=67) 

Overweight 

(n=76) 

Obese 

(n=25) 

Age (years) 71.4 ± 5.6 71.4 ± 4.7 70.5 ± 4.8 

Height (cm) 161.6 ± 6.9 160.0 ± 6.0 161.4 ± 8.1 

Weight (kg) 60.8 ± 6.6 69.1 ± 5.9a 86.5 ± 12.6b 

BMI (kg/m2) 23.3 ± 1.7 27.0 ± 1.7a 33.1 ± 2.7b 

Total lean mass (kg) 34.4 ± 10.4 36.2 ± 11.5 36.8 ± 16.7 

Total fat mass (kg) 19.7 ± 6.8 24.8 ± 9.8a 33.7 ± 15.9b 

Total body fat (%) 36.2 ± 4.2 40.5 ± 5.6a 47.4 ± 4.7b 

BMD (g/cm2)    

     Total body 1.028 ± 0.086 1.060 ± 0.101 1.088 ± 0.103 

     Spine (L2-L4) 1.011 ± 0.154 1.100 ± 0.201 1.141 ± 0.259 

     Femoral neck 0.731 ± 0.109 0.774 ± 0.127 0.809 ± 0.128 

     Total femur 0.787 ± 0.117a 0.854 ± 0.123ab 0.898 ± 0.138b 

     Forearm     0.556 ± 0.078a 0.597 ± 0.105ab 0.627 ± 0.083b 

Total body BMC (g) 1995.8 ± 369.7 2080.7 ± 453.4 2288.4 ± 426.8 

Data are presented as mean ± standard deviation; BMD = bone mineral density; BMC = bone 
mineral content; Forearm = 33% radius; ab

P<0.05; means with different superscripts are 
significantly different according to ANOVA with post-hoc Bonferroni test. 
 

Figure 3 compares differences of BMI across the age groups.  ANOVA with post-hoc 

Bonferroni showed that overweight and obese women had significantly higher BMI (p<0.05) 

than normal-weight women across the age groups.  Normal-weight postmenopausal women had 

significantly higher BMI (p<0.05) than normal-weight younger women.  In addition, no 

difference was found in BMI between overweight and obese women across the age groups. 
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Figure 3. Comparison of the body mass index (BMI) across the age groups 
Data are presented as mean; a

P<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; BMD = bone mineral density. 
 

Figure 4 compares the differences in total body BMD across the age groups.  ANOVA 

with post-hoc Bonferroni showed that postmenopausal women had lower total body BMD 

(p<0.05) compared to younger women regardless of BMI.  Obese women over 65 years had 

lower total body BMD (p<0.05) compared with women between menopause and 65 years.  
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Figure 4. Comparison of total body BMD across the age groups 
Data are presented as mean; aP<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; cP<0.05 versus age > menopause and ≤ 65; BMD = bone mineral density. 
 

 Figure 5 compares the differences in total body BMC across the age groups.  ANOVA 

with post-hoc Bonferroni showed that postmenopausal women had lower total body BMC 

(p<0.05) compared to younger women regardless of BMI.  Total body BMC was not different 

between two groups of postmenopausal women and two groups of premenopausal women 

regardless of BMI. 
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Figure 5. Comparison of total body BMC across the age groups 
Data are presented as mean; aP<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; BMC = bone mineral content. 

 

Figure 6 compares the differences in spine BMD across the age groups.  ANOVA with 

post-hoc Bonferroni demonstrated that normal-weight postmenopausal women had significantly 

lower spine BMD (p<0.05) compared to normal-weight premenopausal women.  Spine BMD 

was significantly lower (p<0.05) in overweight women over 65 years than in premenopausal 

overweight women, but was not different in overweight women aged 18 to 35 years and in those 

before menopause to 65 years.  No difference was found in spine BMD in obese women 

regardless of age.   
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Figure 6. Comparison of spine BMD across the age groups 
Data are presented as mean; aP<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; BMD = bone mineral density. 
 

Figure 7 compares the differences in femoral neck BMD across the age groups.  ANOVA 

with post-hoc Bonferroni showed that normal-weight women over 35 years had lower femoral 

neck BMD (p<0.05) compared with normal-weight women below 35 years.  Normal-weight 

postmenopausal women had lower femoral neck BMD (p<0.05) compared with normal-weight 

women aged 35 to before the age of menopause.  Overweight postmenopausal women had lower 

femoral neck BMD (p<0.05) compared with overweight premenopausal women.  Furthermore, 

the femoral neck BMD in overweight postmenopausal women over 65 years was significant 

lower (p<0.05) compared with postmenopausal women below 65 years.  Obese women over 65 

years had lower femoral neck BMD (p<0.05) compared with any other age groups  In addition, 

obese postmenopausal women below 65 years had lower femoral neck BMD (p<0.05) compared 

with obese premenopausal women aged 18 to 35 years. 
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Figure 7. Comparison of femoral neck BMD across the age groups 
Data are presented as mean; aP<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; cP<0.05 versus age > menopause and ≤ 65; BMD = bone mineral density. 
 

Figure 8 compares the differences of BMD in total femur across the age groups.  

ANOVA with post-hoc Bonferroni showed that normal-weight women over 35 had lower BMD 

of total femur (p<0.05) compared with normal-weight women below 35 years.  Furthermore, 

normal-weight women over 65 years had lower total femur BMD compared to normal-weight 

women aged 35 to before the age of menopause.  Overweight and obese postmenopausal women 

had lower BMD of total femur (p<0.05) than premenopausal women.  Additionally, overweight 

and obese women over 65 years had significantly lower BMD of total femur compared with 

overweight and obese postmenopausal women below 65 years. 
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Figure 8. Comparison of total femur BMD across the age groups 

Data are presented as mean; aP<0.05 versus age > 18 and ≤35; bP<0.05 versus age > 35 and ≤ 
menopause; cP<0.05 versus age > menopause and ≤ 65. 
 

Figure 9 compares the differences in forearm BMD across the age groups.  ANOVA with 

post-hoc Bonferroni showed that normal-weight and overweight women over 65 years had 

significantly lower forearm BMD (p<0.05) compared to the women in other age groups.  Obese 

women over 65 years had significantly lower forearm BMD (p<0.05) compared to women below 

35 years and postmenopausal women below 65 years. 
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Figure 9. Comparison of forearm BMD across the age groups  
Data are presented as mean; aP<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; cP<0.05 versus age > menopause and ≤ 65; BMD = bone mineral density. 

 

Figure 10 compares differences in total body lean mass across the age groups.  ANOVA 

with post-hoc Bonferroni showed that overweight and obese women over 65 years had 

significantly lower total body lean mass (p<0.05) than overweight and obese women in other age 

groups.  However, normal-weight women over 65 years had lower total body lean mass (p<0.05) 

than normal-weight premenopausal women, but no difference was found between normal-weight 

postmenopausal women. 
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Figure 10. Comparison of total body lean mass across the age groups  
Data are presented as mean; aP<0.05 versus age > 18 and ≤ 35; bP<0.05 versus age > 35 and ≤ 
menopause; cP<0.05 versus age > menopause and ≤ 65. 
 

 Figure 11 compares differences in total body fat across the age groups.  ANOVA with 

post-hoc Bonferroni showed that overweight and obese postmenopausal women over 65 years 

had lower total body fat mass (p<0.05) compared with overweight and obese postmenopausal 

women below 65 years.  Total body fat mass was not different in normal-weight women across 

the age groups. 
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Figure 11. Comparison of total body fat mass across the age groups 
Data are presented as mean; aP<0.05 versus age > menopause and ≤ 65; BMD = bone mineral 
density. 
 
 Table 8 shows the correlation between anthropometrics and BMD of all skeletal sites in 

all subjects.  Pearson’s correlation coefficient (r) was statistically significant (p<0.01) and 

positive among all bone variables (total body BMC/BMD, BMD of spine, femoral neck, total 

femur, and forearm) with weight, BMI, total lean, total fat mass and percent body fat and 

negative with age and menopause duration.  Total lean mass seemed to have a stronger 

correlation with BMD than fat mass at all skeletal sites in all women. 
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Table 8. Pearson’s correlation coefficient between bone mineral density and anthropometrics in 
all women (n=1046) 

Variables 
Total 
body 
BMD 

Total 
body 
BMC 

Lumbar 
spine 
BMD 

Femoral 
neck 
BMD 

Total 
femur 
BMD 

Forearm 
BMD 

Age (years) -0.391* -0.396** -0.325* -0.585* -0.472* -0.279* 

Menopause duration 
(years) 

-0.236* -0.153** -0.206* -0.272* -0.258* -0.391* 

Weight (kg) 0.327* 0.389** 0.217* 0.238* 0.325* 0.274* 

BMI (kg/m2) 0.245* 0.250** 0.135* 0.141* 0.266* 0.192* 

Total fat mass (kg) 0.297* 0.423** 0.090* 0.173* 0.234* 0.226* 

Total lean mass (kg) 0.353* 0.335** 0.258* 0.283* 0.290* 0.262* 

Total body fat (%) 0.204* 0.246** -0.018 0.039 0.112* 0.144* 

*
P<0.05; **

P<0.01; BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% 
radius. 
 

Table 9 shows the correlation between anthropometrics and BMD of all skeletal sites in 

women aged 18 to 35 year.  Pearson’s correlation coefficient (r) was statistically significant 

(p<0.01) and positive among all bone variables (total body BMC/BMD, BMD of spine, femoral 

neck, total femur, and forearm), and weight, BMI, total lean, total fat mass in women aged 18 to 

35 years.  Total body BMC, BMD of femoral neck, and total femur were inversely correlated 

(p<0.05) with age.  Only BMD of total body, spine and forearm were positively correlated 

(p<0.01, p<0.05, and p<0.01, respectively) with total body percent body fat. 

 

Table 9. Pearson’s correlation coefficient between bone mineral density and anthropometrics in 
women aged 18 to 35 years 

Variables Total 
body 
BMD 

Total 
body 
BMC 

Lumbar 
spine 
BMD 

Femoral 
neck 
BMD 

Total 
femur 
BMD 

Forearm 
BMD 

Age (years) -0.051 -0.147* 0.078 -0.313** -0.219** -0.007 

Weight (kg) 0.536** 0.581** 0.286** 0.334** 0.362** 0.581** 

BMI (kg/m2) 0.497** 0.457** 0.237** 0.289** 0.367** 0.553** 

Total lean mass (kg) 0.357** 0.517** 0.177** 0.306** 0.271** 0.333** 

Total fat mass (kg) 0.472** 0.495** 0.235** 0.209** 0.257** 0.520** 

Total body fat (%) 0.447** 0.400** 0.204* 0.028 0.094 0.439** 
*
P<0.05; **

P<0.01; BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% 
radius. 
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Table 10 shows the correlation between anthropometrics and BMD of all skeletal sites in 

women aged 35 to before the age of menopause.  Pearson’s correlation coefficient (r) was 

significant (p<0.05) and positive among all bone variables (total body BMC/BMD, BMD of 

spine, femoral neck, and total femur), and weight, BMI, total lean, total fat mass in women over 

35 years to before the age of menopause.  Forearm BMD was positively correlated with weight 

(p<0.05), total lean (p<0.001), total fat mass (p<0.05), and total body percent body fat (p<0.001).  

Total body BMC/BMD, BMD of total femur, and forearm were positively correlated with total 

body percent body fat (p<0.01).  On average, total lean mass seemed to have a stronger 

correlation with BMD in women aged 35 to before the age of menopause. 

 

Table 10. Pearson’s correlation coefficient between bone mineral density and anthropometrics in 
women over 35 years to before the age of menopause 

Variables Total 
body 
BMD 

Total 
body 
BMC 

Lumbar 
spine 
BMD 

Femoral 
neck 
BMD 

Total 
femur 
BMD 

Forearm 
BMD 

Age (years) 0.031 -0.032 0.013 -0.089 -0.014 -0.038 

Weight (kg) 0.485** 0.547** 0.352** 0.28** 0.330** 0.181* 

BMI (kg/m2) 0.430** 0.389** 0.278** 0.255** 0.341** 0.138 

Total lean mass (kg) 0.519** 0.651** 0.426** 0.353** 0.384** 0.262** 

Total fat mass (kg) 0.383** 0.402** 0.213** 0.198* 0.274** 0.160* 

Total body fat (%) 0.300** 0.301** 0.105 0.150 0.227** 0.236** 

*
P<0.05; **

P<0.01; BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% 
radius. 
 

Table 11 shows the correlation between anthropometrics and BMD of all skeletal sites in 

postmenopausal women below 65 years.  Pearson’s correlation coefficient (r) was statistically 

significant (p<0.01) and positive among all bone variables (total body BMC/BMD, BMD of 

spine, femoral neck, and total femur, forearm), and weight, BMI, total lean, total fat mass, and 

total body percent body fat in postmenopausal women below 65 years.  Age was significantly 

negative (p<0.01) correlated with BMD of spine, femoral neck, total femur, and forearm.  

Menopause duration was negative (p<0.01) correlated with BMD of all skeletal sites.  On 

average, total fat mass seemed to have a stronger correlation with BMD compared with total lean 

mass at all skeletal sites in postmenopausal women below 65 years. 
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Table 11. Pearson’s correlation coefficient between bone mineral density and anthropometrics in 
postmenopausal women up to 65 years 

Variables Total 
body 
BMD 

Total 
body 
BMC 

Lumbar 
spine 
BMD 

Femoral 
neck 
BMD 

Total 
femur 
BMD 

Forearm 
BMD 

Age (years) -0.050 0.001 -0.164** -0.166** -0.129** -0.241** 

Menopause duration 
(years) 

-0.127** -0.079 -0.202** -0.171** -0.139* -0.184* 

Weight (kg) 0.351** 0.479** 0.313** 0.519** 0.548** 0.249** 

BMI (kg/m2) 0.309** 0.403** 0.291** 0.476** 0.539** 0.193** 

Total lean mass (kg) 0.331** 0.389** 0.232** 0.262** 0.302** 0.293** 

Total fat mass (kg) 0.462** 0.552** 0.232** 0.534* 0.506** 0.374* 

Total body fat (%) 0.352** 0.494** 0.179** 0.487** 0.456** 0.198** 

*
P<0.05; **

P<0.01; BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% 
radius. 

 

Table 12 shows the correlation between anthropometrics and BMD of all skeletal sites in 

women over 65 years.  Pearson’s correlation coefficient (r) was statistically significant (p<0.01) 

and positive between all bone variables (total BMC/BMD, BMD of spine, femoral neck, and 

total femur, forearm), and weight, BMI, total lean, and total fat mass in women over 65 years.  

Total body percent body fat was positively correlated (p<0.05) with total body BMC/BMD, 

BMD of femoral neck, total femur, and forearm.  Age was significantly negative (p<0.01) 

correlated with BMD of total body and forearm.  No correlation was found between any of the 

bone variables and menopause duration. 
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Table 12. Pearson’s correlation coefficient between bone mineral density and anthropometrics in 
women over 65 years 

Variables Total 
body 
BMD 

Total 
body 
BMC 

Lumbar 
spine 
BMD 

Femoral 
neck 
BMD 

Total 
femur 
BMD 

Forearm 
BMD 

Age (years) -0.231** -0.165 -0.014 -0.146 -0.102 -0.214** 

Menopause duration 
(years) 

-0.121 -0.101 -0.027 -0.096 -0.023 -0.059 

Weight (kg) 0.358** 0.453** 0.396** 0.372** 0.431** 0.355** 

BMI (kg/m2) 0.264** 0.261** 0.279** 0.291** 0.401** 0.295** 

Total lean mass (kg) 0.301** 0.309** 0.431** 0.283** 0.336** 0.319** 

Total fat mass (kg) 0.372** 0.426** 0.313** 0.299** 0.362** 0.281** 

Total body fat (%) 0.291** 0.356** 0.113 0.209* 0.252** 0.243** 

*
P<0.05; **

P<0.01; BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% 
radius. 

 

To evaluate the relationship between BMD/BMC and weight, table 13 presents the results 

of multiple linear regression analysis between BMD/BMC of various skeletal sites as dependent 

variables and weight, height and age as independent variables in all women and in those 

stratified by gonadal status.  Total body BMC/BMD, BMD of spine and forearm were positively 

associated with height (p<0.05) and weight (p<0.001) and negatively with age (p<0.05) in all 

women.  BMD of femoral neck and total femur was positively associated with weight (p<0.05) 

and negatively with age (p<0.05) in all women.  Weight was positively associated with total 

body BMC (p<0.001) and BMD of all skeletal sites (p<0.001) in premenopausal and 

postmenopausal women.  Height was positively associated with total body BMC (p<0.001) and 

forearm BMD (p=0.043), whereas negatively with total femur BMD (p=0.032) in 

postmenopausal women. 
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Table 13. Multiple linear regression between BMD/BMC of various skeletal sites as dependent 
variables and weight, height and age as independent variables in all women and in those 
stratified by gonadal status 

 Total body 
BMD 

Total body 
BMC 

Lumbar spine 
BMD 

Femoral neck 
BMD 

Total femur 
BMD 

Forearm 
BMD 

 β p β p β p β p β p β p 
All women             

Age -0.003 <0.001 -10.171 <0.001 -0.004 <0.001 -0.007 <0.001 -0.006 <0.001 -0.002 <0.001 

Height 0.001 0.048 16.217 <0.001 0.002 0.040 0.001 0.122 -0.001 0.061 0.001 0.012 

Weight 0.003 <0.001 10.823 <0.001 0.003 <0.001 0.004 <0.001 0.004 <0.001 0.002 <0.001 

 Model R2
(adj) 0.291 0.381 0.178 0.462 0.391 0.309 

Premenopause        

Age -0.0008 0.083 -5.746 <0.001 0.0004 0.621 -0.006 <0.001 -0.004 <0.001 0.0003 0.422 

Height 0.0004 0.540 15.858 <0.001 0.002 0.080 0.001 0.300 -0.002 0.137 0.0004 0.425 

Weight 0.004 <0.001 13.992 <0.001 0.003 <0.001 0.003 <0.001 0.004 <0.001 0.002 <0.001 

 Model R2
(adj) 0.259 0.399 0.103 0.212 0.171 0.115 

Postmenopause        

Age -0.002 0.008 1.258 0.536 -0.003 0.004 -0.003 <0.001 -0.003 <0.001 -0.005 <0.001 

Height 0.001 0.251 14.295 <0.001 0.0002 0.877 0.0002 0.817 -0.002 0.032 0.001 0.043 

Weight 0.002 <0.001 11.666 <0.001 0.003 <0.001 0.005 <0.001 0.003 <0.001 0.002 <0.001 

 Model R2
(adj) 0.163 0.259 0.142 0.336 0.356 0.399 

BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% radius. 

 

Table 14 presents the results of multiple linear regression analysis between BMD/BMC 

of various skeletal sites as dependent variables and weight, height and age as independent 

variables in women stratified by BMI.  Body weight was positively associated with total body 

BMC (p<0.001) and BMD of all skeletal sites (p<0.05) and age negatively (p<0.001) in normal-

weight women.  Weight was not associated with BMD at any of the skeletal sites, except total 

body BMC in overweight women whereas age was negatively associated with BMD/BMC at all 

skeletal sites (p<0.001).  In obese women, weight was positively associated with BMD of total 

body (p=0.041), femoral neck (p<0.001), total femur (p<0.001), and forearm (p<0.001). 
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Table 14. Multiple linear regression between BMD/BMC of various skeletal sites as dependent 
variables and weight, height and age as independent variables in women stratified by BMI 

 
Total body 

BMD 

Total body 
BMC 

Lumbar spine 
BMD 

Femoral neck 
BMD 

Total femur 
BMD 

Forearm 
BMD 

 β p β p β p β p β p β p 

Normal-weight            

Age -0.003 <0.001 -9.568 <0.001 -0.004 <0.001 -0.008 <0.001 -0.006 <0.001 -0.002 <0.001 

Height 0.002 0.036 20.489 <0.001 0.002 0.290 0.002 0.251 -0.002 0.183 0.002 0.005 

Weight 0.003 <0.001 15.095 <0.001 0.006 <0.001 0.005 <0.001 0.006 <0.001 0.001 0.025 

Model R2
(adj) 0.262 0.462 0.249 0.516 0.384 0.278 

Overweight             

Age -0.003 <0.001 -11.537 <0.001 -0.003 <0.001 -0.006 <0.001 -0.005 <0.001 -0.003 <0.001 

Height 0.002 0.302 10.946 0.059 0.004 0.141 0.002 0.330 0.001 0.492 0.002 0.237 

Weight 0.001 0.353 14.020 0.009 0.001 0.840 0.003 0.136 0.002 0.245 0.002 0.079 

Model R2
(adj) 0.272 0.329 0.125 0.333 0.267 0.287 

Obese             

Age -0.004 <0.001 -11.425 <0.001 -0.003 <0.001 -0.007 <0.001 -0.006 <0.001 -0.002 <0.001 

Height -0.003 0.320 21.071 <0.001 0.002 0.183 -0.001 0.458 -0.005 0.003 -0.0005 0.565 

Weight 0.003 0.041 -0.534 0.849 0.001 0.174 0.004 <0.001 0.005 <0.001 0.002 <0.001 

Model R2
(adj) 0.096 0.253 0.229 0.446 0.420 0.263 

BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% radius. 

 
Table 15 presents the results of multiple linear regression analysis between BMD/BMC 

of various skeletal sites as dependent variables and weight, height and age as independent 

variables in women across the age groups.  Weight was significantly positively associated 

(p<0.05) with total body BMC and BMD of all skeletal sites in women of each age group.  In 

addition, height was positively associated with total body BMC (p<0.001) in women across the 

age groups.  Age was negatively associated with total body BMC and BMD of femoral neck and 

total femur (p<0.05) in women aged 18 to 35 years.  However, total femur BMD was negatively 

associated with height (p<0.001) in women aged before menopause to 65 years.  BMD of spine 

and forearm was significantly negatively associated with age (p<0.05) and total femur BMD was 

significantly negatively associated with height (p=0.032) in postmenopausal women below 65 

years.  In postmenopausal women over 65 years, forearm BMD was significantly negatively 

associated with age (p<0.042). 
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Table 15. Multiple linear regression between BMD/BMC of various skeletal sites as dependent 
variables and weight, height and age as independent variables in women across the age groups 

BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% radius. 
 

Table 16 presents the results of multiple linear regression analysis between BMD/BMC 

of various skeletal sites as dependent variables and anthropometrics as independent variables in 

all women and in those stratified by gonadal status.  Total body BMC/BMD and forearm BMD 

were positively associated with height (p<0.002), total fat (p<0.048), and lean mass (p<0.006) 

and negatively with age (p<0.001) in all women.  BMD of spine and total femur were positively 

associated with total lean (p<0.05) and fat mass (p<0.05) and inversely with age (p<0.001) in all 

women.  Femoral neck was positively associated with height (p=0.002) and total fat mass 

(p<0.001) and negatively with age (p<0.001) in all women.   

Both total lean and fat mass were positively associated with total body BMC/BMD 

(p<0.05), BMD of total femur (p<0.05) and forearm (p<0.05) in premenopausal women.  Total 

lean mass were positively associated with BMD of spine (p=0.004) and femoral neck (p<0.001) 

 
Total body 

BMD 

Total body 
BMC 

Lumbar 
spine BMD 

Femoral 
neck BMD 

Total femur 
BMD 

Forearm 
BMD 

 β p β p β p β p β p β p 

Age > 18 and ≤ 35            

Age -0.0006 0.566 -11.859 0.008 0.001 0.458 -0.009 <0.001 -0.006 0.001 -0.0004 0.580 

Height 0.0004 0.965 13.76 <0.001 0.001 0.497 0.002 0.205 -0.001 0.353 -0.0003 0.581 

Weight 0.003 <0.001 13.938 <0.001 0.002 0.001 0.003 <0.001 0.004 <0.001 0.002 <0.001 

Model R2
(adj) 0.279 0.394 0.071 0.216 0.179 0.328 

Age > 35 and ≤ 

menopause 
           

Age 0.0004 0.778 -5.155 0.283 0.0003 0.901 -0.003 0.232 -0.0008 0.727 -0.001 0.361 

Height 0.001 0.328 19.079 <0.001 0.004 0.056 0.001 0.627 -0.002 0.341 0.001 0.331 

Weight 0.004 <0.001 14.251 <0.001 0.004 <0.001 0.003 <0.001 0.004 <0.001 0.001 0.028 

Model R2
(adj) 0.228 0.398 0.132 0.076 0.101 0.026 

Age > menopause 

and ≤ 65 
           

Age 0.0003 0.758 6.602 0.079 -0.005 0.026 -0.002 0.214 -0.0008 0.536 -0.004 <0.001 

Height 0.001 0.474 12.318 <0.001 -0.001 0.592 0.0004 0.749 -0.002 0.032 0.001 0.066 

Weight 0.002 <0.001 11.486 <0.001 0.003 <0.001 0.006 <0.001 0.006 <0.001 0.002 <0.001 

Model R2
(adj) 0.123 0.249 0.101 0.330 0.348 0.239 

Age > 65             

Age -0.002 0.127 -1.749 0.787 0.0001 0.972 -0.002 0.398 -0.001 0.540 -0.003 0.042 

Height 0.001 0.544 16.097 0.004 0.003 0.352 0.001 0.680 -0.001 0.584 0.001 0.512 

Weight 0.003 0.001 13.527 <0.001 0.005 0.011 0.004 0.001 0.005 <0.001 0.002 0.001 

Model R2
(adj) 0.130 0.241 0.085 0.112 0.143 0.160 
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in premenopausal women.  Age was inversely associated with total body BMC (p=0.001), BMD 

of femoral neck (p<0.001) and total femur (p<0.001) in premenopausal women.  Total lean mass 

seemed to have stronger influence on those BMD sites than total fat mass in premenopausal 

women.   

Age was negatively associated with BMD of total body (p=0.023), spine (p=0.003), 

femoral neck (p<0.001), total femur (p<0.001) and forearm (p<0.001) in postmenopausal women.  

Total fat mass was positively association with total body BMC (p<0.001) BMD of total body 

(p<0.001), femoral neck (p<0.001), total femur (p<0.001) and forearm (p<0.001).  Height was 

positively associated with total body BMC (p<0.001), femoral neck (p=0.003), and forearm 

(p=0.003). 

 

Table 16. Multiple linear regression between BMD/BMC of various skeletal sites as dependent 
variables and anthropometrics as independent variables in all women and in those stratified by 
gonadal status 

 Total body 
BMD 

Total body 
BMC 

Lumbar 
spine BMD 

Femoral 
neck BMD 

Total femur 
BMD 

Forearm 
BMD 

 β p β p β p β p β p β p 
All women            

Age -0.003 <0.001 -10.417 <0.001 -0.003 <0.001 -0.007 <0.001 -0.006 <0.001 -0.002 <0.001 

Height 0.001 0.018 17.426 <0.001 0.002 0.057 0.002 0.002 0.0003 0.687 0.001 0.001 

Total lean mass 0.003 <0.001 11.121 <0.001 0.006 <0.001 0.001 0.195 0.004 0.001 0.002 0.006 

Total fat mass 0.003 <0.001 12.430 <0.001 0.001 0.048 0.004 <0.001 0.004 <0.001 0.002 <0.001 

 Model R2
(adj) 0.320 0.414 0.173 0.441 0.352 0.299 

Premenopause       

Age -0.0007 0.089 -5.623 0.001 0.001 0.500 -0.006 <0.001 -0.004 <0.001 0.0003 0.412 

Height 0.001 0.406 14.903 <0.001 0.002 0.077 0.001 0.439 -0.002 0.148 0.001 0.251 

Total lean mass 0.005 <0.001 24.639 <0.001 0.005 0.004 0.007 <0.001 0.007 <0.001 0.002 0.03 

Total fat mass 0.003 <0.001 10.027 <0.001 0.002 0.088 0.001 0.194 0.002 0.016 0.002 <0.001 

 Model R2
(adj) 0.233 0.417 0.087 0.212 0.159 0.110 

Postmenopause       

Age -0.001 0.023 1.682 0.381 -0.04 0.003 -0.003 <0.001 -0.003 <0.001 -0.005 <0.001 

Height 0.001 0.097 17.957 <0.001 0.001 0.703 0.003 0.003 0.0002 0.87 0.002 0.003 

Total lean mass 0.002 0.079 2.226 0.546 0.006 0.10 -0.002 0.177 0.002 0.231 0.001 0.253 

Total fat mass 0.004 <0.001 17.976 <0.001 0.002 0.077 0.007 <0.001 0.006 <0.001 0.002 <0.001 

 Model R2
(adj) 0.241 0.343 0.132 0.308 0.286 0.388 

BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% radius. 

 

 Table 17 presents the results of multiple linear regression analysis between BMD/BMC 

of various skeletal sites as dependent variables and anthropometrics as independent variables in 

all women stratified by BMI.  Total body BMC and BMD of all skeletal sites were positively 
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associated with height (p<0.05) and total lean mass (p<0.05) and negatively with age (p<0.001) 

in normal-weight women.  In addition, only total body BMC was positively associated with total 

fat mass (p<0.001) in normal-weight women.  Age was negatively associated total BMC 

(p<0.001) and BMD of all skeletal sites (p<0.05) in overweight women.  Height was positively 

associated with total body BMC (p<0.001), femoral neck (p=0.008), and forearm (p=0.003) in 

overweight women.  Only total lean mass was positively associated with spine BMD (p<0.001) 

in overweight women.  Total fat mass was positively associated with total body BMC/BMD 

(p<0.001) and femoral neck (p=0.031), but negatively with BMD of spine (p=0.032) in 

overweight women.  Age was negatively associated total BMC (p<0.001) and BMD of all 

skeletal sites (p<0.05) in obese women.  Height was positively associated with total body BMC 

(p=0.008) in obese women.  Total lean mass was positively associated with total body BMC 

(p=0.009) and BMD (p=0.04) in obese women.  Total fat mass was total body BMC (p=0.041), 

BMD of femoral neck (p=0.015), total femur (p=0.031), and forearm (p<0.001) in obese women. 
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Table 17. Multiple linear regression between BMD/BMC of various skeletal sites as dependent 
variables and anthropometrics as independent variables in women stratified by BMI 
 Total body 

BMD 

Total body 
BMC 

Lumbar 
spine BMD 

Femoral neck 
BMD 

Total femur 
BMD 

Forearm 
BMD 

 β p β p β p β p β P β p 
Normal-weight            

Age -0.002 <0.001 -9.361 <0.001 -0.004 <0.001 -0.007 <0.001 -0.006 <0.001 -0.002 <0.001 

Height 0.003 <0.001 23.660 <0.001 0.004 0.003 0.004 0.005 0.0003 0.827 0.002 0.001 

Total lean 
mass 

0.003 0.036 12.471 0.001 0.004 0.042 0.003 0.079 0.005 0.002 0.002 0.022 

Total fat 
mass 

0.001 0.307 11.538 <0.001 0.002 0.345 0.0003 0.847 0.0004 0.790 0.0002 0.738 

Model R2
(adj) 0.249 0.456 0.234 0.502 0.366 0.281 

Overweight             

Age -0.003 <0.001 -12.070 <0.001 -0.003 0.002 -0.007 <0.001 -0.005 <0.001 -0.003 <0.001 

Height 0.001 0.397 16.597 <0.001 0.003 0.148 0.004 0.008 0.002 0.090 0.003 0.003 

Total lean 
mass 

0.002 0.203 4.979 0.306 0.010 <0.001 -0.001 0.502 0.001 0.640 0.001 0.246 

Total fat 
mass 

0.004 <0.001 14.611 <0.001 -0.004 0.032 0.003 0.031 0.001 0.234 0.001 0.260 

Model R2
(adj) 0.334 0.370 0.179 0.345 0.268 0.276 

Obese             

Age -0.003 <0.001 -11.216 <0.001 -0.004 0.001 -0.008 <0.001 -0.006 <0.001 -0.003 <0.001 

Height 0.00008 0.949 13.183 0.008 -0.001 0.685 0.002 0.227 -0.0009 0.591 0.0004 0.639 

Total lean 
mass 

0.004 0.009 12.633 0.040 0.001 0.757 -0.001 0.525 -0.0001 0.943 -0.001 0.345 

Total fat 
mass 

0.002 0.041 3.852 0.252 0.002 0.330 0.003 0.015 0.003 0.002 0.002 <0.001 

Model R2
(adj) 0.270 0.281 0.075 0.400 0.326 0.286 

BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% radius. 

 

Table 18 presents the results of multiple linear regression analysis between BMD/BMC 

of various skeletal sites as dependent variables and anthropometrics as independent variables in 

women across the age groups.  BMD of total body, spine and forearm were positively associated 

with total fat mss (p<0.05) in women aged 18 to 35 years.  Total body BMC was positively 

associated with height (p<0.001), total lean (p<0.001) and fat mass (p<0.001) and inversely with 

age (p=0.006) in women aged 18 to 35 years.  BMD of femoral neck was positively associated 

with height (p=0.076) and total lean mass (p=0.01), and inversely with age (p<0.001) in women 

aged 18 to 35 years.  BMD of total femur was positively associated with total lean (p=0.0045) 

and fat mass (p=0.022) and inversely with age (p=0.001) in women aged 18 to 35 years.  

In women aged 35 to before the age of menopause, total lean mass was positively 

associated with total body BMC (p<0.001), BMD of all sites (p<0.05).  Furthermore, total body 

BMC was positively associated with total fat mass (p=0.030) and height (p=0.002) in women 
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over 35 years to before menopause.  However, height was significantly negatively associated 

with BMD of total femur (p=0.014) in women over 35 years to before menopause. 

In postmenopausal women below 65 years, total body BMC/ BMD, BMD of femoral 

neck and total femur were significantly positively associated with fat mass (p<0.001).  In 

addition, total body BMC and femoral neck BMD were positively associated with height (p<0.05) 

in postmenopausal women below 65 years.  BMD of spine, femoral neck and forearm were 

negatively associated with age (p<0.05) in postmenopausal women below 65 years.  In 

postmenopausal women over 65 years, total body BMC/BMD, BMD of femoral neck and total 

femur were positively associated with total fat mass (p=0.05).  However, spine BMD was 

positively associated with total lean mass (p=0.010) and forearm BMD was negatively associated 

with age (p=0.038) in postmenopausal women over 65 years.  
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Table 18. Multiple linear regression between BMD/BMC of various skeletal sites as dependent 
variables and anthropometrics as independent variables in women across the age groups 
 Total body 

BMD 

Total body 
BMC 

Lumbar 
spine BMD 

Femoral neck 
BMD 

Total femur 
BMD 

Forearm 
BMD 

 β p β p β p β p β P β p 

Age > 18 and ≤ 35            

Age -0.0009 0.415 -12.183 0.006 0.001 0.514 -0.009 <0.001 -0.006 0.001 -0.0006 0.380 

Height 0.001 0.278 15.166 <0.001 0.002 0.230 0.003 0.076 -0.0002 0.869 0.0004 0.399 

Total lean 
mass 

0.002 0.079 17.989 <0.001 0.001 0.506 0.005 0.01 0.004 0.045 0.001 0.366 

Total fat mass 0.003 <0.001 12.107 <0.001 0.002 0.047 0.001 0.202 0.003 0.022 0.002 <0.001 

Model R2
(adj) 0.232 0.402 0.049 0.195 0.127 0.265 

Age > 35 and ≤ 
menopause 

           

Age 0.0003 0.853 -5.749 0.210 0.0004 0.860 -0.003 0.185 -0.001 0.611 -0.001 0.288 

Height -0.0009 0.466 11.986 0.002 0.001 0.809 -0.002 0.327 -0.005 0.014 
0.0000

2 
0.985 

Total lean 
mass 

0.011 <0.001 38.895 <0.001 0.014 <0.001 0.012 <0.001 0.014 <0.001 0.004 0.021 

Total fat mass 0.001 0.128 5.859 0.030 -0.0001 0.930 0.00009 0.952 0.0004 0.769 0.0003 0.688 

Model R2
(adj) 0.270 0.452 0.16 0.117 0.167 0.052 

Age > menopause 

and ≤ 65 
           

Age 0.0004 0.679 6.394 0.065 -0.006 0.009 -0.003 0.041 -0.002 -0.180 -0.004 <0.001 

Height 0.001 0.183 15.994 <0.001 0.0002 0.926 0.004 0.003 0.0004 0.773 0.002 0.004 

Total lean 
mass 

0.002 0.062 6..201 0.120 0.004 0.109 -0.002 0.135 0.001 0.486 0.001 0.322 

Total fat mass 0.004 <0.001 17.286 <0.001 0.002 0.105 0.007 <0.001 0.006 <0.001 0.002 <0.001 

Model R2
(adj) 0.22 0.360 0.077 0.303 0.254 0.229 

Age > 65             

Age -0.002 0.116 -4.421 0.489 0.002 0.645 -0.002 0.363 -0.001 0.569 -0.003 0.038 

Height 0.001 0.308 25.594 <0.001 
-

0.0009 
0.769 0.001 0.487 -0.0008 0.651 0.001 0.394 

Total lean 
mass 

0.0004 0.858 -15.801 0.091 0.017 0.010 0.002 0.472 0.005 0.104 0.002 0.328 

Total fat mass 0.004 0.002 21.773 <0.001 0.001 0.624 0.003 0.046 0.004 0.002 0.001 0.140 

Model R2
(adj) 0.148 0.275 0.156 0.088 0.131 0.124 

BMD = bone mineral density; BMC = bone mineral content; Forearm = 33% radius. 

 

Figure 12 presents the relationship between quartiles of percentage fat mass and bone mass 

in various skeletal sites in subjects with different BMIs.  Significant negative association (p<0.05) 

between percentage fat mass and total body BMC (B) and BMD of femoral neck (D) were found 

in normal-weight women.  Significant negative association (p<0.05) between percentage fat 

mass and total body BMC/BMD (A, B), BMD of spine (C), and femoral neck (D) were found in 

overweight women.  Significant negative association (p<0.05) between percentage fat mass and 

forearm (E) were found in normal obese women.  
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(A) Total body BMD 

 
 

(B) Total body BMC 
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(C) Spine BMD 

 
 
(D) Femoral neck BMD 

. 
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(E) Forearm BMD 

 
Figure 12. Total body BMC/BMD (A, B) and BMD of spine (C), femoral neck (D), and forearm 
(E) in subjects by percentage fat mass in normal-weight, overweight and obese women 
Data are presented as mean ± standard error; *

P<0.05; BMD = bone mineral density; each bar in 
each BMI stratum represents quartiles 1, 2, 3, and 4 of percentage fat mass; ANCOVA was used 
with age, weight, height, and menopausal status as covariates to adjust for total body BMC/BMD 
and BMD of spine, femoral neck, and forearm. 
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CHAPTER 5 
 

DISCUSSION 

The overall objective of the current study was to evaluate the relationship between body 

composition and bone mass in women across different age and weight ranges.  Additionally, this 

study sought to explore the differences between different body weight strata and BMD in women 

of different ages.  The effect of fat mass on bone mass was further investigated in women 

stratified by quartiles of percent body fat and BMI strata after the body weight was adjusted for. 

Relationship between Body Weight and Bone Mineral Density (Aim 1) 

The results for the overall group of women stratified by age and BMI concurred with 

other reports showing that BMC and BMD differed significantly between women across 

different ages and body weight strata.  Overweight and obese women showed higher total body 

BMC/BMD, BMD of spine, hip and forearm compared normal-weight women in the same age 

categories.  Similar results were reported in other studies.  Stratification of postmenopausal 

women by BMI has demonstrated that overweight and obese women had significantly higher 

total body BMC than normal-weight women (Chen et al., 1997).  In a study of overweight or 

obese premenopausal, perimenopausal and postmenopausal women, overweight or obese women 

had a significantly greater total BMC than normal-weight women regardless of the gonadal 

status (Kirchengast et al., 2001).  Another study by Ravn et al. (Ravn et al., 1999) also showed 

that women in the lowest tertiles of BMI (16-<23) had up to 12 % lower spine and hip BMD as 

compared to those in the highest tertiles BMI (27-<40).  These findings, along with present 

results confirm that women with higher body weight usually have higher BMD and BMC of 

various skeletal sites compared to normal-weight women.  This is expected due to the 

gravitational effects and mechanical loads exerted on bone by weight. 

The effect of weight on the rate of bone loss over time in women has been addressed in 

few longitudinal studies (Brot et al., 1997; Harris et al., 1992; Ravn et al., 1999; Tremollieres et 

al., 1993).  Tremollieres et al. (Tremollieres et al., 1993) assessed the rate of vertebral bone loss 

in overweight and normal-weight women for 31 months.  These authors found that women with 

normal-weight had a significantly lower vertebral BMD at the baseline and an appreciably higher 

annual rate of vertebral loss for the same follow-up period of time than overweight women.  

These results were in agreement with Nguyen et al (Nguyen, Sambrook, & Eisman, 1998) who 
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found that bone loss was greater in normal-weight (< 60kg) than in heavier  women (> 61 kg) 

after 2 year follow-up.  In addition, Ravn et al.’s (Ravn et al., 1999) showed that women in the 

lowest BMI tertiles (BMI 16-<23) had approximately a 2-fold greater bone loss at the spine and 

hip than those in the highest BMI tertiles (BMI 27-<40) after 2 years of follow-up.  Although the 

present study did not evaluate the rate of bone loss over time, it revealed that older obese or 

overweight women had higher bone mass than normal-weight women in the same age category, 

again confirming the protective effect of a higher weight on BMD. 

Reid et al. (Reid, Ames et al., 1992) also showed that BMI and weight were highly 

positively associated with total body BMC and BMD of all skeletal sites in women across the 

entire adult age range, with correlations ranging from 0.13-0.54 according to each skeletal site.  

Previous studies have shown a positive association between body weight and total body (Reid, 

Plank et al., 1992), spine (Reid, Ames et al., 1992), and femoral neck BMD (Siris et al., 2001) in 

premenopausal women.  In obese postmenopausal women, a positive association between body 

weight and BMD has been also shown.  In older women, the positive correlation of BMI and 

BMD was still presented (Bauer et al., 1993; Felson et al., 1993; Glauber et al., 1995; Holbrook 

& Barrett-Connor, 1993; Kameda et al., 1997).  These results suggest that body weight is one of 

the influential determinants of BMD and BMC in premenopausal and postmenopausal women. 

The influence of weight or BMI as a major determinant of BMD or BMC has been well 

documented in premenopausal (Reid, Plank et al., 1992; Siris et al., 2001), perimenopausal (Brot 

et al., 1997; Pesonen et al., 2005), and overweight postmenopausal women (Chen et al., 1997; 

Kirchengast et al., 2001).  In the present study, it was also found that body weight showed a 

positive association with total body BMC, BMD of all skeletal sites in women across the age 

groups.  Stratification of women by BMI has shown that weight was positively associated with 

total body BMC and BMD of all skeletal sites in normal-weight women, and BMD of total body, 

femoral neck, total femur and forearm in obese women.  No association was found between 

BMD and body weight in overweight women in multiple regression analysis.  Results from the 

present investigation provide additional data to support the statement that measurement of BMC 

and BMD are influenced by body weight.  Researchers found that weight was positively 

associated with total body (Elgan & Fridlund, 2006) and spine BMD (Bakker, Twisk, Van 

Mechelen, & Kemper, 2003) in normal-weight premenopausal women.  Similarly, Douchi et al. 

(Douchi et al., 2000) found that weight was positively associated with spine BMD in 
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premenopausal women and postmenopausal women in univariate regression analysis.  Van Loan 

et al’s (Van Loan, Johnson, & Barbieri, 1998) finding was the only one that indicated total body 

BMC was positively associated with weight in obese premenopausal women.  

Data from this investigation also supported the results of Felson et al. (Felson et al., 1993) 

that weight was positively associated with BMD of forearm, femoral neck, femoral trochanter, 

femoral Ward’s triangle and spine (L2-L4) in elderly women who never used estrogen.  

Furthermore, Cifuentes et al. (Cifuentes et al., 2003) found that total body weight was positively 

associated with total body BMC in postmenopausal women of a wide range of body weights.  In 

elderly postmenopausal women, Robbins et al. (Robbins et al. 2006) showed that weight was 

positively associated with femoral neck BMD from the Epidemiology of Osteoporosis (EPIDOS) 

Study population and with spine BMD from Cardiovascular Health Study and Women’s Health 

Initiative study.  These results including present study indicate that body weight is an 

independent factor of BMC and BMD. 

Relationship between Body Composition and Bone Mineral Density (Aim II) 

This study clearly demonstrated that the relationship between body composition and 

BMD is critically affected by gonadal status and the specific weight range.  Multivariate 

regression analysis indicated that both total lean and fat mass were important independent 

predictors of total BMC/BMD, BMD of all skeletal sites, except for the femoral neck, after 

accounting for the effects of age and height in all women.  The results were in accordance with 

the results of Khosla et al. (Khosla et al., 1996) reported a significant effect of total lean and fat 

mass on BMD in premenopausal and postmenopausal women.   

At total body BMC/BMD, BMD of total femur and forearm, both total lean and fat mass 

were statistically significant, whereas at spine and femoral neck BMD, total lean and fat mass 

were significant determinants in the premenopausal women.  In addition, it is also found that 

total lean mass showed a stronger association with BMD of all skeletal sites than total fat mass in 

premenopausal women.  Stratifying premenopausal women into two different age groups, both 

total lean and fat mass were important predictors in women aged 18 to 35 years.  Total lean mass 

was significant determinant of BMD of all skeletal sites, except for total body BMC in women 

aged 35 to before the age of menopause.  Several studies have found that positive association 

between total lean mass and BMD in premenopausal women (Douchi et al., 1997; Douchi et al., 

2000; Winters & Snow, 2000).  A study by Sowers et al. (Sowers et al., 1992) using bioelectrical 
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impedance reported that BMD had a stronger relation with lean mass than with fat mass in 

premenopausal women.  Douchi et al. (Douchi et al., 2000) performed DXA on healthy 

premenopausal women aged 20-54 years.  They found that lean mass was the most significant 

determinant of spine BMD in premenopausal women.  In their earlier study, they found that lean 

mass was the most significant determinant of total body and spine BMD in premenopausal 

women (Douchi et al., 1997).  Winters and Snow (Winters & Snow, 2000) utilized DXA  in their 

study and demonstrated that lean mass was a robust predictor for total body, femoral neck, and 

total hip BMD in premenopausal women.   These results revealed that total lean mass was a 

stronger predictor of BMD of total body, spine, femoral neck and total femur in premenopausal 

women compared with the findings of Douchi et al. (Douchi et al., 2000) and Winters et al. 

(Winters & Snow, 2000). 

In contrast, Reid eta al. (Reid, Plank et al., 1992) found a stronger influence of fat mass 

on total body BMD than lean mass in premenopausal women.  Although these investigators did 

not indicate whether they excluded obese women, it seemed that overweight and obese women 

were included in the multiple regression analysis because their study sample had a relatively high 

percent body fat (mean 31%) compared with other studies (mean 26-31%) in premenopausal 

women.  Therefore, their results demonstrated that total fat mass was the important predictor of 

total body BMD in premenopausal women.  Maybe due to this reason, the present study also 

found that total fat mass (mean 38.8%) was one of the determinants of total body BMC/BMD, 

BMD of total femur and forearm in premenopausal women.  However, Reid et al. (Reid, Plank et 

al., 1992) did not evaluate the association between total fat mass and other skeletal sites, such as 

spine and hip. 

In this study in postmenopausal women, total fat mass rather than total lean mass was the 

only significant determinant of BMD of all skeletal sites, except for spine.  Stratifying 

postmenopausal women into two different age groups, only total fat mass was associated with 

BMD, except for spine BMD that was associated with total lean mass.  This finding is strikingly 

different from the finding observed in premenopausal women.  However, this finding is 

consistent with previous studies, which demonstrated that total fat mass is the most significant 

predictor of BMD in postmenopausal women (Reid, Ames et al., 1992).  Douchi et al. (Douchi et 

al., 1997) performed DXA on 128 postmenopausal women aged 45-83 years and found that lean 

and fat mass were the significant determinant of total body and spine BMD in postmenopausal 
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women.  A full assessment of the influence of total fat mass on BMD was carried out by Reid et 

al. (Reid, Ames et al., 1992) who conducted a study in 215 postmenopausal women aged 45-71 

years and found that total fat mass was the major independent determinant of BMD of total body, 

spine, femoral neck, ward’s triangle and trochanter. 

Similar results were found by Pluijm et al. (Pluijm et al., 2001) who studied the effect of 

body composition on hip BMD in postmenopausal women.  They also showed a predominant 

effect of fat mass on hip BMD in older women.  These results showed that fat mass is the major 

predictor of BMD in postmenopausal women.  It is not clear why the effect of total fat mass is 

more prominent in postmenopausal women than in premenopausal women.  One hypothesis 

suggests that factors that affect BMD do not always generally influence BMD throughout all 

stages of the life cycle.  Some factors have a strong impact on BMD during a certain period of 

the life cycle, and then have a reduced impact on BMD at other stages of life cycle.  This concept 

was supported by the present study, demonstrating that lean mass had a strong impact on BMD 

in premenopausal women, while its effect decreased after menopause and fat mass became a 

stronger determinant after menopause.  

On the other hand, data from Aloia et al. (Aloia, Vaswani, Ma, & Flaster, 1995) suggest 

that both lean and fat mass were significant determinants of total body BMC, but lean mass 

explained larger proportion of variation in total body BMC than fat mass in both premenopausal 

and postmenopausal women.  They did not separate postmenopausal from premenopausal 

women and excluded obese women from their study while this present study did separate 

premenopausal and postmenopausal and included obese postmenopausal women.  Also, the lean 

mass was measured in the extremities while the present study used whole body values.  The 

difference between study results may be due to those reasons.  Similar results by Bedogni et al. 

(Bedogni et al., 2002) also found that lean mass explained 13% more variance of total BMC than 

fat mass in older women.  However, they used log-transformed value in univariate regression 

model to predict the total body BMC.  Comparing to the present study, total lean and fat mass 

were included in multiple regression model and values were not transformed.  Use of lean and fat 

mass as predictors did increase the accuracy of the estimate of BMC as compared with single 

predictor alone.  Therefore, Bedogni et al. (Bedogni et al., 2002) found that only total lean mass 

was significant predictor of the total body BMC in postmenopausal women. 
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In another study by Chen et al. (Chen et al., 1997), it was also found that lean mass was 

superior to fat mass in the prediction of BMD and BMC, except for total body BMD, although 

both lean and fat mass significantly predicted total and most regional BMDs in postmenopausal 

women.  However, the difference between the contribution of total lean and fat mass to total 

body BMD was larger in the present study (33% for lean mass vs. 46% for fat mass) than in 

Chen’s study (23% for lean mass vs. 25% for fat mass).  Again, the difference between studies 

may be due to more obese participants included in the present study.  Ilich-Ernst et al. (Ilich-

Ernst et al., 2002) showed that lean mass contributed greater to the variance of BMD at every 

skeletal site than fat mass in postmenopausal women.  In their study, they did not agree that 

greater weight or overweight due to increased total fat mass would be beneficial for BMD unless 

an accompanying increase was found in lean mass.  In the present study, it was observed that 

total lean mass increased with the increased total fat mass in postmenopausal women age 

bellowed 65 years.  That may explain why the fat mass became more import than lean mass in 

predicting BMD of postmenopausal women. 

A recent study by Ilich and Brownbill (Ilich & Brownbill, 2008) also reported that lean 

mass was a stronger predictor of BMD than fat mass in postmenopausal women.  In multiple 

regression results, lean mass was the dominant predictor of BMC/BMD of total body, spine 

femoral neck, total femur, and radius BMC, while fat mass was significant only for BMC/BMD 

of total body, femoral neck and total femur BMC.  An earlier study examined the effect of body 

composition on BMD in physically active and sedentary premenopausal women (Reid et al., 

1995).  They suggested that only fat mass was associated with BMD in sedentary women.  In 

active women, femoral neck BMD was associated with lean mass.  Ilich and Bronbill’s study 

combined those who were doing heavy housework in the regression model, suggesting their 

postmenopausal women were active.  Thus, they found that lean mass was a stronger predictor 

than fat mass in regional BMD. 

Certain amount of fat accumulation may have a positive effect on bone mass.  Several 

potential mechanisms have been suggested to explain the relationship between fat and bone mass.  

First, fat mass is a major component of body weight.  Increased fat mass imposes a higher 

mechanical load on bone via gravitational effect, leading to an increase in bone mass (Frost, 

1997; Reid, 2002).  Second, fat mass can produce estrogen through aromatization of androgen, 

which became a major source of estrogen after menopause (Reid, 2002).  In the premenopausal 
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women, ovarian estrogen is more dominant than aromatized estrogen in the circulation.  In this 

case, enhanced mechanical loading might be the way for lean and fat mass to preserve bone mass.  

In postmenopausal women whose ovaries do not secrete estrogen, extragonadal estrogen 

synthesis in fat tissue became the dominant estrogen source and thus has more importance to 

bone metabolism.  Evidence showed that estrogen, the most abundant circulating estrogen in 

postmenopausal women, is greater in obese women compared to thin women (Szymczak et al., 

1998).  The increased extragonadal estrogen production by high fat mass has been suggested as 

one of the potential mechanisms for the protective effect of fat mass on bone in postmenopausal 

women. 

Greater fat mass imposes a greater mechanical stress on bone and in response, therefore, 

bone mass increases to accommodate the greater body weight.  However, only ~27% and 38% of 

total body weight men and women is attributable to fat mass, respectively (Zhao et al., 2007).  

Therefore, other mechanisms were proposed.  Obesity has been related to insulin resistance.  

High plasma insulin concentration may result in androgen and estrogen overproduction in the 

ovaries and reduced production of sex hormone binding globulin (SHBG) by the liver in 

premenopausal women.  In postmenopausal women, adipose tissue is the main site of androgen 

metabolism and generation of circulating estrogen.  Therefore, higher adipose tissue results in 

elevated sex hormone levels that lead to increased bone mass due to reduced osteoclast activity 

and possibly increased osteoblast activity (Reid, 2002).  Furthermore, studies of adipocyte 

function have revealed that adipose tissue is not just an inert organ for energy storage but also 

secretes a variety of biological active molecules, such as estrogen, resistin, leptin, adiponectin, 

and IL-6.  Each of these factors may contribute to the impact of fat mass on bone.  

Leptin is an adipocyte-derived hormone and it not only regulates the appetite but also the 

bone remodeling (Ducy et al., 2000; Takeda et al., 2002).  The effect of leptin on bone is 

complex because leptin regulates bone formation and bone resorption through sympathetic nerve 

system and hypothalamic pituitary transcripts.  Both positive (Goulding & Taylor, 1998; Pasco et 

al., 2001) and negative effects (Blum et al., 2003; Kontogianni, Dafni, Routsias, & Skopouli, 

2004) of leptin on bone have been reported in humans.  In vitro studies showed that leptin can 

act directly on bone marrow-derived mesenchymal stem cells to enhance their differentiation to 

osteoblasts and to inhibit their differentiation to adipocytes (Cornish et al., 2002; Thomas et al., 

1999).  Therefore, it has been suggested that peripheral administration of leptin could increase 
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bone mass by inhibiting bone resorption (Martin et al., 2005) and increasing bone formation 

(Cornish et al., 2002; Thomas & Burguera, 2002).  Leptin-deficient ob/ob mice showed 

increased trabecular bone volume in the spine but short femora with reduced cortical thickness 

and reduced trabecular volume in femur.  In contrast, Ducy et al. (Ducy et al., 2000) found that 

intracerebroventricular infusion of leptin causes bone loss in leptin-deficient and wildtype mice.  

The positive or negative effect of leptin on bone mass caused by certain amount of fat mass is 

still unknown.  More studies are warranted. 

Relationship between Body Fat and BMD (Aim III) 

The analysis of covariate in the present study demonstrated a negative relationship 

between fat mass and bone mass.  Not only the total body BMC was negatively associated with 

fat mass, but also the BMD of total body, spine, and femoral neck were negatively associated 

with fat mass in certain BMI strata.  It is well known that obesity is associated with increased 

risk of many chronic diseases including cardiovascular disease, hypertension, diabetes, and 

cancer, some evidence suggests that it may increase the risk of osteoporosis as well (Hsu et al., 

2006).  Despite that most studies, including the results from multiple regression analyses from 

the present study, reported beneficial effect of fat mass on bone mass (Albala et al., 1996), some 

groups reported that excessive fat mass may be detrimental for bone (Blum et al., 2003; 

Goulding, Jones, Taylor, Williams, & Manning, 2001; Hsu et al., 2006). 

Consistent with present finding, Zhao et al. (Zhao et al., 2007) studied a large-scale 

sample of Chinese and white subjects and found that fat mass is positively associated with bone 

mass.  They further studied the relationship of fat and bone mass in subjects stratified by BMI.  

4489 white subjects were divided into normal-weight, overweight and obese groups and quartiles 

of percent body fat subgroups from each of the different BMI strata.  When mechanical loading 

effect of weight is statistically controlled as a covariate, significant negative association (p<0.001) 

was found between percent body fat and total body BMC for both men and women.  In addition, 

they found that the accumulation of body fat also had inverse effect on BMD at femoral neck and 

spine after adjusting for body weight. 

Recently, the adverse effect of body fat on bone mass has been reported in women of 

different ages and menopause status (Hsu et al., 2006; Yu, Zhu, Tang, Dai, & Qiu, 2009).  In a 

study of a large cohort of Chinese subjects with premenopausal and postmenopausal women by 

Hsu et al. (Hsu et al., 2006) a negative association between fat mass and bone mass across 
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quartiles of fat mass in 5-kg strata of weight was found.  Additionally, the risk of osteoporosis, 

osteopenia, and non-spine fractures were significantly higher for people with higher percent 

body fat, independent of body weight.  A smaller study with 84 perimenopausal women showed 

that body fat was inversely associated with BMD of all skeletal sites after adjusting for body 

weight and height (Yu et al., 2009).  Furthermore, Arimatsu et al. (Arimatsu et al., 2005) used 

structural equation models to avoid multicollinearity of percent body fat and BMI.  A negative 

correlation between percent body fat and forearm BMD was shown.  In a cohort of 153 

premenopausal women, a higher proportion of fat mass was negatively associated with bone 

mass (Blum et al., 2003).  Recently, Rocher et al. (Rocher, Chappard, Jaffre, Benhamou, & 

Courteix, 2008) compared differences in BMD at total body and spine in normal-weight and 

obese children.  They found that obese children had significantly higher spine BMD while total 

body BMD was not significantly different between normal-weight and obese children.  After 

adjusting for body weight however, the obese children had significantly lower total body BMD, 

while spine BMD was not different between two groups.  These data suggest that high percent 

body fat may not be beneficial for preserving bone mass. 

In the present study, the correlations between body weight and body composition were 

highly positive.  Similar to previous studies (Reid, Plank et al., 1992), without controlling for 

body weight, the positive association between fat mass and bone mass was observed in multiple 

regression models.  However, when body weight was adjusted for, a negative effect of fat mass 

on bone mass was found in analysis of covariates.  The qualitatively different results between fat 

mass and BMD in multiple linear regressions and analysis of covariance were dependent on 

whether bone mass was adjusted or not for total body weight and suggests that the effect of fat 

mass on bone in multiple regression was due to body weight.  Although accumulation of fat mass 

may compromise bone mass, the present study also indicates that overweight and obesity are 

positively associated with BMD of all skeletal sites, except spine, and shows that in 

postmenopausal women, fat mass made a greater contribution to BMD than lean mass. 

Current understanding of the skeleton and differentiation of adipose tissue in the bone 

marrow supports a negative relationship between fat and bone mass.  As mentioned in earlier 

discussion, leptin may have a negative effect on bone mass through sympathetic nervous system.  

Adiponectin is another adipocyte-derived hormone.  Adiponectin and its receptors are expressed 

in primary human osteoblasts, suggesting a link between adiponectin and bone (Berner et al., 
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2004).  Plasma adiponectin levels are usually lower in obese and diabetic people (Weyer et al., 

2001) and may increase with weight reduction (Lenchik et al., 2003).  In-vivo and in-vitro 

studies indicated that adiponectin increases bone mass by suppressing the formation of osteoclast 

and by activating the formation of osteoblast (Berner et al., 2004; Oshima et al., 2005).  

Generally a negative relationship between adiponectin level and bone mass are found in related 

studies (Jurimae, Rembel, Jurimae, & Rehand, 2005; Lenchik et al., 2003).  Based on these 

studies, decreased adiponectin levels caused by fat increase should have a negative effect on 

bone. 

Furthermore, elevated serum levels of IL-6 are usually observed in obese children and 

adults (Das, 2001; Fernandez-Real & Ricart, 2003).  It has been reported that IL-6 stimulates 

osteoclastogenesis in cell culture system (Rodan, 1992) and is considered as an osteoresorptive 

factor (Dodds, Merry, Littlewood, & Gowen, 1994).  Higher amount of fat mass activates 

osteoclasts via an increase in the levels of other cytokines like IL-1 and tumor necrosis factor 

alpha (TNF-).  Each of these factors or their combination may explain the negative effect of fat 

mass on bone. 

Both adipocytes and osteoblasts originate from mesenchymal stromal cells and their 

differentiation is regulated through peroxisome proliferators-activated receptor (PPAR) - 

pathway.  Activation of PPAR- favors the differentiation of mesenchymal stromal cells into 

adipocytes over osteoblasts (Pei & Tontonoz, 2004).  In the bone marrow, PPAR-2 negatively 

regulates osteoblast differentiation and bone formation, but positively adipocyte differentiation.  

PPAR- ligands not only induce murine bone marrow stem cell adipogenesis but also inhibit 

osteogenesis (Lecka-Czernik et al., 2002).  Clinically, declined bone mass, subcutaneous and 

visceral fat depot size were observed in advanced age and companying increased marrow 

adipose tissue (Meunier, Aaron, Edouard, & Vignon, 1971).  It has been suggested that during 

aging PPAR- accounts for increased bone marrow adipose tissue and decreased production of 

osteoblasts (Moerman, Teng, Lipschitz, & Lecka-Czernik, 2004).  Decreased fat depot size is 

associated with decreased production of PPAR- transcription factors, which results in reduced 

expression of differentiation-dependent genes in bone marrow (Kirkland, Tchkonia, Pirtskhalava, 

Han, & Karagiannides, 2002).  The changed production of transcription factors leads to 

dysdifferentiation of nonadipose which results in accumulation of lipid in locations outside of fat 

tissue, such as bone marrow (Hotta et al., 1999).  A study showed that homozygous PPAR- 
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deficient embryonic stem cells failed to differentiate into adipocytes but spontaneously 

differentiated into osteoblasts (Akune et al., 2004).  These results support the speculation that 

high adipose tissue has a negative effect on bone mass. 

Transforming growth factor- (TGF-) signaling pathway is also involved in the 

mesenchymal stromal cell differentiation.  TGF- is present at high levels in bone marrow and 

has been shown to inhibit adipocyte differentiation (Locklin, Oreffo, & Triffitt, 1999) and 

stimulates proliferation and early differentiation of osteoblasts while inhibiting terminal 

osteoblast differentiation (Bonewald & Dallas, 1994; Centrella, Horowitz, Wozney, & McCarthy, 

1994).  TGF- has been shown to inhibit PPAR- expression in human marrow stem cells and 

down-regulate several PPAR- target genes (Zhou, Lechpammer, Greenberger, & Glowacki, 

2005).  Clearly, these hormones and modulators produced by adipose tissue may demonstrate the 

negative impact of fat on bone.  However, the role of adipose tissue on bone is complex, and 

further studies are needed to clarify their roles in bone and cell differentiation. 

Limitations 

The following limitations are applied to this study: 

1. In order to achieve adequate sample, some data were obtained from baseline data of an on-

going longitudinal study investigating the effect of calcium on weight reduction and some data 

were obtained from the University of Connecticut and Croatia.  

2. The percentage of overweight and obesity in this study was not similar to the US population 

due to a fewer percent of overweight and obese participants included in the study. 

3. Since only Caucasian women were used in this study, its results cannot be generalized to other 

races or ethnicities of women or for men. 

4. Physical activity, dietary calcium, vitamin D, protein and energy intake, as well as alcohol and 

coffee consumption (typically known to affect bone status) were not assessed in this study.  

However, due to a large population size, it was possible to capture the trends within a cross-

sectional design without controlling for those factors.  

Summary and Conclusions 

As expected, this study showed that premenopausal women had greater total body 

BMC/BMD, BMD at all skeletal sites than postmenopausal women.  Obese postmenopausal 

women had higher BMC/BMD, BMD of all skeletal sites than normal-weight and overweight 

women. 
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BMD is considered to be a surrogate measure of bone strength and predicts fracture risk.  

Therefore, determining the factors that influence bone mineral density is a topic of great interest.  

Studies have focused on the relationship of bone mass and body composition in women of 

various menopausal statuses.   However, differentiating the relationship between bone mass and 

body composition is difficult.  The cross-sectional assessment of this study revealed that weight, 

BMI, total lean and fat mass were all positively associated with total body BMC/BMD, BMD at 

spine, femur, and forearm, indicating that weight, total lean and fat mass may be important 

predictors of the BMC/BMD.  In multiple linear regression models, weight was an important 

predictor of total body BMC/BMD, BMD at spine, femur and forearm in women of different age 

groups, gonadal status, and different BMI, except overweight women.  Both lean and fat mass 

were important determinants of total body BMC/BMD, BMD at femur and forearm in 

premenopausal women though total lean mass had greater effect than total fat mass.  Total fat 

mass was the only significant predictor of total body BMC/BMD, BMD of other skeletal sites in 

postmenopausal women.  Furthermore, total fat mass became more important with the increased 

body weight. 

There was no difference in femoral neck BMD in normal-weight, overweight, and obese 

women over 65 years old, although it is well established that BMD is a strong predictor of hip 

fracture risk (Cummings, Bates, & Black, 2002) and some studies also show a lower rate of hip 

fracture among obese elderly (Kato et al., 2000).  This could be due to the cushioning effect of 

body fat on bony eminences, thus decreasing the direct impact of a potential fall (Galvard, 

Elmstahl, Elmstahl, Samuelsson, & Robertsson, 1996).  Conversely, some of the recent studies 

have shown that higher percent body fat is linked to lower BMD and higher risk of fracture.  

Therefore, we further investigated the effect of body fat on bone mass by stratifying the subjects 

by quartiles of percent body fat in different BMI strata.  When the mechanical loading of body 

weight was adjusted for, the outcome of this study revealed a significantly negative association 

between percent body fat and BMD at total body BMC and femoral neck BMD in normal-weight 

women and significantly negative association between percent body fat and total body 

BMC/BMD, BMD at spine, femoral neck and forearm in overweight women, as well as the 

negative association between percent body fat and forearm BMD in obese women.  

In conclusion, the present study showed that in general, both lean and fat mass were 

positively associated with BMD, but the effect of lean and fat mass on BMD was different at 
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different gonadal status and the specific weight range.  The effect of lean mass on BMD was 

greater than that of fat mass in premenopausal women.  The effect of fat mass on BMD was 

greater than that of lean mass in postmenopausal women.  High percent body fat seemed to have 

negative effect on bone mass in total body BMC/BMD and BMD at regional sites when 

mechanical loading of body weight was adjusted for.  The relationship between lean, fat and 

bone mass depended on the bone mass parameter used (BMD/BMC), the skeletal site measured, 

menopausal status and analysis method. 

Future Research 

In the present study, blood sample analysis was not performed to assess endocrine factors 

that have been already identified to have an association between BMD and body composition; 

this is one direction for future research to investigate the mechanism of the relationship between 

fat and bone mass.  The results from DXA measurements only provide quantitative information 

and do not assess qualitative factors (i.e., bone strength and bone architecture).  Further 

investigation on bone geometry and microarchitecture may be necessary to better understand the 

correlation between body composition and bone mass.  The association between body 

composition and bone mass was derived from cross-sectional assessment, which has limited 

capacity to differentiate the relationship between bone mass and body composition.  Future 

longitudinal studies with large sample size, better study design and careful data analysis will be 

helpful to clarify the true effect of body composition on bone.  
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APPENDIX A 
 

STUDY RECRUITMENT FLYER 

 

Florida State University 

BONE MINERAL DENSITY STUDY 

YOU MAY BE ELIGIBLE IF YOU ARE: 
 CAUCASIAN FEMALE (age range:18-65) 

 FREE of chronic disease like: 

o Hypertension, thyroidism, diabetes, cancer, 

kidney or liver disease 

 NOT CURRENTLY or within last 3 months 

taking: 

o Calcium or vitamin D supplements 

o Estrogen, Fosamax, steroids, or other drugs 

affecting bone 

 NOT CURRENTLY or within last 3 months: 

o Participating in weight reduction regimens 

o Taking medication for weight loss 

 

Benefits: 
1. Free bone mineral density scan 

2. Free body composition assessment 

3. Free parking available 
 
FOR MORE INFORMATION OR TO SIGN UP 

Call 850-645-7383 
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APPENDIX B 
 

HUMAN SUBJECTS APPROVAL AND INFORMED CONSENT 

Office of the Vice President For Research Human Subjects Committee Tallahassee, Florida 
32306-2742 
(850) 644-8673 · FAX (850) 644-4392 
 
RE-APPROVAL MEMORANDUM 
 
Date: 3/30/2009 
 
To: Pei-Yang Liu 
 
Address: 1000 High Road Apt 510, Tallahassee, FL 32304 
Dept.: NUTRITION FOOD AND MOVEMENT SCIENCES 
 
From: Thomas L. Jacobson, Chair 
 
Re: Re-approval of Use of Human subjects in Research 
The relationship between weight and BMD in women with a wide range of ages 
 
Your request to continue the research project listed above involving human subjects has been 
approved by the Human Subjects Committee. If your project has not been completed by 
3/17/2010, you are must request renewed approval by the Committee. 
 
If you submitted a proposed consent form with your renewal request, the approved stamped 
consent form is attached to this re-approval notice.  Only the stamped version of the consent 
form may be used in recruiting of research subjects. You are reminded that any change in 
protocol for this project must be reviewed and approved by the Committee prior to 
implementation of the proposed change in the protocol.  A protocol change/amendment form is 
required to be submitted for approval by the Committee. In addition, federal regulations require 
that the Principal Investigator promptly report in writing, any unanticipated problems or adversus 
events involving risks to research subjects or others. 
 
By copy of this memorandum, the Chair of your department and/or your major professor are 
reminded of their responsibility for being informed concerning research projects involving 
human subjects in their department.  They are advised to review the protocols as often as 
necessary to insure that the project is being conducted in compliance with our institution and 
with DHHS regulations. 
 
Cc: Jasminka Ilich-Ernst, Advisor 
HSC No. 2009.2372 
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APPENDIX C 
 

TELEPHONE SCREENING SHEET 

 

ID   Date:   

     

Date of Birth:     

Date of last period (when period stopped)     

Birth control pill taking:   Yes   NO   

Weight:               kg   Height:  cm BMI:    

General Medical History 

Illness/Disease YES NO Year 

of onset 

Still 

Present 

Osteoporosis     

Osteoarthritis 
    

Cardiac Disease     

Hypertension (High blood pressure)     

Diabetes Mellitus     

Liver Disease     

Gastrointestinal Disease     

Kidney Disease 
    

Hematological Disease (disease of the blood) 
    

Respiratory Disease 
    

Musculoskeletal Disease     

Depression 
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Please indicate any conditions you may have that are not listed above, including major surgeries 

      

  

List any medications that you are taking       

      

          

List any supplementations that you are taking       
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APPENDIX D 
 

DATA COLLECTION SHEET 
 

ID   Date:   

     

Date of Birth:     

Date of last period (when period stopped)     

Weight:               kg    

Height:  cm  

BMI:    

List of supplementations: 

Supplementations Amount  
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