
Effects of a randomized weight loss intervention trial in obese 
adolescents on tibia and radius bone geometry and volumetric 
density

Jennifer C. Kelley, MD1, Nicolas Stettler-Davis, MD, MSCE2, Mary B. Leonard, MD, MSCE3, 
Douglas Hill, PhD4,5, Brian H. Wrotniak, PhD6, Justine Shults, PhD4,7, Virginia A. Stallings, 
MD4,8, Robert Berkowitz, MD9, Melissa S. Xanthopoulos, PhD9, Elizabeth Prout-Parks, MD, 
MSCE4,8, Sarah B. Klieger, MPH10, Babette S. Zemel, PhD.4,8

1Division of Endocrinology and Diabetes, Monroe Carell, Jr Children’s Hospital at Vanderbilt, 
Nashville, TN

2The Lewin Group, Falls Church, VA

3Department of Pediatrics, Stanford University, Palo Alto, CA

4Department of Pediatrics, The University of Pennsylvania Perelman School of Medicine, 
Philadelphia, Philadelphia, PA

5Pediatric Advanced Care Team, The Children’s Hospital of Philadephia, Philadelphia, PA

6Department of Physical Therapy, D’Youville College, Buffalo, NY

7Division of Biostatistics and Data Management, The Children’s Hospital of Philadephia, 
Philadelphia, PA

8Division of Gastroenterology, Hepatology and Nutrition, The Children’s Hospital of Philadephia, 
Philadelphia, PA

9Department of Child and Adolescent Psychiatry and Behavioral Sciences, The Children’s 
Hospital of Philadelphia, Philadelphia, PA

10Biostatistical and Data Management Core, The Children’s Hospital of Philadelphia, 
Philadelphia, PA

Abstract

Obese adolescents have increased fracture risk, but effects of alterations in adiposity on bone 

accrual and strength in obese adolescents are not understood. We evaluated 12-month changes in 

trabecular and cortical volumetric bone mineral density (vBMD) and cortical geometry in obese 

adolescents undergoing a randomized weight management program, and investigated the effect of 

body composition changes on bone outcomes. Peripheral quantitative CT of the radius and tibia, 

and whole body DXA scans were obtained at baseline, six and 12 months in 91 obese adolescents 
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randomized to standard care versus behavioral intervention for weight loss. Longitudinal models 

assessed effects of body composition changes on bone outcomes, adjusted for age, bone length, 

and African-American ancestry, and stratified by sex. Secondary analyses included adjustment for 

physical activity, maturation, vitamin D, and inflammatory biomarkers. Baseline BMI was similar 

between intervention groups. Twelve-month change in BMI in the standard care group was 1.0 

kg/m2 vs. −0.4 kg/m2 in the behavioral intervention group (p<0.01). Intervention groups were 

similar in bone outcomes, so were combined for subsequent analyses. For the tibia, BMI change 

was not associated with change in vBMD or structure. Greater baseline lean body mass index 

(LBMI) associated with higher cortical vBMD in males, trabecular vBMD in females, and polar 

section modulus (pZ) and periosteal circumference (Peri-C) in both sexes. In females, change in 

LBMI positively associated with gains in pZ and Peri-C. Baseline visceral adipose tissue (VFAT) 

was inversely associated with pZ in males and cortical vBMD in females. Change in VFAT did 

not affect bone outcomes. For the radius, BMI and LBMI changes positively associated with pZ in 

males. Thus, in obese adolescents, weight loss intervention with modest changes in BMI was not 

detrimental to radius or tibia bone strength, and changes in lean, but not adiposity, measures were 

beneficial to bone development.
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INTRODUCTION

Childhood obesity has reached epidemic proportions. Between 2011 and 2014, 17.5% of 

children ages 6 to 11 years and 20.5% of those ages 12 to 19 years were obese.1 Obesity in 

childhood and adolescence is associated with metabolic syndrome, type 2 diabetes mellitus, 

and cardiovascular disease.2–4 The effects of excess adiposity on bone development during 

the period of peak bone mineral accrual is less well understood and beset with inconsistent 

findings. Greater body mass index (BMI) in children and adults is positively associated with 

bone size, bone mineral content, areal bone mineral density (aBMD), and volumetric bone 

mineral density (vBMD).5,6 Yet, childhood obesity is also associated with increased fracture 

risk,7–10 and a pattern of increased fracture rates along the lower extremity and physis.11,12

Plausible mechanisms for increased fracture risk in obese children include impaired bone 

strength due to lack of physical activity, severe vitamin D deficits, inadequate bone strength 

to compensate for body habitus, lack of coordination, and increased impact of falls due to 

weight.8,13 The skeletal effects of excess adiposity may vary according to fat distribution. 

Among non-obese children and young adults, subcutaneous adipose tissue was associated 

with greater cortical dimensions14,15 while visceral adipose tissue and intramuscular adipose 

tissue were associated with trabecular and cortical deficits.14,16 The adverse effects of 

visceral and intramuscular adipose tissue may reflect increased inflammatory cytokines and 

abnormal hormonal regulators of metabolism.17–21

Studies report conflicting results regarding the effects of obesity on developing 

bone.5,14,16,22–27 These discrepancies may relate to differences in the skeletal sites 

Kelley et al. Page 2

J Bone Miner Res. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assessed, and varying statistical approaches. Most prior studies were limited by dual x-ray 

absorptiometry (DXA) methods which do not distinguish between trabecular and cortical 

density and structure, and were subject to errors introduced by variability in soft tissue 

and bone thickness. In contrast, quantitative computerized tomography (QCT) provides 

three-dimensional measures of trabecular and cortical vBMD and cortical dimensions that 

correlate highly with bone strength, and are less subject to errors introduced by overlying 

fat mass. Prior pediatric QCT studies have been limited by cross-sectional design, and bone 

responses to changes in adiposity are poorly described.

The effect of weight loss on bone health during the critical period of growth and bone 

development is unknown. There are no studies examining the effect of change in fat 

distribution on bone structure during adolescence, when metabolic insults may have life

long implications for bone health. This study aimed to assess longitudinal changes in 

tibia and radius peripheral QCT (pQCT) measures of trabecular and cortical vBMD and 

cortical geometry in obese adolescents randomized to standard care versus comprehensive 

behavioral weight control program over one year. Secondary aims included evaluation of the 

impact of longitudinal changes in weight and regional adiposity on tibia and radius bone 

outcomes.

METHODS AND MATERIALS

Design and participants

This study was a 12-month, 1:1 randomized weight loss clinical trial (NCT00609713) of 

91 obese adolescents assessing the effects of weight loss on bone health during growth. 

The study began in March 2008 and was completed in October 2011. Study visits were 

performed at baseline, six and 12 months and included measures of body composition, 

collection of serum samples, measurement of physical activity, and dietary assessment. The 

protocol was approved by the Institutional Review Board of the Children’s Hospital of 

Philadelphia and informed consent was obtained from all participants. Participants were 

recruited at the Children’s Hospital of Philadelphia and in the greater Philadelphia area 

through use of flyers, newspaper and radio advertisements, and referral from local clinicians.

Inclusion criteria were age ≥10 years and <15 years, the period in which peak bone mineral 

accretion velocity is greatest, and BMI above the 97th percentile for sex and age. Participants 

were excluded for syndromic or obesity secondary to other medical diagnoses, BMI Z-score 

greater than +3.00 SD to avoid co-morbidities associated with severe obesity or for weight 

greater than 136 kg due to the weight limit of the DXA table.

Exclusion criteria included reported developmental delay requiring special education, 

depression, psychosis, eating disorders, orthopedic problems interfering with moderate 

to vigorous physical activity, diabetes, polycystic ovary syndrome, use of anticonvulsant 

medications, weight loss medications including diet supplements, cumulative lifetime 

systemic corticosteroid use exceeding three months, and any other medications or chronic 

conditions deemed likely to interfere with the intervention or bone health. Additional 

exclusion criteria included weight loss of at least 5% over the preceding six months, 
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participation in another weight loss program, cigarette smoking, and, for females, sexual 

activity without contraception.

Randomization and weight loss intervention

All recruited participants attended a pre-randomization behavioral assessment visit to ensure 

that the intervention program would be appropriate for participant and family. A blocked 

randomization scheme was used to achieve a balanced distribution of sex and African 

American ancestry (African American vs. non-African American) in each intervention arm, 

with participants randomized to: a nutrition education program (Arm I), considered standard 

care, or a comprehensive lifestyle modification program (Arm II) (Figure 1).

In Arm I, participants received individual nutrition education sessions with an experienced 

pediatric dietician. The initial consultation lasted 60 minutes and follow-up sessions lasted 

30 minutes. Sessions were held monthly for the first 6 months; followed by sessions in 

months 8, 10 and 12. During the initial session, the dietician reviewed the adolescent’s 

usual diet to identify treatment targets, such as decreased consumption of high-fat foods 

and sweetened beverages, portion control, and decreasing snacking. Recommended dietary 

changes were customized to subject’s specific situation and provided to the child and family. 

Follow-up visits included review of challenges to implementing dietary changes, problem 

identification, suggestions for overcoming challenges, reinforcement of previous dietary 

recommendations and introduction of additional dietary recommendations as appropriate. 

Lifestyle physical activity recommendations corresponding to the goals of Healthy People 

201028 for adolescents included engagement in vigorous physical activity ≥3 days per week 

for 20 or more minutes per occasion, and decrease sedentary behaviors to ≤2 hours per day.

In Arm II, participants met weekly for the first 12 weeks, then every other week for the 

next 12 weeks and once a month thereafter through week 52. Adolescents and parents met 

in separate group sessions29,30 that reviewed causes of obesity; components of healthful 

nutrition; self-monitoring of caloric intake, physical activity, and inactivity; stimulus control 

procedures; coping with high-risk social or psychological situations that trigger excess 

eating; increasing physical activity; and minimizing inactivity. Self-monitoring diaries and 

completed homework were submitted at each session, and incentives were used as an 

integral part of the behavior modification program.

Peripheral quantitative computed tomography (pQCT)

All measurements were collected as previously described by Leonard et al., 2015.4 A Stratec 

XCT-2000 pQCT device (Orthometrix, Inc., White Plains, NY) with a 12-detector unit, 0.4 

mm voxel size, 2.3 mm slice thickness, 25 mm/sec scan speed, and software version 5.5 was 

used to measure tibia and radius bone outcomes at baseline, six, and 12 months. Placement 

of the reference line was guided by a scout view and placed at the proximal margin of 

the growth plate rather than the end of the growth plate to reduce heterogeneity given the 

variability in the size of the epiphysis. In participants with open growth plates, placement 

of the reference line was at the medial proximal border of the distal growth plate versus the 

medial proximal border of the endplate in participants with fused growth plates. A sliding 

caliper (Rosscraft, Surrey, BC, Canada) was used to measure tibia and radius length on the 
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participants’ extremities. Tibia and radius trabecular vBMD were assessed at the 3% site in 

the mid-region of the metaphysis. Cortical vBMD (mg/mm3), section modulus (mm3), and 

periosteal and endosteal circumference (mm) were assessed in the diaphysis at the 38% site 

in the tibia and the 30% site in the radius. Measurements of calf muscle and subcutaneous 

fat cross-sectional area (mm2) were obtained at the 66% site.

Body composition

Weight and height were measured in triplicate with mean value used in analysis. Weight 

was measured with subjects in light clothing on a digital electronic scale (Seca, Munich, 

Germany) to the nearest 0.1 kg. Standing height was measured to the nearest 0.1 cm on 

a stadiometer (Holtain Ltd., Crymych, UK). The validated self-assessment questionnaire 

developed by Morris and Udry was used for pubertal assessment, with completion by the 

subject with parental assistance if needed.31 Pubertal assessment was based on pubic hair in 

both sexes as self-assessment of breast Tanner stage in obese girls may be unreliable. The 

left hand wrist radiograph was compared to Greulich and Pyle standard tables to obtain bone 

age assessment.32

Body composition was obtained by whole body DXA using the Discovery bone 

densitometer (Hologic, Inc., Bedford, MA) using software version 13.3 to estimate subtotal 

(whole body less head) fat-free mass, fat mass, and bone mass. DXA estimated abdominal 

visceral and subcutaneous fat were also measured.33 Muscle density (mg/cm3) was obtained 

from pQCT measurement of calf muscle at the 66% site and used as a surrogate measure of 

intramuscular adipose tissue, which is inversely related to muscle density.

Accelerometry

In order to assess the independent effect that physical activity may have on biomechanical 

loading and thus bone strength, physical activity was measured using the ActiGraph GT1M 

accelerometer (ActiGraph,LLC, Fort Walton Beach, FL). Participants were instructed to 

wear the device on the right side of the body, attached to a waist belt, during waking 

hours for seven days (including two weekend days), and to record each time the device was 

removed and replaced. Results were used in analysis if at least eight hours of data on at least 

six days, including one weekend day, were recorded. Validated activity threshold was used 

to measure the average number of activity counts per minute, as well as the percentage of 

time the participants spent in sedentary, light, moderate, moderate-to-vigorous and vigorous 

physical activity per 7-day period while wearing the device.34

Serum studies

Non-fasting blood samples were collected at each study visit to measure potential 

biochemical indicators of inflammation and poor nutritional status that may act as 

confounding factors in the relationship between obesity and bone. These included serum 

high sensitivity CRP (hsCRP, mg/L) and 25-hydroxy-vitamin D [25(OH)D; ng/mL] 

concentrations. Human C-Reactive Protein/CRP Quantikine ELISA kit (R&D Systems, 

Minneapolis, MN) was used to measure hsCRP, with a coefficient of variation (CV) of 8%. 

Chemiluminescence immunoassay using the DiaSorin LIAISON assay (Heartland Assays, 

Ames, IA) was used to measure 25(OH)D, with a CV of 5%.
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Statistical analysis

For the primary aim (intention-to-treat analysis), the magnitude and significance of change 

in subject characteristics over the twelve-month period were assessed using a random effects 

model with an indicator variable for 12 months (versus baseline) and a random intercept for 

each subject. Between-group differences were assessed using a time by group interaction 

term. Participants who were present at only one visit were retained in these analyses. 

Missing values were not imputed.

Measures of growth, body composition and bone health in adolescents are typically 

converted to age and sex specific z-scores to account for the non-linear, heteroscedastic 

distribution of reference values associated with age. However, change in z-scores can be 

more difficult to interpret, especially among children with obesity.35,36 In this study, the age 

range was restricted to 10 to 14 years and all subjects were obese. Therefore, the change in 

bone and body composition measurements was used as the outcome for all analyses, with 

each model regressed on age, sex, and ancestry group. Because tests for interactions between 

sex and body composition were statistically significant, all analyses were stratified by sex.

Change in body composition measures, including BMI, fat mass index, lean body mass 

index, visceral fat and subcutaneous fat, were assessed individually as independent 

predictors of the various bone outcomes using quasi-least squares models37 and the Begg 

Parides method for regression analysis of clustered data, which allows for interpretation of 

effects at both the individual and group levels.38 Intention-to-treat analysis was performed 

by including all observations available from randomized participants and all models were 

adjusted for intervention group. The study was designed to enroll 44 participants per group 

(total n=88) to detect an effect size of 0.7 with a type 1 error = 0.05 and 80% power, with 

25% lost to follow-up over 12 months. Change in bone outcome was modeled on change 

in body composition from baseline to 6 months and baseline to 12 months. Models were 

further adjusted for age and ancestry group. A sex by time interaction was noted during 

analysis and all models were then stratified by sex. Tibia and radius cortical dimensions 

were highly correlated with tibia or radius length, thus models were also adjusted for length 

of the tibia or radius.39 Secondary analyses included adjustment of BMI for vigorous and 

moderate-to-vigorous physical activity (MVPA) level and muscle circumference. Lean body 

mass index was adjusted for fat mass index to account for the expected increase in lean mass 

with increasing body fat, and visceral fat was adjusted for subcutaneous fat. Analyses were 

performed using Stata/SE 12.0 (StataCorp LP, College Station, TX) and a p-value of 0.05 

was considered statistically significant.

RESULTS

Anthropometry, body composition and maturity

Baseline characteristics of the obese participants were previously reported in detail in 

Leonard et al.4 The study enrolled 91 participants, 45 (male=15) who were randomized into 

the standard care group, Arm I, and 46 (male=17) into the lifestyle intervention group, Arm 

II. There was no statistical difference in median baseline BMI between groups (p=0.55). 

Retention at 12 months was 91% (n=83). The intention to treat analysis showed differences 
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in BMI, fat mass index and subcutaneous fat area. Mean 12 month change in BMI in the 

standard care group was 1.0 kg/m2 (95% CI [0.30, 1.7]) compared to −0.4 kg/m2 (95% 

CI [−1.24, 0.35]) in the behavioral intervention group (p=0.007). Mean 12 month change 

in fat mass index (0.46 kg/m2 [95% CI (−0.03,0.95)] for the standard care group and 

−0.77 kg/m2 [95% CI (−1.36, −0.19)] for the behavioral intervention group), p=0.002) and 

subcutaneous fat area (22.71 mm2 [95% CI (8.58, 36.84)]for the standard care group and 

−12.45 mm2 [95% CI (−38.80, 13.89)] for the behavioral intervention group, p-=0.03) also 

significantly differed by intervention group. The intent to treat analysis and primary a priori 
defined analysis for the randomized controlled trial design did not identify group differences 

for the other measures of body composition. The intent to treat analysis did not identify 

differences in bone outcomes over 12 months, including trabecular vBMD (β −4.32, 95% CI 

[−9.02, 0.37], p=0.07), cortical vBMD (β 0.44, 95% CI [−4.43, 5.31], p=0.86), or section 

modulus (β 8.52, 95% CI [−43.18, 60.22], p=0.75). Figure 2 summarizes differences in 

body composition and bone outcome between intervention groups. Supplemental Table 1 

summarizes change in body composition and bone outcomes over 6 and 12 months by 

intervention group. Because there were no significant differences in bone outcomes between 

intervention groups, they were combined for subsequent analyses. Tests for interactions 

between sex and body composition measures were examined and were found to be 

statistically significant, so all analyses presented are stratified by sex and adjusted for 

intervention arm.

Table 1 summarizes characteristics of the male and female participants at baseline and 

longitudinal change over 12 months. In males, significant change from baseline to follow-up 

was present in all measures except for BMI, skeletal maturity, and subcutaneous fat. In 

females, significant change from baseline to follow-up was present in all measures except 

for fat mass index and visceral fat. Males had a significantly greater increase over 12 months 

in height and muscle area and a significantly greater decrease in BMI and fat mass index 

compared to females.

Laboratory results

Serum hsCRP and 25(OH)D concentrations were not significantly different between 

intervention groups or sexes at baseline (males, median hsCRP 0.2 mg/dL (IQR 0.0–2.7) 

and median 25(OH)D 7.8 ng/mL (IQR 0.0–20.5); females, median hsCRP 0.3 mg/dL (IQR 

0.0–1.7) and median 25(OH)D 8.0 ng/mL (IQR 0.0–19.4). Change in these concentrations 

was not significant over 12 months. Magnitude of change in serum hsCRP and 25(OH)D did 

not differ significantly between intervention groups or sexes.

Bone density and structure

Table 2 summarizes baseline and longitudinal changes in tibia and radius cortical bone 

measures. Both males and females had significant change over 12 months for all tibia 

outcomes. Males had significantly greater gains in tibia length, cortical density, section 

modulus, cortical area, periosteal circumference and endosteal circumference of the radius 

and tibia compared to females. Males had significant change over 12 months in all radius 

measures except trabecular vBMD, while females had significant changes for all radius 

measures except endosteal circumference. Intervention group, maturity stage, hsCRP and 
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vitamin D concentrations, and muscle density were not associated with significant change in 

any bone outcomes in tibia or radius at baseline or longitudinally.

Tibia

Table 3 summarizes the effect of baseline body composition measures and a one-unit change 

(delta) in body composition measures on longitudinal tibia outcomes. In males, baseline 

BMI was not associated with change in cortical or trabecular vBMD or cortical structure. 

In females, a greater BMI at the start of the study was associated with greater trabecular 

vBMD, section modulus and periosteal circumference. Change in BMI was not associated 

with significant gains in any measure of density or structure in males or females. When 

adjusted for muscle area, the associations between baseline and change in BMI with bone 

outcomes remained unchanged and nonsignificant. When adjusted for MVPA, change in 

BMI was associated with positive and significant gains in trabecular vBMD in males. 

All other associations between BMI and bone outcome remained unchanged in males and 

females. Throughout the duration of the study, reporting of physical activity declined and 

only 12 participants had measurable MVPA at the 12 month visit.

Greater lean body mass index at baseline was associated with higher cortical vBMD in 

males and trabecular vBMD in females, and section modulus and periosteal circumference 

in both sexes. When adjusted for fat mass index, the effect of baseline lean body mass index 

on vBMD was attenuated in both males and females and remained significant in males only. 

Change in lean body mass index, before and after adjustment for fat mass index, was not 

significantly associated with bone outcomes in males. In females, change in lean body mass 

index was positively associated with gains in section modulus and periosteal circumference. 

These effects remained when adjusted for fat mass index. When adjusted for vigorous 

physical activity status, the associations between change in lean body mass index and 

section modulus and periosteal circumference were attenuated and became nonsignificant.

In males, greater fat mass index and visceral fat at baseline and change in visceral fat 

adjusted for subcutaneous fat were associated with lower section modulus. Conversely, 

in females, greater fat mass index at baseline was associated with greater trabecular 

vBMD and section modulus. Change in fat mass index was not significantly associated 

with 12 month changes in density or structure for either sex. visceral fat at baseline was 

negatively associated with cortical vBMD in females; however, changes in visceral fat did 

not significantly affect change in bone density or structure. When adjusted for muscle area 

or MVPA, the associations between baseline and change in visceral fat for bone outcomes 

remained unchanged.

Findings for cortical area were similar to those of section modulus. In males, cortical 

area was negatively associated with baseline fat mass index (β −3.7, p<0.05) and baseline 

visceral fat (β −0.7, p <0.05). In females, greater BMI at baseline was positively associated 

with cortical area (β 2.7, p<0.001), as were baseline lean body mass index (β 7.4, 

p<0.001) and fat mass index (β 3.3, p<0.01); and, only change in lean body mass 

index was significantly associated with change in cortical area (β 1.8, p<0.05). Endosteal 

circumference was also assessed in both males and females and was not significantly 

associated with any measures of body composition at baseline or change over 12 months.
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Radius

Table 4 summarizes the effect of baseline body composition measures and a one-unit change 

(delta) in body composition measures on longitudinal outcomes in the radius. In males, 

change in BMI, baseline lean body mass index and change in lean body mass index were 

positively associated with gains in section modulus. Baseline and change in lean body mass 

index were also positively associated with periosteal circumference. In females, baseline 

BMI and lean body mass index were positively associated with gains in trabecular vBMD, 

section modulus, and periosteal circumference; however, change in BMI and lean body mass 

index did not have a significant effect.

Consistent with findings in the tibia, findings for cortical area of the radius were similar 

to those for section modulus in males and females. In males, cortical area was positively 

affected by baseline lean body mass index (β 4.5, p<0.001) though change in lean body mass 

index did not have a significant effect. In females, cortical area was positively associated 

with greater baseline BMI (β 0.8, p<0.001), lean body mass index (β 1.9, p<0.001), and 

fat mass index (β 0.9, p<0.005). Unlike the tibia, radial periosteal circumference was 

significantly associated with change in lean body mass index in both males (β 0.2, p<0.005) 

and females (β 0.08, p<0.005).

In males, baseline and change in visceral fat and baseline subcutaneous fat did not 

significantly affect bone outcomes. Change in subcutaneous fat was positively associated 

with gains in cortical density. In females, baseline visceral fat and an increase in 

subcutaneous fat were negatively associated with gains in cortical vBMD

DISCUSSION

We previously reported increased bone density and strength in this cohort of obese male 

and female adolescents compared to a healthy-weight reference sample at baseline and 

before the weight loss intervention. In this longitudinal analysis, we investigated the effect of 

changes in body composition on density, dimensions and structural strength of the tibia and 

radius. Using a weight loss intervention with behavioral modification in obese adolescents 

compared to standard of care counseling, our study design resulted in modest variability in 

BMI increase over 12 months with greater weight loss present in the first 6 months of the 

study. This is consistent with the design of the study, in which dietary or behavioral visits 

were more frequent during the first six months, declining in frequency after six months. 

We were unable to identify sustained intervention group differences in bone outcomes, and 

therefore combined groups for secondary analyses.

In this context of established obesity and fluctuations in BMI, some bone outcomes were 

positively associated with measures of overall body size, such as BMI and lean body mass 

index, but changes over time in bone outcomes in response to weight loss/weight gain 

were not always detectable. Section modulus of the radius and tibia was more frequently 

associated with body composition and its change over time, but results varied by sex and 

skeletal site. For example, baseline lean body mass index was positively associated with 

section modulus of the tibia in males and females, but change in lean body mass index 

was associated with section modulus of the tibia in females only. (A different sex-specific 
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pattern was observed for the radius). Interestingly, for males, fat mass index was negatively 

associated, and for females, positively associated with section modulus of the tibia. In 

general, this pattern was similar for periosteal circumference and cortical area. This study 

is the first to report longitudinal effects of a randomized trial on pQCT measures of bone 

density and structure in obese male and female adolescents.

Numerous adult studies evaluating the effect of weight loss on bone outcomes suggested 

a deleterious outcome in bone structure and density following weight loss.40,41 Studies 

evaluating bone outcomes following gastric bypass surgery have established decreased 

bone mass and density.42,43 Potential mechanisms include post-surgical rapid decreases 

in both fat and lean mass, changes to the hormonal milieu, decreased nutritional intake, 

increased malabsorption and increased bone turnover. Fewer studies have been conducted 

in adolescents following bariatric surgery, however similar significant decreases in BMD 

and increased bone turnover have been shown.44,45 Few prior studies evaluating the effect 

of nonsurgical weight management and loss on bone outcomes in obese children exist and 

results are mixed.6,46 In comparison to the findings after gastric bypass, the participants in 

our study did not experience rapid changes in weight or severe caloric restriction. Indeed, 

despite an intensive behavioral management intervention which resulted in more significant 

weight loss in the first 6 months compared to the standard care group, we did not find group 

differences over 12 months in patterns of weight loss or bone outcomes. Our study suggests 

that modest weight loss in obese adolescents, unlike that found in participants following 

gastric bypass, is not associated with deficits in the radius or tibia, as indicated by our 

outcomes.

To our knowledge, among the prior studies that have investigated the association between 

body composition and QCT or pQCT measures of bone in children, adolescents and 

young adults,14,15,25,26,47–51 only two previous studies were in obese adolescents and were 

limited by their cross-sectional design.4,52 In the first, Vandewalle et al. compared 51 

obese adolescent males with 51 healthy age-matched and 51 bone age-matched controls 

and demonstrated that obesity was associated with advanced skeletal maturity, greater 

muscle mass, greater tibia and radius trabecular vBMD and cortical dimensions. The 

differences remained when adjusted for skeletal maturity; however, adjustment for muscle 

area and strength was not reported.52 Therefore, it is unknown whether bone strength was 

appropriately adapted to muscle loads in this sample.

In the second study, reported by our group, tibia and radius pQCT scans in the 91 obese 

participants in the current study and 51 non-obese adolescent controls were compared.4 At 

baseline, obese participants had greater sexual and skeletal maturity, muscle area, and tibia 

cortical section modulus. Differences in section modulus in these obese adolescents were 

attributable to advances in skeletal maturation and greater muscle area and strength. Our 

current study supports the finding that greater BMI at baseline was associated with greater 

section modulus and trabecular vBMD, however, this was found in females only and was 

not attenuated by addition of muscle area or physical activity status. Changes in BMI did 

not significantly affect bone density or structure. Recent evidence has shown that, in adults 

age 50 years or greater, there is a positive relationship between increases in BMI and gains 

in hip areal BMD, but this relationship plateaus once BMI reaches 30 kg/m2.53 This, along 
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with our findings, suggests that at the upper bounds of BMI ranges, the ability to increase 

BMD to compensate for further increase in BMI reaches a plateau and modest changes seen 

in BMI over time do not consistently effect bone structural parameters.

In contrast to BMI, changes in lean body mass index were associated with positive changes 

in bone. Lean body mass index during weight loss intervention in this study was the most 

common predictor of significant change in bone among all measures of body composition, 

and findings differed by sex. Increase in lean body mass index adjusted for fat mass index in 

males was a positive predictor of gains in section modulus and periosteal circumference in 

the radius only. Conversely, females demonstrated a positive association between increases 

in lean body mass index adjusted for fat mass index and gains in tibia section modulus 

and periosteal circumference and a negative association with trabecular vBMD. Prior studies 

have demonstrated that augmented aBMD and vBMD and section modulus in obese children 

and adolescents may be attributable to greater skeletal maturity, lean mass, muscle area and 

strength.4,5 Our longitudinal findings are consistent with these cross-sectional studies in that 

increases in lean body mass index during weight loss intervention were also associated with 

gains in bone and differed by sex and skeletal site.

In addition to changes in lean mass, the pattern of regional fat deposition, including visceral 

fat and subcutaneous fat, may have important implications for bone health. Prior studies 

examining the association of regional adiposity on bone mineral accrual and bone outcomes 

in children and adolescents have yielded conflicting results and were limited by study 

design, skeletal sites and statistical methods used to adjust for differences in lean body mass, 

maturation and stature.14,16,22–26,49 Few studies have evaluated regional adiposity on QCT 

outcomes in obese adolescents. Gilsanz et al. used QCT to measure abdominal visceral fat 

and subcutaneous fat and femoral bone outcomes in a cross-sectional study in 100 healthy 

females, ages 15 to 25 years; however, participants with a BMI > 97th percentile were 

excluded.14 The study demonstrated that visceral fat and subcutaneous fat had opposing 

effects on appendicular skeleton characteristics. After adjusting for leg length and thigh 

musculature, subcutaneous fat was positively associated with cortical area while visceral fat 

was negatively associated with cortical area. The authors concluded that subcutaneous fat 

was beneficial to bone structure while visceral fat was a pathogenic fat depot. Our findings 

are consistent with the observation that visceral fat may have a detrimental effect on bone. 

Greater baseline visceral fat before and after adjusting for subcutaneous fat had a modest but 

significant negative effect on section modulus in the tibia for males and for cortical vBMD 

in both the tibia and radius in females, though changes in visceral fat over 12 months were 

not associated with lesser gains in any bone measure for males or females.

This study is not without limitations. First, the study design led to initial weight loss 

followed by weight rebound and thus resulted in small changes in net weight over time. 

The observation period was limited to 12 months. These study design features may not 

have allowed sufficient time to capture change in bone development due to changes 

in body composition in growing adolescents. The effect of sustained, significant weight 

gain on bone development in this population remains unclear. Second, this study was 

not powered to evaluate sex differences, and thus the sex interactions in the longitudinal 

findings cannot be fully understood. Sexual and skeletal development differs significantly 
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between males and females in this age range. Pubertal development was ascertained by 

a self-assessment questionnaire that was previously validated54, but not in obese children. 

Females in the study were likely to be in the later stages of pubertal development and 

passed peak growth velocity and rapid bone mineral accrual compared to males. Future 

studies powered to examine changes in bone during peak growth and bone mass accrual 

combined with weight loss in both sexes are needed. Third, it was an oversight that muscle 

area in the forearm was not measured. Thus, the effect of change in bone strength due to 

changes in biomechanical loading from muscle size and strength in the forearm could not 

be assessed. Fourth, other than hsCRP, this study did not include serum measurements of 

adipokines, inflammation, growth factors, bone turnover, androgens, or insulin metabolism. 

Thus, the biochemical mechanisms that may drive interactions between obesity, regional 

adiposity and bone outcomes were not assessed. Moreover, the exclusion criteria for this 

study carefully screened for health complications of obesity and those with complications, 

particularly diabetes or prediabetes, were excluded. There is increasing evidence that there 

may be subgroups in obese children and adults in which the effect of obesity on bone is 

altered by co-morbidities, such as insulin resistance, diabetes, and hepatosteatosis.55 Future 

longitudinal studies in these groups and elucidating the effects of these comorbidities will 

more broadly address the overall effect of obesity on bone health and future fracture risk in 

children with obesity.

This study has several important strengths. To our knowledge, it is the first study to 

investigate the longitudinal relationship between obesity and pQCT measures of bone 

outcomes in male and female adolescents and the first to assess the longitudinal effects 

of weight loss intervention on cortical strength and structure in the pediatric population. In 

addition, the study includes the important covariates of muscle area, physical activity, sexual 

maturity by Tanner stage and skeletal maturity, vitamin D status, and systemic inflammation 

and includes measurements at both weight bearing and non-weight bearing sites.

In conclusion, we observed that weight loss intervention that resulted in modest BMI 

changes in obese adolescents did not result in deficits in bone mineral accrual or structure 

in the forearm or lower leg. Gains in lean mass were associated with increases in section 

modulus and this differed by sex. This study also confirms reports that visceral fat is a 

potential negative predictor of bone outcomes, but this also differed by sex. Additional 

studies evaluating the longitudinal effect of sustained and/or greater weight loss or weight 

gain in obese adolescents, including those with health complications, with assessment of 

potential biochemical mediators of body composition on bone are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Consort diagram.
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Figure 2: 
Change in BMI over the 12 month study in obese male and female adolescents. Overall, 

BMI decreased in the first six months in both males and females. These decreases were not 

sustained; from six to 12 months there was either a plateau or increase of BMI to baseline 

values or greater.
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Table 1.

Characteristics of male and female participants at baseline and change over 12 months

Male Female

Baseline (n=32) Change, 0 to 12 months (n=29) Baseline (n=59) Change, 0 to 12 months 
(n=54)

Median [IQR] Mean [95% CI] p-value* Median [IQR] Mean [95% CI] p-value*

Age, yr 12.2 [11.1–12.9] 1.0 [1.0–1.0] <0.001 12.2 [11.2–13.4] 1.0 [1.0–1.0] <0.001

Weight, kg 80.3 [66.1–92.1] 4.9 [2.4–7.5] <0.001 89.9 [72.8–99.4] 4.5 [3.3–5.8] <0.001

Height, cm 155.2 [151.4–
160.9] 6.2 [5.6–6.8] <0.001 157.7 [154.2–

165.0] 2.7 [2.2–3.2] <0.001

BMI, kg/m 2 32.2 [29.1–35.0] −0.5 [−1.3–0.2] 0.17 33.8 [30.1–37.0] 0.7 [0.2–1.1] <0.05

Puberty, Tanner 3.0 [2.0–4.0] 1.5 [0.5–2.5] <0.005 4.0 [3.0–5.0] 1.0 [0.3–1.8] <0.005

Bone age, yr 13.5 [13.0–13.5] 1.0 [0.7–1.3] <0.001 14.0 [12.0–15.0] 0.7 [0.5–0.9] <0.001

Advanced skeletal 
maturity, yr 1.1 [0.5–2.1] 0.0 [−0.4–0.3] 0.72 1.7 [1.2–2.2] −0.3 (−0.5–−0.2] <0.001

Muscle Area, cm 2 6421 [5492–7400] 455 [315–596] <0.001 6585 [5955–7156] 147 [33–261] <0.05

Subtotal_LBMI, kg/m 2 16.8 [16.1–18.3] 0.4 [0.0–0.7] <0.05 17.0 [16.0–18.2] 0.3 [0.1–0.5] <0.005

Subtotal_FMI, kg/m 2 12.5 [10.7–15.3] −0.9 [−1.4–0.4] <0.005 14.3 [12.6–16.9] 0.2 [−0.2–0.5] 0.30

VAT, cm 2 98.0 [78.8–109.5] −8.8[−12.8– −4.9] <0.001 95.4 [83.6–107.8] −3.6 [−7.9–0.7] 0.10

SAT, cm 2
421.0 [346.3–

511.8] −8.0 [−33.4–17.3] 0.53 540.6 [458.8–
625.1] 12.1 [0.38–23.9] <0.05

*
P-value represents significance of magnitude of change from baseline to 12 months obtained using a random effects model with an indicator 

variable for 12 months (versus baseline) and a random intercept for each subject. Categorical characteristics were assessed by logistic regression 
using an ordinal logistic model.

Note: LBMI = lean body mass index, FMI = fat mass index, VAT = Visceral adipose tissue, SAT = subcutaneous adipose tissue
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Table 2.

Tibia and radius measurements of male and female participants at baseline and change over 12 months

Male Female

Baseline Change, 0 to 12 months Baseline (n=59) Change, 0 to 12 months (n=54)

Median [IQR] Mean [95% CI] p-value* Median [IQR] Mean [95% CI] p-value*

TIBIA (n=32) (n=29) (n=59) (n=54)

 Tibia Length, cm 378.5 [364.5– 401.5] 17.2 [13.7–20.6] <0.001 386.0 [372.0–405.0] 6.8 [4.7–9.0] <0.001

 Trab vBMD, mg/cm3 256.2 [235.9–276.2] 3.7 [0.6–6.8] <0.05 267.0 [244.0–289.4] 3.6 [0.7–6.4] <0.05

 Cort vBMD, mg/cm3 1095.0 [1066.2–
1115.2] 6.9 [3.0–10.7] <0.001 1122.9 [1090.6–

1147.8] 13.5 [11.1–15.8] <0.001

 Cort Area, mm2 296.8 [278.4–329.7] 28.3 [24.6–32.0] <0.001 286.7 [264.8–318.1] 14.7 [12.1–17.2] <0.001

 Section Mod, mm3 18512 [1547–2176] 235 [206–264] <0.001 1785 [1525–1967] 109 [86–132] <0.001

 Periosteal Circ, mm 72.7 [67.1–76.1] 2.8 [2.5–3.2] <0.001 72.3 [67.5–74.3] 1.4 [1.2–1.7] <0.001

 Endosteal Circ, mm 36.5 [30.6– 40.5] 0.8 [0.6–1.1] <0.001 37.9 [33.4–42.0] 0.3 [0.1–0.5] <0.05

RADIUS (n=29) (n=28) (n=56) (n=51)

 Radius Length, cm 240.0 [230.0– 251.0] 12.3 [9.7–14.9] <0.001 244.5 [231.5–259.5] 4.7 (2.7–6.8) <0.001

 Trab vBMD, mg/cm3 255.2 [226.6–289.1] −5.7 [−14.1–2.6] 0.18 251.4 [224.5–272.0]] −5.2 [−8.7– −1.6] <0.05

 Cort vBMD, mg/cm3 1120.1 [1107.4– 
1134.0] 8.3 [2.0–14.7] <0.05 1137.4 [1099.6–

1155.8] 17.7 [13.7–21.7] <0.005

 Cort Area, mm2 68.4 [65.6–72.0] 7.5 [6.5–8.5] <0.001 69.0 [63.5–77.0] 4.4 [3.6–5.1] <0.001

 Section Mod, mm3 1230 [1064–1521] 29 [24–33] <0.001 1253 [1067–1668] 16 [13–20] <0.001

 Periosteal Circ, mm 33.3 [32.0–35.4] 1.6 [1.4–1.8] <0.001 33.6 [32.5–36.0]] 0.9 [0.7–1.0] <0.001

 Endosteal Circ, mm 15.8 [14.1–19.0] 0.5 [0.3–0.8] <0.001 16.0 [13.7–18.7]] 0.1 [0.0–0.2] 0.20

*
P-value represents significance of magnitude of change from baseline to 12 months and were obtained using a random effects model as for Table 

1. Number of observations differ for radius and tibia due to differences in number of usable pQCT scans from motion artifact.
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Table 3.

Effect of body composition at baseline and one-unit change over 12 months on tibia outcomes in obese 

adolescents

Trabecular vBMD, 
mg/cm3

Cortical vBMD, 
mg/cm3 Section Modulus, mm3 Periosteal Circumference, 

mm

β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Males (n=32 subjects, 89 
observations)

Baseline BMI 0.1 (−2.7, 2.9) 1.7 (−0.7, 4.2) −8.7 (−28.1, 10.6) −0.1 (−0.3, 0.2)

Delta BMI −0.2 (−1.3, 0.9) −0.1 (−1.4, 1.2) 6.9 (−2.2, 16.0) 0.1 (−0.0, 0.1)

Baseline BMI Adjusted for 
MVPA 1.4 (−1.0, 3.7) 2.3 (−0.4, 4.9) −9.5 (−29.5, 10.5) −0.1 (−0.4, 0.2)

Delta BMI Adjusted for 
MVPA 4.5 (0.5, 8.4) * 1.8 (−2.6, 6.2) −6.6 (−21.4, 8.2) −0.1 (−0.3, 0.0)

Baseline Subtotal LBMI 1.3 (−5.3, 7.9) 9.3 (2.9, 15.7) ** 93.2 (5.2, 181.1) * 1.3 (0.1, 2.4) *

Delta Subtotal LBMI 1.0 (−1.5, 3.5) 0.9 (−2.2, 4.0) 8.7 (−11.6, 28.9) 0.1 (−0.1, 0.3)

Base Subtotal FMI −0.2 (−3.8, 3.4) 1.0 (−2.4, 4.3) −28.7 (−54.5, −2.9) * −0.3 (−0.7, 0.0)

Delta Subtotal FMI −0.8 (−2.6, 0.9) −0.7 (−2.2, 0.8) 8.7 (−5.7, 23.1) 0.1 (−0.1, 0.2)

Base Subtotal LBMI 
Adjusted for Subtotal FMI 1.7 (−1.1, 4.4) 9.8 (2.7, 16.9) ** 95.4 (9.2, 181.6) * 1.3 (0.1, 2.4) *

Delta Subtotal LBMI 
Adjusted for Subtotal FMI −0.1 (−0.3, 0.1) 1.4 (−1.6, 4.4) 11.4 (−7.9, 30.6) 0.1 (−0.1, 0.3)

Baseline VFAT 0.0 (−0.4, 0.5) −0.3 (−0.7, 0.2) −0.6 (−1.2, −0.0) * −0.1 (−0.1, 0.0)

Delta VFAT 0.0 (−0.2, 0.2) 0.2 (−0.1, 0.4) −0.0 (−0.2, 0.2) −0.0 (−0.0, 0.0)

Baseline SAT 0.0 (−0.1, 0.1) 0.1 (−0.0, 0.2) −0.6 (−1.4, 0.2) −0.0 (−0.0, 0.0)

Delta SAT −0.0 (−0.1, 0.0) −0.0 (−0.0, 0.0) 0.2 (−0.0, 0.4) 0.0 (−0.0, 0.0)

Baseline VFAT Adjusted for 
SAT 0.1 (−0.3, 0.6) −0.2 (−0.6, 0.2) −5.6 (−10.2, −1.0) * −0.1 (−0.1, −0.0) *

Delta VFAT Adjusted for 
SAT 0.1 (−0.2, 0.3) 0.2 (−0.1, 0.5) −0.5 (−2.3, 1.2) 0.0 (−0.0, −0.0) *

Females (n=59 subjects, 

167 observations) 
✚

Baseline BMI 2.6 (0.9, 4.4) ** 1.3 (−0.3, 2.9) 18.0 (17.4, 28.6) *** 0.2 (0.1, 0.4) **

Delta BMI 0.7 (−0.6, 1.9) −0.3 (−1.2, 0.6) 1.2 (−6.7, 9.1) −0.0 (−0.1, 0.1)

Baseline BMI Adjusted for 
MVPA 2.5 (0.8, 4.3) ** 1.0 (−0.6, 2.6) 15.7 (5.8, 25.6) ** 0.2 (0.0, 0.4) *

Delta BMI Adjusted for 
MVPA 1,3 (−1.7, 4.3) 0.5 (−1.6, 2.6) 1.9 (−9.5, 13.3) 0.0 (−0.1, 0.1)

Baseline Subtotal LBMI 4.7(0.4, 9.1) * 2.1 (−1.7, 5.0) 61.8 (33.2, 90.3) *** 0.8 (0.4, 1.2) ***

Delta Subtotal LBMI 2.4 (−0.0, 4.9) 0.1 (−1.7, 1.9) 20.0 (3.9, 36.0) * 0.2 (0.0, 0.3) *

Base Subtotal FMI 3.7 (1.5, 6.0) ** 1.9 (−0.4, 4.1) 19.2 (2.9, 35.5) * 0.2 (−0.0, 0.5)

Delta Subtotal FMI −0.1 (−1.4, 1.2) −0.3 (−1.6, 0.9) −2.9 (−11.9, 6.1) −0.0 (−0.1, 0.1)

Base Subtotal LBMI 
Adjusted for Subtotal FMI 4.0 (−0.6, 8.5) 2.1 (−2.0, 6.2) 67.2 (36.6, 97.9) *** 0.9 (0.4, 1.3) ***

Delta Subtotal LBMI 
Adjusted for Subtotal FMI 2.3 (−0.2, 4.8) 0.1 (−1.7, 2.0) 20.9 (5.2, 36.6) ** 0.2 (0.0, 0.3) *
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Trabecular vBMD, 
mg/cm3

Cortical vBMD, 
mg/cm3 Section Modulus, mm3 Periosteal Circumference, 

mm

β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Baseline VFAT 0.1 (−0.3 0.4) −0.3 (−0.6, −0.1) * 1.2 (−0.5, 2.9) 0.0 (−0.0, 0.0)

Delta VFAT −0.0 (−0.1, 0.1) −0.1 (−0.2, 0.0) 0.3 (−0.4, 1.1) 0.0 (−0.0, 0.0)

Baseline SAT 0.1 (−0.0, 0.1) 0.0 (−0.0, 0.1) 0.6 (0.2, 1.0) ** 0.0 (−0.0, 0.0) *

Delta SAT 0.0 (−0.0, 0.1) −0.0 (−0.1, 0.0) −0.1 (−0.4, 0.2) 0.0 (−0.0, 0.0)

Baseline VFAT Adjusted for 
SAT −0.0 (−0.4, 0.3) −0.4 (−0.6, −0.1) * 1.1 (−0.1, 3.0) 0.0 (−0.0, 0.0)

Delta VFAT Adjusted for 
SAT −0.0 (−0.1, 0.1) −0.1 (−0.2, 0.0) 0.3 (−0.6, 1.1) 0.0 (−0.0, 0.0)

*
p<0.05,

**
p<0.01,

***
p<0.001. Analyses used quasi-least squares regression and included all available observations.

✚
n=160 observations for VFAT and SAT, females

Note: MVPA = moderate-to-vigorous physical activity, LBMI = lean body mass index, FMI = fat mass index, SAT = subcutaneous adipose tissue
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Table 4.

Effect of body composition at baseline and one-unit change over 12 months on radius outcomes in obese 

adolescents

Trabecular vBMD, 
mg/cm3

Cortical vBMD, 
mg/cm3 Section Modulus, mm3 Periosteal Circumference, 

mm

β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Males (n=32 subjects, 89 

observations) 
✚

Baseline BMI 0.66 (−2.3,3.6) −0.6 (−2.0,0.8) 0.8 (−2.8, 4.4) 0.0 (−0.2, 0.3)

Delta BMI −0.2 (−3.6,3.3) −2.0 (−4.6,0.7) 1.7 (0.5, 3.0) ** 0.1 (−0.0, 0.1)

Baseline Subtotal LBMI −5.7 (−16.9, 5.4) −0.7 (−6.9, 5.5) 16.7 (8.2, 25.3) *** 1.1 (0.6, 1.6) ***

Delta Subtotal LBMI 3.4 (−5.7, 12.6) −3.9 (−11.6, 3,.8) 4.5 (2.0, 7.1) *** 0.2 (0.1, 0.4) **

Base Subtotal FMI 1.7 (−2.0,5.4) −0.8 (−2.9, 1.2) −1.6 (−6.3, 3.1) −0.1 (−0.4, 0.2)

Delta Subtotal FMI −1.6 (−5.5, 2.2) −2.1 (−5.6, 1.3) 1.3 (−0.8, 3.4) 0.0 (−0.1, 0.1)

Base Subtotal LBMI 
Adjusted for Subtotal FMI −5.8 (−17.1, 5.5) −0.2 (−7.1, 6.6) 17.2 (8.9, 25.6) *** 1.1 (0.6, 1.6) ***

Delta Subtotal LBMI 
Adjusted for Subtotal FMI 3.0 (−5.7, 11.6) −3.3 (−11.2, 4.7) 5.0 (2.1, 7.9) *** 0.3 (0.1, 0.4) **

Baseline VFAT 0.4 (−0.2, 1.0) −0.2 (−0.5, 0.1) −0.6 (−1.2, 0.1) −0.0 (−0.1, 0.0)

Delta VFAT −0.2 (−1.2, 0.7) −0.3 (−0.7, 0.1) 0.1(−0.3, 0.5) 0.0 (−0.0, 0.0)

Baseline SAT 0.1 (−0.0, 0.2) 0.0 (−0.0, 0.1) −0.0(−0.1, 0.1) 0.0 (−0.0, 0.0)

Delta SAT −0.0 (−0.1, 0.0) 0.1(−0.1, 0.0) *** −0.0 (−0.1, 0.0) 0.0 (−0.0, 0.0)

Baseline VFAT Adjusted for 
SAT 0.3 (−0.5, 1.1) −0.2(−0.6, 0.3) −0.5 (−1.2, 0.1) −0.0 (−0.1, 0.0)

Delta VFAT Adjusted for 
SAT −0.3(−1.5, 0.8) −0.3 (−0.6, 0.1) 0.1(−0.3, 0.5) 0.0 (−0.0, 0.0)

Females (n=59 subjects, 

168 observations) 
✚

Baseline BMI 2.5 (0.8,4.3) ** 0.5 (−0.7,1.8) 3.1 (0.5, 5.7) * 0.2 (0.0, 0.4) *

Delta BMI 0.1 (−1.0,1.3) −0.8 (−2.1,0.5) −0.2 (−1.5, 1.2) −0.0 (−0.1, 0.1)

Baseline Subtotal LBMI 5.1 (0.0, 10.1) * −0.3 (−3.0, 2.4) 10.6 (3.7, 17.4) ** 0.8 (0.3, 1.1) ***

Delta Subtotal LBMI −1.1 (−3.6, 1.4) −2.6 (−5.5, 0.4) 1.4 (−1.9, 4.8) 0.1 (−0.0,0.0)

Base Subtotal FMI 3.5 (1.1, 6.0) ** 0.9 (−1.0, 2.9) 3.2 (−0.9, 7.3) 0.2 (−0.0, 0.4)

Delta Subtotal FMI −0.1 (−1.4, 1.2) −0.8 (−2.8, 1.2) −0.5 (−2.1, 1.1) 0.0 (−0.1, 0.0)

Base Subtotal LBMI 
Adjusted for Subtotal FMI 3.9 (−1.5, 9.2) −1.1 (−4.5, 2.2) 11.4 (4.1, 18.6) *** 0.8 (0.3, 1.2) ***

Delta Subtotal LBMI 
Adjusted for Subtotal FMI −1.3 (−3.8, 1.3) −2.8 (−6.0, 0.4) 1.6 (−1.8, 5.0) 0.1 (−0.0, 0.2)

Baseline VFAT 0.1 (−0.3, 0.5) −0.3 (−0.4, −0.1) ** 0.3 (−0.0, 0.6) 0.0 (−0.0, −0.0)

Delta VFAT −0.1 (−0.1, 0.3) 0.0 (−0.2, 0.1) −0.1 (−0.3, 0.2) 0.0 (−0.0, −0.0)

Baseline SAT 0.0 (−0.1, 0.1) 0.0 (−0.1, 0.0) 0.1 (−0.0, 0.2) 0.0 (−0.0, 0.0)

Delta SAT −0.1 (−0.2, 0.0) −0.1 (−0.1, 0.0) * 0.0 (0.1, 0.1) 0.0 (−0.0, 0.0)

Baseline VFAT Adjusted for 
SAT 0.2 (−0.2, 0.3) −0.3 (−0.4, −0.1) ** 0.2 (−0.1, 0.5) 0.0 (−0.0, 0.0)
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Trabecular vBMD, 
mg/cm3

Cortical vBMD, 
mg/cm3 Section Modulus, mm3 Periosteal Circumference, 

mm

β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Delta VFAT Adjusted for 
SAT 0.1 (−0.1, 0.3) 0.0 (−0.2, 0.1) −0.1 (−0.3, 0.2) 0.0 (−0.0, 0.0)

*
p<0.05,

**
p<0.01,

***
p<0.001. Analyses used quasi-least squares regression and included all available observations.

✚
VFAT and SAT, n=56 for males and n=101 for females

Note: MVPA = moderate-to-vigorous physical activity, LBMI = lean body mass index, FMI = fat mass index, SAT = subcutaneous adipose tissue
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