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Abstract

This study evaluated the longitudinal relationships among visceral adipose tissue (VVAT),
subcutaneous adipose tissue (SAT), and peripheral bone strength during adolescence. Fat and lean
mass, VAT and SAT area, and android/gynoid (A/G) ratio were estimated with DXA. Our main
outcome was strength-strain index (SSI), an indicator of peripheral bone strength estimated by
pQCT at the radius and tibia. Sex-specific analyses evaluated the longitudinal bone-fat relationship
from ages 11 to 19 years with linear mixed models using biological age as the time variable and
adjusted for limb length and lean mass in 182 girls and 167 boys. Variables were standardized
(mean =0, SD =1) prior to model fitting and results shown are parameter estimates + SE. Fat mass
and SAT were positively associated with SSI (radius: 0.07 £ 0.02, p=0.003 and 0.05 + 0.02, 0.041,
respectively; tibia: 0.09 = 0.02, p<0.001 and 0.08 + 0.02, p <0.001, respectively) prior to, but not
following adjustment for lean mass in girls. In contrast, fat mass and SAT were negatively
associated with radial SSI, both before and after adjustment for lean mass in boys (fat mass: —0.05
+0.01, p=0.001; SAT: -0.04 + 0.01, p=0.004). In full models, negative associations were limited
to VAT in girls and included radial (-0.06 + 0.02, p=0.001) and tibial SSI (-0.04 + 0.02, p
=0.033). For boys, there were no significant associations present between VAT and SSI at the
radius or tibia. In analyses limited to obese participants, an A/G ratio was not significantly
associated with SSI in girls, but was negatively associated with radial SSI regardless of adjustment
for lean mass in boys (-0.06 + 0.02, p=0.018). These results that show a negative relationship
between peripheral bone strength and VAT in girls, but greater total and central adiposity in boys,
suggest these factors play a role in adequate acquisition of bone strength during adolescence.
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Introduction

There is growing evidence that the fat-bone relationship varies according to region of fat
deposition. In adult men, trunk fat, but not appendicular fat, has been associated negatively
with cortical bone size.() Similarly, visceral and subcutaneous abdominal fat have,
respectively, been associated negatively and positively with femur structure and strength in
young women.( Limited data in children and adolescents also support a negative
relationship between centrally-located fat and bone mineral density (BMD) and/or bone
mineral content (BMC).(3-6) However, a longitudinal investigation that accounts for
characteristic changes in body composition during growth would be beneficial in order to
confirm these findings. Indeed, in a recent review of adiposity in children and adolescents,
Katzmarzyk and colleagues(”) identified a need for additional research in several areas,
including the measurement of subregions of adipose tissue as well as the clinical
consequences of excess visceral adipose tissue (\VAT) during childhood.

The possibility that visceral fat negatively influences bone metabolism during childhood and
adolescence is supported by a small number of studies. Russell and colleagues® found VAT
associated negatively, but subcutaneous adipose tissue (SAT) associated positively, with
bone density measures in 30 girls 12 to 18 years old. Moreover, obese girls with a higher
compared with a lower ratio of VAT to SAT had lower bone density measures, even though
body fat and percent body fat did not differ significantly between groups. Although that
study only included girls in early or late adolescence, there is evidence to indicate that the
negative relationship between visceral fat and bone is also present in boys and prepubertal
girls. Pollock and colleagues®) evaluated 140 prepubertal, overweight boys and girls and
found centrally-located fat was negatively associated with whole-body BMC in analyses
adjusted for race, sex, fat-free soft tissue mass, fat mass, and SAT. Furthermore, they found
that children with prediabetes also had lower whole-body BMC compared to those without
prediabetes, indicating that insulin resistance might also influence bone metabolism in
children. However, they also found that subcutaneous fat was negatively associated with
whole-body BMC. Similarly, Afghani and Goran(® found SAT negatively associated with
BMC in girls and boys approximately age 11 years (/7=256), although in that study the
negative relationship between visceral fat and BMC only reached statistical significance in
girls.

Although these findings, taken together, suggest a negative relationship between centrally-
located adipose tissue and bone during growth, there are rapid and sex-specific changes in
body composition during adolescence that are not fully accounted for in these cross-
sectional investigations. In addition, because the majority of these studies involved
overweight and obese individuals, additional investigations are necessary to determine
whether there might be any relevance to bone strength from visceral fat in otherwise healthy-
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weight individuals. Finally, these studies assessed bone using DXA and a three-dimensional
(3D) technique such as pQCT that measures volumetric BMD, bone geometry, and strength
would be more informative. Because up to 90% of peak bone mass is accrued by late
adolescence(®) and the growing prevalence of severe childhood obesity, (19 it is important to
clarify the relationships between childhood obesity and bone development, particularly as
they could relate to depot-specific adiposity. Therefore, the purpose of this study was to
evaluate the relationships among visceral and subcutaneous fat and peripheral bone strength
during adolescence using data from children participating in the lowa Bone Development
Study (IBDS), a prospective cohort study of the effects of fluoride and other factors on bone
development.(11)

Subjects and Methods

For this longitudinal analysis, data from the age 11 years through age 19 years biennial visits
of the IBDS were utilized. These data were collected from 2003 to 2013. Participants with
medical conditions or medication use that could affect bone were excluded from analyses.
Also excluded were participants without age 11 years baseline data or without follow-up
data. This study was approved by the institutional review board. Parents and their children
provided informed consent/assent.

Body composition

Bone

Estimates of fat and lean mass were obtained through analysis of dual-energy X-ray
absorptiometry (DXA) whole-body scans (QDR 4500W, software version 12.3; Hologic,
Inc., Bedford, MA, USA). The Hologic spine phantom was scanned daily for quality
assurance, and the whole-body step phantom was scanned weekly per manufacturer’s
guidelines to calibrate the machine for whole-body composition. Participants were scanned
wearing street clothes but without shoes or metal items. VAT area and SAT area were
estimated from whole-body scans according to manufacturer’s guidelines using Hologic
Apex 4.0 software. This method for measuring visceral fat has been shown to correlate well
with visceral fat measured by computed tomography in adults (r=0.92, p<0.01)(2) and
overweight children (r=0.86, 95% ClI, 0.80 to 0.90).(13) Because DXA does not directly
separate subcutaneous from visceral fat, the amount of subcutaneous fat overlying visceral
fat is estimated using an algorithm that incorporates information from the amount of fat
tissue located between the abdominal muscle wall and outer edge of skin at the level of the
fourth lumbar vertebra. VAT is estimated as the difference between total abdominal fat of the
region of interest minus subcutaneous fat. The android/gynoid fat ratio (A/G ratio) was
determined following standard manufacturer’s guidelines and utilized as a surrogate
indicator of the relative amounts of visceral to subcutaneous fat.

pQCT scans of the radius (nondominant side) and tibia were acquired (XCT 2000/3000,
software version 6.2; Stratec Medizintechnik GmbH, Pforzheim, Germany) by trained
technicians. As part of scan acquisition, the length of the radius and tibia in millimeters
(mm) was measured using a sliding ruler. To determine the starting position, a coronal
computed radiograph was performed and the reference line was placed to bisect the medial
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border of the most proximal growth plate of the distal radius. When growth plates were no
longer visible, the reference line was placed to bisect the medial border of the distal
endplate.

Our primary bone outcome was diaphyseal bone strength. This was estimated from
measurements taken at sites 20% of the limb length of the radius and 38% of the limb length
of the tibia. These measurements provided estimates of polar strength-strain index (pSSl,
mm?3), an indicator of strength to resist torsion at radial and tibial shaft sites. Additional
measurements utilized at the 20% and 38% sites included cortical bone mineral density
(cBMD, mg/cm3), cortical bone area (CA, cm3), cortical bone mineral content (¢cBMC, mg),
periosteal circumference (PC, mm), and cortical thickness (CTh, mm). For these
measurements, contour mode 1 and contour mode 2 with thresholds of 710 mg/ cm3 and 480
mg/cm3, respectively, were applied. A circular ring model was used to obtain the cortical
thickness measurement. Scans were acquired using a voxel size of 0.4 mm, scan speed of 20
mm/s, and slice thickness of 2.4 mm. Scans with poor quality, as assessed by two trained
technicians, were excluded from analyses. This included review of reference line placement,
progression of reference line placement between visits, and excessive motion. Scans were
excluded for motion if there was a visible break in the cortical rim with displacement of the
rim. Due to size constraints of the XCT 2000 for tibial scans, participants with a calf
measurement greater than 15.5 inches were scanned at the tibia using the XCT 3000. Results
of a previous calibration study, along with previous findings in this cohort,(14) did not
suggest a significant effect on bone outcomes.

Biological age

Biological age (maturity offset), the number of years from peak height velocity, was
estimated from the age 11 years, 13 years, and 15 years assessment visits using a predictive
equation validated in white Canadian children and adolescents.(1%)

Height, weight, and body mass index

Height was measured to the nearest 0.1 cm by stadiometer (Harpenden, Holtain, UK) and
weight to the nearest kilogram (kg) by balance beam scale by trained research nurses at
assessment visits. Body mass index (BMI, weight in kg/height in m2) was calculated for
each visit. Participants were defined as healthy weight (HW) or overweight/obese (OW)
according to CDC percentiles for age and sex: healthy weight (>5th to <85th percentile),
overweight (=85th to <95th percentile), and obese (=95th percentile).(6)

Physical activity level

The Physical Activity Questionnaire for Children (PAQ-C) was administered at the age 11
years visit and the Physical Activity Questionnaire for Adolescents (PAQ-A) was
administered starting at the age 13 years visit. These are 7-day recall questionnaires that
differentiate between high-activity and low-activity children(}”) and assess self-reported
moderate to vigorous physical activity during the school year. The PAQ-A and PAQ-C scores
range from 1 to 5, with higher activity levels indicated by higher mean scores.
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Statistical methods

Sex-specific analyses were conducted. Participant characteristics were described using mean
+ SD for continuous variables and percentages for categorical variables by measurement
visit. Data were evaluated for normality using the Shapiro-Wilk test and by evaluating
histograms. Mean differences between girls and boys for continuous variables were
evaluated using ttests, while chi-square tests were used to evaluate differences in the
frequency distributions of categorical variables. SAS statistical software version 9.3 (SAS
Institute, Inc., Cary, NC, USA) was utilized for analyses and statistical significance was
defined as a p value <0.05.

Linear mixed models were used to evaluate the longitudinal relationships between VAT and
our primary outcome, SSI, and secondary bone outcomes that included cortical BMD, BMC,
area, CTh, and PC. Random intercepts and slopes were used to describe the variation in bone
parameters at baseline (intercept) and the rate of growth (slope). Fixed effects included the
time-varying predictor variable, VAT, as a continuous variable, biological age as the variable
for time and to control for differences in maturation level, limb length to control for
differences between participants in body size and limb lean mass (radius) or whole body
lean mass (tibia) to control for differences in muscle size. Physical activity was also
evaluated for inclusion in models. Polynomial functions of age (biological age? and
biological age3) were included in the models to allow for nonlinearity of growth.
Interactions between VAT and biological age were evaluated for inclusion in models to
determine whether potential associations between VAT and bone outcomes varied depending
on age. SAT was evaluated as a predictor, but not included in models with VAT due to high
correlations at each visit (r=0.89-0.99 in girls and r=0.70-0.87 in boys) in order to prevent
multicollinearity. Instead, the relationships between SAT and bone measures were modeled
separately from visceral fat area, but using similar methods. Models also were fit using fat
mass as the main predictor variable for the purpose of assessing greater overall fat mass in
the context of greater VAT or SAT. Because a fat-bone relationship could differ in healthy
and overweight/obese, analyses were repeated to evaluate the relationship between greater
relative amounts of visceral to subcutaneous fat (A/G ratio) and peripheral bone strength
measured as SSI in participants with a BMI considered obese at baseline and who remained
obese or overweight at each follow-up visit. Model variables, with the exception of
biological age, were standardized (mean =0 and standard deviation [SD] =1) to improve
interpretation of results. Each SD change in predictor variable corresponded with a SD
change in bone parameter.

The linear mixed models were evaluated using Akaike’s Information Criterion (AIC)
goodness-of-fit statistic. The AIC was used to select the structure of the variance-covariance
matrices of the between-subject and within-subject variances. The unstructured covariance
matrix was selected for the random effects covariance matrix based on the AIC statistic for
each model. The random error (within person or residual covariance matrix) covariance
matrix was also evaluated, but the majority of models utilizing both the random effects and
random error covariance matrices indicated that the random error (residual covariance
matrix) structure either would not converge or the model fit was not improved based on the
AIC statistic.
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There were 478 children participating in the study at the time of the age 11 years baseline
visit. Out of this number, eight were excluded due to medical conditions that could affect
bone development, including cerebral palsy with hemiparesis (17=1), type 1 diabetes (7=3),
ulcerative colitis (17=2), lupus erythematosus (7=1), and premature adrenarche (7=1). As
shown in Fig. 1, 26 children (10 boys, 16 girls, 5.7%) were excluded for lack of follow-up.
In addition, there were 211 observations (12.6% observations, 47 boys and 37 girls)
excluded from analyses due to scan quality. Baseline characteristics were compared between
those included in analyses and those excluded for lack of follow-up or poor scan quality.
Boys excluded for lack of follow-up or scan quality did not differ from those included in
baseline radial SSI (138.5 + 40.6 versus 135.2 + 33.9 mm3, p=0.552), tibial SSI (1045.9
+295.6 versus 1016.8 + 254.4 mm3, p=0.502), percent body fat (25.1 + 8.6 versus 24.6

+ 8.0%, p=0.662), lean mass (29.7 + 7.3 versus 29.0 £ 5.6 kg, p=0.517), VAT (48.5+21.6
versus 46.3 + 20.2 mm?2, p=0.478), or SAT (148.1 + 133.4 versus 131.8 + 110.4 mm2, p
=0.358). Girls excluded for lack of follow-up or scan quality did not differ from those
included in baseline radial SSI (129.1 + 37.7 versus 122.0 + 31.1 mm3, p=0.168), tibial SSI
(950.2 + 257.3 versus 951.7 + 213.2 mm3, p=0.967), percent body fat (26.6 + 7.2 versus
27.0 £ 7.4%, p=0.721), lean mass (28.5 + 6.4 versus 27.3 £ 5.6 kg, p=0.149), VAT (34.3
+28.7 versus 31.3 = 27.2 mm?, p=0.467), or SAT (210.1 + 107.1 versus 202.7 + 111.6
mm?, p=0.662).

Participant characteristics

Although the evaluation of differences between boys and girls was not a primary aim of this
study, results shown in Table 1 indicate p values from sex comparisons for each
measurement visit. We found boys had significantly greater VAT and girls had greater SAT
compared with one another at each measurement visit. A greater percentage of girls
compared with boys achieved peak height velocity (PHV) at the age 11 years and age 13
years measurement visits. There were no significant differences between boys and girls in
the percentage of obese participants at each measurement visit and physical activity levels
were generally similar. However, percentage body fat was greater at each measurement visit
in girls versus boys. With the exception of cBMD, boys generally had greater pQCT-
measured bone parameters compared with girls at each measurement visit (Table 2).

Longitudinal relationships between VAT and bone strength (SSI)

Linear mixed model analyses of the associations between VAT and SSI revealed the
following (all results are presented as standardized beta + SE unless otherwise specified).
Results for the radius are shown in Figure 2A and for the tibia in Figure 2B. Physical
activity was included in adjusted models where significant (only the analyses of PC and SSI
at the radius in boys.) In girls, VAT was not significantly associated with SSI prior to
adjustment for lean mass (Fig. 2); however, significant negative associations with SSI at the
radius (-0.06 + 0.02, p=0.001) and tibia (—-0.05 + 0.02, p=0.004) were present after
adjustment. In addition, there was a significant interaction effect present between VAT and
age for radial SSI (VAT main effect =—0.10 £ 0.02, p<0.001, interaction effect =0.012

+ 0.003, p<0.001). This indicated that the negative association was smaller in older than
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younger girls (=0.11 at 1 year pre-peak height velocity and —0.09 at 1 year post-peak height
velocity). For boys, VAT was not significantly associated with SSI in unadjusted or adjusted
models.

Longitudinal relationships between SAT and bone strength

In girls, SAT was positively associated with SSI (0.05 £ 0.02, 0.041;0.08 £ 0.02, p<0.001)
at both the radius and tibia, prior to, but not following adjustment for lean mass (Fig. 2). In
boys, significant negative associations were present between SAT and SSI at the radius both
before (-0.04 + 0.02, p=0.018) and after (-0.04 + 0.01, p=0.004) adjustment for lean mass.
In addition, there was a significant interaction effect between SAT and age for radial SSI
(SAT main effect =—0.05 + 0.01, p <0.001, interaction effect =—0.013 £ 0.003, p <0.001),
indicating that this negative association was greater in older boys (-0.04 at 1 year pre-peak
height velocity and —0.06 at 1 year post-peak height velocity).

Longitudinal relationships between whole-body fat mass and bone strength

Findings for fat mass were similar to those for SAT (Fig. 2). Like SAT, whole-body fat mass
was positively associated with SSI at the radius (0.07 + 0.02, p=0.003) and tibia (0.09
+0.02, p<0.001) prior to, but not following adjustment for lean mass in girls. In contrast, fat
mass was negatively associated, both before and after adjustment for lean mass, with radial
SSI (-0.04 £ 0.02, p=0.005; -0.05 + 0.01, p=0.001) in boys. There was a significant
interaction effect present with age in this relationship that indicated this negative association
was larger in older boys (fat mass main effect =—0.05 + 0.01, p=0.001, interaction effect =
-0.012 £ 0.003, p<0.001).

Longitudinal relationships between VAT and secondary bone measures

In girls, VAT was negatively associated with cBMD (-0.06 £ 0.02, p=0.002) and cBMC
(-0.04 £ 0.02, p=0.048) at the radius and cBMD (-0.08 + 0.02, p <0.001) at the tibia, but
positively associated with CA (0.06 + 0.03, p=0.07) and PC (0.05 + 0.02, p=0.007) at the
tibia prior to adjustment for lean mass. Following adjustment for lean mass, a negative
association with radial cBMC (-0.07 + 0.02, p<0.001) and tibial cBMD remained
significant (-0.08 £ 0.02, p <0.001), whereas newly significant negative associations were
noted between VAT and radial CA (-0.06 + 0.02, p=0.003) and CTh (-0.08 £ 0.03, p
=0.013). There was a significant interaction effect present between VAT and age for CA
(VAT main effect =-0.02 £ 0.02, p<0.001, interaction effect =0.012 + 0.004, p=0.006),
cBMC (VAT main effect =-0.12 + 0.02, p<0.001, interaction effect =0.013 + 0.003, p
<0.001), and CTh (VAT main effect =—0.13 + 0.04, p <0.001, interaction effect =0.01 + 0.01,
p=0.014) at the radius and cBMD at the tibia (VAT main effect =—0.16 + 0.04, £ <0.001,
interaction effect =0.01 £ 0.01, p=0.005). These findings indicated that the negative
relationships between VAT and these bone parameters were smaller in older girls. There
were significant, negative associations noted in boys between VAT and radial CA (-0.05
+0.01, p<0.001), cBMC (-0.05 + 0.01, p=0.001), and CTh (-0.07 + 0.02, p=0.001) and
tibial cBMD (-0.06 + 0.02, p=0.007) that were present both before and after adjustment for
lean mass. No significant interaction effects were noted for boys.
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Longitudinal relationships between SAT and secondary bone measures

SAT was positively associated with CA (0.12 £ 0.02, p< 0.001), cBMC 0.10 + 0.02, p
<0.001), and CTh (0.09 + 0.03, p=0.002) at the tibia, as well as with PC (0.05 + 0.02, p
=0.011;0.09 + 0.02, p<0.001) at both the radius and tibia, prior to, but not following
adjustment for lean mass in girls. There were also no significant interaction effects noted
between SAT and secondary bone measures in girls. Positive associations were seen between
SAT and tibial CA (0.04 + 0.02, p=0.022) and PC (0.04 + 0.02, p=0.020) prior to, but not
following adjustment for lean mass in boys. In contrast, significant negative associations
were present both before and after adjustment for lean mass in boys between SAT and CA
(-0.07 £0.02, p<0.001; -0.09 + 0.01, p<0.001), cBMC (-0.06 £ 0.02, p=0.002; -0.07
+0.01, p<0.001), and CTh (-0.11 £ 0.03, p<0.001; —0.12 + 0.03, p<0.001) at the radius
and cBMD at the tibia (-0.08 + 0.02, p<0.001; —-0.07 £ 0.03, £ =0.004). In addition, radial
PC was negatively associated with SAT (-0.04 = 0.02, p=0.019) following adjustment for
lean mass in boys. There were significant interaction effects between SAT and age for CA
(SAT main effect =—0.08 £ 0.01, £ <0.001, interaction effect =—0.013 £ 0.003, p<0.001) and
cBMC (SAT main effect =—0.07 £ 0.01, p<0.001, interaction effect =—0.013 + 0.003, p
<0.001) at the radius. These findings indicated that the negative relationships between SAT
and bone were larger in older boys

Longitudinal relationships between whole-body fat mass and secondary bone measures

Findings for fat mass were similar to those for SAT. Like SAT, whole-body fat mass was
positively associated with PC (0.08 £ 0.02, p=0.003) at the radius and CA (0.13 + 0.04, p
<0.001), cBMC (0.11 + 0.03, p<0.001), PC (0.08 £ 0.02, p<0.001), and CTh (0.10 £ 0.03,
p=0.002) at the tibia prior to, but not following adjustment for lean mass in girls. Again,
there were no significant interaction effects noted between fat mass and age for secondary
bone measures in girls. In contrast, fat mass was negatively associated, both before and after
adjustment for lean mass, with CA (-0.08 + 0.02, p<0.001; —-0.10 £ 0.02, p<0.001), cBMC
(-0.07 £ 0.02, p<0.001; —-0.09 + 0.01, p<0.001), PC (-0.03 + 0.02, p=0.088; —0.04 + 0.02,
p=0.006), and CTh (-0.12 £ 0.03, £<0.001; -0.13 £ 0.02, p<0.001) at the radius and
cBMD (-0.08 + 0.02, p=0.004; —0.08 £ 0.03, p=0.002) at the tibia. There were significant
interaction effects noted between whole-body fat mass and age for CA (fat mass main effect
=-0.08 + 0.02, p<0.001, interaction effect =-0.011 + 0.003, £ <0.001) and cBMC (fat mass
main effect =—0.07 + 0.02, p <0.001, interaction effect =—0.011 + 0.003, p<0.001) at the
radius, indicating that these negative associations were larger in older boys.

Subanalyses in obese participants

There were 48 girls and 52 boys with a BMI defined as obese at baseline who were also
overweight or obese at each measurement visit. We found no relationship between the A/G
ratio and SSI in girls. However, we found a significant negative association between radial
SSI and A/G ratio in boys, regardless of lean mass (-0.06 + 0.02, £ =0.018).

Discussion

Our study evaluated the longitudinal relationships among visceral and subcutaneous adipose
tissue area and peripheral bone strength from ages 11 to 19 years in the lowa Bone
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Development Study. We found whole-body fat mass and SAT were both negatively
associated with radial bone strength in boys, but negative associations for SSI were limited
to VAT in girls. These findings suggest that visceral fat in girls and central adiposity in boys
influence acquisition of bone strength during adolescence.

It has been suggested that VAT and SAT exert opposing effects on measures of bone
structure and strength.(23) Adipose tissue is metabolically active and secretes factors that
influence bone metabolism. Inflammatory factors secreted by visceral fat(8:19) could
increase bone resorption by stimulating osteoclast activity.(2%21) In contrast, leptin, a
hormone produced and secreted in greater quantities by subcutaneous rather than visceral
fat,(22.23) might increase bone mass by stimulating osteoblast activity.(2425) Adiponectin,
another hormone secreted by adipose tissue, is negatively related to visceral fat
accumulation, (@) as well as insulin resistance,(¢7:28) and could improve insulin sensitivity.
(29) This could have significance in terms of bone metabolism, as there is growing evidence
that elevated insulin levels, as have been associated with greater visceral fat, could be
harmful to bone.(#:39) Animal studies have shown that insulin signaling is an important
component of osteoblast development,31:32) but that insulin resistance could impair insulin
signaling in osteoblasts and reduce their survival.(33) However, the mechanism for a
potentially harmful influence from visceral fat on bone is still unknown and beyond the
scope of this work.

Our longitudinal findings in girls that showed a negative association between VAT and
cortical bone strength, but no significant associations for SAT, are partially consistent with
previous studies that suggested opposing roles for VAT and SAT. Gilsanz and colleagues(®
found that SAT was associated positively, whereas VAT was associated negatively, with CT
measures of femur mid-shaft structure and strength in women ages 15 to 25 years.
Furthermore, the investigators found the strength of positive associations with bone
measures were slightly greater for SAT than were the negative associations for VAT.
Similarly, Russell and colleagues(® found SAT associated positively and VAT associated
negatively with bone density measures in 30 girls ages 12 to 18 years. We chose not to
include VAT and SAT in the same analytic models in our main analyses because of very high
correlations between them at each measurement visit (+>0.89). However, analyses
completed with SAT and VAT both included in the same model predicting bone strength in
our study yielded results more in line with those of previous studies. Specifically, we found
VAT negatively and SAT positively associated with bone strength at both the radius (VAT =
-0.14 £ 0.03, p<0.0001; SAT =0.11 £ 0.0.04, p=0.002) and tibia (VAT =—0.09 + 0.03, p
<0.001; SAT =0.07 + 0.03, p=0.029) when included in the same model. Thus, differences in
analytic models could contribute to some degree to discrepancies between these previous
findings(:3) and our findings in girls.

Our subgroup analyses in obese girls unexpectedly revealed no significant associations
between A/G ratio and bone strength. Although a greater ratio of android to gynoid fat might
be expected to be negatively associated with bone strength, this supposition only holds if the
AJG ratio adequately reflects the relative amounts of overall VAT to SAT. However, an
increase in body fat during adolescence in girls typically follows a gynoid fat distribution
pattern, such that even were a greater amount of VAT present, there would likely be greater
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overall subcutaneous fat with obesity. In other words, a higher A/G ratio in obese girls might
be in the setting of greater overall subcutaneous fat, which in our study was positively
associated with both weight-bearing and non—-weight-bearing bone strength, prior to
adjustment for lean mass. In keeping with the idea of opposing roles for VAT and SAT, a
greater amount of subcutaneous as opposed to visceral fat with obesity in girls, could negate
or alter the direction of a fat—bone relationship from negative to positive and possibly
explain the lack of the association between A/G ratio and SSI in subgroup analyses in girls
in our study.

In contrast with our findings for girls, we found both greater overall fat mass and SAT were
negatively associated with cortical bone strength at the radius in boys. Further, we found a
negative association between A/G ratio and radial SSI in analyses restricted to obese boys
that also lends support to a negative association between total central adiposity and bone
strength. This might be explained partly by typical sex-specific differences in the allocation
of body fat, in that boys tend to gain excess fat in central rather than peripheral regions, such
that the greater overall fat mass in boys in our study was predominantly centrally located.
Other studies have also found a negative association between SAT and bone measures. For
example, SAT has been negatively associated with whole-body BMC in prepubertal,
overweight children ages 7 to 11 years™ and overweight children ages 8 to 14 years® in
cross-sectional studies. Although involving an older population than our study, Taes and
colleagues™® also found trunk fat measured by DXA was negatively associated with cortical
bone size by pQCT in 677 men 25 to 45 years old. Further, DXA estimates of abdominal
adiposity have been significantly associated with insulin resistance,34-36) diabetes,(37) and
with metabolic risk factors such as circulating high-density lipoprotein (HDL) or low-
density lipoprotein (LDL) levels.(36.38.39)

An additional explanation for differences in findings among studies might be due to the
evaluation of abdominal SAT as a homogenous compartment. There is growing evidence that
subcutaneous abdominal fat is not a homogenous tissue with a singular biochemical profile.
Rather, it comprises two distinct compartments defined as superficial or deep,(4%-42) with
deep SAT more closely corresponding with the metabolic activity of VAT than does
subcutaneous SAT.(#1-43) Further, there could be greater amounts of deep rather than
superficial abdominal SAT with adiposity in males,#4) though this has not been evaluated in
adolescents to our knowledge. Thus, our findings in boys might be explained by a greater
amount of deep SAT than present in girls.

There are several strengths to our study. Our study cohort is well-described and data were
prospectively collected. Confirmation of previous, cross-sectional findings by our
longitudinal study was informative, because we accounted for changes in body composition
during adolescence. Our findings were also able to provide new insight into this relationship
during growth with inclusion of weight-bearing and non-weight-bearing bone strength
measurements. Furthermore, our study also included healthy weight individuals providing
additional information on whether a potential relationship between visceral fat and bone
varied across the spectrum of BMI. Finally, our differing results in girls and boys highlight
the importance of sex-specific evaluations of factors that might influence bone during
growth.
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Despite these strengths, there are potential limitations to our findings. First, DXA
measurements of VAT and SAT have not been validated in children at this time. However, a
study evaluating the association between CTh-measured VAT and DXA-measured VAT
showed a good correlation in children with a BMI in the overweight range (r=0.86; 95%
confidence interval, 0.80 to 0.90).(13) Additionally, an investigator at our institution found
measurement of visceral fat by MRI correlated highly with DXA VAT in a small sample of
children (r>0.99, p<0.0001, 7=4; Chadi Carlage, MD and colleagues, unpublished data).
Second, it is possible that the negative associations of SAT, but not VAT, with bone strength
could be due to inappropriate division of fat regions in male participants. Nevertheless, we
were able to detect a negative association of VAT, but not SAT or fat mass, with radial SSI in
our study in girls. We were also able to detect negative associations between VAT and our
secondary bone outcomes, including cortical BMC, area, and thickness at the radius in boys.
Importantly, it should be noted that our measure of physical activity was not significantly
associated with bone measures in most statistical models. Thus, we might not be accounting
adequately for dynamic loading that could exert greater influence on bone than adipose
tissue. In addition, although we did not find significant differences in baseline characteristics
between those included in analyses and those excluded for lack of follow-up or poor scan
quality, the potential for selection bias remains a possibility. Another potential limitation is
our use of biological age rather than Tanner stage to account for differences between
participants in developmental stages. Furthermore, our results might not be applicable to
measures of cortical bone strength from regions other than the radius and tibia. Because our
study population is predominantly white and the study is conducted in the Midwestern
region of the United States, our findings are not generalizable to other populations.

In conclusion, we found negative associations of diaphyseal strength at the radius with VAT
in girls and central adiposity in boys. Thus, greater visceral and/or central adiposity may
have an important role in bone growth during adolescence. These results suggest a
compartment-specific influence of greater adiposity on bone and could help explain
previous, inconsistent findings regarding childhood obesity and bone, as well as potential
sex differences in these relationships. Additional studies are needed to evaluate whether this
relationship persists into adulthood, evaluate the implications of deep versus superficial SAT
effects on bone strength and evaluate biochemical factors that might better describe fat
compartment-specific relationships with bone strength.
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Fig. 1.
Participant inclusion diagram.

J Bone Miner Res. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Glass et al.

pSSI Radius
. 0.107
g Hm Fat Mass
% W 0.05- Za Fat Mass + Lean
c = VAT
oy
g "é 0.004 B VAT + Lean
._g = = SAT
= 0
3 W05+ Za SAT + Lean
k;
»n
-0.10 T T
& ¥
pSSI Tibia
_  0.5-
8 . mm Fat Mass
°E’ 0.10- T Za Fat Mass + Lean
® W
£ % 005 B AT
& @@ VAT + Lean
N £ 0.00- = SAT
- 0
§ w Pl Za SAT +Lean
S
&
? 010 . '
Qe 4
o @58

Fig. 2.

Page 16

Linear mixed models for the relationships between adiposity measures and diaphyseal bone
strength (SSI) from age 11 to 19 years in girls and boys at the radius (A) and tibia (B). “p

<0.05. Models include biological age, lean mass, and limb length.
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