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A B S T R A C T

Background: Body mass compartments may have different directions of influence on bone accrual. Studies of
children are limited by relatively small sample sizes and typically make strong assumptions of linear regression.
Objective: To evaluate associations of overall body mass, components of overall body mass (fat-free and total
fat), and components of total fat mass (truncal and non-truncal fat), measured via dual-energy X-ray absorp-
tiometry (DXA) and anthropometry, with total body less head areal bone mineral density (aBMD) Z-score in mid-
childhood.
Methods: We performed a cross-sectional study among 876 Boston-area children who had DXA measures. We
evaluated linearity of associations using generalized additive models.
Results: Children were median 7.7 (range 6–10) years of age, and 61% were white. After adjustment for so-
ciodemographics and other compartments of body mass, overall body mass, particularly the fat-free mass
component, appeared to have a positive relationship with aBMD Z-score [e.g., 0.25 (95% CI: 0.23, 0.28) per 1-kg
fat-free mass]. The relationship between truncal fat and aBMD Z-score appeared non-linear, with a negative
association only in children with levels of fat mass in the upper 15th percentile [−0.17 (95% CI: –0.26, −0.07)
aBMD Z-score per 1-kg truncal fat mass], while non-truncal fat mass was not associated with aBMD Z-score.
Conclusions: Our analyses suggest that central adiposity is associated with lower aBMD Z-score only in children
with the highest levels of abdominal fat. This finding raises the possibility of a threshold above which central
adipose tissue becomes more metabolically active and thereby adversely impacts bone.

1. Introduction

Peak bone mass, which informs future risk of osteoporosis, is es-
tablished during childhood and adolescence [1]. Therefore, childhood
is a critical life-stage to identify factors such as body mass and fat
distribution that may impact bone mineral density (BMD). Under-
standing the role of body mass and fat distribution on BMD in childhood
is increasingly important, as the number of children with overweight or
obesity has increased dramatically worldwide over the past few decades
[2].

Fat-free mass, primarily comprising muscle (i.e., no fat or bone), has

consistently been associated with higher BMD in childhood (as re-
viewed in [3]), but the relationship between fat mass and BMD is less
clear. After accounting for fat-free mass, some studies found greater
total fat mass to be associated with higher childhood BMD or bone
mineral content (BMC) [4–8], whereas others observed a negative
[9–12] or null [13–15] association. Central adiposity in particular could
adversely affect bone by producing inflammatory cytokines or exacer-
bating insulin resistance that may increase bone resorption and impede
skeletal development [16,17]. An association between greater central
adiposity and lower BMD or BMC has been observed in a limited lit-
erature investigating fat distribution and bone density or mass in
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childhood [17–22]. However, these studies used relatively small or
homogenous study populations (i.e., only overweight children), did not
examine differences in associations by race/ethnicity, and except for
one recent study [12], did not investigate the possibility of non-linear
associations between body composition and BMD or BMC. These frag-
mented and restricted prior observations suggest the need to examine
the role of body composition components on BMD in a larger, more
generalizable cohort of children.

In the present analysis, we used data from a large Boston-area co-
hort to examine cross-sectional associations of dual-energy X-ray ab-
sorptiometry (DXA) and anthropometric measures of overall body mass,
components of overall body mass (fat-free mass and total fat mass), and
components of total fat mass (truncal fat mass and non-truncal fat mass)
with areal bone mineral density (aBMD) Z-score in mid-childhood. We
investigated potential non-linearity and differences in associations by
race/ethnicity. We hypothesized that greater overall body mass, parti-
cularly the fat-free mass component, would be associated with higher
aBMD Z-score, whereas greater central adiposity would be associated
with lower aBMD Z-score.

2. Materials and methods

2.1. Study population and design

This study was a cross-sectional analysis of data from Project Viva, a
longitudinal cohort study of 2128 mother-infant pairs initially enrolled
during pregnancy from Atrius Harvard Vanguard Medical Associates, a
multi-specialty group practice in the greater-Boston area [23]. Of the
2128 live births, 1116 children participated in a mid-childhood re-
search visit. The present analysis included 876 children who had a DXA
scan for measurement of body composition and BMD at the mid-
childhood visit [median 7.7 (range 6–10) years of age]. All mothers
provided written informed consent, and the study was approved by
Institutional Review Boards of participating institutions.

2.2. DXA measurements

We used DXA (Discovery A model; Hologic Inc., Marlborough, MA)
to measure fat-free mass, total fat mass, truncal fat mass, and non-
truncal (i.e., extremity) fat mass. We calculated overall body mass as
fat-free mass + total fat mass. We also used DXA to measure total body
less head aBMD (g/cm2). As compared to regional aBMD measures used
for adults, whole body aBMD has less variability during skeletal de-
velopment and increased reproducibility, so it is preferred for pediatric
evaluations. We excluded head mass not only from aBMD but from all
body mass measures for consistency between exposure and outcome
measures and because the skull is not highly responsive to environ-
mental influences [24]. In the present analysis, we used aBMD rather
than BMC, as it is the most commonly-used measure of bone develop-
ment in pediatric clinical settings and has been shown to track through
later childhood and early adulthood [25]. We derived age-, sex-, race-,
and height-standardized aBMD Z-scores using U.S. national reference
data [26].

We used the same DXA machine on all participants and calibrated it
daily with a standard synthetic phantom to check for machine drift. A
single, trained investigator checked all scans for positioning, move-
ment, and artifact, and defined body regions for analysis. We analyzed
data with pediatric software (Hologic, version 12.6). Intra-rater relia-
bility on a subset of the DXA measurements was high (ICC > 0.91).

2.3. Anthropometric measurements

Trained research staff measured each child's height to the nearest
0.1 cm with a calibrated stadiometer (Shorr Productions, Olney, MD).
We measured waist circumference to the nearest 0.1 cm with a
Hoechstmass measuring tape (Hoechstmass Balzer GmbH, Sulbzbach,

Germany). We measured subscapular skinfold thickness (SS) and triceps
skinfold thickness (TR) to the nearest 0.1 mm with Holtain calipers
(Holtain LTD, Crosswell, UK) and then calculated their sum (SS + TR)
for use in analyses.

2.4. Measurement of covariates

Mothers reported their education and race/ethnicity at enrollment
and their marital status and household income at the time of the mid-
childhood visit. We abstracted child sex from the interview at time of
delivery. We collected questionnaire data on child race/ethnicity in
early childhood and on physical activity and environmental tobacco
smoke exposure at the mid-childhood visit. The mid-childhood ques-
tionnaire also included a pubertal development scale [27] which as-
sessed parental report of the child's pubertal development, and a Pri-
meScreen [23] which assessed the child's diet including frequency of
consumption of dairy products, including milk, yogurt, cottage and
hard cheeses, butter, and ice cream. We shipped serum aliquots on dry
ice to Massachusetts General Hospital (Boston, MA) for serum 25‑hy-
droxyvitamin D [25(OH)D] measurement by an isotope dilution liquid
chromatography-tandem mass spectrometry assay, in the subset of
participants (n= 577) that provided blood samples.

2.5. Statistical analysis

We examined associations of DXA measures of overall body mass,
fat-free mass, total fat mass, truncal fat, and non-truncal fat mass with
aBMD Z-score in mid-childhood. We excluded bone mass from measures
of overall body mass and fat-free mass to avoid inflated effect estimates
as a result of having a component of the outcome (bone mass) included
in the exposure.

In primary analyses, we fit three covariate-adjusted penalized spline
generalized additive models to examine associations of 1) overall body
mass, 2) components of overall body mass (fat-free mass and total fat
mass), and 3) components of total fat mass (truncal fat mass and non-
truncal fat mass) with aBMD Z-score. In all three models, we included
the following covariates potentially associated with body composition
and aBMD Z-score [28,29]: maternal marital status (married/lived with
partner or not), annual household income (> or ≤$70,000); child sex,
race/ethnicity (white, black, Asian, Hispanic, other), height, and age. In
the model of the components of total fat mass, we also adjusted for fat-
free mass, which allowed us to assess the effect of an increase in truncal
or non-truncal fat mass on aBMD Z-score independent of a compensa-
tory decrease in fat-free mass. We considered additional covariates
[maternal education (with or without college degree), pubertal status
(continuous scale), physical activity (h/week), environmental tobacco
smoke exposure (0 h/week, < 1 h/week, ≥1 h/week), dairy intake
(servings/day), and 25(OH)D plasma concentration] but did not in-
clude these in our final models as adjustment did not appreciably
change results. We substituted maternal race/ethnicity in the 10% of
participants for whom child race/ethnicity data was missing. Ninety-
four percent (820 of 876) of participants had complete covariate in-
formation.

In the fully-adjusted models, we visually evaluated the linearity of
each body composition variable and continuous covariates in relation
to aBMD Z-score and included the variable as a smooth (non-linear)
term in the models in cases of non-linearity. We visually observed that
for each body mass variable non-linearly associated with aBMD Z-score,
there were two slopes of association, separated by an approximate
threshold. We estimated the threshold to be the 5-unit body mass
percentile increment (e.g., 70, 75, 80th percentiles) closest to the slope
peak. To quantify the slopes above and below this threshold in cases of
non-linearity, we used the respective final model to predict the change
in aBMD Z-score over a range of values of body mass near the endpoints
of each slope. We then divided the predicted estimate by the difference
of these endpoints to obtain an average change in aBMD Z-score per 1-
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kg increment in body mass. We used a bootstrapping procedure with
10,000 bootstrapped samples to calculate 95% confidence intervals
(CIs) around each predicted change in aBMD Z-score. Models for some
bootstrap samples failed to converge due to sparse data at the endpoints
of the slope, and in these cases, we used a slightly narrower range of
body mass endpoints. In sensitivity analyses, we stratified by sex, re-
stricted to pre-pubertal participants [n= 653 (77% of analytic cohort)],
and stratified by race/ethnicity for 874 participants with race/ethnicity
data available [white (n= 533), black (n= 162), and other (n= 179)].

In secondary analyses of anthropometric measures, we fit two ad-
ditional covariate-adjusted penalized spline generalized additive
models to examine the role of 1) SS + TR (a proxy for total fat mass)
and 2) waist circumference (a proxy for truncal fat mass) on aBMD Z-
score. We adjusted for the same covariates as in the primary analysis,
along with all components of body mass in each model by additionally
accounting for DXA-measured fat-free mass in the analysis of SS + TR
and DXA-measured fat-free mass and non-truncal fat mass in the ana-
lysis of waist circumference. We visually evaluated the linearity of each
anthropometric measurement in relation to aBMD Z-score.

We used SAS version 9.4 (Cary, NC) for descriptive analyses and R
Statistical Computing version 3.3.2 (R Core Team; Vienna, Austria) for
the penalized spline generalized additive models.

3. Results

3.1. Population characteristics

Participants had a median age of 7.7 (interquartile range 1.0) years,
and 61% were white. Eighty-five percent of mothers were married or
lived with their partner and 72% had a household income above

$70,000 (Table 1). As compared to participants who completed the
mid-childhood visit but were excluded from this analysis (n= 240),
those included (n= 876) were younger, more likely to be a minority
race/ethnicity, and more likely to have a lower household income
(Supplemental Table 1).

Fat-free mass was moderately correlated with total fat mass
(Spearman r= 0.53, p < 0.05). Total fat mass was strongly correlated
with its components, truncal fat mass (Spearman r= 0.98, p < 0.05)
and non-truncal fat mass (Spearman r= 0.99, p< 0.05) (Supplemental
Table 2). When we compared DXA measures with their corresponding
anthropometric measures, total fat mass and SS + TR (Spearman
r= 0.90, p < 0.05) and truncal fat mass and waist circumference
(Spearman r= 0.79, p < 0.05) were highly correlated (data not
shown).

Children with the highest aBMD Z-scores were more likely to be
Hispanic or black and live in a lower income household. Mothers of
these children were more likely to be unmarried. In addition, children
with the highest aBMD Z-scores had higher unadjusted overall body
mass, fat-free mass, total fat mass, truncal fat mass, and non-truncal fat
mass (Table 1).

3.2. Measures of body composition and aBMD Z-score

In covariate-adjusted analyses, the relationship between DXA
overall body mass and aBMD Z-score appeared non-linear with an ap-
proximate threshold near the 80th percentile of overall body mass
(~30 kg), above which the positive association appeared weaker
(Fig. 1). Specifically, we computed a 0.18 increase (95% CI: 0.13, 0.22)
in average aBMD Z-score per 1-kg increment in body mass in the range
of 12 to 27 kg, whereas we computed a 0.06 increase (95% CI: 0.04,

Table 1
Participant characteristics overall (n= 876)a and by quartiles of total body (excluding skull) areal bone mineral density (aBMD) Z-score in mid-childhood.

Quartiles of aBMD Z-scoreb

Overall Q1 Q2 Q3 Q4

n= 876 n= 219 n= 219 n= 219 n= 219

Median (IQR) or % Median (IQR) or %

Maternal/household characteristics at mid-childhood
Married or cohabitating (%) 85 92 85 85 80
Annual household income

> $70,000 (%)
72 72 71 77 66

Child characteristics
Female (%) 51 53 53 48 49
Race/ethnicity (%)

White 61 64 64 59 56
Black 19 14 19 21 21
Hispanic 5 3 3 4 10
Asian 3 4 1 4 2
Other 13 16 12 12 11

Age (years) 7.7 (1.0) 7.7 (0.7) 7.7 (1.1) 7.7 (1.1) 7.7 (1.1)
Height (cm) 127.5 (9.1) 126.3 (8.9) 127.5 (9.3) 127.8 (9.3) 127.8 (10.2)
aBMD Z-scoreb −0.88 (1.03) −1.74 (0.49) −1.14 (0.25) −0.61 (0.26) 0.02 (0.53)

Child body mass (kg)c

Overall body mass 23.9 (7.3) 21.4 (5.2) 23.2 (5.9) 24.5 (7.0) 27.2 (9.6)

Components of overall body mass
Fat-free mass 18.0 (4.8) 16.3 (3.6) 17.7 (4.6) 18.3 (4.6) 20.2 (5.5)
Total fat mass 5.5 (3.6) 4.7 (2.4) 5.4 (2.9) 5.5 (3.5) 7.4 (5.8)

Components of total fat mass
Truncal fat mass 1.9 (1.4) 1.6 (0.9) 1.9 (1.1) 1.9 (1.4) 2.6 (2.3)
Non-truncal fat mass 3.6 (2.3) 3.1 (1.6) 3.5 (1.9) 3.7 (2.2) 4.7 (3.2)

Abbreviations: aBMD – areal bone mineral density; IQR – interquartile range; Q1–4 – quartiles 1–4.
a Missing data in overall cohort: 35 for married/cohabitating; 47 for household income; 2 for child race/ethnicity.
b Sex-, age-, race-, and height-standardized total body (excluding skull) aBMD Z-score.
c Excluding head mass.

L.B. Rokoff et al. Bone 121 (2019) 9–15

11



0.08) in average aBMD Z-score per 1-kg increment in body mass in the
range of 30 to 45 kg (Supplemental Table 3).

For the components of overall body mass (fat-free mass and total fat
mass), the association between fat-free mass and aBMD Z-score ap-
peared linear. For each 1-kg increment in fat-free mass, the average
aBMD Z-score was 0.25 higher (95% CI: 0.23, 0.28). The relationship

between total fat mass and aBMD Z-score appeared non-linear with an
approximate threshold near the 85th percentile of total fat mass
(~10 kg), below which the association appeared weakly positive and
above which the association appeared negative (Fig. 2). Specifically,
below the threshold, we computed a 0.05 increase (95% CI: 0.00, 0.08)
in average aBMD Z-score per 1-kg increment in total fat mass in the

Fig. 1. Association between overall body mass and with sex-, age-, race-, and height-standardized total body (excluding skull) areal bone mineral density (aBMD) Z-
score in mid-childhood. See Supplemental Table 3 for predicted effect estimates (95% confidence intervals).

A)                                                                                   B) 

Fig. 2. Associations of components of overall body mass, fat-free mass (panel A) and total fat mass (panel B) with sex-, age-, race-, and height-standardized total body
(excluding skull) areal bone mineral density (aBMD) Z-score in mid-childhood. See Supplemental Table 3 for predicted effect estimates (95% confidence intervals).

A) B)                                                           

85%ile

Fig. 3. Associations of components of total fat mass, truncal (panel A) and non-truncal (panel B) fat mass, with sex-, age-, race-, and height-standardized total body
(excluding skull) areal bone mineral density (aBMD) Z-score in mid-childhood. See Supplemental Table 3 for predicted effect estimates (95% confidence intervals).
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range of 5 to 9 kg. Above the threshold, we computed a 0.08 decrease
(95% CI: –0.11, −0.04) in average aBMD Z-score per 1-kg increment in
total fat mass in the range of 15 to 19 kg (Supplemental Table 3).

For the components of total fat mass (truncal fat mass and non-
truncal fat mass), there appeared to be no association between non-
truncal fat mass and aBMD Z-score. For each 1-kg increment in non-
truncal fat mass index, the average aBMD Z-score was 0.02 higher (95%
CI: –0.05, 0.08). The relationship between truncal fat mass and aBMD
Z-score appeared non-linear, with an approximate threshold near the
85th percentile of truncal fat mass (~4 kg), below which the association
appeared null and above which the association appeared negative.
Specifically, we computed a 0.08 increase (95% CI: –0.07, 0.20) in
average aBMD Z-score per 1-kg increment in truncal fat mass in the
range of 1.5 to 3.5 kg, and a 0.17 decrease (95% CI: –0.26, −0.07) in
average aBMD Z-score per 1-kg increment in truncal fat mass in the
range of 5.5 to 7.5 kg (Fig. 3, Supplemental Table 3).

3.3. Secondary analyses

We found no considerable differences in results after stratification
by sex or after restricting to pre-pubertal participants (data not shown).
When we stratified by child race/ethnicity, we found no appreciable
differences in associations of overall body mass, fat-free mass, and non-
truncal mass with aBMD Z-score (data not shown). Total and truncal fat
mass had similar patterns of association with aBMD Z-score for all race/
ethnicities. However, the threshold above which the association ap-
peared negative occurred at a lower fat mass in black children (e.g.,
70th percentile; ~2.6 kg for truncal fat mass) than in white children
(e.g., 85th percentile; ~3.7 kg for truncal fat mass) or children of other
race/ethnicities (e.g., 90th percentile; ~4.5 kg for truncal fat mass)
(Supplemental Figs. 1 and 2). In addition, the negative association be-
tween truncal fat mass and aBMD Z-score above the threshold was less
pronounced for children who were black as compared to all other race/
ethnicities, and confidence intervals were wide for all stratified ana-
lyses (Supplemental Table 3).

In analyses of anthropometric measures, results were comparable to
the corresponding DXA measures. SS + TR (proxy for total fat mass)
appeared non-linearly associated with aBMD Z-score with an approx-
imate threshold near the 90th percentile (~30 mm), below which the
association appeared positive and above which it appeared negative.
Waist circumference (proxy for truncal fat mass) also appeared non-
linearly associated with aBMD Z-score with an approximate threshold
near the 90th percentile (~71 cm), below which the association ap-
peared positive and above which it appeared negative (data not
shown).

4. Discussion

In our analysis of a large Boston-area cohort, children with greater
overall body mass and higher fat-free mass had higher aBMD Z-scores.
When holding fat-free mass constant, greater total fat mass was posi-
tively associated with aBMD Z-score in children below the 85th per-
centile of fat mass, whereas greater fat mass was negatively associated
with aBMD Z-scores in children above the 85th percentile of fat mass.
The association between greater fat mass and lower aBMD Z-scores in
children with the most adiposity was driven by their truncal (i.e., ab-
dominal) rather than non-truncal (i.e., extremity) fat depot.

Our observation that greater overall body mass, and fat-free mass in
particular, was associated with higher BMD is consistent with a well-
established literature, including findings from a recent systematic re-
view in children and adolescents [3] and a meta-analysis in adults [30].
Muscle exerts biomechanical forces on bone that strengthen the ske-
leton in individuals with greater muscle mass [31]. In addition, aBMD is
a two-dimensional measurement integrating overall size, such that
larger individuals tend to have higher aBMD.

While the associations of overall body mass and fat-free mass with

BMD are well-described, studies of fat mass and BMD or BMC in
childhood have shown mixed results, reporting positive [4–8], negative
[9–12], or null [13–15] associations. We observed a weakly positive
association between fat mass and aBMD Z-score in children with rela-
tively lower levels of fat mass, and a stronger negative association be-
tween fat mass and aBMD Z-score in children with relatively higher
levels of fat mass. This finding is partly consistent with results from a
recent analysis of 8–19 year old children and adolescents in NHANES in
which there was a negative association between body fat percentage
and BMC only for children with a body fat percentage above the mean
[12]. Other prior studies did not evaluate the potential for non-linear
associations. Because different study populations may have varying
ranges of fat mass, non-linear associations between fat mass and BMD
may partly explain the conflicting existing literature. The mixed find-
ings could also be due to differences in fat deposition pattern, which
can vary between populations [32,33] and was not considered in most
of these prior studies.

Our findings support the idea that the relationship between fat mass
and BMD may be influenced by the pattern of fat deposition. We found
truncal (i.e., abdominal) fat mass rather than non-truncal (i.e., ex-
tremity) fat mass to be responsible for the association between greater
fat mass and lower aBMD Z-score. This finding is consistent with a
limited existing literature of primarily small cohorts in which the ma-
jority [17–22] but not all [15] reported a negative association between
abdominal fat mass and BMD or BMC in childhood. It is notable that
most of these studies [17–19,21,22] were in overweight cohorts, con-
sistent with our observation of a negative association only in children
with the highest levels of fat mass. Our study builds on the existing
literature by evaluating non-linear associations between fat deposition
and aBMD Z-scores in a larger cohort of children with a wide range of
body and fat mass.

Abdominal fat mass comprises both visceral adipose tissue (VAT)
that surrounds the internal organs and peritoneal cavity and sub-
cutaneous adipose tissue (SAT) that lies under the abdominal skin.
Studies that measured VAT and SAT by single slice computed tomo-
graphy or magnetic resonance imaging suggest that the association
between greater central adiposity and lower BMD or BMC is driven by
the visceral component [17–21]. This observation on the influence of
central adiposity is not surprising, as visceral adipocytes differ in both
origin and function from fat cells in the subcutaneous depot. Visceral fat
secretes inflammatory cytokines such as TNF-α and IL-6, which may
induce bone resorption and impede skeletal development [16,34]. For
example, as compared to normal-weight mice, diet-induced obese mice
with high visceral fat mass concurrently exhibited greater levels of in-
flammatory cytokines and reduced BMD [35]. In addition, free fatty
acid secretion from visceral fat may disrupt insulin receptor expression
leading to insulin resistance, which may impair osteoblast differentia-
tion, proliferation, and survival and consequently reduce bone acqui-
sition [36]. In vitro studies have shown that insulin signaling in os-
teoblasts leads to bone remodeling [37], and in an observational study,
as compared to healthy adolescents, those with higher insulin resistance
had lower bone mass [17]. Thus, greater abdominal fat mass may be
associated with lower BMD as a result of cytokine, adipokine, and free
fatty acid secretion from VAT, which leads to inflammation and insulin
resistance.

Our observation that greater central adiposity was associated with
lower aBMD Z-score only in children with the highest levels of ab-
dominal fat mass may be due to a more metabolically active adipose
depot in these individuals. Studies of adult cohorts have shown that
individuals with the greatest central adiposity have disproportionately
higher systemic inflammatory markers, such as C-reactive protein, as
compared to those with lower levels of adiposity [38,39]. In addition,
individuals with the greatest central adiposity have disproportionately
higher levels of insulin resistance [40]. Consistent with this body of
research, the association between central adiposity and other adverse
outcomes such as atrial fibrillation [41], vascular events [42], and all-
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cause mortality [43], has been shown to be strongest in individuals
with the highest levels of central adiposity. Thus, our study adds to a
growing body of literature suggesting that there may be a threshold of
central adiposity beyond which individuals are more prone to develop
metabolically-mediated adverse health outcomes.

We also observed some differences in the association between fat
mass and aBMD Z-score among different race/ethnicities. As compared
to children who were white or other race/ethnicities, black children
had a lower fat mass threshold above which the fat mass-aBMD Z-score
association appeared negative. Also, in black children, the association
between higher fat mass and lower aBMD Z-score above this threshold
was less pronounced. It is possible that the propensity for black in-
dividuals to have a higher bone density [44] outweighs negative effects
of metabolically active central adipose tissue. However, sample sizes
were small and confidence intervals were wide within race/ethnicity
strata, suggesting the importance of replication of these results.

Limitations of the present study include the cross-sectional ob-
servational study design, which cannot demonstrate causality, and
potential unmeasured confounding also impacting causal interpreta-
tion. Our study is limited largely to pre-pubertal children (age range:
6–10 years old) and additional studies, including future work in this
cohort, will help better characterize associations between body com-
position and BMD across puberty. Also, while mean aBMD Z-scores in
Project Viva are within the normal range, low-normal values likely
reflect machine bias [45]. As recommended [45], we used a single DXA
machine for all participants to eliminate machine discrepancies as a
source of bias in our effect estimates of body composition on aBMD Z-
score. Furthermore, overlying fat is a potential source of error in BMD
measurements [46–48], and it is possible that our findings fully or
partially reflect this phenomenon. Finally, we did not have information
on SAT or VAT, lumbar spine BMD, fracture incidence, or other mea-
sures of bone strength in our cohort.

Our study has several strengths, including use of the largest popu-
lation-based cohort to date to examine the association between fat
distribution and BMD in childhood. In addition, the study was con-
ducted in a cohort with expansive data on maternal and child health
sociodemographic behaviors, which allowed us to evaluate and account
for important potential confounders. We also explored whether certain
body mass exposures appeared to differ in their relationship with aBMD
Z-score based on race/ethnicity. In the present study, our use of pri-
marily pre-pubertal children also minimized potential confounding or
mediation by pubertal status. Furthermore, rather than making strong
assumptions of linearity for associations between body composition and
BMD, we evaluated the possibility of non-linear associations.

In conclusion, children with greater overall body mass and fat-free
mass had higher aBMD Z-scores. However, greater central adiposity
appeared to be associated with lower aBMD Z-score in children with the
highest levels of abdominal fat mass. This study adds to a growing lit-
erature suggesting a potential threshold effect of central adiposity in
relation to adverse outcomes throughout the lifecourse.
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