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Abstract
Background: We investigated whether Body Mass Index (BMI) at 11 years old has a direct effect on bone mass at
age 18 operating through alterations to bone growth and development, or whether the association is mediated by
concurrent BMI, fat mass (FM), and fat free mass (FFM).
Methods: Path analysis was used to explore the association between BMI at age 11 and whole-body bone mineral
content (BMC) and bone mineral density (BMD) assessed by dual-energy x-ray absorptiometry (DXA) at age 18 in a
prospective birth cohort study comprising 3,307 adolescents; we also evaluated the degree to which this association
was mediated by BMI, FM (kg) and FFM (kg) assessed by plethysmography (BOD POD) at age 18.
Results: We found a positive association between BMI at age 11 and BMC (males [β = 179.7 g, 95% CI 161.4; 198.0];
females [β = 179.9 g, 95% CI 165.3; 194.6]) and BMD (males [β = 0.030 g/cm2, 95% CI 0.024; 0.035]; females [β =
0.029 g/cm2, 95% CI 0.025; 0.033]) at age 18. This association was largely mediated by BMI and FFM at age 18 in
both female and male adolescents. FM at age 18 was not an important mediator.
Conclusions: Concurrent BMI and FFM were the main mediators of the association between BMC/BMD in late
adolescence and BMI in early adolescence.
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Background
The development of the human skeletal system and
bone health are affected by genetic, sociodemographic,
hormonal, environmental, and nutritional factors, as well
as the interactions among them [1]. Of the measures of
nutritional status, body weight has been identified as a
major determinant of fracture risk, given its direct association with bone content and bone mineral density
(BMD) [2]. Many studies have shown that both high
body weight and high body mass index (BMI) are associated with higher bone mass and that weight loss may
lead to bone loss [3,4].
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It is therefore possible that BMI during childhood and
adolescence might influence later BMC/BMD. The existing
evidence on this topic is inconsistent. For example, Tandon
et al. report positive correlations between BMI from age 4
onwards with both BMC and BMD assessed during adulthood [5], whereas some studies finding excess weight to be
associated with lower bone mass [6-8] and others not finding any association between BMI and BMD [9].
The mechanisms underlying a possible association are
not clear. One possibility is that BMI during childhood/
adolescence, when growth is rapid, leads to immediate
changes in the mechanisms underlying bone growth,
and these mechanistic changes persist across the life
course. Alternatively, concurrent body size may be the
most important determinant of BMC/BMD, and any association between BMI in childhood and later BMC/BMD
could be due to ‘tracking’ of body size and composition.
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Prospective studies are needed to disentangle these two
potential mechanisms.
Regarding body weight components, El Hage et al. reported that FM was the key determinant of BMD in girls
while FFM was the key determinant of BMD in boys
pointing to an apparently gender-dependent relationship
during adolescence [10].In this study, we assessed the association between BMI at age 11 and BMC and BMD at
age 18 in a large prospective cohort from Pelotas, Brazil.
We further examined the potential roles of BMI, FM
and FFM at age 18 in explaining these associations. Considering that body composition changes between sexes
the analysis of the present paper was stratified by sex.

Methods
All live births in 1993 (N = 5,265) living in the urban
area of Pelotas, a southern city in Brazil, were eligible to
participate in a cohort study. The cohort sample comprised 5,249 live births (16 refused to participate). We
followed subsets of this original cohort at the age of one,
three, and six months and one, four, six, and nine years.
In 2004–2005, 2008–2009, and 2011–2012, when cohort participants were 11, 15 and 18 years of age, respectively, all participants of the original cohort were
invited to follow-up assessments. The analyses of the
present study were based on data collected in the
follow-ups of the 11 and 18 years old. The full methods
of the 1993 Pelotas (Brazil) Birth Cohort Study are published elsewhere [11-13].
The outcomes were whole-body BMC (g) and BMD
(g/cm2). Both measures were obtained when participants
were aged 18 years by dual-energy x-ray absorptiometry
(DXA) (Lunar Prodigy Advance – GE®, Germany) [14].
DXA scans were not performed in participants who were
pregnant/suspected pregnant, wheelchair users and/or individuals with osteoarticular deformities, those who had
implanted metal pins, screws, plates and non-removable
metallic objects (body piercings and/or chains), extremely
obese individuals, or those with height over 1.92 m.
The main exposure of interest was BMI-for-age (zscore) at age 11 years, defined according to the World
Health Organization (WHO) reference charts for children and adolescents 5–19 years [15]. BMI (z-score), FM
(kg) and FFM (kg) at age 18 were evaluated as potential
mediators of the association between BMI at age 11 and
BMC/BMD at age 18. FM and FFM were obtained by airdisplacement plethysmography (BOD POD®), since it is
considered the gold standard for measuring FM and FFM
[16-18]. All variables were analyzed as continuous values.
Analyses were performed using Stata 12.0 (Stata Corp.,
College Station, Texas, and EUA) and stratified by sex
given evidence of a gender difference in bone mass acquisition [1,19]. We used path analysis (a form of structural
equation modelling that facilitates analysis of mediation)
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to investigate whether the association between BMI at
age 11 and BMC/BMD at age 18 is mediated by body
composition at age 18, or whether there is a direct effect
of BMI at age 11 (i.e. an effect that operates through
pathways other than through BMI, FM or FFM at age
18). Figure 1 shows hypothesized relationships between
the study variables.
We evaluated the mediating roles of BMI, FM and
FFM at 18 years, i.e. contemporaneous to the outcomes
separately, and the combined role of these potential mediators. For each model, we calculated the total effect
(the overall association between BMI at 11 and BMC/
BMD at age 18 after adjustment for confounders), the
direct effect (the association between BMI at age 11 and
BMC/BMD at age 18 after taking account of both confounders and mediators) and the percentage of the association between BMI at age 11 and BMC/BMD at age 18
that is explained by each mediator (or set of mediators).
At age 11 the following confounders were taken into
account: interviewer-reported skin color (white, nonwhite); family income (in Brazilian Real [RS]); maternal
education (0–4, 5–8, 9–11, 12 or more years of schooling); leisure-time and commuting physical activity (minutes/week) and adolescent smoking status (smoked at
least one cigarette in the last 30 days: yes/no); and at age
of 18 years (BMI z-score, FM and FFM) all of the aforementioned potential confounders were included in
addition to: leisure-time and commuting physical activity
(minutes/week); smoking status (smoked at least one

BMI z score at 11 years

1
BMC/BMD at 18 years
2

BMI z score, FM and
FFM at 18 years

Figure 1 Analytical model. Detailed legend: Analytical model to
evaluate the association between body mass index (BMI) z score at
11 years and total body bone mineral content (BMC) and body
mineral density (BMD) at 18 years old, and the mediation by BMI z
score, fat mass (FM) and fat free mass (FFM) at 18 years. Endnotes: 1.
Adjusted for skin color, maternal schooling, family income, physical
activity and smoking at 11 years; 2. Adjusted for 1 + physical activity,
smoking, calcium intake, height and height squared at 18 years.
Solid lines: direct effect of BMI z score at 11 years old on BMI z
score, fat mass and fat free mass at 18 years and on BMC/BMD at
18 years. Dashed lines: indirect effect of BMI z score at 11 years on
BMC/BMD after mediation through BMI z score, fat mass and fat free
mass at 18 years (calculated as the product of these two arrows).
Dotted lines: direct effect of BMI z score, fat mass and fat free mass
at 18 years on BMC/BMD at 18 years old.
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cigarette in the last 30 days: yes/no); calcium intake
(mg/day adjusted for total calories) collected using a
semiquantitative food frequency questionnaire; and
height (m) and height squared (m2) at age 18. We adjusted for height and height squared because the assessment of the model’s quality criteria showed better fit
with the inclusion of these two variables.
The present study was approved by the Research Ethics
Committee of Universidade Federal de Pelotas School of
Medicine. All participants signed a free informed consent
form prior to data collection.

Results
At 18 years 4,106 adolescents (81.3% of the original cohort) were evaluated, of which 2,015 (49.1%) were males.
Whole-body BMC and BMD were available for 3,855
participants. Of these, 1,601 males and 1,706 females
had complete data on exposure, mediators and confounders, and were therefore included in the analyses.
Table 1 shows a comparison between participants included and those not included in the analyses (1,230
losses of follow-up / excluded + 164 deaths + 548 with
missing data). Non-white participants and smokers had
slightly lower follow up rates than their counterparts
did. We also observed lower mean BMI z-score, FM and
FFM at age 18 among the male participants as compared
to those lost to follow up. Higher family income and a
lower proportion of low maternal education (≤8 years)
were also observed among females included in the analysis as compared to those lost to follow up.
Higher BMI at age 11 was associated with higher BMI,
FM and FFM at age 18 in both sexes (see Additional files
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12). At age 18, BMI
and FFM were positively associated with BMC and BMD
in males and females. FM was positively associated with
BMD in females (see Additional file 11) and with BMC
in both sexes, and it was inversely associated with BMD
in males (see Additional file 5). For example, an increase
of 1 kg in FM at age 18 was associated with a BMD
0.002 g/cm2 lower among males (95% CI −0.002; −0.001,
p < 0.001).
Tables 2 and 3 show the overall association between
BMI at age 11 and bone mass at age 18 in males and females, respectively, and also, the association after accounting by mediation. BMI at age 11 was associated
with greater BMC at age 18 in males by 179.7 g (95% CI
161.4; 198.0, p < 0.001) and in females by 179.9 g (95% CI
165.3; 194.6, p < 0.001). A positive association was also observed between BMI at age 11 and BMD at age 18 in both
sexes (males [β = 0.030 g/cm2, 95% CI 0.024; 0.035, p <
0.001]; females [β = 0.029 g/cm2, 95% CI 0.025; 0.033, p <
0.001]).
BMI and FFM at age 18 were found to be strong mediators of the association between BMI at age 11 and bone
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mass; in almost all cases, the positive association between BMI at age 11 and BMC/BMD was reduced after
taking these pathways into account (Tables 2 and 3). In
males, both BMI and FFM at age 18 years were key mediators. For example, after the inclusion of these two
variables in the model, 85.7% and 78.4%, respectively, of
the total effect of BMI at age 11 on BMC, was mediated
by the model (Table 2). Among men, 83.3% of the association between BMI at age 11 and BMD was mediated
by BMI and 90.0% by FFM. In females (Table 3), the mediation was less marked; BMI at age 18 acted as the key
mediator in the association between BMI at age 11 and
BMC (68.6% of the total effect) and FFM was the key
mediator in the association with BMD (89.7%).
FM was not found to be a strong mediator of the association between BMI at age 11 and BMC/BMD at age
18. In females, the percentage mediation was much
lower than for BMI or FFM; 31.9% for BMC and 13.8%
for BMD. In males, the percent mediation was 6.9% for
the association between BMI at age 11 and BMC at age
18. FM had a negative association with BMD in males
(see Additional file 5), and as such did not mediate the
association between BMI at age 11 and BMD at age 18.

Discussion
Our findings point to a positive association between
BMI at age 11 and both BMC and BMD at age 18, with
this association being largely mediated by contemporaneous body composition at age 18, in particular by BMI
and FFM. Recent scientific evidence has shown that
greater body weight or BMI correlate positively with
BMD and BMC [2,5]. In this study, we have demonstrated a positive association between BMI at two different time points in adolescence and BMC/BMD at age
18. One potential explanation for this finding is that
higher BMI may lead to an increased osteogenesis resulting from the mechanical load exerted by excessive
weight on bone structure [2].
We found a positive association of FFM with BMC/
BMD in both sexes, which corroborates the findings of
other studies [20-22] and of a recent meta-analysis [23].
Several hypotheses have been postulated to explain the
positive association between FFM and bone mass. The
most robust hypothesis is that muscles and other fat-free
soft tissues exert mechanical loads on bone tissue [24].
Additional muscle and FFM due to either greater physical activity or greater total body mass can promote increased bone mass [25-27].
We also found a negative association of FM with BMD
in males, corroborating the findings of a recent metaanalysis [23] and of other studies with adults and adolescents [10,28,29]. However, it is noteworthy that a positive
association with BMC/BMD was observed in females in
our analyses. Some studies have reported higher FM
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Table 1 Characteristics of participants with complete data compared with participants with missing data or losses of
follow-up, stratified by gender
Variables

Males

Females

N Mean (SD); percentage
Participants included
in the analysis

Participants excluded
from the analysisa

N = 1601

N = 590

N Mean (SD); percentage
p-value

Participants included
in the analysis

Participants excluded
from the analysisa

N = 1706

N = 555

1062.79 (1597.87)

849.28 (1565.43)

N = 1706

N = 535

22.6%

35.9%

p-value

Follow-up at 11 years
Family income
Maternal education (years)

1219.77 (2966.82)

1054.02 (2403.48)

0.224

b

N = 1601

N = 572

0-4

24.9%

29.6%

5-8

42.5%

42.1%

43.5%

44.1%

9-11

22.4%

20.1%

23.5%

13.6%

≥12

10.2%

8.2%

10.4%

6.4%

N = 1706

N = 507

65.2%

59.2%

Skin color

0.099c

N = 1601

N = 509

White

65.5%

60.5%

Non-white

34.5%

39.5%

34.8%

40.8%

N = 1601

N = 515

N = 1706

N = 465

514.80 (523.77)

559.49 (563.32)

347.41 (405.32)

325.42 (367.51)

N = 1601

N = 484

N = 1706

N = 487

98.1%

96.7%

Total physical activity
(minutes/week)
Smoking
No

97.6%

Yes
BMI z scored

96.3%

0.040c

0.098b
0.129

c

2.4%

3.7%

1.9%

3.3%

N = 1601

N = 583

N = 1706

N = 551

0.46 (1.22)

0.52 (1.35)

0.27 (1.23)

0.31 (1.20)

N = 1601

N = 407

N = 1706

N = 381

855.53 (914.26)

910.45 (913.21)

455.94 (583.28)

460.20 (521.76)

N = 1601

N = 414

N = 1706

N = 385

86.2%

79.5%

88.5%

81.0%

0.349b

0.006b
<0.001c

0.013c

0.29b
0.061c

0.531b

Follow-up at 18 years
Total physical activity
(minutes/week)
Smoking
No
Yes
BMI z scored
Fat mass (kg)
Fat free mass (kg)
Height (m)
Calcium intake (mg/day)
Bone mineral content (g)
2

Bone mineral density (g/cm )

0.279b
0.001c

13.8%

20.5%

11.5%

19.0%

N = 1601

N = 372

N = 1706

N = 295

0.25 (1.15)

0.45 (1.39)

0.44 (1.18)

0.47 (1.30)

N = 1601

N = 369

N = 1706

N = 297

20.75 (8.90)

21.19 (11.60)

N = 1706

N = 297

40.15 (4.99)

40.67 (5.41)

N = 1706

N = 298

1.61 (0.06)

1.61 (0.06)

N = 1706

N = 316

694.27 (351.62)

679.39 (364.83)

N = 1706

N = 246

2410.69 (396.08)

2411.90 (386.86)

N = 1706

N = 246

1.13 (0.08)

1.13 (0.08)

12.46 (8.72)

14.40 (12.60)

N = 1601

N = 369

57.74 (7.04)

58.67 (8.25)

N = 1601

N = 369

1.74 (0.07)

1.74 (0.08)

N = 1601

N = 336

709.16 (332.71)

726.61 (340.34)

N = 1601

N = 302

2963.12 (465.24)

2927.32 (441.61)

N = 1601

N = 302

1.22 (0.10)

1.22 (0.09)

0.005b
<0.001

b

0.026b
0.857b
0.384

b

0.216b
0.544b

The 1993 Pelotas Birth Cohort. Brazil.
N - Number of observations; SD - Standard deviation; BMI - body mass index
a
Participants excluded from analysis due to losses of follow-up or missing data.
b
t-test
c
Chi-square test
d
According to the World Health Organization for children and teenagers from 5 to 19 years.

0.895b
<0.001c

0.753b
0.453b
0.101b
0.874b
0.492b
0.964b
0.902b
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Table 2 Association between body mass index (BMI) z score at 11 years old and bone mass at 18 years mediated by
BMI z score, fat mass and fat free mass at 18 years among men
Association entre BMI z score
at 11 y and BMC/BMD

BMD (g/cm2)

BMC (g)
β (95% CI)p-value

β (95% CI)p-value

Association
(A)

% mediation

Association

% mediation

Overall association

179.714(161.401; 198.027)p < 0.001

n/a

0.030(0.024; 0.035)p < 0.001

n/a

Association after accounting for mediation
by BMI z score at 18 years old(B)

25.764(8.536; 42.993)p = 0.003

85.7

0.005(−0.0004; 0.010)p = 0.068

83.3

Association after accounting for mediation
by fat mass at 18 years old(B)

167.344(151.041; 183.648)p < 0.001

6.9

0.037(0.032; 0.041)p < 0.001

-a

Association after accounting for mediation
by fat free mass at 18 years old(B)

38.820(27.874; 49.766)p < 0.001

78.4

−0.003(−0.007; −0.0001)p = 0.044

90.0

Association after accounting for mediation
by BMI z score, fat mass and fat free mass
at 18 years old(B)

20. 375(6.717; 34.033)p = 0.003

88.7

0.003(−0.001; 0.007)p = 0.160

90.0

The 1993 Pelotas Birth Cohort. Brazil. N = 1601 males.
β - Linear regression coefficient; 95% CI - 95% confidence interval; p-value from Wald’s test; BMC - bone mineral content; BMD - bone mineral density; BMI - body
mass index; BMI z score: according to the World Health Organization for children and teenagers from 5 to 19 years.
% mediation = 100 - (Direct effect/Total effect)*100, ie, 100 - (B/A)*100
a
Percentage of mediation cannot be calculated because of the negative association of FM with BMD in males.

associated with increased bone mass among females
[10]. Several mechanisms could explain the relationship between FM and bone mass: e.g. mechanical load
on bone tissue exerted by fatty soft tissues, or the association of FM with hormones secreted from pancreatic
beta cells (insulin and amylin) and adipocytes (estrogens and leptin) that have a direct or indirect effect on
osteogenesis [24,30-32]. It should also be stressed that
during adolescence girls gain more FM while boys gain
more lean mass [33]. The difference in body composition of males and females may possibly explain this
positive association of FM with BMC observed only
among females.

All variables studied here (BMI, FM and FFM at age
18) acted to some extent as mediators of the association of BMI in early adolescence with BMC and
BMD at age 18. There were major differences between
males and females. Among men, it was observed that
the association between BMI at 11 years and BMD
was completely mediated by BMI, FM and FFM at
18 years; the inclusion of these mediators strongly attenuated the association towards the null hypothesis;
the same was not observed for BMC. This suggests
that, at least in males, BMI in early adolescence is not
a major determinant of bone mineral density later in
life, other than through ‘tracking’, i.e. individuals with

Table 3 Association between body mass index (BMI) z score at 11 years old and bone mass at 18 years mediated by
BMI z score, fat mass and fat free mass at 18 years among females
Association entre BMI z score at 11 y
and BMC/BMD

(A)

BMD (g/cm2)

BMC (g)
β (95% CI)p-value

β (95% CI)p-value

Association

% mediation
n/a

Association

% mediation

0.029(0.025; 0.033)p < 0.001

n/a

Overall association

179.945(165.306; 194.584)p < 0.001

Association after accounting for mediation
by BMI z score at 18 years old(B)

56.571(42.714; 70.428)p < 0.001

68.6

0.011(0.007; 0.015)p < 0.001

62.1

Association after accounting for mediation
by fat mass at 18 years old(B)

122.570(109.272; 135.869)p < 0.001

31.9

0.025(0.022; 0.029)p < 0.001

13.8

Association after accounting for mediation
by fat free mass at 18 years old(B)

73.100(61.975; 84.225)p < 0.001

59.4

0.003(0.0004; 0.006)p = 0.024

89.7

Association after accounting for mediation
by BMI z score, fat mass and fat free mass
at 18 years old(B)

43.008(30.140; 55.875)p < 0.001

76.1

0.007(0.003; 0.010)p < 0.001

75.9

The 1993 Pelotas Birth Cohort. Brazil. N = 1706 females.
β - Linear regression coefficient; 95% CI - 95% confidence interval; p-value from Wald’s test; BMC - bone mineral content; BMD - bone mineral density; BMI - body
mass index; BMI z score: according to the World Health Organization for children and teenagers from 5 to 19 years.
% mediation = 100 - (Direct effect/Total effect)*100, ie, 100 - (B/A)*100
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high BMI at age 11 tend to remain at high BMI across
the life course.
In females, BMI, FM and FFM at age 18 partially explained the association between BMI in early adolescence
and BMC/BMD, but there remained an association between BMI at age 11 and BMC/BMD even after controlling
for the mediators. Therefore, in contrast to the findings in males, BMI in early adolescence may be a determinant of bone mass at age 18 in females independent
of concurrent body size and composition. These differences of males and females may be attributed to the effect of hormones on body composition and bone mass
acquisition. However, the 1993 Pelotas birth cohort did
not provide accurate sexual maturation data including
sex hormone levels, and so this hypothesis cannot be
further evaluated within this population. Boys and girls
do not show the same timing of changes in body composition and bone development resulting from sexual
maturation [33]. Girls typically start puberty two years
earlier than boys [33], and by age 11 have entered puberty
while boys still are prepubertal [33]. A possible explanation to our finding is that BMI at age 11 is a marker for
pubertal status in females but not males, and that age of
puberty onset influences BMC and BMD.
To the best of our knowledge, this is the first study
conducted with data from a prospective birth cohort
that sought to examine the association between BMI at
different time points in adolescence, FM, FFM and bone
mass in late adolescence, using path analysis. Path analysis is an extension of multiple regression that facilitates modeling the relationships among all variables
simultaneously, facilitating the analysis of pathways and
mediation [34]. Another strength of the present study
was that BMC and BMD measures were obtained by
DXA, which is the gold-standard method for measuring
bone mass [35]. Despite its innovative approach, the
study has a number of limitations. First, as with all longitudinal studies, we had follow up losses of participants. However, we believe these losses did not affect
our results, because there were no significant differences for most variables between participants included
and those not included in the analysis, and we have no
reason to expect that the association between BMI at
age 11 and BMC/BMD at age 18 would differ between
those included and those excluded from our analyses.
Second, there was no information about vitamin D status, which plays a major role in the intestinal absorption
of calcium, and as such we are unable to explore this.
The lack of information on vitamin D and on sexual
maturation are the most important limitations of the
present paper for understanding the association between BMI at the beginning of adolescence and BMC/
BMD at 18 years old. The next follow-ups of this cohort
will add important contributions on this issue.

Page 6 of 7

Conclusions
This study found a positive association of BMI at age 11
with BMC and BMD at age 18. This association was
partially mediated by BMI and FFM at age 18, particularly in males. FM was not an important mediator of the
association between BMI at 11 and BMC/BMD at
18 years. Our findings suggest that concurrent BMI and
FFM are the main mediators of the association between
BMC and BMD in late adolescence and BMI in earlier
adolescence.
Additional files
Additional file 1: Figure S1. Overall association between BMI z score at
11 and 18 years and bone mineral content at age18 among males (N = 1601).
The 1993 Pelotas Birth Cohort. Brazil.
Additional file 2: Figure S2. Overall association between BMI z score at
11, fat mass and bone mineral content at age18 among males (N = 1601).
The 1993 Pelotas Birth Cohort. Brazil.
Additional file 3: Figure S3. Overall association between BMI z score at
11, fat free mass and bone mineral content at age18 among males (N = 1601).
The 1993 Pelotas Birth Cohort. Brazil.
Additional file 4: Figure S4. Overall association between BMI z score at
11 and 18 years and bone mineral density at age18 among males (N = 1601).
The 1993 Pelotas Birth Cohort. Brazil.
Additional file 5: Figure S5. Overall association between BMI z score at
11, fat mass and bone mineral density at age18 among males (N = 1601).
The 1993 Pelotas Birth Cohort. Brazil.
Additional file 6: Figure S6. Overall association between BMI z score at
11, fat free mass and bone mineral density at age18 among males (N = 1601).
The 1993 Pelotas Birth Cohort. Brazil.
Additional file 7: Figure S7. Overall association between BMI z score
at 11 and 18 years and bone mineral content at age18 among females
(N = 1706). The 1993 Pelotas Birth Cohort. Brazil.
Additional file 8: Figure S8. Overall association between BMI z score at
11, fat mass and bone mineral content at age18 among females
(N = 1706). The 1993 Pelotas Birth Cohort. Brazil.
Additional file 9: Figure S9. Overall association between BMI z score at
11, fat free mass and bone mineral content at age18 among females
(N = 1706). The 1993 Pelotas Birth Cohort. Brazil.
Additional file 10: Figure S10 Overall association between BMI z score
at 11 and 18 years and bone mineral density at age18 among females
(N = 1706). The 1993 Pelotas Birth Cohort. Brazil.
Additional file 11: Figure S11. Overall association between BMI z
score at 11, fat mass and bone mineral density at age18 among females
(N = 1706). The 1993 Pelotas Birth Cohort. Brazil.
Additional file 12: Figure S12. Overall association between BMI z
score at 11, fat free mass and bone mineral density at age18 among
females (N = 1706). The 1993 Pelotas Birth Cohort Brazil.
Abbreviations
BMI: Body mass index; FM: Fat mass; FFM: Fat free mass; BMC: Bone mineral
content; BMD: Bone mineral density; DXA: Dual-energy x-ray absorptiometry.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
LCM, JMM and FCW participated in the data collection; LCM, JMM and
LDH performed the statistical analyses; LCM carried out the first draft of
manuscript. AMBM, MCFA, PCH, HG and FCB conceived the study, and
participated in its design and coordination. All authors read and approved
the final manuscript.

Muniz et al. BMC Musculoskeletal Disorders (2015) 16:71

Acknowledgements
This article is based on data from the study “Pelotas Birth Cohort, 1993”
conducted by Postgraduate Program in Epidemiology at Universidade
Federal de Pelotas with the collaboration of the Brazilian Public Health
Association (ABRASCO). From 2004 to 2013, the Wellcome Trust supported
the 1993 birth cohort study. The European Union, National Support Program
for Centers of Excellence (PRONEX), the Brazilian National Research Council
(CNPq), and the Brazilian Ministry of Health supported previous phases of the
study. L.H. is funded by a UK Medical Research Council fellowship
(G1002375) and works in a unit that receives core funding from the UK
Medical Research Council and the University of Bristol (MC_UU_12013/9).
Author details
1
Post-Graduate Program in Epidemiology, Federal University of Pelotas, Rua:
Marechal Deodoro 1160 (3° andar). CEP, Pelotas, Rio Grande do Sul
96020-220, Brasil. 2MRC Integrative Epidemiology Unit at the University of
Bristol, School of Social and Community Medicine, University of Bristol,
Bristol, UK.
Received: 30 October 2014 Accepted: 13 March 2015

References
1. Cooper C, Westlake S, Harvey N, Javaid K, Dennison E, Hanson M. Review:
developmental origins of osteoporotic fracture. Osteoporos Int.
2006;17(3):337–47.
2. Beck TJ, Oreskovic TL, Stone KL, Ruff CB, Ensrud K, Nevitt MC, et al. Structural
adaptation to changing skeletal load in the progression toward hip fragility:
the study of osteoporotic fractures. J Bone Miner Res. 2001;16(6):1108–19.
3. Guney E, Kisakol G, Ozgen G, Yilmaz C, Yilmaz R, Kabalak T. Effect of weight
loss on bone metabolism: comparison of vertical banded gastroplasty and
medical intervention. Obes Surg. 2003;13:383–8.
4. Radak TL. Caloric restriction and calcium’s effect on bone metabolism and
body composition in overweight and obese premenopausal women.
Nutr Rev. 2004;62:468–81.
5. Tandon N, Fall CHD, Osmond C, Sachdev HPS, Prabhakaran D, Ramakrishnan
L, et al. Growth from birth to adulthood and peak bone mass and density
data from the New Delhi Birth Cohort. Osteoporos Int. 2012;23(10):2447–59.
6. Goulding A, Taylor RW, Jones IE, McAuley KA, Manning PJ, Williams SM.
Overweight and obese children have low bone mass and area for their
weight. Int J Obes Relat Metab Disord. 2000;24:627–32.
7. Goulding A, Taylor RW, Jones IE, Manning PJ, Williams SM. Spinal overload: a
concern for obese children and adolescents? Osteoporos Int. 2002;13:835–40.
8. Rocher E, Chappard C, Jaffre’ C, Benhamou CL, Courteix D. Bone mineral
density in prepubertal obese and control children: relation to body weight,
lean mass, and fat mass. J Bone Miner Metab. 2008;26:73–8.
9. El Hage R, Jacob C, Moussa E, Benhamou CL, Jaffré C. Total body, lumbar
spine and hip bone mineral density in overweight adolescent girls:
decreased or increased? J Bone Miner Metab. 2009;27:629–33.
10. El Hage RP, Courteix D, Benhamou CL, Jacob C, Jaffré C. Relative importance
of lean and fat mass on bone mineral density in a group of adolescent girls
and boys. Eur J Appl Physiol. 2009;105:759–64.
11. Araujo CL, Menezes AM, Vieira MF, Neutzling MB, Goncalves H, Anselmi L,
et al. The 11-year follow-up of the 1993 Pelotas (Brazil) birth cohort study:
methods. Cad Saude Publica. 2010;26:1875–86.
12. Victora CG, Hallal PC, Araujo CL, Menezes AM, Wells JC, Barros FC. Cohort profile:
the Pelotas (Brazil) birth cohort study. Int J Epidemiol. 1993;2008(37):704–9.
13. Gonçalves H, Assunção MCF, Wehrmeister FC, Oliveira IO, Barros FC, Victora
CG, et al.: Cohort profile updated: The 1993 Pelotas (Brazil) Birth Cohort
follow-up visits in adolescence. Int J Epidemiol 2014, doi:10.1093/ije/dyu077.
14. Kelly TL, Wilson KE, Heymsfield SB. Dual energy X-Ray absorptiometry body
composition reference values from NHANES. PLoS One. 2009;4:e7038.
15. De Onis M, Onyango AW, Borghi E, Siyam A, Nishida C, Siekmann J.
Development of a WHO growth reference for school-aged children and
adolescents. Bull World Health Organ. 2007;85:660–7.
16. Fields DA, Goran MI, McCrory MA. Body-composition assessment via
air- displacement plethysmography in adults and children: a review.
Am J Clin Nutr. 2002;75:453–67.
17. Ellis KJ. Human body composition: in vivo methods. Physiol Rev.
2000;80(2):649–80.

Page 7 of 7

18. Heymsfield SB, Lohman T, Wang Z, Going SB. Human body composition.
Champaign, IL: Human Kinetics Publishers; 2005.
19. Hasselstrom H, Karlsson KM, Hansen SE, Gronfeldt V, Froberg K, Andersen
LB. Sex differences in bone size and bone mineral density exist before
puberty. The Copenhagen School Child Intervention Study (CoSCIS).
Calcif Tissue Int. 2006;79(1):7–14.
20. Ho-Pham LT, Nguyen ND, Nguyen TV. Contributions of lean mass and fat
mass to bone mineral density: a study in postmenopausal women.
BMC Musculoskelet Disord. 2010;11:59.
21. Liu-Ambrose T, Kravetsky L, Bailey D, Sherar L, Mundt C, Baxter-Jones A,
et al. Change in lean body mass is a major determinant of change in areal
bone mineral density of the proximal femur: a 12-year observational study.
Calcif Tissue Int. 2006;79(3):145–51.
22. Marin RV, Pedrosa MA, Moreira-Pfrimer LD, Matsudo SM, Lazaretti-Castro M. Association between lean mass and handgrip strength with bone mineral density in
physically active postmenopausal women. J Clin Densitom. 2010;13(1):96–101.
23. Ho-Pham LT, Nguyen UDT, Nguyen TV. Association between lean mass, fat
mass, and bone mineral density: a meta-analysis. J Clin Endocrinol Metab.
2014;99(1):30–8.
24. Reid IR. Relationships among body mass, its components, and bone. Bone.
2002;31(5):547–55.
25. Harvey NC, Cole ZA, Crozier SR, Kim M, Ntani G, Goodfellow L, et al. Physical
activity, calcium intake and childhood bone mineral: a population-based
cross-sectional study. Osteoporos Int. 2011;23(1):121–30.
26. Bielemann RM, Domingues MR, Horta BL, Menezes AMB, Gonçalves H,
Assunção MCF, et al. Physical activity throughout adolescence and bone
mineral density in early adulthood: the 1993 Pelotas (Brazil) Birth Cohort
Study. Osteoporos Int. 2014;25(8):2007–15.
27. Bielemann RM, Domingues MR, Horta BL, Gigante DP. Physical activity from
adolescence to young adulthood and bone mineral density in young adults
from the Pelotas (Brazil) Birth Cohort. Prev Med. 1982;2014(62):201–7.
28. El Hage R, Jacob C, Moussa E, Baddoura R. Relative importance of lean mass
and fat mass on bone mineral density in a group of Lebanese
postmenopausal women. J Clin Densitom. 2011;14(3):326–31.
29. Andreoli A, Bazzocchi A, Celi M, Lauro D, Sorge R, Tarantino U, et al.
Relationship between body composition, body mass index and bone
mineral density in a large population of normal, osteopenic and
osteoporotic women. Radiol Med. 2011;116(7):1115–23.
30. Cornish J, Callon KE, Reid IR. Insulin increases histomorphometric indices of
bone formation in vivo. Calcif Tissue Int. 1996;59:492–5.
31. Hickman J, McElduff A. Insulin promotes growth of the cultured rat osteosarcoma
cell line UMR-106-01: An osteoblast-like cell. Endocrinology. 1989;124:701–6.
32. Reid IR, Ames R, Evans MC, Sharpe S, Gamble G, France JT, et al. Determinants
of total body and regional bone mineral density in normal postmenopausal
women: a key role for fat mass. J Clin Endocrinol Metab. 1992;75:45–51.
33. Wells JC. Sexual dimorphism of body composition. Best Pract Res Clin
Endocrinol Metab. 2007;21(3):415–30.
34. Gamborg M, Andersen PK, Baker JL, Budtz-Jorgensen E, Jorgensen T, Jensen
G, et al. Life course path analysis of birth weight, childhood growth, and
adult systolic blood pressure. Am J Epidemiol. 2009;169(10):1167–78.
35. Lewiecki EM, Watts NB, McClung MR, Petak SM, Bachrach LK, Shepherd JA,
et al. Official positions of the international society for clinical densitometry.
J Clin Endocrinol Metab. 2004;89(8):3651–5.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

