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Abstract This study was aimed to investigate the influ-
ence of being overweight on bone mineral status in 11-13-
year-old boys, who were divided into overweight (OW;
n = 110) and normal weight (NW; n = 154) groups. Bone
mineral density (BMD) at the whole body (WB), lumbar
spine (LS) and femoral neck (FN), bone mineral content
(BMC) at the WB, and body composition were assessed.
Calculation of the bone mineral apparent density (BMAD)
was completed for the WB, LS and FN. The BMC/height
ratio was also computed. OW boys displayed similar values
(P > 0.05) for LS and FN BMAD and lower (P < 0.05)
WB BMAD, despite significantly higher values (P < 0.05)
for more widely used WB and LS BMD, WB BMC and
WB BMC/height in comparison with NW boys. Fat-free
mass index (FFMI, kg/mz) had the highest correlation
coefficients from the calculated body composition indices
with all bone mineral values in NW boys. In OW boys, the
FFMI had the highest correlation only with FN BMD,
while other measured bone mineral values had highest
correlations with either BMI or FMI indices. In conclusion,
OW boys have higher crude WB BMD, BMC and BMC/
height ratio in comparison with NW boys. However, the
bone growth appears to be insufficient to compensate for
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the higher mechanical load applied on the bone by higher
FM and also FFM values in OW boys. Excessive adiposity
does not have a protective effect on the development of
BMAD in growing boys reaching puberty.
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Introduction

Childhood obesity is an increasing problem all round the
world. In adults, it is well established that being overweight
is associated with a protective effect on osteoporosis
because of the increased bone mineral density (BMD)
[1, 2]. In contrast, being overweight in childhood has been
linked to an increased risk for bone fractures [2, 3],
although there are studies to suggest that obesity has a
protective effect on BMD in children [4, 5]. In fact, dif-
ferent studies have found that overweight children may
have increased [4, 6], equivalent [7, 8] or decreased bone
mineral values [2, 9] in comparison with normal weight
children. Furthermore, Rocher et al. [2] concluded that
obesity does not have a protective effect on BMD in pre-
pubertal boys and girls. While bone mineralization
increases with age, height and body mass throughout
childhood [10], the maximal BMD accrual occurs in years
surrounding puberty [10, 11]. Early puberty is also a period
of increased bone adaptation to mechanical loading due to
the velocity of bone growth and endocrine changes at this
time [12]. Accordingly, increasing peak bone mass is
important protection against fracture risk [13] and it is
important to evaluate the relative importance of fat mass
(FM) and fat-free mass (FFM) on bone growth in boys with
different body mass values during pubertal development.
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Dual-energy X-ray absorptiometry (DXA) has widely
been accepted as the preferred method for assessing bone
mineral values in children [14-16]. Total and areal BMD
values have highly been related to body mass [17, 18], FM
[19], FEM [1, 20, 21] and also body mass index (BMI) [19]
in children. While DXA does not measure volumetric
BMD, different models have been developed to estimate
volumetric BMD to reduce the influence of growing bone
size on DXA measurements [22, 23]. Therefore, relatively
little is known about the predictors of volumetric BMD in
boys reaching puberty. In addition, the significance of BMI
as an index of overweight is not clear during growth and
maturation in children, and the fat mass index (FMI) has
been proposed to be a better indicator of body fatness [24,
25]. Accordingly, the aim of the present investigation was
to study the influence of overweight on whole body (WB),
lumbar spine and femoral neck volumetric BMD values in
comparison with normal weight boys reaching puberty.
The second aim was to analyze the relationships between
bone mineral values and calculated new obesity indices in
studied boys.

Methods
Participants

In total, 264 boys aged between 11 and 13 years from
different schools in Tartu took part in this cross-sectional
study. The participants were divided into normal weight
(body fat % <20.7-22.8) and overweight (body fat %
>21.3-22.8) groups according to the age adjusted cutoffs
described by McCarthy et al. [26]. All procedures were
approved by the Medical Ethics Committee of the Uni-
versity of Tartu and were explained to the children and
their parents who signed a consent form.

Anthropometry and sexual maturation

Body height was measured to the nearest 0.1 cm using
Martin’s metal anthropometer. Body mass was measured to
the nearest 0.05 kg using medical scales (A&D Instruments
Ltd, Abingdon; UK). The boys were dressed in light
clothing and were wearing no shoes. Pubertal development
of the participants was assessed by self-report using an
illustrated questionnaire of pubertal stages according to
Tanner [27]. The pubertal development assessment
according to Tanner method, which uses the self-assess-
ment of genitalia and pubic hair stages, has been previously
validated [28, 29]. The boys were given photographs, fig-
ures, and descriptions, and asked to choose the one that
most accurately reflected their appearance. In case of dis-
crepancies between the two variables, a greater emphasis
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for the determination of the Tanner stage was placed on the
degree of genitalia development [28]. The self-assessment
of pubertal development in boys has previously been
assessed in our laboratory [30, 31]. In addition, bone age
was assessed with an X-ray of the left hand and wrist and
determined according to the method of Greulich and Pyle
[32].

Bone mineral and body composition assessment

Bone mineral density (g/cmz) of the whole body (WB),
lumbar spine (L2-L4) (LS) and femoral neck (FN), and the
WB bone mineral content (BMC) (g) were measured
by dual-energy X-ray absorptiometry (DXA) using the
DPX-1Q densitometer (Lunar Corporation, Madison, WI,
USA) equipped with proprietary software, version 3.6.
Bone mineral apparent density (BMAD) (g/cm’), an
estimate of volumetric bone density, was calculated as
previously described [22]. For WB, the formula WB
BMAD = WB BMC/(WB bone areazlheight) was used.
For LS, the formula LS BMAD = LS BMC/LS bone
area'”, and for FN, the formula FN BMAD = FN BMC/
FN bone area’ were used [22]. The expression of WB
BMC/height was calculated to adjust for WB bone size
[33]. Whole body fat percentage, FM, FFM, trunk fat (TF)
and leg fat (LF) were also measured via a DXA device.
Participants were scanned in light clothing while lying flat
on the back, with arms at the sides. The fast scan mode and
standard subject positioning were used for total body mea-
surements and analyzed using the extended analysis option.
DXA measurements and results were evaluated by the same
examiner. Coefficients of variations for bone mineral and
body composition measurements were less than 2 %.

Body composition indices

Body mass index (kg/m?) was calculated as body mass (kg)
divided by height squared (m?) and was used as an indi-
cator of obesity [34]. However, the significance of the BMI
is not clear as body mass is composed of two distinct
components (i.e., FFM and FM). Therefore, FFM index
(FFMI) (kg/m?) and FM index (FMI) (kg/m?) were also
calculated [24, 35]. These indices should better reflect
obesity [25]. In addition, TF:LF ratio was calculated as an
indicator of body fat distribution [36].

Statistical analysis

Data analysis was performed using SPSS 15.0 for Windows
(Chicago, IL, USA). Standard statistical methods were
used to calculate means and standard deviations (£SD).
Evaluation of normality was performed with the Shapiro—
Wilks statistical method and variables that were not
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normally distributed were log transformed. Statistical
comparisons between groups were performed with para-
metric unpaired ¢ tests. In addition, bone parameters
between groups were also compared after adjustment for
body mass, FM and FFM using a one-way analysis of
covariance (ANCOVA) [2, 21]. Relationships between
body composition variables and bone data were analyzed
using partial correlation analysis after controlling for age
and biological maturation [30, 31]. Statistical significance
was set at P < 0.05.

Results
Characteristics of the participants

The descriptive characteristics in overweight and normal
weight boys are presented in Table 1. Age and body height
were not different between groups (P > 0.05). Bone age
was significantly higher in overweight group (P < 0.05).
Similarly, overweight boys had significantly higher
(P < 0.05) values for body fat %, body mass, FM, TF, LF,
FFM, TF.LF ratio, BMI, FMI and FFMI compared to
normal weight controls.

Bone mineral values
Bone mineral measurements expressed as crude values are

displayed in Table 2. WB BMD, LS BMD, WB BMC, and
WB BMC/height were significantly higher and WB BMAD

Table 1 The descriptive characteristics in overweight and normal
weight boys (mean £+ SD)

Variable Normal (n = 154) Overweight (n = 110)
Age (years) 12.08 £ 0.77 11.96 £ 0.76
Bone age (years) 11.74 + 1.20 12.21 + 1.08%*
Body height (cm) 153.6 £+ 8.7 155.6 £ 7.6
Body mass (kg) 41.75 £ 8.19 56.57 £ 15.36*
Body fat (%) 16.0 + 4.1 33.9 + 7.9%
FM (kg) 6.27 + 2.15 19.02 £ 9.57*
Trunk fat (kg) 2.20 £ 0.84 8.04 £ 4.57*
Leg fat (kg) 3.11 £ 1.09 8.34 + 4.12%
FFM (kg) 3275 £ 6.24 34.51 £ 6.37*
TF/LF ratio 0.71 £ 0.14 0.95 + 0.21*
BMI (kg/m?) 175 £ 22 23.1 £+ 4.6*
FMI (kg/m?) 2.64 + 0.82 7.69 + 3.34%*
FEMI (kg/m?) 13.73 £ 1.36 14.13 £ 1.57*
Tanner (1/2/3/4/5) 4/57/76/16/1 4/41/54/11/0

FM fat mass, FFM fat-free mass, TF/LF ratio trunk fat/leg fat ratio,
BMI body mass index, FMI fat mass index, FFMI fat-free mass index

* Significant difference between groups; P < 0.05

Table 2 Bone mineral measurements expressed as crude values
(mean £ SD)

Variable Normal (n = 154)  Overweight (n = 110)

WB BMD (g/cm?) 0.962 £ 0.065 1.007 £ 0.066*
LS BMD (g/cm?) 0.815 £ 0.103 0.839 & 0.092*
FN BMD (g/cm?) 0.895 £ 0.101 0.904 £ 0.095
WB BMC (g) 1623.4 4 332.0 1850.3 £ 374.7*
WB BMAD (g/cm?) 0.089 £ 0.006 0.087 £ 0.006*
LS BMAD (g/cm?) 0.144 £ 0.015 0.147 £ 0.012
EN BMAD (g/cm?) 0.202 £ 0.023 0.197 £ 0.023
BMC/height ratio 10.50 £+ 1.62 11.82 £ 1.89%

BMD bone mineral density, BMC bone mineral content, WB whole
body, LS lumbar spine, FN femoral neck, BMAD bone mineral
apparent density

* Significant difference between groups; P < 0.05

significantly lower in overweight boys compared to the
respective values in normal weight boys (P < 0.05). There
were no differences (P > 0.05) in FN BMD, LS BMAD
and FN BMAD values between studied groups.

Adjusted bone mineral values

DXA measurements adjusted for body mass, FFM and FM
are shown in Table 3. WB BMD and BMAD values were
significantly higher and lower, respectively, between nor-
mal weight and overweight groups when adjusted for FFM
(P < 0.05), but not when adjusted for body mass or FM
values (P > 0.05). When measurements were adjusted for
body mass or FM, WB BMC or WB BMC/height were
significantly lower in overweight boys in comparison with
normal weight boys (P < 0.05). FN BMD and LS BMD
were significantly lower in overweight boys when adjusted
for body mass or FM, while no differences in these values
between groups were seen when adjusted for FFM
(P > 0.05). Finally, when measurements were adjusted for
body mass, FM or FFM, FN BMAD and LS BMAD were
not different between the two groups.

Relationships between body composition and bone
mineral values

Body mass, FM, FFM, TF, TF:LF ratio, BMI, FMI and
FFMI were all positively related (P < 0.05) to WB BMD,
WB BMC and WB BMC/height in both groups (Table 4).
All body composition variables were negatively related
(P < 0.05) to WB BMAD in overweight group, while body
mass, FM, FFM, TF and FFMI were negatively correlated
with WB BMAD in normal weight boys. Almost all pre-
sented body composition variables were positively related
to LS BMD and LS BMAD (P < 0.05), except FMI for LS
BMD, and FM and FMI for LS BMAD (P > 0.05) in
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Table 3 Bone mineral values adjusted for body mass, fat-free mass and fat mass in normal and overweight boys

Adjusted for body mass

Adjusted for fat-free mass

Adjusted for fat mass

Normal Overweight Normal Overweight Normal Overweight
WB BMD 0.985 + 0.004 0.974 £ 0.005 0.968 + 0.004 0.999 + 0.004* 0.988 + 0.006 0.971 £ 0.007
WB BMAD 0.088 + 0.001 0.089 + 0.001 0.089 + 0.001 0.087 £ 0.001* 0.088 + 0.001 0.089 + 0.001
WB BMC 1777.1 £ 16.9 1635.2 + 20.6* 1660.5 + 11.7 1798.3 + 13.9* 1789.0 + 27.6 1618.5 + 34.5*
BMC/height 11.24 + 0.09 10.79 £ 0.11* 10.67 £ 0.07 11.58 £+ 0.08* 11.33 £ 0.14 10.67 £ 0.17*
FN BMD 0.920 £ 0.008 0.870 £ 0.009* 0.902 + 0.007 0.895 £ 0.008 0.915 £ 0.009 0.876 £ 0.011%*
FN BMAD 0.201 £ 0.002 0.198 + 0.002 0.202 + 0.002 0.197 £ 0.002 0.200 + 0.002 0.200 + 0.003
LS BMD 0.843 + 0.007 0.799 + 0.009* 0.822 + 0.006 0.829 + 0.007 0.842 + 0.009 0.801 + 0.011*
LS BMAD 0.145 + 0.001 0.145 £ 0.001 0.144 £ 0.001 0.147 £ 0.001 0.145 £ 0.001 0.145 £ 0.002

BMD bone mineral density, BMC bone mineral content, WB whole body, LS lumbar spine, FN femoral neck, BMAD bone mineral apparent

density
* Significant difference between groups; P < 0.05

Table 4 Correlations between whole body (WB) bone mineral values and body composition indices in normal weight and overweight boys

controlled for age and pubertal status

WB BMD WB BMAD WB BMC WB BMC/height

Normal Overweight Normal Overweight Normal Overweight Normal Overweight
Body mass 0.607* 0.705* —0.421* —0.502%* 0.818* 0.856* 0.774* 0.839*
FM 0.381* 0.615* —0.190* —0.489* 0.454* 0.756* 0.459* 0.756*
FFM 0.622* 0.735* —0.532% —0.431%* 0.895* 0.876* 0.834* 0.839*
Trunk fat 0.422% 0.610* —0.213* —0.485%* 0.495* 0.737* 0.510% 0.746*
TF/LF ratio 0.199* 0.230* —0.111 —0.214* 0.211* 0.259* 0.246* 0.290*
BMI 0.465* 0.635* —0.159 —0.427* 0.474* 0.725* 0.534* 0.745*
FMI 0.253* 0.551* —0.032 —0.464* 0.224%* 0.668* 0.273%* 0.689*
FFMI 0.531%* 0.586* —0.347* —0.406%* 0.630* 0.663* 0.680* 0.693*

FM fat mass, FFM fat-free mass, TF/LF ratio trunk fat/leg fat ratio, BMI body mass index, FMI fat mass index, FFMI fat-free mass index, BMD
bone mineral density, BMAD bone mineral apparent density, BMC bone mineral content

* P <0.05

normal weight boys (Table 5). All body composition
variables except FMI and FFMI were correlated with LS
BMD, while only TF and FMI were significantly related to
LS BMAD in overweight boys. All measured body com-
position variables were significantly correlated with FN
BMD in both groups (P < 0.05), except TF:LF ratio and
FMI in normal weight boys. Finally, no relationships
between measured and calculated body composition values
with FN BMAD were observed in both groups (P > 0.05)
(Table 5).

Discussion

This study conducted on 264 Estonian peripubertal boys
demonstrated no significant differences in LS BMAD and
FN BMAD crude values and also when these values were
adjusted for body mass, FFM and FM in studied normal
weight and overweight boys. Similarly, WB BMAD was
not significantly different between studied boys after
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adjustment for body mass and FM values, while over-
weight boys had significantly lower crude WB BMAD
values in comparison with normal weight boys. In
addition, the FFMI had the highest correlation coeffi-
cients from the calculated body composition indices
with all bone mineral values in normal weight boys. In
overweight boys, the FFMI had the highest correlation
only with FN BMD, while other measured bone mineral
values had highest correlations with either BMI or FMI
values. The main findings of present study were that
overweight boys displayed similar values for areal
BMAD values and lower WB BMAD values, despite
significantly higher values for more widely used WB and
LS BMD, WB BMC and also WB BMC/height values in
comparison with normal weight peers. These results
suggest that BMAD values should be computed and
adjusted for different body mass values when assessing
bone development in boys reaching puberty. Further-
more, FFMI characterizes better than more widely used
BMI bone development in normal weight boys reaching
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Table 5 Correlations between areal bone mineral values and body composition indices in normal weight and overweight boys controlled for age

and pubertal status

LS BMD LS BMAD FN BMD FN BMAD

Normal Overweight Normal Overweight Normal Overweight Normal Overweight
Body mass 0.558%* 0.532% 0.201* 0.161 0.451%* 0.412% —0.053 —0.110
FM 0.279* 0.455% 0.126 0.187 0.160* 0.322% —0.128 -0.113
FFM 0.634* 0.563* 0.199* 0.103 0.486* 0.480* —0.048 —0.078
Trunk fat 0.359* 0.457* 0.197* 0.200* 0.165* 0.344* —0.122 —0.079
TF/LF ratio 0.280* 0.182 0.241* 0.078 0.012 0.273* —0.035 0.145
BMI 0.360* 0.438* 0.245* 0.171 0.299* 0.357* 0.040 —0.064
FMI 0.131 0.391 0.118 0.192* 0.038 0.278* —0.097 —0.090
FFMI 0.520* 0414 0.286* 0.082 0.384* 0.429* 0.066 0.011

FM fat mass, FFM fat-free mass, TF/LF ratio trunk fat/leg fat ratio, BMI body mass index, FMI fat mass index, FFMI fat-free mass index, LS
lumbar spine, FM femoral neck, BMD bone mineral density, BMAD bone mineral apparent density

* P <0.05

puberty. In contrast, BMI and FMI are better determi-
nants of bone mineral values than FFMI in overweight
boys of the present study.

In our study, overweight boys had higher WB BMD, LS
BMD, WB BMC and also BMC/height ratio than normal
weight controls, which is in accordance with other studies
conducted in prepubertal children [2] and also in adoles-
cents [21, 37]. It has been suggested that body mass might
improve bone mineralization in obese children by
increasing the mechanical load of increased body weight
especially in weight-bearing bones [2, 6, 21]. Therefore,
overweight children should have greater bone strength
because of the greater muscle force required to move the
increased body weight [4, 37]. Overweight children have
not only more FM, but also FFM [9, 21], and this was also
the case in our study (see Table 1). In overweight boys, the
skeleton must be stronger than in normal weight boys to
support their higher body mass [2].

It is interesting to note that while significant relation-
ships between measured and calculated body FM and FFM
values were also seen in both groups (see Tables 4, 5),
FFM values were better determinants of measured bone
mineral values than FM measures in normal weight boys.
This is in accordance with the results of other studies
conducted in normal weight boys [2, 14, 37, 38]. In con-
trast, measured and calculated FM indices were better
determinants of measured bone mineral values than FFM
measures in overweight boys. To date, there is a significant
disagreement in the literature regarding the relative con-
tributions of fat and fat-free body components to bone
mineral values in growing children [21]. While many
studies have demonstrated a positive effect of FM on bone
mineral values [4, 6, 13, 21], there are also studies showing
that body fat may be a negative determinant of BMD in
children [38, 39]. However, it has been suggested that

increased FM may be related to bone maturation [37] and
bone mass gain accelerates earlier than bone mineral
accrual [40]. This was also supported by the findings of
present study, where crude values of WB BMC and WB
BMC/height ratio were significantly higher in overweight
boys in comparison with normal weight boys (see Table 1).
During puberty, bone maturation may be mediated by the
increasing synthesis of estrogen in the adipose tissue that
promotes bone mass accrual [41, 42]. In addition, over-
weight and excessive adiposity are associated with
increased secretion of bone active hormones from the
pancreatic beta cells and the adipocytes [36, 43]. These
factors may explain the strong relationship between
increased FM and bone mineral values in our overweight
peripubertal boys. In agreement with our results, it has
been suggested that the relationships between FM and FFM
values with measures of BMD and/or BMC could be
dependent on the weight status of the studied population
[21].

It appears that there might be a positive site-specific
effect of increased adiposity on bone mineral values during
puberty as LS BMD values were significantly higher in
overweight boys, while no differences were seen in FN
BMD values between studied groups (see Table 2). The FN
is mainly composed of cortical bones, whereas LS is
mainly composed of trabecular bones [44]. In addition,
trabecular bone is known to be more metabolically active
than cortical bone tissue [44]. It has been suggested that in
response to mechanical loading, cortical bone mainly
enhances its size, while trabecular bone mainly increases
its density [45]. Furthermore, Rocher et al. [2] argued that
WB BMC, which is composed of 80 % of cortical bone,
would adapt to increased body weight by increasing both
BMC and bone area, while LS would react by improving
BMC only in obese prepubertal children. However, to
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minimize the contributions of bone dimensions on BMD
values, different equations have been proposed to calculate
volumetric BMD in growing children [22, 23]. In our
study, LS and FN BMAD values were not different when
expressed as crude values (see Table 2) and also when
adjusted for body mass, FFM and FM values (see Table 3)
between normal weight and overweight peripubertal boys.
These results are in accordance with other studies [2] and
would suggest that overweight does not have a protective
effect on BMAD values at the specific sites of the skeleton
in boys during puberty. In contrast, one could argue that the
site-specific effect of mechanical loading and bone meta-
bolic activity on bone mineral development has been
demonstrated by the fact that in contrast to LS BMAD, no
relationship between FN BMAD with measured and cal-
culated body composition values was seen in both groups
(see Table 4). Consequently, further studies are needed
before any conclusions can be drawn.

The results of present investigation indicate that adipose
tissue may even have negative effect on bone mineral
values during puberty as body mass, FM and FFM values
were negatively associated with WB BMAD in both groups
of studied boys. In general, these relationships appeared to
be more stronger in overweight boys (see Table 4). These
results are in accordance with the results obtained in ado-
lescent boys and girls [14, 21]. In addition, crude WB
BMAD and WB BMAD values adjusted for FFM but not
when adjusted for body mass or FM were significantly
lower in our overweight peripubertal boys when compared
with normal weight boys (see Tables 1, 2). These results
are in line with those observed in prepubertal boys and girls
[2] and in contrast to adolescent girls [21]. Therefore, El
Hage et al. [21] suggested that the relation between bone
development and obesity may be sex specific. Accordingly,
it could be argued that WB adiposity plays a negative role
in bone development at least in boys reaching puberty. In
addition, the mismatch between body weight and bone
mineralization in overweight children in comparison with
normal weight peers increases their propensity to sustain
fractures [3]. Therefore, Rocher et al. [2] argued that it is
not clear whether the association between fracture occur-
rence and obesity is a consequence of weaker bones or
greater forces applied on the skeleton when a fall occurs.

Our findings partly support the recommendations to use
FFMI and FMI in determining the deeper meaning of BMI
[25, 46] as FFMI were higher correlated with bone mineral
values in normal weight boys, while FMI and also BMI
were better determinants of measured and calculated bone
measures in overweight boys (see Tables 4, 5). It has been
suggested that calculation of FFMI and FMI in the context
of BMI enables to identify children with normal BMI and
excess adiposity to initiate possible intervention [46]. For
example, only FMI was correlated with LS BMAD in
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overweight boys, while FFMI and also BMI were related to
LS BMAD in normal weight boys.

In conclusion, the results of present investigation dem-
onstrate that overweight boys have higher crude WB BMD,
BMC and BMC/height ratio values in comparison with
normal weight boys. However, this bone growth appears to
be insufficient to compensate for the higher mechanical
load applied on the bone by higher FM and also FFM
values in overweight boys. Specifically, excessive adipos-
ity does not have a protective effect on the development of
BMAD in growing boys reaching puberty. Moreover, this
study suggests that measured and calculated body compo-
sition values were negative determinants of WB BMAD in
peripubertal boys. However, BMAD was calculated from
the DXA measurements and not assessed by computed
tomography, which measures volumetric BMD directly.
Another limitation was that diet and especially calcium
intake was not measured in this study. Accordingly, further
studies are needed to better understand bone growth in
boys during puberty.
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