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Abstract

Purpose: Obesity during adolescence has multi-system health consequences. The objective of
this work was to determine whether pre-adolescent overweight/obese children’s bones respond to
a 9-month physical activity intervention by increasing bone density similar to healthy-weight
children.

Methods: Participants included overweight/obese (BMI >85%) and healthy weight (15% < BMI
<85%) preadolescents (8-9years old). Participants in the physical activity group participated in a
9-month physical activity curriculum every day after school. The wait-list control group received
no intervention. Both groups had overweight/obese children and healthy-weight controls. Whole
body bone mineral content (BMC), area, and bone mineral apparent density (BMAD) were
assessed using dual X-ray absorptiometry) at the beginning and end of the 9-month trial in the
physical activity and control group.

Results: Overweight/obese pre-adolescent children had higher BMAD than healthy weight
children (p<0.001 for spine, leg, and whole body). However, the density/weight (BMAD/lean
mass) was lower in overweight/obese children than in healthy weight children indicating the
density of bones in overweight/obese children may not compensate sufficiently for the excessive
load due to weight. The change in BMAD over 9 months was greater in healthy weight children
than overweight/obese children in the whole body and leg, but not the lumbar spine. Physical
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activity caused a site-specific increase in bone density, affecting the legs more than the lumbar
spine, but there was no significant difference in the effect of exercise between the healthy weight
and overweight/obese group.

Conclusions: The smaller change in BMAD over the 9 months and lower BMAD per unit lean
mass in overweight/obese compared to healthy weight children may indicate a slower rate of bone
mass accrual, which may have implications for bone health during skeletal growth in obese/
overweight children.
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Introduction:

Childhood obesity has reached epidemic proportions. One in three U.S. children between the
ages of 10-17 is obese [1]. In the United States, 90% of children have poor diets; and less
than 50% of children engage in the recommended ‘dose’ of daily physical activity [2].
Obesity disproportionately affects children of low socioeconomic status [3] and has lasting
health implications including high risk of cardiovascular disease, diabetes, asthma, social
and psychological problems, and musculoskeletal problems.

Studies have shown that bone density in children with obesity is lower than in children of
normal weight when adjusted for their weight [4,5], which may explain their high rates of
fracture [6]. Bone health in adolescents with obesity is a major concern because peak bone
density is achieved at skeletal maturity (age 21-23 years old) [7]. This means that childhood
obesity may have lasting implications for bone health and osteoporosis later in life. Unlike
other organ systems that maybe rescued with obesity treatment programs, if bone health is
not addressed in adolescence, it may be too late to recover and lead to high risk of
osteoporosis and related fracture later in life [8,9].

The gold standard for clinically assessing bone health is dual x-ray absorptiometery (DXA),
which is a projected measure of bone mineral content (BMC, g) or bone mineral density,
(BMD = BMC/area, g/cm?). Because it is a projected area measure, BMD measurements of
large bones may appear higher than BMD of small bones due to the increased thickness
through which the projection is made. Adolescent bones pose a particular challenge for
assessing mineral density because the bone is changing size and mineral density as it grows.
To normalize the effect of size, bone mineral apparent density (BMAD = BMC/areal-%) can
be used and has been proposed as a more appropriate measure for children [10,11].

Numerous studies report that total bone mineral content increases with weight, and obese
children have higher BMC and BMD than healthy-weight children [4,12,13]. However,
studies that adjust for bone size with BMAD find that obese children have lower bone
apparent density [4,14]. This is likely because the bone area increases with obesity [15].
Studies have also found that fat free mass index (fat free mass/height2) is more highly
correlated with bone mineral density than body mass index (BMI = mass/height?) for both
obese and healthy weight adolescents [4]. Collectively, these studies suggest that though
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obese children have greater total bone mineral, they have reduced bone mineral density for
the mechanical loads placed on them.

There are numerous significant effects of childhood obesity on bone health including slipped
capital femoral epiphysis [14], Blout’s disease [16], and general musculoskeletal pain [17].
In addition, many studies report increased risk of fracture and fracture rates with obesity in
childhood[6,18]. Both reduced bone mineral density for their weight and greater impact
loads during falls are contributors to the higher fracture risk in obese children.

The benefits of impact exercises on bone health of adolescents are well documented [19-21].
Most of these studies are implemented into the school physical education program or into
classroom activities, lasting 10-30 minutes 2-3 time/week. Children in impact exercise
groups exhibit bone mineral content gains at the femoral neck and/or lumbar spine compared
to the control groups [22]. The skeletal location and the magnitude of increased bone mass
depends on the type and intensity of the loading with most programs that deliver 3-8 times
body weights impact loads demonstrating gains [20,21,23] while those with loads 2-3 time
body weight do not [24]. The skeletal benefits of a 7 month jumping intervention in 7 year
old children demonstrated sustained skeletal benefits 8 years after the intervention [23],
indicating that a small amount of the exercise at critical points in skeletal development may
have lasting impacts. However, none of these studies have investigated the effects of obesity
on bone accrual during exercise. Studies have shown that adipose tissue has negative effects
on skeletal metabolism [25], particularly with visceral fat [26], whereas non-pathologic fat is
skeletally protective in adults. Currently there is little understanding of the effects of
excessive fat mass on bone health during skeletal development [27], and specifically its
ability to respond to impact exercise.

The objective of the current study was to analyze the effect of a 9-month after-school
physical activity (PA) intervention on BMAD in healthy weight and obese/overweight pre-
adolescent children. We hypothesized that obese/overweight children have lower BMAD for
their weight, and that PA training increases BMAD in both groups relative to non-exercise
controls.

A total of 407 children between the ages of 8 and 10 years old were recruited to participate
in the FITKids (n = 212) (ClinicalTrials.gov: ), and FITKids2 (n = 195)

(ClinicalTrials.gov: ) research trials [28].The present study includes 351 of these children
(we did not include 13 underweight children and 43 participants who did not complete post-
trial review). The institutional review board at the University of Illinois approved the study
protocol. Parents provided written informed consent, and participants provided written
assent. Participants included overweight/obese (n=148, BMI: >85 percentile), and healthy
weight (n=203, BMI: 15-85 percentile) preadolescents. At the beginning of the study, a
modified Tanner staging system questionnaire was administered [29]. Participants and their
legal guardians collaborated to complete the questionnaire. All children had Tanner scores of
2 or less. Socio- economic status was determined with a trichotomous index based on
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participation in free or reduced-price lunch program at school, the highest level of education
obtained by the mother and father, and the number of parents who worked full time. [28].
Because of small sample sizes in some race groups, the races were combined into the
following categories to create large enough groups: black/ African American (n=79), white
(n=171), and other (n=102). Each race was recorded into dummy variables, where the race
of interest was coded as 1 and all other races except for white/ Caucasian (which served as
the reference group) as 0. This process was repeated for each race grouping. White/
Caucasian was chosen as the reference category because it had the largest sample size.

Anthropometry:

Intervention:

At pre- and post-test, standing height and weight measurements were completed with
participants wearing light weight clothing and no shoes. Height and weight were measured
using a stadiometer (Seca; model 240) and a Tanita WB-300 Plus digital scale, (Tanita,
Tokyo, Japan) respectively. Body mass index (BMI) was calculated by dividing body mass
(kg) by height (m) squared. Whole body, leg and lumbar spine bone mineral content (BMC)
and area were measured by dual energy radiographic absorptiometry (DEXA) with a
Hologic QDR 4500A bone densitometer (software version 12.7.3; Hologic, Bedford, Ma).
Bone mineral density(BMD=BMC/area) and bone mineral apparent density (BMAD=BMC/
areal-®) were calculated. Precision for DXA measurements of interest are ~1-1.5% in our
laboratory. Because previous studies have shown BMD in overweight children is correlated
with lean mass, rather than fat mass or whole body mass [27], we also examined BMAD per
unit lean mass.

Participants were randomized into two groups: 9-month physical activity intervention group
or a wait list control group. The intervention group received a 2-hour after-school physical
activity program (5 days/week after school for 9 months) based on the Child and Adolescent
Trial for Cardiovascular Health curriculum, which is an evidence-based program that
provides moderate-to-vigorous physical activity in a noncompetitive environment. The
exercises were based on the Community Access to Child Health (CATCH) program, which
has demonstrated effectiveness and sustainability in altering physical activity behaviors [30].
The general daily structure was: instant activities, a snack/educational component, with the
majority of time spent in moderate-to-vigorous activity centered around game play. The
instant activities were based on the CATCH K-5 physical education curriculum, and
included short activities that target aerobic activities, muscular strength and endurance, or
movement concepts. It should be noted that FITKids was designed to exceed cardiovascular
health recommendations; it was not designed for bone health, but vigorous exercise often
includes high impact loading. The control group was asked to maintain their regular after-
school routine. Details of the intervention and its effects on cognitive function have been
previously reported [28].

Statistical Analysis

All statistical analyses were performed with SPSS 23 (IBMCorp, Armonk, New York) via a
family-wise alpha threshold for all tests set at p<0.05.
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Demographic variables were compared between BMI groups using univariate ANOVASs. For
ordinal demographic data (race and sex), Pearson Chi-square values were used to assess the
differences between groups. The means (+1 standard error) for the demographic variables
are presented in table 1.

Longitudinal analyses of BMAD and BMAD per unit lean mass were conducted using
multivariate repeated measures analyses of variance. Analyses included a time factor (pre-
test, post-test), a group factor (PA, control), and a BMI group factor (NW, OW/OB). The
dependent variables of interest were assessed using separate 2 (Weight Status: healthy
weight, obese) x 2 (Group: PA, CON) x 2 (Time: pre-test, post-test).

In order to account for any baseline differences between BMI and treatment groups, change
scores (A) were computed for BMAD. Subsequent analyses of changes in BMAD (ABMAD)
were conducted using multivariate repeated measures of variance comparing change in NW
and OW/OB children. The dependent variables of interest were assessed using separate 2
(Weight status: NW, OW/OB) x 2 (Group: PA, CON).

The analyses above were then repeated with the inclusion of the following covariates: pre-
test height and weight, sex, and race.

Here we report only BMAD, which adjusts for the greater bone size in obese children.
Analysis of BMC, bone area and BMD can be found in the Appendix (see Supplementary
Figures 1-8, Supplementary Tables 1-3, results for BMC, area, and BMD). The differences
in race and sex between the groups were not statistically significant. Hence, they were not
included as co-variates. SES was lower in the obese/overweight group (1.70 + 0.07) than in
the NW group (1.95 + 0.06), 4348) = 2.71, p=0.007. Because groups were divided by
weight, not surprisingly the lean mass and fat mass were higher in the obese/overweight
group. We therefore did not adjust for weight in our analysis, but did examine BMAD/lean
mass. The obese/overweight children were taller than the healthy weight children and this
was considered by reporting BMAD, rather than BMD or BMC to account for bigger bone
size. Because all other demographic data were similar across groups, analyses were first
conducted without adjusting for confounding variables. A secondary analysis was also
conducted with demographic variables that have previously been shown to be important
when examining bone density, and included pre-test height, pre-test weight, sex, and race.

BMAD is higher in overweight/obese children:

For pre-trial values, BMAD of the legs, lumbar spine, and whole body in overweight/obese
children was higher than the healthy weight group (p<0.001). Similarly, post-trial BMAD
was higher in children with overweight/obese than in healthy weight children (Figure 1).

BMAD per unit lean mass is lower in overweight/obese children:

Even though overweight children had higher absolute values of BMAD, pre-trial and post-
trial BMAD per unit lean mass of legs (P<0.001), lumbar spine (P<0.001) and whole body
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(P<0.001) suggests that overweight children have lower bone density for their weight
(Figure 2).

BMAD increases over time:

Over a period of 9-months, the change in BMAD (difference of post-trial and pre-trial
values) shows a significant increase in leg (p<0.001) and whole body (p<0.001) but not in
lumbar spine (p=0.206). The increase in BMAD in healthy weight children is significantly
higher than the overweight/obese group in the legs (p<0.001) and whole body (p<0.001).
(Figure 3)

Exercise increases BMAD:

The 9-month physical activity intervention significantly increased BMAD in the leg
(p=0.001), compared to the waitlist control group. However, the effect of physical activity on
BMAD of the lumbar spine was not significant (p=0.313) and whole body was nearly
significant (p=0.056), likely reflecting an average of the increase in the lower limbs and no
increase in the spine (Figure 4). The change in BMAD due to the physical activity
intervention was not significantly different in the healthy weight and overweight groups.
[Weight status x treatment in lumbar spine (p=0.6), leg (p=0.748) and whole body
(p=0.535)].

We also examined the results after adjusting for sex, race, pre-height, pre-weight, and pre-
test BMAD. Physical activity had a significant effect in the leg, nearly significant effect in
the whole body and no significant effect in the spine, similar to the unadjusted results. The
change in leg BMAD during the trial is not significantly different between overweight and
healthy weight groups after adjusting for weight and pre-test BMAD. This indicates that the
amount of bone gained relative to the initial amount of bone is the same between groups
(even though the obese group’s change in BMAD was smaller than the healthy group’s).

Discussion:

In this study overweight/obese 8-9-year-oldchildren had higher BMC, BMD, and BMAD
than healthy weight children. However, the density per unit lean mass was lower in
overweight/obese children than healthy weight children and the amount of bone gained in a
9-month period was less in overweight/obese children compared to healthy weight children.
Physical activity increased bone mass in the legs in both groups relative to the control
groups.

Previous studies have reported that overweight/obese children have bone density greater
[12,13,31], equivalent [4,32] or less [5,33] than healthy weight children. The reason for
these discrepancies may be due to difference in participants’ age range, reporting of BMD,
BMC, BMAD or values adjusted for height, sex, or lean mass, and differences in sample
sizes and populations. The BMC and BMD values for whole body in our study are within
the range of other studies [34,35]. Most studies agree that bone mass adjusted for weight
(total mass or lean mass) is lower in obese children than in healthy weight children
[5,31,33,36]. Previous studies that have measured BMAD in children have found whole
body BMAD was lower in obese children compared to healthy children [4,33] (opposite of
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our results), and lumbar spine BMAD is higher in obese children [31,33] (similar to our
results). Our study used a younger population, smaller age range, and a larger sample size
than these studies, thereby controlling many of the influencing factors. However, future
work should use high resolution peripheral quantitative computed tomography (HRpqCT) to
assess 3D structure so that bone size differences do not affect density measures. Previous
studies that have used HRpgCT have demonstrated that lean mass affects bone strength in
weight-bearing bones [36] of children, and obese children have reduced trabecular thickness
compared to healthy weight [37]. Because the relationship between childhood obesity and
bone density is still unclear, longitudinal studies with using HRpqCT in representative
populations are needed [38].

As children enter puberty, the positive relationship between fat mass and bone appears to
attenuate and then reverse [26,27]. Our data indicates that bone mass accrual is reduced in
overweight/obese children over a 9-month period compared to healthy weight children,
which may be a prediction of these future changes.

Our data indicates a site-specific effect of physical activity on bone mineral apparent density
as lumbar spine BMAD values did not significantly differ between the exercise group and
the control group while that of the leg was higher in the exercise group. This suggests that
high intensity physical activity loaded the legs predominately more than the lumbar spine,
which is always loaded in upright posture.

There is significant concern over bone health in obese adolescents because of their high
fracture rates [27]. Studies indicate that obese children with low bone density for their
weight are at high risk of fracture [5,39] and children who fracture have lower bone density
and higher adiposity [40] than those who do not. Our results indicate that despite BMAD
being higher in overweight children compared to healthy weight children, they have reduced
bone density for their weight and accrue bone more slowly, which may explain the higher
fracture rates.

Peak bone mass is achieved at skeletal maturity, making it critical during growth to
maximize bone formation in order to prevent osteoporosis. Our data provides a small and
early time window into this growth trajectory, but foreshadows poor bone health in later
stages. We did not measure nutritional intake or assess diet, which also affect bone mass.
Though other organ systems may respond to weight loss therapies after skeletal maturity, it
may be too late for bone. It is critical to address bone health before skeletal maturity. We
show in this study that physical activity increases bone density in both overweight/obese
children and healthy weight children, indicating a cheap, simple, and effective multi-organ
therapy that can be used to address bone health in overweight/obese children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pre-trial and post-trial mean BMAD of legs, lumbar spine and whole body is higher in
overweight/obese children compared to the healthy weight group. The upper and lower
boundaries on the box-plot represent the 25t and 75t percentile in the data respectively
with the median being represented by the mid-line. The non-outlier extremes in the data are

shown by the whiskers.
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Figure2:
Pre-trial and post-trial mean BMAD per unit lean mass of legs, lumbar spine and whole

body is higher in healthy weight children compared to overweight/obese children.

Med Sci Sports Exerc. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kondiboyina et al.

Page 13
Spine Leg Whole body
102 10 x102
5.0 - 1.2‘ Mean>0 (p<0.05) = ’ I Mean>0 (p<0.05)
- =0.206 } ol <0.001 <0.001 |
X e — #b—l 5 ’—p—‘
=20l - o = & * ‘
- R e * or
n << i | 2.l ; s ] T ‘
2 10/ ¢ q 04 + g1 H
< 2 - - E |
s @ 00 a “‘ 2 oo E
N e ; =
H 5 H T §-01 b
< & 20 i | & -n.zl : i i i ‘
0 == o ; i 02 ‘
0 Healthy Weight Overweis ight/Obese Healthy Weight Overwei ight/Obese 03 Healthy Weight Overweight/Obese

Figure 3:
Change in BMAD (@) Lumbar Spine (b) Leg (c) Whole Body over a 9-month period by

weight class. Healthy weight children increased their BMAD in leg and whole body more
than the overweight/obese group. There is no significant change in the BMAD of lumbar
spine in either group.
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Figure 4:
Change in BMAD over a 9-month period by weight class and treatment for the spine, leg,

and whole body. Increase in BMAD is greater in healthy weight than overweight/obese in
control group. Physical activity increased the leg BMAD, but not spine or whole body. The
effects of physical activity were not different between the healthy weight and obese/
overweight groups.
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Page 15

Participant Demographics. Four groups were studied: healthy weight and overweight/obese with and without

physical activity.

Demographics vveg];m QHﬁ;?IX '\%399 22\] Over V(\':gr?{]rtcl)?b% %Vgg;?hggtr{)%bc?
Control activity activity

Participants 103 100 71 77
Females 50 52 38 43
Socio-Economic Status™ 1.96+0.82 1.94+0.89 1.62+0.83 1.78+0.84
Age (years) 8.84+0.58 8.76+0.57 8.81+0.55 8.68+0.53
Attendance % N/A 80.02+15.53 N/A 81.06+14.30
Whole Body Fat% * 23.85+5.56 26.62+5.37 35.53+6.01 36.10+5.18
Lean Mass (kg) * 23.07+3.29 22.10+2.91 28.98+5.81 28.01+5.60
Height (cms) ™ 135.68+6.63 134.20+5.84 138.42+8.36 138.19+8.35
Weight (kg) * 30.27+4.52 30.00+4.13 44.80+10.57 44.45+10.15
Race (n, %)

White 58, 56.3% 50, 50% 31,43.7% 32,41.6%
Black or African American 20, 19.4% 18, 18% 20, 28.2% 21,27.3%

Other 25, 24.3% 32, 32% 20, 28.2% 24,31.2%

*
indicates the obese overweight group is statistically different (p<0.05) than the healthy weight group.
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