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Abstract
Collins, Codruța A. Ph.D. The University of Memphis. December 2015. Associations of
Lifestyle Factors with Bone Accrual in Child and Adolescent Amateur Swimmers. Major
Professor: Kenneth D. Ward, Ph.D.
Maximizing bone mass during growth is important to prevent osteoporosis later in
life. Swimming competitively at elite levels during growth does not offer an osteogenic
advantage. Swimmers have lower bone mass than athletes who engage in high-impact
activities and have similar or lower bone mass than sedentary individuals. Amateur
swimmers, who train less intensely than their elite counterparts, may also be at risk of
training-related bone mass deficits, but their bone accrual has not been characterized.
This dissertation examines determinants of bone accrual over a two-year period in
a cohort of 234 Caucasian of 8- to 18-year-old amateur swimmers and non-athletic
controls. It was hypothesized that: (1) at baseline, amateur swimmers, compared to nonathletic controls, will have lower dietary intake of several nutrients related to bone
accrual, including calcium and vitamin D; (2) at baseline, amateur swimmers, compared
to non-athletic controls, will have lower total body and hip bone mineral content (BMC)
when adjusting for confounders of bone mass including sex, age, pubertal status, lean
mass, calcium intake, and high-impact activity; and (3) over a two-year follow-up period,
bone mass accrual at total body and hip will be lower in amateur swimmers than in nonathletic controls, and this effect will remain significant after adjusting for known
confounders of bone mass.
The main findings are that (1) nutritional profiles of amateur swimmers and of
non-athletes have inadequate intakes of calcium and vitamin D; (2) after taking into
consideration several known confounders of bone mass, amateur swimmers have 4.2%
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lower total body BMC (p = 0.020) and similar hip BMC compared to non-athletes; and
(3) amateur swimmers and non-athletes increased their total body BMC (+4%, p < 0.001)
and hip BMC (+1%; p = 0.014) over a 24-month period, and rates of bone accrual were
similar between groups.
These results indicate that amateur swimming does not offer an osteogenic
advantage but does not appear to have a detrimental effect on bone accrual. Efforts are
needed to ensure that the large population of amateur youth swimmers receives adequate
nutritional support and supplemental weight-bearing activity to optimize bone accrual.
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Chapter 1
Review of the Literature
Introduction
Osteoporosis is a condition characterized by compromised bone strength which
increases the risk of fracture (Consensus Development Conference, 1991). This condition
has reached epidemic proportions in the US. Nine percent of the US population 50 years
of age and older has been diagnosed with osteoporosis, and almost 50% have osteopenia
(Looker, Borrud, Dawson-Hughes, Shepherd, & Wright, 2012), defined as bone mineral
density (BMD) that is between 1.0 and 2.5 standard deviations below that of a young
healthy adult of the same sex (Kanis et al., 2008). Osteoporosis occurs in both women
and men, but is more common in women. It affects all races and ethnic groups, but has a
higher prevalence among white non-Hispanic and Mexican-American women,
particularly those over 50 years of age (Looker et al., 2012). Bone sites most commonly
experiencing osteoporotic fractures are the hip, vertebrae, and wrist (Burge et al., 2007).
While vertebrae fractures are the most prevalent, hip fractures are the most debilitating,
being associated with increased risk of premature death (8-36% excess mortality within
12 months; Abrahamsen, Van Staa, Ariely, Olson, & Cooper, 2009) and with increased
morbidity, as only 40% of hip fracture patients regain their level of independence prior to
the fracture event (Abrahamsen et al., 2009; U.S. Department of Health and Human
Services, 2004).
Osteoporosis also exerts a major economic toll on the health care system. Costs of
fractures related to osteoporosis were estimated at $17 billion in 2005, and the numbers
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are projected to increase by 50% by 2025 due to an 87% increase in the segment of the
population 65 to 74 years of age (Burge et al., 2007).
In sum, osteoporosis is a major public health concern. This is due to its high
prevalence, level of physical debilitation (i.e., hip and spine fractures) associated with it,
increased risk of mortality, and economic burden. As such, understanding risk factors for
osteoporosis is important to prevent this disease.
Structure and Function of Bone Tissue
Bones comprise the skeleton, which serves a multitude of functions. The most
evident function of the skeleton is movement and locomotion with assistance of skeletal
muscles. Other functions performed by the skeleton are protection and support for
internal organs and muscles, and metabolic functions such as mineral homeostasis
(maintenance of adequate mineral levels, including calcium and phosphorus in the body),
site for hematopoiesis (red blood cells production within the marrow), and a storage
reservoir for calcium, phosphorus, cytokines, and lipids (Buckwalter & Cooper, 1987;
Clarke, 2008).
The matrix of bone tissue is composed of organic and inorganic matter.
Approximately 60% of bone tissue is mineral matter primarily in the form of
hydroxyapatite (tricalcium phosphate) and calcium carbonate, which comprises more
than 99% of total body calcium. Thirty percent of bone mass is organic, predominantly
collagen fibers, and 10% is water and lipids (Clarke, 2008). While collagen fibers provide
flexibility and therefore, resistance to forces of being stretched or bent, crystalized
mineral salts confer bone hardness and strength to high compression. Therefore, it is the
combination of these two major components - crystalized mineral salts and collagen - that
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provides bone its mechanical properties of strength and bending (Buckwalter & Cooper,
1987; Clarke, 2008).
Aside from providing skeletal strength, calcium from bone is required to maintain
an adequate blood calcium level (calcium homeostasis). Release of calcium into the
blood and absorption of calcium into the bone are hormonally regulated by parathyroid
hormone (PTH), calcitonin, and 1, 25-dihydroxy vitamin D3 (calcitriol), in kidneys, small
intestines, and bones (Tortora & Grabowski, 1993). A decrease in blood calcium level
below a set point stimulates secretion of PTH (from the parathyroid glands) that enhances
activity of osteoclasts (bone cells involved in releasing calcium from bone into blood or
bone resorption). In the kidneys, PTH increases excretion of phosphate and reduces
calcium excretion in the urine; it stimulates formation of calcitriol, which in turn
increases calcium absorption in the small intestines. Thus, PTH’s role is to increase blood
calcium level. When blood calcium level increases above normal, calcitonin (from
parafollicular cells of thyroid glands) triggers the absorption of calcium from blood into
the bone and inhibits osteoclast activity. Thus, calcitonin decreases blood calcium level.
As a result of this tight, hormonally controlled feedback system, adequate calcium levels
are maintained in the blood to avoid hypercalcemia or hypocalcemia.
During periods of hypercalcemia, bone mineralization (calcification) of the bone
occurs as mineral salts are deposited in the matrix formed by collagen fibers into two
types of bone classified based on their porosity, cortical or compact and trabecular
(cancellous) bones (Buckwalter, Glimcher, Cooper, & Recker, 1996a). Cortical bone
makes up 80% of the total human skeleton. It is a compact, osseous matrix that forms the
outer layer of the bones, including the diaphyses of long bones and it provides protection
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to mechanical strains such as rotation, bending and loading forces. In contrast, trabecular
bone consists of a latticework of trabeculae (horizontal and vertical plates) occurring
inside of short and /or irregular bones as well as inside of epiphyses of long bones. Its
main roles are shock absorption and metabolic functions such as hematopoiesis (Clarke,
2008).
Bone tissue is dynamic as it continually changes throughout an individual’s life to
adjust to changes that modulate its mechanical and metabolic functions. Bone mass
increases rapidly during growth years, reaches a peak in young adulthood, known as peak
bone mass, and gradually declines later in life (Bonjour, Chevalley, Ferrari, & Rizzoli,
2009; Heaney et al., 2000).
Growth, modeling, and remodeling are the three processes that underlie changes
in size, structure, and size of the skeleton, thus affecting bone calcium homeostasis, and
the interplay between these processes varies based on the developmental stage of the
individual (Buckwalter, Glimcher, Cooper, & Recker, 1996b). Growth is the process of
longitudinal and radial enlargement of bones; it is genetically controlled, under hormonal
regulation, and occurs in childhood and adolescence, ending approximately at the end of
the second decade of life (Downey & Siegel, 2006). Modifications in the skeleton due to
growth are linked closely to bone mass and bone area (Bailey, McKay, Mirwald,
Crocker, & Faulkner, 1999). It is estimated that more than 25% of adult total bone mass
is accrued around the two years of maximum height velocity during adolescence (i.e.,
growth spurt; Bailey et al., 1999).
Modeling is the mechanism by which bone changes its shape and mass as a
response to mechanical loading and physiological influences (Kini & Nandeesh, 2012).
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Bone formation compared to bone resorption (break down of bone by osteoclasts and
release of calcium from bone into blood) dominates during modeling and thus, the net
result is an increase in bone mass over time (Buckwalter et al., 1996b). Modelling (via
mechanical loading) is more active during growth than in adulthood (Haapasalo et al.,
1998; Kannus et al., 1995).
The third process, bone remodeling, predominates throughout life, involving
removal of old or damaged bone (resorption) and formation of new bone tissue to
preserve bone mechanical strength and maintain calcium homeostasis. However, during
remodeling the balance between resorption and bone formation varies throughout life. In
a growing body, bone formation exceeds bone resorption, and thus, results in a positive
net increase of bone mass, whereas in the mature skeleton, the balance becomes negative
as resorption predominates and bone mass decreases (Hadjidakis & Androulakis, 2006).
Bone Assessment
Osteoporosis, a condition characterized by compromised bone strength, manifests
in late adulthood, yet it has a pediatric onset. Thus, there is growing interest to assess
bone strength, a composite of bone mass, composition, and geometry, during
developmental years.
Because there are no techniques to directly measure bone strength in vivo, proxies
must be used. Several non-invasive imaging techniques have been adapted from adults
for use in pediatrics, including dual-energy x-ray absorptiometry (DXA), quantitative
computed tomography (QCT), and quantitative ultrasound (QUS). Briefly, the strengths
and limitations of these techniques are described below.
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Dual energy x-ray absorptiometry. DXA is the most widely used technique to
measure bone mass in youth because of its high accuracy and precision, relatively lowcost, ease of use, safety (e.g., low dose of ionizing radiation), and non-invasiveness
(Gilsanz, 1998; Mazess, Barden, Bisek, & Hanson, 1990; Wren & Gilsanz, 2006). Two
metrics, bone mineral content (BMC) and areal bone mineral density (aBMD), generated
by DXA have been used extensively to assess youth bone mass.
A technical limitation of DXA is that it accounts only for the area of the bone
scanned (two-dimensional projection), not the volume of the bone scanned. Thus, aBMD,
the ratio of BMC to area of scanned bone, is an area density (g/cm2), not a true density
(g/cm3). Because of this dependence of aBMD on bone size, DXA overestimates BMD in
taller individuals and underestimates BMD in shorter individuals assuming they have
similar volumetric BMD (vBMD; Specker & Schoenau, 2005). This becomes a concern
when comparing children and adolescents of different statures within the same age group.
Moreover, an issue exists as well when comparing adolescents across different age
groups.
Quantitative computed tomography. The major drawback of DXA, its
dependence on bone size, is overcome by QCT. QCT provides metrics of true volumetric
density of cortical and trabecular bone, bone size, and geometry of the bone (Hangartner
& Gilsanz, 1996), indicators of bone strength (Specker & Schoenau, 2005). Compared to
DXA, QCT is more costly and it has higher radiation exposure, but it yields true
volumetric bone density which does not depend on bone size. Peripheral QCT (pQCT)
was designed to overcome the high radiation doses, high expense, and lack of mobility of
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QCT scanners. While pQCT provides the same measurements as QCT, its use is limited
only on appendicular skeleton including femur, radius and tibia (Engelke et al., 2008).
A study compared BMC and aBMD derived by DXA to BMC and vBMD obtained by
QCT in 124 healthy participants 6 to 17 years of age and found that there was a high
correlation (R2 = 0.80) between DXA-derived BMC and QCT-derived BMC at lumbar
vertebrae while controlling for pubertal status (Wren, Liu, Pitukcheewanont, & Gilsanz,
2005). However, DXA aBMD did not relate strongly with vBMD (R2 = 0.39), and the
relationship was especially weak (R2 = 0.02) for participants in Tanner stages I - III. The
relationship between DXA aBMD and vBMD improved greatly (R2 = 0.91) after
controlling for age, skeletal maturity, weight, height, BMI, and pubertal status. This
shows that DXA aBMD is influenced by growth-related changes including pubertal
status, body size, and skeletal size. In sum, these findings indicate that BMC derived
from DXA is a better measure of bone acquisition in children and adolescents than that of
aBMD (Wren et al., 2005).
Quantitative ultrasound. Another technique used for bone assessment is QUS,
which assesses appendicular bone at calcaneus, phalanges, and tibia (Gilsanz, 1998).
Several advantages of QUS include ease of use, portability, low cost, and radiation-free
exposure make this technique appealing to use in youth. The two metrics of QUS,
broadband ultrasound attenuation (BUA) and speed of sound (SOS), are related to density
and geometry of bone (Wren & Gilsanz, 2006). However, QUS measurements in children
do not correlate strongly (r < 0.7) with DXA BMD at several bone sites including hip,
spine, and total body (Fielding, Nix, & Bachrach, 2003; Sundberg, Gardsell, Johnell,
Ornstein, & Sernbo, 1998), which reduces its applicability in this age group.
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In sum, several imaging techniques are used to assess bone properties in youth.
Based on their strengths and limitations acknowledged above, none can provide a
complete assessment of bone strength. However, DXA remains the most widely used
technique for assessing bone mass due to its high accuracy and precision, short scan time,
and low radiation. Its dependence on body size is an issue in young people whose
skeleton is growing. However, this limitation can be overcome in longitudinal studies by
assessing BMC instead of BMD.
Peak Bone Mass
While osteoporosis manifests predominantly in late adulthood (Looker et al.,
2012), its onset is in adolescence (Heaney et al., 2000), and strong evidence indicates that
bone mineral accrual, accumulation of bone mineral mass during growth, is optimized
during adolescence (Bachrach, Hastie, Wang, Narasimhan, & Marcus, 1999; BaxterJones, Faulkner, Forwood, Mirwald, & Bailey, 2011). For example, Baxter-Jones et al.
(2011) estimated that among male and female adolescents, more than 30% of bone mass
is accrued at femoral neck, lumbar spine, hip, and total body one to four years around the
growth spurt of an individual. Similar findings were obtained by Bailey et al. (1999),
suggesting that approximately 25% of adult total bone mass is acquired in adolescence
during the 2 years of peak height velocity (i.e., peak linear growth).
Peak bone mass, the maximum amount of bone accrued at the end of skeletal
maturation, is an important determinant of osteoporosis and osteoporosis-related fractures
later in life (Bachrach et al., 1999; Baxter-Jones et al., 2011; Melton, Atkinson, O’Fallon,
Wahner, & Riggs, 1993). One line of evidence supporting the importance of peak bone
mass on risk for osteoporosis and osteoporosis-related fractures has prospectively tracked
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bone mineral status assessed as both bone mineral content (BMC) or bone mineral
density (BMD) adjusted for age and sex (Kalkwarf et al., 2010). Thus, it is clinically
relevant to know whether individuals who are at the low end of the bone mineral
distribution early in life remain at the low end of the distribution later in time and
conversely, whether individuals at the high end of the bone mineral distribution at one
point in time track high values over time. Several longitudinal studies support that bone
mineral status tends to be stable over time (Dertina, Loro, Sayre, Kaufman, & Gilsanz,
1998; Ferrari, Chevalley, Bonjour, & Rizzoli, 2006; Foley, Quinn, & Jones, 2009;
Kalkwarf et al., 2010; Wren et al., 2014). Bone mineral status tracked well over 8 years
in a prospective study conducted among 283 participants (116 males and 67 males) 8 to
16 years of age (Foley et al., 2009). Bone mineral status tracked well from childhood to
adolescence at spine, total hip, and total body in both females (BMC: R2 = 45 – 72%;
BMD: R2 = 36 – 56%) and males (BMC: R2 = 24 – 62%; BMD: R2 = 41 – 48%) after
adjustment for changes in height and weight (Foley et al., 2009). The majority of children
(percentage not reported) who at baseline were in the lowest or highest hip and spine
BMD tertile tracked their bone mineral status 8 years later (Foley et al., 2009). In a 7year prospective study conducted in 396 pubertal girls (10-13 years of age), total body
BMC closely tracked (r = 0.7) original rank percentile 7 years late. Seventy three percent
of participants’ BMC remained in the lowest quartile 7 years later (Cheng et al., 2009).
Similarly, in a three-year prospective study of 1,554 participants ages 6 to 16, strong zscore correlations (r = 0.76 – 0.88) were observed at lumbar spine, total hip, femoral
neck, and radius BMD and total body BMC over time (Kalkwarf et al., 2010). Seventy to
eighty five percent of participants with a BMD Z-score < -1.5 at baseline had a BMD Z-
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score < -1 three years later, whereas 50-62% of participants with a high Z-score (BMD Zscore >1) at baseline maintained it after three years (Kalkwarf et al., 2010). Thus,
findings from the studies presented above suggest that bone mass acquired throughout
childhood and early adolescence tracks well into late adolescence and early adulthood.
Bone mineral status also tracks well throughout adulthood, a life stage
characterized by cessation of growth and gradual bone loss. In a 16-year prospective
study of 304 women (30-94 years of age), femoral neck BMD values at baseline were
positively correlated with those at follow-up (r = 0.83; Melton, Atkinson, O’Connor,
O’Fallon, & Riggs, 2000). Among several potential predictors of bone loss including
anthropometric measures, hormones, biochemical markers of bone turnover, and
hormone replacement therapy, baseline femoral BMD consistently predicted bone loss
independent of participants’ age (e.g., premenopausal, postmenopausal 20 years or less,
and postmenopausal for more than 20 years; Melton et al., 2000).
Another line of evidence suggests that small changes in peak bone mass better
predict the age of osteoporosis onset than other predictors such as age at menopause (i.e.,
bone loss due to menopause) or age-related bone loss (i.e., due to inadequate intake of
nutrients, reduced engagement in physical activity or other factors not related to
menopause; Hernandez, Beaupré, & Carter, 2003). It was estimated in a simulation model
that an increase in peak bone mass of 10% delays onset of osteoporosis by 13 years,
while an increase by 10% in the age at menopause or the age-related bone loss retarded
the onset of osteoporosis by only two years (Hernandez et al., 2003). These results
indicate that peak bone mass is the major factor to influence the onset of osteoporosis
when compared to other factors related to bone loss.
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In sum, osteoporosis manifests in later adulthood but has a pediatric onset.
Maximizing bone mass accrual during adolescence, thus achieving a great peak bone
mass level is important in preventing and reducing the risk of osteoporosis and
osteoporosis-related fractures.
Genetics and Peak Bone Mass
Studies with identical and fraternal twins, as well as family studies show that 6085% of the variation in peak bone mass is genetically determined (Arden, Baker, Hogg,
Baan, & Spector, 1996; Krall & Dawson-Hughes, 1993; Pocock et al., 1987). This range
in heritability varies depending on the age of the individuals and on the skeletal sites
(e.g., femoral neck, lumbar spine; Ferrari, Rizzoli, Slosman, & Bonjour, 1998; Krall &
Dawson-Hughes, 1993). Linkage analysis and association studies point out that bone
accrual is under polygenic control as several genes were identified to be involved in the
metabolic regulation of bone tissue (Bonjour, Chevalley, Rizzoli, & Ferrari, 2007;
Rizzoli, Bonjour, & Ferrari, 2001). Furthermore, some of these identified genes are
polymorphic (presence of multiple alleles of a gene in a population) including vitamin D
receptor gene (VDR) and Type I collagen gene (Rizzoli et al., 2001). Yet, each of these
genes explains only a very small fraction of the variation of peak bone mass (less than
3% of the peak bone mass variation; these numbers vary based on age, sex, and bone site;
Bonjour et al., 2007).
The genome is not static. Evidence indicates that gene-environment interactions
(e.g., environment modulates the expression of genes) are involved in skeletal health
(Kung & Huang, 2007; Liu, Liu, Recker, & Deng, 2003). This means that environmental
factors such as calcium supplementation and physical activity can modulate the
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expression of genes involved in bone metabolism which in turn can affect peak bone
mass. For example, a cross-sectional study conducted in male collegiate athletes (n = 44;
involved in high impact sports and track and field for > 6 years; 18-22 years of age) and
age-matched sedentary controls (no involvement in regular exercise) evaluated the
genetic influence of VDR in the osteogenic responses to high-impact sports. Results
indicate a VDR gene-mechanical loading interaction such that athletes’ BMC (e.g.,
femoral neck and lumbar spine BMC) was dependent on the mechanical loading and
VDR genotype [e.g., homozygous FF vs. heterozygous Ff (“F” allele with increased
efficiency in bone homeostasis and “f” allele with a decreased efficiency in bone
homeostasis); Nakamura et al., 2002]. Compared to controls, athletes had higher lumbar
spine BMC (+23%) and femoral neck BMC (+27%). There is 7.7% greater lumbar spine
BMC but not femoral neck BMC among athletes with the FF genotype compared to Ff.
There are no statistically significant differences in BMC based on the genotype in the
control group. The interaction terms between FF and physical exercise was significant
only at lumbar spine (p = 0.02). In conclusion, athletes with FF have a better bone mass
compared to Ff.
Another example of a gene-environment interaction is the estrogen receptor-alpha
gene ER-α that modulates the effect of physical activity on bone mass response
(Suuriniemi et al., 2004). Pre-pubertal and early-pubertal girls (n = 245) were assessed
for their physical activity level as low, medium, and high and they were characterized for
the presence of specific alleles (ER-α Pp or PP). Girls with high physical activity level
had higher total body, lumbar spine, femoral neck, and total femur BMC (all p-values <
0.037) and BMD (all p-values < 0.033) than participants with low physical activity level.
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Compared to participants with low physical activity levels, participants with high
physical activity and ER-α Pp benefit from a higher lumbar spine, total femur, femoral
neck, and total body BMC (results not shown).
These results indicate that gene-environment interactions may explain a part of
the variability in skeletal response to a modifiable factor (e.g., high impact). This is
encouraging in terms of designing interventions to maximize bone accrual as one can
identify those genotypes or phenotypes that are most susceptible to osteoporosis (given
that many of the genes are polymorphic) and design interventions tailored for adequate
calcium intake and high-impact activity.
Hormones and Their Effects on Bone Mass
Several hormones influence attainment of peak bone mass. Human growth
hormone (hGH) levels increase dramatically during puberty to assist with bone accrual
(Shalet et al., 2003). The activity of hGH is mediated by insulin-like growth factor-1
(IGF-1) which influences bone growth (Bonjour et al., 2009). Specifically, IGF-1
increases accrual of bone mass by activating osteoblasts (cells involved in bone
formation) and stimulating the activity of growth plate chondrocyte cells (involved in
bone growth in length and width; Bonjour et al., 2009). IGF-1 alone influences bone
mineralization by stimulating conversion of vitamin D into its active form vitamin D3 in
the kidneys, which in turn increases intestinal absorption of calcium and inorganic
phosphate (Pi). In addition, IGF-1 stimulates renal reabsorption of Pi, thus increasing
plasma Pi. Aside from calcium, Pi is an essential component of hydroxyapatite, the major
mineral salt involved in bone matrix mineralization.
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Protein intake increases bone mineralization and bone growth, which may be
mediated by increasing IGF-1 plasma levels (Bonjour et al., 2009). In children,
supplementation of milk, a protein-rich food, increases IGF-1 plasma levels. An 18month randomized controlled trial (RCT), conducted in 12-year-old girls (n = 80) with
low calcium intake at baseline (740 mg), evaluated the effect of milk consumption on
bone mass; some bone biochemical markers and hormones levels ( e.g., IGF-1) were
measured as well (Cadogan, Eastell, Jones, & Barker, 1997). Participants in the
intervention group (n = 40) consumed on average an additional300 ml of milk throughout
the trial, whereas the control did not receive any milk supplementation. There was a 12%
relative increase in total body BMC in the intervention group compared to the control
group during the 18-month intervention trial (27% vs. 24.1%, p = 0.009). IGF-1 levels in
the milk supplemented arm increased 40% relative to the control group (35% vs. 25%; p
= 0.02) over the 18-month milk supplementation trial when adjusted for pubertal status
(Cadogan et al., 1997). Similarly, in a 24-month RCT conducted in 606 girls 10 years of
age, supplementation with calcium-fortified milk or calcium and vitamin D-fortified milk
compared to controls led to significant relative greater gains in periosteal diameter
(+1.2%), cortical thickness (+5.7%), and length of second metacarpal bone (+1%) when
clustering by schools (e.g., schools with participants supplemented with either calcium or
calcium and vitamin D and schools as controls) and adjusting for pubertal status (Zhu et
al., 2005). IGF-1 levels in calcium-fortified milk and calcium and vitamin D-fortified
milk arms increased by 16% and 23% respectively, compared to the control group (Zhu
et al., 2005). However, the effect on IGF-1 on was not observed after schools were
clustered. Cortical thickness and periosteal diameter were positively associated with
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changes in total BMC (r = 0.3 and r = 0.4, respectively) and BMD (r = 0.2 and r = 0.1,
respectively).
These results indicate that milk supplementation during growth increases IGF-1
levels and structural strength of bone including cortical thickness and periosteal diameter
and indirectly it increases cortical bone mineral accrual. Zhu et al. (2005) suggests that
increases in IGF-1 levels due to milk supplementation may mediate the increases in
structural strength and cortical bone accrual. However, the mechanism of action of IGF-1
as a possible mediator of milk supplementation on bone accrual has not been shown yet.
Another hormone involved in bone mineral accrual and growth is estrogen.
Specifically, estrogen influences bone mineral accrual during puberty by stimulating
bone growth length and modulating the closure of growth plates (Singh, Sanyal, &
Chattopadhyay, 2011). Eumenorrhea, an indicator of adequate estrogenic exposure, has
been associated with bone accrual throughout puberty. Postmenopausal women who had
a late age onset of menarche (> 15 years of age) have lower proximal femur and spine
BMD (-2.5% BMD at both skeletal sites; all p-values < 0.046) compared to women with
an earlier menarche onset (< 15 years of age; Tuppurainen et al., 1995). A similar
negative relationship between age at menarche and BMD is shown in several other crosssectional studies (Elliot et al., 1993; Fox et al., 1993; Ito et al., 1995), while others found
no link between BMD and age at menarche (Kirchengast, Gruber, Sator, & Huber, 1998;
Orozco & Nolla, 1997). This discrepancy in results may have been due to sample
characteristics [e.g., age of participants, racial and ethnic differences, geographical
distribution (e.g., rural vs. urban), and lifestyle behaviors (e.g., diet, exercise)], types of
measurement techniques (e.g., DXA, CT), and bone sites measured.
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In a double-blind controlled randomized trial conducted in 149 pre-pubertal girls,
participants who received calcium supplementation (850 mg/day) for one year (Bonjour
et al., 1997) had statistically greater relative BMD gains at all measured bone sites (1877%) compared to girls who received placebo. Supplementation was most beneficial for
girls who reported at baseline a low intake of calcium (< 900 mg/day) with a relative
greater BMD (i.e., mean of the six skeletal sites) gain of 35% compared to placebo group.
This cohort was followed up for 8 years to investigate whether BMD gains due to
calcium supplementation is dependent to menarcheal age (Chevalley, Rizzoli, Hans,
Ferrari, & Bonjour, 2005). Results indicate that relative BMD (mean all 6 skeletal sites)
gains were 11% higher (p = 0.009) in early menarcheal girls (approximately 12 years of
age during) who received the supplementation 8 years ago compared to the placebo
group. However, there was no difference in BMD gains (p > 0.05) between late
menarcheal age (approximately 14 years of age) and the placebo group (Chevalley et al.,
2005).
Another factor besides calcium that moderates the effect of estrogen level on bone
accrual is total energy intake. The effect of chronic undernutrition (a proxy for total
energy intake) on bone mineral mass was prospectively assessed in 19 female adolescents
(average 15.4 years of age) with anorexia nervosa (14 months from diagnosis) at 6 and 12
months (Soyka et al., 2002). A control group consisted of girls of similar biological age
and skeletal age. After 12 months, anorexic girls improved their weight (full weight
recovery in 11 out of 19 of girls) and recover their menstrual function. However,
compared to controls, lumbar spine BMD remained on average 10% lower at 6- and 12month follow-up. Additionally, Soyka et al. (2002) detected a significant increase in bone
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turnover markers over the 12 months in the anorexic girls, which may precede an
increase in bone mass.
Systemic hormones such as parathyroid hormone (PTH), calcitonin, vitamin D,
and thyroxin influence calcium metabolism by regulating the exchange of calcium
between blood and bone (the major calcium reservoir) thus playing key roles in calcium
homeostasis (Tortora & Grabowski, 1993). PTH, for example, through a negative
feedback loop, increases calcium levels in blood by increasing activity of osteoclasts
(cells involved in bone resorption) and recovering calcium from urine. It also promotes
synthesis of calcitriol (vitamin D3) in the kidneys, which raises absorption of calcium
from intestines. In contrast, calcitonin inhibits osteoclasts’ activity, and thus, decreases
calcium blood level and favors calcium deposition in bones. Thyroid hormones (e.g.,
triiodothyronine and tetraiodothyronine) stimulate osteoclast activity, which results in a
decrease in bone mass (Tortora & Grabowski, 1993).
Hormones play a key role in distribution of calcium in the body and regulation of
calcium homeostasis. Nutrients including proteins, calcium, and vitamin D, and total
energy intake are shown to influence various hormone levels which in turn are linked to
bone mass accrual.
In sum, several hormones such as human growth hormone, IGF-1, and estrogen
have important and multiple effects on bone metabolism. Some of these effects are
exerted through influences on body composition and lifestyle factors such as diet and
physical activity, as described below.
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Body Composition
One important determinant of bone mass accrual is body composition. Several
anthropometric and body composition measures, including weight, height, body mass
index (BMI), lean mass, and fat mass have been linked to BMC and BMD in youth and
adults (Arabi et al., 2004; Edelstein & Barrett-Connor, 1993; Katzman, Bachrach, Carter,
& Marcus, 1991; Reid, 2008; Weiler et al., 2000). Several mechanisms have been
proposed for the body mass-bone relationship, including skeletal loading due to weight
(Frost, 1987) and hormonal influences of fat mass via regulatory pathways that affect
bone metabolism (e.g., estrogen, leptin, insulin; Reid, 2008).
A few studies have indicated a strong positive correlation between weight and
bone mineral mass in children and adolescent of varying sexual maturation stages, weight
status, and level of physical activity involvement (Courteix, Lespessailles, & LoiseauPeres, 1998a; Lima, De Falco, Baima, Carazzato, & Pereira, 2001; Uusi-Rasi et al.,
1997). In a cross-sectional study conducted in 41 swimmers, gymnasts, and non-athletes
pre-pubertal girls, lean mass was found to be a stronger correlate of bone mass compared
to body weight regardless of type of athletic involvement (Courteix et al., 1998a).
Lean mass is a stronger positive correlate of total and regional BMC than fat mass
in both normal weight (r = 0.94) and obese (r = 0.91) children and adolescents (5-18
years of age; Manzoni et al., 1996). Similarly, in a study of 5-17 year olds, lean mass
compared to fat mass correlated positively more strongly with total body BMC (0.9 vs.
0.7) and it was a stronger predictor than fat mass, after adjusting for pubertal status
(Pietrobelli et al., 2002). While lean mass and fat mass were independent predictors of
BMC in 10 to 17 years of age males and females at multiple skeletal sites including
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radius, femoral neck, lumbar spine, and total body (Arabi et al., 2004), lean mass was a
stronger predictor than fat mass regardless of sex distribution (4-12% vs. 0.1-6.5%
variance in BMC). While the effect of lean mass explained a larger BMC variance in
males (up to 12.3% variance in BMC), fat mass was a better predictor of BMC (up to
6.8% variance in BMC) in females (Arabi et al., 2004). However, there is evidence that
when fat mass is expressed as percentage fat of body weight of 9 to 19 years of age
females , it correlated weakly with BMC (r = 0.23), whereas age, weight, and height were
strongly and positively correlated to BMC (r = 0.81-0.83; Weiler et al., 2000). Age and
weight were positive predictors of BMC (b > 0; all p-values < 0.001), whereas percent
body fat was a negative predictor (p < 0.003; Weiler et al., 2000).
BMI compared to body weight tends to underestimate bone mass in taller adults,
and conversely to overestimate it in shorter individuals (Robbins, Schott, Azari, &
Kronmal, 2006) due to the height-squared term it contains in the denominator. In
children, weight is a better predictor of bone mass than height at multiple bone sites,
whereas height predicts lumbar and total body BMC (Warner et al., 1998).
The evidence presented above indicates that several anthropometric variables,
including weight, lean mass, and fat mass, confer skeletal benefits in children and
adolescents. It is likely that variability in the magnitude of associations with bone mass
among these variables is related to differential hormonal influences on bone metabolism
(Reid, 2002; Soyka, Fairfield, & Klibanski, 2000), but more work is needed to elucidate
the mechanisms of these associations.
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Peak Bone Mass and Lifestyle Factors
While genetic inheritance accounts for a substantial percentage of variance in
peak bone mass (Pocock et al., 1987), 15-40% of the variance is explained by modifiable
factors, including nutrition (e.g., calcium and vitamin D), physical activity (e.g., weight
bearing physical activity), body weight, smoking, alcohol and caffeine intake (Heaney et
al., 2000). Below, modifiable determinants that are most relevant for children - calcium
and physical activity - will be reviewed.
Calcium. Several lines of evidence suggest that calcium intake is a major factor
to achieve optimal bone mass (Bonjour et al., 2007; Heaney et al., 2000). One of the first
studies to suggest a link between dietary calcium and risk for osteoporotic fractures in
late adulthood was provided by Matkovic et al. (1979) who compared bone mass of two
adult Croatian populations (30-79 years old) with different average calcium intake (500
mg calcium/day vs. 1000 mg calcium/day). Individuals living in the low-calcium intake
region had significantly 10% lower bone mass (assessed as metacarpal cortical width)
and significantly higher rate of femur fractures (when compared to their counterparts
living in the high-calcium intake region, regardless of age-group and sex. Similarly, in an
ecological study conducted in 843 Chinese women 35 to 75 years old living in five rural
counties, participants from counties with higher calcium intake (average 740 mg) had
significantly higher bone mass at distal radius and mid-radius (15-30%) when compared
to participants living in lower calcium intake counties (below 375 mg), even after
controlling for age and body weight (Hu, Zhao, Jia, Parpia, & Campbell, 1993).
Several individual-level studies show that calcium intake is positively linked to
bone mass of children and adolescents (Barr, Petit, Vigna, & Prior, 2001; Fiorito,
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Mitchell, Smiciklas-Wright, & Birch, 2006; Mølgaard, Thomsen, & Michaelsen, 2001).
In a group of 332 males and females 5 to 19 years of age calcium intake was positively
correlated to size-adjusted total body BMC (i.e., adjusted for bone area, height, weight,
age, and pubertal status) regardless of sex (Mølgaard et al., 2001), such that a 100%
increase in calcium intake resulted in 1% higher size-adjusted BMC in boys and girls. A
size-adjusted greater bone accretion BMC (+0.5%) was linked to increased calcium
intake over one year (100% increase), but only in boys (Mølgaard et al., 2001). In a sixyear prospective study conducted in girls (5 years old at baseline), increased calcium
intakes at 5, 7, and 9 years of age were associated with higher total body BMC at age 11
(Fiorito et al., 2006). Finding from a two-year prospective study conducted in
peripubertal girls (ages 9-12) indicate that calcium intake at baseline is positively linked
to total body BMC at baseline and at 2-year follow-up, as well as bone mass accrual over
2 years (Barr et al., 2001).
Experimental data generally support these observational findings. Several clinical
trials of calcium supplementation and/or dairy products (e.g., 12 to 48 months of calcium
supplementation) in adolescents reported modest increases (+1-6%) at distal and midshaft radius BMC (Dibba et al., 2000) and total body BMC (Cadogan et al., 1997; Chan,
Hoffman, & McMurry, 1995) in supplemented individuals compared to those receiving
placebo or no intervention. However, these effects generally were not sustained at followup (12 to 42 months; Bonjour, Chevalley, Ammann, Slosman, & Rizzoli, 2001). Reasons
for the lack of sustained effect are unclear but may be related to the amount or type of
calcium supplementation used or inadequate control of confounders such as body weight,
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pubertal status, vitamin D and protein intake, or physical activity level (Lanou, Berkow,
& Barnard, 2005).
Other contributors to lack of sustained effects of calcium supplementation on
bone mass may be the choice of bone site and threshold effects of baseline calcium
intake. A recent meta-analysis of 19 randomized controlled trials of calcium
supplementation (of at least 3 months) in healthy children and adolescents indicates that
there was a small effect of calcium supplementation (6 months to 7 years) on total BMC
and upper limb BMD, but not on spine and femoral neck BMD. Only the upper limb
BMD effect was sustained after supplementation ended (9 months to 8 years follow-up)
and this effect was maintained after controlling for sex, race, pubertal status, calcium
intake at baseline, and physical activity level (Winzenberg, Shaw, Fryer, & Jones, 2006),
Another meta-analysis of RCTs examined the effect of calcium intake on BMC in
children and adolescents 7 to 17 years of age (Huncharek, Muscat, & Kupelnick, 2008)
and showed that effects on bone mass were observed only for participants with low
baseline calcium intakes (450 to 750 mg calcium/day) who received high doses of
calcium supplementation (650-1,700 mg calcium/day). These results reinforce that
calcium is a threshold nutrient , such that below a certain plateau bone mineral mass
increases as calcium intake rises, whereas above the plateau there is no improvement in
the accumulation of bone mineral mass due to calcium intake, but to other factors such as
mechanical loading (Matkovic, 1991; Matkovic & Heaney, 1992). Threshold levels for
calcium intake are estimated to be between 1,100 and 1,600 mg/day for males and
females 9 to 17 years of age (Braun et al., 2006; Jackman et al., 1997; Matkovic &
Heaney, 1992) and recommended calcium intake for optimal bone health during growth
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is 1,300 mg/day (Institute of Medicine, 2011). This is relevant for children and
adolescents who have inadequate intakes of calcium intake as they may be at risk of not
achieving their full potential to maximize their peak bone mass.
Given these findings, Winzenberg et al. (2006) recommends that intervention
efforts should focus on children with low calcium intake. This approach is justified based
on the fact that the majority of the US adolescent population has inadequate calcium
intake (Center for Disease Control and Prevention, 2011). Based on NHANES data,
adolescent males and females (ages 8-18) have average calcium intakes of 1,200 mg/day
and 866 mg/day, respectively (Center for Disease Control and Prevention, 2011),
compared to the recommended dietary allowance (RDA) of 1,300 mg calcium/day for
both males and females (Institute of Medicine, 2011).
In youth athletes, such as competitive swimmers, calcium requirements may be
even greater than those from the general population given their higher energy expenditure
(Desbrow et al., 2014; Petrie, Stover, & Horswill, 2004; Shaw, Boyd, Burke, & Koivisto,
2014). For example, nutritional intake of male and female adolescent amateur swimmers
who compete locally or regionally in the US is similar to those of non-athletes and both
groups have inadequate intakes of calcium, an important nutrient for bone accrual
(Collins et al., 2012). Similarly, other studies reported inadequate intakes in adolescent
swimmers (Berning, Troup, VanHandel, Daniels, & Daniels, 1991; Hassapidou,
Valasiadou, Tzioumakis, & Vrantza, 2002; Martínez et al., 2011).
In sum, there is evidence that calcium intake is a determinant of bone accrual.
Inadequate intakes of this nutrient may place youth at risk of suboptimal accrual of bone.
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Although recommendations for adequate intake of nutrients were formulated only for the
general population, youth athletes should at least adhere to these nutritional standards.
Physical activity. The main function of the skeleton is to provide mechanical
support for locomotion. Over a lifetime, the skeleton continuously adjusts in response to
mechanical loading such as physical exercise (Bonjour at al., 2009). As such, mechanical
loading changes the bone matrix and generates fluid pressure differences between the
compression side and the tension side of the bone. Osteocytes are most sensitive to this
stress. In turn, osteocytes signal other cells via direct contact or signaling molecules
about the fluid stress on the bone matrix. As a result of the loading condition,
osteoprogenitor cells can differentiate into osteoblast (bone cells involved in bone
formation). For bone to respond to mechanical loading, a minimum level of strain is
necessary (Frost, 1987). Bone loss is initiated when the strain is below the threshold
level; whereas bone gain is initiated when the strain is above the threshold.
Several systematic reviews of prospective observational studies and controlled
trials (non-randomized and randomized trials) indicate that growing bone is susceptible to
mechanical loading (Gunter, Almstedt, & Janz, 2012; Nordström, Tervo, & Högström,
2011). For example, a 7-month RCT conducted in 89 pre-pubertal children (ages 6-10)
examined the effect of high-impact jumping exercise on hip and lumbar spine BMC
(Fuchs, Bauer, & Snow, 2001). Jumpers had more than 3% increases in their femoral
neck and lumbar spine BMC compared to controls (non-impact stretching exercises).
Similarly, a 7-month RCT assessed the effect of a jumping intervention on bone mass
among pre-pubertal and early pubertal girls (MacKelvie, McKay, Khan, & Crocker,
2001). While early pubertal girls in the intervention group yielded significantly greater
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increases in bone mass relative to the control group (stretching exercises) at femoral neck
(+1.5%) and lumbar spine (+3.1%) at the end of the trial, there was no difference in bone
mass accrual between pre-pubertal girls in intervention and control groups (MacKelvie et
al., 2001). A systematic review of randomized and non-randomized controlled trials
evaluated the effect of exercise on bone accrual among children and adolescents (Hind &
Burrows, 2007). When compared to sedentary controls, early pubertal children (Tanner
stage II-III) enhanced their bone accrual the most (1.0-5.5%; mean increases) due to
high-impact activity interventions followed by pre-pubertal (Tanner stage I; 0.9-5%) and
pubertal children (Tanner stage IV-V; 0.3-1.9%). Thus, evidence from RCTs and nonrandomized controlled trials suggests that bone mineral measures (e.g., BMC, BMD) of
children and adolescents involved in high-impact activities such as jumping, turning, and
vertical landing (Ginty et al., 2005; Groothausen, Siemer, Kemper, Twisk, & Welten,
1997) are greater than those of sedentary children and adolescents (Hind & Burrows,
2007).
When comparing the effects of physical activity at various bone sites, increases in
BMC are greatest at loaded skeletal sites including femoral neck, proximal femur, tibia,
and lumbar spine (Nordström et al., 2011). For example, in a sample of 120 girls and
boys ages 4-9 years, gymnasts (n = 29; > 45 min/week gymnastics for 4 months) and exgymnasts (n = 46; no participation in gymnastics for the last 4 months) compared to nongymnasts (n = 45; involvement in physical activities other than gymnastics) had 5%
statistically higher total body BMC adjusted for age, sex, and height (Erlandson,
Kontulainen, & Baxter-Jones, 2011a). There were no statistical differences at spine and
hip BMC between the three groups. Several metrics of peripheral QCT, including total
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bone content, total bone density, and estimated strength at radius were on average 6-25%
higher in gymnasts and ex-gymnasts than in non-gymnasts, but gymnasts and exgymnasts did not differ significantly in any bone measures. These results combined with
those from DXA indicate that short-term involvement in gymnastics at recreational and
precompetitive levels is linked to greater bone mass and bone strength at specific bone
loaded sites than in non-gymnast controls (Erlandson et al., 2011a). A 4-year longitudinal
study of 163 males and females ages 4-6 comprising a large proportion of participants
from the cross-sectional study conducted by Erlandson et al. (2011a) compared BMC
changes over time in gymnasts (n = 30; training 1.5 hours/week) and ex-gymnasts (n =
61; no gymnastic training since enrollment in the study) to non-gymnasts (n = 72;
involvement in physical activities other than gymnastics; Erlandson, Kontulainen,
Chilibeck, Arnold, & Baxter-Jones, 2011b). Compared to non-gymnasts, gymnasts had a
significantly greater increase in total body BMC (+3%) and femoral neck BMC (+7%)
over four years, but similar lumbar spine BMC (Erlandson et al., 2011b). No differences
between non-gymnasts and ex-gymnasts were detected over time. These results suggest
that precompetitive gymnastics had a cumulative bone mineral effect over time (i.e., 4
years) and it increased bone mineral accrual at loaded sites such as femoral neck. In a 14year prospective study of 8 to 15 years of age females (Erlandson et al., 2012), body-size
adjusted at lumbar spine, femoral neck and total body BMC of elite gymnasts (n = 25;
training >15 hours/week) was on average at baseline 12% higher than BMC of agematched controls. The same difference between BMC of retired gymnasts and BMC of
controls was maintained 14 years later at the same skeletal sites (Erlandson et al., 2012).
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It is noted in the introduction that the preferred bone mineral measure in adults is
BMD to estimate fracture risk in adults. Studies conducted in adults tend to use this bone
mineral measure more frequently than BMC. A study assessed site-specific BMDs of 704
amateur sportsmen (mean 30 years of age; 9 hours/week training) that engaged in various
physical activities (Morel, Combe, Francisco, & Bernard, 2001). Results indicated that
athletes involved in low-impact activities such as rowing, bicycling, and swimming have
3 to 15% lower total body and leg BMD than their counterparts involved in high impact
sports (e.g., rugby, soccer, martial arts). Similarly, a cross-sectional study conducted in
86 college-age female participants (Egan, Reilly, Giacomoni, Redmond, & Turner, 2006)
indicated that rugby players have higher BMD than controls at all measured sites ranging
from 8% (arms) to 23% (total hip), netball players at total hip (+10%), and distance
runners at lumbar spine (+13%) and upper body (+10%). These results indicate overall
that the type of physical activity (high-impact vs. low-impact or no impact) is positively
linked to BMC and BMD and these increases are greatest at loaded sites characteristic to
each sport.
Swimming. Of particular interest is swimming, a non-impact sport that has been
associated with decreased bone mass (Gómez-Bruton, Gónzalez-Agüero, GómezCabello, Casajús, & Vicente-Rodríguez, 2013). Several cross-sectional studies found that
competitive swimmers who compete at national or international levels (i.e., elite) have
lower BMD at several skeletal sites including hip, tibia, and lumbar spine, and radius
than same level athletes involved in high impact sports. For example, female collegiate
swimmers (n = 7) had, on average, 10% lower weight and height adjusted BMD at
several sites (lumbar spine, proximal femur, and total body) when compared to volleyball

27

players (n = 10) and gymnasts (n = 13; Fehling, Alekel, Clasey, Rector, & Stillman,
1995). Similar results were reported among female collegiate athletes, where swimmers
had approximately 15% lower lumbar spine BMD compared to BMDs of volleyball and
basketball players (Risser et al., 1990). A study of collegiate athletes reported that female
swimmers (n = 26) had 20% and 10% lower BMD at the femoral neck and trochanter,
respectively, even after correction for body mass, compared to gymnasts (n = 19; Taaffe
et al., 1995). Young male adult swimmers (n = 13; training 11 hours/week for 10
months/year) presented on average 6% lower BMD at weight-bearing sites (e.g., femur,
trochanter, and lower limbs) than BMD of triathletes (n = 14; training 15 hours/week for
11 months/year; Maïmoun et al., 2004).
A one-year prospective study to compare BMD change in female collegiate
swimmers and gymnasts was consistent with the findings from cross-sectional studies,
reported above. Over a 12-month period, collegiate gymnasts gained 2.5% and 5.0% in
BMD at the lumbar spine and femoral neck, respectively, whereas no significant
increases in BMD were reported for swimmers or sedentary controls (< 3 hours/week
physical exercise; Taaffe, Robinson, Snow, & Marcus, 1997).
Whereas the studies reviewed above show that athletes involved in swimming
appears to benefit less in terms of BMC and BMD compared to athletes of high-impact
sports, it is also of interest to compare collegiate swimmers’ BMC and BMD to sedentary
controls. For example, female collegiate swimmers (n = 7; training 20 hours/week) and
non-active controls (n = 17; < 1 hour/week physical training) had similar BMD at all
measured bone sites (e.g., lumbar spine, arms, legs, femoral neck, pelvis, and torso) when
adjusting for height and weight (Fehling et al., 1995). Similarly, no differences in BMD
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were detected at any of the measured bone regions (e.g., total body, lumbar spine,
proximal femur, and radius) were observed between young adult swimmers 18 to 39
years of age (n = 13; training 11 hours/week for 10 months/year) and age-matched nonathletic controls (n = 17; < 2 hours/week physical activity) after adjusting for age, body
weight, and fat-free soft tissue (Maïmoun et al., 2004). In a study conducted by Risser et
al. (1990), female collegiate-age swimmers (n = 10; training 14 hours/week for 6
months/year) presented lower BMD lumbar spine while adjusted for weight and height (10%) than the non-athlete control group (n = 13; < 3 hours/week physical exercise), but
both groups had similar calcaneus BMD. Thus, among young adult college students,
swimming does not appear to provide sufficient osteogenic stimulation to maximize bone
mass, compared to athletes engaging in weight-bearing activity, and also possibly
compared to sedentary college students.
Results from several cross-sectional studies on children and adolescent elite
swimmers' bone health parallel findings from college students. For example, pre-pubertal
female swimmers (n = 12; 8-12 hours/week training) had on average 15% lower BMD
across measured sites (e.g., femoral neck, Ward’s triangle, lumbar spine, and mid- and
distal radius) than gymnasts (n = 32; 10-15 hours/week training), but similar BMD to
non-athletic controls (n = 16; 2 hours/week recreational activities; Courteix,
Lespessailles, Obert, & Benhamou, 1999).
Similarly, in a sample of 10-18 years old girls, swimmers (n = 20; 14.5
hours/week) had on average 7-15% lower BMD at all measured bone sites compared to
rhythmic gymnasts (n = 10; training 21 hours/week) when BMD was adjusted for age, fat
mass and fat-free soft tissue (Maïmoun et al., 2004). Several other cross-sectional studies
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support the findings that BMC and BMD of adolescent swimmers do not differ
significantly from BMC and BMD of control groups (e.g., < 3 hours of physical
activity/week; Cassell, Benedict, & Specker, 1996; Courteix et al., 1998b; Czeczelewski,
Długołęcka, & Raczyńska, 2011; Derman et al., 2008; Długołȩcka, Czeczelewski, &
Raczyńska, 2011; Duncan et al., 2002). A few other cross-sectional studies found lower
BMC and BMD values in swimmers compared to non-athletic controls (Dias Quiterio,
Carnero, Baptista, & Sardinha, 2011; Nichols, Sanborn, Bonnick, Gench, & DiMarco,
1995; Taaffe et al., 1995) which suggests that swimming does not provide osteogenic
stimulation and may impede maximizing bone mass accrual during growth.
There is a dearth of prospective data on how swimming impacts bone accrual of
children and adolescent swimmers. Among 36 female adolescent elite swimmers and 32
female adolescent soccer players (ages 14-18), tracked during 8 months of training,
soccer players’ site-specific BMD (including femoral neck, hip, lumbar spine, total body)
increased by at least 1.5% but no significant changes were seen among swimmers’ BMD
(Ferry, Lespessailles, Rochcongar, Duclos, & Courteix, 2013). A three-year prospective
longitudinal study conducted in 20 adolescent swimmers (13 hours/week training) and 20
sedentary control girls (ages 11-13; 2 hours/week physical activity involvement)
examined the relationship between swimming and bone accrual (Czeczelewski,
Długołęcka, Czeczelewska, & Raczyńska, 2013). It was reported that lumbar spine BMC
increased in both groups over the three year period and the rate of bone accrual was
similar between the groups. It is not clear whether adjustment for any confounders of
bone mass was performed. Moreover, there is some limited information in this study
about the exact activities during training for swimmers (13 hours/week) and controls (2
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hours/week), but these activities are not described in detail. For example, there is no
information on whether swimmers were involved in any high impact physical activities.
Sample size was small (n = 20 per group), which is likely to have not provided adequate
statistical power to detect significant differences in rates of bone accrual. Thus, while the
prospective study is an important contribution to rigorously evaluate the effects of
swimming on bone accrual, methodological limitations greatly limit the usefulness of this
study.
In combination with findings from several cross-sectional studies, evidence from
few small prospective studies suggests that competitive swimming at elite levels is not an
osteogenic activity and consequently it may hinder optimal bone acquisition in these
athletes.
In sum, maximizing peak bone mass during adolescence is important to prevent
osteoporosis later in the life. Diet, especially calcium intake, and weight-bearing physical
activity are important lifestyle determinants of peak bone mass. There is evidence from
several cross-sectional studies and a few small prospective studies that elite swimming
may not provide adequate osteogenic stimulation to maximize peak bone mass, compared
to weight-bearing activity. Previous studies also have been limited by small sample sizes
and failure to consider potentially important confounders (e.g., gender, age, pubertal
status, body composition, diet, weight bearing physical activity, and interactive effects of
diet and physical activity).
Research to date on bone accrual in swimmers has been confined largely to
competitive elite swimmers. Literature is scarce on bone estimates of children and
adolescent competitive amateur swimmers, a large group of youth athletes in the U.S.
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from which elite swimmers are selected. Compared to their elite counterparts, amateur
swimmers have fewer years of practice and training volume, and compete at a lower level
(i.e., locally or regionally). More work is needed to characterize bone mass and accrual to
determine whether elite or amateur swimming jeopardizes achieve of peak bone mass in
this large population.
Dietary calcium and physical activity interaction. Calcium intake and physical
activity are independent determinants of bone accrual (Bachrach, 2001). However, there
is evidence that calcium moderates the osteogenic effect of physical activity in children
and adolescents. Experimental studies report greater increases in bone mass due to
combined calcium supplementation and physical activity regimens when compared to
each manipulation alone. A 2x2 double blind RCT was conducted for 8.5 months among
66 pre- and early pubertal girls (7-11 years of age) with low calcium intake at baseline
(<700 mg calcium/day; Iuliano-Burns, Saxon, Naughton, Gibbons, & Bass, 2003).
Participants were assigned to one of the four groups: low-impact exercise (e.g., skipping
and jumping) with or without calcium supplementation and moderate impact exercise
(e.g., stretching and low-impact dance) with or without calcium supplementation.
Calcium supplemented groups received calcium-fortified products (434 mg calcium/day),
whereas placebo groups received non-fortified calcium food products. The interactive
effect of calcium supplementation and physical activity was observed only at the femur
BMC (loaded site) but not at the tibia (loaded site) or non-loaded BMC sites (e.g.,
humerus, radius). The interactive effect at the femur BMC was larger (+7%) than the
effect of exercise or calcium supplementation alone. There was a significant increase
(10.4% higher) in femoral BMC in the moderate-impact group compared to low-impact
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physical exercise on calcium fortified foods. No significant changes in femoral BMC
were reported in the moderate vs. low-impact exercise group on calcium non-fortified
foods.
Similarly, a 2x2 double-blind 8.5-month RCT was conducted among pre- and
early-pubertal boys (ages 7-11) with low-calcium intake at baseline (average 900 mg/day;
Bass et al., 2007). Participants were randomly allocated to either moderate or low-impact
exercise with or without calcium fortified foods as described by the RCT conducted by
Iuliano-Burns et al. (2003). Because the study was underpowered, no statistically
significant interaction was found. However, results indicate that the combined effect of
calcium supplementation and moderate physical activity yielded a 2% greater increase at
femur BMC (loaded site) than for either calcium supplementation or exercise alone. An
increase of 3% in tibia-fibula BMC (loaded site) was observed in the moderate-calcium
fortified food group when compared to the low-impact-calcium non-fortified food group.
While the literature remains scarce in terms of studies testing calcium-by-exercise
interaction on bone mass, evidence from several controlled trials suggests that increases
in bone mass are greater when interventions combine adequate calcium intake with
physical activity regimen.
Aims of the Dissertation
This dissertation will address the gaps in the literature presented above, by
examining determinants of bone accrual over a two year period in a cohort of child and
adolescent competitive amateur swimmers and non-athletic controls. It is hypothesized
that:
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1. At baseline, swimmers, compared to non-athletic controls, will have lower
dietary intake of several nutrients related to bone accrual, including calcium,
and vitamin D.
2. At baseline, swimmers, compared to non-athletic controls, will have lower
total body and hip BMC when adjusting for confounders including sex, age,
pubertal status, lean mass, calcium intake, and high-impact activity.
3. Over a two-year follow-up period, bone mass accrual at total body and hip
will be lower in swimmers than in non-athletic controls, and this effect will
remain significant after adjusting for known confounders of bone mass
including age, sex, pubertal status, lean mass, calcium intake, and high-impact
activity.
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Abstract
Swimming is a very popular sport among adolescents in the U.S. Little is known about
the diet of competitive adolescent swimmers in the U.S. but data from other countries
indicate several inadequacies, including excessive intake of fat and lower than
recommended intake of carbohydrate and several micronutrients that may affect athletic
performance and bone accrual. We assessed usual diet, using a food frequency
questionnaire and calcium checklist, among 191 adolescent males and females [91
swimmers (mean = 13.7, SD = 2.5 years) and 100 non-athletes (mean = 14.4, SD = 2.8
years)]. For both males and females, swimmers and non-athletes generally had similar
average intakes of macro- and micro-nutrients, including higher than recommended
amounts of total fat (36%) and saturated fat (12%), and inadequate amounts of calcium,
vitamin D, and daily servings of fruits, vegetables, grains, and dairy products. This first
study of nutritional intake among adolescent swimmers in the US suggests that dietary
habits of adolescents who swim competitively may jeopardize optimal athletic
performance and place them at risk for future chronic diseases, including osteoporosis.

Keywords: nutrition, dietary intake, swimming, bone health
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Introduction
Swimming is a popular sport among adolescents in many countries. In the U.S.,
over 250,000 youth participate each year in club, school, and summer league teams (USA
Swimming, 2010). Competitive swimming has high-energy demands (25% to 100%
higher compared to non-swimmers) that must be matched by a balanced diet to optimize
physical performance (Berning et al., 1991; Hawley & Williams, 1991; Rodriguez,
DiMarco, & Langley, 2009). Given that adolescence is a time of increased nutritional
demands to meet growth, as well as a time when nutritional adequacy often dissipates
(Story & Stang, 2005), maintaining a balanced dietary intake may be especially
problematic for adolescent swimmers.
Several studies of collegiate and college-age elite swimmers indicate that their
diets are typically high in fat (over 35%) and cholesterol (over 300 mg), low in
carbohydrate (below 50%), and often deficient in several micronutrients, including
calcium, zinc, and iron (Farajian, Kavouras, Yannakoulia, & Sidossis, 2004; Kabasakalis,
Kalitsis, Tsalis, & Mougios, 2007; Paschoal & Amancio, 2004) relative to American
Dietetic Association, Dietitians of Canada, and American College of Sports Medicine
recommendations for adult athletes (Rodriguez et al., 2009). Standard dietary guidelines
are not available for adolescent swimmers or adolescent athletes in general. However,
available recommendations are that this population should adhere to national nutritional
recommendations for adolescents: that at least 50% of caloric intake comes from
carbohydrates, less than 30% from fat, and 10-15% from protein (Meyer, O’Connor, &
Shirreffs, 2007). Energy and micronutrient requirements of adolescent athletes are higher
than non-athletes. In particular, carbohydrate needs are greater in athletes due to greater
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energy expenditure (Rodriguez et al., 2009). Further, because bone accrual is accelerated
during puberty, adequate intake of calcium, iron, and zinc is important (Rodriguez et al.,
2009).
Research on the nutritional status of adolescent swimmers is scarce, but available
data generally parallel results from college-age swimmers. Among 20 (9 boys, 11 girls)
competitive swimmers in Australia (mean age 13 years), girls’ intake of carbohydrate,
calcium, and iron were below recommended levels (Hawley & Williams, 1991).
Similarly, among 35 (20 boys, 15 girls) 15- to 18-year-old Greek elite swimmers, fat
intake was higher and carbohydrate intake lower than recommended levels, although
intake of calcium, iron, and zinc were adequate (Hassapidou et al., 2002). Thirty-six (22
boys, 14 girls) semi-professional adolescent swimmers in Spain had lower than
recommended levels of total energy intake and several micronutrients, including vitamin
D, and girls had inadequate calcium and iron intake (Martínez et al., 2011). In the only
published study from the U.S., 43 (22 boys, 21 girls) adolescent elite swimmers
participating in a national developmental training camp were found to have diets
comparable to the general population of U.S. adolescents, which included higher than
recommended percent of calories from fat and lower than recommended carbohydrate.
Calcium intake was deficient in 52% of girls and 14% of boys (Berning et al., 1991).
Limitations of this study are that diet was assessed only during training camp which may
be different from normal and included only national elite swimmers, whose diet may
differ from competitive swimmers who do not participate at this level.
Thus, the limited available data suggest that macro- and micronutrient intake of
adolescent competitive swimmers may be similar to that of the general population of
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adolescents and inadequate to ensure adequate growth, bone development, and athletic
performance. The aim of this study is to compare the nutritional adequacy of adolescent
competitive swimmers and non-athletes in Memphis, Tennessee.
Methods
Participants. Participants were enrolled in a prospective observational study of
lifestyle factors affecting bone development of child and adolescent competitive
swimmers and non-athletes. A total of 131 swimmers and 200 non-swimmers, 8 to 18
years of age were recruited between 2000 and 2002 from the Memphis area. For the
present study, baseline data were used from non-Hispanic white participants who were in
puberty. Analyses were restricted to non-Hispanic whites due to low enrollment of ethnic
minority swimmers. Of the 331 participants, 71 were excluded from the present study
because they were pre-pubertal (35 swimmers, and 36 non-athletes), and an additional 69
ethnic minorities (5 swimmers, and 64 non-athletes) were excluded, resulting in a sample
of 191 (91 swimmers, and 100 non-swimmers).
Competitive swimmers were defined as those who were members of a
competitive team (USA Swimming, school teams, or club teams) for at least the past year
and planned to continue to compete on a swim team for the next two years. They were
recruited through the coaching staffs of teams and at local swim meets. Non-athletes were
defined as those who did not engage in at least 20 minutes of physical activity three or
more days per week and had not participated in organized athletic activities for at least
one year. Non-athletes were recruited through flyer distributions at grocery stores and
libraries, newspaper articles, and telephone “on hold” advertisements at a Memphis-area
university.
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Procedures. Parents of potential participants were screened over the phone for
eligibility and invited to a university laboratory with their child where study goals and
requirements were explained in detail and eligibility verified. Parents of children 17 years
of age and younger provided written consent, and children provided written assent.
Eighteen-year-old participants provided written consent. Parents and participants then
completed several self-report measures. When paperwork was completed, a research
assistant collected height and weight of each subject. Participants then privately
completed a self-assessment of pubertal development. All consent/ assent documents and
procedures were approved by the Institutional Review Board at The University of
Memphis.
Measures.
Sociodemographics. Age, gender, and race were collected through a demographic
survey (Appendix C).
Height and weight. Height and weight of each participant were collected by a
trained research assistant following standardized procedures. Height was measured to the
nearest quarter-inch with a wall-mounted stadiometer. Weight was measured without
shoes and outer clothing on a calibrated beam-balance scale.
Pubertal status. Pubertal status was self-assessed using standardized drawings
and descriptions based on the Tanner stages of pubertal maturation (Marshall & Tanner,
1969, 1970; Appendix D & Appendix E). Male participants rated their stage of pubertal
development by choosing one of five illustrations that most closely resembled their pubic
hair and genitalia. Female participants rated their stage of pubertal development by
choosing from two sets of illustrations, one for breast development and one for pubic hair
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development. Self-reported pubertal status by 9-17 year olds using Tanner staging agrees
very highly with physician ratings via physical examination, with kappa coefficients for
female breast stage, female pubic hair stage, and male combined pubic hair and genital
stage ratings of 0.81, 0.91, and 0.88, respectively (Duke, Litt, & Gross, 1980). For
analyses, participants were subdivided into three pubertal groups: pre-puberty (Tanner
stage I for breasts or genitalia and pubic hair), early puberty (Tanner stage II and III for
breasts or genitalia), and late puberty (Tanner stage IV and V for breasts or genitalia; He
et al., 2002). Only participants in early or late puberty were retained.
Physical activity. Swimmers reported, with assistance from parents, the number
of weeks during the past year of participating on a swim team, and the average number of
hours per week, including both practices and meets. Swimmers and non-athletes
completed, with assistance from parents, the Seven Day Physical Activity Recall (PAR)
to estimate participants’ time spent in physical activity in the past week (Sallis et al.,
1985; Appendix F). The PAR is designed to assess a variety of activities of moderate or
greater intensity. Hours spent each day in moderate, intense, and very intense activities
were calculated, from which total kilocalories/day and total kilocalories/kg body
weight/day were estimated. The PAR has adequate test-retest reliability and validity
compared to heart rate monitoring with adolescents (Sallis, Buono, Roby, Micale, &
Nelson, 1993).
Dietary intake. Usual dietary consumption during the previous 12 months was
assessed with the Block 98 semi-quantitative Food Frequency Questionnaire (FFQ;
Appendix I). The Block 98 is a revision of the original Block FFQ developed at the
National Cancer Institute (Block et al., 1986). Block questionnaires (paper format
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version) purchased from NutritionQuest, were administered to study participants and
their parents (NutritionQuest, Berkley, California). After completion, forms were sent to
NutritionQuest for dietary intake assessment.
The Block 98 includes 109 questions regarding typical food intake and
supplement use over the past year. Food items are used that comprise more than 90% of
the population intake for energy and nutrients. Average daily nutrient intake is obtained
from a FFQ nutritional analysis based on reported frequency of consumption and portion
sizes for each individual.
In a study of 25- to 74-year-old adults (Boucher et al., 2006), the Block 98 had
good test-retest reliability, with a median correlation of 0.75, ranging from 0.57-0.90 for
macronutrients and 0.65-0.88 for micronutrients. Validity, compared to dietary recall,
was moderate to high. Using deattenuated correlation coefficients (i.e., corrected for
attenuation due to random error in within-person variability, to allow a reasonable
estimate of true correlation), overall median correlation across nutrients was 0.59. For the
nutrients described in the current study, the lowest reported validity coefficient was 0.11
for cholesterol (Boucher et al., 2006); correlations for other nutrients ranged from 0.41
(for protein and fat expressed in g/day), to 0.73 for carbohydrate (expressed as % of total
energy). Mean intakes from the FFQ and diet records were similar for total energy and
most micronutrients, including calcium, iron, zinc, and vitamin D. The FFQ provided
somewhat lower estimated means than diet records for carbohydrate, protein, saturated
fat and cholesterol, and higher estimates for total fat. In another study of adult women
(Ochner & Lowe, 2007) intake estimates for total energy and calcium were similar for the
Block 98 and 5 days of food records. The Block 98 has not been validated in adolescents.
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For very young children (4-9 years of age) in which parents completed the Block 98 with
assistance from the child, the instrument was moderately correlated with 3 days of diet
records for total energy intake and macronutrients (r = 0.40 to 0.55) but overestimated
intakes (Wilson & Lewis, 2004). To increase accuracy in the current study, detailed
instructions were given, portion size photographs were provided, participants were
assisted by parents, and responses were checked with parents and participants before
leaving the laboratory. From the FFQ, we derived estimates of usual daily intake of total
energy (kcal/day), total fat, saturated fat, protein and carbohydrate (expressed as both
grams/day and grams/kg body weight/day); fiber and cholesterol; number of servings of
vegetables, grains, fruits, and dairy; and iron, zinc, vitamin D, and calcium.
We also assessed calcium intake over the past seven days using a modified
version of the Rapid Assessment Method (RAM; Appendix H), a dietary checklist
(Hertzler & Frary, 1994). The original RAM lists common sources of calcium in the
American diet and was developed using information from the National Health and
Nutrition Examination Survey (NHANES) III. The RAM was modified to include
calcium-fortified foods (e.g., orange juice and bread) that were introduced to the market
after the development of the original RAM, the actual (rather than usual) number of
servings of foods, and foods frequently eaten among athletes (such as bagels and baked
potatoes). Serving sizes were illustrated with two-dimensional line drawings. The number
of servings per week of each food was multiplied by the corresponding calcium value for
that food, values were added together and divided by seven to obtain daily calcium intake
over the past week. Adequate test-retest reliability (intraclass correlation = 0.54) and
validity (assessed as agreement with 6 days of diet records; intraclass correlation = 0.41)
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were found for the modified RAM among a sample of college athletes (Ward et al.,
2004). As with the Block FFQ, a parent assisted the participant in completing the RAM
and responses were verified before they left the laboratory.
Diet adequacy. Adequacy of intake of micronutrients (iron, zinc, vitamin D, and
calcium) was judged according to Dietary Reference Intakes (DRI; Institute of Medicine,
2006, 2011) using a classification scheme (Paschoal & Amancio, 2004). For each
micronutrient, intakes below the EAR were considered “inadequate”; intakes at the EAR
but below the RDA were considered “uncertain” and intakes at or above the RDA were
considered “adequate.”
Approach to data analysis. Histograms and descriptive statistics were generated
on all variables to assess normality. T-tests were conducted to compare mean intake of
nutrients in swimmers and non-athletes, stratified by gender.
Results
Descriptives. The sample (n = 191) included 30 male and 61 female swimmers,
and 39 male and 61 female non-athletes. Swimmers had engaged in competitive
swimming for a mean of 4.3 years (SD = 2.4 years, range = 1-12 years). Including both
practice and meets, they swam an average of 37.6 weeks per year (SD = 16.7, range = 452 weeks) and 8.6 hours/week across the whole year (SD = 5.2 hours/week, range = 1.5–
24 hours/week) (Table 1). Compared to non-athletes, swimmers were about six months
younger on average (p = 0.059), more likely to be in early puberty, had lower body
weight and BMI, and expended more energy per kg body weight (Table 1).
Macronutrients. For both males and females, neither total energy intake, nor
total energy intake adjusted for body mass, differed significantly for swimmers and non-
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athletes (Table 2). Likewise, macronutrients (fat, saturated fat, carbohydrate, and protein)
expressed as percent of total energy, did not differ significantly between swimmers and
non-athletes, for either males or females (Table 2).
For all four swim status/gender groups, percent of calories from carbohydrate was
slightly above 50%, consistent with the 45-65% recommended range for children. Total
fat averaged approximately 36% in the four groups which was above the 25-35%
recommended range, and protein averaged 13-14% which was within the 10-30%
recommended range (Institute of Medicine, 2006).
Macronutrient intake also was expressed as grams per kg body mass to adjust for
body mass differences between swimmers and non-athletes. Total fat and saturated fat
did not differ between swimmers and non-athletes for either males or females. Protein
intake was higher among swimmers than non-athletes for both males and females, and
carbohydrate intake was higher for male swimmers than non-athletes (Table 2). Protein
intake was consistent with recommended intake range of 1.2-1.7 g/kg for adult endurance
and strength athletes (Rodriguez et al., 2009). Carbohydrate intake for male swimmers
(6.4 g/kg) was within the recommended range for adult athletes of 6-10 g/kg, but intake
for female swimmers (5.5 g/kg) was below this recommended range. Fat intake of 35.9%
of total energy, observed for both male and female swimmers, was higher than the
recommended range for adult athletes of 20-35% (Rodriguez et al., 2009).
Micronutrients. Micronutrient intake by swim status and gender is shown in
Table 2. Among males, mean iron intake was greater in swimmers (20 mg/day) than nonswimmers (16 mg/day), although intake by both groups exceeded the 5.9 mg/day EAR
for 9- to 13-year-old males and 7.7 mg/day EAR for 14- to 18-year-old males (Institute of
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Medicine, 2006). Iron intake was judged to be adequate for 93% of male swimmers and
62% of male non-athletes (Table 3). For females, mean iron intake did not differ
significantly between swimmers and non-athletes and was above EAR of 5.7 mg/day for
9- to 13-year-old females and 7.9 mg/day for 14- to 18-year-old females. Iron intake was
adequate for 62% of female swimmers and 51% of female non-athletes.
Mean zinc intake did not differ between swimmers and non-athletes for either
males or females, and was consistent with EARs (7.0 mg/day for 9- to 13-year-old males
and females, 7.3 mg/day for 14- to 18-year-old females, and 8.5 mg/day for 14- to 18year-old females; Institute of Medicine, 2006). A majority of swimmers have adequate
zinc intake (77% of males and 60% of females), compared to 33% and 43% of male and
female non-athletes, respectively.
Past year and past week mean calcium intakes were very similar. Male swimmers
and non-athletes did not differ significantly on either past year or past week intake,
whereas female non-athletes had significantly lower intake than swimmers (Table 2).
Mean levels were close to the calcium EAR of 1100 mg/day for all groups except female
non-athletes, but only a small proportion (10%-30%) of subjects in any of the four groups
were judged to definitely have adequate intake, which was defined in this study as at or
above the RDA of 1300 mg/day (Institute of Medicine, 2011).
Mean daily intake of vitamin D did not differ by swim status and averaged
approximately 6.0 g and 5.0 g for males and females, respectively, much lower than
the 10 g EAR for vitamin D (Institute of Medicine, 2011). Across the four groups, only
0-7% of subjects have adequate intake of vitamin D. Cholesterol intake averaged 211
mg/day and did not differ by swim status for either males or females. Fiber intake also
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did not differ between swimmers and non-swimmers for either gender, but the intake of
all four groups (approximately 16 g/day) was above the adequate intake (AI) level of
14g/day for 9- to18-year-old females and males (Institute of Medicine, 2006).
Food group servings per day. Swimmers and non-athletes did not differ in
number of servings of vegetables or grain, among both males and females (Table 2).
Female swimmers consumed a greater number servings/day of fruits and dairy than nonathletes. Male swimmers and non-athletes did not differ in number of servings per day of
vegetables, grains, fruits, or dairy. All four groups were below USDA recommended
servings/day for vegetables, grains, fruits, and dairy (U.S. Department of Agriculture,
2011).
Discussion
This study indicates that diets of adolescent swimmers are generally similar to
those of non-athletes. Both swimmers and non-athletes consumed higher than
recommended amounts of total fat and saturated fat, and inadequate amounts of calcium,
vitamin D, and daily servings of fruit, vegetables, grains, and dairy. Our finding that
adolescent swimmers and non-athletes have broadly similar diets is consistent with other
studies of adolescent swimmers (Berning et al., 1991; Hassapidou et al., 2002) and
college-age swimmers (Paschoal & Amancio, 2004).
Given the increased energy and nutrient needs of adolescent athletes compared to
the general population, these findings are concerning. There are no authoritative
recommendations for macronutrient intake by adolescent athletes as there are for adult
athletes (Rodriguez et al., 2009). Research on muscle glycogen utilization in adolescent
athletes, however, indicates that carbohydrate is an important fuel to optimize athletic
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performance and recovery (Meyer et al., 2007), suggesting that a higher-carbohydrate
diet may be required by adolescent athletes than is recommended for the general
population (Jeukendrup & Cronin, 2011). Carbohydrate intake of athletes in most sports
is suggested to comprise 50-55% of total caloric intake (Burke, Cox, Culmmings, &
Desbrow, 2001). Also problematic is our finding of excessive fat intake and inadequate
fruit, vegetables, and whole grains, which increase the risk of obesity, numerous chronic
diseases including heart disease, and premature death (Roger et al., 2012). Although
numerous micronutrients may affect athletic performance, we focused on calcium,
vitamin D, zinc, and iron, since these play important roles in bone accrual and adolescent
swimmers may be at risk of suboptimal bone development. Approximately 26% of bone
mineral is accrued during adolescence (Bailey et al., 1999). Several studies have found
that young competitive swimmers have lower BMD compared to athletes engaged in
impact loading sports (Morel et al., 2001; Nichols et al., 1995). Other studies have
reported that swimmers, compared to non-athletes, have similar or lower BMD (Dias
Quiterio et al., 2011; Roger et al., 2012). These studies suggest that swimming provides
insufficient skeletal loading, compared to resistance or weight-bearing activities, to
promote BMD growth, and may actually impede the achievement of maximal peak bone
density. Because calcium is an important modifiable determinant of BMD (Huncharek et
al., 2008), ensuring optimal calcium intake in adolescents is important. In the current
study, calcium intake was higher in swimmers than non-athletes, but less than one third
of both male and female swimmers had adequate calcium intake. Estimates of adequate
intake are based on requirements for the general population of this age group. Optimal
calcium intake levels for adolescent athletes are not known, but may be higher than that
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of the general population. Based on the bone density studies reviewed above, however, it
appears that current average intakes are inadequate to optimize bone accrual in
swimmers. In this regard, the low number of servings of dairy products observed in this
study is concerning, since dairy products are a major source of calcium in the American
diet (Jeukendrup & Cronin, 2011).
Virtually no subjects, either swimmers or non-athletes, had adequate intake of
vitamin D, which plays several important roles in bone accrual, including promoting
calcium absorption (Tylavsky, Ryder, Lyytikainen, & Cheng, 2005). More encouraging
was our finding that iron and zinc intake appeared adequate in a majority of both
swimmers and non-athletes, both male and female. Zinc and iron play important roles in
promoting athletic performance (McDonald & Keen, 1988). In addition, zinc stimulates
bone mineralization (Yamaguchi, 1998). Several enzymes involved in bone formation
require iron to function properly, and iron deficiency is associated with bone density
deficits (Medeiros, Plattner, Jennings, & Stoecker, 2002).
This study makes a contribution to the literature by evaluating dietary adequacy
among adolescent competitive swimmers in the U.S., who have received little research
attention despite evidence of nutritional deficiencies, particularly related to bone accrual.
Several limitations should be noted, however. First, data were collected from 2000-2002
and it is possible that dietary intake patterns of adolescents have changed since then.
However, we are not aware of data or training recommendations indicating that changes
have occurred either in the diets of adolescent swimmers or in total energy or macronutrient intake among the general population of U.S. adolescents between 2000 and 2008,
based on NHANES data (Center for Disease Control and Prevention, 2011). NHANES
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data do reveal, however, an increase in calcium intake of approximately 200 mg/day for
adolescent males (from 1003 mg/day in 2008 to 1205 mg/day in 2008) and 116 mg/day
for among adolescent females (from 750 mg/day in 2000 to 866 mg/day in 2008; Center
for Disease Control and Prevention, 2011). Thus, to the extent that dietary patterns in
adolescent swimmers are similar to the general population, calcium intake may have
increased in recent years, but is still below recommended levels.
Second, usual diet was assessed using an FFQ, which has limitations in terms of
reliability and validity, especially among children (Burrows, Martin, & Collins, 2010).
The FFQ used in this study, however, has been widely used and demonstrates reasonable
agreement with dietary records. Several steps were taken to maximize accurate reporting,
including providing careful instructions and portion size photographs, having parents
assist participants in completing the survey, and checking all responses with the parent
and participant. Additional limitations are that convenience sampling was used to recruit
participants, who resided in a single region in the U.S. and were all non-Hispanic white.
Our results may not be representative of the broader population of competitive swimmers
in the U.S., and further studies are needed to address these sampling limitations.
In conclusion, this first study of nutritional intake among adolescent swimmers in
the U.S. identifies several potential nutritional deficiencies that may jeopardize athletic
performance and promote future disease risk, including osteoporosis. These deficiencies
include higher than recommended fat intake and inadequate amounts of calcium, vitamin
D, and daily servings of fruits, vegetables, grains, and dairy products. These results
should be followed up in this population, on more recent samples, and utilizing more
rigorous dietary assessment tools.
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Table 1
Characteristics of Swimmers and Non-athletes
Variable

Gender (% male)
Pubertal status
% early
% late

Swimmers(1)

Non-athletes(2)

%

%

32.9

39

p*

0.386
0.009

44.0
56.0

26.0
74.0

Mean ± SD

Mean ± SD

Age (years)

13.7 ± 2.5

14.4 ± 2.8

0.058

Weight (kg)

52.8 ± 14.4

59.8 ± 18.5

0.003

2398.3 ± 784.0

2195.7 ± 723.4

0.066

44.7 ± 7.5

36.8 ± 5.7

< 0.0001

Energy expenditure per day
(kcal/day)
Energy expenditure per kg per day
(kcal/kg/day)
*

p-values from between group t-test or chi-square test of independence.
= sample size varies from 117 to 128.
(2)
= sample size varies from 95 to 107 due to missing data.
(1)
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Table 2
Nutrient Intake According to Swim Status and Gender

Mean ± SD

Males
NonAthletes
Mean ± SD

p

Mean ± SD

Females
Nonathletes
Mean ± SD

2570 ± 779

2421 ± 1024

0.527

2121 ± 881

1885 ± 795

0.141

50 ± 19

40.0 ± 19

0.056

44 ± 20

37 ± 19

0.082

36 ± 4
12 ± 2
52 ± 6
14 ± 3

36 ± 6
12 ± 2
52 ± 8
13 ± 2

0.931
0.839
0.785
0.219

36 ± 7
11 ± 3
52 ± 8
14 ± 3

36 ± 7
12 ± 3
52 ± 8
14 ± 3

0.879
0.826
0.976
0.209

2.0 ± 0.8
0.6 ± 0.3
1.7 ± 0.8
6.4 ± 2.6

1.6 ± 0.9
0.5 ± 0.3
1.3 ± 0.7
5.1 ± 2.4

0.122
0.105
0.041
0.049

1.8 ± 1.0
0.6 ± 0.3
1.5 ± 0.7
5.5 ± 2.3

1.5 ± 0.9
0.5 ± 0.3
1.2 ± 0.7
4.8 ± 2.6

0.127
0.159
0.027
0.118

20 ± 7
13 ± 5
7±4
1197 ± 469
1132 ± 456

16 ± 8
11 ± 6
6±4
1086 ± 542
1148 ± 591

0.033
0.212
0.289
0.400
0.904

15 ± 7
11 ± 5
5±4
1117 ± 521
1160 ± 625

Swimmers

Total Energy Intake
(kcal/day)
Total Energy Intake
(kcal/kg/day)
Macronutrients
(% of total energy)
Fat
Saturated Fat
Carbohydrate
Protein
Macronutrients
(g/kg body mass)
Fat
Saturated Fat
Protein
Carbohydrate
Micronutrients (mg)
Iron
Zinc
Vitamin D (g)
Calcium (FFQ)
Calcium (RAM)
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Swimmers

p

14 ±7
0.156
9±4
0.088
4±3
0.191
852 ± 397
0.003
737 ± 388
<0.001
(Table continues)

Table 2 (Continued)

Fiber (g)
Cholesterol (mg)

Mean ± SD
17 ± 1
221 ± 12

Males
Nonathletes
Mean ± SD
15 ±1
201 ± 12

p
0.232
0.226

Mean ± SD
17 ± 1
224 ± 12

Servings per Day
Vegetables
Grains
Fruits
Dairy

2.0 ± 1.3
7.4 ± 2.8
1.3 ± 0.6
2.6 ± 1.5

2.1 ± 2.0
6.1 ± 2.8
1.2 ± 0.8
2.3 ±1.5

0.677
0.060
0.356
0.437

2.3 ± 1.7
6.1 ± 3.4
1.7 ± 1.1
2.4 ± 1.6

Swimmers

Swimmers

Females
Nonathletes
Mean ± SD
15 ± 1
198 ± 12

2.2 ± 1.5
5.4 ± 3.8
1.3 ± 1.0
1.7 ± 1.1

Note: Due to missing data, sample size of mean nutrients range from 31-37 for male non-swimmers, 55 to 59 for female
swimmers, and 54 to 61 for female non- swimmers.
Male swimmers (n = 29) do not have any missing data.
.
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p
0.216
0.125

0.680
0.297
0.030
0.012

Table 3
Adequacy of Micronutrient Intake, According to the Dietary Reference Intake
Males

Nutrients

Iron

Zinc

Calcium

Vitamin D

Females

Adequacy

Swimmers

Non-athletes

Swimmers

Non-athletes

(%)

n = 30

n = 39

n = 61

n = 61

Inadequate

7

28

18

23

Uncertain

0

10

20

26

Adequate

93

62

62

51

Inadequate

16

46

30

44

Uncertain

7

21

10

13

Adequate

77

33

60

43

Inadequate

50

72

57

82

Uncertain

20

3

15

8

Adequate

30

26

28

10

Inadequate

83

90

87

96

Uncertain

10

10

10

2

Adequate

7

0

3

2
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Chapter 3
Comparison of Bone Mass in Child and Adolescent Amateur Swimmers and Nonathletes
Abstract
Background: Several studies indicate that children and adolescent swimmers who
compete at “elite” levels (i.e., nationally or internationally) have similar or lower bone
mineral content (BMC) than sedentary controls, indicating that swimming does not
provide adequate osteogenic stimulation and could jeopardize bone accrual if not
supplemented with high-impact activity. However, little is known about BMC of amateur
swimmers in this age group who compete locally and regionally. The aim of the study
was to examine differences in bone mass between child and adolescent amateur
swimmers and non-athletes after taking into consideration several known confounders of
bone mass including age, sex, pubertal status, lean mass, calcium intake, and high-impact
activity.
Methods: Caucasian amateur swimmers (n = 128) and non-athletes (n = 107), 8 to 18
years of age, underwent Dual-energy X-Ray Absorptiometry (DXA) to assess total body
and hip BMC. Multiple linear regression (MLR) was used to compare total body and hip
BMC between the two groups, adjusting for age, sex, pubertal status, lean mass, calcium
intake, high-impact activity, and calcium intake by high-impact activity interaction. To
maximize group differences in physical activity, a propensity score matched sub-analysis
was conducted comparing amateur swimmers with above average swim time and low
levels of high-impact activity (n = 35) to non-athletes with limited high impact activity
and recreational swim time (n = 35).
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Results: Compared to non-athletes, swimmers were younger, weighed less, were in a
lower pubertal stage, had higher calcium intake, and engaged in more high-impact
physical activity than non-athletes. In multiple linear regression analyses, swimmers had
4.2% significant lower total body BMC than non-athletes (p = 0.02), but similar hip BMC
(p = 0.918). In the propensity scored matched analysis, swimmers and non-athletes did
not differ significantly in BMC for either the total body or hip.
Conclusions: Consistent with previous studies in elite swimmers, child and adolescent
amateur swimmers had slightly lower bone mass for the total body and similar hip BMC
compared to non-athletes. There were no statistically significant differences at total body
or hip BMC between the sub-group of swimmers with high swim volumes and low levels
of supplemental high-impact activity, who are likely to be most at risk of swimmingrelated bone mass deficits, and very inactive non-athletes. Overall, these results suggest
that swimming at amateur level may not provide adequate osteogenic stimulation to
ensure optimal bone growth during early life.

Keywords: Swimming, bone mineral content, children and adolescent, high-impact
activities, calcium
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Introduction
Maximizing bone mass during childhood and adolescence is important to prevent
osteoporosis and osteoporosis-related fractures later in life (Bonjour et al., 2009; Heaney
et al., 2000). The beneficial effect of physical activity on bone accrual during growth is
widely recognized (Behringer, Gruetzner, McCourt, & Mester, 2014; Burrows, 2007;
Hind & Burrows, 2007). Mechanical loading, induced by physical activities that exceed
that of normal daily activities, exerts an osteogenic effect on the skeleton (Frost, 1987).
Numerous cross-sectional studies report that high-impact sports practiced during growth
confer an osteogenic advantage compared to low-impact activities, such that athletes
engaged in basketball, gymnastics, and soccer have higher bone mass than athletes
engaged in low-impact activities such as biking or swimming (Courteix et al., 1998b;
Courteix et al., 1999; Duncan et al., 2002; Ferry et al., 2011; Laing et al., 2005; Maïmoun
et al., 2004; Maïmoun et al., 2013b).
Swimming, a low-impact sport, has been associated with lower bone mineral
content (BMC) and bone mineral density (BMD) at most measured bone sites including
total body, hip, pelvis, and lumbar spine compared to high-impact activities when
practiced at elite levels during childhood and adolescence (Dias Quiterio et al., 2011;
Ferry et al., 2011; Ubago-Guisado, Gómez-Cabello, Sánchez-Sánchez, García-Unanue, &
Gallardo, 2015). However, there is concern that swimming may not only be less helpful
than high impact sports for bone accrual, but even detrimental. Several cross-sectional
studies found no difference in BMC and BMD between elite swimmers and controls
(Czeczelewski et al., 2011; Derman et al., 2008; Dias Quiterio et al., 2011) while a few
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studies indicate even a lower BMC and BMD than sedentary controls (Gruodytė et al.,
2010; Risser et al., 1990).
Variability in bone mass estimates of swimmers compared to sedentary controls
does not relate only to the nature of the impact of the sport per se. Other known
osteogenic influences such as pubertal status (Bailey et al., 1999; Baxter-Jones et al.,
2011), anthropometric characteristics (e.g., body weight, lean mass; Arabi et al., 2004;
Courteix et al., 1998a; Pietrobelli et al., 2002; Uusi-Rasi et al., 1997), and lifestyle
behaviors such as diet (Winzenberg et al., 2006), high-impact physical activity
(Behringer et al., 2014), and the interactive effects of calcium and high-impact activity
(Iuliano-Burns et al., 2003; Rowlands, Ingledew, Powell, & Eston, 2004), are linked to
BMC. Differences between swimmers and controls in these determinants may confound
estimation of the effect of swimming on BMC. Previous studies about swimming and
bone mass generally have used small sample sizes (often 10-25 participants per group)
and have been unable to adequately control for all potentially important confounders.
To our knowledge, no studies have assessed bone mass among children and
adolescent amateur swimmers. Compared to elite swimmers, amateur swimmers typically
have fewer years of practice and training time (e.g., hours per week; weeks per year) and
a lower competitive level (e.g., local and regional level competition for competitive level
vs. national and international level for elite counterparts (USA Swimming, 2010). Given
that swimming is a popular sport among children and adolescents in the US (USA
Swimming, 2010) and that amateur swimmers represent a large pool from which elite
swimmers are selected, it will be useful to assess their bone mineral status and, if found
inadequate, to develop optimal exercise interventions to maximize their bone acquisition.
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The purpose of this study was to examine differences in bone mass between
amateur swimmers and non-athletes in children and adolescents while controlling for
potential confounders. Specifically, we hypothesized that amateur swimmers compared to
controls, will have lower total body and hip BMC after adjusting for sex, age, pubertal
status, lean mass, calcium intake, and high-impact activity.
Methods
Design. This study is a cross-sectional comparison of BMC in swimmers and
non-athletes, using dual energy x-ray absorptiometry (DXA). Baseline data were used
from the Youth and Adolescent Health Osteo Outcomes (YAHOO) study, a 24-month
prospective observational study of bone accrual in amateur swimmers (n = 131) and
controls (n = 200). Data were collected between 2000 and 2002 in Memphis, Tennessee,
USA.
Participants. Baseline data from the YAHOO study were used for the present
study. Only non-Hispanic white participants 8 to 18 years of age were included in the
present study. Other ethnicities were excluded due to low enrollment among swimmers.
Of the 331 participants, 87 ethnic minorities (8 swimmers, and 79 non-athletes) were
excluded. An additional nine participants were excluded due to discrepancies in the
reported swimming characteristics, resulting in a sample of 235 Non-Hispanic white
swimmers and non-athletes (128 swimmers and 107 non-athletes).
Amateur swimmers were defined as those who were members of a competitive
team (USA Swimming, school teams, or club teams) for at least the past year and planned
to continue to compete on a swim team for the next two years. They were recruited
through the coaching staffs of teams and at local swim meets. Non-athletes, hereafter
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referred to as controls, were defined as those who did not engage in at least 20 minutes of
physical activity three or more days per week and had not participated in organized
athletic activities for at least one year. Controls were recruited through flyer distributions
at grocery stores and libraries, newspaper articles, and telephone “on hold”
advertisements at a Memphis-area university.
Procedures. Parents of potential participants were screened by phone for
eligibility and invited to a university laboratory with their child where study goals and
requirements were explained in detail and eligibility verified. Parents provided written
consent and children provided written assent. Parents and participants then completed
several self-report measures including a demographic questionnaire, self-assessment of
pubertal development, a 12-month physical activity history, a past week calcium intake,
and a 12-month dietary history and they were interviewed on participants’ past week
physical activity history. When paperwork was completed, a research assistant assessed
height and weight. Next, participants’ whole body and hip BMC was assessed using Dual
Energy X-Ray Absorptiometry (DXA) technology. Consent and assent documents and
procedures were approved by the Institutional Review Board at The University of
Memphis.
Measures.
Sociodemographics. Age, sex, and race information were collected through a
demographic survey (Appendix C).
Height and weight. Height and weight of each participant were collected by a
trained research assistant following standardized procedures. Height was measured to the
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nearest quarter-inch with a wall-mounted stadiometer. Weight was measured without
shoes and outer clothing on a calibrated beam-balance scale.
Pubertal status. Pubertal status was self-assessed using standardized drawings
and descriptions based on the five Tanner stages of pubertal maturation (Marshall &
Tanner, 1969, 1970; Appendix D & Appendix E). Male participants rated their stage of
pubertal development by choosing one of five illustrations that most closely resembled
their pubic hair and genitalia. Menstrual status was reported by female participants or by
their parents. Female participants who have not begun menstruating rated their stage of
pubertal development by choosing from two sets of illustrations, one for breast
development and one for pubic hair development
Self-reported pubertal status by 9-17 year olds using Tanner staging agrees very
highly with physician ratings via physical examination, with kappa coefficients for
female breast stage, female pubic hair stage, and male combined pubic hair and genital
stage ratings of 0.81., 0.91, and 0.88, respectively (Duke et al., 1980).
For analyses, participants across the five Tanner stages were collapsed into three
pubertal groups: pre-puberty (Tanner stage I for pubic hair and breasts or genitalia), early
puberty (Tanner stage II and III for pubic hair and breasts or genitalia), and late puberty
(Tanner stage IV and V for pubic hair and breasts or genitalia; He et al., 2002). If female
participants reported rating of pubertal maturation below Tanner stage IV, but indicated
that they have begun menstruating, participants were considered to be in late puberty. In
cases of discordant ratings between pubic hair and breast for female participants or pubic
hair and genitalia for male participants, the greater stage of the two was considered.
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Physical activity.
Past week total energy expenditure. Past week total energy expenditure (kcal/day)
and past week total daily energy expenditure adjusted for body weight (kcal/kg/day) were
assessed using the Seven Day Physical Activity Recall (PAR; Appendix F), an
interviewer-administered tool (Sallis et al., 1985, 1993; Appendix F). Participants
reported with assistance from parents, the type, duration, and intensity of physical
activities performed (i.e., light, moderate, hard, or very hard) in the past week. Light
activity was defined as sitting, standing or non-strenuous activities such as slow walking
or light housework. Moderate activity was considered to be equivalent to walking at a
normal pace; hard activity was defined as any activity that felt more strenuous than
walking but lighter than running, whereas very hard activity was how the respondent
feels when running. Energy requirements for various intensity levels of physical
activities, expressed as metabolic equivalents (METs), followed a classification scheme
proposed by Sallis et al. (1985). Mean MET values for each physical activity level were
used as following: 1.0 MET for sleep, 1.5 METs for light activity, 4 METs for moderate
activity, 6 METs for hard activity, and 10 METs for very hard activity (Sallis et al.,
1985). Total daily energy expenditure (expressed as total kcal/kg/day) was derived by
multiplying MET values for each type of physical activity by hours spent for the
correspondent activity, and then the products were summed for each day and divided by
7. Total daily energy expenditure adjusted for body weight (expressed as total
kilocalories/day) was estimated by multiplying total daily energy expenditure by body
weight.
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The PAR has been shown to have adequate test-retest reliability (0.77) in a group
of male and female children and adolesents ranging from grades 5 to 11 (Sallis et al.,
1993).Validity of PAR was adequate (r = 0.53, p < 0.001) when recalls of very hard
activities of the same day where compared to heart rate monitoring records in the same
group of adolescents (Sallis et al., 1993).
Past year physical activity involvement. Past year physical activity involvement
expressed as a composite of frequency and duration of physical activities participants
engaged in during the last 12 months, was assessed using The One-Year Physical
Activity Recall Assessment (YAR, Ross & Gilbert, 1985; Ross & Pate, 1987; Appendix
G). Participants chose from a list of 85 sports and games their top ten most frequent
physical activities conducted outside of physical education classes. From these activities
we extracted high-impact activities defined as those that produce higher mechanical
strain on bone than one’s body weight, and they included sports such as soccer and
basketball that involve jumping, turning and sprinting, tumbling, and vertical landing
(Ginty et al., 2005; Groothausen et al., 1997). Low-impact activities were considered
those that generate an amount of strain lower than one’s body weight, such as bicycling
or swimming (Groothausen et al., 1997). High-impact activity involvement and lowimpact activity involvement expressed as hours/week were calculated by summing the
total minutes of high-impact or low-impact activities performed each week over the past
year and divided by 52.
Dietary intake.
Past week calcium intake. Past week calcium intake was assessed using a
modified version of the Rapid Assessment Method (RAM; Appendix H), a dietary
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checklist (Hertzler & Frary, 1994). The RAM lists common sources of calcium in the
American diet as well as calcium-fortified foods (e.g., orange juice and bread), the actual
number of servings of foods, and foods frequently eaten among athletes. Several
modifications of Hertzler and Frary’s RAM (1994) were made. First, participants
recorded the actual number of servings in the past seven days rather than “usual intake”.
Second, several food items including bagels, potatoes, and several calcium-supplemented
foods (e.g., bread, light bread, and orange juice) were included in the modified RAM
version due to their popularity among athletes, while quiche was removed due to its rare
consumption (Slawson et al., 2001). Last, all major references to calcium were removed
to reduce biased reporting. The number of servings per week of each food was multiplied
by the corresponding calcium value for that food, and values were summed and divided
by seven to obtain daily calcium intake over the past week.
Reliability and validity of the modified RAM were evaluated among a sample of
female collegiate athletes. Test-retest reliability for two weeks (n = 56; intraclass
correlation = 0.54) and validity (assessed as agreement with six days of diet records; n =
35; intraclass correlation = 0.41) were found to be adequate to estimate calcium intake in
this population (Ward et al., 2004).
Past year micronutrient intake and usual daily energy intake. Micronutrient
intakes including calcium and vitamin D intakes (without supplementation) and usual
daily total energy intake during the previous 12 months were assessed with the Block 98
semi-quantitative Food Frequency Questionnaire (FFQ; Appendix I). The Block 98 is a
revision of the original Block FFQ developed at the National Cancer Institute (Block et
al., 1986). Block questionnaires (paper format version) purchased from NutritionQuest,
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were administered to study participants and their parents (NutritionQuest, Berkley,
California). After completion, forms were sent to NutritionQuest for dietary intake
assessment.
The Block 98 includes 109 questions regarding typical food intake and
supplement use over the past year. Due to low self-report supplementation, calcium and
vitamin D intakes in the present analysis do not reflect the supplementation intakes.
Listed food items comprise more than 90% of the population intake for energy and
nutrients. Average daily micronutrient intakes and usual daily total energy intake were
obtained from a FFQ nutritional analysis based on reported frequency of consumption
and portion sizes for each individual.
In a study of 25- to 74-year-old adults (Boucher et al., 2006), the Block 98 had
good test-retest reliability, with a median correlation of 0.75, ranging from 0.57-0.90 for
macronutrients and 0.65-0.88 for micronutrients. Validity, compared to dietary recall,
was moderate to high. Using de-attenuated correlation coefficients (i.e., corrected for
attenuation due to random error in within-person variability, to allow a reasonable
estimate of true correlation), overall median correlation across nutrients was 0.59. For the
nutrients described in the current study, the lowest reported validity coefficient was 0.11
for cholesterol (Boucher et al., 2006); correlations for other nutrients ranged from 0.41
(for protein and fat expressed in g/day) to 0.73 for carbohydrate (expressed as % of total
energy). Mean intakes from the FFQ and diet records were similar for total energy and
most micronutrients, including calcium, iron, zinc, and vitamin D. The FFQ provided
somewhat lower estimated means than diet records for carbohydrate, protein, saturated
fat and cholesterol, and higher estimates for total fat. In another study of adult women
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(Ochner & Lowe, 2007), intake estimates for total energy and calcium were similar for
the Block 98 and 5 days of food records. The Block 98 has not been validated in
adolescents. For very young children (4-9 years of age) in which parents completed the
Block 98 with assistance from the child, the instrument was moderately correlated with 3
days of diet records for total energy intake and macronutrients (r = 0.40 to 0.55) but
overestimated intakes (Wilson & Lewis, 2004). To increase accuracy in the current study,
detailed instructions were given, portion size photographs were provided, participants
were assisted by parents, and responses were checked with parents and participants
before leaving the laboratory.
Bone mineral content and lean mass. Following the recommendation of Heaney
(2003), BMC instead of BMD was chosen as the bone mineral status measure in children
and adolescents as BMD is influenced by growth-related changes including bone and
body size (Wren et al., 2005). Whole body and hip bone mineral content (BMC) and total
body lean mass of participants in the study were evaluated by dual energy x-ray
absorptiometry by a Hologic QDR-4500A. Using proprietary software from Hologic,
total body BMC (g) was estimated from BMC of legs, arms, pelvis, spine (vertebrae L2L4), and ribs. Hip BMC (g) was generated from BMC of femoral neck, trochanter, intertrochanter, and Ward’s triangle. Subtotal body lean mass (kg) was estimated from lean
mass of legs, trunk (pelvis, spine, and ribs), and arms.
The accuracy of the QDR-4500A DXA is reported to be excellent, with
correlations of > 0.96 and mean percent differences of <1% reported when compared to
calibrated phantoms and cadavers (Going et al., 1993; Kellie, 1992). Test-retest reliability
of the QDR-4500A used in the present study was evaluated comparing the DXAs on 14
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collegiate baseball players taken approximately 30 minutes apart. Reliabilities for interoperator (n = 10) and intra-operator (n = 4) were equal. The mean intra-class correlation
was 0.985 with mean deviations for total and leg BMC averaging 0.31%. Furthermore,
the machine shows extremely low day-to-day changes (< 0.5%) when calibrated against
spinal phantoms. Precision of the DXA equipment in the present study is high as
indicated by coefficients of variation consistently for BMC below 1% when reported for
same day and several months repeat measurements.
Statistical analysis. Participant characteristics were reported as means and
standard deviations for continuous variables and as proportions for categorical variables.
We employed multiple linear regression (MLR) to generate predicted means of total body
BMC and hip BMC adjusted for confounders (e.g., age, sex, pubertal status, lean mass,
calcium intake, and time spent in high-impact activity). Initial models also included twoway and three-way interactions for calcium intake, high- impact activity, and swim
status. Because no interactions were significant (p < 0.05), all were removed from final
models.
Due to variability within and across groups in relevant exposures (i.e., amateur
swimmers varied considerably in their average weekly swim practice time as well as the
amount of high-impact activities engaged in, while some controls reported engaging in
recreational swimming), a propensity score matching analysis (Guo & Fraser, 2010) was
conducted. A sub-set of participants was used, including amateur swimmers (n = 35) with
reduced high-impact activity involvement and above average swim time and controls (n =
35) with limited high-impact activity involvement and limited swim time. Participants
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were matched on age, sex, pubertal status, and lean mass to allow for a similar
distribution of covariates.
Statistical significance was set at p < 0.05 for interpreting all final models. All
analyses were conducted using SAS software (version 9.3 for Windows; SAS Inc., Cary,
NC, USA).
Results
Descriptives. Table 4 summarizes characteristics of the amateur swimmers (n =
128; 84 females and 44 males) and controls (n = 107; 63 females and 44 males),
including demographic and anthropometric data, nutrient intake, and physical activity
involvement. Compared to non-athletes, swimmers were on average a year younger and
in an early pubertal stage. Swimmers weighed less and they had higher energy
expenditure per kg body weight (all p-values < 0.01), but had a similar lean mass to nonathletes (p = 0.137). While swimmers compared to controls reported higher daily calcium
intake (p < 0.001), vitamin D intakes did not differ significantly between groups (p >
0.227). Swimmers compared to controls spent a greater amount of time participating in
high-impact activities (4.5 vs. 2.4 hours/week). Swimmers were engaged on average 5.7
hours/week of team swim training.
BMC differences between swimmers and non-athletes. MLR models were
conducted to compare total body and hip BMC between amateur swimmers and controls.
Models were adjusted for known confounders of bone including age, sex, pubertal status,
lean mass, calcium, and high-impact activity. Multicollinearity was not a concern
(variance inflation factor < 5). Amateur swimmers compared to controls had lower
adjusted total body BMC (p = 0.020; Table 5) although the effect size was small (4.2%

69

difference; Cohen’s d = 0.28). There was no statistically significant difference between
the two groups for hip BMC (p = 0.918; Table 5).
In the propensity score matched analysis, amateur swimmers who exceeded 5
hours/week swim time (above 75th percentile) and had a reduced time involvement in
high-impact activities (< 2.5 hours/week; below 50th percentile; n = 35) were compared to
controls who did not exceed 1 hour of recreational swimming/week (below 75th
percentile) and had a reduced high-impact activity involvement (< 1.1 hours/week; below
25th percentile; n = 35). Participants were matched on age, sex, pubertal status, and lean
mass. No statistically significant differences were observed between amateur swimmers
and controls for either total body (p = 0.062) or hip BMC (p = 0.368; Table 5).
Discussion
Concern has been raised that high volume swimming in youth may jeopardize
attainment of peak bone mass due to the sport’s reduced osteogenic effect (Dias Quiterio
et al., 2011; Duncan et al., 2002; Ferry et al., 2011; Maïmoun et al., 2013b; UbagoGuisado et al., 2015). Previous studies have suggested that child and adolescent highly
competitive “elite” swimmers have similar or lower bone mass than non-athletes
(Czeczelewski et al., 2011; Derman et al., 2008; Dias Quiterio et al., 2011; Risser et al.,
1990). Many of these studies, however, have been limited by small sample size and
failure to properly control for confounders of bone mass, and to our knowledge no studies
have been conducted in amateur swimmers. The current study compared total body and
hip bone mass of child and adolescent competitive but amateur swimmers to non-athletes.
Our results support previous studies in elite swimmers, finding that swimmers had similar
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or lower BMC compared to non-athletes, suggesting that swimming does not provide
adequate osteogenic stimulation during this critical phase of bone accrual.
Of particular note in this study is that BMC was not greater in swimmers than
non-athletes, despite them engaging in significantly higher levels of high-impact activity
and having greater calcium intake. Swimmers engaged in nearly twice as much highimpact activities such as basketball, gymnastics, and soccer, as non-athletes (4.5 vs. 2.4
hours/week on average, respectively). In addition, swimmers’ average calcium intake was
approximately 25% higher than non-athletes (1100 mg vs. 875 mg). These differences,
however, may be insufficient to overcome the poor osteogenic stimulation provided by
swimming. For example, swimmers average calcium intake of 1100 mg is below the
1300 mg/day recommended dietary intake for youth (Institute of Medicine, 2011) and
calcium needs are likely to be considerably higher in athletes (Desbrow et al., 2014;
Petrie et al., 2004). Similarly, although swimmers reported engaging in more high-impact
activity than non-athletes during the past year, there is likely to be substantial error in
these self-reports and it is unclear how much high impact activity would be needed to
boost bone mass over that of non-athletic controls. However, our propensity score
matched sub-analysis indicated no bone mass differences between swimmers and nonathletes even when the samples were restricted to those with minimum levels of highimpact physical activity.
Our results are consistent with one recent study (Gómez-Bruton et al., 2015) that
compared bone mass among 11- to 18-year-old male and female elite swimmers and nonathletes after controlling for pubertal status, lean mass, calcium intake, and physical
activity. Swimmers’ averaged 10 hours/week swimming and non-athletes engaged in < 3
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hours/week of physical activity. Similar to the present study, swimmers reported
involvement in other sports than swimming, and engagement in other types of sports was
similarly controlled as it was in our analysis. Similar to the results in the present study,
Gómez-Bruton et al. (2015) found no differences in total or hip BMC between swimmers
and non-athletes, lending further support that the apparent inadequate osteogenic effect of
swimming is not simply due to differences between swimmers and non-athletes in
developmental stage, body composition, or lifestyle habits.
This study makes a contribution to the literature by evaluating bone mass of
children and adolescent amateur swimmers. One of the biggest strengths of the study is
the relatively large sample size, compared to previous studies, which permitted a robust
analysis, including examination of several important confounders of bone mass among
children and adolescent amateur swimmers.
Despite these strengths, several limitations need to be acknowledged. First, the
cross-sectional nature of the data limits our ability to infer a causal relationship between
swimming and bone mass. Prospective studies are needed to evaluate whether swimmers
and non-athletes differ in rate of bone mineralization at specific anatomic sites (Silva,
Goldberg, Teixeira, & Dalmas, 2011). Second, participants were recruited using a
convenience sampling approach. This type of sampling allowed for selecting a
homogenous sample in terms of geographical distribution and racial composition (e.g.,
predominantly non-Hispanic, white participants who resided in a single region in the US)
but, this sample may not be representative of competitive swimmers in the US. Third,
data were collected from 2000-2002, and it is possible that physical activity patterns of
children and adolescents, specifically training patterns for competitive swimmers (e.g.,
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weight training) and physical inactivity level among the general population may have
changed since then, although we are not aware of evidence of such training-related
changes. Fourth, physical activity patterns were assessed using the One-Year Physical
Activity Recall Assessment (YAR) questionnaire, which estimates frequencies and length
of activities during the past year. While the YAR provides useful estimates of time
involvement in various physical activities, it does not provide specific volumes of
physical activity and is subject to recall error and potential ascertainment bias. Similar
limitations exist in our measures of calcium intake and pubertal stats, which also were
based on self-reports.
In sum, swimming in youth at competitive amateur swimmers levels – a very
popular sport in the US and much of the world – does not appear to be detrimental to
bone mass. These results are similar to what has been observed among “elite” swimmers
who generally have engaged in swimming for longer periods of time and higher intensity
than the amateur swimmers in the present study. These results need to be followed up in
larger, prospective studies comparing rates of bone accrual and bone turnover and
absorption, and using more precise and accurate physical activity assessment tools.
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Table 4
Characteristics of Swimmers and Non-athletes
Swimmers(1)

Controls(2)

%

%

p*

34

41

0.287

Pre-puberty (Tanner I)

25

16

0.012

Early puberty (Tanner II-III)

31

21

Late puberty (Tanner IV)

44

63

Mean ± SD

Mean ± SD

Age (years)

12.8 ± 3.0

13.7 ± 3.2

0.016

Weight (kg)

48.9 ± 15.7

56.1 ± 19.6

0.002

Height (cm)

155.8 ± 15.7

158.8 ± 15.8

0.153

Lean mass (kg)

32.2 ± 5.7

34.4 ± 12.0

0.137

Energy intake (kcal/kg)

2208 ± 847

2205 ± 899

0.129

Energy expenditure (kcal/kg/day)

39.8 ± 5.7

34.5 ± 3.3

< 0.001

Calcium intake (mg/day)

1100 ± 542

875 ± 504

0.001

Vitamin D intake (µg/day)

216 ± 160

190 ± 140

0.227

High-impact activities (h/wk)

4.5 ± 4.9

2.4 ± 2.1

< 0.001

Variable

Gender (male)
Pubertal status

*

p-values from between group t-test or chi-square test of independence.
= sample size varies from 116 to 128.
(2)
= sample size varies from 94 to 106 due to missing data.
(1)
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Table 5
Adjusted Predicted Means for Total Body and Hip BMC of Children and Adolescent
Amateur Swimmers and Controls
Swimmers

Controls

Mean ± SE

Mean ± SE

p

Whole set(1)
(n = 195)

Total body BMC

1183 ± 15.0

1234.4 ± 19.5

0.020

Hip BMC

25.9 ± 0.3

25.8 ± 0.4

0.918

Matched set(2)
(n = 70)

Total body BMC

1083.5 ± 21.3

997.0 ± 34.7

0.062

Hip BMC

23.5 ± 0.4

22.7 ± 0.7

0.368

Data were adjusted for age, sex, pubertal status, lean mass, calcium intake, and highimpact activity.
(1)
Whole set: 115 swimmers and 80 controls.
(2)
Matched set: 35 swimmers and 35 controls. Matching was performed among
participants with reduced time involvement in high-impact activities; among those
participants were selected only swimmers with the greatest time involvement in
swimming and controls with the lowest non-team involvement in swimming.

.
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Chapter 4
Bone Accrual in Child and Adolescent Amateur Swimmers: A Two-year
Longitudinal Study
Abstract
Background: Several cross-sectional studies among youth swimmers who compete at
“elite” levels (i.e., nationally or internationally) suggest that swimming does not provide
adequate osteogenic stimulation during growth and could jeopardize bone accrual.
Prospective data on the effect of swimming competitively at amateur level (locally or
regionally) in children and adolescents on bone accrual is lacking. The aim of the study
was to examine changes in bone mass in child and adolescent amateur swimmers
compared to non-athletes over 24 months.
Methods: Caucasian competitive swimmers (n = 128) and non-athletes (n = 107), 8 to 18
years of age, underwent Dual-energy X-Ray Absorptiometry (DXA) to assess total body
and hip BMC at baseline and 12, and 24 months later. Differences in bone mass accrual
at total body BMC and hip BMC were assessed using a linear mixed model approach for
longitudinal data. Models were adjusted for age, sex, pubertal status, lean mass, calcium
intake, and high- impact activity.
Results: Amateur swimmers compared to non-athletes had significantly lower total body
BMC (4.2%) and similar hip BMC at baseline. Both amateur swimmers and non-athletes
increased their bone mass at total body (+4%, p < 0.001) and hip (+1%; p = 0.014) over a
24-month period, but the rate of bone accrual did not differ significantly between the two
groups (all p-values > 0.469).
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Conclusions: Swimming at amateur level during childhood and adolescence does not
negatively affect bone accrual.
Keywords: Swimming, bone mineral content, children and adolescent, prospective study,
rate of bone accumulation
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Introduction
Physical activity positively influences bone mass accrual during childhood and
adolescence in the general population (Behringer et al., 2014; Bielemann et al., 2014;
Burrows, 2007; Hind & Burrows, 2007; Völgyi et al., 2010). Specifically, physical
activities that generate mechanical loads on the skeleton exceeding those of normal daily
activities have an osteogenic effect (Frost, 1987). Findings from numerous crosssectional studies indicate that children and adolescents who engage in high-impact sports
(e.g., gymnastics and basketball) have greater bone mineral content (BMC) and bone
mineral density (BMD) than those who are sedentary or engage in low-impact sports such
as biking and swimming (Dias Quiterio et al., 2011; Duncan et al., 2002; Ferry et al.,
2011; Laing et al., 2005; Maïmoun et al., 2013b). A few prospective studies indicate a
consistent pattern of greater bone mass gains over time in child and adolescent athletes
involved in high-impact sports compared to sedentary controls (Bagur-Calafat, FarreronsMinguella, Girabent-Farrés, & Serra-Grima, 2015; Gustavsson, Thorsen, & Nordström,
2003; Laing et al., 2002; Nurmi-Lawton et al., 2004; Zouch et al., 2008), thus
emphasizing the sustained osteogenic effect of high-impact sports throughout growth.
Of particular interest is swimming, a popular sport in the US with over 250, 000
youth (USA Swimming, 2010). Evidence from several cross-sectional studies indicate
that children and adolescent swimmers who compete at “elite” levels (i.e., nationally or
internationally) have lower hip, lumbar spine, tibia, and total body BMC and BMD than
athletes involved in high-impact sports (Duncan et al., 2002; Ferry et al., 2011; UbagoGuisado et al., 2015) and comparable or sometimes even lower BMC and BMD than
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those of sedentary controls Czeczelewski et al., 2013; Dias Quiterio et al., 2011;
Gruodytė et al., 2010; Risser et al., 1990).)
Prospective data on the influence of competitive swimming on bone acquisition is
scarce. A 12-month follow-up study of collegiate women swimmers (18-29 years of age)
found that those who underwent high-volume training (20 hours/week training) did not
gain significantly more BMD than non-athletic controls (less than 3 hours/week of
physical activity; Taaffe et al., 1997. Similarly, 17-21 years old female collegiate
swimmers trained for six months (10-17 hours/week swimming and resistance training
for 2 hours/week) did not differ in their bone accrual from inactive controls (< 1
hour/week of physical activity; Morgan & Jarrett, 2011).
Findings from two prospective studies in children and adolescent elite swimmers
parallel the findings from collegiate swimmers. In a study conducted by Maïmoun et al.,
(2013a), female competitive elite swimmers 10 to 18 years of age with approximate 15
hours/week of swimming (comparable to collegiate swimmers) accrued bone mass at the
same rate (regardless of bone site) during12 months when compared to age-matched
controls (less than 3 hours/week of leisure physical activity). In another recent study
conducted in girls 11 to 13 years of age Czeczelewski et al., 2013), swimmers (13
hours/week training) and controls (2 hours/week physical activity) increased their bone
mass over 36 months, and no differences in bone accrual were detected between the two
groups. Findings from these prospective studies indicate that youth competitive elite
swimmers accrue bone similarly to controls.
These conflicting results – that prospective studies have failed to find lower bone
growth in swimmers than in non-athletic controls, whereas cross-sectional studies show
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lower bone mass in swimmers compared to sedentary controls, may be related to the
small number of prospective studies, and the small sample sizes (10-25 participants per
group) used in these studies and to the used confounders. The small samples used in
prospective studies to date limit their statistical power and their ability to adequately
control for confounders of bone mass. Failure to control for confounding makes it
difficult to tease apart the effect of swimming from other influences in bone growth such
as sexual maturation, bone composition, bone size, calcium intake, and high-impact
activity involvement (Heaney et al., 2000).
Another limitation of the literature is that little is known about bone mass of
children and adolescent amateur swimmers. Compared to elite swimmers, amateur
swimmers s have fewer years of practice, less intense training (e.g., hours per week;
weeks per year), and a lower competitive level (e.g., local and regional competitions vs.
national and international levels for elite counterparts; USA Swimming, 2010).
Prospective data on the effect of swimming competitively at amateur levels (locally or
regionally) in children and adolescents on bone mass accrual is lacking. As such, in a
larger sample we hypothesize that over a two year period, the rate of bone accrual at total
body and hip will be lower in amateur swimmers than in non-athletic controls, and this
effect will remain significant after adjusting for known confounders of bone mass
including age, sex, pubertal status, lean mass, calcium, and high-impact activity.
Methods
Design. A prospective observational comparison of bone accrual was conducted
in swimmers and non-athletes. Data were obtained from The Youth and Adolescent
Health Osteo Outcomes (YAHOO) study, a 24-month prospective observational study of

80

bone accrual in competitive swimmers (n = 131) and non-athletes (n = 200). Data were
collected between 2000 and 2002 in Memphis, Tennessee, USA.
Participants. Only non-Hispanic, white participants 8 to 18 years of age were
included in the present set of analyses. Other ethnicities were enrolled in the parent study,
but were excluded in the current study due to low enrollment among swimmers. Of the
331 participants, 87 ethnic minorities (8 swimmers, and 79 non-athletes) were excluded.
An additional nine participants were excluded due to discrepancies in the reported
swimming characteristics, resulting in a sample of 235 Non-Hispanic white swimmers
and non-athletes (128 swimmers, and 107 non-athletes).
Amateur swimmers were defined as those who were members of a competitive
team (USA Swimming, school teams, or club teams) for at least the past year and planned
to continue to compete on a swim team for the next two years. They were recruited
through the coaching staffs of teams and at local swim meets. Non-athletes, hereafter
referred to as controls, were defined as those who did not engage in at least 20 minutes of
physical activity three or more days per week and had not participated in organized
athletic activities for at least one year. Controls were recruited through flyer distributions
at grocery stores and libraries, newspaper articles, and telephone “on hold”
advertisements at a Memphis-area university.
Procedures. Parents of potential participants were screened by phone for
eligibility and invited to a university laboratory with their child where study goals and
requirements were explained in detail and eligibility verified. Parents provided written
consent and children provided written assent. Parents and participants then completed
several self-report measures including a demographic questionnaire, self-assessment of

81

pubertal development, and a 12-month physical activity history. When paperwork was
completed, a research assistant assessed height and weight. Next, participants’ whole
body and hip bone mineral mass was assessed using Dual Energy X-Ray Absorptiometry
(DXA) technology. These procedures were repeated at 12- and 24-month follow-up
intervals from baseline. Consent and assent documents and procedures were approved by
the Institutional Review Board at The University of Memphis.
Measures. All measures were assessed at baseline, and 12- and 24-month followup as described below.
Sociodemographics. Age, gender, and race were collected through a demographic
survey (Appendix C).
Height and weight. Height and weight of each participant were collected by a
trained research assistant following standardized procedures. Height was measured to the
nearest quarter-inch with a wall-mounted stadiometer. Weight was measured without
shoes and outer clothing on a calibrated beam-balance scale.
Pubertal status. Pubertal status was self-assessed using standardized drawings
and descriptions based on the Tanner stages of pubertal maturation (Marshall & Tanner,
1969, 1970; Appendix D & Appendix E). Male participants rated their stage of pubertal
development by choosing one of five illustrations that most closely resembled their pubic
hair and genitalia. Female participants rated their stage of pubertal development by
choosing from two sets of illustrations, one for breast development and one for pubic hair
development. Self-reported pubertal status by 9-17 year olds using Tanner staging agrees
very highly with physician ratings via physical examination, with kappa coefficients for
female breast stage, female pubic hair stage, and male combined pubic hair and genital
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stage ratings of 0.81, 0.91, and 0.88, respectively (Duke et al., 1980). For analyses,
participants were subdivided into three pubertal groups: pre-puberty (Tanner stage I for
breasts or genitalia and pubic hair), early puberty (Tanner stage II and III for breasts or
genitalia), and late puberty (Tanner stage IV and V for breasts or genitalia; He et al.,
2002). Only participants in early or late puberty were retained.
Physical activity.
Past week total energy expenditure. Past week total energy expenditure (kcal/day)
and past week total daily energy expenditure adjusted for body weight (kcal/kg/day) were
assessed using the Seven Day Physical Activity Recall (PAR; Appendix F), an
interviewer-administered tool (Sallis et al., 1985, 1993). Participants reported with
assistance from parents, the type, duration, and intensity of physical activities performed
(i.e., light, moderate, hard, or very hard) in the past week. Light activity was defined as
sitting, standing or non-strenuous activities such as slow walking or light housework.
Moderate activity was considered to be equivalent to walking at a normal pace; hard
activity was defined as any activity that felt more strenuous than walking but lighter than
running, whereas very hard activity was how the respondent feels when running. Energy
requirements for various intensity levels of physical activities, expressed as metabolic
equivalents (METs), followed a classification scheme proposed by Sallis et al. (1985).
Mean MET values for each physical activity level were used as following: 1.0 MET for
sleep, 1.5 METs for light activity, 4 METs for moderate activity, 6 METs for hard
activity, and 10 METs for very hard activity (Sallis et al., 1985). Total daily energy
expenditure (expressed as total kcal/kg/day) was derived by multiplying MET values for
each type of physical activity by hours spent for the correspondent activity, and then the
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products were summed for each day and divided by 7. Total daily energy expenditure
adjusted for body weight (expressed as total kilocalories/day) was estimated by
multiplying total daily energy expenditure by body weight.
The PAR has been shown to have adequate test-retest reliability (0.77) in a group
of male and female children and adolescents ranging from grades 5 to 11 (Sallis et al.,
1993).Validity of PAR was adequate (r = 0.53, p < 0.001) when recalls of very hard
activities of the same day where compared to heart rate monitoring records in the same
group of adolescents (Sallis et al., 1993).
Past year physical activity involvement. Past year physical activity involvement
expressed as a composite of frequency and duration of physical activities participants
engaged in during the last 12 months, was assessed using The One-Year Physical
Activity Recall Assessment (YAR, Ross & Gilbert, 1985; Ross & Pate, 1987; Appendix
G). Participants chose from a list of 85 sports and games their top ten most frequent
physical activities conducted outside of physical education classes. From these activities
we extracted high-impact activities defined as those that produce higher mechanical
strain on bone than one’s body weight, and they included sports such as soccer and
basketball that involve jumping, turning and sprinting, tumbling, and vertical landing
(Ginty et al., 2005; Groothausen et al., 1997). Low-impact activities were considered
those that generate an amount of strain lower than one’s body weight, such as bicycling
or swimming (Groothausen et al., 1997). High-impact activity involvement and lowimpact activity involvement expressed as hours/week were calculated by summing the
total minutes of high-impact or low-impact activities performed each week over the past
year and divided by 52.
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Dietary intake.
Past week calcium intake. Past week calcium intake was assessed using a
modified version of the Rapid Assessment Method (RAM; Appendix H), a dietary
checklist (Hertzler & Frary, 1994). The RAM lists common sources of calcium in the
American diet as well as calcium-fortified foods (e.g., orange juice and bread), the actual
number of servings of foods, and foods frequently eaten among athletes. Several
modifications of Hertzler and Frary’s RAM (1994) were made. First, participants
recorded the actual number of servings in the past seven days rather than “usual intake”.
Second, several food items including bagels, potatoes, and several calcium-supplemented
foods (e.g., bread, light bread, and orange juice) were included in the modified RAM
version due to their popularity among athletes, while quiche was removed due to its rare
consumption (Slawson et al., 2001). Last, all major references to calcium were removed
to reduce biased reporting. The number of servings per week of each food was multiplied
by the corresponding calcium value for that food, and values were summed and divided
by seven to obtain daily calcium intake over the past week.
Reliability and validity of the modified RAM were evaluated among a sample of
female collegiate athletes. Test-retest reliability for two weeks (n = 56; intraclass
correlation = 0.54) and validity (assessed as agreement with six days of diet records; n =
35; intraclass correlation = 0.41) were found to be adequate to estimate calcium intake in
this population (Ward et al., 2004).
Past year micronutrient intake and usual daily energy intake. Micronutrient
intakes including calcium and vitamin D intakes (without supplementation) and usual
daily total energy intake during the previous 12 months were assessed with the Block 98
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semi-quantitative Food Frequency Questionnaire (FFQ; Appendix I). The Block 98 is a
revision of the original Block FFQ developed at the National Cancer Institute (Block et
al., 1986). Block questionnaires (paper format version) purchased from NutritionQuest,
were administered to study participants and their parents (NutritionQuest, Berkley,
California). After completion, forms were sent to NutritionQuest for dietary intake
assessment.
The Block 98 includes 109 questions regarding typical food intake and
supplement use over the past year. Due to low self-report supplementations, calcium and
vitamin D intakes in the present analysis do not reflect the supplementation intakes.
Listed food items comprise more than 90% of the population intake for energy and
nutrients. Average daily micronutrient intakes and usual daily total energy intake were
obtained from a FFQ nutritional analysis based on reported frequency of consumption
and portion sizes for each individual.
In a study of 25- to 74-year-old adults (Boucher et al., 2006), the Block 98 had
good test-retest reliability, with a median correlation of 0.75, ranging from 0.57-0.90 for
macronutrients and 0.65-0.88 for micronutrients. Validity, compared to dietary recall,
was moderate to high. Using deattenuated correlation coefficients (i.e., corrected for
attenuation due to random error in within-person variability, to allow a reasonable
estimate of true correlation), overall median correlation across nutrients was 0.59. For the
nutrients described in the current study, the lowest reported validity coefficient was 0.11
for cholesterol (Boucher et al., 2006); correlations for other nutrients ranged from 0.41
(for protein and fat expressed in g/day) to 0.73 for carbohydrate (expressed as % of total
energy). Mean intakes from the FFQ and diet records were similar for total energy and
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most micronutrients, including calcium, iron, zinc, and vitamin D. The FFQ provided
somewhat lower estimated means than diet records for carbohydrate, protein, saturated
fat and cholesterol, and higher estimates for total fat. In another study of adult women
(Ochner & Lowe, 2007), intake estimates for total energy and calcium were similar for
the Block 98 and 5 days of food records. The Block 98 has not been validated in
adolescents. For very young children (4-9 years of age) in which parents completed the
Block 98 with assistance from the child, the instrument was moderately correlated with 3
days of diet records for total energy intake and macronutrients (r = 0.40 to 0.55) but
overestimated intakes (Wilson & Lewis, 2004). To increase accuracy in the current study,
detailed instructions were given, portion size photographs were provided, participants
were assisted by parents, and responses were checked with parents and participants
before leaving the laboratory.
Bone mineral content and lean mass. Following the recommendation of Heaney
(2003), BMC instead of BMD was chosen as the bone mineral status measure in children
and adolescents as BMD is influenced by growth-related changes including bone and
body size (Wren et al., 2005). Whole body and hip bone mineral content (BMC) and total
body lean mass of participants in the study were evaluated by dual energy x-ray
absorptiometry by a Hologic QDR-4500A. Using proprietary software from Hologic,
total body BMC (g) was estimated from BMC of legs, arms, pelvis, spine (vertebrae L2L4), and ribs. Hip BMC (g) was generated from BMC of femoral neck, trochanter, intertrochanter, and Ward’s triangle. Subtotal body lean mass (kg) was estimated from lean
mass of legs, trunk (pelvis, spine, and ribs), and arms.
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The accuracy of the QDR-4500A DXA is reported to be excellent, with
correlations of >.96 and mean percent differences of <1% reported when compared to
calibrated phantoms and cadavers (Going et al., 1993; Kellie, 1992). Test-retest reliability
of the QDR-4500A used in the present study was evaluated comparing the DXAs on 14
collegiate baseball players taken approximately 30 minutes apart. Reliabilities for interoperator (n = 10) and intra-operator (n = 4) were equal. The mean intra-class correlation
was 0.985 with mean deviations for total and leg BMC averaging 0.31%. Furthermore,
the machine shows extremely low day-to-day changes (< 0.5%) when calibrated against
spinal phantoms. Precision of the DXA equipment in the present study is high as
indicated by coefficients of variation consistently for BMC below 1% when reported for
same day and several months repeat measurements.
Statistical analysis. Subject characteristics at baseline were reported as mean and
standard deviations for continuous variables and as proportions for categorical variables.
Multiple linear regression (MLR) was employed to generate predicted means of total
body BMC and hip BMC adjusted for confounders (e.g., age, sex, pubertal status, lean
mass, calcium intake, and time spent in high-impact activity). Initial models also included
two-way and three-way interactions for calcium intake, high- impact activity, and swim
status. Interactions were not significant (p < 0.05) and they were removed from final
models.
Independent t-tests were conducted to investigate the missing patterns of the
outcome variables (total body BMC and hip BMC) at 12 and 24 months on baseline
predictor variables. Using Bonferroni adjusted alpha-levels of 0.007 (0.05/7),
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comparisons between missing and non-missing total body BMC and hip BMC values
were performed for each predictor.
We examined changes in bone accrual (e.g., BMC) of swimmers and non-athletes
over a 24-month period, controlling for several confounders of bone mass including age,
sex, pubertal status, lean mass, calcium, and high-impact activity. Data from baseline, 12
months, and 24 months were analyzed using a linear mixed model approach (West,
Welch, & Galecki, 2014). Total body BMC and hip BMC were the outcome variables.
Predictors included as fixed effects were swim status (swimmer or non-swimmer), time,
swim status by time interaction, sex, pubertal status, lean mass, calcium, and high-impact
activity. Age and age-squared were initially considered as random effects to account for
variability between participants in bone accrual. However, linear model was considered
as a final model due to errors in solutions for random effects when age-squared was
included as a random effect.
Statistical significance for all other analyses was set at α = 0.05 (two-tailed). All
analyses were conducted using SAS software (Statistical Analysis Software; version 9.3
for Windows; SAS Inc., Cary, NC, USA).
Results
Baseline characteristics. Characteristics at baseline of the amateur swimmers (n
= 128; 84 females and 44 males) and controls (n = 107; 63 females and 44 males)
including demographic, anthropometric, dietary intake, and physical activity data are
presented in Table 6. Swimmers compared to controls were on average a year younger (p
= 0.016) and in an early pubertal stage (p = 0.012). While amateur swimmers weighed
less (p = 0.002) they were similar in height and lean mass (all p-values > 0.137).
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Compared to controls, amateur swimmers had higher energy expenditure per kg body
weight (p < 0.001) and reported greater time participating in low-impact, high-impact,
and total physical activity (all p-values < 0.001). Regarding nutritional profile, amateur
swimmers reported a higher daily calcium intake than controls (p = 0.001), whereas
vitamin D and total energy intakes were comparable between the two groups (all p-values
> 0.129).
Multiple linear regression (MLR) was used to compare total body and hip BMC
between amateur swimmers and controls. Models were adjusted for age, sex, pubertal
status, lean mass, calcium intake, high-impact activity, and calcium intake by highimpact activity interaction. Amateur swimmers compared to controls had lower adjusted
total body BMC (-4.2%; p = 0.020; Table 7). There was no significant difference between
amateur swimmers and controls at hip BMC (p = 0.918; Table 7).
Of the 235 participants, 155 (62%) provided all three BMC assessments, 41
(18%) provided two BMC assessments at baseline and 12-month follow-up, and 4 (1%)
provided two BMC assessments at baseline and 24-month follow-up. Participants who
did not return for follow-up at either 12 months or 24 months were more likely to be nonswimmers and approximately one year younger than participants who did return for
follow-up. Participants who provided or did not provide follow up data were similar on
all other baseline characteristics, including sex, pubertal status, lean mass, calcium intake,
and high impact activity; Table 8).
BMC changes over 24 months. Total body BMC of swimmers and controls
increased 4% over the 24-month follow-up period when controlling for sex, pubertal
status, lean mass, calcium intake, and high-impact activity [b = 26.9, t(232) = 4.2, p <
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0.001; Table 9]. There was no significant difference in the rate of bone accrual between
swimmers and controls at total body BMC (swim by time effect; p = 0.469). Similar to
the results for total body BMC, an increase over time at hip BMC (+1%) was observed in
swimmers and controls [b = 0.4, t(232) = 2.4, p = 0.014; Table 9], but there was not a
significant difference between groups in the rate of bone accrual at the hip (p = 0.774).
Being a male and in a lower pubertal stage and having a low lean mass (all p-values <
0.012) negatively predicted participants’ total body BMC (Table 9), whereas a lower
pubertal stage and reduced lean mass negatively predicted hip BMC (all p-values <
0.001). Calcium intake and high impact were not significant predictors of total body
BMC and hip BMC (all p-values > 0.481).
Discussion
There is concern that swimming at an elite level (e.g., at the intense training levels
that is typical of those who compete nationally or internationally) jeopardizes bone
growth in children and adolescents, based on findings from several cross-sectional studies
and a few prospective studies that show no osteogenic benefit of swimming than being
sedentary (Czeczelewski et al., 2013; Duncan et al., 2002; Ferry et al., 2011; GómezBruton et al., 2015; Maïmoun et al., 2013a; Ubago-Guisado et al., 2015). There is a
dearth of data on amateur swimmers who represent the US athletic population from
which elite swimmers are selected. The purpose of this study was to assess changes in
bone mass of children and adolescent amateur swimmers compared to controls over 24
months. Contrary to our hypothesis, our results indicate that both swimmers and controls
had increases in total body and hip BMC over two years, but the rate of bone accrual
remained similar between the groups.
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Our results add to a small prospective literature of bone growth in children and
adolescent competitive swimmers. For example, Maïmoun et al. (2013a) reported an
increase in bone mass after one year follow-up in female swimmers (10-18 years of age)
who swam competitively for 6.6 years and trained for 15 hours/week, however, they
accrued bone at the same rate as the controls (age-matched with less than 3 hours/week
leisure physical activity) when adjusting for age, fat mass and lean mass. Similar results
were reported in a study conducted in 11 to 13 years of age female competitive swimmers
(13 hours/week training; 2.3 years of training) and non-athletic controls (2 hours/week
physical activity) who gained bone mass over 36 months, although no difference was
detected between the groups (Czeczelewski et al., 2013). Both of these studies reported a
gain in bone mass over time in competitive elite swimmers who trained 13-15
hours/week compared to that of amateur swimmers in our study (5.5 hours/week). While
Maimoun et al. (2013a) controlled for age and body composition (e.g., fat mass, lean
mass), the follow-up of their study was one year, which may have not been sufficient to
capture variation in bone mass over time. In comparison, Czeczelewski et al. (2013)
conducted a three-year follow-up, which increases the likelihood of detecting changes in
bone mass over time. However, adjustment for confounders of bone is not reported,
which tempers the confidence of these findings. Furthermore, sample size was small in
both studies (20-24 participants per group) and this limited the control for confounders of
bone mass (e.g., calcium, high-impact activity). In comparison, the present study had a
sufficiently large sample, which allowed adequate control for confounders of bone, thus
increasing confidence of the results.
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Our findings do not support our hypothesis that swimmers have a lower rate of
bone accrual compared to controls. There may be several explanations for why amateur
swimmers and controls have a similar rate of bone accrual, including greater calcium
intake and high-impact activity among swimmers than controls. For example, swimmers
had higher calcium intake than controls (1100 vs. 875 mg). However, intake was below
the 1300 mg/day recommended dietary intake for children and adolescents (Institute of
Medicine, 2011) and calcium needs may be considerably higher in amateur swimmers
due to the sport’s high energy requirement (Petrie et al., 2004). Another reason for
observing these results may be due to amateur swimmers’ greater time involvement in
high-impact activities, which may have offset the low osteogenic effect of swimming. On
average, swimmers compared to controls reported greater time involvement in highimpact activities (4.5 vs. 2.2 hours/week) including football, soccer, and basketball.
Our results parallel the findings from a couple of prospective studies of children
and adolescent swimmers and indicate that swimming does not have an osteogenic effect.
However, to better understand the effect of swimming on bone, other measures of bone
should be employed in conjunction with DXA. For example, swimmers’ bone turnover is
higher than in controls’, which translates to a stronger bone structure (Lima et al., 2001;
Maïmoun et al., 2004).
To our knowledge, this is the first prospective study to evaluate bone accrual of
children and adolescent amateur swimmers competitive swimmers. One of the biggest
strengths of the study is the sample size which allowed to adequately control for several
confounders of bone, thus more accurately establish whether amateur swimming is
negatively related to bone accrual.
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Several limitations of the current study should be acknowledged. First,
participants of this prospective study were not randomly selected. This allowed for
selecting a homogeneous sample but may not be representative of the amateur swimmers
in the US. Second, as is often the case in longitudinal studies, there was significant loss
over two years of follow up. However, our linear mixed model statistical analysis
approach allowed us to include all participants in analyses regardless of missing data
status, and our missingness analysis indicated few differences in baseline characteristics
as a function of missingness. Third, data were collected from 2000-2002, and it is
possible that physical activity patterns of children and adolescents, specifically training
patterns for amateur swimmers (e.g., weight training) and physical inactivity level among
the general population, may have changed since then although we are not aware of
evidence of such changes. Fourth, high-impact activity patterns were assessed using the
One-Year Physical Activity Recall Assessment (YAR) questionnaire, which estimates
frequencies and length of high-impact activities during the past year. While it was helpful
to estimate time involvement in those activities, physical activity volume could not be
calculated from the YAR.
In conclusion, our findings indicate that amateur swimmers accrue bone mass
similarly to controls. Our results suggest that amateur swimming does not appear to
jeopardize bone accrual in children and adolescents. However, more research is
warranted to explore the influence of this sport on bone mass in larger samples using
broader and more representative sampling, broader measures of skeletal structure and
quality, and biomarkers of bone modeling.
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Table 6
Characteristics of Amateur Swimmers and Controls at Baseline
Swimmers(1)

Controls(2)

%

%

p*

34

41

0.287

Pre-puberty (Tanner I)

25

16

0.012

Early puberty (Tanner II-III)

31

21

Late puberty (Tanner IV)

44

63

Mean ± SD

Mean ± SD

Age (years)

12.8 ± 3.0

13.7 ± 3.2

0.016

Weight (kg)

48.9 ± 15.7

56.1 ± 19.6

0.002

Height (cm)

155.8 ± 15.7

158.8 ± 15.8

0.153

Lean mass (kg)

32.2 ± 5.7

34.4 ± 12.0

0.137

Energy intake (kcal/kg)

2208 ± 847

2205 ± 899

0.129

Energy expenditure (kcal/kg/day)

39.8 ± 5.7

34.5 ± 3.3

< 0.001

Calcium intake (mg/day)

1100 ± 542

875 ± 504

0.001

Vitamin D intake (µg/day)

216 ± 160

190 ± 140

0.227

High-impact activities (h/wk)

4.5 ± 4.9

2.4 ± 2.1

< 0.001

Variable

Gender (male)
Pubertal status

*p-values from between group t-test or chi-square test of independence.
(1)
= sample size varies from 116 to 128.
(2)
= sample size varies from 94 to 106 due to missing data.

95

Table 7
Adjusted Predicted Means for Total Body and Hip BMC of Children and Adolescent
Amateur Swimmers and Controls at Baseline

Total Body BMC
Hip BMC

Swimmers
(n = 115)

Controls
(n = 80)

Mean ± SE

Mean ± SE

p

1183 ± 15.0

1234.4 ± 19.5

0.020

25.9 ± 0.3

25.8 ± 0.4

0.918

Data were adjusted for age, sex, pubertal status, lean mass, calcium intake, and highimpact activity.
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Table 8
Assessing Patterns of Missing Data at 12- and 24-month Follow-up
Total Body BMC
Baseline predictors
Swim status
Swimmer
Control
Sex
Male
Female
Pubertal status
Pre-puberty
Early puberty
Late puberty

Age
(years)
Lean mass
(kg)
Calcium intake
(mg/day)
High-impact
(h/wk)

12 months

24 months

Not Missing

Missing

p

Not Missing

Missing

p

89.1
77.4

10.9
22.6

0.015

71.1
63.2

28.9
36.8

0.199

86.2
82.3

13.8
17.7

0.435

70.1
66.0

29.9
34.0

0.514

91.8
85.5
79.7

8.2
14.5
20.3

0.135

67.4
71.0
65.9

32.6
29.0
34.1

0.781

Mean ± SD

Mean ± SD

p

Mean ± SD

Mean ± SD

p

13.0 ± 3.1

14.2 ± 3.0

0.040

13.6 ± 3.3

13.0 ± 3.0

0.229

33.0 ± 11.5

34.3 ±9.8

0.500

33.1 ± 11.1

33.4 ± 11.5

0.813

1012.4 ± 935.7

919.4 ± 471.4

0.330

1014.0 ± 531.1

963.4 ± 542.1

0.503

3.5 ± 3.9

4.4 ± 5.2

0.266

3.4± 3.7

4.2 ± 5.1

0.235

(table continues)

97

Table 8 (Continued)
Total Body BMC
Baseline predictors
Swim status
Swimmer
Control
Sex
Male
Female
Pubertal status
Pre-puberty
Early puberty
Late puberty

12 months

24 months

% Not Missing

% Missing

p

% Not Missing

% Missing

p

89.1
76.4

10.9
23.6

0.009

75.8
67.0

24.2
33.0

0.136

86.2
81.6

13.8
18.4

0.364

72.4
71.4

27.6
28.6

0.871

91.8
85.5
78.9

8.2
14.5
21.1

0.103

79.6
74.2
67.5

20.4
25.8
32.5

0.249

Mean ± SD

Mean ± SD

p

Mean ± SD

Mean ± SD

p

Age
13.0 ± 3.1
14.2 ± 3.0
0.023
14.0 ± 3.3
12.9 ± 3.0
0.021
(years)
Lean mass
32.9 ± 11.5
34.3± 9.6
0.478
32.7 ± 11.0
34.5 ± 11.7
0.261
(kg)
Calcium intake
1007.7± 542.0
947.1 ± 495.4
0.523
1023.3 ± 537.4
907.2 ±518.2
0.110
(mg/day)
High-impact
3.5 ± 3.9
4.4 ± 5.2
0.266
3.4± 3.7
4.2 ± 5.1
0.235
(h/wk)
Swim status was effect coded as swimmer = 1, control = 0; gender as male = 1, female = 0; pubertal status as pre-, early-, & latepubertal status (dummy coding: late-pubertal status as reference).
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Table 9
Predictive Models for Total Body and Hip BMC Across 24 Months
Total Body BMC
Effect

Estimate ± SE

Hip BMC

t

p

Estimate ± SE

t

p

Intercept
88.4 ± 41.3
2.1
0.033
3.4 ± 1.0
3.5
< 0.001
Time
26.9 ± 6.3
4.2
< 0.001
0.4 ± 0.2
2.4
0.014
Swim status
-33.8 ± 20.6
-1.6
0.102
0.7 ± 0.9
0.7
0.469
Swim status by time
5.1 ± 7.1
0.7
0.469
-0.06 ± 0.2
-0.3
0.774
Pubertal status
Pre-puberty
-281.0 ± 30.0
-9.4
< 0.001
-3.2 ± 0.7
-4.7
< 0.001
Early puberty
-228.2 ± 27.0
-8.5
< 0.001
-1.6 ± 0.6
-2.9
0.003
Late puberty (ref)
Sex
Male
-49.8 ± 19.9
-2.5
0.012
-0.04 ± 0.4
-0.1
0.918
Female (ref)
Lean mass (kg)
37.9 ± 1.0
36.9
< 0.001
0.7 ± 0.02
27.9
< 0.001
Calcium (mg)
-17.4e-04 ± 0.08
-0.2
0.8402
-1.4e-04 ± 2.4e-04
-0.6
0.551
High impact (h/wk)
-0.65 ± 1.2
-0.5
0.5846
0.02 ± 0.03
0.7
0.481
Fixed effects: swim status, time, swim status by time, sex, pubertal status, lean mass, calcium intake, and high-impact activity.
Swim status was effect coded as swimmer = 1, control = 0; gender as male = 1, female = 0; pubertal status as pre-, early-, & latepubertal status (dummy coding: late-pubertal status as reference).
Model fit for total body BMC (-2ll = 5434.3, AIC = 5458.3).
Model fit for hip BMC (-2ll = 2095.3, AIC = 2095.3).

99

Chapter 5
Discussion
Summary
Osteoporosis is a disease characterized by extensive deterioration of bone
structure and low bone mass that leads to increased susceptibility to bone fractures
(Consensus Development Conference, 1991). Osteoporosis has become a major public
health concern due to its increased prevalence (9% of the US population; Looker et al.,
2012), level of debilitation (Abrahamsen et al., 2009), and economic burden associated
with treatment and rehabilitation of patients with osteoporosis (Burge et al., 2007). It is
estimated that prevalence of osteoporosis will increase in the US by at least 17% by 2020
(Burge et al., 2007) due to a burgeoning aging population (65-74 years of age), thus
exacerbating this public health issue.
Although osteoporosis manifests in late adulthood (Looker et al., 2012), it has a
pediatric onset (Faulkner & Bailey, 2007). Maximum amount of bone mass accumulated
during growth, peak bone mass, is an important determinant of osteoporosis and
osteoporosis-related fractures later in life (Bachrach, 2001; Baxter-Jones et al., 2011;
Melton et al., 1993). While genetic inheritance explains 60-80% of the variation in bone
accrual (Arden et al., 1996; Krall & Dawson-Hughes, 1993; Pocock et al., 1987), peak
bone mass is amenable to modifiable factors including nutrition and physical activity
(Heaney et al., 2000).
The growing skeleton is susceptible to physical activity (Gunter et al., 2012;
Khan et al., 2000; Nordström et al., 2011), which makes childhood and adolescence
opportune periods for physical activity interventions (Hind & Burrows, 2007; Karlsson,
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Nordqvist, & Karlsson, 2008; MacKelvie, Khan, & McKay, 2002). However, physical
activities can have differential effects on growing skeletons; high impact activities (e.g.,
gymnastics, basketball, soccer) generate greater mechanical loads than low-impact sports
(e.g., biking, swimming) and are associated with greater gains in bone mass.
A growing literature has suggested that high volumes of low impact activities
such as swimming may not only be inadequate to optimize bone accrual early in life, but
may have a detrimental effect. Swimming competitively at elite levels during childhood
and adolescence is associated with lower bone mass than high-impact sports (Dias
Quiterio et al., 2011; Duncan et al., 2002; Ferry et al., 2011; Laing et al., 2005; Maïmoun
et al., 2013b) and similar or even lower bone mass than in sedentary controls
(Czeczelewski et al., 2013; Derman et al., 2008; Gruodytė et al., 2010; Risser et al.,
1990). These findings suggest that competitive swimming at elite levels may not provide
adequate osteogenic stimulation and consequently could hinder optimal bone acquisition
in these athletes. However, the majority of findings were obtained from cross-sectional
studies and only a few prospective studies have examined whether swimming adversely
impacts bone accrual. Unfortunately, these studies have been limited by small sample
sizes (10-25 participants per group) and failure to adequately control for differences
between swimmers and controls that may confound the association of swimming on bone
mass (e.g., age, sex, pubertal status, lean mass, calcium intake, and high-impact activity
involvement).
One population of swimmers whose bone estimates have not been characterized is
amateur swimmers. This gap in knowledge is surprising given that amateur swimming at
the local or regional level is a very popular sport in the U.S., enrolling approximately
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250,000 youth each year (USA Swimming, 2010), and is the population from which elite
swimmers are selected. Compared to their “elite” counterparts who participate at national
and international levels, amateur swimmers typically have engaged in swimming for
fewer years and at less intense levels of training.
Cross-sectional and prospective data on the effect of swimming competitively at
amateur levels (locally or regionally) in children and adolescents are lacking. Therefore,
estimates of their bone mass are needed, and the confounding influences of lifestyle
factors (e.g., diet, high-impact activity) as well as body composition and pubertal status
must be considered to determine whether competitive but amateur swimming provides
inadequate osteogenic stimulation which consequently may impede their optimal bone
accrual during growth. The research conducted in the present dissertation examined
determinants of bone accrual over a two year period in a cohort of child and adolescent
(8-18 year-old) amateur swimmers and non-athletic controls. The results of this research,
presented in Chapters 2-4, are summarized as following:
1. Nutritional profiles of adolescent amateur swimmers are generally similar to
those of non-athletes. Of particular relevance to this dissertation, both
swimmers and non-athletes have inadequate dietary intake of calcium and
vitamin D, which are important determinants of bone accrual. Inadequate
intake of these nutrients in competitive swimmers is especially worrisome
given that their high levels of activity likely increases their needs above
recommended daily allowances for the general population of children and
adolescents (Institute of Medicine, 2006, 2011).
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2. At baseline, amateur swimmers compared to non-athletes had 4.2% lower
total body BMC (p = 0.020), but similar hip BMC when taking into
consideration several known confounders of bone mass including age, sex,
pubertal status, lean mass, calcium intake, and participation in high-impact
activity.
3. Swimmers and non-athletes significantly increased their bone mass at total
body (+4%, p < 0.001) and hip (+1%; p = 0.014) over a 24-month period.
However, rate of bone accrual at total body BMC and hip BMC did not differ
between swimmers and non-athletes (all p-values > 0.469), after adjusting for
several important confounders, suggesting that swimming at amateur levels
does not increase bone accrual, but does not have a detrimental effect.
Research Implications and Future Directions
A recent systematic review of cross-sectional and prospective and retrospective
cohort studies concluded that competitive elite swimmers have lower bone mass than
athletes involved in high-impact sports and, overall, similar values compared to nonathletic controls (Gómez-Bruton et al., 2013). Findings from our cross-sectional analysis
on bone mass of amateur swimmers are in line with this review. Moreover, results from
the prospective longitudinal study conducted in the present dissertation add to a small
literature indicating that the rate of bone accrual between amateur swimmers and nonathletes is similar, suggesting that amateur swimming may not offer any osteogenic
advantage.
Despite this lack of an osteogenic advantage, there was no evidence that amateur
swimming had an adverse effect on bone accrual, given that swimmers accrued bone over
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two years at a similar rate to that of non-athletes. It should be noted, though, that amateur
swimmers in this study reported engaging in an average of 4.5 hours/week in high-impact
activity such as basketball, soccer, and football. Level of high-impact activity was
substantially higher among amateur swimmers than non-athletes, indicating that
swimmers’ activity patterns may have been able to overcome any detrimental effect of
swimming. An attempt was made to examine the effect of swimming on bone mass
independently of the effects of engagement in supplemental high-impact activity by
conducting a propensity score matched analysis, comparing swimmers with high levels of
swimming and low levels of high impact to non-athletes with low levels of high impact
activity and recreational swimming. Results of this sub-group analysis paralleled results
for the full sample, indicating that even when swimmers did not engage in considerable
high-impact activity, there was no evidence that swimming had a detrimental effect on
bone mass. This sub-group analysis lends further support to the central finding that
competitive swimming does not produce adverse effects on bone accrual.
Further work is needed from larger prospective studies that more carefully assess
physical activity patterns and link bone accrual changes to markers of bone turnover and
absorption. To our knowledge, with the exception of one study (Gómez-Bruton et al.,
2015) no other study controlled for physical activity, and no studies have linked
swimming and supplemental high-impact physical activity to levels of bone turnover and
resorption biomarkers. Quantifying physical activity volume (e.g., frequency, intensity,
and duration) and the type of activities (e.g., low-impact vs. high-impact) other than
swimming and statistically controlling for physical activities other than swimming will
help tease apart the effect of amateur swimming from potential additional physical
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activity effects. Carefully assessing volumes of specific activities and linking these to
bone turnover and reabsorption biomarkers will provide critical information on
mechanisms for swimming/bone mass associations that have been observed in numerous
studies. Likewise, it is important that future research extend follow-up periods to
adulthood to examine potential long-term effects.
Future research also should more carefully consider nutritional influences on bone
accrual in swimmers. There is consistency in the literature that adolescent swimmers are
deficient in several nutrients relevant to bone health (Berning et al., 1991; Hawley &
Williams, 1991; Martínez et al., 2011). These findings are in line with those from our
study where nutritional inadequacies of bone health (e.g., calcium, vitamin D) were
similar between amateur swimmers and non-athletic controls, which may place both
swimmers and non-athletes at risk of suboptimal bone accrual. While recommendations
for adequate intake for nutrients (including calcium and vitamin D) have been formulated
only for the general population, it is reasonable to expect that the intakes for swimmers
should be at least as high as those of non-athletes and possibly higher, given the sport’s
high energy requirement (Petrie et al., 2004).
Another research avenue should focus on understanding gene-environment
interactions. Although genetic inheritance explains a large percentage of peak bone mass
variance (60-80%), modifiable factors such as nutrition and physical activity have been
shown to influence bone accrual during growth (Behringer et al., 2014; Burrows, 2007;
Hind & Burrows, 2007; Winzenberg et al., 2006). However, there is a large interindividual variability in skeletal responses to modifiable factors such as changes in
physical activity or calcium supplementation. Bonjour et al. (2007) suggests that this
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wide variability in bone response may be due in part to genes that modulate the effect of
modifiable factors on bone response. Several polymorphic genes (e.g., natural variation
in a gene) involved in bone metabolism have been identified (Liu et al., 2003; Richards,
Zheng, & Spector, 2012; Rizzoli et al., 2001) and results from few cross-sectional studies
indicate that several polymorphic genes involved in bone metabolism [e.g., vitamin D
receptor gene (VDR); estrogen receptor-alpha gene (ER-α)] modulate the effect of
lifestyle factors (e.g., physical activity) on bone response (Nakamura et al., 2002;
Suuriniemi et al., 2004). As information related to genes involved in bone metabolism is
accumulated, future research should focus on understanding the gene-environment
interactions related to bone response. This understanding will ultimately allow for the
development of targeted interventions on bone based on the genetic composition of
participants.
Clinical and Public Health Implications
Enough data has been accumulated to date to make some initial recommendations
to coaches and parents about how to reduce swimming-related bone deficits, and to
policy makers about how to facilitate lifestyle behaviors in the general youth population
that will maximize achievement of peak bone mass. One recommendation for amateur
swimmers to maintain or improve bone mass during growth is to ensure that dietary
intake adheres to recommendations formulated for the general population, in particular
adequate daily intakes of calcium and vitamin D (Institute of Medicine, 2011). Because
dietary needs are likely to be higher in amateur swimmers than the general population,
and since specific authoritative recommendations for youth athletes do not yet exist,
parents and coaches should work with dieticians and pediatricians to monitor dietary
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adequacy and bone health and make appropriate adjustments to ensure optimal bone
accrual.
Another recommendation for amateur swimmers to augment bone mass during
growth is involvement in high-impact activities which have been shown to increase bone
mass (Burrows, 2007; Hind & Burrows, 2007). A suggestion for coaches is to integrate
strength training into practice regimens and also to monitor swimming volume and
engagement in other physical activities that may be excessive in terms of strain on the
body and possibly detrimental to bone health. Further, it may be advisable to routinely
assess bone mass of amateur swimmers and, if found low, deliver intervention programs
such as dietary education, nutritional supplements, or supplemental physical activity
(e.g., high-impact activities) to increase bone mass and reduce the likelihood of
osteoporosis later in life.
At a population level, efforts are needed to address both inadequate calcium
intake and physical inactivity in the general population. Schools are the perfect avenue to
target a large and diverse population of children and adolescents in terms of age, sex, and
race distribution. School-based interventions promoting skeletal loading have been shown
to have a beneficial effect on growing bone as it is responsive to mechanical loading
(Hind & Burrows, 2007; MacKelvie et al., 2002; Nordström et al., 2011). Encouraging
physical activity and healthy eating (e.g., adequate intake of calcium) especially in
schools may establish an overall healthy lifestyle behavior, thus preventing the onset not
only of osteoporosis, but other chronic diseases such as stroke, Type II Diabetes, and
obesity.
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Given the vast popularity of swimming among youth in the United States, further
research is needed to better characterize bone growth patterns and determinants, and to
determine the most effective clinical and population-based strategies to maximize bone
accrual.
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Appendices
Appendix A. Initial Review Request for Secondary Analysis of Existing Data
From: Codruta Andy Collins (ccllins3)
Sent: Friday, August 01, 2014 11:46 AM
To: Institutional Review Board
Cc: Kenneth Daniel Ward (kdward); Codruta Andy Collins (ccllins3)
Subject: Initial review request

To Whom It May Concern:
I am submitting the initial review request for secondary analysis of an existing data set,
The Youth and Adolescent Health Osteo Outcomes (YAHOO; H-9753) that will allow
me to conduct my dissertation research.
Please feel free to contact me at ccllins3@memphis.edu or by phone at 901.678.1669
with any questions you may have regarding the document you received.

Thank you,
Andy Collins
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Appendix B. Approval of Request for Secondary Analysis of Existing Data
From :Beverly Jacobik (bjacobik) on behalf of Institutional Review Board
To: Codruta Andy Collins (ccllins3);
Cc: Kenneth Daniel Ward (kdward);

Wed 8/6/2014 8:21 AM
Dear Andy Collins and Dr. Ward,
The IRB has reviewed your Initial Review request, “The association between lifestyle
factors and bone accrual in adolescents.” The IRB Administrator has determined that
your research uses 1) only coded private information, 2) that this data was not collected
for your specific research project and 3) that the investigators cannot readily ascertain the
identity of individuals about whom the private information pertains, therefore, you are
not conducting human subjects research and 45 CFR 46 does not apply.
This research does not require IRB approval nor review.

With best regards,

Beverly Jacobik, IRB Administrator
Research Support Services
University of Memphis
315 Administration Bldg.
Memphis, TN 38152-3370
(901) 678-2705
http://www.memphis.edu/irb/
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UM utilizes an online educational program sponsored by the Collaborative IRB
Training Initiative (CITI) and hosted by the University of Miami. Investigators, their
faculty advisors, Institutional Review Board (IRB) members, and IRB staff are required
to complete the appropriate CITI course for their group and subject population. CITI
certification is good for two years. A refresher course must be completed on or before
one’s two-year anniversary date. https://www.citiprogram.org/
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Appendix C. Sociodemographic Survey

THE UNIVERSITY OF MEMPHIS
Center for Community Health
Demographics Questionnaire
Name: _____________________________________________________________
Last
First
M.I.
Parent / Guardian name: ______________________________________________
Last
First
M.I.
Address: ____________________________________________________________
Street
City
ST
ZIP
Phone #: (

) ______________

Dominant Hand:

R

Dominant Leg:
R
(Which leg do you kick with?)

Date of Birth: _____-_____- _____

L
L

Race:  Euro-American (Caucasian)
Email
Address:_____________________
 African-American
 Asian-American
 Hispanic-American
 Other (please specify): ____________________________

Name, Address and Phone # of someone who does not live with you who will
ALWAYS be able to contact you:
Name:_____________________________________________________________
Address:_______________________________________________Phone:______
FAMILY DEMOGRAPHICS
Which of these categories best describes your total household income for the past 12
months? This should include income from all sources, wages, veteran’s benefits, help
from relatives, rent from properties, and so on (before taxes).
below $10,000
$30,000-$44,999
$10,000-$14,999
$45,000-$59,999
$15,000-$19,999
$60,000-$74,999
$20,000-$29,999
$75,000+
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Counting yourself, how many members of your household are supported by this
income? __ People

MEDICAL HISTORY

Has anyone in your family been diagnosed with osteoporosis?

Yes

No

If Yes who?
Mother
Father
Mother’s mother
Father’s mother
Mother’s father
Father’s father
Mother’s sister
Father’s sister
Mother’s brother
Father’s brother
Other
_________________________________________

Have you ever had a broken bone or a bone fracture?

Yes

No

If Yes, which bone was broken and how old were you?
Which Bone was Broken

Age at injury

Was this a stress fracture?
Yes
Yes
Yes

/
/
/

No
No
No

Please check any of the following that apply now or have applied to you in the past:
Yes

Asthma

Yes

Diabetes

Yes

Epilepsy/seizure disorder

Yes

Arthritis

Yes

High blood pressure

Yes

High cholesterol

No

Bulimia

Yes

Obesity

Yes
Yes

Thyroid
disease
Anemia

Yes

Cancer

Yes

Back
problems

No

No

No

No

No

No

No

No
No

Yes

No
No
132

Yes

Heart problems

Yes

Anorexia Nervosa

No

Yes

Joint problems

Yes

Lactose
intolerance

No

No

No

What is your smoking status?
smoked in the past but have quit

I have never smoked

I currently smoke

I

Please list any other conditions / illnesses:
_____________________________________________________________________
_____________________________________________________________________
Please list any other medications, dietary supplements or vitamins you are taking.
Name of
medication/supplement

FOR BOYS ONLY:
Do you have underarm hair?
NO

Dose

YES

FOR WOMEN ONLY:
Have you ever had a menstrual period?
YES
NO
If yes, when did you have your first period?
(month) _____

(year) _____

What was the first day of your last period?
______-______-________
How many cycles have you had in the last 12
months? __________
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Number of
days per week

How long have
you been taking
it?

In the past year, have you used any of the following hormone medications? If you
answered “YES” please provide the name of the medication, dose, and length of
time you have been using it.
Number of
How long
Name of
Dose
days per
have you
medication
week
been
taking it?
Yes
Oral
No
Contraceptives
Yes
Depo Provera
No
Yes
Norplant
No
Yes
Other
No
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Appendix D. Pubertal Self-Assessment Form Males
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Appendix E. Pubertal Self-Assessment Form Females
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Appendix F. Seven Day Physical Activity Recall

YAHOO 7-day Physical Activity Recall
Subject ID:
(if Mid, you need to

Lab # (circle one):

1

Mid

2

Mid

3

do a Swim Recall
also)

Today is ____________________
1. Were you employed in the last 7 days?
#4)

Yes

2. How many days of the last 7 did you work?

______ days

3. How many total hours did you work in the last 7 days?

______ hours

4. What 2 days do you consider your weekend days?
__________

/

No (if no, skip to Q

__________

WORKSHEET
DAYS

EVENING

AFTERNOO
N

MORNING

SLEEP:

Tot

1 ____

2 ____

3 ____

4 ____

5 ____

6 ____

7 ____

---------

---------

---------

---------

---------

---------

---------

Moderate
Hard
Very Hard
Moderate
Hard
Very Hard
Moderate
Hard
Very Hard
Strength:
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min
/
day

-

-

-

Flexibility
:
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-

-

-

-

4a. Compared to your physical activity over the last 3 months, was last week’s activity
more, less, or about the same? (circle one)
1. More
2. Less
3. About the
same

Worksheet Key:

Roundi
ng:

10-22 min. = .25 hr.
[1:08-1:22 min. =
1.25]
23-37 min. = .50 hr.
38-52 min. = .75 hr.
53-1:07 min. = 1.0

An asterisk (*) denotes a work-related
activity.
A squiggly line through a column (day)
denotes a weekend day.

Interviewer:
Please answer questions below and note any comments on the interview.
5. Were there any problems with this survey?
explain)

Yes

/

No

(If yes, please

Explain any problems you had with this interview:
____________________________________________________________________
____________________________________________________________________
____________________________________________________________________
6. Do you think this was a valid interview?

Yes

/

No

7. Please list below any activities reported by the subject which you don’t know how to
classify.
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________

8. Please provide any other comments you may have in the space below:
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
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Appendix G. The One Year Physical Activity Recall Assessment
YAHOO Yearly Activity Assessment
Subject gender:

Male/Female

Did you take physical education the first half
of the school year?

 Yes

/

 No

Did you take physical education the second
half of the school year?

 Yes

/

 No

How many days a week does your physical
education class usually meet?

 I am not in a physical education class
 1 day a week
 2 days a week
 2 days one week/3 days the next
 3 days a week
 4 days a week
 5 days a week
 other (please specify):
_________________________________

How long is your physical education class
period, counting time for changing clothes
and washing up?

 I am not in a physical education class
 less than 20 minutes
 20-25 minutes
 26-30 minutes
 31-35 minutes
 36-40 minutes
 41-45 minutes
 46-60 minutes
 over 60 minutes

Here is a list of physical activities. Have you done any of these physical activities in your
Physical Education class since this time last year?
Have you
done this
Activity
activity in
If yes, mark the number of weeks
the past
year?
Archery
 2 weeks or
 3-5
 6 weeks
 Yes
less
weeks
or more
Badminton
 2 weeks or
 3-5
 6 weeks
 Yes
less
weeks
or more
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Baseball/Softball

 Yes

 2 weeks or
less
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 3-5
weeks

 6 weeks
or more

Basketball

 Yes

Bicycling

 Yes

Bowling/Duckpins

 Yes

Boxing

 Yes

Cageball/Crab soccer

 Yes

Calisthenics/Exercises

 Yes

Canoeing/Kayaking

 Yes

Cheerleading/Pom Pom

 Yes

Climbing ropes/Monkey
bars
Croquet/Miniature golf

 Yes

Dance:
Aerobic Dance
Ballet, jazz, or modern
dance
Ballroom dance

 Yes

 Yes
 Yes
 Yes

Popular dance

 Yes

Folk or square dance

 Yes

Other vigorous dance

 Yes

Diving

 Yes

Dodge ball

 Yes

Fencing

 Yes

Field Hockey

 Yes

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
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Fishing

 Yes

Football (tackle)

 Yes

 2 weeks or
less
 2 weeks or
less
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 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more

Football (touch or flag)

 Yes

Four-square

 Yes

Frisbee

 Yes

Golf

 Yes

Gymnastics:
Apparatus (with
equipment)
Free exercise

 Yes
 Yes

Rhythmic

 Yes

Tumbling

 Yes

Handball

 Yes

Hang Gliding

 Yes

Hiking/Backpacking

 Yes

Hopscotch

 Yes

Horseback riding

 Yes

Horseshoes

 Yes

Hunting

 Yes

Ice hockey

 Yes

Ice skating

 Yes

Jogging

 Yes

Jumping or skipping rope

 Yes

Karate/Judo/Martial arts

 Yes

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
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Kickball

 Yes

King of the hill

 Yes

 2 weeks or
less
 2 weeks or
less
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 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more

Lacrosse

 Yes

Marching band/drills

 Yes

Underwater games

 Yes

Paddleball

 Yes

Ping pong (table tennis)

 Yes

Punchball

 Yes

Racquetball

 Yes

Red rover

 Yes

Relays

 Yes

Riflery/shooting sports

 Yes

Rock climbing

 Yes

Rollerblading/Rollerskating

 Yes

Rowing/Crew

 Yes

Rugby

 Yes

Running sprints

 Yes

Sailing

 Yes

Scuba diving/Snorkeling

 Yes

Skateboarding

 Yes

Skiing (cross country)

 Yes

Skiing (downhill)

 Yes

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
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Sledding

 Yes

Soccer

 Yes

 2 weeks or
less
 2 weeks or
less
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 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more

Squash

 Yes

Stickball/Wiffleball

 Yes

Surfing

 Yes

Swimming

 Yes

Tag

 Yes

Tennis

 Yes

Tetherball

 Yes

Track and field (not
running)
Tug-of-war

 Yes

Volleyball

 Yes

Walking quickly

 Yes

Water polo

 Yes

Waterskiing

 Yes

Weightlifting

 Yes

Wrestling

 Yes

Yoga

 Yes

Other (specify):
________________

 Yes

 Yes

 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less
 2 weeks or
less

 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks
 3-5
weeks

 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more
 6 weeks or
more

 2 weeks or
less

 3-5
weeks

 6 weeks or
more
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Community Organizations
Now we want to know if you play sports or games or get exercise through
organizations other than school. Summer camps count. Read the list of
organizations below, and you’ll know what we mean.
In the past year, did you take part in any sports or physical activities sponsored
by any of the following organizations listed here? If you took part in an activity
at a school, but it was sponsored by one of these organizations, check the box for
“yes.” You did not have to be on a team to say “yes,” so long as you took part in
sports or physical activity through the organization.
Mark “yes” or
“no” for each
organization
Church, temple, or other religious group
The “Y”

 Yes /
No
 Yes /
No



 Yes /
No



 Yes /
No



 Yes /
No



 Yes /
No



 Yes /
No





Scouts:
Cub Scouts or Boy Scouts
Brownies or Girl Scouts
Bluebirds or Campfire Girls
Explorers
Farm clubs:
4-H Club
Rural Youth
Recreation Department:
Community Center
Park Program
After school program run by the recreation department
Summer playground program
Local sports teams or league:
Little league
Pee Wee league
Police athletic league
Other league
Private organization:
Health club or spa
Gym
Private sports club
Boys or girls club
Private camp
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Place where your mother or father works

 Yes /
No



Other:
_________________________________________________________

 Yes /
No
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Outside Physical Education Class Activities
Next we want to know about the physical activities you took part in over the
past year. Read over the list below and mark everything you did more than two
times. Leave out the things you did only in physical education class. This is the
same list you looked at earlier. Mark things you did in school as long as they
were not done in physical education class. Mark the things that you did in
community organizations, at home, in the neighborhood, or anywhere else other
than physical education class. Try to remember everything you did more than
two times in the past year.
Activity
 Archery
 Badminton
 Baseball/Softball
 Basketball
 Bicycling
 Bowling/Duckpins
 Boxing
 Cageball/Crab soccer

Calisthenics/Exercises
 Canoeing/Kayaking
 Cheerleading/Pom
Pom
 Climbing
ropes/Monkey bars
 Croquet/Miniature
golf
Dance:

Aerobic Dance

Ballet, jazz, or
modern dance

Ballroom dance

Popular dance

Folk or square
dance

Other vigorous
dance

Activity
Gymnastics:

Apparatus (with
equipment)

Free exercise

Rhythmic

Tumbling
 Handball
 Hang Gliding
 Hiking/Backpacking
 Hopscotch

Activity
 Rollerblading/Rollerskating
 Rowing/Crew
 Rugby
 Running sprints
 Sailing
 Scuba diving/Snorkeling
 Skateboarding
 Skiing (cross country)
 Skiing (downhill)

 Horseback riding
 Horseshoes

 Sledding
 Soccer

 Hunting

 Squash

 Ice hockey

 Stickball/Wiffleball

 Ice skating
 Jogging
 Jumping or skipping
rope
 Karate/Judo/Martial
arts
 Kickball
 King of the hill

 Surfing
 Swimming
 Tag

 Lacrosse

 Tug-of-war
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 Tennis
 Tetherball
 Track and field (not running)

 Diving
 Dodge ball
 Fencing
 Field Hockey
 Fishing
 Football (tackle)
 Football (touch or
flag)
 Four-square
 Frisbee
 Golf

 Marching band/drills
 Underwater games
 Paddleball
 Ping pong (table
tennis)
 Punchball
 Racquetball
 Red rover
 Relays
 Riflery/shooting sports
 Rock climbing

 Volleyball
 Walking quickly
 Water polo
 Waterskiing
 Weightlifting
 Wrestling
 Yoga

 Other (specify):
__________________________

 Now go back over and read the ones you marked. Pick out the ten activities you
did most frequently over the past year and circle each of the ten.
More Physical Activity:
Now we want to get some additional information about the ten things you did most.
Look back to the previous page. Write in the empty boxes on these pages the things
you circled on the previous page. Then check the boxes indicating the seasons you do
an activity the most, the number of days you do the activity in these seasons, the
number of minutes you do the activity on the average day, and the places you do the
activity.


Activity:

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring



Average days a
week (check
one)

Average minutes
a day (check one)

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Activity:
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Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring




Summer
 Fall
 Winter
 Spring

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Average days a
week (check
one)

Average minutes
a day (check one)

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Activity:

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring



Average minutes
a day (check one)

Activity:

Seasons done
most
(check all that
apply)



Average days a
week (check
one)

Average days a
week (check
one)

Average minutes
a day (check one)

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Activity:
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Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring




Summer
 Fall
 Winter
 Spring

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Average days a
week (check
one)

Average minutes
a day (check one)

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Activity:

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring



Average minutes
a day (check one)

Activity:

Seasons done
most
(check all that
apply)



Average days a
week (check
one)

Average days a
week (check
one)

Average minutes
a day (check one)

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60

Activity:
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Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring

Average days a
week (check
one)

Average minutes
a day (check one)

<1
1
2
3
4
5
6
7

 Under
20
 20-39
 40-60
 Over 60
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Places or locations
(check all that apply)
 School (not P.E. class)
 Community
organization
 Home or
neighborhood
 Other



Activity:

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring



Average days a
week (check one)
<1
1
2
3
4
5
6
7

Average minutes a
day (check one)



 Under 20
 20-39
 40-60
 Over 60





Places or locations
(check all that apply)
 School (not P.E.
class)
 Community
organization
 Home or
neighborhood
 Other

Activity:

Seasons done
most
(check all that
apply)

Summer
 Fall
 Winter
 Spring

Average days a
week (check one)
<1
1
2
3
4
5
6
7

Average minutes a
day (check one)



 Under 20
 20-39
 40-60
 Over 60





Places or locations
(check all that apply)
 School (not P.E.
class)
 Community
organization
 Home or
neighborhood
 Other

One more page
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In each of the four seasons, how often do you typically get physical activity that makes
you sweat and breathe hard for 20 minutes or more?

Summer

 7 days a week
 6 days a week
 5 days a week

 4 days a week
 3 days a week
 2 days a week

 1 day a week
 Less than 1 day a
week

Fall

 7 days a week
 6 days a week
 5 days a week

 4 days a week
 3 days a week
 2 days a week

 1 day a week
 Less than 1 day a
week

Winter

 7 days a week
 6 days a week
 5 days a week

 4 days a week
 3 days a week
 2 days a week

 1 day a week
 Less than 1 day a
week

Spring

 7 days a week
 6 days a week
 5 days a week

 4 days a week
 3 days a week
 2 days a week

 1 day a week
 Less than 1 day a
week
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Appendix H. The Rapid Assessment Method
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Appendix I. Food Frequency Questionnaire Block 98
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165

166

167

168

169
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