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Abstract

Adolescence is a crucial period for bone development and exercise can
enhance bone acquisition during this period of life. However, there is a lack of
scientific evidence on how different loading sports practised during adolescence
can affect bone development in males. The present thesis is part of the PRO-
BONE study and aimed to investigate the cross-sectional and longitudinal
effects of participation in football (osteogenic sport), swimming and cycling
(non-osteogenic sports) on bone mass, bone geometry, texture and bone
metabolism in adolescent males. An active control group has been included too.
Additionally, the thesis examined the effect of a 9-month jumping intervention
programme on bone outcomes in adolescent males involved these sports.
Cross-sectional findings from Chapter 4 show that footballers have better bone
status than swimmers, cyclists and controls (7 to 21 %), and that there are no
differences between participants of hon-osteogenic sports and controls. Chapter
5 identifies that lean mass is the strongest determinant of bone outcomes,
followed by football participation and height in adolescent male athletes,
whereas the contribution of the other predictors, such as nutrition, physical
activity and fitness, is site specific. Longitudinal evidence in Chapters 6 and 7
show that bone mass (5 to 8 %) and geometry (4 to 10 %) is higher in
adolescent male footballers compared to swimmers and cyclists after one year
of sport specific training, and that there are no differences in bone development
between non-osteogenic sports groups and controls. Chapters 8 and 9 indicate
that a 9-month jumping intervention programme can improve bone outcomes
only in male adolescents participating in swimming and cycling (4 to 13 %), but

not in those engaged in football, while it can improve fithess outcomes in all
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groups (4 to 8 %). Collectively, the present thesis contributes to the literature by
providing novel evidence in adolescent male athletes on the effects of popular
sports such as football, swimming and cycling on bone status and development,
and that a jumping intervention programme can improve bone development in

those involved in non-osteogenic sports.
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“If we could give every individual the right amount of nourishment and exercise,
not too little and not too much, we would have found the safest way to health”

Hippocrates (460 BC, Kos - 370 BC, Larissa)
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1. Introduction

Osteoporosis is a disease characterised by reduced bone mineral content (BMC)
and bone mineral density (BMD) and deterioration of bone microarchitecture,
resulting in increased risk of fragility fractures (NIH Consensus Development
Panel on Osteoporosis Prevention and Therapy, 2001). The most common
fragility fractures sites are the distal forearm, spine and hip, and constitute a
major public health challenge worldwide (Cooper et al., 2004b, Rennie et al.,
2007). Figures estimate osteoporosis affects approximately 22 million women
and 5.5 million men between the ages of 50 and 84 years in Europe, and
osteoporosis is associated with high rates of morbidity and mortality. In addition,
about 3.5 million European men and women suffer an osteoporotic fracture
every year, resulting in an economic cost of approximately €98 billion (Kanis
and Johnell, 2005a). The scientific literature suggests that prevention is better
than treatment and is a key public health strategy to improve osteoporosis-

related outcomes.

Bone mass acquisition during growth is not only important for optimal skeletal
growth but also is the strongest determinant of osteoporosis risk later in life
(Nikander et al.,, 2010). Bone acquisition occurs throughout childhood and
adolescence, with 80-90 % acquired by late adolescence, depending of the
sites of the skeleton (Baxter-Jones et al., 2011, Henry et al., 2004). Bone mass
reaches its peak between the second and third decade of life, which is called
peak bone mass (PBM). PBM serves as an important protective advantage
because BMD declines with age, illness or diminished sex steroid production.

During the last two decades, increasing evidence suggests that the full potential
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of PBM and bone strength are not achieved (Chevalley et al., 2017, Henry et al.,
2004). This is alarming given the raised concerns that inadequate bone mass
may result in fragile bones and increased fracture risk both in adolescence and
in adulthood (Rizzoli et al., 2010, Weaver et al., 2016). In this regard, a 10 %
increase in bone mass during adolescence might reduce the risk of fracture
later in life by 50 % and delay the onset of osteoporosis by 13 years (Rizzoli et
al., 2010). Therefore, maximising bone mass during growth is of great
importance in order to reduce the risk of osteoporotic fractures (Bonjour and

Chevalley, 2007, Chevalley et al., 2017).

Heredity is a major determinant of PBM, and approximately 60-80 % of the
variance in PBM is attributed to genetics (Davies et al., 2005, Stewart and
Ralston, 2000, Bachrach, 2001). Environmental factors also influence PBM,
including nutritional intake (Pettifor and Prentice, 2011), physical activity
(Gracia-Marco, 2016) and smoking (Emaus et al., 2014). Adequate dietary
calcium intake is an important component of optimal (full individual potential)
attainment of PBM as it influences the development of the skeleton during
growth (Huncharek et al., 2008). Increasing dietary calcium to optimal levels
through consumption of dairy products (fortified or not) may increase bone
mass during growth, but the optimal levels needed and the duration of the
consumption to improve bone acquisition remain controversial (Huybrechts et
al., 2011, Winzenberg et al., 2006). Another substantial nutrient in bone
mineralization is vitamin D, which plays an important role in calcium absorption
from the skeleton and in the attainment of PBM. Inadequate vitamin D levels
may result in lower attainment of PBM, which could in turn contribute to

increased fracture risk in both childhood and older adult life. However, only
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subclinical vitamin D deficiency may be detrimental to optimal bone acquisition
during growth (Winzenberg and Jones, 2013). Calcium, vitamin D and physical
activity can independently influence bone mineral accrual in young people
(Vlachopoulos et al.,, 2016). However, evidence suggests that environmental
factors may interact to influence bone status. For example, physical activity
interacts with calcium intake (Courteix et al., 2005) and vitamin D levels
(Valtuena et al., 2012) to improve bone status across life span (Ward et al.,

2007).

Physical activity contributes to the development of bone mass in young people
due to its positive association with lean mass. The latter is explained by the
mechanostat theory indicating that “bigger muscles exert higher tensile forces
on the bones they attach” (Rauch et al., 2004). The importance of physical
activity during childhood is dependent on the ability of the skeleton to adapt to
mechanical loading and appears to elicit the greatest bone accrual response in
the growing skeleton and later in life (Bielemann et al., 2013). The intensity,
frequency and the type of physical activity are important factors to consider due
to the different ground reaction forces applied on the paediatric skeleton
(Vicente-Rodriguez, 2006, Beck, 2009, McKay et al., 2005a). In this regard,
exercise is an effective method to improve the development of bone mass
during puberty, but not all types of exercise have the same effects on bone

outcomes.

Sport participation is a vehicle for children and adolescents to engage in
exercise and obtain health benefits, including the skeletal system. Participation
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in organised and non-organised sports in 6 to 16 year old males and females
ranges from 43 to 92 % with football, swimming and cycling being among the
most popular sports practised in UK, EU and US (Sport England, 2016, Aspen
Institute, 2013, Scheerder et al.,, 2011). Evidence suggests that some sports
may have a positive or negative impact on bone mass accrual (Vicente-
Rodriguez, 2006, Boreham and McKay, 2011). According to their characteristics,
sports can be described as osteogenic (weight-bearing exercise) or non-
osteogenic (non weight-bearing exercise) (Tenforde and Fredericson, 2011).
Football is considered an osteogenic sport due to its positive impact on bone
outcomes during childhood and adolescence (Ara et al., 2006, Vicente-
Rodriguez et al., 2004a, Krustrup et al., 2010, Calbet et al., 2001). In contrast,
sports such as cycling (Rico et al., 1993b, Duncan et al., 2002a, Olmedillas et
al., 2011) or swimming (Andreoli et al., 2012, Ferry et al., 2013, Greenway et al.,
2012, Ferry et al., 2011) are associated with no changes or even a reduction in
bone mass when compared to controls in paediatric groups. Currently, there is
no evidence on how different loading sports affect bone development in young

males who invest a lot of time in their practice.

Weight-bearing exercise appears to be one of the most beneficial practices to
optimise bone development and can enhance bone mineral accrual in children,
particularly during the pubertal years. However, the constitution of the optimal
exercise intervention programme remains unclear (Hind and Burrows, 2007).
Previous evidence suggests that a jumping intervention programme may be a
judicious choice for improving bone development in non-athletic children and
adolescents, and that short bouts of exercise are more effective than a single

longer bout of exercise for improving bone mass and strength (Fuchs et al.,
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2001, MacKelvie et al., 2002b, McKay et al., 2005a, Weeks et al., 2008).
Despite the beneficial effects of jumping interventions on bone health in the
non-athletic paediatric population, there is no evidence in athletic groups that
represent a large part of the population and might be in greater need for

osteogenic stimulus depending of the sport practised.

Dual energy X-ray Absorptiometry (DXA) is considered the current “gold
standard” for osteoporosis diagnosis and fracture risk prediction (Paola Pisani,
2013). However, additional measurements of bone health, such as volumetric
BMD measured by quantitative computed tomography (QCT) and bone stiffness
measured by Quantitative Ultrasound (QUS) can provide a further insight into
the mechanisms implicated in the site specific adaptations of the skeleton to
exercise (Hind and Burrows, 2007). In this regard, participation in sport
participation might also influence hip geometry outcomes measured by Hip
Structural Analysis (HSA) during adolescence (Hind et al., 2012b). There is lack
of studies on males and evidence in adolescent female footballers have shown
greater hip geometry parameters compared to swimmers and controls, while
swimmers showed lower bone tissue at the narrow neck of the femur than
footballers and controls (Ferry et al., 2011). A further insight into bone health is
that weight-bearing exercise may adapt bone structure and remodelling during
growth. A combination of the static measurements provided by DXA and QUS
with the assessment of HSA, Trabecular Bone Score (TBS) and bone
metabolism markers can improve the understanding of the changes in the
skeleton during growth (Jurimae et al., 2010, Prevrhal et al., 2008, Silva et al.,

2014).
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Therefore, the purpose of the present thesis is to present a series of novel
investigations into the effects of osteogenic (football) and non-osteogenic
(swimming and cycling) sports on bone development in adolescent males, and
to examine for the first time whether a jumping intervention programme can
improve bone development in adolescent athletes. The main strength of the
present thesis is the inclusion of six studies including cross-sectional,
longitudinal and experimental designs and using a combination of bone
assessment methods to obtain key data such as bone mass, geometry, texture

and metabolism.
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2. Literature review

This literature review provides an overview of bone health during growth, the
determinants affecting bone health and the methodological approaches to
measure bone outcomes during childhood and adolescence. In addition, the
role of exercise in relation to bone health will be critically reviewed and insight
will be provided on how participation in sports can affect bone health. Finally,
the effect of exercise interventions to improve bone heath in children and
adolescents will be reviewed. The section will end with a summary of the

specific objectives of the present thesis.

2.1 Skeleton: biological role and components

The human skeleton is composed of 305 bones at birth, but this number
decreases to 206 bones by adulthood after some bones combine. The role of
the skeleton is to support body weight, to provide mechanical support for
posture and movements, to protect inner organs, and to serve as metabolically
active storage for minerals such as calcium, phosphate, and magnesium
(Seeman and Delmas, 2006). The skeleton is the only organ that can be
remained after death as nature disposes any other organ that covers the
skeletal frame. The axial skeleton (skull, vertebrae, rib cage) forms a protective
shell around the brain, spinal cord and inner organs, while the appendicular
skeleton (the upper and lower limbs) is crucial for locomotion. Bones serve as
attachment sites for muscles and ligaments, thereby enabling the movement of

the body (Clarke, 2008).
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Figure 2.1. Trabecular microarchitecture of a mediaeval (14th century) paediatric proximal
femora remain. The photo was taken at the distal metaphysis of the femora with permission
from University of Lincoln as part of an in-vitro diagnostic radiography DXA scan at the

University of Exeter.

The skeleton is comprised of long bones (humerus, radius, femur and tibia) and
flat bones (such as the skull, sternum, scapula and ileum), and can be divided
into cortical bone and trabecular bones (Datta et al., 2008). Cortical bones
constitute 80 % of the skeleton and are mainly found around the shaft
(diaphysis) of the long bones (Figure 2.1). Trabecular bones represent 20 % of
the skeletal mass and account for 80 % of the bone surface (Clarke, 2008).
They are found mainly in the vertebral bodies, metaphyseal areas at the end of
long bones and in the flat bones. Trabecular bones are metabolically active and
maintain bodily mineral homeostasis. The proportion of cortical and trabecular
bone vary depending on the skeletal site. For example, the distal forearm and
femoral neck constitute 25 % trabecular and 75 % cortical bone, whereas the

vertebra contains more than two thirds trabecular bone (Surgeon-Report, 2004).
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Deterioration of cortical and trabecular bone predispose to fractures at different

locations.

2.2 Bone cells

The skeleton consists of three different kinds of bone cells (osteoblasts,
osteocytes and osteoclasts) and of extracellular matrix. Extracellular matrix
accounts for 90 % of the total bone volume, which comprises mineralized matrix,
organic matrix, lipids and water. The mineralized matrix accounts for 99 % of
the body’s storage of calcium and 85 % of the storage for phosphorous. The
organic matrix contains mainly type 1 collagen, as well as proteoglycans,
growth factors, and glycoproteins. The organic matrix is secreted by osteoblasts

and is mineralized within 10-15 days (Buck and Dumanian, 2012).

2.2.1 Osteoblasts and osteocytes

Osteoblasts are responsible for bone formation. They originate from
mesenchymal stem cells in the bone marrow, and account for 4-6 % of bone
cells (Capulli et al., 2014). Osteoblasts build bone by secreting bone proteins
and collagen that form the bone matrix. Alongside collagen type 1, osteoblasts
also produce osteocalcin, osteonectin, osteopontin and bone sialoprotein (Buck
and Dumanian, 2012). The average lifespan of an osteoblast is three months
(Manolagas, 2000). The aging osteoblast follows three possible paths: undergo
apoptosis, become embedded in the bone as an osteocyte, or transform into a
bone lining cell (Rochefort et al., 2010). When bone remodelling should not

occur, they prevent direct interaction between osteoclasts and bone matrix
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(Capulli et al., 2014). In order to allow osteoclasts to attach to the bone, the
collagen matrix must be removed through collagenase secretion (Manolagas,
2000). After the formation of the bone, some osteoblasts become entrapped in
the newly formed bone matrix and develop into osteocytes. Osteocytes account
for approximately 95 % of the bone cells, they are long-lived and do not divide
(Capulli et al.,, 2014). Osteocytes have the capacity to detect mechanical
pressure and load, and thereafter regulate bone remodelling by acting on

osteoblast and osteoclast differentiation and function (Rochefort et al., 2010).

2.2.2 Osteoclasts

Osteoclasts are the only cells that can induce bone resorption (Lerner, 2000).
They are essential for physiological bone resorption during growth, for
remodelling, and for maintaining calcium homeostasis via the endocrine system
(Kular et al., 2012). The formation and activation of these cells are dependent of
local cytokines from the osteoblasts and other cells, and their main task is to
breakdown and remove the extracellular matrix (Compston et al.,, 2009).
Immature osteoclast precursors proliferate and fuse to form giant multinuclear
cells. Mature osteoclasts attach to the bone surface, creating an acidic
microenvironment that enables bone resorption (Blair and Athanasou, 2004).
After bone resorption, osteoclasts undergo apoptosis (Buck and Dumanian,

2012).
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2.2.3 Bone modelling and remodelling

Bone modelling and remodelling (Figure 2.2) is the ongoing process where

bones are resorbed and formed. During the modelling process, the bones adapt

to mechanical forces. The osteocytes are the cells that sense mechanical strain

and trigger bone remodelling. This includes changes in shape, mass, and size

throughout life (Rauch and Glorieux, 2004). Modelling usually results in a net

increase in the amount of bone tissue, due to less active osteoclastic function in

the endocortical surface, as compared to osteoblasts working on the periosteal

surface without interruption. In addition to cortical thickening, modelling is also

important for reshaping the long bones as they grow in length during childhood

and adolescence (Parfitt et al., 2000, Rauch, 2005).

Modeling

] Osteoblasts

Osteoclasts

Remodeling

Osteoclasts

Osteoblasts

Mineralized bone

Figure 2.2. In modelling, osteoblast and osteoclast action are not linked and rapid changes can

occur in the amount, shape, and position of bone. In remodelling, osteoblast action is coupled to
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prior osteoclast action. Net changes in the amount and shape of bone are minimal unless there

is a remodelling imbalance. With permission from (Rauch and Glorieux, 2004).

The remodelling cycle begins with recruitment of osteoclasts for bone resorption
and ends with bone formation by the osteoblasts, with bone formation lasting
approximately three times as long as bone resorption (Kular et al., 2012). The
remodelling cycle lasts about 3 to 4 months, where the phase of resorption is 2
to 3 weeks, reversal phase is 4 to 6 weeks, and the final formation phase,
where osteoblasts lay down bone until the gap is completely replaced by new, is
up to 4 months (Hadjidakis and Androulakis, 2006). During the growth period,
about 5 % additional bone is formed in every remodelling cycle as compared to
resorption (Parfitt et al., 2000). It has been estimated that the adult skeleton is
completely regenerated in 10 years with an estimated turnover of 10 % per year
for the entire skeleton. There is constant matrix remodelling with an average 4 %
in cortical bone turnover and 28 % in trabecular bone turnover per year
(Manolagas, 2000). The balance of the remodelling cycle in a young adult
skeleton is close to zero, for as much bone is formed as is removed. After the
fifth decade of life, bone formation rate fails to keep pace with resorption activity,
and bone loss begins. Thus, a remodelling imbalance causes reduced bone

strength and can lead to osteoporosis (Zuo et al., 2012).

38



2.3 Assessment of bone status

2.3.1 Bone densitometry

Bone health can be assessed by mineral density, which is a radiographic
measure of the amount of bone material in a given volume measured by
absorption. Single photon absorptiometry was introduced in the 1960s, enabling
the non-invasive quantitative assessment of BMC at peripheral sites of the
skeleton (Cameron and Sorenson, 1963). Replacement of the radionuclide
source with X-ray resulted in better precision, resolution and scanning time

(Genant et al., 1994).

The DXA scanner was introduced in the late 1980s, and is the most widely used
technique to assess bone density. In order to separate the dense tissue from
the soft tissue, the DXA scanner produces two X-ray beams, one with high
energy and one with low energy. For each beam, the amount of X-ray that
passes through the body is measured, and BMD can be calculated (Dimai,
2016). The radiation dose from a DXA examination is very low, ranging from 1-
10 pSv for a spine and hip examination, which is negligible and similar to the

daily natural background radiation (Damilakis et al., 2013).

DXA is considered the gold standard method for assessing areal BMD (aBMD)
by non-invasive means in a clinical setting, and is a valid method to diagnose
osteoporosis and to predict the risk of fracture in adults (Cummings and Melton,
2002, Dimai, 2016). In clinical use, the most common sites measured with DXA

are the lumbar spine, hip (total hip or proximal femur), and total body (Bachrach
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et al., 2016, Lee et al., 2004) (Figure 2.3). In adults, the femur has a special
clinical interest for assessment due to the high prevalence of fractures at this
location. Lumbar spine measures are considered to reflect trabecular bone
health, and the whole body DXA measure reflects bone health of the long bones.
Separate measurements can be conducted for other skeletal sites and with a
special interest on the distal radius due to the high fracture incidence at this site

of the skeleton (Ahmed et al., 2010).

Figure 2.3. Images (2014) obtained by DXA (Lunar) at total body, left femur and lumbar spine

as part of the PRO-BONE study.

DXA measures BMC and provides a calculated BMD by measuring BMC and
bone area. The projected areal BMD and an estimation of cubic shape is used
for clinical practice, and BMD is transformed into T-score for adults. The T-
score is the standard deviation of BMD from a healthy 30-year-old of the same
sex and ethnicity, representing the peak bone mass. A T-score equal to or less
than -1 shows that the BMD is 1.0 SDs or more below the average value in a
young adult and indicates osteopenia. A T-score equal to or less than -2.5

shows that the BMD is 2.5 SDs or more below the average value in a young
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adult, and indicates osteoporosis according to the WHO classification of

osteoporosis (Kanis et al., 2000a).

2.3.2 DXA in children and adolescents

DXA is also widely used in children and adolescents, as it is quick and non-
invasive, and the radiation exposure is low. There are certain challenges of
using DXA in growing children including the technical issues with acquisition of
the data from small bones with low mineral content, and with the interpretation
of the results (Gordon et al., 2008). To avoid an overestimation of bone mineral
deficits in children, BMD scores are compared to reference data for the same
sex and age (Z-score), not to the mean of young adults (T-score). If the bone
age, ideally determined with X-ray of the wrist, is delayed or advanced, the
BMD can be adjusted to the bone age instead of calendar age. Height
adjustments are recommended in paediatric studies, and the whole body BMD
is proposed to be assessed relative to height in children (Leonard et al. 2004).
DXA machine specific reference data are recommended for Z-score
calculations in children (Genant et al., 1994, Zemel, 2012). According to the
International Society of Clinical Densitometry, total body less head and lumbar
spine (L1-L4) are the two preferred skeletal sites to assess bone health in the
paediatric population. Additional regions are recommended depending on the
design of the study and the population studied (Bachrach et al., 2016). The
terms osteopenia and osteoporosis should not be used to describe
densitometry findings in the paediatric population. Instead, BMC or BMD z-
scores < -2 SDs can be used to indicate low bone status for the specific age.

The International Society for Clinical Densitometry stated that one of the
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following criteria can indicate osteoporosis in children and adolescents: 1) one
or more vertebral fractures occurring in the absence of local disease or high-
energy trauma (measuring BMD can add to the assessment of these patients
but is not required as a diagnostic criterion); or low bone density (BMC or areal
BMD z scores < —2.0) and a significant fracture history (2 or more long bone
fractures before 10 years or 3 or more long bone fractures before 19 years of
age) (Gordon et al., 2014). Because athletes participating in weight-bearing
sports are expected to have higher BMDs than non-athletes, the American
College of Sports Medicine recommends that a Z-score a Z-score between -1.0
and -2.0 is considered as “low BMD” and defines “osteoporosis” as secondary
clinical risk factors for fracture with BMD Z-scores less than -2.0 (Nattiv et al.,
2007). Therefore, a definition of “bone health” in children and adolescents
involved in sports could be a BMC or areal BMD z scores > -1.0 in the absence

of previous fracture.

2.3.3 Bone geometry estimates

HSA is a technique that uses the properties of DXA images to derive hip
geometry estimates that are associated with bone strength (Beck, 2007). The
HSA program measures not only the BMD of the hip bone but also structural
geometry of cross-sections traversing the proximal femur at specific locations.
The bone mass image is used from the DXA scan where pixel values are
expressed in areal mass (Hind et al., 2012a). The method employs the principle
that a line of pixel values across the bone axis corresponds to a cut plane
traversing the bone at that location and contain some of the information about

the cross-section. The program analyses the proximal femur at different
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locations depending on the DXA used (three locations can be derived from
Hologic DXA and one from Lunar) (Figure 2.4). The potential obtained regions
are: 1) narrow neck across the narrowest diameter of the femoral neck; 2)
intertrochanteric along the bisector of the neck-shaft angle; and 3) the shatft, 2
cm distal to the midpoint of the lesser trochanter. For estimates of endosteal
diameter, cortical thickness and buckling ratio, models of the cross-sections
using assumed shapes are necessary. The narrow neck is modelled with 60/40
proportion of cortical/trabecular bone, the shaft with 100% of cortical bone and
the intertrochanteric regions is modelled with 70/30 proportion of

cortical/trabecular bone (Beck, 2007).

"1 Narrow-Neck
il

Figure 2.4. Hip structure analysis profile at the narrow neck of the femur, intertrochanteric and

femoral shaft sites. Adapted from (Beck, 2007).

Several studies have demonstrated that HSA can predict hip fractures (Faulkner
et al., 2006, Leslie et al., 2009). In a study of 7,474 women with 635 incident hip
fractures over 13 years, women with fractures (compared with those without

fractures) had greater neck-shaft angles, subperiosteal and endosteal
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diameters, and buckling ratios and lower hip BMD, CSA, cross-sectional
moment of inertia (CSMI), section modulus (Z), and cortical thickness (Kaptoge
et al., 2008). Similarly, a study on postmenopausal women (n=76) reported that
trochanteric diameter and femoral shaft subperiosteal diameter, as well as
buckling ratio, were independent predictors of fracture risk even after controlling
for age, body size, clinical risk factors, and BMD (Petit et al., 2004). HSA is
being used in studies assessing the impact of exercise and mechanical loading
on bone (Hind et al., 2012a, Petit et al., 2004) and has been used in longitudinal
studies of children and adolescents (Jackowski et al., 2011b, Alwis et al., 2012).
Previously, the coefficient of variations (COVs) of these variables previously

found to be between 7.9 % and 11.7 % (Khoo et al., 2005).

2.3.4 Trabecular microarchitecture

TBS is a recently developed technique from which a textural metric can be
extracted from the DXA image, providing an indirect index of trabecular
microarchitecture (Silva et al., 2014). TBS is not a direct physical measurement
of bone microarchitecture, but rather an overall score computed by the
projection of the 3D structure onto a 2D plane (Bousson et al., 2012). TBS is
calculated as the slope of the log transformed two dimensional variogram,
where the slope characterizes the rate of grey pixel variations. A steep
variogram slope with a high TBS is associated with better bone structure,
whereas low TBS values indicate low bone structure (Figure 2.5). Because the
DXA image is usually retrievable, even though it might have been obtained
years before, TBS can be readily applied to any available DXA image obtained

from GE Lunar and Hologic densitometer models. TBS is typically measured at

44



the lumbar spine and determined using the same region of interest as the BMD
measurement. Although a TBS is given for each vertebra, the average of L1 to
L4 is used following DXA lumbar spine reports (Bousson et al., 2015). A recent
study investigated the predictors of TBS in adolescents showing that age and
pubertal stages were significant determinants of TBS (Shawwa et al., 2016).
Normative data do not exist yet, but the COVs of TBS in relation to BMC has

been reported to be between 1.1 % to 1.9 % (Silva et al., 2014).

BMD= 0.972 llustration of TBS= 1.459

F Well-structured

trabecular bone
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BMD= 0.969 lllustration of variogram
. - Altered
trabecular bone

Figure 2.5. Representation of the TBS principles and an example where the TBS appears to be

independent from BMD. With permission from (Silva et al., 2014).

2.3.5 Quantitative Computed Tomography

Quantitative Computed Tomography (QCT) is an X-ray based technique that
provides three-dimensional information on morphology and composition of the
scanned area. Peripheral QCT (pQCT) is a device designed to measure
peripheral bones, typically the distal forearm (radius) and the distal tibia (Liu et

al., 2010). The radiation dose is low, less than 3 uSv for a single slice and
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increases in a multiple-slice protocol (Lee et al., 2013). Unlike DXA, pQCT
provides cross-sectional images. This enables the separation of cortical and
trabecular bone, so that volumetric BMD of the cortical and trabecular bone
compartments can be determined separately. It also allows the investigation of
the geometrical bone properties. Information about the trabecular bone traits
are obtained through a scan at 4 % of the bone length in the distal direction of
the proximal end of the bone. While information about cortical bone traits are
obtained through a scan at 15-65 % of the bone length in the distal direction of
the proximal end of the bone. In addition to volumetric BMD of the trabecular
and cortical bone, a measure of cortical thickness, cortical CSA, endosteal and
periosteal circumference can be obtained, which enables insight into the size
and density of the bone (Wang et al., 2008). Recently, a multislice high-
resolution pQCT (HR-pQCT) has come into use for research purposes. HR-
pQCT is a pQCT device that performs several cross-sectional slices and
produces a three-dimensional image of the bone. The resolution is high (slice
thickness 82 pm) and enables investigation of the microstructure of the

trabecular bone (Schipilow et al., 2013).

2.3.6 Ultrasonometry

In addition to DXA and QCT devices, quantitative ultrasound (QUS) was
developed in 1984 for the assessments of calcaneal bone status in adults
(Langton et al., 1984). QUS uses ultrasound waves characterized by a
frequency exceeding the threshold of audibility of the human ear (> 20 kHz).
Unlike the usual ultrasound techniques that are based on the reflection of

ultrasound waves, QUS involves the transmission of ultrasound pulses through
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the investigated bone tissue and the detection of the transmitted pulses once
they have passed through the medium. The heel is positioned between two
probes as seen in Figure 2.6. The ultrasounds transmitted to the cortex after
propagation along the cortical bone layer and received by another ultrasound
transducer at a known distance (Paola Pisani, 2013). The QUS parameters
obtained are the speed of sound and broadband ultrasound attenuation through
the appendicular bone. Bone stiffness (or stiffness index) can be calculated
using validated age specific equations (Baroncelli, 2008, Frost et al., 1999). Due
to the use of the ultrasound waves, the method has several advantages for the
paediatric population. The QUS device is portable and suitable for large school
studies, there is no radiation exposure and it is technically simple. It should be
noted that if there are decreased values of the output from the QUS it may not
be possible to detect the reason for this since the QUS is dependent on the
density and the stiffness as well as the micro-structure (Binkley et al., 2008). A
study aiming to examine the correlation between bone stiffness measured by
QUS and DXA outcomes in children and adolescents indicated that the short-
term precision QUS was 1.8 % for bone stiffness, 2.9 % for BUA, and 0.4 % for
SOS. Pearson's correlation coefficients (r) were calculated to assess the
correlations between the total body BMC by DXA and bone stiffness calculated
by QUS. There were significantly positive correlations between bone stiffness
and total body BMD (r=0.693) and BMC (r=0.690), highlighting that QUS
method is considered a valid and radiation-free method compared with DXA to

assess bone health in children and adolescences (Xu et al., 2014).
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Figure 2.6. Quantitative ultrasound method. A: Ultrasound beam through a bone tissue of
phalanx (transmission way) in a typical quantitative ultrasound measurement (section view); B:

Ultrasound pulse. With permission from (Paola Pisani, 2013)

2.3.7 Bone formation and resorption markers

Bone turnover markers can provide additional information about bone
metabolism, especially during growth, that are not detected by bone devices
and can help in the evaluation of osteoporosis treatment (Vasikaran et al.,
2011). Bone turnover markers reflect the formation and resorption of the bones
and they can be measured in biological samples such as blood or urine, and are
determinants of fracture risk (Johansson et al., 2014). The intracellular markers
can provide dynamic information about the turnover of osseous tissue and can
reflect the cellular activities of bone formation and resorption by monitoring the
acute responses on bone remodelling (Nebigh et al., 2017). They can be
divided into two categories: 1) bone formation markers, which reflect osteoblast
activity, and are by-products of collagen synthesis, matrix proteins or
osteoblastic enzymes; and 2) bone resorption markers, which reflect osteoclast
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activity and are mainly degradation products of type 1 collagen (Jurimae, 2010).
Two common bone formation markers are procollagen type | of amino-terminal
propeptide (PINP) and osteocalcin, produced by osteoblasts during osteoid
synthesis (Brown et al., 2009). Some bone formation markers are incorporated
directly into the bone matrix, but some newly synthesized markers are secreted
and circulated in the blood (Szulc and Delmas, 2008). The most common bone
resorption marker used is Carboxi-terminal telopeptide of type 1 collagen (CTX-
), a collagen degradation fragment which, when bone is resorbed, is released
into the blood and subsequently excreted in urine (Chopin et al., 2012). Several
other markers of bone turnover are available but PINP and CTX-lI are
recommended by International Osteoporosis Foundation (Vasikaran et al., 2011)
as markers of formation and resorption, respectively. During puberty, levels of
bone turnover markers increase, and have been demonstrated to be higher in
early puberty and mid-puberty compared to advanced puberty (Gracia-Marco et
al.,, 2011b). In addition, bone remodelling might be increased due to
participation in high intensity weight-bearing activities during puberty (Kambas
et al., 2016, Jurimae et al., 2010). Exercise can induce changes in bone
remodelling with evidence showing that football training to have substantial
effect on bone turnover in boys (Zouch et al., 2008). A different study in pubertal
girls did not find significant differences in bone resorption between gymnasts,
runners, and controls after 1 year (Lehtonen-Veromaa et al., 2000), however
there is no scientific evidence comparing bone remodelling of adolescent male

athletes involved in different loading sports.

2.4 Bone development
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Bone development starts at 8 weeks as the pattern of the skeleton has been
largely formed. At this early skeleton, the initial bone formation starts 6 weeks
post fertilization (Wang and Seeman, 2008). The fetal period is characterized by
rapid growth in bone size and maintenance of the bone’s shape, which is
required for maternal nutrition and fetal movements (Steer and Tobias, 2011).
After birth, the skeleton maintains a fast rate of growth in length and thickness.
The long bones continue their growth during infancy, childhood and
adolescence until they reach their adult size. Growth in length is driven by bone
formation on the diaphysis side of the epiphyseal plate, while increased
thickness is related to net bone formation on the periosteal surface (Clarke,

2008).

2.4.1 Bone mass accrual

PBM attainment typically occurs between the second and third decade of life,
with 80-90 % acquired by late adolescence, although this is skeletal site
dependent (Baxter-Jones et al., 2011, Henry et al.,, 2004). Pubertal status is
associated with bone growth both in size and density, and evidence shows that
boys and girls acquire bone mass at similar rates before puberty, whereas after
puberty, males tend to acquire a higher bone mass than females, likely due to
the impact of sex-steroid hormones (Davies et al., 2005). During childhood and
adolescence longitudinal growth occurs as well as changes in skeletal size and
shape (Chevalley et al., 2009). Bones become longer through endochondral
ossification at the growth plates, and wider by periosteal apposition. From early
childhood to late adolescence, there is an ongoing accumulation of skeletal

mass, which increases from approximately 70-95 g at birth to 2,400 to 3,300 g
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in young women and men, respectively (Stagi et al., 2013). Skeletal growth
requires adequate production of growth hormone, thyroid hormones, growth

factors and sex steroids (Bachrach, 2001).

Before puberty, no substantial sex differences are observed in BMD of the
lumbar spine, femur and radius, after adjustment for age, physical activity and
nutrition (Bonjour and Chevalley, 2014). During puberty, bone size increases
while BMD remains almost constant in both sexes (Rizzoli et al., 2010). Bone
formation also occurs at the endosteal, inner surface of the cortical bone
(Bonjour et al.,, 1994). Skeletal modelling during growth differs from bone
remodelling, since it leads to new bone formation at a different location than the
site of resorption, resulting in alterations in bone shape and net accrual of bone
tissue (Jurimae, 2010). At the end of puberty, males have higher BMD, mainly
due to greater bone size in males compared to females (Chevalley et al., 2011).
In males, the prolonged bone maturation period results in larger increases in
cortical thickness and bone size. Cortical thickness increases more by
periosteal apposition of bone in males, resulting in a stronger bone, whereas in
females more bone is deposited at the endosteal, inner surface (Bonjour and

Chevalley, 2014).

Findings of a longitudinal study monitoring BMC velocity annually suggest that
the highest rate of bone mass accrual, or PBM, in females and males occurs
between 12-15 years and 14-16 years of age, respectively (Figure 2.7). In the
same study, BMC velocity rate for most skeletal sites decreased by the age of
16-18 years in girls and 17-20 years in boys (Bailey et al., 1999). During the
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years of puberty, girls acquired approximately 40 % of their PBM, meaning they
had achieved approximately 90 % of PBM by the age of 18 (Theintz et al.,
1992). The PBM is relatively stable until the onset of natural loss with aging. At
menopause, women experience an accelerated loss for 3-6 years and
thereafter a continued loss of bone mineral for both men and women (Faulkner
and Bailey, 2007). The PBM is an important predictor for BMD in elderly and
hence, maximising the PBM may be essential in the prevention strategy

towards osteoporosis.
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Figure 2.7. Total body peak bone mineral content velocity in boys and girls over a period of 6

years. With permission from (Bailey et al., 1999).

2.4.2 Maturation and bone development

Maturation onset is another important component of bone mass acquisition due
to the relationship between the pubertal timing and the PBM accrual. Maturation
onset depends on endocrine and hormonal changes on both females and males.
Maturity status can be assessed by X-rays to establish biological age, by

maturity stages using the Tanner method, by markers of secondary sex
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characteristics and by anthropometric measurements to calculate age from
peak height velocity (PHV) (Mirwald et al., 2002, Malina et al.,, 2004,

Georgopoulos et al., 2004, Tanner and Whitehouse, 1976).

The Saskatchewan Paediatric Bone Mineral Accrual Study reported that PBM
velocity was achieved 6 months later than PHV, where boys and girls obtained
90 % of total height at PHV time but only 57 % of total bone mineral content
BMC (Bailey et al., 1999). In addition, a large part of the BMC accrual takes
place during the period of adolescent growth surrounding PHV, which is the
time of the most rapid longitudinal growth (Figure 2.8). Depending on skeletal
site, 33 % to 46 % of the adult BMC has been reported to be accrued in the
circumpubertal years (-2 to +2 years from PHV) (Baxter-Jones et al., 2011). The
inverse association between PHV and PBM accrual showed that children who
reach PHV earlier tend to have higher BMC and BMD than those with a later
age of PHV. However, in late adolescence and young adulthood there were no
significant differences in BMC in early, middle, and late maturing males, while
late maturing females developed less bone mass throughout adolescence than
their early and average maturing peers (Jackowski et al., 2011a, Jackowski et

al., 2011b).
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Figure 2.8. Percentage adult bone accrual within 1-year of biological age categories (years
from peak height velocity) for four sites in males: (A) total-body BMC (B), lumbar spine BMC, (C)
total-hip BMC and (D) femoral neck BMC, Mean and 95% confidence intervals. With permission

from (Baxter-Jones et al., 2011).

2.4.3 Body composition and bone development

The attainment of optimal PBM accretion through puberty is accompanied by
sex specific alterations in body composition. The effects of lean mass on bone
accretion are of particular interest because of the beneficial effects of weight-
loading on bone accretion. Muscle contractions generate forces which stimulate

bones to adapt their shape and density to such loads (Schoenau and Frost,
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2002). A recent systematic review (Sioen et al.,, 2016) on the associations
between body composition and bone health in children and adolescents
indicated that the contribution of lean mass to the variance of the different bone
parameters is larger than the contribution of fat mass, and that an increase in
lean mass is associated with an increase in bone parameters. Most of the 19
studies included in the systematic review indicated that the increase in bone
parameters seen in overweight and obese children and adolescents is due to an

increase in lean mass and not due to greater fat mass (Sioen et al., 2016).

The contribution of lean tissue to bone accretion has been a topic of numerous
investigations. In a study of 363 healthy schoolchildren, aged 10-17 years, the
contribution of lean mass to BMC varied by skeletal site, and was greater in
boys (5.7-12.3 %) than girls (4.3-10.5 %). Lean mass was most strongly
associated to BMC of the femoral neck in both sexes, whereas fat mass was
associated to BMC of the total body and lumbar spine (Arabi et al., 2004). Fat
mass accounted for only a small percentage of explained variance in BMC,
although it had a higher contribution in females than males (up to 6.5 vs. 1.9 %
explained variance). In obese children and adolescents (Petit et al., 2005), it
has been shown that the greater femoral bone strength in obese children was
attributed to their greater lean mass as fat mass did not contribute to measures
of femoral strength. As obese and overweight children also have greater lean
mass compared with normal-weight individuals, it is of interest to adjust for lean
mass when investigating the association between fat mass and bone
parameters. Some studies indicate that the association between fat mass and
bone parameters are similar with and without adjustment for lean mass (El
Hage et al., 2010, Wey et al., 2011, Leonard et al., 2004, Farr et al., 2010).

Specifically, it has been reported that the significant associations between fat
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mass and bone area, BMC and BMD of lumbar spine, are attenuated after

adjustment for lean mass (Cole et al., 2012). In addition, Gracia-Marco et al.

concluded that adolescents with higher levels of adiposity have greater bone

mass (Figure 2.9), but that this association is explained by their higher levels of

lean mass (Gracia-Marco et al., 2012). Also Hoy et al. indicated that bone

quality of overweight adolescents adapts to lean mass and not to greater fat

mass. Therefore, it is relevant to be cautious with the conclusions of studies

reporting associations between fat mass and bone parameters without adjusting

for lean mass (Hoy et al., 2013).
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1 + average physical activity). Dashed lines (Model 3) show adjustments by confounders (Model

2 + lean mass). With permission from (Gracia-Marco et al., 2012).

Prospective studies have shown that lean mass accretion peaks before the
peak bone mass accretion, suggesting a causal association between these
measures. Rauch et al. (Rauch et al., 2004) showed that peak in lean mass
accretion occurred, on average, 0.51 years before peak BMC accretion in girls
and by 0.36 years in boys. Further, peak lean mass accretion was the primary
determinant of total body peak BMC accretion, explaining 50% of the variability
in peak BMC accretion. Using peripheral quantitative computed tomography of
the tibia, Xu et al. (Xu et al., 2009) examined multiple indicators of bone density
and strength in relation to changes in lean mass of the lower leg in a
prospective longitudinal study. They showed that the peak gains in muscle
cross-sectional area, a measure of lean mass, occurred 1 year after the peak
gains in tibia length and total cross-sectional area, and earlier than cortical CSA,
total BMC and cortical volumetric BMD. Thus, there are dynamic changes in the
distribution and density of bone that occur during puberty, not all of which are

directly responding to changes in lean mass.

2.5 Osteoporosis and its consequences

Osteoporosis (“porous bones”, from Greek: ooTtéov/osteon meaning “bone” and
Tépog/poros meaning “pore”) is defined by the National Institute of Health (US)
as “A skeletal disorder characterized by compromised bone strength
predisposing a person to an increased risk of fracture” (NIH Consensus
Development Panel on Osteoporosis Prevention and Therapy, 2001). The
World Health Organization (WHO) further classifies osteoporosis as BMD 2.5

standard deviations below the mean value of healthy individuals of the same
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sex and ethnicity at the age of 30 years (Kanis et al., 2000a). Approximately
200 million people are affected by osteoporosis worldwide and the prevalence is
expected to increase due to an aging population (Cooper, 1999, Reginster and
Burlet, 2006). The economic burden of osteoporosis in Europe is higher than
most types of cancer (except lung cancer), or chronic cardiorespiratory
diseases (Kanis et al., 2008, Johnell and Kanis, 2006) and represents a direct
annual cost of ~ €31.7 billion to health care and social services (Kanis and

Johnell, 2005b).

2.5.1 Fracture prevalence

Approximately 30 % of all postmenopausal women have osteoporosis in the
United States and in Europe. At least 40 % of these women (Melton et al.,
1992) and 15-30 % of men (Randell et al., 1995) will sustain one or more
fragility fractures in their remaining lifetime. By 2050, the worldwide incidence of
hip fractures is projected to increase by 310 % and 240 % in men and women
respectively (Gullberg et al., 1997). The estimated number of hip fractures
worldwide are expected to rise from 1.66 million in 1990 to 6.26 million in 2050
(Figure 2.10), even if age-adjusted incidence rates remain stable (Cooper et al.,

1992).

58



A — Miemn

A Hip
Radiographic vertebral
B Wrist

IO —

0 —

LD —

Rate pr 10 000 peryear

A0 — WO rree
300 —
200 —|
100 —|
o — T
4%“}? c—ﬁ";ﬁ% co‘*'-‘-*bh cé‘;ocﬁ f\":’ﬂh ﬂ"‘"—'ﬁ:ﬁ q;'-‘-’a}h S

Auge (ywears)

Figure 2.10. Age-specific and sex-specific incidence of radiographic vertebral, hip, and distal

forearm fractures. With permission from (Cooper et al., 1992).

Patients with fractures (especially hip fractures but also vertebral fractures)
suffer loss of quality of life and mobility, long-term disability and loss of
independence (Cummings and Melton, 2002). Only half of those ambulatory
before a hip fracture are able to walk independently afterwards (Kanis et al.,
2000b). Fractures also increase the mortality and impose a financial burden on
the health care system (Zethraeus et al., 2007). In men, osteoporotic fractures
occur approximately 5-10 years later in life than in women, and after a hip

fracture morbidity and mortality rates are higher among men (Kaufman et al.,
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2013). Low BMD is a major risk factor for osteoporotic fracture (Johnell et al.,
2005). Every SD decrease in BMD is associated with approximately a two-fold
increase in the age-adjusted hip fracture risk in postmenopausal women, and

with a three-fold risk increase in elderly men (Cummings et al., 1993).

Other important risk factors for osteoporotic fracture are increased age, female
sex, previous fracture history, a family history of fracture and systemic
glucocorticoid treatment (Kanis et al., 2004a). Additional risk factors are
smoking, excessive alcohol intake and low body mass index (BMI), as well as
increased risk of falling related to visual impairment, treatment with sedatives or
reduced mobility (De Laet et al., 2005). A fracture risk assessment tool (FRAX®)
developed by the (WHO) was introduced as a method to identify patients with
high fracture risk. It is a country-specific computer-based algorithm available
online which calculates fracture probability based on risk factors and patient
characteristics, with or without available measurements of femoral neck BMD

(Kanis et al., 2009).

2.5.2 Fractures during childhood and adolescence

The annual fracture incidence increases during adolescence and it has been
shown that a prior fracture is associated with an 86 % increased risk of any
fracture (Kanis et al., 2004b). In addition, a decrease of 1 SD in BMC or BMD is
associated with an increase in fracture risk (Kalkwarf et al., 2011). The lifetime
fracture risk is 40 % for girls and 64 % for boys, highlighting the importance of
this period of life (Cooper et al., 2004a, Hedstrom et al., 2010, Jones et al.,

2002). The incidence of non-osteoporotic fractures in 5 to 14-year-old girls
60



increases by 4 % per year and peaks later in life at the age of 85 years (Figure
2.11). In males the fracture incidence reaches 7 % per year in late adolescence,
and peaks at the age of 15 to 24 years, which is greater compared to females

(Donaldson et al., 2008).
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Figure 2.11. Annual fracture incidence and lifetime fracture prevalence per 100 people, by age
and sex in the English general population 2002 — 2004. Note the rise in fracture incidence in the

adolescent years. With permission from (Donaldson et al., 2008).

2.5.3 Causality and skeletal sites of paediatric fractures

The leading cause of paediatric fractures is falls (27 %), followed by accidents
occurring during leisure activities (25 %), at home (14 %), on playgrounds
(11 %), and traffic (11 %) and school accidents (8 %). The majority of the
fractures in children occur at the upper extremities (~75 %), with the lower
extremities representing 20 %, and less than 5 % are located in the axial
skeleton and trunk (Brudvik and Hove, 2003). The most commonly fractured site
in children is the forearm (lower arm, radius and ulna), comprising at least one

third of all fractures (Cooper et al., 2004b). Forearm injuries occur most often at
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the distal end and they are as common in girls as in boys, and the incidence
increases with the age (Hedstrom et al., 2010). Upper arm fractures comprise
10 % of all paediatric fractures and distal humerus fractures are most common
in children from 4 to 9 years, whereas the proximal humerus is more commonly
injured in older children. Lower extremity fractures in paediatric patients usually
occur at the lower leg (tibia and fibula) and foot sites (Rennie et al., 2007).
Biological and behavioural differences are thought to explain the male
predominance in fracture incidence and is mainly attributed to the greater
participation to leisure activities (Joeris et al., 2014). In order to improve bone
health and reducing the prevalence of osteoporosis and the fracture incidence
in life, primary prevention remains the most important policy action in public
health. It is important to acknowledge a common misconception that
osteoporosis and osteoporotic fractures are always the result of bone loss.
Bone loss commonly occurs in both men and women with age, however an
individual who does not reach the optimal PBM during childhood and
adolescence may develop osteoporosis without the occurrence of accelerated
bone loss (NIH Consensus Development Panel on Osteoporosis Prevention
and Therapy, 2001). Hence, it is important to highlight in the next chapters that
osteoporosis has its origins in childhood and adolescence and that suboptimal
bone growth during this period is as important as bone loss later in life for the

development of osteoporosis (Gordon et al., 2016).

2.6 Determinants of bone health

Bone health during adulthood is determined by the maximum amount of bone
mass attained during childhood and adolescence. Therefore, it is critical to

understand the role of the determinants affecting bone acquisition during growth.
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Osteoporosis has a strong genetic component and epidemiological studies
show that heritable factors account 60-80 % of the variability in BMD (Mitchell et
al., 2015, Stewart and Ralston, 2000, Bachrach, 2001), while environmental
non-modifiable (e.g. hormones) (Vanderschueren et al., 2005, Bonjour and
Chevalley, 2007) and modifiable (e.g. calcium, vitamin D and exercise)
(Courteix et al., 2005, Ward et al., 2007, Lappe et al., 2014, Specker B, 2007,
Mouratidou et al., 2013, Valtuena et al., 2012, Vlachopoulos et al., 2016) factors

account for the remaining peak bone mass explained variance (Figure 2.11).
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Figure 2.12. Physiological determinants of peak bone mass. The black arrows illustrate the

interdependency of the four types of factors. With permission from (Bonjour et al., 2009).

2.6.1 Genetic predisposition

Osteoporosis is a polygenetic disease and no single gene explains the disease.
In twin studies several genes have been identified to be associated with
variations in BMD and many of these genes were identified as candidate genes

in the pathways of either bone formation or bone resorption (Duncan and Brown,
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2010). A meta-analysis including 17 genome-wide association studies and
32,961 individuals of European and Asian ancestry shed unique insight on the
genetic architecture and pathophysiological mechanisms underlying BMD
variation and fracture susceptibility (Estrada et al., 2012). The study identified
that the genes explaining the variance of bone mass are involved in biological
pathways, such as mesenchymal stem-cell differentiation (osteoblast/osteocyte),
WNT signalling (osteoblast genesis) and RANK-RANKL-OPG pathway
(osteoclast differentiation and activation). In addition, the study has identified 56
loci associated with BMD, and 14 loci associated with osteoporotic fracture

(Estrada et al., 2012).

Previous studies identified the collagen 1 alpha 1 (Grant et al., 1996), the
vitamin D receptor 16 (Morrison et al., 1994), and low-density lipoprotein
receptor-related protein 5 (Boyden et al., 2002) as determinants of BMD. Many
loci are also associated with BMD in childhood, some with sex (Chesi et al.,
2015) and puberty (Mitchell et al., 2015) specific effects. The rare variant EN1
and a common variant SOX6 were associated with high BMD in both children
and adults (Zheng et al., 2015), suggesting that the risk of osteoporosis may be
established during childhood (Mitchell et al., 2016). Recent studies that used a
“genetic risk score” based on loci identified in adult bone studies have shown
that genetic risk for low BMD in adulthood was associated with decreased bone

accretion from age 9 to 17 years (Warrington et al., 2015).

2.6.2 Hormones
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Among endocrine factors, sex hormones (Riggs et al., 2002, Seeman, 2004),
parathyroid hormone (PTH) (Pettway et al., 2008) and the growth hormone and
insulin-like growth factor 1 (IGF-1) (Niu and Rosen, 2005) exert a specific
impact on bone development, particularly during the phase of pubertal
maturation. Androgen receptors have been localized in growth plate in humans
during pubertal maturation (Abu et al.,, 1997, Nilsson et al., 2003). However,
there is no evidence that androgens stimulate longitudinal bone growth by a
direct action on the skeleton. In contrast, it is well-documented that estrogens
play an essential role in longitudinal bone growth (Riggs et al., 2002). Estrogens
can accelerate bone growth at the beginning of puberty and play a key role in
the closing of growth plates in both genders (Vanderschueren et al.,
2005). From birth to the end of adolescence, the IGF-1 system is essential for
the harmonious development of the skeleton (Yakar and Rosen, 2003). During
puberty, the plasma level of IGF-1 transiently rises according to a pattern similar
to the curve of the gain in bone mass and size (Bonjour et al., 1994). IGF-1

positively influences the growth of the skeletal pieces in both length and width.

Thyroid hormones play pivotal role in linear development of skeleton. They are
necessary to achieve peak bone mass, but the excess of thyroid hormones in
childhood can lead to premature accretion of growth plates and short stature
(Williams et al., 1998). PTH is an important regulator of 1l-alpha-hydroxylase
renal enzyme that helps to maintain the 25-hydroxyvitamin D (25(OH)D) in the
normal range to allow an optimal calcium absorption. Regarding the PTH
relationship with bone development, it has been shown that an increase of PTH
levels can lead to a stimulation of osteoclast activity and bone turnover, which
would help to maintain calcium homeostasis at the expense of bone mineral

mass. Low levels of vitamin D, can reduce the absorption of calcium and
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phosphorus by reducing the levels of ionized calcium and stimulating the

secretion and action of PTH (Stagi et al., 2015).

2.6.3 Smoking and alcohol

Two lifestyle factors negatively influencing PBM are smoking and alcohol
consumption (Emaus et al., 2014, Kanis et al., 2005). Smoking has been
associated with reduced bone mass and increased fracture risk in adult men
and women (Law and Hackshaw, 1997, Ward and Klesges, 2001). Less is
known about the effect of smoking at the time of PBM accrual, but studies have
demonstrated a negative relationship between smoking and BMD in both male
and female adolescents (Hernandez et al., 2003, Neville et al., 2002). In the
GOOD cohort, cross-sectional data showed that smoking was associated with
lower BMD of especially the femoral neck, and reduced cortical thickness of the
radius and tibia at age 18- 20 years after adjusting for age, height, weight,
physical activity, milk consumption and drinking habit (Tamaki et al., 2011).
Longitudinal data demonstrated that smoking was associated with impaired
bone mass development in young adulthood (Valimaki et al., 1994). Alcohol
intake is considered a risk factor for osteoporotic fractures, even though most
studies indicate that it takes a quite large amount equalling three or more units
per day (1 unit=285 ml of beer, 120ml of wine, 30ml of spirits) to consider it a
contributor to fracture risk (Kanis et al., 2005, Berg et al., 2008). However, there
are no studies regarding the specific effects of alcohol consumption and bone

acquisition during growth.

2.6.4 Nutrients: calcium and vitamin D
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To achieve the full genetic potential for PBM accretion, sufficient modifiable
environmental factors are required including nutrients and optimal skeletal
loading (Davies et al., 2005, Bonjour et al., 2009). Nutrition is an important
modifiable factor that can affect bone health. Over 99 % of calcium and 85 % of
phosphorus are found in the skeleton serving as a reservoir in the case of
deficiency, and play an essential role in calcium homeostasis (Abrams and Stuff,
1994). Vitamin D optimizes calcium absorption and affects bone mineralization
(Kitchin and Morgan, 2007). Traditionally, calcium and vitamin D nutrients have
been the main focus of osteoporosis prevention strategies. The dietary
requirements for calcium and vitamin D have been summarized by the Institute
of Medicine in a useful article for clinicians, professionals and the public (Table

2.1) (Ross et al., 2011).
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Table 2.1. Calcium and vitamin D dietary reference intakes by life stage. Adapted with
permission from (Ross et al., 2011).

Calcium Vitamin D
Life stage
groups Recommended Upperlimit Recommended Serum Upper limit
(age and Dietary (mg/d)? Daily 250HD level (IU/d)?
gender) Allowances allowances (ng/ml)®
(mg/d) (lU/day)
0-6 months 200° 1000 400° 20 1000
(M+F)
6-12 260° 1500 400° 20 1500
months
(M+F)
1-3 years 700 2500 600 20 2500
(M+F)
4-8 years 1000 2500 600 20 3000
(M+F)
9-13 years 1300 3000 600 20 4000
(M+F)
14-18 years 1300 3000 600 20 4000
(M+F)
19-30 years 1000 2500 600 20 4000
(M+F)
31-50 years 1000 2500 600 20 4000
(M+F)
51-70 years 1000 2000 600 20 4000
(M)
51-70 years 1200 2000 600 20 4000
(F)
71+ years 1200 2000 800 20 4000
(M+F)
Pregnant or
lactating (F)
14-18 years 1300 3000 600 20 4000
(F)
19-50 years 1000 2500 600 20 4000
(F)

M: Males, F: Females. ® UL indicates level above which there is risk of adverse events. The UL is not
intended as a target intake (no consistent evidence of greater benefit at intake levels above the RDA).

® Measures of serum 250HD levels corresponding to the RDA and covering the requirements of at least
97.5% of the population. ° Reflects Al reference value rather than RDA. RDAs have not been established
for infants.
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Previous studies investigating the associations between calcium intake and
bone outcomes in children and adolescents, reported positive associations, but
not always (Wang et al., 2003, Rizzoli et al., 2010). Calcium intake has been
shown to increase bone mass accrual in an randomised controlled trial (RCT) in
both prepubertal girls and boys (Bonjour et al., 1997). A 6-year longitudinal
assessment of calcium intake on bone outcomes in a large diverse study cohort
of 1743 children found that dietary calcium had a positive effect, after
adjustment for age, height velocity, and physical activity, on bone accrual at the
lumbar spine in nonblack females with no effect on other ethnic groups or in
males (Lappe et al., 2014). Also, calcium supplementation RCTs indicate
positive effects on BMD (Helen L Lambert, 2008, Matkovic V, 2005). A recent
review of nine RCTs found that small (1-5%) bone accrual gains were
associated with calcium supplementation (Weaver et al., 2016). It should be
noted that only four of the RCTs adjusted for body size (height and weight)
(Dibba et al., 2000, Cameron et al., 2004, Prentice et al., 2005, Cheng S, 2005).
This is noteworthy as longitudinal growth complicates interpretation of bone

mass changes.

A systematic review on the effects of dairy products and dietary calcium on
bone mass revealed that only 9 out of 27 RCTs reported modest benefits in
children's bone mass ranging from 1 % to 6 %, suggesting that there is no
conclusive evidence of the positive effects of dairy products and dietary calcium
on bone mass in children and adolescents (Lanou et al.,, 2005). A different
meta-analysis included 21 RCTs (study duration 1-2 years) with 3,821
participants (83 % girls) aged between 4 and 17 years. The findings revealed

that increasing the consumption of milk products and calcium intake non-
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significantly improved total body BMC by 2 g. In addition, children with calcium
intakes below 800 mg/day had a greater increase in BMC (49 g), and vitamin D
added to the milk supplement could potentially improve by 35 g the BMC in the
lumbar spine. Calcium/milk supplement groups alone showed a non-significant
improvement of 2 g in total body BMC compared to control groups (Huncharek
et al., 2008). It should be noted that dairy products, such as milk and yogurt,
include other nutrients, such as protein, that might enhance the effect of calcium
on bone outcomes. It has been found that the effects of dietary protein on bone
mineral mass in young adults may be modulated by adolescent calcium intake
(Vatanparast et al., 2007). A different meta-analysis of 19 studies, concluded
that calcium supplementation in healthy children had no effect on BMD at the
hip or spine, but a small positive effect was seen on BMD of the upper limb
(Winzenberg et al., 2006). Few of the studies included in the review were

performed in children with low baseline calcium intake.

Vitamin D is essential to bone mineralization because of its effects on intestinal
calcium absorption and on bone mineral accrual (Sopher et al., 2015, Rizzoli et
al., 2010). Vitamin D levels in the body are influenced by genetic factors, dietary
intake and mainly by endogenous synthesis in the skin following sunlight
exposure, and more specifically ultraviolet B radiation (Wang et al., 2010, Spiro
and Buttriss, 2014). Clinical vitamin D (in)sufficiency in young people includes
the following categories: severe deficiency of vitamin D when (25(OH)D levels
are below 27.5 nmol/L, deficiency between 27.5 nmol/L and 50 nmol/L,
insufficiency between 50 nmo/L and 75 nmol/L and sufficiency above 75 nmol/L
(Gonzalez-Gross et al., 2012b). It should be noted that the definition of sufficient

25(OH)D levels in adolescents is controversial between countries and
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continents and therefore predefined cut-offs are used to define optimal levels
275 mmol/L and insufficiency <75 mmol/L (Valtuena et al., 2012). Depending on
the magnitude and the skeletal site, deficiency in vitamin D may lead to rickets
and increase fragility by reducing the absorption of calcium in the skeleton

(Pettifor, 2005).

Insufficient vitamin D status has been observed in European adolescents from 9
different countries, aged 12.5 to 17.5 years participating in the Healthy Lifestyle
in the Europe by Nutrition in Adolescence (HELENA) study. After adjusting by
age, sex and weight status, it was revealed that 15 % of adolescents were
severely deficient, 27 % were deficient and 39 % insufficient for their 25(0OH)D
levels (Gonzalez-Gross et al., 2012b). The daily dose of vitamin D in children
and adolescents is a matter of debate indicating that optimal vitamin D levels
should be maintained throughout the year. On this note, in the northern
hemisphere at latitudes greater than 40°N (north of Madrid), the sunlight is not
strong enough to trigger vitamin D synthesis in the skin from October to March
(Spiro and Buttriss, 2014). In a review and meta-analysis of 6 studies, the
authors concluded that it is unlikely that vitamin D supplements are beneficial
for bone health in children and adolescents with normal vitamin D levels, but
supplementation in deficient children and adolescents could result in clinically
important improvements in bone density (Winzenberg et al., 2011). In addition,
subgroup analyses showed that the vitamin D effect was more pronounced in
prepubertal or early pubertal vs post-pubertal girls, as well as in those with a
lower compared with higher baseline 25(OH)D. Therefore, there may be a
“critical window” in pre or early pubertal children with deficient vitamin D levels

during which the skeleton is most receptive to the effects of vitamin D.
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2.6.5 Interactions between nutrition and exercise

Calcium, vitamin D and exercise have been shown to independently influence
bone mineral accrual in young people. However, there is evidence suggesting
that exercise interacts with calcium intake (Ward et al., 2007, Lappe et al., 2014,
Specker B, 2007) and vitamin D levels (Valtuena et al., 2012, Bonjour et al.,
2013, Mouratidou et al., 2013) to improve bone status and that the combined
effects of exercise and nutrition are greater than the isolated effects to improve

bone development (Courteix et al., 2005, Vlachopoulos et al., 2016).

The effects of calcium and exercise on bone health were investigated in 113
pre-pubertal females for 12 months (Figure 2.13). Girls were separated into four
groups: two exercise groups (7 £ 4 hours of sport participation per week) that
received 800 mg of calcium phosphate (exercise/calcium) or placebo
(exercise/placebo) and two sedentary groups (1+ 1 hours of sport participation
per week) that received 800 mg of calcium phosphate (sedentary/calcium) or
placebo (sedentary/placebo) (Courteix et al., 2005). The findings showed that in
the exercise/calcium group there was a 6.3 % greater BMD at the total body,
11 % at the lumbar spine, 8.2 % at femoral neck and 9.3 % at Ward’s triangle
compared to other groups. It should be mentioned that exercise might increase
the calcium intake requirements by 422 mg due to calcium excretion through
sweat following exercise at intensities. This was observed in adults but there is

no evidence in young people (Bullen et al., 1999, Klesges et al., 1996).
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Figure 2.13. Bone mineral density gains (A) in four groups at total body, femoral neck, lumbar
spine and trochanter sites after calcium supplementation and exercise intervention period of 12

months. Adapted with permission from (Courteix et al., 2005).

The positive combined associations between calcium, vitamin D and bone
status have been shown in adolescents at different sites of the skeleton and at
different maturation stages (Neville et al., 2002). The relationship between
physical activity and 25(OH)D concentration was investigated in 100
adolescents aged 12.5-17.5 years after controlling for calcium and vitamin D
intakes, maturation, age, sex, season, physical activity and fitness level.
Findings revealed that the interaction between 25(OH)D levels and physical
activity was significantly related to BMC at TB and legs. Furthermore, it was
found that the active group of adolescents had increased total BMC when the
vitamin D levels were sufficient (>75 nmol/L) (Valtuena et al., 2012). The
beneficial effects of physical activity have been also demonstrated in
participants with vitamin D deficiency. It has been reported that adjusted BMD

for age, BMI, parathyroid hormone and bone turnover markers was positively
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related to physical activity at total body, femoral neck and lumbar spine sites in

166 adolescent girls with vitamin D deficiency (Constantini et al., 2010).

Previous evidence indicates that the combined effects of calcium and vitamin D
may not have a beneficial effect on BMC and BMD in adolescents. A study of
101 adolescents aged 12.5-17.5 years examined the relationship between
calcium, vitamin D, milk intake, 25(OH)D and bone status after adjusting the
BMC and BMD for a number of cofounding variables such as height, family
affluence scale, maturation status, season and physical activity (Mouratidou et
al., 2013). There was no association between calcium and vitamin D intake and
BMC and BMD at any skeletal site. However, a positive relationship was found
between milk intake and BMD and BMC in boys and BMD was associated with
calcium intakes. In girls there was a significant positive relationship of 25(OH)D
and BMC and BMD at total body, subtotal, left and right arm. These results are
in agreement with the findings of a meta-analysis indicating that increases in
bone mass of children following calcium, milk and vitamin D supplementation,
were not positive in some studies due to genetic or environmental factors, such

as physical activity (Huncharek et al., 2008).

The contribution of physical fitness to the relationship of bone status and dietary
nutrients has been verified by a study that investigated the association of
physical fithess and body composition with 25(OH)D levels in 1006 adolescents
(Valtuena et al., 2013). Physical fitness was positively related to 25(OH)D levels
in boys and upper limp muscular strength was associated with 25(OH)D levels
in girls. In addition boys with higher fitness levels and lower BMI had
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significantly higher 25(OH)D levels compared to those with lower fitness levels
(Valtuena et al., 2013). A study in 755 males aged 18.7 years highlighted a
significant interaction between milk consumption and exercise duration with
DXA and pQCT bone outcomes (Ruffing et al., 2006). Specifically, there was a
significant interaction between milk intake and prior exercise in relation to
cortical thickness. In addition, only males with high prior exercise duration
showed a skeletal benefit of the exercise if milk intake was greater than one

glass per day (Figure 2.14).
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Figure 2.14. Interaction between milk and exercise during the prior year on cortical thickness of

the tibia in 755 males aged 18.7 years. With permission from (Ruffing et al., 2006).

2.7 Bone mechanoadaptation (“May the force be with you”)

Physical activity effects on bone can be mechanistically explained by
mechanoadaptation (Tobias et al., 2014). According to Wolf's law, when the
loading on a particular bone increases, the bone remodels itself over time to

become stronger to resist that loading (Wolff, 1986). This principle provided a
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basic understanding of skeletal modification and guided the future research
focusing on the factors that influence bone physiology. The mechanostat theory,
proposed by Frost, describes the relationship between loading of bones and
subsequent adaptations of bone mass and geometry (Frost, 1987). The theory
is based on the combination of ideas that mechanical forces and non-
mechanical forces influence bone integrity. The mechanostat suggests that a
group of mechanisms monitor how the bone is stressed, integrate this
information, and stimulate bone cells to either increase or decrease bone
strength in response to specific levels of mechanical usage (Frost, 1987, Frost,

2003).

Turner suggest that short-duration and high intensity loading movements of a
sufficient magnitude stimulate bone cell responsiveness and induce bone
adaptations by increasing bone strength. Thus, the muscle forces acting on
bone must be rapid, powerful, and changing in magnitude and direction in order
to stimulate bone adaptation (Turner, 1998). The relationship between muscle
and bone led to the idea of a functional “bone-muscle unit,” suggesting that
muscle strength (either increased or decreased) should affect bone strength in
the same direction (Schoenau and Frost, 2002). Furthermore, it was suggested
that activities involving maximal-force muscle contractions and/or activities
involving rapid accelerations of the body place substantial loads on bones and

stimulate an increase in bone strength (Schoenau and Frost, 2002).

Table 2.2 Four regions of elastic bone deformation which result in different
consequences on the control loop.
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States Strain Modelling Result
Thresholds Remodelling
Disuse Strain < circa Remodelling Bone mass and
800 pStrain Bone adaptation  bone strength is
and bone repair reduced.
Adapted State Circal500 Remodelling Bone mass and
pStrain < Bone repair bone strength
Strain > circa stays constant
800 uStrain
Overload Strain > circa Modelling Bone mass and
1500 pStrain Bone growth bone strength is
increased
Maximum
Fracture Strain > circa elastically Bone fracture
15000 uStrain deformation
exceeded

According to this a typical bone, the tibia has a security margin of about 5 to
7 between typical load (2000 to 3000 uStrain) and fracture load (about
15000 pStrain).

Harold Frost combined the bone and muscle physiology with the mechanostat
theory to develop the Utah paradigm of skeletal physiology (Frost, 2000). The
Utah paradigm is based on the mechanostat theory and provides an
explanation for the relationship between strong muscles and strong bones. The
latter was explained by describing how the muscle (mechanical) forces
transmitted to bone can play a dominant role in controlling the biological
mechanisms that influence bone mass and geometry (Frost and Schonau,
2000). The Utah Paradigm has two basic propositions: Proposition 1 states that
“‘Bones have the main purpose of providing only enough strength to keep
voluntary physical loads, whether subnormal, normal, or supranormal, from
causing spontaneous fractures” (Frost, 2001). This proposition includes the
mechanostat theory, describes how bones adapt to previous and current
mechanical usage, and indicates that the mechanical forces caused by muscle

contractions primarily are responsible for meeting the thresholds required for

stimulating bone adaptation (Frost, 2001, Frost, 2000). Proposition 2 states that
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“All osteoporosis and osteopenias accompany reduced whole-bone strength”
(Frost, 2000). Proposition 2 focuses into the relationship between tissue-level
biological mechanisms, such as osteoclast and osteoblast activity, and
mechanical factors, such as the loads placed on the bones, and how these
mechanisms work together in determining whole bone strength in response to
mechanical use or disuse (Frost, 2001, Frost, 2000). The Utah paradigm and
the relationship between these mechanisms state that the biological
mechanisms determining bone strength need bone cells and non-mechanical
factors in order to influence bone strength (Figure 2.15). In addition, it states
that mechanical factors guide the biological mechanisms in influencing bone
strength, that neural physiology and anatomy are responsible for the control of
the biological mechanisms, and that the non-mechanical factors involved can
enhance or decrease but never replace the impact of mechanical forces on
determining bone strength (Jee, 2000). Despite the bone loss due to disuse
according to the Utah paradigm, it will be of interest to see whether inadequate
loading or non-weight bearing loading, such as swimming and cycling, will result

in bone deterioration.

H. Frost: The Utah Paradigm of Skeletal Physiology
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Figure 2.15. Mechanostat: Modeling and Remodeling Thresholds. Available for free use (Frost,

2000).

Taking into account the mechanostat theory and the Utah paradigm, in real life
the bone adapts to the forces experienced by increasing mass and remodelling
in a way to increase strength relative to the loading condition. The manner in
which this occurs is twofold, affecting either the endosteal or periosteal cortical
bone surfaces, or both surfaces concurrently. The greatest immediate
contribution to fracture resistance is gained when new bone is added to the
periosteal surface (Seeman and Delmas, 2006). Because bone is lost from the
endosteal surface during adulthood, exercise-induced increases to the
periosteum are likely to help maintaining the bone’s resistance to fracture with
age. Periosteal apposition is the predominant effect in response to increased
physical activity during growth, particularly in early puberty. Results from animal
studies suggest that early exercise-induced alterations to bone structure persist
through senescence, significantly reducing fracture risk in older age (Warden et
al., 2007). In addition to bone mass adaptations due to physical activity during
childhood and adolescence it is important to measure the structural and
strength adaptations of the skeleton when possible, as animal studies indicated
that external loading induced only small changes in bone quantity (<10 %) in
comparison to structural and strength adaptations (>60 %) (Warden and Fuchs,
2009). Figure 2.16 presents the theoretical representation of the additive effect
of exercise-induced periosteal expansion on growth-related changes to the
skeleton and the potential protective effect this may have on risk for fracture in

later life (Warden and Fuchs, 2009).
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Figure 2.16. Bone structural changes attributed to growth and aging (A) contrasted with the
additive effects of exercise during growth and the subsequent benefits to life-long skeletal
health if effects persist into older adulthood (B). With permission from (Warden and Fuchs,

2009).

2.8 Physical activity and bone health

Physical activity is defined as any bodily movement produced by skeletal
muscles that require energy expenditure above resting level (World Health
Organization, 2010). Current recommendations for health and wellbeing
indicate that children and adolescents (5-18 years) should engage in 60 or more
minutes per day of moderate to vigorous-intensity physical activity (MVPA),
including: 1) vigorous-intensity physical activity (VPA) at least 3 days per week;
2) muscle-strengthening physical activity at least 3 days per week; and 3) bone-
strengthening physical activity at least 3 days per week (World Health
Organization, 2010, U.S. Department of Health, 2008). Recent findings in UK
suggest that less than 1 % of girls and only 7 % of boys are meeting the current

physical activity recommendations for health (Department of Health, 2013) and
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physical activity levels are known to decline by approximately 65% during
adolescence (Dumith et al., 2011). In addition, a meta-analysis on the
effectiveness of interventions to increase physical activity in children including
30 studies and 6,153 boys and girls with a median intervention duration of 26
weeks, found minimal increases in MVPA (approximately 4 minutes per day)
(Metcalf et al.,, 2012). The later highlights the need for alternative physical

activity interventions to improve bone health in children and adolescents.

The role of physical activity to improve bone and especially of weight-bearing
nature is considered an important determinant of the accrual and maintenance
of bone mass due to the ability of the skeleton to adapt to the loads under which
it is placed. The engagement in physical activity is, therefore, particularly
important for the skeleton during childhood and adolescence due to the ability of
the skeleton to adapt to mechanical loading after exercise (Bielemann et al.,
2013). A review of 19 cohort studies from childhood to adulthood highlighted the
importance of physical activity during growth and its link with bone mass later in
life. The positive association was higher in males than in females at the femoral
neck and lumbar spine sites (Bielemann et al., 2013). The results of the six-year
Saskatchewan Paediatric Bone Mineral Accrual study showed that girls and
boys classified in the highest physical activity quartile, measured by
questionnaires, acquired 17 % and 9 % higher adjusted total body BMC
compared with their inactive peers one year after peak BMC velocity. At the
lumbar spine site, active children displayed 18 % higher BMC (adjusted for
weight and height) one year after peak BMC velocity. In addition, there was a
difference of 7 and 11 % in active and inactive boys and girls respectively at the

femoral neck (Bailey et al., 1999). In a continuation of this study, the authors
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examined whether the positive effects of physical activity on BMC acquired in
adolescence preserved into the second and third decade of life (Figure 2.17).
Furthermore, active boys had 8-10 % greater adjusted BMC for weight, height,
calcium intake, physical activity during adulthood and maturation status at total
body, femoral neck and total hip in adulthood. In addition, active girls had 9-10 %
higher adjusted BMC at total hip and femoral neck in young adulthood (Baxter-
Jones et al., 2008). These results highlight the importance of physical activity
not only for augmenting bone health status during childhood and adolescence

but also in later adult life.
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