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surrogate estimate of bone strength. The highest value in life is referred to “peak bone mass” (PBM). In the
femoral neck (FN), PBM is reached late in the second decade in life, after which there is an age-related decline in
aBMD during adulthood. However, a decrease in aBMD may follow a decline in bone mass and/or an increase in
bone size, and since the bending strength of tubular structures is related to the width of the structure, a decrease
in aBMD could not automatically be translated to reduced bone strength. Since it is counterintuitive in an
evolutionary perspective that FN bone strength should start to decline in such early ages, we hypothesized that
peak FN.aBMD and peak bone strength do not correlate.

A lifestyle factor with great influence on the skeleton is physical activity (PA), where increased PA in childhood is
associated with high PBM. PA in childhood could thus hypothetically counteract age-related bone mass
attenuation in adult life, possibly postponing the onset of osteoporosis and reducing the number of fractures. It is
debated, however, whether long-term interventions during puberty are effective, as children, especially girls, are
known to reduce the level of PA in this period. Previous studies have also shown incongruent results as to
whether PA-induced musculoskeletal gains are retained after reduction of PA levels.

The aims of the studies were to present normative data in young men of DXA and peripheral quantitative
computed tomography (pQCT) estimated BMC, BMD, and bone structure, and in cross-sectional analyses, to
evaluate whether there are associations between these traits and age. Another aim was to investigate whether a
school-based PA intervention program from before to after puberty is associated with musculoskeletal benefits,
and if these possible benefits are attenuated after termination of the intervention.

Methods: Bone mass and bone structure data were gathered from the cross-sectional MRPEAK study which
included 1083 population-based men aged 18-28 years, scanned in the radius and tibia with pQCT and in FN by
DXA. We also gathered data from the POP study, which at baseline included 349 children aged 7-9 years in four
schools. Children in one school followed a 9-year intervention-program that included 40 minutes’ daily physical
education (PE), while children in the three control schools continued with 60 minutes of weekly PE. We assessed
the children at baseline, at the end of the intervention, and mean 4 years after the last measurement during the
intervention. Assessments included lifestyle evaluation and Tanner staging from questionnaires, measurements of
anthropometrics by standard equipment, and musculoskeletal traits by DXA and a Biodex dynamometer.
Results: Estimates from pQCT of bone mass and bone density were higher with higher ages in the cortical
diaphyseal regions of the radius and tibia, while we found no such associations in the trabecular bone in the ultra-
distal regions. After age 19 there was a negative correlation between age and FN aBMD, and a positive
correlation between age and bone size. When children were followed from Tanner stage 1 to 5, the intervention
program was associated with musculoskeletal benefits in both sexes. After termination of the program, we found
attenuation in muscle benefits but not in bone mass benefits. In spite of this, when evaluating the entire period
from baseline to several years after program termination, benefits in both muscle strength and bone mass gain
were evident in the intervention group.

Conclusions: Caution is advised when assessing bone strength and fracture risk using aBMD from DXA, since a
decline in aBMD may, at least in men in young adulthood, in part be due to increased bone size that actually
increases bone strength. pQCT measurements also indicate that bone strength may increase between ages 18
and 28. In children followed over puberty, daily school PA during the 9 compulsory school years is associated with
beneficial gains in musculoskeletal traits that remain in young adulthood, several years after program termination.
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Abstract

Background: Areal bone mineral density (aBMD) measured by dual-energy X-ray
absorptiometry (DXA) is a surrogate estimate of bone strength. The highest value
in life is referred to “peak bone mass” (PBM). In the femoral neck (FN), PBM is
reached late in the second decade in life, after which there is an age-related decline
in aBMD during adulthood. However, a decrease in aBMD may follow a decline in
bone mass and/or an increase in bone size, and since the bending strength of tubular
structures is related to the width of the structure, a decrease in aBMD could not
automatically be translated to reduced bone strength. Since it is counterintuitive in
an evolutionary perspective that FN bone strength should start to decline in such
early ages, we hypothesized that peak FN.aBMD and peak bone strength do not
correlate.

A lifestyle factor with great influence on the skeleton is physical activity (PA),
where increased PA in childhood is associated with high PBM. PA in childhood
could thus hypothetically counteract age-related bone mass attenuation in adult life,
possibly postponing the onset of osteoporosis and reducing the number of fractures.
It is debated, however, whether long-term interventions during puberty are effective,
as children, especially girls, are known to reduce the level of PA in this period.
Previous studies have also shown incongruent results as to whether PA-induced
musculoskeletal gains are retained after reduction of PA levels.

The aims of the studies were to present normative data in young men of DXA and
peripheral quantitative computed tomography (pQCT) estimated BMC, BMD, and
bone structure, and in cross-sectional analyses, to evaluate whether there are
associations between these traits and age. Another aim was to investigate whether a
school-based PA intervention program from before to after puberty is associated
with musculoskeletal benefits, and if these possible benefits are attenuated after
termination of the intervention.

Methods: Bone mass and bone structure data were gathered from the cross-
sectional MRPEAK study which included 1083 population-based men aged 18-28
years, scanned in the radius and tibia with pQCT and in FN by DXA. We also
gathered data from the POP study, which at baseline included 349 children aged 7-
9 years in four schools. Children in one school followed a 9-year intervention-
program that included 40 minutes’ daily physical education (PE), while children in
the three control schools continued with 60 minutes of weekly PE. We assessed the
children at baseline, at the end of the intervention, and mean 4 years after the last
measurement during the intervention. Assessments included lifestyle evaluation and
Tanner staging from questionnaires, measurements of anthropometrics by standard
equipment, and musculoskeletal traits by DXA and a Biodex dynamometer.

Results: Estimates from pQCT of bone mass and bone density were higher with
higher ages in the cortical diaphyseal regions of the radius and tibia, while we found



no such associations in the trabecular bone in the ultra-distal regions. After age 19
there was a negative correlation between age and FN aBMD, and a positive
correlation between age and bone size. When children were followed from Tanner
stage 1 to 5, the intervention program was associated with musculoskeletal benefits
in both sexes. After termination of the program, we found attenuation in muscle
benefits but not in bone mass benefits. In spite of this, when evaluating the entire
period from baseline to several years after program termination, benefits in both
muscle strength and bone mass gain were evident in the intervention group.

Conclusions: Caution is advised when assessing bone strength and fracture risk
using aBMD from DXA, since a decline in aBMD may, at least in men in young
adulthood, in part be due to increased bone size that actually increases bone strength.
pQCT measurements also indicate that bone strength may increase between ages 18
and 28. In children followed over puberty, daily school PA during the 9 compulsory
school years is associated with beneficial gains in musculoskeletal traits that remain
in young adulthood, several years after program termination.
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Introduction

Bone

Bone tissue

In contrast to what one might think, bone is a highly dynamic tissue which is both
vascularized and innervated, in order to facilitate and implement adaptations to
withstand the surrounding demands. The complex material that forms bone
comprises a vast number of components including bone cells, proteins, and the
crystalline form of calcium phosphate (hydroxyapatite).

There are three distinct bone cells, namely osteoblasts, osteoclasts, and osteocytes.
These cells constitute functional components called the basic multicellular units
(BMU), which directly modulate bone tissue. Osteoblasts and osteoclasts are cells
responsible for bone matrix formation and bone resorption, respectively. The rate
and location of these two cell types largely determine the modeling and remodeling
of bone composition and architecture. As an osteoblast produces bone matrix which
is later mineralized, it encloses itself in a small cavity in the bone matrix called
lacuna. When an osteoblast has fully enclosed itself, it differentiates into an
osteocyte which then operates through connections with other osteocytes and
osteoblasts through microscopic tunnel-like connections called canaliculi (1).
Osteocytes constitute vast majority of cells (90%) in the adult bone (2) and it has
been suggested that they act as sensors reacting to mechanical stimuli, which seems
to play an important role in bone modeling and remodeling (3).

Bone matrix can be divided into organic and non-organic matrix. Organic matrix,
which is formed by the aforementioned osteoblasts, contains mainly collagen type I
(90%), but also non-collagenous proteins such as proteoglycans and glycoproteins.
The non-organic matrix (65-70% of the wet weight of bone), mainly comprising
calcium hydroxyapatite (Caio(PO4s)s(OH),) surrounds the collagen fibers and
constitutes about 99% of the body’s calcium storage. Together, the network of
collagen rope-like fibers and the crystalline calcium hydroxyapatite contributes to
the flexibility and stiffness of bone (4).

Osteocytes and bone matrix are organized in ring-like shapes resembling the layers
of an onion, forming the osteon. In the middle of the osteon run the vertical
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Haversian canals, which in turn are connected by horizontal Volkmann’s channels,
containing nerves, blood vessels, and lymphatic vessels (figure 1).

Compact Bone & Spongy (Cancellous Bone)
Lacunae containing osteocytes Osteon of compact bone

/ Trabeculae of spongy
~— hone

Lame"aEﬂ 5 PR
A

Yolkmann's canal

Figure 1: Macroscopic structure of bone (5)

Bone structure

The human skeleton comprises macroscopically different types of bones, generally
named after their appearance or form. Long bones constitute the main part of the
upper and lower limbs. As the name implies, these bones are longer than they are
wide. In a long bone, the diaphysis, or shaft, is during growth surrounded on each
side by the proximal and distal epiphyses (figure 2). In-between the epiphysis and
diaphysis lies the epiphyseal line, or epiphyseal plate, where the longitudinal growth
of a long bone occurs (see Bone growth). At the end of growth, the epiphyseal plate
is replaced by bone.

Along the diaphysis, a cortical shell of compact bone encases the medullar cavity,
which mainly consists of bone marrow. Outside the cortical bone is the periosteal
membrane, and inside is the endosteal surface. At the epiphyses, a thinner cortical
layer walls a network of spongy bone tissue called trabecular or cancellous bone
(figure 2). The distinction between cortical and trabecular bone is usually defined
by the bone porosity. The denser cortical bone has a porosity of 5%—15% whereas
trabecular bone has between 40% and 95% (6). Apart from being macroscopically
different, cortical and trabecular bone exhibit different biomechanical and
biological characteristics. Bone turnover, for example, is higher in trabecular bone
than in cortical bone due to the larger surrounding surface in relation to the volume
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of bone tissue in the former. Furthermore, trabecular bone is primarily found in the
vertebral bodies and cortical bone constitutes the majority of the total bone weight

(7).

Articular cartilage
Proximal —
epiphysis
Metaphysis — Spongy bone
Epiphyseal line
Red bone marrow
Endosteum
Compact bone
| —— Medullary cavity
Diaphysis f —— Yellow bone marrow
Periosteum
Nutrient artery
Metaphysis —
Distal
epiphysis
Articular cartilage

Figure 2: Gross anatomy of a long bone (femur) during growth (note the epiphyseal line). Source: OpenStax College
(CCBY 3.0)
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Bone remodeling and modeling

Bone remodeling refers to the renewal process of bone whereby, within the BMU,
old bone gets resorbed by osteoclasts and is replaced with new bone from
osteoblasts. It is said that the whole human adult skeleton is replaced every 10 years
(8). The specific activity within the BMU varies with location on the skeleton, and
with age, thus contributing to age-related bone loss. Regulation of bone remodeling
occurs via numerous factors and processes such as nutritional status, endocrine
factors, the autonomic nervous system, and biomechanical stress (8). Bone
remodeling serves as a vital process for the structural strength of bone as well as for
the mineral (mainly calcium) homeostasis of the body (9).

The form of bones is shaped and reshaped by the process called bone modeling (7).
This is apparent during early life skeletal development but may actually continue
throughout life. Bone modeling occurs through the independent activity of
osteoblasts and osteoblasts, but in contrast to the remodeling process, not
sequentially. This means that locally increased osteoblast activity (bone formation
modeling), relative to osteoclast activity (bone resorption modeling), will increase
the bone volume at this particular surface (periosteal, endosteal and trabecular) of
the bone and vice versa. What determines whether the modeling process acts
towards formation or resorption is essentially the amount of strain, in a given area
surface. In low strain areas, bone resorption via osteoclasts dominates whereas if
the amount of strain surpasses a given level, osteoblasts are activated and start to
form bone (10).

Modeling plays a major role during longitudinal bone growth. As bone elongates
through endochondral ossification, a coordinated reshaping process occurs at the
metaphysis, where periosteal resorption and endochondral ossification enables
preservation of the shape of the bone (figure 3 (10)).

Formation modeling
Resorption modeling

YaraY

Figure 3: Bone modeling of the metaphysis following elongation through endochondral ossification (10)

During growth, an increase in width of the bone is orchestrated through modeling
via periosteal expansion. This, in turn, occurs through increased periosteal
apposition, coupled with endocortical resorption. This process allows for the
cortical shell to maintain its thickness (10).
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Apart from the aforementioned mechanical loading, parathyroid hormone,
sclerostin, and the influence of sex hormones (see Bone during ageing and peak
bone mass) are factors that affect the timing and rate of radial modeling (10)).

Bone growth

The process of bone formation starts already in the womb. The process then
continues through life as the bone grows in early life, accommodates changes in
mechanical loading, and heals fractures.

There are in principle two different ways in which bones grow. In long bones this
occurs through endochondral ossification, a process which starts during
embryonical stages in life, where chondrocytes migrate from blood vessels to the
middle of the long bone templates in primary ossification centers (figure 4). After
producing cartilage around themselves the chondrocytes perish through apoptosis,
leaving a cavity in which blood vessels invade. Through these vessels,
osteoprogenitor cells migrate and are later turned into osteoblasts which then start
to produce bone matrix which is later mineralized. Osteoclasts also migrate and start
to remodel the bone so that a medullar cavity is formed (11, 12).

Secondary ossification centers with proliferating chondrocytes are formed around
birth in the epiphyses of the bone. The hyaline cartilage formed is then mineralized
throughout the epiphyses with the exclusion of a region called epiphyseal plate, or
growth plate. Proliferation of chondrocytes in the growth plate contributes to
lengthening the bone through a series of steps. The proliferated chondrocytes are
stacked in a longitudinal orientation and subsequently undergo continuous
maturation towards the diaphysis. First, the chondrocytes increase in size
(hypertrophy). The hypertrophic chondrocytes later undergo apoptosis, and the
contents of these cells contribute to calcification of the extracellular matrix. This
immature calcified matrix is later replaced by more mature bone by osteoblasts and
osteoclasts through the aforementioned remodeling process (10). This process
allows the epiphyseal plate to maintain its thickness throughout skeletal growth.
Elongation of long bones through endochondral ossification stops near the end of
puberty, when the epiphyseal plate fuses (13).

A bone’s growth in width occurs when osteoblasts migrate from the periosteal
membrane to the cortical surface in a process called periosteal apposition. On the
endosteal surfaces, both inside the diaphyseal cortical shell and towards the center
from the growth plate, osteoclast activity dominates progressively, forming the
medullar cavity, which in turn helps keep down the overall weight of the bone (11,
12).
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Medullary cavity

Articular cartilage
Spongy bone

Blood vessels

Bone Growth

Figure 4: Endochondral ossification (5)

In flat bones such as the skull, bone forms through intramembranous ossification.
In contrast to endochondral ossification this process occurs without the
mineralization of cartilage but through proliferation of mesenchymal stem cells
(MSC) within a membrane. The MSCs later differentiate to osteoblasts which
initiate bone formation (11, 12).

Bone mineralization measurement techniques

When quantifying bone traits such as density and mass, the precision and accuracy
of the specific method are two important factors. Precision equals the ability to
reproduce the same numeric results when measuring the same subject repeatedly
over a period of time, independent of the accuracy (figure 5) of the method (14).
The short-term precision is usually presented as coefficient of variation (CV%),
where lower CV% equals higher precision. A factor that is highly relevant for
accomplishing low CV% in measurements of bone traits is standardized positioning
of the subject.

The accuracy, on the other hand, reflects the ability of the method to conform to a
“true” or known value, or how close the measurement mean is to that value
(presented in %, figure 5).
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Low accuracy Low accuracy
Low precision High precision

High accuracy
Low precision

High accuracy
High precision

Figure 5: Visualization of precision and accuracy. Source: http://www.antarcticglaciers.org/glacial-geology/dating-
glacial-sediments-2/precision-and-accuracy-glacial-geology/ with slight modification by Dave Burton. (CC BY-NC-SA
3.0)

There are in principle two different groups of bone measurement techniques:
ionizing and non-ionizing methods. Ionizing methods utilize a radiation source to
produce images, from which data are obtained. The most common methods used in
bone research are described below.

Dual energy X-ray absorptiometry (DXA)

The gold standard method in diagnosing osteoporosis, DXA was introduced in the
late 1980’s (15), nowadays frequently used in bone research as well as in clinical
settings. As the name implies, DXA uses X-ray beams of two distinct energies that
are absorbed by bone and surrounding soft tissue, thus enabling the built-in software
to specifically analyze bone mineralization, also when covered by soft tissues (16).
The technique is based on two-dimensional imaging and produces quantitative traits
such as bone mineral content (BMC; g), bone size (cm?) and areal BMD (aBMD;
g/cm?®). Since aBMD is an area-based trait, it serves as a surrogate measure of
volumetric bone mineral density (vBMD; mass per volume unit). This leads to the
fact that larger bones will have higher aBMD, even when the vBMD is equal (figure
6). Due to the low amount of radiation, 1-8 puSv roughly equaling the 1/1000 of the
yearly background radiation (17), the technique is not only used when assessing
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adults but also a preferred densitometric tool for younger subjects. Virtually the
whole skeleton can be assessed using DXA, with lumbar spine, hip, and total body
as the most common regions of interest (ROI). In children, total body is measured
excluding the head due to the discrepancy in proportion of the head size in different
ages during childhood. Apart from measuring the skeleton, DXA has the ability to
evaluate body composition with both lean mass and fat mass. The technique has in
general an aBMD CV% of 0.5-3% and an accuracy of 3-9% depending on ROI (17).
In vivo CV% of lean mass and fat mass show approximately 1% and 3%
respectively (18).

2cm
lcm
2cm
vBMD=1
lem | yBMD=1

2cm 4 cm
vBMD (g/cm3) 1 1
Volume (cm3) 2 16
BMC (g) 2 16
Projected area (cm?) 2 8
aBMD (g/cm?) 1 2

Figure 6: The relationship between areal bone mineral density (aBMD) relative to volumetric bone mineral density
(vBMD) and the influence of size. In this example, an object with similar vBMD but twice the volume has twice the
aBMD (BMC, bone mineral content)
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Figure 7: Dual energy X-ray absorptiometry (DXA) scanning device. Photography by Nick Smith (CC BY-SA 3.0)

Peripheral quantitative computed tomography (pQCT)

Utilizing the ability to rotate the radiation beam and detector, peripheral quantitative
computed tomography (pQCT) produces three-dimensional (3D) images of the ROL.
Peripheral denotes that the technique is used on the radius and tibia, rendering lower
radiation doses (<10 pSv) than central QCT (up to 1.5 mSv on spine and 3 mSv on
hip protocols (19)).

Since 3D images are produced, pQCT has the ability to estimate volume-based
BMD, in contrast to DXA. The technique also has the ability to separate cortical
bone from trabecular bone, producing traits such as cortical cross-sectional area,
cortical thickness, along with cortical and trabecular BMC and BMD.

With technical advances, high resolution pQCT (HR-pQCT) was recently
introduced, having the ability to produce images of greatly increased resolution
when compared to conventional pQCT (82 pm and 0.5 mm respectively) (20, 21).
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Higher resolution enables assessment of even more specific traits such as trabecular
thickness and cortical porosity including the amount (%), and diameter of the pores.

The general precision of pQCT (0.3-2.2%) and HR-pQCT (0.3-3.9%) is similar to
that of DXA (22). The accuracy, however, is worse at about 5—15% (17).

i

Figure 8: Peripheral quantitative computed tomography (pQCT (XCT 2000, Stratec®, Pforzheim)) scanning device

Quantitative ultra-sound (QUS)

A measurement technique that has none of the potential harm that radiation poses
for the subjects is quantitative ultra-sound (QUS). The architecture and elasticity of
bone is reflected in part by analyzing the speed of sound (SOS, m/s) and bone
density by analyzing broadband attenuation (BUA, dB/MHz (17)). Although limited
by the fact that it can only measure the bones with a thin enough layer of surrounding
tissue around the bone, QUS has much the same ability as DXA when predicting
fractures and the precision is estimated at 1.5-6% (17). Albeit having the ability to
predict fractures, it should be noted that there is, relative to the widely used DXA,
minute research based on QUS that evaluates the effect of anti-resorptive
osteoporosis treatment, physical activity, etc.
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Other techniques

Single photon absorptiometry (SPA) is one of the early bone measurement
techniques, developed in the 1960’s (23), utilizing the absorption of a single-energy
gamma photon beam through the tissue. This technique was later developed into
dual photon absorptiometry (DPA), thus gaining the ability to separately assess bone
and surrounding soft tissue, without having to submerge the scanned limb as was
necessary using SPA. Furthermore, this added the possibility to evaluate the
mineralization of lumbar spine and proximal femur (24). The arrival of DXA,
however, has in principle replaced the use of DPA.

Magnetic resonance imaging (MRI) is a relatively novel non-ionizing method that
has the ability to produce high-resolution images. Apart from bone porosity and
micro-architecture, marrow fat levels and composition, and vascularity are
examples of what can be evaluated (25). Studies have shown that fat levels in the
bone marrow are, independent of BMD, increased in osteoporotic patients (26).

Bone during ageing and peak bone mass

Bone formation dominates through the first two decades in life during the skeletal
development, during which bone greatly accumulates in both size and mass. During
the prepubertal period, the rate of the accrual of bone is influenced by the hormones
growth hormone (GH) and insulin-like growth factor-1 (IGF-1), leading to similar
mineralization between the sexes. At the beginning of puberty, with an increase of
sex hormones, bone accrual greatly accelerates in both sexes, reaching peak
mineralization at 11-13 years for girls and 13—15 years in boys. From two years
before to two years after this peak, 39% of total body bone mass is attained.
Furthermore, four years after the peak, 95% of adult total body bone mass has been
achieved (27). During puberty boys’ long bones grow faster in both width (through
periosteal apposition) and length (through endochondral ossification) than in girls,
in part due to the different levels of the respective sex hormones (28). Early research
proposed that androgens were stimulatory and estrogens inhibitory with regard to
bone mineralization (29, 30). However, recent research consensus indicates that
mechanisms behind sexual dimorphisms in bone accrual during puberty follow
more complex pathways (31).

Research has found that peripubertal chondrocytes contain androgen receptors (32,
33). However, androgens do not seem to influence longitudinal growth directly
given the fact that individuals with androgen insensitivity syndrome reach taller
statures when compared to females (32, 33). Estrogens, on the other hand, contribute
greatly to longitudinal growth in early puberty in addition to determining the growth
plate fusion (34).

During puberty, bone mass increments tend to rely on periosteal apposition in males
when compared to females, where endocortical apposition dominates (35). This
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leads to males having thicker cortex and larger bone. The increased bone accrual
during puberty together with the fact that boys reach — and also finish — puberty a
mean 2 years after girls (giving two more years of prepubertal bone accrual (36, 37))
lead to boys having larger and heavier bones at the end of puberty (38). The bone
mineral density (BMD; mass per volume) within the periosteal envelope of bone,
however, remains without differences between the sexes during the skeletal
development period (39).

Around the age of 20 years bone mineralization decreases and by the end of the third
decade it reaches a plateau (figure 9). This is the point of highest bone mass of the
skeleton and is referred to as the “peak bone mass” (PBM). Ever since the discovery
of PBM, however, there have been some discrepancies in how the term is used and
interpreted. Even though the name implies mass, the most commonly used unit is
DXA-based aBMD. Furthermore, PBM has been equated with peak bone strength
(40) due to the fact that aBMD and BMC are considered valid measures of the ability
of bones to withstand outer forces. The concept of PBM is further complicated by
the fact that skeletal sites reach peak density levels at different ages. For example,
lumbar spine and total hip aBMD in women peaks at 33-40 years and 16-19 years
and in males at 19-33 years and 19-21 years respectively (41).
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Figure 9: Bone mass throughout ageing in males and females. Source: Weaver et al (CC BY-NC 4.0 (40))

After reaching PBM, bone mass starts attenuating in similar patterns for both sexes.
However, at the onset of menopause, decreasing estrogen levels lead to increased
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loss of bone in females compared to males (figure 9). As bone loss continues,
individuals risk reaching pathologically low levels, ultimately developing
osteoporosis with greatly increased risk of sustaining fragility fractures.

Osteoporosis is described as a condition of decreased bone strength and increased
risk of fractures due to quantitative and qualitative deterioration of bone, and in
post-menopausal women has been defined by the WHO since 1994 using aBMD-
based T-scores (42). A T-score equals the number of standard deviations (SD) an
individual’s aBMD differs when compared to young adult mean aBMD. A T-score
of —1 to —2.5 defines a pre-osteoporotic stage called osteopenia, whereas a score of
—2.5 SD and below leads to the osteoporosis diagnosis (table 1 (42)). If an individual
meets the criterium of osteoporosis and has had at least one fragility fracture, i.e.
fracture of the femoral neck and/or vertebral compression fracture, the term “severe”
or “established” osteoporosis is used (43).

Table 1: lllustrating DXA-based definition of normal bone, osteopenia, osteoporosis, and severe osteoporis. Adapted
from Kanis et al. (43).

Defined condition DXA-based T-scores

Normal >-1.0SD

Osteopenia <-1.0and 2-2.5 SD

Osteoporosis <-258D

Severe osteoporosis <-2.5 SD and 1 or more osteoporotic fractures

In order to evaluate the risk of sustaining future fragility fractures, one of the most
common instruments used is the web-based Fracture Risk Assessment Tool (FRAX
(44)). The tool predicts the absolute 10-year probability of fracture and utilizes
several risk factors including age, sex, weight, height, previous fractures, smoking,
use of glucocorticoids, heredity of hip fractures, use of alcohol, prevalence of
secondary osteoporosis and prevalence of rheumatoid arthritis, and with or without
femoral neck aBMD (44).

The timing of developing osteoporosis is suggested to depend on the PBM and rate
of bone loss. Thus, low PBM paired with increased bone attenuation will increase
an individual’s risk of developing osteopenia and osteoporosis (45). The importance
of PBM was illustrated by Hernandez et al., showing in a theoretical model that a
10% increase in PBM would postpone the osteoporosis diagnosis with 13 years, and
also suggesting that a 10% higher age of reaching menopause, or a 10% reduced
age-related bone loss would postpone the same diagnosis 2 years (46).

Due to the apparent importance of, and the time prior to PBM, extensive research
has focused on factors determining the site-specific timing and amplitude of PBM.
This may aid in identifying possible interventions increasing PBM, thus possibly
postponing -—or even avoiding — the onset of osteoporosis (45).
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Parallel to the diminishing bone mass, cortical thickness attenuation and an increase
in cortical bone porosity are apparent in the aging individual (47-49) As in the case
for loss of bone mass, these changes occur in both sexes, but predominantly in
females (49, 50). These age-related changes are in part attributed to a dysfunction
in the remodeling process in the cortex, whose primary function is to maintain the
mechanical function of bone. Matching young and old men and women for aBMD,
Nicks et al. showed that the amount of porosity was significantly higher in the older
subjects, thus stressing the importance of microstructural changes, independent of
aBMD, in the development of fragile bone (48).

Along with the microstructural deterioration of cortical bone, trabecular age-related
changes are thought to play important roles in the development of osteoporosis and
include trabecular perforation along with thinning, and loss of connectivity of
trabeculae (47).

“Tracking” of bone mass

One of the reasons why PBM has been so widely researched is the potential
“tracking” of bone mineralization. It has been suggested that an individual with low
BMD in younger years continues having low BMD throughout life, when compared
to same-aged subjects in the respective gender category.

Since aBMD is widely used in the clinical setting for diagnosing osteoporosis and
thus correlates well with the risk of sustaining fragility fractures in the elderly,
“tracking” may facilitate finding individuals having low BMD in young age with
risk of developing osteoporosis later in life. If these young “individuals at risk” were
found, interventions could then be initiated, in order to counteract age-related bone
attenuation and thereby postpone or even avoid future fragility fractures.

Studies have shown that aBMD “tracks” from childhood to adolescence (51, 52),
from adolescence to young adulthood (53), as well as during 10 years in adult
subjects aged 25-44 (54) and 45-84 years (55). Furthermore, in 1995 Melton
suggested in a longitudinal study that bone loss “tracks” well within an individual
with relatively constant attenuation in bone during up to 22 adult years in 20- to 94-
year-old females with high correlations (r=0.8) between baseline and follow-up
values (56). No longitudinal life-long studies, however, have yet shown that aBMD
tracks from the time of PBM until old age.

Factors influencing skeletal development and bone health

The importance of genetics and bone mass is apparent when studying identical
twins, with heritability explaining 60-80% of the variance in adult bone
mineralization (57). However, genetic importance seems to be dependent on skeletal
site, with less effect on the femoral neck than on lumbar spine bone mass (57).
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Although playing the leading role, non-modifiable genetic factors do not paint the
whole picture in bone mineralization, and environmental modifiable factors thus
explain 20—40% of the variance.

Nutrition and physical activity are two of the most important modifiable factors for
bone growth. Among nutritional factors, calcium, vitamin D, and proteins have been
focal points of research (45).

Being the main mineral component in bone, calcium and calcium intake are well-
investigated topics in skeletal research. The need for adequate calcium intake in
relation to skeletal development and PBM is long since established (58). Low intake
of milk, a dairy product rich in calcium, in childhood and adolescence have been
shown to increase the risk of sustaining a future fracture (59). Whether this effect is
due to calcium or other important milk constituents, such as magnesium, proteins,
and vitamins, 1s not clear, however. In a RCT in 1997, the authors linked milk intake
to greater bone mineral gain during puberty and attributed this to an increase in
serum IGF-1 (60).

A meta-analysis in 2008 found that, in children, supplementary calcium intake has
been demonstrated to increase BMC statistically significantly, albeit showing small
effects (61). However, children with low intake levels at baseline exhibited greater
gains in bone mass (61). Later studies have also indicated that calcium
supplementation positively impacts bone accrual in both children and adolescents
(62-64). In contrast, in a meta-analysis from 2015, increasing dietary calcium in
adults showed small increases (1-2%) in aBMD and the authors concluded that this
increase does not suggest clinically relevant effects on bone strength and fractures
(65).

Vitamin D serves as an important factor in skeletal development mainly through
calcium absorption and utilization. The vitamin is mainly produced by transforming
a precursor to vitamin D in the skin through sunlight exposure (66). A high
prevalence of vitamin D deficiency has been measured in hospitalized adult patients
with hip fractures (67, 68). To compensate for low sunlight exposure in individuals,
adequate vitamin D levels can be maintained through dietary supplementation.

There is good scientific evidence that regular physical activity promotes bone health
in children and adolescents (see Physical activity and bone).

Several factors with a negative influence on bone health have been identified. These
include medical conditions such as hyperthyroidism and medications using
corticosteroids, but also lifestyle and environmental factors such as alcoholism or
smoking.

Cigarette smoke is known to harm the skeleton directly by nicotine and cadmium
exerting a toxic effect on the bone cells (69), and indirectly by decreasing intestinal
absorption of calcium (70). The harmful effect on bone is further acknowledged by
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the fact that smoking increases the risk of hip fractures and other fractures in both
men women (71).

Bone strength

Perhaps the most vital endpoint in skeletal research, bone strength has been defined
as the ability of bones to respond to mechanical demands (72). Another definition
is that bone strength equals the maximum load that acts on the bone when it fractures
(73). Despite being a most important trait, it has proven difficult to measure in a
clinically relevant manner. This is mainly due to the multifaceted and complex
components of bones’ mechanical capability to withstand forces without fracturing.
Bone material composition and quality, the geometry and internal architecture of
bone, and the velocity, amount, and direction of mechanical force applied are some
of the factors that must be taken into account when evaluating bone strength (6).

Bone exhibits anisotropic mechanical properties, meaning that due to non-uniform
geometry, it reacts differently depending on the direction of the force acting upon it
(74). The viscoelastic collagen fibers in the bone allow forces (stress) to conform
(strain) the bone, and when the force ceases, the bone returns to a similar form as
before. The stiffness of bone (described as Young’s modulus or elastic modulus) is
determined by the amount of stress (MPa) required to strain (%) the bone during the
elastic phase (figure 10, first part of the curve). Higher modulus equals higher
stiffness. If load increases, the yield point is passed, meaning that further strain will
cause material degradation, and thus damage the bone tissue. If the load surpasses
the ultimate point, the bone fractures. After passing the yield point, stiffness is
decreased if load is reapplied. This material degradation has been defined as
microdamage, first described by Frost in 1960 (75), is today considered a
physiological response to physical loading of bone and is considered a most
important trait in bone modeling through the “mechanostat theory”. In contrast to
the positive impact in strengthening bone, microdamage might also play a part in
fragility fractures, and studies have shown that microcracks increase exponentially
with age, and at a higher rate in women than in men (76, 77).

28



ultimate ——Compression
200 - point = =-Tension
~ 150}
©
o 2
= 7 NS
o :
8 100 ultimate
2 yield point
2 point
50
elastic _—
modulus
0 : : ' '

0.0 0.5 1.0 1.5 2.0 25 3.0
Strain (%)

Figure 10: Stress/strain curve from compression and tension test of cortical bone along the longitudinal axis (78)

Whole bone measurement techniques that are commonly used to evaluate bone
strength are 3- and 4-point bending and torsional tests, where forces are applied
perpendicular to the bone, leading to compression of bone on the same side as the
applied point of force and tension on the opposite side, until the bone fractures. This
test is mainly utilized at diaphyseal sites, thus mainly establishing cortical bending
resilience. The mechanical load is measured using a transducer and is later
processed by built-in software (74). Another example includes compression test
(figure 10), where force is along the longitudinal axis of a long bone i.e., the femur.

For obvious reasons, bending and compression tests are not performed in vivo on
human subjects. Instead, surrogate measures must be used when aiming to estimate
bone strength. As described earlier, imaging techniques such as DXA, QUS or
pQCT all have the ability, to different extents, to evaluate bone mineralization, bone
structure, and geometry. Of these, the most commonly used surrogate measure of
bone strength is DXA-based aBMD, in part due to its ability to predict future
fractures (79) and the correlation between aBMD and fracture load from in-vitro
bending tests (80). Furthermore, studies have shown that an increase in aBMD of 1
SD is associated with a halved fracture risk (81-83).

A lower T-score is associated to a higher fracture risk (see Bone during ageing and
peak bone mass). However, 50-year-old individuals have lower absolute yearly risk
of sustaining a fracture than 60-year-old peers with similar T-score, and this age-
related risk increase continues in older ages (84). Thus, increasing age additionally
leads to changes in other parameters contributing to increased fracture risk.
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Several different factors contributing to bone strength have been established, with
bone mineralization being only one of them. As mentioned in Bone during ageing
and peak bone mass, they include cortical and trabecular microstructure (85), along
with other factors such as bone geometry and size, cortical thickness, and porosity
(86).

As aBMD attenuates in post-menopausal women, mainly due to endosteal
resorption (87, 88), bone size along with medullar cavity expands in the distal radius
(89). Being a tubular structure, mechanical calculations state that the bending
strength of a long bone increases by the fourth power of the distance from the neutral
axis (90). This is underlined by other studies where bone size has been identified,
along with aBMD, as an independent factor contributing to the structural strength,
and fracture risk in tubular bones (91, 92). The aforementioned postmenopausal
increase in bone size is suggested to serve as a “built-in” counteracting measure to
prevent decreasing bone strength following lower aBMD by increasing the
periosteal apposition.

Following the possibility of assessing separate cortical bone traits, further analyses
reflecting bone strength have been developed from pQCT. These include cross-
sectional moment of inertia (CSMI, mm?), strength strain index (SSI, mm?), and
section modulus (SM, mm®). Both CSMI and SM come from mechanical
calculations on a tubular object, independent of material properties of bone, such as
BMC or BMD and are based on the cortical cross-sectional area and the distance
from the central axis to the cortex. In addition to these models, SSI takes bone
material properties into account, producing a surrogate measure of bone strength
(figure 11). Both CSMI and SSI have been shown to correlate well with bone
strength through three- and four-point bending tests in animal models (93-96) along
with the strong association with fracture risk in human subjects (97).
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Cross-sectional moment of inertia = (1t/4)(Ro?* - Ri#)
Section modulus = ((rt/4)(Ro*-Ri*) / Ro)

Strength strain index = 3(dZ*A*vBMD,,,/VBMD,.,)
Ro

Figure 11: lllustrating a schematic model and mathematical equations in a tubular object from which CSMI, SM and
SSl derive. Ro and Ri are the distance from the center of the axis to the outer and inner limitation of the cortical rim
respectively. A is the cross-sectional area of a voxel, d is the distance of a voxel to the central axis. vBMDvox and
VBMDmax is the voxel’'s volumetric bone mineral density and maximum cortical volumetric bone mineral density under

physiological conditions in a human bone

31



Muscle

Muscle tissue

There are in principle three different types of muscle in the human body: skeletal
muscle, smooth muscle, and cardiac muscle. In this thesis, the focus will be on
skeletal muscle.

Skeletal muscles stand under the influence of voluntary control and are attached to
bones via tendons in order to allow for movement of body parts in relation to each
other. Consisting of mostly proteins and water, skeletal muscle is the most abundant
of muscle types and constitutes about 40% of total body weight, and about 50-75%
of total body proteins (98). The amount, or mass, of muscle is under the influence
of several different factors such as genetical predisposition, physical activity, diet,
hormonal status, and several medical conditions.

Skeletal muscle operates through contraction and relaxation via sarcomere-
containing myofibrils. Several myofibrils are oriented in a parallel fashion inside a
single muscle fiber, and in turn, several muscle fibers run parallel to each other,
surrounded by a connective tissue layer called perimysium (figure 12). Contraction
and relaxation in the sarcomeres occur through sliding of the proteins actin and
myosin in an opposite manner, thus shortening or lengthening the muscle tissue (99).

There are three main types of skeletal muscle fibers, type I (slow), type Ila (fast),
and type IIx (very fast), based on their shortening speed and biochemical properties
(100). Initially an individual muscle fiber was thought to contain only one muscle
fiber type but later research, based on the respective contractile element called
myosin heavy chain (MHC), has presented hybrid subtypes called type 1/I1a, ITa/IIx
(101). The earlier notion that the distribution of muscle types is fixed has now been
altered, stating that muscle fiber types exhibit plastic properties and that physical
activity seems to be the main regulatory element (102-105).
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Figure 12: lllustration of the human skeletal muscle (106)

Muscle strength and neuromuscular function

The activation of skeletal muscle can occur in two distinct ways, namely static and
dynamic. During static activation, the muscle length is constant, thus not leading to
movement in a limb or joint. Dynamic muscle activation leads to lengthening
(eccentric) or shortening (concentric) of the muscle, thus moving the attached body
part (98).

Muscle strength is often defined as the maximal force a muscle or muscle group
generates during pre-defined conditions, and dynamic muscle strength reflects this
force at a specific velocity (107).

Neuromuscular function reflects the complex interaction between the central
nervous system (CNS) and the use of nerve signals leading to muscle activation,
utilizing voluntary movement of the body. These nerve signals convert to a release
of neurotransmitter (acetylcholine) at the junction between a single nerve end and
muscle called motor end plate which in turn activate the muscle. A nerve and its
connected muscle fibers are called a motor unit. Motor units vary in size and
function in different locations of the body depending on what movement is required
by the respective body part. Small motor units are often called “slow” motor units,
are often connected to type I muscle fibers and are connected to fewer muscle fibers
than larger so-called “fast” motor units (108). Small motor units are often
responsible for e.g. fine motor skills and postural control whereas large motor units
are highly represented in muscles used to produce movement with great force such
as jumping (108). Neuromuscular control reflects the complex coordination in the
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CNS of muscle activity through feedback and feed-forward systems during which
sensory information translates into coordinated movement (109).

With age, the amount and function of motor units deteriorate, leading to a
progressive decrement in general muscle mass, muscle quality, and function,
defined as sarcopenia (110). This primarily occurs through the apoptosis, or
“programmed cell death”, of the motor neurons in a motor unit and these changes
gradually increase throughout life, with an annual muscle mass attenuation of 1-2%
per year, and (111), accelerating after the age of 60 years (112, 113). These age-
related changes lead to loss of muscle strength, contraction velocity, and steadiness
which in turn increases the risk of fractures from falling (114, 115) and predicts
increasing disability, loss of independence, and even risk of dying (116). However,
optimizing factors such as regular physical activity may help in counter-acting these
changes, thus having great impact not only on musculoskeletal but also on the
overall health of the aging population (117).

Physical activity and muscle

Like other organ systems in the human body, muscles have a remarkable ability to
adapt to different situations and demands. Studies have shown that physical activity
increases muscle strength, throughout the entire life span (118, 119). The form of
physical activity will lead to specific adaptations within the muscle tissue.
Resistance training such as weight lifting and other anaerobic activities, for
example, will lead to muscle hypertrophy and enhanced neuromuscular function, in
turn leading to improved muscle strength (120, 121). Aerobic training including
running, cycling, and cross-country skiing have a different effect on muscle with
increased amount and size of muscular mitochondria thus improving the translation
of energy to muscle activation in the presence of oxygen (122).

Muscle measurement techniques

There are several ways of measuring muscle tissue and function. It is important to
note that, due to the activity-based adaptations, muscle strength and function to a
high degree depend on where they are measured anatomically, making it hard to
evaluate the “overall” muscle strength. Some techniques utilize dynamic
measurements of strength, and an example of this is an isokinetic dynamometer,
which has the ability to measure the maximum amount of torque, or peak torque
(PT, newton meter (Nm)). The most commonly estimated muscle strength location
is the knee joint, which measures the strength of the quadriceps femoris and
hamstring muscles. The device is passive and resists extension or flexion force in
the knee joint, keeping the angular velocity of the limb constant (isokinetic)
throughout the range of motion, with commonly used speeds of 60 and 180 degrees
per second (123). A drawback in using this method is that it depends on the
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cooperation and motivation of the measured subject in order to produce the maximal
effort.

A method with the ability to estimate muscle mass is DXA, where lean mass of the
total body, which mostly comprises muscle but also skin and viscera, can be
estimated (124).

Physical activity

Physical activity (PA) is defined as movement of any sort, produced by skeletal
muscle activity, resulting in the expenditure of energy above resting levels (125).
For many people, PA equals sport activities such as football, track and field, or ice-
hockey. However, other parts of daily life such as manual transportation, e.g. by
foot or by bike, also counts as PA. Exercise, a subgroup of PA, is a planned or
organized PA of a repetitive nature with the aim of gaining health benefits such as
improved endurance as well as stronger muscles and skeleton (126). It should be
noted that isometric work, where muscles contract but do not generate movement,
also increase energy expenditure above resting levels but do not count as physical
activity according to the aforementioned definition (127).

Health aspects of physical activity, inactivity and sedentary behavior

There is a strong consensus that PA is one of the most important, and highly
modifiable, lifestyle factors in maintaining health. Reducing depression symptoms,
preserving cognitive function, and decreasing risk of cardiovascular disease are just
a few examples of the many positive effects PA has on the human body (128). With
improving technology and through the development of vehicles and machines,
physical activity levels all across the world have been diminishing. Sadly, despite
the apparent evidence regarding the positive effects of PA, worldwide physical
inactivity levels have reached worrying heights, with physical inactivity being
placed as the fourth leading cause of death in 2018 by the World Health
Organization (WHO), only surpassed by hypertension, use of tobacco and diabetes
(129). Put in economic terms, physical inactivity costs approximately 54 billion
international dollars, (INTS$, equivalent value of a US dollar in a given year) with
additional costs of INT$ 14 billion in lost productivity in 2013 (130).

At the same time as PA levels are attenuating, the time spent on sedentary behavior
seems to be going in the opposite direction. Sedentary behavior is defined as <1.5
metabolic equivalent of tasks (METs), where 1 MET equals the expenditure of
energy when sitting still (131). The use of video games, mobile phones, tablets and
laptops are some examples of sedentary activities that have increased during the last
few decades. Sedentary behavior significantly increases the risk of all-cause
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mortality independent of PA levels, thus stressing the need to address this problem
parallel to PA (132).

Figure 13: The author demonstrating an example of physical activity

Physical activity in children and adolescents

Even though many of the conditions that PA helps to treat and prevent usually affect
the adult population, there is growing evidence of the importance of PA early in life,
with evidence suggesting that PA levels “track” from childhood to adulthood (133-
136). The importance of addressing PA is further stressed as PA levels remained
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unchanged between 2001 and 2016 in children and adolescents, with 80% of 11—
17-year-olds globally not meeting the recommended daily amount of PA (137). In
a study from southern Sweden, the trend seems to be similar, with lower levels of
PA in boys and girls aged 11-14 in 2000 compared to 2017 (138).

Well-known examples of positive and health-promoting effects of PA in children
include cardiovascular (139, 140), psychiatric (141), and academic performance
(142-144). Furthermore, the importance of physical activity in children and
adolescents is acknowledged by WHO, stating that 5-17-year-olds should
incorporate at least 60 minutes daily of moderate to vigorous physical activity,
(mainly aerobic PA) and vigorous-intensity muscle and bone-strengthening
activities minimum three times per week (145).

Physical activity and bone

The positive effect of PA on bone is well established. In the late 1980’s Frost
proposed the “mechanostat theory”, stating that bone modeling and remodeling are
affected by the mechanical strain exerted on the bone (146). As previously described
(see Bone modeling and remodeling), mechanical loading enhances osteoblast and
inhibits osteoclast activity, thus enhancing bone formation, in part through the act
of the mechanical sensor function of the osteocytes through fluid movement in the
canaliculi (147).

From a clinical standpoint, several studies have shown that regular PA increases
bone strength and lowers the risk of fragility fracture in older adults (148-152). The
fracture-preventing effect of PA is further underlined by the negative effect of
physical inactivity on bone (153, 154). Even though osteoporosis is a disease mainly
affecting the older individuals of a population, skeletal development during the first
two decades is of great importance in order to reach the maximum potential of bone
accrual (see Bone during ageing and peak bone mass (40)).

In a meta-review in 2016 based on 36 randomized controlled trials (RCTs) and 20
observational studies, the authors concluded that PA increases BMC and BMD in
children (40). Independent of density and mass, PA may also affect structural

changes in bone, such as size and cortical area, leading to increased bone strength
(155-158).

Research has found that the most efficient PA, with regard to skeletal response, is
dynamic, with a short load duration, non-repetitive in load direction, applied with
high velocity, of moderate to high amplitude, and with periods of rest between the
activities (159). Examples of such activities are jumping, racquet sports, and
weightlifting. Studies have shown that in contrast, low-impact activities of a
repetitive nature desensitize the osteocytes, thus not leading to any major gain in
bone mass (160, 161). Given that the strain of bone must exceed a given threshold
in order to initiate the osteocyte-driven osteogenesis, it must be considered that
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children with insufficient levels of PA may reach the osteogenic response already
in activities with lower levels of impact as compared to peers with high PA levels
(159).

Despite the positive effects of PA on bone, it must be noted that there is an increased
risk of fracture, independent of bone size and BMD, in children participating in
vigorous physical activities once a day or more (162). Another study showed that
this risk is evident when comparing individuals having low levels of PA with the
most physically active ones (163). In the POP study, where children had 40 minutes
of daily physical education, the fracture risk was higher after one year. However,
fracture risk was halved after seven years of intervention, pointing towards to the
conclusion that the possibly initially increased fracture risk of PA is well
compensated by its long-term beneficial effects, at least from a daily PA school
program (164).

Measuring physical activity

Determining the level of PA in an individual has proven to be a somewhat difficult
task. Earlier research often relied on the use of questionnaires and self-reported
measures, which do have advantages of low cost and being easy to use (165). In
children, however, there are some drawbacks with these methods including the
difficulty for both children and parents to recall and accurately report the duration
and intensity of the specific PA. Newer techniques include accelerometers and
pedometers which convert bodily movements into electric signals, thus enabling
objective measures of PA.

Physical education in Sweden

Throughout nine mandatory school years in Sweden, physical education (PE) is a
compulsory subject. During these years, the municipalities currently distribute a
minimum of 600 hours of PE in the curriculum over the nine different school years
(166). In fact, the PE hours were increased from 500 to 600 in Sweden by the
Swedish National Agency for Education in 2019, as a result of research showing the
benefits of increased PE (166). Given the importance of PA, and in order to meet
the WHO recommendations for school children (see Physical activity in children
and adolescents), this could and perhaps should be increased even further. This was
acknowledged by the Swedish parliament, which in late 2020 filed a motion to the
government, suggesting further increasing PE, a suggestion based on the results
from the POP study (see Material and methods (136))
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Physical activity interventions

Because children and adolescents are less physically active, a part of the solution
might be PA interventions. Together with the obvious positive health effects in
children and the fact that PA levels seem to “track” (see Physical activity in children
and adolescents), these interventions should focus on children of young ages. From
a skeletal point of view, it is important to note that interventions should start before
puberty, as effects are shown, at least in girls, to be twice as effective on the gain in
bone mass (167). Another study showed that increased school PE in 12—16-year-old
children improved bone mass and density in boys but not in girls, thus suggesting
that interventions would have been more effective if started earlier (168). The lack
of effect of PA interventions after puberty has been found also by others (169-171)

An effective way of incorporating the larger part of the population, regardless of
socioeconomic situation and geographic position, is by school interventions. Since
school is compulsory, children will then be able to attend organized and highly
modifiable PA during PE. A counter-argument against implementing increased PE
in school is that it comes at a cost. The hours of increased PE must come at the
expense of either redistributing the curriculum with fewer hours spent on theoretical
subjects, or by prolonging the school day. The concern that decreased theoretical
hours would reduce knowledge in the affected subjects, however, should perhaps be
mitigated by the fact that increased PE correlates well with improved academic
performance (142, 143). This association is also underlined by Coster et al, in 6—15-
year-old boys in Sweden following an increase in PE (144).

In 1998, Rowland introduced the “activity-stat theory”, suggesting that the amount
of PA an individual child has is constant, and therefore, increasing PA during
schooltime would only result in less PA outside school, thus rendering PE
interventions without effect (172). A review by Gomersall et al. in 2013, however,
based on studies supporting as well as studies refuting the theory, did not find
evidence for either side (173). Since then, several RCTs have presented evidence
refuting the “activity-stat theory”, thus supporting the ability to increase PA levels
through interventions (174-176).
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A1ms of thesis

Papers I and 11

To increase the general knowledge of skeletal development in young men
by presenting normative data and identifying possible age-related
differences in bone traits in 18—28-year-old men using pQCT on the forearm
and lower leg (paper I) and DXA on the femoral neck (paper II).

To estimate what effects these possible age-related differences have on bone
strength, and if peak bone mass and peak bone strength correspond.

Papers Il and IV

To evaluate whether a daily 40-minute physical activity intervention
program during nine primary-school years, compared to having physical
activity 1-2 times per week:

e is associated with beneficial changes in musculoskeletal health from
before to after puberty during ongoing intervention (paper III)

e is associated with attenuation of the musculoskeletal gains from
intervention after the intervention is terminated (paper IV)
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Material and methods

The MRPEAK study (papers I and II)

The MRPEAK study is a population-based cross-sectional study aimed at assessing
the skeletal health of young adult men. The subjects were randomly selected and
invited using a l-year stratified sampling procedure from the Swedish official
population registry provided by the Swedish Tax Agency (Skatteverket) and
included 18-28-year-old men residing in the greater area of Malmo (population in
2014: 318,107).

Subjects

In total, 4503 subjects were invited and of these, 2280 did not respond, 883 declined,
and 1340 consented to participate and were subsequently called for assessment. Of
the 1340 accepting subjects, 51 were excluded as they did not meet predefined
inclusion criteria, 26 because they exceeded the age maximum, 23 due to exceeding
the number of subjects in each age group, one due to language difficulties, and one
due to impaired movement. Of the remaining 1289 subjects, 1101 attended the
assessment after 78 cancelations and 110 subjects failing to show without notice.
Subjects were assessed from August 2006 to May 2012. Of the 1101 attending
subjects, pQCT could not be performed at all in 18 subjects (figure 14). In addition,
12 radius scans and 82 tibia scans were not performed or were excluded, rendering
1071 radius scans and 1001 tibia scans (figure 14). Regarding DXA, of the 1101
eligible and attending subjects, 49 scans were excluded, mainly due to the use of
another DXA-device (n=35), rendering 1052 DXA scans (figure 15). Prior to study
start, written consent was obtained from all participants.

43



Subject recruitment

Imaging and data analysis

Invited
4503
Declined
883
Did not respond
2280
Accepted

1340

Canceled or did not attend
unnanounced
188

A

Excluded due to pre-
defined inclusion criteria
51

12

Called for scans

89

Not scanned or excluded
after scans ®
12

Attended
11

scanning
01

Scanned
10

by pQCT
83

Not scanned @
18

.

A

A

A

Not scanned or excluded
after scans ©
82

Radius scans analyzed
1071

Tibia scans analyzed
1001

Figure 14: Flow chart illustrating subject recruitment, exclusion, scanning and data analyses in paper |

From original article (177):

a) Difficulty for subject to remain still during scans (n=2), pQCT device malfunction (n=12), subject leaving due to lack

of time (n=1), overall disability for subject to move extremities (n=1), or for unspecified reason (n=2)

b) Inability to define correct baseline placement (n=4), metal object implanted in subject’s wrist (n=1), difficulty for
subject to remain still during scans (n=2), subject having nonremovable bracelet (n=1), pQCT device malfunction
(n=3), or subject having arm pain (n=1)

c) Inability to define correct baseline placement (n=7), metal object implanted in subject’s ankle (n=3), subject fainting

(n=1), inability to correctly place lower leg in the computed tomography device due to size of subject’s lower leg
(n=19) or foot (n=40), due to insufficient range of motion in subject’s knee joint (n=1) or talocrural joint (n=1), or for
unspecified reason (n=10)
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Subject recruitment

Invited
4503
Declined
883
Did not respond
2280
Accepted
1340 Excluded due to pre-
defined inclusion criteria
51
Called for scans
Canceled or did not attend 1289
unnanounced
188
Attended scanning
1101 Not scanned ?
3
s T
Imaging and data analysis Scanned by DXA
1098
Excluded outliers ® i Excluded iDXA-scans
11 Included DXA-scans 35
1052
Not reached peak bone
mass
90
Descriptive statistics in 1- Correlation analyses from
year groups peak bone mass to age 28
1052 962

Figure 15: Flow chart illustrating subject recruitment, exclusion, scanning and analyses in paper ||

a) Too large for DXA-machine (n=1), No hip-scan done (1), or hip prosthesis (n=1)
b) By outlier labeling rule and a g-value of 2.2, described by Hoaglin et al. (178)

Measurements
Paper 1

Subjects were scanned using pQCT (model XCT 2000s, by Stratec Medizintechnik
GmbH, Pforzheim, Germany) with software versions 5.5 and 6.0. The scanned sites
were the tibia, a high load site, and radius, a low load site, of the non-dominant side,
where the dominant side was defined by the preferred hand of writing. Before
performing the main scans, using built in standardized protocol provided by the
manufacturer, the extremities were measured in length. Via a scout view (coronary
slice), ROI locations, in % relative to baseline, were determined. Within each
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extremity we chose to include a distal region (4%) and mid-diaphyseal regions (38%
and 66%), containing predominantly trabecular and cortical bone respectively. The
thin cortex at the 4% ROI makes it difficult to produce accurate cortical measures,
thus we included trabecular volumetric bone mineral density (Tr.vBMD; mg/cm®)
and total bone cross-sectional area (TB.CSA; mm?). At mid-diaphyseal ROIs we
included cortical vVBMD (mg/cm?), cortical CSA (mm?), cortical thickness (Ct.Th;
mm), periosteal circumference (PC; mm), endosteal circumference (EC; mm), along
with polar cross-sectional moment of inertia (CSMI; mm*) and polar strength strain
index (SSI; mm?®). To ensure reliability, the pQCT machine was calibrated daily and
monthly using manufacturer-provided standard and cone phantom respectively.

Paper I1

Subjects were scanned using DXA (Lunar Prodigy, by GE Medical Systems,
Madison, WI, USA) with software versions 9.20.122-9.30.044. The site scanned
was the hip and the ROIs were femoral neck (FN), trochanter (Troch), and total hip
(TH). These ROIs were chosen due to the difference in bone composition where FN
has relatively thick cortex, Troch consisting mainly of trabecular bone, and TH
which has a combination of the two. Apart from bone traits, total body fat mass (kg)
and total body lean mass (kg) were also assessed by DXA. Manual measurements
included height (cm) and weight (kg), from which body mass index (BMI; kg/m?)
was calculated.

Statistical analyses

In papers I and II we used IBM SPSS (version 22.0, IBM Corp., Armonk, NY,
USA). We created 1-year age groups where subjects aged 18.00 to 18.99-years
represented age group 18 and so forth. Descriptive data are presented in tables
including mean values and standard deviations (SD) of the measured traits in each
age group. In graphs, mean values with 95% confidence intervals (CI) are presented.
To evaluate possible age group differences, we performed analyses of variation
(ANOVA). In paper II we added Pearson’s correlation analysis of the DXA bone
traits with increasing age from PBM of the hip (19 years in men). In the ANOVA
and correlation analyses, p-values below 0.05 were considered statistically
significant.
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The Pediatric Osteoporosis Prevention (POP) Study
(papers 111 and IV)

The Pediatric Osteoporosis Prevention (POP) Study, initiated in 1999, is a
population-based, prospective, and controlled intervention study with the aim of
investigating the potential effect of daily physical activity (PA) by increasing
physical education (PE) in the nine years of primary school. Four government-
funded schools in Malmo, Sweden, within the same geographical area and with
similar area-level socioeconomic status were asked to participate in the study.
Angslittsskolan accepted participation first and thus became the intervention
school, with Fridhemsskolan, Mellanhedsskolan, and Ribersborgsskolan being the
control schools. The home address of the individual child determined what school
he or she went to. The level of PE in each of the schools, before the study start, was
60 minutes per week in accordance with the national curriculum set by the Swedish
National Agency for Education (Skolverket). This amount of PE, divided into 1-2
sessions a week, continued in the control schools after the study started, whereas the
intervention school introduced 40 minutes of daily PE totaling 200 minutes per
week. In both the intervention school and the control schools, the specific content
of the PE remained unchanged, was provided by the regular teachers, was held both
indoors and outdoors, and contained varying activities such as running, jumping,
dancing, and ball sports. The principal of the intervention school increased the
school day duration slightly along with decreasing the amount of non-compulsory
subjects, in order to accommodate the increase in PE. However, these alterations
were in accordance with the national curriculum.
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Figure 16: Children in the intervention school (Angslattsskolan) during a physical education (PE) class

Subject invitation, inclusion, dropout, and exclusion

In the intervention group, children who started school in the intervention school
1998-1999, a total of 89 boys and 61 girls, were invited to participate in the study.
In the control group, children who started school in the three control schools 1999—
2000, 170 boys and 157 girls, were invited. Eighty-four boys and 56 girls in the
intervention group, and 68 boys and 64 girls in the control group accepted
participation. An additional 43 boys and 44 girls in the intervention group were
invited a year later into the study (year 2000), of which 39 boys and 38 girls accepted
inclusion. In total, 123 boys and 94 girls accepted participation. Written consent was
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obtained from the child and/or a parent/guardian prior to study start. Four boys and
2 girls in the intervention group and 1 girl in the control group were excluded due
to chronic disease or medication that possibly interfered with bone growth (figures
17 and 18).

In paper III, we excluded 30 boys and 31 girls in the intervention group, and 11
boys and 22 girls in the control group who, at the follow-up (mean age 15 years;
mean follow-up time 7.5 years) had not ended puberty (reached Tanner 5). In
addition, between baseline assessment and follow-up in the 9th grade, 26 boys and
27 girls in the intervention group, and 31 boys and 24 girls in the control group left
the study (figure 17).

Intervention Controls

Invited
132 boys and 105 girls

Invited
170 boys and 157 girls

Declined Declined
9 boys and 11 102 boys and 93
girls girls

Excluded due to

Accepted
123 boys and 94 girls

Accepted
68 boys and 64 girls

Assessed at follow-up
63 boys and 34 girls

Assessed at follow-up
26 boys and 17 girls

di or Excluded due to
medication medication
4 boys and 2 ' 1 girl
girls Assessed at baseline Assessed at baseline
119 boys and 92 girls 68 boys and 63 girls
............ PO T— ot s
26 boys and 27 31 boys and 24
.................. girls........... girls
Not reached Not reached
Tanner 5 Tanner 5
30 boys and 31 11 boys and 22
girls girls

Figure 17: Participant flow chart in paper Ill.

In paper IV, between baseline assessment and follow-up (mean age 19 years; mean
4 years post-intervention) 74 boys and 56 girls in the intervention group, and 47
boys and 41 girls in the control group left the study (figure 18). Two boys and 1 girl
in the intervention group, and 2 boys and 1 girl in the control group did not
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participate at the end of the intervention (9th grade) but did participate at follow-up
(figure 18).

Intervention Controls
Invited Invited
132 boys and 105 girls 170 boys and 157 girls
Declined Declined
9 boys and 11 102 boys and 93
girls girls

Accepted
68 boys and 64 girls

Accepted
123 boys and 94 girls

Excluded due to

disease or Excluded due to
medication medication
4 boys and 2 2 ’ 1 girl
girls Assessed at baseline Assessed at baseline
119 boys and 92 girls 68 boys and 63 girls
Left study Left study
74 boys and 56 47 boys and 41
gl r l S ﬁﬁ ﬁﬁ .................. g |r|S ..................
Not dat A d atend Assessed at end Not assessed at
end of of intervention of intervention end of
intervention 43 boys and 35 19 boys and 21 intervention
2 boys and 1 girl girls girls 2 boys and 1 girl

;H

Assessed at follow-up
45 boys and 36 girls

\_l_l

Assessed at follow-up
21 boys and 22 girls

Figure 18: Participant flow chart in paper IV

Measurements

Subjects were assessed using the same methods at baseline and at follow-up in
respective paper. In paper III, subjects were assessed before intervention start
(baseline) with follow-up in the 9th grade, last year of compulsory school in
Sweden. In paper I1I, assessments included a questionnaire, anthropometric data,
pubertal status, bone densitometry by DXA and QUS, body composition by DXA,
muscle strength by computerized dynamometer, and fracture incidence.

In paper IV, subjects were assessed at baseline with follow-ups (i) at the end of the
intervention, and (ii) a mean 4 (range 3—5) years after the last measurement during
the intervention. Measurements in paper IV include the questionnaire,

50



anthropometric data, pubertal status, bone densitometry by DXA, and muscle
strength by computerized dynamometer.

Questionnaire

We assessed the children by a non-validated questionnaire, used in several earlier
studies (168, 179, 180), that contained questions regarding lifestyle (dietary intake,
smoking, and alcohol use), medical conditions (asthma, achondroplasia, diabetes,
epilepsy, kidney disease, and thyroid disease) use of medication (levaxine,
liothyronine, cortisone, insuline, antiepileptic drugs, anti-depressants, and oral
contraception pills), along with specific questions regarding the amount of physical
activity and sedentary activity. We asked for the specific amount of organized
leisure-time physical activity, defined by us as activities in sport clubs or sports
association. This question had two parts, one regarding summer and one regarding
winter season as children may participate to a higher extent in activities in either of
the seasons. The two seasons’ values were then divided by two in order to get an
annual mean. We calculated the total physical activity by adding the sum of
organized leisure-time physical activity to school-based physical education, data
provided by the principal of the specific school. We did not include questions
regarding non-organized leisure-time activities, such as transportation or playing
with friends. However, earlier studies have shown that the amount of organized
physical activity correlates well with the total amount of physical activity (181). We
have also performed post-hoc analyses using accelerometers on study subjects,
finding associations between the amount of questionnaire based total physical
activity and objective accelerometer-based levels. The questionnaires were sent to
each of the subjects’ home addresses and in younger years they were completed
with the help of parents/guardians.

Anthropometric data

In order to assess body weight (kg) and height (cm), we used a digital scale (Avery
Berkel HLL120) and a Holtain Stadiometer respectively. We calculated body mass
index (BMI) by dividing the weight in kg by height in meters squared.

Pubertal status

At baseline, a research nurse estimated the pubertal maturation using a Tanner scale
(182, 183). At follow-ups, this was self-assessed by the subject, which has been
found by others to correspond to the pubertal assessment by a doctor or a nurse
(184).

Bone densitometry

We used dual-energy X-ray absorptiometry (DXA; DPX-L®, version 1.3z, Lunar
Corporation, Madison, WI, USA) to evaluate different bone traits at both baseline
and follow-ups. Assessed regions by DXA in paper I1I include total body less head,
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left femoral neck (FN) and first to fourth lumbar vertebra (L1L4). Measured traits
in these regions include bone mineral content (BMC; g), areal bone mineral density
(aBMD; g/cmz). In addition, bone area (BA; sz) was measured in FN and L1L4,
and body composition (BC) as lean mass (kg). We also used quantitative ultrasound
(QUS; Lunar Achilles model 1061®, Lunar Corporation, Madison, WI, USA) and
assessed speed of sound (SOS; m/s).

In paper IV, we used the same DXA scanner as in paper I1I at baseline and follow-
up at end of intervention. At the second follow-up (mean 4 years after end of
intervention), we used iDXA® (version encore 13.60, Lunar Corporation, Madison,
WI, USA) in 33 subjects from the intervention and 22 from control group, and DXA-
Prodigy® (version encore 9.30, Lunar Corporation, Madison, WI, USA) in 48
subjects from intervention group and 21 from the control group. Regarding the bone
traits by DXA in paper IV, we included BMC (g) and aBMD (g/cm?) in total body
less head, arms, legs, spine (total spine from total body scans), and FN.

Muscle strength

Muscle strength was measured using a Biodex System III Pro® (Biodex Medical
systems Inc, Shirley, NY, USA) computerized dynamometer. Concentric isokinetic
peak torque (PT; Nm) from right knee flexion (n.x) was assessed at 60 and 180
degrees/second (highest value from five attempts). In paper IV we calculated PT in
relation to total body weight [PTTBW; ((PT/total body weight) * 100); Nm/kg].
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Figure 19: A child participating in the POP study being assessed in a Biodex computerized dynamometer

Fracture composition score

In paper III, we aimed to present a musculoskeletal composite risk score for
fracture, as the mean Z-score (the number of standard deviations differing from age-
and gender-matched peers) of five factors that all have earlier have been associated
to fracture risk, including L1L4 (BMC and BA), lean mass, SOS, and PT fiex130.

Statistical analyses

In paper III, we used IBM SPSS® (version 23, IBM Corp., Armonk, NY, USA) in
all statistical analyses. Descriptive data are presented as absolute numbers (n) and
proportions (%) or means with standard deviations (SD), and inferential statistics as
mean differences with 95% confidence intervals (95% CI). Changes between
baseline assessment and follow-ups were calculated by subtracting baseline values
from follow-up values for each trait. Regarding the differences in changes in the
respective groups, we used analysis of covariance (ANCOVA), adjusted for
baseline trait value and age at follow-up. We calculated the fracture composite score
correlation with the average amount of total physical activity (PA) during the study
period through estimation with Spearman’s test. The average PA was calculated as
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the sum of school-based PA and leisure time PA, measured at baseline, halfway into
the study, and at follow-up, divided by three.

In paper IV, we used Statistica® (version 12.0, Statsoft Inc®) in all statistical
analyses. We present descriptive data as numbers (n), proportions (%), means with
SD, along with inferential statistics as mean differences with 95% CI. We calculated
study period changes by subtracting (i) intervention values and (ii) baseline values
from follow-up values (mean 4 years after end of intervention). We calculated group
differences in trait changes by using ANCOVA, adjusted for the length of the
follow-up period and the proportion of boys and girls. In both paper III and IV, p-
values of <0.05 were considered statistically significant.

Dropout analyses

In paper III, we compared all traits in subjects who were assessed at baseline and
at follow-up with subjects having only baseline values (dropouts). Using this drop-
out analysis we found no clinically or statistically significant differences (table 2).

Table 2: Dropout analysis regarding paper lll. Data are presented as means * standard deviations (SD). Participants
refers to subjects assessed at baseline and follow-up, and dropouts refers to subjects with only baseline assessments.
Bone mineral content (BMC; g), areal bone mineral density (aBMD; g/cm?), and bone area (BA) were assessed using
dual-energy X-ray absorptiometry (DXA). Calcaneal speed of sound (SOS; m/s) and peak torque (PT; Nm) were
assessed using quantitative ultra-sound (QUS) and computerized dynamometer respectively.

Participants (n=140) Dropouts (n=108) p-value
Age (years) 7.7+0.6 7.8+0.6 0.33
Height (cm) 129.3+6.1 129.5+6.5 0.79
Weight (kg) 28.4+53 279+59 0.51
BMI (kg/m?) 16.9+2.4 16.5+2.4 0.23
Lean mass (kg) 21.3+2.8 21.2+3.0 0.62
Bone mineral content (BMC; g)
Total body less head 993.4 + 172.6 969.6 + 182.8 0.31
Lumbar spine 20.0+4.4 19.2+4.1 0.19
Femoral neck 28+0.5 2807 0.77
Areal bone mineral density (aBMD; g/cm?)
Total body less head 0.85 + 0.05 0.84 +0.05 0.12
Lumbar spine 0.68+0.10 0.66 + 0.08 0.19
Femoral neck 0.77 £0.11 0.76 £ 0.11 0.89
Bone area (BA; cm?)
Lumbar spine 29.2+35 28.9+3.9 0.51
Femoral neck 3.6+03 3.7+0.6 0.61
Speed of sound (SOS; m/s), peak torque (PT; Nm)
Calcaneal SOS 1530.2 £ 20.9 1528.7 £ 19.6 0.62
PTflex60°/s 23.6+6.4 23.4+6.5 0.85
PTflex180°/s 21.5%6.0 21.0+58 0.49
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In paper IV, we conducted two dropout analyses. Firstly, we found no statistically
significant differences when comparing baseline values including height, weight,
and BMI from subjects that accepted participation with the declining individuals
through the compulsory first grade school health examinations (179). Secondly, we
compared height, weight, BMI, BMC, aBMD, and PT between subjects assessed at
baseline and at the follow-up, mean 4 years after end of intervention. No statistically
significant differences were found (table 3).

Table 3: Dropout analysis regarding paper IV. Data are based on baseline assessment values and are presented as
means * SD. Participants refers to subjects assessed at baseline and follow-up (mean 4 years after end of intervention),
and dropouts refers to subjects that were assessed only at baseline. Bone mineral content (BMC; g), areal bone mineral
density (aBMD; g/cm?), and bone area (BA) were assessed using dual-energy X-ray absorptiometry (DXA). Peak torque

(PT; Nm) was assessed using computerized dynamometer.

Boys (n=187) Girls (n=155)
Participants Dropouts . Participants Dropouts g
(n=66) (n=121) Lol (n=58) (n=97) proEle
Age (vears) 77406 77406 0.55 7.6£0.6 7.7+0.6 0.74
Height (cm) 129.0£7.2 128.7 6.2 0.78 127.2+6.9 1285+ 7.0 0.25
Weight (kg) 27.6+5.1 27859 0.84 26755 27652 0.31
BMI (kg/m2) 16.5 2.2 16.6 + 2.4 0.70 16.4 2.3 16.7 £2.5 0.47
Bone mineral content (BMC; g)
Treizl ey 655.0 + 154.8 | 654.2 £ 153.4 0.97 607.4 + 139.9 | 626.3 % 136.7 0.42
less head
Arms 88.7 + 20.5 87.2+19.7 0.62 791 £17.7 813+ 17.4 0.47
Legs 282.3+727 | 284.1£72.2 0.87 268.3+64.5 | 280.4+67.0 0.28
Spine 85.1 + 20.3 84.9 +20.8 0.95 80.0 + 18.7 81.0+17.6 0.74
Femoral neck 2.840.6 29207 0.38 2.6£0.7 2.6+05 0.76
Areal bone mineral density (aBMD; g/cm?)
Traizl ey 0.69 + 0.06 0.69 + 0.06 0.71 0.68 £ 0.05 0.69 £ 0.05 0.82
less head
Arms 0.62 £ 0.05 0.61 % 0.04 0.47 0.60 £ 0.05 0.60 + 0.04 0.55
Legs 0.76 + 0.08 0.75 + 0.07 0.69 0.75 £ 0.07 0.75 + 0.07 0.68
Spine 0.69 + 0.06 0.68 + 0.06 0.50 0.69 £ 0.07 0.68 + 0.06 0.78
Femoral neck 0.77 £ 0.12 0.78 £ 0.10 0.57 0.71 0.1 0.72 + 0.08 0.61
Peak torque (PT; Nm)
PTflex60°/s 23.0+6.6 232173 0.85 21956 21856 0.93
PTflex180°/s 21.0+6.0 21162 0.85 19.6 £ 5.6 19.6 £ 5.1 0.96
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Ethics

In papers I-1V, prior to study start, a regional ethical review board approved the
MRPEAK study (LU 205-75) and the POP study (LU 453-98, LU 368-99).
Furthermore, the POP study was registered as a clinical trial (ClinicalTrials.gov.
NCT 00633828). Both studies were completely voluntary and every participating
individual had the possibility to withdraw at any point in time. Data were presented
as group means, were anonymized, and no individual data were presented. If any
pathological results were found, the individual would be referred to a physician for
further medical assessment and treatment. No assessments caused any pain or
discomfort to any of the subjects. As stated earlier, the radiation dose of DXA (and
pQCT in paper I) is very low. Before inclusion in respective study, individuals
consented in written form. In the POP study, each subject’s parent/guardian also
received information regarding the study.

In the POP study (papers III and IV), children in the intervention school were
obliged to attend the daily compulsory physical education (PE). However, they were
not obliged to participate in the study or the study assessments. Some subjects may
have found the increase in PE to cause discomfort, i.e., if the subject disliked
physical activity (PA). However, at baseline, 98% of the children who replied
answered “yes” to the question “Do you enjoy physical education classes?”. It
should also be stressed that PA improves several health aspects in children, and
children are allowed to participate in PE activities at their own level.
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Summary of papers

Paper I

Introduction: Finding individuals with low peak bone mass (PBM) may allow for
early interventions aiming to reduce fracture risk. A relatively new technique, with
less available data compared to DXA, for assessing bone mass and geometry is
peripheral quantitative computed tomography (pQCT), which has the ability to
discriminate between cortical and trabecular bone from three-dimensional images.
This may be important since cortical and trabecular bone have independent effects
on bone strength. In this study, we aimed (i) to identify possible ages of peak values
with reference to PBM and bone strength, and (ii) to provide normative data from

pQCT.

Materials and methods: In this cross-sectional study, we assessed 1083 randomly
invited 18-28-year-old Swedish males, divided into 1-year age groups, using pQCT
on radius and tibia. Regions of interest (ROI) included ultra-distal (4%), and
diaphyseal (38% (tibia only) and 66%) sites. We assessed trabecular volumetric
bone mineral density (VBMD; mg/cm’) and total bone cross-sectional area
(TB.CSA; mm?) at the ultra-distal sites, and cortical volumetric bone mineral
density (Ct.vBMD; mg/cm®), cortical cross-sectional area (Ct.CSA; mm?), cortical
bone mineral content (Ct.BMC; mg/mm slice), cortical thickness (Ct.Th; mm),
TB.CSA (mm?), periosteal circumference (PC; mm), endosteal circumference (EC),
polar cross-sectional moment of inertia (CSMI; mm®*) and polar strength strain index
(SSI; mm®) at the diaphyseal sites. Analysis of variance (ANOVA) was used to
determine statistically significant differences between the age groups. Normative
descriptive statistics were calculated and presented as means with standard
deviations, whereas inferential statistics were calculated and presented graphically
as means with 95% CI.

Results: We found, in all of the traits at diaphyseal sites (except CSMI in radius)
statistically significant (p<0.001-0.036) differences between age groups. No
apparent peak values were found. In tibia, most of the diaphyseal traits exhibited
higher values with higher ages. At the 38% site in tibia, compared with the 18-year-
olds, the 28-year-olds had higher values in Ct.vBMD (2.5%), Ct. BMC (14.1%),
Ct.CSA (11.3%), and Ct.Th (9%). No differences were found in bone traits at ultra-
distal sites.
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Conclusion: Important factors independently beneficial to bone strength such as
bone mass and density, together with structural benefits such as cortical thickness
and bone size, displayed highest values in the 28-year-olds, and with trait-specific
indications of incremental patterns. A larger bone would lead to increased bone
strength but also lowered aBMD (by DXA), thus illustrating a discrepancy between
the age of PBM (estimated by DXA) and peak bone strength (estimated by pQCT).

Paper 11

Introduction: Areal bone mineral density (aBMD) by dual-energy X-ray
absorptiometry (DXA) is the gold standard for diagnosing osteoporosis, and has
been shown to predict fracture. Highest value of aBMD in life, often referred to as
peak bone mass (PBM), in the femoral neck in the hip occurs at age 18-19 years in
men and the subsequent attenuation in aBMD suggests a decrease in bone strength.
This attenuation in aBMD could be a product of decreased bone mass, increased
bone size, or both. However, an increase in bone size would also, independent of
bone mass and density, contribute to an increase bone strength. In this study, we set
out to evaluate possible changes in bone size following the age of PBM in the hip
in men, and how they may influence bone strength. We also aimed to provide
normative DXA data for young men.

Materials and methods: We assessed 1052 randomly selected 18—28-year-old men
once using DXA on the left femoral neck (FN), trochanter area (Troch), and total
hip (TH). At these sites, we estimated bone mineral content (BMC; g), bone area
(cm?), and aBMD (g; cm?). After dividing the subjects into 1-year age groups, we
used analysis of variance (ANOVA) to assess possible differences between age
groups. We also performed Pearson’s correlation analysis between each of the traits
and age after the age of PBM (19 years, from literature). Normative descriptive data
were presented as means with standard deviations, and inferential data were
presented graphically with means and 95% CI.

Results: We found the highest mean of FN.aBMD in the 19-year-olds. When
assessing the 19-28-year-olds, we found negative correlations between age and
FN.BMC (r= -0.07; p=0.02), FN.aBMD (r= -0.12, p<0.001), Troch.aBMD (r= —
0.095, p<0.001), and TH.aBMD (r= -0.087; p<0.01). There was a positive
correlation between age and FN bone area (r=0.064, p=0.048), and TH bone area
(r=0.094; p<0.01).

Conclusion: After PBM in the hip, an increase in size during the third decade in life
may counteract the decrease in aBMD with regard to bone strength. Thus, the direct
translation between PBM and peak bone strength is questionable.
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Paper I1I

Introduction: Physical activity (PA) improves bone mass and muscle function, and
also decreases fracture risk. In children, interventions with regular PA have also
shown these beneficial effects. During puberty, however, the amount of PA often
decreases, which in turn may lead to an attenuation of these effects. Therefore, we
set out to investigate whether a PA intervention in a school setting would render
beneficial changes in bones and muscles from before (Tanner 1) until after (Tanner
5) puberty.

Materials and methods: Sixty-three boys and 34 girls were exposed to a school-
based PA intervention program with 40 minutes of daily physical education (PE).
In the control group, twenty-six boys and 17 girls maintained a regular amount of
PE (60 minutes per week). Subjects were assessed at baseline (Tanner stage 1, mean
age 8 years) and at follow-up (Tanner stage 5, mean age 15 years). At both baseline
and follow-up, using DXA, we assessed total body less head, lumbar spine (L11L4)
and left femoral neck (FN) including bone mineral content (BMC; g), bone area
(BA; cm?, not in total body), and areal bone mineral density (aBMD; g/cm?). We
also used quantitative ultra-sound (QUS) measuring speed of sound (SOS; m/s)) on
the calcaneal bone, and computerized dynamometer measuring concentric isokinetic
peak torque from right knee flexion (PT; Nm). We also created a musculoskeletal
composite score for fracture, a mean Z-score of the five assessed traits, in order to
estimate the overall musculoskeletal effect of the intervention. Spearman’s test was
the used to determine changes in the composite score between baseline and follow-
up.

Results: In boys, we found improvement of BMC (p=0.02), aBMD (p=0.03), and
BA (p=0.03) in the lumbar spine, along with PT (p=0.008) in the intervention group
compared to the controls. In girls, we found improvement of BMC (p=0.003) in the
lumbar spine and calcaneal SOS (p=0.003). Composite score gains in both boys and
girls were higher (both p=0.02) in the intervention group compared to the control
group.

Conclusion: In boys and girls, from before (Tanner 1) to after (Tanner 5) puberty, a
school-based intervention program with increased PA is associated with significant
beneficial gains in bone mass, bone structure, and a composite score for fracture.
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Paper IV

Introduction: Increased physical activity (PA) from a school-based intervention
during 9 primary-school years in Sweden leads to beneficial changes in
musculoskeletal traits and decreasing fracture incidence. We set out to investigate
whether these changes remain after the termination of the program and into young
adulthood.

Materials and methods.: Forty-five boys and 36 girls increased their level of physical
education (PE) during primary school through an intervention program with 40
minutes of PE per day. In the control group, 21 boys and 22 girls had 60 minutes of
PE per week throughout the study period. Subjects were assessed at baseline (mean
age 8 years), at the termination of the study (mean age 15 years), and at follow-up
amean 4 years (range 3-5) after the last measurement during the intervention (mean
age 18 years). Each assessment comprised DXA measurements of total body less
head, arms, legs, spine, and femoral neck including bone mineral content (BMC; g),
areal bone mineral density (aBMD; g/cm?), and peak torque from right knee flexion
(PT; Nm) with both absolute amount and amount per body weight times 100
(PTTBW; Nm/kg*100). We calculated group comparisons (i) for changes between
termination of the intervention and follow-up, and (ii) for changes between baseline
and follow-up. When comparing the differences, we used analysis of co-variance
(ANCOVA), adjusted for the proportion of boys and girls in the compared groups
as well as duration of the follow-up period.

Results: Changes in both BMC and aBMD were similar in the two groups between
end of intervention and follow-up, whereas muscle strength (PT) diminished (—5.6
Nm; p=0.02) more in the intervention group. From baseline to follow-up, the
intervention group exhibited higher gains in spine BMC (32 g; p<0.001) and arms
aBMD (0.06 g/cm?; p<0.001). Muscle strength per total body weight (PTTBW) also
increased more in the intervention group (12.1 Nm/kg*100; p=0.02).

Conclusion: Following the termination of a 9-year intervention program of daily
PE, bone mass and density benefits seem not to diminish, whereas those acquired
regarding muscle strength do. Over the entire study period, however, gains in bone
mass and muscle strength were superior in intervention subjects. This indicates that
daily PE in primary school may lead to improved peak bone mass and peak bone
muscle strength, thus possibly counteracting the age-related loss in bone and muscle
strength.
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General discussion

Peak bone mass and bone strength

In papers I and II we present normative data including bone mineralization and
structure in young adult men, thus helping both researchers and clinicians, by adding
updated reference values based on a large cohort, to be used for comparison with
other cohorts in future studies or in clinical settings when evaluating bone
mineralization in patients. To this date and to our knowledge, the majority of papers
with pQCT reference material include children and adolescents in their second
decade in life (185-188), and the few studies in the young adult age-span in men
have included small sample sizes (189). Our contribution in papers I and II may
thus possibly aid in skeletal research in a wider sense than by just answering our
research-specific questions in the two papers. We were also able to present data
describing bone mineralization, and structural traits in bones exposed to different
physiological loads, namely upper and lower extremities of the body. By analyzing
data from two different bone-densitometric imaging techniques, pQCT and DXA,
we were able to illustrate the discrepancies in how data may be interpreted when
using different techniques and measured regions of interest. The two techniques
may thus lead to some discrepancies in the inferences, when approximating the
ability of bone to withstand mechanical forces acting upon them, also known as
bone strength, when estimating bone strength through surrogate measures of bone
mineralization and bone geometry. It should then also be noted that bone strength is
also determined by qualitative properties of the skeleton, including bone turnover,
micro-architecture, regional distribution of mineralization, collagen quality, along
with mineral and matrix composition (190). Thus, we acknowledge that our methods
and findings solely illustrate a quantitative aspect that is measurable, and that it
would have been preferable if qualitative aspects had also been incorporated when
investigating the complex entity of bone strength.

In paper I we found, in concordance with others (186, 191), that trabecular bone in
ultra-distal radius and tibia has already reached maximal levels before the age of 18.
Regarding cortical bone in diaphyseal radius and tibia, however, we found
indications of higher values in the older age groups, and in our cohort we actually
found the highest values in the oldest subjects (ages 27 and 28 years) for most of
the traits, including bone mass, bone density, periosteal area, and cortical thickness.
Notably, all of these traits are proven to be positively correlated to bone strength.
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Given these indications of the positive age-related effects in the lower extremity
(tibia), we speculated as to whether other parts of the lower extremities follow
similar patterns.

Peak bone mass (PBM) from DXA-estimated aBMD at the femoral neck is attained
by 19 years of age in men according to a longitudinal study including 527 men aged
16-40 years (41). The subsequent decrease in aBMD after PBM could potentially
be the effect of loss of bone mass, or due to an increase in bone size, since aBMD,
estimated by DXA, is calculated as BMC divided by bone area (a two-dimensional
estimate). In paper 2, in accordance with aforementioned literature, we found
indications suggesting, following PBM at the femoral neck in men, an attenuation
in bone density and bone mass. Simultaneously, however, our results indicated an
increase in bone size with higher ages. Given that the size of a tubular structure,
independent of other factors, contributes to the resistance against bending, a possible
increase in size with age could counteract the diminishing densitometric variables
with regard to bone strength (90-92). We consider it unlikely that bone strength
would decrease already during the third decade in life, from an evolutionary
perspective. Reports indicate that the total fracture incidence in Swedish males
decreases after 20 years of age, and stabilizes around the age of 30 years until the
age of about 70 years, when it quite rapidly increases (192). More specifically,
proximal femur fracture incidence in men is kept at low rates until the age of 50-60
years (192). We argue that, from the time of PBM by DXA in the femoral neck, age-
related bone mass and density attenuation do not necessarily reflect a decrease in
bone strength and should therefore be interpreted carefully.

Physical activity intervention and musculoskeletal
development

During the peripubertal period the human skeleton undergoes remarkable changes.
This is illustrated by the fact that during four years surrounding the highest rate of
bone mineral accrual around the early teens, almost 40% of maximum adult bone
mass is attained (27). In view of this, interventions with the aim of promoting bone
health should focus on this period. The positive effects of regular physical activity
on bone health in children, adolescents, and adults are well known facts in the
research community. With this in mind, studies have shown that physical activity
levels generally decrease during puberty (193, 194), with the addition of an
unfortunate trend, in recent years, of diminishing levels due to secular changes
(195). On a further note, physical activity interventions seem to have greater effects
on bone mineralization if the intervention started before or in early puberty (167).

The vast majority of studies evaluating effects of regular physical activity on bone
only include effects in prepubertal children, and have found that the effects, if any,
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seem to be smaller during the pubertal years (196). It remains unclear whether the
preponderance of studies including pre-pubertal subjects reflects that fewer studies
including more mature adolescents were conducted or not reported (due to
publication bias). Thus, there are different views of whether physical activity
interventions have an effect during the peripubertal years.

School-based physical activity interventions in children and adolescents have shown
to be effective in several studies (197-200). However, these studies focused on
interventions including specific high-impact activities, and they were relatively
short in duration (less than a year), and included pre- or early-pubertal children.
Thus, we identified a need for studies encompassing the entire period of pubertal
maturation.

Earlier findings from the POP study showed that the initial statistically significant
positive effects of increased physical activity on bone diminished, mainly in boys,
from ages 7 to 15 years (201) It should be noted that, at follow-up, boys of different
pubertal stages were included, which may have confounded the possible effects, or
lack thereof. This was the reason why we in paper III set out to conduct a study
evaluating the effect of increased physical activity on children from before (Tanner
1) to after (Tanner 5) puberty. By doing so, we found higher musculoskeletal gains
in children of both sexes in the intervention group compared to the controls. This
underlines the importance of following individuals until the end of puberty, instead
of only during early stages of maturation, when aiming to evaluate the effect of a
physical activity intervention on the skeleton.

The musculoskeletal benefits of a daily physical activity intervention we found in
paper III, including gains in bone mineralization and bone size, and also muscle
strength, are all factors contributing to reduced fracture risk (82, 114, 202, 203).
About 20% of the variance in peak bone mass is modifiable through external factors,
among which physical activity is considered perhaps the most important (40). Thus,
interventions that increase the level of physical activity may prove an effective way
of reaching a higher peak bone mass, consequently counteracting the age-related
attenuation in bone mass, and ultimately possibly postponing osteoporosis (46).
This notion is further supported in paper IV.

A physical activity intervention during childhood and adolescence is associated with
positive musculoskeletal effects and indicates a reduced risk of sustaining a fracture
during the intervention (201). However, some studies have suggested that age-
related bone loss is higher in subjects that have reduced the amount of PA from
sports (204-206). Thus, we wanted to evaluate whether the beneficial
musculoskeletal effects that we found in paper III remain after the termination of
the daily physical activity intervention program. In paper IV, from the mean age of
7 to 18 years, we found that the intervention subjects exhibited higher gains in bone
mass in the spine, aBMD in the arms, and muscle strength in the lower extremity,
even after several years. It should also be noted that most of the other traits also had

63



higher mean values, albeit not statistically significant. We argue that this possibly
could be due to lack of statistical power (see Strengths and limitations), illustrated
by the greater confidence intervals in the control group, which increases the risk of
ruling out possible true effects of the intervention (type Il error). However, even
with a lack of statistical power, we found statistically significant differences
between the groups, corroborating that that a school-based daily physical activity
intervention program has positive effects on bone and muscular health that stretches
beyond the intervention period itself. When comparing end of intervention to end
of study, mean 4 years later, we only found statistically significant lower gains in
muscle strength in the intervention group. In all other assessed traits, we found
similar development between former intervention and control subjects. We stress
that these findings could be due to lack of statistical power but argue that this
indicates persisting positive effects after the termination of the intervention.

The indication of these persisting positive effects could be the result of different
factors and the causality between the intervention and these effects remains to be
determined. One explanation could be that subjects in the intervention group have
adapted a more physically active lifestyle (207). This is further supported by the fact
that, in paper IV, mean 4 years after ending the intervention, the intervention group
boys had a higher total amount of organized PA compared to controls.
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Strengths and limitations

Papers I and 11

Strengths

We consider the large number of participants per 1-year age group, and the use of
few and experienced research technicians, as strengths of these papers.

Limitations

A major limitation is the use of cross-sectional data, which in contrast to
longitudinal data make interpretations regarding true changes over time impossible.
However, we believe that possible differences between age groups in our papers
reflect at least indications of age-related changes in each trait. The fact that data
were collected over 6 years is also a study limitation. However, secular changes
during these years (2006-2012) should be minimal, supported by the National
Swedish Public Health institute, which found no changes in sedentary time and
prevalence of obesity in Swedish men between the years 2004 and 2011. It should
also be stressed that we discuss the potential implications of changes in
mineralization and size on bone strength from a hypothetical standpoint, since no
mechanical tests were used.

Of the individuals who were asked to participate, only 30% accepted; we regard this
as a study limitation since it potentially can lead to a selection bias. However, when
comparing the anthropometrics of the participating subjects with men aged 20-29
years in the general population in Sweden 2008-2011 (from Statistics Sweden, not
presented in papers), we found similar weight, height, and BMI. We thus argue that
our sample reflects the general population.

As we did not find indications of peak bone mass in radius or tibia, it would been
valuable to include both younger and older subjects. Another limitation is the
inclusion of only male subjects, and it would have been advantageous to investigate
the possible age-related changes in female bone around the time of peak bone mass,
since male and female skeletal development exhibit different patterns i.e., during
the peripubertal years.
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Papers III and IV

Strengths

The population-based participant inclusion, the prospective and controlled study
design along with long follow-up duration are strengths in these papers. The fact
that PE is compulsory subject lessens the risk of selection bias, as participants in the
intervention do not only consist of volunteers, as in many previous studies, even if
participation in the annual measurements in the study was on a voluntary basis.

Limitations

A vital part of an interventional study, in order to decrease the amount of bias
through confounding factors, is randomization of subject to either intervention or
control groups. Even though this is ideal, for practical reasons, parents and teachers
opposed the idea of randomization. Instead, children were assigned to the
intervention or control group depending on which school they went to. With this in
mind, causality between intervention and effects on physical activity levels and
musculoskeletal traits should be avoided due to lack of control of other factors that
may influence the assessed parameters. Instead, we use the term association when
drawing conclusions from these studies.

Assessing the amount of organized leisure-time physical activity, and thus total
amount of physical activity, using a non-validated questionnaire is a possible
limitation due to recall bias. However as previously described (see Materials and
methods), we performed a post-hoc analysis showing correlations between
questionnaire-estimated and accelerometer-based amount of physical activity.
Another limitation is that we did not include non-organized leisure-time physical
activities such as transportation and playing activities. However, as also described
earlier (see Materials and methods), the literature suggests an association between
amount of organized leisure-time physical activity and total amount of physical
activity (181).

A possible limitation in papers III and IV is selection bias. In the recruitment
process for the study, there was a higher ratio of children who declined participation
in the control group (60%) than in the intervention group (8%). However, to control
for possible selection bias, we conducted dropout analyses where we compared the
individuals accepting and declining baseline assessment in the compulsory 1st grade
school health examination, finding no statistically (or clinically) significant
differences. In paper III, there was a higher dropout rate between baseline and
follow-up in the control group than in the intervention group, 42% and 25%
respectively. In paper IV the dropout ratio between baseline and follow-up (mean
11 years later) was 67% in the control group and 62% in the intervention group.
Any dropout could potentially lead to a selection bias. To control for this, in both
paper III and IV, we conducted dropout analyses showing, at baseline, no
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statistically significant differences between the later dropouts and individuals who
also participated in the follow-ups (table 2 and 3). Furthermore, we compared
anthropometrics and DXA traits for male subjects at the femoral neck at the last
follow-up in paper IV with the youngest age group in the MRPEAK study (papers
I and II). From this, we found no statistically significant differences (table 4).
Knowing that we had a small sample, mainly in the control group (n=21), we think
that this argues against a possible selection bias.

Table 4: Inferential anthropometric and DXA data on 18-year-old male subjects from the two cohorts in the MRPEAK

study (paper | and Il) and in the POP study (papers Il and 1V), presented as absolute mean values with 95% confidence
intervals bracketed.

MRPEAK POPintervention POPcontrol
(n=90) (n=45) (n=21)
Height (cm) 181.9 (180.4-183.4) 180.4 (178.3-182.5) 180.2 (176.9-183.5)
Weight (kg) 75.1 (72.4-77.8) 77.0 (72.3-81.7) 74.3 (69.3-79.3)
BMI (kg/m2) 22.7 (22.0-23.4) 23.7 (22.3-25.1) 22.9 (21.4-24.4)
FN.BMC (g) 6.4 (6.17-6.63) 6.4 (6.05-6.75) 6.2 (5.86-6.54)

FN.aBMD (g/cm?)

1.15 (1.12-1.18)

1.16 (1.11-1.21)

1.15 (1.09-1.21)

We defined sedentary activities as “screen-time activities”, without including more
modern devices such as laptops, smartphones, or tablets. Despite being a limitation,
it should be noted that these contraptions were not at all as commonly used around
the turn of the millennial shift as they are to today. Another limitation is that we did
not assess the level of intensity during organized leisure-time physical activity or
during physical education. Today, due to technical advances, we would be able to
assess both the level of intensity as well as the amount of sedentary time more
accurately given that accelerometers now work over long periods of time. When the
study started, accelerometers could only record data from a few days, making it
impossible to extrapolate the amount of physical activity and sedentary time to a
whole year.

In paper 111, we aimed to assess pubertal stage by Tanner evaluation which depends
on evaluation of genitalia (boys), breasts (girls), and pubic hair growth (boys and
girls). At baseline, the assessment was conducted by a research nurse. At later
follow-ups, the subjects themselves assessed pubertal staging, with the help of
standardized pictures of the different stages, but without any further guidelines on
how to differentiate between pubertal stages, which is considered a study limitation.
We pre-defined that subjects had reached the end of puberty in Tanner 5, which is a
limitation, as some females only reach Tanner 4, even though no longer in puberty.
In our opinion, the limitations of pubertal staging in this study should affect
assessments similarly in both the intervention and the control group.

Since we presented a composite score with the aim of evaluating fracture risk in
paper III, it would be of value to compare the score with actual fracture risk.
However, this could not be assessed due to lack of statistical power. In a subsequent
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paper, authors showed that the composite score was able to predict fractures as
accurately as femoral neck aBMD by DXA in old men (208).

We used knee flexion as the trait reflecting muscular gains. This is a limitation as
we only evaluate the lower extremity, and thus are not able to assess possible effects
of the intervention program on other muscles, i.e., upper extremities.

The children in this study were of Caucasian ethnicity and were living in a
socioeconomical middle-class area, hence limiting the ability to translate the effects
found to the general population. Thus, it would have been ideal to include children
of other ethnicities and from other socioeconomic areas.

Due to dropouts between baseline and follow-up in paper IV, mainly in the control
group, the low number of participants is a limitation. This may lead to decreased
power, which in turn increases the risk of type II errors, where we erroneously
accept the null hypothesis. In an ideal situation, we of course would like to have
fewer dropouts and/or include more subjects. This underlines one of the difficulties
in assessing a long-term intervention study such as this. However, we stress that to
date there are no other similar intervention studies of this duration published.
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Conclusions

From this thesis, we conclude that:

e In young adult males aged 18-28:

pQCT-estimated radial and tibial cortical thickness, bone size, and
cortical volumetric bone mineral density exhibit higher values with
higher ages, suggesting an increase in bone strength during this
period.

caution is advised when assessing bone strength and fracture risk
using DXA in femoral neck, as the lower values in bone minerals
with higher ages are counteracted by greater bone size, thus
counteracting a decline in bone strength during this period.

e A daily 40-minute physical activity intervention program during the nine
primary-school years, compared to having physical activity 1-2 times per
week, 1s associated with:

benefits in musculoskeletal gains in both sexes when the partici-
pants are followed over puberty, during ongoing intervention.

attenuation of muscle strength after the intervention is terminated.

benefits in musculoskeletal gains, from baseline to several years
after the intervention terminated.

69






Future perspectives

In future research, when aiming to improve evaluation of the timing and importance
of PBM, there is a need for longitudinal data, use of different densitometric
measuring techniques, sex-specific evaluations and evaluations of PBM in different
anatomical regions. Furthermore, to better understand the age-related densitometric
and structural changes during young adulthood and the possible impact the different
traits may have on bone strength, mechanical testing would be preferable, albeit
practically challenging. With technical advances, it would also be ideal to quantify
and incorporate factors that today are considered of qualitative nature, thus adding
more pieces to the complex bone strength puzzle.

In order to evaluate the residual effects after termination of increased PA during
growth, study participants ought to be assessed repeatedly throughout life,
preferably until ages when osteoporosis develops and fragility fractures usually
occur in the population. Since fracture prevention is one of the major goals of our
PA intervention, future studies should not only include surrogate measures of bone
strength, but also fractures. However, from a shorter perspective, since fracture risk
is low in young adulthood, it would to start with be interesting to continue to follow
the study participants, and evaluate whether the beneficial musculoskeletal effects
associated with the intervention are retained through the third decade in life.

In our studies, we have shown that a school-based intervention is associated with a
positive effect on musculoskeletal development. We still need to decipher in what
way an intervention leads to these positive effects, to be better able to tailor future
interventions. Future studies aiming to assess the effect of a school-based physical
activity intervention should now include schools from different socioeconomic
areas, use validated and objective methods when assessing the total amount of
physical activity and new measuring techniques such as high-resolution pQCT.

Finally, given the worrying secular trend of increasing sedentation along with
attenuation of physical activity in children and adolescents of today and the
beneficial effects found to be associated with increased PA at growth, there is an
urgent need to transfer our research results to society and the general population, so
that children, parents, and governments react and initiate changes with the aim of
increasing the amount of physical activity, both in school through physical
education and during spare time.
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Summary 1n Swedish —
Popularvetenskaplig sammanfattning

Allmdn introduktion

Bentdthet och benmassa maéts vanligen med dual-energy X-ray absorptiometry
(DXA), vilket dr en tvddimensionell rontgenmetod och denna anses vara forstavalet
vid diagnostik av benskorhet, eller osteoporos. I studier har det visats att den av
DXA uppskattade bentdtheten har en god formaga hos édldre ménniskor att forutse
risken att drabbas av framtida frakturer. Denna metod har dock vissa inbyggda
svagheter. D& tekniken aterskapar en tvadimensionell bild av ett tredimensionellt
objekt, dvs. ben, dr den uppskattade densiteten area- och inte volymbaserad. Detta
leder bl.a. till att den areabaserade bentitheten blir hogre i storre rorben jaimfort med
mindre, dven om den verkliga bentdtheten &r samma. Vidare rdknas bentédtheten ut
genom benmassan dividerat med benarean, vilket leder till att en minskad bentéthet
potentiellt kan bero pa antingen forlorad benmassa och/eller 6kad benstorlek. Detta
kan vara missvisande i relation till benets motstandskraft mot fraktur eftersom en
Okad storlek pd benet ger dokad hallbarhet. En nyare teknik som kan utvérdera
bentdthet och benstorlek dr peripheral computed tomography (pQCT), vilket &r en
tredimensionell metod som kan méta perifera delar av kroppen, exempelvis
underarm och underben. Dessviérre dr méngden normalmaterial p& unga personer
relativt sdllsynt med pQCT.

Mainniskan genomgar stora kroppsliga forandringar under barn- och ungdomséren.
Inom loppet av denna tid véxer skelettet med sévél 6kad massa som storlek. Under
puberteten nér individer en punkt nér skelettet véixer som snabbast, vilket leder till
att storre delen av benmassan vid vuxen alder dr naddd vid pubertetens slut. I de sena
tondren nas vad som kallas ’peak bone mass” (PBM), den hogsta totala méngden
benmassa en individ uppnér under sin livstid. Efter denna punkt hélls méngden ben
relativt konstant under ett par decennier, varpd méngden benmineral sjunker
kontinuerligt med tiden. Hos kvinnor sjunker benmassan i 6kad hastighet efter
klimakteriet, vilket i 6kad utstrdckning kan leda till osteoporos. Genom att 6ka
méngden benmassa vid tiden for PBM skulle man kunna motverka den efterfoljande
forlusten av benmassa och dérmed skjuta upp, eller rentav undgé att na grénsen for
osteoporos och dirvid minska risken att drabbas av fragilitetsfrakturer.
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I larbenshalsen nds PBM, métt med DXA, i sena tondren. Dérefter borjar
bentétheten relativt omgaende att minska, vilket borde innebéra minskad hallfasthet
i benet. Det kan tyckas mérkligt ur ett evolutionért perspektiv, att benet blir skorare,
redan vid si ung alder.

En faktor som visats ha mycket goda effekter pa bentéthet, benmassa, muskelstyrka
och dven frakturrisk genom hela livet &r fysisk aktivitet. Genom att 6ka méngden
skolgymnastik under grundskoleperioden skulle man potentiellt kunna oka
skelettets hallfasthet som i sin tur skulle kunna leda till 6kad bentéthet vid tiden for
PBM, och didrmed ha en frakturférebyggande effekt pa savél kort som léng tid. Detta
stodjs av litteraturen som visat det finns ett samband mellan méngden benmassa
man har som ung och méngden benmassa man har som vuxen. Tidigare studier har
visat att det dr svért att positivt paverka ben- och muskler genom okad fysisk
aktivitet under puberteten, framforallt hos flickor.

Overgripande syften med avhandlingen

Denna avhandling syftar till att: (i) Studera skelettutvecklingen hos unga mén
genom att presentera normativa data baserade pa pQCT av underarmen/underbenet
och pa DXA av larbenshalsen samt att identifiera eventuella &ldersrelaterade
skillnader i benmineralisering och benstruktur hos 18-28 ar gamla mén samt (ii)
uppskatta vilken effekt dessa eventuella skillnader har pa benets hallfasthet. (iii)
Huruvida en intervention med daglig skolgymnastik har positiva muskuloskeletala
effekter som striacker sig ver puberteten (under pagaende intervention) samt (iv)
ifall dessa effekter kvarstér efter avslutad intervention.

MR PEAK

Under aren 2006-2012 genomfordes en tvirsnittsstudie vid namn MR PEAK dér
totalt 1083 fran folkbokforingsregistret slumpmassigt utvalda mén, 18-28 &r gamla
och boende i Malmd, méttes med pQCT av underarmen och underbenet samt med
DXA av larbenshalsen.

Bunkefloprojektet

Fyra skolor i Malm¢ ingick ar 1999 i det s.k. ”Bunkefloprojektet” (eng. The
Pediatric Osteoporosis Prevention (POP) study). Pé en av skolorna implementerades
en intervention som innefattade 40 minuter daglig skolgymnastik (200 minuter per
vecka) och de tre ovriga kontrollskolorna fortsatte med 60 minuter skolgymnastik
per vecka under hela den niodriga grundskoletiden. Av de totalt 564 inbjudna barnen
som borjat skolan dren 1998-2000, valde 349 att delta i studien. Barnen utvérderades
upprepade ganger under studieperioden med sista midtningen under interventionen
kring nionde klass samt i medeltal 4 &r senare, efter avslutad intervention.
Utvérderingarna  innefattade — sjélvskattningsformuldr samt métningar av
skelettmassa, skelettstruktur, muskelmassa och muskelstyrka via vart
forskningslaboratorium.
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Resultat

Fran pQCT-métningarna fann vi i rérbenens skaft i underarmen och underbenet
hégre viarden for benmassa, bentithet och benstorlek hos de dldsta undersokta
individerna. Frdn DXA-mitningarna fann vi att larbenshalsens areabaserade
bentdthet och benmassa korrelerade negativt medan storleken korrelerade positivt
med hogre alder. Fran fore till efter puberteten fann vi positiva effekter pé skelett
(bade pojkar och flickor) och muskler (enbart pojkar) hos barn som haft daglig
skolgymnastik jamfort med barnen i kontrollskolorna. Efter avslutad intervention
minskade muskelstyrkan i benen 1 hdgre utstrickning hos barnen i
interventionsgruppen jamfort med kontrollgruppen. Dock, sett 6ver den totala
perioden, fran forsta klass i grundskolan till efter avslutad intervention fann vi
positiva effekter pa sévil skelett som muskelstyrka.

Slutsatser

Det verkar som att PBM uppnaés efter 28 érs alder i underarm och underben. Efter
PBM i larbenshalsen rekommenderas forsiktighet ndr man vill dra slutsatser om
huruvida minskad bentdthet uppskattat via DXA innebédr att skelettet forsvagas
eftersom benets storlek ser ut att 6ka, vilket i sjélva verket bidrar till en 6kad
héllfasthet. Daglig 40 minuters skolgymnastik &r associerat med en positiv
muskuloskeletal utveckling savél under pubertet som flertalet &r efter avslutad
intervention, jamfort med skolgymnastik 60 minuter per vecka.
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