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To Camilla and Robin
— the Meaning of Life

“"Where there is haste, thinking is impossible”
Platon, ca 400 BC
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Extended abstract

Osteoporosis is a growing problem worldwide
where Sweden has one of the highest
fragility fracture incidences in the world.
The growing years are thought to be an
opportune time to build strong bones and
the enhancement of peak bone mass (PBM)
has been suggested as a prevention strategy
for osteoporosis. Most exercise intervention
studies in children, evaluating the accrual of
areal bone mineral density (aBMD), include
volunteers and use specifically designed
osteogenic exercise programs. The aim of the
prospective controlled paediatric osteoporosis
prevention (POP) study is to evaluate a
daily general curriculum-based exercise
intervention program of 40 min/school day in
a population-based cohort of children, aged 7-
9 years at study start. All children in grades 1
and 2 in the intervention school were invited
and 93% agreed to participate. Age-matched
children from 3 nearby schools assigned
to the ordinary Swedish school curriculum
of 60 minutes per week served as controls.
Bone mineral content (BMC; g) and aBMD
(g/cm?) were measured with DXA at the total
body, lumbar spine and the hip. Bone size and
volumetric bone mineral density (vBMD; g/
cm?) of the femoral neck and the third lumbar
vertebrae (L3) were calculated from the dual
energy X- ray absorbtiometry (DXA) scans.
A questionnaire previously used in several
studies but modified for children evaluated
lifestyle factors. All participants remained in
Tanner stage I during the study period.

The data presented in this thesis are the results
from the first 2 years in 99 girls and 137
boys. For both boys and girls there were no
differences between the intervention group
and the controls at baseline in anthropometrics,
bone parameters or lifestyle factors such as
dietary habits, chronic diseases, ongoing
medication, fractures, smoking and alcohol
intake. The only difference found was that

the girls in the control group exercised more
during leisure time (0.7 + 0.7 vs. 1.3 + 1.6
h/week, p=0.02). After the intervention was
initiated, the intervention group spent more
time on physical activity both in school and
in total compared with the controls. In both
boys and girls the mean annual gain in bone
mineral accrual and bone width in the lumbar
spine was greater in the intervention group
than in the controls. In addition, in girls there
was also a difference between the groups in the
annual gain in total body bone mineral accrual
and femoral neck width. When the data for all
individuals (exercise and intervention) within
each gender were pooled, the total duration
of exercise including both school-based
and spare-time organized physical activity
correlated with L3 BMC, L3 BMD and L3
width. No such correlations were found for
the femoral neck parameters.

In summary, the data from the POP-study
show that daily physical activity within the
school curriculum seems to be associated
with benefits in the accrual of BMC, aBMD
and gain in bone width, all traits important for
bone strength, in both boys and girls. These
benefits were detected after the first year of
the intervention and remained after 2 years.
This thesis supports the view that general
moderately intense physical activity could be
recommended as a strategy to increase BMC,
aBMD and bone size in prepubertal children.

Ifexercise during growth is to be recommended
as a prevention strategy for osteoporosis,
benefits in aBMD must be maintained in
old age when fragility fractures occur. Our
study in 22 active soccer players, 128 former
soccer players and 138 age-matched controls,
evaluates the relationship between exercise
during growth and bone mineral density and
fractures in old age. Bone mass was measured
by DXA and the frequency of fractures was
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obtained in 284 former soccer players and in
568 controls identified from the computerized
city files of Malmé. Relative to controls, the
aBMD in the leg was almost 12% higher in the
active soccer players. During the more than
35 years following retirement the diminution
in leg aBMD, estimated from the regression
line, was 0.33% per year in the former soccer
players compared with 0.21% in the controls.
A greater proportion of former soccer players
than controls had fractures when they were
active and below 35 years of age, but the
proportion of fragility fractures in old age was
no different between the groups. This study
provides evidence that exercise during growth
results in biologically important benefits in

peak aBMD at weight-bearing sites. The
data suggests that cessation of exercise may
result in loss of the benefit in aBMD, leaving
only modest residual benefits in middle age
and perhaps none in old age, when fracture
occurs. This study does not support the notion
that vigorous exercise during growth and
young adulthood reduces the risk of fracture
in old age. However, we are aware of the
power problem when evaluating the fracture
data, and that later studies from our group,
including a larger sample size, have opposed
this view. Therefore, our view today is that
vigorous exercise during growth and young
adulthood is associated with reduced fracture
risk in old age.
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Introduction

Osteoporosis has today become one of the most
common diseases in modern human beings
and due to its financial burden it is also a huge
problem for society. The term osteoporosis
was first coined in French in the early 1820s as
a description of a pathologic state of bone'*.
Senile osteoporosis was properly described in
1926 by Alwens et al.” and postmenopausal
osteoporosis in 1941 by Albright et al *. In the
modern definition of osteoporosis it is often
described as a “disease characterized by low
bone mass and microarchitectural deterioration
of bone tissue leading to enhanced bone
fragility and a consequent increase in bone
fracture risk”®. But, it is imperative to realize
that osteoporosis is only one risk factor for
fractures, while it is the clinical aspect of
osteoporosis, fractures, that cause problems
for the individual patient as well as society.
Furthermore, during the latter part of the 20th
century the incidence of fracture increased
worldwide, and nowadays Sweden has one
of the highest fragility fracture incidences in
the world?8+88.96-98.130.146 " Recent studies have
indicated a diminishing rate of hip fractures in
certain regions” 14154 yet the lifetime risk of a

Swedish middle-aged woman suffering from
oneormorefragility fracturesisstill50% and the
corresponding figure in men is 25%789%:93:.140.134,
Asaresultof the fractures, increased morbidity,
mortality and costs associated with a fragility
fracture have now grown into a major health
problem®*?78, In younger age groups the
consequences of a low-energy fracture are
often limited, but with ageing the fractures
often lead to permanent disability, impaired
quality of life and sometimes death?%. The
fracture-related costs for society are huge. In
Sweden 70 000 fractures associated with bone
fragility occur every year, 18 000 of them
being hip fractures®, for which the annual
financial burden of osteoporosis in Sweden
is estimated at SEK 4.6 billion (2004)".

The inevitable question then arises: can
we capture individuals with low skeletal
strength before the fracture event to initiate
prophylactic treatment? The World Health
Organization (WHO) has defined operational
guidelines (Table 1) to diagnose osteoporosis
according to measurements of areal bone
mineral density (aBMD) using dual-energy

Table 1.The four diagnostic osteoporosis categories recommended for women by the World Health Organisation

and the International Osteoporosis Foundation in 1994.

Diagnostic category Definition BMD T-score
Normal bone mass BMD above 1 standard deviation >-1
below the average young adult value
Osteopenia BMD between 1 and 2.5 standard deviations -1to-2.5
below the average young adult value
Osteporosis BMD more than 2.5 standard deviations <-2.5
below the average young adult value
Established osteoporosis BMD more than 2.5 standard deviations <-2.5

below the average young adult value and at

least one osteoporotic fracture
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X-ray absorptiometry (DXA), expressed
in standard deviations (SD) discrepancy
compared to the mean of young individuals
of the same gender (T-score)®. Yet this
definition is based solely on DXA data in
women, whereas the “microarchitectural
deterioration” in the definition has not yet
achieved clinical application'®>. However,
only half of all women sustaining a fragility
fracture have a bone mineral density value
that fulfils the diagnosis criterion for
osteoporosis'®. While a single bone mineral
density measurement can predict fracture
risk, it cannot specifically identify individuals
who will actually sustain a fracture'®.

Another question of importanceis to explain the
pathophysiology of osteoporosis. Osteoporosis
is a multifactorial disease that depends on both
environmental and genetic factors. Genetic

Table 2.

factors are estimated to be responsible for about
70% of the variance in bone mass? 165168,
Primary osteoporosis occurs in both sexes
at all ages, but becomes more frequent after
menopause in women'' and occurs in higher
age groups in men'*>. Secondary osteoporosis
is the result of underlying diseases, for example
intestinal bowel disease, chronic renal failure
or hypogonadism but can also be a result
of medications such as glucocorticoids or
lifestyle factors such as alcoholism, smoking
and inactivity®!. Risk factors for osteoporosis
and fragility fractures are divided into those
that are possible to influence and those that
are not (Table 2). Changes in modifiable risk
factors can be used to prevent future fractures,
while unmodifiable risk factors can be used
to predict the risk of future fractures, when
deciding whether prevention strategies should
be initiated.

Risk factors for osteoporosis. Adapted from SBU 2003.

Risk factors that are impossible to influence

Risk factors that are possible to influence

e Age

« Previous facture

« Female sex

» Premature menopause

« Family history of factures
« Ethnic origin

« Height

« Physical inactivity

« Low body weight/low BMI

e Glucocorticoid therapy

o Low bone mineral density

« Susceptibility to falls

« Cigarette smoking

« Excessive alcohol consumption

 Poor exposure to sunlight
« Poor visual acuity
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Bone

The human skeleton is composed of 206 diffe-
rent bones and has evolved into a specialized
connective tissue to reflect a balance between
its primary functions. It keeps us upright and,
together with the muscular system, provides
mechanical integrity for efficient locomo-
tion. It also protects vulnerable inner organs
and serves as a reservoir for minerals, mainly
calcium and phosphorus, and finally it hosts
the red bone marrow where new bone cells can
be produced. These apparently simple tasks re-
quire bone to have unique features in order not
to make transportation a metabolic burden — it
must serve the contradictory needs of stiffness
yet flexibility and lightness yet strength.

The skeleton is made of two types of bone,
cortical and trabecular, with 75-80% of the total
skeleton made up of cortical bone and 20-25%
of trabecular bone. Cortical bone is a densely
compacted tissue, providing a protective outer
layer predominantly in the long bone shafts of
the appendicular skeleton. Trabecular bone is
found mainly in the metaphyseal regions and
in the vertebrae, featuring an inner network of
thin calcified trabeculae. Trabecular bone has
approximately twenty times greater surface
area to volume ratio than cortical bone and is
hence more metabolically active. The turnover
rate of trabecular bone is 20-25% per year,
whereas the turnover in cortical bone is only
3-5% per year. Therefore, trabecular bone
is more sensitive to conditions or diseases
affecting bone cells, with a more rapid response
to stimuli than that of the cortical bone.

The bone consists of an organic component
(25%), an inorganic component (70%) and
water (5%). The inorganic component of bone
consists mainly of calcium and phosphate
in the form of platelike hydroxyapatite
crystals. Ninety-eight percent of the organic
matrix consists of type I collagen and non-
collagenous proteins, while the remaining 2%
consists of bone cells — osteoblasts, osteoclasts

and osteocytes. The differentiation of these
cells makes bone a highly dynamic structure,
undergoing a remodelling process exchanging
around 10% of the skeleton annually.
Remodelling is a stereotyped, organized bone
cell activity that is a locally coordinated,
sequential activity of osteoclasts, osteoblasts
and their precursors. This activated site is
called the basic multicellular unit (BMU)!#4,
Osteoclasts are large multinucleated bone-
resorbing cells with a ruffled cell membrane in
order to increase the contact surface with the
bone. The mineralized bone is dissolved and
the organic substance degraded by proteinases
and enzymes®. When the osteoclasts have
created a groove in the bone, the bone-forming
cells, osteoblasts, enter the scene and produce
new bone in the cavity. Osteoclastic resorption
lasts about three weeks and is followed by
3—4 months of osteoblastic bone formation®.
When osteoblasts stop synthesizing new bone
they differentiate into osteocytes embedded
in newly synthesized bone matrix. Osteocytes
are connected to each other through gap
junctions on filamentous cell projections
that pass through a system of fluid-filled
canaliculi. These canaliculi are thought to
be responsible for the response of bone to
mechanical stimuli'¥”. Bone formation and
bone resorption are closely linked during bone
remodelling, and imbalance in the system can
lead to skeletal disease, e.g. osteoporosis. The
remodelling process continues throughout
life in order to maintain adequate structure,
repair damaged bone and control the calcium
haemostasis.

In contrast to the delicate balance of
remodelling, the term bone modelling refers to
an organized bone cell activity that improves
bone strength by adding mass and expanding
the periosteal and endocortical diameters of the
skeleton. In the growing skeleton modelling is
the dominant mode while in the adult skeleton
remodelling is the dominant process.
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In modelling, osteoblasts continue to function
at one site for a number of years, while during
remodelling they only operate at one location
for a relatively short period of time'®.

Biochemical markers

During the process of bone formation and
resorption, biochemical markers are released
into the circulation. These markers can be
analysed to obtain a more dynamic picture
of the remodelling sequence, which cannot
be captured by the more static aBMD
measurement. Measurements of biochemical
markers are relatively inexpensive, generally
available and can measure changes in bone
turnover over a short period of time. On
the other hand, they can neither distinguish
between remodelling of the cortical or the
trabecular bone nor identify the geographic
locations where the remodelling is taking
place. Also, there are concerns about their
clinical utility because of considerable
variability in the assessments due to technical
as well as biologic factors, and the magnitude
of the error can range from 5-47%"'". A list of
commercially available markers is provided in
Table 3.

Calcium and Vitamin D

A newly delivered child is born with 25 grams
of calcium, an amount which increases to

Table 3.

approximately 1000—-1200 mg by adulthood'™.
Of the total amount of calcium in the body,
98% exists in bone while 2% exists as plasma
calcium, either as free calcium or bound to
albumin. That is, the skeleton serves as a
large reservoir for the central pool of calcium.
The reserves are designed to be used in times
of need, normally only during a temporary
period. Sustained deficits deplete the reserves
and thereby reduce the bone strength. The
central pool of calcium is adjusted via a
negative feedback mechanism that involves
the alimentary tract, the kidneys and the
skeleton. Bone resorptive activity is controlled
systemically by the parathyroid hormone
(PTH), whichinturnreacts to extracellular fluid
calcium ion homeostasis. Whenever calcium
levels are insufficient to meet bodily demands,
the resorption will be stimulated and the bone
mass will be reduced. When adequate calcium
is absorbed, PTH-stimulated remodelling
decreases immediately'. The reduction in
remodelling rate accounts for the increase
that occurs during the first year of treatment
with calcium. Daily recommendations of
calcium intake according to the Swedish
Medical Products Agency (MPA) for 2003:
women: 800 mg (900 mg if < 20 years of age);
pregnancy: 900 mg; breast feeding: 1200 mg;
and men 800 mg.

Currently available bone biochemical markers. Adapted from ASBMR Primer, 6th edition.

Bone Formation Markers

Bone Resorption Markers

« Bone-specific alkaline phoshatase (BSALP)

« Osteocalcin (OC)

« Carboxyterminal propeptide of type I collagen (PICP)
« Aminoterminal propeptide of type | collagen (PINP)

« Free and total pyridinolines (Pyd)

« Free and total deoxypyridinolines (Dpd)

« N-telopeptide of collagen cross-links (NTx)

« C-telopeptide of collagen cross-links (CTx)

« Cross-linked C-telopeptide of type I collagen (ICTP)
« Tartrate-resistant acid phosphatase 5b (TRACP5b)
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Vitamin D is a hormone that influences
calcium metabolism at a number of levels
including calcium transport, renal calcium
resorption, intestinal calcium resorption and
mobilization of calcium from bone. Vitamin
D is acquired from the diet and from skin
synthesis on exposure to ultraviolet (UV)
light. Vitamin D undergoes two key metabolic
conversions, first in the liver, then in the
kidney, to become the most biologically active
metabolite 1, 25-dihydroxivitamin D. There is
less efficient skin synthesis of vitamin D with
ageing, while the intestinal absorption seems
unchanged™ !> As older individuals usually
also spend less time outdoors, this explains
the high need for vitamin D supplemented
diets for the elderly, especially in countries
where sunlight exposure is limited. Vitamin
D also influences muscle strength and muscle
performance through mechanisms largely
unknown, but they likely involve vitamin D
receptors known to be present in muscle. This
is important for the fall risk and also for the
fracture risk.

The relationship between calcium, vitamin D
and bone health is not as straightforward as one
might think. Studies investigating this often
have compliance problems and also, humans
seem to be able to adapt to large changes in
dietary intake of calcium, most pronounced in
childhood and adolescence’. Whether exercise
and calcium intake have a synergistic effect
is unclear. The only published study trying
to answer this question found no difference
between the supplemented and the non-
supplemented group”. Increased calcium
intake among postmenopausal women is
probably associated with a small reduction in
fracture risk*>'%. The combination of calcium
and vitamin D has been shown to reduce
fracture rates in older populations?3035118 A
recent meta-analysis of randomized controlled
trials revealed that supplementation with
vitamin D at adequate levels (800 IU/day)
lowers the risk of hip fractures by 26% and any
non-vertebral fracture by 23%". But, there is
no evidence that individuals with an adequate
diet and a low risk of fracture would benefit
from calcium or vitamin D supplementation.
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Bone mass measurements

Several non-invasive methods have been
developed to measure bone mass. The most
common methods used are dual energy X-ray
absorptiometry (DXA), quantitative ultrasound

(OUS) and quantitative computerized
tomography (QCT).
DXA

Dual energy X-ray absorptiometry, introduced
in 1987 to estimate bone mass, is a low-dose
radiation technique that utilizes the principle
that calcium absorbs much more radiation
than proteins and soft tissue. It uses an X-ray
generator as a radiation source and a filter to
achieve two energy levels'?®. This eliminates
the need of constant thickness of soft tissue,
necessary with older techniques, and allows
measurements of all parts of the body. The
amount of ionizing radiation that is absorbed
by calcium in a defined section of bone reflects
the bone mineral content (BMC), which is
presented in grams. Areal bone mineral density
(aBMD) is defined as the average amount of
mineral per unit area (g/cm?) in a section of
bone. It is not a measure of true density but an
estimate of the thickness of mineral per surface

of bone facing the detector and is affected by
the size and shape of the bone. If a large and a
small bone have the same “true” bone mineral
density (g/cm?), the larger bone will still appear
to have a higher areal bone mineral density.
Thus aBMD tends to underestimate BMD in
small bones and overestimate BMD in larger
bones™*'® (Figure 1). The inability of DXA
to measure in three dimensions is especially
troublesome when measuring children
because of the constant change in shape,
size and spatial distribution in the skeleton
during growth. There is still no consensus on
the most appropriate way to overcome these
problems, but attempts have been made to
achieve mathematical approximations of
volumetric bone mineral density (vBMD; g/
cm?®) in the third lumbar vertebrae, introduced
by Carter®!, and the femoral neck, assuming
the femoral neck to be cylindrical'”. Again,
the calculations of vBMD from DXA scans
are based on assumptions and must be viewed
with caution.

Despite its limitations, DXA is considered
the gold standard in bone mass assessment
because it is safe, accurate (precision 0.5—

Figure 1. Effect of bone size on measured bone mineral parameters in a section of bone 1 cm long. Both bone samples have

identical volumetric densities (true bone mineral density); however, the bone mineral density (BMD) of the larger sample is

twice that of the smaller sample. Adapted from Carter et. al. 1992.

1em 2em

True bone mineral density (g/cm?)
Projected area (cm?)

Volume (cm?)

Bone mineral content (g/cm)

Bone mineral density (g/cm?)

1 1
1 2
1 4
1 4
1 2
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2.0%"™%, accuracy 10%'*°) and widely spread.
More sophisticated methods to characterize
bone accurately are nonetheless desirable!>!.
Hip strength analysis (HSA) is one attempt to
estimate the three-dimensional structure of the
hip. This is a software program designed by
Dr. Tom Beck at Johns Hopkins University
(Baltimore, MD, USA) permitting calculations
of bone geometry and bone distribution within
the femoral neck from a planar scan performed
by a Lunar DPX densitometer''. It has been
developed because of the inability of the
standard software of the DXA to measure bone
mass in three dimensions and is described in
detail in the Methods section of this thesis.

QCT

Quantitative computed tomography provides
a measure of true volumetric bone density
(vBMD) and can also discriminate between
trabecular and cortical bone. The precision
of the bone mass measurements of the QCT
is 2-3%'®. The method has so far not been
shown to be superior to DXA measurements
in the prediction of fragility fractures'!¢2,

The downside of QCT is a relatively high
radiation dose, a high cost and inaccessibility.
Therefore, cheaper and smaller peripheral QCT
has therefore gained in popularity, especially
for use in young populations®. pQCT has later
been added to the protocol in the POP study
but is outside the scope of this thesis.

QuUS

Quantitative ultrasound uses the absorption
of a sound signal expressed as broadband
ultrasound attenuation (BUA, dB/MHz), often
described as reflecting the density of the bone
whereas the speed of sound (SOS, m/s) is
often described as reflecting the architecture
and elasticity of the bone. The calcaneus is the
bone most often used for these measurements,
as only skeletal parts not covered by extensive
soft tissue can be used. The in vivo precision
of OUS is 0.3%-1.5%. The advantage of
this method is that it is radiation-free and
cheap, but one disadvantage is that it does not
discriminate between trabecular and cortical
bonelf)O,lBS.

Figure 2. Dual energy X-ray absorptiometri (DXA).
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Bone strength

Bone strength, however, is not only decided
by the amount of bone mineral alone, but also
depends on structural characteristics such as
size, shape and three-dimensional architecture.
The mechanical properties of the bones are
subject to the same principles as a man-made
load-bearing structure. When a load is applied
to a bone it will cause a deformation of the
bone, and after the load is released the bone will
return to its original shape. This deformation
is elastic and allows storage of energy needed
during impact loading and muscle contraction,
and represents the stiffness or rigidity of the
bone. If the load applied exceeds the elastic
limit, the yield point is reached and fracture
occurs. The relationship between stress (force
per unit area) and strain (relative deformation)
before the yield point decides the stiffness,
or Young’s modulus. The degradation of
Young’s modulus and strength with time is
called fatigue. The fatigue strength of bone is
far less than its static strength, allowing failure
to occur at loads well below those that would
normally cause fracture, a phenomenon giving
rise to stress fractures.

The mechanical properties of bone also
depend on the orientation of the applied
forces, and stress can be divided into three
basic types: compressive, tensile or shear. An
axial load will produce a compressive stress
and the bone becomes shorter. Tensile stresses
are developed when the bone is stretched and
shear stresses are generated when torque is
applied. A bone that is subjected to bending
will experience tension on one side and
compression on the other side.

The cross-section moment of inertia (CSMI) is
a key biomechanical parameter that describes
the ability of the skeleton to withstand
bending forces. A hollow structure provides
the least mass and the greatest strength during
bending and torsional loading, and maximal
CSMI is achieved when cross-sectional bone

area is as far from the neutral axis as possible.
Small changes in the outer dimensions of the
bone translate into relatively large changes
in biomechanical parameters, as these are
proportional to the fourth power of the radius
(Figure 3).

"\

R

4
Cross-sectional moment of inertia = (n/4) (R04- Ri )

Polar moment of inertia = (1/2) (R04- Ri4)

Section modulus = ((1/4) (Ro*- Ri*)) / Ro

Figure 3. Depiction of cross-sectional moment of inertia,
polar moment of inertia and section modulus for a diaphyseal
bone section assuming the bone to be cylindrical. RO
represents the outer radius (half the periosteal diameter), and
Ri represents the inner radius (half the medullary diameter).
Note that small changes in the outer dimensions of the bone
translate into fairly large changes in the biomechanical
parameters, as these are proportional to the fourth power
of the radius. The estimation of moments of inertia and the
section modulus represents the geometrical contribution of
bone strength and is independent of the material properties
of the bone tissue. Figure presented by courtesy of Henrik
Ahlborg.
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The concept can easily be perceived when
bending a ruler in different directions.The
bone’s resistance to torsion is also dependent
on the distribution of the material in relation
to its neutral axis, its axis of twist, and can be
described as the polar moment of inertia. The

section modulus describes the resistance to
bending and is calculated as the ratio of CSMI
to half the periosteal width. The estimation of
moments of inertia and the section modulus
represents the geometrical contribution of bone
strength and is independent of the material
properties of the bone tissue'®.

Figure 4. Bone strength is not only decided by the

amount of bone mineral alone, but also depends on

structural characteristics such as size, shape and

three-dimensional architecture.
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Bone development

Childhood and adolescence are periods of
pronounced changes in the size and shape of
bones during longitudinal growth. At birth,
skeletal mass is approximately 70-95g,
which increases to 2400-4000g in young
adulthood, in the literature referred to as
“peak bone mass” (PBM)'**. In pre-puberty
(Tanner stage I) about 85% of adult height
and 50% of peak BMC is reached and the
total body BMC and aBMD increase linearly
with age'32. During pre-puberty, bone mineral
accrual is largely GH-dependent, but IGF-
I is also an important regulator®. Puberty
is a time of spectacular changes in bone
mineral accrual, with a dramatic increase in
GH and IGF-I, augmented by the increasing
levels of sex steroids™. The appendicular
skeleton is relatively more dependent on GH,
while the axial skeleton is relatively more
dependent on sex steroids and hence limp
growth is completed before the growth of the
axial skeleton'”. The relative dominance of
androgens in boys results in more bone being
added on the periosteal surface, while girls,
mainly by the action of estrogens, either add
bone on the endocortical surface, or diminish
the endocortical removal of bone®-'*365, It has
been suggested that the maintenance of this
mechanically less favourable distribution of
bone in females during puberty is to create
a reservoir of calcium for future pregnancy
and lactation'*?>%, With the rise in sex- and
growth-hormones, there is a rapid gain in
bone mass, with approximately 26% being
acquired during the 2 years surrounding peak
height velocity®, and as much bone mineral
will be laid down during these years as most
people will lose during their entire adult life.
Bone mineral accrual is preceded by growth in
bone size, resulting in transient bone fragility
during adolescence?®.

Peak bone mass (PBM), the highest achieved
amount of bone mass during life, seems to be
an important determinant for future fracture
risk®'627%%7  Bone mineral accrual continues
after the cessation of longitudinal growth,
but the exact age at which PBM is reached
is debated and varies with the skeletal region,
sex and measuring technique®. In the axial
skeleton PBM may be achieved by the end of
the second decade, while the timing of PBM in
the appendicular skeleton in different reports
varies between age 17 and age 35'¢127:178,

The accrual of bone mass during puberty is a
major determinant of PBM and is therefore a
key factor for osteoporosis prevention. Small
changes in PBM could produce important
reductions in fracture rates, since changes
of 1 SD (about 10%) in aBMD can reduce
vertebral fractures by 50%?3* 47685, Boys have
a greater PBM than girls largely due to two
factors: boys have 2 more years of prepubertal
growth because of a later onset of puberty
(age 14 rather than age 12 in girls) and their
growth spurt lasts for 4 years rather than the
3 years in girls?®®. Many factors influence
the accumulation of bone mineral during
growth. Genetics are estimated to account
for 60-80% of the variance in bone mass,
while the remaining part is modulated by
environmental factors, such as diet, low body
weight, hormonal status, smoking, alcohol
consumption, glucocorticoid therapy and last
but not least, physical activity.
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Exercise and bone

Physical activity is one important regulator
of bone mineral density. Furthermore, to
understand the mechanism behind the effect of
physical activity on bone, one must look into
the theories on impact of mechanical loading
on bone.

From animal models, predominantly rats and
birds, it is known that the important stimulus
in osteogenesis is bone deformation or strain,
which is imposed on bone by dynamic muscle
contractions or dynamic ground reaction
forces>136181 - Strain (Al/l) is defined as the
degree of deformation (Al) in relation to
the original dimensions (1) and is normally
expressed in microstrains. One microstrain
equals a deformation of 0.0001%. Activities
with a high strain magnitude, a high strain
rate and where the strain is applied at different
angles give the most effective load to increase
aBMD and are referred to as osteogenic
activities. The duration of the activity seems
to be of minor importance and a sufficient
amount of rest periods between stimuli will
increase the osteogenic response, seemingly

due to a decreased stimulus accommodation
115,116,141,150,155,156,157

When external forces act upon the skeleton,
inducing bone strain, they create a hydrostatic
pressure gradient within the canalicular
network connecting the osteocytes, generating
shear stress on the bone cells. The bone
cells are highly sensitive to shear stress and
respond by initiating a cascade of cellular
events. Briefly, they include elevation of
intracellular ~ calcium, paracrine/autocrine
secretion, expression of growth factors and
ultimately bone matrix production'®*!® This
mechanism by which the mechanical stimulus
on bone is transformed into biologically active
signals is called mechanotransduction. The
mechanism behind mechanotransduction is
poorly understood but is believed to include
four phases!®*:

1) Mechanocoupling: transduction of external
force into a local mechanical signal that is
perceived by a sensor cell.

2) Biochemical coupling: transduction of a
local mechanical signal into a biochemical
signal that alters gene expression and/or
protein activation

3) Cell-to-cell communication: transmission
of a signal from sensor cell to effector cell

4) The effector cell response: production or
removal of bone tissue.

Wolff’s law stated, more than a 100 years ago,
that changes in bone function are followed by
changes in internal architecture and external
conformation'®. In 1983 Harold Frost
introduced the more modern Mechanostat
theory, based on the same principals,
describing a model by which bone adapts to
external loading or disuse under influence
of hormonal and biochemical substances™
385961181 - According to this theory, there are
two thresholds ranges for strain below or
above which bone adaptation will be turned
on. The lower range is called the minimum
effective strain for remodelling (MESr) and
below this, there is an inadequate stimulus
and resorption will be the dominant process,
resulting in loss of bone. The upper range
is called the minimum effective strain for
modelling (MESm), and above this threshold,
the modelling is stimulated to add more bone.
The strain between these two threshold ranges
is called the physiological loading zone, and
in this zone remodelling is in a kind of steady
state, adjusted by sufficient strain stimuli
where there is more or less no change in bone
mass. The skeleton’s sensitivity to mechanical
loading differs during different periods in life.
The underlying mechanism for this is not yet
fully understood, but may be related to the
fact that during growth, the bone surfaces are
covered with a greater proportion of active
osteoblast than after puberty'$.
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The growing skeleton

The mostcompelling evidence for the beneficial
effect of exercise on aBMD is during growth,
and one of the few “facts” in the bone field
is that vigorous competitive loading exercise
during growth produces an anabolic response.
This view is based on studies first published
over 25 years ago, comparing bone mass and
structure of the playing and non-playing arms
of racket sports. Professional tennis players
had 25-35% thicker cortices and lifetime
tennis players had 4-7% higher aBMD in
the dominant arm than in the non-dominant
arm”™%, This is an excellent methodological
approach, as the region-specific differences in
playing versus non-playing arm cannot be the
result of sampling bias or genetic factors. In
addition, these first results have been repeated

Table 4.

Author Year Participants”  Age in

Exercise 3

several times’*’>%. Moreover, studies have
shown that the starting age is crucial for the
accrual of bone mineral, and Kannus et al.
reported in a cross-sectional study of female
tennis and racket players that the bone mass
benefits of mechanical loading were about two
to four times greater if women started playing
at or before menarche rather than after it™.
Prospective controlled intervention studies
verify that the pre- and peripubertal period
is an opportune time to achieve an exercise-
induced increase in aBMD. Hitherto, seven
elegantly performed intervention studies in
children have been published, the longest
having a follow-up of 20 months (Table 4). A
similar training regimen during the peri- and
postpubertal period showed no difference
between cases and controls'.

The skeletal response to exercise in intervention studies in children.

Duration Increase in Cases

. . .

Morris et al. 1997 71 girls 9-10
Bradney et al. 1998 40 boys 8.4-11.8
McKay et al. 2000 144 children 6.9-10.2
Fuchs et al. 2001 99 children 5.9-9.8
MacKelvie et al. 2002 64 boys 8.8-12.1
MacKelvie et al. 2003 75 girls 8.8-11.7
Valdimarsson et al. 2005 103 girls 6.5-8.9

High impact 10 BMC: TB, LS, FN, PF
aBMD: TB, LS, FN, PF
BMAD: LS, FN

Weight bearing 8 aBMD: TB, LS, legs
vBMD: FM

High impact 8 aBMD: Tr

High impact jumping 7 BMC: FN, LS
aBMD: LS
BA: FN

High impact 20 BMC: FN

High impact 20 BMC: FN, LS

Moderate impact 12 BMC: LS

aBMD: LS, L3 width

BMC=bone mineral content, aBMD=areal bone mineral density, BA=bone area, vBMD=volumetric bone mineral-

density, BMAD=bone mineral apparent density, FN=femoral neck, LS=lumbar spine, TB=total body,FM= femoral

midshaft, Tr=femoral trochanter, PF= proximal femur.
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The mature skeleton

The effect of physical activity on the mature
skeleton seems to be more modest, and the
data paint a picture that is more blurred. In
randomized controlled intervention studies,
both aerobic and weight-bearing exercise
have, at best, shown increments of aBMD
in the order of 2-5% in the intervention gro
ups18,33,4154,57,68,1()5,121,153,17(),171- The Studies haVe
produced inconsistent findings, perhaps due
to insufficient loading regimens and small
cohorts with a dropout frequency of up to 30%
and a participation rate of no more than 50% .

The ageing skeleton

Exercise during adulthood may reduce the
risk and severity of falls, but evidence in
randomized controlled trials (RCT) that this
translates into fewer fractures is lacking®.
Physical activity may diminish the rate of loss
of bone mineral in the spine and possibly also
in the hip, and it seems to have a weak positive
effect on aBMD at sites that are exposed to
mechanical strain with a limited effect of
around 1-2% if any'?3313148149 The studies
executed were mostly limited in duration, had
a low number of participants and the exercise
regimens were very diverse. One out of three

studies did not show any difference and, as
with the other age groups, corresponding
studies in men are lacking'™.

Cessation of exercise

The Achilles heel of exercise is its cessation.
Most cross-sectional studies suggest that
aBMD benefits of 0.5-1 SD are retained for
one to two decades of retirement in previous
athletes, a benefit no more than half that
observed in active athletes. But after three or
four decades, when the incidence of fragility
fractures rises dramatically, no benefits in
bone mass seem to be retained'® ', Data are
inconclusive as studies report both that aBMD
benefits are maintained'®''*!"> and that they
are lost?3-0981.13L193.195 after cessation of activity.
Data exist to suggest that aBMD benefits in
athletes are retained after active career if they
continue to be active at a lower level™'® The
need to shed light on this matter is obvious,
as before exercise during adolescence can
be recommended as a prevention strategy
for osteoporosis, data must be presented
to corroborate that the beneficial effects of
exercise are retained with reduced activity
level, as virtually all individuals reduce their
activity level with advancing age.
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The prospective controlled pe-
diatric osteoporosis prevention
(POP) study

Papers II-1V are based on the POP study (in
Sweden often called the Bunkeflo project,
derived from the name of the suburb in Malmo
where the intervention was done). The overall
aim of the project was to evaluate whether non-
drug-related interventions could be initiated
so as to reduce the burden of low bone mass
and fragility fractures in society. Several
criteria must be fulfilled to achieve success
with such a project. The intervention must
be efficacious, safe, accessible to all, easily
carried out and inexpensive to implement'®'.
Of all the modifiable lifestyle factors that
influence the skeleton it is probably exercise
that has the potential to best fulfil all these
criteria. The answer to the question whether
exercise during growth is the answer to the
public health burden of fractures will never
be based on the highest level of experimental
evidence. It will obviously never be possible
to perform a double-blind trial of exercise. A
prospective study evaluating whether exercise
during growth and adolescence protects
against fragility fractures in old age would
be virtually impossible to perform because of
compliance problems and funding issues over
the more than six decades such a study would
span. Therefore we have to use a lower level
of evidence in the evidence-based hierarchy
when trying to draw inferences as regards the
effect of exercise during growth.

Ever since our late Professor Bo Nilsson
constructed one of the first bone scanners
in the early sixties**!¥7, research in the field
of osteoporosis in general and bone mass
measurements in particular has been a major
issue at the Department of Orthopaedics in
Malmo. In 1995 an exercise intervention study
known as the Sosdala study was initiated.
Children in grades 6 and 7 (age 12-13) in the
small rural town of Sosdala were invited to
participate and the physical education within

the school curriculum was increased for 3 to
4 years from 100 min/week to 160 min/week.
The background was the increasing problem
of osteoporosis and inactivity throughout the
world. Every new invention is spawned by the
desire to move a little less, stairs are regarded
as emergency exits, football is replaced by
computer games and every second journey
by car goes no further than 5 kilometres.
The importance of physical activity is also
a well-known fact, as 90% of the population
know that exercise is good for health. In spite
of this, 75% are not active enough to reach
recommended level of physical activity and
1 out of 4 of these are regarded as totally
inactive!’®. The problem is most extensive in
young girls, as 1 out of 5 girls never participate
in any physical education and 1 out of 4 do
not participate in any physical activity in their
spare time'”. While these reports keep coming,
physical education classes as part of the school
curriculum in Sweden have decreased from
20% to 7% over a period of 60 years*. In other
words, something has to be done!

The results from the Sosdala study showed
that increased physical activity in the school
curriculum during the ages of 12 to 16 conferred
positive skeletal effects in boys but not in girls.
The author, Martin Sundberg, speculated in
his thesis!” that the intervention might have
been too weak and that it should have been
implemented earlier when the children were
prepubertal, if the purpose was to increase
the accrual of bone mineral. The idea of the
Pediatric Osteoporosis Prevention (POP)
study — a prospective controlled intervention
study with increased physical activity within
the school curriculum, but now following
children from school start — was born. After
thorough preparations the POP study was
launched at the school of Angslitt in the
suburb of Bunkeflostrand in 1999, under the



Christian Lindén 23

supervision of the driving spirit, Per Girdsell,
our former head of staff at the Department of
Orthopaedics in Malmd. All children in grades
1 and 2 were invited and time spent in physical
education classes was increased from 1-2
lessons a week to one lesson every school day.
Yearly measurements of bone mass, bone size,
muscle strength, balance etc. were performed.
The study was initiated from the Orthopaedics
Department in Malmo but other departments
were invited and agreed to participate. The
Unit of Clinical Physiology and Nuclear
Medicine at The Department of Clinical
Sciences, Malmo, investigate the association
between physical activity and important health
parameters, such as body fat and aerobic
fitness¥*°. The Department of Paediatric
Psychiatry examined the relationship between
physical activity and the problem of attention
deficit hyperactivity disorder (ADHD). The
Department of Paediatrics studied the problem
of asthma, and in 2003 Ingegerd Ericsson
from the School of Education presented her

thesis on motor skills, attention and academic
achievements*. The author concluded that the
intervention resulted in enhancement of motor
skills and academic achievements. Finally
the School of Dentistry evaluated whether
physical activity has a positive effect on the
dental status of young individuals.

The ideas behind the POP study have spread
and over a thousand Swedish schools have now
joined our network aiming to create health-
related schools (www.bunkeflomodellen.
com). Collaboration with other research
groups in Australia, Denmark and Norway,
also evaluating the effect of physical activity
in children, has flourished. Our work has
also received awards from several national
and international institutions in the bone
field. Following the inception of our study,
daily physical education classes have been
introduced in Norwegian schools and a similar
resolution has been passed by the Swedish
government. And the work continues.

Figure 5. All children in grades 1 and 2 were invited and time spent in physical education classes was

increased from 1-2 lessons a week to one lesson every school day.
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Aims

The overall aim of this thesis was to study physical activity and its effect on bone
parameters important for bone strength in the short- and long-term perspective.

The specific aims were to evaluate whether:

active soccer players and retired soccer players have higher aBMD than
gender- and age-matched controls.

the aBMD benefit in former soccer players is less pronounced than in active
soccer players.

former soccer players have fewer fractures than predicted in old age when
fragility fractures occur.

the duration of physical activity during childhood is directly associated with
the accrual of bone mineral and the gain in bone size.

a moderately intense general exercise intervention programme for one to two
years within the school curriculum in prepubertal children aged 7-9 years at
baseline, results in measurable skeletal benefits in bone mineral accrual and
gain in bone size.
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Material and methods

Paper I

Study population

aBMD was measured using DXA (Lunar
DPX-L, Lunar, Madison, WI, USA) in an
all-Caucasian population of 22 active male
premiere league soccer players, 128 former
national or international soccer players and
138 healthy controls. A questionnaire was
used to document present and past exercise
(hours per week), years since retirement, total
years as a top athlete, occupation, alcohol and
tobacco use, diseases and medications by use
of self-estimation. To evaluate the prevalence
of fractures, 284 former soccer players living
in Malmo during growth and adolescence and
still resident in this city were identified. Using
the computerized city files, 568 controls were
identified by matching for date of birth, birth
in Malmo and current residence in Malmo. All
radiographs and referrals have been archived
at the University Hospital of Malmo since
1900, and since it is the only hospital in the
city virtually all cases of fractures are treated
in this institution. If a resident of the city
suffered a fracture elsewhere, the follow up at
the Orthopaedics Department was archived to
ensure case ascertainment.

Statistics

Student’s t-test was used to compare aBMD
in athletes and controls according to decades.
Z- scores, the number of standard deviations
above or below the age-predicted mean,
were derived by linear regression using data
in the controls. Linear regression was used
to examine the association between aBMD
and age, and soft tissue composition and age.
Comparison of the slopes (of aBMD versus
age, and soft tissue versus age) in the former
soccer players and controls was examined by
analysis of covariance. Pearson’s correlation
coefficient and multiple regression were used
to correlate aBMD with present activity,

past activity, years since retirement, years
as a top athlete and age. The significance of
the proportions of cases and controls with
fractures was assessed using a Chi-square test.
Given the observed prevalence of fractures in
the controls, the study had 80% power at p <
0.05 to detect a difference of 30% between
the groups. The results are presented as mean
+ SEM, or mean and range, unless otherwise
stated.

Papers II-1V

Study population

Papers II to IV originate from the Malmo
Pediatric Osteoporosis Prevention (POP) study,
a prospective controlled exercise intervention
study following skeletal development in
children from school start. Four neighbouring
elementary schools in a middle-class area in
Malmo, Sweden, were invited to participate
in the study. The schools had the same
socioeconomic background and they were
all government-funded with the compulsory
standard Swedish curriculum including 60
minutes of physical education every week.
All children were allocated to their school
according to their residential address. All
schools invited accepted participation; thus
the cohort could be regarded as a cluster of
convenience, the schools being the clusters
and the convenience being that they are from
the same neighbourhood. One of the schools
was invited to participate as the intervention
school, that is, no randomization was done.
We did not choose a school with an already
high level of physical activity and the school
accepted, even though they had to modify
their curriculum.

All childrenin grades 1 and 2 in the intervention
school were invited to attend. Of 150 children
139 agreed to participate, an attendance rate
of 93%. 132 age- and sex-matched controls
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(attendance rate 40%) were collected from
three neighbouring schools. All except one
boy from Colombia were Caucasian without
any medication known to influence bone
accrual. To further evaluate the study sample,
the height and weight of all invited children
were retrieved from the first acquired general
school health examination, registered by the
school nurses at the first medical school check
in grade 1, in order to evaluate if selection
bias had occurred at baseline. However, no
differences between the groups were found.

Informed consent was obtained from parents
or guardians of participants before the study
start. The study was approved by the Ethics
Committee of Lund University and the
Radiographic Committee at Malmo University
Hospital, Malmo, Sweden. The Swedish Data
Inspection Board approved the data collection
and the set-up of the database.

Intervention

The intervention, which began at school
start just after the baseline measurement
was performed, consisted of the ordinary
physical activity used within the Swedish
school curriculum, now increased from 60
minutes a week to 40 minutes/day (200
minutes/week). The physical education
classes were supervised by ordinary teachers
so that no extra resources increasing costs
were needed to conduct the intervention. The
physical education classes did not consist of
any programmes specifically designed to be
osteogenic. The classes included both indoor
and outdoor general physical activities used in
the Swedish physical education, such as ball
games, running, jumping and climbing. The
teachers aimed to conduct a variety of physical
activities, in order not to bore the children with
repeated standardized activities. This was done
with the aim of minimizing the dropouts in the
long term, as is reported to occur frequently
in other exercise intervention studies'®. Thus
the only modification of the curriculum was
the increased duration of physical activity.

The same type of physical activities were used
in the control schools but at the level decided
by the Swedish school curriculum. No other
regular health-related modifications were
performed, but during the study period we
also provided a few irregular health-related
activities, such as health education and health
information, for the pupils, the parents and the
teachers. The same education was given in all
four schools.

Bone measurements

Bone mass and bone size were estimated by
DXA (DPX-L version 1.3z; Lunar, Madison,
WI, USA). Pediatric software, provided by
the manufacturer, was used for children with
a weight < 35 kg. BMC and aBMD were
evaluated annually for the total body, the
lumbar spine, the third lumbar vertebrae, and
the femoral neck. The width of the L3 vertebrae,
estimated as the distance from one edge of the
vertebrae to the other, and the width of the FN,
calculated as the FN area divided by the scan
length of the measured area, was evaluated
by the DXA scan, as previously described in
the literature*'*. Volumetric bone mineral
density (vVBMD, g/cm?) was calculated for L3
using the algorithm introduced by Carter?', and
for the FN using the formula vBMD = BMC/
estimated FN volume (7 x r? x FN length) where
r = FN mid-diameter/2, assuming the FN to
be cylindrical®. The children were evaluated
dressed in light clothes with no shoes. During
the measurement of the lumbar spine, the child
was supine, and the physiological lumbar
lordosis was flattened by elevation of the
knees. The precision, evaluated by duplicate
measurements in 13 healthy children aged
7-15 years (mean age 10 years) was for BMC
1.4%-3.7%, aBMD 1.6%-2.8%, L3 width
2.2%, FN periosteal diameter 1.5%, FN CSA
2.2%, FN CSMI 6.2%, total body fat mass
3.7% and total body lean mass 1.5%. Daily
calibration of the machine was executed with
the Lunar phantom. The technicians in our
research group performed all the measurements
and the software analyses. Total lean mass and



Christian Lindén 27

total fat mass were estimated from the DXA
total body scan, body weight was measured
with an electric scale to the nearest 0.1 kg and
body height by a wall-tapered height meter to
the nearest 0.5 cm.

Baseline measurements in the intervention
group were performed in August and
September, just after school start and before
the exercise intervention started. To avoid
seasonal variations in aBMD, the annual
follow-up evaluations were carried out during
the same months. The same principle was used
in the controls and they had their measurements
done during the months of November and
December. From these data we calculated the
annual changes in the evaluated traits (changes
per 365 days). During the study period there
were 9-week summer breaks annually without
any school classes, in both the intervention
and the control group.

All standard image files of the proximal femur
were reanalysed by one technician, using the
hip strength analysis (HSA) software provided
by Lunar Instruments Corporation (Madison,
WI). With this software, the X-ray absorption
data of the proximal femur are extracted from
the output image data file and the amount of
bone mineral and its distribution within the
femoral neck (FN) are calculated. First the
operator has to manually define the centre
of the femoral head and place the FN axis as
accurately as possible along the FN. Then the
FN region of interest is placed in the proximal
part of the FN and finally, the femoral shaft
axis is defined centrally along the shaft. The
software will then iteratively assess all cross-
sections in the FN region of interest and
identify the plane with the least cross-sectional
moment of inertia (CSMI, cm?*). CSMI is an
estimate of the ability of the FN to withstand
bending forces and was calculated using the
mass distribution of the absorption curve.!*
The CSMI estimated with DXA has been
found to be highly correlated with the CSMI
measured directly on cadaver specimens

(r’=0.96)'%, The automatic identification of the
weakest cross-section of the FN is the central
part of the hip strength analysis software and
this cross-section level is then used for the
subsequent calculations of section modulus
(Z, cm®) and cross-sectional area (CSA, cm?).
The section modulus is also an estimate of the
ability of the FN to withstand bending forces,
and was calculated as CSMI divided by half
of the width of the FN. CSA, a measure of
the resistance of the bone to axial forces,
represents the area of mineral packed together
in the defined cross-section of the FN and is
in principle proportional to the bone mineral
content (BMC).

Questionnaire

A questionnaire previously used in several
studies but modified to suit prepubertal child-
ren®!7 evaluated lifestyle factors such as so-
cioeconomic and ethnic background, diseases
and medications, fractures, dairy products, ex-
clusion of food ingredients, coffee consump-
tion and physical activity in school and during
leisure time. The total time spent in physical
activity was calculated as the duration of ac-
tivity in the school and at leisure time at ba-
seline (after the intervention was started) and
at follow-up divided by two. The questionn-
aire was answered together with the parents in
order to minimize errors, with the knowledge
that there are difficulties estimating an accura-
te level of physical activity in young children.
The maturity of the children was assessed by
Tanner staging'”’, conducted by our research
nurses.

Statistics

Statistical calculations were performed with
Statistica®, version 6.1 (StatWin®). Data
are presented as mean + SD. Student’s t-test
was used between means and Fisher’s exact
test for group comparisons. Analyses of
variance (ANCOV As) were used to adjust for
chronological age and increments in height
and weight in the follow-up evaluations if
necessary. The annual change for the traits,
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expressed in standard deviations (SD), was  of the total physical activity at baseline and at
calculated as the annual absolute changes follow-up, with changes in the bone parameters
divided by the SD at baseline. Pearson’s during the study period. A p-value of < 0.05
correlation test was used to correlate the total ~ was considered as a statistically significant
mean physical activity, calculated as the mean  difference.

Figure 6. Participants enjoying intervention activities.
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Summary of papers

Paper I

Exercise during growth and bone mineral
density and fractures in old age

Introduction: If exercise during growth is to
be recommended as a prevention strategy
for osteoporosis, benefits in aBMD must be
maintained in old age when fragility fractures
occur. In order to try and answer this question
we measured aBMD, using DXA, in 22 active
soccer players, 128 former soccer players and
138 controls matched for age. The frequency
of fractures was obtained in 284 former soccer
players of mean age 64 years and in 568
controls identified from the computerized city
files of Malmo.

Results: The active soccer players exercised
12 h per week (range 8—12) at elite level in the
premier team for 5 years (1-15). The former
soccer players had exercised 8 h per week
(4-21) during 11 years of their active career
(1-30) and had been retired for 23 years (1—
65); 52% were sedentary compared to 61% of
the controls. High alcohol consumption was
more frequent (4.6% vs. 0.8%) and coffee
consumption less frequent (93.5% vs. 98.6%)
in former soccer players than in controls (both
p<0.05). Relative to controls, leg aBMD was
11.6 = 1.2% higher in the 22 active soccer
players (p<0.0001), 10.3 = 1.4% higher in 25
soccer players retired for 5 years (p=0.0005),
5.1 £ 1.6% higher in 29 players retired for 16
years (p=0.01), and 2.8 + 1.4% higher in 23
players retired for 25 years (p=0.03), but no
higher in the 51 players retired for over 35
years. The diminution in leg aBMD across age,
estimated from the regression line, was 0.33%
per year in the former soccer players compared
with 0.21% per year in the controls (p<0.01).
Former soccer players aged 70 years or older
had 6.5% higher leg aBMD than controls

after adjustment for current activity and body
composition (p=0.04). A greater proportion
of former soccer players than of controls had
fractures when they were active and under
35 years of age (23% vs. 16%, p<0.05). The
proportion was no different during the years of
retirement (20% vs. 21%, ns), and similarly,
the proportion of former soccer players with
fragility fractures was no less than in controls
(2.1% vs. 3.7%, ns).

Conclusion: This study, in concordance with
the literature, provides evidence that exercise
during growth results in biologically impor-
tant benefits in peak aBMD at weight-bearing
sites. However, cessation of exercise may re-
sult in loss of the benefit in aBMD, leaving
only modest residual benefits in middle age
and perhaps none in old age, when fracture
occurs. This study does not support the no-
tion that vigorous exercise during growth and
young adulthood reduces the risk of fracture
in old age.

Papers II-1V

A school curriculum based exercise program-
me confers benefits in bone mineral accrual
and influence structural changes in boys and
girls during the early school years

Introduction: Cross-sectional and prospective
exercise trials report that weight-bearing
physical activity is associated with a high
aBMD. It is also well known that exercise
ought to include high-impact activities if the
purpose is to enhance bone strength. Less
is known about whether a general exercise
intervention programme on a moderate level
increases bone mineral accrual, and perhaps
also bone size, another trait contributing
to bone strength. Our non-randomized
prospective controlled intervention study,
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also known as the Pediatric Osteoporosis
Prevention (POP) Study, evaluates a daily
school-based exercise intervention programme
of 40 min/school day. All children in grades 1
and 2 in the intervention school were invited
and 93% agreed to participate. Age-matched
children from 3 nearby schools assigned to
the ordinary Swedish school curriculum of 60
minutes per week served as controls. BMC
(g) and aBMD (g/cm?) were measured with
DXA at the total body, lumbar spine and the
hip. Bone size and vBMD of the femoral neck
and the L3 vertebrae were calculated from the
DXA scans. A questionnaire previously used
in several studies but modified for children
evaluated lifestyle factors. All participants
remained in Tanner stage 1 during the study
period.

Paper 11
1-year follow-up in boys

Results: In 81 boys (age 7-9) in the intervention
group compared to 57 age-matched boys in
the control group there were no differences
at baseline in lifestyle factors such as dietary
habits, chronic diseases, ongoing medication,
fractures, smoking and alcohol intake. Before
the intervention was initiated there was no
difference in the duration of physical activity
performed but after the intervention began
the intervention group spent more time on
physical activity both in school and in total
(49 1.2 vs. 24 = 1.4 h/week, p<0.001)
compared to controls. In addition, there was
no difference at baseline in anthropometrics or
bone parameters when cases and controls were
compared. The mean annual gain in L3 BMC
was 5.9 percentage points higher (p<0.001),
L3 aBMD a mean 2.1 percentage points higher
(p=0.01) and L3 width a mean 2.3 percentage
points higher (p=0.001) in the cases than in the
controls. When all individuals were included
in one cohort, the total duration of exercise
including both school-based and spare-time
organized physical activity correlated with L3

BMC (r=0.26, p=0.003), L3 aBMD (r=0.18,
p=0.04) and L3 width (r=0.24, p=0.006).

No such correlations were found for FN BMC,
aBMD or width. There was no difference in
the vBMD gain between cases and controls,
and the same was true for biomechanical
calculations using the HSA software on DXA
scans of the hip.

Conclusion: The data support previous reports
of a positive relationship between the duration
of exercise and the accrual of bone mineral
and gain in bone size in prepubertal boys aged
7-9 years, at least in the L3 vertebrae. The
data also show that that a 1-year moderately
intense school-based exercise intervention
programme in a population-based cohort of
prepubertal boys confers skeletal benefits.

Paper 111
2-year follow-up in girls

Results: In 49 girls (age 7-9) in the intervention
group compared to 50 age-matched girls in
the control group, there were no differences
at baseline in lifestyle factors such as dietary
habits, chronic diseases, ongoing medication,
fractures, smoking and alcohol intake. The
girls in the control group exercised more
during leisure time (0.7 = 0.7 vs. 1.3 = 1.6
h/week, p=0.02). After the intervention was
initiated, the intervention group spent more
time on physical activity both in school and
in total compared with the controls. There was
no difference at baseline in anthropometrics
or bone parameters between the intervention
group and the controls. The annual gain in
BMC was higher in the intervention group
than in the control group: L2-L4, a mean
difference of 0.21 SD (p=0.007); L3 vertebrae,
a mean difference of 0.29 SD (p<0.001).
In addition, the annual gain in aBMD was
higher in the intervention group; total body,
a mean difference of 0.14 SD (p=0.006); L2—
L4, a mean difference of 0.10 SD (p=0.02);
L3 vertebrae, a mean difference of 0.15 SD
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(p=0.007). The annual increase in bone width
was also higher in the intervention group
than in the control group: L3 vertebrae a
mean difference of 019 SD (p<0.001); FN, a
mean difference of 0.03 SD (p=0.02). There
was also a discrepancy in the changes in FN
vBMD gain, where there was a higher gain
in the control group, with a mean difference
of 0.24 SD (p=0.002). When all girls were
included, the total duration of physical activity
correlated with the annual changes in the third
lumbar vertebrae in BMC (r=0.33, p=0.001),
aBMD (r=0.37, p=0.002), and width (r=0.22,
p=0.03). No such correlations were found for
FN.

Conclusion: This study was able to conclude
that a school-based exercise intervention pro-
gramme for 2 years during the first school
years in prepubertal girls seems to influence
the accrual of BMC and aBMD and the gain
in bone size in a positive way. This study sup-
ports the view that general moderately intense
physical activity could be recommended as a
strategy to increase BMC, aBMD and bone
size in prepubertal children.

Paper IV

2-year follow-up in boys

Results: In 80 boys (age 7-9) in the intervention
group compared to 57 age-matched boys in

the control group there were no differences
at baseline in lifestyle factors such as dietary

habits, chronic diseases, ongoing medication,
fractures, smoking and alcohol intake. Before
the intervention was initiated there was no
difference in the duration of physical activity
performed, but after the intervention began
the intervention group spent more time on
physical activity both in school and in total
(4.9 1.3 vs. 24 = 1.4 h/week, p<0.001)
compared to controls. In addition, there was
no difference at baseline in anthropometrics
or bone parameters when cases and controls
were compared. The mean annual gain in
L3 BMC was 3.0 percentage points (p<0.01)
greater and the mean annual gain in L3 bone
width 1.3 percentage points (p<0.01) greater
in the intervention group than in controls. The
total duration of physical activity during the
study period correlated with annual changes
in the L3 BMC (r=0.25, p=0.005) and L3
width (r=0.20, p=0.02). No such correlations
were found for FN BMC or FN width. No
differences between the groups were found in
biomechanical strength parameters using the
HSA software on the DXA scans of the hip.

Conclusion: This population-based prospective
controlled intervention study, with the so far
longest follow-up period published, supports
the view that a two-year moderately intense
school-based intervention programme in a
cohort of prepubertal boys is associated with
measurable skeletal benefits. In addition,
the duration of physical activity is directly
associated with the accrual of bone mineral
and bone size.
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Discussion

This thesis deals with the problem of
osteoporosis and seeks to find ways to
prevent the disease already at an early age.
Osteoporosis is a multi-factorial, chronic
condition that progresses silently for decades
until the final clinical outcome — a fragility
fracture — occurs. The magnitude of the
problem has increased in recent decades
28:44.84.88.96.98.130.146 and the suffering of those
afflicted as well as the financial burden on
modern society is considerable®*?”8°, There are
different ways to try and tackle the problem:
by diminishing age-related loss, restoring
bone already lost or by increasing peak bone
mass — the highest amount of bone achieved
some time after cessation of growth. There
are indications that the prerequisites for the
disease develop already in the early stages of
life and that if the accrual of bone mass during
growth is impaired, individuals will not reach
the predisposed PBM and will be at risk of
developing osteoporosis and subsequent
fragility fractures’ 1%,

Perhaps 70% of PBM is decided by genetic
factors®163165.168 byt a substantial part is
susceptible to lifestyle factors, with physical
activity being one important contributing
factor’1901¢  The idea that vigorous
competitive loading exercise during growth is
good for bone, is based on studies comparing
bone mass and structure of the playing and
non-playing arms of racket sports. Professional
tennis players had 25-35% thicker cortices
and lifetime tennis players had 4-7% higher
aBMD in the dominant arm than in the non-
dominant arm”%. The pre- and peripubertal
years have been suggested to be an opportune
time to build strong bones with the help of
exercise, because during this period in life,
there is a higher gain in BMC than the amount
that is lost during the rest of the lifespan®. A
small deficit in the accrual of BMC during
these crucial years may therefore result in a

substantially lower PBM, a difference that
could confer a higher fracture risk, as a 1
SD lower aBMD is estimated to double the
fracture risk’%.

A number of cross-sectional and observational
studies suggest that physical activity in growing
children is associated with a high aBMD7%94%,
In contrast, only seven performed prospective
controlled exercise intervention trials have
been published (Table 4). Apart from Papers
IIT and IV in this thesis, MacKelvie et al. have
the longest follow-up to date evaluating an
exercise intervention programme (osteogenic
activities for 10 min, 3 times/week) in 10-
year-old girls and found that the intervention
group (n=32) had 4% higher gain in femoral
neck and lumbar spine BMC than in the
control group (n=43)'*. In 64 boys involved
in the same programme there was a difference
in the BMC of the femoral neck only but of
the same magnitude'?*. The rest of the studies
have a short follow-up time with a maximum
of 12 months, and all but two of the studies
include volunteers, children with a special
interest in sports, a fact that increases the risk
of selection bias. In addition, most studies use
specifically designed osteogenic intervention
programmes, such as jumping up and down a
small height, programmes that it is probably
difficult to motivate children to continue with
for a long period, a hypothesis supported
in previous reports'®. Less is known about
whether a general moderately intense exercise
intervention programme increases BMC, and
if so, at what age or which Tanner stage the
training should be initiated. Also, the effect
on bone size should be evaluated, as bone size
irrespective of bone mass contributes to bone
strength?.

With this in mind we designed a prospective
controlled exercise intervention study, a study
with the hitherto longest follow-up period
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published, evaluating a moderately intense
general exercise intervention programme in a
population-based cohort of boys and girls in
Tanner stage 1. Our hypothesis was that the
intervention programme would enhance the
accrual of BMC and bone width. Our aim
was not to show once more that a specifically
designed high-impact exercise programme in
the short term influences bone mass accrual but
to see whether there is an effect on the group
of children as a whole, also including children
without a specific interest in physical activity.
Swedish reports have shown that, despite
the knowledge regarding the importance
of physical activity, time spent in physical
education classes has more than halved during
the last 60 years and while more children
today are active in organized sports activities,
the size of the group of children classified as
totally inactive has risen dramatically (25% in
boys and 40% in girls)*®. Our intervention of
200 minutes per week takes us back to “the
good old days” when 20% of the time spent in
school was time spent in motion.

The 2-year results from the POP study, so
far the longest follow-up trial with a similar
study design published to date, prospectively
evaluating an exercise intervention programme
in children, suggests that by merely increasing
the time spent in normal moderate physical
education classes there is a possibility to
increase the accrual of BMC and aBMD in
prepubertal children. As expected, the most
obvious effects are found in weight-loaded
regions with predominantly trabecular bone,
as this entity of bone is more metabolically
active, and thus responds faster to changes in
mechanical load. Another important finding
is that our moderate exercise intervention
programme also seems to influence bone size.
Bone strength is not only dependent on aBMD
but also on skeletal geometry, architecture and
bone size**!%, For example, women with spine
fractures have smaller lumbar spine vertebrae
but normal FN size, whereas women with hip
fractures have a smaller FN size but normal

vertebral body size compared with controls*.
Similarly, arecent study of 6213 children, aged
12 years at baseline and followed for 2 years,
showed that children with a fracture tend to
have a smaller skeleton relative to their overall
body size®. Also, mechanical calculations
used in construction reveal the importance of
bone size for resistance to fracture, as bone
strength increases by the fourth power of the
radius of a tubular structure. Previous cross-
sectional data indicate that highly intense
exercise increases bone size’!'''. Now the
POP study further improves our understanding
of exercise-induced effects by suggesting that
even moderate physical activity in boys and
girls at Tanner stage 1 enhances the periosteal
apposition.

The finding of a dose-response relationship,
even if weak, between the total duration of
physical activity and the gain in BMC, aBMD
and bone size, supports the view that there is
an association between the duration of physical
activity and the accrual of bone parameters.
Before getting too disappointed by the relative
weakness of the relationship, one must bear in
mind that physical activity is only one of many
factors affecting bone mineral accrual.

One strength of our study is the high attendance
rate in the intervention school, which
indicates that our sample could be regarded as
representative of Swedish children. Because
of the lower attendance rate in the control
group we also conducted a dropout analysis
based on school record data, revealing that
there were no differences at baseline in
height, weight or BMI between children
who participated in the study and those who
did not. When evaluating physical activity,
selection bias is always a risk, as exercise may
be preferred by individuals with larger muscle
mass accompanied by a higher aBMD due to
shared genetic regulation or more advanced
maturation. The minimal risk of selection bias
in our study is also supported by the baseline
data which show that there were no differences
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between the groups regarding anthropometrics
or bone parameters, minimizing the risk of
selection bias. The school is a perfect forum to
reach all children, not only children interested
in sports but also those with a minimal interest
and minimal participation in other physical
activities, perhaps those who will benefit most
from an intervention programme.

Earlier studies often use specifically designed
osteogenic intervention programmes. One
study reported that exercises including jumping
up and down a small step 30 minutes per day,
three times per week, increased the accrual of
aBMD in the greater trochanter by 1.4% over
a period of 8 months'®. These repetitive kind
of exercises have been shown to be effective
in the short term but involve the risk of
boring the children, leading to high dropout
frequencies'®. This is a major drawback, as
continuous physical activity seems to be
essential to increase PBM'¥. This is why we
chose to use the normal physical education
classes with a variety of different activities
and sports, with possibilities for the children
to influence the choice of activity and thus
include the element of joy in the intervention.
In addition, by doing so we did not have to add
extra costs to the intervention, making it easy
for all schools to copy our strategy, which
further increases the value of our report and
enhances our inferences that physical activity
could be a cost-effective strategy to increase
bone strength.

There are of course some limitations to our
study. The trial is not a study randomized
by each individual. However, randomization
was not possible, because the principals, the
teachers, the parents and the pupils made it
clear that the school could not accept that some
children were sent to physical activity during
compulsory school hours while others were
not. Randomization within classes would,
through time, have led to enormous problems
with children crossing over between groups.
Therefore, we accepted choosing one school

as the intervention school, and then choosing
3 schools with the same curriculum before the
intervention and with the same socio-economic
background as control schools.

Quantifying physical activity is known to be
difficult, especially in children. We chose the
level of organized physical activity evaluated
through a questionnaire used in earlier studies,
but modified for children*>!”. It can definitely
be argued whether this is the best way to
quantify physical activity because with the
same duration of activity, different types of
activities may have a different osteogenic
response, as could different intensities of the
same type of exercise performed during the
same period. However the main purpose of our
study was not to define exactly the duration
of physical activity in each child or define the
osteogenic index for each type of physical
activity. The main aim was to evaluate whether
an exercise intervention programme could
enhance the accrual of aBMD and bone size
on a group level. Accelerometers have been
used in other studies to evaluate the physical
activity in more detail® and have also been
added to our protocol, but the data have not
yet been analysed.

DXA measurements for clinical use in adults
often use the hip measurement, while the
lumbar spine measurement is used in children
because there are known limitations when
measuring the hip in the youngest individuals'.
At the start of our study no normative data for
children existed and we were obliged to use
a special paediatric software for individuals
under 35 kg of weight. This could possibly have
influenced the data, but our finding of changes
with a similar magnitude in those who were
measured with paediatric software on both
occasions and those who were measured with
paediatric software at baseline but with adult
software at follow-up contradicts this view.
To further secure our method, we evaluated
the precision of the DXA measurements by
duplicate measurements in 13 healthy children
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aged 7-15 years (mean age 10 years) and the
result was for BMC 1.4%—-3.7%, aBMD 1.6%—
2.8%, L3 width 2.2%, FN periosteal diameter
1.5%, FN CSA 2.2%, FN CSMI 6.2%, total
body fat mass 3.7% and total body lean
mass 1.5%. Finally, the estimation of vBMD
using the two-dimensional DXA technique
is known to be associated with errors'’. The
difference in the annual changes in FN vBMD
between cases and controls could possibly be
erroneously estimated due to methodological
problems. However, there are also reports
inferring that there is a preferential adaptation
in bone geometry over bone density with
increased physical activity especially in the
young skeleton*!"185:91  The hypothesis
presented is that a modest increase in vBMD
would confer a less significant increase in
bone strength than would improvement in
bone geometry. There are even studies using
pQCT that infer exercise to be associated not
only with a larger skeleton but also with a
lower vBMD of the cortical bone''!, the net
result being a light skeleton with a high bone
strength.

The DXA technique is not designed to
measure bone geometric properties. To
further evaluate the DXA hip measurements
we applied the Hip Strength Analysis (HSA)
software to the measurements in boys. From
the two dimensional projection the HSA
software transfer the data to an estimation
of the three-dimensional structure. A miss-
classified positioning of the limb and a small
deviation of the placement of the region of
interest and the reference points will inevitable
lead to remarkable errors in the HSA data,
especially the width data. This is the reason
why several authors infer that prospective
studies in children should exclude outliers in
the calculations, as proposed by Beck et al
12 Furthermore, the estimates of the cortical
thickness and endosteal diameter are drawn
after making assumptions of a homogenous
porosity in the cortical shell and a cross-
sectional shape and relative fixed distribution

of trabecular and cortical bone within the
femoral neck, assumptions that have not
been assessed in children. Furthermore, the
estimation of the periosteal dimension is only
made in two dimensions, but the skeleton
could expand in other directions, then not
captured by HSA analyses. Thus, small
increases in the periosteal diameter may not
have been detected because of methodological,
rather than biological reasons. Also, a small
error in the measurement of the bone width
may results in large errors in the estimate of
bone strength, CSMI and section modulus, as
CSMI is proportional to the fourth power of
the radius of a tubular bone'*". In spite of these
mentioned technical limitations and possible
errors of the method, HSA should be regarded
as the first attempt to estimate the structure of
the FN, an acceptable method before we can
present structural data based on true three
dimensional imaging techniques such as CT
or MRI.

The exercise-induced beneficial effects in boys
seem to be less obvious than in girls. Several
plausible explanations can be pointed out.
Several studies infer that the pre- or early peri-
pubertal period is the time when the skeleton
showsthe highestresponsiveness tomechanical
load, and as girls at the same chronological age
are closer to puberty than boys, this difference
in pubertal maturation could possibly explain
the discrepancy. Another possible explanation
is that the boys in the POP study had a higher
level of leisure-time activity than the girls, that
is, the intervention programme made a bigger
difference for the total skeletal load in the girls
than in the boys. Also, when analysing data
further into the POP study outside the scope
of this thesis, a small difference was found in
pubertal maturation between the intervention
group and the controls, the control group
reaching pubertal maturation earlier than
the intervention group and this can possibly
conceal more pronounced exercise-induced
benefits.
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Due to lack of resources in our research
laboratory, the controls were not re-measured
until after 2 years. This is a clear limitation
in Paper II, where the intervention group
was followed for 1 year and the controls for
2 years. But this study design comparing the
annual changes in bone mass accrual must be
regarded as acceptable, as extensive literature
consistently suggests that there is a linear
increase in the accrual of bone mineral and
bone size during the years spanned by this
study (Tanner stage 1) and also that the increase
in bone traits is first seen in Tanner stage II or
latel‘ 8,9,16,56,67,113,114,120,122,178- SWedlSh data ShOW
that growth rate is linear from age 6 to peak
height velocity and that virtually none of the
boys had reached peak height velocity at age
10'%°. Peak height velocity is usually reached
much later, in boys at mean age 13.4 years
in Tanner stage III, while peak bone mineral
accrual occurs at mean age 14.0 years and in
Tanner stage IV'2. A study from Australia
further supports this view, reporting that peak
bone mass accrual and peak height velocity
occur from Tanner stage II or later, whereas
the growth and bone mineral accrual are linear
in Tanner stage I and during the years covered
by our study’. Finally, the results in boys from
the 2-year follow-up (Paper IV) confirm the
results from the 1-year follow-up, suggesting
that our line of argument in Paper II was
correct.

In Paper III the girls in the intervention group
had a greater annual gain in fat mass and lean
mass than the controls, a discrepancy difficult
to explain, but a discrepancy that could
influence the inferences. Increased duration
of exercise could enhance the participants’
appetite and result in a higher food intake that
hypothetically could affect the bone accrual.
An alternate explanation could be that the
increased weight and muscle gain could be
the direct result of the exercise programme,
benefits that could influence the accrual of
bone mass and bone size. However, because
there was no dose-response relationship

between the duration of activity and gain in
fat mass, this suggests that the discrepancy
in fat gain was the result of other influences
than the activity. There is also a possibility
that exercise influences the skeleton through
changes in soft-tissue composition, and
this is the reason why we only adjusted for
differences in growth, i.e. chronological age
and changes in height and weight.

We conclude that a 2-year moderately intense
school-based exercise intervention programme
in a population-based cohort of prepubertal
boys and girls seems to be associated with
skeletal benefits. Then the next clinically
important question arises: will the benefits
remain with years of intervention, and even
more importantly, will they remain through life
into old age when fragility fractures occur? As
mentioned earlier, the Achilles heel of exercise
isits cessation. Cross-sectional and prospective
controlled and uncontrolled trials do suggest
that high physical activity is associated with
a high peak bone mass®**13%187 But decades
later, when the incidence of fragility fractures
rises dramatically, no benefits in bone mass
seem to be retained'*>'®. Data in the literature
are somewhat inconclusive. Kontulainen
et al. have shown in a series of fine studies
that benefits are maintained in the short term
perspective after cessation of activity!*1!!
although questions have been raised that
the cohort “retired during the study period”
included highly active individuals'®®. Other
groups have failed to show any maintained
benefits after cessation of physical activity*
6981138139 For example Michel, et al. reported
a clear decrease in spine aBMD in male ex
runners compared to no loss among the still
active runners’!. Also, Valdimarsson et al.
found in their 8-year controlled follow-up study
of 66 Swedish soccer players that players who
retired during the follow-up period lost aBMD
in the femoral neck, whereas the controls did
not'¥. Furthermore, Nordstrom et al. found
that reduced activity is followed by an aBMD
loss within 3 years of cessation of sports in
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43 male ice-hockey players, while there was
no change in bone size."*® The mechanism
of the purported rapid bone loss that follows
cessation of exercise is unknown. Data in the
literature imply that aBMD benefits in athletes
are retained after active career if they continue
to be active on a lower level”>!%.

In Paper I we investigated whether benefits
in peak aBMD derived from exercise during
growth are present in old age, and whether
former soccer players have fewer fractures.
The study supports the notion that exercise
during growth results in biologically important
benefits in peak aBMD at weight-bearing sites
such as the proximal femur, the site of fracture
associated with high morbidity and mortality
in old age. The finding that the benefits attained
by exercise during adolescence attenuated with
increasing number of years since retirement SO
that those aged 70-85 had no residual benefit
was in accordance with earlier findings. If you
don’t use it you lose it. Similarly, the finding
that the fracture prevalence in former soccer
players was higher during active career than
in controls was hardly surprising to those of
us involved in competitive sports. We failed
to identify a protective effect of exercise
against fractures in old age in former soccer
players. This may have been due to a power
problem, even though our sample size was
sufficient to detect a difference of 30% or
more in the relative proportion of persons with
fractures among each group. When we studied
the absolute values in fragility fractures
in each group we found a small difference
between the groups, although not statistically
significant. This made us speculate whether
we were suffering from a lack of statistical

power. To further investigate this, the research
group later — in one publication not included
in this thesis — extended the study to involve
400 former soccer players and 800 controls,
and this boost in power enabled us to detect
a significant difference between the former
active soccer players and the controls (2.0%
vs. 4.2%, p<0.05)"*. Again, bone strength is
not dependent on aBMD alone. The higher
loss in aBMD in former athletes occurs at
the endosteal surface’’, that is, a higher bone
loss in former athletes would finally lead to a
skeleton with a similar aBMD to controls, yet
larger in size. This would render a skeleton
with higher bone strength, as small changes in
bone size are of greater importance for bone
strength than small changes in aBMD?,

In summary, a 2-year moderately intense
school-based exercise intervention programme
in a population-based cohort of prepubertal
boys and girls seems to be associated with
benefits in the accrual of BMC, aBMD and
gain in bone width, all traits important for
bone strength, and the benefits are present
already after 1 year of intervention. Whether
a school-based exercise programme exceeding
2 years could be beneficial for bone health,
and whether the intervention may be used
as a prevention strategy for osteoporosis,
remains to be evaluated in future studies. The
POP study is planned to continue until peak
bone mass is reached to try and answer these
question. God and our brave children willing,
the researcher’s dream would be to follow
this cohort until they are 80 years of age and
subjected to fragility fractures. I leave that
task to my younger peers.
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Conclusions

Vigorous exercise during growth seems to be associated with biologically important
benefits in peak aBMD at weight-bearing sites.

Cessation of exercise seems to be associated with a loss of the benefit in aBMD,
leaving only modest residual benefits in middle age and probably none in old age, the
years when fracture occurs.

Soccer players seem to have more fractures during their active career under the age of
35 than do sedentary controls.

Based on data presented in this thesis, vigorous exercise during growth and young
adulthood seems not to be associated with reduced fracture risk in old age. However,
we are aware of the power problem when evaluating the fracture data in paper I, and
that later studies from our group'*, including a larger sample size, have opposed this
view. Therefore, our view today is that vigorous exercise during growth and young
adulthood is associated with reduced fracture risk in old age.

The duration of physical activity seems to be associated with the accrual of bone
mineral and gain in bone size in prepubertal boys and girls.

A 2-year moderately intense school-based exercise intervention programme in a
population-based cohort of prepubertal boys and girls seems to be associated with
benefits in the accrual of BMC, aBMD and gain in bone width, benefits present already
after 1 year of intervention.

This thesis supports the view that general moderately intense physical activity could
be recommended as a strategy to increase BMC, aBMD and bone size in prepubertal
children.
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Summary in Swedish

Fysisk aktivitet och dess effekter pa skelettet

i det korta och langa perspektivet

Benskorhet (osteoporos), &r ett komplext,
multifaktoriellt tillstdnd som wutvecklas i
det tysta fram till den dag man drabbas av
en fraktur. De senaste 40 aren har antalet
benskorhetsfrakturer okat och i dag beriknas
varannankvinnaoch var fjirde mannagon gang
drabbas av en eller flera osteoporosrelaterade
frakturer. Exempel pa sadana benbrott &r
frakturer i1 kota, hoft, axel eller handled. Som
en orsak till 6kningen av antalet frakturer har
ndmnts att var medellivslingd det senaste
seklet har 6kat med 25 &r. Med okande alder
forsémras namligen skelettets kvalitet och lag
benmassa dr en av de storsta riskfaktorerna for
att raka ut for en fraktur. Ekvationen ér svarlost
och innebdr att 2000-talets ménniska blivit ett
héllfasthetsproblem. I Sverige intrdffar nu
arligen ca 70 000 benskorhetsfrakturer dar
det, forutom stort lidande for den drabbade,
dessutom uppkommer enorma kostnader for
samhillet. Exempelvis berdknas den arliga
sjukvardskostnaden for enbart hoftfrakturertill
dryga3 miljarderkronor. Nardessutom Sverige
i dag har den tveksamma férmanen att tillhora
vérldseliten géllande  den proportionella
forekomsten av benskorhetsfrakturer forstar
man att denna utveckling maste stoppas.

Ungefar 70 % av benmassan regleras av
genetiska faktorer medan aterstiende 30%
regleras av paverkbara yttre faktorer, som
exempelvis fysisk aktivitet. Det finns dven
andra kénda riskfaktorer for benskorhet
sasom hog alder, 1ag kroppsvikt, rékning, lagt
kalciumintag, kortisonmedicinering och vissa
sjukdomstillstand, alla faktorer som paverkar
skelettets utveckling.

En av de viktigaste livsstilsfaktorerna som
reglerar benmassan ar fysisk aktivitet. Denna
faktor har utvecklats till en bristvara i den
moderna méinniskans vardagsliv. En sannolik
forklaring till detta ar att vi i Overgangen

fran industrisamhalle till kunskapssamhille
rationaliserat bort stora delar av den fysiska
aktiviteten fran vart vardagsliv. Trappor
har forvandlats till nodutgangar, bollspel
bytts mot TV-spel och varannan bilresa nar
aldrig 6ver 5 km. Larmrapporterna fran
Statens folkhélsoinstitut duggar tétt. 90 %
av befolkningen vet att motion &r viktigt for
hélsan, samtidigt som 75 % inte motionerar
tillrickligt ur hilsosynpunkt. Annu mer
alarmerande dr att 25 % av dessa individer
ar 1 det ndrmaste helt inaktiva. Virst utsatta
dr unga flickor déar undersokningar visar att
var femte flicka séllan eller aldrig deltar i
skolgymnastiken samt att var fjérde flicka inte
tranar eller motionerar alls pa fritiden. Andelen
overviktiga barn har 6-dubblats sedan mitten
av 80-talet och man har ocksé noterat att barn
drabbas av villevnadssjukdomar relaterade
till fysisk inaktivitet man normalt associerar
med ett betydligt &dldre klientel. Listan pa
negativa effekter som uppkommer genom en
mer fysiskt inaktiv livsstil kan goras betydligt
langre. Trots detta har skolgymnastikens del
av skoldagen under de géngna decennierna
mer dn halverats.

For att finna individer med hog risk att
drabbas av en fraktur har man borjat mita
individens benmassa. Benmassa dr namligen
en av de viktigaste faktorerna som paverkar
skelettets ~ hallfasthet. ~Benmassan kan
dessutom matas med flera olika metoder.
Den mest forekommande metodiken dr en
lagdosrontgenteknik kallad DXA. Men inte
barabenmassan paverkar skelettets hallfasthet.
Aven skelettets storlek och tredimensionella
struktur &r viktiga faktorer for skelettets
formaga att motsta en fraktur.

Den storsta médngd benmassa en individ
uppnar i livet, sannolikt strax efter tillvixtens
avslutning, bendmns peak bone mass (PBM).
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PBM ér ocksa relaterad till den framtida risken
att drabbas av fraktur. En okning av PBM
pa ca 10 % har kopplats till en halvering av
risken for kotfraktur. PBM har dessutom visats
kunna paverkas av graden av fysisk aktivitet
under uppvixten dédr studier har indikerat
att tiden strax fore och under puberteten
sannolikt &r den tidsperiod dér fysisk aktivitet
har sin storsta maojlighet att paverka skelettet.
De flesta studier med hogt bevisviarde som
har tittat pa hur trdning paverkar skelettet
har anvédnt speciella Gvningar som man
vet paverkar skelettet, ovningar med hog
belastning, snabbt insdttande belastning och
belastning i olika riktningar. Méanga studier
har dessutom upprepat dessa 6vningar gang
pa gang, vilket har medfort att barnen har
trottnat pa denna trédning och dirfor slutat
trdna strax efter det att studien avslutats.
Deltagandet har dessutom ofta baserats pa de
barn som sjdlvmant har anmilt sig till studien
vilket troligen har resulterat i att studien har
inkluderat ett selekterat material med individer
specialintresserade av fysisk aktivitet. For
att kringga dessa bekymmer har studierna i
denna avhandling inkluderat alla individer
i en aldersgrupp, alltsa d&ven barn med ldgre
grad av intresse i idrott, detta for att vi skall
kunna utvdrdera om mattlig fysisk aktivitet
kan leda till gynnsamma effekter pa skelettet
nér barn med alla olika intressegrader i fysisk
aktivitet inkluderas.

Detta var bakgrunden som fick oss att starta
véra studier som utvdrderar om traning kan
paverka skelettets tillvaxt. Den forsta studien,
den s.k. Sosdalastudien, utvdarderade om
barn mellan aldrarna 12 till 16 ar som fick
skolgymnastik 4 ganger per vecka forbattrade
héllfastheten av skelettet mer @n barn som
hade gymnastik en till tva ganger per vecka.
I denna studie sag vi att 6kad fysisk aktivitet
paverkade benmassan i gynnsam riktning
bland pojkarna men inte hos flickorna. Som
en forklaring framlades tanken att man
sannolikt borde inleda trdningen 4n tidigare
hos flickorna, under en tid dir de fortfarande

hade stor kvarvarande tillvaxtpotential, och
mdjligen borde traningen dven intensifieras.

Som ett logiskt steg startades darfor
Bunkefloprojektet 1999 — pa engelska
kallad POP-studien. I detta projekt foljs
pojkar och flickor arligen redan fran forsta
arskurserna i grundskolan. Hélften av barnen
far skolgymnastik dagligen och den andra
halften en till tva ganger per vecka enligt
standardschemat i svenska skolor. Arliga
métningar utférs av bla. benmassa och
skelettstorlek, muskelstyrka, balans och
koordination.

Artiklarna II-IV i denna avhandling redovisar
resultaten fran Bunkefloprojektets forsta tva
ar. I artikel II redovisas l-arsresultaten hos
81 pojkar (7-9 é&r gamla) jamfort med 57
aldersmatchade kontroller. Ingen skillnad
kunde pavisas mellan gruppernavidstudiestart
niar det gdllde ldngd, vikt, benparametrar
eller s.k. bakgrundsfaktorer sdsom matvanor,
kroniska sjukdomar, medicinering, frakturer,
rokning eller alkohol. Fore interventionen var
det heller ingen skillnad i tid i organiserad
fysisk aktivitet mellan grupperna, men nér
barnen i interventionsgruppen fick daglig
fysisk aktivitet pa schemat blev det en klar
och statistiskt verifierad skillnad i nivan av
fysisk aktivitet jaimfort med kontrollbarnen.
Vi fann att den arliga inlagringen av benmassa
ilandryggen var hogre i interventionsgruppen
och pa samma sétt sags dven en skillnad i
vidden av ldndryggens tredje kota mellan
grupperna, till interventionsgruppens fordel.
Nér alla barnen studerades som en grupp
visade det sig att tiden spenderad i nigon
form av organiserad fysisk aktivitet, savél
inom som utom skolans ramar, var positivt
relaterad till méngden benmassa och dven
till skelettstorleken 1 lédndryggen. Nagra
skillnader mellan grupperna kunde inte ses vid
utvdrdering av skelettutveckling i hoftleden.
De funna resultaten efter 1 ar visade sig
kvarsta dven efter 2 ars intervention, vilket
redovisas i artikel I'V.



Christian Lindén 41

I artikel III redovisas resultaten efter 2 ars
intervention hos 49 flickor (7-9 ar gamla)
jamfort med 50 aldersmatchade kontroller.
Precis som hos pojkarna var grupperna
véldigt lika vid studiestart och den enda
skillnad vi fann da var att kontrollgruppens
flickor var mer aktiva i organiserad idrott
utanfor skoltid (1.3 jamfort med 0.7 timmar
per vecka). Efter interventionen var barnen
i interventionsgruppen emellertid betydligt
mer aktiva (4.0 jamfort med 2.3 timmar per
vecka). I likhet med fynden hos pojkar fann
vi att den arliga inlagringen av benmassa i
landryggen var hogre 1 interventionsgruppen
jémfort med kontrollgruppen. Dessutom
var den arliga 6kningen i vidden av tredje
landryggskotan samt vidden av larbenshalsen
ocksd storre i interventionsgruppen jamfort
med kontrollerna. Nér alla barnen studerades
som en grupp visade det sig dven hos
flickor att tiden spenderad i nagon form av
organiserad fysisk aktivitet, sdvil inom som
utom skolans ramar, var positivt relaterad
till méngden benmassa och skelettstorlek
i landryggen. I hoften fann vi ddremot inga
liknande idrottsbetingade effekter. Négra

sadana forandringar foreldg inte i hoften.

Sammanfattningsvis visar de tre studierna fran
Bunkefloprojektet entydigt att mattlig fysisk
aktivitet &r associerad med en 6kad benmassa
och ett storre skelett hos bade prepubertala
flickor och pojkar. Dessa effekter kan ses
redan efter ett ars Okad trining. Dessa
data motsdger inte att fysisk aktivitet kan
rekommenderas som ett sitt att ka benmassan
och skellettstorleken hos prepubertala barn.
Forst nér vi f6ljt grupperna upp i vuxen alder
kan vi nidrmare uttala oss om trining under
ungdomsaren kan paverka PBM och anvindas
som en strategi for att férebygga osteoporos.

Om trining i unga ar kan paverka benmassan
sa uppkommer ytterligare en viktig fraga som
behandlas i artikel I. Kvarstar idrottsbetingade
gynnsamma skelettforandringar efter avslutad
idrottskarridr och har i sa fall f.d. aktiva unga

ménniskor mindre frakturer i alderdomen
i jamforelse med de individer som varit
inaktiva? I artikel I undersokte vi om fotboll
pa elitniva under uppvéxten skyddar mot
frakturer i alderdomen. Dessutom vérderade
vi om fotbollsspel péverkar PBM samt
om det i s& fall kvarstar idrottsbetingade
gynnsamma effekter pa skelettet dven efter
avslutad idrottskarridr. Vi mitte benmassan
hos 22 aktiva fotbollsspelare, 128 f.d.
fotbollsspelare och 138 aldersmatchade
kontroller. Frakturuppgifter hdmtades fran
rontgenarkivet pa Universitetssjukhuset MAS
pa 284 f.d. fotbollsspelare och 568 kontroller.
Vi fann att fysisk aktivitet pa hog niva
resulterar i en biologiskt betydelsefull 6kning
av PBM 1 viktbelastade delar av skelettet.
Denna gynnsamma Okning av benmassan
forefaller dock successivt g& forlorad under
artiondena efter det att man upphort med sin
idrott. I denna studie kunde vi inte pavisa att
dldre f.d. fotbollsspelare har férre frakturer,
hogre benmassa eller ett storre skelett jamfort
med individer som inte har trénat pA denna
niva i ungdomen. Ett stort problem &r att
studien inneholl relativt fa riktigt gamla
idrottsmén. Detta gor att det kan vara svart
att med statistik pavisa att det finns skillnad
mellan grupperna. Som exempel kan ndmnas
att bland de f.d. aktiva gamla idrottsménnen
hade endast hélften s& méanga drabbats av
en benskorhetsrelaterad fraktur jamfort med
de individer som inte hade trénat. Déarfor
har var forskar grupp i ett senare skede okat
studieantalet i en rapport ddr man nu kunde
sla fast att bland de som under ungdomen
hade trédnat pa en hog niva, fanns det farre
individer i dldre &ldrar som hade drabbats av
en fraktur dn bland de som inte hade trinat. I
dag anser vi ddrfor att fysisk aktivitet pa hog
niva i ungdomen dr associerad med minskad
risk for fraktur pa élderns host.
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