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Abstract

Weak and osteoporotic bones in old age are
an increasing cause of mortality and painful
physical impairment of the elderly, especially
in the western world. Bone mineral accrual
during childhood and adolescence is thought
to play a vital role in preventing osteopor-
osis. Identifying and optimizing the factors
influencing peak bone mass is thus important
for the prevention of osteoporosis and related
fractures.

A main aim of this thesis was to investigate
the potential effects of various types of
weight-bearing physical activity on bone
accretion in young males just out of puberty.
The results from our subgroups of athletes
consisting of badminton, ice hockey, and
soccer players suggest that weight-bearing
physical activity gives rise to regional-specific
bone response that is determined by the
degree of impact of the activity in areas
subject to mechanical loading (papers I–IV).
In summary, the bone is sensitive to loading
after puberty in males, and important bone
mass gains can be achieved by proper amount
and type of exercise.

Another aim of this thesis was to study
the effect of detraining on weight-bearing

and non-weight-bearing bone in a cohort
of adolescent males who participated in ice
hockey and soccer training. Our results
indicate that exercise-induced bone mine-
ral density benefits decline, predominantly
in weight-bearing bones, after retirement
from an active sports career (papers II–IV).
High bone density stemming from physical
loading might be at least partly preserved
even by reduced physical activity at non-
weight-bearing sites after about three years
of reduced activity  (III, IV).

A final aim was to follow prospectively
the development of BMD during years of
reduced activity in former male athletes, and
evaluate whether exercise during
adolescence could be associated with fewer
fractures in old age. We found fewer fragil-
ity fractures in a cohort of 400 former
athletes compared to in 800 age-matched
controls. Thus, high bone density stemming
from previous weight-bearing physical
activity may reduce the risk of sustaining
fragility fractures in the elderly.

Key words: physical activity, peak bone mi-
neral density, males.
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Though this be madness, yet there is method in ’t.

William Shakespeare, ”Hamlet”, Act 2 scene 2

To my beloved family,

Peter, Anna-Greta, Vebi, Yvonne, Göran

and someone that is yet to be
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Preface

This thesis is based upon the following papers, referred to in the text by their
Roman numerals:

I. Gustavsson A, Thorsen K, Nordstrom P. A 3-year longitudinal study of the
effect of physical activity on the accrual of bone mineral density in healthy
adolescent males. Calcif Tissue Int 2003; 73:108–14.

II. Gustavsson A, Olsson T, Nordstrom P. Rapid loss of bone mineral density of
the femoral neck after cessation of ice hockey training: a 6-year longitudinal
study in males. J Bone Miner Res 2003; 18:1964–9.

III. Nordström A, Olsson T, Nordström P. Bone gained from physical activity and
lost through detraining; – a longitudinal study in young males. Submitted for
publication.

IV. Nordström A, Karlsson C, Nyquist F, Olsson T, Nordström P, Karlsson K. M.
Bone loss and fracture risk following reduced physical activity. Submitted for
publication.
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Abbreviations

ALP Alkaline phosphatase
ANOVA Analysis of variance
BA Bone area (cm)
BALP Bone specific alkaline phosphatase
BMC Bone mineral content (g)
BMD Bone mineral density (g/cm2)
BMI Body mass index
BSP Bone sialoprotein
µCT Microcomputed tomography
CTX Pyridinoline crosslinks attached to fragments of N-terminal
CV Coefficient of variation (standard deviation/mean)
DPA Dual-photon absorptiometry
DPD Deoxypyridinoline
DXA Dual-energy X-ray absorptiometry
HRCT High resolution computed tomography
ICTP Carboxyterminal telopeptide of type I collagen
IGF-1 Insulin-like growth factor 1
MRI Magnetic resonance imaging
NTX Pyridinoline crosslinks attached to fragments of C-terminal
OC Osteocalcin
pDXA Peripheral dual-energy X-ray absorptiometry
PICP Carboxyterminal propeptide of type I collagen
PINP Procollagen type I aminoterminal propeptide
pQCT Peripheral quantitative computed tomography
PTH Parathyroid hormone
PYD Pyridinoline
QCT Quantitative computed tomography
ROI Region of interest
SD Standard deviation
SEM Standard error of the mean
SPA Single-photon absorptiometry
SXA Single X-ray absorptiometry
vBMD Volumetric bone density (mg/cm3)
WHO World Health Organization
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Osteoporosis

Osteoporosis is characterized by
reduced bone mass, microstructural
deterioration with advancing age, and
an increase in fracture rate. The disease
is a global healthcare problem, and is
increasing largely because improved
health care and preventive health
measures have led to delayed mortality.1

The current socio-economic cost of
osteoporosis in Sweden alone is
estimated as SEK 3.5 billion per year.2

There are a total of 70,000 fractures
annually in Sweden, 18,000 of which are
hip fractures. The incidence and lifetime
risk of hip fracture for 50-year-old
Swedes is 28.5% for women and 13.1%
for men, the highest reported incidence
in the world. The fracture incidence
varies considerably in different parts of
the world, and the Swedish figures should
be compared with 15.8% and 6% for
American women and men, and 1% and
1.8% for Turkish women and men.3

The risk of sustaining a hip fracture
has increased in recent decades, mainly

because the Swedish population is get-
ting older. Taking age into conside-
ration, given that the incidence of hip
fractures is higher in an older popula-
tion, incidence has decreased 5% in
women but increased 5% in men. There
are also estimates that the incidence of
hip fractures worldwide will rise three
fold in men and two fold in women by
2040.4 Knowledge of the factors
affecting the incidence of osteoporosis
is critical for successfully minimizing the
impact of the disease. 5–7

Osteoporosis is a multifactorial
disease that depends on both
environmental and genetic factors.
Factors such as genetics, estimated as
responsible for about 70% of the
variance in bone mass 8–11, can not be
influenced; other factors, such as
nutritional intake, physical activity, and
body mass index (BMI), can be
influenced, thereby decreasing the risk
of osteoporosis and its consequences 12

(Table 1).

Table 1.  Risk factors for osteoporosis fractures. Adapted from SBU2 and Kanis et al.13

Risk factors for osteoporosis and fractures that are
possible to influence

• Physical inactivity
• Low body weight/low BMI
• Glucocorticoid therapy
• Low bone mineral density
• Susceptibility to falls
• Cigarette smoking
• Excessive alcohol consumption
• Poor exposure to sunlight
• Poor visual acuity
• Vitamin D deficiency
• Calcium deficiency

Risk factors for osteoporosis and fractures that are
impossible to influence

• Age
• Previous fractures
• Female sex
• Premature menopause
• Family history of fractures
• Ethnic origin
• Height
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Normal bone density:
Patient BMD is greater than 1 SD below young adult reference mean BMD (T-score > -1).

Osteopenia:
Patient BMD is between 1 SD and 2.5 SD below young adult reference mean BMD (T-score, < -1  and  > -2.5).

Osteoporosis:
Patient BMD is 2.5 SD or more below young adult reference mean BMD (T-score < 2.5).

Severe osteoporosis:
Patient BMD is 2.5 SD or more below young adult reference mean BMD with fragility fractures.

Table 2.  Osteoporosis diagnostic categories expressed as T-scores for assessments done by DXA.

Osteoporosis is diagnosed by
measuring bone mineral density
(BMD) thereby defining thresholds.
This is possible due to the Gaussian dist-
ribution of bone density values, where
bone density is expressed in relation to
a reference population in terms of stan-
dard deviation (SD) units.13 When SD
units are used in relation to a young

healthy population, the measurement is
referred to as the T score. The World
Health Organization (WHO) and the
International Osteoporosis Foundation
have decided on four diagnostic
categories for women based on dual-
energy X-ray absorptiometry (DXA)
measurements (Table 2).14, 15
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Bone structure

ible for the hardness that is characteristic
of bone.16

Mesenchyme-derived osteoblasts are
responsible for the formation,
organization, and mineralization of the
extra-cellular matrix of bone.18

Osteoblasts have receptors for
parathyroid hormone (PTH), vitamin
D, and estrogens which enables hormo-
nal control18, and these cells also
produce type 1 collagen, osteocalcin,
bone sialoprotein 1 and 2, osteopontin,
osteonectin, proteo-glycans, and
alkaline phosphatase.

Osteoblasts lie at the surface of the
existing matrix and deposit fresh layers
of matrix, mainly consisting of type 1
collagen, called osteoid. Some
osteoblasts remain free at the surface,
while others gradually become
embedded in their own secretion, are
no longer able to divide, and are then
trapped as the matrix is rapidly
converted to hard bone matrix by de-
position of calcium phosphate
crystals.16 The osteoblast trapped in the
lacunae as osteocytes are connected with
one another through gap junctions on
filamentous cell projections that pass
through a system of fluid-filled
canaliculi. These canaliculi are believed
to be responsible for the response of
bone to mechanical stimuli.19

While bone matrix is deposited by
osteoblasts, it is eroded by osteoclasts.
Osteoclasts are large multinucleated

The skeletal system is composed of 206
bones and has several functions. It
protects vital organs, harbors the bone
marrow where hematopoiesis occurs,
and serves as mechanical support and
the site of muscle attachment, thus
enabling movement. Furthermore, it
acts as a reservoir for ions such as
calcium and phosphate.16

The bones are made up of
extracellular matrix, minerals, and
cells.16 Bone matrix is composed of
collagen and non-collagenous proteins.
The collagen is mainly type I collagen.
The non-collagenous proteins are acidic
Ca-binding proteins: osteocalcin, bone
sialoprotein (BSP), osteopontin, and
osteonectin. Osteocalcin and BSP are
specific to bone, whereas the other
proteins are also present in non-
mineralized tissues. Osteocalcin
functions in the suppression of excessive
mineralization. BSP is present in bone
formation sites, and osteopontin is
thought to be involved in the
attachment of osteoclasts to the bone
surface. 16, 17

The inorganic component of the
matrix consists mainly of calcium and
phosphorus, but also contains
bicarbonate, citrate, magnesium,
potassium, and sodium; the inorganic
component comprises about 50% of the
dry weight of bone matrix. Calcium and
phosphorus form hydroxyapatite
crystals (CA10(PO4)6(OH)2), respons-
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lining cells originating from
hemopoietic stem cells in the bone
marrow. The precursor cells are released
as monocytes into the bloodstream and
accumulate at sites of bone resorption;
there they fuse to form multinucleated
osteoclasts that cling to bone surfaces
and resorb bone. An erosion cavity is
thereby formed which is then filled
when mononuclear cells differentiate
into osteoblasts and start to produce
matrix to fill in the cavity.20 Osteoclastic
resorption lasts about three weeks and
is followed by osteoblastic bone forma-
tion that lasts for 3–4 months.20 Bone
remodeling is a coupled process, and
imbalance between formation and re-
sorption can lead to skeletal diseases,
notably osteoporosis 21 Fig 1.

There are two major bone types, flat
bones (skull bones, scapula, mandible,
and ileum) and long bones (tibia, femur,
and humerus). The flat bones originate
from mesenchyme that differentiates
directly into bone, a process called

membranous ossification, whereas the
long bones originate from mesenchymal
cells that give rise to hyaline cartilage
models which are later replaced with
bony tissue through a process called
endochondral ossification. 22, 23

Long bones have two epiphyses and
a midshaft (diaphysis) with a
developmental zone, the metaphysis,
between them. In growing bone the
epiphysis and the metaphysis is
separated by the epiphyseal cartilage
(the growth plate). This layer of cartilage
contains proliferative cells and cartilage
matrix and is responsible for longitudi-
nal growth.16

The cortex is the external part of the
bone and is composed of thick, dense
layers of calcified tissue. The outside of
the cortex is covered with periosteum,
which has a lining of osteogenic cells. In
the diaphyses, the cortex encloses the
medullary cavity containing the bone
marrow. Cortical bone is constituted of
cylindrical units, each having a canal in

Fig. 1

Quiscent phase
Osteoblasts on bone surface

Early rebuilding phase
Osteoblasts fill cavity

with osteoid

Late rebuilding phase
Osteoid is mineralised

Quiscent phase
Cycle complete

Resorption phase
Osteoblasts on bone

surface resorb old bone

Reversal phase
Osteoblasts appear at

the resorption site
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the center (the haversian canal) that
contains blood vessels and nerves. The
bone layers surrounding the haversian
canal are called lamellae and they contain
collagen fibers arranged in thin sheets.16

The inside of the cortex is covered
with the endosteum, which is similar
to the periosteum. Closer to the
metaphysis and the epiphysis, the cortex
becomes thinner and the internal space

is filled with thin calcified trabeculae.
This is called spongy or cancellous bone
and is lighter, less dense, and consists
of plates, trabeculae, and bars of bone
adjacent to small irregular cavities that
contain red bone marrow. The
trabeculae are arranged so as to give the
bone maximum strength. The
epiphyseal end of the bone is covered
with a cartilage layer.16
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Methods for investigating bone density

energies to allow correction for variable
soft tissue thickness. A drawback of SPA
and DPA is that the radionucleotide
source for the photons decays with time
and replacement of the source is
necessary. Spatial resolution is also poor
and scanning times are long. Single X-
ray absorptiometry (SXA) was
introduced when it became possible to
replace the radionucleotide source of the
SPA with an X-ray tube. Precision and
scanning time were improved, and the
system was superior in terms of spatial
resolution.27 It was, however, still only
possible to measure peripheral sites of
the skeleton and the use of a water bath
was still required.

Dual X-ray absorptiometry (DXA),
introduced in the late eighties,
permitted investigation of the entire
body, femoral neck, and spine faster and
more reliably. The principle was the
same as that of DPA, but examination
time decreased and precision and
accuracy improved greatly.28 A dis-
advantage is that DXA cannot
discriminate between cortical and
trabecular bone, and surrounding soft
tissues may introduce significant
measurement error.29–31 Furthermore,
DXA is also affected by bone size: since
it does not take account of three-
dimensional aspects, larger bones appear
denser than smaller ones, making
measurements in growing children and
adolescents difficult. DXA is the most

Fractures in the elderly result from
weak and osteoporotic bone, and in
order to intervene it is first necessary
to assess the fracture risk. Many risk
factors for osteoporotic fractures have
been reported, including advanced age,
previous fractures, low bone mineral
density (BMD), low body mass index
(BMI), muscle weakness, impaired vi-
sion, cognitive impairment, cortico-
steroid therapy, use of sedatives and
low physical activity.12

Bone strength depends not only on
BMD, but also on the structural
composition of bone; however, bone
mineral density is the key determinant
of bone strength.24

The first attempt to measure bone
mass was made using radiographic
absorptio-metry in the sixties.25 A ma-
jor drawback is that the variable amount
of soft tissue over the bone is not taken
account of, making it only possible to
use the method on bones with very little
soft tissue coverage, such as the bones
of the hand.

Another invention of the sixties was
single-photon absorptiometry (SPA),
using a photon beam from a single-
energy radionucleotide source together
with a radiation detector to measure ra-
diation attenuation.26 Dual-photon
absorptio-metry (DPA) was later
developed, making it possible to
measure whole body composition by
using two different gamma radiation
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commonly used method for measuring
BMD, and BMD estimated by DXA
has been shown to be an independent
indicator of hip fracture risk.32 The first
generation of DXA used a pencil beam
with a two-dimensional raster. A second
generation of DXA, fan beam DXA, has
recently been introduced; it offers the
obvious benefits of reduced scanning
time and higher image resolution.26 The
major drawback of fan beam DXA is
occurrence of magnification error when
the fan beam does a single sweep across
the patient. This does not affect the
measurement of BMD, but decreases
the accuracy of fat distribution
measurement.33

Peripheral DXA (pDXA), specially
designed for certain sites such as the
forearm or calcaneus, is currently being
developed. This process is cheaper,
easier to use, and portable, but is
hampered by a current lack of
standardization. At present, a T-score
below -2.5 is used as a limit to mark
osteoporosis on all BMD
measurements, though very few studies
have investigated the relationship
between pDXA and DXA of total body,
hip, and spine. This is important since
there are differences in age-related bone
loss at different skeletal sites.34

Furthermore, different pDXA models
use different normative/reference dat-
abases, differing in region of interest
(ROI) definition, scan acquisition
protocols, calibration procedure, and
software.35

Quantitative computed tomography
(QCT) is considered the gold standard
of bone densitometry: it is the only
method used today that can determine
the true volumetric density (mg/cm3)
of trabecular and cortical bone. This
may predict future fracture risk better
than BMD alone.36–39 This makes it
useful when measuring BMD in
growing individuals and when assessing
various pharmaceutical treatments.
Peripheral QCT (pQCT) is cheaper,
uses less radiation, is easier to use, and
is portable. Notably, it remains to be
established whether peripheral
measurements reflect the bone
properties of the axial skeleton.

High resolution (HRCT) and micro-
computed tomography (µCT) are two
methods currently under development
for bone measurements. HRCT offers
a spatial resolution of 100–200µm and
could thus be able to depict trabecular
structure in vivo.

Magnetic resonance imaging (MRI)
has recently also been introduced as a
means of investigating bone micro ar-
chitecture.15 High resolution MRI can
depict the tra-becular bone structure
and biomechanical strength of bone
specimens both in vitro40 and in vivo.41–

43 Quantitative methods of micro-
structural analysis can subsequently be
applied to the achieved images of
trabeculae bone.44 A drawback is the
time required to obtain the scan
together with a high cost per scan.
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Biochemical markers of bone turnover

Bone is a dynamic organ in which
remodeling occurs throughout life
through bone formation and resorption.
Disproportion in this system arises from
various underlying causes such as
growth, aging, and decreased mobility
which leads to changes in bone strength.
Bone strength depends not only on
bone mineral density but also on its
microarchitecture and elasticity.
Theoretically, estimation of the
remodeling rate could indicate
alterations in bone formation or resorp-
tion before BMD changes are found.

Bone is composed of a calcified
organic matrix consisting of 90%
collagen type 1 and 10% non-
collagenous proteins. Osteoblasts, the
cells responsible for bone formation, and
osteoclasts, the cells responsible for bone
resorption, secrete enzymes and other
proteins that can be measured and used
to assess bone turnover. Bone specific
alkaline phosphatase (BALP) is a
membrane bound enzyme located in the
outer cell surface and is a specific product
of osteoblasts. Its function has yet to be
determined, but it is believed to be
involved in the mineralization process.
BALP is considered to be a good marker
of bone formation and osteoblast
activity.45–47

Osteocalcin, also called bone GLA
protein, is the most abundant non-
collagenous protein in bone produced
exclusively by mature osteoblasts; it is

used as a marker of osteoblast specific
activity.48 It is assumed to be involved
in the mineralization of bone due to the
capacity of GLA residues to bind
calcium and hydroxyapatite.49

Proliferating osteoblasts (and also
fibroblasts) synthesize collagen in the
form of pre-procollagen, procollagen
type I carboxyterminal propeptide
(PICP), and procollagen type I amino-
terminal propeptide (PINP), all of
which are severed from the final
product.50 These osteoblast proteins are
considered to be quantitative measures
of newly formed type I collagen and
have been found to correlate with
plasma BAP and osteocalcin.51

Another category of substances
worth measuring is produced during the
formation or breakdown of type 1
collagen-the primary protein that builds
up the organic matrix in bone. Type I
collagen molecules in bone matrix are
linked by pyridinoline crosslinks,
pyridinoline, and deoxypyri-dinoline
(PYD , DPD) in the region of N and C
telopeptides. PYD and DPD crosslinks
stabilize the collagen molecule. During
osteoclastic bone resorption,
pyridinoline crosslinks are released into
the circulatory system mainly as cross
links attached to fragments of C-termi-
nal (CTX) or N-terminal (NTX)
telopeptides, and excreted in urine. A
proportion of peptide bound crosslinks
are further degraded in the kidney to
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Regarding the ability of bone markers
to predict fractures, increased resorption
is believed to predict the risk of
osteoporotic fractures in
postmenopausal women independently
of BMD.59

In summary, biochemical markers of
bone turnover are useful complements
to BMD in regards to monitoring
discrete changes in bone turnover.60

Screening those at future risk of fracture
solely with bone markers is difficult,
because these depend on age, pubertal
stage, growth velocity, hormonal
regulation, nutritional status, day-to-
day variation, circadian variation,
method of expression of results of
urinary markers, specificity for bone
tissue, sensitivity, and specificity, of
assays.61–64

free crosslinks, which can be measured
in urine.52–57

The assays used today can detect to-
tal and free PYD and DPD and
crosslinks containing peptides, i.e. N-
telopeptide to helix in urine (NTX), C-
telopeptide-1 to helix in serum (ICTP),
and C-telopeptide in urine and serum
(CTX).

Recent reviews indicate that
measurements of individual markers of
bone turnover cannot accurately predict
bone loss rates in the spine and hip over
a 3-year period in an individual with
sufficient accuracy to allow them to be
used in clinical practice. However, a
combination of demographic and
biochemical variables predict 30–40%
of the variance in bone loss rates in spine
and hip in postmenopausal women.58



18   Bone mass and physical activity

Physical activity and BMD

Bone response to load

Bone changes structure and mass in re-
sponse to dynamic loads. Bending loads
cause deformations in the bone matrix
that generate fluid pressure differences,
through the extra-cellular spaces in the
canaliculi and lacunae, from the
compression to the tension side. The
resulting fluid shear stress has been
suggested as one way by which the bone
cell network senses mechanical loading.
The fluid flow that is generated causes
shearing stresses on the cell membranes
in both the osteoblastic and osteocytic
cell lines, disrupts junctional
communication, rearranges junctional
proteins, and determines de novo syn-
thesis of specific connexins to an extent
that depends on the magnitude of the
shear stress. The disconnection as a
result of the fluid shear stress on the
bone cell network may be part of the
signal whereby the disconnected cells or
the remaining network initiates focal
bone remodeling.65 Rat studies have
suggested that there is both an
immediate and a delayed response in
bone formation produced by
mechanical stimulation.66, 67 The
immediate response is mediated
through an activation of bone lining
cells into osteoblasts,67 while the delayed
response is the result of preosteoblast
proliferation and differentiation into
osteoblasts.66

Immobilization and inactivity

The importance of weight-bearing
loading in upholding bone density has
become apparent from studies of what
happens to the skeleton when it is
unloaded. A model that has been used
to study disuse osteoporosis is
microgravity-induced bone loss. A recent
review estimates a 1–2% loss each month
of bone mineral density at different ske-
letal sites when the skeleton is exposed
to microgravity during space flights.68

Several studies, albeit with small cohorts,
have found a loss of BMD at
predominantly weight-bearing sites, such
as the calcaneus and tibia, but no loss of
BMD in non-weight-bearing sites, such
as the radius. 69 Another model for
studying disuse osteoporosis is that of bed
rest. LeBlanc et al. studied six patients
who were confined to bed for 17 weeks.70

The patients lost BMD in the leg at an
estimated rate of 0.4% per month while
no decreases was seen in the radius. An-
other study found BMD decreases of
0.95% per month in the greater
trochanter, but no decreases in the radius
after 12 weeks of bed rest.71

Physical activity and infants

Even in infancy physical activity seems
to have a positive effect on bone
accretion.72–74 Intervention studies have
been performed on premature infants
who are at risk of osteopenia due to early
birth and subsequent hospitalization in
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neonatal intensive care units without
sensory or physical stimulation. Moyer-
Mileur et al. designed a passive motion
exercise program with gentle
compression of the upper and lower
extremities that was performed daily.
The results indicated greater gains in
BMC, bone area (BA), and body weight
in the active than in the control group.74

Physical activity and children

It is of major importance to study the
impact of physical activity on the
growing skeleton. Weight-bearing
physical activity may reduce fracture risk
by increasing the amount of bone accrual
during growth. The effect of weight-
bearing physical activity on the skeleton
is especially difficult to study in the
growing skeleton, since dual-energy X-
ray absorptiometry measures BMC
adjusted for bone area and not bone
volume. Thus, a higher BMD could be
due to increased size rather than an
increase in true bone density. In addi-
tion, skeletal maturation differs between
skeletal regions in adolescence.75, 76

Randomized controlled intervention
studies have shown that weight-bearing
physical activity may increase both bone
size and BMD at weight-bearing sites
in 6–12 year old boys and girls77–82 (Ta-
ble 3, page 21). Thus physical activity
in children may increase the rate of both
bone modeling and bone density.

The transition period between
childhood and adolescence represents a
time when biological factors associated
with bone growth and development

differ noticeably depending on a child’s
level of maturity. This is further
complicated by rapid biological changes
observed during growth, even over
relatively short time frames. However,
this has also been suggested as an opp-
ortune time to intervene with physical
activity, i.e. in Tanner stages 2–4 when
the Insulin-like growth factor 1 (IGF-
1) levels peak. This suggestion arises
from the belief that IGF-1 could be a
mediator or promoter of the effect of
physical activity.83, 84

Physical activity and adolescents

The literature to date is very limited
concerning physical activity and its
effects in adolescence. There are several
limitations of the studies, such as small
sample sizes and lack of estimations of
putative interactions with gender and
puberty.

Retrospective and observational longi-
tudinal studies suggest that physical
activity positively influences bone accrual
in both boys and girls 85–88 (Table 4, page
22). Controlled intervention studies,
however, have failed to show that physical
activity has any consistent effect on
BMD accrual in adolescent girls 89–91

(Table 4). This could be because one of
the studies used resistance training as the
intervention, and all studies used inter-
vention times of under one year. No such
studies have been performed in boys.
Thus, physical activity may positively
affect BMD, but perhaps not bone area,
in both boys and girls during
adolescence. The effect of physical
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activity on bone accrual might thus be
on bone remodeling rather than
modeling in this age group. Further re-
search is needed to investigate the effects
of physical activity on bone accrual
during various maturational stages,
especially in boys.

Physical activity and
premenopausal women

Intervention studies of premenopausal
women have shown that the positive
osteogenic effect of high-impact
physical activity seems to be site specific
92–95 (Table 5, page 23). Studies that
have used resistance or weight training
as an intervention have produced
inconsistent findings 96–98 (Table 5).
Possibly, some of the training programs
have not imposed enough deformation
on the skeleton to increase BMD. The
cohorts of these intervention studies
have been rather small and dropout rates
have been as high as 30%.

Physical activity and
postmenopausal women

In postmenopausal women, physical
activity seems to have a weak positive
effect on BMD at sites that are exposed
to mechanical strains (Table 6, page 24).
The studies performed were mostly
limited in duration, had a low number
of participants, and investigated diffe-
rent forms of physical activity.
Furthermore, ethnicity, HRT
treatment, calcium substitution, and
smoking were not always accounted for.

Physical activity and men

Data from retrospective studies imply
that weight-bearing physical activity
seems to be associated with higher
BMD at weight-bearing sites 106–108

(Table 7, page 25).
One randomized controlled study

has been performed in men using
weight lifting as the intervention 109

(Table 7). The study included 17
subjects and the study period was four
months. The study failed to find any
effect of physical activity on BMD.

Physical activity and fractures

Although most studies suggest that a his-
tory of high levels of physical activity is
associated with lower incidence of hip
fracture, there are no prospective studies
evaluating whether lifelong exercise
protects against fragility fractures in old
age.110 Observational studies, however,
indicate that physical activity is associated
with a reduction in fractures (Table 8,
page 26).12, 111–113 Several studies have
also reported a dose-response relationship
when comparing the most active with
the least active individuals, which
supports the theory that activity reduces
hip fracture risk.113–115  Thus, current
physical activity seems to exert a
protective effect against hip fractures in
both men and women. However, it could
also be that the studies reflect the overall
health of the participants, i.e. participants
with worse health tend to exercise less,
are more prone to falling, and are
therefore more susceptible to fractures.110
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Reference Participants Study period Exercise Measurments Results

Mckay77 144 children 8 months High impact BMD, BMC, BA Tr BMD
et al. 6-10 years 3 times a week of TB, LS, PF Increased significantly

more in Ig than in Cg

Fuchs78 51 boys, 38 girls 7 months High impact BMD, BMC, BA FN, LS BMC, LS BMD
et al. 5.9-9.8 years 3 times a week of LS, FN and FN BA

increased significantly

Morris79 71 girls 10 months High impact BMC, BMD, BA All BMD, BMC sites
et al. 9-10 years 3 times a week of PF, FN, LS, TB and FN BA increased

significantly more
in Ig than in Cg

MacKelvie80 64 boys 20 months High impact BMC, BA FN BMC
et al. 8.8-12.1 years 3 times a week of TB, PF, LS increased significantly

more in Ig than in Cg

MacKelvie81 75 girls 20 months High impact BMC FN, LS BMC
et al. 8.8-11.7 years 3 times a week of TB, PF, LS increased significantly

more in Ig than in Cg

Bradney82 40 boys 8 months Weight bearing BMD, BMC TB, LS, legs BMD
et al. 8.4-11.8 years 3 times a week of TB, LS increased significantly

more in Ig than in Cg

Table 3.  Effects on bone modeling found in randomized controlled physical activity intervention studies
in children

Abbreviations

RCT Randomized controlled study BMAD Bone mineral apparent density FN Femoral neck
CT Controlled study BA Bone area LS Lumbar spine
Ig Intervention group TB Total body C Calcaneus
Cg Control group PF Proximal femur NS Non significant
BMD Bone mineral density Tr Trochanter
BMC Bone mineral content R Radius
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Reference Participants Study period Exercise Measurements Results

Retrospective studies
Welten85 84 boys, 98 girls Interview BMD LS
et al. 27 years evaluating of LS association significant

exercise levels

Observational longitudinal studies
Bailey86 60 boys, 53 girls 6 years Divided into inactive BMC TB, FN, BMC
et al. 8-14 years average active of TB, LS, PF increased significantly

and active more in active vs. inactive

Lehtonen- 155 girls 1 year Gymnasts, runners, BMD, BA FN, Tr BMD
Veromaa87 9-15 years Cg of PF, LS increased significantly
et al. more in gymnasts than

in Cg and runners

Slemenda88 90 twins 3 years Correlation BMD R, PF, LS BMD
et al. 6-14 years analysis of R, PF, LS significantly correlated

to physical activity

Intervention studies
Blimkie89 36 girls 26 weeks Resistance training BMD, BMC NS
et al. 14-18 years 3 times a week of TB, LS

Witzke90 53 girls 9 months High impact BMC NS
et al. age 13-15 years 3 times a week of TB, LS, PF

Snow- 52 women 8 month Weight lifting or BMD, BMC LS BMD
Harter91 19.9+0.7 years running 3 times a of LS, FN increased significantly
et al. week + controls more in Ig vs. in Cg

Table 4. Effects on physical activity found in intervention studies of adolescents.

Abbreviations

RCT Randomized controlled study BMAD Bone mineral apparent density FN Femoral neck
CT Controlled study BA Bone area LS Lumbar spine
Ig Intervention group TB Total body C Calcaneus
Cg Control group PF Proximal femur NS Non significant
BMD Bone mineral density Tr Trochanter
BMC Bone mineral content R Radius



Anna Nordström   23

Abbreviations

RCT Randomized controlled study BMAD Bone mineral apparent density FN Femoral neck
CT Controlled study BA Bone area LS Lumbar spine
Ig Intervention group TB Total body C Calcaneus
Cg Control group PF Proximal femur NS Non significant
BMD Bone mineral density Tr Trochanter
BMC Bone mineral content R Radius

Reference Design Participants Study period Exercise Measurements Results
Heinonen92 RCT 98 women 18 months High impact BMD FN, LS BMD
et al. 35-45 years 3 times a week of R, FN, LS increased significantly

in Ig vs. Cg

Heinonen93 Follow 49 women 8 months High impact BMD FN BMD
et al. up 35-45 years 3 times a week of R, LS, PF increased significantly

study continued training in Ig vs. Cg

Lohman96 RCT 56 women 18 months Resistance BMD Tr, LS BMD
et al. 28-39 years Calcium supplement of TB, LS, PF increased significantly

in Ig vs. Cg

Gleeson97 CT 68 women 12 months Weight lifting BMD NS
et al. Calcium supplement of LS

Bassey94 RCT 55 women 5 months High impact BMD Tr BMD
et al. mean age 3 times a week of PF, LS increased significantly

37.5 years in Ig vs. Cg

Sinaki98 RCT 96 women 3 years Weight lifting BMD NS
et al. 30-40 years Calcium supplement of LS, PF, R

Winters95 CT 65 women 12 months High impact BMD Tr BMD
et al. 30-45 years of TB, Tr, FN, LS increased significantly

in Ig vs. Cg

Table 5.   Effects of physical activity found in intervention studies of premenopausal women.



24   Bone mass and physical activity

Reference Participants Study period Exercise Measurements Results

Kerr99 56 women 1 year Endurance resistance BMD PF, R BMD
et al. 40-70 years or high load of R, PF increased significantly in

resistance, one side high load vs. Cg and R BMD
used as Cg in endurance resistance

Sinaki98 65 women 2 years Resistance BMD NS
et al. 49-65 years of LS

Sandler100 255 women 3 years Walking BMD NS
et al. 49-65 years of R measured

with CT

Prince101 168 women 2 years Weight lifting and/or BMD PF BMD
et al. 50-70 years calcium supplement of LS, PF exercise + calcium increased

significantly vs. calcium

Nelson102 40 women 1 year Weight lifting BMD, BMC FN, LS BMD increased
et al. 50-70 years 2 times a week of TB, FN, LS significantly in Ig vs. Cg

Grove103 15 women 1 year High impact, low BMD LS BMD in Cg
et al. 49-64 years impact, Cg of LS decreased significantly vs.

maintenance in Ig

Brooke- 84 women 1 year Walking or Cg BMD BMD C increased
Wavell104 60-70 years of LS, FN, C significantly in Ig vs. Cg
et al.

Bassey105 44 women 1 year Weight bearing BMD NS
et al. 50-60 years or Cg of PF, LS, R

Table 6.  Effects of randomized controlled physical activity found in intervention studies of
postmenopausal women.

Abbreviations

RCT Randomized controlled study BMAD Bone mineral apparent density FN Femoral neck
CT Controlled study BA Bone area LS Lumbar spine
Ig Intervention group TB Total body C Calcaneus
Cg Control group PF Proximal femur NS Non significant
BMD Bone mineral density Tr Trochanter
BMC Bone mineral content R Radius
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Reference Participants Study period Exercise Measurements Results

Retrospective studies
Nguyen106 690 men Interview BMD FN BMD
et al. age 60 years evaluating of LS, FN association significant

and above exercise levels but not after adj.
for age and BMI

Delvaux107 126 men Questionnaire BMD, BMC TB, LS BMD and BMC
et al. age 40 evaluating of TB, LS association significant

exercise levels

Neville108 250 men Questionnaire BMD, BMC LS, FN BMD and BMC
et al. 20-25 years evaluating of LS, FN association significant

exercise levels

Intervention studies (RCT)
Fujimura109 17 males 4 months Weight training BMD NS
et al. 23-31 years 3 times a week of TB, LS, FN, R

Table 7. Effects of physical activity found in intervention studies of men.

Abbreviations

RCT Randomized controlled study BMAD Bone mineral apparent density FN Femoral neck
CT Controlled study BA Bone area LS Lumbar spine
Ig Intervention group TB Total body C Calcaneus
Cg Control group PF Proximal femur NS Non significant
BMD Bone mineral density Tr Trochanter
BMC Bone mineral content R Radius
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Reference Participants Study period Exercise Results

Cummings12 9516 women 4.1 years Questionnaire + Significant fracture
et al. 65 years or older interview to assess reduction associated

exercise levels with physical activity

Gregg110 9704 women 7.6 years Questionnaire Significant fracture
et al. 65 years or older to assess reduction associated

exercise levels with physical activity

Farmer111 3595 women 10 years Questionnaire Significant fracture
et al. 40-77 years to assess reduction associated

exercise levels with physical activity

Kujala112 3262 men 21 years Questionnaire Significant fracture
et al. 44 years or older to assess reduction associated

exercise levels with physical activity

Paganini-Hill113 5049 men 7 years Questionnaire Significant fracture
et al. age 73 years to assess reduction associated

exercise levels with physical activity

Table 8.  Observational studies of physical activity and fracture incidence.

Abbreviations

RCT Randomized controlled study BMAD Bone mineral apparent density FN Femoral neck
CT Controlled study BA Bone area LS Lumbar spine
Ig Intervention group TB Total body C Calcaneus
Cg Control group PF Proximal femur NS Non significant
BMD Bone mineral density Tr Trochanter
BMC Bone mineral content R Radius
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Aims and hypotheses of the thesis

The overall aim of this thesis was to study
the effect of weight-bearing physical
activity on bone mass; the following were
the specific aims and issues:
1. To assess, longitudinally, the effect of

physical activity on bone mass
accumulation in post-pubertal young
males.
Our hypothesis was that physical
activity also affects the accumulation
of bone mass after puberty in males.

2. To investigate what factors
independently affect the bone mine-
ral density at 17, 19, and 23 years of
age.
Our hypothesis was that weight,
amount of physical activity, and
changes in physical activity are
predictors of peak bone mass in ma-
les.

3. To evaluate whether differences exist
between training for ice hockey and
for badminton in terms of the ability
to accrete bone density.
Our hypothesis was that physical
activity gives rise to an osteogenic re-
sponse locally in the bone, and that
this response to the mechanical
loading is dose dependent, i.e. the
greater the stimuli, the greater the
osteogenic response. Playing bad-
minton would per se give rise to
higher mechanical loading and hence
higher bone mineral density.

4. To investigate whether there are
differences in how weight-bearing

and non-weight-bearing bone reacts
to physical activity.
Our hypothesis was that there is no
difference in how weight-bearing and
non-weight-bearing bone reacts to
physical activity. Both types of bone
should respond to increased physical
activity with increases in bone mi-
neral density.

5. To investigate whether there are
differences in how weight-bearing and
non-weight-bearing bone reacts to dec-
reased levels of physical activity.
Our hypothesis was that there is no
difference in how weight-bearing and
non-weight-bearing bone reacts to dec-
reased levels of physical activity. Bone
is subject to constant remodeling to
meet the demands placed on it, and
will therefore react to decreased
physical activity with decreased levels
of bone mineral density.

6. To investigate whether training
during adolescence is associated with
fewer fractures in old age in a cohort
of former soccer and ice hockey play-
ers 60 years or more of age.
Our hypothesis was that there are no
difference in fracture incidence
between former soccer or ice hockey
players and controls. The higher
bone mineral density acquired
through training in the group of
athletes would have vanished, leaving
no residual advantage compared to
the controls.
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Material & Methods
Fig2. Flow chart of participants

Baseline

108 males accepted invitation to participate
from Umeå: 65 ice hockey players, 13 badminton

players, 30 controls

First follow-up

102 males attended:
59 ice hockey players, 13 badminton

players, 30 controls

Second follow-up

81 males attended:
55 ice hockey players, 26 controls

Participants from Malmö

1266 males attended:
42 soccer players, 24 controls

400 former athletes, 800 matched aged>60 years

Paper I
20 ice hockey players
12 badminton players

24 controls

Paper II, III
55 ice hockey players

26 controls

Paper IV
97 athletes, 50 controls

and 400 former athletes,
800 matched controls

aged >60 years

➞

➞

➞

➞
➞

➞

Subjects

One hundred and eight healthy
adolescent Caucasian males participated
in this longitudinal study following
recruitment through advertisements
and through information distributed at
two high schools and at local badmin-
ton and ice hockey clubs in Umeå, in
northern Sweden (Fig. 2.). After a mean

period of about two years and eight
months, 102 subjects agreed to
participate in a first follow-up exami-
nation. One of the badminton players
was vegan, while one of the subjects in
the control group was diagnosed with
anorexia nervosa and depression and
were therefore excluded.

The first study (paper I) included 20
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still active ice hockey players, 12 bad-
minton players, and 24 controls, all
matched for age and follow-up time.

A second follow-up was conducted
after a mean period of about five years
(Fig. 1., papers II–IV), Twelve ice
hockey players had stopped training
before the first follow-up and were
therefore excluded from the second and
third studies (papers II and III), leaving
43 ice hockey players and 25 controls
for these studies.

The fourth paper included the 65 ice
hockey players and 30 controls who
originally agreed to participate, together
with 73 soccer players and 31 controls
from the city of Malmö, in the south of
Sweden. The athletes’ mean age was
21.0 ± 4.5 years. After five years, 147
of the original participants could still
be located-55 ice hockey players, 42
soccer players, and 50 controls (74%
respondence rate)-and they attended a
follow-up. Fifty-five athletes had by
then retired from active exercise, at a
mean age of 22.5 ± 5.8. One man
among the controls who had developed
anorexia nervosa and depression during
the follow-up was excluded, leaving 49
controls to be included.

A second cohort in paper IV included
400 former soccer and ice hockey play-
ers, all playing at national or interna-
tional competition levels during their
active exercise careers, current mean age
71.0 ± 6.0 years. Fracture incidence was
determined in this subgroup and in the
800 age- and sex-matched controls
using a questionnaire. This

questionnaire also covered years since
retirement, present and past exercise
levels, sporting activities, occupation,
alcohol and tobacco use, previous and
current diseases, injuries during and
after their careers, and medications
used.

Body weight was measured with an
electric scale and body height with a
height meter in the young male cohorts.
Using a standardized questionnaire at
both baseline and follow-ups, smoking
habits, known illnesses, medications,
and calcium intake were recorded,
together with the type and amount of
reported physical activity per week.
None of the young males had diseases
or used medications known to affect
bone metabolism. The questionnaire
also contained questions about starting
age and years of active playing for the
athletes.

Subjects in the control group did not
participate in any organized physical
training activity besides the mandatory
physical activity at school, which
included playing soccer and floorball,
distance running, and some weight
training.

Bone Mineral Density

Bone mineral density (BMD, g/cm2) of
the total body was measured using a Lu-
nar DPX-L® (Lunar Co., WI, USA)
dual-energy X-ray absorptiometer,
software version 4.6e, and of the right
proximal femoral using the same
equipment and the femoral software.
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From the total body scan, the BMD of
the arms, and spine and the BMD and
bone area (cm2) of the dominant and
non-dominant humerus and femur
were analyzed by the same investigator
using the region of interest option. The
volumetric bone mineral density
(vBMD) – expressed in mg/cm3 and
calculated as (BMC/volume) x 1000 –
of the femoral neck was estimated from
the bone mineral content and estimated
volume. The equipment was calibrated
each day using a standardized phantom
to detect drifts in bone density
measurements. In our laboratory, the
coefficient of variation (CV) value (SD/
mean) is 0.7% for a total body scan and
about 1% using the femur software. To
evaluate the precision of the region of
interest program, one person was
scanned eight times with repositioning
between each scan. Accordingly, the CV
values were 1.1% for spine BMD, 1.0%
for BMD of the arms, 1.6% for hume-
rus BMD, and 1.5% for femur BMD.

Statistical analysis

Differences between two groups were
evaluated using Student’s t-test, or
Mann-Whitney’s test for independent
samples, while putative differences
between several groups were studied
using analyses of variance (ANOVA),
with Bonferroni’s post hoc tests.
Spearman’s rho correlation coefficients

was used for bivariate correlations. In-
dependent predictors of changes in
bone density were tested by means of
multiple linear regression analyses. In
paper IV, Z-scores (the number of SDs
above or below the age-predicted mean)
were derived by linear regression using
data pertaining to the controls in paper
IV.

SPSS package version 9.0 for PC was
used for the statistical analyses. A p-
value less than 0.05 was considered
significant.

Pubertal staging

The subjects were classified by puber-
tal stage, according to Tanner’s defini-
tion.75 All participants were judged to
have passed the pubertal growth spurt
period by the beginning of the study,
and were at least at Tanner stage 4, based
on their self-estimated development of
axillary and pubertal hair growth, and
growth of beard.116

Ethics

Informed consent was given by all
participants and the study protocol was
approved by the Ethics Committee of
the Medical Faculty, Umeå University,
Umeå, Sweden (papers I–IV) and the
Ethics Committee of the Medical
Faculty, Lund University, Malmö,
Sweden.
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Summary of results

Paper I: A three-year longitudinal study of

the effect of physical activity on the

accrual of bone mineral density in healthy

adolescent males

A total of 56 young males (aged 16.1 ±
0.5 years; mean ± SD) consisting of
subgroups of 12 badminton players, 20
hockey players, and 24 age-matched
controls was included in this longitu-
dinal study.

At baseline, the badminton players
were found to have significantly higher
dominant humerus (p = 0.02) and fem-
oral neck (p = 0.02) BMD values than
those of the controls; these findings
remained applicable at the three-year
follow up. The ice hockey players
exhibited a higher non-dominant
humerus BMD than did the badmin-
ton players or the controls both at
baseline (p = 0.003) and at the three-
year follow up; they also had
significantly higher BMD values for the
total body (p = 0.01), spine (p = 0.04),
dominant humerus (p = 0.002), and
femoral neck (p = 0.004) than did the
controls. Furthermore, being an athlete
was found to be independently
associated with a greater increase in fem-
oral neck BMD (ß = 0.30; p < 0.05)
and non-dominant humerus BMD (ß
= 0.24; p < 0.05) during the study pe-
riod, after adjusting for changes in
weight, height, and hours of physical
activity.

Paper II: Rapid loss of bone mineral dens-

ity of the femoral neck following cessation

of ice hockey training: a 6-year longitudi-

nal study in males

In this longitudinal study, 43 ice
hockey players (16.7 ± 0.6 years; mean
± SD) and 25 control subjects (16.8 ±
0.3 years; mean ± SD) were studied at
baseline and after mean periods of 30
and 70 months. The ice hockey play-
ers were found to have gained
significantly more femoral neck BMD
than did the controls (0.07 vs. 0.03 g/
cm2, p = 0.04), and to have gained fem-
oral neck vBMD while the controls did
not (16 vs. 0 mg/cm3, p = 0.049)
between baseline and the first follow-
up. At the first follow-up, the ice
hockey players were found to have
significantly higher BMD of the fem-
oral neck and total body than did the
controls (p < 0.05). Between the first
and second follow-ups, 21 of the ice
hockey players stopped their active
sports careers. During this period,
these subjects lost significantly more
femoral neck BMD (0.10 vs. 0.02 g/
cm2, p < 0.001) and femoral neck
vBMD (38 vs. 4 mg/cm3, p < 0.001)
than did the 22 ice hockey players who
continued training. The former ice
hockey players also lost significantly
more neck vBMD (38 vs. 14 mg/cm3,
p = 0.009) than did the controls during
the same period. At the second follow-
up, only the 22 ice hockey players who
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age, the former ice hockey players still
had significantly higher BMD at the
non-dominant humerus than did the
controls (p < 0.01). No differences were
seen in the bone area of the humerus
or femur throughout the study, when
comparing the different groups.

Paper IV: Bone loss and fracture risk

following reduced physical activity

This longitudinal study included 97
male athletes aged 21.0 ± 4.5 years
(mean ± SD) and 49 controls aged 22.4
± 6.3 years (mean ± SD), who were
examined at baseline and again five
years later when 55 of the athletes had
retired from sports. In a second cohort,
fracture incidence was recorded in 400
former athletes and 800 controls aged
60 years and older. At baseline, athletes
had higher BMD values than did the
controls for total body (mean
difference 0.9 standard deviations),
spine (mean difference 0.9 standard
deviations), femoral neck (mean
difference 0.8 standard deviations),
and arms (mean difference 0.6 stan-
dard deviations) (p < 0.001 in all
instances). During the follow-up pe-
riod, the athletes who had retired lost
more BMD than did the controls in
the spine (mean difference 0.4 standard
deviations, p = 0.01), and more than
did the still active athletes in the fem-
oral neck (mean difference 0.4 stan-
dard deviations, p = 0.005).
Nevertheless, the retired athletes still
had higher values (mean difference
0.5–0.9 standard deviations) than did

had continued training were found to
have significantly higher BMD of the
femoral neck (p = 0.01), total body (p
= 0.04), and spine (p = 0.02) than did
the controls. The former athletes were
found to have intermediate BMD
values at all sites.

Paper III: Bone gained from physical

activity and lost through detraining: a

longitudinal study in young males

A total of 43 ice hockey players (16.7
± 0.6 years; mean ± SD) and 25 control
subjects (16.8 ± 0.3 years; mean ± SD)
were studied at baseline and again after
30 and 70 months. The athletes gained
significantly more BMD in the fem-
oral neck (0.07 vs. 0.03 g/cm2) and
arms (0.09 vs. 0.06 g/cm2) than did
the controls (p = 0.04 for both)
between baseline and the first follow-
up. At the first follow-up, the ice
hockey players were found to have
significantly higher BMD values at all
sites (mean difference: 0.04–0.12 g/
cm2; p < 0.05). Between the first and
the second follow-ups, 21 of the ice
hockey players stopped their active
sports careers. These men lost
significantly more BMD of the fem-
oral neck (-0.02 vs. -0.10 g/cm2, p <
0.001), total hip (-0.05 vs -0.09 g/cm2,
p=0.04) dominant humerus (0.02 vs.
-0.03 g/cm2, p = 0.009), and non-do-
minant humerus (0.03 vs. -0.01 g/cm2,
p = 0.03), than did the 22 ice hockey
players who continued training
throughout the study. At the second
follow-up examination, at 22 years of
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the controls for total body, femoral
neck, and arm BMD (p < 0.05). In the
older cohort, fewer former athletes
than controls above age 60 experienced

fragility fractures (2.0 percent vs. 4.2
percent; p < 0.05) or distal radius
fractures (0.75 percent vs. 2.5 percent;
p < 0.05).
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General discussion

A main finding in this thesis is that
participation in the sports studied-bad-
minton, ice hockey, and soccer-is an
important determinant of bone dens-
ity in post-pubertal males. Notably, the
positive influence of physical activity
is site specific (papers I–IV).

Badminton seems to be a highly
osteogenic sport that gives rise to site-
specific bone response in areas subjected
to mechanical loading. Baseline values
obtained at sixteen years of age showed
that badminton players had
significantly higher BMD than did the
controls at the clinically important fem-
oral neck and at the dominant hume-
rus (paper I). This is probably due to
the nature of the sport with its brief,
high-impact compressive forces from
jumps and high tensile forces from fast,
wide-ranging movements. The domi-
nant playing arm is subject to high-
impact forces from handling the
racquet. There was also a non-
significant difference of about 0.05 g/
cm2 for total body and spine BMD
values between badminton players and
controls. These sites are not equally
exposed to the same magnitude of high-
impact forces as are the femoral neck
and dominant humerus.

The ice hockey players had
significantly higher BMD than did the
controls, both at the non-dominant
humerus and total hip at baseline
(papers II, III). The hip values were

somewhat lower in ice hockey players
than in badminton players, especially
when taking the higher body weight of
the ice hockey players into account
(paper I). Ice hockey does not involve
jumps in versatile directions as does bad-
minton.116–120 Thus, although we did
not measure ground reaction forces in
the present studies, we suspect that bad-
minton produces higher strains in the
femoral neck during maximal vertical
jumping than does power skating
during starting and stopping. In ice
hockey players the non-dominant arm
is also exposed to high-impact forces
due to shooting and body contacts such
as checking.116–120 Even though only the
non-dominant humerus and total hip
BMD levels differed significantly from
those of the controls at baseline in paper
III, there were also differences ranging
from 5 to 8% in the total body, spine,
dominant humerus, and femoral neck
BMD values versus those found in the
controls.

In paper IV, the ice hockey and soccer
players were found to have significantly
higher bone density than did controls
at all measured sites at baseline. These
athletes were five years older when
entering the study than those studied
in papers I-III. The additional five years
of training probably accounts for the
more pronounced differences between
the athletes and control group at
baseline when compared to the results
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in paper I–III. In addition, the athletes
in paper IV were a mixed cohort con-
sisting of both ice hockey and soccer
players, and soccer training might well
be more osteogenic than ice hockey
training because of its brief, high-impact
compressive forces from jumps and high
tensile forces from fast, wide-ranging
movements. A region-specific bone re-
sponse to weight-bearing physical
activity in areas subject to mechanical
loading is also suggested by the intra-
individual differences between the
humeri in badminton players (13.2%,
compared to 6.5% in the sedentary
controls).

Badminton, ice hockey, and soccer
seem to have a positive influence on
accumulation of bone mass at both
weight-bearing and non-weight-bearing
sites after puberty in males (papers I–
IV). To our knowledge, no previous
study has demonstrated continuous
gains in bone density from a constant
amount of physical activity after
puberty in males. In paper I, we
followed the athletes for three years and
found that they increased their femoral
neck BMD and vBMD significantly
more than did the controls.

Moreover, to be an athlete was
independently associated with a greater
increase in femoral neck BMD and non-
dominant humerus BMD during the
study period (paper I). In papers II and
III, the ice hockey players and controls
were followed for six years. We found
that the most pronounced increase in
BMD in the ice hockey group occurred

between baseline and first follow-up, i.e.
between 16 and 19 years of age. Over
the whole study period, those athletes
who continued to train throughout the
study were found to have gained
significantly more BMD than had the
controls at the femoral neck, total hip,
and arms.

Our data imply that weight-bearing
physical activity is important in
maintaining and even increasing BMD
after puberty. This is confirmed in paper
IV where ice hockey and soccer players
were followed for approximately five
years. In the subgroup of athletes who
continued to train throughout the
study, there were significant increases of
about 5% in arm BMD, and the gains
in bone density at other measured sites
were maintained. Importantly, these
athletes, who have trained regularly for
many years, did not change their
lifestyles during the study period. Thus,
it seems that while hard training during
childhood and adolescence maximizes
potential bone mass accretion, further
accretion is still possible with adequate
amounts of osteogenic stimuli.

A high peak bone mass derived from
previous physical activity may decrease
the risk of future fractures. After six
years of training, the active athletes
studied in papers II and III had
significantly higher BMD values for the
dominant (6.9%) and non-dominant
humerus (11.3%), arms (7.7%), total
hip (6.5%), and femoral neck (12.1%)
than did the controls. In paper IV, the
active athletes who were studied for five
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years had significantly higher BMD at
all sites than did the controls. Thus, if
these exercise-induced benefits are retai-
ned into old age, it would halve the
fracture risk.121–122 The bone previously
accumulated from physical activity
would then need to be sustained by
activity-albeit at a reduced level-later in
life.

The fact that half of the ice hockey
players had ended their active careers
between 19 and 22 years of age enabled
us to study the effect of detraining on
weight-bearing bone in this cohort in
papers II and III. Interestingly, former
athletes lost significantly more BMD at
the clinically important total hip and
femoral neck than did the still active ice
hockey players. In addition, they lost
significantly more estimated volumetric
bone density (mg/cm3) at the same sites
than did both the still active ice hockey
players and the controls. At the second
follow-up at 22 years of age, BMD did
not differ at any weight-bearing sites
between former athletes and controls.
Thus, the gains in weight-bearing bone
due to physical activity were diminished
after only three years of detraining; only
the still active ice hockey players had
maintained their high bone density.

In our cohort containing both ice
hockey and soccer players who were
measured at 21 and again at 26 years of
age, we found that the former athletes
lost significant amounts of BMD only
in the spine compared to the controls,
and also in the femoral neck compared
to the still active athletes (IV). However,

in contrast to the findings of study II,
former athletes still had higher total
body and femoral neck BMD values.
These different results could relate to
the fact that soccer players in general
have a higher peak bone density,123 and
a longer duration of training. Alternativ-
ely, bone may not be as sensitive to
reduced physical activity when peak
BMD is reached after 25 years of age.
Further longitudinal studies are needed
in which young ice hockey players, for
example, are followed after peak BMD
is reached.

In summary, we have found that
BMD loss with reduced physical activity
predominantly occurs at the proximal
femur. Thus, high-impact physical
activity during childhood and
adolescence may not prevent the
development of osteoporosis of the hip
later in life if activity is not maintained.

A few previous prospective studies of
older subjects support our findings.95,

124, 125 Dalsky et al. investigated the
effect of weight-bearing exercise training
and subsequent detraining on lumbar
bone mineral content in
postmenopausal women who ingested
1500 g of supplemental calcium
daily.124 In this cohort, weight-bearing
physical activity led to significant
increases in bone mineral content that
were maintained with continued
training in older, postmenopausal
women. With reduced weight-bearing
physical activity, bone mass reverted to
baseline levels. Winters and Snow
investigated the effect of 12 months of
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high-impact jump training followed by
six months of detraining in
premenopausal women, and reported
significant increases in bone density
followed by decreases towards baseline
values during detraining.95 In a five-year
prospective study, Michel et al. reported
a clear decrease in spine BMD in male
ex runners compared to no loss among
the still active runners.125 In summary,
these results support the finding of
substantial bone loss at weight-bearing
sites following reduced activity levels.

A few previous studies have also
investigated the effect of detraining on
non-weight-bearing bone. Khan et al.
studied 101 retired female ballet dancers
who had been retired for a mean of 25.6
years.126 They found that at the non-
weight-bearing sites, the retired dancers
had a lower mean BMD than did the
controls. Bass et al. investigated 45
active female gymnasts and 36 retired
female gymnasts and compared their
BMD values with those of controls.127

Active female athletes were found to
have higher BMD values for the arms
than did controls, and the ex-athletes
who had been retired for eight years still
had 9% higher BMD in the arms than
did the controls. The studies by Khan
et al. and Bass et al. are both
retrospective cross-sectional studies, and
consequently little is known of the
amount of bone gained by exercise
before cessation of the dance or sports
careers.126, 127 In two longitudinal
studies, Kontulainen et al. assessed the
side-to-side differences between the

upper extremities in 64 male and fem-
ale racket players.128, 129 Most of the
differences in bone mass between the
dominant and the non-dominant arm
were maintained after a decrease in
activity, which may suggest that the
increased bone mass from training was
maintained despite reduced activity.

Some prospective studies even imply
that with reduced activity, the BMD of
non-weight-bearing skeletal regions
actually increases, possibly due to a
redistribution of BMD with reduced
activity levels.70 Furthermore, Vico et
al. measured BMD in cosmonauts
before and after experiencing
microgravity during space flights.69

Interestingly, BMD was lost at the
weight-bearing tibia while no changes
were seen at the non weight-bearing
radius. The insight that there may be
different reaction patterns in weight-
bearing and non-weight-bearing bone
made us re-examine our data from the
six-year follow-up (paper III), and
BMD values for the arms and both
humeri were analyzed. The former ice
hockey players were found to have lost
significantly more BMD in both
humeri than did the athletes who
continued to train throughout the
study. However, at the second follow-
up, the former athletes still had
significantly higher BMD in the non-
dominant humerus than did the
controls. Furthermore, when examining
the whole arms, the former athletes
showed no signs of losing BMD
compared to controls (paper III–IV).
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In summary, high bone density from
physical loading might be at least partly
preserved with reduced physical activity
at non-weight-bearing sites.
Nevertheless, longer follow-up times
with reduced physical activity are
needed to determine whether some of
the bone gained through exercise is
maintained after the end of a sports
career.

Irrespective of whether some of the
previous bone gained is sustained with
reduced activity, fracture is the endpoint
of interest. Supporting the hypothesis
that exercise during growth reduces the
clinical problem of fragility fractures, is
our demonstration of fewer fractures
among retired athletes than among
controls (paper IV). Former athletes
were found to have a lower prevalence
of previous fragility fractures and distal
radius fractures than did controls. There
are several limitations to these findings.
Traits independent of BMD, such as
skeletal architecture, bone size, balance,
muscle strength, and neuromuscular
proprioception, may also be affected by
exercise, all of which could influence the
fracture risk.130–133 Interestingly, the

only skeletal site where fracture
prevalence was significantly reduced in
former athletes was at the distal radius.
This, together with the results from the
younger cohort, suggest that the
sustained high BMD in the arms of
young former athletes after reduced
training may result in fewer wrist
fractures in the elderly. Further studies
are needed to clarify whether the effect
of weight-bearing physical activity on
non-weight-bearing arms is maintained
despite reduced physical activity levels.

Physical activity and later decreased
levels of physical activity seem to affect
bone den-sity but not bone size after
puberty in males. Thus, physical activity
after puberty in males may cause bone
remodeling, resulting in alteration of
bone density but not bone size. In con-
trast, longitudinal studies before
puberty have demonstrated alterations
in bone size as well.78, 79 That physical
activity might also affect bone modeling
before, but not after, puberty would be
quite logical given that modeling of the
skeleton occurs predominantly before
and during puberty.
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• Playing badminton, ice hockey, and
soccer  seems to have a positive
influence on the accumulation of
bone mass at both weight-bearing and
non-weight-bearing sites after puberty
in males. The positive influence of
physical activity is site specific.

• Exercise-induced bone mineral dens-
ity benefits are reduced after
retirement from an active sports
career, predominantly in weight-
bearing bones but to some degree also
in non-weight-bearing bones.

Summary and conclusions

• Physical activity followed by decrea-
sed levels of physical activity seems to
affect bone density but not bone size
after puberty in males.

• Retired elderly ice hockey and soccer
players have a lower prevalence of
previous fractures than do the
controls. Thus, a higher bone mass
from weight-bearing physical activity
during childhood and adolescence
might reduce the risk of sustaining
fragility fractures when elderly.
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