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Abstract
Osteoporosis is a disease characterized by low bone mineral density, deteriorated bone microstructure and increased
fracture risk. About 50% of all women and 25% of all men will have an osteoporotic fracture. Given that there is no
effective cure in established osteoporosis, prevention is of high importance. Bone mineral density (BMD) is
accumulated during childhood and adolescence with a peak at about 20 years of age. Peak BMD has been suggested
to explain at least half of the variation in BMD up to old age. Thus, to increase peak BMD could decrease the risk of
later fractures. The purpose of the present thesis was to investigate the influence of physical activity, vitamins A and
D, and fatty acids on peak bone mass in men.
The influence of physical activity on bone accrual was studied in two cohorts. In the first cohort 46 ice hockey
players, 18 badminton players and 27 controls, all 17 years of age at baseline, were followed for four years. During
the follow up the badminton players gained more bone mass at the hip compared to both the ice hockey players and
controls. In the second cohort the associations between physical activity and BMD were investigated in 62 female
and 62 male young medical students. The estimated high impact activity per week was associated with bone mass at
all sites in the male medical students (r=0.27-0.53, p<0.05). In the female cohort different estimates of physical
activity were not related to bone mass at any site. In both males and females correlations between bone mass and
body constitution parameters were observed.
Levels of vitamin D3, vitamin D2, retinol, retinol-binding-protein-4 (RBP-4) and fatty acids were measured in 78
young men with a mean age of 22.6 years. BMD at various sites were measured using Dual-Energy X-ray
absorptiometry. Levels of vitamin D3 showed a significant positive association with all BMD sites and also lean body
mass (r=0.23-0.35, p<0.05). Levels of vitamin D2, however, showed a significant negative correlation with BMD of
the total body (r=-0.28, p=0.01) and spine (r=-0.27, p=0.02). There was also a significant negative relationship
between levels of vitamin D3 and D2 (r=-0.31, p=0.006). Concentrations of n-3 (omega-3) fatty acids showed a
positive association with BMD at the total body (r=0.27, p=0.02) and spine BMD (r=0.25, p=0.02). There was also a
positive association between levels of n-3 fatty acids and changes in BMD of the spine between 16 and 22 years of
age (r=0.26, p=0.02). The significant associations found seemed to be related mostly to the concentration of the n-3
fatty acid docosahexaenoic acid. Levels of retinol and RBP-4 were not related to BMD but to levels of osteocalcin,
which is a marker of bone formation. This association disappeared when adjusting for the influence of abdominal fat
mass.
In summary, the present thesis suggests that many modifiable factors may influence the accumulation of peak bone
mass in males, such as physical activity, vitamins, and fatty acids. Further studies are needed to investigate whether
optimizing these factors in youth may decrease the risk of osteoporosis later in life.

Key words: physical activity, vitamin A, vitamin D, fatty acids, peak bone mass, males.
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Abbreviations
aBMD

Areal bone mineral density

ALP

Alkaline phosphatase

ANOVA

Analysis of variance

BAP

Bone specific alkaline phosphatase

BMC

Bone mineral content

BMD

Bone mineral density

BMU

Bone multicellular unit

BUA

broadband ultrasound attenuation

CTX

C-telopeptide of crosslinked collagen type 1

CV

Coefficient of variation

DXA

Dual-energy X-ray absorptiometry

DEXA

Dual-energy X-ray absorptiometry

DPYR

Deoxypyridinoline cross-links

FSH

Follicle stimulating hormone

GH

Growth hormone

GnRH

Gonadotropin releasing hormone

HPLC

High-performance liquid chromatography

IGF1

Insulin-like growth factor 1

LH

Luteinizing hormone

MRI

Magnetic resonance imaging

NTX

N-telopeptide of crosslinked collagen type 1

OC

Osteocalcin

pDXA

Periferal dual-energy X-ray absorptiometry
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PICP

Procollagen I carboxyterminal propeptide

PINP

Procollagen I aminoterminal propeptide

pQCT

Periferal quantitative computerized tomography

PUFA

Polyunsaturated fatty acid

PYR

Pyridinoline cross-links

QCT

Quantitative computerized tomography

QUS

Quantitative ultra sound

RBP-4

Retinol binding protein 4

SD

Standard deviation

SOS

Speed of sound

ucOC

Undercarboxylated osteocalcin

vBMD

Volumetric bone density

WHO

World Health Organization
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Osteoporosis


Osteoporosis is a bone condition characterized by reduced bone mineral density
and structural changes that lead to increased fracture susceptibility. In recent years,
osteoporosis has emerged as a major public health concern: the number of
osteoporotic fractures reported in Sweden and in other industrialized countries has
increased dramatically since the second World War 1-4, and projections indicate that
further increases are expected worldwide, especially in Asia (Figure 1) 3, 5.

© Current Medicine

Figure 1. Hip fracture in 1990 and projections for the future5

Osteoporosis and osteoporotic fractures are of particular interest to Swedish
scientists, as Scandinavian countries have some of the world’s highest incidences of
osteoporotic fractures 6, 7. An aging population contributes to the increased
incidence, as the risk of osteoporotic fracture increases with age 8. However, aging
can only partially explain the increasing incidence as the age-specific incidence has
also increased 2, 9-11. In Sweden, the lifetime risk of sustaining an osteoporotic
fracture is as high as 50% for women and 25% for men 4, 12.
Osteoporotic fractures are associated with high mortality and morbidity 1, 13, 14,
increasing healthcare costs, and place a heavy burden on the healthcare system. In
Sweden, the number of osteoporotic fractures is about 70,000 per year 4; the
number of bed days associated with these fractures exceeds 500,000, which is
greater than the number of bed days for breast cancer and prostate cancer
combined, and is even higher than the bed days for myocardial infarction 15. The
13
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direct annual costs associated with osteoporotic fractures in Sweden is staggering,
totaling about 5.6 billion Swedish crowns or 0.6 billion euros according to the latest
calculations 16, 17. If the total societal burden of osteoporosis in Sweden is
calculated, including quality adjusted life years lost, the cost is in excess of 15 billion
Swedish crowns 17.

Osteoporotic fractures
In osteoporosis, the bone mineral density is reduced and bone structure
deteriorates; this leads to reduced bone strength and increased fracture
susceptibility (Figure 2). This can potentially increase fracture risk at any site, but
fractures occur primarily at sites with a high proportion of trabecular bone.

•

Normal bone structure

Osteoporotic bone

Figure 2. Bone structure deteriorates in osteoporosis. Note the absence of a normal internal trabecular framework in
osteoporotic bone, leading to decreased bone strength.

The most common fracture types are wrist fractures, hip fractures, vertebral
compression fractures, and proximal humeral fractures (Table 1).

Common osteoporotic fractures inSweden
Fracture type
Wrist
Hip
Vertebral compression
Proximal humeral

Annual number
25 000
18 000
15 000
10 000

Table 1. The incidence of osteoporotic fractures in Sweden 18.
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The treatment of osteoporotic fractures is challenging. Because the bone quality is
poor, osteosynthesis can be difficult and post-operative care is often complicated
by co-existing morbidities, general frailty, and dementia. The mortality rate is
elevated after osteoporotic fracture, especially for vertebral and hip fractures, and
about 25% percent of hip fracture patients are dead within a year of the fracture
event 14.

Figure 3. Fracture of the left hip, before and after surgery.

© Current Medicine

Diagnosis of osteoporosis
Osteoporosis is an insidious disease. Severe osteoporosis can develop in an
individual without any symptoms. In fact, a sudden fracture after minimal trauma is
often the first manifestation of the disease. The treacherous nature of the disease
makes it difficult to diagnose, and it can be difficult to motivate patients to take
preventive measures, including medication, even after they sustain a fracture. The
condition is most prevalent in the old and frail, a group of patients with little ability
or energy to act forcefully for better prevention, diagnosis, and treatment.
Osteoporosis awareness by both the medical community and society is still
insufficient.
Several clinical risk factors for osteoporosis have been identified (Table 2). These
factors can help identify patients at risk for osteoporotic fractures and can thus aid
in the selection of patients for diagnostic work-up.

15
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Table 2. Risk factors for osteoporosis and osteoporotic fractures, adapted from John Kanis and SBU 4, 19

The diagnosis of osteoporosis is primarily based on the assessment of bone mineral
density (BMD). This is usually done with dual energy X-ray absorptiometry (DXA
or DEXA), preferably by measuring the hip and lumbar spine. Other less costly
techniques measure peripheral sites, often the calcaneus, using peripheral DXA
(pDXA), peripheral quantitative computed tomography (pQCT), or quantitative
ultrasound (QUS). DXA is generally accepted as the gold standard because the
measurements are precise, the radiation exposure is minimal, the most clinically
relevant regions can be evaluated, and most research and treatment regimens are
based on DXA measurements (see “Bone Mass Measurements” section).
The quantitative thresholds for the diagnosis of osteoporosis have been determined
by WHO and modified by the International Osteoporosis Foundation 19-21. Bone
mineral density has a normal distribution, and the WHO thresholds are expressed
as standard deviations (“T-score”) of a reference population of young adults in the
same population (Table 3). These criteria were developed for women, but research
has shown that the same absolute BMD values in the hip convey about the same
fracture risk to both men and women 19, 20.
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WHO definitions of osteoporosis
Normal: Bone density is within 1 SD (+1 or -1) of the young adult mean.
Osteopenia: Bone density is 1 to 2.5 SD below the young adult mean (-1 to -2.5
SD).
Osteoporosis: Bone density is 2.5 SD or more below the young adult mean (< -2.5
SD).
Established osteoporosis: Bone density is more than 2.5 SD below the young
adult mean, and the individual has had one or more osteoporotic fractures.

Table 3. The WHO definitions of osteoporosis19-21.

BMD is an important predictor of fracture risk. However, other factors also play
significant roles in the assessment of fracture risk. Age is a very important factor as
the risk of hip fracture increases exponentially with age 8. Medications can increase
fracture susceptibility through a direct effect on skeletal metabolism; examples
include anticonvulsants, anticoagulants, antipsychotics 22, antidepressants, high
dosages of thyroid hormones, and cortisone treatment 23. Some medications can
also increase the risk of falling; examples include diuretics, neuroleptics, and
benzodiazepines 24.
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Bone structure
Mature human bone contains bone mineral, organic bone matrix, and several types
of bone cells 4, 25, 26.

Bone mineral
Bone mineral consists mainly of calcium and phosphorous organized into
hydroxyapatite crystals, Ca10(PO4)6(OH)2, but also contains trace elements such as
magnesium, strontium, and fluoride 4, 26. The bone mineral provides rigidity,
resistance to compressive forces, and hardness. Bone mineral is important for
calcium homeostasis since 99%, or about 1300 grams, of the body’s calcium is
stored in the adult skeleton 26.

Bone matrix
The bone matrix constitutes more than 25% of bones 26. The chief component of
bone matrix is collagen, which constitutes about 65% of the organic content of the
bone. Several types of collagen exist in the bone, but fibrillar type I collagen is
predominant 26. The collagen fibers are made up of three long polypetide chains
that form a triple helix. Crosslinking of the three polypeptide chains further
enhances collagen fiber strength (Figure 4). The collagen in mature bone is
mineralized and interwoven into the bone’s hydroxyapatite structure. The collagen
fibers are organized into complex patterns that reinforce the mineralized bone.

Figure 4. Illustration of the collagen triple helix. Collagen fibers reinforce the skeleton.
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Another important organic matrix component is osteocalcin, which constitutes up
to 20% of the bone’s organic matrix. Osteocalcin is secreted by the bone-building
cells, osteoblasts, and has a high affinity for the bone mineral hydroxyapatite 27. It is
believed to play an important role in bone mineralization 27, and the maturation of
osteocalcin is dependent on adequate levels of vitamin K 26.
Proteoglycans, glycoproteins, and osteonectin are complex molecules that are also
part of the organic bone matrix. They may be involved in maintaining the integrity
of the bone matrix and in binding the hydroxyapatite to the matrix 26. Several other
types of proteins and compounds have been detected in bone tissue; these
components may stimulate or inhibit mineralization 26.

Bone cells
There are several types of bone cells in the skeleton that contribute to the health
and integrity of the bones 26. Osteoblasts are bone-forming cells that produce the
bone matrix, which is subsequently mineralized. The action of osteoblasts is
balanced by osteoclasts, which are multinuclear cells related to macrophages that
break down bone. The osteoclasts are very effective, and can move on the skeletal
surfaces between different sites.
The entire bone surface is covered by cells; most are inactive osteoblast-derived
cells that are called bone lining cells. There are similar inactive cells within the bone
in lacunae; these cells are called osteocytes, and they are derived from osteoblasts
(Figure 5). Osteocytes are thought to be mechanosensors and are interconnected to
each other through canaliculi within the bone 28.

Figure 5. Osteocytes are embedded within the bone and are connected by canaliculi.
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Remodeling of the skeleton
In the adult skeleton, even after the cessation of growth, there is still continuous
metabolic activity. The skeleton is constantly remodeled in order to prevent and
repair microdamage, and to adapt the skeleton to changes in mechanical loading.
This continuous process takes place on the skeletal surfaces at bone multicellular
units (BMUs), which are small areas where osteoclasts and osteoblasts work in
unison to replace old bone 26 (Figure 6). The multinucleate osteoclasts adhere to the
bone surface and secrete demineralizing and proteolytic substances to create a pit
on the bone surface of for example trabeculi, or a canal into cortical bone. The
newly exposed bone surface is then covered by osteoblasts that produce osteoid;
this protein mixture makes up the bone matrix, which is subsequently mineralized.
The process of remodeling is tightly regulated, and there is a close coupling
between resorption and formation. Remodeling ensures that good quality bone
tissue is maintained, however various factors can affect the remodeling process. In
aging and in osteoporosis, for example, uncoupling of resorption and formation
occurs, leading to progressive bone loss. Nutritional and hormonal factors,
inflammatory processes, pharmacological agents, and skeletal loading can also
influence remodeling.

•

Figure 6. Bone remodeling at a bone multicellular unit (BMU).
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Bone development
Growth and development in infancy
The newborn infant’s skeleton is very small and only contains about 30 g of
calcium 29. Gestational age is a major variable in affecting the bone mass at birth,
since the majority of bone accumulates during the last trimester. An infant’s size is
determined more by maternal nutrition and placental and intrauterine factors than
by genetic factors 29, 30. During the next two decades, the skeleton increases in size
and in bone mineral content (BMC). In fact, the calcium content increases 40-fold
to about 1200 g (Figure 7), and the phosphorous content increases from 17 g to
700 g 26, 31. This growth takes place at the epiphyseal growth plates at the end of the
long bones, and the process, called endochondral ossification, is responsible for
increasing the length of the bones 32, 33. As bone length increases, the bone must
also increase in diameter. This increase in width by appositional growth occurs
when osteoblasts form compact bone around the external bone surface.
Meanwhile, cancellous bone in the center is gradually resorbed around the
medullary cavity in a process called endosteal resorbtion 34. Simultaneously, but not
necessarily at the same pace, the BMC increases. During infancy, BMD of the total
body increases by 157%, and whole body BMC increases by 389%. The strongest
predictor of BMD and BMC during this period is body weight 35.

30 g

1200 g

© Current Medicine.

Figure 7. The calcium content of the skeleton increases 40-fold from infancy to adulthood.
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In the first 6 months after birth, the volumetric bone density decreases by about
30% 36-38. This is mainly due to endocortical resorption that leads to an increase in
the size of the marrow cavities 36, 37, 39. During this time, the bone starts to grow
rapidly in length; bone strength is maintained by simultaneous periosteal apposition
of bone on the bone surface where the effect on stability is the highest 40, 41. The
result is a redistribution of bone from the endocortical to the periosteal surface
(Figure 8)30, 42.

•
Figure 8. Bone remodeling during growth by periosteal apposition and endocortical resorption.

Growth and development in childhood: 2-12 years
During childhood, the bone is subjected to greater forces than in infancy: The
longitudinal growth increases lever arms and bending moments, and it has been
suggested that the added muscle force increases bone formation during muscle
contractions 40, 43. Growth during the childhood period is strongly influenced by
growth hormone (GH) and thyroid hormone 30. GH is essential for the
proliferation of cartilage cells at the epiphyseal plate, and thus stimulates linear
growth; furthermore, GH stimulates protein synthesis and inhibits the formation of
fat and carbohydrates. Thyroid hormone is also essential for growth during
childhood, and jointly with GH promotes cartilage and bone formation 30, 44.
Childhood is characterized by relatively steady growth: Generally, a child grows 5-6
cm per year and gains about 2.5 kg/year 30.
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Growth and development in adolescence
Adolescence is the period when a child matures into an adult. It starts with puberty,
when secondary sex characteristics develop in both boys and girls. During the
adolescent growth spurt, the skeleton grows rapidly and the bones increase in size,
followed slightly later by a rapid increase in BMC. This is a particularly important
time in skeletal development, and largely determines the adult skeleton’s size and
BMC (and thus bone density). Hormonal increases mark the onset of puberty and
occur at approximately 11 years of age in girls and 13 years in boys 45(Figure 9). The
pubertal period begins when gonadotropin-releasing hormone (GnRH) pulses
trigger an increase in the amplitude of follicle stimulating hormone (FSH) and
luteinizing hormone (LH) pulses. The result is an increase in gonadal sex steroid
output that increases GH and IGF1 production 30, 46. Both the sex steroids and the
GH-IGF1 axis play important roles in skeletal maturation, pubertal growth, and
bone and muscle mass accrual, and they probably work in concert 30, 47, 48. The
increases occur in the transition between Tanner stages 1 and 2, with peak levels
occurring around Tanner stages 4 and 5 followed by a rapid decline. Moreover, sex
hormones stimulate renal 1,25-dihydroxyvitamin D production, which contributes
to bone accumulation during puberty 42, 46. 1,25-dihydroxyvitamin D levels increase
gradually in Tanner 1 and 2, peaking in mid-puberty. The increase in 1,25dihydroxyvitamin D is associated with increases in total body BMC or BMD and
radial BMD 42. Adequate calcium intake is important during puberty: The daily
requirement is higher as calcium is needed for rapid bone growth during this
period.

©Current Medicine

Adopted fromTheintz
etal.1992

Figure 9. Adolescent bone accrual 49.
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Adolescence is a period of rapid skeletal growth, during which the skeletal mass
approximately doubles 50. The result of puberty is a rapid increase in skeletal mass,
which is partly due to increases in longitudinal growth and partly due to increases in
cortical thickness. The increase in cortical thickness is thought to be mediated
through both periosteal envelope expansion and reduction in marrow width, similar
to that which occurs during childhood growth (Figure 8) 48. High levels of bone
formation and resorption markers are observed in early- and mid-puberty 51, 52 as
indicators of increased bone remodeling. Linear growth precedes bone mineral
accrual (Figure 10). Peak bone mineral accrual occurs approximately 0.7 year after
the time of peak height velocity (PHV) 53. Here at about 11.6 years of age for girls
and 13.5 for boys, the adolescents have reached 90% of adult height but only about
60% of adult BMC values. The discrepancy between bone size and mineral content
during this growth spurt can lead to transient bone weakness, possibly contributing
to the high incidence of fractures at this age 54.

•

©Current Medicine

Figure 10. Peak height velocity precedes peak bone mineral accrual. This may lead to transient bone weakness in
adolescence 53, 54.

The pattern of growth differs in boys and girls, partly due to the two-year delay in
the start of puberty in boys compared to girls, and partly due to the fact that the
pubertal growth spurts in boys last almost 1 year longer than in girls49, 55-58.
Estrogen is responsible for the ossification of the growth plate, which causes
cessation of growth in late puberty 59. These differences may help explain the up to
10% greater height and 25% greater peak bone mass in boys 60.
24
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Peak bone mass
Peak bone mass is a very important concept in skeletal physiology. It refers to the
point in time at which a person’s bone mass reaches its peak level. However, the
timing of peak bone mass is not entirely uniform: Lumbar spine, femoral midshaft,
and neck are estimated to obtain peak bone mass at 16-18 years of age 49, 57, 61,
whereas the radius, skull, and whole body are estimated to reach peak bone mass as
late as 35 years of age 61, 62. After the attainment of peak bone mass there is a
progressive loss of bone, but the peak bone mass accounts for more than half of
the variation in bone mass until at least 65 years of age 63, 64.
The period of bone growth around the time of attainment of peak bone mass is
therefore of great interest, as even small increases in peak bone mass may have a
great influence on osteoporosis and fracture risk 64, 65 (Figure 11).


Figure 11. Small increases in peak bone mass may greatly influence osteoporosis risk 65.
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Biochemical markers of bone turnover
The skeleton is metabolically active, and bone formation and bone resorption
continually rebuild the skeleton. Normally bone formation and resorption are
closely coupled, but in osteoporosis these processes can be un-coupled so that
bone resorption exceeds bone formation, leading to net bone loss.
If bone loss could be detected early in the disease process, early diagnostic and
preventive measures could be initiated. Loss of bone tissue can be monitored by
bone densitometric techniques such as DXA. However, the rate of bone loss is
usually slow and gradual, and the precision of even the best densitometric
techniques do not allow detection of short-term bone losses. While the short-term
precision of DXA can be high, around 1%, the long-term precision is about 2-3%
66-68
. Because average postmenopausal bone loss is on the order of 1% per year, it
can thus take several years to detect changes, making it difficult to estimate the rate
of bone loss by DXA 69-71. It is also difficult to monitor osteoporosis preventive
measures or the efficacy of osteoporosis medications as the bone density response
is slow. Bone research is similarly complicated, as small changes in bone structure
and density are difficult to detect by current techniques; this makes bone research
time consuming and tedious.
It is desirable to detect bone loss at a much earlier stage and to develop more
sensitive methods for monitoring bone changes. This would allow earlier diagnosis
of osteoporosis and better monitoring of osteoporosis interventions.
Pharmacological treatments can be costly, be prescribed for many years, and have
undesirable side effects. Efficient monitoring of bone biology could potentially
identify the treatment that is most suitable for an individual patient. Research
efforts have focused on developing bone analysis methods using biochemical
markers 72, and many different biochemical bone markers have been evaluated.
Over the years, many studies have demonstrated that the levels of several different
bone markers correlate with bone density, bone loss, and fracture risk 73-77, and can
be used to evaluate aspects of drug treatment and drug compliance 78-81.
Biochemical bone marker analysis is fraught with many difficulties, limiting its
clinical usefulness. Information on frequently utilized bone biochemical markers is
summarized in the next section.
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Markers of bone formation
The most frequently used markers of bone formation are alkaline phosphatase
(ALP), bone-specific alkaline phosphatase (BAP), osteocalcin (OC), and the
procollagen extension peptides, aminoterminal propeptide (PINP) and
carboxyterminal propeptide (PICP). These markers can all be analyzed in serum
samples 4.

Alkaline phosphatase
ALP is a cell membrane enzyme in liver, bone, kidney, and placenta; the primary
sources of serum ALP are liver and bone, and it is produced by osteoblasts and
osteoblast precursors 82. Studies have demonstrated that although it is not bonespecific, ALP is related to fracture risk, current bone density, and bone loss after
menopause 73, 74. BAP can now be separated from liver-specific ALP using
monoclonal antibodies 82; however, BAP levels are believed to be related to excess
spent enzyme from several types of bone cells (osteoblasts, pre-osteoblasts, lining
cells, and osteocytes), and therefore may not provide very specific or reliable
information about bone metabolism 82. Similar to ALP levels, BAP levels correlate
with bone loss in postmenopausal women 71.

Osteocalcin
OC, also called bone Gla-protein, is secreted by osteoblasts as they deposit new
bone matrix. OC is a part of the organic bone matrix and is thought to play an
important role in bone mineralization 72, 82-86. It is a bone-specific marker 85, 86. OC
levels are related to fracture risk, current bone density, and bone loss after
menopause 71, 73, 74, 87. OC is dependent on vitamin K for gamma carboxylation, and
a vitamin K deficiency can lead to an increasing proportion of OC becoming
undercarboxylated, resulting in impaired bone mineralization. Undercarboxylated
osteocalcin (ucOC) has therefore also been used as a bone marker. Correlations
between ucOC and hip fractures and hip BMD have been reported 88-91.

Procollagen 1 extension peptides
PINP and PICP are cleaved from procollagen type 1 prior to fibril formation and
are considered measures of newly-formed collagen type 1 85, 86. They are not entirely
bone-specific as they are also secreted from other tissues, but almost all circulating
PINP/PICP originates from bone. Intra- and inter-assay variation is 3-7% 72, 85, 92.
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Markers of bone resorption
Collagen type 1 is the predominant bone matrix protein, and its degradation
products are frequently used as bone resorption markers since their levels increase
as bone is broken down. Several different assays for these markers are available.

Collagen pyridinium crosslinks
Immunoassays also exist for the collagen crosslinks pyridinoline (PYR) and
deoxypyridinoline (DPYR), which bind collagen fibrils together 72, 86. These
crosslinks are released when bone matrix resorption occurs; they enter the
circulation and are excreted in urine 86. DPYR is more bone-specific as PYR also
exists in articular cartilage 86. PYR and DPYR levels correlate with bone loss in
postmenopausal women 71.

CTX/NTX
Among the most frequently used collagenous resorption markers are C-terminal
crosslinks (CTX), a fragment from collagen type 1 crosslinked C-telopeptide, and
N-terminal crosslinks (NTX), a fragment from collagen type 1 crosslinked Ntelopeptide 86. Both of these fragments can be analyzed by immunoassays using
serum or urine 72, 86. CTX and NTX are regarded as sensitive and specific indices of
bone resorption, and have been successfully used to monitor and predict the
response to osteoporosis treatments; in fact, they may be the most specific and
responsive markers for osteoclast activity 80, 81, 87, 93-95. NTX levels generally correlate
with BMD measurements 76, although not all studies have found significant
correlations 96. CTX is an independent predictor of hip fracture risk 97. In a study of
elderly women, Garnero et al. found that a combination of bone density
measurements (dual energy X-ray absorptiometry or calcaneal ultrasound
broadband attenuation) plus CTX analysis increased the sensitivity in predicting hip
fractures 97, 98. Furthermore, it was found that combining CTX measurements with
fracture history predicted hip fractures as well as hip DXA.
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Utility of bone markers
As outlined above, several studies have demonstrated that common bone markers
correlate with current bone density, rate of bone loss after menopause, and fracture
risk. While the use of bone markers may potentially increase the sensitivity of
fracture prediction when used in addition to BMD, no studies on pharmacological
treatment on the basis of bone marker measurements have been performed;
therefore, the clinical usefulness for treatment selection remains unclear 4, 98, 99.
Furthermore, the results of bone marker studies may not be sufficiently uniform to
allow prediction of BMD or fracture risk for individual patients. Biochemical
markers are not recommended for diagnosing osteoporosis, nor is it clear whether
or how these markers can be used clinically for fracture prediction 4, 99-101. A study
of urinary NTX in a clinical setting found that the test rarely influenced
osteoporosis management by clinicians 102. Further, a study of postmenopausal
women on HRT or placebo concluded that neither BAP, OC, DPYR/PYR, nor
CTX/NTX offered useful information for predicting BMD or BMD changes 101.
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Bone mass measurements


The diagnosis of osteoporosis is primarily based on bone density measurements.
Over the last several decades, different techniques for bone density measurements
have been developed. Each of these techniques has its advantages and drawbacks:
Some are well investigated and proven, while others are fairly new and have yet to
prove their worth in research and clinical practice. The multitude of available
methods is both a blessing and a curse. The field of clinical osteoporosis diagnosis
and treatment is still fairly new, and the different available methods that use
different reference values and measuring sites adds to the difficulty for clinicians
entering this field. For hospital management, it can be difficult to decide what
equipment is the most appropriate and most needed. A brief outline of current
methods is therefore in order.

DXA
Dual Energy X-ray Absorptiometry (DXA, sometimes called DEXA) is regarded as
the “gold standard” in osteoporosis research and practice (Figure 12 ) 103-106. The
WHO osteoporosis criteria (see section Osteoporosis) and most treatment
guidelines are based on DXA results. Most bone and osteoporosis research
employing BMD measurements has also been performed using DXA.

Figure 12. DXA equipment: the GE Lunar iDXA.
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DXA is a radiation-based technique that has replaced other less accurate
radioabsorptiometric methods. DXA employs two different energy levels of
radiation to separate calcium from soft tissue by means of computer analysis, thus
eliminating the need to manually correct for soft tissue thickness. Simultaneously,
DXA enables accurate and precise body composition analysis (Figure 13),
providing information about tissue fat content and fat-free or lean content (the
latter roughly corresponds to muscle mass) 107.

Figure 13. DXA measures not only bone parameters, but also help estimate body composition parameters such as
fat mass and muscle content, which can be very useful for both research and clinical purposes.

First generation DXA equipment employs a narrow pencil beam of radiation; while
the scans are time consuming, they have no magnification error and the radiation
dose is very low—about 2 microSievert (μSv) per scan. In contrast, natural
background radiation is about 2400 μSv per year 108. This means that no radiation
shielding is needed for patients or technicians during DXA testing. Newer DXA
systems often employ a “fan-beam,” resulting in much faster scanning time and
higher resolution. The newest computer software can even detect vertebral
compression fractures from the scan. Drawbacks of the fan-beam DXA equipment
include problems with magnification errors, which do not affect BMD, but do
affect BMC, bone area, and soft tissue measurements. These errors can, however,
be corrected 109-112. Another issue is radiation exposure. Although fan-beam DXA
systems use higher levels of radiation than do pencil-beam systems, the patient
doses are still very low; however, technician doses could be a concern 113-115.
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As noted above, one advantage of DXA is very low radiation exposure, making it
safe for both patients and hospital staff. This also means that DXA can be used in
regular hospital rooms, since no special radiation shielding is needed. Another
advantage of DXA is that the measurements are very precise. The coefficient of
variation is often reported to be <1% between scans; accuracy remains a larger
problem, but is usually within 10% 66-68, 70. Current fan-beam DXA scans take just a
few minutes, making it possible to scan many patients per day at a relatively low
cost. DXA can measure BMC and BMD of any desired skeletal site, albeit with
varying precision (Figure 14).

•

Figure 14. DXA equipment can measure the BMD of any skeletal region, including the most clinically relevant sites
such as the hip.

DXA can thus measure the BMD of the most clinically relevant sites, such as hips
and vertebrae. It has been shown that site-specific measurements correspond better
to bone strength at the site than do non-site-specific measurements 106, 116. DXA
can also predict fracture risk very well, even better than blood pressure readings
predict stroke, and better than serum cholesterol predicts cardiovascular disease 20,
117
. Metaanalyses indicate that fracture risk roughly doubles for each standard
deviation reduction in BMD 4, 117. Especially proximal femur measurements may
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predict future fractures well: A decrease in bone density of 1 standard deviation at
the femoral neck corresponds to a 2.6-fold greater risk for hip fracture, a similar
decrease at the spine corresponds to a 2.3-fold greater risk for vertebral fracture
(Figure 15) 4, 117, 118.
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Figure 15. The relationship between DXA BMD measurements and fracture risk 118.

DXA measures areal bone mineral density (aBMD) as opposed to true volumetric
density (vBMD). That is, the bone mineral per square centimeter of bone area
viewed by the scanner is recorded and expressed as g/cm2 instead of being
expressed as g/cm3. This means that bone size affects the results of a
measurement: A large bone will have a higher aBMD than a small bone, even if the
vBMD is the same (Figure 16). This can lead to some difficulty in interpreting
aBMD results; however, this might be compensated by the fact that larger bones
are suggested to be stronger 119, 120. So far, attempts to switch to vBMD
measurements have not been successful in terms of clinical relevance 119-121.

A disadvantage of DXA is that interpretation of lumbar spine BMD measurements
in older subjects is difficult as compression fractures or degenerative changes can
give falsely elevated values; thus, most current guidelines suggest that the BMD of
33


 ÚÚ


the femoral neck should be used for diagnosing osteoporosis 19, 70. It should also be
noted that different DXA machines may give different results 109, 122-124. The reasons
for this include different dual energy methods, different calibration, different
detectors, different edge detection software, different regions of interest, and
different reference populations. Therefore follow-up measurements should be
made on the same DXA equipment. In multicenter studies, cross-calibrations of
the DXA machines are required.

•

Figure 16. Bone size influences DXA measurements.

Standard whole body DXA scanners are large and expensive, costing around 1
million Swedish crowns (~100,000 euros), and require specially trained technicians.
Facilities with limited patient volume and limited funding may hesitate when
considering the cost of the equipment. Therefore a market for small, inexpensive,
and portable peripheral scanners has emerged. Heel DXA scanners, which measure
calcaneal BMD, have been developed to meet this demand. There is currently a
lack of reference data, as well as limited knowledge of how the peripheral data
relate to more central measurements, to the WHO osteoporosis criteria, and to
treatment cut-off values. As previously discussed, there is better correlation for
fracture risk if site-specific DXA measurements of hip and spine are performed 117,
and site-specific measurements correlate better to bone strength 106, 116.
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Quantitative ultrasound
Quantitative ultrasound (QUS) bone density scanners have also been developed to
meet the demand for inexpensive, radiation-free portable devices (Figure 17). The
“broadband ultrasound attenuation” (BUA) and “speed of sound” (SOS)
techniques, or modifications of these techniques, are typically used 104. BUA
measures loss of energy in the ultrasound passing through the bone, and SOS
measures the speed of sound, since the speed of sound increases in cortical bone
(and, to a lesser extent, in trabecular bone) 104. It has been suggested that these
techniques may provide additional information about bone quality properties, but
this is not yet well-established 125-128. Studies combining densitometric techniques
with bone strength testing indicate that QUS is inferior to DXA in predicting
femoral and radius bone strength 106, 116. However, there is an association between
low QUS values (both by BUA and SOS) and elevated peripheral fracture risk. The
predictive value is similar to DXA, with relative risk increasing >1.5-fold for every
standard deviation decrease 129, 130. The precision of QUS is good, with coefficients
of variation of less than 4% for BUA and less than 0.5% for SOS 103, 131, 132. A
drawback of QUS is that measurements are limited to peripheral bone sites such as
the calcaneus; as discussed previously for heel DXA, this measurement has yet to
be related to current values used to diagnose osteoporosis.

Figure 17. A QUS scanner is relatively inexpensive, but can only measure peripheral skeletal sites such as the
calcaneus.
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There are furthermore great technical differences between equipment from
different manufacturers. QUS scanners may employ different type of transducers,
different ultrasound frequencies, analyze data in different ways, and measure
different skeletal sites or different regions of a site 104. Therefore it is not possible
to talk about QUS as one specific method as it is a multitude of related
technologies 127. This also makes it difficult to compare the results of different
scanners. A big problem is that T-scores measured with QUS cannot be compared
to DXA T-scores. QUS does not measure bone mineral, and different reference
databases are used 104. It is not known whether patients with a low QUS T-score
will benefit from traditional osteoporosis medication as very few studies have
looked into the subject 127.

Quantitative computerized tomography and peripheral
quantitative computerized tomography
Quantitative computerized tomography (QCT) is a radiological technique that can
measure volumetric bone density. It can potentially discriminate between cortical
and trabecular bone density, and further refinement may allow high resolution
mapping of trabecular bone structure. QCT is very precise, with variation as low as
<1% 133, 134. Peripheral QCT (pQCT) is another newly-developed technology that
measures peripheral sites. Whether QCT and pQCT techniques offer clinical
benefits compared to DXA is unclear, as studies comparing these techniques and
their relation to bone strength have not found advantages compared to DXA 106, 116.
A drawback of QCT is the high radiation exposure compared to DXA.

Magnetic resonance imaging
Progress in high resolution magnetic resonance imaging (MRI) techniques enables
detailed analysis of trabecular bone structure; in addition, MRI-based bone
densitometry is under development 135-137. MRI can be used to investigate the
microstructure of the axial skeleton, as well as the peripheral skeleton, without the
high radiation exposure associated with QCT. MRI techniques can potentially
provide very detailed bone structure analysis that can be used to assess bone
mechanical strength and fracture risk 135, 137; these techniques have yet to prove their
clinical usefulness.

36


 ÚÚ


Summary: Bone mineral density measurements
In conclusion, central DXA will remain the gold standard for bone densitometry in
the near future. Peripheral techniques such as pDXA and QUS may be useful for
screening in facilities in which central DXA is not available. QCT technology is
promising, but is currently not a viable alternative for routine scans due to its use of
higher levels of radiation. MRI bone analysis and densitometry are also very
promising, but are still in the early stages of development. This is a rapidly
developing field, and further research and new technologies are likely to impact
clinical practice in the coming years.
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Physical activity and bone
In 1892, the German anatomist Julius Wolff stated that bone tissue adapts to the
loads it is subjected to. This is known as “Wolff’s law”. If a bone is subjected to
heavy loading, it will remodel itself to become stronger; conversely, the bone will
lose strength if loading is decreased 138. He specifically proposed that bone trabeculi
become aligned with the predominant loads, a principle that has since been
confirmed in animal experiments 139, 140. More recently, H. M. Frost has presented a
very comprehensive “mechanostat” theory on how bone modeling and remodeling
allow bones to adapt to changing loads 141, 142. In both animal and human studies,
researchers have found ample support for the principles originally outlined by
Wolf.

Effects of skeletal unloading in animal studies
Animal studies clearly demonstrate that skeletal unloading is followed by bone
demineralization. Immobilization of rats’ hind limbs by either sciatic neurotomy or
tenotomy results in rapid bone demineralization and loss of trabecular and cortical
bone volume 143, 144. In a study of hind limb-suspended rats in which one group was
allowed to exercise and the other group was not, the exercising group preserved
femoral BMD while the passive rats lost both femoral BMD and muscle mass 145.
Simulated weightlessness in mice, created by suspending the mice by their tails, led
to rapid osteocyte apoptosis, increased osteoclast numbers, loss of trabecular and
cortical volume, and reduced BMD and bone strength 146.

Effects of unloading/immobilization on bone in humans
The effects of unloading on the human skeleton have been thoroughly studied in
experimental settings. For example, significant bone loss is observed in astronauts,
who experience unloading for long periods of time (Figure 18) 147. The same results
were obtained during prolonged experimental bed rest 148. In both cases, bone loss
was followed by at least partial recovery after skeletal loading resumed 147, 148.
Bone loss following unloading has also been observed in clinical settings. Limb
disuse or immobilization resulting from painful joint disease, trauma, or surgery
results in bone loss, predominantly in the affected limb149-152. In stroke (patients
with hemiparesis, there is rapid bone loss on the affected side that is subjected to
less loading; in contrast, there is increased bone density on the non-affected side,
possibly due to increased loading on the healthy side 153, 154. This phenomenon has
also been observed in patients with spinal cord injuries in which rapid bone loss
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occurred in paralyzed areas: while quadriplegics suffer bone loss in both arms and
legs, paraplegics lose bone primarily in the lower limbs while maintaining BMD
better in the arms 155-157 .

Figure 18. Unloading of the skeleton during spaceflight can result in bone loss.

Effects of skeletal loading in animal studies
Studies in animals have revealed that the best osteogenic response is achieved by
intense and regular dynamic skeletal loading; only a low number of loading cycles
per day is necessary, and increasing the number of loading cycles does not confer
additional benefits 158-161. In response to loading, trabecular orientation is altered,
new bone is formed, and increases in bone weight, cortical area, and breaking
strength can been observed 139, 158, 162.

Effects of physical activity on bone in children
The effects of physical activity on bone in children have been studied extensively.
Physical activity seems to have a beneficial effect on the growing skeleton in both
boys and girls. In cross-sectional studies, non-randomized intervention trials, and
randomized controlled exercise intervention trials in children, both girls 163-169 and
boys have better bone mineral accrual, higher BMD gains, higher BMD values, and
in some studies, greater bone size compared to controls who exercise less(Figure
19), the effects tend to be site-specific, so that, for example, lower extremity
loading primarily leads to lower limb improvements 163, 165-167, 170-172. Overall, there is
ample and convincing evidence that physical activity has a positive effect on bone
development in children of both sexes.
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Figure 19. Physical activity in childhood is associated with BMD gains.

Effects of physical activity on bone in adolescents
In adolescents, the relationship between physical activity and bone development is
not as clear as in pre-pubertal children. Cross-sectional studies usually demonstrate
higher BMD levels in athletes compared to controls, and these BMD increases are
seen primarily in loaded regions of the skeleton 173-176. There may be critical periods
in adolescence during which physical activity has a greater impact on skeletal
growth, while in other periods exercise may have less of an impact. This seems to
be the case for girls in particular.
Thus, Morris et al. studied the effect of a physical activity intervention program in
pre-menarcheal 9- to 10-year old girls. The intervention group had significantly
greater gains in total body, proximal femur, and femoral neck BMD compared to
the control group 177. In a randomized controlled intervention study of girls’
physical activity, McKay et al. found that physical activity correlated with improved
bone accrual in femoral neck and spine in early pubertal girls, but not in pubertal
girls 164. Similar results were noted in a controlled intervention study by Heinonen
et al. in which high-impact step aerobic training in pre-menarcheal girls was
associated with BMD gains, whereas identical training in post-menarcheal girls was
not associated with BMD gains 178. In pubertal girls, physical activity seems to have
less of an effect on bone. In a study of 14- to 18-year-old girls by Blimkie et al.,
strength training was associated with high strength gains in arms and legs but not
with BMD gains 179. In a intervention study by Sundberg et al., the effects of
increased physical education in school was studied in 40 boys and 40 girls from age
12 to 16 and compared to control groups 180. In boys, increased physical education
40


 ÚÚ


correlated with increased BMD and BMC in weight-loaded regions of the skeleton,
but no such effects were seen in the girls. Male weightlifters 15-20 years old have
significantly higher BMC compared to matched controls 181, 182. Young adolescent
male athletes followed from age 16 to 19 years demonstrated significant gains in
total body, humerus, and femoral neck BMD compared to controls 183.
In summary, the timing of physical activity intervention may be of great
importance. Bailey reported that the peak bone accrual velocity in the femoral neck
occurs about 2 years earlier in girls than in boys 53, and Theintz et al. reported
similar results 49(Figure 20). It seems plausible that training interventions that
coincide with the period of maximum bone growth would result in better bone
mineral gains than interventions that take place after this period. This may explain
the data from studies comparing training interventions in pre-menarcheal and postmenarcheal girls 164, 177, 178 (Figure 20).
Adopted fromTheintz etal.1992

©Current Medicine

Figure 20. Peak bone accrual occurs about 2 years earlier in girls than in boys49, 53.
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Effects of physical activity on the skeleton in
premenopausal women
Cross-sectional studies in premenopausal women usually demonstrate a positive
association between physical activity and BMD levels, but these studies are difficult
to interpret as they may also reflect previous physical activity 184-189. Intervention
studies in adult premenopausal women have yielded varying results. In a
randomized controlled intervention trial, Heinonen et al. found that high-impact
exercises such as aerobics and step aerobics correlated positively with BMD gains
in the proximal femur, but not at non-weight bearing sites. Aerobic and muscular
performance improved simultaneously 190. Another randomized controlled highimpact study by Bassey et al. found that proximal femur BMD improved
significantly compared to controls after jumping exercises, but lumbar spine BMD
did not improve 191. This suggests that high-impact exercises may have a positive
but site-specific effect on the skeleton. Studies involving resistance training have
produced less favorable results: While muscular strength improves, little or no
effect on the skeleton is observed 192, 193.

Effects of physical activity on the skeleton in
postmenopausal women
In postmenopausal women, randomized controlled intervention trials studying the
effect of physical activity on bone have produced varying results. Several
randomized controlled studies have failed to show any positive effects on BMD
from physical activity. A study of 50- to 60-year-old postmenopausal women
participating in a program involving heel-drops found that this activity did not
result in BMD differences compared to a control group training only with lowimpact activities 194. In an 18-month study involving high-impact exercise, Bassey et
al. found no difference between postmenopausal exercisers and controls 191.
Other studies have shown a modest effect of exercise on skeletal health. In a 12month Canadian study, subjects performing impact physical activity maintained
spine BMD, while the control group lost spinal BMD; however, the training
program had no effect on femoral BMD 195. In a 2-year study comparing calcium
supplementation with and without physical activity intervention, smaller losses in
femoral neck BMD were observed in the physically active group 196. In a brisk
walking intervention program, increases were seen in ultrasound-determined
calcaneal BMD compared to controls, although there were no significant
differences in femoral neck and spine BMD 197. Vincent et al. found that resistance
training had a positive effect on femoral neck BMD in elderly subjects 198.
In summary, the effect of physical activity interventions on BMD in
postmenopausal women is unclear, and the gains are modest at best.
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Effects of physical activity on the skeleton in men
Cross-sectional studies in men have reported higher BMD levels in athletes
participating in weight-bearing sports compared to controls, and the effects have
been sport-specific with the greatest BMD differences at skeletal sites subjected to
high loads 187, 199-202. Low-impact sports such as swimming do not convey BMD
benefits in men 202.
In a 4-year randomized controlled study of regular low-impact, aerobic physical
activity in males ages 53-62, there was no beneficial effect on BMD parameters
compared to non-active controls. Cardio respiratory performance, however,
improved by 13% 203. In a randomized controlled study of heavy resistance training
in elderly men (and women), significant BMD gains were seen in the femoral neck
198
.
In adult men, there is ample and convincing cross-sectional data supporting a
positive effect of physical activity on BMD. There is little data from randomized
controlled prospective studies that support these findings.

Long-term effects of physical activity on osteoporosis and
fracture risk
Taken together, the studies discussed in the previous sections generally suggest that
physical activity favorably influences BMD, especially in males. In females the
effects of physical activity on bone are less clear and seem to be related to maturity
and hormonal changes. The optimal timing, duration, and intensity of the physical
activity is not completely clear. It would be helpful to determine whether the
beneficial effects on bone observed in athletes and in some intervention studies can
be maintained into old age and whether these beneficial effects decrease the risk of
osteoporosis and fracture. Several studies in both men and women have
demonstrated the long-term BMD benefits of prior physical activity 204-207. In the
elderly population, the effects of previous physical activity may be attenuated, with
other lifestyle factors having a larger influence 206. Even decades later, prior physical
activity seems to correlate with a decrease in fracture risk, at least in men 208, 209.
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Vitamin D and bone
During the last decade, vitamin D and its effect on the skeleton and on fracture risk
have received a lot of interest and generated considerable debate. Vitamin D is a
fat-soluble vitamin with hormone-like properties 210(Figure 23). Two main forms
exist, vitamin D2 and D3, along with several precursors and metabolites. For
humans, the most important source of vitamin D (80-100%) is endogenous
production in the skin. Vitamin D3 is synthesized from the cholesterol derivative 7dehydrocholesterol under the influence of sunlight or UV light 210, 211 (Figure 21).

Figure 21. In the skin, 7-dehydrocholesterol is converted to cholecalciferol (Vitamin D3) by UV radiation.

Adequate sunlight is needed for this process. In northern latitudes such as
Scandinavia, vitamin D3 can only be synthesized in the skin during the summer
months; the stored vitamin D is then gradually depleted during the fall, winter, and
spring 212-214. The skin’s ability to synthesize vitamin D is reduced in the elderly.
Clothing that blocks sunlight can also reduce vitamin D synthesis in the skin, and
Muslim women that use a veil are at particularly high risk for vitamin D deficiency
215
.
Standard diets contain low and inadequate amounts of vitamin D 210, 216-218. Small
amounts of vitamin D2 are available from plants; limited amounts of vitamin D3 can
be found in animal-based foods such as meat, fish, and eggs, and fish liver oil is a
good source of vitamin D3 210, 216(Figure 22)
%

Men
Ű
Women Ű

Figure 22. Relative contributions (%) of various foods to total vitamin D intake in Ireland 216.
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Simplified overview of vitamin D metabolism
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Figure 23. Simplified overview of vitamin D metabolism and actions 210. Vitamin D is primarily synthesized in
the skin upon exposure to UV light. It is also available in the diet, but to a lesser extent. Skin-synthesized and dietary
vitamin D, which is predominantly vitamin D3, is transported to the liver where it is 25-hydroxylated. The liver,
together with fat tissue, serves as a storage depot for 25-OH-vitamin D3. In the kidney, 25-OH-D3 is converted into
its active form, 1,25(OH)2-D3 (calcitriol). This step is tightly regulated. The parathyroid gland senses plasma calcium
levels and secretes parathyroid hormone (PTH) in response to decreased calcium levels. PTH then stimulates
calcitriol production in the kidney. Calcitriol enhances intestinal calcium resorption and renal calcium resorption, and
can also stimulate osteoclast activation. Recent research has identified vitamin D receptors in muscle tissue 219, 220.
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Vitamin D deficiency is very prevalent worldwide. If a serum level of 75 nmol/l is
chosen as the cut-off level, as is currently recommended, 87% of the white British
population (45 years of age) are affected by vitamin D deficiency during the winter
and spring 221. A high prevalence of hypovitaminosis D has been found in other
populations as well 222-225. A study by Välimäki et al. reported rather severe
hypovitaminosis D in healthy Finnish military recruits, with as many as 39% of the
recruits having less than 20 nmol/l during the wintertime 226. However, even in
areas that receive a lot of sunlight, vitamin D insufficiency is prevalent 227. In
hospitalized patients, the prevalence of hypovitaminosis D is very high, almost
universal 228-230.
It has been known for a long time that vitamin D protects the skeleton against
rickets. For over a hundred years, vitamin D-containing cod liver oil has been used
to prevent that disease. In a landmark study, Chapuy et al. found that vitamin D3
supplementation significantly and substantially reduced fracture incidence in elderly
institutionalized women 231. The fracture-reducing efficacy of vitamin D
supplements in the elderly has since been confirmed in other studies. Three
metaanalyses concluded that vitamin D supplementation can reduce the fracture
incidence in older people; however, a daily dose of about 800 IU is required 223, 232234
. These results, combined with the known beneficial effects of vitamin D on
calcium metabolism, have resulted in universal adoption of vitamin D for the
prevention and treatment of osteoporosis. This practice has been called into
question after two large British studies of predominantly elderly females found no
evidence that vitamin D supplementation reduced fractures 235, 236. Thus there is
now considerable debate about the benefits of supplementation. Critics assert that
these two studies had low compliance and inadequate vitamin D level testing 224.
Recent reports also indicate that higher dosages of vitamin D than are currently
recommended would be needed to achieve optimal anti-fracture effects. One
reason for this may be the observation that optimal suppression of the osteoclaststimulating parathyroid hormone is not achieved until serum levels reach about 75
nmol/l; previously, much lower levels were deemed acceptable 222, 223, 237, 238.
Vitamin D influences physiological processes in addition to its effect on skeletal
health. Vitamin D receptors have been identified in human muscle tissue 219, 220, and
vitamin D levels positively correlate with muscle strength, walking ability, and
balance, all of which are factors that could influence fracture risk 239-241.
Furthermore, supplementation with vitamin D has been found to reduce the
incidence of falls 242, 243.
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To summarize, vitamin D supplementation seems a sensible choice, especially for
the elderly. It affects not only bone and calcium metabolism, but may also
favorably affect muscular function and reduce fracture risk. The present dosage
regimens may need to be reevaluated as higher dosages than are currently
recommended seem to confer greater anti-fracture efficiency.
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Vitamin A (retinol) and bone


Vitamin A, also called retinol, is of great importance for human health. Vitamin A
is a fat-soluble vitamin belonging to a family of chemical compounds known as
retinoids (Figure 24). Important food sources of vitamin A include fish oils, liver,
eggs, and dairy products. It is also available in the provitamin carotenoid form in
carrots and in green leafy and yellow vegetables 244. Retinol is stored as retinyl esters
in the liver and is important for eyesight as retinol is a key component of retinal
pigments. Retinol deficiency can cause decreased dark adaptation and night
blindness. More serious deficiency can cause corneal drying, which can progress
into corneal degeneration and blindness (so-called xerophtalmia). This is a major
cause of blindness, and worldwide more than 5 million children are afflicted each
year 244, 245. Vitamin A is also important for epithelial cell function: Deficiency
causes hyperkeratosis, vulnerability and dry skin, and may also affect the epithelium
of the respiratory tract mucosa and the gastrointestinal and urinary tracts. This
increases the incidence of infections in these systems, which can sometimes lead to
death 244, 245. Vitamin A malnutrition is prevalent in developing countries, and in
addition to the severe consequences noted above can also cause growth retardation
in children.

Figure 24. Retinol.

Acute vitamin A toxicity is rare, but can result from the ingestion of large doses of
vitamin A supplements or from eating polar bear or seal liver that contains a very
high concentration of retinol. Symptoms include drowsiness, headaches, irritability,
vomiting, and skin peeling 244.
In developed nations, vitamin A deficiency is rare. In spite of this, vitamin A
supplementation and food fortification is widespread. In Sweden and other
countries, milk is often fortified with vitamin A. Vitamin A-containing supplements
are prescribed to children. The increasing availability of vitamin A in fortified food
and supplements may frequently lead to intake above the recommended dietary
allowance 246, 247.
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Retinol analysis is difficult and expensive, as it requires costly laboratory equipment
248-250
. Retinol-binding protein 4 (RBP-4) is a transport protein for retinol that is
released into the circulation from the liver. RBP-4 can reliably be used as a sensitive
and specific marker for retinol status, and levels of RBP-4 are highly correlated to
plasma retinol status and can be measured by simple and inexpensive methods 248250
. Acute phase response, protein malnutrition, liver disease, and renal failure can
to varying degrees affect RBP-4’s potential as a surrogate marker for retinol 248, 251253
.
Vitamin A influences bone health by several different mechanisms. It has been
known for decades that toxic doses of vitamin A cause fractures in rats. Animal
studies have demonstrated that even moderately elevated concentrations of retinol
inhibit collagen synthesis, induce bone resorption, cause bone fragility, and
antagonize the bone-sparing effects of vitamin D 254-257. In humans, vitamin A
intake seems to decrease intestinal calcium absorption and antagonize the action of
vitamin D on calcium 258, although the mechanism by which retinol antagonizes
vitamin D has not been fully elucidated 255, 258. Treatment of rats with retinol further
intensified ovariectomy-induced bone loss and attenuated the bone-sparing effects
of bisphosphonates 259, 260. Furthermore, retinol is metabolized into several
biologically active substances, some of which affect bone tissue. The retinol
metabolite retinoic acid has been reported to suppress interleukin 6 production in
human osteoblast cells, while simultaneously decreasing cell differentiation and
alkaline phosphatase and osteocalcin production in these cells 261. Jacobson et al.
demonstrated that retinoic acid causes an increase in the RANK-L/osteoprotegerin
ratio in human osteoblasts, which could be a mechanism of bone resorption 262.
Another retinol metabolite, the retinoid isotretinoin, has proved to be highly
detrimental to the human skeleton , isotretinoin occurs naturally in the body, but is
also used as a pharmacological agent, especially in dermatology 263-266.
High dietary intake of vitamin A or high serum levels of retinol may correlate with
increased fracture risk in both men and women 246, 267-269. Studies have also
demonstrated an association between high vitamin A intake and reduced BMD 267,
270, 271
. It has even been suggested that high vitamin A intake could be a factor
contributing to the high incidence of osteoporotic fractures in Scandinavia 267, 272.
Other studies have yielded that sub-toxic retinol levels may be detrimental to bone
health and result in an increased fracture rate, and supplemental vitamin A may be
harmful even at dosages below the upper limit of the normal dietary allowance 246,
267, 268, 270
. However, several studies have failed to establish any relationship between
retinol levels or vitamin A supplementation and bone density 273-277 or fracture rate
275, 278
. A possible rationale for the discrepancies are findings suggesting that there
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is an inverse U-shaped relationship between retinol levels and hip fracture risk,
indicating that both low and high levels of retinol may be harmful 269. Furthermore
retinol intake in both the low and in the high range have been associated with
reduced BMD 270. This would imply that there is a narrow optimal dosage range for
retinol.
In view of these equivocal findings, the current practice of vitamin A
supplementation and food fortification is a matter of debate 246, 267, 268, 272, 279, 280.

•

50


 ÚÚ


Fatty acids and bone
Recent research suggests that fatty acids play an important role in bone metabolism
281
. Fatty acids are important for human nutrition. They are an important source of
energy, and can be stored in the body’s adipose tissues as triglycerides in which
three fatty acid chains are connected to a glycerol molecule 282(Figure 25). Fatty
acids are also building blocks for other lipids such as phosphoglycerides,
sphingolipids, and cholesteryl esters 282. Fatty acids are important for cell
membrane function and for nerve and brain function. Most fatty acids can be
synthesized in the human body from dietary carbohydrates and proteins;
exceptions are the essential fatty acids ơ-linolenic acid and linoleic acid, and their
derivatives, which must be provided by the diet 282. Subcutaneous adipose tissue
provides insulation for the body, conserving body temperature and energy in
addition to being an energy storage depot. Visceral fat also provides support and
padding for internal organs. Fat-soluble vitamins (A, D, E, K) and essential fatty
acids are ingested with dietary fats. Dietary fat is usually available as triglycerides,
and common sources include meat and fish, animal fats, and vegetable oils such as
olive, linseed, corn, and coconut oils 282.

Glycerol
molecule

Fatty acids

Figure 25. A triglyceride molecule is formed from three fatty acid chains joined to a glycerol molecule.
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Fatty acids are described by the formula R-COOH, with R representing an alkyl
chain made up of carbon and hydrogen atoms. The chain length is variable, and the
terms “short-chain” and “long-chain” fatty acids are sometimes used 282. There are
different families of fatty acids: saturated fatty acids, monounsaturated fatty acids,
and two families of polyunsaturated fatty acids (PUFAs) 282. The principal
difference is the degree of saturation in the alkyl chains (Figure 26). In saturated
fatty acids, there are no double bonds between the carbon atoms—instead,
hydrogen molecules occupy these bonds. In monounsaturated fatty acids, there is
one double bond in the alkyl chain. In PUFAs, there are two or more double
bonds.

•

Figure 26. Saturated, monounsaturated, and polyunsaturated fatty acids have different alkyl chains.

Saturated fats are more solid at room temperature than unsaturated fats. Butter,
cream, cheese, pork, tallow, lard, and coconut oil all contain high levels of saturated
fatty acids. Various health risks have been attributed to saturated fatty acids, and
saturated fat intake is associated with negative health effects including hypertension
283
, coronary heart disease 284, and negative effects on plasma lipid levels 285.
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The two PUFA families are n-6 fatty acids, also known as omega-6 fatty acids, and
n-3 fatty acids, also known as omega-3 fatty acids. They are essential fatty acids that
cannot be produced by the body as humans lack the necessary enzymes. The two
essential fatty acids families start with 2 short chain polyunsaturated fatty acids. ơlinolenic acid is the base for the n-3/omega-3 family of PUFAs, and linoleic acid is
the base for the n-6/omega-6 family. To some extent in humans, these short-chain
PUFAs can then be gradually lengthened into longer n-3 and n-6 PUFAs. The n-3
and n-6 PUFAs differ in the position of the first double bond, with the n number
indicating the position of the double bond counted from the omega-end (last
carbon) of the fatty acid as illustrated below (Figure 27).

Figure 27. The chemical structure of alpha-linolenic acid (ALA), an n-3 fatty acid. Note that counting from the
omega end, the first double bond appears at the third carbon-carbon bond (double line segment).

PUFAs in general, and n-3 fatty acids in particular, have evoked a lot of interest in
recent years. Many health benefits have been attributed to n-3 fatty acids, including
incidence reduction or disease modification of coronary heart disease, Alzheimer’s
disease, macular degeneration, asthma, type 1 diabetes, multiple sclerosis, cancer,
inflammatory bowel disease, rheumatoid arthritis and psoriasis 286-288.
It has been suggested that poly-unsaturated fatty acids may positively influence
human bone accrual in young individuals 289, and supplementation with PUFA may
decrease bone turnover and improve BMD in elderly patients 290. The ratio of n6:n-3 PUFAs may be important, and a low n-6:n-3 ratio may be preferable. In a
study in which the ratio of n-6:n-3 PUFAs was estimated in dietary intake, a higher
n-6:n-3 ratio was associated with lower hip BMD in elderly men and women 291.
For decades it has been known that dietary fat composition can influence bone in
animals, and that PUFA deficiency can lead to decreased collagen synthesis, bone
demineralization, replacement of bone by adipose tissue, and bone weakness 292.
Animals studies have shown that n-3 PUFAs can inhibit bone loss after
ovariectomy and reduce osteoclast activity 293-295. Also in animals, a low n-6:n-3
PUFA ratio is associated with improved bone formation 296.
53


 ÚÚ


The mechanisms behind the beneficial effects of n-3 PUFAs on bone metabolism
are not entirely clear, but several different modes of action have been proposed.
Fatty acids may alter bone metabolism by influencing prostaglandin and cytokine
levels, and n-3 fatty acids may reduce inflammatory prostaglandins and cytokines.
In contrast, n-6 PUFAs increase production of pro-inflammatory substances such
as PGE2, TNF-ơ, and IL-6, which may promote bone resorption 281, 286, 297. Another
proposed mechanism is that n-6 fatty acids may activate the nuclear receptor
PPARƣ, which modulates genes that regulate metabolic functions and promotes the
differentiation of pluripotent stem cells into adipocytes rather than osteoblasts 286,
298
. Studies also suggest that n-3 fatty acids increase intestinal calcium absorption
and reduce renal calcium excretion 292, 298, 299.
In the light of their beneficial effects on bone, it has been suggested that n-3 PUFA
supplementation could be used as a safe adjunct to other osteoporosis therapies or
as a treatment in its own right 286, 290. Further research is needed to explore these
possibilities.

•
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Aims and hypotheses of the thesis
The overall aim of the thesis was to study the influence of physical activity,
vitamins and fatty acids on bone mass and bone accrual in young men. The
following were the specific aims:

1. To investigate prospectively whether two sports with different physical
loading patterns have different effect on bone mineral accrual in young men.
We also aimed to evaluate the influence of heritable factors on bone mass by
investigating also the young men’s fathers and mothers.
Our hypothesis was that sports with different loading patterns have different
effects on bone mineral accrual.
2. To investigate the relationship between current high-, medium-, and low
impact physical activity and bone mass in male and female medical students.
Our hypothesis was that high impact physical activity in particular would
correlate with physical activity.
3. To investigate the association between vitamin D2, vitamin D3 and peak bone
mineral density.
Our hypothesis was that vitamin D levels, both D2 and D3, would correlate
positively with bone mineral density.
4. To investigate the relationship between retinol and its carrier protein, RBP-4,
and peak bone mineral density, fat mass, and markers of bone metabolism.
Our hypothesis was that levels of vitamin A and RBP-4 would show a negative
association with bone mass and markers of bone metabolism, and a positive
association with fat mass.
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5. To investigate the relationship between fatty acids and peak bone mineral
density.
Our hypothesis was that concentrations of n-3 fatty acids, but not n-6 fatty
acids, would be positively associated with bone mineral density.

•
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Materials and methods
Subjects
In this thesis, 3 different cohorts were studied. The cohort for study I was a group
of young males along with their parents; for study II, a cohort of male and female
medical students was used; and for studies III, IV, and V, a third young male
cohort was used.

Study I subjects
This study included 117 healthy Caucasian males, about 17 years old at baseline.
The subjects were volunteers and were not randomly selected. Sixty-five were ice
hockey players, 22 were badminton players, and 30 men were recruited as a control
group(Figure 28), they did not participate in any organized training. Four years
later, a follow-up was conducted. Of the original 117, 110 participants were
contacted and agreed to participate. Of these, 14 ice hockey and 3 badminton
players were excluded as they had ended their active sports career before the
follow-up; 2 subjects were excluded due to illness.

Figure 28. The subjects in study I consisted of male ice hockey players, badminton players, and control subjects.

In study I, we also wanted to study the BMD and BMC of the parents of the 3
different groups to evaluate the influence of heritable factors. Eighty percent of the
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fathers and 80% of the mothers were contacted and agreed to participate.
Participation rate was 86% for ice hockey parents, 79% for badminton parents, and
65% for the control parents.

Study II subjects
Study II involved medical students at the University of Umeå who were recruited at
the Sports Medicine Unit. Participants included 198 student volunteers (Figure 29).
Thirty-three male and 41 female medical students were excluded. Exclusion criteria
were recent or multiple fractures, medication interfering with bone metabolism,
irregular menstrual cycles, substantial weight loss, eating disorders, current or prior
smoking habits, and chronic disease. Twelve of the medical students were excluded
due to disease, 11 due to smoking, 3 due to multiple fractures, 6 because of
ethnicity, and one due to leg amputation; a further 41 were excluded for not
returning questionnaires. Thus, 124 students remained for the study: 62 men and
62 women. The mean age of the male medical students was 28 years, and the
female mean age was slightly lower, 25 years.

•

Figure 29. The subjects in study II were male and female medical students.
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Study III, IV, and V subjects
Studies III, IV, and V all involved the same cohort of young men. The participants
were recruited through advertisements and information given at two high schools
and local athletic clubs. A flowchart is provided to illustrate how the young men
participated in the different studies (Figure 30).

Flow chart of studies III, IV, and V
95 healthy Caucasian males DXA
16.7 years old

Fatty acid study (V)

11 lost to follow-up
5 failed leave blood samples
1 excluded illness
Vit D assay

Vitamin D study (III)

78 healthy males
DXA
Vit A assay
for the study
Fatty acid Examination at 22.6 years of age

Vitamin A study (IV)

assay

73 healthy males for the study DXA
Examination at 24.6 years of age

Figure 30. A flow chart of studies III, IV, and V. Note that the fatty acid study (study V) was longer than the other
studies.
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DXA measurements of bone mass and body
composition
In study I, the BMD (g/cm2) of the total body and the BMD and BMC (g) of the
lumbar spine and right proximal femur were measured in the study cohort at
baseline and at follow-up. These parameters were also measured in the parents
using the same Lunar DPX-L (GE-Lunar, GE Healthcare) dual-energy X-ray
absorptiometer, software version 4.6e (Figure 31). The bone areas of the total hip
and femoral neck and the bone area and height of the lumbar spine (L2-L4) were
also measured using the same equipment. The BMD, BMC, and bone area of the
dominant humerus in the young men were derived from the total body scan, using
the scaling option to maximize precision. The same investigator performed 90% of
the scans.

•

Figure 31. DXA scan at the Sports Medicine Unit using the Lunar DPX-L.

In study II, BMD (g/cm2) of the total body, femoral neck, and lumbar spine (L2L4) was measured using the same Lunar DPX-L (software version 1.3). DXA
(Figure 31). Body weight, lean body mass, and fat mass were obtained from the
total body scan. The BMC, the area of the femoral neck and lumbar spine, and the
height of the lumbar spine were obtained using the lumbar spine and femoral neck
software. From these measurements, the volumetric bone density (vBMD,
mg/cm3) of the femoral neck and lumbar spine was estimated using the assumption
that these two sites are cylindrical in size. The vBMD was then obtained by
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dividing the total volume of this cylinder by the BMC of the same site. The same
investigator performed all of the scans.
Studies III, IV, and V also used the Lunar DPX-L, software version 4.6e. The
BMD (g/cm2) of the total body and right hip was measured. The BMD of the spine
and the lean body mass were derived from the total body scan, and abdominal fat
mass was derived from the total body scan using the region-of-interest program.
One investigator performed all the analyses. To maximize precision, the scaling
option was used and set to 200.
The coefficient of variation (CV, SD/mean) was determined by scanning one
person seven times on the same day, with repositioning between each scan. The
CV values were 0.7% for the total body scan, ~1% for the BMD of the femoral
neck/total hip scan, 0.6% for the lumbar spine BMD, 2.3% for the humeral BMD,
0.7-1.5% for the different measured bone areas, 0.7% for lean body mass, and 2%
for abdominal and total fat mass. To evaluate the region-of-interest program, two
different persons were scanned. The first person was scanned seven times on the
same day, with repositioning between each scan. The CV value was then calculated
to be 1.1% for spine BMD. The second person was scanned a total of 10 times on
different days. The CV value then increased to 2.5%. The equipment was calibrated
each day using a standardized phantom to detect drifts in the measurements and to
test machine functions. The equipment was also evaluated regularly during the
studies using a spine phantom. No drifts in BMD were detected.
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Laboratory analyses
Determination of vitamin D analog concentration
In study III, blood samples were obtained from the 78 subjects at 22 years of age.
Serum (150 μL) was diluted with 450 μL 2-propanol containing hexadeuterio25OHD3 as an internal standard and butylated hydroxytoluene (BHT) as an
antioxidant. After thorough mixing for 15 minutes followed by centrifugation for
10 minutes (4,000 x g at 10°C), a 100 μL aliquot from the supernatant was injected
into the high-performance liquid chromatography (HPLC) system. HPLC was
performed with an HP 1100 liquid chromatograph (Agilent Technologies, Palo
Alto, CA), interfaced by atmospheric pressure electrospray ionization to a HewlettPackard (Palo Alto, CA) mass spectrometer operated in single ion monitoring
mode. Vitamin D analogues were separated on a 2.1 x 50 mm reversed phase
column (column temperature: 40°C). A one-point calibration curve was
constructed from analysis of an albumin solution enriched with a known vitamin D
concentration. Recovery was >95%, the method was linear from at least 5-400
nmol/L, and the limit of detection was 1-4 nmol/L. The CVs for the standards
(SD/mean) were 5.8% (29.4 nmol/L) and 5.2% (73.6 nmol/L).

•

Determination of retinol and RPB-4 concentration
In study IV, serum was obtained under non-fasting conditions from 78 men at
baseline (i.e., at 22 years of age), and stored in a dark freezer at -80° Celsius until
analyzed. Eighty microliters of plasma was diluted with 300 ƬL 2-propanol
containing the internal standard, retinol acetate, and the antioxidant,
butylhydroxytoluene. After thorough mixing for 15 minutes and centrifugation for
10 minutes (4000 x g at 10°C), a 7 ƬL aliquot of the supernatant was injected into
the HPLC system. HPLC was performed with an HP 1100 liquid chromatograph
(Agilent Technologies, Palo Alto, CA) with a single wavelength UV detector
operating at 325 nm. Retinol was separated from the matrix and internal standard
on a 4.6 x 25 mm reversed phase column. A 2-point calibration curve was
constructed from plasma calibrators with known concentrations of retinol. The
column temperature was 40°C. Recovery was >95%, the method was linear from
0.1 to >10 ƬM, and the limit of detection was 0.01 ƬM. The relative standard
deviations were 4.9% (1.2 ƬM) and 5.8% (1.7 ƬM). RBP-4 plasma concentration
was determined with a radial immunodiffusion technique (Human RBP-4
NanoRID Kit, Binding Site Ltd., Birmingham, UK). The CV% for the method was
10.2% (3.1 ƬM). This method measures total RBP-4, i.e. apo-RBP, free holo-RBP,
apo-RBP-TTR, and holo-RBP-TTR.
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Measurement of bone metabolism markers
Bone metabolism markers were analyzed in studies III and IV. Parathyroid
hormone (PTH), osteocalcin, and the carboxy-terminal telopeptide of type 1
collagen (CTX, Beta CrossLaps) were measured using a direct chemoluminescence
technique based on the sandwich technique in which proteins in the patient sample
and specific antibodies form a complex during the first incubation. During the
second incubation, streptavidin-marked microparticles are added, and the protein is
separated magnetically. The chemoluminescence process is initiated and
subsequently measured by a photo multiplicator. The CV is 1.7- 5.2%, depending
on the concentration and on the particular molecule being measured.


Fatty acid profile of serum phospholipids
In study V, serum was obtained under non-fasting conditions from the 78 subjects
at 22 years of age. Total plasma lipids were extracted according to Folch et al. 300
and the phospholipids were isolated on 400 mg aminopropyl solid-phase extraction
columns according to Helland et al. 301. Phospholipids were eluted from the
columns with methanol, evaporated with hot nitrogen, and transmethylated with
fresh sodium methoxide. Fatty acid methyl esters were extracted into hexane
containing 20 mg/L butylated hydroxyl toluene (BHT) as an antioxidant and
separated on a 100 m x 0.25 mm (internal diameter) capillary gas chromatography
column (SP-22566, Supelco, Bellefonte, PA, U.S.A.), with hydrogen as the carrier
gas and flame ionization detection. The results were expressed as grams fatty acids
per 100 grams of serum phospholipids.

63


•

 ÚÚ


Statistical analyses
The SPSS software for personal computers (versions 11.5, 12.0 and 14.0, SPSS Inc.
Chicago, IL) was used for statistical analysis in all studies.

Study I statistics
Differences among the three groups were determined using analysis of variance and
Bonferroni’s post hoc test, and analysis of covariance was conducted with body
weight as a covariate. The independent contributions of the badminton group, the
ice hockey group, and the control group to the changes in bone variables during
the 4-year follow-up period were investigated using linear regression. The three
different groups (badminton, ice hockey, and control) were first transformed into
two dummy variables, the first of which tested whether the badminton group was
significantly different from the ice hockey group and the second of which tested
whether the badminton group was significantly different from the control group.
These dummy variables were then used in the linear regression as independent
variables, together with changes in weight, height, and physical activity during the
4-year study period. Bivariate correlations were investigated using Pearson’s
coefficient of correlation. SPPS for PC (version 12.0) was used for statistical
analyses. A p-value less than 0.05 was considered significant.

Study II statistics
Bivariate correlations were calculated between the bone variables, body
composition parameters, and the physical activities with different impacts using
Pearson’s coefficient of correlation. Multiple linear regression analyses were then
conducted to identify the variation explained at each site by all these variables. The
different amounts of high-, medium-, and low-impact activity were then analyzed
together to evaluate independent associations with BMD. A p-value less than 0.05
was considered significant.

Study III and IV statistics
All data were presented as means ± standard deviations. Bivariate correlations were
calculated using Pearson’s coefficient of correlation. The independent contributions
of vitamin D analogs 25OHD3, 25OHD2, and total 25OHD to BMD as well as
the independent contributions of retinol and RBP-4 to BMD were investigated
using linear regression. In study IV, to allow for a U-shaped relation, a seconddegree polynomial was used. A p-value less than 0.05 was considered significant.
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Study V statistics
Again, all data were reported as means ± standard deviations. Bivariate correlations
were calculated using Pearson’s coefficient of correlation. The independent
contributions of fatty acids to the different BMD sites were investigated using
linear regression, including weight, height, and physical activity as independent
variables. Differences between 3 groups were investigated by analysis of variance
(ANOVA) with Bonferroni’s test for post hoc comparisons. Again, a p-value less
than 0.05 was considered significant.

Ethics
Informed consent was given by all participants and the study protocols were
approved by the Ethics Committee of the Medical Faculty, Umeå University for all
the studies (I-V).
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Summary of results
Study I
Effects of Different Types of Weight-Bearing Loading on Bone Mass
and Size in Young Males: A Longitudinal Study
Whether different types of weight bearing loading have different effects on bone
mineral accrual in young adults is not well investigated. We measured BMD, BMC,
2
and bone area (cm ) at different sites, in 46 ice hockey players, 18 badminton
players and 27 controls, all 17 years of age at baseline. A follow up was conducted
four years later. The gains in BMD and BMC of the femoral neck and in BMC of
the humerus were significantly higher (p < 0.05) in badminton players compared
with controls during the follow-up time. The badminton players also gained more
hip BMC and area compared with the ice hockey players (p < 0.05). At the followup, the badminton players had higher BMD and BMC at all sites compared with
controls (p < 0.05). After adjustment for body weight, badminton players had
higher hip BMD and BMC, femoral neck BMC, and humeral BMC compared with
ice hockey players (p < 0.05) at the follow-up. To investigate the influence of
heritable factors on bone mass, the fathers of the young athletes and controls were
investigated. After adjustment for differences in age, there were no differences in
BMC or BMD among fathers of badminton players, ice hockey players, or controls.
This may suggest an absence of selection bias concerning the differences found in
bone mass.

Study II
Current Physical Activity is Related to Bone Mineral Density in
Males but not in Females
The aim of the present study was to investigate the association between high-,
medium-, and low-impact physical activity in males and females at the time of peak
bone mineral density in young adulthood. The cohort studied consisted of 62 male
medical students (mean age 28.1 ± 3.9) and 62 female medical students (mean age
25.1 ± 3.9). The BMD of the total body, femoral neck, and lumbar spine, and the
BMC and area (cm2) of the femoral neck and lumbar spine was measured using
dual energy X-ray absorptiometry. Volumetric BMD (vBMD, mg/cm3) of the
femoral neck and lumbar spine was estimated. The amount of physical activity per
week, was divided into high-impact, medium-impact, and low-impact activity. In
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the male cohort, estimated hours of high-impact physical activity per week was
associated with BMD and BMC of all sites (r = 0.27-0.53, p < 0.05) and bone area
of the femoral neck (r = 0.38, p < 0.01). Total amount of physical activity per week
was associated with BMD of the total body and femoral neck, BMC of femoral
neck and lumbar spine, femoral neck vBMD, and the lumbar spine area (p < 0.05
for all). Using linear regression, high-impact physical activity was independently
associated with BMD (beta = 0.27, p < 0.05) and BMC (beta = 0.34, p < 0.01) of
the femoral neck. In the female cohort there was no association between amount
or type of physical activity to BMD, BMC, vBMD, or the bone area of any site.
Instead body weight, lean body mass, or fat mass were significantly related to BMD
and all BMC sites in this group.

Study III
Relationship between Vitamin D Metabolites to Bone Mineral
Density in Young Males: A Cross-Sectional and Longitudinal Study
The aim of this study was to investigate the association between vitamin D analogs
and peak bone mineral density in young men. The cohort studied consisted of 78
males with a mean age of 22.6 years at baseline. BMD of the total body, hip, and
spine and lean body mass were measured at baseline and at a follow-up 2 years
later. Blood samples were assayed for 25-hydroxyvitamin D2 (25OHD2), 25hydroxyvitamin D3 (25OHD3), and total 25-hydroxyvitamin D (25OHD) at
baseline, using high-performance liquid chromatography. Levels of 25OHD3 was
significantly correlated with BMD at all sites and to lean body mass (r = 0.23-0.35,
P < 0.05), at baseline. In contrast, levels of 25OHD2 significantly negatively
correlated with BMD of the total body (r =-0.28, P = 0.01) and spine (r = -0.27, P
= 0.02). After adjustment for the influence of age, body weight, body height, and
physical activity (hours/week), levels of 25OHD3 were independently associated of
BMD of the total body (beta = 0.24, P = 0.03) and spine (beta = 0.25, P = 0.03).
Levels of 25OHD2 were an independent negative predictor of the same sites (beta
= -0.23 for both, P = 0.03). There was a negative association between levels of
25OHD3 and levels of 25OHD2 (r = -0.31, P = 0.006).
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Study IV
Retinol, Retinol-Binding-Protein-4, Abdominal Fat Mass, Peak Bone
Mineral Density and Markers of Bone Metabolism in Men: The NO2Study
The influence of retinol on BMD in males after puberty in men is not well
investigated. The purpose of the present study was to investigate the association
between retinol, RBP-4 and BMD, abdominal fat mass, and markers of bone
metabolism in young men. The cohort studied consisted of 78 healthy males with a
mean age of 22.6±0.7 yr at baseline. A follow up was conducted in 73 of the
participants 2.0±0.4 yrs later. Associations between serum concentrations of retinol
and RBP-4, BMD, and serum concentrations of osteocalcin, and carboxyterminal
telopeptide of type 1 collagen (CTX) were investigated. Both retinol and RBP-4
showed an inverse relationship with that of osteocalcin (r = - 0.23 to -0.25, P <
0.05). Levels of RBP-4 (r=0.26, p=0.02) and osteocalcin (r=-0.23, p=0.04) were
also related to abdominal fat mass. Neither retinol nor RBP-4 concentrations were
associated with BMD at any site or CTX as baseline, or changes in BMD during the
two year follow-up period. Levels of RBP-4 showed a strong association with levels
of retinol (r=0.61, p<0.001).
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Study V
n-3 Fatty Acids are Positively Associated with Peak Bone Mineral
Density and Bone Accrual in Healthy Men: the NO2 Study
The knowledge concerning the influence of polyunsaturated fatty acids on bone
mass in humans is limited. The objective of the present study was to investigate the
role of fatty acids in bone accumulation and the attainment of peak bone mass in
young men. The cohort studied consisted of 78 healthy young men with a mean
age of 17 years at baseline. BMD of total body, hip, and spine was measured at
baseline and at 22 and 24 y of age. Fatty acid concentrations were measured in the
phospholipid fraction in serum at 22 y of age. Concentrations of n-3 fatty acids
were positively associated with total BMD (r=0.27, P=0.02) and spine BMD
(r=0.25,P =0.02) at 22 y of age. A positive association between concentrations of
n-3 fatty acid and the changes in BMD at the spine (r=0.26, P=0.02) between 16
and 22 years of age was found. Concentrations of docosahexaenoic acid (DHA,
22:6n-3) were positively associated with total BMD (r =0.32, P=0.004) and BMD at
the spine (r =0.30, P=0.008) at 22 y of age.
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General discussion
Osteoporosis is a major public health problem. The lifetime risk for osteoporotic
fracture is about 50% in women and 25% in men 4, 12. Osteoporosis is also a very
costly disease that puts a heavy burden on public healthcare systems. Genetic
factors play a very significant role for the risk of developing osteoporosis and for
sustaining a fracture 302, 303, and several other factors also play a role. Physical
activity and nutrition are among the major factors that can be influenced and may
reduce the future risk of osteoporosis. This may be especially important in
adolescence and in young adulthood, when about 50% of the total bone mass is
accumulated and peak bone mass is achieved 46, 304. Peak bone mass is believed to
influence the future risk of developing osteoporosis and fractures 209, 305.
Although osteoporosis and osteoporotic fractures are more prevalent in women
than in men, osteoporosis is a problem in the male population as well.
Osteoporotic fractures may have increased at a faster rate in males than in females
306, 307
. Given the impact of the disease, male osteoporosis has garnered little
attention, and it is an under-diagnosed and under-treated condition 308-310.
In the present thesis, we investigated the influence of physical activity on the BMD
of men and women, as well as the influence of different nutritional factors on bone
parameters in men around the time of peak bone mass attainment.
The influence of physical activity on the skeleton was investigated in studies I and
II. Specifically, in study I we examined the effects of playing badminton and ice
hockey on bone mass in young men, and we compared the results with a control
group after 4 years of follow-up. The study started when the subjects were 17 years
old. After adjustments for body weight, badminton players initially had higher
BMD and BMC at all skeletal sites compared to the control group. The same was
true for ice hockey players, except for humeral BMC.
At follow-up 4 years later, the effect of badminton play on the skeleton was even
more evident. During the study, the badminton players had made significant gains
in femoral neck and humeral BMD compared with controls. The hip BMC of the
badminton players also increased more than the BMC of the ice hockey players. At
the end of the study, after adjustment for differences in body weight, the
badminton and ice hockey players had significantly higher BMD and BMC at all
measured skeletal sites compared to controls. The badminton players also had
significantly higher hip BMD and BMC, and femoral neck and humeral BMC
compared to the ice hockey players.
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Study I also found that bone size could be affected by physical training. After 4
years, the badminton players had a greater increase in hip area than did the ice
hockey players; after adjustment for body weight, the badminton players also had
greater dominant humeral areas. As an increase in bone size increases the moment
of inertia and thus the bone strength, this could be of great importance with regard
to breaking strength 119, 201, 311 (Figure 32).

© Current Medicine

Figure 32. An increase in bone size increases the cross-sectional moment of inertia even if the bone mineral mass is
the same, leading to better bending resistance and decreased fracture risk 119, 311.

Badminton is a sport that involves a lot of jumping and quick changes in direction.
This puts a lot of strain on the skeleton, especially in the lower extremities, and can
explain why badminton (Figure 33) seemingly induces a more powerful osteogenic
response than does ice hockey 175. Another racquet sport, tennis, has also been
associated with high BMC or BMD values compared to controls, especially in the
lower extremities and in the dominant arm 173, 187, 312-315. Many previous investigators
have found that skeletal response to training seems to be site specific, e.g. humeral
loading is related to higher humeral bone measures and soccer increase lower limb
bone measures 189, 201, 202, 311, 316.
We do not know of any previous study in which different weight-bearing sport
(badminton vs. ice hockey) have shown different effects on both bone mass and
bone size. Our results confirm that weight-bearing loading in men is important for
bone accrual after puberty and into young adulthood. Badminton in particular
seems to induce a good osteogenic response in the male skeleton, at least up to the
time of peak bone mass.
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Figure 33. Playing badminton induces a strong osteogenic response in young males.

As heritable factors might influence both BMD and also an individual’s propensity
for a certain sport, we also checked the bone parameters of both the mothers and
fathers of the participants. No BMD or BMC differences were identified when
comparing parents of athletes with parents of controls. This suggests that the
observed skeletal benefits stemmed from physical activity rather than from
heredity.
In study II we examined the relationship between current physical activity and
BMD in both young men and young women. This was a cross-sectional study
involving 62 men and 62 women, all medical students. We recorded the amount
and type of physical activity the students engage in; the activities were classified as
low-, medium-, or high-impact activities. In the men we found that high-impact
activities were significantly associated with BMD and BMC at all measured sites as
well as with femoral neck area. Interestingly, these results closely mirror the results
of study I. In the female cohort, the results were different—we could find no
relationship between any type of weight bearing activity and BMD, in spite of the
fact that women had similar training hours and similar amount of high-impact
activity as the men. We found that body weight, lean body mass, and fat mass were
significantly related to BMD and BMC at all sites in women.
Our study indicates that men and women respond differently to skeletal loading.
Two previous studies have also noted that women do not have the same beneficial
skeletal response to training as men 180, 317. Possible explanations include the high
prevalence of exercise-induced menstrual and hormonal disorders in training
women, though these were not detected in our study 318-320. A few studies in
younger pre-pubertal girls have demonstrated positive bone mass gain as a result of
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exercise 164, 177. Therefore, it may be that the optimal time for exercise-induced bone
gain is in pre-puberty in women, and that later training efforts have little effect on
the female skeleton. However, there are other studies of young adult women that
found a significant association between physical exercise and BMD gains 176, 321, 322.
Adequate nutrition is a prerequisite for any type of growth. In studies III-V we
examined some of the nutritional factors that could be important for skeletal
growth after puberty.
Study III investigated the influence of vitamin D on peak bone mass. Vitamin D
has long been used in osteoporosis prevention and treatment, usually in
combination with calcium. Most treatment protocols employ vitamin D and
calcium supplementation as first-line treatment. Nearly all studies of other
pharmacological treatments use vitamin D in both the active treatment and placebo
groups. In studies of the elderly, Vitamin D supplementation has significantly
reduced fracture incidence 231. Metaanalyses have also indicated that vitamin D
supplementation can reduce fracture incidence in older persons; however, a daily
dose of about 800 IU is required 223, 232-234. These results, combined with the known
beneficial effects of vitamin D on calcium metabolism, have resulted in universal
adoption of vitamin D for the prevention and treatment of osteoporosis.
In our study 78 young males with a mean age of 23 years at baseline were followed
for two years. Serum levels of vitamin D3 and D2 were recorded at baseline.
Weight, height, and BMD were measured at baseline and at follow-up at 25 years of
age. We found that vitamin D3 showed a positive association with BMD at all
measured sites. Surprisingly, vitamin D2, which is often used in supplements, was a
negative predictor of BMD. There was a negative association between the two
analogues. This is the first study of vitamin D3 and D2 and their respective
association with BMD. Previous research has studied the total amount of vitamin
D rather than vitamin D3 and D2 separately. A study by Armas et al. found that
vitamin D2 was much less effective than D3 in maintaining 25OHD serum
concentrations and furthermore that 25OHD3 levels actually declined with vitamin
D2 supplementation 323. There was a strong association between vitamin D3 levels
and the month the sample was obtained, making it likely that sunlight exposure
rather than nutritive factors had the greatest impact on vitamin D3 levels.
The relationship between vitamin D levels and measures of bone in puberty and
young adults has been studied by others. In a study of adolescent girls by
Lehtonen-Veromaa et al., correlations between vitamin D levels and lumbar spine
and femoral neck BMD gains were found 324. Välimäki et al. found significant
positive correlations between serum 25OHD and BMC at lumbar spine, femoral
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neck, trochanter, and total hip sites in male subjects near the time of peak bone
mass 226.
In summary, the results of study III might indicate that vitamin D3 is of significant
importance for bone mineral accrual in young adults near the time of peak bone
mass. Vitamin D2, on the other hand, may have a negative association to the
skeleton and to D3 levels. This is important as many nutritional supplements
contain vitamin D2, a practice that should definitely be reevaluated.
In study IV, we investigated vitamin A (retinol), its transport protein RBP-4, and
their association with BMD, abdominal fat mass, and markers of bone metabolism
in young men. The rationale behind this study included the results of previous
experimental studies in which vitamin A hypervitaminosis caused decreased bone
formation in rats and the retinol metabolite retinoic acid negatively affected human
osteoblasts cells 254, 261. Several clinical studies have also found an association
between high retinol levels or high retinol intake and fracture risk 267-269.
Furthermore, associations between high vitamin A intake and reduced BMD have
been observed 267, 270. Thus, it is possible that even moderately elevated vitamin A
levels or intake could contribute to the development of osteoporosis 267, 268, 280, 325.
In study IV, we used the same participants as in the vitamin D study (study III).
The participants’ mean age was 22.6 years at the start of the study when the DXA
scan was performed and blood samples were obtained. Two years later, repeat
BMD measurements were performed.
A negative association between retinol, RBP-4 and osteocalcin was observed.
Osteocalcin is as outlined earlier a bone-specific protein secreted by osteoblasts.
The association found may suggest a decreased bone formation in subjects with
high retinol levels. However, levels of retinol were not related to BMD at any site
or changes in BMD during the follow up period of two years. Both levels of RBP-4
and osteocalcin were related to abdominal fat mass. These association are
supported by recent experimental and clinical research, where both osteocalcin and
RBP-4 have been found to interact with fat mass and insulin sensitivity 234, 326, 327. In
our study, the relationship between RBP-4 and osteocalcin disappeared when
adjusting for abdominal fat mass. Thus, from the results of the present study, we
can draw no certain conclusion about the relationship found between RBP-4 and
osteocalcin. In this rather small cohort, we found no evidence for an influence of
levels of retinol on peak BMD in men.
In study V we investigated the role of fatty acids in bone accrual and in the
attainment of peak bone mass in young men. The influence of fatty acids on
human bone growth is not very well characterized. Animal studies have
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demonstrated correlations between n-3 polyunsaturated fatty acid (PUFA) intake,
reduced bone resorption, and increased bone formation 293, 294, 328-330. In children,
ingested PUFAs and saturated fatty acids may influence bone growth 289, 331. In a
study of elderly women, lumbar spine BMD was preserved and femoral neck BMD
increased compared to control in a group taking combined evening primrose oil
and fish oil supplements 290. As the supplement mixture contains several different
types of fatty acids, it is hard to draw any firm conclusions.
The cohort for study V consisted of the same 78 young men as in the previous
studies that investigated the associations of vitamin A and vitamin D with bone
mass (studies III and IV). In young men who were 22.6 years of age, significant
positive correlation was found for serum levels of n-3 fatty acids and total body
and spine BMD. The n-3 fatty acids also correlated positively with spine BMD
accrual. In contrast, a significant negative association was found between
monounsaturated fatty acids and total body BMD. Thus, our main findings from
study V were the positive association between n-3 fatty acids and total body and
spine BMD as well as the positive association between n-3 fatty acids and spine
BMD accrual.

75


•

 ÚÚ


Summary and conclusion
Badminton training seems to induce a favorable osteogenic response in the
skeleton of young males after puberty compared to ice hockey training. The skeletal
response was site-specific.
High impact physical activity similarly was associated with higher bone mass in a
cohort of young men but not in a cohort of young women. In the women, body
weight, lean body mass, and fat mass showed positive associations with the bone
parameters.
Vitamin D3 levels showed a positive association with BMD at all measured sites in
a young male cohort. Conversely vitamin D2 levels were negatively correlated with
total body and spine BMD. There was a negative association between the two
vitamin D analogs.
Retinol and RBP-4 levels were not associated with BMD in a young male cohort.
Negative correlations between retinol, RBP-4 and the bone formation marker
osteocalcin were observed. However, these associations were also influenced by
abdominal fat mass.
In a young male cohort, n-3 PUFAs correlated positively with total body BMD,
spine BMD, and finally spine BMD accrual. Monounsaturated fatty acids
conversely correlated negatively with total body BMD.
In conclusion, the results of the present thesis may suggest that several modifiable
life style factors could be influenced in young males to increase peak bone mass.
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Sammanfattning på svenska


Benskörhetsfrakturer drabbar ungefär varannan kvinna och var fjärde man. Då det
inte finns någon effektiv bot mot benskörhet är prevention av största betydelse.
Även om ärftliga faktorer har stor betydelse för risken att drabbas av frakturer finns
det även vissa omgivningsfaktorer som går att påverka. Diagnosen benskörhet ställs
genom att mäta skelettets innehåll av benmineraler, den så kallade bentätheten. Den
maximala bentätheten nås strax efter 20 års ålder och genom att maximera den kan
man sannolikt minska risken att drabbas av frakturer längre fram i livet. I denna
avhandlings har vi undersökt betydelsen av fysisk aktivitet, nivåer av vitamin D,
vitamin A samt fettsyror för bentätheten hos unga män omkring den tidpunkt då
maximal bentäthet uppnås.
Betydelsen av fysisk aktivitet undersöktes prospektivt under fyra år hos 46
ishockeyspelare, 18 badminton spelare och 27 kontroller som ej deltog i
idrottsträning. Alla grupper bestod av unga män som var 17 år vid första
undersökningstillfället. Under uppföljningstiden ökade badmintonspelarna mer i
benmassa i överarmen jämfört med kontrollgruppen och ökade mer i benmassa i
höften än både kontrollgruppen och ishockeyspelarna. Dessutom ökade
badmintonspelarna mer i benstorlek i höften jämfört med ishockeyspelarna. Vi
bedömer att skillnaderna i benmassa inte beror på ärftliga faktorer, då det inte fanns
någon skillnad i benmassa mellan föräldrar till grupperna av idrottsmän och
föräldrar till kontroller. Relationen mellan fysisk aktivitet och bentäthet undersöktes
även i en annan studie där materialet bestod av 62 manliga och 62 kvinnliga
medicine studerande. Graden av fysisk aktivitet delades upp i aktiviteter med hög
stötbelastning (high impact), medelhög och låg stötbelastning. Hos männen var
mängden hög stötbelastande fysisk aktivitet relaterad till bentätheten både i höft
och rygg och även benstorleken i höften. Hos kvinnorna däremot var graden av
fysisk aktivitet inte relaterat till bentätheten utan den var istället relaterad till
kroppskonstitution.
Betydelsen av vitamin D, vitamin A och fettsyror för utvecklingen av den maximala
benmassan undersöktes hos 78 unga män. Vitamin D3-nivåer var positivt
signifikant relaterade till bentäthet både i ryggen samt i höften medan nivåer av
vitamin D2 visade en signifikant negativ relation till bentätheten hos denna kohort.
Det fanns även en signifikant negativ relation mellan nivåer av vitamin D3 och D2.
Nivåerna av retinol var inte relaterade till bentäthet, men både retinol och
retinolbindande protein 4 visade en signifikant negativ relation till osteocalcin, som
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är en markör för benformation. Slutligen var koncentrationen av omega 3 fettsyror
i serum hos denna kohort relaterade till bentätheten i både rygg och hela kroppen.
Dessa studier visar sammanfattningsvis starka relationer mellan påverkbara kostfaktorer och fysisk aktivitet till utvecklingen av den maximala bentätheten hos män.
Graden av fysisk aktivitet visade inte samma starka relation till maximala bentätheten hos kvinnor som hos män.

•

80


 ÚÚ


References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

JohnellO,KanisJA.Anestimateoftheworldwideprevalence,mortalityanddisability
associatedwithhipfracture.OsteoporosInt2004;15(11):897Ͳ902.
Larsson S, Eliasson P, Hansson LI. Hip fractures in northern Sweden 1973Ͳ1984. A
comparisonofruralandurbanpopulations.ActaOrthopScand1989;60(5):567Ͳ71.
GullbergB,JohnellO,KanisJA.WorldͲwideprojectionsforhipfracture.OsteoporosInt
1997;7(5):407Ͳ13.
Saaf M AV. Osteoporosis Ͳ Prevention, Diagnosis and Treatment. Stockholm: Swedish
CouncilonTechnologyAssessmentinHealthCare(SBU);2003.
Cooper C, Campion G, Melton LJ, 3rd. Hip fractures in the elderly: a worldͲwide
projection.OsteoporosInt1992;2(6):285Ͳ9.
KanisJA,JohnellO,DeLaetC,JonssonB,OdenA,OgelsbyAK.Internationalvariations
in hip fracture probabilities: implications for risk assessment. J Bone Miner Res
2002;17(7):1237Ͳ44.
EuropeanCommission.ReportonOsteoporosisintheEuropeanCommunity.1998.
KanisJA.TheincidenceofhipfractureinEurope.OsteoporosInt1993;3Suppl1:10Ͳ5.
MeltonLJ,3rd,O'FallonWM,RiggsBL.Seculartrendsintheincidenceofhipfractures.
CalcifTissueInt1987;41(2):57Ͳ64.
NilssonR,LofmanO,BerglundK,LarssonL,TossG.IncreasedhipͲfractureincidencein
thecountyofOstergotland,Sweden,1940Ͳ1986,withforecastsuptotheyear2000:an
epidemiologicalstudy.IntJEpidemiol1991;20(4):1018Ͳ24.
Gullberg B, Duppe H, Nilsson B, et al. Incidence of hip fractures in Malmo, Sweden
(1950Ͳ1991).Bone1993;14Suppl1:S23Ͳ9.
Kanis JA, Johnell O, Oden A, et al. LongͲterm risk of osteoporotic fracture in Malmo.
OsteoporosInt2000;11(8):669Ͳ74.
Jalava T, Sarna S, Pylkkanen L, et al. Association between vertebral fracture and
increasedmortalityinosteoporoticpatients.JBoneMinerRes2003;18(7):1254Ͳ60.
Johnell O, Kanis JA, Oden A, et al. Mortality after osteoporotic fractures. Osteoporos
Int2004;15(1):38Ͳ42.
Johnell O, Kanis JA, Jonsson B, Oden A, Johansson H, De Laet C. The burden of
hospitalisedfracturesinSweden.OsteoporosInt2005;16(2):222Ͳ8.
Borgstrom F, Zethraeus N, Johnell O, et al. Costs and quality of life associated with
osteoporosisͲrelatedfracturesinSweden.OsteoporosInt2006;17(5):637Ͳ50.
Borgstrom F, Sobocki P, Strom O, Jonsson B. The societal burden of osteoporosis in
Sweden.Bone2007;40(6):1602Ͳ9.
LöfmanO.Epidemiologinförfrakturer.Läkartidningen2006;103(40):2956Ͳ8.
Kanis JA. Diagnosis of osteoporosis and assessment of fracture risk. Lancet
2002;359(9321):1929Ͳ36.
Kanis JA, Gluer CC. An update on the diagnosis and assessment of osteoporosis with
densitometry. Committee of Scientific Advisors, International Osteoporosis
Foundation.OsteoporosInt2000;11(3):192Ͳ202.
Assessment of fracture risk and its application to screening for postmenopausal
osteoporosis. Report of a WHO Study Group. World Health Organ Tech Rep Ser
1994;843:1Ͳ129.
81



•

 ÚÚ

22.

23.

24.

25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

38.
39.
40.
41.
42.

BeckerD,LiverO,MesterR,RapoportM,WeizmanA,WeissM.Risperidone,butnot
olanzapine, decreases bone mineral density in female premenopausal schizophrenia
patients.JClinPsychiatry2003;64(7):761Ͳ6.
Vestergaard P, Olsen ML, Paaske Johnsen S, Rejnmark L, Sorensen HT, Mosekilde L.
Corticosteroid use and risk of hip fracture: a populationͲbased caseͲcontrol study in
Denmark.JInternMed2003;254(5):486Ͳ93.
KallinK,JensenJ,OlssonLL,NybergL,GustafsonY.Whytheelderlyfallinresidential
care facilities, and suggested remedies. The Journal of family practice 2004;53(1):41Ͳ
52.
BuckwalterJA,CooperRR.Bonestructureandfunction.InstrCourseLect1987;36:27Ͳ
48.
WoolfA,StJohnDixon,A.Osteoporosis,AClinicalGuide.SecondEditioned.London:
MartinDunitzLtd;1998.
ChenuC,ColucciS,GranoM,etal.Osteocalcininduceschemotaxis,secretionofmatrix
proteins,andcalciumͲmediatedintracellularsignalinginhumanosteoclastͲlikecells.J
CellBiol1994;127(4):1149Ͳ58.
MartinRB.Towardaunifyingtheoryofboneremodeling.Bone2000;26(1):1Ͳ6.
Javaid MK, Cooper C. Prenatal and childhood influences on osteoporosis. Best Pract
ResClinEndocrinolMetab2002;16(2):349Ͳ67.
MaurasN.Growthhormone,insulinͲlikegrowthfactorIandsexhormones:effectson
proteinandcalciummetabolism.ActaPaediatrSuppl1999;88(433):81Ͳ3.
Carrascosa A, Gussinye M, Yeste D, del Rio L, Audi L. Bone mass acquisition during
infancy,childhoodandadolescence.ActaPaediatrSuppl1995;411:18Ͳ23.
Hunziker EB. Mechanism of longitudinal bone growth and its regulation by growth
platechondrocytes.MicroscResTech1994;28(6):505Ͳ19.
Junqueira L.C CJ, Kelley R.O. Basic Histology. seventh edition ed: Appleton & Lange;
1992.
SadlerTW.Langman´sMedicalEmbryology,6thedition.1990.
KooWW,BushAJ,WaltersJ,CarlsonSE.Postnataldevelopmentofbonemineralstatus
duringinfancy.JAmCollNutr1998;17(1):65Ͳ70.
RauchF,SchoenauE.Changesinbonedensityduringchildhoodandadolescence:an
approach based on bone's biological organization. J Bone Miner Res 2001;16(4):597Ͳ
604.
TrotterM,HixonBB.Sequentialchangesinweight,density,andpercentageashweight
of human skeletons from an early fetal period through old age. Anat Rec
1974;179(1):1Ͳ18.
Trotter M, Peterson RR. The density of bones in the fetal skeleton. Growth
1970;34(3):283Ͳ92.
BonnardGD.Corticalthicknessanddiaphysialdiameterofthemetacarpalbonesfrom
theageofthreemonthstoelevenyears.HelvPaediatrActa1968;23(5):445Ͳ63.
Turner CH, Burr DB. Basic biomechanical measurements of bone: a tutorial. Bone
1993;14(4):595Ͳ608.
RauchF,SchoenauE.Thedevelopingbone:slaveormasterofitscellsandmolecules?
PediatrRes2001;50(3):309Ͳ14.
IlichJZ,BadenhopNE,JelicT,ClairmontAC,NagodeLA,MatkovicV.Calcitriolandbone
massaccumulationinfemalesduringpuberty.CalcifTissueInt1997;61(2):104Ͳ9.

82


 ÚÚ

43.

44.
45.

46.
47.
48.

49.

50.
51.

52.
53.
54.

55.

56.

57.

58.

59.

60.

vanderMeulenMC,AshfordMW,Jr.,KiratliBJ,BachrachLK,CarterDR.Determinants
of femoral geometry and structure during adolescent growth. J Orthop Res
1996;14(1):22Ͳ9.
Rogol AD, Roemmich JN, Clark PA. Growth at puberty. J Adolesc Health 2002;31(6
Suppl):192Ͳ200.
Tanner JM, Whitehouse RH, Marshall WA, Carter BS. Prediction of adult height from
height, bone age, and occurrence of menarche, at ages 4 to 16 with allowance for
midparentheight.Archivesofdiseaseinchildhood1975;50(1):14Ͳ26.
SaggeseG,BaroncelliGI,BertelloniS.Pubertyandbonedevelopment.BestPractRes
ClinEndocrinolMetab2002;16(1):53Ͳ64.
Soyka LA, Fairfield WP, Klibanski A. Clinical review 117: Hormonal determinants and
disordersofpeakbonemassinchildren.JClinEndocrinolMetab2000;85(11):3951Ͳ63.
Libanati C, Baylink DJ, LoisͲWenzel E, Srinvasan N,Mohan S. Studies on the potential
mediatorsofskeletalchangesoccurringduringpubertyingirls.JClinEndocrinolMetab
1999;84(8):2807Ͳ14.
TheintzG,BuchsB,RizzoliR,etal.Longitudinalmonitoringofbonemassaccumulation
in healthy adolescents: evidence for a marked reduction after 16 years of age at the
levels of lumbar spine and femoral neck in female subjects. J Clin Endocrinol Metab
1992;75(4):1060Ͳ5.
Riggs BL, Khosla S, Melton LJ, 3rd. The assembly of the adult skeleton during growth
andmaturation:implicationsforsenileosteoporosis.JClinInvest1999;104(6):671Ͳ2.
MoraS,PrinsterC,ProverbioMC,etal.Urinary markersofbone turnoverinhealthy
childrenandadolescents: ageͲrelatedchangesandeffectofpuberty.CalcifTissueInt
1998;63(5):369Ͳ74.
DeRidderCM,DelemarreͲvandeWaalHA.Clinicalutilityofmarkersofboneturnover
inchildrenandadolescents.CurrOpinPediatr1998;10(4):441Ͳ8.
Bailey DA. The Saskatchewan Pediatric Bone Mineral Accrual Study: bone mineral
acquisitionduringthegrowingyears.IntJSportsMed1997;18Suppl3:S191Ͳ4.
Blimkie CJ, Lefevre J, Beunen GP, Renson R, Dequeker J, Van Damme P. Fractures,
physicalactivity,andgrowthvelocityinadolescentBelgianboys.Medicineandscience
insportsandexercise1993;25(7):801Ͳ8.
Cadogan J, Blumsohn A, Barker ME, Eastell R. A longitudinal study of bone gain in
pubertal girls: anthropometric and biochemical correlates. J Bone Miner Res
1998;13(10):1602Ͳ12.
GilsanzV,RoeTF,MoraS,CostinG,GoodmanWG.Changesinvertebralbonedensity
in black girls and white girls during childhood and puberty. N Engl J Med
1991;325(23):1597Ͳ600.
Lu PW, Cowell CT, SA LLͲJ, Briody JN, HowmanͲGiles R. Volumetric bone mineral
densityinnormalsubjects,aged5Ͳ27years.JClinEndocrinolMetab1996;81(4):1586Ͳ
90.
KatzmanDK,BachrachLK,CarterDR,MarcusR.Clinicalandanthropometriccorrelates
of bone mineral acquisition in healthy adolescent girls. J Clin Endocrinol Metab
1991;73(6):1332Ͳ9.
Svan H, Ritzen EM, Hall K, Johansson L. Estrogen treatment of tall girls: dose
dependencyofeffectsonsubsequentgrowthandIGFͲIlevelsinblood.ActaPaediatr
Scand1991;80(3):328Ͳ32.
RiggsBL,KhoslaS,MeltonLJ,3rd.Sexsteroidsandtheconstructionandconservation
oftheadultskeleton.EndocrRev2002;23(3):279Ͳ302.
83



 ÚÚ

61.

62.
63.

64.
65.
66.
67.

68.
69.
70.
71.

•
72.

73.
74.

75.

76.

77.
78.

79.

MatkovicV,JelicT,WardlawGM,etal.TimingofpeakbonemassinCaucasianfemales
anditsimplicationforthepreventionofosteoporosis.InferencefromacrossͲsectional
model.JClinInvest1994;93(2):799Ͳ808.
OttSM.Attainmentofpeakbonemass.JClinEndocrinolMetab1990;71(5):1082AͲC.
Lu PW, Briody JN, Ogle GD, et al. Bone mineral density of total body, spine, and
femoralneckinchildrenandyoungadults:acrossͲsectionalandlongitudinalstudy.J
BoneMinerRes1994;9(9):1451Ͳ8.
Teegarden D, Proulx WR, Martin BR, et al. Peak bone mass in young women. J Bone
MinerRes1995;10(5):711Ͳ5.
HuiSL,SlemendaCW,JohnstonCC,Jr.Ageandbonemassaspredictorsoffractureina
prospectivestudy.JClinInvest1988;81(6):1804Ͳ9.
Tothill P, Hannan WJ. Precision and accuracy of measuring changes in bone mineral
densitybydualͲenergyXͲrayabsorptiometry.OsteoporosInt2007.
HogstromM,NordstromA,AlfredsonH,LorentzonR,ThorsenK,NordstromP.Current
PhysicalActivityisRelatedtoBoneMineralDensityinMalesbutnotinFemales.IntJ
SportsMed2006.
Laskey MA. DualͲenergy XͲray absorptiometry and body composition. Nutrition
1996;12(1):45Ͳ51.
AhlborgHG,JohnellO,NilssonBE,JeppssonS,RannevikG,KarlssonMK.Bonelossin
relationtomenopause:aprospectivestudyduring16years.Bone2001;28(3):327Ͳ31.
Nielsen SP. The fallacy of BMD: a critical review of the diagnostic use of dual XͲray
absorptiometry.ClinRheumatol2000;19(3):174Ͳ83.
Ross PD, Knowlton W. Rapid bone loss is associated with increased levels of
biochemicalmarkers.JBoneMinerRes1998;13(2):297Ͳ302.
LeemingDJ,AlexandersenP,KarsdalMA,QvistP,SchallerS,TankoLB.Anupdateon
biomarkers of bone turnover and their utility in biomedical research and clinical
practice.EurJClinPharmacol2006;62(10):781Ͳ92.
GerdhemP,IvaskaKK,AlataloSL,etal.Biochemicalmarkersofbonemetabolismand
predictionoffractureinelderlywomen.JBoneMinerRes2004;19(3):386Ͳ93.
Lofman O, Magnusson P, Toss G, Larsson L. Common biochemical markers of bone
turnoverpredictfutureboneloss:a5ͲyearfollowͲupstudy.ClinChimActa2005;356(1Ͳ
2):67Ͳ75.
Garnero P, SornayͲRendu E, Chapuy MC, Delmas PD. Increased bone turnover in late
postmenopausal women is a major determinant of osteoporosis. J Bone Miner Res
1996;11(3):337Ͳ49.
Schneider DL, BarrettͲConnor EL. Urinary NͲtelopeptide levels discriminate normal,
osteopenic, and osteoporotic bone mineral density. Arch Intern Med
1997;157(11):1241Ͳ5.
RossPD.Predictingbonelossandfractureriskwithbiochemicalmarkers:Areview.J
ClinDensitom1999;2(3):285Ͳ94.
ClowesJA,PeelNF,EastellR.Theimpactofmonitoringonadherenceandpersistence
with antiresorptive treatment for postmenopausal osteoporosis: a randomized
controlledtrial.TheJournalofclinicalendocrinologyandmetabolism2004;89(3):1117Ͳ
23.
Roux C, Garnero P, Thomas T, Sabatier JP, Orcel P, Audran M. Recommendations for
monitoringantiresorptivetherapiesinpostmenopausalosteoporosis.JointBoneSpine
2005;72(1):26Ͳ31.

84


 ÚÚ

80.
81.

82.
83.
84.
85.
86.
87.

88.
89.

90.
91.

92.

93.

94.

95.

96.

97.

Delmas PD,Hardy P, Garnero P, Dain M. Monitoring individual response to hormone
replacementtherapywithbonemarkers.Bone2000;26(6):553Ͳ60.
Greenspan SL, Parker RA, Ferguson L, Rosen HN, MaitlandͲRamsey L, Karpf DB. Early
changes in biochemical markers of bone turnover predict the longͲterm response to
alendronate therapy in representative elderly women: a randomized clinical trial. J
BoneMinerRes1998;13(9):1431Ͳ8.
Eyre DR. Bone biomarkers as tools in osteoporosis management. Spine 1997;22(24
Suppl):17SͲ24S.
Power MJ, Fottrell PF. Osteocalcin: diagnostic methods and clinical applications. Crit
RevClinLabSci1991;28(4):287Ͳ335.
LeeAJ,HodgesS,EastellR.Measurementofosteocalcin.AnnClinBiochem2000;37(
Pt4):432Ͳ46.
Szulc P, Delmas PD. Biochemical markers of bone turnover in men. Calcif Tissue Int
2001;69(4):229Ͳ34.
SzulcP,SeemanE,DelmasPD.Biochemicalmeasurementsofboneturnoverinchildren
andadolescents.OsteoporosInt2000;11(4):281Ͳ94.
RosenCJ,ChesnutCH,3rd,MallinakNJ.Thepredictivevalueofbiochemicalmarkersof
boneturnoverforbonemineraldensityinearlypostmenopausalwomentreatedwith
hormone replacement or calcium supplementation. J Clin Endocrinol Metab
1997;82(6):1904Ͳ10.
SzulcP,ChapuyMC,MeunierPJ,DelmasPD.Serumundercarboxylatedosteocalcinisa
markeroftheriskofhipfracture:athreeyearfollowͲupstudy.Bone1996;18(5):487Ͳ8.
Szulc P, Arlot M, Chapuy MC, Duboeuf F, Meunier PJ, Delmas PD. Serum
undercarboxylated osteocalcin correlates with hip bone mineral density in elderly
women.JBoneMinerRes1994;9(10):1591Ͳ5.
SzulcP,ChapuyMC,MeunierPJ,DelmasPD.Serumundercarboxylatedosteocalcinisa
markeroftheriskofhipfractureinelderlywomen.JClinInvest1993;91(4):1769Ͳ74.
Vergnaud P, Garnero P, Meunier PJ, Breart G, Kamihagi K, Delmas PD.
Undercarboxylated osteocalcin measured with a specific immunoassay predicts hip
fractureinelderlywomen:theEPIDOSStudy.JClinEndocrinolMetab1997;82(3):719Ͳ
24.
OrumO,HansenM,JensenCH,etal.ProcollagentypeINͲterminalpropeptide(PINP)
asanindicatoroftypeIcollagenmetabolism:ELISAdevelopment,referenceinterval,
andhypovitaminosisDinducedhyperparathyroidism.Bone1996;19(2):157Ͳ63.
Bjarnason NH, Christiansen C. Early response in biochemical markers predicts longͲ
term response in bone mass during hormone replacement therapy in early
postmenopausalwomen.Bone2000;26(6):561Ͳ9.
GarneroP,ShihWJ,GineytsE,KarpfDB,DelmasPD.Comparisonofnewbiochemical
markersofboneturnoverinlatepostmenopausalosteoporoticwomeninresponseto
alendronatetreatment.JClinEndocrinolMetab1994;79(6):1693Ͳ700.
Takada J, Iba K, Imoto K, Yamashita T. Changes in bone resorption markers among
Japanese patients with postmenopausal osteoporosis treated with alendronate and
risedronate.JBoneMinerMetab2007;25(2):142Ͳ6.
FinkE,CormierC,SteinmetzP,KindermansC,LeBoucY,SouberbielleJC.Differencesin
thecapacityofseveralbiochemicalbonemarkerstoassesshighboneturnoverinearly
menopauseandresponsetoalendronatetherapy.OsteoporosInt2000;11(4):295Ͳ303.
Garnero P, DargentͲMolina P, Hans D, et al. Do markers of bone resorption add to
bonemineraldensityandultrasonographicheelmeasurementforthepredictionofhip
85



 ÚÚ


98.

99.

100.

101.

102.
103.

104.
105.

•
106.

107.
108.
109.
110.

111.

112.

113.

114.

fracture in elderly women? The EPIDOS prospective study. Osteoporos Int
1998;8(6):563Ͳ9.
JohnellO,OdenA,DeLaetC,GarneroP,DelmasPD,KanisJA.Biochemicalindicesof
bone turnover and the assessment of fracture probability. Osteoporos Int
2002;13(7):523Ͳ6.
Looker AC, Bauer DC, Chesnut CH, 3rd, et al. Clinical use of biochemical markers of
boneremodeling:currentstatusandfuturedirections.OsteoporosInt2000;11(6):467Ͳ
80.
ToogoodJH,HodsmanAB,FraherLJ,MarkovAE,BaskervilleJC.Serumosteocalcinand
procollagen as markers for the risk of osteoporotic fracture in corticosteroidͲtreated
asthmaticadults.JAllergyClinImmunol1999;104(4Pt1):769Ͳ74.
MarcusR,HollowayL,WellsB,etal.Therelationshipofbiochemicalmarkersofbone
turnover to bone density changes in postmenopausal women: results from the
Postmenopausal Estrogen/Progestin Interventions (PEPI) trial. J Bone Miner Res
1999;14(9):1583Ͳ95.
Gillett MJ, Vasikaran SD. Urinary NTX results rarely alter the clinical management of
patientswithosteoporosisinthetertiaryhospital.Pathology2006;38(1):49Ͳ52.
Zochling J, Nguyen TV, March LM, Sambrook PN. Quantitative ultrasound
measurements of bone: measurement error, discordance, and their effects on
longitudinalstudies.OsteoporosInt2004;15(8):619Ͳ24.
LewieckiEM,RichmondB,MillerPD.Usesandmisusesofquantitativeultrasonography
inmanagingosteoporosis.CleveClinJMed2006;73(8):742Ͳ6,9Ͳ52.
Watts NB. Fundamentals and pitfalls of bone densitometry using dualͲenergy XͲray
absorptiometry(DXA).OsteoporosInt2004;15(11):847Ͳ54.
LochmullerEM,Muller R, KuhnV, LillCA,Eckstein F.Cannovelclinicaldensitometric
techniquesreplaceorimproveDXAinpredictingbonestrengthinosteoporosisatthe
hipandotherskeletalsites?JBoneMinerRes2003;18(5):906Ͳ12.
Slosman DO, Casez JP, Pichard C, et al. Assessment of wholeͲbody composition with
dualͲenergyxͲrayabsorptiometry.Radiology1992;185(2):593Ͳ8.
Kalender WA. Effective dose values in bone mineral measurements by photon
absorptiometryandcomputedtomography.OsteoporosInt1992;2(2):82Ͳ7.
Griffiths MR, Noakes KA, Pocock NA. Correcting the magnification error of fan beam
densitometers.JBoneMinerRes1997;12(1):119Ͳ23.
Tothill P, Hannan WJ. Comparisons between Hologic QDR 1000W, QDR 4500A, and
LunarExpertdualͲenergyXͲrayabsorptiometryscannersusedformeasuringtotalbody
boneandsofttissue.AnnNYAcadSci2000;904:63Ͳ71.
GuoY,FranksPW,BrookshireT,AntonioTataranniP.TheintraͲandinterͲinstrument
reliability of DXA based on ex vivo soft tissue measurements. Obes Res
2004;12(12):1925Ͳ9.
Oldroyd B, Smith AH, Truscott JG. CrossͲcalibration of GE/Lunar pencil and fanͲbeam
dualenergydensitometersͲͲbonemineraldensityandbodycompositionstudies.EurJ
ClinNutr2003;57(8):977Ͳ87.
PatelR,BlakeGM,BatchelorS,FogelmanI.Occupationaldosetotheradiographerin
dual XͲray absorptiometry: a comparison of pencilͲbeam and fanͲbeam systems. The
Britishjournalofradiology1996;69(822):539Ͳ43.
Njeh CF, Apple K, Temperton DH, Boivin CM. Radiological assessment of a new bone
densitometerͲͲtheLunarEXPERT.TheBritishjournalofradiology1996;69(820):335Ͳ40.

86


 ÚÚ

115.
116.

117.
118.

119.

120.
121.

122.
123.

124.
125.
126.
127.
128.

129.

130.

131.

132.

SteelS,BakerA,SaundersonJ.Anassesmentoftheradiationdosetopatientsandstaff
fromaLunarEbpertͲXLfanbeamdensitometer.PhysiolMeas1998;19(1):17Ͳ26.
Lochmuller EM, Lill CA, Kuhn V, Schneider E, Eckstein F. Radius bone strength in
bending, compression, and falling and its correlation with clinical densitometry at
multiplesites.JBoneMinerRes2002;17(9):1629Ͳ38.
MarshallD,JohnellO,WedelH.MetaͲanalysisofhowwellmeasuresofbonemineral
densitypredictoccurrenceofosteoporoticfractures.Bmj1996;312(7041):1254Ͳ9.
CummingsSR,BlackDM,NevittMC,etal.Bonedensityatvarioussitesforprediction
ofhipfractures.TheStudyofOsteoporoticFracturesResearchGroup[seecomments].
Lancet1993;341(8837):72Ͳ5.
SzulcP,MunozF,DuboeufF,MarchandF,DelmasPD.Lowwidthoftubularbonesis
associated with increased risk of fragility fracture in elderly menͲͲthe MINOS study.
Bone2006;38(4):595Ͳ602.
CompstonJE.Bonedensity:BMC,BMD,orcorrectedBMD?Bone1995;16(1):5Ͳ7.
CummingsSR,MarcusR,PalermoL,EnsrudKE,GenantHK.Doesestimatingvolumetric
bonedensityofthefemoralneckimprovethepredictionofhipfracture?Aprospective
study. Study of Osteoporotic Fractures Research Group. J Bone Miner Res
1994;9(9):1429Ͳ32.
Blake GM. Replacing DXA scanners: crossͲcalibration with phantoms may be
misleading.CalcifTissueInt1996;59(1):1Ͳ5.
Bolotin HH, Sievanen H, Grashuis JL, Kuiper JW, Jarvinen TL. Inaccuracies inherent in
patientͲspecific dualͲenergy XͲray absorptiometry bone mineral density
measurements: comprehensive phantomͲbased evaluation. J Bone Miner Res
2001;16(2):417Ͳ26.
Eiken P, Barenholdt O, Bjorn Jensen L, Gram J, Pors Nielsen S. Switching from DXA
pencilͲbeamtofanͲbeam.I:Studiesinvitroatfourcenters.Bone1994;15(6):667Ͳ70.
McDevitt H, Ahmed SF. Quantitative ultrasound assessment of bone health in the
neonate.Neonatology2007;91(1):2Ͳ11.
Bosisio MR, Talmant M, Skalli W, Laugier P, Mitton D. Apparent Young's modulus of
humanradiususinginversefiniteͲelementmethod.JBiomech2007;40(9):2022Ͳ8.
Gluer CC. Quantitative UltrasoundͲͲit is time to focus research efforts. Bone
2007;40(1):9Ͳ13.
Waud CE, Lew R, Baran DT. The relationship between ultrasound and densitometric
measurements of bone mass at the calcaneus in women. Calcif Tissue Int
1992;51(6):415Ͳ8.
MarinF,GonzalezͲMaciasJ,DiezͲPerezA,PalmaS,DelgadoͲRodriguezM.Relationship
between bone quantitative ultrasound and fractures: a metaͲanalysis. J Bone Miner
Res2006;21(7):1126Ͳ35.
Bauer DC, Gluer CC, Cauley JA, et al. Broadband ultrasound attenuation predicts
fractures strongly and independently of densitometry in older women. A prospective
study. Study of Osteoporotic Fractures Research Group. Arch Intern Med
1997;157(6):629Ͳ34.
Laugier P, Novikov V, ElmannͲLarsen B, Berger G. Quantitative ultrasound imaging of
the calcaneus: precision and variations during a 120ͲDay bed rest. Calcif Tissue Int
2000;66(1):16Ͳ21.
Cepollaro C, Gonnelli S, Montagnani A, et al. In vivo performance evaluation of the
AchillesInsightQUSdevice.JClinDensitom2005;8(3):341Ͳ6.

87


 ÚÚ

133.
134.

135.
136.
137.
138.
139.

140.
141.
142.
143.

144.

•
145.

146.

147.
148.
149.

150.

151.

152.

Laib A, Hauselmann HJ, Ruegsegger P. In vivo high resolution 3DͲQCT of the human
forearm.TechnolHealthCare1998;6(5Ͳ6):329Ͳ37.
BraillonPM.QuantitativecomputedtomographyprecisionandaccuracyforlongͲterm
followͲupofbonemineraldensitymeasurements:afiveyearinvitroassessment.JClin
Densitom2002;5(3):259Ͳ66.
WehrliFW,SongHK,SahaPK,WrightAC.QuantitativeMRIfortheassessmentofbone
structureandfunction.NMRBiomed2006;19(7):731Ͳ64.
LudescherB,MartirosianP,LenkS,etal.HighͲresolutionmagneticresonanceimaging
oftrabecularboneinthewristat3tesla:initialresults.ActaRadiol2005;46(3):306Ͳ9.
Wehrli FW. Structural and functional assessment of trabecular and cortical bone by
micromagneticresonanceimaging.JMagnResonImaging2007;25(2):390Ͳ409.
WolffJ.DasgesetzderTransformationderKnochen.In:Hirschwald,ed.Berlin;1892.
PontzerH,LiebermanDE,MominE,etal.Trabecularboneinthebirdkneeresponds
with high sensitivity to changes in load orientation. The Journal of experimental
biology2006;209(Pt1):57Ͳ65.
Teng S, Choi IW, Herring SW, Rensberger JM. Stereological analysis of bone
architectureinthepigzygomaticarch.AnatRec1997;248(2):205Ͳ13.
FrostHM.Bone"mass"andthe"mechanostat":aproposal.AnatRec1987;219(1):1Ͳ9.
FrostHM.Bone'smechanostat:a2003update.AnatRec2003;275A(2):1081Ͳ101.
WeinrebM,RodanGA,ThompsonDD.Osteopeniaintheimmobilizedrathindlimbis
associated with increased bone resorption and decreased bone formation. Bone
1989;10(3):187Ͳ94.
ZengQQ,JeeWS,BigorniaAE,etal.Timeresponsesofcancellousandcorticalbonesto
sciaticneurectomyingrowingfemalerats.Bone1996;19(1):13Ͳ21.
Fluckey JD, DupontͲVersteegden EE, Montague DC, et al. A rat resistance exercise
regimen attenuates losses of musculoskeletal mass during hindlimb suspension. Acta
physiologicaScandinavica2002;176(4):293Ͳ300.
Aguirre JI, Plotkin LI, Stewart SA, et al. Osteocyte apoptosis is induced by
weightlessness in mice and precedes osteoclast recruitment and bone loss. J Bone
MinerRes2006;21(4):605Ͳ15.
LeBlanc A, Schneider V. Can the adult skeleton recover lost bone? Experimental
gerontology1991;26(2Ͳ3):189Ͳ201.
LeblancAD,SchneiderVS,EvansHJ,EngelbretsonDA,KrebsJM.Boneminerallossand
recoveryafter17weeksofbedrest.JBoneMinerRes1990;5(8):843Ͳ50.
LeppalaJ,KannusP,NatriA,SievanenH,JarvinenM,VuoriI.Bonemineraldensityin
the chronic patellofemoral pain syndrome. Calcified tissue international
1998;62(6):548Ͳ53.
Kannus P, Leppala J, Lehto M, Sievanen H, Heinonen A, Jarvinen M. A rotator cuff
ruptureproducespermanentosteoporosisintheaffectedextremity,butnotinthose
with whom shoulder function has returned to normal. J Bone Miner Res
1995;10(8):1263Ͳ71.
Sambrook PN, Shawe D, Hesp R, et al. Rapid periarticular bone loss in rheumatoid
arthritis. Possible promotion by normal circulating concentrations of parathyroid
hormone or calcitriol (1,25Ͳdihydroxyvitamin D3). Arthritis and rheumatism
1990;33(5):615Ͳ22.
HoudeJP,SchulzLA, MorganWJ,etal.Bonemineraldensitychangesintheforearm
afterimmobilization.ClinOrthop1995(317):199Ͳ205.

88


 ÚÚ

153.

154.

155.

156.
157.
158.
159.

160.

161.
162.
163.

164.
165.

166.
167.

168.

169.

170.

Ramnemark A, Nyberg L, Lorentzon R, Englund U, Gustafson Y. Progressive
hemiosteoporosis on the paretic side and increased bone mineral density in the
nonpareticarmthefirstyearafterseverestroke.OsteoporosInt1999;9(3):269Ͳ75.
Ramnemark A,NybergL,LorentzonR, OlssonT,GustafsonY.Hemiosteoporosisafter
severe stroke, independent of changes in body composition and weight. Stroke; a
journalofcerebralcirculation1999;30(4):755Ͳ60.
FreyͲRindovaP,deBruinED,StussiE,DambacherMA,DietzV.Bonemineraldensityin
upper and lower extremities during 12 months after spinal cord injury measured by
peripheralquantitativecomputedtomography.SpinalCord2000;38(1):26Ͳ32.
DemirelG,YilmazH,PakerN,OnelS.Osteoporosisafterspinalcordinjury.SpinalCord
1998;36(12):822Ͳ5.
Garland DE, Stewart CA, Adkins RH, et al. Osteoporosis after spinal cord injury. J
OrthopRes1992;10(3):371Ͳ8.
UmemuraY,IshikoT,YamauchiT,KuronoM,MashikoS.Fivejumpsperdayincrease
bonemassandbreakingforceinrats.JBoneMinerRes1997;12(9):1480Ͳ5.
Robling AG, Hinant FM, Burr DB, Turner CH. Improved bone structure and strength
afterlongͲtermmechanicalloadingisgreatestifloadingisseparatedintoshortbouts.J
BoneMinerRes2002;17(8):1545Ͳ54.
RubinCT,LanyonLE.KappaDeltaAwardpaper.Osteoregulatorynatureofmechanical
stimuli: function as a determinant for adaptive remodeling in bone. J Orthop Res
1987;5(2):300Ͳ10.
RaabͲCullen DM, Akhter MP, Kimmel DB, Recker RR. Bone response to alternateͲday
mechanicalloadingoftherattibia.JBoneMinerRes1994;9(2):203Ͳ11.
LanyonLE,GoodshipAE,PyeCJ,MacFieJH.Mechanicallyadaptiveboneremodelling.J
Biomech1982;15(3):141Ͳ54.
Fuchs RK, Bauer JJ, Snow CM. Jumping improves hip and lumbar spine bone mass in
prepubescent children: a randomized controlled trial. J Bone Miner Res
2001;16(1):148Ͳ56.
Mackelvie KJ, McKay HA, Khan KM, Crocker PR. A schoolͲbased exercise intervention
augmentsbonemineralaccrualinearlypubertalgirls.JPediatr2001;139(4):501Ͳ7.
McKayHA,PetitMA,SchutzRW,PriorJC,BarrSI,KhanKM.Augmentedtrochanteric
bonemineraldensityaftermodifiedphysicaleducationclasses:arandomizedschoolͲ
based exercise intervention study in prepubescent and early pubescent children. J
Pediatr2000;136(2):156Ͳ62.
JohannsenN,BinkleyT,EnglertV,NeiderauerG,SpeckerB.Boneresponsetojumping
issiteͲspecificinchildren:arandomizedtrial.Bone2003;33(4):533Ͳ9.
Tobias JH, Steer CD, Mattocks CG, Riddoch C, Ness AR. Habitual levels of physical
activityinfluencebonemassin11ͲyearͲoldchildrenfromtheUnitedKingdom:findings
fromalargepopulationͲbasedcohort.JBoneMinerRes2007;22(1):101Ͳ9.
LindenC,AhlborgHG,BesjakovJ,GardsellP,KarlssonMK.AschoolcurriculumͲbased
exercise program increases bone mineral accrual and bone size in prepubertal girls:
twoͲyear data from the pediatric osteoporosis prevention (POP) study. J Bone Miner
Res2006;21(6):829Ͳ35.
Scerpella TA, Davenport M, Morganti CM, Kanaley JA, Johnson LM. Dose Related
Association of Impact Activity and Bone Mineral Density in PreͲpubertal Girls. Calcif
TissueInt2003;72(1):24Ͳ31.
JonesG,DwyerT.Bonemassinprepubertalchildren:genderdifferencesandtherole
ofphysicalactivityandsunlightexposure.JClinEndocrinolMetab1998;83(12):4274Ͳ9.
89



 ÚÚ

171.

172.

173.

174.

175.

176.

177.

178.

•
179.

180.

181.
182.
183.

184.

185.
186.
187.

MacKelvieKJ,McKayHA,PetitMA,MoranO,KhanKM.Bonemineralresponsetoa7Ͳ
month randomized controlled, schoolͲbased jumping intervention in 121 prepubertal
boys: associations with ethnicity and body mass index. J Bone Miner Res
2002;17(5):834Ͳ44.
Bradney M, Pearce G, Naughton G, et al. Moderate exercise during growth in
prepubertalboys:changesinbonemass,size,volumetricdensity,andbonestrength:a
controlledprospectivestudy.JBoneMinerRes1998;13(12):1814Ͳ21.
Haapasalo H, Kannus P, Sievanen H, et al. Effect of longͲterm unilateral activity on
bonemineraldensityoffemalejuniortennisplayers.JBoneMinerRes1998;13(2):310Ͳ
9.
Ruiz JC, Mandel C, Garabedian M. Influence of spontaneous calcium intake and
physical exercise on the vertebral and femoral bone mineral density of children and
adolescents.JBoneMinerRes1995;10(5):675Ͳ82.
NordstromP,PetterssonU,LorentzonR.Typeofphysicalactivity,musclestrength,and
pubertalstageasdeterminantsofbonemineral densityand boneareainadolescent
boys.JBoneMinerRes1998;13(7):1141Ͳ8.
Pettersson U, Nordstrom P, Alfredson H, HenrikssonͲLarsen K, Lorentzon R. Effect of
highimpactactivityonbonemassandsizeinadolescentfemales:Acomparativestudy
betweentwodifferenttypesofsports.CalcifTissueInt2000;67(3):207Ͳ14.
MorrisFL,NaughtonGA,GibbsJL,CarlsonJS,WarkJD.ProspectivetenͲmonthexercise
intervention in premenarcheal girls: positive effects on bone and lean mass. J Bone
MinerRes1997;12(9):1453Ͳ62.
HeinonenA,SievanenH,KannusP,OjaP,PasanenM,VuoriI.HighͲimpactexerciseand
bonesofgrowinggirls:a9Ͳmonthcontrolledtrial.OsteoporosInt2000;11(12):1010Ͳ7.
Blimkie CJ, Rice S, Webber CE, Martin J, Levy D, Gordon CL. Effects of resistance
training on bone mineral content and density in adolescent females. Can J Physiol
Pharmacol1996;74(9):1025Ͳ33.
Sundberg M, Gardsell P, Johnell O, et al. Peripubertal moderate exercise increases
bonemassinboysbutnotingirls:apopulationͲbasedinterventionstudy.Osteoporos
Int2001;12(3):230Ͳ8.
VirvidakisK,GeorgiouE,KorkotsidisA,NtallesK,ProukakisC.Bonemineralcontentof
juniorcompetitiveweightlifters.IntJSportsMed1990;11(3):244Ͳ6.
ConroyBP,KraemerWJ,MareshCM,etal.BonemineraldensityinelitejuniorOlympic
weightlifters.MedSciSportsExerc1993;25(10):1103Ͳ9.
Gustavsson A, Thorsen K, Nordstrom P. A 3ͲYear Longitudinal Study of the Effect of
PhysicalActivityontheAccrualofBoneMineralDensityinHealthyAdolescentMales.
CalcifTissueInt2003.
AlekelL,ClaseyJL,FehlingPC,etal.Contributionsofexercise,bodycomposition,and
age to bone mineral density in premenopausal women. Med Sci Sports Exerc
1995;27(11):1477Ͳ85.
UlrichCM,GeorgiouCC,GillisDE,SnowCM.Lifetimephysicalactivityisassociatedwith
bonemineraldensityinpremenopausalwomen.JWomensHealth1999;8(3):365Ͳ75.
DookJE,JamesC,HendersonNK,PriceRI.Exerciseandbonemineraldensityinmature
femaleathletes.MedSciSportsExerc1997;29(3):291Ͳ6.
Haapasalo H, Sievanen H, Kannus P, Heinonen A, Oja P, Vuori I. Dimensions and
estimatedmechanicalcharacteristicsofthehumerusafterlongͲtermtennisloading.J
BoneMinerRes1996;11(6):864Ͳ72.

90


 ÚÚ

188.
189.
190.

191.

192.

193.

194.

195.

196.

197.
198.
199.

200.
201.

202.
203.

204.

205.

Duppe H, Gardsell P, Johnell O, Ornstein E. Bone mineral density in female junior,
seniorandformerfootballplayers.OsteoporosInt1996;6(6):437Ͳ41.
AlfredsonH,NordstromP,LorentzonR.Totalandregionalbonemassinfemalesoccer
players.CalcifTissueInt1996;59(6):438Ͳ42.
HeinonenA,KannusP,SievanenH,etal.RandomisedcontrolledtrialofeffectofhighͲ
impact exercise on selected risk factors for osteoporotic fractures. Lancet
1996;348(9038):1343Ͳ7.
BasseyEJ,RothwellMC,LittlewoodJJ,PyeDW.PreͲandpostmenopausalwomenhave
different bone mineral density responses to the same highͲimpact exercise. J Bone
MinerRes1998;13(12):1805Ͳ13.
HeinonenA,SievanenH,KannusP,OjaP,VuoriI.Effectsofunilateralstrengthtraining
anddetrainingonbonemineralmassandestimatedmechanicalcharacteristicsofthe
upperlimbbonesinyoungwomen.JBoneMinerRes1996;11(4):490Ͳ501.
SinakiM,WahnerHW,BergstralhEJ,etal.ThreeͲyearcontrolled,randomizedtrialof
the effect of doseͲspecified loading and strengthening exercises on bone mineral
density of spine and femur in nonathletic, physically active women. Bone
1996;19(3):233Ͳ44.
Bassey EJ, Ramsdale SJ. WeightͲbearing exercise and ground reaction forces: a 12Ͳ
month randomized controlled trial of effects on bone mineral density in healthy
postmenopausalwomen.Bone1995;16(4):469Ͳ76.
Bravo G, Gauthier P, Roy PM, et al. Impact of a 12Ͳmonth exercise program on the
physical and psychological health of osteopenic women. J Am Geriatr Soc
1996;44(7):756Ͳ62.
PrinceR,DevineA,DickI,etal.Theeffectsofcalciumsupplementation(milkpowder
ortablets)andexerciseonbonedensityinpostmenopausalwomen.JBoneMinerRes
1995;10(7):1068Ͳ75.
BrookeͲWavellK,JonesPR,HardmanAE.Briskwalkingreducescalcanealbonelossin
postͲmenopausalwomen.ClinSci(Lond)1997;92(1):75Ͳ80.
Vincent KR, Braith RW. Resistance exercise and bone turnover in elderly men and
women.MedSciSportsExerc2002;34(1):17Ͳ23.
Pettersson U, Nordstrom P, Lorentzon R. A comparison of bone mineral density and
muscle strength in young male adults with different exercise level. Calcif Tissue Int
1999;64(6):490Ͳ8.
NordstromA,OlssonT,NordstromP.Sustainedbenefitsfrompreviousphysicalactivity
onbonemineraldensityinmales.JClinEndocrinolMetab2006;91(7):2600Ͳ4.
Wittich A, Mautalen CA, Oliveri MB, Bagur A, Somoza F, Rotemberg E. Professional
football(soccer)playershaveamarkedlygreaterskeletalmineralcontent,densityand
sizethanageͲandBMIͲmatchedcontrols.CalcifTissueInt1998;63(2):112Ͳ7.
Morel J, Combe B, Francisco J, Bernard J. Bone mineral density of 704 amateur
sportsmeninvolvedindifferentphysicalactivities.OsteoporosInt2001;12(2):152Ͳ7.
Huuskonen J, Vaisanen SB, Kroger H, Jurvelin JS, Alhava E, Rauramaa R. Regular
physicalexerciseandbonemineraldensity:afourͲyearcontrolledrandomizedtrialin
middleͲagedmen.TheDNASCOstudy.OsteoporosInt2001;12(5):349Ͳ55.
Bass S, Pearce G, Bradney M, et al. Exercise before puberty may confer residual
benefitsinbonedensityinadulthood:studiesinactiveprepubertalandretiredfemale
gymnasts.JBoneMinerRes1998;13(3):500Ͳ7.
Kontulainen S, Kannus P, Haapasalo H, et al. Good maintenance of exerciseͲinduced
bonegainwithdecreasedtrainingoffemaletennisandsquashplayers:aprospective
91



 ÚÚ


206.
207.

208.
209.
210.
211.
212.

213.

214.

•
215.

216.
217.

218.
219.
220.

221.
222.
223.
224.

5Ͳyear followͲup study of young and old starters and controls. J Bone Miner Res
2001;16(2):195Ͳ201.
KarlssonMK,JohnellO,ObrantKJ.IsbonemineraldensityadvantagemaintainedlongͲ
terminpreviousweightlifters?CalcifTissueInt1995;57(5):325Ͳ8.
KhanKM,Bennell KL,HopperJL,etal. SelfͲreportedballetclassesundertakenatage
10Ͳ12 years and hip bone mineral density in later life. Osteoporos Int 1998;8(2):165Ͳ
73.
Kujala UM, Kaprio J, Kannus P, Sarna S, Koskenvuo M. Physical activity and
osteoporotichipfractureriskinmen.ArchInternMed2000;160(5):705Ͳ8.
NordstromA,KarlssonC,NyquistF,OlssonT,NordstromP,KarlssonM.Bonelossand
fractureriskafterreducedphysicalactivity.JBoneMinerRes2005;20(2):202Ͳ7.
DeLucaHF.OverviewofgeneralphysiologicfeaturesandfunctionsofvitaminD.AmJ
ClinNutr2004;80(6Suppl):1689SͲ96S.
Jones G, Strugnell SA, DeLuca HF. Current understanding of the molecular actions of
vitaminD.PhysiolRev1998;78(4):1193Ͳ231.
LehtonenͲVeromaa M, Mottonen T, Nuotio I, Irjala K, Viikari J. The effect of
conventionalvitaminD(2)supplementationonserum25(OH)Dconcentrationisweak
among peripubertal Finnish girls: a 3Ͳy prospective study. Eur J Clin Nutr
2002;56(5):431Ͳ7.
LehtonenͲVeromaa M, Mottonen T, Irjala K, et al. Vitamin D intake is low and
hypovitaminosis D common in healthy 9Ͳ to 15ͲyearͲold Finnish girls. Eur J Clin Nutr
1999;53(9):746Ͳ51.
BrustadM,AlsakerE,EngelsenO,AksnesL,Lund E.VitaminDstatusofmiddleͲaged
women at 65Ͳ71 degrees N in relation to dietary intake and exposure to ultraviolet
radiation.PublicHealthNutr2004;7(2):327Ͳ35.
Glerup H, Mikkelsen K, Poulsen L, et al. Commonly recommended daily intake of
vitaminDisnotsufficientifsunlightexposureislimited.JInternMed2000;247(2):260Ͳ
8.
HillTR,O'BrienMM,CashmanKD,FlynnA,KielyM.VitaminDintakesin18Ͳ64ͲyͲold
Irishadults.EurJClinNutr2004;58(11):1509Ͳ17.
Samuelson G, Bratteby LE, Enghardt H, Hedgren M. Food habits and energy and
nutrientintakeinSwedishadolescentsapproachingtheyear2000.ActaPaediatrSuppl
1996;415:1Ͳ19.
Calvo MS, Whiting SJ, Barton CN. Vitamin D intake: a global perspective of current
status.JNutr2005;135(2):310Ͳ6.
Simpson RU, Thomas GA, Arnold AJ. Identification of 1,25Ͳdihydroxyvitamin D3
receptorsandactivitiesinmuscle.JBiolChem1985;260(15):8882Ͳ91.
BischoffͲFerrariHA,BorchersM,GudatF,DurmullerU,StahelinHB,DickW.VitaminD
receptor expression in human muscle tissue decreases with age. J Bone Miner Res
2004;19(2):265Ͳ9.
Hypponen E, Power C. Hypovitaminosis D in British adults at age 45 y: nationwide
cohortstudyofdietaryandlifestylepredictors.AmJClinNutr2007;85(3):860Ͳ8.
DawsonͲHughes B, Heaney RP, Holick MF, Lips P, Meunier PJ, Vieth R. Estimates of
optimalvitaminDstatus.OsteoporosInt2005;16(7):713Ͳ6.
ViethR,BischoffͲFerrariH,BoucherBJ,etal.Theurgentneedtorecommendanintake
ofvitaminDthatiseffective.AmJClinNutr2007;85(3):649Ͳ50.
BischoffͲFerrari HA, DawsonͲHughes B. Where do we stand on vitamin D? Bone
2007;41(1Suppl1):S13Ͳ9.
92



 ÚÚ

225.
226.
227.
228.
229.

230.
231.
232.

233.

234.
235.

236.

237.

238.
239.

240.
241.
242.

243.

Chapuy MC, Preziosi P, Maamer M, et al. Prevalence of vitamin D insufficiency in an
adultnormalpopulation.OsteoporosInt1997;7(5):439Ͳ43.
ValimakiVV,AlfthanH,LehmuskallioE,etal.VitaminDstatusasadeterminantofpeak
bonemassinyoungFinnishmen.JClinEndocrinolMetab2004;89(1):76Ͳ80.
Levis S, Gomez A, Jimenez C, et al. Vitamin d deficiency and seasonal variation in an
adultSouthFloridapopulation.JClinEndocrinolMetab2005;90(3):1557Ͳ62.
Corino A, D'Amelio P, Gancia R, et al. Hypovitaminosis D in internal medicine
inpatients.CalcifTissueInt2007;80(2):76Ͳ80.
Chapuy MC, Chapuy P, Thomas JL, Hazard MC, Meunier PJ. Biochemical effects of
calciumandvitaminDsupplementationinelderly,institutionalized,vitaminDͲdeficient
patients.RevRhumEnglEd1996;63(2):135Ͳ40.
TossG,AlmqvistS,LarssonL,ZetterqvistH.VitaminDdeficiencyinwelfareinstitutions
fortheaged.ActaMedScand1980;208(1Ͳ2):87Ͳ9.
Chapuy MC, Arlot ME, Duboeuf F, et al. Vitamin D3 and calcium to prevent hip
fracturesintheelderlywomen.NEnglJMed1992;327(23):1637Ͳ42.
BischoffͲFerrariHA,WillettWC,WongJB,GiovannucciE,DietrichT,DawsonͲHughesB.
Fracture prevention with vitamin D supplementation: a metaͲanalysis of randomized
controlledtrials.Jama2005;293(18):2257Ͳ64.
Papadimitropoulos E, Wells G, Shea B, et al. MetaͲanalyses of therapies for
postmenopausal osteoporosis. VIII: MetaͲanalysis of the efficacy of vitamin D
treatment in preventing osteoporosis in postmenopausal women. Endocr Rev
2002;23(4):560Ͳ9.
Lee NK, Sowa H, Hinoi E, et al. Endocrine regulation of energy metabolism by the
skeleton.Cell2007;130(3):456Ͳ69.
Porthouse J, Cockayne S, King C, et al. Randomised controlled trial of calcium and
supplementation with cholecalciferol (vitamin D3) for prevention of fractures in
primarycare.Bmj2005;330(7498):1003.
GrantAM,AvenellA,Campbell MK,etal.OralvitaminD3andcalciumforsecondary
prevention of lowͲtrauma fractures in elderly people (Randomised Evaluation of
Calcium Or vitamin D, RECORD): a randomised placeboͲcontrolled trial. Lancet
2005;365(9471):1621Ͳ8.
BischoffͲFerrari HA, Giovannucci E, Willett WC, Dietrich T, DawsonͲHughes B.
Estimationofoptimalserumconcentrationsof25ͲhydroxyvitaminDformultiplehealth
outcomes.TheAmericanjournalofclinicalnutrition2006;84(1):18Ͳ28.
BischoffͲFerrari HA. The 25Ͳhydroxyvitamin D threshold for better health. J Steroid
BiochemMolBiol2007;103(3Ͳ5):614Ͳ9.
BischoffͲFerrari HA, Dietrich T, Orav EJ, et al. Higher 25Ͳhydroxyvitamin D
concentrationsareassociatedwithbetterlowerͲextremityfunctioninbothactiveand
inactivepersonsaged>or=60y.AmJClinNutr2004;80(3):752Ͳ8.
BischoffHA,StahelinHB,UrschelerN,etal.Musclestrengthintheelderly:itsrelation
tovitaminDmetabolites.ArchPhysMedRehabil1999;80(1):54Ͳ8.
Mowe M, Haug E, Bohmer T. Low serum calcidiol concentration in older adults with
reducedmuscularfunction.JAmGeriatrSoc1999;47(2):220Ͳ6.
Bischoff HA, Stahelin HB, Dick W, et al. Effects of vitamin D and calcium
supplementation on falls: a randomized controlled trial. J Bone Miner Res
2003;18(2):343Ͳ51.
BischoffͲFerrariHA,DawsonͲHughesB,WillettWC,etal.EffectofVitaminDonfalls:a
metaͲanalysis.Jama2004;291(16):1999Ͳ2006.
93



•

 ÚÚ

244.
245.

246.
247.
248.

249.

250.

251.

252.

253.

254.
255.
256.
257.
258.
259.

260.

261.
262.

BeersMHBR,ed.MerckManual.17ed:MerckResearchLabs;1999.
BiesalskiHK,NohrD.Newaspectsinvitaminametabolism:theroleofretinylestersas
systemic and local sources for retinol in mucous epithelia. J Nutr 2004;134(12
Suppl):3453SͲ7S.
FeskanichD,SinghV,WillettWC,ColditzGA.VitaminAintakeandhipfracturesamong
postmenopausalwomen.Jama2002;287(1):47Ͳ54.
PennistonKL,TanumihardjoSA.VitaminAindietarysupplementsandfortifiedfoods:
toomuchofagoodthing?JAmDietAssoc2003;103(9):1185Ͳ7.
BaetenJM,RichardsonBA,BanksonDD,etal.UseofserumretinolͲbindingproteinfor
predictionofvitaminAdeficiency:effectsofHIVͲ1infection,proteinmalnutrition,and
theacutephaseresponse.AmJClinNutr2004;79(2):218Ͳ25.
Gamble MV, Ramakrishnan R, Palafox NA, Briand K, Berglund L, Blaner WS. Retinol
bindingproteinasasurrogatemeasureforserumretinol:studiesinvitaminAͲdeficient
childrenfromtheRepublicoftheMarshallIslands.AmJClinNutr2001;73(3):594Ͳ601.
Almekinder J, Manda W, Soko D, Lan Y, Hoover DR, Semba RD. Evaluation of plasma
retinolͲbinding protein as a surrogate measure for plasma retinol concentrations.
ScandJClinLabInvest2000;60(3):199Ͳ203.
VahlquistA,SjolundK,NordenA,PetersonPA,StigmarG,JohanssonB.Plasmavitamin
A transport and visual dark adaptation in diseases of the intestine and liver. Scand J
ClinLabInvest1978;38(4):301Ͳ8.
VahlquistA,PetersonPA,WibellL.MetabolismoftheviatminAtransportingprotein
complex. I. Turnover studies in normal persons and in patients with chronic renal
failure.EurJClinInvest1973;3(4):352Ͳ62.
Burri BJ, Bankson DD, Neidlinger TR. Use of free and transthyretinͲbound retinolͲ
binding protein in serum as tests of vitamin A status in humans: effect of high
creatinineconcentrationsinserum.ClinChem1990;36(4):674Ͳ6.
HoughS,AvioliLV,MuirH,etal.EffectsofhypervitaminosisAontheboneandmineral
metabolismoftherat.Endocrinology1988;122(6):2933Ͳ9.
RohdeCM,ManattM,ClagettͲDameM,DeLucaHF.VitaminAantagonizestheaction
ofvitaminDinrats.JNutr1999;129(12):2246Ͳ50.
RohdeCM,DeLucaH.BoneresorptionactivityofallͲtransretinoicacidisindependent
ofvitaminDinrats.JNutr2003;133(3):777Ͳ83.
Johansson S, Lind PM, Hakansson H, Oxlund H, Orberg J, Melhus H. Subclinical
hypervitaminosisAcausesfragilebonesinrats.Bone2002;31(6):685Ͳ9.
JohanssonS,MelhusH.VitaminAantagonizescalciumresponsetovitaminDinman.J
BoneMinerRes2001;16(10):1899Ͳ905.
PytlikM,CegielaU,FolwarcznaJ,JaniecW,PytlikW.Effectsofretinolondevelopment
of osteopenic changes induced by bilateral ovariectomy in rats. Pol J Pharmacol
2004;56(3):345Ͳ52.
PytlikM,KaczmarczykͲSedlakI,SliwinskiL,JaniecW,RymkiewiczI.Effectofconcurrent
administration of alendronate sodium and retinol on development of changes in
histomorphometric parameters of bones induced by ovariectomy in rats. Pol J
Pharmacol2004;56(5):571Ͳ9.
AhmedN,SammonsJ,KhokherMA,HassanHT.Retinoicacidsuppressesinterleukin6
productioninnormalhumanosteoblasts.Cytokine2000;12(3):289Ͳ93.
Jacobson A, Johansson S, Branting M, Melhus H. Vitamin A differentially regulates
RANKL and OPG expression in human osteoblasts. Biochem Biophys Res Commun
2004;322(1):162Ͳ7.
94



 ÚÚ

263.
264.
265.
266.

267.

268.
269.

270.

271.

272.
273.
274.

275.
276.
277.
278.

279.
280.

281.

Leachman SA, Insogna KL, Katz L, Ellison A, Milstone LM. Bone densities in patients
receivingisotretinoinforcysticacne.ArchDermatol1999;135(8):961Ͳ5.
HalkierͲSorensen L, Andresen JH. [Bone changes following longͲterm isotretinoin
(Roaccutane)treatment].UgeskrLaeger1989;151(19):1191Ͳ2.
CareyBM,ParkinGJ,CunliffeWJ,PritloveJ.Skeletaltoxicitywithisotretinointherapy:
aclinicoͲradiologicalevaluation.BrJDermatol1988;119(5):609Ͳ14.
Ellis CN, Pennes DR, Hermann RC, Blauvelt A, Martel W, Voorhees JJ. LongͲterm
radiographic followͲup after isotretinoin therapy. J Am Acad Dermatol
1988;18(6):1252Ͳ61.
Melhus H, Michaelsson K, Kindmark A, et al. Excessive dietary intake of vitamin A is
associatedwithreducedbonemineraldensityandincreasedriskforhipfracture.Ann
InternMed1998;129(10):770Ͳ8.
Michaelsson K, Lithell H, Vessby B, Melhus H. Serum retinol levels and the risk of
fracture.NEnglJMed2003;348(4):287Ͳ94.
Opotowsky AR, Bilezikian JP. Serum vitamin A concentration and the risk of hip
fractureamongwomen50to74yearsoldintheUnitedStates:aprospectiveanalysis
oftheNHANESIfollowͲupstudy.AmJMed2004;117(3):169Ͳ74.
Promislow JH, GoodmanͲGruen D, Slymen DJ, BarrettͲConnor E. Retinol intake and
bone mineral density in the elderly: the Rancho Bernardo Study. J Bone Miner Res
2002;17(8):1349Ͳ58.
MacdonaldHM,NewSA,GoldenMH,CampbellMK,ReidDM.Nutritionalassociations
with bone loss during the menopausal transition: evidence of a beneficial effect of
calcium,alcohol,andfruitandvegetablenutrientsandofadetrimentaleffectoffatty
acids.AmJClinNutr2004;79(1):155Ͳ65.
Whiting SJ, Lemke B. Excess retinol intake may explain the high incidence of
osteoporosisinnorthernEurope.NutrRev1999;57(6):192Ͳ5.
Sowers MF, Wallace RB. Retinol, supplemental vitamin A and bone status. J Clin
Epidemiol1990;43(7):693Ͳ9.
Ballew C, Galuska D, Gillespie C. High serum retinyl esters are not associated with
reducedbonemineraldensityintheThirdNationalHealthAndNutritionExamination
Survey,1988Ͳ1994.JBoneMinerRes2001;16(12):2306Ͳ12.
BarkerME,McCloskeyE,SahaS,etal.SerumretinoidsandbetaͲcaroteneaspredictors
ofhipandotherfracturesinelderlywomen.JBoneMinerRes2005;20(6):913Ͳ20.
WattanapenpaiboonN,LukitoW,WahlqvistML,StraussBJ.Dietarycarotenoidintake
asapredictorofbonemineraldensity.AsiaPacJClinNutr2003;12(4):467Ͳ73.
Maggio D, Polidori MC, Barabani M, et al. Low levels of carotenoids and retinol in
involutionalosteoporosis.Bone2006;38(2):244Ͳ8.
LimLS,HarnackLJ,LazovichD,FolsomAR.VitaminAintakeandtheriskofhipfracture
in postmenopausal women: the Iowa Women's Health Study. Osteoporos Int
2004;15(7):552Ͳ9.
Crandall C. Vitamin A intake and osteoporosis: a clinical review. J Womens Health
(Larchmt)2004;13(8):939Ͳ53.
Anderson JJ. Oversupplementation of vitamin A and osteoporotic fractures in the
elderly: to supplement or not to supplement with vitamin A. J Bone Miner Res
2002;17(8):1359Ͳ62.
WatkinsBA,LiY,LippmanHE,FengS.ModulatoryeffectofomegaͲ3polyunsaturated
fattyacidsonosteoblastfunctionandbonemetabolism.ProstaglandinsLeukotEssent
FattyAcids2003;68(6):387Ͳ98.
95



•

 ÚÚ

282.
283.

284.
285.

286.
287.

288.
289.

290.

291.

292.
293.
294.
295.

296.

297.
298.
299.

300.

Montgomery D, Conway, Spector. Biochemistry, a caseͲoriented approach. St. Louis,
Missouri:C.V.MosbyCo;1980.
Beegom R, Singh RB. Association of higher saturated fat intake with higher risk of
hypertension in an urban population of Trivandrum in south India. International
journalofcardiology1997;58(1):63Ͳ70.
HuFB,StampferMJ,MansonJE,etal.Dietaryfatintakeandtheriskofcoronaryheart
diseaseinwomen.NEnglJMed1997;337(21):1491Ͳ9.
FisherEA,BlumCB,ZannisVI,BreslowJL.Independenteffectsofdietarysaturatedfat
and cholesterol on plasma lipids, lipoproteins, and apolipoprotein E. Journal of lipid
research1983;24(8):1039Ͳ48.
Vanek C, Connor WE. Do nͲ3 fatty acids prevent osteoporosis? Am J Clin Nutr
2007;85(3):647Ͳ8.
Cleland LG, Caughey GE, James MJ, Proudman SM. Reduction of cardiovascular risk
factors with longterm fish oil treatment in early rheumatoid arthritis. J Rheumatol
2006;33(10):1973Ͳ9.
AkabasSR,DeckelbaumRJ.SummaryofaworkshoponnͲ3fattyacids:currentstatus
ofrecommendationsandfuturedirections.AmJClinNutr2006;83(6Suppl):1536SͲ8S.
Gunnes M, Lehmann EH. Physical activity and dietary constituents as predictors of
forearm cortical and trabecular bone gain in healthy children and adolescents: a
prospectivestudy.ActaPaediatr1996;85(1):19Ͳ25.
Kruger MC, Coetzer H, de Winter R, Gericke G, van Papendorp DH. Calcium, gammaͲ
linolenicacidandeicosapentaenoicacidsupplementationinsenileosteoporosis.Aging
(Milano)1998;10(5):385Ͳ94.
Weiss LA, BarrettͲConnor E, von Muhlen D. Ratio of nͲ6 to nͲ3 fatty acids and bone
mineral density in older adults: the Rancho Bernardo Study. Am J Clin Nutr
2005;81(4):934Ͳ8.
KrugerMC,HorrobinDF.Calciummetabolism,osteoporosisandessentialfattyacids:a
review.ProgLipidRes1997;36(2Ͳ3):131Ͳ51.
Sakaguchi K, Morita I, Murota S. Eicosapentaenoic acid inhibits bone loss due to
ovariectomyinrats.ProstaglandinsLeukotEssentFattyAcids1994;50(2):81Ͳ4.
IwamiͲMorimoto Y, Yamaguchi K, Tanne K. Influence of dietary nͲ3 polyunsaturated
fattyacidonexperimentaltoothmovementinrats.AngleOrthod1999;69(4):365Ͳ71.
Sun D, Krishnan A, Zaman K, Lawrence R, Bhattacharya A, Fernandes G. Dietary nͲ3
fattyacidsdecreaseosteoclastogenesisandlossofbonemassinovariectomizedmice.
JBoneMinerRes2003;18(7):1206Ͳ16.
Watkins BA, Li Y, Allen KG, Hoffmann WE, Seifert MF. Dietary ratio of (nͲ6)/(nͲ3)
polyunsaturated fatty acids alters the fatty acid composition of bone compartments
andbiomarkersofboneformationinrats.JNutr2000;130(9):2274Ͳ84.
Watkins BA, Li Y, Lippman HE, Seifert MF. OmegaͲ3 polyunsaturated fatty acids and
skeletalhealth.ExpBiolMed(Maywood)2001;226(6):485Ͳ97.
Corwin RL. Effects of dietary fats on bone health in advanced age. Prostaglandins
LeukotEssentFattyAcids2003;68(6):379Ͳ86.
Coetzer H, Claassen N, van Papendorp DH, Kruger MC. Calcium transport by isolated
brush border and basolateral membrane vesicles: role of essential fatty acid
supplementation.ProstaglandinsLeukotEssentFattyAcids1994;50(5):257Ͳ66.
FolchJ,LeesM,SloaneStanleyGH.Asimplemethodfortheisolationandpurification
oftotallipidesfromanimaltissues.JBiolChem1957;226(1):497Ͳ509.

96


 ÚÚ

301.

302.

303.
304.
305.
306.

307.
308.
309.

310.
311.

312.
313.

314.

315.
316.

317.

318.

319.

HellandIB,SaaremK,SaugstadOD,DrevonCA.Fattyacidcompositioninmaternalmilk
andplasmaduringsupplementationwithcodliveroil.EurJClinNutr1998;52(11):839Ͳ
45.
Brown LB, Streeten EA, Shapiro JR, et al. Genetic and environmental influences on
bone mineral density in preͲ and postͲmenopausal women. Osteoporos Int
2005;16(12):1849Ͳ56.
EismanJA.Geneticsofosteoporosis.EndocrRev1999;20(6):788Ͳ804.
Heaney RP, Abrams S, DawsonͲHughes B, et al. Peak bone mass. Osteoporos Int
2000;11(12):985Ͳ1009.
Hui SL, Slemenda CW, Johnston CC, Jr. The contribution of bone loss to
postmenopausalosteoporosis.OsteoporosInt1990;1(1):30Ͳ4.
ChevalleyT,GuilleyE,HerrmannFR,HoffmeyerP,RapinCH,RizzoliR.Incidenceofhip
fracture over a 10Ͳyear period (1991Ͳ2000): reversal of a secular trend. Bone
2007;40(5):1284Ͳ9.
GehlbachSH,AvruninJS,PuleoE.Trendsinhospitalcareforhipfractures.Osteoporos
Int2007;18(5):585Ͳ91.
WrightVJ.Osteoporosisinmen.TheJournaloftheAmericanAcademyofOrthopaedic
Surgeons2006;14(6):347Ͳ53.
Kiebzak GM, Beinart GA, Perser K, Ambrose CG, Siff SJ, Heggeness MH.
Undertreatment of osteoporosis in men with hip fracture. Arch Intern Med
2002;162(19):2217Ͳ22.
SeemanE,BianchiG,KhoslaS,KanisJA,OrwollE.BonefragilityinmenͲͲwherearewe?
OsteoporosInt2006;17(11):1577Ͳ83.
Haapasalo H, Kontulainen S, Sievanen H, Kannus P, Jarvinen M, Vuori I. ExerciseͲ
inducedbonegainisduetoenlargementinbonesizewithoutachangeinvolumetric
bonedensity:aperipheralquantitativecomputedtomographystudyoftheupperarms
ofmaletennisplayers.Bone2000;27(3):351Ͳ7.
Calbet JA, Moysi JS, Dorado C, Rodriguez LP. Bone mineral content and density in
professionaltennisplayers.CalcifTissueInt1998;62(6):491Ͳ6.
KannusP,HaapasaloH,SankeloM,etal.Effectofstartingageofphysicalactivityon
bone mass in the dominant arm of tennis and squash players. Ann Intern Med
1995;123(1):27Ͳ31.
Kontulainen S, Kannus P, Haapasalo H, et al. Changes in bone mineral content with
decreased training in competitive young adult tennis players and controls: a
prospective4ͲyrfollowͲup.MedSciSportsExerc1999;31(5):646Ͳ52.
Jones HH, Priest JD, Hayes WC, Tichenor CC, Nagel DA. Humeral hypertrophy in
responsetoexercise.JBoneJointSurgAm1977;59(2):204Ͳ8.
Lee EJ, Long KA, Risser WL, Poindexter HB, Gibbons WE, Goldzieher J. Variations in
bonestatusofcontralateralandregionalsitesinyoungathleticwomen.MedSciSports
Exerc1995;27(10):1354Ͳ61.
Neville CE, Murray LJ, Boreham CA, et al. Relationship between physical activity and
bonemineralstatusinyoungadults:theNorthernIrelandyoungheartsproject.Bone
2002;30(5):792Ͳ8.
Robinson TL, SnowͲHarter C, Taaffe DR, Gillis D, Shaw J, Marcus R. Gymnasts exhibit
higher bone mass than runners despite similar prevalence of amenorrhea and
oligomenorrhea.JBoneMinerRes1995;10(1):26Ͳ35.
Mansfield MJ, Emans SJ. Anorexia nervosa, athletics, and amenorrhea. Pediatr Clin
NorthAm1989;36(3):533Ͳ49.
97



 ÚÚ

320.
321.

322.
323.
324.

325.
326.
327.
328.

329.

•
330.
331.

Bass S, Pearce G, Young N, Seeman E. Bone mass during growth: the effects of
exercise.Exerciseandmineralaccrual.ActaUnivCarol[Med](Praha)1994;40(1Ͳ4):3Ͳ6.
Friedlander AL, Genant HK, Sadowsky S, Byl NN, Gluer CC. A twoͲyear program of
aerobicsandweighttrainingenhancesbonemineraldensityofyoungwomen.JBone
MinerRes1995;10(4):574Ͳ85.
TaaffeDR,RobinsonTL,SnowCM,MarcusR.HighͲimpactexercisepromotesbonegain
inwellͲtrainedfemaleathletes.JBoneMinerRes1997;12(2):255Ͳ60.
ArmasLA,HollisBW,HeaneyRP.VitaminD2ismuchlesseffectivethanvitaminD3in
humans.JClinEndocrinolMetab2004;89(11):5387Ͳ91.
LehtonenͲVeromaaMK,MottonenTT,NuotioIO,IrjalaKM,LeinoAE,ViikariJS.Vitamin
D and attainment of peak bone mass among peripubertal Finnish girls: a 3Ͳy
prospectivestudy.AmJClinNutr2002;76(6):1446Ͳ53.
BinkleyN,KruegerD.HypervitaminosisAandbone.NutrRev2000;58(5):138Ͳ44.
GrahamTE,YangQ,BluherM,etal.RetinolͲbindingprotein4andinsulinresistancein
lean,obese,anddiabeticsubjects.NEnglJMed2006;354(24):2552Ͳ63.
Yang Q, Graham TE, Mody N, et al. Serum retinol binding protein 4 contributes to
insulinresistanceinobesityandtype2diabetes.Nature2005;436(7049):356Ͳ62.
WatkinsBA,ShenCL,AllenKG,SeifertMF.Dietary(nͲ3)and(nͲ6)polyunsaturatesand
acetylsalicylic acid alter ex vivo PGE2 biosynthesis, tissue IGFͲI levels, and bone
morphometryinchicks.JBoneMinerRes1996;11(9):1321Ͳ32.
GreenKH,WongSC,WeilerHA. Theeffectof dietarynͲ3longͲchainpolyunsaturated
fatty acids on femur mineral density and biomarkers of bone metabolism in healthy,
diabeticand dietaryͲrestricted growingrats.ProstaglandinsLeukotEssentFattyAcids
2004;71(2):121Ͳ30.
Bhattacharya A, Rahman M, Sun D, Fernandes G. Effect of fish oil on bone mineral
densityinagingC57BL/6femalemice.JNutrBiochem2007;18(6):372Ͳ9.
Gunnes M, Lehmann EH. Dietary calcium, saturated fat, fiber and vitamin C as
predictorsofforearmcorticalandtrabecularbonemineraldensityinhealthychildren
andadolescents.ActaPaediatr1995;84(4):388Ͳ92.





98


