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Introduction

Osteoporosis, the silent disease with no symptoms until the first fracture, is a ma-
jor health problem worldwide. Its major manifestation, fragility fractures, create
significant human affliction such as pain, reduced independence, debility and in-
creased morbidity and mortality.

Approximately 70,000 osteoporosis-related fragility fractures occur in Sweden
every year with a high financial burden for society. An estimated first-year direct
cost for a hip fracture is €12,870-19,667 and €2,048—14,219 for a clinical verte-
bral fracture (2010) [1, 2].

To reduce the risk of experiencing an osteoporotic fragility fracture, several
measures exist which include pharmacological treatment of osteoporosis, nutrition,
modification of environmental factors, fall prevention and different behavioral
changes such as physical exercise [3]. Identification and early intervention is thus
of great interest both for the individual and for society.

Peak bone mass (PBM) is the highest amount of bone mass reached for an indi-
vidual and is considered to be attained around the third decade, although the exact
timing varies depending on sex and skeletal site. Peak bone mass, which is 60—
80% determined by genetic factors, plays an essential role for the future risk of
osteoporotic fracture. Despite the extensive genetic influence, there is scope for
modification of bone mass as the heritability of fracture decreases with age while
the contribution from environmental factors increases [4]. This study focuses on
bone mass and its determinants in young adult women, a time close to peak bone
mass and a period in life that has not been particularly studied by others.

However, in order to have the opportunity to make a change or intervention for the
individual, accurate methods are needed for bone mass examinations. Diagnosis is
established with dual X-ray absorptiometry (DXA) using the T-score, which is a
relative calculation from a reference population. It is therefore of the utmost im-
portance that the reference data are adequate for the measured population, other-
wise misdiagnosis may increase.

In the earliest phase of life, the intrauterine environment, which may be reflected
in birth weight, plays a role in modifying the genetic influence on bone. Later in
life, the individuals’ own choices can affect the future outcome of osteoporosis
and subsequent fracture. Physical inactivity has a detrimental influence on bone
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mass and may already in early years significantly impair peak bone mass, which is
an important factor for future osteoporosis.

In addition, long-term smoking in older populations is associated with decreased
bone mass and higher hip fracture incidence [5], although knowledge about smok-
ing and bone mass in younger population is scarce.

In order to identify subjects at risk of osteoporosis, an improvement of methods
for assessment is needed. Also, for knowledge of how certain factors have either
positive or negative influence on the early developed peak bone mass, further stud-
ies are needed on populations at an age representing peak bone mass.

In this thesis we used data from the PEAK-25 cohort in order to determine the role
of birth weight, physical activity and smoking for peak bone mass. The cohort is
comprised of 1,061 women, all 25 years old at inclusion.

10



Review of the Literature

Bone

The skeleton comprises the axial skeleton including head and trunk, and the ap-
pendicular skeleton consisting of the limbs and pelvic girdle belongs to it. Its main
function as a dynamic connective tissue is to provide a mechanical entity for both
locomotion and protection of the body’s vital organs. In addition, bone is metabol-
ically active and serves as a reservoir for minerals, mainly calcium, magnesium
and phosphate [6]. Bone also acts as the primary site for hematopoiesis and recent-
ly also implications have been found that bone exerts feedback control of energy
homeostasis [7, 8].

Bone, as a composite connective tissue consists of both organic and inorganic
matter. Approximately 60% of its weight is composed of inorganic matter, mainly
a form of impure hydroxyapatite (Ca;o[PO4]s[OH],) and 8-10% water. The re-
mainder consists of organic matter [9] where collagen dominates.

The outer side of bone is lined by a membrane, the periosteum, which covers the
entire bone surface except articular surfaces and tendon and ligament insertion
points. On the inner side of bone the endosteum resides, even though it is not a
morphologically recognizable layer of tissue. It is composed of bone surface cells,
including osteoblasts and bone lining cells.

It was identified early on that bone was influenced by mechanical loading associ-
ated with normal daily living. This concept was accepted and during the 19th cen-
tury the theories were elaborated [10-12]. Julius Wolff postulated early in his hy-
pothesis that the stress directions affecting bone led to the alignments of the tra-
becular bone [13]. This theory was later named Wolff’s Law. However, even if
some errors have been identified in Wolff’s work, the main principle that the tra-
becular bone alignment is created by a functional adaptation process remains even
today.

As regards the microarchitecture, the skeleton consists of two types of bone, corti-
cal and trabecular, with cortical bone accounting for 80% of the total skeletal
mass. The trabecular bone is located mainly within the axial skeleton and in the
metaphyses of the long bones. The distinction between these types of bone is
based on their porosity, which is a major determinant of both stiffness and strength
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[14, 15]. The trabecular bone is more associated with the metabolic capabilities,
whereas cortical bone stands mainly for the mechanical strength. Cortical bone has
a high resistance to rotational and bending forces, while trabecular bone has higher
shock absorption ability [16]. Bone is continuously remodeled, which consists of
resorption and deposition of bone mineral. Age is one factor influencing remodel-
ing. During the first two years of life, remodeling of cortical bone can be as high
as 50%, while it decreases to 2—5% per year in the elderly. Trabecular bone has a
5-10 times higher remodeling rate than cortical bone [17].
; '

d

Figure 1 Normal trabecular bone (left) and osteoporotic trabecular bone (right) (Courtesy
of iofbonehealth.org).

The results of the changes in the formation and resorption processes can be esti-
mated by measuring bone mineral density (BMD). Disorders in remodeling, where
bone resorption exceeds bone deposition, create imbalances. These imbalances
increase, mainly influenced by age, and lead to osteopenia and osteoporosis (Fig-
ure 1).

Osteoporosis

In the mid-19th century the book A Treatise on Dislocations and Fractures of the
Joints was published by Sir Astley Cooper (1768—1841). At this time the term
osteoporosis was unknown but the complication in the form of hip fracture was
well recognized as a sign of ageing. In his book he stated concerning aging: “That
regular decay of nature which is called old age, is attended with changes which are
easily detected in the dead body; and one of the principal of these is found in the
bones, which become thin in their shell, and spongy in their texture; hence the
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light soft bones of old persons may be cut with a pen-knife...” [18]. This termi-
nology indicated the signs of osteoporosis.

However, the state of osteoporosis was later evaluated and is considered to origi-
nate in the work by Pommer in 1885, where he demonstrated that rickets and oste-
omalacia were due to lack of calcification of new bone tissue, whereas osteoporo-
sis was merely a deficiency of bone [19].

The term postmenopausal osteoporosis was first used in the 1940s, as Fuller Al-
bright, an American endocrinologist, recognized the drop in estrogen levels at
menopause and associated it with bone loss [20, 21]. For primary osteoporosis it
was later proposed by Fuller Albright together with Reifenstein [22], that it actual-
ly consisted of two separate conditions: bone loss related to drop in estrogen at
menopause and bone loss related to aging.

Definition of osteoporosis

Osteoporosis is a multifactorial disease of the skeleton, controlled by genetic, en-
vironmental and nutritional influences, with genetics the most important, deter-
mining approximately 50-70% of variance in bone mass [23, 24] and environmen-
tal factors contributing 30% [25].

The accepted definition of osteoporosis is that it is a systemic skeletal disease
characterized by low bone mass and microarchitectural deterioration of bone tis-
sue, with a consequent increase in bone fragility and susceptibility to fracture [26].
The risk of fracture has to be included in the definition of osteoporosis as its out-
come often is a fracture resulting from low-impact trauma. Large prospective co-
hort studies have been performed demonstrating that a decrease of one standard
deviation in BMD may increase the risk of a fracture by a gradient of risk ranging
from 1.5-3 [27-29]. The specific gradient of fracture risk varies as it is dependent
on technique used, the type of fracture and the site measured [30].

The ability of the bone to resist fracture caused by trauma is related to the bone
strength, which may be estimated through BMD, hence 75-90% of the variance in
bone strength is related to BMD [31]. However, other factors help determine bone
strength, which includes volumetric bone density, cortical thickness, microarchi-
tecture and the intrinsic bone quality [32].

Diagnosing osteoporosis in a patient may be done in one of three different ways:
the presence of a fragility fracture without the explanation of other causes; BMD
measurements with DXA; or bone biopsy [30, 33, 34], with DXA providing the
operational diagnosis of osteoporosis currently used.

As osteoporosis is defined as lower BMD, predictors for BMD at older ages are
important to identify. What may affect future BMD are factors that have both neg-
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ative and positive influence and some factors are subject to influence by the indi-
vidual herself while others are not. However, the most significant determinants of
future BMD, which is under influence of negative and positive factors, are the
peak bone mass and the rate of subsequent bone loss [35].

Peak bone mass

Peak bone mass is a cornerstone in the physiology of the skeleton, defined as the
amount of bone present at the end of skeletal maturation. It is an important deter-
minant of osteoporotic fracture risk [36], and an estimate is that an increase of
peak bone mass by one standard deviation may decrease the risk of future fracture
by 50% [37].

Peak bone mass is considered to be reached approximately 10 years after the end
of skeletal growth, that is to say, between 20 and 30 years of age. Some studies
have identified more accurate intervals for the occurrence of peak bone mass, dif-
ferent depending on region, where hip BMD is reached at an age of 16-19 years
and after 30 years of age in the lumbar spine [38]. A narrower range has also been
presented, with attainment of peak bone mass at the end of the second or early in
the third decade [39]. Even older ages have been discussed when it comes to total
body BMD, as in some studies only slight changes have been observed in the age
range 18-50 years [40], which may vary with ethnicity and geography.

Bone mass at older ages is principally determined by two factors: the amount of
bone attained at young age and the subsequent loss of bone in the following years.
The bone loss which occurs after the menopause may be either fast or slow, indi-
cating a variation in bone turnover rates between different individuals, fast and
slow losers of bone [35, 41]. Peak bone mass has been suggested to account for
more than 50% of the variance of BMD at older ages [42]. Figure 2 shows a sche-
matic illustration of the skeletal growth trajectory, peak bone mass and subsequent
bone loss.
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Menopause
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Figure 2 A schematic representation of bone mass during life. The red line (Case2) repre-
sents the outcome resulting from lower peak bone mass and faster bone loss after meno-
pause, resulting in entering the zone of high fracture risk at an earlier age. Casel shows the
opposite.

The genetic influence on peak bone mass may be regulated by a multitude of nutri-
tional, hormonal and other environmental factors which are to a greater or lesser
extent modifiable [4, 43].

Epidemiology and outcomes

Life expectancy is increasing due to improved hygiene, vaccinations, better nutri-
tion and improved treatments for certain diagnoses during recent decades [44] but
better living circumstances such as housing have also contributed. However, with
increasing age come problems associated with the musculoskeletal system, with
osteoporosis as one of the most common diseases. And the ultimate outcome of
osteoporosis is the fragility fractures caused by higher skeletal fragility, which
develops: (1) when the bone mass is decreased; (2) due to inefficient architecture
of bone; and (3) when bone quality decreases [32].
15



Osteoporosis increases with advancing age, a phenomenon that is seen all over the
world. It is then followed by an increase in fracture rates. As the elderly are the
fastest-growing segment in the world population, this is estimated to make a con-
siderable impact on fractures in general and especially hip fractures. If the age-
adjusted incidence of hip fractures remains unchanged, there will be an estimated
increase from 1.7 million hip fractures in 1990 to 6.3 million in 2050. However, as
there are indications of increasing fracture rates all over the world, a rise of 1% per
year in fracture rates would result in 8.2 million hip fractures in 2050 [45]. In the
UK, the burden of osteoporosis, estimated by a disease model which is validated
with Swedish data, is expected to increase by approximately 20% by the year 2020
[46]. Recent studies with age-adjusted data demonstrate a general decline in frac-
ture rates. Therefore, the general increase may be attributed to increased number
of individuals and not the incidence, which many studies have shown to be un-
changed or even decreasing [47].

In addition to personal suffering caused by fracture, there is also a significant eco-
nomic burden on societies. Within the European Union the annual cost for all os-
teoporotic fractures is estimated at $30 billion and in the US approximately $20
billion [45, 48].

There are regional differences in the occurrence of fragility fractures, with the
USA and the Scandinavian countries standing out compared to Central Europe and
Britain [49]. In Sweden, a total of 304,000 hospital days were dedicated to the care
of osteoporosis and its related fractures [S0]. The annual cost of fracture was esti-
mated to be 5.6 billion SEK, which represents 3.2% of the total health care costs in
Sweden, where community care accounts for 66% of the total cost. When the val-
ue of QALY (quality-adjusted life-years) is included, the sum rises to >15 billion
SEK annually. This amount is expected to increase dramatically over the years, an
estimation is >26 billion SEK in 2050, assuming no change in fracture risk [51].

After the early years in life when fractures are predominantly due to e.g. sports
and trauma, fracture incidence starts to increase around the age of 50 in women,
and the incidence is twice that in men [52, 53]. At this age, osteoporosis becomes
the major underlying cause of fractures, commonly striking the hip, forearm, prox-
imal humerus, pelvis and vertebral column [54] (Figure 3) and there is a 50% risk
that women at this age will have a fragility fracture during their lifetime [45]. Hip
fractures have an exponential increase with age as the rate is 2/100,000 person-
years in women under age 35, but this explodes to 3,032/100,000 person-years at
85 years of age. The corresponding number of fractures for men is 4 and 1,909,
respectively. The higher susceptibility to fracture in women is due to the larger
bone loss in women when they age compared to men. Other reasons are that wom-
en have a greater tendency to fall and also to live longer [49].

16



Figure 3 X-rays for the most common osteoporotic fragility fractures. From the left, hip,
distal radius, proximal humerus, pelvis and vertebral fractures.

The cause of the fractures is mainly low-energy trauma. For hip fractures, a major-
ity are caused by falling from standing height or less, whilst approximately 10%
originate from more severe trauma [55]. Predictors such as poor health, decreased
balance, low activity level and fall history have been connected to increased fall-
ing rates [56].

Survival depends on the type of fracture with hip fracture being most strongly
associated with mortality. Some 10-20% more women than expected for age die
within the first year [48] and the five-year survival of a hip fracture is 82%, with
most deaths occurring within the 6 months following the hip fracture [57]. Even
vertebral fractures have shown to cause excess mortality compared to the popula-
tion [58]. Some studies have ascribed 30% of the excess mortality to the fracture
event [1], and although some reports indicate a decline in hip fracture mortality, an
increase in comorbidity afflicting life quality has been noted [59, 60].

The forearm and proximal humerus fractures do not present an association with
mortality as hip fractures do, but still they contribute to disability and suffering for
those affected. However, some studies have reported increased mortality after
fracture of the proximal humerus [61]. Furthermore, a prior fracture, such as an
uncomplicated distal forearm fracture, may be an indicator of future hip fracture
[62-64], which calls for attention in this group of patients when it comes to pre-
ventive measures.

Although measures may be taken to decrease the risk of fracture in the elderly,
intervention should perhaps start earlier, as achieving a high peak bone mass has
been suggested to be of great importance in giving protection against fragility
fractures later in life [65].

Assessment of bone mineral density

Traditional radiographic techniques cannot identify osteoporosis until it is severe,
which means that it can be diagnosed, but no evaluation of the degree of osteopo-
rosis is possible. Historically, osteoporosis was a clinical diagnosis that necessitat-
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ed a history of one or more low-trauma fractures, mainly of the vertebra. However,
this approach precluded the possibility of early intervention. Not until the last few
decades have accurate noninvasive methods been available, which mainly concen-
trate attention on BMD.

In 1994, a working definition of osteoporosis was created by senior authorities in
this field, acting on the behalf of the World Health Organization (WHO) [66, 67].
Here, a cutoff value at 2.5 standard deviations below the average of young adults
was suggested in order to set the diagnosis osteoporosis (Table 1). These diagnos-
tic criteria were based on measurements with dual energy X-ray absorptiometry
(DXA), which is the technique validated for assessing bone mineral density [34,
66].

The clinical consequence of lower bone mass is fracture, which is why the focus
has been on the ability of the different techniques to predict the probability of frac-
ture. For hip BMD, measured with DXA, it provides a strong indicator of fracture
risk, especially for computing the long-term fracture probabilities [29].

Table 1 Definitions of normal BMD, osteopenia, osteoporosis and established osteoporosis
for DXA.

Diagnostic category Definition T-score

Normal bone mass BMD < 1 SD below the average of >—1 SD
young adult mean

Osteopenia BMD 1 to 2.5 SD below the aver- —1to—2.5 SD
age of young adult mean

Osteoporosis BMD > 2.5 SD below the average <-2.5 SD

of young adult mean
Established osteoporosis BMD > 2.5 SD below the average <—2.5SD
of young adult mean and the pres-
ence of one or more fragility frac-
tures

DXA

DXA (dual energy X-ray absorptiometry) (Figure 4) is the standard method for
assessment of BMD. The technique is relatively young, with the first clinical
scanners introduced at the end of the 1980s [68]. The results produced by the DXA
scanners are usually presented as T- and Z-scores, which are calculations of stand-
ard deviations in relation to a built-in reference population.

The reference population used for calculations of T-scores is extracted from
NHANES III database and consists of white females, aged 20-29 years (n=409).

18



The NHANES III is a part of NHANES (National Health and Nutrition Examina-
tion Survey), which is a research program conducted by the National Center for
Health Statistics (NCHS) with the purpose of assessing health and nutritional sta-
tus in the US population. Several surveys have been conducted and the third sur-
vey, NHANES III [69, 70], was collected during the years 1988-1994 including
16,573 men and women.

The treatment guidelines issued for osteoporosis are mainly based on results from
DXA measurements. Central DXA is the method of choice for measuring hip and
lumbar spine BMD. In general, the reason for the use of these specific regions of
interest (ROI) is that hip BMD has the highest reliability when it comes to predict-
ing hip fracture risk [27, 29], while evaluating spine BMD is best for diagnosing
spinal osteoporosis and for monitoring osteoporosis treatment response [71].

Figure 4 The GE Lunar Prodigy DXA scanner which was used to assess bone mass and
body composition in the PEAK-25 cohort (Courtesy of GE Healthcare).

To establish the osteoporosis diagnosis, the reference ROI is the femoral neck,
which should be used. In addition, diagnosis may be done in the lumbar spine and
total hip in postmenopausal women and men aged 50 or older, but other hip re-
gions such as Ward’s triangle or trochanter are not recommended [69]. For as-
sessment of osteoporosis specifically in the spine and evaluation of the risk of
vertebral fracture, measurement of BMD in the lumbar spine is preferred. This
relates to the increased trabecular bone loss seen in middle-aged postmenopausal
women [72]. However, in older women, misdiagnosing may increase due to the
degenerative changes in the vertebral column [73].
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The DXA technique uses radiation and the first-generation scanners employed a
narrow beam of radiation, the so-called pencil-beam scanners. A scanning session
could take as long as 5—10 minutes for a hip or spine. However, with the introduc-
tion of the newer scanners which use a different technique, fan-beam scanners, the
examination time was reduced to 10-30 seconds for a hip or spine and the image
resolution was increased [74, 75]. The radiation beam is sent across the measure-
ment site and a detector measures the attenuation of radiation which then relates to
bone mineral content (BMC), which is measured in grams (g). The area measured
is then determined by a computer (Figure 5) and hence the BMD can be calculated
from these two factors [76].

The DXA technique has two major drawbacks. Firstly, the scanning is a projection
of a two-dimensional image where measurement of the areal density is affected by
the bone size and the true three-dimensional volumetric density. Secondly, the
human body consists of three types of tissue — bone, lean muscle and fat — and
DXA is limited in its ability to distinguish bone from soft tissue [77].

However, the advantages outweigh the disadvantages as the technique involves
low radiation, short scan time, proven ability to predict fracture risk, stable calibra-
tion and high precision [77]. For in-vivo scans the precision, expressed as a coeffi-
cient of variation (CV), is 1-2.5% [78]. Today, the market for DXA scanners are
dominated by three manufacturers: Lunar, Hologic and Norland.
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Figure 5 Screen capture from a hip scan with DXA Lunar Prodigy.
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T-scores and Z-scores

The T- and Z-scores generated by the DXA scanners have different applicability
and are used and calculated differently. The T-score is the preferred value for re-
porting BMD in postmenopausal women and in men age 50 or older, and the
WHO densitometric classification (Table 1) applies. For calculation of hip T-
scores, the measured BMD value is compared with the built-in reference popula-
tion, which is recommended to be the white female, aged 20-29 years, NHANES
III data [69]. It is calculated according to the formula:

Measured BMD — Young adult mean

T — =
score Young adult population SD
The T-score used for the WHO classification of osteoporosis may only be applied
to DXA in the femoral neck, total femur, lumbar spine and the one distal third of
radius [69].

The Z-score is less frequently used as it is not applicable to the WHO diagnostic
classification. Instead a standard deviation of —2.0 is considered the major break-
point, where values above this limit are considered to be “within the expected
range for age” while values below are “below the expected range for age”. For the
general calculation of Z-scores, the same formula as for T-score applies, but here
the comparison is instead a mean BMD which is matched for age. The target
groups for Z-score usage as BMD reporting are females prior to menopause, males
under age 50 and children. However, osteoporosis may not be diagnosed in men
under age 50 on BMD values alone.

Measured BMD — Aged matched mean BMD
Aged matched population SD

Z — score =

For an older individual the T- and Z-scores may demonstrate a large difference
because the calculations are based on different reference values, hence a low T-
score may exist together with a normal Z-score. On the other hand, at the age of
presumed peak bone mass, the difference between the T- and Z-score ought to be
zero. This depends on the calculations, where both of the scores are calculated
based on similar reference values.

Both the T- and Z-scores are adjusted for sex and ethnicity but the Z-score is also
adjusted for body weight in Lunar but not Hologic scanners.

This can create larger differences between T- and Z-scores which can be signifi-
cant [79] and as no standardization for Z-calculations exists; this may therefore
render comparisons between the DXA manufacturers more difficult [80].
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QUS

Even if DXA is the standard for assessing BMD, a quest for a cheaper and porta-
ble solution is in progress. Quantitative ultrasound (QUS) has come up as an alter-
native fulfilling these criteria, also by having no ionizing radiation. Measurements
of the ultrasonic wave passing through cortical and trabecular bone are made and
reported as the variables broadband ultrasound attenuation (BUA) and speed of
sound (SOS). BUA is greater in a more complex bone structure, which means that
normal bone has a higher BUA value than osteoporotic [81]. SOS is higher in
bone with greater connectivity, which is the case in normal bone [82]. In addition,
for Lunar Achilles” scanners, stiffness index (SI), a composite of BUA and SOS,
is calculated according to the formula:

SI =0.28xS0S + 0.67 x BUA — 420

However, QUS may not be used to diagnose osteoporosis according to the WHO
definition or to monitor the efficacy of treatment [83]. Even if the only validated
skeletal site in clinical use of QUS is the calcaneus, it has been shown that QUS of
the calcaneus has the ability to predict hip fractures and osteoporotic fractures in
elderly women [27, 84, 85].

pDXA

Smaller DXA scanners, peripheral DXA (pDXA) have been developed for in-
creased portability, and the scanned regions are the forearm and calcaneus. The
forearm scans are considered to be predictive of wrist fractures and the calcaneus
scans to be predictive of spine fractures [86, 87]. However for monitoring the ef-
fects of medical treatment the pDXA is not clinically established [69].

QCT

One of the shortcomings of the DXA technique is its inability to measure in a
three-dimensional manner, giving a true volumetric density, but also the lack of
ability to distinguish between cortical vs trabecular bone. Quantitative computed
tomography (QCT) is a technique resolving these issues, although at a higher cost,
both financially but above all with higher dosage of ionizing radiation. These dis-
advantages of QCT make the technique less applicable in clinical practice for
BMD assessment, so it is mainly used for research purposes [88, 89]. For research
purposes, the peripheral QCTs (pQCT) have become more widespread and are
primarily used for volumetric measurements of bone density in the forearm and
tibia.
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Pharmacological therapy

Different approaches are available in the treatment of osteoporosis, aiming at dif-
ferent mechanisms and stages of the disease. In broad terms, the pharmacological
treatments can be described according to their main target: antiresorptive targeting
osteoclasts and anabolic targeting osteoblasts. In addition, specific pharmacologi-
cal treatment is used together with calcium and vitamin D. The latter counteracts
the secondary hyperparathyroidism caused by the negative calcium balance,
whereby resorption may be reduced. Even if the effect of this supplementation has
been uncertain, meta-analysis has demonstrated a 12% risk reduction of fracture
[90] and also a risk reduction of falls [91].

The ultimate purpose of osteoporosis therapy is to reduce the risk of fractures. A
recent meta-analysis of 34 studies [92] demonstrated differences between the mar-
keted substances in their ability to prevent fractures in the hip and vertebral col-
umn. All of the included substances reduced the risk of new vertebral fractures,
except etidronate, compared to placebo. Denosumab was more efficient than stron-
tium ranelate, raloxifene, alendronate and risedronate in preventing new vertebral
fractures. In addition, denosumab reduced the risk of hip fracture, together with
risedronate, alendronate and zoledronic acid.

Antiresorptive therapy

Biphosphonates

This group constitutes today the most important and well-documented substances
in the antiresorptive therapy. In Sweden, five of the substances are registered for
the indication osteoporosis, namely: alendronate, risedronate, zoledronic acid,
ibandronate and etidronate. Alendronate and risedronate are best documented and
first choices. For cases with adverse side effects or lack of therapeutic response,
the second choice is zoledronic acid. It is administered as an intravenous injection
once a year. The bisphosphonates cause apoptosis in the osteoclasts, thereby re-
ducing bone resorption [93, 94].

Raloxifene

Raloxifene is a selective estrogen receptor modulator (SERM), which acts like an
estrogen agonist on bone tissue. It is considered to be the secondary choice in the
treatment and its anti-fracture effect is mainly on vertebral fractures [95]. It is not
associated with an increased risk of breast cancer as is estrogen, but may exacer-
bate climacteric symptoms and increase the risk of venous thromboembolism.
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Strontium ranelate

Strontium ranelate has a dual action on bone by inhibiting bone resorption and
stimulating bone formation, thereby improving bone microarchitecture [96, 97].
The nucleus of strontium is very near the size of calcium, so it is incorporated in
the mineral phase into bones in the place of calcium.

Denosumab

One of the latest contributions to the arsenal of pharmacological treatment for
osteoporosis is denosumab, which is a human monoclonal antibody. It acts by
blocking the binding of RANKL (receptor activator of nuclear factor kB ligand) to
RANK, thereby inhibiting the development and activity of osteoclasts. In this
manner bone resorption is decreased and subsequent bone mass is increased. It is
administered through subcutaneous injections every 6 months [98].

Anabolic therapy

Instead of inhibiting the resorption, stimulation of bone formation is the mecha-
nism behind anabolic therapy. The agent used today is parathyroid hormone
(PTH), either truncated (1-34, teriparatide) or full-length (1-84) which is adminis-
tered through daily injections. PTH increases the trabecular bone, mainly in the
vertebral column [99, 100], and is associated with a clear reduction in fractures. It
is an expensive treatment.
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Risk factor evaluation

The fragility fracture, is influenced by several factors. They may act somewhat
differently, e.g. increasing BMD, reducing the risk of falls and decreasing the sus-
ceptibility to osteoporosis and avoidance of situational risks. The risk factors [3,
50, 91, 101, 102] in general can be divided into non-modifiable and modifiable
factors (Table 2). Other risk factors not included in the table are comorbidities
such as rtheumatoid arthritis.

Table 2 Modifiable and non-modifiable risk factors for osteoporosis, falls and fractures.

Modifiable  Risk factor Osteoporosis Fall Fracture
No Higher age + + +
No Female + + +
No Previous fracture + + +
No Menopause (premature) + +
No Body height (tall) + +
No Heredity (of fracture) +
No Ethnicity (white/Asian) +
Yes Alcohol consumption + + +
Yes Physical activity (low) + + +
Yes Smoking + + +
Yes Low exposure to sun/vit D + + +
Yes Low dietary calcium + +
Yes Cortisone treatment + +
Yes Low weight/BMI + +
Yes Predisposition to falls + +
Yes Impaired vision + +
Yes High caffeine intake +
Yes Low BMD +

The influence of environmental risk factors is more pronounced at the hip than the
lumbar spine [103], which gives lifestyle intervention more potential for reducing
the incidence of hip fractures.

Fracture Risk Assessment by FRAX®

The specific risk factors (e.g. previous fracture, parent fractured hip, smoking,
glucocorticoids, rheumatoid arthritis, secondary osteoporosis, alcohol and BMD)
for each individual can be added up in a model in order to obtain an estimation of
the individual’s specific risk of fracture, and thereby enabling therapeutic actions.
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The WHO Fracture Risk Assessment Tool (FRAX®) is a web- or desktop-hosted
application producing an algorithm which is developed for fracture risk evaluation
of patients (http://www.shef.ac.uk/FRAXY/). It is based on several large interna-
tional cohorts where individual patient models are combined with clinical risk
factors and BMD at the femoral neck. The result produced by the application is the
10-year probability of a hip fracture or a major osteoporotic fracture in the shoul-
der, hip, forearm or spine. The result, given as an absolute risk, may be included in
specific guidelines in order to help the clinician to decide whether the fracture risk
for the patient is sufficiently high to benefit from pharmacological therapy for risk
reduction [104], although the FRAX® is not suitable for monitoring the treatment
response [105].

Risk factors and BMD assessment

Below follows an introductory outline of the topics addressed in the thesis.

BMD assessment

Bone mineral density is the most important predictor of low-energy fractures [27-
29], which is why accurate methods are important for identifying individuals at
risk. Its accuracy is partly determined by the use of correct reference data in the
analyses. If the reference data are not appropriate, the method itself may be a
source of error in the identification process.

DXA is the diagnostic tool of preference and the standard when diagnosing osteo-
porosis [69]. As described before, relative scores are used clinically; T- and Z-
scores, and they are calculated based on reference values. Therefore is it of the
utmost importance that the reference values are relevant for the measured popula-
tion, for both clinical and research use.

The NHANES III database [70] is the recommended choice for calculation of T-
scores in the hip. For the spine the recommendation is to use Caucasian, non-race-
adjusted normative data for women and men, independently of ethnic group [69].
The reference data incorporated by the manufacturers of the DXA scanner, may
not always correspond well to the measured population [106].

Several studies report bone mass data from different countries and regions where
the regional and ethnic differences in bone mass are obvious. In Asian populations
the BMD is lower than in Sweden, but at the same time the fracture rate in Sweden
is 70% higher than in Asian settings [107, 108]. So even if BMD is the standard
for prediction of fracture, BMD alone does not explain the high hip fracture rates
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in Sweden, as other factors explaining the variation are e.g. body weight, degree of
industrialization or level of physical labor, latitude, diet, reproductive history and
femur anatomy [108].

However, in order to increase the precision of DXA for fracture prediction, the
reference databases used have to be scrutinized in relation to the measured popula-
tion for a better understanding of the results from the DXA scanner. This can be
done through establishment of regional normative reference databases.

Birth weight

Birth weight is partly a result of the intrauterine living conditions, i.e. mother-fetus
malnutrition, and has been related to several medical conditions such as depres-
sion, cancer, hyperthyroidism, type 2 diabetes, coronary heart disease, hyperten-
sion and osteoporosis [109-111]. The latter is important when it comes to discus-
sions about bone mass, as several studies have been performed in order to confirm
the relationships between birth weight and later bone mass [112-114], and also its
associations with future fracture incidence. Adverse factors already in the fetal life
or preterm birth may induce permanent negative effects on the skeleton [115].
While some studies have identified an association with BMD, more studies have
found BMC to be more related to birth weight [112-114].

Although BMD is a better predictor of future fragility fracture, BMC has im-
portant clinical implications as a predictor of fractures, as decreased BMC has
been associated with an increased risk of fracture in several studies [116, 117].

Not only the birth weight per se is the predictor, but also growth in childhood,
which is linked to birth weight. The growth trajectory is programmed during intra-
uterine or early postnatal life [49, 118]. It is one of the most important determi-
nants of the bone envelope and has been demonstrated to predict later fracture in
the hip [119-121]. A retarded growth trajectory in infancy is seen in lower body
weight at one year, which is associated with lower adult BMC [122].

Even if the growth trajectory is retarded, a catch-up in growth is usually seen from
early infancy until 23 years of age, but may continue into adolescence. The catch-
up is usually incomplete, which results in shorter and lighter bodily constitution
[123], hence lower bone size and BMC.

Adult bone mass is a combination of both density and bone size, which both influ-
ence the fracture risk. Also, the bone geometry and properties constitute the bone
strength [117]. A better growth trajectory is associated with greater bone size and
bone strength and hence decreased fracture risk [121, 124].
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Physical activity

Many studies have reported beneficial effects of physical activity on bone, but
several of them are either based on athletes or focus on a specific sport, while less
is known about normal populations taking part in physical activities on a recrea-
tional basis.

Physical activity during the first three decades of life may increase peak bone mass
and hence decrease the incidence of future osteoporotic fracture events [49]. Even
when the athlete retires from sport activity, the benefits remain although in a re-
duced manner, but may contribute a to lower risk of sustaining a fragility fracture
in older age [125].

For the maximization of peak bone mass, physical activity is one major contribu-
tor [43], thereby establishing a better starting point for bone health later in life.

When bone is exposed to mechanical load, both dynamic and static, a response is
generated as deformations of the bone matrix occur. The response consists of fluid
flow within the bone, which is proposed to be the factor by which the bone cell
network senses mechanical loading [126]. However, the dynamic mechanical
stimuli on bone is more powerful than static loading, as it only requires a short
duration of loading, preferably with high magnitude but few repetitions to initiate
the osteogenic response [127-129] described above.

The mechanostat theory [130] is one of the classical works by Frost, originally
proposed in 1964, where he stated the need for a strain on bone. There is a mini-
mum level of strain on bone in order to generate an adaptive response. Strain be-
low this level would cause bone loss, but strain above evokes bone modeling (Fig-
ure 6).

In addition to the activity level, the type of activity deciding the amount of strain
imposed on the bone is of importance. Sport activities with greater axial load pro-
duce higher impact on bone, measured as GRF (Ground Reaction Forces, multi-
ples of body weight) [131, 132]. The response from high-impact activities seems
to be more efficient in optimizing peak bone mass than low-impact activities [133-
135]. Despite the beneficial bone effects caused by the high-impact forces, exces-
sive exposure to high-impact training may be injurious to bone in line with the
mechanostat theory [130, 136].
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Figure 6 Graphical illustration of the “Mechanostat theory” [130]. Physical inactivity
causes atrophy and bone loss, while physical activity within physiological limits generates
modeling with an increase in BMD.

A major challenge in evaluating physical activity is the estimation of the strain
produced, as this may vary within the same activity. Objective measurements of
strain in certain activities are also scarce, and both these insecurities necessitate
caution when evaluating results.

Enjoyment of physical activity is partly determined by behavioral patterns early in
life, and for most individuals physical education in school plays a significant role
in determining and maintaining healthy habits of exercising [137-141].

Smoking

Many epidemiological studies concerning smoking and osteoporosis originate
from Daniell’s report [142] in 1972 on the connection between smoking and oste-
oporosis. Despite extensive education concerning the hazards of smoking, the
prevalence of smoking is expected to increase from today’s 1.3 billion to 1.5 bil-
lion smokers in 2040-2050 [143]. Tobacco-related mortality is expected to in-
crease as in the year 2000 approximately 5 million people were estimated to die
from direct or indirect consequences of smoking. Trend analyses project that this
number will increase to 10 million smokers yearly [144].
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An increase in fractures associated with smoking has been demonstrated for both
women and men [5, 145-147]. However, the pathways leading to higher risk of
fracture are not solely dependent on BMD as BMD accounts for only 23% of the
smoking-related increase in fracture risk [146]. Other important causal associa-
tions with increased fracture risk in smokers include higher risk of falls, lower
average BMI, direct toxic effects on bone, reduced calcium absorption, elevated
cortisol levels, lower calciotropic hormones and lower estradiol levels [56, 148-
151] (Figure 7). Nicotine acts directly on bone cells, decreasing the osteogenic
activity, but also through other factors important for bone remodeling such as an-
giogenesis [152]. Another bone-related factor affected by smoking is impaired
collagen metabolism [153].
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Smoking is considered to be an independent predictor of low BMD [145, 146], but
most studies have focused on older populations with longer smoking duration. The
few studies available on smoking at an early age need to be supplemented with
additional similar studies as early smoking has been associated with lower BMD,
which might be an effect of the vulnerable peak bone mass acquisition [154].

Passive smoking has also been identified as a risk factor [155, 156]. However,
quantifying the effect of passive smoking presents a difficult problem. Other fac-
tors complicating the evaluation of smoking as a contributory factor to decreased
BMD are socio-demographic traits in smokers, as lower awareness of personal
health and unhealthy lifestyle are themselves confounders of low BMD [157, 158].

Few studies have investigated the reversibility of smoking cessation but cross-
sectional studies have demonstrated a catch-up in BMD in former smokers. How-
ever, extended time is needed; improvements are seen within 10 years, but it may
take more than 30 years for former smokers to reach the levels of the never smok-
ers [159]. Other studies indicate a quicker recovery, as improvements for markers
of bone formation and resorption are seen within 6 weeks after cessation, followed
by an improvement of BMD after 1 year [160, 161].

Despite the timeframes discussed above, cessation of smoking is an important step
towards better bone health and reduces the risk of fracture even if a remaining risk
is seen in former smokers [145, 146].
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Aims of the Thesis

The general aim of this thesis was to evaluate the influence of established risk
factors for osteoporosis on the attainment of peak bone mass in young adult Swe-
dish women in order to understand the relationship between bone health in youth
and osteoporotic fracture risk in old age.

The specific aims of the study were:

I.  To provide normative DXA data at peak bone mass for young adult Swe-
dish women to facilitate comparison with DXA scanner reference values
and equivalently aged European and American populations.

Il.  To evaluate the association between birth weight and bone mineral densi-
ty, bone mineral content and body composition in young adulthood at
peak bone mass.

I11.  To investigate the associations between recreational physical activity and
attainment of peak bone mass.

IV.  To investigate the association between smoking and peak bone mass and
fracture, in particular the influence of age at starting, duration, time since
cessation, the daily consumption and total exposure.
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Subjects and Methods

Malmb is the third biggest city in Sweden with 302,835 inhabitants (January 1,
2012) [162] and its population is served by only one hospital, Skane University
Hospital — Malmé. The Department of Orthopaedics is thereby the major clinic
serving its population with treatment of orthopedic diseases and the only place for
fracture treatment within the catchment area.

In this thesis young women at the age of 25 years, living in Malmd, were selected
to be included in the PEAK-25 cohort, focusing on bone health.

PEAK-25 cohort

The purpose of the cohort was to include women at an age closely representative
of peak bone mass, based on the findings from other studies [38-40, 163]. The
PEAK-25 cohort was used for all four of the included studies.

During the years 1999 until 2004, letters of invitations were sent to women living
in Malmo, inviting them to participate in our study on bone health in young adult
women. The invitations were sent out continuously throughout the year in order to
decrease the risk of seasonal bias. The subjects were randomly selected through
the computerized administrative population system.

Our goal was to reach women at the age of 25 within our catchment area. A total
of 2,394 invitations were sent and 1,166 agreed to participate. This gave us a re-
sponse rate of 49% [164]. However, 102 subjects were directly excluded as they
were pregnant or had been pregnant during the last year. That left us with 1,064
women who completed the baseline examinations. The cohort was continuously
analyzed upon recruitment, and three subjects were identified as being out of the
age range at baseline (24 years, n=2; 26 years, n=1) and thus excluded, leaving a
cohort of 1,061 women, all 25 years old.
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Questionnaire

A comprehensive questionnaire, consisting of approximately 250 questions, was
administered to all participants. They were asked to complete the questions per-
taining to eight separate areas of interest: (a) environment during child-
hood/adolescence and relatives, (b) women’s health issues, (c) diseases and medi-
cations, (d) education and working life, (e) lifestyle and physical exercise, (f) to-
bacco/alcohol/drugs, (g) nutrition, and (h) appearance and sleep.

The response reliability of the questionnaire was tested after 3 months (mean 12.2
weeks, range 10.6—13.4 weeks) by asking 20 participants to complete the same
questionnaire again. The results from the two questionnaires were then compared
with Sign test and no significant differences were identified (p value 0.125-1.0).

Bone mineral density assessment

Bone mineral density and body composition variables were assessed with dual
energy X-ray absorptiometry (DXA, Prodigy, Lunar Corp., GE, Madison, Wiscon-
sin, USA). Software versions 2.15—7.70 were used during the years of collection
of the cohort and the results obtained from the scans were used in the four studies
presented in this thesis. Regions of interest (ROI) and variables measured were
BMC and BMD in total body (TB), femoral neck (FN), trochanter (TR), total hip
(TH), lumbar spine L1-L4 (LS) and lumbar spine L2-L4 (LS2). In addition, lean
and fat mass were included.

To measure total body, subjects were placed in a supine position with hands supi-
nated. For lumbar spine measurements, hips and knees were flexed with a pillow
in order to flatten the normal lordosis, and to measure the hip (left side), the legs
were slightly abducted and internally rotated.

Reproducibility was checked daily by the use of a manufacturer-supplied phantom.
A second scan was made in 15 women in order to establish the absolute precision
error (CV%) of the DXA measurements in this cohort. The outcomes were 0.37%
(TB), 0.90% (FN), 0.56% (TR), 0.50% (TH) 0.65% (LS; L1-L4) and 0.70% (LS2;
L2-L4).

Standardized BMD

The different DXA scanners measure somewhat differently. That is why it is not
possible to compare measured BMD values from different scanners with each
other. Therefore, standardization has been attempted to overcome this difficulty by
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calculation of standardized BMD (sBMD). We recalculated the BMD values from
published studies in order to make comparisons of BMD between studies possible
independently of the DXA scanner model. The sBMD value for each of the hip
regions was calculated according to the formula [165, 166]:

sBMD = a+ B X BMD

Where a and 3 are dependent on scanner manufacturer and sub-region of the hip.
The coefficients are:

1. Hologic FN (¢=0.019, B=1.087), TR (¢=—0.017, =1.105), TH (0=0.006,

B=1.008)

2. Lunar FN (0=—0.023, p=0.939), TR (a=—0.042, =0.949), TH (a=—0.031,
B=0.979)

3. Norland FN (¢=0.006, p=0.985), TR (0=0.057, p=0.961), TH (a=0.026,
B=1.012).

Recalculations of the standard deviations (SDyecaic) [167] used the same B-values
according to the formula:

SDrecaic = B X SD
For calculation of LS-sBMD, the formula below was used [168, 169]:
LS-sBMD = & X (LS-BMD — €) + 1.0436
The scanner-dependent coefficients are as follows:
1. Hologic (6=1.0550, e=0.972)
2. Lunar (6=0.9683, £=1.100)
3. Norland (6=0.9743, £=0.969)

The standard deviations in the lumbar spine were recalculated according to the
formula given previously (SDiecuic), and using B-coefficients suggested by Genant
etal [168]:

1. Hologic 1.0755
2. Lunar 0.9522
3. Norland 1.0761

The LS-sBMD was originally developed for L2-L4, but we used it for L1-L4, as
the recalculated values are relatively equal to their original values. Furthermore,
this extrapolation has been used before [170]. The sSBMD values are reported in
mg/cm’ compared to the regular BMD reported in g/cm®. This is done only to
make a distinction between the two variables.
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Physical activity

In the comprehensive questionnaire completed by the participants, one section was
dedicated to physical activity. They were asked to specify e.g. daily walking hab-
its, types of exercises, amount of time spent, seasonal variations in their activity, if
they had been more active earlier in their life and if they enjoyed physical educa-
tion in school.

For estimation of the intensity and regularity of recreational activity, we created
the recreational activity level (RAL), where the participants were asked to grade
their level of activity on a scale from 1-6. Grade 1 represented “hardly any exer-
cise at all” and 6 represented “active at a regular level with practice and competi-
tions”. A value of >4 was used as cutoff between high and low recreational activi-
ty levels as this value represents the lowest level of regularity of physical activity.

The RAL could not discriminate between different types of exercise and their var-
ying strain on bone tissue. Therefore, in addition to RAL, we used the existing
peak strain score (PSS) [131]. Based on the information in the questionnaire about
the different activities performed, we provided a single peak strain score (PSS) for
each activity. The PSS gives an estimation of the impact imposed on the skeleton
when performing the specific activity, and the score is based on ground reaction
forces (GRF), which are multiples of the body weight imposed on the skeleton
when performing the activity. Running, for example, produces a GRF of 2.6 which
then gives a PSS of 2 (Table 3).

Table 3 The PSS scoring model used for scoring the different activities, based on ground
reaction forces (GRF) imposed on the skeleton [131, 132].

PSS GRF Estimation criteria  Examples

3 >4 Activities including Basketball, volleyball
jumping actions

2 2-4 Activities including Badminton, tennis, run-
sprinting and turning ning
actions

1 1-2 Weight-bearing ac- Dancing, strength training
tivities

0 <1 All other activities Bicycling, swimming

To assign a PSS to the different activities, we mainly used the existing BPAQ
(Bone-specific Physical Activity Questionnaire) quantification by Weeks [132]
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and for those activities not reported in the literature, an estimation of GRF was
made according to the same principles. Hence, each activity received a score from
0-3, depending on impact load, and the activities were summed up, giving a result
from 0—-16 points, where >5 was considered high impact.

As the two scores above measure physical activity somewhat differently, with
RAL focusing on endurance and PSS on impact, a composite of RAL and PSS
(COMB-RP) was created in order to get an estimation of the overall physical ac-
tivity. This allowed us to extract individuals engaged in high impact sports on a
frequent basis (RAL=4 and PSS=>5) compared to subjects with lower impact and
frequency (RAL<3 and PSS<4). These two groups were designated high-COMB-
RP and low-COMB-RP.

Birth data

In Sweden, since 1973, data of all pregnancies leading to delivery are reported to
the Swedish National Board of Health and Welfare (SNBHW). The information is
collected from prenatal clinics and delivery wards at our hospitals and the data are
recorded in a separate database (MFR, Medicinskt Fodelseregister). The data in-
cludes information within three categories: (1) pregnancy (i.e. diagnoses, infor-
mation about parents, complications related to pregnancy, earlier pregnancies); (2)
delivery (i.e. medical complications, anesthesia, method of delivery); and (3) new-
born (i.e. gestational age, weight, length, diagnoses, status at birth).

From this database information about weight and length at birth was obtained for
the women in the PEAK-25 cohort. For unknown reasons, there were missing data,
leaving us with information about weight in 1,047 cases (98.7%) and length in
1,034 cases (97.5%). The birth weight was used in statistical analysis categorized
in two different ways. Firstly, they were grouped according to the WHO classifica-
tion in normal (>2,500 g), low (LBW; 1,500-2,499 g), very low (VLBW; 1,000—
1,499 g), and extremely low (ELBW; <1,000 g). A tertile grouping was also used,
in order to obtain more equal groups in size for comparisons.

Tobacco smoking

In the questionnaire described above, one section focused on smoking, alcohol and
drug use. For the smoking variables, there were 7 cases with missing data, leaving
us with 1,054 participants with known smoking status. The questions asked con-
cerning smoking habits gave us information about smoking status, age when
smoking started and stopped, duration and amount of cigarettes consumed per day.
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For practical purposes, to study the associations between bone mass and smoking,
a clear definition of smoking is needed. All participants reporting cigarette con-
sumption, even if just occasionally, were labeled current smokers (n=276). For
comparison we used the category never smokers (n=591). The third group consist-
ed of the former smokers (n=187).

To measure the amount of tobacco consumed, two different measures were used.
Firstly, cigarettes/day, which measures the current consumption or historical con-
sumption in the former smokers. The second measure is pack-years, which in addi-
tion to the tobacco amount includes duration of the consumption. This is calculat-
ed according to the formula:

(C igarettes

day ) X smoking years

20

pack — years =

Statistical Methods

For statistical analysis, SPSS software versions 17.0-19.0 (SPSS Inc., Chicago,
Ilinois, USA) were used.

Descriptive statistics are presented with mean, standard deviation (SD) and range
(studies [-1V).

Pearson’s correlation coefficients were determined in studies I and II for analysis
of continuous variables. In study II, the results were presented with quadratic
curve estimation and 95%CI.

Regression analysis was performed in studies II-IV in order to determine the ef-
fect sizes of factors and covariates on bone and presented with 95%CI and stand-
ardized [-values. In studies II and IV, the unstandardized B-values (Bsq) were
determined.

ANOVA, ANCOVA and t-test were used for group comparisons (studies 1-I1V),
and for subgroup analyses Bonferroni (study II) and Fisher’s least significant dif-
ference (LSD) (study IV). For group comparisons with non-parametric, dichoto-
mous data, Chi® test was used (III-IV). In study IV, the risk ratio for fracture in
current and ever smokers was calculated and reported with 95%CI.

Variables were tested for normal distribution with Shapiro-Wilks test. Sign test
was used for testing the response-reliability of the questionnaire. The coefficients
of variation (CV%) were determined for the DXA measurements at TB, FN, TR,
TH, LS and LS2. This was done by remeasuring 15 individuals and the calcula-
tions were performed with ISCD Bone Densitometry Precision Calculating Tool,
Version 2.1.
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For all analyses, the level of significance was set at p<0.05.

Ethics

Studies I-IV all received ethical approval from the Institutional Review Board,
Lund University, Lund, Sweden, and followed the ethical standards stipulated in
1964 in the Declaration of Helsinki. The database setup was approved by the Swe-
dish Data Inspection Board. Written informed consent was obtained from all par-
ticipating subjects and all data were treated confidentially.
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Results

Paper I

Country-specific young-adult DXA reference data are warranted for T-score calcu-
lations in women: Data from the PEAK-25 cohort.

Aim

The primary aim of this study was to provide normative DXA-values for 25-year-
old Swedish women. The secondary aims were to evaluate how the BMD values
of the cohort compare to established reference values supplied by the DXA manu-
facturers and to compare with other similar populations published in the literature

and furthermore to compare the concordance between the different measurement
sites.

Subjects and Methods

The study was performed in the PEAK-25 cohort, consisting of 1,061 25-year-old
women. BMD values from DXA were used from TB, FN, TR, TH, LS (L1-L4)
and LS2 (L2-L4) and T- and Z-scores were reported for FN, TH and LS. A new
Z-score was calculated based on the PEAK-25 cohort as reference. After recalcula-
tion of BMD to give standardized BMD (sBMD) values, BMD could be compared
between PEAK-25 and cohorts of similarly aged women from nine other published
studies.

Results

The mean BMD values, T- and Z-scores are presented in table 4.
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Table 4 BMD values and the T- and Z-scores provided by the Lunar Prodigy DXA scan-
ner in the Peak-25 cohort.

Variable N Mean + SD Range
BMD (g/cm’)
Total body 1060 1.174 + 0.073 0.969 — 1.486
Femoral neck 1057 1.053 + 0.123 0.746 - 1.604
Trochanter 1057 0.830 + 0.108 0.537 - 1.357
Total hip 1022 1.061 + 0.121 0.742 - 1.593
Lumbar spine (L1-L4) 1059 1.217 + 0.128 0.824 — 1.868
Lumbar spine (L2—L4) 1060 1.239 + 0.131 0.842 — 1.885
T-score
Femoral neck 1057 0.61 + 1.02 -1.95 - 5.20
Total hip 1022 0.50 + 1.01 -2.15 - 494
Lumbar spine 1059 0.31 + 1.07 -2.97 - 5.74
Z-score
Femoral neck 1057 0.54 + 0.98 -1.77 - 4.27
Total hip 1022 0.47 + 0.96 -1.92 - 475
Lumbar spine 1059 0.32 + 1.03 -3.15 - 5.54

The Z-scores were similar to the T-scores except in FN (p<0.001) and TH
(p<0.001), where T-scores were higher.

When using the cohort’s own calculated Z-scores instead of the scanner-derived Z-
scores, the prevalence of subjects “below the expected range for age” (<2SD),
increased from 0 — 7 (FN), 0 — 16 (TH) and 12 — 17 (LS).

The sBMD values were generally higher in the PEAK-25 cohort than the corre-
sponding values from NHANES III: FN (1.5%; p=0.044) and TH (5.4%; p<0.001)
but lower at TR (—2.5%; p=0.002). Compared to other studies PEAK-25 values
were either non-significantly different or generally higher than those reported: FN-
sBMD (1.5-7.5%), TR-sBMD (-5.9%—-2.9%), TH-sBMD (2.6-9.2%), LS (L1-L4)
(4.7%) and LS2 (L2-L4) (3.4%—6.5%).

When the highest and lowest quartile of each BMD ROI were compared, the con-
cordance was high where hip BMD identified the same subjects in 71-78% of the
cases in the low quartile and 70-84% in the high quartile. Discordance was less
than 1%. Concordance between hip and spine was 53—60% and discordance 3—4%.
Correlations between LS and hip were lowest at 0.62—0.74, and highest between
TH and TR (r=0.92).
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Conclusions

This study indicates that BMD is generally higher than in equivalently aged Euro-
pean and North American cohorts. It also provides normative bone mass values in
Swedish women aged 25. The concordance between different hip BMD ROIs are
high. This study also emphasizes the importance of using ethno-geographical ref-
erence data in order to discriminate osteoporosis versus normal bone mass.

Paper 11

Birth weight is more important for peak bone mineral content than for bone densi-
ty: The PEAK-25 study of 1,061 young adult women.

Aim

The aim of this study was to evaluate the influence of birth weight on peak bone
mass and body composition variables.

Subjects and Methods

In addition to bone mass measurement with DXA in the PEAK-25 cohort (n=1,061
women aged 25), birth anthropometrics were obtained from the Swedish National
Board of Health and Welfare (SNBHW). Birth weight and birth length data were
available for 1,047 and 1,034 subjects, respectively. Subjects were divided into
birth weight tertiles (high/intermediate/low) and according to the WHO classifica-
tion for analysis.

Results

The mean birth weight was 3,392+537 g and length at birth 50+2.3 cm. Within our
cohort 95.7% were classified as normal birth weight, 3.8% as low birth weight and
0.5% as very low birth weight according to the WHO classification. 2.2% weighed
>4.500 g.

Both current body weight and height were correlated to birth weight (r=0.20;
p<0.001; r=0.28; p<0.001, respectively). Birth weight was positively correlated to
all measured sites and strongest for bone mineral content (BMC) at TB (r=0.24;
p<0.001), TH (r=0.17; p<0.001), FN (r=0.16; p<0.001) and LS (r=0.15; p<0.001).
After body weight adjustments, birth weight was still associated with BMC at all
sites.

For every change of 1 kilogram in birth weight, there was an estimated effect size
of 151 g in TB-BMC, which corresponds to a difference of 0.4 SD.
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For BMD variables, no significant correlations for birth weight remained after
current body weight adjustments. Comparing the tertiles of birth weight, the larg-
est differences were seen between the low vs. high tertile; TB-BMC (-7.2%), FN-
BMC (-5.3%), TH-BMC (-6.0%) and LS-BMC (-6.3%). Differences in BMC
were also evident between low and intermediate tertiles (—4.3% — —4.6%), but no
differences were seen for BMC in intermediate vs. high tertiles.

Even when subjects within the WHO categories low birth weight (LBW) and very
low birth weight (VLBW) were excluded, associations for birth weight and BMC
were still seen, although weaker; TB-BMC (r=0.14; p<0.001), FN-BMC (r=0.08;
p=0.02), TH-BMC (r=0.09; p=0.004), and LS-BMC (r=0.09; p=0.003).

Conclusions

Women with lower birth weight have lower BMC at the age of 25. Reduced quan-
tities of fat and lean mass are also seen related to lower birth weight. The negative
influence of lower birth weight on BMC is more pronounced than the positive
influence of higher birth weight.

Paper 111

Self-reported recreational exercise combining regularity and impact is necessary to
maximize bone mineral density in young adult women: A population-based study
of 1,061 women 25 years of age.

Aim
The primary aim of this study was to evaluate the effects of recreational physical

activity on peak bone mineral density. The secondary aim was to get insight into
how activity levels change from adolescence into the mid-third decade.

Subjects and Methods

From the PEAK-25 cohort, 1,061 25-year-old women were examined with focus on
physical activity. In a comprehensive questionnaire the participants specified their
patterns of recreational physical activity. This information was then analyzed us-
ing two different scores; RAL (recreational activity level, graded 1-6), which
measured the subject’s activity level and PSS (peak strain score), which measured
the impact of physical activity on the subject. These scores were also combined
(COMB-RP) in order to be able to identify subjects with high activity level and
high impact. The top five activities were evaluated separately and compared to
non-active women (RAL=1) for their effect on BMD. A constructed regional ratio
of site-BMD/TB-BMD [171] was used for identification of site-specific bone gain.
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Results

A total of 85 different sports were reported. Women with high RAL had higher
BMD than less active women, TR-BMD 3.3% (p<0.001), FN-BMD 2.6%
(p<0.001), and LS-BMD 1.5% (p=0.0194). Similar results were seen for PSS,
where women with high impact scores had higher BMD than women exposed to
lower impact; TR-BMD 3.5% (p<0.001), FN-BMD 2.9% (p<0.001) and LS-BMD
2.1% (p=0.0039).

Women with high RAL and high PSS (23.8%; n=246), adjusted for body weight,
had even higher BMD; TR-BMD 5.5% (p<0.001), FN-BMD 4.7% (p<0.001) and
LS-BMD 3.1% (p<0.001), than women with low RAL/PSS (44.8%; n=476). For
the top five activities (running, strength training, acrobics (low and high intensity)
and spinning) runners had the highest BMD difference (TR-BMD +8.5% and FN-
BMD +7.2%) compared to non-active women. Spinning (TR-BMD +6.4% and
FN-BMD +7.2%) and high-intensity aerobics (TR-BMD +6.5% and FN-BMD
+5.8%) also produced significant differences, but no differences in BMD were
seen for low-intensity aerobics or strength training. None of the activities pro-
duced any significant BMD gain in the lumbar spine.

The constructed regional ratio showed site-specific bone gain for the high-COMB-
RP group, where the ratio was 1.4-3.5% higher than low-COMB-RP. This was
further supported by the finding of Head-BMD/TB-BMD ratio with 3.3% lower
ratio for high-COMB-RP, indicating redistribution (unpublished data).

In total 68% enjoyed physical education in school and 27% of them became active
with high RAL and high PSS (high-COMB-RP). This may be compared to the
32% who did not like physical education, only 16% of whom continued to be ac-
tive within the high-COMB-RP group. This difference was confirmed in the low-
COMB-RP group, where 79% had been more active earlier, compared to only
46% in the high-COMB-RP group.

Conclusions

Bone mineral density in young adult women is influenced by the overall recrea-
tional physical activity, and specifically activities inducing high impacts on the
skeleton are more beneficial to bone health. Women at the age of 25 who enjoyed
physical education in school have a higher tendency to maintain their activity level
and are thereby more likely to achieve and maintain a higher peak bone mass than
women who are relatively inactive.
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Paper IV

Adverse effects of smoking on peak bone mass may be attenuated by higher BMI
in young female smokers.

Aim

The aim of this study was to evaluate whether smoking was associated with lower
bone mass, and if so, to elucidate whether it is dependent on dose and whether the
smoking duration, time at smoke start and time since cessation play a role in the

outcome. A further aim was to study whether fracture prevalence was higher in
smokers.

Subjects and Methods

A total of 1,054 subjects from the PEAK-25 cohort provided information on smok-
ing. The participants were divided into current, former and never smokers. Smok-
ing consumption was measured with both cigarettes/day and pack-years. In addi-
tion, smoking duration, age at smoke-start, time since smoking cessation and frac-
tures were analyzed. ANOVA was used for group analyses and regression for
analyses of continuous variables. DXA was used to assess BMD in FN, TR, TH
and LS. Adjustments were made for BMI, physical activity and dietary calcium
intake.

Results

Smoking status in the cohort was 26.2% (current), 17.7% (former) and 56.1%
(never) smokers. Average age at smoke start was 15.5+2.3 (current) and 15.3+2.2
(former). Smoking status was not an independent predictor of BMD, which was
the case for BMI and physical activity (both p<0.001). In the current smokers, the
amount of cigarettes consumed, demonstrated dose-dependency and was an inde-
pendent predictor of FN-BMD (p=0.037). A similar outcome was obtained for
adjusted regression analysis, with significant outcome for FN-BMD (B—0.162;
p=0.012) but not for TR-BMD (By=0.114; p=0.076), TH-BMD (Bsq=—0.099;
p=0.129) or LS-BMD (Bsq=0.067; p=0.305). For pack-years, differences were
mostly pronounced in FN-BMD.

Among the current smokers, duration was not an independent predictor of BMD,
neither continuously nor categorized. However, the longer the duration, the higher
the BMI (p=0.038). Age at smoke start was not associated with BMD.

Time since cessation was not associated with BMD in the long term, as no differ-
ence was seen for <6 months after cessation compared to >5 years. In the short
term, a decrease of BMD is seen up to 24 months after cessation (p=0.027-0.050;
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TR, TH and LS) and then after >24 months after cessation, a recovery of BMD to
levels of never smokers.

The number of women with fractures occurring in the smoker categories after the
age of 15 were 27 (current), 20 (former) and 47 (never). The risk ratio for fracture
for current/former smokers compared to never smokers was 1.276 (95%CI 0.868—
1.876). For only the current compared to never smokers the risk ratio was 1.230
(95%C10.784-1.931).

Conclusions

Smoking status is not associated with BMD in young women. For current smok-
ers, increased dose is associated with decreased BMD in the hip. Age at smoke
start or duration of smoking are not associated with BMD. BMI is higher in longer
smoking duration among current smokers, which then might partly counteract the
adverse effects of smoking. Approximately 2 years after cessation, BMD has re-
covered to levels of never smokers. Current and former smokers do not have an
increased risk of fracture compared to never smokers.
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General Discussion

Peak bone mass is the maximum amount of bone acquired by an individual and
reached during the third decade of life. It is assumed that a number of genetic,
environmental and lifestyle factors contribute to peak bone mass as they do to
bone loss later in life. Whereas factors contributing to osteoporosis have been ex-
tensively studied, those associated with peak bone mass are known in much less
detail.

The purpose of this thesis was to investigate factors determining peak bone mass
and in addition to determine whether young adult Swedish women reach a peak
level similar to that of equivalent populations.

Reference data

In order to further understand the high fracture risk in Sweden, we wished to in-
vestigate whether a lower peak bone mass could be part of the explanation. How-
ever, we found that Swedish 25-year-old women generally have higher BMD than
corresponding cohorts in Europe and North America. The most interesting finding
was how the PEAK-25 values related to NHANES 111, which is the established hip
reference database for DXA scanners. For femoral neck, which should be used as
reference site for diagnosing osteoporosis [69], the PEAK-25 BMD value was 1.5%
higher. Similarly, the total hip value was 5.4% higher, findings suggesting that
indeed a lower peak bone mass is not currently present in young Swedish women.

Furthermore, DXA scanners give Z-scores, calculated from the reference data
provided by the manufacturer. Using these Z-scores, none of the women had fem-
oral neck values below the “expected range for age” (prevalence 0%). However,
when we used our own cohort as the locally derived reference data, the prevalence
rose to 0.7% in the femoral neck. This means that, by scanning 100,000 women, a
total of 700 would change classification category from having “normal bone mass”
to “low bone mass”, only by using locally derived reference data instead the refer-
ence data provided by the manufacturer. A similar increase was seen in the total
hip where the prevalence of having a Z-score below the “expected range for age”
rose from 0% to 1.6%.
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This illustrates one built-in source of error which occurs when using the same
reference data independently of geographic region. Only by using local reference
data does the prevalence of the classification low bone mass increase. The reason
for this is that using our own local reference data, whose average is higher, moves
the breakpoints upwards, hence more cases are below the breakpoint for lower
bone mass (Figure 8).

/ PEAK-25
: S
T— / Built-in reference
Femoral neck LT — /
Total hip —t

Lumbar spine

Figure 8 The change in prevalence of low bone mass (Z-score<—2SD), when using PEAK-
25 (blue) as reference instead of the built-in reference data (red).

In addition to the issues concerning the reference data, the calculation of T- and Z-
scores leads to a different question. With T-score derived from an average BMD
value from what is considered the peak bone mass period in life, a large overlap
and subsequently similar scores are expected when measuring a population at an
age close to peak bone mass. However, in the PEAK-25 cohort the T-scores were
higher than the Z-scores in the femoral neck and total hip. Similar discrepancies
have previously been addressed [80] identifying the absence of standardization of
Z-score calculations as the problem. The Z-score calculations may vary between
the manufacturers of DXA scanners, and even within the same manufacturer. This
calls for cautious interpretation of the scores, primarily the Z-scores.

Although the results indicate high peak bone mass in Swedish women compared to
other similarly aged populations, the lifetime risk of osteoporotic fractures is high
in Sweden. This leads us to wonder to what extent peak bone mass determines
future fracture risk in Swedish women. However, it is difficult to draw any con-
clusion about future fracture risk based on today’s BMD measurements performed
in young adulthood, since this would assume that the fracture risk will be as high
as it is among the elderly of today. The reason derives from the difficulties in
comparing different generations as they have grown up under different living con-
ditions, which may have affected the development of peak bone mass.
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These results emphasize the risk of underdiagnosing low bone mass when using
reference data from a setting which is not ethno-geographically appropriate. This
also illustrates the need to complement NHANES III data with regionally derived
reference data, when possible. In addition, a standardization of the Z-score calcu-
lation is indicated for more accurate comparisons of data from different scanners.

How early is future bone mass determined?

Birth weight is considered an indicator of prenatal health, and increasing evidence
indicates its importance for future health status because of long-term effects on
metabolism.

Prenatal health and birth weight may then also have implications for the develop-
ment of bone mass. We show in our study that bone mineral content at all sites
was positively associated with birth weight. However, bone mineral density was
not.

Since birth weight has an association with BMC, birth weight indirectly deter-
mines the bone size which is related to higher fracture risk in adults [116, 117]
including hip fractures [172]. Even early in childhood this connection is suggest-
ed, with higher fracture risk among those with low birth weight [173].

Birth weight was also positively associated with lean mass, which has implications
for peak bone mass. The mechanism by which lean mass is suggested to contribute
to BMD is by being part of increased BMI but also by increased strength and mus-
cle contractions [174, 175]. By this association another path contributing to higher
peak bone mass is added.

Similarly, fat mass was also positively associated with birth weight. However,
when adjusted for body weight the relation changed direction, becoming negative-
ly associated instead. A possible explanation for this is that individuals with higher
body weight have proportionally greater body fat mass and a relatively lower pro-
portion of BMC and lean mass. After adjustment for body weight this lower pro-
portion of BMC and lean mass became apparent and was associated with lower
birth weight. Similar observations in fat mass have also been seen when adjusting
for bone size [174].

The differences in BMC were more pronounced for participants in the lower birth
weight tertile, and our results indicate that low birth weight was more negatively
associated with BMC than high birth weight was positively associated. A possible
explanation for this could be a limit in bone dimension, which has a maximum
size beyond which it cannot increase.
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These findings enhance our knowledge regarding the importance of the prenatal
environment with its most common manifestation — low birth weight as a potential
contributor to reduced peak bone mass.

Furthermore, it illustrates the need for awareness and preventive measures for low
birth weight children. The knowledge of skeletal risks of low birth weight could
well be administered through the child welfare centers (BVC), giving information
to parents so that steps can be taken to promote bone health, such as more physical
activity.

Physical activity — how much?

Bone health is dependent on mechanical signaling which results from all weight-
bearing physical activities, whether occurring from activities of daily living or
through special training. Exercise and training have therefore been extensively
studied in relation to bone health. However, most studies focus on athletes and
specific sport activities while less is known about the associations in normal popu-
lations taking part in physical activity on a recreational level.

In this study of young women we show a positive association between recreational
physical activity and peak bone mass. In general physical activity with high strain
on bone (e.g. high intensity aerobics) was more beneficial than low-strain activi-
ties, and higher bone mass was seen in both the hip and the spine.

Furthermore, specific sports increase BMD on sites exposed to weight-bearing,
which indicates a site-specific association between physical activity and BMD
[133, 176-178]. This site-specific bone gain was also obvious in our study where
women with higher activity had higher bone mass in sites exposed to mechanical
load, which supports earlier studies. Interestingly, the women with higher activity
levels simultaneously had lower bone mass in the head, which we interpret as re-
distribution of bone mass (unpublished data); this also supports site-specific bone
gain since the head is a non-loaded site.

The most frequent activities were analyzed separately; running, spinning and high-
impact aerobics were associated with greater bone mass in the hip of active com-
pared to non-active women. Running and high-impact aerobics have axial impact
on the skeleton, but for spinning it is probably the exerted muscular strain imposed
on the hip girdle that creates the increase in bone mass [179]. Also these individu-
als are more commonly involved in more than one physical activity, which may
contribute to the positive associations with bone mass.

From most studies the results for BMD and physical activity in this age group
point in the same direction, with higher BMD as a response to physical activity,
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even though some studies are more cautious in their statements about the benefi-
cial effects of moderate physical activities [180]. And it is not only the level of
activity that matters, as the type of sport also seems to play a role.

A direct link between physical activity and decreased rate of osteoporotic fractures
is arguable [181], but our results indicate that even physical activity at a recrea-
tional level early in life is positively associated with a determinant of future frac-
ture risk, namely peak bone mass.

From a lifestyle perspective physical activity in childhood, here represented as
physical education in school, has clearly demonstrated a positive association with
future level of physical activity [140, 141]. This emphasizes the need for early
motivational efforts among children in order stimulate physical activity and there-
by contribute to better bone health in the future.

In summary, even activity at a recreational level, will have a beneficial influence
on peak bone mass, preferably activities with higher impact and a regularity of
activities every week, on a whole-year basis.

The adverse effects of smoking on bone

Long-term smoking during life is a well-known contributor to several medical
conditions and also to decreased bone mass and higher risk of fracture [145, 146].
We show that smoking may have adverse effects on peak bone health at an early
age.

The amount of consumed cigarettes was the clearest indicator of smoking and
bone mass differences in the hip, demonstrating a clear dose-response. However,
this was not seen in former smokers, which indicates the reversibility of the ad-
verse effects. Hence, we specifically addressed the question of whether the adverse
effects were reversible after cessation of smoking. In this analysis we observed
lower BMD at all sites after cessation, but BMD returned to the levels of never
smokers after more than two years prior to the investigation. Similar time intervals
have been observed for improvements of BMD in postmenopausal women upon
smoking cessation [161]. The explanation for this temporary decrease in BMD is
unknown but opens up for speculations on the impact of BMI and other biological
responses to smoking cessation. However, our data did not permit us to evaluate
this further.

Smoking duration has been associated in many studies with lower BMD, mainly in
older populations [182]. In the PEAK-25 cohort, smoking duration was not associ-
ated with lower BMD. Several reasons could contribute to the explanation. One is
the young age of the cohort. At this young age, the women may not have accumu-
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lated enough duration in order to impose significant BMD change on bone, proba-
bly because a certain threshold in smoking duration has to be reached.

Furthermore, in these young women there was a simultaneous increase in BMI
with duration, which is opposite to older smokers, who generally are thinner with
lower BMI [146]. This increase in BMI exerts a higher mechanical load on bone,
which may partly compensate for the negative associations of smoking. Another
BMI-related mechanism is the estrogen balance. Increased extra-ovarian estrogen
is produced in the fat mass and may hence compensate partly for the hypo-
estrogenic state which smoking women attain compared to non-smokers [183,
184]. However, this relationship mainly concerns postmenopausal women, while it
is not known to what extent this contributes in young women.

The possible contribution of smoking to fracture risk has mainly been shown in
older populations [5, 146, 147] and less in younger individuals, mainly males
[185]. We could see a trend in the Peak-25 cohort of increased prevalence of frac-
ture in both current and ever smokers. However, even if there is an association
between smoking and fracture in young women, the causal relationship is not as-
certained because other factors, such as less personal health awareness, may be
more common among smokers [157, 158].

In summary, the clear dose-response association with bone mass seen in smokers
already at an early age suggests that even a decrease in cigarette consumption has
beneficial effects on peak bone mass, although a total smoke stop is preferable.

Strengths and Limitations

Strengths

Our studies have both limitations and strengths which require some considera-
tions.

The most considerable strength of these studies is the size of the cohort. It is to the
best of our knowledge, the largest population-based cohort of young adult women
with a narrow age focus closely representing peak bone mass. The recruitment of
the participants was population-based, from the same catchment area and not
through advertising, which may reduce the selection bias.

The single age and sex focus of the cohort may also minimize the contribution
from confounders. The amount of missing data in the cohort is low, which pro-
motes the credibility of the presented results.
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The birth weight data were retrieved from validated national databases, rather than
recalled information from their mothers, thereby increasing the accuracy of the
data.

Limitations

One limitation was the response rate of 49% in the PEAK-25 cohort, which may
give a selection bias, although we did not identify specific reasons for non-
participation. One reason could be the age group. In the questionnaire, recall bias
is possible in some questions and also a social desirability where the participants
might overestimate positive factors, such as physical activity, as well as underes-
timating negative factors, such as alcohol and smoking.

Another limitation in self-reported data applies to fractures, which were self-
reported and not radiographically confirmed. However, the response reliability of
the questionnaire was good according to the recompletions of the questionnaire
made by a selection of participants [186].

We used the standard peak strain score, widely used in other studies, which
measures the impact of an activity. Generally when estimating physical activity
there are inherent limitations when giving scores to different activities, as the en-
ergy expenditure within the same activity may vary. However, the differences are
probably small with a limited effect on the results.

It is an unresolved question how to best quantify and classify smoking over time.
For the classification of smokers, e.g. a participant who quit smoking a short time
before the examinations was classified as a former smoker, independently of the
amount consumed. Secondly, when using the classification pack-years it cannot
differentiate between someone who smoked a few cigarettes for a very long period
and someone who smoked a very high number for a short period of time. In addi-
tion many studies only apply a dichotomous answer for smoking, which may be
more suitable in older populations, but less so in the young. We tried to avoid
these sources of error by studying the associations of smoking and bone mass
mainly between the groups of never smokers and current smokers.

Furthermore, we relied on standardized BMD values which are an approximation
and may not fully compensate for the differences between various DXA scanners.
Cross-calibration between the different scanners was not possible, but neverthe-
less, the consistent finding of higher BMD in the PEAK-25 cohort, compared to the
other cohorts measured with different types of scanners, indicates accuracy.

Despite having access to validated information on birth weight, we lacked such
data as gestational age, which could have provided additional information on her-
itable traits of body size. Furthermore, for Swedish populations using the birth
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weight classification according to WHO, although well established, created very
small numbers with low weight, which then reduces the possibility of making ro-
bust conclusions for this group. The WHO classification is hence more relevant in
developing countries, where low birth weight is more common, or in studies fo-
cusing specifically on low birth weight.

Discussion summary

Many factors have an impact on peak bone mass. From the earliest stages in life,
where a low birth weight might negatively influence peak bone mass, both directly
through bone mineral content and also indirectly through decreased lean mass.
Later in life decisions are made either pro or con bone health. Physical activity,
even on a recreational level, influenced peak bone mass and participation in activi-
ties with high impact increased the positive influence even more. Smoking, on the
other hand, was associated with lower peak bone mass, especially with an increas-
ing amount of cigarettes consumed. The duration of smoking, however, did not
seem to be of importance, probably attenuated by a simultaneous increase in BMI,
which might partly protect against the negative effects of smoking on bone.

Although the changes in BMD and BMC associated with the risk factors are small
and maybe not clinically relevant by themselves, an additive effect may result.
Using two extreme scenarios, one scenario is a woman, born with lower birth
weight does not enjoy physical education in school and starts to smoke in her
teens. To a greater likelihood, she will take less part in physical activities when
she becomes older and might also develop other risk behaviors. This has to be
compared to another extreme scenario involving a woman with normal birth
weight who enjoyed physical education in school and hence continued to take part
in physical activities. Through this increased health awareness, she did not start to
smoke and avoided other risk behavior associated with smoking. Some parts of
this additive effect have been examined, e.g. men with low birth weight might be
more vulnerable to the adverse effect of smoking [187].

The factors evaluated in this thesis give small changes in BMD already at the age
around peak bone mass. They might be small but together with other genetic and
environmental factors at this age, they may create leverage, giving substantial
effect when needed — in the elderly at risk of osteoporosis and subsequent frac-
tures.
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Clinical implications

Understanding the epidemiology of risk and protective factors may increase the
possibility of identifying individuals at risk of developing osteoporosis and subse-
quent fracture, and thereby make early intervention possible.

Individuals with low birth weight might be a risk group for impaired bone health,
so pointing out risk and promoting preventive factors may decrease future personal
suffering from fractures.

Participation in recreational physical activity is common among young women,
with approximately 70% regularly participating in various training/exercise activi-
ties. This study indicates that these activities are important for bone health. It also
highlights that previous positive exposure to physical education in school enhanc-
es the motivation to continue as a young adult, which firstly says it should be fun
to exercise in school and secondly raises the question about giving grades when
the purpose is for health interventions.

Smoking is negative for bone health, but as a clear dose-dependency exists, by
decreasing the number of cigarettes consumed, the harm on bone may be reduced.
However, major advantages of quitting smoking are indisputable; in bone a recov-
ery of bone mass to the levels of never smokers is seen after a couple of years.

Future perspectives

Further studies are needed also among elderly people in order to investigate the
differences in the outcome of T-scores when using the NHANES III vs local refer-
ence data. The question includes what it means for the prevalence of osteoporosis
and how many more or fewer individuals will be subject to pharmacological
treatment for the right or wrong reason. Would we have more or fewer fractures if
we used locally derived reference data?

The majority of studies on birth weight and other lifestyle factors and later bone
mass are cross-sectional retrospective, but there is a need for longitudinal prospec-
tive studies. In this manner it would increase the possibility to more accurately
investigate when in time different factors play the biggest role in future bone mass.

We know how some risk factors are associated with peak bone mass, but what is
needed is increased knowledge of how these risk factors interact. A simulation
model would be desirable, for young individuals where they could e.g. decrease
the amount of cigarettes, increase their physical activity, change their weight etc.
The outcome could be bone mass which could be extrapolated into older age and
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thereby increase the motivation for redirecting the efforts towards better bone
health.
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Conclusions

e Peak bone mass in young adult Swedish women is generally higher than in
other similar populations in Europe and North America.

e The use of reference data supplied by the manufacturers of DXA scanners,
affects the outcome of the relative scores used for diagnosing osteoporo-
sis. Therefore, if possible, locally derived reference data should be used to
increase diagnostic validity.

e Bone mineral content is lower in young Swedish women who weighed
less at birth and low birth weight has a more negative effect on bone min-
eral content than high birth weight has a positive effect.

e Physical activity at a recreational level is positively associated with bone
mineral density, and especially high-impact activities have greater influ-
ence on peak bone mass. Activities with lower impact, but high muscular
strain, such as spinning, may also positively influence peak bone mass.
The bone gain associated with physical activity is mainly site-specific.

o (Cigarette smoking is associated with lower bone mineral density in the hip
and it is dose-dependent on the amount of cigarettes smoked.

e  Young women, in contrast to elderly women, who have smoked longer,
have a higher BMI and this may partly counteract the adverse effect of
smoking on bone.
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Sammanfattning pa svenska

Peak Bone Mass, livsstilsfaktorer och fodelsevikt
En studie av 25-ariga kvinnor

Bakgrund

Osteoporos kallas ”den tysta sjukdomen” da den vanligtvis inte ger sig tillkdnna
forrdn skelettet blivit s pass skort att endast en mindre skada eller anstréngning
orsakar en smértsam fraktur. Frakturerna drabbar framfor allt hoft, backen, rygg,
axel och handled.

Varje ar intraffar c:a 70 000 frakturer i Sverige som &r osteoporosrelaterade och
asamkar lidande hos den drabbade individen samt stora kostnader fér samhaéllet.

For att stilla diagnosen osteoporos gor man en mitning av skelettets tidthet med en
sk dual energy X-ray absorptiometry (DXA). Definitionen av osteoporos &r att
bentétheten dr mindre &n -2.5 standardavvikelser (SD), jamfort med unga, maétt
med DXA.

Tidpunkten nir benvdvnaden natt sin maximala tithet och styrka ar olika i hoft och
rygg, men genomsnittsaldern beddms ligga kring 25-30 &r och bendmns peak bone
mass (PBM). Peak bone mass har en stor betydelse for den framtida benmassan for
ju storre den &r, desto bittre dr utgangsldget nidr man sedan under aren tappar
benmassa och risken for frakturer okar.

Att ett flertal faktorer paverkar benmassan vet vi, men hur dessa riskfaktorer ger
utslag 1 benmassan redan i dldern kring peak bone mass dr mindre ként, varfor
behov av ytterligare kunskap kring detta dr nddvandigt.
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Milsittning

Forutom den aktiva behandling som inséttes vid diagnosticerad osteoporos kan en
stor del av foljderna av osteoporos, fragilitetsfrakturerna, minskas. Detta genom att
man identifierar riskfaktorer och riskindivider tidigt for att kunna sétta in adekvata
atgérder.

I denna avhandling har vi studerat nagra riskfaktorer for osteoporos och huruvida
dessa faktorer redan i tidiga ar ger ett avtryck i den maximala benmassan som kan
uppnas, peak bone mass. Vi har dven studerat metoden, DXA, som anvénds vid
diagnosticerandet av sjukdomen.

Material och metod

Totalt sett ingér 1061 kvinnor i den kohort, PEAK-25, varifran vi anvant data ifrdn
bentithetsmitningar samt frageformuldr. Samtliga kvinnor som inkluderades var
25 4r vid tidpunkten for undersdkningarna. Aldern 25 4r valdes da den kan anses
representera en genomsnittsdlder d& den hogsta benmassan uppnés, peak bone
mass.

I delarbetena I-IV anvindes data fran bentdthetsmétningarna. Utdver detta
insamlades fodelsedata fran Medicinska Fodelseregistret till delarbete II. For
delarbete III anvindes data fran frageformuléret avseende utdvandet av fysisk
aktivitet och nya och etablerade skattningsskalor for fysisk aktivitet anvéindes.
Delarbete IV koncentrerades kring frageformuldrdata avseende faktorer kring
rokning i kombination med bentéthetsdata.

Resultat

Slutsats i delarbete 1 &r att benmassan hos svenska 25-ariga kvinnor generellt sett
ar hogre eller jimforbar med andra likande populationer.

Slutsats 1 delarbete 2 visar att lag fodelsevikt ger ett lagre benmineralinnehall i
skelettet (bone mineral content, BMC). Skillnaderna é&r tydligare for lag
fodelsevikt dn for hog.

Slutsats 1 delarbete 3 dr att vanlig motionstrdning dr gynnsam for skelettet, dar
bade I0pning och spinning givit Okning av benmassa. De som gillade
skolgymnastiken hade en storre tendens att bibehdlla en hogre aktivitetsniva
senare i livet och dirvidlag troligen 6ka sin peak bone mass.
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Slutsats i delarbete 4 visar att ju mer man roker desto simre benmassa far man i
hoften men ej i ryggen. Alder d& man bérjade roka eller tiden man rokt spelar
mindre roll, men for de som slutar har skelettet terhdmtat sig efter c:a 2 ar.

65



66



References

10.

11.

Strom, O., et al., Osteoporosis: burden, health care provision and
opportunities in the EU: a report prepared in collaboration with the
International Osteoporosis Foundation (IOF) and the European
Federation of Pharmaceutical Industry Associations (EFPIA). Arch
Osteoporos, 2011. 6(1-2): p. 59-155.

Borgstrom, F., et al., Costs and quality of life associated with
osteoporosis-related fractures in Sweden. Osteoporosis International,
2006. 17(5): p. 637-650.

Karlsson, M.K., P. Gerdhem, and H.G. Ahlborg, The prevention of
osteoporotic fractures. ] Bone Joint Surg Br, 2005. 87(10): p. 1320-7.
Ralston, S.H. and A.G. Uitterlinden, Genetics of osteoporosis.
Endocr Rev, 2010. 31(5): p. 629-62.

Law, M.R. and A.K. Hackshaw, A meta-analysis of cigarette
smoking, bone mineral density and risk of hip fracture: recognition of
a major effect. BMJ, 1997. 315(7112): p. 841-6.

Copp, D.H. and S.S. Shim, The homeostatic function of bone as a
mineral reservoir. Oral Surg Oral Med Oral Pathol, 1963. 16: p.
738-44.

Lee, N.K., et al., Endocrine regulation of energy metabolism by the
skeleton. Cell, 2007. 130(3): p. 456-69.

Bab, LA. and T.A. Einhorn, Polypeptide factors regulating
osteogenesis and bone marrow repair. ] Cell Biochem, 1994. 55(3):
p. 358-65.

Gong, J.K., J.S. Arnold, and S.H. Cohn, Composition of
Trabecular and Cortical Bone. Anat Rec, 1964. 149(3): p. 325-31.
Bell, C., Animal Mechanics, or Proofs of Design in the Animal
Frame, 1827: Morrill Wyman, Cambridge, MA.

Koch, J.C., The laws of bone architecture. Am ] Anat, 1917. 21: p.
177-298.

67



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Roesler, H., The history of some fundamental concepts in bone
biomechanics. | Biomech, 1987. 20(11-12): p. 1025-34.

Wolff, J., The Law of Bone Remodeling, 1986: Springer-Verlag,
Berlin, New York.

Carter, D.R. and W.C. Hayes, The compressive behavior of bone as
a two-phase porous structure. ] Bone Joint Surg Am, 1977. 59(7): p.
954-62.

Morgan, E.F. and T.M. Keaveny, Dependence of vyield strain of
human trabecular bone on anatomic site. ] Biomech, 2001. 34(5): p.
569-77.

Downey, P.A. and M.L. Siegel, Bone biology and the clinical
implications for osteoporosis. Phys Ther, 2006. 86(1): p. 77-91.
Parfitt, A.M., Bone remodeling. Henry Ford Hosp Med ], 1988.
36(3): p. 143-4.

Cooper, A., A Treatise on Dislocations and Fractures of the Joints,
1849: John Churchill, London.

Pommer, G., Untersuchungen iiber Osteomalacie und Rachitis,
1885: Vogel, Leipzig.

Albright, F., P. Smith, and A. Richardson, Postmenopausal
osteoporosis. JAMA, 1941. 116: p. 2465-2474.

Albright, F., Osteoporosis. Ann Intern Med, 1947. 27(6): p. 861-82.
Albright, F. and E.C. Reifenstein, The Parathyroid Glands and
Metabolic Bone Disease: Selected Studies, 1948: Williams and
Wilkins, Baltimore.

Eisman, J.A., Genetics of osteoporosis. Endocr Rev, 1999. 20(6): p.
788-804.

Rizzoli, R., J.P. Bonjour, and S.L. Ferrari, Osteoporosis, genetics
and hormones. ] Mol Endocrinol, 2001. 26(2): p. 79-94.

Hunter, D., et al., Genetic contribution to bone metabolism, calcium
excretion, and vitamin D and parathyroid hormone regulation. ]
Bone Miner Res, 2001. 16(2): p. 371-8.

Anonymous, Consensus development  conference:  diagnosis,
prophylaxis and treatment of osteoporosis. Am ]| Med, 1993. 94(6): p.
646-650.

Marshall, D., O. Johnell, and H. Wedel, Meta-analysis of how well
measures of bone mineral density predict occurrence of osteoporotic
fractures. BMJ, 1996. 312(7041): p. 1254-9.

68



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cummings, S.R., et al., Bone density at various sites for prediction of
hip fractures. The Study of Osteoporotic Fractures Research Group.
Lancet, 1993. 341(8837): p. 72-5.

Johnell, O., et al., Predictive value of BMD for hip and other
fractures. ] Bone Miner Res, 2005. 20(7): p. 1185-94.

Kanis, J.A., Diagnosis of osteoporosis and assessment of fracture risk.
The Lancet, 2002. 359(9321): p. 1929-1936.

Lauritzen, J.B., Hip fractures: incidence, risk factors, energy
absorption, and prevention. Bone, 1996. 18(1, Supplement 1): p.
S65-S75.

Turner, C.H., Toward a cure for osteoporosis: reversal of excessive
bone fragiliry. Osteoporos Int, 1991. 2(1): p. 12-9.

Bates, D., D.M. Black, and S.R. Cummings, Clinical use of bone
densitometry: Clinical applications. JAMA: The Journal of the
American Medical Association, 2002. 288(15): p. 1898-1900.

Kanis, J.A., et al., Guidelines for diagnosis and management of
osteoporosis. Osteoporosis International, 1997. 7(4): p. 390-406.
Hansen, M.A., et al., Role of peak bone mass and bone loss in
postmenopausal osteoporosis: 12 year study. BMJ, 1991. 303(6808): p.
961-4.

Bonjour, J.P., et al., Peak bone mass. Osteoporos Int, 1994. 4
Suppl 1: p. 7-13.

Bonjour, J.P., et al., The importance and relevance of peak bone mass
in the prevalence of osteoporosis. Salud Publica Mex, 2009. 51 Suppl
1: p. S5-17.

Berger, C., et al.,, Peak bone mass from longitudinal data:
implications for the prevalence, pathophysiology, and diagnosis of
osteoporosis. ] Bone Miner Res, 2010. 25(9): p. 1948-57.
Baxter-Jones, A.D., et al., Bone mineral accrual from 8 to 30 years of
age: an estimation of peak bone mass. ] Bone Miner Res, 2011. 26(8):
p. 1729-39.

Matkovic, V., et al., Timing of peak bone mass in Caucasian females
and its implication for the prevention of osteoporosis. Inference from
a cross-sectional model. ] Clin Invest, 1994. 93(2): p. 799-808.
Hough, S., Fast and slow bone losers. Relevance to the management
of osteoporosis. Drugs Aging, 1998. 12 Suppl 1: p. 1-7.

69



42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hui, S.L., C.W. Slemenda, and C.C. Johnston, Jr., The
contribution of bone loss to postmenopausal osteoporosis. Osteoporos
Tnt, 1990. 1(1): p. 30-4.

Rizzoli, R. and J.P. Bonjour, Determinants of peak bone mass and
mechanisms of bone loss. Osteoporos Int, 1999. 9 Suppl 2: p. S17-
23.

Piccirillo, J.F., et al., The changing prevalence of comorbidity across
the age spectrum. Crit Rev Oncol Hematol, 2008. 67(2): p. 124-32.
Sambrook, P. and C. Cooper, Osteoporosis. Lancet, 2006.
367(9527): p. 2010-8.

Gauthier, A., et al., Epidemiological burden of postmenopausal
osteoporosis in the UK from 2010 to 2021: estimations from a disease
model. Arch Osteoporos, 2011. 6(1-2): p. 179-88.

Leslie, W.D., et al., Secular decreases in fracture rates 1986-2006 for
Manitoba, Canada: a population-based analysis. Osteoporos Int,
2011. 22(7): p. 2137-43.

Cummings, S.R. and L.J. Melton, Epidemiology and outcomes of
osteoporotic fractures. Lancet, 2002. 359(9319): p. 1761-7.

Jordan, K.M. and C. Cooper, Epidemiology of osteoporosis. Best
Practice & Research: Clinical Rheumatology, 2002. 16(5): p. 795-
806.

Osteoporos - prevention, diagnostik och bebandling Volym 1, 2003,
SBU.

Borgstrom, F., et al., The societal burden of osteoporosis in Sweden.
Bone, 2007. 40(6): p. 1602-9.

Cooper, C., Epidemiology of osteoporosis. Osteoporos Int, 1999. 9
Suppl 2: p. S2-8.

Melton, L.J., 3rd, C.S. Crowson, and W.M. O'Fallon, Fracture
incidence in Olmsted County, Minnesota: comparison of urban with
rural rates and changes in urban rates over time. Osteoporos Int,
1999. 9(1): p. 29-37.

Obrant, K.J., et al., Increasing age-adjusted risk of fragility fractures:
a sign of increasing osteoporosis in successive generations? Calcif
Tissue Int, 1989. 44(3): p. 157-67.

Gallagher, J.C., et al., Epidemiology of fractures of the proximal
femur in Rochester, Minnesota. Clin Orthop Relat Res, 1980(150):
p. 163-71.

70



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Nitz, J.C., L. Stock, and A. Khan, Health-related predictors of falls
and fractures in women over 40. Osteoporos Int, 2013. 24(2): p.
613-21.

Cooper, C., et al., Population-based study of survival after
osteoporotic fractures. Am ] Epidemiol, 1993. 137(9): p. 1001-5.
Johnell, O., et al., Mortality after osteoporotic fractures.
Osteoporosis International, 2004. 15(1): p. 38-42.

Adachi, J.D., et al., Impact of prevalent fractures on quality of life:
baseline results from the global longitudinal study of osteoporosis in
women. Mayo Clin Proc, 2010. 85(9): p. 806-13.

Brauer, C.A., et al., Incidence and mortality of bip fractures in the
United States. JAMA, 2009. 302(14): p. 1573-9.

Olsson, C., C. Petersson, and A. Nordquist, Increased mortality
after fracture of the surgical neck of the humerus: a case-control study
of 253 patients with a 12-year follow-up. Acta Orthop Scand, 2003.
74(6): p. 714-7.

Mallmin, H., et al., Fracture of the distal forearm as a forecaster of
subsequent bip fracture: a population-based cobort study with 24 years
of follow-up. Calcif Tissue Int, 1993. 52(4): p. 269-72.

Ross, P.D., et al.,, Pre-existing fractures and bone mass predict
vertebral fracture incidence in women. Ann Intern Med, 1991.
114(11): p. 919-23.

Klotzbuecher, C.M., et al., Patients with prior fractures have an
increased risk of future fractures: a summary of the literature and
statistical synthesis. ] Bone Miner Res, 2000. 15(4): p. 721-39.
Heaney, R.P., et al., Peak bone mass. Osteoporos Int, 2000. 11(12):
p. 985-1009.

WHO, Assessment of fracture risk and its application to screening for
postmenopausal osteoporosis: Report of WHO Study Group, 1994.
Kanis, J.A., et al., The diagnosis of osteoporosis. ] Bone Miner Res,
1994. 9(8): p. 1137-41.

Cullum, LD., P.J. Ell, and ].P. Ryder, X-ray dual-photon
absorptiometry: a new method for the measurement of bone density.
Br ] Radiol, 1989. 62(739): p. 587-92.

Lewiecki, EM., et al., International Society for Clinical
Densitometry 2007 Adult and Pediatric Official Positions. Bone,
2008. 43(6): p. 1115-21.

71



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Looker, A.C., et al., Updated data on proximal femur bone mineral
levels of US adults. Osteoporos Int, 1998. 8(5): p. 468-89.

Eastell, R., Treatment of postmenopausal osteoporosis. N Engl ]
Med, 1998. 338(11): p. 736-46.

Riggs, B.L., et al., A population-based assessment of rates of bone loss
at multiple skeletal sites: evidence for substantial trabecular bone loss
in young adult women and men. ] Bone Miner Res, 2008. 23(2): p.
205-14.

Tenne, M., et al., Degenerative changes at the lumbar spine-
implications for bone mineral density measurement in elderly
women. Osteoporos Int, 2012.

Blake, G.M., KM. Knapp, and 1. Fogelman, Dual X-ray
Absorptiometry: Clinical Evaluation of a New Cone-Beam System.
Calcified Tissue International, 2005. 76(2): p. 113-120.

Damilakis, J., T. Maris, and A. Karantanas, An wupdate on the
assessment of osteoporosis using radiologic technigues. European
Radiology, 2007. 17(6): p. 1591-1602.

Nord, R.H., Technical considerations in DPA, in Osteoporosis
Update 1987 (H. K. Genant, ed.)1987, Radiology Research and
Education Foundation, University of California Printing Services:
San Francisco. p. 203-212.

Blake, G.M. and 1. Fogelman, An update on dual-energy x-ray
absorptiometry. Semin Nucl Med, 2010. 40(1): p. 62-73.

Cummings, S.R., D. Bates, and D.M. Black, Clinical use of bone
densitometry: Scientific review. JAMA: The Journal of the
American Medical Association, 2002. 288(15): p. 1889-1897.
Richmond, B.]., et al., The impact of body weight on DXA generated
Z-scores in young adults. . 17th International Bone Densitometry
Workshop, Kyoto, Japan, 2006: p. Report No.: 01-09.

Carey, ].J., et al., DXA-generated Z-scores and T-scores may differ
substantially and significantly in young adults. ] Clin Densitom,
2007. 10(4): p. 351-8.

Rawal, J., et al., Relationship between calcaneal quantitative
ultrasound and hip dual energy X-ray absorptiometry in young
healthy men. Osteoporos Int, 2012.

Kim, S.H., et al., Finite element simulation of wultrasound
propagation in bone for quantitative ultrasound toward the diagnosis

72



83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

of osteoporosis. Conf Proc IEEE Eng Med Biol Soc, 2009. 2009: p.
436-9.

Moayyeri, A., et al., Quantitative ultrasound of the heel and fracture
risk assessment: an updated meta-analysis. Osteoporos Int, 2012.
23(1): p. 143-53.

Durosier, C., et al., Prediction and Discrimination of Osteoporotic
Hip Fracture in Postmenopausal Women. Journal of Clinical
Densitometry, 2006. 9(4): p. 475-495.

Marin, F., et al., Relationship Between Bone Quantitative
Ultrasound and Fractures: A Meta-Analysis. Journal of Bone and
Mineral Research, 2006. 21(7): p. 1126-1135.

Grampp, S., Radiology of Osteoporosis, 2008, Springer.

Cheng, S., et al., Calcaneal bone mineral density predicts fracture
occurrence: a five-year follow-up study in elderly people. ] Bone
Miner Res, 1997. 12(7): p. 1075-82.

Rovensky, J. and J. Payer, Dictionary of Rheumatology, 2009.
Adams, J.E., Quantitative computed tomography. European Journal
of Radiology, 2009. 71(3): p. 415-424.

Tang, B.M., et al., Use of calcium or calcium in combination with
vitamin D supplementation to prevent fractures and bone loss in
people aged 50 years and older: a meta-analysis. Lancet, 2007.
370(9588): p. 657-66.

Bischoff-Ferrari, H.A., et al., Fall prevention with supplemental and
active forms of vitamin D: a meta-analysis of randomised controlled
trials. BMJ, 2009. 339: p. b3692.

Freemantle, N., et al., Results of indirect and mixed treatment
comparison of fracture efficacy for osteoporosis treatments: a meta-
analysis. Osteoporos Int, 2013. 24(1): p. 209-17.

Hughes, D.E., et al., Bisphosphonates promote apoptosis in murine
osteoclasts in vitro and in vivo. | Bone Miner Res, 1995. 10(10): p.
1478-87.

MacLean, C., et al., Systematic review: comparative effectiveness of
treatments to prevent fractures in men and women with low bone
density or osteoporosis. Ann Intern Med, 2008. 148(3): p. 197-213.
Cranney, A., et al., Meta-analyses of therapies for postmenopausal
osteoporosis. 1V. Meta-analysis of raloxifene for the prevention and

73



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

treatment of postmenopausal osteoporosis. Endocr Rev, 2002. 23(4):
p. 524:8.

Kanis, J.A., et al., A meta-analysis of the effect of strontium ranelate
on the risk of vertebral and non-vertebral fracture in postmenopausal
osteoporosis and the interaction with FRAX((R)). Osteoporos Int,
2011. 22(8): p. 2347-55.

Hamdy, N.A., Strontium ranelate improves bone microarchitecture
in osteoporosis. Rheumatology (Oxford), 2009. 48 Suppl 4: p. iv9-
13.

Cummings, S.R., et al., Denosumab for prevention of fractures in
postmenopausal women with osteoporosis. N Engl ] Med, 2009.
361(8): p. 756-65.

Kurland, E.S., et al., Parathyroid hormone as a therapy for idiopathic
osteoporosis in men: effects on bone mineral density and bone
markers. ] Clin Endocrinol Metab, 2000. 85(9): p. 3069-76.

Neer, R.M., et al., Effect of parathyroid hormone (1-34) on fractures
and bone mineral density in postmenopausal women with
osteoporosis. N Engl | Med, 2001. 344(19): p. 1434-41.

Johnell, O., et al., Risk factors for hip fracture in European women:
the MEDQOS Study. Mediterranean Osteoporosis Study. ] Bone Miner
Res, 1995. 10(11): p. 1802-15.

Kannus, P., et al., Prevention of falls and consequent injuries in
elderly people. Lancet, 2005. 366(9500): p. 1885-93.

Pocock, N.A., et al., Genetic determinants of bone mass in adults. A
twin study. ] Clin Invest, 1987. 80(3): p. 706-10.

Lewiecki, E.M., et al., FRAX((R)) Bone Mineral Density Task Force
of the 2010 Joint International Society for Clinical Densitometry &
International ~ Osteoporosis  Foundation Position Development
Conference. ] Clin Densitom, 2011. 14(3): p. 223-5.

Lewiecki, EMM., et al., Official Positions for FRAX(R) Bone Mineral
Density and FRAX(R) simplification from Joint Official Positions
Development Conference of the International Society for Clinical
Densitometry and International Osteoporosis Foundation on
FRAX(R). J Clin Densitom, 2011. 14(3): p. 226-36.

Noon, E., et al., Significant differences in UK and US female bone
density reference ranges. Osteoporos Int, 2010. 21(11): p. 1871-80.

74



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Karlsson, M.K., et al., Bone mineral normative data in Malmo,
Sweden. Comparison with reference data and hip fracture incidence
in other ethnic groups. Acta Orthop Scand, 1993. 64(2): p. 168-72.
Bacon, W.E., et al., International comparison of hip fracture rates in
1988-89. Osteoporos Int, 1996. 6(1): p. 69-75.

Kajantie, E., Early-life events. Effects on aging. Hormones (Athens),
2008. 7(2): p. 101-13.

Syddall, H.E., et al., Birth weight, infant weight gain, and cause-
specific mortality: the Hertfordshire Cohort Study. Am ] Epidemiol,
2005. 161(11): p. 1074-80.

Barker, D.]J., The developmental origins of adult disease. Eur ]
Epidemiol, 2003. 18(8): p. 733-6.

Baird, J., et al., Does birthweight predict bone mass in adulthoods? A
systematic review and meta-analysis. Osteoporosis International,
2010: p. 1-12.

Schlussel, M.M., J. Dos Santos Vaz, and G. Kac, Birth weight and
adult bone mass: a systematic literature review. Osteoporos Int,
2010. 21(12): p. 198191

Martinez-Mesa, J., et al., Life-course evidence of birth weight effects
on bone mass: systematic review and meta-analysis. Osteoporos Int,
2013. 24(1): p. 7-18.

Cooper, C., et al., The fetal origins of osteoporotic fracture. Calcif
Tissue Int, 2002. 70(5): p. 391-4.

Melton, L.]J., 3rd, et al., Relative contributions of bone density, bone
turnover, and clinical risk factors to long-term fracture prediction. ]
Bone Miner Res, 2003. 18(2): p. 312-8.

Cummings, S.R., et al., Does estimating volumetric bone density of
the femoral neck improve the prediction of hip fracture? A prospective
study. Study of Osteoporotic Fractures Research Group. | Bone Miner
Res, 1994. 9(9): p. 1429-32.

Sullivan, M.C., et al., Growth trajectories of preterm infants: birth to
12 years. ] Pediatr Health Care, 2008. 22(2): p. 83-93.

Javaid, M.K., et al., Growth in childhood predicts hip fracture risk in
later life. Osteoporos Int, 2011. 22(1): p. 69-73.

Cooper, C., et al., Childhood growth, physical activity, and peak
bone mass in women. ] Bone Miner Res, 1995. 10(6): p. 940-7.

75



121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

Cooper, C., et al., Maternal height, childhood growth and risk of hip
fracture in later life: a longitudinal study. Osteoporos Int, 2001.
12(8): p. 623-9.

Laitinen, J., et al.,, Body size from birth to adulthood and bone
mineral content and density at 31 years of age: results from the
northern Finland 1966 birth cobort study. Osteoporos Int, 2005.
16(11): p. 1417-24.

Euser, AM., et al., Growth of preterm born children. Horm Res,
2008. 70(6): p. 319-28.

Oliver, H., et al., Growth in early life predicts bone strength in late
adulthood: the Hertfordshire Cohort Study. Bone, 2007. 41(3): p.
400-5.

Nordstrom, A., Bone mass and physical activity, 2003.

Thi, M.M., et al., Fluid shear stress remodels expression and function
of junctional proteins in cultured bone cells. Am ] Physiol Cell
Physiol, 2003. 284(2): p. C389-403.

Turner, C.H., Three rules for bone adaptation to mechanical stimuli.
Bone, 1998. 23(5): p. 399-407.

Lanyon, L.E., Control of bone architecture by functional load
bearing. ] Bone Miner Res, 1992. 7 Suppl 2: p. $369-75.

Rubin, C.T. and L.E. Lanyon, Regulation of bone mass by
mechanical strain magnitude. Calcif Tissue Int, 1985. 37(4): p. 411-
7.

Frost, HM., Bone "mass" and the "mechanostat": a proposal. Anat
Rec, 1987. 219(1): p. 1-9.

Groothausen, J., et al., Influence of peak strain on lumbar bone
mineral density: An analysis of 15 year physical activity in young
males and females. Pediatr Exerc Sci, 1997. 9: p. 159-173.

Weeks, B.K. and B.R. Beck, The BPAQ: a bone-specific physical
activity assessment instrument. Osteoporos Int, 2008. 19(11): p.
1567-77.

Nordstrom, P., U. Pettersson, and R. Lorentzon, Type of physical
activity, muscle strength, and pubertal stage as determinants of bone
mineral density and bone area in adolescent boys. ] Bone Miner Res,

1998. 13(7): p. 11418.

76



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

14e.

Nordstrom, A., M. Hogstrom, and P. Nordstrom, Effects of
different types of weight-bearing loading on bone mass and size in
young males: a longitudinal study. Bone, 2008. 42(3): p. 565-71.
Pettersson, U., et al., Physical activity is the strongest predictor of
calcaneal peak bone mass in young Swedish men. Osteoporos Int,
2010. 21(3): p. 447-55.

Dixon, S., J. Newton, and J. Teh, Stress fractures in the young
athlete: a pictorial review. Curr Probl Diagn Radiol, 2011. 40(1): p.
29-44.

Trudeau, F., et al., Daily primary school physical education: effects
on physical activity during adult life. Med Sci Sports Exerc, 1999.
31(1): p. 111-7.

Trudeau, F. and R.]J. Shephard, Physical education, school physical
activity, school sports and academic performance. Int | Behav Nutr
Phys Act, 2008. 5: p. 10.

Lofgren, B., Effects of Physical Activity on Bone, Muscle and Fracture
Risk during Growth, 2013.

Jose, K.A., et al., Childhood and adolescent predictors of leisure time
physical activity during the transition from adolescence to adulthood:
a population based cobort study. International Journal of Behavioral
Nutrition and Physical Activity, 2011. 8(1): p. 54-54.

Kjonniksen, L., N. Anderssen, and B. Wold, Organized youth sport
as a predictor of physical activity in adulthood. Scand ] Med Sci
Sports, 2009. 19(5): p. 646-54.

Daniell, H.W., Osteoporosis and smoking. JAMA, 1972. 221(5): p.
509.

Mackay, J. and M. Eriksen, The Tobacco Atlas, 2002, World
Health Organization.

Jha, P., et al., Reducing the burden of smoking world-wide:
effectiveness of interventions and their coverage. Drug Alcohol Rev,
2006. 25(6): p. 597-609.

Ward, K.D. and R.C. Klesges, A meta-analysis of the effects of
cigarette smoking on bone mineral density. Calcif Tissue Int, 2001.
68(5): p. 259-70.

Kanis, J.A., et al., Smoking and fracture risk: a meta-analysis.
Osteoporos Int, 2005. 16(2): p. 155-62.

77



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Vestergaard, P. and L. Mosekilde, Fracture risk associated with
smoking: a meta-analysis. | Intern Med, 2003. 254(6): p. 572-83.
Dimai, H.P., M. Chandran, and F.R.D.C. Members, Official
Positions for FRAX(R) clinical regarding smoking from Joint Official
Positions Development Conference of the International Society for
Clinical Densitometry and International Osteoporosis Foundation on
FRAX(R). ] Clin Densitom, 2011. 14(3): p. 190-3.

Yoon, V., N.M. Maalouf, and K. Sakhaee, The effects of smoking on
bone metabolism. Osteoporos Int, 2012. 23(8): p. 2081-92.

Ensrud, K.E., et al., Correlates of impaired function in older women.
J Am Geriatr Soc, 1994. 42(5): p. 481-9.

Nelson, H.D., et al., Smoking, alcobol, and neuromuscular and
physical function of older women. Study of Osteoporotic Fractures
Research Group. JAMA, 1994. 272(23): p. 1825-31.

Ma, L., et al., Uncoupled angiogenesis and osteogenesis in nicotine-
compromised bone healing. ] Bone Miner Res, 2010. 25(6): p. 1305-
13.

Sorensen, L.T., et al., Effect of smoking, smoking cessation, and
nicotine patch on wound dimension, vitamin C, and systemic
markers of collagen metabolism. Surgery, 2010. 148(5): p. 982-90.
Ruding, R., et al., Smoking is associated with impaired bone mass
development in young adult men: A S-year longitudinal study. ]
Bone Miner Res, 2012. 27(10): p. 2189-2198.

Holmberg, T., et al.,, Association between passive smoking in
adulthood and phalangeal bone mineral density: results from the
KRAM study--the Danish Health Examination Survey 2007-2008.
Osteoporos Int, 2011. 22(12): p. 2989-99.

Kim, K.H., et al., Secondhand smoke exposure and osteoporosis in
never-smoking postmenopausal women: the Fourth Korea National
Health and Nutrition Examination Survey. Osteoporos Int, 2013.
24(2): p. 523-32.

Halperin, A.C., et al., Cigarette smoking and associated health risks
among students at five universities. Nicotine Tob Res, 2010. 12(2):
p. 96-104.

Winzenberg, T.M., et al., Sociodemographic factors associated with
calcium intake in premenopausal women: a cross-sectional study. Eur
J Clin Nutr, 2005. 59(3): p. 463-6.

78



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Gerdhem, P. and K.J. Obrant, Effects of cigarette-smoking on bone
mass as assessed by dual-energy X-ray absorptiometry and ultrasound.
Osteoporos Int, 2002. 13(12): p. 932-6.

Oncken, C., et al., Effects of smoking cessation or reduction on
hormone profiles and bone turnover in postmenopausal women.
Nicotine Tob Res, 2002. 4(4): p. 451-8.

Oncken, C., et al., Impact of smoking cessation on bone mineral
density in postmenopausal women. ] Womens Health (Larchmt),
2006. 15(10): p. 1141-50.

Malmdfakta. www.malmo.se 2012 2012-12-12].

Teegarden, D., et al., Peak bone mass in young women. ] Bone
Miner Res, 1995. 10(5): p. 711-5.

Standard Definitions - Final Dispositions of Case Codes and Outcome
Rates for Surveys, 2008, The American Association for Public
Opinion Research.

Hanson, J., Standardization of femur BMD. ] Bone Miner Res,
1997. 12(8): p. 1316-7.

Lu, Y., et al., Standardization of bone mineral density at femoral
neck, trochanter and Ward's triangle. Osteoporos Int, 2001. 12(6):
p. 438-44.

Binkley, N., et al., Recalculation of the NHANES database SD
improves T-score agreement and reduces osteoporosis prevalence. |
Bone Miner Res, 2005. 20(2): p. 195-201.

Genant, HK., et al., Universal standardization for dual x-ray
absorptiometry: patient and phantom cross-calibration results. ] Bone
Miner Res, 1994. 9(10): p. 1503-14.

Hui, S.L., et al., Universal standardization of bone density
measurements: a method with optimal properties for calibration
among several instruments. | Bone Miner Res, 1997. 12(9): p. 1463-
70.

Eriksson, A.L., et al., The COMT wvall58met polymorphism is
associated with prevalent fractures in Swedish men. Bone, 2008.
42(1): p. 107-12.

Morel, J., et al., Bone mineral density of 704 amateur sportsmen
involved in different physical activities. Osteoporos Int, 2001. 12(2):
p. 152-7.

79



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Cooper, C., et al., Growth and bone development. Nestle Nutr
Workshop Ser Pediatr Program, 2008. 61: p. 53-68.

Manias, K., D. McCabe, and N. Bishop, Fractures and recurrent
[ractures in children; varying effects of environmental factors as well
as bone size and mass. Bone, 2006. 39(3): p. 652-7.

Zagarins, S.E., et al., The association of lean mass and fat mass with
peak bone mass in young premenopausal women. ] Clin Densitom,
2010. 13(4): p. 3928.

Moseley, K.F., et al., Lean mass and fat mass predict bone mineral
density in middle-aged individuals with noninsulin-requiring type 2
diabetes mellitus. Clinical Endocrinology, 2011. 74(5): p. 565-571.
Pettersson, U., et al., Effect of high impact activity on bone mass and
size in adolescent females: A comparative study between two different
types of sports. Calcif Tissue Int, 2000. 67(3): p. 207-14.

Nordstrom, P. and R. Lorentzon, Site-specific bone mass differences
of the lower extremities in 17-year-Old ice hockey players. Calcit
Tissue Int, 1996. 59(6): p. 443-8.

Skerry, T.M., One mechanostat or many? Modifications of the site-
specific response of bone to mechanical loading by nature and nurture.
J Musculoskelet Neuronal Interact, 2006. 6(2): p. 122-7.
Hinriksdottir, G., et al., Lean soft tissue contributes more to bone
health than fat mass independent of physical activity in women across
the lifespan. Maturitas, 2013.

Sayers, A., et al., Habitual levels of vigorous, but not moderate or
light, physical activity is positively related to cortical bone mass in
adolescents. ] Clin Endocrinol Metab, 2011. 96(5): p. E793-802.
Moayyeri, A., The association between physical activity and
osteoporotic fractures: a review of the evidence and implications for
future research. Ann Epidemiol, 2008. 18(11): p. 827-35.

Tamaki, J., et al., Impact of smoking on bone mineral density and
bone metabolism in elderly men: the Fujiwara-kyo Osteoporosis Risk
in Men (FORMEN) study. Osteoporos Int, 2011. 22(1): p. 133-41.
Cauley, J.A., et al., The relationship of endogenous estrogen to bone
density and bone area in normal postmenopausal women. Am J
Epidemiol, 1986. 124(5): p. 752-61.

Reid, LR., Fat and bone. Arch Biochem Biophys, 2010. 503(1): p.
20-7.

80



185.

186.

187.

Taes, Y., et al., Early smoking is associated with peak bone mass and
prevalent fractures in young, healtlry men. ] Bone Miner Res, 2010.
25(2): p. 379-87.

Callreus, M., et al., Self-reported recreational exercise combining
regularity and impact is necessary to maximize bone mineral density
in young adult women : A population-based study of 1,061 women 25
years of age. Osteoporos Int, 2012. 23(10): p. 2517-26.

Moinuddin, M.M., et al., Cigarette smoking, birthweight and
osteoporosis in adulthood: results from the hertfordshire cobort study.
Open Rheumatol J, 2008. 2: p. 33-7.

81



