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Abstract

Objective: Osteoporosis is a disease characterized by low bone mineral
density and deteriorated bone microstructure. This thesis aimed to
determine whether cortical porosity is associated with previous fracture
and increase the knowledge regarding the regulation of this bone trait.
Methods: The studies included in this thesis were based on two well-
defined cohorts. The first was a sub-sample from the Swedish part of the
Osteoporotic fractures in men (MrOS) study. This cohort comprised of 456
older men (mean age 80.2 years). The second cohort was the Sahlgrenska
University hospital Prospective Evaluation of Risk of Bone fractures —
SUPERB study, which is based on 3030 elderly women (75-80 years).
Two sub-populations were used selected either on an X-ray verified hip
fracture or available measurements of bone material properties. Bone
mineral density was assessed with dual-energy X-ray absorptiometry. Bone
geometry and microstructure were measured at the tibia with high-
resolution peripheral quantitative computed tomography. Microindentation
was performed with the hand-held Osteoprobe to assess bone material
strength.

Results: Cortical porosity was associated with prevalent fracture in older
men and prevalent hip fracture in older women independently of areal bone
mineral density and clinical risk factors. Serum levels of 25-
hydroxyvitamin D were inversely associated with cortical porosity
independently of parathyroid hormone, indicating that vitamin D might
directly regulate this bone trait. A high amount of adipose tissue was
associated with higher cortical porosity and lower bone material strength.

Conclusions: Cortical porosity is higher in individuals with a prevalent
fracture, low vitamin D levels, or large amount of adipose tissue. These
results indicate that cortical porosity is important for bone strength and has
arole in the etiology of bone fractures.

Keywords
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Sammanfattning pa svenska

Bakgrund: Osteoporos eller benskorhet ar en folksjukdom i Sverige.
Sjukdomen leder till svagare skelett pa grund av forlust av benmineral samt
forsdémrad mikrostruktur vilket okar risken for fraktur.

Fragestillning: Malet med denna avhandling &r att undersoka om det
finns en skillnad i kortikal porositet (halrum i kortikalt ben) mellan
individer med en tidigare fraktur eller inte, samt 6ka kunskapen om hur
dessa porer ar reglerade.

Metoder: Avhandlingen &r baserad pa tva véldefinierade kohorter. Den
forsta var en subpopulation av uppféljningsstudien fér den svenska delen
av den internationella studien MrOS. Kohorten bestod av 456 dldre méin
med en medeldlder pa 80.2 &r. Den andra kohorten var Sahlgrenska
Universitetssjukhus Prospektiva Estimering av Risk for Benfrakturer —
SUPERB studien — som é&r baserad pa 3030 &ldre kvinnor i alder 75-80 é&r.
Fréan SUPERB-studien erholls tva subpopulationer. Den forsta bestod av
kvinnor med uppmétt virde for benmaterialstyrka och den andra var
selekterad med avseende pa rontgenverifierad hoftfraktur. Bentédthet méttes
med dubbelfotonrontgenabsorbtiometri. Benmikrostruktur maéttes pa
skenbenet med hogupplost datortomografi. Mikroindentering utférdes med
s.k. Osteoprobe for att faststdlla benmaterialstyrka.

Resultat: Hog kortikal porositet var associerad med tidigare fraktur hos
dldre mén och tidigare hoftfraktur hos édldre kvinnor. Identifierade
associationer kvarstod dven efter att man tagit hdnsyn till bentdthet och
kliniska riskfaktorer. Ldga serumnivder av vitamin D var associerade med
hoga nivder av kortikal porositet. Denna association kvarstod dven med
hénsyn tagen till paratyreoideahormon, vilket innebér att vitamin D kan
utova en direkt effekt pd kortikalt ben. Kortikalt ben och dess
benmaterialstyrka var ocksa inverst relaterade till hoga nivéer fettvdavnad.
Slutsatser: Kortikal porositet &r hogre hos personer med tidigare fraktur,
laga vitamin D nivéer och mycket fettvdvnad. Dessa resultat tyder pé att
kortikal porositet har betydelse for benstyrka och kan bidra till uppkomsten
av benfraktur.
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1. Introduction

1.1 The skeleton

The human skeleton is an organ with many functions and is commonly divided
into two major categories, the axial and appendicular skeleton. Its main function
is to provide support for the human body and to, by providing locations for the
muscles to attach, enable us to move. The axial skeleton also works as a
protection for vital organs such as the brain, heart, and lungs." Moreover, our
skeleton is the location for haematopoiesis and is a reservoir of important
minerals, such as calcium and phosphorous, which are used for many important
physiological actions."” Hence, the bone tissue is therefore vital for a wide
variety of physiological functions.

Bone strength is determined by the material composition and structure.”’ Bone
must be stiff and resist deformation to be able to bear the loading. Also, bone
must be flexible and absorb energy by deformation through the ability to shorten
and widen due to compression as well as be able to lengthen and narrow in
tension without cracking. Bone must on top of these features be light for good
mobility.”) Altered bone strength due to any of these features will result in the
bone to fracture.

The appendicular skeleton consists mainly of the long tubular bones in the
extremities (tibia, femur, radius, and humerus) as well as the pectoral and pelvic
girdle. The axial skeleton mainly consists of flat bones (ribs, skull, and sternum)
and vertebras."” There are two main histological matured bone types: cortical or
compact bone and trabecular or spongy bone (Figure 1). Cortical bone is mainly
found in shafts of the long bones and at the surface of flat bones” and has a
dense and ordered structure. The structure is composed of several columns
(osteons), which are delineated with a cement line. The osteon is constructed
from concentric layers of cortical bone (lamellae) around a central Haversian
canal. In between the lamellae, osteocytes reside in certain cavities named
lacunae. Inter-connected with the Haversian canals are the perforating Volkmann
canals, providing the osteons with nutrients (Figure 1). Trabecular bone structure
consists of interconnecting plates and bars defined as trabeculae, with marrow
in-between, giving it a porous and open construction. Due to its ability to
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withstand compressive stress it is mainly found in the end of long bones and
within the vertebras.”” In general, it has been shown that approximately 80% of
all bone in our body consists of cortical bone.” However, this proportion differs
between different body locations. At the midradius almost all bone is cortical
bone (95%) with a more evenly distributed amount at the distal forearm and
femoral neck, in which approximately 25% of the bone is trabecular and 75% is
cortical bone. Meanwhile, trabecular bone accounts for more than two thirds of
the bone in a vertebra.” Therefore, loss of either trabecular or cortical bone
makes different skeletal locations predisposed to fracture.

Compact bone Spongy bone

Medullary cavity PSHGES
eriosteum 3

W N Concentric lamellae

Osteon

Lymphatic vessel
Circumferential Q\J y v
lamellae

Periosteal artery
Periosteal vein q \

Periosteum:
Outer fibrous layer
Inner osteogenic layer

Nerve

Blood vessels

Trabeculae

Interstitial lamellae

Perforating canal

Central canal

Blood vessels

Lymphatic vessel

Nerve
Compact bone

Figure 1 Cortical bone structure (By OpenStax College - Anatomy & Physiology, Connexions Web
site. http://cnx.org/content/coll11496/1.6/, Jun 19, 2013., CC BY 3.0,
https://commons.wikimedia.org/w/index.php? curid=30131428)
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1.2 Bone cells

1.2.1 Osteoblasts

Osteoblasts are responsible for building bone and have their origin from
mesenchymal stem cells. These stem cells are pluripotent and have the potential
to differentiate into several different tissues: fat, muscle, cartilage, and bone.®?
Their differentiation is controlled by cytokines that regulates different
transcription factors. Transcription factors involved in osteoblast differentiation
are hedgehogs, bone morphogenetic proteins, transforming growth factor beta,
parathyroid hormone (PTH), and wingless-type MMTYV integration site family
(WNT) proteins. One of the most essential factor in osteoblast differentiation is
the Runt-related transcription factor 2 (Runx2).®) Without this factor, as in mice
with gene deletions of Runx2, mice completely lack osteoblasts, resulting in a
cartilaginous skeleton, which has no mineralized components."” In humans,
such depletion results in a disease called cleidocranial dysplasia, which is
characterized by not fully developed cranial bones and partial or complete
absence of collar bone."" Also, a second transcription factor, osterix, has been
shown to be of great importance for osteoblast differentiation."? To evaluate the
differentiation, different markers can be measured in serum and urine such as
alkaline phosphatase (ALP) activity, levels of bone sialoprotein, osteopontin,
and osteocalcin (OC), and products of synthesis or degradation of type I
collagen. Some are expressed early (ALP) and others are expressed late (OC) in
the process."” Osteoblasts secrete both receptor activator of nuclear factor-kB3
ligand (RANKL) and osteoprotegerin (OPG),"*? where RANKL induce
osteoclast activation and OPG binds to RANKL and inhibit the activation of
osteoclasts. Both these factors are affected by estradiol, which interferes with
RANK signaling">'® and up-regulates the expression of OPG."”'® Estradiol
deficiency therefore leads to increased bone resorption via increased RANKL-
signaling.'”

Approximately 4-6% of the cells in the adult human skeleton are osteoblasts®”
and they build bone through secreting an unmineralized matrix (osteoid)
consisting mainly of collagen type I but also of other bone proteins. The secreted
osteoid acts as a scaffold for the mineralization of the calcium-phosphate-
hydroxide salt (hydroxyapatite). Osteoblasts have a life span of approximately 3
months and, as they are aging, they have four possible ways to evolve: i)
programmed cell death called apoptosis, ii) become imbedded as an osteocyte,
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iii) become a lineage cell, which covers the surface of the bone, or iv)
transdifferentiate into cells that deposit chondroid or chondroid bone.*"

1.2.2 Osteocytes

Osteocytes are said to be the conductors of bone remodeling. These spider-
shaped cells are generated from the osteoblasts and are embedded into the bone
matrix as the most abundant bone cell in an adult skeleton (90-95%).%?
Osteocytes are connected with each other and cells at the bone surface through
dendritic processes, which are traveling in small canals called canaliculi, while
the cell body is located in a lacuna.*® With the canaliculi network, the
osteocytes are able to detect changes in loading through fluid shear stress and
thereby initiate bone remodeling if necessary.

Osteocytes also regulate bone renewal by self-destruction via apoptosis.”) As a
result of fatigue, the bone tissue sustains microdamage, which has been shown to
be highly associated with apoptotic osteocytes.*” Osteocyte apoptosis leads to
an osteoclastogenic response at the protein level. Increased number and
differentiation of osteoclast precursors in the presence of apoptotic osteocytes
are partly due to increased soluble RANKL.*> Another way of controlling bone
remodeling is through sclerostin, a protein synthesized by the SOST gene in the
osteocytes. This protein is a negative regulator of the Wnt/B-catenin pathway,
which promotes bone formation.” Osteocytes have also shown to be
systemically active by their release of fibroblast growth factor 23, which acts on
the kidneys and increases the excretion of phosphate.*® Osteocytes clearly have
an important role in regulating bone remodeling indirectly by affecting
osteoclasts and osteoblasts. However, it has for a long time been discussed
whether osteocytes directly contribute to calcium and phosphate mobilization.
By osteocytic remodeling of the perilacunar bone matrix, osteocytes are believed
to resorb and replace bone matrix.*” The osteocyte lacunocanalicular system has
a 400-fold larger cell surface than the complete Haversian and Volkmann system
and up to 133 times larger surface area than trabecular bone.*® With such large
surface areas also a minor resorption would have significant effects on ion
circulation.
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1.2.3 Osteoclasts

Osteoclasts are multinuclear cells, generated from a fusion of several osteoclast
precursor cells with a hematopoietic origin, and are the least abundant bone cell
type (1-2%) within an adult skeleton. These cells are the only cells that can
resorb bone, and are generated through activation by binding of RANKL,
produced by osteoblasts, to the receptor activator of nuclear factor-x3 (RANK)
expressed at the osteoclast cell surface.”” During osteoclast maturation, the cell
is able to polarize and segregate important domains of the cell membrane. This
polarization creates an outer circular domain enriched with adhesion structures
creating the sealing zone.®” The sealing zone comprises a structural important
unit called the podosomes. These cell structures start as single units and as the
maturation process progresses they begin to cluster and in the end forms a
podosomal belt in the peripheral area of the cell. With these podosomes the
osteoclasts are able to create a sealing zone, resulting in a resorption lacuna, in
which bone resorption takes place. Within this pit, acidic molecules are secreted,
which resolve the mineralized upper layer of the bone, exposing the organic
matrix consisting of primary type I collagen. The exposed organic matrix is then
further degraded by the lysosomal enzyme cathepsin K, also secreted by
osteoclasts.®" After the osteoclasts have travelled a certain distance within their
predicted two weeks lifespan they die and are quickly removed by
phagocytes.®?

1.3 Bone remodeling

Human bone, as all other constructions (e.g., roads, bridges, and buildings),
needs to be repaired to stay in good condition. To assure that micro-cracks and
other damages are repaired, osteoclasts remove bone, which osteoblasts later fill
in with new bone. Also, by removing bone, the osteoclasts resolve calcium into
the bloodstream, maintaining calcium homeostasis. However, bone removal and
formation are not separated and independent processes. Both cell types are
incorporated in a basic multicellular unit (BMU) where the osteoclasts act first
by removing bone by acidification and proteolytic digestion followed by the
osteoblasts filling in the voids created by secreting osteoid, which is eventually
mineralized into new bone. In cortical bone, this process takes place via a cutting
cone, where the osteoclasts drill holes into the hard bone, leaving tunnels, which
appear as cavities in cross-sections. Subsequently, osteoblasts fill the cavity with
new osteoid, which results in a new osteon. Trabecular bone remodeling takes
place at open surfaces.®” The BMU has a lifespan of approximately 6-9 months,
which is a lot longer than each participating cell-type (osteoblast (3 months) and
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osteoclast (2 weeks)). The BMU therefore needs a large and continuous supply
of new cells to perform its actions at the bone surface.** With increasing age or
bone-affecting diseases, this process becomes unbalanced and more bone is
being removed than formed, resulting in bone loss and subsequent increased risk
of osteoporosis development.®>

1.4 Peak bone mass and its determinants

1.4.1 Peak bone mass

Peak bone mass (PBM) is a measure of maximal acquired bone mass at the end
of skeletal maturation.*® When PBM is reached has long been debated but it is
most probably obtained at different ages at different skeletal locations. PBM is
generally thought to be reached in the late second or early third decade of life,*®
especially at clinically relevant locations such as the hip and spine.””*” For
peripheral body parts, PBM is reached later. Low areal bone mineral density
(aBMD) at older age might either be due to accelerated bone loss or failure to
reach adequate bone mineral density (BMD) in childhood and adolescence. This
means that maximizing bone accrual during development is of great importance
to prevent future osteoporosis and consequent fractures.

Computer simulations of bone loss over a lifetime have shown that an increase
in PBM by 10% can postpone the onset of osteoporosis by 13 years*” and may
decrease the risk of fracture for postmenopausal women by 50%.“? In contrast, a
similar change in age at menopause or the rate of non-menopausal bone loss only
postpones the disease by approximately 2 years.*" Since 26% of all adult bone
mineral is laid down at two years around peak skeletal growth, this period is of
crucial importance for optimizing bone accrual.*’ The amount of bone laid
down during these 2 years is the same as that which is lost between the ages 50 —
80.4Y
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1.4.2 Determinants of peak bone mass

The achieved PBM is dependent on several factors, where heredity is the
strongest determining factor. Twin-studies have reported that heredity can
explain 60-80% of the individual variance in PBM,*’ whereas studies
performed on family members, where the genetics are less similar, reported that
heredity explained approximately 50% of its variance. 4" Except for heredity,
other environmental factors affect PBM,“® such as physical activity,*”
nutrition, and smoking.®”

Evidence for physical activity affecting accrual of bone mass was presented by
Kannus et al. They showed that female tennis and squash players that started
playing before their menarche had more bone accrued than women who started
after the start point of their menarche.®" A large cross-sectional study performed
on young men reported that present and previous duration of physical activity
was associated with both trabecular volumetric bone mineral density (vVBMD)
and cortical bone structure. The same study also indicated that amount of load
was positively associated with several bone parameters.®> A large longitudinal
study performed on men found an important contribution, in optimizing PBM, of
physical activity for development of aBMD, trabecular vBMD, and cortical bone

size.®Y

The attained PBM is also affected by smoking. Small cross-sectional studies
have shown that smoking is associated with lower PBM.®** In a larger study,
smoking was shown to be associated with lower aBMD and that reduction was
mainly due to decreased cortical thickness by an increase in endosteal
circumference.®® A large proportion of these men later participated in a follow-
up study five years later. With this first longitudinal study, start of smoking was
associated with lower aBMD, vBMD, and cortical cross-sectional area.®”

Intake of certain nutrients and vitamins probably also affects bone development.
Studies performed on vitamin D and its effect on or association with PBM
reached conflicting results. Some cross-sectional studies have not been able to
show an association between levels of vitamin D and lower PBM,(57'59) whereas
some studies have.®”®"” A randomized controlled trial in Finland showed that
adolescent girls, with adequate calcium intake, treated with vitamin D developed
a higher femur aBMD than the placebo group.“® But on the other hand, a meta-
analysis based on several RCT studies indicates that only children and
adolescents with low vitamin D levels benefit from vitamin D
supplementation.®”

1. INTRODUCTION 7
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1.5 Hormonal regulation of bone remodeling

1.5.1 Vitamin D

Vitamin D stimulates the intestinal absorption of calcium, which has a large
effect on the bone mineralization process.(64) Small amounts (20%) of our
vitamin D requirement come through food such as fat fish, dairy products, and
egg. Meanwhile, most of our vitamin D (80%) is produced, by ultraviolet
irradiation in the skin, when exposed to sunlight.*>*” Because of the low zenith
angle of the sun in the winter months, photons cannot reach the northern part of
the globe, above the ~35° latitude, which results in little or no vitamin D
production.®” At higher latitudes, or in the summer season at lower latitudes,
energy from these photons results in a non-enzymatic reaction, which converts
7-dehydrocholesterol into previtamin D;, ™% which is later isomerized to
Vitamin D3.*” Vitamin D; is transported via the bloodstream to the liver and is
further hydroxylated into 25-hydroxyvitamin D (25-OH-D) by several enzymes
of the cytochrome P-450 system, mainly by the CYP2R1.7” This metabolite is
measured in blood samples and used as a measurement of vitamin D status.”"
The second hydroxylation occurs in the kidneys, by CYP27B1,"? promoted by
PTH® and results in the most active metabolite 1,25-dihydroxyvitamin D (1,25-
(OH),-D). This metabolite plays a crucial role in bone physiology where it
promotes increased intestinal uptake of calcium,”? increased renal tubular
calcium reabsorption,”" and suppress PTH levels,”” which enables a normal
mineralization of our skeleton.

(73)

It is still debated what levels that are sufficient for vitamin D. Ross et al. showed
that 50 nmol L™ was enough to cover 97.5% of the population.”® Serum levels
of 25-OH-D are positively associated with aBMD in some cohorts”>7® but the
association with bone microstructure has not been carefully investigated. The
few existing studies on microstructure have not shown any conclusive results.
25-OH-D levels have been shown to be associated with trabecular but not
cortical bone parameters in younger but not older men,"”” whereas another study,
reported no association for similar trabecular bone parameters with levels of 25-
OH-D regardless of age and sex.”® In vitamin D treated subjects, the group with
high levels had fewer but thicker trabeculae compared to the group with low
levels.”” Bone geometry measured at the hip was also associated with levels of
25-OH-D, where higher levels were associated with higher cortical volume.®”
On top of these limited data regarding 25-OH-D and bone mineral density and
microstructure, vitamin D’s effect on fracture is even more uncertain. Fracture
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prevention was seen for vitamin D treated elderly women living in nursing
homes®"
increased risk for fracture, although the association was no longer significant
after adjustments for covariates.®” The effect of vitamin D alone or together
with calcium on fracture prevention was investigated in a large meta-analysis,
which did not show any effect on fracture by vitamin D alone but a small effect
when administered together with calcium.®”

whereas vitamin D treated community-dwelling women showed an

1.5.2 Parathyroid hormone

PTH is a polypeptide containing 84 amino acids and is secreted by chief cells
located in the parathyroid glands. The production and secretion of PTH is
regulated by the calcium-sensing receptor, located in the parathyroid cell
membrane, where high calcium levels decrease the release of PTH and low
levels increase it.® PTH is one of the key players in regulating calcium
homeostasis.®” This hormone is also closely connected to vitamin D levels.
Decreased serum levels of vitamin D result in decreased calcium absorption
from the intestines, which result in an increased serum level of PTH. PTH is also
important in bone physiology and regulates both bone formation and bone
resorption. The achieved net result on bone mass by PTH is dependent on mode
of exposure. Continuous exposure to PTH, such as in primary
hyperparathyroidism (PHPT), will result in bone loss whereas intermittent, low
dose exposure of PTH will result in an anabolic response of bone formation,
resulting in bone mass gain.*> Such bone gain was reported as increased BMD
in patients treated with PTH and a decreased risk for both vertebral and non-
vertebral fractures.®”

The dominant cause of continuous high exposure to PTH is PHPT, which is
characterized by high serum PTH and calcium levels. PTH produces a higher
bone turnover state by increasing the frequency of BMU activation.®” However,
it seems that PTH has a greater effect on cortical than trabecular bone. Patients
with PHPT have a larger loss of bone at the distal third of the forearm, largely
enriched in cortical bone, compared to the lumbar spine, rich in trabecular bone.
Bone loss at the hip is somewhere in between, where there is a mixture of both
bone types.®™ These findings are strengthened by studies investigating bone
structure for PHPT patients in whom trabecular bone is often preserved.®"
However, these findings are somewhat contradictory to the fracture pattern
where this patient group have a higher risk for both vertebral and non-vertebral
fractures.”>> Such fracture pattern could be explained by more recent studies,
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where patients with PHPT were found to have an impaired bone microstructure
in both the trabecular and cortical bone compartment of the radius®™¥ and the
tibia.® Also, parathyroid hormone as a treatment has been shown to increase

cortical porosity”>*® in most studies but not in all.*”

1.6 Body composition and the skeleton

Body composition is commonly described in proportions of body lean and fat
mass. Fat mass can further be divided into gynoid fat, located around the hips
and thighs, and android fat located in the torso area. The location of fat in
relation to other body tissue is of interest. Fat located under the skin is
subcutaneous fat and fat located within muscles and in association with organ
tissue is called visceral fat."*” Increased fat mass correlates with increased body
weight. High body weight is believed to result in high BMD due to increased
loading"®" and has been seen as a positive factor for the human skeleton. If
higher BMD is due to only the weight load or if other mechanistic pathways also
play a role is still being discussed. Some of the existing data indicates that
adipose tissue, via several different mechanisms, has an independent effect on
bone remodeling, which leads to increased bone mass. Such a mechanism could
be the higher leptin levels in obese compared to non-obese subjects.'"® Higher
serum levels of leptin are correlated with a higher BMD in most studies"' "
but not in all."* The role of leptin in bone remodeling is therefore not clearly
established, as some have reported an effect!!**'""'%® whereas others have
not.""'% In addition to leptin, hyperinsulinemia has been proposed to
contribute to stronger bones in the obese, via higher levels of free sex
hormones.""”” Furthermore, serum levels of free insulin-like growth factor I
(IGF-I) are higher in the obese"'” and have shown to be, independently of age,
associated with higher aBMD"'"'® as well as able to predict fracture
independently of hip BMD."'? For the same reason as fat might be good for
bone, its endocrine function could also be devastating. For example, a fat-
produced hormone, adiponectin, has been shown to be associated with bone
development, bone biology, and fractures. Johansson et al. showed that higher
levels of adiponectin were associated with higher risk for fracture in older
men.!"?

Low body mass index (BMI) is an established risk factor for fracture.!'
Whether adipose tissue is a positive factor for bone strength due to higher BMD
and reduced impact of falls due to soft-tissue padding, has not been completely
elucidated. Several studies indicate that the protective function of higher BMI is
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site-specific and decreases the risk of hip, and wrist
fracture."'” Meanwhile, other fracture types such as ankle, spine,"""*""” and
humerus"' "> are more common in subjects with overweight and obesity. The
reason for this site-specific effect of body composition on fracture risk is not
known. There are several potential factors where differences in fall pattern and
shock absorbing tissue padding being the most common arguments. In addition,
there could be an increase in BMD due to loading, although the increase may not
be large enough to withstand the higher applied force in case of a fall. Another
potential reason could be deteriorated bone traits, not measurable with DXA, due
to higher fat levels.

pelvis,
a1

One potential bias with studies investigating the correlation between body
weight (or BMI) and bone mass is that they may not necessarily represent a
correlation between obesity per se and osteoporosis, because obesity is defined
by excessive fat mass rather than total body weight. Even if many previous
studies have used fat mass''*” to assess the correlation between obesity and bone
mass, they often do not adjust for the mechanical loading effects on the skeleton
due to body weight. It is of great importance to establish whether bone mineral
density is different between obese and non-obese individuals. To fully
understand the differences between the two groups an evaluation of geometry
and microstructure is of importance. Evans et al. performed a study where they
investigated obese and non-obese subjects matched for BMI and age. When
these two groups were compared, almost all microstructural parameters were
better in the obese group."*" In another study, where the subjects were divided
into obese and non-obese, subjects within the obese group were found to have
greater femoral neck vBMD, bone size, and cortical thickness than non-obese. In
the non-obese subjects, increased BMI was linearly associated with increased
cross-sectional area, cortical and trabecular vBMD, whereas there was no
positive association for increased BMI and bone density or structural parameters
for individuals classified as obese, indicating that bone adaptation to loading
reaches a plateau."** However, BMI is a somewhat rough measurement and do
not separate fat from lean mass. High abdominal fat measured with DXA (highly
correlated with CT)"**'*" was inversely correlated with bone microarchitecture
measured at trans-iliac bone biopsies. Subjects in the highest tertile of abdominal
fat had higher cortical porosity and lower bone volume fraction."*” Recently,
Liu et al. showed in a large cross-sectional study that higher levels of visceral
adipose tissue were associated with higher trabecular density and trabecular
number as well as significantly higher cortical porosity in the radius but not in
the tibia. These associations were no longer apparent when adjusting for BMI,
indicating that the effects on microstructure may be due to skeleton loading.'*”
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1.7 Osteoporosis and fractures

Osteoporosis, as we think of it today, was first established by Fuller Albright in
1941."% He reported vertebral fractures in women who had lost their ovarian
function and he was able to establish the relationship between vertebral fractures
and postmenopausal osteoporosis. Bone loss is gradual and linear from PBM
until menopause for women, in whom the loss of oestrogen then results in an
accelerated period of bone loss. For men bone loss is gradual and continues in a
linear manner (Figure 2). Osteoporosis, as a disease, was therefore to begin with
largely focused on trabecular bone.

Bone mass (g/cm?)

0O 10 20 30 40 50 60 70 80 90 100
Age (years)

Figure 2 Schematic illustration of peak bone mass and its development over time in men and women

Osteoporosis is a disease defined as either primary or secondary, with the first
being a progressive mineral bone loss due to aging and is influenced by for
example genetic factors and changes in sex hormone levels. Secondary
osteoporosis is caused by diseases (e.g., hyperparathyroidism, malabsorption,
inflammatory diseases, chronic obstructive pulmonary disease) or medication
(e.g., glucocorticoids)."”

Osteoporosis is characterized by low BMD and structural deterioration of the
bone, which results in an increased risk of fracture."”® To identify individuals
with osteoporosis, BMD is measured at the lumbar spine, femoral neck, and total
hip with dual-energy X-ray absorptiometry (DXA). Measured aBMD at these
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locations is used to calculate a 7-score based on a healthy young population. The
diagnosis osteoporosis was defined, by the World health organization (WHO) in
1994, as a bone density < -2.5 standard deviations (SD) of the mean of a
population of young white adult women."'*” Areal BMD has proven to be as
good a predictor of hip fracture as blood pressure for stroke and even better than
cholesterol levels predict heart disease.**'*” Osteoporosis is asymptomatic and
many of the patients first come to clinical attention after a fragility fracture,
which is the primary manifestation of the disease."*” Traditionally, osteoporotic
fractures are those sustained at a specific location (i.e., hip, wrist, humerus, or
vertebra)*" after a fall from standing height.*> The same definition is partly
used today, but studies have shown that low aBMD increases the risk for most
fractures,"*” indicating that also these can be of osteoporotic origin."** The
incidence of osteoporotic fractures is high. In the US 39.7% of the women and
13.1% of the men will sustain a fracture after the age of 50."** Osteoporotic
fractures are even more common in Scandinavia, where the risk of a fracture
after the age of 50 is 46.4% for women and 22.4% for men."*”

In 2005 there were 2 million osteoporosis-related fractures reported in the US.
This number may increase towards 3 million by the year 2025 resulting in an
increase in annual fracture-related cost from 16.9 billion to 25.3 billion
dollars."*® Out of the osteoporotic fractures, hip fracture is the most costly and
results in the largest patient suffering. The age-specific incidence rate of hip
fracture has decreased somewhat in the first decade of the 21% century.*"*®
Despite this observed decrease, the absolute number of annual hip fractures
might still increase due to the growing elderly population,*” which will result
in increased societal cost and patient suffering. Of all fractures, hip fracture has
the largest effect on morbidity and mortality'*” and it often results in severe
negative effects on quality of life."*" The hip fracture incidence rate increases
exponentially with age, and more than half of all hip fractures occur after the age
of 80,"*? which is partly due to a decrease in aBMD at the proximal femur (a
proxy for bone strength), as well as an increased frequency of falls."*” Out of all
hip fractures, women sustain 70%."*Y Due to complications from a hip fracture,
one in five dies within the first year'”® and a higher risk for postoperative
mortality is seen for individuals with three or more comorbidities independent of
age and sex."* About half of the women who lived independently before the
hip fracture, are afterwards in long-term care or in need of assistance by other
people or devices for mobility."*® A survey in older women found that as much
as 80% would rather die than experience a hip fracture with complications that
lead to loss of independence and quality of life followed by a subsequent
admission to a nursing home."*”
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Areal BMD is used as a biomarker for bone strength and has been shown to be a
strong predictor of future fracture risk accounting for approximately 60-70% of
the variance in bone strength."**'* Since aBMD has been used as a biomarker
for a long time, worldwide and in several ethnicities, it is a well validated
method to predict fracture. Even so, for women with hip fracture, only 46% had
osteoporosis at the total hip as defined by DXA."*® One reason for this low
ability to predict which patient that will fracture might be that the method only
measures BMD and has limited ability to differentiate between trabecular and
cortical bone. Fracture prediction might be improved if bone microstructure is
taken into account. The arrival of new imaging techniques, such as the high-
resolution peripheral quantitative computed tomography (HR-pQCT), now
provides the opportunity to investigate this issue not only at the macrostructural
level of changes in bone mass, but also at the level of changes in bone
microarchitecture.

1.8 Bone geometry and microstructure

The definition of osteoporosis includes structural deterioration of bone, which
results in increased risk of fracture."*® However, in clinics today fracture risk is
mainly determined by aBMD, with limited abilities to measure such structural
bone traits. Even if bone structure is a part of the definition for osteoporosis,
methodological limitations have made it difficult to measure these bone traits in
vivo in humans. This is now possible with a fairly new technique. The HR-
pQCT, with a resolution of 82 um, measures bone microstructure at the radius
and tibia."*" Information regarding the spatial distribution of bone mass results
in another level of possibility to estimate bone strength. Assume that the two
schematic bones (Figure 3) have an equal mass and cortical area. The bone on
the right side has its bone mass distributed further from the bending axis, which
results in an increased cross-sectional moment of inertia and thereby a
substantially increased resistance to bending.”® This is one of the large
determinants to why men, at any given value for aBMD, have bone that is more
resilient to bending than women. Fragile bones generated by osteoporosis result
in lower bone strength, which will fracture due to low-energy trauma.*? An
osteoporotic bone is characterized by disrupted trabecular bone microstructure
with either thinning of the trabeculaes (men) or loss of trabeculae (women).'>?
But also the cortical bone is affected, with thinning of the cortex and higher
cortical porosity."*¥ Therefore, measurement of bone geometry and
microstructure could potentially improve the ability to predict an individual’s
fracture risk.
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Figure 3 Schematic illustration of bone geometry and the effect on bone strength.

In the elderly, bone geometry and microstructure have been reported to be
associated with fracture. Melton et al. showed that trabecular and cortical vBMD
were associated with Colles’ fracture in women, whereas DXA-measured aBMD
was not."*> For postmenopausal women with a prevalent fracture, bone
geometry and microstructure measured at the radius were altered whereas no
differences were reported for measurements at the tibia."”" In contrast, another
study performed on postmenopausal women reported that subjects with
prevalent peripheral or vertebral fractures had impaired bone microstructure
even after adjustment for aBMD at both radius and tibia."*® To evaluate if bone
microstructure was altered in patients with only wrist fracture, 100
postmenopausal women were compared to non-fractured controls. The wrist-
fractured patients had, as expected, lower aBMD at all sites measured but also
lower trabecular (due to fewer trabeculae) and cortical vBMD as well as thinner
cortical bone."*” In another study, women with a vertebral fracture had impaired
bone microstructure due to lower total and trabecular density together with lower
bone volume fraction illustrated by fewer and thinner trabeculae in both radius
and tibia. These differences persisted even after adjustments for BMD T-score
obtained from the spine by DXA."*® Vertebral fractures in men were also
associated with altered bone geometry and microstructure where cortical density
and thickness were both associated with vertebral fractures, independently of
aBMD."*? Stein et al. took this analysis one step further and compared women
with vertebral fractures not only against controls but also to patients with non-
vertebral fractures. Both fracture categories had impaired microstructure
compared to controls and in addition, vertebral fracture-cases had worse
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microstructure than subjects with non-vertebral fractures with lower total and
trabecular density due to lower trabecular number and larger trabecular
separation." %
microarchitecture and fracture prevalence, Boutroy and colleagues performed a
large multicenter study. They found that women with prevalent fractures had
lower total, trabecular, and cortical vBMD as well as fewer trabeculae and
thinner cortical bone than women without fractures.'®"

Because of various results for association between bone

1.8.1 Cortical porosity

Cortical bone, or compact bone as it is sometimes called, is not really compact
(Figure 4).) Cortical porosity is a term used to define the bone voids, holes, or
pores perforating the compact cortex. In fact, cortical bone consists of many
different levels of porosity and the term might need some explanation. Cortical
porosity can be divided into five size dependent groups here arranged from the
largest to the smallest: 1) the marrow cavity or similar large cavities, 2) channels
for nutrient arteries that traverse the cortex, 3) vascular porosity within the
cortex, 4) lacuno-canalicular porosity, and 5) nanoporosity at the level of the
collagen and hydroxyapatite crystals."®® With modern high-resolution
measuring techniques, such as nano and micro CT, these small structures are
measurable in three-dimensions. However, only the first three categories are
captured using HR-pQCT, in vivo in humans. The second category consists of
Haversian (alongside the cortical bone) and Volkmann canals (traversing
between Haversian canals), mainly providing the bone with nutrients. These
canals are the main providers of bone surface for the BMUs to resorb bone
within the cortex. This intracortical resorption increases with age resulting in a
change in the surface-to-volume ratio of trabecular versus cortical bone
resorption. More and more of the trabecular bone is removed without being
replaced while the cortical pores grow and increase in number, resulting in a
shift in the ratio (Figure 4). With increasing surface area within the pores the loss
of cortical bone begins to accelerate.”) Such increased cortical porosity is
associated with lower bone strength through lower shear and tensile fracture
toughness.'*
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Figure 4 Illustration of cortical porosity and its development over time. A woman aged 75 (upper)
compared to a postmenopausal woman aged 52 (lower)

1.8.2 The diversity of cortical porosity

During the time of peak height velocity, both young boys and girls sustain a
large proportion of all forearm fractures."®” This increase in fracture incidence,
for both sexes, might be due to an increase in cortical porosity at this stage of
puberty."®> During the intense bone growth period, in which 90% of the radius
lengthening occurs at the distal growth plate,"®” there is an extensive need for
calcium. The body therefore redistributes minerals by decreasing cortical vBMD
and increasing the cortical porosity leading to decreased bone strength before the
epiphyseal fusion."®” The levels of cortical porosity are higher in growing boys
compared to growing girls."®*'® This sex dependent difference in cortical
porosity starts at the early stage of puberty'®” and could be one factor
explaining why a higher proportion of young boys fracture the distal end of the
radius than young girls."*” One reason for this discrepancy could be the greater
height velocity in boys compared to girls (4.9 versus 2.9 cm/year)."*” As
puberty progresses, cortical porosity decrease in both sexes but the sex
difference still remains. This difference in cortical porosity between sexes is
apparent also in older ages when women have lower cortical porosity than
men.""""'® However, at old age an exponential increase!' > is seen in cortical
porosity, and this increase is higher in women''’? and predominantly affects the
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midcortical compartment."'” It has also been reported that the amount of
cortical porosity differs when dividing the bone into four different quadrants and
that the increase in porosity with age differs within these four regions."”" The
highest value for cortical porosity was found at the medial section at the radius
and posterior-lateral section of the tibia. Except for age and sex, also ethnicity
has a large impact on cortical porosity."'’*'”” Individuals with heritage from
Africa or Asia have thicker cortical bone and lower cortical porosity compared
to the white population in the United States of America.!'’*'"”

1.8.3 Cortical porosity, bone strength, and fracture

Cortical porosity is highly important for bone strength. Increased cortical
porosity is associated with decreased shear and tensile fracture toughness at both
the femur and tibia."® In addition, patients with a femoral neck fracture were
reported to have higher cortical porosity compared to non-fractured controls.'’®
To evaluate if cortical porosity was associated with prevalent fractures,
postmenopausal women with a prevalent wrist fracture were compared to non-
fractured controls. There was, however, no difference in cortical porosity
between these two groups.">” In women diagnosed with osteoporosis by DXA,
cortical porosity, measured using the STRAX method (StraxCorp PTY LTD,
Melbourne, Australia), did not discriminate fracture cases from controls. In
contrast, in osteopenic women, increased cortical porosity was associated with a
substantially increased odds ratio for a distal forearm fracture."”® Cortical
porosity was also recently shown to be higher in a small study of patients (n=24)
with a prevalent hip fracture compared to non-fractured controls (n=24)."*"
However, after adjustments for covariates there was no significant association
between cortical porosity and hip fracture.

1.9 Finite element analysis and bone strength

The only way to establish the needed force to break a bone is to actually measure
the force while breaking the bone. Many ex vivo studies have measured this
force using several different methods. The clinically used method DXA is
considered to be good at explaining the variance in bone failure load and
stiffness. Even so, bone mineral content (BMC) measured at the distal radius can
only explain 76% and aBMD 60% of the variance in bone failure load."*¥ If
BMC and aBMD were measured further proximally, at the 33% level, the degree
of explanation is reduced to 48% and 31% respectively.“gl) aBMD measured at
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the femoral neck can explain 57% of the variance in bone strength."*’ When
taking trabecular and cortical bone into consideration, using the pQCT, a higher
amount of the variance can be explained. Cortical content measured at 4% of the
radius length could explain 85%,"** whereas cortical thickness only could
explain 53%."®" To be able to increase the amount of variance explained even
further, additional information is needed. With finite element analysis (FEA)
applied to the HR-pQCT images, every voxel is converted into an equally sized
brick element where material properties can be determined. With such method
the variance explained of the bone failure load amounts to 66-94% at the
tibia"*"*) and 87% at the hip."*" For stiffness, FEA could explain 97% of the
variance in the tibia."® Thus, the use of FEA approximations of the force
needed to break a bone improves the degree of explanation considerably.

1.10 Bone material properties

For a bone to withstand fractures it has to maintain bone mass, bone geometry,
and microstructure. In addition, bone material properties also contribute to bone
strength."**'%") 1t has until recently not been possible to measure bone material
properties in vivo in humans. With the new Osteoprobe device (Active Life
Scientific, Santa Barbara, CA, USA) these bone properties have become
measurable. Bone material properties, measured as an index, are lower in
patients with a prevalent osteoporotic fracture."® Also, a recent study indicates
that the higher frequency of hip fracture in Norway compared to Spain could
partly be explained by material properties."® Norwegian women were found to
have higher BMD in the total hip but lower bone material properties than
Spanish women."® It is however not certain that bone material strength index
(BMSi) measured with the Osteoprobe is associated with fracture. A larger
population based cross-sectional study could not find any associations between
BMSi and prevalent fractures in older women."”” Reduced bone material
strength has also been observed in diseases and treatments associated with
increased fracture risk."”" Case control studies showed that patients with type 2
diabetes have lower BMSi than non-diabetic controls."*>'*® Little is known
about bone material properties and its association with bone geometry and
microstructure. Studies performed on human cadavers have shown an
association between BMSi and cortical porosity.!'**!*
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2. Aims

The general aim of the thesis was to study the regulation of cortical bone
microstructure, predominantly cortical porosity, and its association with fracture.

The specific aims for each included paper were:

1) To evaluate if cortical porosity measured in elderly men was associated
with prevalent fracture and if this association was independent of BMD,
measured with DXA, and clinical risk factors.

2) To investigate if cortical porosity was associated with prevalent hip
fracture in older women and if this association was independent of
femoral neck BMD and clinical risk factors.

3) To investigate if different adipose tissue depots were associated with
BMSi and cortical bone microstructure.

4) To study if serum levels of 25-OH-D were associated with cortical
porosity in elderly men and if this association also was observed for a
sub-group of patients eligible for vitamin D treatment.
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3. Subjects and Methods

3.1 Subjects

This thesis was based on two different large population-based cohorts. One
constituted of elderly men (The Osteoporotic Fractures in Men - MrOS) and the
other of elderly women (Sahlgrenska University hospital Prospective Evaluation
of Risk of Bone fractures — The SUPERB study). Subjects within both cohorts
were recruited from the larger Gothenburg area. Both cohorts were recruited
through national registers and were contacted with letters followed by telephone.
Individuals were eligible for the studies if they were able to walk (without aid in
the MrOS), sign an informed consent, and complete a questionnaire.

The MrOS study is a worldwide project with cohorts in the USA (n=5995),
Hong Kong (n=2000), and Sweden (n=3014)."*""® The Swedish cohort was
collected at three different sites, Gothenburg, Uppsala, and Malmd. At baseline
there were 1010 men (aged 69-81) recruited in Gothenburg,"*® resulting in an
inclusion rate of 45%."%" At the five-year follow-up study, 600 of the original
1010 men participated. The inclusion rate at the follow-up was thereby 59.4%.
The last 478 men included in the follow-up were measured with the HR-pQCT.
For these 478 men, only 456 had adequate image quality on the HR-pQCT
measurements. These men constituted the final cohort. In addition, somewhat
fewer of the 456 men had had measurements of serum 25-OH-D (n=444) and
PTH (n=443)(Figure 5A).

The prospective SUPERB study constitutes of a sample of 3030 elderly women
in the age range of 75-80 years. As the research presented in this thesis was
conducted while the SUPERB study was still being collected, different sub-
samples from the SUPERB study were used. The first sub-sample of these
women (n=496) was also asked to participate in a reference probe indentation
(RPI) procedure to measure BMSi with the Osteoprobe. Of these women, 482
were contacted by telephone and asked to participate, resulting in 218
participating women and an inclusion rate of 45.2%."°” Of these women, 202
were measured with the Osteoprobe and had sufficient quality of the images
from the HR-pQCT (Osteoprobe in Figure 5B). The second subsample was
selected from the total 3030 women included. To include these 3030 women,
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6833 were contacted. From these, 435 (6.4%) women did not meet the inclusion
criteria and were excluded due to reasons such as bilateral hip replacements, not
able to communicate in Swedish, or not able to walk with or without a walking
aid. Of all contacted women meeting the inclusion criteria, 3368 (52.6%)
declined to participate in the study. The inclusion rate for the SUPERB study
was therefore 47.4%. From the whole cohort, 49 women were identified with a
prevalent X-ray verified hip fracture. Of these women, 46 had sufficient quality
of their HR-pQCT images (Hip Frx in Figure 5B) and could therefore be
included as cases. The cases were then compared to all women without any self-
reported fracture after the age of 50, extracted from the first 1093 consecutively
included women with complete HR-pQCT data, and with adequate quality of the
HR-pQCT images (n=361) (controls in Figure 5B).

MrOS SUPERB
HR-pQCT HR-pQCT

Quality Quality

Hormones Hip Frx

Osteoprobe
Control

Figure 5 Study inclusion for investigated cohorts: MrOS (A) and SUPERB (B). Quality defines the
subjects with approvable quality of the HR-pQCT images

3.2 Ethics

The ethical considerations for both studies concern mainly X-ray exposure,
blood sampling, and confirmation of fractures in X-ray registers. The radiation
exposure due to X-rays and bone densitometry was low and approved by the
local radiation protection committee for both studies. Venous blood sampling is
an invasive procedure but the risk of serious complications is extremely low.
Some of the participants in the SUPERB study were also measured with the
Osteoprobe device. The invasiveness of this procedure can be compared to a
venous blood sample. Since this method is fairly new, the first 102 participants
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were contacted after the procedure and no complications were reported.
Epidemiologic studies are associated with issues regarding personal integrity for
the included participants. To ensure that data security was not violated, all data
was collected in a coded form and was only handled by authorized personnel.
Furthermore, analyses and presentation of results were only performed on group
level with no possibilities to identify unique individuals. The study participants
could withdraw their consent at any time and thereby be excluded from the
study. For all studies in this thesis, all participants signed an informed consent.
All studies were approved by the ethical review board in Gothenburg.

3.3 Questionnaire

For the elderly men, current smoking was established by asking if their smoking
habits had changed since baseline measurements, and if so, in what way. For the
elderly women, current smoking was assessed through asking if they currently
smoked (yes/no) followed by if they smoke regularly or when they most recently
smoked, if they had quitted.**” Medical history regarding fall inducing and bone
affecting diseases such as Parkinson’s, stroke, rheumatoid arthritis, diabetes,
heart failure, angina pectoris, and colon or prostate cancer was assessed.
Questions included known diagnoses (yes/no). Use of medications was assessed
as current use and was defined as usage at least three times per week for the past
30 days. Information regarding previous fracture was obtained by asking if the
participant had sustained a fracture (yes/no). If so, further questions were asked
regarding location and time of the fracture event. The questionnaire physical
activity scale for the elderly (PASE) was used to assess physical activity habits.
It is a validated self-reported questionnaire designed to measure physical activity
in individuals 65 years or older.*’" The questionnaire consists of twelve items
about physical activity during a seven-day period prior to the assessment. A total
PASE-score was calculated with these twelve items by multiplying the amount
of time spent (hours/week) or participation (yes/no) in different activities by
empirically derived weights and finally summing the products for all twelve
items. Daily intake of calcium (mg/day) was assessed and calculated from
questions regarding calcium supplements and calcium containing foods (e.g.,
dairy products and vegetables). For the elderly women, daily calcium intake was
assessed with questions regarding amount of dairy products consumed.?*® The
total amount of calcium was calculated by summarizing daily intake and
supplements. For the women, alcohol consumption was estimated by questions
regarding the amount and frequency of drinking.**” Also, a physical component
summary was established by the standardized SF-12 questionnaire.**?
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3.4 Anthropometrics

Anthropometrics were obtained by the same methods for both cohorts. Height
was measured with a standardized, wall-mounted stadiometer. Two consecutive
measurements were performed, and if they differed > 5 mm a third measurement
was performed and the two most similar were used. An average was calculated
and used in the analyses. Tibia length was measured with a ruler between the
medial malleolus to the medial condyle of the tibia. Weight was measured to the
nearest 0.1 kg with the same scale for both cohorts. Both height and weight had
a coefficient of variation (CV) below 1%.

3.5 Fractures

3.5.1 Prevalent fractures

A standardized questionnaire was used at baseline in the MrOS to obtain
information regarding self-reported previous fractures after the age of 50 years
(Figure 6). X-ray verified fractures were collected between the date of baseline
and that of HR-pQCT measurements at follow-up (Figure 6). Two fracture
groups were analyzed: (i) All identified fractures (both self-reported and X-ray
verified fractures) and (ii) only X-ray verified fractures. All fractures were
defined and categorized according to fracture site. Groups investigated were
peripheral fractures (upper and lower arm and leg), osteoporotic fractures (hip,
wrist, humerus, and vertebra), multiple fractures (>2 fractures), and all fractures
(excluding hand, finger, foot, toe, and skull fractures). Study subjects in these
fracture categories were compared to controls without any fracture. Severity of
trauma was not considered. All X-ray verified fractures were obtained from
patient records and were collected by a research nurse and further inspected by
an orthopedic surgeon. Only clinical vertebral fractures were included, defined
by a radiologist and identified by investigating patient records.

3.5.2 Prevalent hip fractures

Prevalent hip fractures were identified using a questionnaire completed by the
women included in the SUPERB-study. Questionnaires filled out by all
participants provided information about all self-reported prevalent fractures.
There were 64 women who reported a hip fracture after the age of 50. These
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women were further explored in patient X-ray reports (Figure 6) and all cases
(n=49) included in the study had their fracture confirmed by either an X-ray
report or an X-ray image or both. Non-confirmed hip fractures were excluded
from the study. Controls, defined as women without any fracture reported after
the age of 50, were collected from a sub-population consisting of the first 1093
consecutively included women with complete HR-pQCT data.

Self-reported fractures | X-ray verified fractures | HR-pQCT

ST

Figure 6 Assessment of fractures in relation to bone measurements in the MrOS (upper in grey) and
SUPERB (lower in white) study

3.6 Bone Measurements

3.6.1 Dual-energy X-ray absorptiometry

All subjects within this thesis had their aBMD (g/cm?”) measured with DXA, the
“gold standard” to diagnose osteoporosis. A Hologic QDR 4500/A-Delphi was
used for the MrOs study while a Hologic Discovery A (S/N 86491) was used for
the SUPERB study. All measurements were performed with the same DXA-
devices. Measurements were made at total hip, femoral neck, lumbar spine, and
total body. Left arm aBMD used in the first study (MrOS cohort) was obtained
from the total body scan.
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3.6.2 High-resolution peripheral quantitative computed tomography

Prior to the advent of HR-pQCT, investigation of bone microstructure required
invasive bone biopsies. With the use of HR-pQCT, these important bone traits
are captured non-invasively at both radius and tibia.

The left leg, in MrOS, or the leg ipsilateral to the non-dominant arm in the
SUPERB study, was fixated in anatomically formed carbon shells and placed in
the HR-pQCT (XtremeCT; Scanco Medical AG, Briittisellen, Switzerland). In
case of a previous fracture in that limb, the contralateral side was measured.
With the help from an ordinary X-ray the operator can distinguish anatomical
landmarks (Figure 7). The operator places a reference line at the articular plateau
at the tibia. The images were taken at a fixed distance (22.5 mm) from the
reference line (Figure 7A) and in the SUPERB study also at an additional
distance at 14% of tibia bone length (Figure 7B). With an isotropic resolution of
82 um the device captures 110 parallel images and depicts a 9.02 mm 3D
representation of the bone (Figure 7C). The images are obtained in
approximately 3 minutes and the effective dose generated is 3 puSv per section.
Directly after a finished measurement, the operator defines a preliminary quality
(on a scale 1-5) of the image with repeated measurements for all scans with
insufficient quality (above 3). For all captured images, a contour was
automatically placed around the bone to delineate the periosteal surface from
extra-osseal soft tissue. If needed, the line was adjusted by the operator (e.g., soft
tissue within the contour). Standard analysis was performed according to an
earlier described protocol.*” From this first process, the following parameters
were obtained: cortical thickness (mm), cortical volumetric BMD (mg/cm’),
cortical cross-sectional area (mmz), trabecular bone volume fraction (%),
trabecular number (mm™), trabecular thickness (mm), and trabecular separation
(mm). The two same operators performed all measurements in all studies and
graded the quality of all the images. All images were graded from 1-5 using the
recommendations from the manufacturer. Images used in these studies were all
graded 1-3 and therefore regarded as of acceptable quality, and images with poor
quality (4 or 5) were all excluded.
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Figure 7 Representative images for the manufacturer’s standard site (4) and the more proximal
section (B) at 14% of tibia length. The 9.02 mm 3D construction of the complete bone (C), cortical
shell (D), and cortical porosity (E)

3.6.2.1 Cortical evaluation

With a customized version of the manufacturer’s Image Processing Language
(IPL v5.08b; Scanco Medical AG) another contour is automatically placed on
the endosteal side of the cortical bone. With this contour cortical bone is
delineated from trabecular bone (Figure 7D). Also, these contours were carefully
investigated and adjusted if the automated algorithm had made any mistakes
(e.g., trabecular bone within the contour). Within the defined cortical
compartment, cortical porosity (Figure 7E) was identified by distinguishing
Haversian and Volkman canals from artifacts, erosions, and transcortical
foramina — mainly voids from surface coarseness. Finally, the segmented region
of interest and porosity image were combined to create a more defined cortical
compartment where variables such as cortical bone volume (Ct.BV; mm®) and
cortical pore volume (Ct.Po.V; mm’®) could be obtained. With these generated
variables, cortical porosity (Ct.Po; %) could be calculated®****” (Equation 1).

Ct.Po = __Ctrov__ (1)

Ct.Po.V+Ct.BV
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3.6.3 Reference point indentation

Bone is not only dependent of BMD and microstructure to be resilient to
fracture. Bone material properties also play a crucial part in bone strength.*®
Until recently, bone material properties have not been possible to measure in
vivo in humans. With the new Osteoprobe device (Active Life Scientific, Santa
Barbara, CA, USA) BMSi was measured with RPI at the mid-tibia of the same
leg that was measured with HR-pQCT. After administration of local anesthesia,
the Osteoprobe (Figure 8A) was inserted through the skin and the periosteum
and placed on the periosteal bone surface (Figure 8B). With a perpendicular
position to the bone a preload of 10 N established the probe (Figure 8C). Well
established, a trigger mechanism is released and an increased force of 30 N
pushes the probe further into the cortical bone. The distance between where the
probe was established and the end position is called indentation distance increase
(IDI) (Figure 8D). At least 11 valid measurements were made on each subject
and the probe was moved on the bone surface in-between each measurement.
After measurements were performed in a study subject, another 5 measurements
were made on a calibration phantom, made from poly(methyl methacrylate)
(PMMA), to standardize and calibrate the measurements. BMSi was then
calculated as a ratio of harmonized IDI obtained in the PMMA-material over the
IDI obtained from the impact into the bone, multiplied with 100 (Equation 2). A
low value indicates that the probe created a larger cavity, which reflects lower
bone material strength.

BMSi = PMMA % 100 (2)

IDI

C) D)

S

A\

Periosteum

Bone

Figure 8 Procedure of the microindentation technique using the Osteoprobe device. (4) Before
insertion B) After the probe has been inserted, (C) Establishment of the probe right before impact,
(D) After the impact. The indentation distance increase is calculated as the distance the probe
migrates from its location at C to D
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3.6.4 Peripheral quantitative computed tomography

In the SUPERB-study, 30 women’s distal tibia was measured at 14% of the tibial
bone length with a peripheral quantitative computed tomography (XCT-2000;
Stratec Medizintechnik, GmbH, Pforzheim, Germany). A two millimeter thick,
single slice was captured with the resolution of 0.50 mm.

3.7 Body composition measurements

Body composition such as total adipose and lean tissue was analyzed from the
whole body measurement with DXA. This analysis was further subdivided into
more precise areas (e.g., leg, arm, and trunk).** Subcutaneous fat was
measured with the HR-pQCT device at the distal tibia section (14% of tibia
length). Two lines were drawn in contact to both tibia and fibula and created an
angle when crossed. This angle was divided by four, generating three measuring
locations (M1, M2, and M3). The distance from the periosteal surface of the tibia
bone to the surface of the skin layer was measured (Figure 9A). This procedure
was performed on image 1, 55, and 110 for each individual and an average was
calculated for the nine measurements. Interobserver (2.5%) and intraobserver
(1.1%) CVs for this method were calculated for 30 of the participating women.
To assure that subcutaneous fat was measured, a correlation study between the
HR-pQCT and a pQCT was made. In 30 women aged 76.5 + 0.98 years (mean +
SD), tibia was measured with both machines at 14% of bone length. The pQCT-
images were further processed with BonelJ, a plug-in to the open source software
ImageJ (NIH, Bethesda, MD, USA). This software enables segmentation of the
soft tissue®” and has been used earlier to assess subcutaneous fat.*'" The
segmented subcutaneous fat was measured with the same procedure as for the
HR-pQCT-images. Two lines were drawn in contact with both tibia and fibula
generating an angle that was divided by four. The three generated measuring
points were used to measure only the marked subcutaneous fat (purple area in
Figure 9B). An average of the three measurements (since only a single slice is
obtained) were then correlated with the average calculated from the HR-pQCT
device (=0.95; p<0.001). With a linear regression where fat measured with the
pQCT was the dependent variable and fat from the HR-pQCT the independent
variable a regression coefficient (0.95) and a constant (-2.31) were obtained
(Figure 9C). The regression equation was used to adjust all subcutaneous fat
measurements made with the HR-pQCT device.
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Figure 9 Determination of subcutaneous fat (S.c.) at the HR-pQCT images with an established
method using ordinary pQCT. Obtained regression for the two methods (C) was used to adjust all
HR-pQCT fat measurements. Modified image from Sundh D et al, JBMR.”"’ Reprinted with
permission from the publisher.

3.8 Serum analyses

3.8.1 Vitamin D

Serum levels of 25-OH-D (nmol L) were assessed at the follow-up visit in 444
of the 456 men with approved high quality HR-pQCT measurements. These
levels were measured in blood samples with competitive radioimmunoassay
(DiaSorin, Stillwater, MN, USA). The used method had an intra-assay CV of 6%
and an inter-assay CV of 15-16% measured at the same laboratory.
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3.8.2 Parathyroid hormone

Serum levels of serum PTH (pmol L) were assessed at the follow-up in 443
men out of the 444 men with available 25-OH-D measurements. The analysis
was performed with the Immulite 2000 intact PTH assay (Diagnostic Products,
Los Angeles, CA, USA). The method reference range was between 1.1 to 6.9
pmol L' and had an intra-assay CV of 5% and inter-assay CV of 9%.

3.9 Statistics

Group to group differences in anthropometrics, environmental factors, and bone
parameters that were normally distributed were investigated using independent
samples #-test. For categorical variables, X2 test or Fisher’s exact test for smaller
samples were used. Parameters that were not normally distributed were
investigated and groups compared based on their medians by a Mann-Whitney U
test. When investigating the effect of 25-OH-D on bone microstructure, all
subjects were divided into quartiles according to serum levels of PTH and 25-
OH-D. The mean for bone variables and covariates was compared between
quartiles with an analysis of variance (ANOVA) followed by a least significant
difference post hoc test for group-to-group significance testing. Categorical
variables were also here compared using a i’ test. Parameters that were not
normally distributed were logarithmically transformed before used in any further
statistical analysis. Bivariate correlations were used to evaluate body
compositions association with bone microstructure and material properties. To
assess if these correlations were still valid after adjustment for covariates,
stepwise multivariable linear regression analyses were performed. Since
measurements of BMSi differed between operators, adjustment for operator was
carried out using dummy variables in the stepwise linear regression models.
Quartiles of subcutaneous fat were defined to investigate, by ANOVA followed
by a Bonferroni post hoc test, whether the associations with cortical porosity and
BMSi were nonlinear. To assess the association between serum levels of 25-OH-
D and bone microstructure, on top of other environmental factors and
anthropometrics, hierarchical linear regression models were used. Furthermore,
multivariable logistic regression models were performed to evaluate the
association of bone microstructure and prevalent fracture in men or hip fracture
in women independently of covariates and aBMD. Also, to evaluate if cortical
porosity had a linear association with prevalent fracture in men or if there was a
threshold value for cortical porosity the proportion of fractures was compared
with a y” test between quartiles of cortical porosity. Many statistical analyses
were made in all four papers, where a p-value of 0.05 was considered significant.
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Such p-value indicates that, for one unique comparison, we are 95% certain that
the observed difference is true. This also means that 1 out of 20 comparisons can
be significant due to chance. With every added comparison this percentage of
certainty decreases. However, since many of the bone variables investigated are
closely related and are measurements of similar features, adjustment for all
comparisons would be too stringent. An obtained p-value below 0.05 was
considered significant in all publications and all statistical analysis was
performed with SPSS software for Macintosh (SPSS Inc., Chicago. IL,
USA)(Paper I; version 20, Paper II; version 22, Paper I1I; version 23, Paper 1V;
version 23). All statistical methods used in the different publications are
presented in Table 1.

Table 1 Statistical methods used for each paper (P)

Statistical methods used P-1 P-11 P-II1  P-1V

Independent samples #-test v v v

Mann-Whitney U test

ANOVA and post hoc test

Chi square test v

Fisher’s exact test

Multivariable linear regression v v

Bivariate correlation

Bivariate logistic regression

Multivariable logistic regression v

Log transformation
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4. Results

4.1 Paper |

Increased Cortical Porosity in Older Men With Fracture

In the first study we investigated the association of bone geometry and
microstructure parameters with prevalent fractures in older men. In the cohort of
456 men aged 80.2 £ 3.5 (mean + SD) with HR-pQCT measurements, 87 had
experienced a fracture from the age of 50 and onwards (all fracture group). Out
of these 87 fracture cases, 52 (11.4%) were self-reported and 35 (7.7%) were X-
ray verified.

4.1.1 Main results

*  Men in the all fracture group and the X-ray verified fractures had 15.8%
and 21.6% higher cortical porosity respectively than non-fractured
controls.

* Fracture prevalence by quartiles of cortical porosity indicated a
nonlinear relationship between this bone trait and fracture.

*  Men with any fracture had lower total hip, femoral neck, lumbar spine,
and left arm aBMD than men without a fracture.

¢ Cortical porosity was, independently of aBMD and clinical risk factors,
associated with all and peripheral X-ray verified fractures (Figure 10).
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~ . Cortical porosity o
X-ray verified fractures Odds ratio 95% CI
All fractures 1.49% [1.00-2.22] —————————
Peripheral fracture 2.15% [1.16-3.97] ag
Osteoporotic fracture 1.44 [0.92-2.27] 1

1 2 3
Odds ratio (95% CI)

Figure 10 Associations between cortical porosity and X-ray verified fractures independently of
aBMD and other risk factors.
*»<0.05

4.1.2 Conclusion

In conclusion, cortical porosity was, independently of aBMD and clinical risk
factors, associated with prevalent fracture in older men.

4.1.3 Discussion

Fractures do not only occur in individuals with low aBMD. In fact, a larger
proportion of all fractures occur in individuals with a higher 7-score than the
WHO definition of osteoporosis. In a large group of postmenopausal women,
82% of the individuals with a fragility fracture had a peripheral aBMD 7-score
above -2.5.%'? Also, a rather large part of hip fracture patients did not have
osteoporosis when measured at the total hip (54%), spine (54%), or when
combining the two (42%).1°? Therefore, it seems obvious that other factors than
BMD matters for bone strength and resistance to fracture. Trabecular bone
microstructure has in the last decade been reported to be associated with
prevalent fractures in postmenopausal women.*'¥ Major differences in
trabecular bone traits, especially trabecular separation and connectivity were
found for fractured women compared to controls.">”

Cortical bone is of great importance for bone strength and a major contributor to
fracture risk in the elderly.® Since most fractures occur at locations with mainly
cortical bone its microstructure can be considered a plausible candidate for
investigation. Cortical porosity was seen to increase with age (r = 0.57-0.58) in
women,"'” indicating that cortical porosity will have a more profound effect on
bone strength and be of greater clinical significance in older compared to
younger patients. Other cortical bone traits have shown to be altered in men with

vertebral fractures. Szulc and colleagues reported poor cortical bone structure
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through reduced cortical vBMD and thickness for those with vertebral
fractures."”” However, in comparison to our study, Szulc ez al. did not find that
any of the cortical measurements were significantly different between men with
fracture and controls after adjusting for aBMD measured with DXA. This
discrepancy could be due to the differences in age between the investigated
cohorts; their cohort being relatively young (age mean + SD; 73 + 8 years for
cases and 69.9 + 9 years for controls). Cortical porosity measured in experiments
with dehydration or deuterium oxide, where bone water concentration is
measured, has been shown to be much higher®' than with our method. One
reason for this might be that our method only captures larger pores
(approximately 130 um in diameter)."”” Even if the method we used to evaluate
cortical porosity underestimates this bone trait, it could still reflect the
interindividual differences between men with fracture compared to non-fractured
controls. Also, with this study we could report a nonlinear association between
cortical porosity and fracture, indicating that cortical porosity is only important
for fracture risk when it is rather high. With this study being the first to report
increased cortical porosity in older men with fracture, future studies are needed
to evaluate if cortical porosity can predict future fracture.
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4.2 Paper II

Increased Cortical Porosity in Women With Hip Fracture

In this study we investigated if cortical porosity was associated with prevalent
hip fracture in older women. From a large prospective cohort study consisting of
3030 women, we identified 46 women with an X-ray confirmed hip fracture.
From the first 1093 women with complete HR-pQCT data, all women without a
prevalent fracture after the age of 50 (n=361) were included as non-fractured
controls.

4.2.1 Main results

* Hip fracture cases had substantially higher cortical porosity at both the
ultradistal and distal tibial site (14% of bone length).

*  Women with a hip fracture also had lower aBMD at both femoral neck
and total hip, whereas lumbar spine aBMD was similar between both
groups.

*  Femoral neck and total hip aBMD were associated with prevalent hip
fracture.

* Cortical porosity was associated with prevalent hip fracture when
measured at both the ultradistal and distal sites. These associations were
also apparent after adjustment for clinical risk factors and femoral neck
aBMD (Figure 11).

i
HR-pQCT Odds ratio  95% CI !
i
i
Cortical porosity [ultradistal] ~ 2.61%** [1.77-3.85] E *>
i
|
Cortical porosity [distal] 1.57* [1.12-2.20] i —————
1

2 3
Odds ratio (95% CI)

Figure 11 Association between cortical porosity and hip fractures independently of aBMD and other
risk factors. ¥***p<0.001, and *p<0.05
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4.2.2 Conclusion

Women with a prevalent hip fracture in the age span of 75-80 have higher
cortical porosity than non-fractured controls in the same age group. Cortical
porosity was associated with prevalent hip fracture independently of femoral
neck aBMD and clinical risk factors.

4.2.3 Discussion

Today, the commonly used and recommended clinical tool (i.e., DXA) to
identify patients who will fracture, is not sufficiently accurate and fails to
identify more than half of the patients who sustain a fracture.*"**' By adding a
more refined method, being able to measure bone microstructure, perhaps a
larger proportion of fracture cases could be identified and treated before the
fracture. In this study we found that women in the age of 75-80 years with a
prevalent hip fracture had higher cortical porosity than non-fractured controls.
Furthermore, this bone trait was associated with prevalent hip fracture after
adjustment for other risk factors and femoral neck aBMD. This finding indicates
that cortical porosity contributes with information regarding bone fragility in
addition to aBMD measured at the femoral neck. Other studies have previously
reported differences in bone geometry between hip fracture patients and non-
fractured controls. Vico et al. showed that postmenopausal women with a hip
fracture had a deteriorated bone microstructure in the trabecular bone
compartment as well as altered bone geometry features in the cortical
compartment with lower cortical bone area, thickness, and vBMD at the tibia.?'”
However, this study did not investigate differences in cortical porosity. This
bone trait was recently reported to be lower in 24 hip fracture cases compared to
non-fractured controls. This somewhat smaller study could not show an
association for cortical porosity at the tibia and prevalent hip fracture after
adjustment for covariates."®” This lack of association could also be due to
earlier reported lower cortical porosity in Asian compared to white women''’®
but could also be due to low statistical power in the above mentioned hip
fracture study. In our larger cohort, cortical porosity together with cortical
vBMD was associated with hip fracture even after adjustments for clinical risk
factors including femoral neck aBMD.
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4.3 Paper III

A High Amount of Local Adipose Tissue Is Associated With High
Cortical Porosity and Low Bone Material Strength in Older Women

In this study we investigated how body composition, in forms of different depots
of adipose tissues, was associated with BMSi and cortical bone microstructure in
202 women (78.2 £+ 1.1 years [mean + SD])).

4.3.1 Main results

High levels of subcutaneous fat at the tibia were correlated with
increased cortical porosity and inversely correlated with cortical
vBMD.

Women in the highest quartile of subcutaneous fat had lower BMSi
(Figure 12A) and higher cortical porosity (Figure 12B) compared to
women in the lowest quartile.

Increased BMSi was correlated to cortical vBMD and inversely
correlated to cortical porosity.

Local subcutaneous fat was associated with cortical porosity and
inversely associated with BMSi, independently of covariates.

Cortical porosity was inversely associated with BMSi independently of
covariates.
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Figure 12 Bone material strength index (4) and cortical porosity (B) presented for quartiles of
subcutaneous fat. From Sundh D et al, JBMR.®'” Reprinted with permission from the publisher.
*<0.05, ¥**<0.01, and ***<0.001

4.3.2 Conclusion

Local adipose tissue was inversely associated with BMSi even when adjusting
for multiple covariates including cortical bone microstructure parameters such as
cortical vBMD and cortical porosity. This association indicates a possible
adverse effect of adipose tissue on bone quality. Moreover, independent
associations between local adipose tissue and the bone microstructure
measurements cortical porosity and cortical vBMD imply that adipose tissue
could have a negative impact on the cortical bone microstructure.

4.3.3 Discussion

A high body weight or BMI is believed to result in high BMD due to loading"'*"
and has therefore traditionally been seen as a protective factor against fractures.
However, recent studies have revealed that a larger proportion of certain
fractures (i.e., ankle, spine, and humerus)"''”""” are more common, whereas
other fractures (i.e., hip, pelvis, and wrist are less common in obese
subjects, indicating that high BMI might be a risk factor for certain types of
fracture. Also, when BMD is held constant, obesity is associated with increased
risk of fracture,”'® which indicates that several other factors may be important
such as increased fall risk or poor bone quality due to excessive adipose tissue.
Within this study, of elderly women, we found that different adipose tissue
depots were inversely and independently of covariates associated with BMSi.
Only one of these depots (local subcutaneous tibia fat) was inversely associated

115-117
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with cortical vBMD and positively associated with cortical porosity. These
findings indicate that adipose tissue could exert a negative effect on cortical
bone quality and microstructure and that this effect is local or paracrine rather
than systemic. We therefore speculate that local adipose tissue may exert a direct
negative effect on cortical bone microstructure (e.g., cortical porosity) and its
material properties, which could be a contributing factor to why obese people are
more prone to fractures in the extremities (e.g., ankle and upper arm) where
cortical bone accounts for a large proportion of bone strength. Cohen et al. has
earlier described associations between fat and bone microstructure and revealed
an impaired bone microstructure in transiliac crest biopsies in individuals with
higher trunk fat mass."*> They reported that women with the highest levels of
trunk fat had lower trabecular bone volume fraction, fewer and thinner
trabecuale, and higher cortical porosity. In line with these results, we also found
that women with higher subcutaneous fat at the tibia had thinner trabeculae, but
since the number was increased, no association was seen for trabecular bone
volume fraction. The reason for this interaction between fat and trabecular and
cortical bone is still unclear but one explanation might be found at the cellular
level. Since osteoblasts and adipocytes originate from the same mesenchymal
stem cell and osteoporosis patients have been shown to have an increase in
marrow adipocyte infiltration®'” one reason could be a shifted pattern in
differentiation of these stem cells, which contribute to the pathogenesis of
osteoporosis.

BMSi measured with microindentation has previously been shown to be
19 and with this
study also proven to be valid in vivo in humans even after adjustment for several
covariates. Although, we found that BMSi was associated with bone
microstructure the variation of BMSi, explained by cortical porosity (3.3%) and
cortical vBMD (5.1%), was low. This indicates that BMSi measures material
properties distinct from structural parameters. Also, the association between
local subcutaneous adipose tissue and BMSi was independent of cortical bone
microstructure such as cortical porosity and cortical vBMD.

negatively associated with cortical porosity in cadaveric bones,

42 4. RESULTS



Daniel Sundh

4.4 Paper IV

Low Serum Vitamin D Is Associated With Higher Cortical Porosity in
Elderly Men

Serum levels of 25-OH-D and bone parameters using HR-pQCT were measured
in 444 older men aged 80.2 £ 3.5 (mean + SD) years. The included men were
divided into quartiles in regards to their serum levels of 25-OH-D. Sub analyses
were made between men with sufficient 25-OH-D levels (>50 nmol L™) and men
with 25-OH-D deficiency (<25 nmol L) or insufficiency (25-49 nmol L) in
combination with high PTH values (>6.8 pmol L™).

4.4.1 Main results

*  Men in the lowest quartile of 25-OH-D had lower aBMD at the total hip
and femoral neck.

*  Men in the lowest quartile had higher cortical porosity, measured at the
tibia, than men in the highest quartile.

* Low serum levels of 25-OH-D were associated with higher cortical
porosity independently of covariates including PTH.

*  Men with 25-OH-D deficiency or insufficiency in combination with
high PTH values had lower aBMD at the total hip and femoral neck as
well as markedly higher cortical porosity (17.2%).

*  Serum levels of PTH were not associated with cortical porosity
independently of covariates.

4.4.2 Conclusion

Low serum levels of 25-OH-D were associated with increased cortical porosity
independently of confounding variables, including serum PTH levels. Moreover,
cortical porosity was substantially higher in men with 25-OH-D deficiency or
insufficiency in combination with elevated PTH levels.
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4.4.3 Discussion

In this study we found that higher levels of 25-OH-D were associated with
higher aBMD at the total hip and femoral neck, which confirms earlier
findings.””’® Whether such differences also are valid for bone microstructure is
unclear. An association has earlier been shown between low levels of 25-OH-D
(<25 nmol L) and lower aBMD.“**™ To fully elucidate the effect of vitamin D
levels on calcium balance, consideration of PTH levels is often needed. We
therefore identified a subgroup of individuals in accordance to their 25-OH-D
and PTH levels. This group, eligible for vitamin D treatment, had lower aBMD
measured at total hip and femoral neck, bone sites rich in cortical bone. Also, the
geometrical and microstructure measurement showed similar results where the
largest differences were seen for cortical measurements, with lower cortical
vBMD, thickness, and area. They also had substantially higher cortical porosity.
Levels of 25-OH-D, in a previous study, were associated with only trabecular
bone microstructure in younger men (<65 years), whereas no associations were
found for neither cortical nor trabecular bone in older men (>65 years).”” In
contrast, we found associations for 25-OH-D with both trabecular and cortical
bone microstructure at the tibia in older men. In another study investigating bone
microstructure in men and women treated with high doses of vitamin D,
individuals with higher 25-OH-D levels had fewer but thicker trabecuales.””
These findings are difficult to compare to our results, since less than 10% of
their cohort had a serum level of 25-OH-D below 75 nmol L'l, which is a level
generally considered to be at least sufficient, while our results were obtained in a
cohort with rather low percentage of men with vitamin D supplementation.

As expected, the PTH levels were lower in men with higher levels of 25-OH-D.
It is conceivable that increased PTH levels explained why individuals with low
levels of 25-OH-D had higher cortical porosity. However, since the associations
for 25-OH-D with cortical porosity were independent of PTH levels, we
speculate that the levels of 25-OH-D could have a direct effect on cortical
porosity. This would be possible since receptors for vitamin D have been found
in osteoblasts, osteocytes, and osteoclasts and previous studies have shown both
anabolic and catabolic effects of active vitamin D on bone.**” Higher cortical
porosity observed for men with lower 25-OH-D levels could be due to non-
mineralized osteoid perceived as cortical pores. These bone voids were measured
with a program that utilizes a BMD algorithm to define what is bone or pores.
Both cortical vBMD and porosity was associated with 25-OH-D levels.
However, 25-OH-D could explain a larger percentage of the variation in cortical
vBMD (1.4%) than in cortical porosity (1.1%) indicating that 25-OH-D might
primarily regulate cortical vBMD.
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5. General discussion

The inability of DXA to correctly identify the subjects who will sustain a
fracture could potentially be due to its limited ability to measure bone geometry
and microstructure. With measurement of these features, which is possible today,
a larger proportion of those at high risk for fracture could potentially be
identified. In addition to bone microstructure, bone material properties have a
large impact on bone strength. Material properties have been difficult to measure
until recently. With a newly developed method (Osteoprobe), bone material
properties could be measured, but any association between BMSi and fracture
incidence has not yet been investigated in prospective studies. Therefore, future
studies are needed to determine if measuring bone material strength can improve
fracture prediction, in addition to DXA derived BMD, bone microstructure and
geometry.

Fracture risk is not only dependent on bone strength, meaning that even if we are
able to explain 100% of the variability in bone strength we probably will not be
able to predict 100% of all fractures. To be able to predict a higher percentage of
the patients who will sustain a fracture, more of the contributing risk factors
must be taken into account. The fracture risk assessment tool (FRAX) was
developed to enable us to better predict fractures based on several risk factors.
With information regarding risk factors (i.e., smoking, parental history of hip
fracture, previous fracture, use of per oral glucocorticoids, alcohol consumption,
and rheumatoid arthritis), evaluated in worldwide prospective cohorts, the
clinically used FRAX tool can calculate, with or without femoral neck aBMD, a
ten-year probability of hip and major osteoporotic fracture."*" Additional risk
factor, such as frequent falls, is not included in FRAX but probably explains
parts of the fracture risk. In persons aged 65 years or older, approximately 30%
fall one or more times per year.””" Few of these falls result in a fracture, but
most hip fractures are the result from falling (approximately 90%),*** which
indicate that also the amount of trauma applied to the bone plays a large part in
the risk of fracture.
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5.1 Additional value of cortical porosity

In younger ages, bone loss occurs predominantly in the trabecular bone
compartment. As we age, bone loss becomes more active in the cortical bone
compartment.”” This bone loss, in the form of cortical porosity, will therefore
have a large impact on bone strength in the elderly and could potentially be a
contributing factor to fracture.”) The research behind this thesis, show that
cortical porosity in both men and women could have an important role in bone
strength. Cortical porosity was associated with fracture in both men and women
independently of clinically used BMD. Therefore, additional measurement of
bone microstructure could potentially identify a larger percentage of the
individuals who will sustain a fracture. However, a major limitation in using the
HR-pQCT in osteoporosis diagnostics is the fairly high cost of X-ray machines,
resulting in expensive examinations. Health economic analyses are needed to
estimate if the generated extra cost, measuring bone microstructure, is
reasonable to find a larger proportion of the patients who will fracture. Such
expensive medical care can be problematic, especially for developing countries.
These countries need a method to establish the risk of fracture without expensive
equipment. Partly due to this reason, the algorithm FRAX was developed.

If measurements of cortical porosity, or any other bone microstructure or
geometry trait, can independently predict fracture, it could be beneficial to
include this bone variable into FRAX. Many individuals today are not classified
to require osteoporosis medication based on DXA values (e.g., osteopenic
patients) and clinical risk factors but still sustain a large proportion of the
fractures."'®" Perhaps, by adding cortical porosity into FRAX, a truer estimation
of bone strength could be obtained and result in a more precise selection of
whom to treat. First off, the fracture predictive value of bone geometry or
microstructure must be established. Until today, only one study with fairly few
fractures has reported the ability of bone microstructure measurements to predict
incident fractures in men, while no studies are available in women. Increased
cortical porosity was associated with increased risk of fracture, although the
association was not statistically significant, which could partly be explained by a
limited numbers of fractures and rather weak associations.** In contrast,
cortical bone area was found to predict incident fractures, independently of
FRAX and aBMD in this cohort of older men. These findings do not rule out an
important role of cortical porosity, but future well powered studies are needed to
evaluate if cortical porosity can predict fractures and especially hip fracture in
older men and women.

46 5. GENERAL DISCUSSION



Daniel Sundh

5.2 Body composition and its effects on bone

The prevalence of obesity has increased in the western world, which rightfully
results in a large concern regarding an anticipated increase of cardiovascular
disease™ and diabetes.”*® These diseases cause enormous challenges in both
societal costs and patient suffering. Although a normal to high BMI is
traditionally believed to protect from fractures,"'” obesity has recently been
associated with increased risk of certain fracture types in large cohorts and
register studies."">""” With obesity being a risk factor for fracture an even larger
increase in societal cost can be expected as both mean age of the population and
prevalence of obesity increase. Until today, there is only consensus regarding
unhealthy low BMI and risk of fracture."'¥ Whether high BMI, and especially
fat mass, exerts a negative effect on bone strength and thereby increases the risk
of fracture is still to be proven. The perception of this matter has always been
that larger individuals have better bone due to more loading, which results in
higher BMD"'’" and thereby stronger bones. If adipose tissue is associated with
increased risk of fracture it might be due to several reasons. The increased risk of
fracture might be due to lowering of bone strength through either altered bone
microstructure or bone material properties or it could be due to a different fall
pattern. If bone quality is affected, such effect might be caused by the endocrine
or paracrine function (e.g., hormones and adipokines) of adipose tissue.

Within this thesis, we were able to determine associations between body
composition, especially fat depots, and bone material properties and bone
microstructure. Individuals with more subcutaneous fat had higher cortical
porosity and lower bone material strength. The reasons for these associations are
uncertain but one can speculate in several theories. One potential reason could be
the serum level of vitamin D. With vitamin D being a fat-soluble substrate,
obese people accumulate higher amounts of vitamin D in their adipose tissue,
which results in lower levels of circulating serum vitamin D.**” These lower
levels of vitamin D could be the reason for higher cortical porosity and lower
cortical vBMD resulting in higher risk of fracture. Another reason could be due
to the paracrine or endocrine functions of adipose tissue. This tissue consists
largely of adipocytes producing the hormone adiponectin.®*® High serum levels
of adiponectin have in cross-sectional studies shown to be associated with low
BMD in both men and women."'® But more interestingly, high serum of
adiponectin has been reported in the MrOS Sweden to predict incident fractures
independently of BMD in older men.""” One could speculate that these effects
are mediated partly through worsening of the bone microstructure by higher
cortical porosity and lower cortical vVBMD.
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5.3 Challenges

The main problem with measuring cortical porosity is first of all the resolution
of the imaging technology used. Since Haversian canals are small,
approximately 50 pm,****" the resolution needs to be high to be able to capture
individual pores. Such resolution is not available today and although previous
studies have shown a high correlation ( = 0.80) for cortical porosity between in
vitro measurements (19 pm) and the HR-pQCT device,"”® indicating
trustworthy measurements of porosity, it still has problems in measuring the
smallest pores. With today’s resolution, more than half of all pores are being
omitted due to the small size."”” A newer version of the HR-pQCT (i.e., HR-
pQCT 1II) has recently been released. This newer version measures bone
microstructure with a higher resolution (61 pm). The increased resolution
however, results in higher radiation doses. Also, even if the second version may
measure the bone microstructure more accurately, it still seems to be problematic
to capture the smallest pores leaving us with the same problem as for the original
version (used in this thesis). Cortical porosity, as measured today, is beneficial
for bone strength as shown in this thesis. Whether bone strength is mostly
dependent on enlargement of existing pores or the formation of new pores is not
well established. If development of new pores is as important for bone strength
as enlargement of existing pores is, then a better resolution is of great
importance to be able to capture this change. The resolution issue also generates
a known challenge called partial volume effect. This phenomenon appears when
one and the same voxel includes two different materials (e.g., part of a pore and
compact bone) with different attenuation values. In such a scenario the voxel
will not be able to distinguish what it is measuring, which results in a weighted
averaging or blurring of the attenuation, defined as partial volume averaging.
This obtained value will not conform with either material attenuation, as
generated with the calibrated hydroxyapatite density values, and therefore, it will
not be possible to construct a correct microstructure for that voxel. The
resolution is not the only problem when measuring cortical porosity. With bone
being continuously remodeled it exists in many different mineralization stages.
When measuring cortical bone, the pores are partly determined based on the
reached degree of mineralization. It takes several days for newly placed osteoid
to complete the mineralization process and eventually create compact bone.
Therefore, such newly placed osteoid will be measured as a void instead of bone
and thereby interpreted as a pore. These two issues can result in both over and
under estimation of cortical porosity.
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5.4 Future benefits

With a better understanding of the regulation of cortical bone, new potential
targets for treatment could be found. The development of osteoporosis
medication in use today was mainly achieved by randomized controlled trials in
osteoporotic patients. Included subjects in these studies were selected based on a
certain cut-off BMD-value at the spine or hip®'*? and in some studies
complemented with vertebral fracture.®***** By such patient inclusion criteria,
many of the drugs have been proven efficacious in patients with reduced aBMD,
which could be due to reduced trabecular or cortical volumetric BMD, reduced
bone size or a combination of several of these features. Despite this fact, most
used drugs have proven to have good efficacy primarily on vertebral and to some
extent on other fractures.>%#*%3> However, more than half of all fractures occur
in subjects without osteoporosis, indicating that there are other important factors
besides BMD for bone strength. With greater knowledge of cortical bone
regulation (e.g., cortical porosity) new potential treatment possibilities may arise.
Since 80% of our skeleton consists of cortical bone, and at older ages most of the
trabecular bone has vanished, most fractures (i.e., hip fracture) in the elderly
seem to depend on cortical bone.” These fractures generate large costs for the
society and great suffering for the patient. With increased understanding of how
cortical porosity is regulated, potential drugs can be developed with better effect
on cortical bone. With such compounds, a potential combination of today’s
treatment and a more cortical bone specific treatment could probably lower the
incidence of fracture even more.
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6. Conclusion

Osteoporosis is called a silent disease. However, fracture, which is the clinical
outcome, is associated with risk of invalidity, morbidity, and mortality.
Therefore, osteoporosis leads to high societal costs and patient suffering. The
clinically used densitometry methods fail to detect more than half of all patients
suffering from a fracture. New methods that are able to investigate bone in three
dimensions and look at separate sections of the bone, could improve fracture
prediction. Such method was evaluated in this thesis and revealed independent
associations between cortical porosity and prevalent fractures in men and in
women. We could also determine a clear association between cortical porosity
and bone material strength, indicating that cortical porosity could affect over all
bone strength. Furthermore, we found that cortical porosity is related to vitamin
D status, suggesting a role of vitamin D in regulating cortical porosity. With a
greater knowledge regarding the regulation and fracture predictive role of
cortical porosity, improved diagnosis and prevention of fractures could be
possible. Furthermore, increased knowledge regarding the regulation of cortical
porosity could potentially result in new treatment targets, targeting mainly the
cortical bone and the development of porosity, for osteoporosis.
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7. Future Perspective

There is still much remaining work within the field of osteoporosis and its
diagnostics. The research presented in this thesis has shed some light over the
regulation of cortical porosity and its importance in bone strength. However, it is
still not known if cortical porosity as a bone trait can be used to predict fractures.
Well-powered prospective studies with incident fractures as outcome are needed
to establish if cortical porosity is a clinically useful bone trait that could be
assessed to improve fracture prediction.

Since potential pharmacological treatment might be more effective in older ages
it would be interesting to investigate if other non-pharmacological interventions
could have an effect on cortical porosity. Therefore, a large intervention study
investigating physical activity and its effect on cortical porosity would be of
great interest. If an intervention study in men and women, over the age of 65,
could show an effect on cortical bone microstructure and thereby decrease the
number of fractures, exercise, in safe forms, could be recommended to high risk
patients.

With our cross-sectional study in older women we found that higher amount of
adipose tissue was associated with higher cortical porosity and lower cortical
volumetric bone mineral density. With this information, several studies would be
interesting to perform. It is well known that bariatric surgery results in lower
aBMD due to rapid decrease in loading of the skeleton.*® Also, smaller studies
have reported that gastric bypass surgery has a negative effect on cortical
bone.”"*¥ Frederiksen et al. reported an increased cortical porosity in the
operated patients.”®® However, the reported difference between cases and
controls was not statistically significant, possibly because of a power issue due
to rather few individuals. Therefore, it would be highly interesting to perform a
larger study, designed to investigate if cortical porosity is increased after
bariatric surgery due to decreased loading, similar to what have been shown for
unloading studies,® or if the decrease in fat mass could result in better cortical
bone (lower cortical porosity and higher cortical vBMD) in line with the findings
presented in this thesis. Another interesting study regarding weight and fat mass
would be to study the other end of the spectra. Young girls with anorexia
nervosa have a low BMI and an increased risk of fracture."'¥ This patient group
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was also reported to have higher cortical porosity,**” which could be a part of
the explanation for the increased fracture risk. It would therefore be very
interesting to investigate if weight gain by an intervention program could
decrease the elevated cortical porosity and thereby potentially lower the fracture
risk.

The most compelling study to perform, is to investigate the ability of cortical
porosity and other bone microstructure measures to predict incident fractures in
the large and well powered SUPERB-study consisting of 3030 older women
followed prospectively. In this study, an anticipated 400-500 fractures will have
occurred at the time of the first registry follow-up (at 4-years since study start).
This study will allow well powered Cox regression analyses to investigate the
predictive role of various microstructure traits with aBMD and clinical risk
factors as covariates.
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