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“Förverkliga något som Du alltid har drömt om,
och Du får uppleva något som Du aldrig drömt om!”
“Do something that you have always dreamt of,
and you will experience something that you have never dreamt of”
“Värp först och kackla sen!”
“Lay ﬁrst and cackle later!”

Birgit Nilsson

Abstract
Objective: Vertebral fractures (VFs) are the most common osteoporotic fracture and among the strongest predictors for future fracture.
VFs can be identiﬁed by vertebral fracture assessment (VFA) from
lateral spine imaging (LSI) by dual-energy X-ray absorptiometry
(DXA).
Aims: �e overall aim of this thesis was to evaluate the clinical usefulness of VFA. More speciﬁcally, the diﬀerent aims were to investigate associations between prevalent VFA-identiﬁed VFs with bone
microstructure and bone strength, and also health-related quality of
life (HRQL) and physical function. Further aims were to investigate
whether or not VFA-identiﬁed VFs, according to their number and
severity, predict incident fractures, and more speciﬁcally whether or
not mild VFs (grade 1; 20% to 25% compression) increase fracture
risk. �e ﬁnal aim was to determine whether VFA-identiﬁed VFs can
improve fracture risk prediction beyond the clinical risk factors
(CRFs) and femoral neck (FN) bone mineral density (BMD) used in
the Fracture Risk Assessment Tool (FRAX).
Methods: �e studies are based on the Sahlgrenska University Hospital Prospective Evaluation of Risk of Bone Fractures (SUPERB), a
population-based study of 3,028 older women aged 75-80 from
Gothenburg. At baseline, BMD was measured by DXA, bone microstructure by high-resolution peripheral quantitative computed tomography (HRpQCT), cortical bone strength by microindentation, HRQL
by self-administered questionnaires (SF-12), physical function by
One Leg Standing (OLS), Timed Up and Go (TUG), walking speed,
30-second chair stand test and maximum grip strength. VFs were
identiﬁed by VFA using DXA. Incident fractures were x-ray- veriﬁed
or captured by diagnosis codes from the National Patient Register
(NPR).
Results: Trabecular bone microstructure and bone geometry were
impaired in women with VFs, but not independently of total hip (TH)
BMD. Cortical porosity and cortical bone material strength were not
associated with VFs. Physical health and physical function were
worse in women with VFs compared with women without. In Paper

III, 213 women out of 2,095 women included, sustained a major osteoporotic fracture (MOF) during a median follow-up of 3.6 years.
Women with only mild VF had increased risk for MOF independently
of CRFs and FN BMD, compared with women without VF. In Paper
IV, 422 women out of 2,852 women included, sustained a MOF during a median follow-up of 5.15 years. Independently of CRFs and FN
BMD, VFA-identiﬁed VFs were associated with an increased risk of
MOF, also according to number and severity of baseline VFs. VFAidentiﬁed VFs had a substantial impact on the 10-year probability of
MOF (uplifting the 10-year probabilities by 1.19 to 1.40, depending on
BMD) independently of self-reported prior fracture and other CRFs
and FN BMD in FRAX.
Conclusions: VFA-identiﬁed VFs were associated with inferior trabecular bone volume fraction, TH BMD, worse physical health and
physical function in older women. Mild VFs were independently associated with incident MOF, and VFA-identiﬁed VFs increase the 10year probability of MOF substantially. �us VFA is a clinically useful
method for diagnosing relevant VFs and improves fracture prediction
in older women.
Keywords: Vertebral fracture, vertebral fracture assessment, osteoporosis, DXA, HRpQCT, bone microindentation, mild vertebral fracture, physical function, fracture risk, incident fracture, older women.

Sammanfattning på svenska
Bakgrund: Kotkompression är den vanligaste osteoporosfrakturen
och är en av de frakturer som starkast kan förutsäga en framtida ickevertebral eller vertebral fraktur. Kotkompressioner kan diagnostiseras
med ”vertebral fracture assessment” (VFA) från sidobild på
ryggraden som kan göras i samband med bentäthetsmätning.
Syfte: Det övergripande syftet med avhandlingen var att undersöka
den kliniska nyttan med VFA. Mer speciﬁkt så var de olika
frågeställningarna att undersöka om förekomst av kotkompression
(diagnostiserade med VFA) var associerade med benegenskaper
såsom benets mikrostruktur och styrka, men också undersöka
associationer med hälsorelaterad livskvalité och fysisk funktion.
Ytterligare frågeställningar var att undersöka om VFA
kotkompressioner, beroende på antal och svårighetsgrad, förutsäger
framtida frakturer, och mer speciﬁkt om milda kotkompressioner
(grad 1; 20% till 25% höjdreduktion) ökar risken för fraktur. Det
undersöktes också om VFA kotkompressioner kan förbättra
frakturrisk-bedömningen utöver den riskbedömning man kan få med
hjälp av kliniska riskfaktorer och bentäthet från lårbenshals som
används i det web-baserade frakturrisk verktyget FRAX (Fracture
Risk Assessment Tool).
Metoder: Studierna i avhandlingen är baserade på Sahlgrenska
Universitetssjukhus Prospektiva Estimering av Risk för Benfrakturer
– SUPERB-studien, en populations-baserad studie som utgörs av
3028 äldre kvinnor från Göteborg. I samband med inklusion mättes
bentäthet med dubbelfoton röntgenabsorbtiometri (DXA), benets
mikrostruktur med högupplöst datortomograﬁ, benets styrka med
mikroindentering, hälsorelaterad livskvalité med självadministrerade
frågeformulär (SF-12), fysisk funktion med enbensstående, TUG
(Timed Up and Go), gånghastighet, uppresande från stol under 30 s
och greppstyrka. Kotkompressioner diagnostiserades med VFA.
Incidenta frakturer veriﬁerades från röntgenbilder och
röntgenutlåtande samt via diagnoskoder från Patientregistret från
Socialstyrelsen.

Resultat: Trabekulär benmikrostruktur och bengeometri var nedsatt
hos kvinnor med kotkompression, men inte oberoende av bentäthet
från totalhöft. Kortikal porositet och kortikal benstyrka var inte
associerat med förekomst av kotkompression. Fysisk hälsa och fysisk
funktion var sämre hos kvinnor med kotkompression jämfört med
kvinnor utan kotkompression. I delarbete III under en uppföljningstid
på 3.6 år ﬁck 213 kvinnor en större osteoporosfraktur (major
osteoporotic fracture; MOF). Kvinnor med enbart milda
kotkompressioner hade ökad risk för MOF oberoende av kliniska
riskfaktorer och bentäthet i lårbenshals jämfört med kvinnor utan
kotkompression. I delarbete IV under en uppföljningtid på 5.15 år ﬁck
422 kvinnor en MOF. Kotkompressioner diagnostiserade med VFA
var associerade med ökad risk för MOF, oberoende av kliniska
riskfaktorer och bentäthet, och risken ökade med antal och
svårighetsgrad
på
de
prevalenta
kotkompressionerna.
Kotkompressioner diagnostiserade med VFA hade en väsentlig
påverkan på 10-års sannolikheten för MOF i FRAX, oberoende av
självrapporterad tidigare fraktur och andra kliniska riskfaktorer och
bentäthet.
Slutsatser: Kotkompressioner diagnostiserade med VFA var
associerade med lägre bentäthet i totalhöft, sämre fysisk hälsa och
fysisk funktion hos äldre kvinnor. Milda kotkompressioner var
oberoende associerat med incidenta MOF. Kotkompressioner
diagnostiserade med VFA ökade 10-års sannolikheten för MOF
väsentligt. VFA är en kliniskt värdefull metod för att diagnostisera
relevanta kotkompressioner och förbättrar frakturrisk-bedömningen
hos äldre kvinnor.
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1. Introduction
Osteoporosis is a bone disorder, characterized by low bone mass and microarchitectural deterioration of bone tissue, resulting in increased bone
fragility and consequent increase in fracture risk. �e burden of osteoporosis-related fractures is growing globally, resulting in increased societal
costs and suﬀering for the individuals aﬀected.(1) Data on prevalence and
incidence of osteoporotic fractures depends on which fracture deﬁnition is
used. Recently published studies on osteoporotic fractures in Europe included fractures of the spine, hip, forearm and humerus (also called major
osteoporotic fractures (MOF)), which increase progressively after the age
of 50 and increase with decreasing BMD. In these studies, fractures of the
pelvis, tibia, ribs, and other femoral fractures were also included in the
analyses, due to the fact that these fractures are associated with low BMD,
and both low-energy (fall from standing height or less) and high-energy
trauma fractures were included (Figure 1).(1-5) In Sweden, just over 20% of
women and 6% of men between 50 to 80 years of age are believed to have
osteoporosis, in women this proportion rises from 6% in 50 year olds to
47% in 80 year olds.(6) 50-year-old Swedish women have the highest remaining lifetime risk of a hip fracture (25.1%) in the EU, a proportion that
corresponds to a higher lifetime risk than that of stroke (20%).(1) Sweden
was ranked third in 2019 for highest cost for osteoporotic fractures per capita compared with other EU countries (plus Switzerland and the UK).(3) In
2019, there were 124,000 new osteoporotic fractures in Sweden, generating
a cost of about 1.4 billion euros. Fracture ﬁgures are expected rise to
161,000 in 2034. Every second woman and every fourth man in Sweden
over the age of 50 will suﬀer an osteoporotic fracture during their remaining lifetime.(7) �ere is convincing evidence that osteoporosis and osteoporotic fractures are associated with increased mortality,(8-12) and in Sweden
the number of deaths related to osteoporotic fracture exceeds the number
of deaths related to lung cancer, diabetes or chronic lower respiratory diseases.(2) Older Japanese women with low FN BMD had more than twice
the risk of mortality than women with normal BMD, independently of confounders, during a 12-year follow-up period.(8) Compared with other common health conditions such as septicaemia, cardiac dysrhythmias,
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congestive heart failure, pneumonia and urinary tract infections and after
adjustment for confounders, osteoporotic fractures, have the second longest length of stay (after septicaemia) and the highest average total hospital
charges. (13)
�e most common sites of fracture are hip, spine and wrist, of which vertebral fracture (VF) of the spine is the most common osteoporotic fracture,
although only one third come to clinical attention.(14) �e prevalence of VF
in women over the age of 50 ranges between 20% to 26% in diﬀerent studies (15-19), and prevalence may diﬀer between countries with the highest
prevalence in Scandinavia.(17) VF is one of the strongest predictors for new
fracture.(20) �ere is evidence that long-term mortality risk following VF is
increased by 82% (21), and that mortality increases due to numbers and severity of VFs.(12) Not only symptomatic but also asymptomatic VFs imply
increased risk for subsequent fractures and mortality.(22) Apart from the individual suﬀering from VFs with pain, disability, impaired physical function, social isolation and depression,(23,24) the economic burden on the
health care system is also signiﬁcant.(13) Even though there are eﬀective
and cost-eﬀective treatments for fracture prevention, the treatment gap is
increasing.(3,25) Identifying VFs is one of many important measures which
should be utilized to reduce the treatment gap. A method by which VFs
can be identiﬁed is vertebral fracture assessment (VFA), and to explore
this method’s clinical usefulness is the main aim of this thesis.
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Figure 1. Localisation of osteoporotic fractures. Blue circles denote major osteoporotic fractures
(MOF) and pink circles denote other osteoporotic fractures.

1.1 Bone
Bone tissue is composed of bone cells and extra-cellular matrix (ECM) (10
and 90% of total bone volume, respectively).(26) �e three types of bone
cells are the bone-resorbing osteoclasts (1-2% of the total bone cells), the
bone-forming osteoblasts (4-6%) and the mechanosensory osteocytes (9095%).(27) �e matrix is formed by the osteoblasts and consists of 20% organic (type 1 collagen (90%), noncollagen proteins and proteoglykan) and
65% inorganic material (hydroxyapatite (Ca10(PO4)6(OH)2), and water and
lipids <15%. �is mixture of organic and inorganic materials contributes to
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the unique properties of bone, the combination of hardness and elasticity.(26) �e dense and compact bone tissue forming the outer layer is called
cortical bone and constitutes 80% of the total skeletal mass. Cortical bone
is organized in so called osteons (Havarsian system), i.e. lamellae that are
concentrically arranged around a central canal with a blood vessel. On the
contrary, the inner bone tissue is organized in a rigid network of trabeculae,
whose size and number and how they are distributed inﬂuence bone
strength. �is trabecular (or cancellous) bone constitutes 20% of the total
skeletal mass but has a larger surface area (65-70%) compared with cortical
bone, and is therefore more vulnerable to metabolic changes. �e proportion of cortical and trabecular bone vary at diﬀerent locations.(28) Locations
with predominantly trabecular bone such as the vertebrae and metaphyses
of the long bones are common sites for osteoporotic fractures.(2)

1.1.2 Bone modelling and remodelling
Bone modelling occurs mainly during skeletal development but also to a
low extent during the remaining lifetime, and the process of bone formation and bone resorption may occur coupled or uncoupled.(29) Remodelling is the process within each basic multicellular unit (BMU) in which
a balanced and coupled bone resorption and formation ensures maintained
bone mass in the adult.(30) �ese BMUs are located along the bone surfaces,
and the three diﬀerent kinds of bone cells initiate activity on diﬀerent signals. When remodelling is stimulated and the number of BMUs per bone
surface area increases, bone turnover also increases. �e rate of turnover
in the adult skeleton is around 10% per year.(31) Where bone matrix has to
be replaced (e.g. inferior quality, microfracture), preosteoclasts activate
and fuse to mature osteoclasts (multinucleated). After 1-2 weeks of this
resorption phase, osteoclasts are replaced by osteoblasts. During 2-3
months osteoblasts build bone, ﬁrst unmineralized bone matrix (osteoid),
which then becomes mineralized. �ereafter, the osteoblasts either transform into quiescent bone-lining cells on the newly formed bone, or undergo apoptosis, or become embedded within the matrix as osteocytes. �e
osteocytes have dendritic processes (canaliculi), with a “spider-shaped”
appearance, with which they can reach the bone surface, communicate
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with other cells and detect shifts in pressure and load. �e shear stress in
the ﬂuid-ﬂow in the canaliculi promotes e.g. the expression of osteoprotegerin (OPG, a glycoprotein), through the Wnt/β-catenin pathway.(32)
OPG inhibits osteoclastogenesis. Osteocytes also secrete sclerostin, a protein that inhibits bone formation.(30) Recently it was found that receptor
activator of nuclear factor-kB ligand (RANKL) is expressed by osteocytes.(33) When RANKL binds to the RANK receptor on osteoclasts and
initiates osteoclastogenesis, bone resorption is stimulated. �us, osteocytes
regulate bone remodelling by acting on both formation and resorption.
With increasing age, an imbalance in bone remodelling develops, with
bone resorption exceeding bone formation, which results in a gradual loss
of bone mass and weakening of the bone. �e remodelling process is inﬂuenced by a number of factors, including sex hormones, growth hormones,
calcium-regulating hormones and several diseases.
Oestrogen binds to oestrogen receptors (ERs) to promote the expression of
OPG that inhibits RANKL from inducing osteoclastogenesis.(34) In postmenopausal women, oestrogen levels decrease, resulting in downregulation of OPG expression and reduced inhibition of RANKL.(34) More
RANKL can bind to RANK and increase osteoclastogenesis and bone resorption. Oestrogen also has an eﬀect on mesenchymal stem cells to promote the diﬀerentiation from pre-osteoblasts to osteoblasts. If oestrogen
levels are reduced, the impaired osteoblastogenesis can not compensate for
the increased resorption, leading to increased bone loss with oestrogen deﬁciency, an important reason for the increased prevalence of osteoporosis
in postmenopausal women (Figure 2).
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Figure 2. Osteoporotic bone, resulting in vertebral fractures and change in overall body posture.

Growth hormone (GH) from the pituitary gland stimulates the production
of insulin-like growth factor 1 (IGF-1) in the liver and they are both important regulators of bone remodelling.(35) GH and IGF-1 decline with age
which may lead to decreased osteoblastic synthesis and impaired bone formation, contributing to the risk of osteoporosis in the elderly.
Also, calcium-regulating hormones are important regulators of bone remodelling. Most of the body’s calcium (99%) and phosphorus (85%) are
stored in the skeleton.(26)
Parathyroid hormone (PTH) is produced in the parathyroid glands and regulates the serum calcium concentration via eﬀects on bone (calcium release
by osteoblasts and osteoclasts), kidneys (re-absorption) and intestines (enhanced uptake).(30) PTH can stimulate both osteoblast maturation and osteoclastogenesis.
Calcitonin is produced by the parafollicular cells of the thyroid gland and
has the opposite eﬀect on serum calcium concentration from PTH. Secretion of calcitonin is stimulated by an increase in serum calcium level. To
increase calcium deposition in bone, calcitonin inhibits osteoclast activity.(36)
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Calcitriol (1.25 dihydroxycholecalciferol or vitamin D) is produced in the
kidneys and is important for calcium homeostasis. In cases of low levels
of serum calcium concentration, vitamin D increases calcium by increased
uptake or re-absorption of calcium from the intestines and kidneys, or by
stimulating the release of calcium from the bone. Vitamin D stimulates
osteoblasts to release RANKL, which in turn stimulates osteoclasts, resulting in a secured serum calcium level at the expense of bone mass.(37,38) If
the serum calcium level is adequate, mineral deposition in the bone is facilitated by the eﬀect of vitamin D on osteoblasts. �us vitamin D has a
dual role in bone metabolism. Vitamin D deﬁciency and subsequent low
serum calcium concentration result in elevated PTH. �is state of secondary hyperparathyroidism leads to increased bone turnover and bone loss.(39)

1.3 Osteoporosis
1.3.1 Deﬁnition
�e word “osteoporosis” was coined by the French pathologist Jean Lobstein (1777-1835) in 1820. He observed in autopsies an abundance of cavities in deteriorated bone and named this phenomenon osteoporosis from
the Greek words osteon (bone) and poros (little hole).(40) During the last
200 years, the deﬁnition of osteoporosis has varied as research has progressed. �e criterium “porous bone” has been followed by “loss of trabeculae” and “loss of calcium salts”. In 1885, Gustav Pommer, a German
pathologist, explained the diﬀerence between osteomalacia and osteoporosis. Osteomalacia is a disease with inadequate bone mineralization that
leads to softening of the bones, despite a normal amount of bone. In osteoporosis, the bone is normally mineralized, but the overall amount of bone
tissue is reduced.(41) During the twentieth century, when osteoporotic patients began to be oﬀered treatment, the term “disease” was included in the
deﬁnition. �e modern deﬁnition of osteoporosis was introduced by the
endocrinologist Fuller Albright in 1940.(42) He found a relationship between
absent ovarian function and risk for fracture. When he administered oestrogen to postmenopausal women, it had positive eﬀects on phosphorous
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and calcium balance.(43) At that time it was known that atrophy of bone
could be a result of either lack of stress and strain on bone, or ageing (senile
osteoporosis). A third category was called “idiopathic osteoporosis”. Albright found that in this group (< 65 years), the majority were women, they
were postmenopausal or had undergone surgical menopause. Hence he deﬁned the condition as postmenopausal osteoporosis.(44) In the 1980s, different techniques were used to measure bone mass or density,(45,46) and the
role of trabecular microstructure in the pathogenesis of osteoporosis was
clariﬁed.(47) �ese discoveries were the basis for a Consensus Development
Conference to deﬁning osteoporosis as a “disease characterized by low
bone mass, microarchitectural deterioration of bone tissue leading to enhanced bone fragility, and a consequent increase in fracture risk”.(48) �e
WHO accepted this deﬁnition in 1994.(49) In 2000, the NIH Consensus Development revised the deﬁnition and deﬁned osteoporosis as:
“a skeletal disorder characterized by compromised bone strength predisposing a person to an increased risk of fracture.” (50)

1.3.2 Bone mass measurements
1.3.2.1 Dual-energy X-ray absorptiometry
Bone strength depends on bone mass and bone architecture, parameters not
easy to assess in vivo, but correlated with bone mineral density (BMD).(51)
Dual-energy X-ray absorptiometry (DXA) is the successor of single photon (and x-ray) absorptiometry (SPA,SXA) and dual photon absorptiometry (DPA) and was ﬁrst introduced in 1987. It provides a two-dimensional
image of the lumbar spine (LS), hip, forearm and total body (Figure 3).(52)
At the hip, the most common regions of interest (ROIs) are the femoral
neck (FN) and total hip (TH). DXA measures bone mineral (calcium hydroxyapatite) density (BMD) deﬁned as the mass of the bone mineral content (BMC) (g) in the ROI divided by the area (cm2) of the same ROI,
resulting in the areal BMD with the unit g/cm2. To interpret the results
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from a DXA exam, the results are compared with a normal reference population matched for age, sex, and ethnic origin. BMD results are expressed
as the diﬀerence from the mean BMD for young adult or age-matched normal populations, and this diﬀerence is expressed as numbers of standard
deviations (SDs) from the mean, also expressed as T-score when compared
with young adults and Z-score when compared with age-matched normal
populations.
X-rays are beams of photons that transmission through the body and attenuate when passing through diﬀerent tissues. �e amount of attenuated radiation depends on: 1. the energy of the photon, 2. the composition and
density of the material that the beam passes through, 3. the thickness of the
material. �e denser the tissue, the more electrons it contains, and the more
photons are attenuated. �e density of the tissue can be measured by knowing the degree of attenuation of the photons in the x-ray beam. By using
two diﬀerent photon energies, where the low-energy (30-50 keV) has
higher attenuation for bone tissue than for soft tissue, and the high energy
(>70 keV) has similar attenuation for bone and soft tissue, the density of
bone can be determined. �e radiation dose for a spine and hip image is
low, around 1-10 µSv (about the same as one day of natural background
radiation), and the scan time is less than a minute. Even though DXA is
the gold standard for determining BMD in clinical practice, there are some
limitations with the technique. DXA results may be confounded by a number of factors, including bone size (falsely high in larger bones due to the
two-dimensional imaging), aortic calciﬁcation and degenerative remodelling.(53)
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Figure 3. DXA device Discovery A S/N 86491; Hologic, Waltham, MA, USA.

1.3.2.2 Trabecular bone score
DXA does not measure microarchitecture, and to overcome this limitation,
trabecular bone score (TBS) was developed and presented in 2008 as a
complement to BMD measurements.(54) TBS is a parameter reﬂecting the
trabecular bone microstructure in the LS assessed in conjunction with
DXA. TBS is obtained by generated variograms from grey-level variations
of the two-dimensional image by DXA, and reﬂects the heterogeneity of
the bone.(54) A high TBS value means that the bone microarchitecture is
dense and well-connected, with little space between the trabeculae, while
a low TBS value means that the bone microarchitecture is incomplete, with
large spaces between trabeculae (Figure 4).(55) TBS is a predictor of fracture risk independently of BMD (56) and also independently of clinical risk
factors (CRFs) used in the Fracture Risk Assessment Tool (FRAX).(57)
FRAX is further described in chapter 1.5.2. TBS has been used in FRAX
since 2016 to adjust the probability of fracture, and according to the 2019
International Society for Clinical Densitometry (ISCD) Oﬃcial Position,
TBS may also be used in monitoring anabolic treatment.(58)
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Figure 4. Representation of the TBS principles and an example in which the TBS appears to be independent from BMD. Upper panel shows BMD and TBS images of a 73‐year‐old woman, with a BMI
of 24.2 kg/m2, lumbar spine BMD of 0.972 g/cm2, and TBS of 1.459. Lower panel shows BMD and
TBS images of a 74‐year‐old woman, with a BMI of 24.3 kg/m2, lumbar spine BMD of 0.969 g/cm2,
and TBS of 1.243. Although the images of the bone architecture and the experimental variogram are
illustrations and do not represent actual images from these patients’ skeleton, they were placed here
to demonstrate the TBS principles: more numerous and connected and less sparse trabeculae translate into a high TBS value, whereas a low trabecular number and connectivity and high trabecular
(55)
separation translate into a low TBS. With kind permission of John Wiley and Sons.

Compared with DXA, conventional x-ray is inferior in detecting osteoporosis. It is estimated that BMD has to decrease approximately 30% before
the bone loss is recognised in conventional radiographs.(59) In the 1990s,
there were some important developments of the DXA methodology: fan
beam instead of pencil beam enabling decreased scanning times; implementation of a rotating C-arm making it possible for the patient stay in
supine position; and improvements in image resolution. �ese advances
contributed to the development of vertebral fracture assessment (VFA), a
method by which VFs are identiﬁed from the lateral spine image.(60) VFA
is described further in chapter 1.5.3.
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1.3.2.3 QCT and pQCT
Although DXA is the “gold standard” for diagnosing osteoporosis, it has
some limitations. DXA provides a two-dimensional analysis and measures
the bone mineral content (BMC) in a speciﬁc area. BMD (aBMD) is calculated by dividing BMC by the area (g/cm2). DXA does not measure volume or depth of the bone resulting in a falsely high BMD for larger bones.
DXA does not provide measurements of bone geometry and can not distinguish trabecular bone from cortical bone. During the 1980s, several studies examining trabecular bone microstructure, mainly based on
histomorphometry, showed how the trabecular bone microstructure deteriorates in ageing and in osteoporosis, and the importance that bone microstructure has on bone strength and future fractures.(47,61-64) Bone strength is
dependent on bone density, bone geometry and bone quality (microstructure), and this knowledge led to the introduction of the concept of bone
quality in the deﬁnition of osteoporosis.(48,65)
Quantitative computed tomography (QCT), an x-ray-based technique
providing cross-sectional images, was originally developed in the 1970s.
At the beginning, the trabecular bone density was measured two-dimensionally and the method was applied to the lumbar spine.(66) Technical improvements over the last decades have made it possible to acquire threedimensional images not only at the LS but also at the hip, and the acquisition time for this central QCT has become shorter.(67,68) In contrast to DXA,
QCT measures true volumetric BMD (mg/cm3), has the ability to analyse
the trabecular and cortical bone separately, and is not confounded by degenerative changes in the spine or bone size. �e radiation dose for spine
and hip is around 500-800 µSv, a rather high dose compared with central
DXA yielding around 1-10 µSv. Whole-body CT scanners are large and
expensive, and osseous fat is potentially a source of error when using central QCT. To overcome the disadvantages of central QCT, peripheral quantitative computed tomography (pQCT) was introduced in the late 1980s,
designed to measure peripheral bones, e.g. the distal forearm (radius) and
the distal leg (tibia), with a lower radiation dose, < 3 µSv in a single-slice
protocol, which increases in multiple-slice protocols.(68)
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1.3.2.4 High-resolution peripheral quantitative computed tomography
When pQCT ﬁrst was introduced, trabecular and cortical density could be
assessed but not the three-dimensional microstructure.(69) A new method
to analyze the three-dimensional structure of trabecular bone, using a noninvasive bone biopsy, was introduced in 1994.(70) �e nominal isotropic
resolution was 170 µm in these initial imaging systems. With additional
advances, a new non-invasive high-resolution peripheral quantitative computed tomography (HR-pQCT) system made it possible to assess volumetric BMD and the microstructure of trabecular and cortical bone at the distal
radius and tibia with a nominal isotropic voxel size of 82 µm.(71,72) �e radiation dose is almost equivalent to central DXA of around 5 µSv. �e
method has been validated against micro CT and DXA and has good reproducibility.(73)

1.3.3 Bone strength by bone microindentation
Indentation is a method whereby a hard tip is pressed into the bone tissue
with a known force.(74,75) In 2010, a new technique for bone microindentation testing (BMT) made it possible to quantify the mechanical properties
of bone at a tissue-level (in vivo).(76,77) �e ability of bone to resist microfracture can be assessed by measuring the indentation distance performed
by a reference point indentation (RPI) instrument, and the deeper the cavity
the more susceptible the bone is to fracture. Bone material strength index
(BMSi) is a parameter related to this resistance to indentation in bone tissue. However, studies investigating the relationship between resistance to
indentation and the occurrence of fracture have found diﬀering results,
with one showing no relationship (78), while another showed that patients
with an osteoporotic fracture, compared with women without, had signiﬁcantly lower BMSi.(79) �e clinical utility of bone microindentation is still
controversial (80) and whether or not it can accurately measure cortical stiﬀness and predict fracture is unclear. (81)
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1.3.4 Quantitative ultrasound
Quantitative ultrasound (QUS) is a non-radiation technique that measures:
1. the attenuation of ultrasonic waves passing through the tissue, Broadband Ultrasound Attenuation (BUA, dB/Mhz), reﬂecting the bone density
and architecture, and 2. the velocity of the ultrasonic waves through the
tissue, the Speed of Sound (SOS, m/s), reﬂecting the bone density and elasticity.(82) �ese parameters do not measure BMD. QUS is used at peripheral
sites (heel, ﬁnger, tibia). �e advantages of QUS are that the devices are
portable and non-ionizing. However, disadvantages including lack of reference databases, diﬀerences in precision between devices, and diﬃculties
in comparing devices have limited the clinical utility of QUS.(83) Even
though heel QUS may predict osteoporotic fractures in postmenopausal
women (84) others have shown modest correlation of QUS at peripheral
sites and BMD at central sites (r =0.3; P<0.0001).(85)

1.3.5 Diagnosis
�e WHO-Classiﬁcation from 1994 is still the “gold standard” for diagnosing osteoporosis, and a DXA of the spine, hip or mid-radius is required.(49)
Osteoporosis is present when T-score ≤ 2.5 SD, that means when the BMD
is equal to or less than 2.5 SD from the mean in a population of young
white adult women. �e cutoﬀ value of -2.5 SD was arbitrarily set because
at that level, 30% of postmenopausal women would be diagnosed with osteoporosis, which coincides with the lifetime risk of fracture at the spine,
hip or forearm.(86) �e WHO Classiﬁcation is presented in Figure 5.

Normal
Osteopenia
Osteoporosis
Severe osteoporosis

T-score (SD)
-1.0 or higher
Between -1.0 and -2.5
-2.5 or lower
-2.5 or lower with fracture

Figure 5. WHO Classification of Postmenopausal Osteoporosis.(49)
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1.3.6 Determinants of bone loss
�e amount of bone mass at any time during adult life depends on both the
rate of bone loss and the peak bone mass (PBM). PBM is the maximum
bone mass acquired during lifetime and this occurs at diﬀerent times depending on gender and skeletal site.(87,88) At birth there is no diﬀerence in
bone mass between boys and girls, but during puberty males gain more
bone mass, and the bone size and cortical thickness become greater than in
females, to some extent due to the more prolonged period of pubertal maturation. However, although the areal BMD is greater among males, there
is no signiﬁcant diﬀerence between males and females in the volumetric
trabecular density at the end of skeletal maturation.(87) Hip BMD peaks before spine BMD(89) and longitudinal data shows that PBM is achieved between 20-25 years of age (90), occurring earlier in females than in males.(91)
�e most important factor to inﬂuence PBM is heredity. 60-80% of variance in PBM can be explained by genetic factors. Other factors aﬀecting
PBM are hormones, nutrition and physical activity.(92,93) �e risk of osteoporotic fracture is related to the maximum bone acquired minus the bone
loss due to ageing.
Bone loss accelerates around the menopause and averages 2% per year
over the next 5-10 years. During this period, bone loss follows an exponential decline. Loss is greatest in the early postmenopausal years, levels oﬀ
thereafter, and ﬁnally returns to the premenopausal level.(94) �e rate of
bone loss in men is low, probably 3-5% per decade. �e rate of bone loss
is more rapid in the spine (cortical and cancellous bone) than in the forearm
(largely cortical). By the age of 75, women have lost about the same
amount of bone in the peripheral and the axial skeleton. �e more rapid
losses from the axial skeleton may account in part for the earlier presentation of VFs compared with hip fracture, which characteristically occurs
later in life. �e rate of postmenopausal bone loss varies widely and ranges
from less than 1% to more than 5 % per year (from site to site and from
woman to woman). Little or no relationship has been found between bone
mass at maturity and the rate of bone loss. In an osteoporotic patient about
10% of the skeletal mass consists of cancellous bone. However, the surface
area of cancellous bone is greater than that of cortical bone (95), and because
of the high surface-to-volume ratio of cancellous bone tissue, disorders
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such as osteoporosis more commonly aﬀect trabecular sites earlier in the
disease process.(95)

1.4 Vertebral compression fracture
1.4.1 Epidemiology
�e epidemiology of VF is well studied even though it is challenging due
to the diﬀerent deﬁnitions of VFs and that a majority of individuals with
VF, two-thirds, are asymptomatic. About 25% of women over 50 years of
age will sustain a VF and the prevalence increases with age from 6% at 5054 years of age to about 40% at 85-89 years of age, although prevalence is
countryspeciﬁc.(15) VFs result from minor trauma during day-to-day activities such as lifting, bending forwards, and climbing stairs, and only about
30% are related to falls.(96) VFs are related to increased mortality (97), impaired health-related quality of life (HRQL)(24), and increased risk of subsequent fractures.(20) In a large study of postmenopausal women, the risk
of death was increased 8 times among women with VF compared with
women without, also after adjustment with factors known to inﬂuence mortality.(98) In a population-based cross-sectional study from Tromsø, women
with prevalent VFs had increased risk of back pain and lower HRQL compared with women without fracture, also after adjustment, (99) and lower
physical HRQL in women with clinical VF may persist for as long as 18.9
years after time of fracture.(100)

1.4.2 Classiﬁcation
�ere are diﬀerent methods in classifying VFs.(101) Hurxthal was the ﬁrst to
describe how to measure vertebral heights in wedge fractures, in 1968.
Since then, diﬀerent methods of quantitative morphometry (QM) have
been described for identifying VFs. With QM (15,102-104), the vertebrae dimensions are measured by 6-point morphometry, and QM has been utilized
in many epidemiological and interventional trials, even though the disadvantage of QM is its inability to discriminate between fractures and other

1. INTRODUCTION

16

causes of vertebral deformities.(105) To avoid misclassiﬁcation, Genant et
al.(106) introduced the Genant semi-quantitative method (GSQ), in which
the vertebrae T4 to L4 are ﬁrst assessed visually for height loss and then
evaluated for fracture status, deﬁned by signs of end plate depression,
buckling of cortical margin and lack of end plate parallelism. Once classiﬁed as fractured, the fracture is graded and divided into wedge, biconcave
or crush by visually comparing it to a template chart (Figure 6). Height
loss is compared with other heights of the same and/or adjacent vertebrae
and divided into grade 1 (mild), grade 2 (moderate) or grade 3 (severe) (2025%, 25-40%, and >40%, respectively).(106) In 2004, Jiang et al. introduced
the algorithm-based qualitative approach (ABQ) in which VFs are identiﬁed when the vertebral endplates are fractured, regardless of whether there
is height reduction or not (Figure 7).(107) To examine whether diﬀerent
methods for identifying VF at baseline have an impact on subsequent VF
risk in postmenopausal women, Melton et al.(108) evaluated baseline deformities by several diﬀerent methods in 512 women, using conventional
radiographs. In that study, incident VFs were deﬁned as height reduction
of 20%. Mild fractures identiﬁed at baseline, using two diﬀerent QM methods (15-20% height loss (Melton(15)) or reduction of 3 SD from the expected
mean from normal women (Eastell(102))), did not predict subsequent VFs,
whilst the “prevalence” QM method (reduction of 3 SD not only compared
with each vertebra but also compared with predicted values from four adjacent vertebrae (McCloskey(103) and Black(109))) and ABQ predicted subsequent fractures, possible due to less false positives. GSQ was not included
in this study. Depending on which method was used the prevalence of VFs
ranged from 3 to 90%.(108)
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Figure 6. Genants semiquantitative classification with kind permission of John Wiley and Sons.(106)

Figure 7. Appearance of vertebral endplates in a normal vertebra. R represents the vertebral ring
line, C+R represent the central endplate within the vertebral ring overlapping the vertebral ring line.
With kind permission of Springer Nature. (107)

1.4.3 Vertebral fracture cascade
Most individuals who fracture do not have osteoporosis deﬁned by DXA.
Only 39% of the individuals with VF had osteoporosis by DXA at the lumbar spine, and only 25% by DXA of the total hip.(110) However, individuals
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with VF are mostly older women who to a larger extent have spinal degenerative remodelling, resulting in unreliable LS BMD measurements. �erefore, TBS by DXA is most likely a more reliable parameter assessing bone
strength in the LS in older women.(111) TBS is further explained in chapter
3.4.1.1. Among the women with an incident VF, 19% sustained a new incident VF in the following year (112), and considering that 60-80% of the vertebral bone strength can be explained by BMD there must be other factors
contributing to bone fragility and fracture risk.(113) Beyond microarchitecture (e.g. the trabecular lattice) and macroarchitecture (the size of the vertebra), well-known factors aﬀecting bone strength, there are other
parameters contributing to the frailty of the spine, which all together can
result in the vertebral fracture cascade (Figure 8).(114) For instance, an increased thoracic kyphosis (hyperkyphosis (HK)), due to anterior wedge
VF, may increase the pressure on the vertebrae anteriorly, altering the biomechanics (smaller lever arm, i.e. distance between the erector spinae muscle and midmost of the vertebra), and increasing the probability for another
fracture. �e prevalence of HK in older women is around 40% but only
one third of them have VF, and the most common reason for HK is degenerative disc disease (DDD). In a clinical trial in postmenopausal women
with osteoporosis, the relative risk (RR) for subsequent VF was 1.70 (95%
CI: 1.32-2.21) for those with high kyphosis compared with those with low
kyphosis. �is association remained after adjustment with prevalent VFs,
age, BMI and spine BMD (RR 1.42 (1.08-1.86)), indicating that HK is an
independent risk factor for future VF.(115) �e consequences of HK that may
contribute to the vertebral fracture cascade are increased spinal loads, decreased thoracic extensor muscle strength, unstable gait and decreased
physical function.(116) Chronic pain may lead to decreased activity and immobility, resulting in bone and muscle loss. In a normal intervertebral disc,
the load is evenly distributed over the end plate with only minor load on
the posterior elements of the vertebra. In DDD, load-bearing is shifted
more to the posterior elements in upright position, resulting in loss of bone
anteriorly due to stress shielding, and making the vertebra vulnerable to
fracture during forward bending.(117) VFs are independently associated with
adjacent disc degeneration due to e.g. mechanical stress and reduced blood
ﬂow and nutrients from the collapsed vertebra.(118) Disc degeneration in
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turn causes bone loss (due to stress shielding, see above) – predisposing
VFs – and this cycle contributes to the vertebral cascade.

Figure 8. Lateral radiograph showing vertebral fracture cascade with fractures of many contiguous
or near-contiguous vertebrae. With kind permission of Quantitative Imaging in Medicine and Sur(119)
gery.

1.4.4 Diﬀerential diagnoses
A vertebral deformity is not always a VF. It is important to have
knowledge about other possible causes behind a deformed vertebra.
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Physiological wedging
Mild anterior wedging of thoracic and upper lumbar vertebrae and mild
posterior wedging of lower lumbar vertebrae (L4-L5) are normal physiological features resulting in a spinal curvature with thoracic kyphosis and
lumbar lordosis (Figure 9).

Figure 9. Distinguishing between physiological wedging of the T12, L1 and L2 vertebral bodies
(arrows) and a mild fracture is difficult in this case. Anterior vertebral body height is not quite
reduced to >20% of what you would normally expect it to be (given expected physiological
wedging at this level). There is also short vertebral height of the L4 vertebral body (open arrow)in that the height is not reduced to more than 20% of what you would normally expect it to
be at this level. With kind permission of Quantitative Imaging in Medicine and Surgery(119).

Short vertebral height (SVH)
SVH is probably the most diﬃcult diﬀerential diagnosis to distinguish
from a mild VF. SVH is a reduction in expected height of up to 20% and
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occurs with increasing age (Figure 9). In women between about 30 and 70
years of age, the combined anterior heights from T4-L5 decrease about 1.5
mm/year, while middle and posterior heights decrease about 1.2
mm/year.(120) However, SVH is not associated with low BMD.(121)
Scheuermann’s disease
In Scheuermann’s disease an uneven growth of the thoracic vertebrae, in
which the posterior border grows more than the anterior border, results in
wedged vertebrae and kyphosis. Most commonly, T7-T10 are aﬀected and
may be misinterpreted as multiple VFs. Other signs in Scheuermann’s disease are elongated vertebrae, reduced disc height and endplate indentations
(Figure 10).

Figure 10. Schematic diagram showing endplate impressions caused by (A) Scheuermann’s disease;
(B) Schmorl’s node and (C) Cupid’s bow deformity. With kind permission of Quantitative Imaging
in Medicine and Surgery.(119)
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Degenerative changes and scoliosis
With increasing age, the presence of osteophytes, narrow disc spaces and
lower anterior height can complicate the assessment of vertebral deformities. A wedge VF can be distinguished from degenerative lower anterior
height if not only the anterior/posterior height ratio is lower but also the
mid/posterior height ratio.(122) Scoliosis is common in the elderly spine and
on the lateral spine image the obliquity of the vertebrae, resulting in elliptical shapes of the endplates, may be misinterpreted as biconcave VFs
(Figure 11). It is therefore often useful to perform an anteroposterior (AP)
projection of the spine, to become aware of any scoliosis.

Figure 11. There is a severe osteoporotic fracture of the T12 vertebral body (open arrow) with

a mild osteoporotic fracture of the L1 vertebral body (arrow). There is a lumbar scoliosis with
obliquity of the lower three lumbar vertebrae (*).With kind permission of Quantitative Imaging

in Medicine and Surgery.(119)
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Schmorl’s nodes
Schmorl’s nodes are indentations of the disc into the endplates, and are
common in degenerative spines. A larger Schmorl’s node may look like a
VF, however, unlike VF, Schmorl’s node has a well-deﬁned sclerotic contour and does not involve the whole endplate (Figure 10).
Cupid’s bow deformity
Cupid’s bow deformity is a developmental variant of the inferior endplate
(less frequently the superior endplate), most common in the lower lumbar
spine and not related to osteoporosis.(123) �e absence of cartilage focally
on the 2/3 of the posterior inferior endplate impairs growth of the vertebra,
resulting in a deformity that on the AP projection resembles the curve in
the middle of the upper lip, the Cupid’s bow. And there may also be developmental variant of the endplates anteriorly (Figures 10 and 12).

Figure 12. Developmental deformity. a The inferior endplate of vertebra T7 and the superior endplate of T8 are deeper anteriorly (arrows). These endplates appear symmetrical about the intervertebral disk. b The endplate is much deeper at the posterior end of the inferior endplate of L3. c
The AP view shows that the change is caused by a ‘Cupid’s bow’ developmental deformity. With
kind permission of Springer Nature.(107)
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1.5 Assessment of fracture risk
BMD by DXA has been the gold standard historically for diagnosing osteoporosis and predicting fractures. However, studies have shown that fewer
than half of all fractures occur in osteoporotic women.(110,124) Instead, the
majority of fractures occur in osteopoenic individuals, and the primary
cause for this may be the larger number of individuals at risk in the osteopoenic population.(125) Age and BMD are the strongest independent predictors of fracture.(126) A common way of computing relative risk is to
compare the individuals with the risk factor with individuals without the
risk factor. However, in the clinical setting it is more useful and appropriate to estimate the absolute risk of fracture for an individual.(126) �e absolute risk of fracture is higher in the older woman than in the younger
woman, at any given BMD, since age contributes independently of BMD
and other risk factors to fracture risk. A challenge with DXA-derived BMD
is that depending on which technique (fan or pencil beam) and manufacturer are used, as well as which site is measured, the resulting BMD will
be diﬀerently associated with fracture risk.
In the early 2000s, it became more accepted to distinguish the diagnostic
thresholds for osteoporosis (a T-score of -2.5 or less) from intervention
thresholds, because the risk of fracture varies at any given BMD, according
to presence of other risk factors for fracture.(127) To enhance the probability
of ﬁnding individuals at high risk of fracture, the intervention thresholds
should be based on fracture probabilities (the absolute risk) over a given
period of time, instead of T-score alone. �e rationale behind the development of the Fracture Risk Assessment Tool (FRAX) was to provide a tool
for the calculation of 10-year probability of MOF and hip fracture, based
on age, sex, BMI, and a number of clinical risk factors (CRFs).(128,129)
FRAX is further described in chapter 1.5.2. �e 10-year time horizon was
considered appropriate because a normal treatment duration with osteoporosis medications usually lasts for 5 years with a remaining eﬀect for another 5 years.(6,127,130) �e 10-year fracture probability takes into account
age, life expectancy and the presence of CRFs. One advantage of using
fracture probability in risk assessment is that other risk factors, the ones
that contribute beyond what is provided by BMD, can be incorporated
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(with or without BMD) in the risk assessment. By combining risk factors
and BMD, the prediction of osteoporotic fractures can be improved.(6,131,132)

1.5.1 Clinical risk factors
Age and BMD
Both advanced age and low BMD are well-known risk factors for fracture.(46,110) For each SD decrease in BMD, the risk for fracture increases by
a factor of 1.4-2.6 and is comparable to the use of blood pressure to predict
stroke.(133) However, this association is not independent of age. In a metaanalysis of 12 cohorts, the results showed that for 65-year-old-women, each
SD decrease in BMD increases the risk of any osteoporotic fracture 1.38
fold and for 85 year-old-women 1.65 fold.(134) On the contrary, for hip fracture, the gradient of risk (relative risk (RR)/SD) decreased with age, and
the reason for this is not known. However, the 10-year probability for hip
fracture (the absolute risk) increased with age.
Body mass index (BMI)
In a meta-analysis on data from almost 60,000 men and women from 12
prospective population-based cohorts, BMI (weight/height2) was associated with fracture risk, but not linearly, and partly dependent on BMD.(135)
A BMI of 20 kg/m2 compared with a BMI of 25 kg/m2 was associated with
almost double risk of hip fracture, without adjustment with BMD. When a
BMI of 30 kg/m2 was compared with a BMI of 25 kg/m2 there was a reduction in hip fracture risk of 17%. �e increased risk of hip fracture with a
low BMI remained after adjustment with BMD.
Previous fracture
A previous fracture increases the risk of a new fracture almost twofold,
independently of BMD.(136) �e risk diﬀers between diﬀerent locations of
prior fracture. A prior VF infers a speciﬁcally strong risk with a fourfold
increased risk of a new VF.(20) �e fracture risk is greatest within the ﬁrst
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two years after the ﬁrst fracture and then wanes with time, but is still higher
compared with those without prior fracture after more than ten years.(137)
Heredity, smoking, alcohol, glucocorticoids, secondary causes of osteoporosis
Several meta-analyses have investigated the risk of fracture for diﬀerent
CRFs. Parental history of any fracture increased the risk of hip fracture by
around 50% and a parental hip fracture more than doubled the risk of hip
fracture, independently of BMD.(138)
Compared with non-smokers, current smoking increased the risk of hip
fracture by 60% after adjustment for BMD. Dose dependent associations
with fracture risk could not be evaluated due to diﬀerences in how data on
smoking habits were collected.(139)
If alcoholic beverages were consumed to a lesser extent than 2 standard
units (1 unit=8 g alcohol) per day, fracture risk was not signiﬁcantly increased. Intake of more than 3 standard units per day almost doubled the
risk of hip fracture, independently of BMD.(140)
For previous oral glucocorticoid users, the relative risks at the age of 50,
compared with non-users, were 1.98, 2.63 and 4.42 of any fracture, osteoporotic fracture and hip fracture respectively, independently of BMD and
prior fracture, although the risk decreased with increasing age.(141) In another meta-analysis of 66 studies, there was a dose-dependent association
between use of oral glucocorticoids and risk of fracture. Rapid loss of
BMD and increased risk of fracture were observed within 3 to 6 months
after start of treatment, and daily doses of ≥5 mg of prednisolone or equivalent was regarded as a risk factor for fracture during the treatment period.(142)
Rheumatoid arthritis is associated with increased fracture risk independently of BMD. Other secondary causes of osteoporosis with signiﬁcant associations with fracture risk are inﬂammatory bowel disease, type 1
diabetes, thyroid diseases, prolonged immobilisation, and untreated hypogonadism, but the risk increase observed with these conditions was not
independent of BMD.(128)
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1.5.2 �e Fracture Risk Assessment Tool (FRAX)
In 2008, the Fracture Risk Assessment Tool (FRAX) was introduced.(128,129)
It is a web-based calculator, free of charge and easy to use (Figure 13).(143)
Based on age, sex, body mass index (BMI), and CRFs such as parental hip
fracture, prior fragility fracture, smoking, systemic glucocorticoid use,
rheumatoid arthritis, excess alcohol intake, and other causes of secondary
osteoporosis, the 10-year fracture probability of MOF (clinical spine, hip,
proximal humerus or distal forearm) and hip fracture can be calculated
with or without BMD. FRAX is currently available in 77 countries covering more than 80% of the world population, and has been validated in 11
independent cohorts.(144) FRAX does not take into account the glucocorticoid dose, type or recency of fracture, or spine BMD, but it is possible for
the clinician to adjust the FRAX risk by using calculated ratios or percentage adjustments.(145-147) Adjustments for dosage of alcohol and smoking,
multiple fractures or fall tendency are lacking, and therefore, beyond the
FRAX guidance, the clinician’s individual assessment is important.

Figure 13. Screen shot from
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1.5.3 Vertebral fracture assessment
Spinal imaging is required to identify VFs and in the clinical setting conventional x-ray of the thoracic and/or lumbar spine is the most commonly
used method to detect VFs in patients seeking medical attention.
VFA is however a suitable method to identify both symptomatic and
asymptomatic VFs, and the beneﬁts of VFA compared with conventional
x-ray are several, including lower radiation exposure (about three µSv vs.
about 600 µSv for a lateral lumbar spine x-ray), greater convenience for
the patient as VFA is performed at the same time as DXA measurements
(148-150)
and lateral spine image is performed for both thoracic and lumbar
spine. Using conventional x-ray for either the thoracic or lumbar spine may
result in a neglected VF at the level not being examined. Several studies
during the last 20 years have demonstrated the reliability of VFA to identify VFs, and VFA is now an established method with high accuracy, although inferior image resolution and poor visualization of thoracic spine
levels above T7 are limitations of VFA compared with conventional x-ray.
(60,151-153)
In conjunction with the DXA exam, a lateral spine image is performed with the participant in either supine or decubitus position depending on which device is used. �e fourth lumbar vertebra is usually marked
by the DXA operator after looking at the AP image of the lumbar spine.
By using the software programme Physician’s viewer (Hologic), the grey
scale, magniﬁcation, contrast and brightness can be adjusted, and the ability to assess each vertebra is improved. Six markers are placed on each
vertebra T4 to L4 at the upper and inferior endplates at three places, anterior, middle and posterior.(154) To assess the possible presence of scoliosis,
the lumbar AP spine image and whole-body image can be used. Scoliosis
may cause rotated vertebrae, which may be misinterpreted as biconcave
fractures. Diﬀerential diagnoses of other morphologic deformities are:
short vertebral height, Scheuermann’s disease, degenerative scoliosis,
Schmorl’s nodes, and Cupid’s bow deformity, described in chapter
1.4.4.(119) �e VFs can be classiﬁed according to the GSQ method (106), as
mild, moderate or severe (height reduction 20–25%, > 25–40% and > 40%,
respectively), and the type of fracture – wedge, biconcave, or crush – is
recorded. Figure 14 and Figure 15 a-c show a woman with a severe VF
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but without scoliosis and a woman with scoliosis but without fractures,
respectively.

Figure 14. Lateral spine image by DXA (Hologic) of a 75-80 year-old-woman without scoliosis but
with a severe VF at L1 and degenerative changes at T10-T12. VFA was performed using the software
programme Physician’s Viewer (Hologic).
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Figure 15 a. Lateral spine image by DXA of a 75-80 year-old-woman with thoracic and lumbar
scoliosis. VFA was performed using the software programme Physician’s Viewer (Hologic).

Figure 15 b. Whole body image
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1.6 Fracture Liaison Service
A Fracture Liaison Service (FLS) is a fracture prevention programme for
secondary prevention.(155) It was introduced to identify patients at risk of
fracture and is now spread worldwide.(156) Usually, individuals over the age
of 50 presenting with low-trauma fractures (sustained in a fall from a standing height or less) will be contacted for a fracture risk assessment and bone
densitometry by DXA and as well as a personalized plan for treatment in
order to prevent subsequent fractures. FLSs have been shown to be costeﬀective and increase DXA utilization and bone-speciﬁc treatment significantly, and also to reduce secondary fractures.(157,158)

1.7 Osteoporosis treatment
Current pharmacological options for osteoporosis treatment include drugs
that reduce bone resorption (antiresorptive), drugs that increase bone formation (anabolic), and drugs with dual action.(159,160)

1.7.1 Bisphosphonates
Bisphosphonates (BPs) are the most widely used medication for osteoporosis and have evolved over the last four decades, and today third-generation BPs are used (e.g. oral alendronate, risedronate and intravenous
zoledronic acid).(161) BPs have a very high aﬃnity with hydroxyapatite in
the bone. During bone remodelling, BPs are resorbed by the osteoclasts,
causing an inhibition of the enzyme farnesyl pyrophosphate synthase
(FPPS), leading to osteoclast apoptosis and reduced bone resorption.(161)
BPs are released from the skeleton for a long time after cessation of treatment due to their long half-life, resulting in persisting eﬀect even during
treatment cessation.(162) Circulating BPs are not metabolised and are rapidly eliminated via renal excretion.(161)
When initiating osteoporosis treatment, oral (once weekly; alendronate or
risedronate) or intravenous (once yearly; zoledronic acid) BPs are usually
the ﬁrst-in-line treatment in the majority of patients.(163,164) In randomized
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controlled trials of postmenopausal women with osteoporosis, BPs reduced the risk of vertebral, nonvertebral and hip fractures by 40-70%, 2540% and 40-53%, respectively, compared with placebo over three years of
treatment.(165-167)

1.7.2 Denosumab
If BPs are contraindicated (e.g. renal failure or hypocalcaemia), not tolerated or if a more potent antiresorptive agent is considered necessary, an
appropriate alternative is denosumab (Prolia), a monoclonal antibody to
the receptor activator of nuclear factor-kB ligand (RANKL).(168) Denosumab prevents the binding of RANKL to RANK, which results in a strong
inhibition of the proliferation and survival of osteoclasts, resulting in a
very potent antiresorptive eﬀect. In a randomized placebo-controlled trial
in postmenopausal women with osteoporosis, denosumab reduced the relative risk of new radiographic VF, hip and nonvertebral fractures by 68%,
40% and 20%, respectively.(168) Denosumab is administered subcutaneously every sixth month. Compared with BPs, denosumab does not reach
a plateau in the BMD increment after 4-5 years, but instead BMD increases
continuously with treatment for at least 10 years of treatment.(169) However,
denosumab is not incorporated and stored in the bone, resulting in a rapid
loss in BMD after with-drawal of treatment, and increased risk of multiple
VFs to the approximate level of untreated patients.(170,171) �erefore, to
avoid the rebound increase in bone turnover, it is recommended that patients at remaining elevated risk should continue with denosumab or switch
to another antiresorptive treatment.

1.7.3 Teriparatide
Endogenous parathyroid hormone (PTH) consists of 84 amino acids and
regulates the calcium- and phosphate metabolism in bone and kidneys.
Teriparatide (Forsteo) is the active fragment (amino acids 1-34) of endogenous human PTH. It stimulates both bone formation and resorption. However, bone resorption varies according to whether serum levels of PTH are
continuously (as seen in primary hyperparathyroidism) or intermittently
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elevated. Teriparatide is administered intermittently by daily injections
subcutaneously, and has an anabolic eﬀect (preferentially on osteoblasts)
on bone formation.(172) In a randomized trial in postmenopausal women
with osteoporosis, comparing teriparatide with placebo on new VFs, the
relative risk reduction was 65% and absolute risk reduction 9%.(172) In a
randomized double-blind trial on postmenopausal women with severe osteoporosis, the eﬀect of teriparatide vs. risedronate on incident radiographic VFs was investigated.(173) At 24 months, 5.4% of women in the
teriparatide group and 12.0% of women in the risedronate group had new
VFs, corresponding to a relative riskreduction of 56%. Due to high cost,
the use of teriparatide has been restricted to patients with prevalent VFs
and very high fracture risk.(164,174) Two teriparatide biosimilars (Movymia
and Terrosa) were authorized in 2017 by �e European Medicines Agency,
which has lowered the cost for teriparatide treatment considerably.

1.7.4 Romosozumab
Sclerostin is a protein produced primarily by osteocytes that has anti-anabolic eﬀects on bone formation. Romosozumab (Evenity) is a monoclonal
antibody that binds to sclerostin and prevents it from inhibiting osteoblastic activity and bone formation.(30) After the initiation of treatment,
bone formation markers increase, but bone resorption markers also decrease due to inhibition of RANKL release from the osteocytes, resulting
in the dual action of romosozumab, which acts on both stimulation of bone
formation and inhibition of bone resorption.(175) Romosozumab is administered subcutaneously once monthly. In a randomized, double-blind and
placebo-controlled trial in postmenopausal women with osteoporosis, romosozumab reduced the relative risk for new VFs by 73% at 12 months.
However, a signiﬁcant risk reduction for nonvertebral fractures was not
statistically signiﬁcant (HR 0.75; 95% CI 0.53 to 1.05, p= 0.10).(176) In a
multicentre, double-blind, randomized trial in women with postmenopausal osteoporosis, the eﬀectiveness of sequential treatment was investigated.(177) Women were randomized to romosozumab or alendronate for 12
months, followed by alendronate (open-label) in both groups. �e risk of
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new VFs was 48% lower in women who were given romosozumab compared with alendronate at 24 months.

1.7.5 Sequential treatment
�e anabolic treatment with teriparatide or romosozumab is reversible. To
prevent loss in BMD when anabolic treatment is discontinued, an antiresorptive agent should be started, which is known as sequential treatment.
�e order of medications in sequential treatment is important. If an anabolic agent is started after antiresorptive treatment has “failed”, the BMD
increase will be blunted as compared to “treatment-naïve” individuals.(178)
In a study evaluating bone loss 1 year following 24 months of teriparatide
treatment, the LS BMD and FN BMD decreased by 7% and 3%, respectively, in postmenopausal women.(179) Even though BMD remained higher
than before treatment start, the bone loss rate was similar to healthy postmenopausal women.(180) In randomized and placebo-controlled studies
evaluating the eﬀects on BMD if romosozumab is followed by denosumab
(176)
or alendronate (177) or abaloparatide (PTH-analog) is followed by alendronate, (181) all studies showed a continuing increase in LS BMD and TH
BMD during the treatment period, as well as continued reduced fracture
risk. In contrast, switching therapy from denosumab to teriparatide resulted in a transient bone loss at the hip and spine the following year.(182)
�e current recommendation regarding patients with very high fracture
risk and/or severe osteoporosis is to start with anabolic followed by antiresorptive treatment.(159,183)

1.7.6 Calcium and vitamin D
In men and women > 50 years of age, the recommended nutrient intakes of
calcium and vitamin D are 800-1000 mg and 800 IU per day, respectively.(164) In randomized controlled trials showing the eﬀectiveness of
bone-speciﬁc treatment, in most cases calcium and vitamin D supplements
were also administered. �erefore, it is recommended that individuals on
pharmacological osteoporosis treatment should also receive a daily dose
of 500-1200 mg calcium and 400-800 IU vitamin D.(184) Supplementation
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with calcium and vitamin D in the absence of osteoporosis medication is
not recommended, only to those with ascertained insuﬃciency of calcium
and vitamin D.(184)

1.8 Physical function tests
Physical functioning is an important parameter to assess in the clinical
evaluation of older people. �e concept of Activities of Daily Living
(ADL) was introduced in the 1960s and at that time and the coming decades
physical functioning was assessed through self-reported measurements.(185)
However, using self-reported measurements, the answers may be inﬂuenced by impaired cognitive function, culture, language and education.
During the 1990s, performance-based measurements were introduced as a
complement to self-reported measurements.(186) Individuals perform speciﬁc tasks in front of an observer, and the results are evaluated according
to standardized criteria, resulting in measurements with better reliability
and sensitivity to change and more useful as end-points in intervention
studies and as prediction for health outcomes.(186) �e one leg standing test
(OLS) (187), timed up and go (TUG) (188), and 30 sec chair stand test (189), are
validated tests for the assessment of balance, mobility, and lower body
strength, respectively. Gait velocity may predict adverse events in older
individuals (190) and several studies have shown the value of grip strength
in predicting important health-related outcomes such as disability, complications, increased length of stay and mortality.(191) Due to diﬀerences in
how the OLS test is carried out, it has been challenging to obtain a reference value.(192) In a meta-analysis with twenty-one studies included, it was
concluded that the average time for TUG for 70 to 79 year olds (men and
women) was 9.2 seconds (95% CI: 8.2-10.2).(193) In a meta-analysis with
three studies included the reference value for 30 s chair stand test in healthy
older Japanese people (men and women) was 17.3 times (95% CI: 16–18.6)
but when age was taken into account the reference value for 70 year olds
was 18.5 times (95% CI: 9.4–27.6) and for 80 year olds 14.8 times (95% CI:
4.4-25.2).(194) In a systematic review investigating 108 studies on walking
tests, it was found that there is great variation between studies regarding
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methodology, including how to measure pace and the distance used, which
makes comparison diﬃcult.(195)
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2. Aims
�e overall aim of the thesis was to deﬁne the clinical relevance of diagnosing VFs using VFA in older women.
�e speciﬁc aims of each study were the following:
•

•

•

•

2. AIMS

To investigate whether or not VFA-identiﬁed VFs are associated
with bone microarchitecture, bone geometry and density parameters (Paper I).
To evaluate whether or not VFA-identiﬁed VFs are associated
with physical function and quality of life in older women, and to
study whether mild VFs are clinically relevant as indicated by association with physical function and quality of life (Paper II).
To determine whether or not grade 1 VFs are associated with incident fracture in older women, independently of CRFs and BMD
(Paper III).
To examine to what extent VFA-identiﬁed VFs improve fracture
risk prediction and aﬀect fracture probabilities, independently of
BMD and CRFs used in FRAX (Paper IV).
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3. Subjects and Methods
3.1 Subjects
All four papers included in this thesis are based on the Sahlgrenska University Hospital Prospective Evaluation of Risk of Bone Fractures
(SUPERB) study. �e SUPERB study is a prospective cross-sectional population-based study with the overall aim to identify predictors for fractures
in older women. 6,832 women aged 75 to 80, living in the area of Gothenburg, were randomly invited to participate via the Swedish National Population Register between March 2013 to May 2016. �ey were contacted by
letter and thereafter by telephone. Due to exclusion criteria (bilateral hip
replacements, not understanding Swedish, not being able to walk with or
without a walking aid), 436 (6.4%) were excluded. Out of the 6,396 women
who met the inclusion criteria, 3,368 (52.7%) declined to participate, which
resulted in 3,028 women being included in the SUPERB study (inclusion
rate 47.3%) (Figure 16). Data collection took place at the Osteoporosis
Research Center, Department of Geriatric Medicine at the Sahlgrenska
University Hospital in Mölndal, Sweden.
Papers I and II
At the time of working on Papers I and II, an initial sample of 1,053 women
had their lateral spine image analyzed by VFA (Figure 17). Of those, 26
women were excluded due to non-analyzable lateral spine images from
DXA (extreme scoliosis n=20, inadequate image quality n=4, and extremely high BMI (>40 kg/m2) n=2). In total, 1027 women were ﬁnally
included in these studies.
In Paper I, a subsample of 472 women were contacted and invited to undergo bone microindentation of the tibia.
Paper III
Out of 3,028 women in the SUPERB cohort, 105 could not be included due
to poor image quality of the lateral spine image (n=90) or inability to undergo a lateral spine scan (n=15). 730 women without VFA-identiﬁed VF
but with self-reported prior fracture, 5 women with information lacking
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about self-reported prior fracture, and 93 women who had a combination
of grade 1 VF with grade 2 VF and/or grade 3 VF were also excluded. Finally, 2,095 women were included in Paper III. �e women were followed
from the baseline exam until 24 May 2018.
Paper IV
�e same women as in Paper III were initially also included in Paper IV.
In this study, the 10-year probability for MOF was calculated using the
FRAX methodology. Some women did not answer all the questions regarding CRFs used in FRAX and were therefore excluded (n=70). One
woman was excluded due to missing serial number from the Swedish National Board of Health and Welfare, resulting in 2,852 women ﬁnally being
included in Paper IV. �e women were followed from the baseline exam
until 31 Dec 2019.
Invited to participate
n=6,832

Meeting inclusion criteria
Yes

No
n=436

n=6,396

Accepted participation

No
n=3,368

Yes
The SUPERB cohort
n=3,028

Figure 16. Flow chart of inclusion and exclusion of the SUPERB study.
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SUPERB n=3,028

The first analysed by
VFA n= 1,053

Valid
VFA
Yes

Valid
VFA

Noa
n=26

Yes n=1,027

Paper I

Paper II

Included

Nob
n=105

n=2,923

Noc
n=828

Included

Nod
n=71

Yes n=2,095

Yes n=2,852

Paper III

Paper IV

Figure 17. Flow chart of inclusion and exclusion in Papers I-IV. a=excluded due to poor image
quality (e.g. extreme scoliosis, extremely high BMI). b=excluded due to poor image quality (n=90),
not able to undergo a lateral spine scan (n=15). c=excluded if no VF but self-reported prior fracture
(n=730), information lacking about self-reported prior fracture (n=5) or if grade 1 VF was in combination with grade 2 and/or grade 3 VF (n=93). d=excluded if any answer regarding CRFs was
lacking (n=70), did not receive a serial number from the National Board of Health and Welfare
(n=1).

3.2 Anthropometrics
With a standardized, wall-mounted stadiometer, height was measured
twice in all 3,028 women. A third measurement was taken if the height
diﬀered more than 5 mm. An average of the two most similar measurements was used. Weight was measured to the nearest 0.1 kilogram (Table
1, page 54).
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3.3 Questionnaires
�e international MrOS questionnaire (196) has been used in the Swedish
cohort of MrOs.(197) �e same questionnaire, with a few modiﬁcations, was
used for the SUPERB cohort. At baseline, all participants completed a selfadministered questionnaire regarding medical history (has a doctor told
you that you have osteoporosis, diabetes, hyperthyroidism, rheumatoid arthritis, hypertension, stroke, myocardial infarction, angina, chronic heart
failure, chronic liver or kidney disease, cancer, glaucoma, cataract, inﬂammatory bowel disease, chronic obstructive pulmonary disease), medications (glucocorticoid usage was deﬁned as daily oral treatment with at least
5 mg for a total of 3 months or more), fracture history (skeletal site and
time of fracture were asked for, and only fractures sustained after the age
of 50 were included in the analyses), parental history of hip fracture, back
pain the past 12 months (yes/no), alcohol consumption (excessive intake
was deﬁned as consuming more than three standard drinks per day), and
current smoking habits. A validated questionnaire was used to estimate
daily calcium intake from food and supplements.(198) Current physical activity, for the 7 days prior to assessment was quantiﬁed by the validated
self-administered questionnaire, the Physical Activity Scale for Elderly
(PASE), constructed for individuals over 65 years old.(199) �e participants
estimated the time (seldom: 1-2 days, sometimes: 3-4 days or often: 5-7
days), and duration (< 1 h, 1-2 h, 2-4 or > 4 h) spent doing diﬀerent sports
or leisure activities, recreation, housework and gardening. A total score
was computed by multiplying the amount of time spent on each activity
(hours per week) or participation (yes/no) in an activity by empirically derived weights and summarized.
HRQL was assessed using the 12-item Short Form Health Survey (SF-12),
a shorter survey developed from the Medical Outcomes Study 36-Item
Short-Form Health Survey (SF-36).(200) It consists of 12 questions of which
six items from the scales physical functioning, role-physical, bodily pain
and general health provide a value for physical health (Physical Component Summary, PCS), and six items from the scales vitality, social functioning, role-emotional and mental health provide a value for mental health
( Mental Component Summary, MCS). �e score is weighted and summed
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up, and scores range between 0 (the lowest level of health) to 100 (the highest level of health).

3.4 Bone measurements
3.4.1 Dual-energy x-ray absorptiometry
�e same DXA device (Discovery A S/N 86491; Hologic, Waltham, MA,
USA) was used for most participants (n= 2995). Due to a machine failure
33 women were examined with a Hologic QDR 4500/A Delphi DXA (Waltham, MA, USA). �e cross-calibration between the two maschines has
been reported in a previous study.(25) Areal BMD (g/cm2) was measured at
the total hip (TH), femoral neck (FN) and lumbar spine L1 to L4 (LS), and
trabecular bone score (TBS) was measured from L1 to L4. If vertebrae at
the LS were fractured and/or contained osteosynthesis materials, they were
excluded. Areal BMD and TBS at the LS were calculated as the mean of
at least two assessable vertebrae. �e coeﬃcients of variation (CV) were
calculated using duplicate measurements on 30 women. CVs for aBMD of
TH, FN, LS and TBS were 0.8%, 1.3%, 0.7% and 2.12%, respectively.

3.4.1.1 Trabecular bone score
In the SUPERB cohort, TBS was calculated as the mean of L1 to L4, and
fractured vertebrae were excluded. �e CV for the method was 1.8% in
Paper I (calculated by two repeated measurements on eight women), and
2.1% in Paper III (calculated by two repeated measurements on 30 women).

3.4.2 High-resolution peripheral quantitative computed tomography
In the SUPERB cohort, all participants’ distal radius and distal tibia (nondominant side, in case of prior fracture, the other side was used) were
measured using a HR-pQCT device (XtremeCT; Scanco Medical AG,
Brüttisellen, Switzerland) (Figure 18). A reference line is manually placed
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at the articular surface of distal radius and distal tibia. Proximal from this
line, at a distance of 9.5 mm at radius and 22.5 mm at tibia, the ﬁrst CT
slice is acquired and followed by another 109 slices, yielding the measurement cylinder, labeled the standard (or ultradistal) site.(72,201) A more proximal site (at 14% of the bone length from the reference line) was used to
measure cortical bone, labelled the distal site.(202) At each scan site, 110
parallel cross-sectional images were obtained, reproducing a 9.02 mm 3D
image of the bone. As recommended by the manufacturer, the quality of
the images was graded from 1 to 5. Only images with acceptable quality, 1
to 3, were used in the analyses. To separate the extra-osseal soft tissue from
the periosteal surface, a contour was automatically placed around the bone,
and operator-corrected if needed. Parameters obtained were: trabecular
bone volume fraction (BV/TV, %), trabecular number (mm-1), trabecular
thickness (mm), trabecular separation (mm), cortical volumetric BMD
(mg/cm3), cortical area (mm2), and total volumetric BMD (mg/cm3).
To obtain CVs, measurements on 30 women were made. �e CVs for
measurement of trabecular parameters in the distal radius and distal tibia
were 0.4% to 2.5% and 0.8% to 2.6%, respectively. CVs for the measurement of cortical parameters in the distal radius and distal tibia were 0.1%
to 0.9%.
With software (Image Processing Language; IPL v5.08b) from the manufacturer (Scanco Medical AG), the cortical bone was separated from the
trabecular bone by automatically placed contours at the endosteal surfaces
of the bone, which could be corrected by the operator if needed. From this
image, the cortical parameters measured were: cortical pore volume
(Ct.Po.V; mm3), cortical bone volume (Ct.BV; mm3), and cortical porosity
(Ct.Po; %), which was calculated as Ct.Po.V/(Ct.Po.V+Ct.BV).(203) CVs
for measurement of cortical porosity at the distal radius and distal tibia
were 5.3% to 13.3% and 0.9% to 4.1%, respectively.
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Figure 18. XtremeCT; Scanco Medical AG, Brüttisellen, Switzerland

3.4.3 Bone microindentation
In Paper I, a subsample of 472 women from the SUPERB cohort underwent
bone microindentation of the tibia. To calculate BMSi, RPI was performed
with an Osteoprobe device (Active Life Scientiﬁc, Santa Barbara, CA,
USA) as described elsewhere.(202,204)
Local anaesthesia was administered on the midshaft of the anterior tibia
and the needle of the Osteoprobe was inserted through the skin and periosteum. With a preload of 10 N the probe was established on the bone, and
thereafter by a trigger mechanism further inserted with an impact force of
30 N, which takes less than a millisecond, creating a small microfracture,
375 µm across (Figure 19 a-c).(77) �e distance the probe moves into the
cortical bone from the established position is called the indentation distance increase (IDI). At least 11 valid indentations were performed on each
participant. Five indentations were then made in a polymethylmethacrylate
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plastic calibration phantom. �e BMSi for each participant was calculated
as the ratio between the mean of the ﬁve indentations in the plastic phantom, divided by the IDI into the bone, and multiplied by 100. A deeper
cavity results in a lower BMSi, indicating a lower bone material strength.
BMSi was assessed by four diﬀerent operators and possible diﬀerences
between operators were investigated with interobserver CV, which was
5.2%. �e intraobserver CV for BMSi in elderly women was 3.2%.(202)

Figure 19 a-c. Bone microindentation by using Osteoprobe. Reproduced from (77), with the permission of AIP Publishing.
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3.5 Physical function tests
3.5.1 One Leg Standing (OLS)
OLS tests balance. Women were asked to choose which leg they preferred
to start with, and with eyes open and arms across the chest, to lift their foot
from the ground with ﬂexed knee (Figure 20) for as long as they could
manage, while being timed.(187) �e timing was stopped when the foot
touched the ground again, if the weight-bearing limb moved, if the arms
moved from the chest, or when the timing reached 30 s. �e test was performed twice, and in the analysis, the maximum value was used.

Figure 20. Illustration of the One Leg Standing test (OLS)

3.5.2 Timed Up and Go (TUG)
Women’s mobility and balance were tested by measuring the time in seconds it took to rise from a chair, walk three metres at normal pace, turn
around, walk back and then sit down again (Figure 21).(188) Participants
were allowed to wear footwear of their own choice and use walking aids if
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needed. �e chair was 45 cm high with armrests. �e test was repeated
once with a glass of water in one hand.

Figure 21. Illustration of the Timed Up and Go (TUG)

3.5.3 30 s Chair Stand Test
�is test measures lower body strength.(189) From sitting position on a chair
without armrests, with arms across the chest, the participant on the command “go” rises to standing position and then sits down again and repeat
this as many times as possible in 30 s (Figure 22).

Figure 22. Illustration of 30 s Chair Stand Test

3. SUBJECTS AND METHODS

50

3.5.4 Walking speed
Gait velocity is a measurement that can predict adverse events in healthy
older people.(190) With the timed 10-m walking test, each participant walked
10 m at a pace they found comfortable. Time-keeping started after 2 m and
ended at 8 m to exclude the time for acceleration and deceleration (Figure
23).(205) �e mean value of two repeated tests was recorded in metres per
second.

Figure 23. Illustration of walking speed

3.5.5 Grip strength
A Saehan hydraulic hand dynamometer (model SH5001; Saehan Corporation, Masan, Korea) was used to measure the grip strength in the dominant
hand. With the elbow ﬂexed at 90° and the arm resting on a table, two
attempts were made (Figure 24). �e average strength, measured in kilogrammes, was used in the analyses.(206)

Figure 24. Illustration of grip strength testing.
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3.6 Fractures
3.6.1 Prevalent self-reported fractures
Information regarding previous fractures was collected by a self-administered questionnaire at baseline. Data was collected both on the localization
of the fracture and at what age it happened. Fractures of the skull, hand and
foot were excluded, and only fractures after the age of 50 were used in the
analyses. Severity of trauma was not considered. Studies have shown that
BMD is reduced in patients with both high and low trauma fractures (4) and
that high trauma fractures are also associated with subsequent incident
MOF.(5,207)

3.6.2 Prevalent vertebral fractures by VFA
In conjunction with the DXA exam (Discovery; Hologic) at baseline, a
lateral spine image was taken with the participant in supine position. �e
fourth lumbar vertebra was marked by the DXA operator after looking at
the AP image of the lumbar spine. �e images were then analyzed using
the software programme Physician’s Viewer (Hologic) described in chapter 1.5.3.
In Papers I and II, the VFA analyses of all 1,027 subjects were carried out
by one examiner (LJ). �e reproducibility was tested on 50 women (T4 to
L4) and the intraobserver agreement was 98.9% (kappa score 0.85). �e
interobserver agreement between LJ and HB (co-author Paper I) was 97.6
% (kappa score 0.72). When mild vertebral fractures were excluded, the
intraobserver agreement was 100% (kappa score 1.0) and the interobserver
agreement 99.6% (kappa score 0.95).
In Papers III and IV, the VFA analyses of all 3,028 subjects were carried
out by two examiners, of whom LJ analyzed two-thirds and KR (co-author
Paper III) analyzed one-third of all scans. �e intraobserver agreements for
the two examiners were 98.9% and 97.8%, and kappa scores were 0.85 and
0.67, respectively. When separating grade 1 VFs from grade 2–3 VFs, the
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interobserver agreement and kappa score for grade 1 was 99.1% and 0.66,
and for grade 2–3 99.4% and 0.84.

3.6.3 Incident fractures
Incident fractures were collected in two ways.
In Paper III, incident fractures were x-ray veriﬁed between the baseline
exam until 24 May 2018. All the radiology reports and/or images from a
regional digital x-ray archive, including 49 municipalities covering an area
of 25,000 square kilometres surrounding Gothenburg, were reviewed by
three research nurses, and all reported fractures were noted. If there were
any doubts about fracture diagnosis or if radiology reports were missing,
images were reviewed by an orthopaedic surgeon (LJ).
In Paper IV, the aforementioned x-ray-veriﬁed fractures were supplemented with data on incident fractures from the National Patient Register
(NPR) administered by the Swedish Board of Health and Welfare. Incident
fractures were collected by using the International Classiﬁcation of Diseases, 10th Revision (ICD-10) codes from baseline until the 31 December
2019.(208,209)

3.7 Fracture Risk Assessment Tool (FRAX®)
In Paper IV, the 10-year probabilities for hip fracture and MOF, with or
without BMD, were calculated at baseline for the 2,852 individuals from
the SUPERB cohort who had answered all the questions regarding CRFs
used in FRAX. Hazard functions for fracture and death were computed for
10-year probabilities of MOF with or without BMD, and signiﬁcant interactions for each risk factor, determined from meta-analyses, were entered
in the models.
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Methods used
Anthropometrics

P- I
x

P-II
x

P-III
x

P-IV
x

Questionnaires

x

x

x

x

DXA

x

x

x

x

TBS

x

HRpQCT

x

Bone microindentation

x

OLS, TUG, 30 s chair stand test,
walking speed, grip strength
VFA
x
Incident fractures
FRAX

x

x
x

x

x

x

x
x

Table 1. Methods used in the different Papers (P)

3.8 Ethics
Ethical considerations in Papers I-IV are mainly the exposure to radiation
and infringement of participants’ personal integrity, especially for Papers
III-IV due to data collection on incident fractures. Radiation exposure of a
DXA scan of hip and spine (1-10 µSv) including VFA (3 µSv) and
HRpQCT of distal radius and distal tibia (< 5 µSv) is considered a low
dose of radiation, and does not exceed an approximate 2 days of natural
background radiation (5-10 µSv per day).(52) �e radiation exposure was
approved by the local radiation protection committee. Other ethical considerations for Paper I are the blood sampling and the bone microindentation measurements, which are invasive procedures although serious
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complications are very rare. Regarding personal integrity, data was collected and recorded in a coded form and the results are anonymized and
presented at a group level only. All the participants were informed orally
and in writing that they could withdraw their participation and consent at
any time without any further explanation. All the study participants gave
their informed consent and the study and study amendments were approved by the Ethical Review Board in Gothenburg (Dnr. 929-12).

3.9 Statistics
�e independent samples t test was used for comparing means between
two independent groups for continuous variables if normally distributed.
For categorical variables, the Chi-square test was used. Fisher’s exact test
was used if the number of categorical variables was small. When comparing means for continuous variables between more than two groups, oneway analysis of variance (ANOVA) was used, followed by the least signiﬁcant diﬀerence (LSD) post hoc test in Papers I-II, or by the Bonferroni
post hoc test in Papers III-IV (Table 2, page 60). �e results were presented as mean value ± SD. To assess whether associations were still valid
after adjustment with covariates, multivariable logistic regression analyses
were performed when the outcome (dependent variable) was dichotomous,
and multivariable linear regression was used for continuous outcomes. �e
results were presented as odds ratios (OR) with 95% CI per SD change in
each variable and standardized β coeﬃcient and p-value. In Papers III and
IV, the incidence per 1000 person-years was calculated as number of events
divided by total follow-up time (until fracture, death, or censored) per 1000
years, and post hoc statistical power analyses were performed.
P-values less than 0.05 were considered signiﬁcant. All statistical analyses
were performed with SPSS Statistics Version 21 in Paper I and Version 25
in Papers II-IV (IBM Corporation, Armonk, NY, USA).
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3.9.1 Survival analysis
A survival analysis measures the time in a sample of individuals until a
speciﬁc event occurs (“time to event analysis”). Another characteristic of
survival analysis is that not everyone will experience the event. Reasons
may be that the study ends before event occurs, study subjects move to
another country or they die (lost to follow-up), and these are censored observations, although they are not “missing observations”. Survival analysis
was originally developed for mortality studies but can be used for diﬀerent
outcomes, e.g. fracture outcomes as in Papers III and IV. �ere are diﬀerent kinds of survival analysis. A Kaplan-Meier curve estimates the proportion of survival at each point in time. It is a descriptive method and does
not allow consideration of covariates. �e log-rank test is similar to the
Kaplan-Meier curve but for two or more groups. It provides a p-value and
assesses whether curves diﬀer signiﬁcantly. It does not consider covariates
or interactions. An interaction occurs when a variable has an eﬀect on the
outcome depending on the values of another variable.
Cox regression proportional hazards model
�e Cox regression proportional hazards model is a survival analysis
which takes covariates and interactions into account, but some assumptions have to be fulﬁlled for this model to work. �e most important assumption is that the ratio of the hazards for any two groups is constant over
time, i.e. they are proportional. �is can be tested in diﬀerent ways, e.g.
Schoenfeld plot, Cox with time-dependent variable, or log-minus log plots.
In Paper III, Cox models with time-dependent covariates were used to ensure that interaction term between time and VF was not signiﬁcant, and log
minus log plots were used to ensure parallel lines visually, indicating proportionality between the groups, which was tested on each outcome (any
fracture, MOF and VF). Another assumption is that the survival times (t)
are independent, i.e. the survival time of one individual is independent of
the survival time of another individual. �e outcome has to be dichotomous, e.g. fracture or no fracture. In Cox regression, it is possible to analyse the cumulative hazard, i.e. the risk of suﬀering a fracture at time t
between time 0 and time t. �e survival function at time t is the probability
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of not suﬀering a fracture to time t. Hazard ratios (HR) > 1 indicate an
increased risk for the event and a HR < 1 indicates a reduced risk. �e HR
estimates are given with a CI, which is an estimate of how certain the
mean HR value is, and usually a conﬁdence level of 95% is used. Covariates may be time-dependent (i.e. change with time during follow-up) or
ﬁxed (e.g. sex, ethnicity).
Modiﬁed Poisson regression model
By using Poisson regression, the probability of an outcome (dependent
variable) given one or more independent variables (predictors), can be analyzed. �e outcome should be “count data”, i.e. 0,1,9,13,345 etc. and can
not be less than zero. Each observation (e.g. fracture) should be independent of any other observation (in another individual), i.e one observation
can not provide any information about another one. �e independent variables can be continuous or categorical (ordinal or nominal/dichotomous).
If the observations follow a Poisson distribution, it means that the expected
and observed observations are similar, the model predicts the observed observations well. However, in Paper IV, a modiﬁed Poisson regression
model was used for examining the association between VFA-identiﬁed VF
and the risk of fracture with adjustments. In this modiﬁed Poisson regression, the time t (observation time) is divided into small time periods of one
month, providing a dichotomous outcome as in Cox (the probability for
more than one event per month is very low), resulting in an instantaneous
hazard function. �e HR is the instantaneous risk (at any time during the
follow-up) for either suﬀering a fracture or not. For fracture, the variables
in the hazard function were current time since baseline, current age, BMI,
previous fracture, family history of hip fracture, smoking, corticosteroids,
rheumatoid arthritis, alcohol use, secondary osteoporosis, and BMD. One
additional model was constructed using the variables mentioned above and
adding VFA. Hazard functions are based on the approximately 5 years of
follow-up time, and then extrapolated in time providing the 10-year probability, which is an estimation, beyond the original observation range, but
based on the relationship with the other variables. When studying probabilities of fracture for populations with more advanced ages it is important
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to take into account the competing risk of death. When the 10-year probability of MOF was calculated, using hazard function of fracture, the hazard
function of death was also calculated and included in the calculation. For
death, the variables in the hazard function were current time since baseline,
current age, BMI, current smoking, per oral corticosteroid use, and BMD.
As an example, the 10-year probabilities of MOF for women 75 and 80
years old, with previous fracture, were calculated, setting BMI to 26 kg/m2,
but no other CRFs, according to FN BMD T-score, with VFA-identiﬁed
VF and without considering VFA in the analyses.
3.9.2 Multivariable adjustment
Regression analyses (linear, logistic, Cox or Poisson) were performed in
all four papers. By using multivariable adjustment, the relative contribution of other explanatory variables for the outcome can be examined. Depending on which and how many variables are entered into the model, the
conclusions may diﬀer. Overﬁtting is when too many variables are included relative to the lower number of individuals or outcomes, and may
confuse conclusions. Our intention was to include an adequate number of
explanatory variables (also called risk factors or independent variables)
based on previous knowledge (studied or a priori) of what might inﬂuence
the outcome, although results may be confounded by unknown or unmeasured variables.(210) In Papers III–IV, multivariable analyses were performed
in three steps with increasing numbers of covariates.

3.9.3 Intra-rater and inter-rater reliability and kappa statistics
�e simplest form of intra- and inter-rater reliability is percent agreement,
i.e. the proportion of agreement of measured value between two independent assessors. It is best suited for a nominal measurement level.(211) However, there may be a possibility that the raters may not know how to
measure, and so guess randomly. �en an agreement will be a false agreement and due to chance instead. To account for this, Jacob Cohen introduced Cohen’s kappa in 1960. �e kappa coeﬃcient can range from -1 to
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+1, where 1 represents perfect agreement between the raters. Values below
zero are possible but unlikely. �e formula is: (observed agreement –
chance agreement) / (1-chance agreement). �e kappa result may be interpreted as: values ≤ 0 as indicating no agreement and 0.01–0.20 as none to
slight, 0.21–0.40 as fair, 0.41– 0.60 as moderate, 0.61–0.80 as substantial,
and 0.81–1.00 as almost perfect agreement. However, a limitation of Cohen’s kappa is that it is not easy to interpret depending on the context, and
also it may lower the agreement too much, while percent agreement may
give a falsely high agreement. �e recommendation is to use both the percent agreement and the kappa statistics.

3.9.4 Coeﬃcient of variation
�e coeﬃcient of variation (CV) is used to measure the dispersion of data
around the mean. SD is also a measure of the dispersion of data but comparing two samples with diﬀerent SD’s may be inappropriate if diﬀerent
scales are used. Small numbers will result in low SDs and high numbers in
high SDs, even if they are equal in percentages. CV is the ratio of the SD
to the mean. When CV is expressed in percentage, SDs on diﬀerent scales
may be compared. CVs of 5% or less are considered good, whereas CVs
of 10% or more are considered inadequate.
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Statistical methods used

P- I

P-II

P-III

P-IV

Independent samples t test

x

x

x

x

Chi-square test

x

x

x

x

Cohen’s kappa

x

x

x

x

Coefficient of variation

x

x

x

x

x

x

x

x

Fisher’s exact test
ANOVA and post hoc test

x

x

Multivariable logistic regression

x

x

Multivariable linear regression

x

Cox proportional hazard models
Poisson regression (modified)

x
x

Table 2. Statistical methods used in the different Papers (P)
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4. Results
4.1 Paper I
The prevalence of vertebral fractures is associated with reduced hip bone
density and inferior peripheral appendicular volumetric bone density and
structure in older women
In the ﬁrst study, we investigated whether prevalent VF, veriﬁed by VFA,
was associated with bone microarchitecture parameters and bone material
strength in older women.
In the cohort of 1,027 women from the SUPERB study, bone microindentation was performed on 472 women.

4.1.1. Main results
Of 1,027 women, 750 (73%) were non-fracture subjects and 277 (27%) had
at least one VF. �ere was no diﬀerence in age between women with and
without fracture (77.8±1.4 and 77.7±1.6, (mean±SD) respectively). Of the
277 women with VF, 107, 107 and 63 had mild, moderate or severe VF,
respectively. �e women with VF were also divided into having only one
VF (n=194), two VFs (n=56), or more than two VFs (n=27).
Women with VFA-identiﬁed VF
•

•
•

were shorter, had more self-reported fractures after 50 years of age
and used osteoporosis medication more often than women without
VF.
had signiﬁcantly lower aBMD of the FN, TH, LS and lower TBS
compared with women without VF.
had signiﬁcantly lower aBMD of the TH also when VFs were divided into number and severity, compared with women without
VF.
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•
•
•

did not have signiﬁcantly diﬀerent BMSi, measured with RPI,
compared with women without VF.
had signiﬁcantly lower trabecular BV/TV at both distal radius and
distal tibia compared with women without VF.
did not have signiﬁcantly diﬀerent cortical bone parameters compared with women without VF, except for cortical bone area at the
distal tibia.

In a subanalysis, only TH aBMD remained independently associated with
VF when either TBS, cortical area or trabecular bone BV/TV was included
in the logistic regression with covariates.

4.1.2. Conclusion
In this population-based cohort of older women, TH aBMD was consistently independently associated with the presence of a VFA-identiﬁed VF.
Parameters reﬂecting cortical strength as BMSi and cortical porosity, were
not associated with VF, indicating that cortical bone traits are of minor
importance in women with VFs.

4.2 Paper II
Vertebral fractures and their association with health-related quality of life,
back pain and physical function in older women
In this study, the women included were the same as in Paper I. Of the 1,027
women, 277 (27%) had at least one VF. We investigated whether VFAidentiﬁed VFs were associated with HRQL, back pain and physical function. Physical function was tested using performance-based measurements
(OLS, TUG, 30-s chair stand test, walking speed and hand-grip strength).
�e purpose was also to investigate whether mild VFs were associated with
these parameters.
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4.2.1 Main results
Of 277 women with at least one VF, 107 had only mild VF.
Women with VFA-identiﬁed VF
• had worse physical health than women without VF.
• had similar mental health compared with women without VF.
• had more frequent back pain than women without VF.
• had worse physical function than women without VF.
• had similar grip strength as women without VF.
Using linear regression models with covariates (age, weight, height, fall
accident last year, Parkinson’s disease, rheumatoid arthritis, stroke, hypothyroidism, hypertension, cataract, cancer, asthma/bronchitis/emphysema,
diabetes, smoking, alcohol, scoliosis, self-reported fracture), it was evident
that prevalent VF was independently associated with physical health in all
groups of VFs (any, number and severity). Regarding physical function,
TUG, walking speed and 30-s chair stand test were independently associated with prevalent VF in all groups (except 30-s chair stand test and number of VFs), calculated by using linear regression models with covariates
(age, weight, height, fall accident last year, PASE, Parkinson’s disease,
rheumatoid arthritis, stroke, hypothyroidism, hypertension, cataract, cancer, asthma/bronchitis/emphysema, diabetes, smoking, alcohol, scoliosis).
Using logistic regression models with covariates (age, weight, height, fall
accident last year, Parkinson’s disease, rheumatoid arthritis, stroke, hypothyroidism, cataract, cancer, smoking, alcohol, self-reported fracture, scoliosis), we found that all three groups of prevalent VFs were independently
associated with back pain.

Women with mild VFA-identiﬁed VF
•

had worse physical health (PCS) and physical function (OLS and
30-s chair stand test) than women without VF (unadjusted).
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4.2.2. Conclusion
�e performance-based physical function tests TUG, walking speed and
30-s chair stand test, physical health investigated by SF-12, and back pain
were independently associated with prevalent VFA-identiﬁed VF. Also,
mild VFs were associated with worse physical function and physical
health. �ese ﬁndings indicate the usefulness of VFA in diagnosing clinically relevant VFs.

4.3 Paper III
Grade 1 vertebral fractures identiﬁed by densitometric lateral spine imaging predict incident major osteoporotic fracture independently of clinical
risk factors and bone mineral density in older women.
2,095 women from the SUPERB study were included in this study. We
investigated whether grade 1 (mild) VFA-identiﬁed VFs were associated
with incident fractures, independently of CRFs and BMD. Incident fractures were x-ray-veriﬁed.

4.3.1. Main results
264 women had one or more grade 1 VF, 349 women had a grade 2 and/or
a grade 3 VF and 1,482 women did not have any VFA-identiﬁed VF or selfreported fracture. �e prevalence of grade 1 VF was most frequent at the
T7 and T11 level. During a median follow-up time of 3.6 years, 260 women
had any incident fracture, 213 and 101 women sustained a MOF (fracture of
the proximal humerus, forearm, hip, spine, and pelvis) or VF, respectively.
Women with grade 1 VFA-identiﬁed VF
•
•

were older than women without fracture.
had lower BMD at the FN and LS, and lower TBS than women
without fracture.
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Using Cox proportional hazard models with adjustments for age, height
and weight, women with grade 1 VFA-identiﬁed VF had 67% increased
risk for suﬀering any fracture (HR = 1.67; 95% CI 1.18–2.36) and 86% increased risk for MOF (HR = 1.86; 95% CI 1.28–2.72). When CRFs (previous fracture, family history of hip fracture, oral glucocorticoid use,
osteoporosis medication, rheumatoid arthritis, current smoking, excessive
alcohol intake) and FN BMD were added into the model, the risk for MOF
remained signiﬁcant (HR = 1.72; 95% CI 1.08–2.76).

4.3.2. Conclusions
In this cohort of older women aged 75 to 80, the prevalence of grade 1
VFA-identiﬁed VFs increased the risk of suﬀering a future MOF, and this
association was independent of CRFs and BMD. �ese ﬁndings indicate
that even mild VFs identiﬁed by DXA should be taken into account when
evaluating fracture risk in older women.

4.4 Paper IV
Improved fracture risk prediction by adding VFA-identiﬁed vertebral fracture data to BMD by DXA and clinical risk factors used in FRAX
Of the 3,028 women in the SUPERB study, 2,852 women had answered all
the questions regarding CRFs used in FRAX, and could be included in this
study. We investigated what impact VFA-identiﬁed VFs had on fracture
probability, and whether this impact was independent of CRFs and BMD
used in FRAX. We also investigated whether the impact of a VFAidentiﬁed VF on fracture probability was beyond the presence of a prior
self-reported fracture. Using a modiﬁed Poisson regression, the association
between a VFA-identiﬁed VF (any) and the risk of fracture was calculated.
�e hazard functions for fracture and death could then be used to extrapolate the follow-up time to 10-years and then calculate the 10-year probability of MOF, both with VFA taken into account and VFA not taken into
account. As in Paper III, incident fractures were veriﬁed by x-ray until 24
May 2018, but also by diagnosis codes until 31 December 2019.
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4.4.1. Main results
2,163 women did not have any VFA-identiﬁed VF and the 689 women with
a VFA-identiﬁed VF were divided into diﬀerent groups, either any but also
into number and severity of VF. 1,805 women did not report a prior fracture, and out of these, 359 (20%) had a VFA-identiﬁed VF. �e women
were followed for 5.2 years (median) and during this time 229 died and 422
women suﬀered a MOF of which 160 had a clinical VF and 124 a hip fracture.
Women with VFA-identiﬁed VF
•
•

were older and shorter and had lower BMD than women without
VF.
had more frequently prior fracture and higher FRAX 10-year probability (at baseline), than women without VF.

�e risk of MOF was increased 52% independently of CRFs used in FRAX
and BMD, and having 3 or more VFA-identiﬁed VFs increased the risk for
an incident clinical VF by almost six times. For example, in these models,
a 75-year-old woman with a previous self-reported fracture and BMD Tscore -2, the 10-year probability of MOF increased from 29.5% (without
considering VFA) to 36.7% (having a VFA-identiﬁed VF) corresponding
to a 1.24-fold increase in the 10-year probability of MOF.

4.4.2 Conclusions
�e 10-year probability of MOF increased substantially when VFAidentiﬁed VFs (independently of severity), together with FRAX CRFs and
BMD were included in the model. �is indicates the usefulness of VFA in
clinical practice when assessing the fracture risk in older women.
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5. Discussion
�e general aim of this thesis was to investigate whether VFA, in conjunction with DXA, could be of importance in clinical practice to enhance fracture risk assessment. �e reasons for this are several.
The signiﬁcance of identifying VFs
Women with a prevalent VF have a 4 times greater risk of sustaining a new
VF, with the risk increasing with the numbers of preexisting VFs, and almost twice the risk of non-vertebral fractures than women without VF.(20)
Since VF is regarded as one of the strongest predictors for subsquent fracture, with osteoporosis medications reducing the risk of new fractures effectively, (159,160) it is of the greatest importance that VFs come to clinical
attention. However, the challenge is to ﬁnd the two-thirds of patients with
asymptomatic VFs.(14)
In Paper I, we examined whether prevalent VFs, identiﬁed by VFA, were
associated with bone traits, assessed by HRpQCT, DXA and BMSi. Previous studies have shown associations between VF and bone microstructure
(by HRpQCT). However, these studies were small, case-controlled and
VFs were identiﬁed by spine x-ray. (212-214) Due to these diﬀerences in study
design between theirs and ours, the results are not easy to compare. In concordance with our results, in a study of 100 women with VF (identiﬁed by
spine x-ray), Sornay-Rendu et al. (213) found associations between low
vBMD at the radius and tibia (by HR-pQCT) and greater number and severity of VF, independently of age and LS BMD, although in our study we
did not adjust for LS BMD but for age, height, weight, family history of
hip fracture, treatment with glucocorticoids, treatment with bone active
drugs, smoking, alcohol and rheumatoid arthritis. In contrast to our study,
they also found alterations of cortical bone at the radius and tibia in women
with VF, independently of LS BMD, and these bone traits were even worse
due to severity and numbers of VF. Stein et al. (214) also found worse trabecular and cortical microarchitecture in 30 women with VF compared
with women without VF (adjustment for radial BMD for radial parameters
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or TH BMD for tibial parameters). However, they did not ﬁnd any associations between the number or severity of VFs and microarchitectural alterations. Nor did they ﬁnd any diﬀerences in BMD (by DXA) at any sites
(except ultradistal radius) between groups with and without VF. In our
study on the contrary, the strongest predictor for having a VF was TH
BMD. When TH BMD was included in logistic regression models with
either of the parameters independently associated with a VF – trabecular
BV/TV (radius), cortical area (tibia), cortical vBMD (tibia), total vBMD
(radius or tibia) or TBS (by DXA) – none of these parameters remained
independently associated with VF except TH BMD, which remained independently associated to VF in all these models. In a cohort of 16,505
women 50 years of age or older, Leslie et al. examined which BMD site
(by DXA) was most useful for prediction of fracture. (215) �ey concluded
that TH BMD alone was superior the other sites for fracture prediction,
although the LS BMD was the most useful site for prediction of VFs alone.
In our cohort, LS BMD was not associated with all categories of VF, which
could possibly be explained by overestimation of LS BMD due to degenerative changes in this older cohort of women (mean age 78 years vs 65
years). (111) �eoretically, in older women with degenerative changes in the
LS, TH BMD would be the site of choice for overall osteoporotic fracture
prediction as well as for VFs alone. �e rationale for this is the larger
amount of trabecular bone in the TH compared with the FN. In our study,
we did not ﬁnd any evidence for inferior cortical bone properties. While
TBS, which is a parameter assessing trabecular bone quality by DXA, was
independently lower in women with prevalent VFs, neither BMSi (by bone
microindentation testing in vivo of cortical bone at tibia), nor cortical porosity (by HR-pQCT) were associated with prevalent VFs in our cohort,
indicating an inferior role of cortical bone quality in the pathogenesis of
VF. However, others raise the importance of cortical measurements to assess tendency to fracture (213,214,216-219), yielding this as a ﬁeld for further research.
Another research ﬁeld to be explored, for which previous studies are lacking, is whether VFA-identiﬁed VFs are associated with physical function,
assessed by multiple, validated, performance-based measurements.
In Paper II we showed that VFA-identiﬁed VFs (using the same cohort as
in Paper I) were independently associated with TUG, walking speed and
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30-s chair stand test. Morris et al. investigated whether balance tests could
predict falls in a cohort of community-dwelling women aged 60 with
VFs.(220) �ey found that the best test to predict falls in older women with
VFs was the 5-m-TUG test (we used a 3-m-TUG test). In a recently published study on 3,028 women from the SUPERB cohort, investigating
whether TUG time was associated with fracture risk independently of
CRFs and BMD, it was found that fracture incidence increased with increasing TUG time up to 12 seconds and thereafter started to level oﬀ.(221)
�e cutoﬀ level for slow TUG time was set to > 12 s and in Cox models
the association between slow TUG time and fracture risk was examined. It
was concluded that a slow TUG time > 12 s increases the risk of MOF or
hip fracture independently of CRFs and FN BMD by 76% ( HR 95% CI
1.76 [1.30-2.40]) and 93% (HR 95% CI 1.93 [1.00-3.71]), respectively.(221)
�ese results motivate including the TUG test in clinical practice to improve the risk assessment of fractures and falls. It is an easily accessable
test, since nothing else than a chair is needed and the test only takes a minute or two. In another but similar study, OLS was examined in the same
SUPERB cohort.(222) A low OLS time < 10 s was associated with MOF and
hip fracture independently of CRFs and FN BMD (HR 95% CI 1.58 [1.202.08] and HR 95% CI 2.39 [1.17-4.86], respectively). In our study, women
with VFA-identiﬁed VFs had a signiﬁcantly lower OLS time compared
with women without fracture. If VFs are categorized according to severity,
then women with mild VFs also had signiﬁcantly lower OLS times than
controls, although this signiﬁcance did not remain when adjusted for covariates. Interestingly, when dividing VFs according to severity, physical
health, assessed by SF-12, was also signiﬁcantly inferior in women with
mild VFs than in women without fracture (mean±SD 43.8±10.9 and
46.2±10.5, respectively, p value < 0.001), which remained signiﬁcant after
adjustment with multiple covariates. However, a statistically signiﬁcant
diﬀerence is not always clinically relevant. �ere are no previous studies
on the minimal clinically important diﬀerences (MCID) of PCS in patients
with VF, but MCID of PCS in patients with subacute and chronic low back
pain was reported to be 3.3 or greater.(223) In Paper II, the diﬀerence in PCS
between women with mild VF and women without VF was 2.4, although
in women having more than two VFs the diﬀerence in PCS was 7.2 compared with women without VF.
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Mild VFA-identiﬁed VFs
Regarding mild VFs, whether or not they are important to identify is still
controversial. While some have reported that even mild VFs are associated
with impaired HRQoL (99,224) or subsequent fractures, (225,226) most studies
so far have either not classiﬁed the prevalent VFs according to severity or
they have focused on moderate and severe VFs. (20,227,228) Only one study,
as far as we know, has examined the role of VFA-identiﬁed VFs, according
to severity, in predicting future fracture risk, and the predictive value of
mild VF could not be veriﬁed.(229) To our knowledge, Paper III is the ﬁrst
study to show the predictive value of mild VFA-identiﬁed VFs on fracture
risk. However, there are some diﬃculties to consider when identifying
mild VFs. Due to poor visualization of the upper thoracic vertebrae, mild
VFs can be missed. However, VFs at level T4-T5 are rare and VFA is a
reliable method to detect VFs at level T7-L4 compared with conventional
x-ray, with an agreement in deformity identiﬁcation between VFA and xray of 96.5% (κ=0.81).(151) While some have questioned the reliability of
VFA for detecting mild VFs, (230) others have shown good agreement between VFA, including mild VFs, and spine x-ray (κ=0.74).(231) Depending
on which morphometric method is used to identify VFs and how a minor
deformity is classiﬁed, the prevalence of VFs can range from 3% to
90%.(105,108) In Papers I-IV we have used the GSQ method because it is the
most widely used, and with the semi-quantitative approach, other morphologic deformities such as Schmorl’s nodes, SVH, Scheuermann’s disease,
degenerative changes, scoliosis and Cupid’s bow deformity can be diﬀerentiated from fractures (chapter 1.4.4).(119) To be able to distinguish these
diﬀerential diagnoses from VFs, some experience and training are required.(232) Mild VFs are important to identify because of the vertebral fracture cascade (Chapter 1.4.3).
The importance of interrupting the vertebral fracture cascade
To prevent subsequent fractures, the vertebral fracture cascade has to be
interrupted. Firstly, all VFs (symptomatic as well as asymptomatic) have
to be detected by spinal imaging. According to the ISCD, spine imaging
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(by standard radiography or VFA) is recommended when the T-score is
less than -1.0 and one or more of the following conditions is present:
women aged ≥70 and men aged ≥80, historical height loss >4 cm, selfreported prior VF, glucocorticoid therapy ≥5 mg of prednisolone or equivalent per day for ≥3 months.(233) Secondly, if a VF is detected, the vertebral
fracture cascade can eﬀectively be interrupted by osteoporosis medication,
and treatment should, if appropriate, commence as soon as possible after
the fracture according to treatment guidelines.(164) However, VFA is not
used enough globally even though secondary prevention programmes such
as FLSs are increasing worldwide.(234) In a non-FLS clinical setting, prevalent VFs by VFA increased the number of patients eligible for osteoporosis treatment by 35% compared with not knowing VFA results (235) and
from a FLS in the United Kingdom, 25% of patients presenting with a nonhip, nonvertebral fracture had an undiagnosed VF.(236) �is ﬁnding is in
concordance with our results in Paper IV, even though ours is a populationbased study, in which VFA-identiﬁed VFs were found in 20% of women
who did not report a prior fracture.
VFA is an established method but still not routinely used
Quite recently in Sweden, the National Board of Health and Welfare published new recommendations that the proportion of VFAs in conjunction
with central DXA should be 100%.(174) In 2021, DXA devices in Sweden
were estimated to be 66 (of which 7 devices are used for research) in a
population of 10.4 million, resulting in 5.7 units per million inhabitants.(237)
�e number of DXA devices varies markedly in diﬀerent countries and the
optimal number of DXA devices for managing osteoporosis was estimated
in diﬀerent scenarios by Kanis and Johnell in 2005.(238) If all women at the
age of ≥ 65 years were to be screened (over a 10-year period), the requirement for DXA would be 11.21 units per million. If instead women with
strong risk factors for fracture were referred for densitometry (another scenario), the estimated need for DXA devices was 5.36 units per million. In
countries outside Europe, the number of DXA / million of the population
(2003) varied from 2.3 in Saudi Arabia to 35.6 in the USA and in Europe it
ranged between 0.6 in Russia to 20 in France and Portugal. �ere are also
countries worldwide that have fewer than one DXA machine per million
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(e.g. Indonesia, Sri Lanka, Pakistan, China, India). Kanis et al. concluded
that the availability of DXA globally seems to be sub-optimal, and the most
eﬀective use of the devices is the use of CRFs with the selective use of
BMD.(238)
The categorisation of fracture risk and choice of treatment
Recently published guidelines suggest that bone speciﬁc treatment can be
recommended without further assessment by DXA or FRAX in older patients (> 65 years) with a prior low-trauma fracture.(164,239) Would additional
knowledge of prevalent VFs change treatment choices in individuals with
known prior low-trauma fracture?
Recently, some guidelines have begun to categorise patients into those who
are at low, high or very high risk for fracture, due to age-dependent intervention FRAX thresholds, to be able to optimize the treatment.(240) “High
risk” patients are usually recommended antiresorptive treatment while
“very high risk” patients beneﬁt from anabolic agents, followed by an antiresorptive agent (sequential treatment). As recommended by the International Osteoporosis Foundation (IOF) and the European Society for
Clinical and Economic Evaluation of Osteoporosis and Osteoarthritis
(ESCEO), the fracture risk should be expressed as an absolute risk, taking
age, life expectancy and current fracture risk into account, which preferably can be expressed as the 10-year probability of MOF or hip fracture.
(128,164)
In Paper IV we evaluated whether VFA-identiﬁed VFs in older
women aﬀect the 10-year probability of MOF in FRAX independently of
self-reported prior fractures and other CRFs used in FRAX and FN BMD.
We found that VFA-identiﬁed VFs have a considerably impact on the 10year probability of MOF beyond the risk a prior self-reported fracture contributes with. �e 10-year probability of MOF increased from 29.5% (without considering VFA) to 36.7% (having a VFA-identiﬁed VF) for a 75year-old woman with a previous fracture but no other CRFs and BMD Tscore -2. But has this new information any importance in the clinical setting? Regarding the algorithm presented in Figure 25, a 75-year-old
woman with 10-year probability of MOF of approximately 30%, will have
a borderline very high to high fracture risk. However, the choice between
sequential treatment and antiresorptive medication alone may in clinical
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everyday life be diﬃcult. Anabolic drugs are more expensive and require
expertise in anti-osteoporotic medication. When VFA is taken into account
and the 10-year probability of MOF increases to “very high” without any
doubt, more patients at very high risk will probably be considered for sequential treatment, or at least to a greater extent be provided with an optimal treatment plan.

Figure 25. Infographic outlining of the characterization of fracture risk by FRAX major osteoporotic fracture probability in postmenopausal women. Initial risk assessment uses FRAX with clinical
risk factors alone. FRAX probability in the red zone indicates very high risk and that an initial
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course of anabolic treatment followed by antiresorptive therapy may be appropriate. FRAX probability in the green zone suggests low risk, with advice to be given on lifestyle, calcium and vitamin D
nutrition and menopausal hormone treatment considered. FRAX probability in the intermediate (orange) zone should be followed by BMD assessment and recalculation of FRAX probability including
femoral neck BMD. After recalculation, risk may be in the red zone (very high risk), orange zone
(high risk, which suggests initial antiresorptive therapy) or green zone (low risk, either in the original green zone or in the original orange zone but below the intervention threshold). Note that patients with a prior fragility fracture are designated at high risk at least and possibly at very high risk
dependent upon the FRAX probability. With kind permission of Springer Nature (240)
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6. Conclusions
VFs are one of the strongest predictors for future fracture. If VFs are identiﬁed and eﬀective treatment is initiated, the risk of future fracture can be
reduced considerably, by 40-70%, using antiresorptives alone, and with
even greater eﬃciency if sequential treatment is used. More eﬃcient fracture risk prediction and treatment will not only reduce the burden of disability, morbidity, and mortality on an individual level, but also reduce the
burden on society, as well as health and welfare costs. By using VFA, in
conjunction with DXA, the spine can be evaluated for VFs, and bone-speciﬁc treatment can be initiated when appropriate. We investigated whether
VFA-identiﬁed VFs were associated with bone traits assessed by DXA,
HRpQCT and bone microindentation. In concordance with previous studies, which have used conventional x-ray for identifying VFs, TH BMD by
DXA was strongly and independently associated with VF in older women,
although identiﬁed by VFA. We also found that back pain was more common, and that physical health and physical function, assessed by performance-based measurements, were inferior in these women with VFs
compared with women without, and that even mild VFs had impact on
physical health and function. �e clinical utility of VFA was further investigated by examining whether VFA-identiﬁed VFs predict future fractures,
and more speciﬁcally the predictive value of mild VFs. Due to the fact that
mild (grade 1) VFs were independently associated with future MOF, we
concluded that all VFs, regardless of severity, should be taken into account
when assessing fracture risk in older women. However, can a VFAidentiﬁed VF improve fracture risk prediction beyond that of a prior fracture put into FRAX? Analyses using FRAX models showed that VFAidentiﬁed VFs clearly increased the 10-year probability of MOF independently of CRFs, FN BMD, and prior self-reported fracture. Based on
these ﬁndings, it may be concluded that VFA is a valuable tool in fracture
risk assessment in older women and should be incorporated routinely into
clinical practice.
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7. Future Perspectives
Even though extensive research has shown evidence of the eﬀectiveness
of bone-speciﬁc treatment in reducing the risk of future fractures, there is
an undertreatment, the so called “treatment gap”, of patients who would
beneﬁt from osteoporosis medication.(25,241) �ere are probably several reasons for this, e.g. the fear of adverse events (e.g. osteonecrosis of the jaw,
atypical femoral fractures, gastro-intestinal events, atrial ﬁbrillation, cardiovascular events), inadequate knowledge about osteoporosis medication
eﬃcacy among clinicians, and the varying extent of reimbursements from
health care providers, which may diﬀer both at a national and international
level. Studies have indicated also that older and very old patients, who
have the highest absolute fracture risk, beneﬁt from bone-speciﬁc treatment.(241,242) After a fragility fracture, it is important to start treatment as
soon as possible due to the fact that the “imminent risk” of a second fracture is highest in the ﬁrst 2 years after the ﬁrst fracture.(137) In a modelbased study in postmenopausal women with severe osteoporosis at high
risk of fracture, it was shown that treatment with romosozumab followed
by alendronate could also be a cost-eﬀective choice in high-risk groups.(243)
FLSs play an important role in decreasing the “treatment gap”. However,
in Sweden, with the highest incidence of osteoporotic fractures in Europe,(1) only 25-50% of hospitals reported the presence of FLSs, and the
number DXA units/million inhabitants was 7.4, putting Sweden in twentyfourth place out of 29 countries.(3) �is fact contrasts sharply with the recommendation by the Swedish National Board of Health and Welfare in the
most recent guidelines from 2020 stating that the implementation of FLSs
(including patient evaluation using DXA) is of the highest priority.(174)
If future studies similar to the one in Paper IV show consistent results regarding the eﬀect of VFA-identiﬁed VFs on the 10-year probability of
MOF in FRAX, it is possible that VFA results could be incorporated in
future FRAX tools. �is would further highlight the importance of increased reimbursements for DXA equipment and the education of personnel performing DXA and fracture risk assessments on patients at risk.
Paper IV shows that, having at least one grade 3 VFA-identiﬁed VF or ≥ 3
VFA-identiﬁed VFs was associated with increased mortality in older
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women, independently of CRFs and BMD, which is consistent with previous studies. However, studies on the causes of death in patients with VF
are still quite few (244,245), and the SUPERB cohort could perhaps oﬀer the
opportunity to evaluate causes of death in patients with VFs.
In Paper I, we found that women with prevalent VFA-identiﬁed VFs had
impaired trabecular bone microstructure and cortical geometry, assessed
by HRpQCT, compared with women without VF, but not independently of
TH BMD. �ere are a few studies examining the predictive value of bone
microstructure on incident fractures,(246) although these studies are small
and in younger postmenopausal women(247,248), or in older men.(249) Using
data from the SUPERB cohort, it would be possible to evaluate the predictive value of HRpQCT on incident fracture in older postmenopausal
women in a larger study with longer follow-up time.
When lateral spine images were examined by VFA, the presence of scoliosis also had to be taken into account, since a rotated vertebra may look
like a concave VF. �e total-body image by DXA was assessed and scoliosis was present when vertebrae deviated clearly laterally from the midline
of the spine. With this rather subjective method, 817 individuals from the
SUPERB cohort were classiﬁed as having scoliosis, which corresponds to
a prevalence of 27%. Previous studies are not conclusive as to whether or
not VFs predispose scoliosis or scoliosis predisposes weakened vertebrae
due to altered mechanical load, which in turn increases the risk for VF.(250)
Adult scoliosis is diagnosed in a skeletally mature individual with a Cobb
angle of more than 10° in the frontal plane.(251) �e prevalence of scoliosis
in the population increases with age.(252) To date, scoliosis is not considered
a risk factor of VF, and as far as we know, there are no previous studies
examining the associations between prevalent scoliosis and incident fractures. It would therefore be warranted to evaluate whether scoliosis and
severity of scoliosis in older women are associated with incident vertebral
and nonvertebral fractures. However, although we have data on incident
fractures, the prevalence of scoliosis in the SUPERB cohort has to be reevaluated, using the validated method described by Taylor et al.(253,254)
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