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Abstract
Osteoporotic vertebral fractures are common among ageing populations worldwide. Although
small vertebral size has been established as an independent risk factor for vertebral fracturing,
relatively few determinants of vertebral size are currently known.
The present study aimed to reveal lifetime factors that associate with midlife vertebral size.
Overall physical activity across the lifespan, sports participation in adulthood, occupational
physical activities in adulthood, and physical growth in early life were investigated. A subsample
of the Northern Finland Birth Cohort Study 1966 was used, with a 46-year follow-up (n = 1,540).
Vertebral dimensions were obtained by magnetic resonance imaging of the lumbar spine at the age
of 46.
The present data showed that high lifelong leisure-time physical activity and active
participation in high-impact sports in adulthood were associated with large midlife vertebral size
among women, but no such association was detected among men. Occupational physical activities
were not associated with vertebral size among either sex. Early-life weight gain predicted large
midlife vertebrae among both sexes, and the effect of height gain on vertebral size seemed to be
mediated by adult height.
The present findings show that the female vertebra in particular seems to benefit from high
leisure-time physical activity and active participation in high-impact sports. Regardless of sex,
early development also seems to play a role in determining later-life vertebral size. Prospective
studies should confirm the causality of the present findings, and further research is needed to shed
light on other lifetime factors as determinants of vertebral size.

Keywords: anatomy, cohort study, growth, lumbar vertebrae, physical activity, spine,
vertebrae, vertebral size

Oura, Petteri, Elinaikaisten tekijöiden yhteys keski-iän nikamakokoon.
Tarkastelussa elinaikainen liikunnallisuus sekä varhainen kasvu
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu
Acta Univ. Oul. D 1418, 2017
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Tiivistelmä
Selkänikaman osteoporoottiset murtumat ovat maailmanlaajuisesti yleinen ikääntyvän väestön
vaiva. Pienen nikamakoon tiedetään lisäävän nikamamurtuman riskiä, mutta nikamakokoon vaikuttavia tekijöitä tunnetaan toistaiseksi varsin vähän.
Tämän tutkimuksen tavoitteena on selvittää keski-iän nikamakokoon vaikuttavia elinaikaisia
tekijöitä. Erityisesti tutkitaan vapaa-ajan liikunnallisuuden, lajikohtaisen harrastusaktiivisuuden,
työn liikunnallisten piirteiden sekä lapsuuden ja nuoruuden fyysisen kehityksen yhteyttä nikamakokoon. Tutkimusjoukkona käytetään osaotosta Pohjois-Suomen vuoden 1966 syntymäkohortista (n = 1 540). Seuranta-aika on ollut 46 vuotta, ja selkänikaman koko on määritetty tutkittavista 46 vuoden iässä otetuista lannerangan magneettikuvista.
Tutkimusaineistossa naisten elinaikainen vapaa-ajan liikunnallisuus sekä aktiivinen luustoa
kuormittavien liikuntalajien harrastaminen ovat yhteydessä suureen nikamakokoon keski-iässä.
Miesten liikunnallisuuden ja nikamakoon välillä ei sen sijaan havaittu vastaavaa yhteyttä, eivätkä työn liikunnalliset piirteet olleet yhteydessä nikamakokoon kummallakaan sukupuolella. Varhainen painon kasvu ennusti suurta keski-iän nikamakokoa sukupuolesta riippumatta, ja varhaisen pituuskasvun vaikutus nikamakokoon näytti välittyvän aikuispituuden kautta.
Tutkimuksen tulosten perusteella siis erityisesti naiset näyttäisivät hyötyvän vapaa-ajan liikunnallisesta aktiivisuudesta ja luuta kuormittavien lajien harrastamisesta aikuisiällä. Sukupuolesta riippumatta myös lapsuuden ja nuoruuden fyysisellä kehityksellä näyttäisi olevan merkitystä keski-iän nikamakokoon. Tulevaisuudessa prospektiivisten tutkimusasetelmien tulisi vahvistaa tässä tutkimuksessa havaittujen yhteyksien kausaliteetti. Lisäksi tutkimusta tarvittaisiin jatkossa muiden nikamakokoon vaikuttavien elinaikaisten tekijöiden selvittämiseksi.

Asiasanat: anatomia, fyysinen aktiivisuus, kasvu, kohorttitutkimus, lanneranka,
nikamakoko, nikamat, selkäranka
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1

Introduction

Estimates of one new vertebral fracture occurring every 22 seconds worldwide are
striking (International Osteoporosis Foundation 2010). The main underlying
condition, osteoporosis, is a bone deficiency disease that occurs with age and leads
to systemic skeletal fragility (Black & Rosen 2016, Kanis 2002, Rachner et al.
2011). Substantial morbidity and increased mortality have been reported among
those affected, placing a significant financial burden on healthcare systems and
societies (Compston 2010, Harvey et al. 2010). Due to ageing populations, the
incidence of fragility fractures is expected to further elevate over the upcoming
decades (Hernlund et al. 2013, Strom et al. 2011). In Finland, osteoporosis affects
some 400,000 individuals, and the nationwide incidence of all osteoporotic
fractures is around 35,000 per year (Alhava 2004, Finnish Osteoporosis Association
& UKK Institute 2006).
For diagnostic and preventive purposes, an individual’s risk of developing
osteoporotic fractures should be accurately estimated, and those at high risk of
fracturing should be effectively identified (Kanis et al. 2009, Link 2012).
Conventionally, bone mineral density (BMD) has been used to serve this function,
but its reliability as a measure of fracture risk has not been satisfactory (Rachner et
al. 2011, Sisodia 2013, Unnanuntana et al. 2010). In addition to BMD, the
geometry of a bone markedly affects its strength (Bouxsein & Karasik 2006,
Donnelly 2011), implying that broader knowledge regarding the factors that
influence bone size at different skeletal sites may provide additional information
for the prevention and risk assessment of osteoporotic fractures. Indeed, the spine
is one of the most relevant skeletal sites in this regard (International Osteoporosis
Foundation 2010).
Small vertebral size has been determined as an independent risk factor for
spinal fractures (Bouxsein & Karasik 2006, Briggs et al. 2007, Ruyssen-Witrand et
al. 2007). Since relatively few determinants of vertebral size are currently known,
the present study aimed to investigate whether certain lifetime factors may have
this ability. A middle-aged sample from the Northern Finland Birth Cohort Study
1966 was examined, taking their physical activity and early-life growth as potential
determinants of vertebral dimensions. More specifically, the aims of the study were
to investigate whether and how lifelong leisure-time physical activity (Substudy I),
sports participation and high-impact exercise in adulthood (Substudy II),
occupational physical activity in adulthood (Substudy III), and physical
development from birth to late adolescence (Substudy IV), were associated with
19

midlife vertebral size. It was hypothesised that high levels of physical activity
during leisure time or at work would be related to large vertebrae in midlife, and
that the association would be detected with high-impact exercise modalities in
particular. It was also hypothesised that rapid height and weight gain in early life
would be associated with greater midlife vertebral size.

20

2

Review of the literature

2.1

Skeletal system

The human skeleton supports the body and protects its vital structures from outside
damage (Gray 1858). It consists of bone and cartilage, and is further divided into
the axial and appendicular skeleton. The axial skeleton is formed by the cranium,
costae, sternum and vertebral column, whereas the appendicular skeleton consists
of the bones in the hip and limb areas (Drake et al. 2010, Tate 2012).
From an embryologic point of view, the skeleton is derived from various cell
lineages of the mesenchyme. The limbs develop from lateral plate mesodermal cells,
while the axial skeleton originates from paraxial mesoderm, with the exception of
its craniofacial parts, which originate from cranial neural crest cells (Berendsen &
Olsen 2015, Olsen et al. 2000). After reaching their predetermined location, these
osteoprogenitor cells differentiate into either bone-forming cells that produce bone
tissue directly in a process called intramembranous ossification, or cartilageforming cells that produce cartilage to be later transformed into bone tissue in a
process referred to as endochondral ossification. Most skeletal elements develop
through endochondral ossification (Berendsen & Olsen 2015, Clarke 2008, Hall &
Miyake 1992, Mackie et al. 2008, Mundlos & Olsen 1997).
2.1.1 General features of bone
Bone is a living tissue that includes both organic and inorganic materials. Minerals,
mainly hydroxyapatite, comprise approximately two thirds of the tissue, while the
remaining one third is made up of proteins (mainly collagen), bone cells
(osteoblasts, osteoclasts, osteocytes and lining cells) and water (Buckwalter et al.
1996a, Currey 2006, Sroga & Vashishth 2012). Minerals contribute to the stiffness
of the bone, and organic components affect its plasticity (Tate 2012). Osteoblasts
are responsible for bone formation, which results in net gain of bone mass;
osteoclasts, in turn, account for bone resorption, which results in loss of bone mass.
Once embedded within mature bone tissue, osteoblasts transform into osteocytes.
Lining cells, which cover all surfaces of the bone, are involved in hematopoiesis,
maintain favourable fluid and ionic balances, and play a role in signal mediation
within the bone tissue (Kini & Nandeesh 2012, Miller et al. 1989, Seeman &
Delmas 2006).
21

The process of bone modelling involves osteoblast and osteoclast activity in
separate bone areas, enabling bones to gain and alter their shape and mass during
growth, and to adapt to, for example, loading in later life. Correspondingly, the
lifelong process of remodelling involves osteoclasts and osteoblasts resorbing and
forming bone in a coupled manner at the same bone site, allowing constant bone
turnover and systemic calcium metabolism without excessively compromising
bone qualities (Baron & Kneissel 2013, Clarke 2008, Seeman 2009).
Intramembranous and endochondral ossification, which occur both before and after
birth, involve osteoprogenitor cells that differentiate into osteoblasts either directly,
or via chondrocytic or perichondrocytic intermediates (Long 2012). For example,
childhood growth of long bones is due to endochondral bone formation at the
metaphyseal growth plates, and both growth methods occur in fracture healing
(Claes et al. 2012, Kronenberg 2003).
The hard outer shell of bone is called the cortex. Periosteum and endosteum
are the fibrous membranes that cover the outer and inner surfaces of the cortex,
respectively (Fig. 1). Periosteum serves as an attachment plane for all muscles,
directly or indirectly; thus, muscle contractions primarily affect the cortex. Cortical
bone is dense, mineral-rich tissue that is organised into circular osteons.
Approximately 0.2 mm wide and several millimetres long, osteons consist of
compact layers of lamellae; Haversian and Volkmann’s canals within the osteon
structure provide the cortex with its vascular supply. The less dense, less heavy
trabecular bone is found under the cortex and consists of sparse bony trabeculae.
Cortical and trabecular bone are tightly connected. Fatty bone marrow exists in
either the medullary cavity near the most central parts of the bone, as is the case
with long bones, or among the trabecular structures of the bone, as is the case with
other bones such as the vertebrae (Clarke 2008, Drake et al. 2010, Tate 2012,
Yamauchi et al. 2004).
Unlike cartilage, bones have their own blood supply and innervation. Typically,
the inner and outer parts of the bone receive their vascular input from separate
vessels. Nerve fibres enter and exit the bone along with the vessels. Compared to
the inner structures of the bone, the periosteum has extensive sensory innervation.
Not many sensory fibres exist outside the periosteum (Drake et al. 2010).
Bones are constantly under the impact of loading. The magnitude and intensity
of the loads applied to a bone are referred to as ‘force’ and ‘stress’, respectively. To
resist external forces and stress, bones can undergo transformations in their external
and internal shape without fracturing. ‘Deformation’ and ‘strain’ are the terms for
this. When exposed to mild loading, the deformation is physiological and reversible.
22

Under increased loading, irreversible micro-failures appear in the bone’s internal
structure first, followed by a macro-failure, after which fracturing occurs (Bogduk
2012, Seeman 2003, Turner & Burr 1993).
According to Wolff’s law, the placement and mass of bone elements reflects
the direction and magnitude of the functional forces applied to it (Frost 1994, Wolff
1892). The alignment of osteons and trabeculae is optimised according to the
typical loading direction of the bone, which in humans is longitudinal. As a result
of this heterogeneous structural organisation, human bones are more capable of
resisting longitudinal than transverse forces; this characteristic is termed
‘anisotropy’. Bones are also differently affected, depending on the rate of load
application, which stems from the viscoelasticity of the bone (Currey 2006,
Knudson 2007).

Fig. 1. Simplified cross-section of a bone without the medullary cavity. CB = Cortical
bone, EO = Endosteum, PO = Periosteum, TB = Trabecular bone and bone marrow.

2.1.2 Terminology of bone quality
The terminology of bone composition parameters is plentiful. ‘Bone mass’ is a
vague term without a globally established definition. It is typically defined as either
the overall mass of bone, including the mineral and protein content, or the mass of
mineral in the skeleton or a specific skeletal site (Cummings et al. 2002). ‘Peak
bone mass’ is the highest bone mass reached in late adolescence or early adulthood,
and is mainly the result of bone modelling during growth. It is well known that
bone qualities decrease towards late life, especially among women, and achieving
a high peak bone mass in early life is therefore considered highly important
(Buckwalter et al. 1996b, Heaney et al. 2000).
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‘Bone mineral content’ (BMC) refers to the amount of mineral in a bone or a
specific skeletal site, and is typically expressed in grams. Further, ‘bone mineral
density’ (BMD) is obtained by dividing the BMC of a skeletal site by its area or
volume; thus, it is usually given in g/mm2 for areal bone density, or g/mm3 for
volumetric bone density (Cummings et al. 2002). Finally, ‘bone quality’ refers to
the sum of all the factors that contribute to the bone’s ability to resist fracturing
(Bouxsein 2003). Moderate reduction in bone qualities is referred to as osteopenia,
whereas its severe form is termed osteoporosis. Both osteopenic and osteoporotic
individuals are at an elevated risk of developing low-energy fractures in their
skeleton (Hernlund et al. 2013, Kanis et al. 2009). An osteoporosis diagnosis may
be based on fracture incidence, or more commonly, low BMD (Black & Rosen
2016, Kanis 2002).
2.2

Spine

The spine, i.e., the vertebral column (columna vertebralis), is located posteriorly
and medially in the human body. Together with other bony and cartilaginous
elements and the associated extrinsic and intrinsic muscles, it is responsible for
maintaining an upright posture and enabling controlled body movements. It also
protects the spinal cord and proximal rami of the spinal nerves (Moore et al. 2014,
Rockwell et al. 1938).
Developmentally, spinal components originate from the paraxial mesoderm,
which starts dividing into somites during the third gestational week. Somites will
then further split to form four distinct progenitor components, including
sclerotomes, syndetomes, myotomes and dermomyotomes, which will later
develop into specific structures of the spine. Sclerotomes will give rise to vertebrae
and ribs, syndetomes will differentiate into tendons and cartilaginous elements,
myotomes will develop into spinal musculature, and dermomyotomes will form the
dermis of the skin and spinal musculature. To avoid dysmorphogenesis, the timing,
positioning and cell differentiation are strictly regulated (Pansky 1982, Rawls &
Fisher 2010).
The main framework of the spine are its 33 vertebrae. Seven of these are
cervical (C1–C7), twelve are thoracic (T1–T12), five are lumbar (L1–L5), five are
sacral, and four are coccygeal (Fig. 2). In adults, the sacral and coccygeal vertebrae
usually unite and form the sacrum and coccyx, respectively. The exact number of
vertebrae in individuals varies physiologically to some extent. The thoracic and
24

Fig. 2. Vertebral column with its cervical, thoracic, lumbar, sacral and coccygeal
segments. Typical kyphoses and lordoses are indicated by arrows.
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sacral curvatures of the spine are kyphotic, whereas cervical and lumbar curvatures
are lordotic (Fast & Goldsher 2007, Moore et al. 2014).
Intervertebral discs (discus intervertebralis, disci intervertebrales) lie between
the vertebral bodies (corpus vertebrae, corpora vertebrarum), holding the
vertebrae together and distributing spinal compression forces on the corpus. Disci
are composed of the outer fibrocartilaginous annulus fibrosus and the inner
gelatinous nucleus pulposus (Schmorl & Junghanns 1959). As with cartilage tissue
in general, no blood or lymph supply, and little innervation, exists. Oxygen, energy
and nutrients are received by diffusion (Drake et al. 2010). The thin endplate
between each vertebral corpus and discus consists of hyaline cartilage and
fibrocartilage. It is debatable whether the endplate is part of the vertebra or part of
the discus (Bogduk 2012, Coventry et al. 1945, Eyring 1969).
The spinal cord, running inside the vertebral column from the cranium to the
L1–L2 level, gives rise to 31 pairs of spinal nerves. Each of the spinal nerves have
an efferent anterior root for conducting motor signals from the central nervous
system, and an afferent posterior root for transmitting sensory information to the
central nervous system, accordingly (Rawls & Fisher 2010, Tate 2012).
The arterial blood supply of the cervical and thoracic spine is provided through
the subclavian arteries, whereas the lumbar, sacral and coccygeal segments receive
their blood from the abdominal aorta and internal iliac arteries. Venous blood is
transmitted through the venous plexuses, which are located around the spinal cord
(internal plexuses) and vertebrae (external plexuses); blood from cervical and
thoracic areas is directed to the superior vena cava, whereas drainage from the
lumbosacrococcygeal area is directed to the inferior vena cava. The spinal cord has
its own blood supply (Crock & Yoshizawa 1977).
Three layers of musculature surround the spine, with a total strength of up to
4,000 N (Bogduk 2012). The superficial muscles of the back connect the
components of the appendicular skeleton to the vertebral column, costae and
cranium, and generate the movements of the upper limbs. The intermediate back
muscles attach the vertebrae to the costae and contribute to inhalation and
exhalation. Deep back muscles are involved in moving the vertebral column and
head (Drake et al. 2010).
2.3

Lumbar vertebra

The five lumbar vertebrae are distinct from other vertebral segments in terms of
their anatomical and functional features (Fast & Goldsher 2007, Rawls & Fisher
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2010, Schmorl & Junghanns 1959). Indeed, the focus of this thesis is on the lumbar
segment, the vertebral corpus being the main interest.
2.3.1 Macroscopic anatomy
All vertebrae consist of a vertebral corpus anteriorly and a vertebral arch (arcus
vertebrae, arcus vertebrarum) posteriorly. The arcus is composed of two lateral
pedicles and two medial laminae (Fig. 3). Vertebral foramen is formed in the middle
of the corpus and arcus, allowing the spinal cord to transmit through it (Drake et al.
2010, Rawls & Fisher 2010). The laminae and other irregular bony structures
posterior to the corpus and pedicles are called the posterior elements of the vertebra.
These, unlike the corpus, provide stability for the transverse movements of the
spine. Pedicles attach the posterior vertebral elements to the corpus (Bogduk 2012).
The corpus of an adult lumbar vertebra is rectangular by its sagittal and coronal
cross-sections, and kidney-shaped when viewed axially. Three-dimensionally, it is
cylindrical with flat superior and inferior ends. Due to its weight-bearing function,
the corpus of a lumbar vertebra is distinctively large and heavy compared to other
vertebral segments. The anterior and posterior surfaces of the corpus encompass
canals for nutrient and intraosseus arteries and corresponding veins. The endplates
of adjacent corpora are connected by a discus, forming an interbody joint (Bogduk
2012, Drake et al. 2010, Tate 2012).
The several processes of the lumbar vertebrae mainly serve as muscle
attachment or articulation planes. Extending upwards and downwards from the
junction of the lamina and pedicle, superior and inferior articular processes join
adjacent vertebrae together. The joint area of these processes is called an articular
facet, and the corresponding joint is referred to as a zygapophyseal joint. The part
of the lamina between the articular processes is termed the pars (pars
interarticularis, partes interarticulares). The spinous process originates from the
junction of the laminae posteriorly, and serves as an attachment plane for muscles
and ligaments. The two transverse processes project laterally sideways from the
junction of the lamina and pedicle, and provide attachment planes for muscles and
ligaments. A small bony structure, the accessory process, can be found on the
posterior edge of each transverse process. Correspondingly, the mammillary
process is a small bony tubercle on the posterior part of the superior articular
process. Unlike the vertebrae in the thoracic segment of the spine, lumbar vertebrae
have no costal facets (Drake et al. 2010, Moore et al. 2014).
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Fig. 3. Anatomical landmarks of a lumbar vertebra. A = Superior view, B = Posterior view,
C = Lateral view. AP = Accessory process, IAP = Inferior articular process, MP =
Mammillary process, Pars = Pars interarticularis, SAP = Superior articular process, SP
= Spinous process, TP = Transverse process, VC = Vertebral canal (spinal cord), VF =
Vertebral foramen, ZAPJ = Zygapophyseal joint.
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Ligaments limit the movement of the vertebrae in relation to each other and
thus stabilise vertebral joints. Anterior and posterior longitudinal ligaments extend
down the anterior and posterior surfaces of the vertebral corpora, respectively.
Ligamenta flava connect the laminae of adjacent vertebrae. The supraspinous
ligament extends down the posterior end of the spinous processes, and the
interspinous ligaments connect the superior and inferior parts of the spinous
processes of the adjacent vertebrae. The iliolumbar ligaments bind the transverse
processes of L5 to the ilium. The lateral parts of the annulus fibrosus, joining the
ring apophyses of adjacent vertebral corpora together, can also be considered a
ligament. In addition, several ligamentous structures extend between parts of a
single vertebra (Bogduk 2012, Fast & Goldsher 2007, Rawls & Fisher 2010).
The corpora of lumbar vertebrae are oriented to establish a lordotic curvature
(Moore et al. 2014). The degree of the lordosis varies somewhat among individuals,
with very little clinical relevance (Gelb et al. 1995, Roussouly et al. 2005, Stagnara
et al. 1982).
Two lumbar arteries provide the blood supply of a lumbar vertebra. Both give
rise to periosteal branches, which nourish the periosteum of the corpus, anterior
branches, which mostly penetrate the corpus either through the nutrient foramina
on its posterior surface or through other foramina on its anterior or lateral surfaces,
and posterior branches, which supply blood to the posterior elements. Venous
drainage is provided by anterior, lateral and posterior venous plexuses (Crock et al.
1973, Crock & Yoshizawa 1976, Drake et al. 2010, Ratcliffe 1980).
The branches of lumbar spinal nerves innervate the lumbar vertebrae. Anterior,
posterior and lateral plexuses, extending from the truncus sympatheticus, envelop
the vertebral corpora. Although the periosteum is well innervated, few nerve
endings exist within the vertebral spongiosa; most nerves enter the spongiosa by
intraosseus arteries and veins, but pass right through it towards the endplates
(Adams et al. 2012, Bogduk 1985, Bogduk 2012).
With the exception of certain parts of the diaphragm and the psoas major and
minor, back muscles attach to the processes or the laminar surface of lumbar
vertebrae (Bogduk 2012).
2.3.2 Microscopic anatomy
Disregarding the lack of a separate medullary cavity, the internal structure of the
corpus of a lumbar vertebra is essentially congruent to that of long bones (Fig. 4).
Trabecular bone tissue is surrounded by a layer of cortical bone (cortex) with its
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outer periosteal surface and inner endosteal surface (Clarke 2008, Mosekilde 1993).
The trabecular network consists of intersecting longitudinal and transverse
trabecular beams, which are firmly interconnected. The trabeculae are also attached
to the cortex (Fields & Keaveny 2012, McDonnell et al. 2007). There is
hematopoietic tissue and blood among the trabeculae, and the spongy composite of
these components is collectively referred to as the vertebral spongiosa (D'Aprile
2015, Schmorl & Junghanns 1959, White & Panjabi 1990).
The corpus shares parts of its internal structure with the pedicles and posterior
vertebral elements. In addition to a continuous cortex, the posterior and lateral
trabeculae of the corpus extend to the pedicles, laminae and processes. The
orientation of the extending trabeculae, and the trabecular structure of vertebral
posterior elements, depend on the typical direction of the forces that transmit
through them (Bogduk 2012, Gallois & Japiot 1925, Rockwell et al. 1938, Shah et
al. 1976). The partes interarticulares and pedicles have a more robust bone structure
in comparison to the more subtle structure of other posterior elements (Bogduk
2012, Krenz & Troup 1973, Maillot & Wolfram-Gabel 1993).

Fig. 4. Schematic illustration of a lumbar vertebra with the anterior half of the corpus
removed. Anterior view. EO = Endosteum, IEP = Inferior endplate, LT = Longitudinal
trabecula, PO = Periosteum, SEP = Superior endplate, TT = Transverse trabecula.
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2.3.3 Biomechanical aspects
The spine is essential for human function due to its role as a stable yet flexible
framework for the upper body (Izzo et al. 2013a, Izzo et al. 2013b, Panjabi & White
1980, White & Panjabi 1990). Since the spine and the pelvis are anatomically
linked, spinal biomechanics are affected by pelvic geometry. This applies to the
entire spine and not just the lumbosacral segment. For example, the degree of
lumbar lordosis and thoracic kyphosis are regulated by the orientation of the pelvis
(Ashton-Miller & Schultz 1997, Oxland 2016).
Two adjacent vertebrae, the interjacent discus, and the surrounding
musculature and ligaments are collectively referred to as spinal motion segments
or functional units (Ferguson 2008, Oxland 2016). Each motion of a vertebra can
be expressed as the result of linear and rotational movements in the coronal, sagittal
and horizontal planes, relative to its functional unit (Bogduk 2012, Izzo et al.
2013a). While these movements can be performed with minimal effort within
physiological ranges of motion, a substantial amount of internal or external force
is needed to exceed this physiological range. Extreme motions are restricted by the
spinal stabilisation system, which involves the passive subsystem (vertebrae, disci,
zygapophyseal joints, ligaments), the active subsystem (musculature, tendons), and
the associated nervous system (D'Aprile 2015, Izzo et al. 2013a). Vertebrae, disci
and spinal curvatures are responsible for resisting most of the longitudinal forces
applied to the spine, intervertebral ligaments prevent excessive bending, and
zygapophyseal joints resist axial rotation and shear forces (Adams & Dolan 2005,
Ashton-Miller & Schultz 1997, Ferguson 2008). However, factors such as posture,
spinal curvatures, injuries, and degenerative processes cause alterations in the
biomechanical properties of the stabilising structures, and modify the distribution
of forces between them. For example, the corpus sustains nearly 100% of
longitudinal loading in flexed postures, while extended postures concentrate a
higher amount of the load on the arcus posteriorly (Adams & Dolan 2005, Izzo et
al. 2013a, Oxland 2016).
The primary direction of spinal loading is longitudinal, typically generated by
muscle contractions, body weight, and external forces. Lumbar vertebrae have
substantial load-bearing responsibilities, which are primarily fulfilled by the corpus,
and secondarily by the arcus (Adams & Dolan 2005, Bogduk 2012, Osterhoff et al.
2016). Although the corpus is subject to compressive loading of up to 1,000 kg and
can resist compressive forces of thousands to tens of thousands N (Adams et al.
2002, Mosekilde 1998, Singer et al. 1995), the role of the arcus becomes more
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prominent in extended postures and among those with disc degeneration (Izzo et al.
2013a, Oxland 2016). Despite its ability to resist compressive forces to a
considerable extent, the vertebral corpus has been recognised as the ‘weak link’ of
the spine under compressive loads (Adams & Dolan 2005, Brinckmann et al. 1989).
Mild loading provokes reversible deformations in the vertebral bone, while
heavy loading induces micro-failures, and ultimately, fracturing (Bogduk 2012,
Briggs et al. 2007, Seeman 2003). Fracturing may also occur under submaximal
but repetitive loading, which is termed ‘fatigue’ (Adams & Dolan 2005, Bogduk
2012). Under compressive loads, the cranial endplate of a vertebra is typically the
first structure to fail. It fractures by bulging into the corpus, and this usually takes
place before other components of the motion segment (e.g., disci) sustain damage.
The caudal endplate is usually thicker and stronger than the cranial endplate, and
thus fractures less often (Izzo et al. 2013a, Oxland 2016). Other identified
mechanisms for loading-associated spinal injuries include extreme torsion
(zygapophyseal joint), hyperflexion (intervertebral ligaments), hyperextension
(zygapophyseal joint), and the combination of bending and compression (discus)
(Adams et al. 2002, Adams & Dolan 2005).
Spinal muscles also create bending moment on the vertebrae (Mosekilde 1998).
Muscle contractions are primarily mediated to the vertebral corpus by the posterior
elements and secondarily by the partes interarticulares and the pedicles, which is
reflected in their bulky microarchitecture (Bogduk 2012, White & Panjabi 1990).
2.4

Growth of the lumbar vertebra

During embryonal development, vertebrae are composed onto mesenchymal
models, which first undergo chondrification and then ossification (O'Rahilly et al.
1980, Rawls & Fisher 2010). The chondrification phase is initiated around the sixth
gestational week. Vertebral ossification begins from several primary ossification
centres in the primordial vertebrae around the tenth week of gestation, but the
growth process is not completed before late adolescence (Bogduk 2012, O'Rahilly
et al. 1980, Russ et al. 1986). An error in any stage of chondrification or ossification
may lead to spinal deformities (Sorantin et al. 2008).
Only central parts of the vertebrae have ossified by birth, and most vertebral
structures will undergo further ossification during the following years of life (Byrd
& Comiskey 2007, Schmorl & Junghanns 1959). Despite ossification, thick and
well-vascularised cartilaginous plates, which are directly connected to the
developing disci, persist in the superior and inferior ends of the corpus. These are
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referred to as growth plates (Peterson 2007, Roaf 1960). Ossification is initiated in
the primary ossification centres, and progresses away from the centres, i.e., towards
vertebral surfaces. Ossified segments are fused together during the process.
Secondary ossification centres appear before puberty (Bogduk 2012, Peterson
2007).
The ossification of the corpus begins in the centrum. It is later accompanied by
bone formation in the growth plates, increasing the size of the corpus and shaping
it more rectangular than circular (Brandner 1970, Byrd & Comiskey 2007,
Carpenter 1961, Peterson 2007, Taylor 1975). Before puberty, calcified spots
appear laterally within the growth plates and fuse into each other. A transverse bony
ring, termed the ring apophysis is created, serving as the secondary ossification
centre (Fig. 5). The ring apophysis further unites with the bony corpus in late
adolescence, and simultaneously marks the end of the active vertebral growth
period (Bick & Copel 1951, Bogduk 2012, Dar et al. 2011). Pedicles and posterior
elements have their own ossification centres (Carpenter 1961).
The ossification phase finishes before the age of 25–30 years (Butler et al.
2012). At the cessation of ossification, the growth plates narrow down. A thin layer
of hyaline cartilage is left between the growth plate and the bony corpus, and the
cartilaginous layer eventually transforms into the vertebral endplate (Bogduk 2012,
Lotz et al. 2013, Moore 2000, Rawls & Fisher 2010).

Fig. 5. Segmental illustration of a developing discovertebral complex. The rudimentary
ring apophysis consists of ossified spots within the growth plate.
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2.4.1 Longitudinal growth of the corpus
In childhood and adolescence, the longitudinal growth of the corpus is due to
endochondrical ossification within the growth plates (Bick & Copel 1950, Kini &
Nandeesh 2012, Stokes 2002). The process is essentially analogous to that of long
bones. First, the growth plate cells closest to the corpus are transformed into bone
tissue and fused with the bony corpus. Then, more cells are directed towards the
corpus to attend the ossification process. Growth continues until no cartilaginous
cells are left to replace the ossified ones (Bick & Copel 1950, Bogduk 2012, Kini
& Nandeesh 2012, Kronenberg 2003, Villemure & Stokes 2009). It seems that the
nucleus pulposus of the developing discus induces the ossification of the lateral
parts of the superior and inferior surfaces of the corpus around it so that a cratershaped pit forms on each end (Bogduk 2012, Taylor 1975).
The corpus of a lumbar vertebra considerably increases in height during the
first years of life. After this, the growth velocity decreases to some extent before
puberty, and height gain is only mild before the cessation of growth. Childhood
growth seems equal for the male and female vertebra, but in adolescence men are
more rapid growers, gaining larger vertebral height than women (Bogduk 2012,
Brandner 1970, Dimeglio et al. 2016, Peterson 2007, Taylor 1975). During ageing,
vertebral height slightly decreases due to degenerative processes of the spine (Duan
et al. 2001, Ericksen 1976, Twomey & Taylor 1987).
2.4.2 Transverse growth of the corpus
Transverse growth of the vertebral corpus is the result of intramembranous
appositional ossification within the periosteum (Brandner 1970, Prentice 2001,
Stokes 2002) (Fig. 6). Mesenchymal osteoprogenitor cells, existing under the
superficial layers of the periosteum, differentiate directly into osteoblasts which
then form future bone tissue to be mineralised (Kini & Nandeesh 2012, Roberts et
al. 2015). As the physiology behind endochondral and intramembranous bone
formation is different, transverse growth continues beyond longitudinal growth
(Prentice 2001, Roberts et al. 2015).
During childhood and adolescence, the growth magnitudes per period are
similar to those of longitudinal growth. According to the literature, during the first
years of life, both the anteroposterior and lateral widths of the corpus increase
rapidly. After this, the growth velocity decreases. As with longitudinal growth, sex
differences are mainly manifested during pubertal growth, leaving men with larger
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transverse dimensions of the corpus in adulthood (Bogduk 2012, Brandner 1970,
Taylor 1975, Taylor & Twomey 1984).
Although to a lesser extent after childhood and adolescence, periosteal bone
formation seems to continue throughout life, which explains the greater transverse
dimensions of vertebrae in the elderly compared to young adults (Clarke 2008,
Ruyssen-Witrand et al. 2007, Seeman 2007). Periosteal apposition occurs in both
sexes, but its magnitude is greater in men than women (Seeman 2001). Crosssectional studies have reported that anteroposterior width, mediolateral width, and
the axial cross-sectional area of the lumbar vertebrae of young individuals are
moderately smaller than those of matched older people (Duan et al. 2001,
Mosekilde & Mosekilde 1990, Riggs et al. 2004, Seeman et al. 2001). Endosteal
resorption, characterised by loss and trabecularisation of cortical bone in its
endosteal surface, may also occur throughout life, and is especially increased
among older people (Clarke 2008, Russo et al. 2006, Zebaze et al. 2010) (Fig. 6).
Vertebral osteophytes, i.e., osteocartilaginous outgrowths extending around the
cranial and caudal ends of the corpus, occur as a stabilising mechanism in the
ageing spine. Osteophyte formation can be observed in most elders (Al-Rawahi et
al. 2011, Galbusera et al. 2014, Klaassen et al. 2011).

Fig. 6. Axial cross-section of a lumbar vertebra illustrating the periosteal apposition
(POA) and endosteal resorption (EOR) on the periosteal and endosteal surfaces of the
cortex, respectively.
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2.5

Vertebral strength

In order to resist compression and bending without fracturing, bones need to retain
their shape when loaded; ‘compressive strength’ and ‘bending strength’ are the
terms used for this. Bone strength is determined by the material, architectural and
geometrical properties of the bone (Bogduk 2012, Bouxsein 2005, Bouxsein &
Karasik 2006, Yamauchi et al. 2004), which are, in turn, affected by changes in
bone turnover (Clarke 2008, Currey 2001, Mosekilde 1998).
As regards the vertebrae, it should be noted that their load-bearing properties
are primarily established by the corpus, which is the focus of interest here. The
strength of the corpus is determined by both its extrinsic and intrinsic features
(Adams & Dolan 1995, Bogduk 2012, Mosekilde 1998).
2.5.1 Material properties
Material properties include the amount, density and degree of mineralisation, and
the quality of the collagen network in bone tissue (Fyhrie & Christiansen 2015). As
a compound of minerals and collagen, vertebral bone requires a balance between
both materials for its optimal function. Without minerals, bone stiffness is lost, and
without properly cross-linked collagen, the bone becomes excessively fragile and
is easily shattered (Sroga & Vashishth 2012, Tate 2012). Variety in the molecular
and ionic structures of the minerals within the bone tissue, and the microscopic
properties of collagen and other proteins of the matrix may also contribute to
reduced bone strength (Ruppel et al. 2008). When exposed to sudden loads, ionic
structures cannot absorb energy and easily break, following their cleavage lines
(Bogduk 2012).
2.5.2 Architectural properties
Internal architecture refers to the microscopic characteristics of the vertebra’s
cortical and trabecular structures, both of which extensively contribute to its
strength (Fields & Keaveny 2012, Yamauchi et al. 2004).
The optimal strength-to-mass ratio is achieved when a porous trabecular
network is surrounded by a dense cortical shell, and the two are tightly connected
(Fields & Keaveny 2012, Mosekilde 1993). The inflexible cortex is not particularly
capable of absorbing the energy of sudden loading by itself, and would easily
fracture under such circumstances. Similarly, the network of the trabeculae requires
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a shell onto which to attach to optimise its ability to resist fracturing (Bogduk 2012,
Yamauchi et al. 2004). Vertebral spongiosa, i.e., a trabecular network with blood in
the intertrabecular spaces, increases the ability of the corpus to absorb excess
energy (Bogduk 2012, White & Panjabi 1990).
Trabecular architecture, i.e., the distribution, alignment and interconnections
of individual trabeculae and trabecular anisotropy, is a major determinant of
vertebral strength due to its essential force-transmitting function (McDonnell et al.
2007, Yamauchi et al. 2004). The thinning, perforation and reduction of the vertical
and transverse trabeculae, and disconnection between the trabeculae reduce
vertebral bone qualities (Bergot et al. 1988, McDonnell et al. 2007, Thomsen et al.
2002). As a result, the changes allow the progression of pathologic mechanisms
within the trabecular bone tissue, leading to trabecular deformities, lower tolerance
for loading and consequent vertebral fragility (Bevill et al. 2006, Goldstein et al.
1993, Snyder et al. 1993). Trabecular bone structures also seem to be
heterogeneous, not only across individuals but also intra-vertebrally, and have a
negative influence on vertebral strength (Fields & Keaveny 2012, Goldstein et al.
1993). However, vertebral strength is not always significantly reduced by failures
in local trabecular architecture, as parallel structures exist around the damaged one,
and the cortex provides additional support for the whole vertebral corpus (Fields &
Keaveny 2012).
Although the volume of cortical bone is much less than that of trabecular bone,
the cortex has been shown to bear nearly 50% of axial loading applied to the middle
part of the vertebra (Eswaran et al. 2006, Yamauchi et al. 2004). Correspondingly,
without its cortex, a vertebra’s compressive strength has been shown to decrease
dramatically (Eswaran et al. 2007). This is considered the result of the extensive
mechanical support the cortical bone is able to provide for its adjacent trabecular
structures, underlining the fact that cortical and trabecular structures inseparably
contribute to vertebral strength (Fields & Keaveny 2012). As with the trabeculae,
the increased porosity of the cortex also contributes to reduced bone strength (Bala
et al. 2015, Seeman 2008).
Architectural and material anterior-posterior asymmetries seem to be
manifested within the vertebrae, with the corpus being anteriorly and superiorly
less dense than it is posteriorly and inferiorly (Briggs et al. 2004, Izzo et al. 2013a,
Oxland 2016). These asymmetries are likely the result of altered biomechanical
factors such as spinal posture and disc degeneration, which affect the distribution
of forces within spinal motion segments (Adams et al. 2006, Oxland 2016).
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2.5.3 Geometrical properties
Bone geometry encompasses its size, shape and both internal and external
dimensions (Bouxsein & Karasik 2006). It is generally known that, given the same
material and structural properties, increased bone size, and further, vertebral size,
improves the bone’s ability to resist fracturing under external forces (Biggemann
et al. 1988, Bilezikian et al. 2008, Bouxsein 2005, Brinckmann et al. 1989). As a
term without an accurate definition, ‘vertebral size’ can be measured and
approximated by various means using external measurements including
longitudinal height, mediolateral width, anteroposterior depth, diameter,
circumference, or a combination of these (Ruyssen-Witrand et al. 2007). Other
common approximations of vertebral size are the cross-sectional area (CSA, axially
projected) or volume of the corpus. These can be measured either directly or
indirectly, or an estimation can be calculated on the basis of several onedimensional measurements, which potentially adds to the measurement error. The
special interest of this thesis is the external axial CSA of the corpus, which has been
shown to directly link to the load-bearing capacity and fragility of the vertebrae
(Bouxsein & Karasik 2006, Briggs et al. 2007, Mosekilde 1998, Ruyssen-Witrand
et al. 2007).
The shape of the bone, for its part, determines the area and orientation of planes
over which external loads are spread out (Bouxsein 2005, Bouxsein & Karasik
2006). The cylindrical corpus of a lumbar vertebra has rather flat, broad superior
and inferior ends onto which the forces can project (Bogduk 2012, Briggs et al.
2004). The shape also reflects the mass distribution within the bone (Bouxsein 2005,
Warden & Fuchs 2009), and a large external diameter enhances a bone’s ability to
resist bending (Bouxsein & Karasik 2006).
In addition to shape and other vertebral properties that can be externally
investigated, the equation also includes internal dimensions (Ammann & Rizzoli
2003, Briggs et al. 2004, Mosekilde 1998). Cortical thickness, i.e., the width of the
cortex, relates to the amount (but not to the microscopic qualities) of cortical bone,
and thus affects the strength of the vertebra. Thinning of the cortical shell reduces
the capacity of the vertebra to resist fracturing under loading (Yamauchi et al. 2004).
Accordingly, the endosteal diameter, endosteal circumference, trabecular area, and
cortical area have been used to investigate the internal geometry of the vertebrae
(Yamauchi et al. 2004).
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2.5.4 Vertebral dimensions and fracture risk
Many case-control studies have compared the dimensions of healthy lumbar
vertebrae in osteoporotic patients with and without vertebral fractures, attempting
to determine the geometry-associated vertebral fracture risk (Table 1). Most studies
have focused on investigating elderly women, as osteoporosis has been considered
a highly prevalent disease in this population. In addition, most studies have lacked
statistical power due to small sample sizes, and have presented inconsistent
findings. However, a systematic review of 13 studies with 4,428 women and 508
men (median age 64.2 years) found that vertebral area, CSA and volume were all
significantly smaller among those fractured than the controls (Ruyssen-Witrand et
al. 2007). Vertebral CSA, for example, was reported to be 7.7% (range 1.2–14.2%)
smaller among those with vertebral fractures. Importantly, the analyses were
controlled for sex, age, body height, weight and BMD, allowing the authors to
conclude that small vertebral size is an independent risk factor for osteoporotic
vertebral fractures. Other review articles have also concluded that small vertebral
CSA is an evident risk factor for fracturing (Bouxsein & Karasik 2006, Briggs et
al. 2004, Briggs et al. 2007).
Recent in vitro studies on cadaveric lumbar vertebrae have found that
combining the assessment of material properties with geometrical measurements
of the vertebrae provides a more accurate estimation of vertebral strength, in
comparison to material properties alone (Perilli et al. 2012, Taton et al. 2013, Taton
et al. 2014). It has been suggested that BMD, combined with various vertebral
dimensions (i.e., integrating estimations of vertebral shape and size into the model),
reinforces the assessment of vertebral strength. However, due to limited sample
sizes, a lack of conclusive confirmatory findings, and the ex vivo nature of the
studies, the results should be considered speculative at best. Yet they add to the
evidence that conventional vertebral strength estimation, which has relied on
vertebral mineral density or mineral content, can be improved (Briggs et al. 2004,
D'Elia et al. 2009, Izzo et al. 2013a, Oxland 2016, Ruyssen-Witrand et al. 2007,
Sisodia 2013).
2.6

Assessment of vertebral strength

In order to detect those at elevated risk of developing vertebral fractures, vertebral
strength (i.e., strength of the vertebral corpus) is a highly relevant measure to obtain
(Baim & Leslie 2012, Kanis et al. 2009, Link 2012, Sisodia 2013). As direct in vivo
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166/0

242/477

26/50

Duan et al. 2001

0/40

0/40

Melton et al. 2007

0/163c

22/18

Anderson et al. 2014

Diacinti et al. 2010

0/29

Cases

b

Roux et al. 2016

Study

significant negative association (marked with +) indicates that smaller measurement correlates with higher fracture risk.

Table 1. Summary of studies on vertebral dimensions and vertebral fracture risk in Caucasian populations. Adjustments varied. A

measurement of vertebral strength is beyond the reach of modern-day medicine, an
estimation must be obtained non-invasively by means of radiology (Currey 2001).
The two most widespread clinical measures of vertebral fracture risk have been
BMC and BMD, commonly obtained by dual-energy X-ray absorptiometry (DXA)
(Dasher et al. 2010, Lang 2010). Quantitative computed tomography (QCT) has
also been utilised, though more in research than in clinical settings (Adams 2009,
Sisodia 2013). In addition, quantitative ultrasound has been introduced for
osteoporosis screening at peripheral bone sites, since it provides an estimation of
BMD at the respective bone site. However, this is not suitable for assessing
vertebral BMD (Chin & Ima-Nirwana 2013). Interestingly, it has been suggested
that non-osseous skeletal elements, such as disci, should also be assessed when
evaluating spinal strength, as they also seem to be affected by osteoporosis
(Castano-Betancourt et al. 2013, Livshits et al. 2010, Yang et al. 2009).
2.6.1 Dual-energy X-ray absorptiometry
Dual-energy X-ray absorptiometry utilises X-ray beams of two energy levels and
detects their absorbance into tissues (Blake & Fogelman 2009). The data are used
to produce a two-dimensional projection of the respective skeletal site with
estimations of BMD and BMC (Dasher et al. 2010, Griffith & Genant 2008,
Lewiecki 2013). The accuracy of these estimations is moderately high, and
radiation doses are low (Kanis 2002, Link 2012, Njeh et al. 1999). Other
advantages include convenience, short scanning time and low cost. However,
measurements may be flawed by pre-existing fractures and deformities, other boneaffecting conditions, soft tissue calcifications, changes in bone size, and, to some
extent, excess adipose tissue (D'Elia et al. 2009, Kanis 2002, Sisodia 2013).
2.6.2 Computed tomography techniques
Computed tomography (CT) equipment assesses the spatial absorbance of radiation
within tissues (Brenner & Hall 2007). As the radiation doses are higher and the
equipment is more sophisticated than in DXA, CT is able to produce true threedimensional reconstructions of bone. In QCT, the calibrated absorbance data can
be converted to true volumetric BMD (Adams 2009, Lang 2010, Lewiecki 2013).
Unlike in DXA, the process is not interfered by other tissues or superposition,
which results in truthful BMD estimates. CT also differentiates well between
cortical and trabecular bone. However, it has relatively high costs, high doses of
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radiation, and accessibility issues (D'Elia et al. 2009, Ito 2011, Kanis 2002, Sisodia
2013). Techniques such as micro-CT and high-resolution CT enable closer
inspections of the structural properties of bone, but are not yet used for clinical
purposes (D'Elia et al. 2009, Ito 2011, Link 2012).
2.6.3 Magnetic resonance imaging techniques
Instead of ionising radiation, magnetic resonance imaging (MRI) techniques utilise
strong magnetic fields and measure the radio-frequency signals generated by
hydrogen nuclei when exposed to these fields (Edelman & Warach 1993a, Edelman
& Warach 1993b, Majumdar 2008). However, due to long scanning time, high costs
and accessibility issues, MRI is a rather inconvenient bone assessment method, and
its role in conventional bone strength assessment has been obscure (D'Elia et al.
2009). As an advanced imaging modality, it has the potential to provide novel
approaches to predicting bone strength, beyond BMD (Link 2012). Certain MRI
acquisition parameters seem to estimate trabecular density and orientation rather
well, and high-resolution MRI techniques involving heavy mathematical data
processing, both pre- and post-imaging, seem to provide accurate information on
bone microstructure (D'Elia et al. 2009, Ito 2011, Link 2012, Majumdar 2008).
2.6.4 Weaknesses in conventional vertebral strength assessment
Several issues affect the assessment of vertebral fracture risk by conventional
means. First, conventional radiology involves the use of ionising radiation, which
raises concerns regarding harmful health effects (Hall & Brenner 2008). Plain
radiographs, DXA and CT techniques expose patients to radiation doses of varying
magnitudes, whereas sonography and MRI techniques apparently do not. Therefore,
the need for imaging, as well as the choice of imaging modality, should be carefully
considered in terms of the balance between advantages and disadvantages (D'Elia
et al. 2009, Semelka & Elias 2013).
Moreover, radiologically obtained measures, such as BMD, are subject to
precision and accuracy errors, making them only estimations of true value (Blake
& Fogelman 2008). Moreover, even if perfect estimates could be produced, the use
of BMD has been criticised for not providing sufficiently accurate information on
vertebral strength (Briggs et al. 2007, D'Elia et al. 2009, Majumdar 2008, RuyssenWitrand et al. 2007). Most information that BMD provides is related to the material
properties of the bone, and overlooks geometrical and structural factors, which also
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contribute to bone strength (Licata 2009). Cortical properties are often mistakenly
disregarded due to low measurement accuracy, and the interpretation of the results
can be complicated by artefacts and superposition (Sisodia 2013). BMD has also
shown to be highly variable among individuals with and without fractures, and
therefore differentiates rather poorly between those who fracture from those who
do not (Baim & Leslie 2012, Kanis 2002).
Most importantly, fracture risk is not only determined by the properties of the
bone itself, but also by a wide range of other factors (Baim & Leslie 2012, Kanis
et al. 2009, Nanes & Kallen 2009, Ruyssen-Witrand et al. 2007, Unnanuntana et
al. 2010). For example, sex, age, ethnicity, body size, diet, alcohol consumption,
smoking habits, timing of menopause, comorbidities, medication use, genetic
background, history of fragility fractures, bone metabolism rate, visual impairment,
and risk factors for falling are associated with osteoporotic fracture risk (Kanis
2002, Kanis et al. 2009, Nanes & Kallen 2009). In order to cover some of these
factors, several fracture risk prediction tools have been validated (Marques et al.
2015). The most widespread of these is the Fracture Risk Assessment Tool (FRAX),
which estimates the 10-year probability of major osteoporotic fractures (vertebra,
hip, proximal humerus, wrist) on the basis of certain common clinical risk factors;
including BMD in the model is optional (Lewiecki 2013, Watts et al. 2009).
However, since the developers have invested in the clinical usability of the tools
and have thus focused on integrating clinical risk factors into the models, the tools
account for very few properties of the bone itself, apart from BMD.
2.6.5 Estimation of vertebral size by radiological means
The prediction of vertebral fracture risk is said to be measurably improved when
data on vertebral geometry are combined with BMD (Polidoulis et al. 2012).
Geometrical data of the external dimensions of the vertebral corpus can naturally
be obtained using any imaging modality. However, DXA and plain radiographs are
only capable of providing planar, two-dimensional images with compromised
accuracy (Bouxsein & Karasik 2006, D'Elia et al. 2009). CT and MRI techniques,
in turn, allow the use of more accurate three-dimensional scans and true crosssections of bone (Link 2012), and are thus more accurate when attempting to
measure true vertebral geometry. For example, the accuracy of MRI-derived
external vertebral measurements has been validated against standard digital
measuring calipers (Junno et al. 2009).
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Table 2 presents some studies that have published values for vertebral CSA
with descriptions for the measurement process. Regardless of imaging modality,
various factors may naturally affect the measurement process: biological variability
in vertebral size and shape, the presence of pathologies or deformities, the
orientation of the vertebra in relation to the imaging device, the choice of
appropriate planes (in CT and MRI), the choice and location of measurement
landmarks on the vertebra, the amount of measurements taken, and the choice of
mathematical methods to process the data, for example. With regard to areal and
volumetric estimations, a common mathematical assumption is that the vertebral
corpus takes the shape of an ellipsoid cylinder, allowing the use of simple
geometrical equations for calculating its area or volume (Peel & Eastell 1994,
Tabensky et al. 1996). It has been shown that the properties of the entire vertebral
segment can be accurately extrapolated by using measurements of one vertebra
only (Brinckmann et al. 1989).
2.7

Vertebral fractures

The diagnosis of vertebral fracture is based on a radiological assessment of the
spine (Griffith & Guglielmi 2010, Roux 2001, Wood et al. 2014). However, not all
vertebral deformities are secondary to fractures (Adams et al. 2010), which has led
to the development of various qualitative and quantitative methods for detecting
fracture-related vertebral deformities. These methods have centered upon
identifying a loss of vertebral height, the presence of endplate deformities, or
abnormalities in vertebral shape (Longo et al. 2012b, Panda et al. 2014, Sisodia
2013). As regards the corpus, typical fracture mechanisms include endplate failures,
burst fractures (i.e., retropulsion of the corpus into the vertebral canal), and wedge
fractures (i.e., anterior or posterior collapse of the corpus) (Panda et al. 2014, Wood
et al. 2014).
The ‘fragility’ of a vertebra is the term for its tendency to undergo changes that
lead to fracturing (Briggs et al. 2007, D'Elia et al. 2009). Epidemiological studies
have shown that most vertebral fractures are associated with reduced vertebral
strength, as opposed to fractures that are secondary to major trauma (Haczynski &
Jakimiuk 2001). The vast majority of non-traumatic, low energy vertebral fractures
are caused by osteoporosis, whereas pathological lesions (mainly metastases)
within the vertebrae are another typical underlying cause of vertebral fragility
(Sisodia 2013).
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Table 2. Axial cross-sectional area (CSA) of lumbar vertebrae in healthy Caucasian
populations as reported by literature.
Study and sample(s)

n

Mean age,

Vertebra

Mean CSA,

Method

cm2 (SD)

years (SD)
Junno et al. 2015
Young men

168

21a

Young women

234

21a

11.4 (n/ab)

Middle-aged men

228

49a

14.5 (n/ab)

a

12.0 (n/ab)

Middle-aged women

L4

25

53

Middle-aged men

981

51.2 (10.0)

Middle-aged women

981

51.2 (10.0)

90

67.8 (9.3)

L3

Younger cohortc

2,047

45.0 (6.2)

L3

Older cohortc

1,401

63.9 (9.0)

1355

73.7 (5.7)

14.3 (n/ab)

MRI, MVCSA

Bruno et al. 2014
L3

12.4 (n/ab)

QCT, MVCSA

10.3 (n/ab)

Anderson et al. 2014
Elderly men and womenc

13.3 (2.2)

QCT, MVCSA

11.3 (1.6)

QCT, MVCSA

Liu et al. 2012
11.0 (1.9)

Briot et al. 2010
Postmenopausal women

L1

11.6 (1.4)

Radiograph in 2

L2

12.3 (1.5)

projections,

L3

12.9 (1.5)

MVCSA

L4

12.8 (1.5)

Melton et al. 2010
Postmenopausal women

90

66.2 (8.9)

L1–L4

10.3 (1.1)

QCT, MMVCSA

40

70.9 (6.8)

L1–L3

10.8 (1.0)

QCT, MMVCSA

L3

Melton et al. 2007
Elderly womend
Duan et al. 2001
Young men

85

30.2 (0.8)

11.9 (0.2)

DXA in 2

Elderly men

157

70.0 (0.5)

13.1 (0.2)

projections,

Young women

282

32.5 (0.5)

9.5 (0.1)

MVCSA

Elderly women

195

68.2 (0.5)

9.9 (0.1)

73

48.9 (5.8)

L2–L4

11.3 (0.1)

QCT, MMVCSA

Elderly women #1

23

70.2 (6.7)e

L3

11.0 (1.2)

QCT, MVCSA

Elderly women #2

27

L4

11.7 (1.1)

Link et al. 2000
Middle-aged women
Gilsanz et al. 1995

a

Exact ages. bNo SD was given. cBoth sexes were included in the samples. d98% whites. eAge

characteristics were not given for each sample individually but for the entire sample. DXA = Dual X-ray
absorptiometry, MMVCSA = Mean of mid-vertebral CSAs, MVCSA = Mid-vertebral CSA, MRI = Magnetic
resonance imaging, SD = Standard deviation, QCT = Quantitative computed tomography.
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Of all skeletal sites, osteoporotic fractures occur most commonly in the spine
(International Osteoporosis Foundation 2010). Osteoporotic individuals typically
sustain an anterior wedge fracture of the corpus (Ferguson & Steffen 2003,
Gerdhem 2013, Kim & Vaccaro 2006). In Europe, some 500,000 clinical vertebral
fractures occur annually due to osteoporosis (Johnell & Kanis 2006). The
prevalence of fractures among Caucasians seems to be linked to age so that 20–30%
of elderly people have radiographic vertebral fractures (Ensrud 2013, Panda et al.
2014), and the annual risk of developing a fracture seems to increase with age
(Ensrud 2013). An initial vertebral fracture is shown to increase the risk of
subsequent fractures manifold, and is therefore a significant predictor of
subsequent fractures (Briggs et al. 2007, Christiansen & Bouxsein 2010, Gerdhem
2013).
The consequences of vertebral fractures are considerable. Common
manifestations include acute and chronic pain, disability, low self-esteem, social
isolation, decreased quality of life, and a higher rate of healthcare utilisation among
those fractured. Moreover, vertebral fractures are associated with significant
comorbidity and mortality (Francis et al. 2008, Lips & van Schoor 2005, Longo et
al. 2012a, Longo et al. 2012b, Ross 1997, Sanchez-Riera et al. 2010, Silverman
2005).
2.8

Potential determinants of vertebral size

Vertebral geometry is already known to be influenced by sex, ethnicity, age, height
and weight (Ruyssen-Witrand et al. 2007). As is also known, skeletal size and bone
geometry are markedly hereditary (Eisman 1999, Karasik & Kiel 2008, Sabik et al.
2017), and potentially influential genetic variants have been identified for vertebral
size (Ferrari et al. 2004, Ferrari 2008). A recent study concerning a large threegeneration sample of European families concluded that vertebral CSA is
moderately heritable (heritability estimate 37%) (Liu et al. 2012), endorsing the
role of genetic background in determining vertebral size.
A wide range of lifetime factors may also affect vertebral size to some extent.
As lifetime physical activity and early-life physical growth are the focus of this
thesis, they are reviewed in detail below. Other potential factors, which some
evidence suggests might affect the vertebrae, are presented in Table 3. The roles of
specific bone-affecting medications (Adler 2014, Delmas 2002, Lespessailles et al.
2016) are out of the scope of this thesis.
46

Table 3. Factors with potential influences on bone.
Factor

Suggestive evidence

Reference(s)

Smoking

Increases bone loss

Wong et al. 2007, Yoon et al.
2012

Alcohol consumption

Other nutritional factors

Apparent dose-dependent effects on bone,

Gaddini et al. 2016, Maurel et al.

both beneficial and detrimental

2012

Calcium and vitamin D have been linked to

Lee et al. 2014, Morris et al.

enhanced bone architecture and strength;

2010, Takeda et al. 2014

high phosphorus intake has been associated
with metabolic changes that are detrimental
to bone tissue
Hormonal factors

Growth hormone, thyroid hormones, PTH,

Cauley 2015, de Paula & Rosen

calcitonin, oestrogen, LH, FSH,

2010, Khor et al. 2013, Nicks et

gastrointestinal hormones (among others) all al. 2010, Oberbauer 2014,

Menarcheal age

affect bone metabolism in various ways

Waung et al. 2012

Late menarche has been associated with

Eastell 2005

deteriorated bone mineral properties; effects
mediated by oestrogen
Socioeconomic status

Educational attainment has been positively

Brennan et al. 2011

associated with bone mineral properties
among women
PTH = parathyroid hormone, LH = luteinising hormone, FSH = follicle-stimulating hormone.

2.8.1 Physical activity
Physical activity involves muscle contractions, movement of the body, and
consequent energy expenditure (World Health Organisation 2016). Irrefutable
evidence shows that exercising has a significant effect on physical and mental
health and quality of life, and that it plays a major role in the treatment and
prevention of a wide spectrum of diseases (Anokye et al. 2012, Khan et al. 2012,
Penedo & Dahn 2005, Reiner et al. 2013, Warburton et al. 2006). Physical inactivity,
in turn, is among the major global risk factors for death (Kohl et al. 2012,
Warburton et al. 2006).
Physical activity has beneficial effects on bone not only during growth but in
all periods of life (Bielemann et al. 2013, Kohrt et al. 2004, Marcus 1996, Warden
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& Fuchs 2009). In childhood and adolescence, exercising has the potential to
improve the quality of the developing skeleton, whereas in later life, it helps in
preserving acquired bone qualities (Warburton et al. 2006, Warden & Fuchs 2009).
Importantly, physical activity has also been shown to reduce the risk of fragility
fractures by affecting not only bone but also the neuromuscular system (DiVasta &
Gordon 2013, Kemmler et al. 2013, Sievanen & Kannus 2007).
Characterising physical activity
The modality, strenuousness, duration and frequency of exercise are naturally
highly variable among individuals, and these factors influence the osteogenic
effects of exercise (Turner & Robling 2003, Weeks & Beck 2008). Thus, it is
essential to discriminate between different types of exercise.
The magnitude of loading determines the ‘impact’ of the exercise and is, in
most cases, proportional to the ground reaction force (GRF) (Turner & Robling
2003). GRFs are measurable exercise-specific estimations of skeletal strain due to
contact with the ground, and are typically presented as multiples of body weight
(Bassey et al. 1997, Weeks & Beck 2008). High-impact sports, such as gymnastics,
aerobics and volleyball, are characterised by high loading forces (GRFs of up to 10,
even > 20 in professional sports), and low-impact sports, such as walking and
resistance training, have GRFs close to one (Bassey et al. 1997, Keller et al. 1996,
Martyn-St James & Carroll 2010, Ozguven & Berme 1988, Perttunen et al. 2000,
Weeks & Beck 2008). Odd-impact sports are located in the middle of the GRF
spectrum. Correspondingly, joint reaction forces are initiated in the joint as a
response to, for instance, resistance training (Kelley et al. 2012).
The ‘intensity’ of exercise is determined by its energy expenditure. Metabolic
equivalents (METs) are used to measure the energy cost of a certain exercise
modality so that resting metabolic rate is equal to a MET of one. Based on their
MET value, activities are classified as light-intensity (< 3 METs; e.g., sedentary
activity, slow walking), moderate-intensity (3–6 METs; e.g., walking, cycling, loweffort exercise) and vigorous-intensity (> 6 METs; e.g., jogging, running)
(Ainsworth et al. 1993, Ainsworth et al. 2000, Ainsworth et al. 2011). ‘Moderateto-vigorous intensity physical activity’ (MVPA) refers to activities of ≥ 3 METs.
Data on physical activity have typically been self-reported by study
participants (Pedisic & Bauman 2015). Self-reports are considered problematic in
terms of reporting bias due to social desirability bias and flawed self-judgment of
exercise frequency and duration (Troiano et al. 2008). For this reason, the use of
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accelerometers, i.e., devices measuring and classifying movements in order to
assess physical activity levels or energy expenditure, is a rising trend in both daily
life and physical activity research (Garatachea et al. 2010, Trost et al. 2005).
However, recent reviews have concluded that, although reliable in certain settings,
accelerometric data may still lack the accuracy needed for utilisation in large-scale
physical activity surveillance (Garatachea et al. 2010, Pedisic & Bauman 2015).
Skeletal loading and bone size
Physical activity affects bone directly by dynamic biomechanical loading or
indirectly via hormonal responses (Bailey & Brooke-Wavell 2008, Bielemann et al.
2013, Pigozzi et al. 2009, Warden & Fuchs 2009). According to the acclaimed
theory of the ‘mechanostat’, bone tissue has the potential to adapt its strength to its
mechanical environment (Bailey & Brooke-Wavell 2008, Frost 1994, Wolff 1892).
Essentially, the theory builds on the assumption that the skeleton senses loading in
a site-specific manner and regulates the amount of bone accordingly; this is vital
for protecting the bone from fragility under changing loading environments (Frost
1987a, Frost 1987b). For inducing a skeletal response, loading must be of a
dynamic nature, and its magnitude must exceed that present in ordinary life (Frost
1988, Lanyon & Rubin 1984, Martyn-St James & Carroll 2010). The magnitude of
forces one is exposed to, and the application rate of these forces, also influences
osteogenic effects (Turner 1998, Weeks & Beck 2008). Although the mechanostat
theory can be accused of not fully corresponding to the biological complexity of
the adaptation process (Skerry 2006), it is generally known that skeletal loading
can induce osteogenic responses in bone. Importantly, the responses include
changes in bone geometry (Bailey & Brooke-Wavell 2008, Bielemann et al. 2013).
Vertebral loading has been proposed to stimulate periosteal apposition and thus
increase vertebral CSA (Mosekilde 2000).
Since studying the effect of direct skeletal loading in humans is problematic,
especially in the profound areas of the axial skeleton (Weeks & Beck 2008), animal
studies have been utilised for that purpose. Studies conducted on rodents and avian
species suggest that short-term mechanical loading during growth increases bone
formation and hinders bone resorption, thus contributing to larger bone size at
various skeletal sites (Hillam & Skerry 1995, Kuruvilla et al. 2008, Rubin &
Lanyon 1984, Xie et al. 2006). According to several investigations of rats and mice,
the results seem extendable to the vertebrae (Chambers et al. 1993, Lambers et al.
2011). Loaded vertebrae have shown accelerated rates of bone gain on their
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periosteal and even endosteal surfaces, when compared to controls without
vertebral loading. One study utilising rats investigated vertebral CSA directly, and
found that it was enlarged among those that were exercised (Mosekilde et al. 1994).
In humans, the effects of loading on bone size have mainly been investigated
at peripheral skeletal sites in relation to leisure-time physical activity (LTPA) and
sports participation. Studies comparing the radius and humerus of active tennis and
squash players to controls (Haapasalo et al. 1996, Kontulainen et al. 2003), and
others comparing the dominant arm of active players to the non-dominant arm
(Dalen et al. 1985, Haapasalo et al. 2000, Pirnay et al. 1987), have associated
enlarged bone cross-sectional size with loading. Similar findings have been
obtained from the femur of triple jumpers (Heinonen et al. 2001), the tibia of
sprinters (Wilks et al. 2009), the tibia of male soccer players (Nilsson et al. 2013),
the radius and tibia of female weightlifters (Heinonen et al. 2002), the upper
extremities of female gymnasts (Dowthwaite & Scerpella 2009), and from the
loaded peripheral bone sites of female athletes (Nikander et al. 2005, Nikander et
al. 2006). Exercise intervention studies have, in part, confirmed these findings
(Adami et al. 1999, Vainionpaa et al. 2007). Furthermore, a systematic review of
the literature on the sports participation of 10–30-year-old athletes concluded that
high-impact and odd-impact sports contribute beneficially to the geometry of
loaded bones, and even low-impact sports with repetitive elements may have
favourable effects on bone size (Tenforde & Fredericson 2011). Weight-bearing
exercise in adolescence has also been associated with larger midlife femoral size
(Kato et al. 2009).
As for the mineral properties of the vertebrae, meta-analyses of randomised
controlled trials have extensively associated augmented vertebral BMD with
impact and resistance exercise. Among women, a wide range of age groups have
been studied yielding conclusive findings (Kelley et al. 2012, Marques et al. 2012,
Martyn-St James & Carroll 2010, Wallace & Cumming 2000), whereas among men,
less trials have been conducted, and findings have been somewhat less conclusive
(Bolam et al. 2013, Marques et al. 2012). One systematic review concluded that
among adult and elderly women, resistance training seemed specifically beneficial
for optimising vertebral BMD, as opposed to high-impact modalities that
contributed more to femoral strength; men have been studied less and meaningful
conclusions could not be drawn (Nikander et al. 2010).
Those with physically demanding occupations may be physically active for
most of their working hours on a regular basis. Thus, occupational physical activity
(OPA) may be of particular interest when studying the effects of loading on the
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weight-bearing skeleton. Most studies have focused on BMD as the outcome
measure, with inconsistent results (Chastin et al. 2014, Coupland et al. 2000,
Damilakis et al. 1999, Neville et al. 2002, Sritara et al. 2015, Uusi-Rasi et al. 1994,
Weiss et al. 1998). Interestingly, the overall health effects of OPA and LTPA seem
to differ from each other in favour of LTPA. The underlying reason for this is
unknown (Holtermann et al. 2012).
2.8.2 Early-life physical growth
Early life has a vital role in the development of the body (Langley-Evans 2015).
Thus, research has strongly suggested that, in addition to development during the
antenatal period, development during the early years of life has a major influence
on health and disease across the lifespan (Barker 1995, Grantham-McGregor 2002,
Hanson & Gluckman 2011, Law 2005, Singhal & Lucas 2004, Walker et al. 2007).
The nature of the influence seems to be disease-dependent; for example, the risk of
cardiovascular diseases and non-insulin-dependent diabetes is elevated among the
poorly developed, but the risk of obesity is reduced (Langley-Evans 2015, Law
2005). An evident connection also exists between non-hindered early growth and
lifelong bone health (Harvey et al. 2014, Soliman et al. 2014, Winsloe et al. 2009).
However, it must be emphasised that vigorous adiposity gain during the early years
of life is also a predictor of later-life obesity and related health concerns
(Michaelsen et al. 2013, Samaras et al. 2003, Young et al. 2012).
Characterising growth
Growth monitoring is an essential part of paediatric medicine because it is used to
screen for underlying medical conditions (Scherdel et al. 2016). It builds on
anthropometric measurements, most commonly height, weight and BMI, which are
plotted by age to produce growth curves (Parsons et al. 2011). This enables the
production of anthropometric reference data and, further, the comparison of an
individual to their peers in terms of body size (de Onis & Habicht 1996, de Onis et
al. 2007, de Onis et al. 2012).
The theoretical curves for height, weight, height velocity and weight velocity
from birth to maturity have been well characterised (Hauspie et al. 2004, Tanner et
al. 1966a, Tanner et al. 1966b, Tanner & Whitehouse 1976), as has the BMI-forage curve (Johnson et al. 2013, Wen et al. 2012). The curves of boys and girls are
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very similar in shape (Tanner & Whitehouse 1976). Fig. 7 shows simplified
sketches of these, with characteristic features marked on each curve.
As terms without established definitions, ‘neonatal period’ is used here for the
time before the age of one month, ‘infancy’ is the period until the age of one year,
‘childhood’ is the period from infancy to puberty, and ‘adolescence’ is used
thereafter. Following the definitions of the aforementioned references, ‘height
velocity’ and ‘weight velocity’ stand for the rate of growth in body height and
weight, respectively; their peak values are the maximum rates in a certain growth
period such as infancy or puberty. ‘Adiposity peak’ is the peak in BMI within the
first year of life, and ‘adiposity rebound’ is the BMI minimum occurring in early
childhood. ‘Pubertal growth spurt take-off point’ occurs after early childhood just
before the pubertal rise in height velocity. ‘Pubertal height change’ is calculated as
the difference between pubertal take-off height and adult height.
In clinical practice and research, producing curves on the basis of a limited
amount of measurements can be imprecise, and various mathematical models can
be used for this purpose (Hauspie et al. 2004, Parsons et al. 2011). However, the
models have differing accuracies depending on the period of growth to be plotted.
Physical growth and bone
The skeleton mainly grows in accordance with the body’s overall growth (Hauspie
et al. 2004, Javaid & Cooper 2002, Michaelsen 2015). After the cessation of
pubertal growth, bone mass still accumulates towards the end of the third decade
of life, and certain bones such as the skull and vertebrae continue enlarging in size
even after peak bone mass has been reached (Heaney et al. 2000, Javaid & Cooper
2002).
Larger body size in infancy and childhood, as expressed by anthropometric
measures, has been associated with larger tibial periosteal circumference in puberty
(Steer et al. 2014), as well as larger later life radial CSA (Kuh et al. 2014), radial
and tibial length (Oliver et al. 2007), and femoral width (Javaid et al. 2006). As
regards later growth, one study has linked rapid pre-pubertal and post-pubertal
height and weight velocities with larger later life radial CSA (Kuh et al. 2014),
whereas another recent study found a connection between slow growth velocity and
larger radial CSA (Cole et al. 2016). One animal study also addressed the
relationship of growth and vertebral dimensions: a 12-month study on 12 prepubertal female minipigs (six free-fed, six control-fed; monthly QCT) found at the
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Fig. 7. Simplified curves for height, weight, BMI, height velocity, and weight velocity
from birth to adulthood. AP = Adiposity peak, AR = Adiposity rebound, BMI0 = BMI at
birth, H0 = Birth length, HADULT = Adult height, ∆HPUB = Pubertal height change, PHVINF =
Peak height velocity in infancy, PHVPUB = Peak height velocity in puberty, PWVINF = Peak
height velocity in infancy, PWVPUB = Peak weight velocity in puberty, Take-offPUB = Takeoff point for pubertal growth spurt, W0 = Birth weight, W20 = Weight at age 20.
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end of the period that those that were free-fed gained more weight and had larger
CSA of L4 than those that were control-fed (Maier & Kreis 2005).
As for vertebral mineralisation and growth, studies in Sweden (Callreus et al.
2013), India (Tandon et al. 2012), Brazil (Martinez-Mesa et al. 2014, Schlussel et
al. 2010) and Korea (Cho et al. 2016) have found a positive association between
birth height, weight or both, and vertebral mineral properties in early adulthood.
These findings are in line with a recent meta-analysis on the subject (MartinezMesa et al. 2013). Interestingly, some investigations have found that growth
parameters seem to be more strongly associated with BMC than BMD in later life
(Cooper et al. 1995, Cooper et al. 1997, Molgaard et al. 2011, Oliver et al. 2007).
As BMC is the result of both the size and mineral density of a bone, it has been
suggested that the findings indicate that early growth predicts future bone size more
accurately than it predicts mineral density (Cooper et al. 1997, Harvey et al. 2014).
However, there is a lack of studies — regarding both vertebral geometry and
mineral properties — that investigate other growth periods than infancy.
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3

Aims of the study

The aim of the thesis is to map out lifetime factors that are associated with midlife
vertebral size. The specific study questions and hypotheses of the substudies are
presented below.
1.

Study questions: What is the association between lifetime LTPA and midlife
vertebral size? What are the individual roles of childhood, early adulthood and
midlife LTPA in this regard?

Hypotheses: High LTPA is associated with large vertebral size. Childhood LTPA
plays the most important role in determining future vertebral size.
2.

Study questions: How is participation in individual sports in early adulthood
and midlife associated with midlife vertebral size? Is overall participation in
high-impact sports associated with vertebral size?

Hypothesis: Participating in one or more high-impact sports is associated with large
vertebral size.
3.

Study questions: Does engagement in individual occupational physical
activities in early adulthood and midlife associate with midlife vertebral size?
What is the association between overall engagement in high-intensity activities
and vertebral size?

Hypothesis: Engagement in one or more high-intensity occupational physical
activities is associated with large vertebral size.
4.

Study questions: How is early-life physical growth associated with midlife
vertebral size? What are the individual roles of the parameters relating to birth,
infancy, early childhood and puberty in this respect? What are the roles of
height, weight, BMI, and age parameters with regard to later-life vertebral size?

Hypotheses: Rapid growth in early life is associated with large midlife vertebral
size, regardless of the period. Height, weight, BMI, and age parameters are all
associated with vertebral size.
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4

Materials and methods

The thesis centres on identifying lifetime factors that are associated with midlife
vertebral size, and utilises a large Finnish birth cohort sample with a 46-year
follow-up. Table 4 and Table 5 summarise the methodological approaches of the
study.
Table 4. Summary of the methodological aspects of the substudies. I: Aims and designs.
Substudy

Aim

I

LTPA vs. midlife vertebral size

II

Study design

Follow-up

Follow-up (LTPA);

Age 14 to age 46

cross-sectional (vertebral CSA)

(‘lifetime’)

Sports participation and high-

Follow-up (sports participation);

Age 31 to age 46

impact exercise vs. midlife

cross-sectional (vertebral CSA)

(‘adulthood’)

vertebral size
III

OPA vs. midlife vertebral size

IV

Follow-up (OPA);

Age 31 to age 46

cross-sectional (vertebral CSA)

(‘adulthood’)

Physical growth vs. midlife

Follow-up (growth);

Birth to late

vertebral size

cross-sectional (vertebral CSA)

adolescence (‘early
life’) to age 46a

a

The length of the follow-up period (in terms of physical growth) varied according to each individual’s

healthcare visits during childhood; vertebral size was determined at the age of 46 among the entire
population.

4.1

Study population and data collection

The material for the thesis stems from the Northern Finland Birth Cohort 1966
study (NFBC1966). A subsample (details below) of the original cohort underwent
MRI of the lumbar spine as part of their follow-up examination at the age of 46
years, thus constituting the core of this thesis.
4.1.1 Initiation and progression of the cohort study
The NFBC1966 is a large prospective population-based birth cohort study
(Northern Finland Birth Cohort Studies 2016, Rantakallio 1988). The original
population base of the cohort consisted of Northern Finnish individuals (i.e., those
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31

At 31 years.

46

At 46 years.

CSA of L446

CSA of L446

CSA of L446

In adulthood (31–46 years).

14–46

517

712

984

1,188

(66%)

1,023

(54%)

828

(36%)

556

(23%)

352

Exclusionb

Life-course data (14–46

height/weight/BMI46
In early life (approximately 0–20 years).

lumbar spine MRI46

length/weight/BMI0,
31–46

questionnaires46,

education14–46, smoking14–46,

0–20

examinations0,0–20,46,

Gestational age0,

Parametersd of early-life

Birth data0, clinical

lumbar spine MRI46

Questionnaires31,46,
clinical examination46,

BMI46, vertebral height46,

physical growth0–20

category31–46

activities31,46, intensity

occupational physical

Engagement in

lumbar spine MRI46

clinical examination46,

Questionnaires31,46,

lumbar spine MRI46

smoking14–46, LTPA46

participation31,46,
impact score31,46,31–46

BMI46, vertebral height46,
education14–46, smoking14–46

Frequency of sports

Questionnaires14,31,46,
clinical examination46,

n

correlation between L3 and L4 (n = 110). dMultiple growth parameters, described in detail in Section 4.4.

figures are calculated against the initial MRI population (n = 1,540); thus, the figures account for exclusions due to any reason. cOnly used to study the

a

At birth. At 14 years.

14

regression

Multivariable linear

regression

Multivariable linear

regression

Multivariable linear

correlationc

education14–46, smoking14–46

BMI46, vertebral height46,

LTPA cluster14–46

Frequency of LTPA14,31,46,

CSA of L446,

Data from

years). In addition, some of the primary explanatory variables were included in the same models and thus provided adjustments for each other. bExclusion

0

IV

III

II

Multivariable linear

I

Covariatesa

Outcome variable Explanatory variables

regression, Pearson’s CSA of L346,c

Statistical method

Substudy

Table 5. Summary of the methodological aspects of the substudies. II: Variables, sample sizes and exclusions.

residing in the northern provinces of Oulu and Lapland) whose expected date of
birth fell within the year of 1966. A total of 12,068 deliveries (of which 12,058
were live births) by 12,055 mothers occurred at that time. Due to the use of due
date as an inclusion criterion, some cohort members were actually born at the end
of 1965, and some at the beginning of 1967. NFBC1966 comprised 96.3% of all
births in Northern Finland at the time.
At the initiation of the cohort, pregnant mothers were asked to participate in
the study when they first visited maternity clinics in 1965. Data collection began
around the 24th gestational week, and concerned not only foetal health and
development but also the mothers’ and fathers’ health and lifestyle. Ever since, data
have been collected on the participants’ health, medication, healthcare utilisation,
lifestyle habits, and social status. Primary data have been supplemented by various
hospital records and healthcare registers (Northern Finland Birth Cohort Studies
2016).
Follow-ups at 14, 31 and 46 years
Postal questionnaires were sent to all NFBC1966 participants, whose contact
details were known, in 1980, 1997–1998, and 2012–2014, i.e., around the ages of
14, 31 and 46 years, respectively (Fig. 8). The response rates were 97% at the age
of 14 (n = 11,399), 75% at the age of 31 (n = 8,767), and 66% at the age of 46 (n =
6,825). At the age of 46, NFBC1966 participants who were residing in Finland (n
= 10,282) were invited to attend clinical examinations. The participation rate was
57% (n = 5,861). Those who had attended the examinations and were known to live
within 100 km of the city of Oulu (n = 1,988) were also invited to undergo an MRI
scan of the lumbar spine. MRI scans were obtained from 1,540 participants (77%
of those invited) at the mean age of 46.8 (SD 0.4) years (range 45.9–47.8 years).
4.1.2 Formation of the samples of the present study
Table 5 shows the exclusion rates and sample sizes for each substudy. Specific
reasons for exclusion are listed in Table 6.
Exclusions due to magnetic resonance imaging
The lumbar MRI scans (n = 1,540) were each evaluated in terms of image quality
and underlying pathologies by P.O. Consequently, 159 participants (10% of those
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respondents/participants at each stage. *Cohort members also underwent various clinical examinations during their early life.

Fig. 8. Chart showing the relevant follow-ups of the NFBC1966 study at 14, 31 and 46 years, with the number of

imaged) were excluded from the samples due to difficulties in measuring vertebral
dimensions (Table 6). In order to confirm the MRI findings and accurately describe
the exclusion criteria, a musculoskeletal radiologist was consulted.
Table 6. Reasons for exclusion.
Reason

Specification

Number of participants excluded

MRI quality and/or findings

L4 not fully shown in scan

159b (due to one or more)

Low image accuracy
Unable to locate L4
Endplate erosions
Schmorl’s nodes
Segmentation errors
Severe disc degeneration
Spondylodesis
Bone-affecting medications

Calcium supplements

42b (due to one or more)

Osteoporosis medication
Missing dataa

a

Substudy I

151

Substudy II

355

Substudy III

627

Substudy IV

822

Missing data caused exclusions that depended on the variables used in each substudy. bThese

participants were excluded from all samples.

Exclusions due to medication
After conducting the MRI exclusions, participants who had reported taking boneaffecting medications (Table 6), were further excluded from the study (n = 42).
Thus, the eligible study population after the aforementioned general exclusions (i.e.,
before accounting for any substudy-specific exclusions) was 1,339 participants (67%
of those invited to imaging, 87% of those imaged).
Exclusions due to missing data
The aims of the substudies required different variables. For most of the variables,
data regarding some of the participants were missing due to unknown reasons,
which resulted in these participants being excluded from the respective sample.
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Consequently, each substudy had an independently formed sample and different
sample size (517 ≤ n ≤ 1,188).
4.2

Magnetic resonance imaging of the lumbar spine

4.2.1 Imaging parameters
Magnetic resonance imaging scans were performed using a 1.5-T imaging system
(Signa HDxt, General Electric, Milwaukee, Wisconsin, USA). The routine lumbar
spine protocol was used, including T2-weighted fast-recovery fast spin-echo
images in sagittal and transverse planes. Corresponding MRI parameters are listed
in Table 7.
Table 7. MRI parameters.
Parameter

Sagittal plane value

Transverse plane value

Repetition time (ms)

3,500

3,600

Effective echo time (ms)

112

118

Averages

4

4

Field of view (mm)

280x280

180x180

Acquisition matrix (pixels)

448x224

256x224

Slice thickness (mm)

3

4

Interslice gap (mm)

1

1

4.2.2 Vertebral measurements
Using the lumbar spine MRI scans, eight dimensions were obtained from the corpus
of L4 and recorded to an accuracy of 0.1 mm. All MRI measurements were
systematically taken by the same researcher (P.O.) using NeaView Radiology
software (Neagen Oy, Oulu, Finland), version 2.31. In order to assure that the
measurer was blinded to all the other characteristics of the participants, the
measurements were taken before analysing any other data on them.
Figure 9 illustrates the measurement process. Vertebral height dimensions (i.e.,
anterior height, posterior height, and minimum height) were obtained from the
midsagittal MRI slice. Width dimensions (i.e., minimum mediolateral width and
maximum mediolateral width) were measured from axial MRI slices. There was
individual variance in the location of the appropriate slice; for most participants,
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the minimum width was encountered in the middle part of the vertebra inferior to
the transpedicular plane, and the maximum width was encountered near the cranial
or caudal endplate. Depth dimensions (i.e., anteroposterior dimensions), were
obtained from axial slices. Superior and inferior depths were measured as the
dimensions of the bony vertebra just before the disci, and the middle depth
dimension was measured using the middle slice that existed halfway between the
cranial and caudal ends of the vertebra.
In order to explore the correlation between the dimensions of L3 and L4, the
same eight measurements of both L3 and L4 (Fig. 9) were obtained from a
subsample (n = 110), which was randomly chosen among the participants whose
lumbar MRI scans fully contained both L3 and L4.

Fig. 9. Illustration showing the dimensions which were obtained from the MRI scans. S
= Superior view (axial scans), L = Lateral view (sagittal scans). 1 = Mediolateral width
(both maximum and minimum widths obtained); 2 = Depth, i.e., anteroposterior length
(superior, middle, and inferior depths obtained); 3 = Anterior height; 4 = Minimum height;
5 = Posterior height.

Repeated measurements
In order to investigate the reproducibility of the measurements and measurement
error, 50 MRI scans (equivalent to n = 400 measurements) were randomly selected
for a second measuring three weeks after the first. The repeated measurements were
obtained by the original measurer (P.O.).
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4.3

Study outcome

Vertebral CSA was the universal outcome variable in all substudies. From the
directly measured one-dimensional MRI measurements, CSA values were
calculated using the ellipsoid formula CSA = π * a * b, where a = vertebral width/2
and b = vertebral depth/2. This formula has been previously validated (Peel &
Eastell 1994, Tabensky et al. 1996) and used in a very similar setting compared to
that of the present study (Junno et al. 2009). Vertebral width was the mean of
maximum and minimum widths, and vertebral depth was the mean of superior,
inferior and middle depth dimensions (Fig. 9). Means of various planes were used
to minimise the effect of intra-vertebral shape variety. For all substudies, L4 was
the main focus of interest; the CSA of L3 was additionally used in Substudy I, but
only to study the correlation between L3 and L4.
4.4

Explanatory variables

Explanatory variables (including those only used as covariates) are presented in
this section. The information is summarised in Table 5.
Frequency of leisure-time physical activity at 14, 31 and 46 years (I, III)
Frequency of LTPA was self-reported at the ages of 14, 31 and 46 (Fig. 10). At the
age of 14, the NFBC1966 participants were asked how often they participated in
sports outside school hours. The original response alternatives were as follows: 1)
daily, 2) every other day, 3) twice a week, 4) once a week, 5) every other week, 6)
once a month, and 7) generally not at all. In order to ensure large enough group
sizes, those who answered either 5, 6 or 7 were combined to form one category
(every other week or less). This category, which indicated the lowest activity, was
chosen as the reference category.
At the ages of 31 and 46, the NFBC1966 participants were identically asked
how often they participated in brisk physical activity during their leisure time. The
term ‘brisk’ was defined as physical activity causing at least some sweating and
breathlessness, corresponding to MVPA (Ainsworth et al. 1993, Ainsworth et al.
2000, Ainsworth et al. 2011). The six response alternatives were: 1) daily, 2) 4–6
times a week, 3) 2–3 times a week, 4) once a week, 5) 2–3 times a month, and 6)
once a month or less often. Again, to guarantee sufficient group sizes, those who
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Fig. 10. LTPA data from the 14-, 31- and 46-year follow-ups.

answered either 1 or 2 were combined into one category (≥ 4 times a week), and
those with the lowest activity categorisation were chosen as referents.
Lifelong leisure-time physical activity (I)
Latent class analysis (LCA) was used to obtain lifetime LTPA clusters, i.e., groups
in which participants had a similar lifelong LTPA trajectory (14–46 years of age).
LCA was conducted according to the self-reported frequency of LTPA at the ages
of 14, 31 and 46 (Fig. 10). The category indicating the lowest level of activity was
chosen as the reference category.
Sports participation frequency (II)
Frequencies of participation in individual sports were self-reported at the ages of
31 and 46 years (Fig. 11). At both follow-ups, the cohort members were identically
asked how often they participated in walking, cycling, cross-country skiing,
swimming, running, gym training, aerobics, and gymnastics. Their participation in
ballgames such as badminton, volleyball, tennis and squash (Group 1), and floor
ball, ice hockey, soccer, rink ball, and basketball (Group 2), was elicited. The
original response alternatives for each activity were as follows: 1) never, 2) once a
month, 3) 2–3 times a month, 4) once a week, 5) 2–3 times a week, and 6) ≥ 4 times
a week. The response data were dichotomised so that those who participated at least
once a week were considered participants of the respective sport, and others were
non-participants. To obtain meaningful results, sports with < 30 male or female
participants or non-participants were excluded from the analyses of the respective
sex at the respective time point. Non-participants formed the reference category in
each sport.
Impact score (II)
To fulfil the aim of investigating how overall activity in high-impact sports was
associated with vertebral size, an impact score was introduced (Fig. 11). For this
purpose, ballgames, running, and aerobics were considered high-impact sports
(Dolan et al. 2006, Fehling et al. 1995, Heinonen et al. 1993, Turner & Robling
2003). Gymnastics was not included, as the Finnish term used in the questionnaires
(‘voimistelu’) was vague. Impact scores (i.e., score at the age of 31, score at the
age of 46, and overall score) were calculated for each participant based on their
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sports participation frequency data collected at the ages of 31 and 46. Individuals’
original responses regarding their participation frequency in the aforementioned
high-impact sports were converted to 0–5 impact points. The conversion was
conducted so that 0 indicated the lowest activity corresponding to the original
response alternative ‘never’, and 5 indicated the highest (≥ 4 times a week). The
impact score was calculated separately for both follow-up points (theoretical range
of scores 0–20), in a combined form (theoretical range of scores 0–40), and was
considered a continuous variable.

Fig. 11. Sports participation data from the 31- and 46-year follow-ups. Σ31, Σ46 = Sums of
31-year and 46-year impact points, respectively. Σ = Sum of impact points from both 31
and 46 years. 1Badminton, volleyball, tennis, squash. 2Floor ball, ice hockey, soccer,
rink ball, basketball.
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Engagement in occupational physical activities (III)
The study participants self-reported their engagement in several occupational
physical activities at the ages of 31 and 46 (Fig. 12). At both follow-up points, the
participants were identically asked to provide an estimation of how often they
engaged in the following tasks at work: 1) hard physical labour that is strenuous
for the whole body, 2) repetitive movements, 3) standing in one place, 4) leaning
forward, 5) having to twist your back, 6) constant moving or walking from one
place to another, 7) lifting loads of 1–15 kg, 8) lifting loads of > 15 kg, 9) working
with upper limbs raised so that your arm is above your shoulder, and 10) sitting
still. The original response alternatives for each task were formulated as follows: a)
never or very rarely, b) rarely, c) occasionally, d) often, and e) very often. Again,
the response data were dichotomised so that those who responded a–c formed the
‘performed rarely’ group, and those who answered d–e formed the ‘performed often’
group. The rarely group were chosen as referents.
Intensity categorisation of occupational physical activity in adulthood (III)
To investigate the intensity of occupational physical activities in terms of vertebral
dimensions, OPA intensity categorisation was established (Fig. 12). It was a priori
decided to place emphasis on the high-intensity tasks 1, 6, and 8 (Ainsworth et al.
1993, Ainsworth et al. 2000, Ainsworth et al. 2011). The participants who had
encountered at least one of the high-intensity tasks often or very often (options d
or e) at the ages of 31 and 46 years constituted the high-intensity group, and those
having encountered none of the high-intensity tasks often or very often at the ages
of 31 and 46 years (options a–c), formed the low-intensity group. The rest were
classified as belonging to the moderate-intensity group. The low-intensity group
was chosen as the reference category.
Physical growth parameters (IV)
The early-life physical growth of the participants was assessed at health
examinations and other public healthcare visits. From birth to late puberty, the
length/height (accuracy of 1 cm) and weight (accuracy of 10 g) of the participants
was measured and documented for a mean of 25.7 separate times, of which 7.4 fell
within the first 18 months. The documented height, weight, and BMI values were
plotted by age to create growth curves. To ensure the best fit for the sample, several
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growth models had been previously compared with each other by the maximum
likelihood method (Sovio et al. 2009). Thus, the curves in early childhood were
fitted using the Reed1 growth model (Berkey & Reed 1987), and the curves in
puberty were fitted according to the JPA2 model (Jolicoeur et al. 1992).

Fig. 12. OPA data from the 31- and 46-year follow-ups.
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Gestational age (weeks) was considered equal to the time difference between
the last menstrual period of the mother and the birth date of the new-born. The
childhood BMI-for-age curve was used to locate the adiposity peak and adiposity
rebound (kg/m2), which were the local maximum and minimum of the curve,
respectively (Fig. 7). Their occurrences were obtained using the same curve. The
height-velocity-for-age curve was used to determine peak height velocities
(cm/year) in infancy and puberty as the local maxima of the curve, and peak weight
velocities (kg/year) in infancy were obtained from the weight-velocity-for-age
curve accordingly (Fig. 7). As infant peak height velocity and peak weight velocity
occurred very early during the neonatal period, their timing was not obtained from
the data. The height-velocity-for-age curve was used to determine the age at which
pubertal peak height velocity occurred. Due to non-physiological confounding
factors, pubertal weight development was not studied.
The pubertal growth spurt take-off point was defined as the point that
immediately preceded the beginning of pubertal increase in height velocity (Fig. 7).
Estimations of height and weight at the point of pubertal take-off were interpolated
linearly from the two closest height/weight measurements, one before and one after
the take-off point. Median age difference between the closest measurement and the
take-off point was 0.4 (IQR 0.1–0.8) years, and 1.1 (0.7–2.2) years for the second
measurement. Pubertal height change (cm) was considered equal to the difference
between height at pubertal take-off and adult height. All growth variables were
considered continuous in the analyses.
Height, weight and body mass index at 46 years (I–IV)
A trained study nurse obtained each participant’s height and weight at their 46-year
clinical examinations. Height (accuracy of 0.1 cm) and weight (accuracy of 10 g)
values were also used to calculate the respective BMI. Height, weight and BMI
provided adjustments for most analyses and were used in their continuous form in
the models.
Vertebral height (I–III)
Vertebral height was calculated as the mean of anterior, posterior and minimum
height dimensions, and was regarded as a continuous variable in the analyses.
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Lifetime smoking history (I–IV)
The smoking history variable provided a covariate to all analyses. Lifetime
smoking habits were self-reported at the age of 46 by answering the two following
questions: 1) ‘Have you ever smoked cigarettes?’ (yes/no), and 2) ‘Do you currently
smoke?’ (yes/no). On the basis of their responses, the participants were categorised
according to their smoking habits (non-smoker, former smoker, current smoker).
Current smokers formed the reference category.
Education years (I, II, IV)
Education years, indicative of socioeconomic status, were used as a covariate in
most analyses. They were self-reported at the age of 46 by responding to the two
following questions: 1) ‘What is your basic education?’ (response alternatives: less
than nine years of elementary school, elementary school, and matriculation
examination), and 2) ‘What is your vocational education?’ (response alternatives:
none, occupational course, vocational school, vocational college, polytechnic,
university, other, and an unfinished course). According their responses, each
participant was classified into categories by the number of years they had attended
school (< 9 years, 9–12 years, > 12 years). Those with the lowest education were
chosen as the reference group.
4.5

Statistical methods

Linear regression analysis was the main statistical method in all substudies, as
summarised in Table 5. Statistical analyses were performed by P.O. using the
Statistical Package for Social Studies (SPSS) software (IBM, Armonk, New York,
USA) version 22, 64-bit edition, except for LCA which was performed by a
biostatistician. Overall, p values of < 0.05 were considered statistically significant.
Representativeness of the samples
Due to the varying exclusion rates, the representativeness of the samples was
evaluated. This was done by comparing the participants of each substudy to the rest
of the NFBC1966 population, which was considered to provide the best available
estimation of the Northern Finnish population. The χ2 test and the independentsamples Student’s t-test were used for categorical variables and continuous
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variables, respectively, and the non-parametric Mann-Whitney U-test was used for
skewed distributions (Harris & Taylor 2003, Kirkwood & Sterne 2003). Each sex
was analysed separately due to reasons that are specified below.
Intra-class correlation and measurement error
Intra-class correlation coefficient (ICC, indicative of intra-rater reliability) and
measurement error calculations (Gwet 2008, Kirkwood & Sterne 2003) were based
on the repeated MRI measurements. As the obtained vertebral dimension values
were not comparable with each other, relative error (%) was investigated.
Multivariable linear regression (I–IV)
In the analysis of the association between vertebral CSA and its potential
determinants, multivariable linear regression modelling was used as the statistical
approach (Montgomery et al. 2012, Seber & Lee 2003). Participants with missing
data were not included in the analyses. Vertebral size, i.e., the CSA of L4
(continuous variable), was regarded as the dependent variable in all analyses, and
explanatory variables (continuous or categorical) varied depending on the substudy
(summary in Table 5). Since vertebral CSA and most of the explanatory variables
were a priori known to differ between sexes (Table 8), all analyses were performed
separately for men and women. The models also contained adjustments for
potential confounding factors (continuous or categorical), and these varied by
substudy (Table 5).
Beta estimates (β) of the explanatory variables were gathered with their 95%
confidence intervals (CI). As regards categorical explanatory variables, the β
coefficient indicated that vertebral CSA was ‘β’ mm2 greater among the primary
group (i.e., the group that is mentioned first) than the reference group. With respect
to continuous explanatory variables, the β coefficient indicated that the effect of
one explanatory variable ‘unit’ (e.g., one impact point, gram, centimetre) on
vertebral CSA was equal to ‘β’ mm2 among those studied.
Latent class analysis (I)
When determining the lifetime LTPA clusters with LCA, solutions with one to
seven clusters were assessed (Nylund et al. 2007, Vermunt & Magidson 2004). The
best-fitting cluster model for the population was determined according to the
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Bayesian Information Criterion (BIC) values of the solutions, cluster sizes, and the
clinical interpretability and conceptual meaningfulness of the models. Men and
women were included in the same analysis in order to obtain equal definitions of
the LTPA clusters in both sexes.
Table 8. Evidence of sex differences in key variables.
Substudy

Variable

Reference(s)

I–IV

Vertebral dimensions

Bogduk 2012, Mosekilde & Mosekilde 1990, Taylor

I–II

Physical activity

Azevedo et al. 2007, Troiano et al. 2008

III

Occupational physical activity

Campos-Serna et al. 2013

IV

Physical growth

Hauspie et al. 2004, Tanner & Whitehouse 1976

& Twomey 1984

Sex differences in vertebral dimensions and correlation between L3 and
L4 (I)
Sex discrepancy was investigated using independent-samples Student’s t-test, and
correlation coefficients between dimensions of L3 and L4 were calculated using
Pearson’s correlation (Harris & Taylor 2003, Kirkwood & Sterne 2003). The
correlation analysis was performed separately for both sexes.
4.6

Ethical approval

The study followed the principles of the Declaration of Helsinki, and was approved
by the Ethical Committee of the Northern Ostrobothnia Hospital District, Oulu,
Finland (record number 94/2011). Cohort participants, and where appropriate, also
their parents, provided written informed consent for the study at all stages. Personal
identity information was encrypted and replaced with identification codes which
provided full anonymity for the whole study population.
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5

Results

5.1

General characteristics of the samples

The four samples consisted of 517–1,188 individuals, 44.1–49.7% of whom were
men and 50.3–55.9% women. Mean age at MR imaging was 46.8 (SD 0.4) years.
Most had attended school for 9–12 years and were non-smokers or former smokers.
Table 9 summarises the general characteristics of the samples.
5.1.1 Explanatory variables
Leisure-time physical activity (I, III)
Table 10 presents the distributions of the LTPA variables that show participation
frequencies in MVPA at the follow-up points of 14, 31 and 46 years. At the age of
14, most men and women were physically active at least twice a week outside
school hours. At the age of 31, most participants were active at least once a week
during their leisure time, and at the age of 46, at least twice a week.
Lifetime LTPA trajectories were created using LCA, which identified three
activity categories (‘clusters’) among both sexes. Based on the distributions of the
time-point-specific LTPA frequencies within the clusters, these are referred to as
the ‘inactive’, ‘moderately active’ and ‘active’ cluster. Numeric presentation of the
distributions is shown in Table 11, and Sankey plots of the distributions are
collected in Fig. 13. Most individuals (42.0% of men and 46.4% of women) were
classified as moderately active, while the rest seemed to be divided somewhat
equally between the remaining clusters.
Sports participation (II)
Table 12 presents the distributions of sport-specific categorisation into participants
and non-participants. Regardless of sex and follow-up point, walking, cycling,
running, and cross-country skiing were among the most frequently reported
activities. Impact scores, representing overall activity in high-impact sports,
showed a broad dispersion of values and skewed distributions (Table 13, Fig. 14).
The median overall impact score was 5.0 (IQR 2.0–9.0) among men and 3.0 (1.0–
6.0) among women.
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Men

46.8 (0.4)

33.6 (176)
14.9 (78)

Former

Current

15.5 (103)

23.5 (156)
15.1 (67)

35.2 (156)

49.7 (220)

23.9 (106)

73.1 (324)

2.9 (13)

27.0 (3.6)

85.9 (12.0)

178.6 (6.0)

46.8 (0.4)

45.0 (443)

Men

15.2 (82)

23.8 (129)

61.0 (330)

25.1 (136)

72.8 (394)

2.0 (11)

26.4 (5.2)

71.0 (13.7)

164.8 (5.8)

46.8 (0.4)

55.0 (541)

Women

Substudy II2

14.7 (52)

33.6 (119)

51.7 (183)

n/ac

26.9 (3.4)

85.8 (11.6)

178.9 (5.9)

46.8 (0.4)

49.7 (354)

Men

14.0 (50)

27.1 (97)

58.9 (211)

n/ac

26.3 (5.2)

71.0 (13.9)

165.0 (5.8)

46.7 (0.4)

50.3 (358)

Women

Substudy III3

n = 1,188, 2n = 984, 3n = 712, 4n = 517. aPer cent (n), bMean (standard deviation). cVariable not used in respective substudy.

51.5 (270)

Never

61.0 (405)

25.0 (166)

24.8 (130)

> 12

72.7 (483)

72.1 (378)

9–12

2.3 (15)

26.2 (5.0)

70.5 (13.2)

165.0 (5.7)

3.1 (16)

Smokinga

1

Women
55.9 (664)

<9

Educationa (years)

BMI at age 46 (kg/m )

26.9 (3.6)

85.8 (11.7)

Weight at age 46b (kg)
2

Height at age 46b (cm)

b

46.8 (0.4)
178.8 (6.1)

Age at MRIb (years)

44.1 (524)

Substudy I1

Sex distributiona

Variable

Table 9. General characteristics of the samples.

17.2 (40)

32.3 (75)

50.4 (117)

25.9 (60)

72.0 (167)

2.2 (5)

26.9 (3.7)

85.6 (12.5)

178.6 (6.3)

46.7 (0.4)

44.9 (232)

Men

15.8 (45)

23.5 (67)

60.7 (173)

31.2 (89)

67.4 (192)

1.4 (4)

26.5 (5.3)

70.7 (14.3)

164.6 (5.6)

46.7 (0.4)

55.1 (285)

Women

Substudy IV4

Table 10. Distributions of the LTPA variables among the participants of Substudies I and
III.
Substudy I1

Variable

Substudy III2

Men

Women

Men

Women

Daily

24.2 (127)

12.0 (80)

n/ab

n/ab

Every other day

31.1 (163)

15.4 (102)

Twice a week

19.5 (102)

25.2 (167)

Once a week

10.7 (56)

20.6 (137)

Every other week or less

14.5 (76)

26.8 (178)

≥ 4 times a week

14.9 (78)

12.5 (83)

n/ab

n/ab

2–3 times a week

31.3 (164)

28.8 (191)

Once a week

20.6 (108)

26.7 (177)

a

LTPA at age 14

LTPA at age 31a

2–3 times a month

12.0 (63)

12.0 (80)

Once a month or less

21.2 (111)

20.0 (133)

≥ 4 times a week

15.8 (83)

16.6 (110)

13.8 (49)

19.0 (68)

2–3 times a week

34.2 (179)

41.6 (276)

36.4 (129)

41.3 (148)

Once a week

23.1 (121)

19.0 (126)

23.7 (84)

17.3 (62)

2–3 times a month

13.0 (68)

11.3 (75)

12.1 (43)

11.5 (41)

Once a month or less

13.9 (73)

11.6 (77)

13.8 (49)

10.9 (39)

Active

28.6 (150)

23.9 (159)

n/ab

n/ab

Moderately active

42.0 (220)

46.4 (308)

Inactive

29.4 (154)

29.7 (197)

LTPA at age 46a

Lifetime LTPA clustera

1

2

n = 1,188 (524 men, 664 women), n = 712 (354 men, 358 women). aPer cent (n). bVariable not used in

respective substudy.
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Table 11. Distributions of the LTPA frequency variables within the LTPA clusters.
Sankey plots of the distributions are shown in Fig. 13.
Variable (rows)/LTPA cluster

Active

(columns)

1

Moderately active
2

3

Inactive
4

Men

Women

20.0 (44)

7.8 (24)

5

Men

Women6

14.9 (23)

6.1 (12)

Men

Women

Daily

40.0 (60)

27.7 (44)

Every other day

44.0 (66)

25.2 (40)

26.8 (59)

13.0 (40)

24.7 (38)

11.2 (22)

Twice a week

8.7 (13)

17.0 (27)

27.3 (60)

33.4 (103)

18.8 (29)

18.8 (37)

Once a week

2.7 (4)

13.8 (22)

12.3 (27)

21.4 (66)

16.2 (25)

24.9 (49)

Every other week or less

4.7 (7)

16.4 (26)

13.6 (30)

24.4 (75)

25.3 (39)

39.1 (77)

LTPA at age 14a

LTPA at age 31a
≥ 4 times a week

44.0 (66)

44.7 (71)

0.0 (0)

0.0 (0)

7.8 (12)

6.1 (12)

2–3 times a week

53.3 (80)

49.7 (79)

35.5 (78)

33.1 (102)

3.9 (6)

5.1 (10)

Once a week

2.7 (4)

3.8 (6)

39.5 (87)

47.4 (146)

11.0 (17)

12.7 (25)

2–3 times a month

0.0 (0)

1.9 (3)

25.0 (55)

19.5 (60)

5.2 (8)

8.6 (17)

Once a month or less

0.0 (0)

0.0 (0)

0.0 (0)

0.0 (0)

≥ 4 times a week

40.0 (60)

54.7 (87)

5.5 (12)

4.2 (13)

7.1 (11)

5.1 (10)

2–3 times a week

50.7 (76)

42.8 (68)

34.1 (75)

55.8 (172)

18.2 (28)

18.3 (36)

Once a week

8.0 (12)

2.5 (4)

40.5 (89)

27.9 (86)

13.0 (20)

18.3 (36)

2–3 times a month

1.3 (2)

0.0 (0)

18.6 (41)

11.0 (34)

16.2 (25)

20.8 (41)

0.0 (0)

0.0 (0)

1.4 (3)

1.0 (3)

45.5 (70)

37.6 (74)

72.1 (111) 67.5 (133)

LTPA at age 46a

Once a month or less
1

2

3

4

5

6

a

n = 150, n = 159, n = 220, n = 308, n = 154, n = 197. Per cent (n).
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Fig. 13. Sankey plots demonstrating the relation between LTPA frequency at individual
follow-up points and lifetime LTPA clustering (Substudy I). LTPA frequency categories
at 14 years: 1 = Daily, 2 = Every other day, 3 = Twice a week, 4 = Once a week, 5 = Every
other week or less. LTPA frequency categories at 31 and 46 years: 6 = ≥ 4 times a week,
7 = 2–3 times a week, 8 = Once a week, 9 = 2–3 times a month, 10 = Once a month or
less. Numeric presentation of the LTPA distributions within clusters is provided in Table
11.
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Table 12. Sports participation among the participants of Substudy II.
Variable

At age 31
1

At age 46
Men

Women2

70.8 (383)

56.0 (248)

73.8 (399)

53.5 (237)

29.2 (158)

44.0 (195)

26.2 (142)

Participant

50.1 (222)

61.4 (332)

35.7 (158)

50.6 (274)

Non-participant

49.9 (221)

38.6 (209)

64.3 (285)

49.4 (267)

Men

Women

Participant

46.5 (206)

Non-participant

2

1

Walkinga

Cyclinga

Cross-country skiinga
Participant

21.9 (97)

16.6 (90)

27.5 (122)

26.4 (143)

Non-participant

78.1 (346)

83.4 (451)

72.5 (321)

73.6 (398)

Swimming

a

Participant

7.4 (33)

10.0 (54)

6.5 (29)

11.3 (61)

92.6 (410)

90.0 (487)

93.5 (414)

88.7 (480)

Participant

17.6 (78)

8.9 (48)

20.8 (92)

24.2 (131)

Non-participant

82.4 (365)

91.1 (493)

79.2 (351)

75.8 (410)

6.5 (29)

21.1 (114)

7.4 (33)

23.7 (128)

93.5 (414)

78.9 (427)

92.6 (410)

76.3 (413)

Participant

23.3 (103)

13.5 (73)

23.9 (106)

18.1 (98)

Non-participant

76.7 (340)

86.5 (468)

76.1 (337)

81.9 (443)

Non-participant
Gym traininga

Gymnastics

a

Participant
Non-participant
Runninga

Aerobicsa
Participant
Non-participant

0.2 (1)

15.7 (85)

0.7 (3)

10.0 (54)

99.8 (442)

84.3 (456)

99.3 (440)

90.0 (487)

Ballgames, Group 1a,b
Participant

16.7 (74)

8.9 (48)

5.9 (26)

6.1 (33)

Non-participant

83.3 (369)

91.1 (493)

94.1 (417)

93.9 (508)

21.0 (93)

0.9 (5)

14.7 (65)

1.8 (10)

79.0 (350)

99.1 (536)

85.3 (378)

98.2 (531)

Ballgames, Group 2a,c
Participant
Non-participant
1

2

a

b

c

n = 443, n = 541. Per cent (n). Group 1: Badminton, volleyball, tennis, squash. Group 2: Floor ball, ice

hockey, soccer, rink ball, basketball.
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Fig. 14. Distributions of impact scores among the participants of Substudy II. 1n = 443, 2n = 541.

Table 13. Distributions of impact scores among the participants of Substudy II.
Men1

Women2

a

Impact score at age 31

3.0 (1.0–5.0)

1.0 (0.0–4.0)

Impact score at age 46a

2.0 (0.0–4.0)

1.0 (0.0–3.5)

Overall impact scorea

5.0 (2.0–9.0)

3.0 (1.0–6.0)

Variable

1

n = 443, 2n = 541. aMedian (inter-quartile range).

Occupational physical activities (III)
Table 14 presents the sample’s engagement in individual occupational physical
tasks. Performing repetitive movements, constant moving and sitting still were the
most common tasks encountered at the age of 31; repetitive movements and
occupational sitting were also frequently reported at the age of 46. OPA intensity
categorisation produced three fairly equally sized groups in both sexes (Table 15).
Of men, 36.4% and of women, 33.2% were classified as belonging to the highintensity category; 37.6% of men and 33.5% of women belonged to the lowintensity category, and the rest formed the moderate-intensity group.
Physical growth parameters (IV)
Table 16 shows the growth parameter characteristics among the participants. All
distributions were fairly normal. The mean gestational age was around 40 weeks
among both sexes. At birth, male newborns were 50.6 (SD 2.1) cm long and
weighed 3.5 (0.5) kg, while female newborns were 50.0 (1.9) cm long and weighed
3.4 (0.5) kg. Adiposity peak was reached at the mean age of 0.8 (0.1) years, and
adiposity rebound occurred before school age. Pubertal growth spurt took off at the
mean age of 9.2 (0.6) years among women and at the mean age of 11.2 (0.7) years
among men.
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Table 14. Engagement in OPA among the participants of Substudy III.
Variable

At age 31
1

At age 46
Men

Women2

56.7 (203)

43.2 (153)

55.3 (198)

52.0 (184)

43.3 (155)

56.8 (201)

44.7 (160)

Often

18.1 (64)

25.4 (91)

13.8 (49)

17.9 (64)

Rarely

81.9 (290)

74.6 (267)

86.2 (305)

82.1 (294)

Men

Women

Often

48.0 (170)

Rarely

2

1

Repetitive movementsa

Standing in one placea

Leaning forwarda
Often

31.9 (113)

43.0 (154)

27.1 (96)

40.2 (144)

Rarely

68.1 (241)

57.0 (204)

72.9 (258)

59.8 (214)

Twisting one’s backa
Often

24.0 (85)

36.9 (132)

21.5 (76)

34.6 (124)

Rarely

76.0 (269)

63.1 (226)

78.5 (278)

65.4 (234)

12.1 (43)

8.7 (31)

14.7 (52)

8.4 (30)

87.9 (311)

91.3 (327)

85.3 (302)

91.6 (328)

Often

52.0 (184)

46.1 (165)

60.2 (213)

52.2 (187)

Rarely

48.0 (170)

53.9 (193)

39.8 (141)

47.8 (171)

Often

41.5 (147)

33.5 (120)

32.2 (114)

27.1 (97)

Rarely

58.5 (207)

66.5 (238)

67.8 (240)

72.9 (261)

Working with upper limbs raiseda
Often
Rarely
Sitting still

a

Lifting loads of 1–15 kga

Lifting loads of > 15 kga
Often

24.9 (88)

13.1 (47)

19.2 (68)

13.1 (47)

Rarely

75.1 (266)

86.9 (311)

80.8 (286)

86.9 (311)

Constant movinga
Often

49.7 (176)

55.3 (198)

37.3 (132)

37.2 (133)

Rarely

50.3 (178)

44.7 (160)

62.7 (222)

62.8 (225)

27.1 (96)

19.8 (71)

18.4 (65)

19.8 (71)

72.9 (258)

80.2 (287)

81.6 (289)

80.2 (287)

Hard physical laboura
Often
Rarely
1

2

a

n = 354, n = 358. Per cent (n).
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Table 15. OPA intensity among the participants of Substudy III.
Men1

Intensity classification
High-intensity

a

Women2

36.4 (129)

33.2 (119)

Moderate-intensitya

26.0 (92)

33.2 (119)

Low-intensitya

37.6 (133)

33.5 (120)

1

2

a

n = 354, n = 358. Per cent (n).

Table 16. Characteristics of the growth variables among the participants of Substudy IV.
Men1

Variable

Women2

Birth
Gestational agea (weeks)

40.0 (2.0)

40.1 (1.8)

Birth lengtha (cm)

50.6 (2.1)

50.0 (1.9)

3.5 (0.5)

3.4 (0.5)

13.6 (1.4)

13.8 (1.2)

Peak height velocitya (cm/year)

54.9 (3.2)

51.1 (3.7)

Peak weight velocitya (kg/year)

13.7 (1.8)

12.0 (1.6)

Birth weighta (kg)
a

2

BMI at birth (kg/m )
Infancy

a

Age at adiposity peak (years)

0.8 (0.1)

0.8 (0.1)

BMI at adiposity peaka (kg/m2)

18.1 (1.0)

17.8 (1.1)

5.8 (0.8)

5.6 (1.0)

15.4 (1.0)

15.4 (1.1)

11.2 (0.7)

9.2 (0.6)

Height at pubertal growth spurt take-off (cm)

143.2 (6.5)

132.1 (6.1)

BMI at pubertal growth spurt take-offa (kg/m2)

17.3 (1.9)

16.6 (2.0)

Age at occurrence of pubertal peak height velocity (years)

13.9 (0.8)

11.6 (0.7)

Pubertal peak height velocitya (cm/year)

9.3 (1.4)

7.9 (1.0)

35.4 (4.8)

32.5 (4.2)

Early childhood
Age at adiposity rebounda (years)
a

2

BMI at adiposity rebound (kg/m )
Puberty
Age at pubertal growth spurt take-offa (years)
a

a

a

Pubertal height change (cm)
1

2

a

n = 232, n = 285. Mean (standard deviation).
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5.1.2 Representativeness of the samples
Statistically significant (p < 0.05) differences are mentioned below.
Substudy I
Comparison of the sample (n = 1,188) to the rest of the cohort (4,445 ≤ n ≤ 5,678)
revealed that the men in the sample were slightly lighter than those excluded (85.8
vs. 87.1 kg, p = 0.026), and had a lower mean BMI (26.9 vs. 27.4 kg/m2, p = 0.002).
Regardless of sex, the proportion of current smokers was lower in the present
sample than among those excluded (14.9 vs. 26.6% among men, p < 0.001; 15.5 vs.
19.9% among women, p = 0.022), and the sample contained less highly educated
(> 12 years) women than the rest of the cohort (25.0 vs. 31.7%, p < 0.001). LTPA
frequency distributions were slightly more centred on the active categories at the
age of 31 among men (p = 0.036) and at the age of 46 among women (p = 0.014).
Substudy II
Comparisons between the sample (n = 984) and those excluded (2,729 ≤ n ≤ 5,680)
showed that the men in the sample had slightly lower BMI (27.0 vs. 27.4 kg/m2, p
= 0.023). There were less women with higher education (> 12 years) in the sample
than among those excluded (25.1 vs. 31.6%, p = 0.028), and regardless of sex, a
lower percentage of current smokers (15.1 vs. 26.4% among men, p < 0.001; 15.2
vs. 19.9% among women, p = 0.028). With respect to sports participation, the
sample contained more active cyclists than the rest of the cohort at the age of 31
(50.1 vs. 40.7% among men, p < 0.001; 61.4 vs. 54.9% among women, p = 0.007),
and more women cyclists also at the age of 46 (50.6 vs. 44.2%, p = 0.006). The
proportion of active runners was higher than that of the reference group at the age
of 31 (23.3 vs. 18.4% among men, p = 0.021; 13.5 vs. 9.8% among women, p =
0.014), and among men also at the age of 46 (23.9 vs. 19.3%, p = 0.029). At the age
of 46, the sample contained less active walkers among both sexes (56.0 vs. 61.4%
among men, p = 0.029; 73.8 vs. 78.4% among women, p = 0.018), and a higher rate
of active female participants in certain ballgames (Group 1, i.e., badminton,
volleyball, tennis, and squash) in comparison to the rest of the cohort (6.1 vs. 2.8%,
p < 0.001). Impact scores differed slightly between those included and excluded
among both sexes at the age of 31 (medians 3 vs. 2, IQRs 1–5 vs. 1–5 among men,
p = 0.032; medians 1 vs. 1, IQRs 0–4 vs. 0–3 among women, p = 0.029), and the
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distribution of the overall impact score was slightly higher among men (medians 5
vs. 5, IQRs 2–9 vs. 1–8, p = 0.046).
Substudy III
Comparisons between the sample (n = 712) and the rest of the population (2,183 ≤
n ≤ 10,244) found the percentage of current smokers to be lower among those
included (14.7 vs. 25.9% among men, p < 0.001; 14.0 vs. 19.6% among women, p
= 0.024). As for the OPA variables, occupational standing was less common among
men at the age of 31 (18.1 vs. 23.9%, p = 0.020) and at the age of 46 (13.8 vs.
18.9%, p = 0.021), and back twisting was likewise less frequent among the men in
the sample at the age of 31 (24.0 vs. 29.6%, p = 0.039). Among women, working
with arms raised at the age of 31 was less common in the present sample than
among those excluded (8.7 vs. 12.8%, p = 0.031).
Substudy IV
Comparison of the sample (n = 517) to those excluded (1,568 ≤ n ≤ 6,232) revealed
less current male smokers in the sample than among the rest of the population (17.2
vs. 25.5%, p = 0.018). Regarding growth variables, both men and women in the
present sample had a higher gestational age (40.0 vs. 38.3 weeks among men, p <
0.001; 40.1 vs. 38.3 weeks among women, p < 0.001) and birth length than the
reference group (50.6 vs. 49.8 cm among men, p < 0.001; 50.0 vs. 49.1 cm among
women, p < 0.001). The women included in the sample were also born heavier
(3.45 vs. 3.37 kg, p = 0.010) and had a higher BMI at birth (13.8 vs. 13.6 kg/m2, p
= 0.020). The men who belonged to the sample had a lower BMI at adiposity peak
(18.1 vs. 18.3 kg/m2, p = 0.020) and reached a higher peak height velocity during
their infancy than the rest of the cohort (54.9 vs. 54.3 cm/year, p = 0.006). Pubertal
take-off was reached at a younger age among the women in the sample (9.2 vs. 9.4
years, p < 0.001), and pubertal peak height velocity also occurred earlier than
among those excluded (11.6 vs. 11.7 years, p < 0.001).
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5.2

Vertebral dimensions

5.2.1 Dimensions of L4 (I–IV)
The means of the eight measured L4 dimensions of the entire eligible MRI
population (n = 1,339) are shown in Table 17, together with characteristics for mean
height and CSA. A significant sex-relatedness was observed, as the dimensions
were 3.8% (anterior height) to 24.5% (CSA) larger among men than women (p <
0.001). CSAs and mean heights among the samples of each substudy are presented
in Table 18.
Table 17. Dimensions of L4 among the MRI population.
Dimension
Maximum widtha (mm)
a

Men1

Women2

Sex differenceb

51.3 (4.1)

46.1 (3.4)

11.3%***

Minimum width (mm)

41.8 (3.2)

37.0 (3.4)

13.0%***

Inferior deptha (mm)

36.2 (2.8)

32.2 (2.3)

12.4%***

Middle deptha (mm)

34.7 (2.5)

31.3 (2.4)

10.9%***

a

Superior depth (mm)

37.4 (2.8)

33.4 (2.4)

12.0%***

Anterior heighta (mm)

30.1 (1.9)

29.0 (1.8)

3.8%***

Posterior height (mm)

28.6 (1.8)

26.5 (1.8)

7.9%***

Minimum heighta (mm)

25.5 (1.8)

24.4 (1.7)

4.9%***

Mean height (mm)

28.1 (1.5)

26.6 (1.5)

5.6%***

Cross-sectional areaa (cm2)

13.2 (1.7)

10.6 (1.3)

24.5%***

a

a

1

n = 626, 2n = 713. aMean (standard deviation). bPer cent larger among men than among women. ***p <

0.001.

Table 18. Cross-sectional area and mean height of L4 among the samples of Substudies
I–IV.
Substudy

n

Cross-sectional areaa (cm2)

Mean heighta (cm)

Men

Women

Sex differenceb

Men

Women

Sex differenceb

I

1,188

13.2 (1.7)

10.6 (1.3)

24.5%

2.8 (0.1)

2.7 (0.1)

3.7%

II

984

13.3 (1.7)

10.5 (1.3)

26.7%

2.8 (0.1)

2.7 (0.1)

3.7%

III

712

13.3 (1.7)

10.6 (1.3)

25.5%

2.8 (0.1)

2.7 (0.1)

3.7%

IV

517

13.1 (1.7)

10.4 (1.3)

26.0%

2.8 (0.1)

2.7 (0.1)

3.7%

a

Mean (standard deviation). bPer cent larger among men than among women.
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Intra-rater reliability and measurement error
Intra-rater reliability and measurement error calculations were based on the
repeated L4 measurements (n = 400). The level of intra-rater reliability was high
(ICC = 0.963), and the values of relative measurement error were distributed
normally around the mean of 0.0 (SD 4.9) %.
5.2.2 Correlation between L3 and L4 (I)
L3 dimensions were measured in a moderately-sized sample of those whose L4
dimensions had been successfully obtained (n = 110). The means are shown in
Table 19, and similar to L4, sex differences were detected across most of the
variables. Using this sample (n = 110), the correlation between L3 and L4
measurements was also investigated (Table 20). The correlation was found to be
highest for CSA (R = 0.95 among men, p < 0.001; R = 0.79 among women, p <
0.001) and lowest for vertebral height dimensions (R = 0.41 for posterior height
among men, p = 0.021; R = 0.54 among women, p < 0.001).
Table 19. Dimensions of L3 among the MRI population.
Men1

Women2

Sex differenceb

Maximum width (mm)

48.4 (4.6)

43.1 (3.1)

12.3%***

Minimum widtha (mm)

39.0 (4.0)

35.3 (3.0)

10.5%***

a

35.7 (3.6)

31.7 (1.9)

12.6%***

a

Middle depth (mm)

33.1 (3.4)

30.1 (2.1)

10.0%***

Superior deptha (mm)

36.3 (3.6)

32.5 (2.1)

12.6%***

Dimension
a

Inferior depth (mm)

a

Anterior height (mm)

29.1 (1.8)

28.8 (1.6)

1.0% (NS)

Posterior heighta (mm)

29.3 (1.5)

27.7 (1.4)

5.8%***

Minimum height (mm)

24.9 (1.6)

24.2 (1.8)

2.9% (NS)

Mean heighta (mm)

27.8 (1.1)

26.9 (1.3)

3.3%**

12.1 (2.1)

9.7 (1.1)

24.7%***

a

a

2

Cross-sectional area (cm )
1

2

a

b

n = 32, n = 78. Mean (standard deviation). Per cent larger among men than among women. NS = Not

significant, **p < 0.01, ***p < 0.001.
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Table 20. Correlation between the dimensions of L3 and L4 among the MRI population.
Men1

Dimension

Maximum width
Minimum width

a

a

Inferior deptha
Middle depth

a

Women2

R

P value

R

P value

0.78

< 0.001

0.56

< 0.001

0.89

< 0.001

0.72

< 0.001

0.82

< 0.001

0.65

< 0.001

0.85

< 0.001

0.70

< 0.001

0.80

< 0.001

0.74

< 0.001

Anterior heighta

0.59

< 0.001

0.56

< 0.001

Posterior heighta

0.41

0.021

0.54

< 0.001

Minimum heighta

0.63

< 0.001

0.77

< 0.001

0.49

0.005

0.68

< 0.001

0.95

< 0.001

0.79

< 0.001

Superior deptha

Mean height

a

Cross-sectional areaa
1

2

a

n = 32, n = 78. Pearson’s correlation.

5.3

Potential determinants of vertebral size

5.3.1 Leisure-time physical activity (I)
Using linear regression with adjustments for BMI, vertebral height, education years
and smoking, lifetime LTPA clusters were compared to each other (Fig. 15).
According to the β coefficients, women who were classified as active had 34.3 mm2
larger vertebral CSA than those who belonged to the inactive cluster (p = 0.012).
No statistically significant differences were found between the moderate and
inactive cluster among women, or any of the comparisons among men.
As additional analyses, LTPA frequency-based comparisons were performed at
each individual follow-up point (Figs. 16 and 17). The covariates were identical to
those used in the between-cluster analyses; all LTPA frequency data (i.e., data from
various time points) were included in the same models and thus provided additional
adjustments for each other. The men who had reported being physically active twice
a week at the age of 14, had 55.5 mm2 smaller vertebral CSA than those who were
active every other week or less (p = 0.027), whereas the women who belonged to
the most active category at the age of 31 had 54.7 mm2 larger vertebral CSA than
the least active group (p = 0.003).
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Fig. 15. LTPA cluster comparisons in terms of vertebral CSA. Regression coefficients
(β, mm2) from linear regression models. Covariates: BMI at age 46, vertebral height,
education years, smoking. *p < 0.05.
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Fig. 16. Comparisons between LTPA categories at 14, 31 and 46 years in terms of
vertebral CSA. Regression coefficients (β, mm2) from linear regression models among
men. Reference categories: 1Every other week or less, 2Once a month or less. All time
points were included in the same analyses and thus provided adjustments for each
other. Additional covariates: BMI at age 46, vertebral height, education years, smoking.
*p < 0.05.
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Fig. 17. Comparisons between LTPA categories at 14, 31 and 46 years in terms of
vertebral CSA. Regression coefficients (β, mm2) from linear regression models among
women. Reference categories: 1Every other week or less, 2Once a month or less. All
time points were included in the same analyses, and thus provided adjustments for
each other. Additional covariates: BMI at age 46, vertebral height, education years,
smoking. **p < 0.01.
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5.3.2 Sports participation (II)
In the sport-specific comparisons, linear regression with adjustments for BMI at
the age of 46, vertebral height, education years and smoking was used to compare
participants to non-participants in terms of vertebral size (Figs. 18 and 19). Each
sport and time point were also included in the same models and thus provided
adjustments for each other. Among men, those who actively trained at the gym at
the age of 31 had 54.3 mm2 smaller vertebral CSA than non-participants (p = 0.018).
Correspondingly, active female runners at 31 years had 39.4 mm2 larger vertebral
CSA (p = 0.029), and those who were classified as participants of Group 1
ballgames at 31 years had 45.9 mm2 larger vertebral CSA (p = 0.023) than their
respective referents. In addition, women who were active cross-country skiers at
the age of 46 had 31.9 mm2 larger vertebral CSA than those who were not (p =
0.018). Active female gymnasts at the age of 46 had 26.5 mm2 smaller vertebral
CSA than non-participants of the respective sport (p = 0.047).
To investigate the role of high-impact sports in terms of vertebral CSA, impact
scores were utilised as explanatory variables with the aforementioned adjustments
(Fig. 20). 31- and 46-year impact scores provided additional adjustments for each
other. Among women, the impact score at the age of 31 was independently
associated with larger vertebral CSA so that one impact point was equal to a 6.0
mm2 increase in vertebral CSA (p = 0.019), and as for the overall impact score, one
impact point accounted for an increase of 4.2 mm2 in vertebral CSA (p = 0.002).
No statistically significant findings were obtained from men.
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Fig. 18. Sport-specific comparisons of participants to non-participants in terms of
vertebral CSA. Regression coefficients (β, mm2) from linear regression models among
men. 1Participants vs. non-participants. 2Badminton, volleyball, tennis, squash. 3Floor
ball, ice hockey, soccer, rink ball, basketball. All sport variables (those with group sizes
of ≥ 30) were included in one analysis and thus provided adjustments for each other.
Additional covariates: BMI at age 46, vertebral height, education years, smoking. *p <
0.05.
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Fig. 19. Sport-specific comparisons of participants to non-participants in terms of
vertebral CSA. Regression coefficients (β, mm2) from linear regression models among
women. 1Participants vs. non-participants. 2Badminton, volleyball, tennis, squash. All
sport variables (those with group sizes of ≥ 30) were included in one analysis and thus
provided adjustments for each other. Additional covariates: BMI at age 46, vertebral
height, education years, smoking. *p < 0.05.
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Fig. 20. Regression coefficients (β, mm2) from linear regression models demonstrating
the effect of one impact point on vertebral CSA. Two time points and their combinations
are presented. 31- and 46-year impact scores were included in the same model, and the
combined impact score had a model of its own. Covariates: BMI at age 46, vertebral
height, education years, smoking. *p < 0.05, ** p < 0.01.
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5.3.3 Occupational physical activities (III)
In order to investigate how individual occupational physical tasks were associated
with vertebral size, those who were often engaged in respective tasks at work were
compared to those who encountered these tasks rarely (Figs. 21 and 22).
Adjustments for BMI, vertebral height, LTPA, and smoking were included in the
linear regression models, and all tasks provided additional adjustments for each
other. Among men, occupational sitting at the age of 31 was associated with 49.2
mm2 smaller vertebral CSA (p = 0.039). The results showed no other statistically
significant differences.
The intensity of OPA was also investigated by pooling high-intensity OPAs at
31 and 46 years. High, moderate and low-intensity groups were formed and
compared to each other (Fig. 23). No significant between-group differences were
retrieved.
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Fig. 21. Comparisons within OPA variables in terms of vertebral CSA among men.
Regression coefficients (β, mm2) from linear regression models. 1Those who often
engaged in the respective activity were compared to those who encountered the activity
rarely. All OPA variables were included in one analysis and thus provided adjustments
for each other. Additional covariates: BMI at age 46, vertebral height, LTPA at age 46,
smoking. *p < 0.05.
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Fig. 22. Comparisons within OPA variables in terms of CSA area among women.
Regression coefficients (β, mm2) from linear regression models.

1

Those who often

engaged in the respective activity were compared to those who encountered the activity
rarely. All OPA variables were included in one analysis and thus provided adjustments
for each other. Additional covariates: BMI at age 46, vertebral height, LTPA at age 46,
smoking.
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Fig. 23. Comparisons between adulthood OPA intensity categories in terms of CSA.
Regression coefficients (β, mm2) from linear regression models. Covariates: BMI at age
46, vertebral height, LTPA at age 46, smoking.
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5.3.4 Early-life physical growth (IV)
Early-life physical growth was studied by investigating how various growth-curvederived parameters of birth, infancy, early childhood and puberty were associated
with midlife vertebral size (Figs. 24 and 25). Linear regression was used with
adjustments for gestational age, education years and smoking, as well as birth
length/weight/BMI and adult height/weight/BMI, depending on the variable. Birth
weight and infant peak weight velocity were strongly associated with midlife
vertebral CSA. According to the β coefficients, one gram of birth weight accounted
for a 0.06 mm2 increase in midlife vertebral CSA among men (p = 0.006) and a
0.08 mm2 increase among women (p < 0.001). Correspondingly, 1 kg/year of infant
peak weight velocity was equal to an increase of 19.0 mm2 in midlife vertebral CSA
among men (p = 0.001) and an increase of 17.7 mm2 among women (p < 0.001).
Furthermore, BMI at adiposity peak was positively associated with vertebral CSA
among men (p = 0.017), whereas all the analysed BMI measurements (birth,
adiposity peak, adiposity rebound, pubertal take-off) were associated with larger
midlife vertebral CSA among women (p < 0.05). All height parameters, i.e., birth
length, infant peak height velocity, pubertal peak height velocity and pubertal
height change, were associated with vertebral CSA (p < 0.05), but only before
including adult height in the models. The timing of any of the aforementioned
growth variables was not associated with vertebral CSA.
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Fig. 24. Regression coefficients (β, mm2) from linear regression models demonstrating
the effect of one growth parameter ‘unit’ (shown in parentheses next to the respective
variable) on vertebral CSA among men. Covariates in all analyses: gestational age,
education years, smoking. Additional covariates: 1BMI at birth, 2BMI at 46 years, 3Birth
length, 4Height at 46 years, 5Birth weight, 6Weight at 46 years. †Infant and pubertal peak
height velocities were further adjusted for each other. *p < 0.05, **p < 0.01.
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Fig. 25. Regression coefficients (β, mm2) from linear regression models demonstrating
the effect of one growth parameter ‘unit’ (shown in parentheses next to the respective
variable) on vertebral CSA among women. Covariates in all analyses: gestational age,
education years, smoking. Additional covariates: 1BMI at birth, 2BMI at 46 years, 3Birth
length, 4Height at 46 years, 5Birth weight, 6Weight at 46 years. †Infant and pubertal peak
height velocities were further adjusted for each other. *p < 0.05, **p < 0.01, ***p < 0.001.
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6

Discussion

6.1

Key findings

The key findings of the present study are summarised in Table 21.
Table 21. Main findings of the substudies. Each substudy investigated the association
between vertebral size and one of its potential determinants.
Substudy

Determinant of vertebral size

Period

Main findings

I

LTPA

Lifetime

High lifetime LTPA was associated with
large midlife vertebral size among
women but not men. LTPA in early
adulthood was identified as especially
beneficial for women.

II

Participation in individual

Adulthood

High-impact exercise in adulthood was

sports; high-impact

associated with large vertebral size in

exercise

midlife among women but not among
men. Running and ballgames in early
adulthood and cross-country skiing in
midlife were identified as beneficial
sports for women.

III

OPA

Adulthood

Occupational physical exposures were
not associated with midlife vertebral
size among either sex.

IV

Physical growth

Early life,

Birth weight and rapid weight gain in

midlife

infancy were associated with large
midlife vertebral size among both
sexes. Height gain was associated
with vertebral size among both sexes
but not after adjustment for adult height.

6.2

Vertebral dimensions

In the present study, eight L4 dimensions were measured from the entire MRI
population (Table 17), and a subgroup of individuals were also measured from L3
(Table 19). The magnitude of these dimensions was in line with previous data
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(collected in Table 2) and other literature (Bogduk 2012). In particular, the CSA of
L4 has been reported in many studies, and a 20–30% difference has been found
between men and women (Bruno et al. 2014, Junno et al. 2009, Mosekilde &
Mosekilde 1990, Taylor & Twomey 1984). This sex discrepancy stems from
adolescence, when the male vertebra grows more vigorously than the female
vertebra (Bogduk 2012, Brandner 1970, Taylor 1975, Twomey & Taylor 1987). The
studies’ reported CSAs differed moderately (Table 2); this may be explained by
different imaging modalities and measurement techniques, as well as by interobserver variability. Periosteal apposition also occurs with age and is more active
among men than women, which complicates the comparability of aged and lessaged study populations (Seeman 2001, Seeman 2007). Due to the age consistency
in the present study population, it was unlikely that periosteal apposition affected
the measurement comparability between individuals in the present study.
For validation purposes, the comparability between dimensions of L3 and L4
in a subsample of the original MRI population was studied (Table 20). The
correlation in the CSAs of L3 and L4 was strong in both sexes (R = 0.95 among
men and 0.79 among women), while other correlations were moderate to good. The
sex difference in the magnitudes of the coefficients is likely to project the moderate
subgroup sizes (32 men and 78 women), and the rather low coefficients for
vertebral heights may result from the slight anatomical differences between L3 and
L4, which are in turn due to their distinct locations in the lordotic curvature of the
lumbar spine (Bogduk 2012, Prakash et al. 2007). Despite these considerations, the
present findings seem to be in line with previous literature concluding that the
properties of one lumbar vertebra can be extrapolated over the lumbar spine with
high accuracy (Brinckmann et al. 1989).
6.3

Potential determinants of vertebral size

All hypotheses were formulated a priori. In Substudies I–III, high levels of physical
activity were hypothesised to be positively associated with vertebral size,
regardless of whether the activity was encountered during leisure time or at work.
The assumption was based on evidence that exposure to exercise-related
mechanical loads is capable of inducing osteogenic responses in the skeleton
(Bailey & Brooke-Wavell 2008, Bielemann et al. 2013, Mosekilde 2000). Highimpact sports especially, but also exercise modalities of varying loading
characteristics were considered to have this potential (Tenforde & Fredericson
2011). In Substudy IV, it was hypothesised that vigorous physical growth was
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associated with large vertebral size. This was due to the linkage between skeletal
growth and the growth of the entire body (Hauspie et al. 2004, Javaid & Cooper
2002, Michaelsen 2015). Rapid increase in body mass and the consequent increase
in vertebral loading was considered one possible mediator of this effect (Mosekilde
2000).
6.3.1 Overall leisure-time physical activity (I)
In Substudy I, high lifetime LTPA was associated with large midlife vertebral CSA,
but only among women (Fig. 15). The women in the active cluster had 34.3 mm2
or 3.2% larger vertebrae than those in the inactive cluster (p = 0.012). When each
time point was investigated separately, high LTPA (≥ 4 times of MVPA per week)
was associated with large vertebral size at the age of 31, but not at the age of 14 or
46 (Fig. 17). Among men, only one ambiguous and isolated association was
detected, when those who were active twice a week at the age of 14 had smaller
vertebral size than their less active referents (Fig. 16).
A positive association between high LTPA and favourable vertebral properties
has been previously reported among women, although many reports also lack such
an association (Bailey & Brooke-Wavell 2008, Bielemann et al. 2013). As is
evident from a recent meta-analysis (Bielemann et al. 2013), the definition and
characterisation of physical activity have varied greatly among previous studies.
Naturally, individuals express great differences in terms of their preferred exercise
modalities, and data on overall LTPA is very insensitive to this variety.
Consequently, a more in-depth assessment of intensity and/or impact of exercise is
difficult with such data, and the comparability of results may be complex. In the
present study, exercise was defined as brisk physical activity causing shortness of
breath, since it was considered indicative of MVPA.
Even though the lumbar spine has been among the most studied skeletal
segments, the vast majority of studies have focused on its mineral properties rather
than geometry (Bolam et al. 2013, Kelley et al. 2012, Marques et al. 2012, MartynSt James & Carroll 2010, Nikander et al. 2010, Wallace & Cumming 2000). Two
Northern Finnish studies with cross-sectional data on vertebral size have
investigated the relationship between self-reported overall physical activity and
vertebral CSA in late adolescence. One study (192 men, 280 women; questionnaireelicited moderate-to-vigorous intensity LTPA data from the ages of 16 and 19;
MRI-derived CSA of L4 from the age of 21) detected no relation between physical
activity and vertebral size (Junno et al. 2013). The other study was of a highly
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similar nature in terms of setting and findings (Junno et al. 2011). Both studies
concluded that physical activity in adolescence does not affect vertebral size,
although sample sizes were rather small, the physical activity data represented a
rather narrow time range, and the data on vertebral size were cross-sectional. The
present study had an older sample, a much larger sample size, and longitudinal
LTPA data from three time points several decades apart.
Vertebral growth accelerates in adolescence (Bogduk 2012, Brandner 1970,
Taylor 1975). According to a three-year exercise intervention among school-aged
children (76 boys and 48 girls aged 8 years at the beginning; physical education at
school for 40 minutes daily), exercising seemed to increase the annual gain in the
DXA-derived width of L3 more among those who were active than among the 99
controls (0.13 vs. 0.11 cm among boys; 0.11 vs. 0.09 among girls; p < 0.05)
(Lofgren et al. 2011). Even though the present study had no longitudinal data on
vertebral dimensions, and the outcome was measured in midlife, it is still peculiar
that no association was found between LTPA at 14 years and midlife vertebral size.
The magnitude of loading is known to influence the osteogenic effect of exercise
(Martyn-St James & Carroll 2010, Turner 1998, Weeks & Beck 2008), so lack of
impact may explain the lack of association.
In conclusion, high lifetime LTPA seems favourable for women in terms of
midlife vertebral size. In light of the present results, remaining physically active at
least four times per week, especially in early adulthood, may be recommended for
women. In contrast, men do not seem to benefit from high LTPA in adolescence,
early adulthood or midlife, even if they remain physically active throughout life.
6.3.2 Sports participation (II)
Substudy II found that overall participation in high-impact sports over the course
of early adulthood and midlife was associated with large midlife vertebral size, but
only among women (Fig. 20). Corresponding to the overall impact score (range 0–
19 among women), each impact point predicted an increase of 4.2 mm2 or 0.4% in
midlife vertebral CSA (p = 0.002). In time-point-specific analyses, participation in
high-impact sports was associated with vertebral size among women at the age of
31 but not at the age of 46. In addition, among women, running (at the age of 31),
participating in badminton, tennis, volleyball or squash (at the age of 31), and crosscountry skiing (at the age of 46) were favourably connected to midlife vertebral
size, if participation was on at least a weekly basis (Fig. 19). Surprisingly,
participation in gymnastics (at the age of 46) was associated with smaller midlife
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vertebrae among women (Fig. 19), and active gym training (at the age of 31)
likewise predicted smaller vertebrae among men (Fig. 18). In resemblance to the
findings of Substudy I, overall participation in high-impact sports or participation
in any sport was not favourably associated with vertebral size among men (Figs.
18 and 20).
In particular, exercise modalities that are characterised by high skeletal loading
seem to modify the geometry of loaded bones (Mosekilde 2000, Tenforde &
Fredericson 2011, Turner 1998, Turner & Robling 2003), which is supported by the
present finding that participation in high-impact sports was favourably associated
with vertebral size, even though this association was only detected among women.
Running and certain ballgames were identified as individual sports with this
capability, but the associations only existed at the age of 31 and no longer at the
age of 46. This raises the question as to whether engaging in high-impact sports at
a younger age may more strongly affect future vertebral size, which would likely
be due to the increased accumulation of bone mass in adolescence (Heaney et al.
2000, Tenforde & Fredericson 2011). The present study had no data on participation
in individual sports before early adulthood.
Cross-country skiing does not reach high loading characteristics, but was still
associated with large midlife vertebral size among women. Even though repetitive
non-high-impact sports have indeed been related to favourable effects on bone
geometry (Tenforde & Fredericson 2011), the present association was only detected
at the age of 46, which suggests it may not be a credible finding. The association
between gym training and smaller vertebral size among men also lacked support
from previous literature, and may have occurred by chance.
Gymnastics is a high-impact sport with significant lumbar spine exposure,
which has made it particularly interesting among exercise scientists (Dowthwaite
& Scerpella 2009). After comparing pre- and peripubertal gymnasts to age-matched
inactive controls in terms of DXA-derived vertebral geometry, some studies have
concluded that certain geometrical parameters of the lumbar vertebrae (width, CSA,
volume) are larger among those who are active (Bass et al. 1998, Dowthwaite et al.
2011), whereas other studies have not (Bass et al. 1998, Ward et al. 2005). In
addition to these inconsistent findings, the study populations have consisted of
mostly females, meaning that the results cannot really be generalised even if they
were consistent. A systematic review on the subject admitted that the evidence of
geometric adaptation in the lumbar spine of gymnasts is quite sparse (Dowthwaite
& Scerpella 2009). The present study connected gymnastics with small midlife
vertebral size, although the ambiguous Finnish translation used in the
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questionnaires (‘voimistelu’, meaning either professional level gymnastics or
lower-profile calisthenics at home) is likely to have compromised the credibility of
the variable.
To summarise the findings, women appear to benefit from active participation
in one or more high-impact sports in adulthood. In particular, early adulthood was
identified as a potentially favourable period in this regard. Running and certain
ballgames, as high-impact sports, seem to be particularly beneficial choices of
exercise modality in the light of both present findings and previous literature. Men,
regardless of exercise modality, do not appear to benefit from sports participation
as judged by midlife vertebral size.
6.3.3 Occupational physical activities (III)
In substudy III, engagement in occupational physical activities in adulthood was
not associated with midlife vertebral CSA among either sex. OPA intensity
categories showed no difference in terms of vertebral size (Fig. 23), and in the taskspecific analyses, only occupational sitting at the age of 31 was associated with
small vertebrae among men (Figs. 21 and 22).
Previous data on the subject are very scarce. A Swedish study (61 men and 61
women aged 22–85 years; self-reported OPA; DXA-derived vertebral area)
paradoxically associated a smaller coronally-projected area and width of L2–L4
with high levels of OPA (Brahm et al. 1998). However, the sample size of the said
study was small, and the present study investigated vertebral CSA with regard to
the axial plane, rather than the coronal plane. The findings regarding the association
between OPA and vertebral mineral properties also appear to be inconsistent
(Chastin et al. 2014, Coupland et al. 2000, Damilakis et al. 1999, Neville et al.
2002, Sritara et al. 2015, Uusi-Rasi et al. 1994, Weiss et al. 1998). Occupational
sitting, as a sedentary activity, was expected to have very little effect on vertebral
size. Since the detected association was only present among men at the age of 31
and no longer at the age of 46, it is likely to have occurred by chance.
To conclude, engagement in occupational physical activities in adulthood does
not seem relevant in terms of midlife vertebral size among either sex.
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6.3.4 Observed sex differences in leisure-time physical activity as a
determinant of vertebral size (I, II)
Both overall LTPA (Substudy I) and participation in high-impact sports (Substudy
II) were beneficially associated with midlife vertebral size only among women.
However, according to a recent meta-analysis, physical activity has been rather
consistently associated with favourable bone qualities among men, and findings
among women have been more inconsistent (Bielemann et al. 2013). The majority
of the included studies investigated vertebrae as their region of interest, but most
findings concerned vertebral mineral properties, meaning that the results may not
be comparable to the present findings on vertebral size. Yet, some speculative
explanations can be offered for the detected sex-related role of exercise as a
predictor of midlife vertebral CSA.
The magnitude of vertebral growth is greater among men than women, not only
in adolescence (Bogduk 2012, Brandner 1970, Taylor 1975, Taylor & Twomey
1984) but also in later life as the result of periosteal apposition (Seeman 2001,
Seeman 2007). An association has also been detected between spinal musculature
and vertebral strength, implying that the typically stronger back muscles among
men may contribute to the development of the larger male vertebra (Ebbesen et al.
1999, Skrzypiec et al. 2007). Regardless of the underlying factors, it is indeed
known that women end up with smaller vertebrae than men, even when body size
is controlled for (Bogduk 2012, Mosekilde 1998). Thus, the female vertebra may
have compensatory mechanisms that enforce its tendency to increase in size under
external stimuli. Hypothetically, exercise-related vertebral loading may have a
minimal stimulating effect on the already accelerated periosteal apposition among
men, whereas the effect of exercise may be markedly greater on the female vertebra,
which has a naturally slower rate of periosteal apposition. It is also possible that
the detected sex discrepancy may be due to sex-related differences in exercise
habits within respective LTPA and impact categories. For example, men with
highest LTPA may participate in different sports to women with equally high LTPA.
However, the present findings regarding LTPA and sports participation were in line
with each other, which supports the validity of the original approach and suggests
the presence of other underlying reasons for the sex discrepancy.
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6.3.5 Observed difference between leisure-time and occupational
physical activity as determinants of vertebral size (I–III)
Substudies I and II concluded that LTPA and participation in high-impact sports
were favourably associated with midlife vertebral size. Substudy III, however, did
not make similar findings in terms of adulthood OPA. Curiously, the present results
are in line with a previous report comparing LTPA and OPA in terms of vertebral
size (Brahm et al. 1998), and even in a broader context, the health effects of
occupational and leisure-time physical activity have been reported to differ from
each other (Holtermann et al. 2012). For example, although LTPA is indeed
favourably associated with obesity, cardiovascular diseases and overall health
concerns, OPA apparently is not (Gutierrez-Fisac et al. 2002, He & Baker 2004,
Holtermann 2015, Koenig et al. 1997). No consensus has been reached as to the
underlying reason for this discrepancy (Holtermann et al. 2012). It is worth noting
that leisure-time exercise typically occurs already at a young age, whereas
occupational physical exposures are encountered later in life. Considering that
childhood and adolescence seem important periods for exercise-induced vertebral
growth (Bielemann et al. 2013, Tenforde & Fredericson 2011), one explanation for
the LTPA–OPA difference may indeed be the importance of skeletal loading in
youth.
6.3.6 Observed negative associations between physical activities
and vertebral size (I–III)
In addition to the expected positive associations, Substudies I–III also revealed
some negative associations between physical activities and midlife vertebral CSA,
which were contrary to the initial hypothesis of physical activity associating with
large vertebrae. As well as chance, certain alternative considerations can be offered
to explain these negative associations.
Importantly, biomechanical self-selection due to vertebral anatomy may have
influenced the choice of favoured exercise modalities. For example, those with
small vertebral depth (i.e., anteroposterior dimension) may have been successful in
gymnastics as a result of great spinal mobility, and thus persist as active participants
in the sport in midlife. As regards self-selection according to body weight, the least
active individuals may have gained more weight than their active counterparts, thus
developing larger midlife vertebrae. Despite the use of BMI as a covariate, shortterm BMI trajectories (especially during adolescence) may have been disregarded.
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It should also be acknowledged that vertebral CSA and BMD may serve as two
alternative outcomes for physical activity (Bielemann et al. 2013, Nikander et al.
2010). Some exercise modalities may primarily increase vertebral BMD, while
others mainly contribute to CSA, which potentially complicates the comparability
of the effects of the modalities.
In addition, exercise-associated bending may affect vertebral size. As is known,
long bones resist bending by expanding their external diameter as an adaptive
mechanism (Bouxsein & Karasik 2006), and this may also apply to vertebrae which
are subject to considerable bending moment in certain exercise modalities such as
aerobics. Neither exercise-associated bending nor vertebral BMD were
investigated in the present study, but may explain some of the inconsistencies that
were detected.
6.3.7 Early-life physical growth (IV)
In Substudy IV, high birth weight and peak weight velocity were associated with
large vertebral size in midlife, regardless of sex (Figs. 24 and 25). Among men,
each 100 grams of birth weight predicted an increase of 6.0 mm2 or 0.5% in midlife
vertebral CSA (p = 0.006), and the respective figures were 8.1 mm2 and 0.8%
among women (p < 0.001). Correspondingly, each kg/year in the peak weight
velocity accounted for 19.0 mm2 or 1.5% in midlife vertebral CSA among men (p
= 0.001) and 17.7 mm2 or 1.7% among women (p < 0.001). It was also revealed
that all height parameters were seemingly associated with vertebral size among
both sexes, but no longer after adult height was included in the models. Among
women, high BMI was associated with large midlife vertebral size at all the
analysed time points (birth, adiposity peak, adiposity rebound, and pubertal takeoff), but only at adiposity peak among men. In either sex, vertebral size was not
associated with the age at which any of the investigated growth parameters
occurred.
Previous evidence on the relationship between physical growth and vertebral
size is inconsistent. A Danish birth cohort study of 44 boys and 64 girls has
associated large vertebral bone area (coronally-projected area; DXA of L1–L5 at
the age of 17 years) with high birth weight and length, and length at the age of 9
months (Molgaard et al. 2011). However, a South African study of 254 boys and
222 girls (various ethnicities, race-adjusted) did not associate vertebral size
(anteroposterior DXA of L1–L4 at the age of 10 years) with early growth in any
way (Vidulich et al. 2007), neither did a third study investigating the combined
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bone area of spine and hip (the UK; 171 men and 218 women; DXA at the age of
49–51 years) (Pearce et al. 2005). The Danish study seems to be the only one to
conclude that a positive association may exist, but the credibility of its findings is
limited by its very moderate sample size. In addition, all previous studies have
utilised coronally-projected area as a measure of vertebral size, which is not
congruent with the present approach, which utilised the axial CSA of L4. No studies
seem to have investigated the relationship between pubertal growth and vertebral
size. However, according to recent studies (Callreus et al. 2013, Cho et al. 2016,
Martinez-Mesa et al. 2014, Schlussel et al. 2010, Tandon et al. 2012) and a metaanalysis (Martinez-Mesa et al. 2013), birth height, weight, or both seem to be
associated with vertebral mineral properties, at least in early adulthood.
Of the presently studied growth parameters from birth to late adolescence, the
key findings were derived from birth and infancy. This would indicate that
anthropometric measures gathered at a young age may already be suitable for
predicting vertebral size for several decades onwards. This is interesting, as
vertebral growth is known to first increase rapidly during the first years of life, and
then again in adolescence (Bogduk 2012, Brandner 1970, Taylor 1975, Taylor &
Twomey 1984). In the present study, birth weight and infant peak weight velocity
seemed to account for a similar percentage in vertebral size across sexes, which
supports the perception that major sex differences do not occur in vertebral growth
until adolescence. Pubertal anthropometry was not consistently associated with
future vertebral size, which was unexpected due to the apparent importance of
adolescence to vertebral growth. However, it should be noted that no parameters
on pubertal weight could be included in the present analyses, since their ability to
reliably represent the physiological weight gain of an individual was not considered
reliable. Thus, the association between weight development in adolescence and
future vertebral size could not be studied.
Skeletal growth is connected to the growth of the body (Hauspie et al. 2004,
Javaid & Cooper 2002, Michaelsen 2015), which originally provided grounds for
the expectation that not only weight but also height parameters were associated
with vertebral size. To a minor extent, this expectation was also supported by
findings from the aforementioned Danish study (Molgaard et al. 2011). It was
therefore surprising that the present study associated only weight parameters with
later-life vertebral size, while all height parameters no longer associated with
vertebral size after including adult height in the models. This indicates that the
potential effects of early-life height gain on later-life vertebral size may be
mediated by adult height.
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Curiously, the ages at which the investigated growth parameters occurred were
not associated with vertebral size among either sex. These findings suggest that an
individual’s growth rate may be reflective of their future vertebral size regardless
of the timing of the peaks and rebounds in their growth rate. The sex-related
findings regarding the role of BMI as a predictor of midlife vertebral size may
indicate that adiposity has more influence on the female vertebra.
In conclusion, high birth weight and rapid weight gain in infancy seem to
predict large midlife vertebral size across sexes. The effect of height on midlife
vertebral size may be mediated by adult height. The timing of growth does not seem
to be relevant to later-life vertebral size.
6.4

Magnitude of the findings

Most of the detected differences in vertebral CSA tended to be mild. For example,
the CSA difference between the women with high and low lifetime LTPA was
around 3%. The moderate differences were indeed statistically significant but it
must be acknowledged that this is no guarantee of their clinical significance.
However, the potential relevance of the findings can be advocated by two central
approaches.
From the perspective of spinal biomechanics, the weight of the upper body as
well as its external loading are projected on the lumbar vertebrae (Adams & Dolan
1995, Adams & Dolan 2005). As most of the time this loading is longitudinal, it is
more precisely projected onto the axial cross-section of the vertebrae (Bilezikian et
al. 2008, Bogduk 2012). Although there is some variability across individuals in
the exact orientation of lumbar vertebrae due to pelvic anatomy and the degree of
lumbar lordosis (Oxland 2016, Prakash et al. 2007), the weight-bearing capacity of
a vertebra is still markedly affected by its CSA (Bilezikian et al. 2008, Briggs et al.
2004, Brinckmann et al. 1989, Cody et al. 1991). Furthermore, the effect of
decreased CSA on vertebral strength is intensified by the subsequent loss of
trabecular connectivity (Bilezikian et al. 2008, Compston 1994, Mosekilde et al.
1985), indicating that even moderate changes in the CSA of a vertebra may increase
or decrease its strength significantly.
The relevance of mild differences in vertebral CSA is also supported by the
epidemiological literature. A systematic review of case-control studies comparing
those with and without vertebral fractures concluded that the intact vertebrae of
fractured individuals had 1.2–14.2% smaller CSA than those with no vertebral
fractures (Ruyssen-Witrand et al. 2007). As the present results fall within this range,
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the potential relevance of the present findings does not seem to be limited by their
magnitude. However, other bone strength-related factors, such as mineral density,
may well be more easily influenced and also more beneficial to vertebral strength
than CSA.
6.5

Methodological considerations

6.5.1 External validity
The study utilised a well-characterised birth cohort sample with broad
sociodemographic coverage and data from the antenatal period to midlife. As the
original MRI population was large, the substudies also had rather large samples,
and the present study is therefore one of the largest to attempt to reveal lifetime
factors that are associated with vertebral size. Individuals with vertebral
pathologies were excluded in order to ensure that the focus of the study remained
on healthy vertebrae.
Most explanatory variables were recorded at multiple follow-up points and
were included in the models in their longitudinal form. However, the outcome
variable (vertebral size) could only be obtained from one time point in midlife,
which disallowed its longitudinal investigation. Therefore, only associations could
be examined, and not effects, meaning that the possibility of reverse causation
could not be ruled out.
The samples were mostly representative of the Northern Finnish population. In
each substudy, slight differences existed between those included and excluded, but
these were likely due to the large number of variables used and were thus not
considered meaningful in terms of the external validity of the study. However, the
number of current smokers was systematically lower among the samples of the
substudies. Higher prevalence of smoking is associated with lower socioeconomic
status (Hiscock et al. 2012, Lahelma et al. 2016), and these participants are
commonly lost to follow-up in longitudinal study settings (Cartmel et al. 2000,
Dudley et al. 1995, Greene et al. 2011, Gustavson et al. 2012, Powers & Loxton
2010). Notably, the number of individuals with less education years was not smaller
in the present samples, which raises concerns as to whether selection may have
occurred. Alternatively, the choice of using education years as an indicator of
socioeconomic status is likely to be an incomprehensive approach and is projected
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in the analyses of representativeness. Both lifetime smoking history and education
years were included in the models as covariates.
6.5.2 Internal validity
Vertebral measurements
The purpose of the present study was to reveal factors that were associated with
vertebral geometry. Even though bone density has been the gold standard in
vertebral strength assessment (Dasher et al. 2010), studying vertebral size was
preferred, since markedly less was known about vertebral geometry than mineral
properties, and the imaging sequences that were used in the lumbar spine MRI did
not enable the assessment of vertebral BMD. Neither vertebral mineral properties
nor vertebral size alone are conclusive predictors of vertebral fracture risk due to
its multifactorial nature (Baim & Leslie 2012, Kanis et al. 2009). Vertebral size is
still associated with vertebral fracture risk independently of BMD (Bouxsein &
Karasik 2006, Briggs et al. 2007, Ruyssen-Witrand et al. 2007), and thus the
present results are able to provide clinically relevant information on vertebral
fracture risk.
The use of MRI in the assessment of vertebral external geometry has
previously been reported as being accurate (Junno et al. 2009), and this was
supported by the high measurement reproducibility and low measurement error in
the present study. Emphasis was laid on the vertebral corpus, since its role in
establishing the load-bearing capacity of the vertebra is substantial (Adams &
Dolan 1995, Adams & Dolan 2005, Bogduk 2012, Mosekilde 1998). The
approximation that the vertebral corpus can be considered an ellipsoid cylinder has
also been previously validated (Peel & Eastell 1994, Tabensky et al. 1996). As the
original vertebral measurements were one-dimensional, two-dimensional CSA was
used as the outcome variable instead of three-dimensional volume. This choice was
made in order to avoid the unnecessary multiplication of errors. Importantly, both
vertebral CSA and volume have been shown to associate with vertebral fracture
risk (Ruyssen-Witrand et al. 2007). As shape may vary among healthy vertebrae
(Davies et al. 1989, Diacinti & Guglielmi 2010), CSA values were calculated using
the means of several planes. However, the erroneous effect of osteophyte formation
on vertebral size estimation could not be entirely avoided. The measurements were
taken from L4 due to its inferior location, significant weight-bearing
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responsibilities, and higher stability than L5 (Bogduk 2012, Kiefer et al. 1997). On
the basis of previous literature (Brinckmann et al. 1989) and the high correlation
detected between L3 and L4 in the present study, the results from L4 seem to be
accurately extendable to other vertebral segments. Thus, the findings are potentially
relevant to the entire lumbar spine.
Reliability of self-reported physical activity
All data regarding the participants’ physical activity during leisure time and at work
were self-reported through questionnaires at various follow-up points. The
comparability of responses between the follow-ups was assured by formulating the
questionnaires in the same way as the original ones (from the 1980s and 1990s),
but this simultaneously prevented any adjustments or specifications from being
made to the questions that were considered problematic. Therefore, the
questionnaires lacked some essential definitions of exercising modalities (e.g.,
what was meant by ‘gymnastics’ or ‘constant moving’, see below), and some
response alternatives were likewise ambiguous (e.g., ‘often’ or ‘occasionally’).
However, the evidently problematic variables were excluded from the final
analyses, and the ambiguous response alternatives were clustered or dichotomised
in order to repair any inaccuracy caused by those that were inconclusive.
Although self-reports are a typical method for gathering data in physical
activity research (Pedisic & Bauman 2015), they are often associated with recall
bias and social desirability bias (Durante & Ainsworth 1996, Matthews et al. 2012,
Sallis & Saelens 2000). The possibility of these sources of bias could not be
conclusively eliminated, although dichotomising the response data likely
contributed to reducing the potential recall bias, and the test-retest reliability of the
physical activity self-reports was concluded as high (Tammelin et al. 2007).
Utilising objectively-measured data on physical activity would have provided
a novel approach to the subject and avoided many of the issues encountered here.
However, incorporating accelerometers in a large cohort sample would have been
inconvenient and they would not have been available for utilisation at the followups. Furthermore, accelerometric data seem to have reliability issues of their own
(Garatachea et al. 2010, Pedisic & Bauman 2015). Importantly, objectivelymeasured and self-reported physical activity are distinct entities; as illustrated in a
review, an individual who reports 60 minutes of ice hockey would probably have
no more than 20 minutes of MVPA recorded on their accelerometer (Garriguet &
Colley 2014).
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Accuracy of growth curve modelling
Physical growth was assessed by serial measurements at known intervals, and these
measurements were used to create a continuous growth curve for each individual.
This a common approach in growth monitoring (Cameron & Bogin 2012, Hauspie
et al. 2004, Michaelsen 2015). However, various mathematical models can be
utilised for plotting growth data, and these models create errors of different
magnitudes in the curves (Hauspie et al. 2004). Previously validated mathematical
models were chosen for the present study (Berkey & Reed 1987, Jolicoeur et al.
1992), after comparison against other models confirmed that they were the bestfitting option (Sovio et al. 2009). Anthropometric data were frequently recorded
among the sample, which contributed to the higher accuracy of the curves.
Validity of the explanatory variables
Models containing physical activity variables (Substudies I–III) are dependent on
the reliability of the respective self-reports, as discussed above. Correspondingly,
analyses with growth variables (Substudy IV) are affected by the accuracy of
growth modelling, as already discussed. Below are additional remarks on the
validity of some variables used in the substudies.
In Substudy I, only the quantity of LTPA could be assessed, not its intensity.
Even though the LTPA clustering was conducted according to the guidelines
described in the statistical literature (Nylund et al. 2007, Vermunt & Magidson
2004), some imprecision may have arisen from the fact that physical activity data
from three time points several decades apart (14, 31 and 46 years) were forced into
a single LTPA categorisation. The three LTPA clusters (active, moderately active,
inactive) were still clearly observed among the sample, and constructing a variable
that represented LTPA across the lifespan was considered highly advantageous.
As part of Substudy II, the impact score was calculated so that participation in
high-impact sports at two time points (31 and 46 years) was taken into account.
This approach had two limitations. First, the determination of which sports should
be regarded as high-impact (running, aerobics, and ballgames) was not
unambiguous, as individuals’ exercising habits naturally differ from each other. In
order to make the most reliable division between high- and low-impact sports, the
approximate loading values of each sport were considered, as reported by the
literature (Dolan et al. 2006, Turner & Robling 2003). Furthermore, although the
exclusion of gymnastics may have affected the models, it was essential due to its
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ambiguous Finnish translation (‘voimistelu’, meaning either professional level
gymnastics or lower-profile calisthenics at home). Notably, the number of
gymnasts was small in the sample.
Secondly, both time points and each high-impact sport were weighted equally
when calculating the impact score. This approach was chosen as the most straightforward method, even though it was acknowledged that exercise may induce
different effects on the vertebrae in an age- and sport-related manner. However,
given the lack of background data on the age- and sport-related vertebral responses,
any other weighting method was considered less accurate than the original one.
In Substudy III, the construction of the OPA intensity variable was based on
engagement in certain high-intensity physical tasks at work. High-intensity tasks
(lifting loads of > 15 kg, constant moving, hard physical labour) were chosen
according to the approximate MET values that were reported by literature
(Ainsworth et al. 1993, Ainsworth et al. 2011), as this was considered the best
distinction method available. However, there may have been dispersion between
individuals when judging the strenuousness of their occupational activities. For
example, ‘constant moving’ may have been interpreted as covering a wide range of
activities with varying intensities. In addition, active engagement in one highintensity task was enough for an individual to be classified in the high-intensity
group. No distinction was made between those who encountered one or more highintensity activities. A low cut-off was chosen due to the explorative nature of the
study.
In all substudies, anthropometric measurements (height, weight and BMI) were
objectively taken by a nurse, which eliminated the previously documented
phenomenon of under-reporting of weight and BMI, and over-reporting of height
(Connor Gorber et al. 2007). It was acknowledged that using midlife BMI or weight
as a covariate in the models may not have been representative of lifetime BMI or
weight, but they were still chosen due to the lack of a more accurate covariate. The
use of BMI (in combination with vertebral height) was preferred to adding weight
and height separately in the models, since BMI is not only a ratio of height and
weight, but also possesses metabolic information of the individual (Huxley et al.
2010). Smoking history was self-reported for convenience and because it was not
possible to objectively measure lifetime smoking habits. It was acknowledged that
individuals may underestimate their smoking when data collection is based on selfreporting (Connor Gorber et al. 2009, Patrick et al. 1994); a simple tripartite
classification for lifetime smoking (non-smoker, former, current) was thus invented
to minimise classification errors. Education history was also self-reported and,
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again, a simple three-point variable was constructed according to education years.
The cut-offs (< 9, 9–12, > 12 years) were calibrated to match the Finnish education
system so that the median would end up in the middle category. It should be noted
that no distinction was made between academic and vocational education, and only
the total amount of education years was taken into account. However, very little
evidence suggests that socioeconomic status would be a major confounder in terms
of vertebral size independently of LTPA and OPA.
6.6

Future prospects

First of all, future studies should confirm the present findings in other study
populations using large samples and improved variables. In particular, the
unpredicted sex differences in exercise-related vertebral responses should be
interpreted conservatively until confirmed by further studies. In addition, the use
of revised variables is advisable. Using accelerometric physical activity data and
improved questionnaires with more accurate definitions for sports participation
should be considered. Importantly, confirmation of causality is needed. As the
setting of the present study was unable to address the causality of the findings in
any way, future prospective studies should investigate and rule out the possibility
of reverse causation.
In a broader context, the present findings prompt further questions regarding
physical activity and early growth as determinants of vertebral size. For example,
how many minutes does one need to remain physically active at one time to still
gain larger vertebrae? Is there an impact threshold that one needs to exceed in order
to increase one’s vertebral size? Does the impact of occupational activities affect
the vertebrae? What is the combined effect of exercise intensity and impact on
vertebral size? And, as regards early growth, how are midlife vertebral dimensions
affected by antenatal physical development? Is there a link between long-term
growth trajectories and vertebral size? The inclusion of new variables is also
recommended. In light of how little is actually known about factors that affect
vertebral size, future studies on how nutrition may affect vertebral dimensions
across the lifespan (Rizzoli et al. 2014, Weaver 2016), for example, may provide
interesting approaches to this subject.
Lastly, longitudinal data on vertebral dimensions would naturally be preferable
in the future. In order to reach higher clinical relevance, the multiple risk factors
for vertebral fractures should be simultaneously assessed. Such factors include
vertebral geometry, BMD, microarchitecture, and risk factors for falling (Kanis et
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al. 2009, Ruyssen-Witrand et al. 2007). In particular, vertebral CSA and BMD are
both important determinants of vertebral strength and should be investigated
relative to each other.
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7

Conclusion

The present study aimed to investigate how lifelong physical activity and early-life
physical growth were associated with midlife vertebral size in a large and wellcharacterised birth cohort sample. High lifetime LTPA (Substudy I) and
participation in high-impact sports, especially running and ballgames (Substudy II),
were predictors of larger midlife vertebral CSA, but these associations were only
detected among women. OPA was not connected with vertebral size in either sex
(Substudy III). Out of height, weight and BMI characteristics measured from birth
to late adolescence, high birth weight and rapid early-life weight gain predicted
larger midlife vertebral size among both sexes (Substudy IV).
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