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Abstract
Childhood fractures are common injuries, but the underlying risk factors arising from the prenatal
environment or genetics are not well studied. It is not clear why certain children, without boneaffecting diseases, suffer a larger number of fractures than others. The external reasons, such as
hobbies and nutritional issues, explain only part of the difference, particularly among young
children.
Maternal smoking and alcohol consumption during pregnancy are known to cause detrimental
effects to the developing fetus. The purpose of this study is to investigate the possible association
of these habits with childhood fractures. In addition, the birth weight and birth length of a child
have also been shown to reflect the intrauterine conditions; therefore, the association of these
parameters to the pediatric fractures was evaluated in this thesis. We also aimed to examine
whether there would be genetic loci associated with fractures in children before school age by
using a genome-wide association study.
The study material included the Northern Finland Birth Cohort 1986, which is a
comprehensive pregnancy-birth cohort that includes all women with the expected date of delivery
between July 1985 and June 1986, and their live-born offspring from the two northernmost
provinces of Finland. The fracture data was acquired from the National Hospital Discharge
Register.
We found that maternal smoking during pregnancy was associated with 1.83-fold (95% CI
1.06–3.02) increase and the prenatal alcohol consumption was associated with 2.22-fold (CI
1.09–4.12) increase in the offspring’s risk of suffering an inpatient treated bone fracture before
school age. We did not find a significant association between the fracture risk and birth weight or
birth length. The genome-wide association study (GWAS) revealed one genetic locus (SNP
rs112635931) with significant association (p = 7.2810-9) to fractures and six loci with suggestive
association.

Keywords: adolescents, alcohol, bone, children, fracture risk, genotype, GWAS,
pediatric fractures, pregnancy, smoking

Parviainen, Roope, Lapsuuden murtumariskiin assosioituvat geneettiset ja
raskaudenaikaiset tekijä.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1591, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Murtumat ovat yleisiä vammoja lapsuudessa, mutta niiden genetiikasta tai raskaudenaikaisista
olosuhteista johtuvat taustatekijät ovat huonosti tunnettuja. On epäselvää, miksi osa luustoltaan
terveistä lapsista murtaa luunsa useammin kuin toiset. Vaikka lapsuuden murtumariskiin vaikuttavat mm. ravitsemus ja harrastukset, eivät ulkoiset tekijät kuitenkaan täysin selitä eroa etenkään pienillä lapsilla.
Äidin raskaudenaikaisen tupakoinnin ja alkoholin käytön tiedetään aiheuttavan kehittyvälle
sikiölle vakavia haittoja. Tämän tutkimuksen tavoitteena oli selvittää, onko äidin raskaudenaikaisella tupakoinnilla tai alkoholin käytöllä yhteyttä lapsuusajan murtumiin. Syntymäpainon ja pituuden on myös havaittu heijastavan kohdunsisäisiä olosuhteita, joten myös näiden parametrien yhteyttä lapsuusajan murtumiin tutkittiin. Halusimme myös selvittää genomin laajuisella
assosiaatioanalyysilla, löytyykö aineistosta lapsuusajan murtumiin assosioituvia geneettisiä
lokuksia.
Tutkimuksen aineistona käytettiin Pohjois-Suomen syntymäkohortti 1986:sta, joka sisältää
kaikki Oulun ja Lapin läänin alueella asuneet naiset, joiden laskettu aika oli heinäkuun 1985 ja
kesäkuun 1986 välillä, sekä heidän elävänä syntyneet jälkeläisensä. Murtumatiedot saatiin terveydenhuollon hoitoilmoitusrekisteristä.
Tutkimustemme tulosten valossa äidin raskaudenaikainen tupakointi assosioitui 1.83-kertaiseen (95% CI 1.06–3.02) murtumariskiin ja alkoholinkäyttö 2.22-kertaiseen (CI 1.09–4.12) murtumariskiin alle kouluikäisillä lapsilla. Lapsen syntymäpainolla ja -pituudella ei havaittu tilastollisesti merkitsevää yhteyttä murtumiin. Genomin assosiaatioanalyysi paljasti yhden geneettisen
lokuksen (SNP rs112635931), joka assosioitui merkitsevästi (p = 7.2810-9) lapsuuden murtumiin ja kuusi lokusta, jotka eivät yltäneet tilastolliseen merkitsevyyteen, mutta viittasivat mahdolliseen yhteyteen.

Asiasanat: alkoholi, genotyyppi, GWAS, lapset, lasten murtumat, luu, murtumariski,
nuoret, raskaus, tupakointi

To Eve and our children
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1

Introduction

Fractures are common injuries among children, resulting in pain and short- and
long-term morbidity. According to extant literature 27%–50% of all children suffer
at least one fracture before the age of 18 years (Jones, Williams, Dow, & Goulding,
2002; Manias, McCabe, & Bishop, 2006). The incidence of childhood fractures
among children under the age of five has been shown to be 50–100/10000 person
years (Goulding et al., 2005; Mäyränpää, Mäkitie, & Kallio, 2010; Orton, Kendrick,
West, & Tata, 2014). The risk of recurrent fractures before the age of 16 may be as
high as 12%–20% (Goulding et al., 2005). From the numbers, it is evident that
children who do not have any diseases affecting the integrity of the bone still tend
to repeatedly break bones. This may indicate that there is an underlying bone
fragility caused by diet, sex, physical activities, genetic factors or prenatal
conditions (Bailey, Wedge, McCulloch, Martin, & Bernhardson, 1989; Manias,
McCabe, & Bishop, 2006).
The causes and ethiopathogenic pathways of pediatric fractures are not well
studied (Grabala, 2016). It has been reported that the fracture risk comprises of
bone-dependent and bone-independent factors (Jones, I. E., Williams, Dow, &
Goulding, 2002; Ma & Jones, 2002). The accumulation of bone mineral content is
affected by several factors during childhood and adolescence, including sex, diet,
physical activity and hereditary factors (Cooper et al., 1995; Cooper et al., 1997;
Godfrey et al., 2001; Javaid, M. K. & Cooper, 2002). There is also evidence that
the environment in the uterus affects the development of the fetus and can cause
physiological changes, which in turn, may increase the risk of fracture later in life
(Cooper et al., 2002; Godfrey et al., 2001; Javaid & Cooper, 2002).
Bone mineral density (BMD) has been reported as a risk factor for bone
fractures in adults (Melton, Atkinson, O'Fallon, Wahner, & Riggs, 1993), but the
studies report conflicting results for children. A few studies have linked the low
BMD to increased childhood fracture risk (Goulding et al., 1998; Goulding, Jones,
Taylor, Manning, & Williams, 2000), while others have found no association (Cook,
S. D. et al., 1987; Skaggs, Loro, Pitukcheewanont, Tolo, & Gilsanz, 2001).
Further, smoking during pregnancy can cause several health problems for the
developing fetus. In Western countries approximately 4%–19% of women smoke
during pregnancy (Smedberg, Lupattelli, Mårdby, & Nordeng, 2014) and according
to meta-analysis by Lange et al. (2018) the global prevalence of antenatal smoking
was 1.2% (Lange, Shannon, Probst, Rehm, & Popova, 2018). The prevalence was
highest in the Europe (8.1%) and lowest in the Africa (0.8%) (Lange et al., 2018).
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The bone mineral acquisition and the fracture risk may be affected by maternal
smoking during the intrauterine period (Godfrey et al., 2001; Javaid & Cooper,
2002). There are studies that have found an association between maternal smoking
during pregnancy and children’s bone mass and BMD (Jones, G., Riley, & Dwyer,
1999; Ma & Jones, 2002), but association with fracture risk has not been found thus
far (Jones et al., 1999; Ma & Jones, 2002; Manias et al., 2006).
Genetic studies have revealed the BMD and Bone Mineral Content (BMC) to
be highly heritable traits (Arden, Baker, Hogg, Baan, & Spector, 2009; Chesi et al.,
2017; Duren et al., 2011; Harris, Nguyen, Howard, Kelly, & Eisman, 1998; Pocock
et al., 1987). In adults, genome wide association studies (GWAS) have found
several genes in different chromosomes that may affect the BMD; however, the
literature is scarce in this regard for children. It has also been suggested that the
heritability of BMD and fractures may differ and, therefore, these should be
independently analyzed (Richards, Zheng, & Spector, 2012).
According to literature, globally, around 10% of women consume alcohol
while pregnant, and the prevalence of consuming alcohol during pregnancy among
general population is the highest in Europe at 25.2% (Popova, Lange, Probst, Gmel,
& Rehm, 2017). Ethanol exposure in utero is known to cause several health
problems in the offspring that are collectively known as Fetal Alcohol Spectrum
Disorder (FASD) (Chudley et al., 2005; Sokol, Delaney-Black, & Nordstrom, 2003;
Wozniak, Riley, & Charness, 2019). Previous studies have shown that the fetal
ethanol exposure causes delayed bone maturation, lower bone age and short stature
in children (Day et al., 2002; Habbick et al., 1998). It has been established that even
a moderate alcohol exposure during pregnancy causes changes in the fetal skeletal
development that are independent of the fetal growth (Simpson, Duggal, & Keiver,
2005).
Furthermore, birth weight and length may reflect the circumstances in the
uterus, and thus, these factors may relate to fracture risk in childhood. According
to published studies, birth weight is associated with BMD in children under the age
of 10 (Ay et al., 2011; Steer & Tobias, 2011); however, birth weight has not been
found to be related to the actual fracture risk (Byberg, Michaëlsson, Goodman,
Zethelius, & Koupil, 2014; Hallal et al., 2009). Jones et al. (2004) showed that high
birth length was associated with prepubertal bone fractures, but birth weight had
no association with fractures (Jones, Ianthe E., Williams, & Goulding, 2004).
In this study, the aim was to ascertain antenatal and genetic factors that may
affect the fracture risk in children before they reach school age. In the planning
phase of the study, it was deduced that after children begin school, the
18

environmental factors (e.g. hobbies or nutrition) tend to become more distinctive
and may mask the effect of the prenatal or genetic background. For this reason, in
this dissertation, the focus is on pediatric fractures before attaining school age. The
association of maternal alcohol consumption and smoking during pregnancy with
early childhood fractures was analyzed. Moreover, the association of birth weight
and length was taken into consideration. In order to investigate the genetics
underlying childhood fractures, a GWAS was conducted.
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2

Literature review

2.1

Development of the skeleton

The human skeleton consists of 206 bones, all of which have different shapes and
functions. All of these bones form by either endochondral or intramembranous
ossification. During gastrulation three embryonic layers are formed and from these
layers all the tissues in the body originate. The outermost layer is the ectoderm,
from which originates the nervous system, the epidermis and part of the cranial
bones. The digestive track and the glands associated with it originate from the
innermost layer, the endoderm. The intermediate layer is called the mesoderm and
it is responsible for forming the skeleton (excluding part of the cranial bones), the
muscles, and a few internal organs. The mesoderm is divided into different subtypes,
depending on the position with respect to the radial axis (Fig. 1). The tissue right
next to neural tube and the notochord is called the paraxial mesoderm (PM). The
paraxial mesoderm is the origin of the vertebral column and ribs – that is, the axial
skeleton. The tissue located furthest from the neural tube is the lateral plate
mesoderm (LPM). The limbs and parts of the scapula and pelvic bones will form
from the LPM. The intermediate mesoderm is needed to form some of the internal
organs (e.g. kidneys) (Feldman, 2008).
2.1.1 Endochondral bone formation
The development of the axial skeleton, the craniofacial bones as well as the limb
bones start from mesenchymal condensations. The process by which these
condensations become bone follows one of two paths: endochondral or
intramembranous ossification.
Endochondral ossification is responsible for the length of the long bones (i.e.
humerus, femur, and ulna) and the formation of the vertebrae (Nasoori, 2020). In
the endochondral bone formation, the mesenchymal cells differentiate into
chondrocytes, which then secrete a matrix of collagen II and aggrecan (Feldman,
2008). These chondrocytes proliferate at a high rate and the resulting cells form
columns that are parallel to the long axis of the bone, which elongates the cartilage
model of the bone (Abad et al., 2002; Nilsson, Marino, De Luca, Phillip, & Baron,
2005). In the middle of the forming bone, some of these chondrocytes stop
proliferating and go through hypertrophy and begin to secrete collagen X matrix.
21

Fig. 1. The mesoderm and its derivatives.

The hypertrophic chondrocytes increase in height and, therefore, contribute to the
growth of the bone (Hunziker, 1994). These chondrocytes also direct the
mineralization of the matrix, influence the perichondrial cells to differentiate into
osteoblasts and signal to blood vessels to fill the forming bone (Feldman, 2008;
Gerber et al., 1999). Shortly after the blood vessels form, the hypertrophic
chondrocytes go through apoptosis leaving behind a mineralized scaffold for the
osteoblasts (Farnum & Wilsman, 1989). At the center of the bone the osteoblasts
replace the chondrocytes and the primary ossification center appears when the fetus
is 2-3 months of age; however, the major part of the ossification occurs as late as
the third trimester (Kovacs, 2011). The proliferation of the chondrocytes continues
in the perimeter of the bone. Those chondrocytes that are closest to the hypertrophic
ones proliferate at a high rate and then flatten. The cartilage model undergoes
asymmetric growth because the proliferating flat chondrocytes form columns. As
the bones grow further, secondary ossification centers appear, following the same
process (Feldman, 2008). The epiphyseal ossification center of distal femur is the
only secondary ossification that appears during pregnancy (Mahony, Callen, &
Filly, 1985). The secondary ossification centers of the other bones will form after
birth (Feldman, 2008).
22

In the limbs, the hyaline cartilage tissue between the primary and secondary
ossification centers is called the growth plate. This plate is responsible of the
lengthening of the bone after birth. The growth plate includes three principal layers:
the resting zone, the proliferative zone and the hypertrophic zone (Fig 2). In the
growth plate the chondrocytes go through proliferation, hypertrophy and secrete
matrix. Then, the blood vessels invade this cartilage along with osteoblast
precursors and the hypertrophic zone of the cartilage turns into bone. Thus, the
growth plate contains chondrocytes in several stages in differentiation. The
histology of a growth plate is depicted in Figure 2. This process forms new bone at
the bottom of the growth plate. (Nilsson et al., 2005)

Fig. 2. Histology of the growth plate.

2.1.2 Intramembranous bone formation
Most of the bones of the skull, as well as the scapula and medial portion of the
clavicle develop through intramembranous ossification (Allen & Burr, 2014). As in
the endochondral ossification, mesenchymal condensations are the starting point in
intramembranous ossification as well. In intramembranous ossification these
condensations differentiate directly into osteoblasts. During the ossification of the
skull, the mesenchymal cells from the neural crest proliferate and develop the into
capillaries and osteoblasts. These osteoblasts then secrete a calcium-binding
collagen-proteoglycan matrix. Some osteoblasts get trapped in the calcifying
23

matrix and then become osteocytes. Periosteum, the membrane surrounding the
bone, is formed when the mesenchymal cells surround the calcified region.
(Feldman, 2008; Gilbert, 2000)
2.1.3 Bone modelling
The developing bone grows in size and its shape undergoes various alterations. This
process is called bone modelling and it involves either the formation of the bone
by osteoblasts or resorption by osteoclasts. The main goal of bone modelling is to
shape the bone and increase the mass of the bone. The first phases of
intramembranous and endochondral ossification are not considered bone modelling
as, by definition, the modelling takes place on an already existing bone surface.
The modelling can happen on endocortical, periosteal or trabecular bone surfaces
(Allen & Burr, 2014).
Further, the elongation of a bone through endochondral ossification involves
modelling (formation and resorption), thereby ensuring that the bone shape is
preserved. The bones grow in diameter through formation modelling. During
adolescence, the rate of periosteal modelling is the highest and this slows down in
adulthood. Moreover, the thickness of the bone cortex remains consistent, since
resorptive modelling on the endocortical surface counteracts the formation
modelling (Allen & Burr, 2014).
2.1.4 Anatomy and organization of the bone
A long bone consists of three parts: diaphysis, metaphysis and epiphysis (Fig. 3).
The diaphysis is the hollow shaft of a long bone. In the middle of the diaphysis lies
the medullar cavity, filled with yellow marrow. The endosteum is a membrane that
lines the medullar cavity. The dense compact (or cortical) bone forms the walls of
the diaphysis. The epiphysis is the round and wide end of a long bone. It is filled
with spongy (or cancellous) bone and red marrow (Allen & Burr, 2014; OpenStax
College, 2013). The epiphysis also contains the secondary ossification center in the
childhood. Further, the metaphysis resides between the epiphysis and diaphysis,
and it is separated from the epiphysis by the growth plate during childhood. There
are several ways to define the metaphysis, but in one of the most used definitions,
the width of the bone at the level of the growth plate indicates the length of the
metaphysis. In the bone pairs tibia/fibula and radius/ulna, both bones must be
included when measuring the width (Slongo et al., 2007).
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The periosteum is a fibrous membrane that contains blood vessels and nerves
and covers the outer surface of the bone. The periosteum is located at the diaphysis
and the respective membrane in the metaphysis is called the chondrosteum. Flat
bones have a layer of spongy bone in the middle with compact bone lining it on
either side (Allen & Burr, 2014; OpenStax College, 2013).

Fig. 3. The anatomy of a bone.

Cortical bone
Cortical or compact bone is dense and strong and can be found in the shafts of long
bones as well as in the surrounding spongy bone at the ends of long bones, in the
vertebral body, in the iliac crest, and in the skull. The functional unit of compact
bone is called osteon or the Haversian system. It comprises rings of calcified matrix
(lamellae) and central canal. This Haversian canal contains nerves, blood, and
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lymphatic vessels, which branch through oblique canals to the endosteum and
periosteum. The osteons are also connected to each other through Volkmann’s
canals. The osteocytes are trapped in lacunae within the lamellae. Further, the
osteocytes are connected with each other through small transverse canals. (Allen &
Burr, 2014; OpenStax College, 2013)
Cancellous Bone
Cancellous or spongy bone can be found within the vertebral bodies, iliac crest,
ribs and epiphysis of the long bones. The cancellous bone also contains osteocytes
trapped in lacunae, but unlike in compact bone, these form a lattice called
trabeculae. The network-like structure of the spongy bone makes the bones light,
since it comprises 25%–30% of the total tissue volume. The remainder is filled with
red marrow. The network-like architecture also adds strength to the bone. The
spongy bone is located within the marrow cavity and, therefore it does not
efficiently bear weight. The trabeculae are formed along the lines of stress and thus
the spongy bone can transfer the forces imposed on it to the compact bone (Allen
& Burr, 2014; OpenStax College, 2013).
2.2

Pediatric fractures

The bones in children differ from the bones in adults. The mineral density of
children’s bones is lower and the bone structure is more porous than that of mature
bone. Therefore, the bones are flexible and are likely to bend rather than break. On
the other hand, the stiffness and strength of the bones is comparatively lower in
children, thereby contributing to higher fracture incidence (Bachman & Santora,
2010). The ligaments and tendons of children are proportionally stronger than their
bones and, thus, the avulsion type fractures are more common in pediatric patients
(Ghanem & Rizkallah, 2018; Popkin, Levine, & Ahmad, 2015; Vannabouathong,
Ayeni, & Bhandari, 2018). Further, the presence of the epiphyseal growth plate
makes the bones of the children unique. The growth plate is also the softest and
weakest part of the growing bone, especially during growth spurts, and a trauma
can cause a slip or tear of the growth plate (Peterson, 2007)
The periosteum is an important structure in the healing of a fracture, as it takes
part in the formation of the callus (Atanelov & Bentley, 2020). The periosteum of
children is also different from that of adults. The mature periosteum is thin and
fixed to the surface of the bone, whereas in children this structure is stronger,
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loosely attached and more active. These differences in the periosteum also
contribute to the faster healing of pediatric fractures by making the transport of
oxygen and nutrients more efficient (Jacobsen, 1997).
Due to the flexibility of the bone, the children have unique types of fractures
that do not occur with adults. These are known as bowing, buckle, and greenstick
fractures (Fig 4). The children suffer also from adult-type complete fractures such
as transverse, butterfly, oblique, spiral and comminute fractures.

Fig. 4. Pediatric fracture types.

2.3

Factors affecting intrauterine bone development

Genetic factors and the environment are believed to affect the bone mineral
acquisition and therefore BMD and BMC (Krall & Dawson-Hughes, 1993;
Magarey, Boulton, Chatterton, Schultz, & Nordin, 1999). The accumulation of the
BMD in early childhood affects the BMD in adulthood and senescence (Foley,
Quinn, & Jones, 2009; Javaid & Cooper, 2002; Javaid, M. Kassim et al., 2006). The
literature also suggests that poor growth of the fetus and newborn is associated with
hip fractures and lowered BMD in adulthood (Cooper et al., 1995; Cooper et al.,
1997; Gale, Martyn, Kellingray, Eastell, & Cooper, 2001). The suboptimal in-utero
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environment, which affects the bone development and mineral accrual, may explain
these connections (Tobias et al., 2005).
There is evidence that people who were undernourished during their fetal
period are at increased risk suffer from diseases such as hypertension or coronary
heart disease later in life (Barker, D. J., 1995; Barker, D. J. P., Eriksson, Forsén, &
Osmond, 2002; Lucas, 1991). The long-term changes caused by environmental
stimuli during critical periods in fetal development is known as programming. The
fetus grows by cell division and the tissues go through rapid cell division phases,
which are known as critical periods (Cooper et al., 2002). If the developing tissue
suffers from lack of nutrients or oxygen, it adapts by slowing the rate of the cell
division. These adaptations can turn to pathologies later in life (Cooper et al., 2002).
In a study by Godfrey et al. (2001) the bone mineral content of a newborn was
found to be related to maternal lifestyle characteristics. Further, it was found that
neonatal bone mass was positively associated with birth length, birthweight, and
placental weight (Godfrey et al., 2001). On the other hand, maternal energy intake,
maternal smoking, and high maternal physical activity, were found to be negatively
associated with neonatal BMC (Godfrey et al., 2001). This supports the notion that
maternal nutrition and lifestyle modify the supply of nutrients to the fetus and,
subsequently, affect bone development (Cooper et al., 2002; Godfrey et al., 2001).
The growth of the fetus is mainly determined by the placenta, which supplies
maternal nutrients and oxygen. It has been noted that the birth weight and placental
weight have a positive association (Vaughan, Sferruzzi-Perri, Coan, & Fowden,
2011). Numerous environmental factors affect the placenta during pregnancy, and
these factors can alter the placental weight and, thus, the weight of the fetus. These
factors include the food intake and nutrient composition of the mother as well as
oxygen levels in the blood (Fowden, Sferruzzi-Perri, Coan, Constancia, & Burton,
2009; Hutter, Kingdom, & Jaeggi, 2010; Vaughan et al., 2011). The oxygen levels
of the fetus are affected, for example, by maternal anemia and smoking, poor
vascularization of the placenta or placental cord occlusion. The effect of any of
these factors on the placenta and fetus depends on the timing, duration, and severity
of the exposure. Thus, it is evident that the prenatal environment may have longterm effects on the offspring by altering e.g. the bone development of the fetus
(Anevska et al., 2015; Romano, Wark, & Wlodek, 2015).
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2.4

The effects of maternal smoking during pregnancy to the
offspring

Unfortunately, a sizeable proportion of pregnant women (4%–19%) still smoke
globally (Smedberg et al., 2014). The prevalence of antenatal smoking is high in
both Europe (8.1%) and the Americas (5.9%) (Lange et al., 2018). According to
Lange et al. (2018) the global prevalence of antenatal smoking is 1.2%. The
prevalence was highest in the Europe (8.1%) and lowest in the Africa 0.8% (Lange
et al., 2018).
2.4.1 General effects
Maternal smoking during pregnancy is a well-established risk factor for several
pregnancy complications. Large epidemiological studies have indicated that the
smoking can have detrimental effects in any trimester of pregnancy (Castles,
Adams, Melvin, Kelsch, & Boulton, 1999; Cnattingius, Sven, 2004; Mortensen,
Thulstrup, Larsen, Møller, & Sørensen, 2001). In early pregnancy, smoking has
been associated with increase in risk of ectopic pregnancy, miscarriage, placenta
previa and orofacial clefts of the fetus (Ananth, Demissie, Smulian, & Vintzileos,
2003; Armstrong, McDonald, & Sloan, 1992; Faiz & Ananth, 2003; Ness et al.,
1999; Oyelese & Smulian, 2006; Rasch, 2003; Tikkanen, Nuutila, Hiilesmaa,
Paavonen, & Ylikorkala, 2006; Usta, Hobeika, Musa, Gabriel, & Nassar, 2005). In
the late pregnancy, smoking elevates the risk of fetal growth restriction, placental
insufficiency, placental abruption and preterm delivery (Castles et al., 1999;
Cnattingius, 2004; Jaddoe et al., 2008; Mitsuda et al., 2020; Suzuki, Shinohara,
Sato, Otawa, & Yamagata, 2016; Vardavas et al., 2010). Further, maternal smoking
during pregnancy has also been linked to increased perinatal and infant mortality
rates (including sudden infant death syndrome) (Cnattingius, S., Haglund, & Meirik,
1988; Kleinman, Pierre, Madans, Land, & Schramm, 1988; Malloy, Kleinman,
Land, & Schramm, 1988; Tuthill, Stewart, Coles, Andrews, & Cartlidge, 1999).
The smoke of the cigarette contains several toxins that can damage cells (e.g.
nicotine, cadmium, cyanide, sulfides, and hydrocarbons). Many of these toxins are
water-soluble and have low molecular weights and, thus, easily pass through the
placenta. Tobacco smoke has effects on the anatomy and biology of the placenta as
well as on the anatomy and biology of the fetus (Jauniaux & Burton, 2007). The
consequences to the fetus are a result of a direct toxic effect to fetal cells or indirect
effects on the placenta (Jauniaux & Burton, 2007). The placenta protects the fetus
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to certain extent by inactivating carcinogens and regulating the transfer of toxins to
the fetus; however, these mechanisms will become saturated with long-term
exposure (Barnea, 1994).
2.4.2 Effects on the bone
The accumulation of bone mineral during childhood and adolescence is affected by
several factors, including sex, physical activity, diet, and heredity (Cooper et al.,
2002; Javaid & Cooper, 2002). There are studies that imply that the skeletal growth
of the fetus may be at risk if the mother smokes while pregnant (Brand et al., 2019;
Iñiguez et al., 2013; Jaddoe et al., 2007). In addition, some evidence exists that the
acquisition of bone mineral content and the risk of fractures might be affected
during the intrauterine period by maternal smoking, diet and physical activity
(Cooper et al., 2002; Javaid & Cooper, 2002). The effects of smoking on fetal bone
have been hypothesized to mediate through decreased oxygen and nutrient supply
via the placenta and diminished calcium absorption as well as direct toxicity (Bush
et al., 2000; Jauniaux & Burton, 2007; Lin et al., 1997; Wong, Christie, & Wark,
2007).
Effect on BMD, BMC and bone mass
There are studies that have evaluated the association between maternal smoking
and the offspring’s bone-fracture risk, BMD and bone mass. Studies by Ma and
Jones (2002) and Jones et al. (1999) found no association between maternal
smoking and the children’s bone-fracture risk, but the maternal smoking was shown
to be associated with the children's bone mass and BMD. After the authors adjusted
the results with the size of the placenta the association with the bone mass
disappeared suggesting that the placenta has a mediating role (Jones et al., 1999).
Jones, Hynes and Dwyer (2013) also conducted a longitudinal study where the
children were followed from birth until the age of 16 years. In their study, the
association between maternal smoking and offspring's BMD vanished at puberty
(Jones, G., Hynes, & Dwyer, 2013). Another study published results of neonatal
BMC and BMD and stated that the maternal smoking during pregnancy influences
the skeletal growth and mineralization of the fetus (Godfrey et al., 2001). This
result coincides with findings in adults where an association between loss of bone
and smoking has been established (Ward & Klesges, 2001). On the other hand,
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Cooper et al. (2002) presented a negative association between neonatal BMC and
maternal smoking.
Effect on the fracture risk
Only a few studies have researched the association between intrauterine exposure
to smoking and the actual fracture risk in a child. Ma and Jones (2002) established
that smoking during pregnancy does not predict increased fracture risk among
children. Manias et al. (2006) reported that maternal smoking alone did not increase
the risk of fractures among offspring; however, in combination with aspects like
low milk intake, the smoking predicted increased risk for recurrent fractures
(Manias et al., 2006). Latest publication by Brand et al. (2020) included 1.6 million
people from Sweden and concluded that maternal smoking during pregnancy is
associated with increased risk of fracture in children below the age of one. The
study also states that the association between maternal smoking and fractures
among children after the age of one is probably due to confounders (Brand et al.,
2020).
2.5

The genetics of bone and fractures

2.5.1 Genome-wide association study
GWAS is an observational study that utilizes large data sets of unrelated individuals
to study whether genetic variants (single nucleotide polymorphism, SNP) are
associated with a certain trait. The most frequently used method in GWA studies is
the case-control study, where two large groups are compared to identify statistically
significant differences in the allele frequencies (Clarke et al., 2011). Chip-based
methods are used for the initial genotyping of the variants. A chip is a DNA
microarray containing DNA probes. Each of these probes recognizes a certain SNP.
The fragmented sample DNA hybridizes to a probe and this can be detected with a
scanner. After this, the imputation of genotypes is performed based on the reference
panel of haplotypes. Imputation means predicting the genotypes that are missing
from the study population by using the haplotype reference panels (Marchini &
Howie, 2010). This increases the statistical power of the study and facilitates metaanalysis of several genotype platforms (Abecasis et al., 2012; Marchini & Howie,
2010; McCarthy et al., 2016).
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In order to ascertain whether the allele frequency in the case group is higher
than that in the control group a logistic or linear regression analysis is performed.
The most commonly used threshold for genome-wide significance is p-value 5x108
(Barsh, Copenhaver, Gibson, & Williams, 2012; Clarke et al., 2011). The widely
used threshold for suggestive evidence of association is p < 5x10-5. The suggestive
level is the threshold where one false positive is expected in a genome scan (Lander
& Kruglyak, 1995). In addition, an important step in the analysis is to consider the
potentially confounding variables, for example, sex.
In numerous cases, the GWAS results are visualized with a Manhattan plot. In
the plot, the y-axis represents the negative logarithm of the p-values and the x-axis
indicates the genomic location. Therefore, the most significant associations are
easily detectable from the plot.
Quality Control
An important part of the GWAS is quality control (QC). Without appropriate QC
the results generated by the GWAS are not reliable, since raw genotype data are not
perfect. Several factors can produce errors in the data – for example, contaminated
samples, poor DNA array hybridization and low quality of the DNA samples
(Marees et al., 2018; Turner et al., 2011). The QC steps suggested by the literature
are briefly introduced here.
The call rate of a specific SNP is defined as the proportion of study subjects
for whom this SNP information is missing. SNPs with a high level of missingness
must be excluded from the data in order to reduce the bias. Further, sex
inconsistency or sex discrepancy is the difference between the reported sex of the
study subjects and the sex determined from the genetic data. This discrepancy can
be used to identify the sample-handling mix-ups. Filtering the SNPs according to
minor allele frequency (MAF) is essential, since the statistical power of the rare
SNPs are low. MAF refers to the frequency of the less frequent alleles at a specific
location. The Hardy-Weinberg equilibrium depicts the situation in an ideal
population where the alleles remain constant between generations. Deviations from
the Hardy-Weinberg equilibrium may indicate a potential genotyping error or a true
association. The heterozygosity rate indicates the proportion of heterozygous
genotypes for a certain individual. If this ratio is high, it may indicate poor sample
quality, while a low ratio may be caused by inbreeding. Relatedness refers to the
strength of the genetical relationship between two individuals. GWAS assumes that
the study subjects are not related, and without corrections, the presence of relatives
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in the data can cause bias. Study subjects with varying ethnic backgrounds can
cause random apparent associations, which are caused by discrepancies in the
ancestry and therefore, are not true allele associations to a disease. This population
stratification – that is, the presence of subpopulations with differing ethnic ancestry
and phenotypes must be taken into consideration in the QC (Marees et al., 2018;
Turner et al., 2011).
2.5.2 Genetic studies concerning BMC, BMD and fractures
The BMC and BMD have been shown to be highly heritable, and up to 80% of the
BMC variance is explained by genetics (Arden et al., 2009; Chesi et al., 2017;
Duren et al., 2011; Harris et al., 1998; Krall & Dawson-Hughes, 1993; Mora &
Gilsanz, 2003; Pocock et al., 1987). As stated earlier, the low BMD is a fracture
risk factor in adults, but the studies concerning pediatric fractures are conflicting in
this regard (Cook et al., 1987; Goulding et al., 2000; Ma & Jones, 2002; Manias et
al., 2006; Melton et al., 1993). In GWA studies, genes from at least 11 different
chromosomes have been recognized that may influence the BMD of adults (Estrada
et al., 2012; Karasik, Cupples, Hannan, & Kiel, 2003; Kemp et al., 2017; Li, G. et
al., 2011; Shen et al., 2004; Wilson et al., 2003; Wynne et al., 2003). Furthermore,
it has been revealed that the osteoporotic fracture risk may be affected by the bone
mass phenotype and, thus, genetics (Richards et al., 2012).
Again, the results in children are scarce and only few genetic loci affecting the
BMD or bone cortex thickness in children have been found (Chesi et al., 2017;
Duren et al., 2011). Chesi et al. (2015) showed, by using GWAS, that two loci were
significantly associated with BMC and BMD of the distal radius in children.
Further, three new genomic regions (2p25.2, 3p25.3, 17q21.2) were recognized by
Duren et al. (2011) and five new genetic loci influencing BMD of the children were
found by Chesi et al. (2017) (Chesi et al., 2017; Duren et al., 2011). The regions
found by Duren et al. (2011) include genes that have been associated with adult
bone mass in earlier studies (Brunkow et al., 2001; Ioannidis et al., 2007; Pan et al.,
2008; Wynne et al., 2003).
While the BMC and BMD are useful in studying the background of the
fractures, their connection to pediatric fractures remains unclear (Goulding et al.,
1998; Goulding et al., 2000). There is also evidence that the fracture risk and BMD
should be analyzed separately, since the heritability of these traits is not the same
(Richards et al., 2012).
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2.6

Antenatal alcohol exposure

Globally, approximately 10% of women use alcohol while pregnant (Popova et al.,
2017). According to Popova et al. (2017), globally, the prevalence of consuming
alcohol during pregnancy among general population is highest in Europe 25.2%
and lowest in the Eastern Mediterranean region (0.2%).
2.6.1 The general effects of alcohol on the developing fetus
The Fetal Alcohol Spectrum Disorder (FASD) is a term that includes several health
problems caused by fetal ethanol exposure (Chudley et al., 2005; Sokol et al., 2003;
Wozniak et al., 2019). The main characteristics of the disorder are craniofacial and
central nervous system abnormalities, growth retardation as well as behavioral and
cognitive impairments (Jones, K. L., Smith, Ulleland, & Streissguth, 1973; Sokol
et al., 2003; Wozniak et al., 2019). The effects of prenatal exposure to alcohol were
first described by Lemoine et al. (1968) and Jones et al. (1973) and the term Fetal
Alcohol Syndrome (FAS) was introduced (Jones et al., 1973; Lemoine, Harousseau,
Borteyru, & Menuet, 1968). Subsequently, it became evident that the disabilities
connected to the alcohol usage during pregnancy are more abundant than first
described and vary in severity from mild to grave. Therefore, the term FASD began
to be employed.
Globally, 0.7% of the population and in the Europe 2%–5% of the population
is affected by FASD (Lange, S. et al., 2017). There is no precise knowledge of the
amounts of alcohol required to cause FASD; however, according to the literature,
half a drink per day regularly or ≥3 drinks per occasion may be sufficient to cause
FASD (one drink = 14 g of ethanol) (Sokol et al., 2003; Wozniak et al., 2019).
2.6.2 The effects of antenatal alcohol exposure on the bone
As for the effects on the bone, the antenatal alcohol exposure is reported to affect
the bone age, delay the maturation process of the bone and come in the way of
height growth of children (Day et al., 2002; Habbick et al., 1998). Studies with
animal models have shown that moderate alcohol exposure can alter the
development of the skeleton, even though the fetal growth is not affected (Simpson
et al., 2005). Simpson et al. (2005) found out in their study that the ethanol disturbs
the ossification process particularly in the ulna, radius, tibia, and sacrum. In the
study, the level of moderate drinking was defined as peak blood ethanol
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concentration of ≤50 mg/dL and this was achieved by feeding the rodent dams with
25% of ethanol-derived calories. The effect on the ossification was observed with
the amount of 25% of ethanol-derived calories whereas 36% of ethanol-derived
calories were required for growth retardations to occur (Simpson et al., 2005).
In a study by Snow and Keiver (2007) was shown that the antenatal alcohol
exposure affects the histology of the epiphysis as well as reduces the diaphysis
length and total amount of bone.
Further, Li, Z. et al. (2016) conducted a study using chick embryos that were
treated with varying doses of ethanol during the first half of the incubation. The
result of the experiment was that the length of the proliferative and hypertrophic
zones of the epiphysis decreased. According to the authors the ethanol produces
reactive oxygen species (ROS), modifies the gene expression of the osteogenesis
and impedes the chondrogenesis (Li, Z. et al., 2016).
2.7

Birth weight and length and pediatric fractures

The environment inside the uterus may be reflected in the birth weight and length
of the child and, therefore, both these aspects may also be connected to the
childhood fracture risk.
Earlier studies have shown that the birth weight and weight gain during the
postnatal life associate positively with BMD, BMC and bone area in children under
10 years of age (Ay et al., 2011; Steer & Tobias, 2011). However, the birth weight
has not been found to be associated with the fracture risk (Byberg et al., 2014;
Hallal et al., 2009). There are indications that the birth weight and adult bone
metabolism do not correlate (Frost et al., 2013). In a study by Jones et al. (2004)
the birth weight was not found to be associated with fractures, but high birth length
was associated with prepubertal bone fractures.
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3

Aims of the study

The aim of this research was to investigate the effects of the in-utero environment
and genetic variables on bone fractures among children. In particular, the study
focused on analyzing the detrimental maternal lifestyle factors, smoking, and
alcohol consumption during pregnancy as well as genetic factors and their
connection to the risk of pediatric fractures. The birth weight and length were also
considered, since the literature has associated these factors to the BMD
subsequently in childhood and adulthood.
The specific aims of each sub-study are presented below:
1.
2.
3.

Does the maternal smoking during pregnancy associate with increased risk of
childhood fractures before school age? (I)
Are there genetic loci that are associate with childhood fractures? (II)
Is fetal exposure to alcohol associated with increased risk of childhood
fractures? Are birth weight or birth length associated with childhood fractures?
(III)
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4

Materials and methods

This dissertation consists of three sub-studies. The study population in these substudies were the same: the Northern Finland birth cohort 1986, which is a
prospective pregnancy-birth cohort including 99% of the births in the Lapland and
Oulu provinces of Finland (Rantakallio, 1989). The expected dates of delivery were
between July 1985 and June 1986. The total count of cohort participants was 9362
women and 9479 live and still births. The women were enrolled by the maternity
health centers before the 25th week of gestation. The maternity clinics also collected
the information on the mothers and their families by structured, self-completed
questionnaires. A majority of the mothers returned the questionnaires during weeks
24-28 of the pregnancy, but approximately 12% delayed the return to the later part
of the pregnancy or after birth. The midwives of the maternity clinics followed and
recorded the course of the pregnancy. Subsequently, the data was supplemented by
birth data and information regarding complications during pregnancy by using
hospital records (Järvelin et al., 1997). The cohort has followed all the women and
their live-born offspring (N = 9432) regularly during the pregnancy and after the
birth of the children (NFBC, Northern Finland Birth Cohorts). The consent to use
the data in scientific research was originally provided orally during antenatal clinic
visits. In 2001, at the 16-year follow-up study, the cohort participants as well as
their parents provided written informed consent.
The fracture information was obtained from the National Hospital Discharge
Register (NHDR), currently known as the Care Register for Health Care (Care
Register for Health Care, THL.). This is the oldest nationwide discharge register in
the world (Parkkari, Mattila, Niemi, & Kannus, 2003). The register is coordinated
by the Finnish National Research and Development Center for Welfare and Health.
The information of all hospital-treated fractures are included in the register with
diagnose codes and discharge dates.
4.1

Maternal smoking during pregnancy (I)

4.1.1 Study population and exclusions (I)
The study population consisted of 6718 people (3363 girls and 3355 boys) from the
NFBC 1986. A few of the cohort participants did not provide permission to use
their data for research purposes. This group consisted of a total of 2711 individuals,
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who were excluded from the study population and for whom there is no information
available. Three cases suffering from a possibly bone affecting illness were
excluded from the material. Fig. 5 presents the inclusions and exclusions of the
study population for all the studies (I, II and III). Table 1 presents the study
population characteristics of studies I–III.

Fig. 5. The study population.

40

Table 1. Study population characteristics of studies I–III.
Character

Study I

Study II

Study III

Fractures

30 girls, 56 boys

16 girls, 32 boys

32 girls, 66 boys

3333 girls, 3299 boys

1648 girls, 1534 boys

3331 girls, 3289

4.1

4.05

4.6

819 yes

-

765 yes

No fractures
Average age when fractured (years)
Maternal smoking while pregnant
Maternal alcohol consumption while
pregnant

‐

‐

Childhood rheumatism

10 yes, 6708 no

-

-

Childhood asthma

204 yes, 6514 no

-

-

Skull fracture

1

1

4*

Fracture of the facial bones

2

1

2*

1

1

1*

Upper limb 62

2

2

Fracture of the humerus

10

37

Fracture of the radius or ulna

14

32

Fracture of the phalanges of the hand

4

6

Fracture of vertebral column
Fracture of the clavicle

Fracture of the femur

Lower limb 22

Fracture of tibia or fibula

4

9

12

19

* These were excluded from the analysis of study III

4.1.2 Fractures (I)
The National Hospital Discharge Register (NHDR), which is nowadays known as
the Care Register for Health Care (Care Register for Health Care, THL.), provided
the information on the fractures. All the inpatient treated fractures among children
before the age of seven were taken into account (N = 88); this age group was
selected since it was deduced that after this age, the risk of injury is increasingly
influenced by recreational activities and current nutritional status and the factors
during pregnancy may not play as important a role anymore.
Fracture patients treated outside the hospital were not included in the study.
The treatment of simple fractures has taken place mainly in primary healthcare
centers by general practitioners and these fractures are not included in the NHDR
either. All the in-hospital treated fractures were taken into account in the analysis
(fracture yes/no) and the International Classification of Diseases (ICD-9) diagnose
codes were used to separate the fractures from each other if the subject had suffered
from several fractures. If there was more than one period of hospitalization with
the same ICD code, the fractures were interpreted to be caused by separate injuries
if the dates of hospitalization were separated by over six months. One of the
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fractures was a vertebral column fracture, 3 were skull or facial bone fractures
(ICD-9 800 or 802), 22 were lower-limb fractures (ICD-9 821 or 823) and 62 were
upper-limb fractures (ICD-9 810, 812, 813 and 816). Table 2 lists the ICD-9 codes
and their explanations.
Table 2. The ICD-9 codes of the fractures in study I.
ICD-9

Fracture

800

Vault of skull

802

Facial bone

806

Vertebral column

810

Clavicle

812

Humerus

813

Radius or ulna

816

Finger

821

Femur

823

Tibia or fibula

The NHDR data also permits the reporting of the external cause of the injury. From
among the 88 fractures of this study (I), 70 included an external cause. Of these
causes, at least 48 can be classified as low-energy accidents—falling on even
ground (tripping, slipping) or falling from a height of less than one meter. For those
fractures without reported external cause, the energy of the accident could not be
reliably deduced. The ICD-9 codes of the fractures are presented in Table 2. The
exclusion of the femur, vertebrae, and/or skull fractures was considered, because
these are often caused by high-energy accidents; however, the total number of
fractures was not sufficiently high to enable subgroup analysis.
4.1.3 Smoking (I)
The information on the smoking habits of the mothers was collected using
questionnaires by the maternity clinics. The questionnaires contained questions
concerning the smoking habits of the mother before, during, and after the pregnancy.
Table 3 presents these questions. In this study, the mothers were categorized either
as smokers or non-smokers. Mothers who had smoked at any period during the
pregnancy  1 cigarette/day were classified as smokers.
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Table 3. The questions regarding the smoking habits of the mothers before and during
the pregnancy.
Question

Answering options

Did you yourself smoke before pregnancy?

Yes/no

How long have you smoked?

Time in years

How many cigarettes per day?

Number of cigarettes smoked per day

Have you changed your smoking habits during

1. Yes, I quit

pregnancy?

2. Yes, I reduced the amount
3. Yes,I increased the amount
4. No change

Month of pregnancy when smoking habits changed?

The month of the pregnancy

Number of cigarettes after the change?

The number of cigarettes per day after the change

4.1.4 Confounders (I)
Sex was selected as a confounder since there is evidence that boys break bones
more often than girls (Manias et al., 2006). Rheumatism and asthma were taken as
confounders because the corticosteroid treatment may have an effect on the bone
(Ma & Jones, 2002). The welfare clinics had collected the data on childhood
rheumatism and asthma when the children in the cohort were seven years old. The
weight and therefore the body mass index (BMI) may be associated with the
fracture risk. Thus, the BMI was selected as a confounder. The height and weight
of the children were measured at seven years of age, and the BMIs were calculated
using this information. Previous studies have reported the socioeconomic status of
the family as a potential confounder (Jones et al., 2002). The level of education of
the father has been shown to be the most reliable indicator for this (Sinikumpu, S.
et al., 2014; Winkleby, Jatulis, Frank, & Fortmann, 1992). Further, the father’s
education was classified in to three categories: basic education (1–10 years of grade
school), secondary level (high school graduate or vocational school) and tertiary
level (attended or graduated from college or university). Maternal age at childbirth
was also included as a confounding variable, since both low and high maternal age
has been found to be associated with increased risk of bone fractures in children
(Baker, Orton, Tata, & Kendrick, 2015; Hallal et al., 2009; Rudäng, Mellström,
Clark, Ohlsson, & Lorentzon, 2012). The mothers were categorized into four age
groups: under 20 years, 20–29 years, 30–39 years and over 40 years.
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4.1.5 Methods (I)
The number of bone fractures before the age of seven was taken as the main
outcome variable in this study. In the study, the number of bone fractures per person
was taken into account and, therefore, Poisson regression analysis was used to
assess the association between maternal smoking and pediatric fractures. The
results were adjusted for sex, asthma, rheumatism, socioeconomic status of the
family, BMI of the child at seven years of age, and mother’s age at the time of the
birth. The analysis results are presented as incidence rate ratios (IRR) with 95%
confidence intervals (CI). The standard normal deviate (SND) test was used to test
the difference in fracture rates between girls and boys. The statistical analysis was
performed using R software version 3.3.2 (2016–10-31, The R Foundation for
Statistical Computing) and RStudio software version 1.1453 (RStudio Inc., USA).
4.2

GWAS and fractures (II)

4.2.1 Genotype and fracture data (II)
The NFBC 1986 was the study population and the fracture data was taken from
NHDR, as described earlier (Fig. 5). A total of 3230 cohort participants had
consented for genotyping and provided a blood sample. Of these individuals, 48
had suffered a childhood fracture.
The ICD-9 codes were used to identify the fractures. Out of the 48 fracture
cases, 37 reported an external cause. A low-energy accident was reported as the
cause for 15 of the patients. For the remainder, the energy of the injury could not
be determined. Table 1 lists the characteristics of the study population.
4.2.2 Methods (II)
The Illumina HumanOmniExpressExome v1.2 bead chip (Illumina, Inc.) was used
to perform the genotyping and the 1000G phase 3 reference panel was used for the
imputation (Schierding et al., 2018). The quality threshold for the imputation was
0.4. The study included 3,515,000 single-nucleotide polymorphisms (SNPs) after
quality control (QC), a process that is described in (Schierding et al., 2018). In the
QC, the genotype call rate, minor allele frequency, multidimensional scaling
outliers, relatedness, heterozygosity rate and Hardy-Weinberg Equilibrium were
used to control the data.
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The frequentist association test of the SNPTEST analysis software (version
2.5.2; University of Oxford) was used to study the association between genomic
regions and fractures in the GWAS. A linear regression model was fitted to test for
additive effects of SNPs (genotype dosage) in the GWAS analysis and the results
were adjusted for sex and population stratification using four principal components.
Gender and the first four principal components were taken as covariates.
In the post-GWAS quality control, the minor allele frequency of <0.05 was
used, and deviation from the Hardy-Weinberg equilibrium P-value <1x10-7 was
selected. For the genome-wide significance, the generally accepted limit of
P<5x10-8 was used. For suggestive evidence of association P-value <5x10-5 was
employed. Further, R software (version 3.5.0) and the qqman package (version
0.1.7) were used to generate the Manhattan and Quantile-Quantile (Q-Q) plots of
the results (Turner, 2018). The University of California Santa Cruz Genome
Browser (December 2013) was used to find the closest coding and non-coding
genes in the identified loci. The genome browser is a graphical viewing tool of the
human genome assembly. LocusZoom visualization software was utilized to
visualize the genes (version 1.4; University of Michigan).
After the GWAS analysis, public databases GWAS database (GWASdb) (Li,
M. J. et al., 2012), GWAS catalog (GWAS catalog.), the Genotype-Tissue
Expression (GTEx) Portal (GTEx Consortium, 2015), and RegulomeDB (Boyle et
al., 2012) were used to analyze the lead SNPs. GWASdb and GWAS catalog are
databases that list genetic variants identified in published GWASs. From the GTEx
Portal tissue-specific gene expression can be found. RegulomeDB is used to add
variants to known and predicted regulatory elements. These database searches were
performed for the locus surrounding the lead SNP (chr10:11491165-12291165).
Further, the Genetic Factors for Osteoporosis Consortium (GEFOS) website
provides two studies with summary statistics (Medina-Gomez et al., 2018;
Trajanoska et al., 2018). The associated loci were compared with the findings of
these studies. There were 25 cohorts included in the study by Trajanoska et al
(2018). These cohorts contained a discovery data set of 37857 fracture cases and
227116 controls. The subjects were mainly adults of European descent (Trajanoska
et al., 2018). The meta-analysis by Medina-Gomez discussed the genetics of the
BMD variation and comprised 66628 children and adults of mostly European
descent (Medina-Gomez et al., 2018).
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4.3

Maternal alcohol consumption during pregnancy, birth weight
and length vs fractures

4.3.1 Study population, exclusions and confounders (III)
The study population in this study was the same proportion of the NFBC as that in
study I (see chapter 4.1.1.) – that is, 6718 persons. The exclusions are described in
chapter 4.1.1. and Figure 5. There were no diagnosed FAS or FASD cases in the
study population.
In this study, the potential confounders were defined in the following manner:
sex, socioeconomic status of the family, mother’s age at childbirth, the BMI of the
child at seven years of age, maternal smoking during pregnancy, and prematurity
(birth week < 37). The reasoning underlying sex, socioeconomic status of the
family and BMI are described earlier in section 4.1.4. The increased risk of
childhood fractures has been associated with higher maternal age (≥35 years)
(Hallal et al., 2009). In the current study (III), the age range of the mothers at
childbirth was 17–51 years, and the average age was 29.1 years. According to their
age at childbirth the mothers were categorized into three groups: under 25 years,
25–35 years and over 35 years. Maternal smoking during pregnancy was also
selected as a confounder since, it has been shown in previous studies that the
maternal smoking is associated with higher risk of childhood fracture (I), (Jones et
al., 1999). The prematurity of the child was also included as a confounder, since it
affects the birth weight and length, and therefore it may affect the development of
the bone (Backström, Kuusela, Koivisto, & Sievänen, 2005).
4.3.2 The fractures (III)
In Finland, all children are obliged to begin primary school at the latest in the year
they turn eight years of age. When fractures before this age were taken into account,
there were 112 inpatient treated fractures suffered by 104 cohort participants. Six
of these fractures were other than long-bone fractures (two facial bone fractures
and four skull fractures). As these bones undergo intramembranous ossification, the
patients with these fractures were excluded from the analysis in order to improve
the coherency of the material. In addition, the cause of these sort of fractures may
be high-energy or intentional trauma and, therefore, they may not provide reliable
information on the potential underlying fragility of the bone. For this reason, the
single vertebral column fracture was also excluded. The development of the
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clavicle follows both endochondral and intramembranous ossification patterns and,
therefore, the two clavicle fractures were included in the analysis. The final number
of fractures in the study material was 105 (suffered by 98 children) and these are
presented in Table 1.
4.3.3 Maternal alcohol consumption (III)
The communal maternity clinics delivered structured questionnaires to the
expectant mothers in gestational week 10. The mothers returned the filled
questionnaires after pregnancy week 24 if they still were pregnant at that time. The
consumption of alcohol was inquired with a yes/no question. The timing of the
alcohol consumption was inquired in three categories: pregnancy weeks 1–16,
pregnancy weeks 16–28 and after the week 28. For the amount of alcohol, the
questionnaire included a structured question with three categories: 1–5 alcoholic
drink equivalents per week (14–70 g of ethanol), 5–20 alcoholic drink equivalents
per week (70–280 g of ethanol), and over 20 alcoholic drink equivalents per week
(over 280 g of ethanol). One alcoholic drink equivalent equals approximately 14 g
of ethanol, which implies 40 ml of distilled spirits, 150 ml wine, or 350 ml beer.
Not all mothers answered the question pertaining to amount.
The question on antenatal alcohol consumption was not answered by 418 out
of 6718 mothers. The reason why they did not answer the question is not known;
however, to reduce the bias, their offspring were excluded from the alcohol analysis.
The offspring of these 418 mothers had suffered a total of eight fractures; thus, in
the alcohol analysis, 90 cohort participants with a fracture were considered.
The antenatal exposure to alcohol was categorized as a binary variable (yes/no).
The mothers were categorized into the “yes” group if they had admitted to using
alcohol during any period of the pregnancy.
4.3.4 Birth weight (III)
The birth weight of all the cohort participants had been recorded and the
participants were divided into three groups. The low birth weight group consisted
of children whose birth weight was less than the mean weight minus twice the
standard deviation (SD) (< 2500 g, N = 216). The second group included children
with high birth weight which was determined as mean weight plus two times the
standard deviation (> 4637 g, N = 117). The remaining children with the birth
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weight in between the aforementioned limits formed the reference group (N =
6385).
4.3.5 Birth length (III)
Three groups were also formed according to the birth length. The first group
consisted of children with low birth length (mean – 2  SD < 46.1 cm, N = 265).
The second group consisted of children with high birth length (mean + 2  SD >
54.9 cm, N = 130). The third group included children with birth length in between
these limits, and they were used as the reference group (N = 6253).
4.3.6 Statistical analysis (III)
In this study, a fracture of a long bone before the age of eight was defined as the
main outcome variable. The fracture was considered as a binomial variable (no
fracture/fracture) and the number of the fractures per person was not taken into
account. Therefore, the association of antenatal maternal alcohol consumption,
child’s birth weight, and child’s birth length with fractures of the long bones were
examined by using binomial regression analysis, with and without confounding
variables. The results are presented as odds ratios (ORs), and the 95% confidence
intervals (95% CIs) and P-values are presented. The two-proportions Z-test was
used to examine the difference in fracture rates between children whose mothers
answered the alcohol question and the children whose mothers left it unanswered.
The statistical analyses were performed by using R software version 3.5.0 (201804-23, The R Foundation for Statistical Computing) and RStudio Software version
1.1.453 (RStudio Inc, USA).
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5

Results

5.1

Maternal smoking during pregnancy and childhood bone
fractures (I)

Overall, this study found that 86 (1.3%) children had suffered from a fracture,
which was treated in hospital, prior to the age of seven. The total number of
fractures in the study was 88, which implies that two of the children had recurrent
fractures. In the study population, boys had more fractures than girls (1.7% vs.
0.9%, p = 0.003, Table 3). The mean age of the children at the time of fracture was
4.1 years (SD = 1.86). All the fractures that were sufficiently severe to justify inhospital treatment were analyzed in one group.
Smoking during the first or the second trimester of pregnancy was reported by
12.2% of the mothers. Out of these mothers, 91.8% had quit smoking during the
pregnancy and the average time of quitting was the in the eighth week of pregnancy.
Further, antenatal smoking by the mother was found to be associated with a
1.85-fold (95% CI 1.07–3.03, p = 0.020) increase in the child’s risk of suffering inhospital-treated fracture before the age of seven, compared to the children whose
mothers did not smoke while pregnant. When confounding variables (child's sex,
childhood rheumatism, asthma, socioeconomic status, BMI of the child and
maternal age) where included in the analysis, the results did not change
significantly (IRR 1.83, 95% CI 1.06–3.02, p = 0.022).
5.2

Genetic loci and childhood fractures (II)

In the study population, 48 patients had suffered a fracture before the age of seven
and one of the patients had two fractures. The study population characteristics are
presented in Table 1. From among the 48 people with fractures, 16 (33.3%) were
female and 32 (66.7%) were male. The children’s average age at the time of fracture
was 4.05 years (range 0-6 years).
One genetic locus with a significant association and six loci with a suggestive
result were identified in the GWAS analysis (Table 4). Fig. 6 presents the
Manhattan plot of the GWAS. The Q-Q plot of the GWAS is presented in Fig. 7.
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Adjacent gene(s)
PROSER2, PROSER2-AS1
LRRN1, SETMAR, SUMF1
TRIB1, NSMCE2
COL15A1, TGFBR1
VRK1
PLXNA4
SOX9, SOX9-AS1

p-value
7.28 x 10-9
1.01 x 10-7
1.46 x 10-7
1.38 x 10-6
5.53 x 10-6
1.37 x 10-6
3.50 x 10-6

plexin A4 (PLXNA4), SRY-box transcription factor 9 (SOX9), SOX9 antisense RNA 1 (SOX9-AS1).

SUMO ligase (NSMCE2), collagen type XV alpha 1 chain (COL15A1), transforming growth factor beta receptor 1 (TGFBR1), vaccinia-related kinase 1 (VRK1),

transposase fusion gene (SETMAR), sulfatase-modifying factor 1 (SUMF1), tribbles pseudokinas 1 (TRIB1), NSE2 (MMS21) homolog SMC5-SMC6 complex

rich 2 (PROSER2), proline- and serine-rich 2 antisense RNA 1 (PROSER2-AS1), leucine-rich repeat neuronal 1 (LRRN1), SET domain and mariner

Notes: effect allele (EA), non-effect allele (NEA), effect allele frequency (EAF), standard error (SE), single nucleotide polymorphism (SNP), proline- and serine-

69935057

131772615

97517062

101767382

126506632

4023053

11891165

Chromosome Position
10

SNP ID

Table 4. Genetic variants for pediatric fractures identified in GWAS.

Fig. 6. Manhattan plot of the GWAS. The red and blue lines mark the levels of statistical
and suggestive significance, respectively (study II, republished by permission of
Spandidos Publications).

Fig. 7. Q-Q plot from the GWAS analyses. The cases where the compared distributions
are similar are represented by the red line (study II, republished by permission of
Spandidos Publications).
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The lead single nucleotide polymorphism (rs112635931) with the most significant
genome-wide association was located within the proline and serine-rich 2
(PROSER2) and PROSER2-antisense RNA 1 (PROSER2-AS1) genes (Fig. 8). The
lead SNP (rs9827298) with suggestive association to fracture risk was found in the
intergenic region near the leucine-rich repeat neuronal 1 (LRRN1), sulfatasemodifying factor 1 (SUMF1) and SET domain and mariner transposase fusion
(SETMAR) genes (Fig. 9). According to the GWAS catalog and GWASdb, genomewide significant associations with any other trait are not reported for either of these
SNPs. They are not present in the RegulomeDB either. In addition, this present
study did not identify any SNPs in association with other phenotypes that could be
in linkage disequilibrium with the lead SNP.

Fig. 8. LocusZoom of the rs112635931, Chr 10:11891165, P = 7.28 x 10-9. Each dot
represents the p-value of the SNP obtained in the genome-wide association study. The
color of the dot represents the linkage disequilibrium (r2), which implies that the
frequency of association of alleles at different loci is higher than what would be
expected if the loci were independent and randomly associated (study II, republished
by permission of Spandidos Publications).

52

Fig. 9. LocusZoom of the rs9827298. Chr3:4023053, P = 1 x 10-7 (study II, republished by
permission of Spandidos Publications).

The SNP rs374077976 was found in the GWASdb and it has been associated with
total cholesterol in European population (Asselbergs et al., 2012). According to the
RegulomeDB, the SNP rs111299584 in chr 3 is considered likely to affect the
binding of transcription factors to DNA. Further, the RegulomeDB reports that
SNPs rs374077976, rs17762577, rs41316954 and rs35417231 have minimal
evidence of DNA binding of transcription factors. None of the studied loci were
replicated in the summary statistics of the two studies by GEFOS (Medina-Gomez
et al., 2018; Trajanoska et al., 2018).
5.3

Maternal alcohol consumption during pregnancy, birth weight,
birth length, and childhood fractures (III)

In the study population 98 children had suffered at least one inpatient-treated
fracture of a long bone in the age range of 0–7 years. These children included 66
(67.3%) boys and 32 (32.7%) girls. The total number of fractures were 105, thereby
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implying that seven children had suffered two fractures. The mean age at the time
of the fracture was 4.6 years (ranging from < 1–7 years; SD = 2.0 years).
5.3.1 Antenatal alcohol consumption and childhood fractures (III)
Among the cohort participants, 765 (11.4%) mothers reported that they had used
alcohol during weeks 1–16 of the pregnancy. A total of 535 mothers reported that
they had consumed 1–5 alcoholic drink equivalents per week (14–70 g of ethanol),
and 18 mothers reported consumption of 5–20 alcoholic drink equivalents (20–280
g of ethanol). The remainder did not provide information on the amount consumed.
Continued usage of alcohol was reported by 386 (5.8%) of the mothers (Table 5).
In of this group, 300 mothers reported having consumed a maximum of five
alcoholic drink equivalents per week and two mothers stated that they had
consumed 5–20 alcoholic drink equivalents per week. The remainder did not
comment on the amount that they had consumed. Based on the questionnaire, after
the 28th week of pregnancy, 171 mothers still reported consuming 1–5 alcoholic
drink equivalents per week. Table 5 presents the alcohol consumption reported by
the mothers. Further, 418 mothers did not answer the question regarding alcohol
consumption and the fracture rate among their children was 1.9% (eight fractures),
compared to the fracture rate of 1.4% among the remainder of the population (p =
0.6.
In this study the alcohol consumption of the mother during weeks 1–28 of
pregnancy was associated with a 2.21-fold (CI 1.10–4.01, p = 0.02) increase in the
offspring’s risk of suffering a hospital-treated fracture of a long bone before the age
of eight. When the confounding variables were included in the analyses, the result
did not change significantly; the adjusted odds ratio was 2.22 (CI 1.09–4.12, p =
0.02) (Table 6).
Table 5. The reported amounts of consumed alcohol during pregnancy.
Amount of alcohol

1-5 drink equivalents

Weeks of pregnancy

Weeks of pregnancy

Weeks of pregnancy

1–16

1–28

< 28*

(N)

(N)

(N)

535

300

171

5-20 drink equivalents

18

2

-

Not known**

212

84

-

* Those who reported alcohol consumption after the 28th week of pregnancy
** Those who declared alcohol usage, but did not specify the amount
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The consumption of alcohol during pregnancy weeks 1–16 was associated with
slightly increased risk of the offspring’s long bone fracture (OR 1.20), but this result
did not attain statistical significance (CI 0.65–2.03, p = 0.5). For those subjects
whose mother had continued to consume alcohol after pregnancy week 28, the risk
of a long bone fracture was also elevated (OR 1.67) but the result was not
statistically significant (CI 0.51–4.01, p = 0.3).
Table 6. The association of antenatal alcohol consumption with pediatric fractures.
Variable

OR

95% CI

p-value

1.20

0.65–2.03

0.5

Without confounders

2.21

1.10–4.01

0.02

Adjusted with confounders*

2.22

1.09–4.12

0.02

1.67

0.51–4.01

0.3

Alcohol consumption, weeks 1 – 16.
Without confounders
Alcohol consumption, weeks 1–28

Alcohol consumption, weeks > 28
Without confounders

* Sex, socioeconomic status of the family, maternal age at the time of giving birth, the BMI of the child at
seven years of age, maternal smoking during pregnancy, prematurity

5.3.2 Birth weight and childhood fractures (III)
The children’s average weight at birth was 3568 g (range 1050 - 5560 g, SD 534
g). The prematurity was included as a confounder in the analyses. The fracture risk
of the low (N = 207) and high weight groups (N = 117) was separately compared
to the reference group (N = 6381); statistically significant association with fractures
was not found for either of the groups (Table 7).
5.3.3 Birth length and childhood fractures (III)
In the study population the average birth length was found to be 50.5 cm (range 35
- 59 cm, SD 2.20 cm). For 57 participants the information of birth length was
missing, and they were excluded from the material. Premature birth was taken as a
confounding variable. The fracture risk of both the low (N = 265) and high birth
length (N = 130) groups was compared against the reference group (N = 6253). A
statistically significant association was not found between birth length and pediatric
fractures (Table 7).
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Table 7. The association of birth weight and birth length with pediatric fractures.
Variable

OR

95% CI

p-value

Birth weight*
Low

0.72

0.19–2.30

0.61

High

1.6 x 10-6

1.25x10-65–0.56

0.97

Low

0.47

0.10–1.55

0.26

High

0.54

0.03–2.44

0.54

Birth length**

* Prematurity as a confounder.
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6

Discussion

Fractures in childhood are rather common and a large proportion of children suffer
from several fractures. This may be explained by differences in recreational
activities, nutritional status or sex, but there may also be underlying bone fragilities
caused by genetics or the gestational environment (Bailey et al., 1989; Manias et
al., 2006).
Despite the high prevalence of pediatric fractures, the underlying factors that
make certain children more vulnerable to fractures than others have not been
thoroughly studied thus far. There are implications that the intrauterine
circumstances may affect the bone mineral accrual and fracture risk (Bailey et al.,
1989; Godfrey et al., 2001; Javaid & Cooper, 2002; Jones, G., Riley, & Dwyer,
2000; Manias et al., 2006). Low BMD is a known bone fracture risk factor in adults,
but the reported results for children are conflicting (Goulding et al., 1998; Melton
et al., 1993). BMD and BMC are known to be highly inheritable, and several genes
that affect these traits have been found in adults; however, again, the literature
concerning children is scant (Arden et al., 2009; Chesi et al., 2017).
In the studies of this dissertation (I–III), the focus was on fractures in the early
childhood. The older the children get, the more their fracture risk is affected by
external reasons such as recreational activities and personal behavior. Jones et al.
(2013) observed this phenomenon, as they noticed that the association between
maternal smoking during gestation and BMD disappeared during late childhood
and puberty.
6.1

Maternal smoking during pregnancy and childhood fractures (I)

In study I, there was a positive association found between the antenatal smoking
by the mother and the offspring’s fracture risk. The IRR of suffering an in-patienttreated fracture before seven years of age was found to be 1.83 and adjustment with
confounding factors did not affect the result.
There are a few earlier studies that have studied the link between maternal
smoking during pregnancy and childhood fractures, but the results are not
congruent. No clear association was found in the study by Ma and Jones (2002),
but the sample size (N = 551) was a limitation of the study. A study by Manias et
al. (2006) consisted of 150 children aged 4 – 16 years. The authors state that
smoking during pregnancy by itself is not a predictor of increased risk of fracture;
however, in combination with no breastfeeding, low childhood milk intake, and
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consumption of large amounts of carbonated drinks, the smoking elevated the risk
of recurrent fractures (Manias et al., 2006). Cooper et al. (2002) revealed that
maternal smoking during pregnancy and neonatal BMC are negatively associated.
The findings of our study (I) are important as they strengthen the presumption
that maternal smoking during pregnancy has harmful effects on the developing
bone of the fetus. In the present study, the fracture risk of the children was found
to be elevated, even though the mothers stopped smoking, on average, in the eighth
week of pregnancy. In the light of this finding, it appears likely that smoking has
an effect on the developing fetus during early pregnancy.
Tobacco smoke contains thousands of active compounds, including several
toxins, which may have an effect on the placenta or fetus or both (Jauniaux &
Burton, 2007). It is not clear which chemical substance in the cigarette is
responsible for the effects on the bone of the fetus (BMD or fractures). Nicotine is
one of the main pathogens in the cigarettes and it has been shown to appear in the
circulation of the fetus in 15% higher concentration and in the amniotic fluid at 88%
higher concentration than in the maternal plasma (Luck, Nau, Hansen, & Steldinger,
1985; Pastrakuljic et al., 1998). Nicotine causes vasoconstriction in the placenta
and umbilical arteries, which reduces the perfusion (Suzuki, Minei, & Johnson,
1980). Further, nicotine binds to the acetylcholine binding site of the alpha-subunits
of nicotinic acetylcholine receptors and by this method decreases the active aminoacid uptake of the placenta (Lips et al., 2005). Smoking also causes an increase in
the blood carboxyhemoglobin concentrations (Kaminsky, Ananth, Prasad, Nath, &
Vintzileos, 2007). This increase of carboxyhemoglobin as well as nicotine-induced
vasoconstriction cause a hypoxic state in the fetus that may interfere with the bone
formation. On the other hand, the culprit may be some other compound with direct,
unknown effect on the bone. The effect of nicotine could be investigated by a future
study that assesses the association between BMD or fractures with the consumption
of smokeless tobacco (snuff, chewing tobacco) or nicotine products (e.g., patches
and gum).
Non-cigarette tobacco products have become more popular and are socially
more acceptable (IARC Working Group on the Evaluation of Carcinogenic Risks
to Humans, 2007; Warren et al., 2008). However, the use of smokeless tobacco has
also been linked to adverse pregnancy outcomes (England et al., 2010). Nicotine
replacement therapy has been considered to be safer than smoking, but there are
findings that the nicotine itself may be harmful for, for example, brain development
in a dose-dependent manner (Coleman, Britton, & Thornton, 2004; Navarro et al.,
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1989). Therefore, it is not safe to recommend any sort of nicotine products during
pregnancy (Wickström, 2007).
Smoking during pregnancy is still common behavior and, surprisingly, the
prevalence of this is high in Europe (8.1%) and the Americas (5.9%) and low in
Africa (0.8%) (Lange et al., 2018). According to meta-analysis by Lange et al.
(2018) the global prevalence of antenatal smoking was 1.2%.
Taking into consideration all the adverse effects of tobacco usage during
pregnancy, special attention must be ascribed to the education of pregnant mothers.
The risks must be clearly explained, and mothers must be encouraged to quit
smoking in the planning phase of the pregnancy. In addition, nicotine replacement
therapy must be limited only to those cases where quitting of smoking appears
impossible without it.
6.2

Genetics and childhood fractures (II)

As the understanding of the genetic background of pediatric fractures is limited,
the results of this study bring to light new information in the matter. There are
studies that have identified fracture risk factors that originate from gestational
conditions (I) or the external environment (Sinikumpu, J., Pokka, Sirniö, Ruuhela,
& Serlo, 2013). Nevertheless, more research is required in this field (Sinikumpu,
J., 2015). Furthermore, studies focusing on the possible genetic origins of pediatric
fractures (when there is no bone-affecting illness involved) are limited. To the best
of our knowledge, the present study (II) presents novel GWAS results pertaining to
early childhood fractures.
Earlier studies have shown that BMC and BMD are highly inheritable traits
(Arden et al., 2009; Chesi et al., 2017; Duren et al., 2011; Harris et al., 1998; Pocock
et al., 1987) and GWA studies have revealed over 11 chromosomes affecting the
BMD of adults (Estrada et al., 2012; Karasik et al., 2003; Kemp et al., 2017; Li et
al., 2011; Shen et al., 2004; Wilson et al., 2003; Wynne et al., 2003). When it comes
to the bone traits of the children, Chesi et al. (2017) found five genetic loci
influencing the BMD, whereas Duren et al. (2011) identified three regions
associating with cortical bone thickness. The regions identified by Duren et al.
(2011) comprise candidate genes and other studies have linked some of these to
bone mass in adults (Brunkow et al., 2001; Ioannidis et al., 2007; Pan et al., 2008;
Wynne et al., 2003). Another study by Chesi et al. (2015) presented two loci that
were significantly associated with pediatric BMD and BMC of distal radius. In
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addition, the osteoporotic fracture risk may be impacted by genetics, since the bone
mass phenotype influences the development of osteoporosis (Richards et al., 2012).
The main result of the study II was the discovery of the statistically significant
association between fractures in children under seven years of age and the lead SNP
rs112635931. This SNP is located in the vicinity of the PROSER2 gene and it may
regulate the expression of the PROSER2-AS1 gene in accordance with expression
quantitative trait loci (eQTL) of the GTEx database. Additionally, the PROSER2
protein is found widely in different organs of the body according to the Human
Protein Atlas and GTEx databases (The Broad Institute of MIT and Harvard, 2020;
The Human Protein Atlas, 2020). According to the Gene Expression Omnibus
database, the PROSER2 protein expression has been found in osteoblast cell lines
in mice (GEO, a; GEO, b). Nevertheless, the exact function of the PROSER2 gene
is not known.
Study II also identified six loci with suggestive association to the fracture risk.
The first of these was lead SNP rs9827298 in chr 3. The most adjacent genes to this
SNP are LRRN1, SUMF1 and SETMAR. According to the GTEx database the
rs9827298 may regulate the expression of LRRN1 in the lungs, blood, and thyroid,
but the database does not contain information on bone tissue. Furthermore, the SNP
rs9827298 may affect the formylglycine-generating enzyme (FGE)-encoding
SUMF1 gene. The FGE has been found in the brain and skin, but also from the
endoplasmic reticulum of bone cells (Dierks et al., 2003) The FGE also converts
cysteine into C-α-formylglycine, which in turn activates the type I sulfatases.
Studies have revealed at least eight pathologies (including chondrodysplasia
punctate type 1) that are caused by the disruption of the sulfatases (Appel &
Bertozzi, 2015; Diez-Roux & Ballabio, 2005). The SNP rs9827298 is also in the
vicinity of the SETMAR gene, which encodes a fusion protein that binds DNA and
plays a role in DNA repairment (GeneCards, a).
The lead SNP rs374077976, which resides in chr 8 has been associated with
total cholesterol level, and a correlation between high cholesterol and low BMD in
adults has been suggested (Asselbergs et al., 2012; Ghosh-Choudhury, Mandal, &
Choudhury, 2007; Mandal, 2015). A study by Lim (2015) indicates that this
correlation may be found among children and adolescents as well.
Further, the SNP rs41316954, which is located on chr 9, resides within the
COL15A1 gene. This gene is responsible for encoding the α chain of type XV
collagen, a member of the fibril-associated collagens with interrupted helices
(FACIT) collagen family. Human osteoblasts secrete the type XV collagen
(Lisignoli et al., 2009)
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On chromosome 17, upstream of the SOX9 gene, resides the SNP rs111299584.
This gene is a key transcription factor in chondrocyte differentiation. According to
literature, the SOX9 deficiency leads to campomelic dysplasia (Matsushita et al.,
2013).
From among the six suggestive loci that were found in the study II, two are
located in proximity of genes that do not have a definite connection to bone. The
first of these, rs17762577 in chr 14, resides near the vaccinia-related kinase 1
(VRK1) gene. VRK1 encodes protein called the VRK serine/threonine kinase 1. The
gene is expressed throughout the body, particularly in cells that divide actively
(GeneCards, b). The second of these SNPs, rs35417231 on chr 7, is located adjacent
to gene PLXNA4, which encodes protein PLEXIN-A4 that is necessary for
semaphorin signaling (Sijaona, Luukko, Kvinnsland, & Kettunen, 2012).
6.3

Antenatal alcohol consumption, birth weight, birth length and
childhood fractures (III)

Antenatal alcohol consumption and fractures
In our study (III), we established that maternal alcohol consumption during
pregnancy is associated with an increased risk of suffering an inpatient treated
fracture of a long bone before the age of eight. The amount of consumed alcohol
that is required to increase the abovementioned risk can be considered as moderate
drinking (approximately 1–5 alcoholic drink equivalents per week). The increase
in the risk was shown to be independent of the confounding factors (gender,
maternal age, child’s BMI, maternal smoking during pregnancy, premature birth,
and the socioeconomic status of the family). The association of the offspring’s
fracture risk to the gestational alcohol usage of the mother has not been thoroughly
studied. Orton, Kendrick, West, & Tata (2012) did not find any association between
children’s fractures and harmful alcohol consumption by parents, but they did not
investigate antenatal alcohol usage of the mother.
Further, the consumption of alcohol has been linked to increased risk of
miscarriage, stillbirth and premature birth (Albertsen, Andersen, Olsen, &
Grønbaek, 2004; Henriksen et al., 2004; Kesmodel, Wisborg, Olsen, Henriksen, &
Secher, 2002; Patra et al., 2011). Prenatal exposure to alcohol has disadvantageous
effects ton the developing fetus – for example, growth restriction, brain damage, as
well as cognitive and behavioral deficits (Cook, J. L. et al., 2016; Popova et al.,
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2016; Riley, Infante, & Warren, 2011). These are known as FASD, which is a term
describing several health issues originating from in-utero alcohol exposure.
The most common clinical manifestations of FASD are the growth retardation
and craniofacial malformations in children (Jones et al., 1973). The effect on the
growth becomes evident at rather low levels of consumed alcohol when the
drinking is continuous (less than one drink/day) (Day et al., 2002).
There is evidence that the skeletal ossification may be disturbed by lower
ethanol doses than what is required to disrupt the growth of the fetus. By conducting
a study on rodents, Simpson et al. (2005) showed with rodents that the ethanol
affects the ossification at lower concentrations than what is required for the body
length or weight of the fetus to be affected.
Earlier studies have shown that the sensitivity to the effect of ethanol is not
constant among different bones (Keiver, K., Ellis, Anzarut, & Weinberg, 1997;
Keiver, Kathy & Weinberg, 2004; Lee & Leichter, 1983; Simpson et al., 2005;
Weinberg, D'Alquen, & Bezio, 1990). Those bones in which the ossification of the
cartilage model begins early and develops further during the gestation suffer the
most from the effect of the ethanol (ulna, tibia, and radius) (Simpson et al., 2005;
Strong, 1925). Because of this, Simpson et al. (2005) deduced, that the effect of
ethanol on the ossification is the most dramatic for bone development stages after
the cartilage calcification. Further, they also hypothesized that the ethanol’s effect
on the general growth of the fetus follows different paths than the effect on the
endochondral ossification or skeletal development (Simpson et al., 2005).
The background of the disturbed osteogenesis in not clear, but there is evidence
from rodent models that the exposure to ethanol decreases the amount of total bone;
reduces the length of the diaphysis; and damages the organization of the resting,
proliferative and hypertrophic zones within the epiphysis (Miralles-Flores &
Delgado-Baeza, 1992; Snow & Keiver, 2007). This is supported by a study that
used chick embryos and observed that the ethanol exposure decreased the length of
the epiphyseal proliferative and hypertrophic zones (Li et al., 2016). In the study
Li et al. (2016) indicated that exposure to ethanol during the first half of the
incubation causes inhibition of chondrogenesis, alterations of osteogenesis-related
gene expression and produces excessive amounts of reactive oxygen species (ROS).
All these studies support the notion that the ethanol exposure during pregnancy
can cause subtle damage to the developing bone, while leaving the growth of the
fetus and general development of the child unaffected (Li et al., 2016; Simpson et
al., 2005; Snow & Keiver, 2007). Later in life, these bones may become more prone
to fractures and/or osteoporosis.
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The long and flat bones take different paths to develop. In the formation of long
bones, the hyaline cartilage is first formed and subsequently ossifies (endochondral
ossification), whereas in the development of the flat bones the mesenchymal cells
ossify directly. According to Li et al. (2016), ethanol can disrupt the osteogenesis
during the development of the flat bones. This takes place early in the development
of the embryo and the effects are dose dependent (Li et al., 2016). Further, Muggli
et al. (2017) have shown that the craniofacial development of the fetus can be
influenced by the ethanol exposure even with low amounts of consumed alcohol (<
20 g–70 g of ethanol per week).
In our research (III), the main point was to search for explaining factors for
hospital-treated fractures. As the majority of the fractures in the material were those
of long bones, the fractures of the flat bones were not included in the analysis. The
single vertebral column fracture was also excluded, as it may have been caused by
violence or high energy trauma. Moreover, it was not possible to perform subgroup
analysis in the study population since the number of the skull, facial, and vertebral
fractures was too low. It must be acknowledged that at least a few of these kinds of
fractures may have been caused by intentional injuries, like those in the case of
child abuse, and thus may not reliably indicate the underlying fragilities of the bone.
In the future, it is important to study the association of the flat bone fractures to the
prenatal alcohol consumption in a larger data set.
It must be noted that there were no diagnosed fetal alcohol syndrome cases
among the 6718 cohort participants included in this study. The prevalence of FAS
has been estimated to be 14.6/10 000 people (Popova et al., 2017) and against this
information our study population appears to be incomplete. The reason for this may
be that the FAS diagnoses have been made later in the childhood and are not
available in our material.
According to literature, globally, around 10% of women consume alcohol
while pregnant (Popova et al., 2017). Popova et al. (2017) showed using a metaanalysis that globally the prevalence of consuming alcohol during pregnancy
among general population is the highest in Europe 25.2%, especially in Ireland
(60.4%), Belarus (46.6%), Denmark (45.8%), United Kingdom (41.3%) and Russia
(36.5%). In addition, alcohol consumption rates among young women are
increasing in several countries as the drinking has become socially more acceptable
(Lim, S. S. et al., 2012). Further, a large proportion of pregnancies in developed
and developing countries alike are not planned (Popova et al., 2017). This increases
the possibility of the mother consuming alcohol while being completely unaware
of the pregnancy. These aspects clearly show that education of women about the
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risks of alcohol consumption during pregnancy is not sufficient even in developed
countries where national and World Health Organization (WHO) health strategies
already exist to reduce or stop the drinking (World Health Organization, 2014).
Birth weight, birth length, and fractures
Observations have been made that the birth weight is related to BMD in children,
but the association with the fracture risk has not been found (Ay et al., 2011; Hovi
et al., 2009; Steer & Tobias, 2011). The results of the study III are in line with
previous studies in this respect. In a study by Jones et al. (2004) the high birth
length was found to be associated with a higher risk of fracture in prepubertal
children, but this association was not found in our study (III). One reason for this
difference may be the different age cutoff points of the patients in the studies. Jones
et al. (2004) counted the fractures in girls before nine years of age, and that in boys
before 11 years of age, while our study (III) considered fractures in children before
the age of eight years. In addition, recreational activities, general living conditions,
and other environmental factors may be more important in older children.
6.4

Strengths and limitations (studies I–III)

The main strengths of studies I-III are the large size of the birth cohort and the
reliable fracture data from the NHDR. Moreover, the methods used to analyze the
potential associations, both laboratory and statistical, were validated and of high
standard. In the planning phase of the study, it was determined that the less severe
childhood fractures are very common and may not provide reliable information of
the possible underlying fragilities of the bone. Therefore, only the fractures that
were sufficiently severe to be treated in hospital were included. This fracture
population included not only severe fractures, but also all those fractures that
required general anesthesia. Note that other studies that have published the results
of the association of in-utero tobacco or alcohol exposure with bone have not found
a difference between in- and outpatient fractures. The results in these studies have
varied as stated earlier. The latest study by Brand et al. (2020) showed that there is
an association with maternal smoking during pregnancy and childhood bone
fractures even though all fractures were included (Brand et al., 2020). This may
indicate that the association is not limited to in-hospital treated fractures only.
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It was also decided to include only early childhood fractures, since it was
deduced that, subsequently, factors of individual behavior and hobbies etc. will play
a more important role in the risk of fractures than gestational conditions or genetics.
An aspect that must be considered the strength of the studies is that the health
care system in Finland is based on high-standard public services. During the study
period (1995–2004), the private sector had a minimal role or lacked a role in the
treatment of childhood fractures that required hospitalization. Therefore, it can be
stated that the high standard treatment resources were available for everyone,
regardless of the social status of the family. Thus, there is no inclusion bias when it
comes to the place of treatment.
In general, in Finnish health care system, if a child has his/her first or second
fracture and there is an obvious reason for it—for example, a fall, the assessment
of vitamin D levels or other laboratory parameters are not performed routinely. If
there are suspicions of a chronic disease in the background, it is common policy to
conduct further investigations. In our studies (I–III) the cases with possibly boneaffecting illness were removed from the study population. Although the complete
nutritional status of pediatric patients during the hospitalization has not been
documented, the vitamin D supplementation has been provided to children in
Finland since the 1940s (Hallman, Hultin, & Visakorpi, 1964; Lehtonen-Veromaa
et al., 1999). Additionally, the growth and development of all children in Finland
are followed from birth until the age of graduation from junior high school by
regular and compulsory nurse or doctor visits at a maternity clinic (Ministry of
Social Affairs and Health, 2020). Because of these measures, nutritional
deficiencies like rickets are extremely rare.
There are certain limitations in the studies at hand (I–III). The total number of
fractures was too low to enable subgroup analysis between the sexes, bone types
(long vs. flat), and fracture location. Moreover, it was not possible to divide the
pediatric fractures in different groups according to age either due to the number of
fractures. Further, the type of the injury was not documented for all the fractures,
thereby making it impossible to distinguish high-energy traumas from other injuries.
Thus, the energy of each individual injury remains a confounding factor, and the
results of this study must be considered in the context of this limitation. However,
flat bone fractures were excluded from study III and, therefore, the material was
coherent in this regard. The healing outcomes of the fractures were not available
either and this can be counted as a limitation of the studies.
As another limitation must be mentioned that the genetic data was not available
for all the participants of the cohort. On account of this, the study group in study II
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did not include all inpatient-treated fractures before the age of seven. However,
study II consisted of 3230 participants, which can be taken as a satisfactory number
to assess the introductory hypothesis.
Further, the NFBC 1986 data does not include bone density measurements
from children or adults. Therefore, analysis and comparisons to other studies
regarding BMC and BMD could not be performed.
Another limitation of the studies was the lack of accurate information of other
potential confounders in childhood, such as mental and physical health conditions.
Although it must be noted that children with diagnosed illness that could possibly
affect the bone were excluded from the material and several important confounding
factors were included in the studies.
With regard to the results of studies I and III, it must be noted that the amount
and timing of smoking and alcohol consumption was documented by
questionnaires. There are always uncertainties related with such information, as the
consumption (of alcohol or cigarettes) is declared by the mothers by themselves
(Klesges, Klesges, & Cigrang, 1992; Nafstad, Jaakkola, Hagen, Zahlsen, &
Magnus, 1997; Pickett, Rathouz, Kasza, Wakschlag, & Wright, 2005; Walsh,
Redman, & Adamson, 1996). In addition, in the study III, 418 mothers left the
alcohol question unanswered and there is no insight with regard to why they refused
to answer. It can be speculated that this group included the heaviest drinkers and
they did not provide an answer for the sake of modesty. On the other hand,
according to the statistical analyses, the fracture rate was not significantly higher
among those children whose mothers did not answer the question compared to
those whose mothers provided an answer (1.9% vs 1.4%, p = 0.6). The offspring of
those mothers who did not answer were excluded from the analysis (III) to reduce
the bias.
It must be noted that there may be other sort of problematic behavior in the
families where the mother has consumed alcohol during pregnancy. This type of
behavior may include abuse of other substances, violence, and psychiatric disorders
of the parents. In the studies, these traits of the parents could not be definitively
identified. However, the socioeconomic status of the family was included as a
confounder and this must take into account at least some of the problematic families.
In addition, it is very likely that most of the mothers who had consumed alcohol
during pregnancy did so because they were unaware of the pregnancy and not
because of negligence. This is supported by the fact that most of the alcohol
consumption happened between pregnancy weeks 1–16.
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In addition, the lifestyle of the mother and the family may affect also affect the
child’s fracture risk after birth. The socioeconomic status of the family has been
taken into consideration in the analyses as a confounding factor to reduce the bias
caused by the different social status. Ultimately, however, this does not cover all
the aspects of lifestyle, such as passive smoking or unhealthy diet.
6.5

Future research

Several questions and suggestions for future research arose from the studies (I–III)
in this dissertation:
–

–
–
–

–
–

–
–

–
–

What are the results of analyses with a larger number of fractures so that
subgroup analyses including injury energy, different types of bones (flat vs.
long), and different age groups can be taken into account?
Does analysis including the conventional outpatient treated fractures affect the
results?
In order to increase the strength of the GWAS and validate the current results,
the study should be replicated in another, larger population
Attention Deficit Hyperactivity Disorder (ADHD) and developmental
retardations have been linked to the fracture risk (Guo et al., 2016). Do the
results change if these are added as confounding factors?
Is it possible to organize a study where the amount of consumed alcohol or
tobacco is controlled by blood tests?
What is the reason for the decrease in BMD and increase in fracture risk
increase among children whose mother has smoked during pregnancy?
Vasoconstriction in the placenta and/or hypoxia of the fetus? Direct effect of
some toxic agent to the fetus?
Is nicotine the reason underlying the bone effects? BMD and fracture risk must
be analyzed from users of nicotine replacement products.
What are the histological changes in the bone of those fetuses whose mother
has been exposed to cigarette smoke or nicotine? A study with animals is
required.
What is the association of smoking and alcohol consumption during pregnancy
to the BMC and BMD of the child in a large cohort?
The knowledge of the nutritional status and vitamin D levels of the study
subjects would be useful as a confounding factor to dispel the doubts of bias
caused by undernutrition.
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–
–

68

Within-sibship analyses must be performed to control for shared familial
factors.
The fractures in the studies of this thesis were recorded during the period 1985–
1994. During the last two decades the operative treatment of pediatric fractures
has increased (Helenius, Lamberg, Kääriäinen, Impinen, & Pakarinen, 2009).
Therefore, the same type of cohort study with a newer population would
include more hospital-treated fractures.

7

Conclusions

The intrauterine and genetic factors associated with fracture risk in childhood
fracture before school age were studied in this research.
1.

2.

3.

We showed that the maternal smoking during pregnancy may affect the
developing fetus, thereby resulting in increased risk of suffering a hospital
treated fracture before school age. The result adds knowledge of the
disadvantageous effects of smoking during pregnancy and emphasizes the
importance of encouraging pregnant mothers and those planning a pregnancy
to quit smoking. Avoiding smoking would improve the bone health of the
children as well as reduce the risk of miscarriage and premature birth.
With the use of GWAS, we were able to identify genetic loci that are associated
with childhood fractures. We identified one statistically significant locus (lead
SNP rs112635931) in the vicinity of the PROSER gene. Although the specific
function of this gene is not known, the protein PROSER has been found to be
expressed in the osteoblast cell line in mice. Six genetic loci with suggestive
association to pediatric fractures before school age were also discovered. Four
of these six (the lead SNPs rs9827298, rs374077976, rs41316954, SNP
rs111299584) were found to be linked to bone tissue or BMD. Study II is an
important opener for the research of genetic factors underlying subtle bone
fragilities that may lead to increased fracture risk. The result must be validated
with a larger set of material in the future.
We also established that there exists an association between maternal alcohol
consumption during pregnancy and increased fracture risk in childhood. This
result is important as it verifies the earlier assumptions that even small amounts
of alcohol during the prenatal period may cause changes in the bone tissue,
which do not manifest themselves as growth retardations or malformations, but
still increase the risk of fractures in childhood. Alcohol usage during pregnancy
is still rather common, particularly in Europe. This appears unreasonable, since
the amount of available knowledge and education in numerous European
countries is high, for example, as compared to that in Africa. On the other hand,
alcohol consumption has become socially more acceptable among young
women, which is something that is also an effect of alcohol advertising.
Moreover, a large number of the pregnancies among young European women
are unplanned. Education regarding the hazards of alcohol to the fetus must be
increased to prevent the detrimental effects of prenatal alcohol consumption on
69

the bone development and general health of the offspring. The effect of birth
weight and birth length were also studied, but no statistically significant
association to pediatric fractures were found.
In the future, further studies could examine whether these association to smoking
and alcohol consumption also hold for more benign fractures. A larger data set
would be required to enable subgroup analysis with different injury energies,
different bones, and different age groups.
Overall, the results of the studies in this thesis verify that genetic characteristics
as well as gestational environment play a crucial role in bone health in childhood.
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