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Abstract 

Background: Osteoporosis and osteoporotic fractures are major public health problems. 

Optimizing peak bone mass (PBM) is critical to the prevention of osteoporosis in later life. 

The role of genetic components and environmental factors in the PBM remains uncertain. 

There are only few prospective studies followed from infancy through to adult life. 

Moreover, bone outcomes in previous studies are limited to areal bone mineral density 

(BMD), which is only one factor contributing to bone strength. Therefore, this thesis aimed to 

evaluate the magnitude of genetic contributions to PBM and the association of early-life 

exposures with bone development from birth to young adulthood when PBM is achieved.  

Methods: We performed a 25-year follow-up from our original birth cohort in Tasmanian 

Infant Health Survey (TIHS) in 1988 and 1989. The pregnant mothers were invited in our 

original study and then both mothers and offspring were followed when offspring were aged 

8, 16 and 25 years. Outcomes measured were offspring’s areal BMD at the spine, hip, and 

total body by dual-energy x-ray absorptiometry (DXA) at each follow-up and trabecular and 

cortical bone measures at the distal radius and tibia by high-resolution peripheral quantitative 

computed tomography (HRpQCT) at age 25 years. Early life exposures included 

breastfeeding, maternal smoking and birth weight obtained from the child’s medical record 

and postnatal questionnaires. Serum 25-hydroxyvitamin D (25OHD) concentrations were 

measured and fractures were self-reported and confirmed by radiographs at each follow-up. 

Other factors measured were anthropometrics, lean mass (LM), and fat mass (FM) (by DXA), 

inhaled corticosteroids (ICS) usage, sports participation, and fitness (by physical work 

capacity (PWC170)). Multivariable linear regressions were used to analyse the associations of 

the exposures with all bone measures. 
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Results: There were 201 participants followed up from birth to age 25 years. We found: 1) 

Genetic factors have an important role in the development of bone microarchitecture in 

young adulthood measured by HRpQCT with heritability estimates ranging from 24% to 74% 

within mother-offspring pairs; this heritability was strongly shared for the radius and tibia 

and varied by sex; 2) Areal BMD tracks strongly from childhood to young adulthood 

(correlation coefficients: males, 0.59 to 0.65; females, 0.70 to 0.82) and this is largely 

independent of linear growth; increasing LM in both sexes, more fitness and sports 

participation in males from age 8 to 25 years had positive associations with BMD at age 25 

years; 3) For early life exposures: breastfeeding was beneficially ( standardised coefficient =-

0.78 to 0.88) and maternal smoking was detrimentally (standardised coefficient = -0.38 to 

0.41) associated with volumetric BMD and bone microarchitecture in young adulthood; 

associations of birth weight with these bone measures did not persist after adjustment for 

weight gain since birth; 4) Serum 25OHD concentrations at age 16 significantly associated 

with BMD and bone microarchitecture at age 25 (standardised coefficient = -0.17 to 0.18). 

However, serum 25OHD at age 8 had no association with any bone measures and serum 

25OHD at age 25 was only associated with hip BMD (standardised coefficient = 0.18); 5) 

Pre-pubertal fractures were significantly associated with a smaller increase in areal BMD 

from age 8 to 25 compared to participants with no fractures and were negatively associated 

with volumetric BMD and microarchitecture measures at age 25 years (coefficient = -27.59 to 

2.60). However, pubertal fractures had no association with any bone measures and post-

pubertal fractures only with a lower Trabecular number (coefficient = -0.22). 

Conclusions: These findings suggest that both genetic and environmental factors play an 

important role in the development of PBM and improvement of microarchitecture in young 

adulthood. Strategies like encouraging breastfeeding and avoiding maternal smoking, 

improving LM, fitness and sport participation, optimising vitamin D status particularly during 
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adolescence and preventing fractures in the pre-pubertal years may help optimise bone 

development and thereby reduce the risk of osteoporotic fracture in later life. 
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 Introduction 

 Overview of osteoporosis 

Osteoporosis is defined as a metabolic bone disease characterised by bone fragility and 

microarchitectural deterioration, with a consequent reduction in bone strength and an increase 

in susceptibility to fracture (1). Bone strength is determined by bone mass, bone structural 

design and material composition. Areal bone mineral density (BMD) measured by dual 

energy X-ray absorptiometry (DXA) is the gold standard for diagnosing osteoporosis and is 

commonly used as the surrogate measure of bone strength as it is highly accessible and is a 

key determinant of fracture risk alone or with several clinical risk factors(2,3). The diagnostic 

criteria by WHO is based on how many standard deviations of BMD related to peak bone 

mass (PBM) in healthy young adults of the same gender and ethnicity, with osteoporosis 

being defined as a BMD T-score lower than -2.5 and osteopenia (also known as low bone 

mass) as between -1 and -2.5 (4).  

Osteoporosis is often called a “silent disease” because it is usually asymptomatic until a 

fracture occurs. Osteoporotic fractures commonly occur in the vertebra with minimal trauma, 

such as significant back pain after a vertebral compression fracture. Fractures caused by a fall 

from a standing height or less or during general activities in adults over age 50 should be first 

considered as osteoporotic. Increased risk of fractures is the greatest concern of osteoporosis, 

which can result in chronic pain, reduced mobility and quality of life and substantial 

economic burden for the population (5).   
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 The epidemiology and economic burden of osteoporosis and osteoporotic 

fractures 

Osteoporosis is considered as a clinical and public health concern due to its high prevalence 

worldwide and severe consequences, such as hip fractures. In 2010, it was estimated that 158 

million people (87% were female) aged over 50 years were at high risk of osteoporotic 

fracture worldwide and this is expected to double by 2040 (6). In Europe, it was estimated that 

27.5 million people (80% women) had osteoporosis and 3.5 million new fragility fractures 

occurred in 2010 (7). A disease burden report from Osteoporosis Australia showed that the 

burden of osteoporosis has been underestimated and 4.74 million people over 50 years old 

(66% of whole population over 50) have osteoporosis (22%) or osteopenia (78%) in 2012 and 

it is estimated to increase by 30% by 2022 (8). The number of osteoporotic fractures is 

increasing in women over age 55 years and men over 65 (9). It is estimated that 2.7 million hip 

fractures occurred worldwide in 2010, of which half of fractures could be attributed to 

osteoporosis (10). The annual economic burden of osteoporotic fractures is high with an 

estimated cost of  US $17 billion in the United States (2005), € 37 billion in Europe (2010) 

and direct costs of US $1.88 billion in Australia (2017) (7,11,12). These reports underscore the 

importance of preventing osteoporosis and related factures.  

 The importance of PBM for the prevention of osteoporotic fractures 

1.3.1 PBM acquisition and age-related bone loss 

Bone strength in old age is the result of PBM achieved during growth and the bone loss due 

to ageing. During growth and development, bone mass increases relatively slowly through 

birth to childhood. During puberty, bone mineral accretion is rapid and reaches a peak shortly 

after peak height velocity (PHV). Then the increment in bone mineral is less before it reaches 
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a peak in early adulthood. The exact timing of PBM is inconsistent and varies by skeletal site, 

bone compartment, sex and lifestyle factors (13-16). After PBM attainment, age-related bone 

loss might start at a slow rate with site and sex-specific differences(17-20) . For women, BMD 

decreased substantially during the perimenopause, especially in the late perimenopause and 

then rapidly in the postmenopausal period (17). Men will also experience slow bone loss in 

middle life, and they lose bone at the same magnitude as women in later life.  

1.3.2 Optimising PBM is important for preventing osteoporosis and fractures 

PBM has been reported as the major predictor of the risk of osteoporosis later in life (21). 

Based on a theoretical analysis, Hernandez et al. estimated that a 10% increase 

(approximately a 1-SD higher) in PBM would delay the onset of osteoporosis by 13 years, 

while a 10% postponement in the age at menopause or a 10% decrease in the rate of age-

related bone loss would delay it by 2 years (21). It has also been estimated that each 5% 

decrease in femoral neck BMD in elderly women is associated with an increment in fracture 

risk by 40% and 90% for all and hip fractures, respectively (22).  Moreover, a case control 

study based on participants (9–16 years old) from our group estimated that 1-SD loss in 

lumbar spine or femoral neck BMD could result in an estimated 50% increment in the 

relative risk of wrist or forearm fracture (23). Overall, these studies suggest that the long-term 

benefits of optimising PBM in early life could be substantial.   

  Methods for measuring bone strength 

1.4.1 BMD is only one factor contributing to bone strength 

The concept of BMD is commonly used as a surrogate measure of bone strength, which is 

characterized by bone mass, structural design and material composition. To date, most studies 
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regarding BMD are measured by DXA, which is the gold standard for diagnosis of 

osteoporosis and widely used for fracture risk prediction. A recent meta-analysis of 38 

randomized, placebo-controlled trials with up to 111,000 participants demonstrated that 

greater improvements in BMD (by DXA) by various therapeutic agents had a significant 

association with larger reduction in risk of vertebral and hip fractures but not with 

nonvertebral fractures (24). This study found that the risk of fractures could be reduced by 

16% or 40% for the hip and 28% or 66% for the vertebral sites if total hip BMD improves by 

2% or 6%(24). However, DXA as a two-dimensional imaging technique could not distinguish 

cortical and trabecular bone and is easily affected by bone size and position (25); Moreover, 

BMD measured by DXA could not accurately reflect bone structure and is only one factor 

contributing to bone strength (26). 

Overall, BMD measured by DXA is important in clinical setting and medical research, but 

new technologies are also needed to identify participants with high risk of fracture at an early 

stage and would have much beneficial to reduce fracture burden in future.  

1.4.2  Bone microarchitecture by HRpQCT are strong predictors of fracture risk 

The innovative new technology of high-resolution peripheral quantitative computed 

tomography (HRpQCT) can measure bone material and structural composition in the cortical 

and trabecular compartments, thus potentially leading to a better understanding of bone. The 

main application of HRpQCT has gradually shifted from technical research to clinical studies 

since its introduction in 2005. One prospective study based on eight international cohorts 

(mean age of 69 years at baseline, average follow-up 4.6 years) found that most fractures 

(86%) occurred in participants with femoral neck T scores greater than -2.5 but with deficits 

in volumetric BMD (vBMD) and bone microstructure. This study also demonstrated that 

cortical and trabecular vBMD, microarchitecture and failure load had significant associations 
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with incident fracture independently of femoral neck aBMD and fracture risk assessment tool 

(FRAX) score (27). One systematic review and meta-analysis of 40 cohort studies further 

supported that HRpQCT parameters at radius and tibia improved the fracture risk prediction 

in clinical setting by assessing participants with and without fractures, aged 10.9 to 84.7 years 

without comorbid illness (28).  

Overall, these studies suggest that bone measures at peripheral skeletal sites by HRpQCT 

could provide further information about skeletal fragility not captured by DXA at clinically 

relevant sites such as spine or hip and have been shown to improve fracture prediction in 

addition to areal BMD(27,29).   

 The role of genetic and early life factors in the development of PBM 

1.5.1 The role of genetics in PBM 

The role of genetics in osteoporosis has been well-defined (30,31). Genetic factors have been 

identified and explain 60-80% of the variation in areal BMD depending on skeletal site and 

age (32). Genome wide association studies (GWAS) have identified over 500 susceptibility 

loci linked with areal BMD and around 15 loci with fracture risk in adulthood (33,34). Many 

loci have also been identified in childhood and adolescent areal BMD, varying by sex and 

degree of maturation (35-39). However, there are only a few genetic epidemiology studies in 

vBMD and microarchitecture, with the heritability values ranged from 19.3% to 98.3% 

depending on the age, skeletal sites, bone compartment and heritability calculation methods 

(40-43). Recent GWAS studies have also identified several novel cortical and trabecular vBMD 

and microarchitecture related loci, which have not been reported to be associated with areal 

BMD (44-48). Overall, these studies demonstrated that genetic factors make a substantial 

contribution to the variance of bone microarchitecture. However, to date, there are only a few 
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genetic studies in early adulthood when peak bone microarchitecture (by HRpQCT) is 

approximately achieved (39,44). For example, the Gothenburg Osteoporosis and Obesity 

Determinants (GOOD) study investigated the genetic association among individuals aged 

between 23 and 25 years, but this study only included male participants (44). Although genetic 

factors are not modifiable, the genetic contribution to peak bone microarchitecture still 

warrants further study because it could provide a better understanding of the genetic role in 

growth related and age-related etiology of bone fragility and fractures. Moreover, it helps us 

target populations with a genetic predisposition with interventions to optimise bone 

development and fracture prevention in earlier stage. 

1.5.2 Tracking of BMD from childhood to adulthood 

Osteoporosis is a heritable disease and many quantitative trait loci have been identified that 

associate with BMD and osteoporotic fracture (37,38,49-51), suggesting that osteoporosis may 

have its origins in early life. Genetic factors have also been shown to make a large 

contribution to PBM (52,53), suggesting that BMD is likely to track, that is, there is stability 

and continuity of BMD within a studied cohort over time. 

Many longitudinal studies based on DXA have suggested that BMD and bone mineral 

content (BMC) track through childhood to adolescence with tracking correlations ranging 

from 0.39 to 0.88 depending on sex, skeleton sites, compartment and follow-up duration (54-

61). Tracking correlations slightly decrease during adolescence due to a larger variation in 

growth of bone during this important period and the different timing of peak bone mineral 

accretion. After this period, the correlation again increases. In a two year cohort study of 688 

Norwegians aged 15-17 years, the tracking correlations of BMD at femoral neck, total hip, 

and total body were as high as 0.96 in both sexes (62). Strong tracking of BMD measurement 

at distal and ultradistal forearm sites has also been observed among women and men aged 25-
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44 years to 6.4 years later, with tracking coefficients over 0.93 (63). Numerous prospective 

studies have also reported tracking of forearm bone measurement in premenopausal and 

postmenopausal women as well as old men using single photon absorptiometry (64-67). 

However, BMD tracking at axial skeletal sites from adolescence to young adulthood has not 

been assessed in previous studies. Only one 28-years longitudinal study followed participants 

from childhood (mean age of 10 years) to adulthood (68). This study showed weak to moderate 

correlation (r= 0.35 for boys and r = 0.50 for girls) for distal forearm bone mass Z scores. 

Baseline BMD only explained 12% and 25% of the variance of BMD in adult men and 

women respectively, suggesting a poor ability to predict adult distal forearm BMD using 

childhood BMD. However, this study was limited by small sample size (n=214), wide age 

range (3-17 years) and by using single-photon absorptiometry (SPA), which is a technique no 

longer widely used in clinical practice (69-71). Direct evidence is still needed to confirm the 

potential tracking of BMD and to estimate the magnitude of the tracking from childhood to 

early adulthood, when PBM is approximately achieved. This could lead to a better 

understanding of the development of PBM and provide evidence to support early life 

screening of children at high risk and help target interventions to optimise bone development 

later in life. 

1.5.3 The association of early life factors with PBM  

Although osteoporosis is a heritable disease, modifiable early life factors may explain 20–

40% of the variation of PBM. Therefore, it is important to explore the potential risk factors 

and interventions on bone accretion from infancy to early adulthood, and to develop 

strategies in the window of opportunity to optimise PBM.  
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1.5.3.1  Breastfeeding, maternal smoking and birth weight with PBM 

Breastfeeding 

Recent studies have suggested multiple lifelong health benefits of breastfeeding for both 

infants and mothers (72-74). However, the protective role of breastfeeding in the bone health is 

uncertain. Observational studies have shown a positive effect of breastfeeding on spine or 

whole body BMD/BMC throughout lifetime (75-80). For example, Fewtrell et al. showed that 

greater exposure to human milk might have long-term benefits for higher PBM despite its 

low mineral content (78). They speculated that this benefit may stem from some non-nutrient 

components (such as hormones and growth factors) (78). Similarly, our group showed that 

breastfeeding in early life was associated with spine, hip and whole body BMD at ages 8 and 

16 years and with a one third reduction in fracture risk up to age 16 years (81,82). In contrast, 

several prospective birth cohort studies (83-85) and one original RCT (86) found no beneficial 

association of breastfeeding with BMD in childhood and young adulthood. The reasons for 

the discrepancy are not clear but could be due to the different duration, ‘dose’ or the 

exclusivity of breastfeeding and lack of an adjustment for confounders in the analysis. 

Nonetheless, more long-term cohort studies are needed to confirm the long-term association 

of early-life exposure to breastfeeding with bone health in adulthood. Noteworthily, no 

studies have investigated these associations using bone microarchitecture as outcomes, which 

may provide additional information about the influence of breastfeeding on bone health. 

Maternal smoking   

Maternal smoking during pregnancy has been negatively associated with whole-body BMC 

or BMD in neonates (87-89)
, but the evidence investigating the influence on bone health in 

childhood and young adulthood is inconclusive (82,89-93). Our group previously found a 

detrimental association of maternal smoking with BMD at lumbar spine and femoral neck but 
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not total body at age 8 years (90). The effects decreased but remained significant when further 

adjustment for current height and weight (90). However, the detrimental effects did not persist 

to adolescence (at age 16 years) when we reassessed this cohort (82). In contrast, three other 

large population-based birth cohort studies showed positive associations between maternal 

smoking and lumbar spine, total-body BMD/BMC at ages 6 and 10 years (91,92), but negative 

association at age 18 years old (93). However, these associations all disappeared after 

adjustment for current height and weight. The authors further found that the magnitude of 

associations were similar between paternal and maternal smoking, which suggested the 

associations between bone and maternal smoking are likely to be confounded by shared 

lifestyle-related factors rather than via intrauterine mechanisms (91,92). Overall, these 

conflicting results could be attributed to several aspects: a) the detrimental effects of maternal 

smoking might be transient; b) the timing, the dose and the length of prenatal smoking 

exposure were different across studies; c) there were variations in adjustment for potential 

environmental confounders. Of note, no study has been conducted in young adults with 

cortical and trabecular microarchitecture measured using HRpQCT. Therefore, further studies 

of large sample size, long-term follow-up and with bone microarchitecture measured are 

needed with appropriate adjustment for potential confounding. 

Birth weight 

Birth weight has been widely used as a marker of nutritional status during pregnancy. A 2013 

systematic review of 17 longitudinal studies found that the positive association between birth 

weight and bone measures is clear in children; however, the associations remain inconsistent 

among adolescents, and there was only a weak association in adults after adjustment for 

current height and/or weight (94). Studies published after this review found that birth weight 

may be associated bone mass in adolescents and young adults, but later growth has  a 
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stronger association with skeletal development (93,95-97). For example, our group previously 

found that birthweight was positively associated with BMD at femoral neck and lumbar spine 

in childhood (at 8 years old) even after adjustment for subsequent weight and height gain 

since birth(98), but these associations were no longer apparent in adolescence (at 16 years old) 

(82). This suggests that the association between birth weight and bone health might be 

transient. However, findings from ALSPAC birth cohort (geographically based in the UK ) 

suggested inverse relationship between birthweight and cortical BMD (by mid-tibial pQCT 

scans) in adolescence (at 15-17 years old) after adjusting for current height and weight, and 

this association was partly mediated by the effects of puberty and bone resorption (95). 

Overall, these results suggest that while low birth weight may adversely affect bone 

development in utero, which could last to early childhood, but later weight and height gain or 

environmental factors might offset the detrimental influence on bone development by the 

time adolescence is reached. Nonetheless, long-term association of birth weight with bone 

microarchitecture in adulthood remains to be studied.” 

1.5.3.2 The association of vitamin D with PBM 

Prevalence of vitamin D deficiency 

Vitamin D is an essential nutrient for calcium absorption and is critical to bone development 

from childhood to adulthood. Vitamin D can be obtained by the direct exposure to ultraviolet 

rays in sunlight (90%) and limited foods (10%), such as fortified dairy products and fatty 

fish. The circulating form of vitamin D in the body is 25-hydroxyvitamin D (25OHD), which 

is the optimal indicator of vitamin D level. Based on current clinical evidence, serum 25OHD 

concentration over 50 or 60 nmol/L is important to maintain bone and muscle health and 50 

nmol/L is the most widely used threshold to define vitamin D deficiency (99-103).  
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According to this cut-off point, there is a high prevalence of vitamin D deficiency among the 

population worldwide (104-106). A 2014 systematic review of serum 25OHD levels based on 

studies from 44 countries (involving over 168,000 participants) found that 37.3% of the 

studies reported mean 25OHD level below 50 nmol/L (106). In Australia health survey in 

2011- 12, overall around 23% of population had vitamin D deficiency, with the rate varying 

by age, the use of vitamin D supplements, season and region(107). The proportion of vitamin D 

deficiency ranged from 15% in adolescents (aged 12 to 17 years), and 31% in young 

adulthood (aged 18–34 years) to 15%-20% in old adulthood (aged over 65 years) (Figure 

1.1).    

Figure 1.1 Serum vitamin D deficiency and use of vitamin D supplements by age in 

Australia 2011-12 (Source: Australian Bureau of Statistics, Australian Health Survey: 

Biomedical Results for Nutrients). 

There is evidence from randomized controlled trials (RCTs) that vitamin D supplementation 

has no benefit to BMD or fracture risk in community living older adults, however, whether 

there is benefit in those with vitamin D deficiency population is less clear although studies in 

nursing homes suggest there is some benefit (108,109).  
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Vitamin D exposure in utero with bone development  

There is increasing evidence that vitamin D during in utero and in early adulthood may 

influence bone development. Observational studies examining the association of vitamin D 

exposure in utero with offspring bone mineralization from neonatal up to 20 years of age 

have shown contradictory results (110-114). To our knowledge, only two large scale RCTs have 

investigated the effect of vitamin D supplementation during pregnancy  on offspring’s bone 

development in neonates and childhood (115,116), and no study followed the participants into 

adulthood. The Maternal vitamin D Osteoporosis Study (MAVIDOS) with neonatal DXA 

assessed within 2 weeks of age found that supplementation of mothers with cholecalciferol 

1000 IU/day during pregnancy (from 14 weeks’ gestation until delivery) did not result in an 

increase in neonatal whole-body BMC compared with placebo (115). The findings from 

Brustad et al. provides an additional but opposing view on this topic (116). The authors 

conclude that a higher dose of vitamin D supplementation (2800 IU/day) in pregnancy 

improved offspring’s overall bone mineralization status at 6 years old compared with the 

standard dose (400 IU/day) from 24 weeks’ gestation until 1 week post-partum. This 

discrepancy between these two-double blinded RCTs may be due to different 

supplementation doses and the timing of offspring’s DXA scans. Therefore, future studies are 

needed to explore the optimal vitamin D supplementation dose and timing during pregnancy. 

Also, more research regarding long-term effects of high-dose maternal vitamin D 

supplementation on bone health are required”.  

The impacts of vitamin D deficiency during childhood to early adulthood on bone 

accretion 

The association of vitamin D deficiency (serum 25OHD <50 nmol/L) with bone development 

and osteoporosis prevention in childhood to early adulthood is also limited. An earlier review 
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from our group  in 2013 suggested that vitamin D deficiency had a negative association with 

bone accretion probably from in utero to adolescence, but the effect of vitamin D 

supplementation on improving bone health remains unclear (117). In a 2016 scientific 

statement about PBM development from the National Osteoporosis Foundation, it 

summarised that vitamin D supplementation has moderate positive association with BMD 

accrual in children and adolescents from eight RCTs. Of note, the mean baseline serum 

25OHD concentration ranged from 18 to 48 nmol/L, which was lower than the generally 

accepted vitamin D deficiency cut off (50 nmol/L) (15).  However, most of the RCTs primarily 

were conducted in young females aged 10 to 17 years with a short intervention duration, thus 

the long-term relationship between vitamin D in early life with bone health in young 

adulthood is still uncertain. Observational data have suggested that vitamin D deficiency in 

childhood could have long-term effects on bone mineralization during growth (118-120). 

However, many of these studies had only areal BMD measured by DXA and relatively short-

term follow-up. Only one observational study followed participants from age 6 to 20 years 

and found that serum 25OHD concentrations in childhood and adolescence were positively 

associated with total body areal BMD at age 20 in males but not in females (119). However, to 

our knowledge, no studies have examined vitamin D levels during different growth periods 

with bone microarchitecture in young adulthood. Therefore, the critical period during which 

vitamin D supplementation may be most effective on bone microarchitecture is still uncertain 

and more evidence is needed to investigate the “critical window” in early life during which 

vitamin D levels have the strongest association with both areal BMD and bone 

microarchitecture measures in young adulthood. 
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1.5.3.3  The association of calcium intake with PBM 

Adequate calcium intake during growth is essential for bone health, but whether the benefit 

would persist into later life is still uncertain. A 2006 systematic review of 19 RCTs of 

calcium supplementation (including in food) at least 8.5 months in children and adolescence 

concluded that calcium supplementation had no effect on BMD at the femoral neck or lumbar 

spine but a small effect on the upper limb. However, this influence was unlikely to result in a 

clinical decrease in risk of fracture (121). Two later RCTs after this review further confirmed 

this conclusion (122,123). These two studies found that calcium supplementation enhanced 

BMD accretion in children, but the effect was short-term in nature, and not sustained (122,123). 

However, only one of these RCTs were followed to young adulthood (12 years after 

supplementation)(123) and no studies explored the associations between calcium 

supplementation and fractures risk. Moreover, only three RCTs evaluated the influence of 

calcium supplementation on bone outcomes measured by pQCT and two of them found 

greater trabecular or cortical bone acquisition in the supplementation group(124-126). 

Nevertheless, the long-term association of calcium intake with bone health is poorly studied, 

particularly using bone microarchitecture as outcomes. 

1.5.3.4 The association of fractures in childhood and adolescence with PBM 

The frequency of fracture is high in healthy children and adolescents(127,128). Nearly one half 

of boys and one-third of girls experience fractures in childhood and adolescence with the 

forearm being the most sustained site (129-132), reflecting the high vulnerability of bone during 

growth. Studies suggest that the peak fracture incidence occurs around 8-14 years and the 

time point in girls is earlier than boys (Figure 1.2) (133-135).  
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Figure 1.2 Incidence of distal forearm fractures among male and female residents of 

olmsted county, Minnesota, 1999-2001, by Age Group (Source: Incidence of childhood 

distal forearm fractures over 30 years: a population-based study. JAMA. 2003). 

Fractures occurring in childhood or adolescence have been associated with low BMD and 

suboptimal microarchitecture in adulthood (133,136-140). However, prospective studies  were not 

specially excluding participants with fracture history before the baseline areal BMD 

measurement (133,136), therefore we do not understand whether the low BMD at baseline was a 

consequence of earlier fracture or the low baseline BMD predisposes to later fracture. Other 

studies have been limited by using peripheral quantitative computed tomography (pQCT) 

(137,138), cross-sectional study design (138-140) or self-reported fractures (133,136,138). Moreover, 

these studies did not specifically investigate the association of fractures that occurred during 

different growth periods with bone health in young adulthood. This is important as the rate of 

bone mineralization differs substantially by puberty status. Therefore, long-term prospective 

studies are needed to describe the association between clinically verified first fractures 

occurring at different stages of growth and bone health in young adulthood. 

1.5.3.5 The association of physical activity with PBM 

Sufficient physical activity and regular exercise provide important benefits for physical and 

mental health. Nowadays, most children and adolescents do not have sufficient physical 

activity. A recent pooled analysis of 298 school-based surveys with 1.6 million youth aged 

11–17 years found 81% of them (77.6% boys and 84.7% girls) were insufficiently physically 
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active in 2016 (Figure 1.3) (141). The 2018 Physical Activity Guidelines for Americans 

demonstrate that although the amount of physical activity has improved, only 20% of youths 

reported sufficient activity in 2015 and the amount of total activities in girls was much lower 

than that in boys (Figure 1.4) (142).  
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Figure 1.3 Prevalence of insufficient physical activity among school-going boys (upper) 

and girls (lower) aged 11–17 years, 2016 (Source: Global trends in insufficient physical 

activity among adolescents: a pooled analysis of 298 population-based surveys with 1.6 

million participants. The Lancet Child & Adolescent Health. 2019). 
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Figure 1.4 Percentage of US high school students who met the aerobic physical activity 

and muscle-strengthening guidelines, 2011-2015 (Source: The physical activity 

guidelines for Americans. JAMA. 2018)(142). 

 

There is substantial evidence that physical activity and exercise are beneficial to bones during 

childhood and adolescence. One systematic review of 53 RCTs and 28 prospective 

longitudinal studies showed that high levels of physical activity and exercise were repeatedly 

associated with greater bone mineral content (BMC) and BMD (by DXA) accretion 

compared to less active participants during childhood and adolescence, but the positive 

association with bone structure was inconsistent (15). Another systematic review of 19 cohort 

studies also found that physical activity plays an important role for BMC or BMD (by DXA), 

especially during the growth period and for males (143). They suggested that the lower number 

of associations in females may be explained by the low participation in peak strain activities 

(143). However, in most of these studies, end points or outcomes were measured by DXA and 

pQCT, which could not capture all properties of bone structure and composition that 

contribute to bone strength. Moreover, the detailed information about the type, the intensity, 

the sets and repetitions of the activities that are optimal for bone strength are still uncertain. 
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Therefore, future research is needed to investigate the specific types of physical activities 

during youth that are required to achieve the optimal PBM and microarchitecture. 

1.5.3.6 Other relevant factors and PBM 

Other major factors potentially associated with PBM include, but not limited to, 

nutrition/diet, socioeconomic status, sedentary behaviour, and overweight/obesity, which are 

which are briefly discussed below. 

Nutrition and diet play an important role in bone development. Dietary pattern is a common 

method to examine the association of overall diet with health conditions. A recent systematic 

review and meta-analysis of 20 observational studies in children and adults identified 3 

dietary patterns and demonstrated that “Healthy” and “Milk/dairy” patterns were associated 

with reduced risk of low BMD and fracture, but a “Meat/Western” pattern has an inverse 

associations with these outcomes (144).  Similarly, another recent systematic review and meta-

analysis based on 31 observational studies found that a “Prudent/healthy” dietary pattern had 

an inverse association with the risk of low BMD and facture(145). However, only a few studies 

were conducted in childhood and adolescence and most of them had a cross-sectional design, 

a short food records (< 7 days), or a short follow up time (< 6 years). Only one prospective 

cohort study investigated the influence of dietary patterns on bone measures in young adults, 

showing that a higher adherence to a pattern characterised by a high intakes of protein, 

calcium, and potassium in middle  (at 14 years of age )  but not in late (at 17 years of age) 

adolescence had positive associations with total body BMD and BMC at 20 y of age (146). 

Moreover, bone was assessed by DXA or by ultrasound bone densitometry (144) in these 

studies. High-quality observational studies with long follow-up or RCTs among younger 

adults are needed to clarify the role of dietary pattern in the development of peak bone mass/ 

strength. 
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There are inverse relationships between socioeconomic status (SES) and many diseases (147-

150). However, the association with BMD and fractures is conflicting and may be sex- and 

age-specific (151-153). For example, Oliveira et al. found that the associations between SES and 

hip fracture incidence were negative associations in relatively younger participants (50 to 64- 

69 years) but positive in older participants (>70 years) (151). Myong et al. reported that low 

SES was associated with both low BMD and high osteoporosis risk in middle to old aged 

men and postmenopausal women. However, there was no association in premenopausal 

women, suggesting that compared to SES, the menopause or hormones may have stronger 

associations with BMD in females (152). The inconclusive results may be attributed to the 

complex context of the variable “occupation”. For example, some people with low SES may 

be manual workers with high physical activity that promotes bone development, thereby 

causing stronger bone and lower risk of fractures. Thus, it is important to consider physical 

activity in examining the association of SES with bone health. Another potential explanation 

is that most of these studies regarded SES as a binary variable, which may weaken 

associations. One study overcame these two limitations and found a U-shaped relationship 

between SES and BMD in females over 18 years old, with individuals at both the end of the 

SES categories having a lower BMD (154). Nevertheless, the association of SES with BMD 

among younger populations has only been studied in a few observational studies in subgroup 

analyses (154,155). Due to previous evidence of age-specific associations between young and 

older adults, more longitudinal population-based studies are needed to provide further 

evidence to clarify the associations between SES and bone health in young adults. 

Sedentary behaviour (SB) is increasing among children, adolescents, and young adults (156). 

A 2017 systematic review of 17 observational studies in healthy participants (<= 24 years 

old) found that objectively measured SB has small negative association with lower extremity 

but not with lumbar spine or total body BMD/BMC. Moreover, these associations were 
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independent of moderate-to-vigorous physical activity (MVPA) (157). This highlights the 

independent role of reducing sedentary behaviours in improving bone health. A recent study 

by Pelegrini et al. further found that the relationship between SB and bone mass in 

adolescents varies by the type of SB (158), though this study did not adjust for MVPA.  

However, whether interruptions in SB may prevent the negative effects still uncertain.  

Moreover, little is known about the association between SB and fracture risk in early life.  

The overall prevalence of overweight and obesity in children and adolescents has increased in 

recent years, especially the number of severely obese children (159). Obesity in childhood is 

highly likely to persist into adult life (160,161).  However, the long-term influence of obesity 

during growth on bone health in early adulthood is poorly studied, particularly measuring 

bone microarchitecture as the outcome. Previous observational studies have demonstrated 

that fat mass was either beneficially, detrimentally, or was not associated with DXA bone 

measures and bone microarchitecture in childhood and adolescence (162-168). Of note, only one 

prospective study examined the association of childhood overweight (at 12 years old) with 

bone microarchitecture measured (pQCT) in adulthood (n=832, mean follow-up length= 24 

years). This study found that childhood overweight positively associated with total cross-

sectional areas at the distal and shaft sites in both young females and males; however, the 

results were differed by sex for volumetric BMD, showing that overweight was associated 

with denser trabecular BMD in females while lower cortical BMD in males(169). As a result, 

more longitudinal population-based studies are needed to confirm these findings.  

Similarly, the associations of other factors such as oral contraceptives, smoking and alcohol 

with bone health in young adulthood have not been well studied and results have been 

inconclusive, which have been well discussed in recent reviews (15,170-172).   
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 Research questions 

Early life factors may have profound effects on bone development during growth and these 

influences may extend to young adulthood when PBM is achieved and affect fracture risk 

throughout the life course. However, there are few prospective studies that have followed 

participants from in utero with maternal and infancy factors collected through to adult life 

and few studies have collected relevant information during different stage of growth. 

Moreover, bone measures in most of current studies are limited to BMD measures by DXA, 

which only contribute two thirds of bone strength.  

To explore the relevant early life factors, we performed a 25 years follow-up from our 

original birth cohort in Tasmanian Infant Health Survey (TIHS). The offspring and their 

mothers were both invited to participate in our study, and we have already done follow-ups 

when offspring were age 8 and 16 years and who were young adults (aged 25) in the current 

study 2013-5. This cohort provides a unique opportunity to answer important questions 

regarding which early life, childhood and puberty factors will have profound effects on bone 

development through adulthood. In our proposed study we will study these participants, 

taking additional bone measures of cortical and trabecular bone component using the 

innovative new technology of HRpQCT. 

The aims of the thesis are to use data from our unique 25 years longitudinal birth cohort to 

test the following hypotheses and research questions related both to early environmental 

exposures, genetics and bone:  

1. Familial resemblance in bone measures by HRpQCT. 
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a. Is there a heritability for bone geometry, vBMD and bone microarchitecture 

measures at the distal radius and tibia in mother-offspring pairs when the offspring 

are young adults (aged 25 years)?  

b. Does heritability in distal radial and tibial bone measures have high genetic 

correlation? 

2. BMD tracking from age 8 to 25. 

a. Does BMD track from age 8 to 25 years and is the association independent of 

change in body size? 

b. Are there any factors in early life associated with deviation from tracking? 

3. Whether exposures in utero (specifically breastfeeding, smoking during pregnancy and 

birth weight) are independent determinants of bone density assessed by DXA and distal radial 

and tibial vBMD and microarchitecture as quantified using HRpQCT in early adulthood. 

4. Serum vitamin D levels with bone: 

a. Do vitamin D levels in early life have an association with distal radial and tibial 

vBMD and microarchitecture as quantified using HRpQCT in early adulthood? 

b. Does the association of vitamin D levels at different stages of growth with bone 

measures in adolescence and early adulthood vary or is it consistent? 

5. What is the relationship between fractures sustained at different stages of growth and bone 

measures in early adulthood? 
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 Methods 

 Participants of the present study 

Of the 13,592 live births in Tasmania in 1988 and 1989, infants with higher risk of Sudden 

Infant Death Syndrome (SIDS) were invited to participate in this study (1). The scoring 

system for SIDS weighted the newborn according to their sex, birth weight, season of birth, 

maternal age, duration of second stage of labour and intention to breastfeed (1). In southern 

Tasmania, 1500 infants identified as being higher risk of SIDS were enrolled in the study. Of 

whom, 890 participants and their mothers were reassessed in 1996 and 1997 (8 years old), 

415 participants in 2004 and 2005 (16 years old) and 201 participants in 2013 to 2015 (25 

years old). A flow chart of study participants is given in Figure 3.1. Written informed consent 

was obtained from all participants and/or their parent or guardian. This study was approved 

by the University of Tasmania Human Research Ethics Committee. All questionnaires were 

completed by the parent or guardian under supervision by the research assistant when 

participants were younger than age 16 years. 

 Bone outcomes 

3.2.1 Bone microarchitecture measurement at age 25 years  

Bone microarchitecture was measured at the non-dominant distal radius and tibia using High-

resolution peripheral quantitative computed tomography in both mother and offspring 

(HRpQCT, Xtreme CT, Scanco Medical, Brüttisellen, Switzerland). If either of non-dominant 

distal radius or tibia had a previous fracture, the contralateral side was scanned. For each 

participant, 110 CT slices were obtained from the regions of interest at the standardised 
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distance (9.5mm and 22.5mm) from the manually positioned reference line at the endplate of 

the distal radius and tibia respectively. Acquired images were analysed using StrAx1.0 

(StraxCorp, Melbourne, Australia) (2). StrAx1.0 analysis is limited to the proximal 49 slices 

where cortices are the thickest allowing a more robust quantification of porosity. Bone was 

segmented into its compact-appearing cortex, the fragmented cortex  (outer and inner 

transitional zone) and the trabecular compartment (2) in the StrAx1.0 analysis.

 

Figure 3.1 Participant flowchart for this study 
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Parameters quantified were cross sectional area (CSA) and volumetric bone mineral density 

(vBMD) of the total, cortical, and trabecular bone. Cortical paramenters are including 

porosity within the total cortex and its compartments and cortical thickness(Ct.Th). 

Trabecular paramenters are including trabeculr number (Tb.N), thickness (Tb.Th), 

separation(Tb.SP) and bone volume fraction (Tb.BV/TV))(3) . The accuracy, reproducibility 

errors and the segmentation algorithm are fully described in the patent (4).  

3.2.2 Areal bone mineral density assessments at ages 8, 16 and 25 years 

Lumbar spine, hip, and total body BMD at age 8 years (by the QDR-2000 [Hologic, 

Marlborough, Massachusetts]), 16 years (Delphi [Hologic]) and 25 years (Discovery 

[Hologic]) were measured by DXA. Cross-calibration was did when the software was 

upgrading by the same hydroxyapatite spine phantom. The coefficients of variations for our 

machine were 0.54%, 0.34%, and 0.48% (using daily measurements of a spine phantom), 

respectively. Total body lean mass and fat mass were also measured. 

 Exposures in utero (1988-1989 ) 

3.3.1 Birth size and gestation 

Birth weight, birth length, placental weight, duration of each stage of labor, head 

circumference, length of gestation were obtained from the child’s medical record. Perterm 

birth was defined as born before 37 completed weeks of gestation. 
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3.3.2 Breastfeeding 

Actual breastfeeding information was collected from mothers by face to face questionnaire 

when the children were approximately 1 month of age and by telephone questionnaire at 

approximately 3 months. The information was double checked by a questionnaire 

administered to the mothers when the children were at age 8 years in 1996/7 to recall the 

history of breastfeeding. Two variables about breastfeeding history (whether or not been 

breastfed and the total duration of breastfeeding) were both used for analysis. 

3.3.3 Maternal smoking during pregnancy 

Information on maternal smoking during pregnancy was collected by questionnaire in 

hospital at the time of birth. Mothers were asked in each trimester (0-13 weeks, 14-27 weeks, 

28-40 weeks) that “How much did you smoke during your pregnancy? ”  with five categories 

for selection: nil, 1–10, 11–20, 21–40, and 41+/day. Mothers who smoked in any trimester 

was considered as ‘yes’ and otherwise ‘no’ for later analysis. 

3.3.4 Parental information 

Marital status (unmarried, living togerther; unmarried, not living togerther; maried, living 

together; divoced; other), paternal and maternal employment status, educational level and 

household income were also collected by an postnatal questionnaire in hospital. 
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 Exposures during growth 

3.4.1 Fracture information 

Fracture information was collected at each follow-up point by self-report questionnaire with 

X-ray confirmation from medical records (where possible), including age at fracture, site of 

fractures, whether the fracture was caused by falling, whether fell from a height of < 3 

meters, and circumstances surrounding the fracture. 

3.4.2 Serum 25OHD concentrations 

Acetonitrile was used to to rapidly extract 25OHD from serum sample. At age 8 years, 

25OHD concentration was measured by two-step double antibody radioimmunoassay 

(INCSTAR Corp, Stillwater, Minnesota). The sensitivity of the assay was 7 nmol/L. The 

coefficients of variations (CVs) were 6% for the intra- and 10% for the inter-assay. At age 16 

years, 25OHD was assayed utilizing a liquid-phase radioimmunoassay (Immunodiagnostics 

Systems Ltd, Boldon, Tyne & Wear, UK, both 25OHD2 and 25OHD3) (intra- and inter-assay 

CVs =1.8% and 3.3%, respectively). At age 25 years, serum 25OHD was assayed utilizing 

direct competitive chemiluminescent immunoassays (DiaSorin, Saluggia, Italy; intra- and 

inter-assay CVs = 3.2% and 6.0% , respectively) (5).  

The season of blood sampling taken was collected and it divided as winter/spring and 

summer/autumn. Participant’s vitamin D supplements information (including combined 

vitamin D and calcium) was also collected by questionnaire at each follow-up time point.  
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3.4.3 Sports participation and endurance fitness  

Sports participation was defined as taking part in organized sports/physical activity regularly 

in competitive or high level, i.e., once a week or more for a whole season/s or for the whole 

year. 

Monark bicycle ergometer (6) was used to evaluate endurance fitness at each stage as 

previously described (7). PWC at 170 beats/minute (PWC170) was then estimated using linear 

regression based on the measured PWC and the heart rate. A high repeatability (correlation 

coefficient = 0.92) has been reported previously (6). 

3.4.4 Anthropometry and other sssessments 

At each follow-up point, calibrated electronic scales and stadiometer were used to measure 

weight and height (to the nearest 0.1 kg and 0.1 cm, respectively). At age 8 years, all 

participants were regarded as prepubertal without specific assessment. At age 16 years, 

drawings with an illustration of five stages of pubertal development was used to self-assess 

pubertal status (8). Dietary information including calcium intake and vitamin D supplement 

were assessed using the Cancer Council of Victoria Food Frequency Questionnaire (CCV-

FFQ) (9). Inhaled corticosteroids (ICS) usage at each time point was collected by 

questionnaire. 

 Summary of outcome factors, study factors, and covariates 

Table 3.1 Summarises the variables used in each chapter of this thesis. 
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Table 3.1 Summary of outcome factors, study factors, and covariates used in this thesis 

Chapter Outcome factors Study factors Covariates 

4 

Maternal 

HRpQCT bone 

measures when 

offspring at age 25 

Offspring’s HRpQCT bone 

measures at age 25 

Age, sex, height and 

weight at age 25 years 

5 

DXA bone 

measures at age 25 

DXA bone measures at ages 8 

and 16 

LM, FM, PWC170, ICS 

use, sports 

participation, breastfed, 

age, sex, height and 

weight 

6 

DXA and 

HRpQCT bone 

measures at age 25 

Breastfeeding, maternal 

smoking, and birth weight 

Sex, height and weight 

at age 25 

7 

Serum 25OHD levels at ages 8, 

16, 25 

Sex, height, weight, the 

season of blood taken 

and sports participation 

at each time point 
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8 

HRpQCT bone 

measures at age 

25; change of 

aBMD from age 8 

to 25 years 

Fractures sustained at different 

stages of growth 

Sex, weight, height, 

strenuous exercise and 

calcium intake 

HRpQCT = high resolution peripheral quantitative computerised tomography;  

DXA= dual-energy X-ray absorptiometry; aBMD = areal bone mineral density; ICS = inhaled corticosteroid; 

LM = lean mass; FM = fat mass; PWC170 = physical work capacity at 170 beats/min. 

 

 Statistical analysis 

Participants’ general characteristics at birth and ages 8, 16 and 25 years were presented as 

means and standard deviations (SD) or number (%). Unpaired t-tests and chi-square tests 

were used for comparison of characteristics difference in means and percentages where 

appropriate.   

Multivariable linear regression and multivariable log binomial regression were used to 

examine associations of exposures with all bone measures. Statistical significance was 

determined using p-value < 0.05 and two-tailed tests throughout the thesis. Detailed 

description of statistical analysis will present in the following chapters. All statistics were 

conducted using Stata (version 12 and 16 for windows; Stata Corporation, College Station 

TX, USA).  
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 Familial resemblance in trabecular and cortical 

volumetric bone mineral density and bone microarchitecture as 

measured by HRpQCT 

 Introduction  

Osteoporosis is a major public health issue resulting in a substantial societal and individual 

burden (1). This disease is characterized by low bone mineral density (BMD) and 

microarchitectural deterioration, resulting in an increased risk of fractures (2). Areal bone 

mineral density (aBMD) measured by dual energy x-ray absorptiometry (DXA) is generally 

considered as the gold standard for diagnosis of osteoporosis (3). DXA has also been widely 

used for determination of fracture risk and adopted in many fracture risk assessment tools, 

such as Fracture Risk Assessment Tool (FRAX) (4).  However, both BMD and bone 

microarchitecture contribute to fracture risk and these cannot be fully assessed by aBMD. 

Indeed, most fractures occur in people classified as osteopenic on aBMD (5), highlighting the 

potential importance of including bone volumetric bone mineral density (vBMD) and bone 

microarchitecture in estimating fracture risk.  

In addition to environmental factors, genetic factors play an important role in determining 

fracture risk (6,7). The role of genetics in aBMD has been well-defined, with 60% to 80% of 

variation in aBMD being attributable to genetic factors depending on skeletal site and age (8). 

Recent genome wide association studies (GWAS) have identified over 500 susceptibility loci 

linked with aBMD and around 15 loci with fracture risk in adulthood (7,9).  GWAS studies 

have also identified several novel cortical and trabecular vBMD and microarchitecture related 

loci, which have not been reported to be associated with areal BMD (10-14). However, there are 
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few genetic epidemiology studies reporting the heritability of vBMD and microarchitecture  

in early adulthood, around the time that peak bone mass (PBM) is attained. 

Therefore, the aim of this study is to estimate the heritability for bone geometry, vBMD and 

bone microarchitecture measures at the distal radius and tibia and to investigate the genetic 

correlations of these measures in mother-offspring pairs when the offspring are young adults 

(aged 25 years). 

 Materials and Methods 

4.2.1 Participants 

T-Bone is a cohort study taken from within a Tasmanian birth cohort from 1988 and 1989. 

Over this time, there were 13,592 live births in Tasmania. At the time of these births, a 

scoring system was used to select infants at higher risk of Sudden Infant Death Syndrome 

(SIDS) for possible participation in an infant health study (15). From these, 1500 infants who 

were born in Southern Tasmania were enrolled in the current study. After 8 years, 890 of 

these 1500 participants and their mothers were assessed in 1996 (n=444) and 1997 (n=446). 

We also measured 415/1500 (28.9%) participants in 2004-2005 when offspring were 16 years 

old. These 415 participants with their mothers were invited again to participate in a further 

study in 2013-2015. This study was granted approval by the University of Tasmania Ethics 

Committee (human experimentation). All participants and their mothers both provided 

written informed agreement. This is a cross-sectional analysis of data from mothers and 

offspring when offspring were aged 25 years. 
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4.2.2 Bone microarchitecture measurement 

High-Resolution Peripheral Quantitative Computed Tomography (Xtreme CT, Scanco 

Medical, Brüttisellen, Switzerland) was used to scan the non-dominant distal tibia and radius 

in both mother and offspring. In a case of the previous fracture at either of these sites, the 

contralateral limb was scanned. Region of interest of 9.02mm (110 CT slices) were at the 

standardised distance of 22.5mm and 9.5mm from the manually positioned reference line at 

the end plate of the distal tibia and radius respectively. Both the default Scanco analysis (16) 

and StrAx 1.0 were used to analysis the scans. StrAx1.0 is a non-threshold-based 

segmentation algorithm (StraxCorp Pty Ltd, Melbourne, Australia) (17) and its accuracy, 

reproducibility and the segmentation algorithm are fully described in the patent (18). StrAx1.0 

is designed to analyse images automatically and the assessment of image quality is 

programmed in the software. The image quality is usually compromised by three problems: 1. 

motion during the scan; 2. ring artifact; 3. image reconstruction error. The software would 

reject the image from analysis if any of these three problems are detected. StrAx1.0 analysis 

uses an algorithm that separates bone from background (soft tissue) and bone into its 

compact-appearing cortex, the fragmented cortex forming an outer and inner transitional zone 

and the trabecular compartment. From the segmented image, porosity is quantified as the 

proportion of voxels within the cortical compartment that contain void which is fully 

described in previous paper (17). The 40 most proximal slices were chosen because the thicker 

cortex allows accurate assessment of porosity. Total, cortical, and medullary cross sectional 

area of selected, volumetric bone mineral density(vBMD), porosity within the total cortex 

and its compartments, cortical thickness(Ct.Th), trabecular bone volume fraction 

(Tb.BV/TV), number (Tb.N), thickness (Tb.Th) and separation(Tb.SP) were quantified 

(17).The reproducibility errors for segmentation and quantification of porosity expressed as 
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root mean square coefficients of variation ranged from 0.54% to 3.98% and were <1.5% for 

vBMD (17). Daily quality control was carried out by scanning a phantom containing rods of 

hydroxyapatite (QRM, Moehrendorf, Germany). 

4.2.3 Anthropometry and other factors 

Standing height was measured using a stadiometer to the nearest 0.1cm with the offspring 

and mothers in bare feet. Body weight was measured to the nearest 0.1kg by calibrated 

electronic scales. Environmental factors for offspring such as breast-feeding in early life, 

smoking history, winter sunlight exposure, dietary calcium intake and sports participation at 

each time point was collected with use of questionnaires. Maternal smoking during 

pregnancy and fracture history were assessed though questionnaire as previously reported 

(19,20) , however these measures have not been included in this study. 

4.2.4 Statistical analysis 

General characteristics and HRpQCT bone measures of participants were presented as means 

and standard deviations (SD). Unpaired t-test were used for comparison of means. 

Homogeneity of variances between males’ and females’ bone measures were verified and an 

independent t-test was used to determine whether there was a statistically significant 

difference in each bone measures between the two groups. The mother-offspring relationship 

for every bone measures was evaluated by a univariate and multivariate random effects linear 

regression model with adjustment for offspring age, sex, weight and height with offspring 

bone measures being the outcome factors. The random effects model was used to correct for 

non-independence between measures from offspring bone to their mothers. Interaction 

between mother’s bone measures and sex was included to compare sex differences in the 
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mother offspring association. To account for the influence of missing data due to loss to 

follow up, we repeated the linear regression analysis using inverse probability weighting as 

done in a previous paper (21). Briefly, we used a weighted estimating equation method (22,23), 

in which data were assumed to be missing at random. Logistic regression models were used 

to estimate the probability of a participant being retained in the analysis. All of the above 

statistics were conducted using Stata (version12; StataCorp., College Station, TX, USA). 

Sequential Oligogenic Linkage Analysis Routines (SOLAR, version 8.1.1; Southwest 

Foundation for Biomedical Research, San Antonio, TX, USA) was used to estimate the 

heritability. According to the variance decomposition model, the total phenotypic variance of 

a trait (бp
2) was divided into additive genetic variance (бa

2), common or shared environmental 

variance (бc
2), and unique environmental variance (бe

2). In addition, this model assumes that 

the three factors have independent and additive effects (бp
2 =бa

2+бc
2+бe

2) on the trait 

variance. Heritability (h2), which is defined in the narrow sense, as the proportion of the 

phenotypic variance in a trait that is attributable to the additive effects of genes, is estimated 

as h2= бa
2/бp

2. This assumes that all genetic variance is additive, namely there is no gene–

gene interaction (24). Multivariate analysis including the offspring’s HRpQCT measures as 

dependent variables and covariates of maternal and offspring’s age, sex, height and weight 

was undertaken. Inverse Gaussian transformation was also applied to ensure normality of the 

measurements. As all maximum likelihood estimators were asymptotically normal, we used 

Welch's t-test to compare whether the heritability has sex and site differences. Further 

stratified analysis was done by age 52 years (the average natural menopause age in Australia) 

(25).To test pleiotropy, namely, whether a single set of genes is related to the determination of 

bone measures in two different sites, a bivariate genetic model was conducted to partition the 

contribution of genetic and environment factors after an adjustment for covariates. The 95% 
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confidence intervals of h2 and genetic correlations were empirically calculated using normal 

approximation method. A value of p <0.05 (two-tailed) or 95%CI not including the null point 

was regarded as statistically significant.   

 Results 

Compared with those lost to follow-up, those who were retained in this study had similar age 

and body size, lower rate of maternal smoking during pregnancy, higher percentage of 

breastfed and higher exercise activity at 8 years old (Appendix Table 1)Appendix Table . 

Anthropometric and HRpQCT measures of participants by StrAx 1.0 and Scanco software are 

presented in Table 4.1 and Table 4.2. A total of 177 offspring (107 males and 70 females 

including 15 twin pairs) and 162 mothers participated in the current study. The age was 

similar in sons and daughters. Sons were taller, heavier and had larger bone area at distal 

radius and tibia. Furthermore, sons had thicker cortical bone (Ct.Th) with higher cortical 

porosity. Their trabecular network was comprised of compacter trabeculae (Tb.vBMD), 

which were more numerous (Tb.N), thicker (Tb.Th) with less separation (Tb.Sp) and higher 

volume fraction (Tb.BV/TV) at both the radius and tibia. 

The association of bone measures between mother-offspring pairs for the radius and tibia are 

shown in Table 4.3 to Table 4.6. Nearly all maternal bone measures at radius and tibia were 

independently associated with the corresponding bone measures in offspring before and after 

adjustment for offspring’s age, sex, weight and height at radius and tibia (β= 0.09 to 0.66). 

There was significant interaction for sex in bone geometry measures but not for vBMD and 

microarchitecture. When offspring were stratified by sex in the multivariable model, the 

relationship with maternal bone geometry measures was significantly stronger in mother-son 

pairs compared with mother-daughter pairs in the radius and tibia but similar in both 
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offspring sexes for bone microarchitecture and vBMD measures. The results remained similar 

in analyses using inverse probability weighting (data not shown). 

Overall, the additive genetic effect varied between sexes and sites (Table 4.7 and Table 4.8). 

Additive genetic factors explained 24% to 67% of the variation in bone measures at the 

radius and 42% to 74% at the tibia. In stratified analysis by sex, the proportion of variance 

accounted for by genetic factors for vBMD and microarchitecture measures in mother-

daughter pairs was generally greater than mother-son pairs. In stratified analysis by maternal 

age, heritability was generally higher for most bone variables in older (older than 52 years 

old) mother-offspring pairs, but no significant (data not shown). 

In bivariate variance component analyses, there were moderate to strong genetic correlations 

across all bone measures between radius and tibia after adjustment for age, sex, weight and 

height. All of the cortical measure’s correlations were numerically but not statistically 

significantly lower than trabecular genetic correlations (Table 4.9 and Table 4.10). 

Overall, we found broadly similar heritability results between the data from StrAx1.0 and 

Scanco, but generally stronger and more consistent results with StrAx 1.0 noting that none 

was statistically different. 

Results of all the above analyses remained largely unchanged when the 15 twin pairs were 

omitted (data not shown). 
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Table 4.1 Participants bone measurements by StrAx 1.0 

  

Mothers 

(n=162) 

Sons 

(n=107) 

Daughters 

(n=70) 

Radius    
  Geometry    

     Tt.Ar (mm2)  224.1 (33.8)  307.7 (63.6)   221.2 (42.1)** 

     Ct.Ar (mm2) 91.0 (9.2)  115.7 (15.1)  88.8 (11.2)** 

     Ma.Ar (mm2) 133.1 (28.2) 192.0 (54.0) 132.4 (34.7)** 

  Volumetric density    

     Tt.vBMD (mg HA/cm3) 419.5 (75.6)  433.5 (70.4) 415.7 (69.2) 

     Ct.vBMD (mg HA/cm3) 821.2 (78.6) 803.4 (62.6) 802.8 (75.4) 

     Tb.vBMD (mg HA/cm3) 135.8 (50.9) 199.0 (46.7) 145.0 (41.8)** 

  Microarchitecture    

     Ct.Th (mm) 1.89 (0.18) 2.07 (0.26) 1.82 (0.18)** 

     Total cortical porosity (%)  47.50 (6.20)  49.13 (4.99) 48.94 (6.06) 

     Compact cortical porosity (%) 30.59 (5.49) 34.94 (4.16) 32.02 (5.30) 

     Outer TZ porosity (%) 33.77 (4.26) 37.19 (3.24) 35.53 (4.13) 

     Inner TZ porosity (%) 81.62 (3.52) 79.33 (3.37) 82.16 (2.99) 

     Tb.N (mm-1) 3.32 (0.55) 3.78 (0.42) 3.45 (0.46)** 

     Tb.Th (mm)  0.18 (0.01) 0.19 (0.01) 0.18 (0.01)** 

     Tb.Sp (mm)  1.12 (0.25) 0.88 (0.19) 1.05 (0.23)** 

     Tb.BV/TV (%)  4.39 (2.13)  7.30 (2.30) 4.46 (1.65)** 

 Tibia    
  Geometry    

     Tt.Ar(mm2) 607.8 (97.5) 790.5 (160.3) 594.9 (104.3)** 

     Ct.Ar(mm2) 197.3 (19.7)  246.5 (28.2) 199.1 (20.4)** 

     Ma.Ar(mm2) 410.5 (87.0)  544.0 (145.7) 395.8 (97.0)** 

  Volumetric density    

     Tt.vBMD(mg HA/cm3) 336.7 (59.7) 385.3 (57.5) 371.9 (64.0) 

     Ct.vBMD (mg HA/cm3) 722.2 (74.5) 758.3 (54.7)   754.1 (71.0) 

     Tb.vBMD (mg HA/cm3) 144.2 (41.2) 206.9 (39.9) 169.6 (41.1)* 

  Microarchitecture    

     Ct.Th(mm)  2.30 (0.22) 2.51 (0.28) 2.35 (0.27)* 

     Total cortical porosity (%) 55.12 (5.83) 52.44 (4.32) 52.59 (5.59) 

     Compact cortical porosity (%) 36.48 (6.62) 35.03 (4.31) 33.42 (5.80) 

     Outer TZ porosity (%) 37.84 (5.50) 36.68 (3.24) 35.94 (4.22) 

     Inner TZ porosity (%) 81.99 (3.11) 78.41 (2.91) 80.17 (3.19) 

     Tb.N(mm-1)  3.43 (0.57) 3.95 (0.47) 3.71 (0.53)* 

     Tb.Th(mm) 0.18 (0.01) 0.190 (0.01) 0.185 (0.01)** 

     Tb.Sp(mm)  1.11 (0.23)  0.88 (0.15) 0.99 (0.19)** 

     Tb.BV/TV(%)  5.57 (1.85)  8.81 (2.04) 6.75 (1.95)** 
Values are mean (standard deviation). Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area; TZ: 

transitional zone; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, 

trabecular volumetric bone density; Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; 

Tb.Sp, trabecular separation; Tb.BV/TV, trabecular bone volume fraction. HA:hydroxyapatite. 

**p<0.001; *p<0.01 for comparison of means by sex, all other comparisons are not significant.  
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Table 4.2 Participants characteristics and bone measurements by Scanco 

 

Mothers 

(n=162) 

 Sons 

(n=107) 

 Daughters 

(n=70) 

Age 52.1 (4.7)  25.5 (0.8)  25.6 (0.7) 

Height (cm) 161.8 (5.9)  177.5 (6.0)  163.7 (7.0)** 

Weight (kg) 72.8 (16.9)  83.3 (15.2)  73.3 (18.6)** 

Radius      

Geometry      

Tt.Ar(mm2) 258.7 (37.7)  351.0 (69.3)  253.1 (45.9) ** 

Ct.Ar(mm2) 57.6 (10.7)  73.0 (13.7)  55.3 (10.6) ** 

Tb.Ar(mm2) 196.5 (37.7)  272.9 (69.2)   193.7 (45.7) ** 

Volumetric density      

Tt.vBMD (mg HA/cm3) 349.7 (62.0)  367.7 (58.9)  348.5 (58.3)* 

Ct vBMD (mg HA/cm3) 895.5 (49.5)  867.9 (58.4)  885.4 (49.9)* 

Tb vBMD (mg HA/cm3)  170.9 (38.5)  217.5 (37.3)  176.3 (33.2) ** 

Microarchitecture      

Ct.Th (mm) 0.84 (0.17)  0.91 (0.19)  0.84 (0.17) * 

Tb.N (mm -1) 2.12 (0.32)  2.36 (0.25)  2.18 (0.27) ** 

Tb.Th (mm) 0.07 (0.01)  0.08 (0.01)  0.07 (0.01) ** 

Tb.Sp(mm) 0.42 (0.14)  0.35 (0.06)  0.40 (0.07) ** 

Tibia      

Geometry      
Tt.Ar(mm2) 647.8 (1.4)  841.8 (165.6)  629.7 (109.7) ** 

Ct.Ar(mm2) 112.2 (20.0)  152.4 (26.2)  121.0 (20.8) ** 

Tb.Ar(mm2) 

530.8 

(103.0) 

 

687.8 (167.1) 

 

506.5 (115.2) ** 

Volumetric density      

Tt.vBMD(mg HA/cm3) 305.6 (51.7)  350.5 (50.9)  339.2 (56.6) 

Tb.vBMD (mg HA/cm3)  174.2 (35.0)  224.9 (34.5)  195.5 (34.8) ** 

Ct.vBMD (mg HA/cm3) 876.8 (51.0)  884.3 (32.1)  901.4 (39.6) * 

Microarchitecture      

Ct.Th (mm) 1.13 (0.23)  1.34 (0.28)  1.25 (0.25) * 

Tb.N (mm-1) 2.01 (0.35)  2.28 (0.30)  2.12 (0.33) * 

Tb.Th(mm) 0.07 (0.01)  0.08 (0.01)  0.08 (0.01) * 

Tb.Sp (mm) 0.44 (0.13)  0.36 (0.06)  0.41 (0.08) ** 
Values are mean (standard deviation). Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; 

Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric 

bone density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

HA:hydroxyapatite. 

**p<0.001; *p<0.05 for comparison of means by sex, all other comparisons are not significant 
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Table 4.3 Association between mother and offspring bone material and structural composition at the Radius (by StrAx 1.0). 

Variables Mother-offspring(n=177) Mother-son(107) Mother-daughter(n=70) 

  

Unadjusted 

coefficient(95%CI) 

Adjusteda 

coefficient 

(95%CI) 

Unadjusted 

coefficient(95%CI) 

Adjusteda  

coefficient 

(95%CI) 

Unadjusted 

coefficient(95%CI) 

Adjusteda 

coefficient 

(95%CI) 

  Geometry       

   Tt.Ar(mm2) 0.67(0.38,0.96) 0.39(0.19,0.60) 0.80(0.46,1.14) 0.54(0.24,0.84)* 0.35(0.08,0.63) 0.17(-0.07,0.41)* 

   Ct.Ar(mm2) 0.43(0.13,0.72) 0.28(0.09,0.47) 0.58(0.27,0.90) 0.42(0.12,0.71) 0.33(0.08,0.57) 0.16(-0.08,0.40) 

   Ma.Ar(mm2) 0.66(0.38,0.94) 0.41(0.20,0.62) 0.74(0.40,1.09) 0.52(0.21,0.83)* 0.36(0.07,0.64) 0.21(-0.04,0.46)* 

 Volumetric density       

   Tt.vBMD(mg HA/cm3) 0.19(0.05,0.33) 0.19(0.06,0.31) 0.20(0.02,0.39) 0.20(0.03,0.37) 0.18(-0.03,0.38) 0.17(-0.03,0.36) 

   Ct.vBMD (mg HA/cm3) 0.17(0.04,0.30) 0.15(0.03,0.27) 0.10(-0.06,0.26) 0.08(-0.07,0.23) 0.26(0.04,0.47) 0.24(0.03,0.44) 

   Tb.vBMD (mg HA/cm3) 0.24(0.09,0.39) 0.24(0.11,.037) 0.22(0.03,0.40) 0.25(0.07,0.43) 0.21(0.04,0.39) 0.22(0.03,0.40) 

 Microarchitecture       
   Ct.Th(mm) 0.27(0.06,0.49) 0.32(0.14,0.51) 0.36(0.09,0.63) 0.37(0.09,0.65) 0.27(0.04,0.50) 0.28(0.04,0.52) 

   Total cortical porosity (%) 0.17(0.04,0.30) 0.15(0.02,0.27) 0.10(-0.07,0.26) 0.08(-0.08,0.23) 0.26(0.04,0.48) 0.24(0.03,0.45) 
Compact cortical porosity (%) 0.10(-0.03,0.23) 0.08(-0.04,0.20) 0.05(-0.09,0.19) 0.04(-0.11,0.18) 0.19(-0.04,0.43) 0.17(-0.05,0.40) 

   Outer TZ porosity (%) 0.10(-0.03,0.23) 0.09(-0.03,0.21) 0.06(-0.08,0.20) 0.05(-0.09,0.18) 0.17(-0.08,0.42) 0.18(-0.06,0.42) 

   Inner TZ porosity (%) 0.20(0.06,0.35) 0.24(0.11,0.37) 0.25(0.06,0.44) 0.28(0.10,0.46) 0.14(-0.05,0.33) 0.17(-0.3,0.37) 

   Tb.N(mm-1) 0.26(0.14,0.38) 0.23(0.12,0.34) 0.26(0.11,0.442 0.24(0.09,0.39) 0.24(0.06,0.42) 0.21(0.04,0.38) 

   Tb.Th(mm) 0.28(0.13,0.43) 0.28(0.16,0.40) 0.26(0.08,0.44) 0.27(0.10,0.45) 0.27(0.09,0.45) 0.28(0.10,0.47) 

   Tb.Sp(mm) 0.19(0.06,0.32) 0.19(0.07,0.31) 0.15(-0.01,0.30) 0.17(0.03,0.32) 0.19(-0.01,0.38) 0.20(-0.01,0.40) 

   Tb.BV/TV(%) 0.23(0.06,0.40) 0.25(0.10,0.39) 0.22(0.01,0.44) 0.27(0.06,0.48) 0.20(0.04,0.37) 0.21(0.04,0.38) 
Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area; TZ: transitional zone; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, 

trabecular volumetric bone density; Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabecular bone volume fraction. 

HA:hydroxyapatite. Bold denotes statistical significance.  
a
, Adjusted for age, sex, weight, height  *p<0.05 for comparison of coefficient by sex, all other comparisons are not significant.   
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Table 4.4 Association between mother and offspring bone material and structural composition at the Tibia (by StrAx 1.0) 

Variables Mother-offspring(n=173) Mother-son(103) Mother-daughter(n=70) 

  

Unadjusted 

coefficient(95%CI) 

Adjusteda 

coefficient(95%CI) 

Unadjusted 

coefficient(95%CI) 

Adjusteda 

coefficient(95%CI) 

Unadjusted 

coefficient(95%CI) 

Adjusteda 

coefficient(95%CI) 

  Geometry       

   Tt.Ar(mm2) 0.59(0.35,0.84) 0.27(0.10,0.44) 0.77(0.47,1.07) 0.38(0.13,0.64)* 0.39(0.16,0.61) 0.09(-0.09,0.26)* 

   Ct.Ar(mm2) 0.33(0.07,0.59) 0.21(0.04,0.38) 0.65(0.36,0.93) 0.34(0.08,0.61) 0.24(0.02,0.46) 0.07(-0.14,0.27) 

   Ma.Ar(mm2) 0.58(0.34,0.81) 0.28(0.11,0.46) 0.68(0.37,0.99) 0.36(0.09,0.63)* 0.41(0.16,0.65) 0.14(-0.05,0.34)* 

 Volumetric density 
      

   Tt.vBMD(mg HA/cm3) 0.26(0.11,0.41) 0.25(0.11,0.38) 0.23(0.06,0.41) 0.23(0.07,0.38) 0.31(0.03,0.59) 0.29(0.02,0.56) 

   Ct.vBMD (mg HA/cm3) 0.21(0.08,0.33) 0.16(0.05,0.27) 0.20(0.07,0.33) 0.18(0.06,0.30) 0.22(-0.03,0.46) 0.13(-0.10,0.36) 

   Tb.vBMD (mg HA/cm3) 0.37(0.22,0.53) 0.34(0.19,0.48) 0.28(0.09,0.47) 0.31(0.12,0.50) 0.40(0.18,0.62) 0.38(0.15,0.61) 

 Microarchitecture       

   Ct.Th(mm) 0.20(0.01,0.40) 0.27(0.09,0.45) 0.17(-0.09,0.42) 0.19(-0.05,0.44) 0.38(0.08,0.67) 0.41(0.13,0.69) 
   Total cortical porosity (%) 0.21(0.08,0.33) 0.16(0.05,0.27) 0.20(0.07,0.34) 0.18(0.06,0.30) 0.22(-0.03,0.47) 0.12(-0.11,0.35) 
Compact cortical porosity (%) 0.12(0.01,0.23) 0.09(-0.02,0.19) 0.16(0.05,0.27) 0.14(0.03,0.25) 0.05(-0.19,0.29) -0.02(-0.24,0.19) 

   Outer TZ porosity (%) 0.13(0.04,0.23) 0.11(0.02,0.21) 0.15(0.04,0.26) 0.14(0.03,0.25) 0.11(-0.08,0.30) 0.07(-0.11,0.24) 

   Inner TZ porosity (%) 0.22(0.07,0.37) 0.23(0.09,0.38) 0.14(-0.04,0.33) 0.19(0.01,0.36) 0.29(0.05,0.53) 0.30(0.06,0.55) 

   Tb.N(mm-1) 0.36(0.23,0.48) 0.28(0.16,0.40) 0.34(0.18,0.50) 0.27(0.12,0.42) 0.33(0.14,0.53) 0.28(0.09,0.46) 

   Tb.Th(mm) 0.24(0.09,0.40) 0.24(0.10,0.38) 0.16(-0.04,0.36) 0.13(-0.06,0.32) 0.31(0.09,0.53) 0.34(0.12,0.56) 

   Tb.Sp(mm) 0.34(0.24,0.45) 0.29(0.19,0.39) 0.27(0.14,0.39) 0.24(0.11,0.37) 0.39(0.23,0.56) 0.34(0.17,0.51) 

   Tb.BV/TV(%) 0.36(0.18,0.54) 0.33(0.17,0.49) 0.25(0.03,0.48) 0.28(0.07,0.50) 0.41(0.17,0.64) 0.39(0.15,0.63) 
Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area; TZ: transitional zone; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, 

trabecular volumetric bone density; Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabecular bone volume fraction. 

HA:hydroxyapatite. Bold denotes statistical significance 
a
, Adjusted for age, sex, weight, height; *p<0.05 for comparison of coefficient by sex, all other comparisons are not significant.   
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Table 4.5 Association between mother and offspring bone material and structural composition at the Radius (by Scanco) 

Variable Mother- offspring (n=177) Mother-son (n=107) Mother-daughter (n=70) 

 
Unadjusted 

Coefficient(95%CI) 

Adjusteda 

Coefficient(95%CI) 

Unadjusted 

Coefficient(95%CI) 

Adjusteda 

Coefficient(95%CI) 

Unadjusted 

Coefficient(95%CI) 

Adjusteda 

Coefficient(95%CI) 

Geometry       

Tt.Ar(mm2) 0.66 (0.37,0.95) 0.38(0.18,0.58) 0.81(0.48,1.14) 0.55(0.25,0.85)* 0.33(0.06,0.60) 0.14(-0.09,0.38) * 

Ct.Ar(mm2) 0.27(0.06,0.47) 0.24(0.07,0.42) 0.25(-0.01,0.51) 0.22(-0.04,0.48) 0.29(0.08,0.50) 0.29(0.07,0.51) 

Tb.Ar(mm2) 0.60(0.32,0.87) 0.37(0.17,0.58) 0.72(0.39,1.05) 0.50(0.20,0.80)* 0.31(0.04,0.58) 0.16(-0.09,0.40)* 

Volumetric density       

Tt.vBMD (mg HA/cm3) 0.20(0.06,0.34) 0.19(0.06,0.33) 0.22(0.04,0.41) 0.22(0.04,0.39) 0.17(-0.04,0.38) 0.15(-0.05,0.36) 

Ct.vBMD (mg HA/cm3) 0.06(-0.11,0.22) 0.04(-0.13,0.20)  -0.04(-0.27,0.19) -0.06(-0.29,0.18) 0.19(- 0.04,0.42) 0.17(-0.06,0.39) 

Tb.vBMD (mg HA/cm3) 0.26(0.10,0.41) 0.26(0.13,0.40) 0.24(0.05,0.42) 0.27(0.09,0.45) 0.23(0.04,0.42) 0.24(0.04,0.44) 

Microarchitecture       

Ct.Th(mm) 0.20(0.04,0.37) 0.21(0.05,0.37 ) 0.15(-0.07,0.38) 0.15(-0.07,0.37) 0.28(0.05,0.51) 0.28(0.05,0.51) 

Tb.N(mm-1) 0.23(0.11,0.35) 0.21(0.10,0.32) 0.21(0.06,0.36) 0.19(0.04,0.34) 0.24(0.06,0.41) 0.22(0.05,0.40) 

Tb.Th(mm) 0.19(0.03, 0.34) 0.19(0.06,0.34) 0.21(-0.01,0.41) 0.22(0.02,0.43) 0.15(- 0.03,0.32) 0.17(-0.01,0.35) 

Tb.Sp(mm) 0.09(0.02, 0.17) 0.09(0.02,0.15) 0.10(0.01,0.20) 0.10(0.01,0.19) 0.07(-0.03,0.17) 0.07(-0.03,0.17) 

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric 

bone density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite; 

 Bold denotes statistical significance.  
a
, Adjusted for age, sex, weight, height  *p<0.05 for comparison of coefficient by sex, all other comparisons are not significant.    
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Table 4.6 Association between mother and offspring bone material and structural composition at the Tibia (by Scanco) 

Variable Mother – offspring (n=173) Mother – son (n=103)  Mother – daughter (n=70) 

 Unadjusted 

Coefficient(95%CI) 

Adjusteda 

Coefficient(95%CI) 

Unadjusted 

Coefficient(95%CI) 

Adjusteda 

Coefficient(95%CI) 
 

Unadjusted 

Coefficient(95%CI) 

Adjusteda 

Coefficient(95%CI) 

Geometry        

Tt.Ar(mm2) 0.60(0.35,0.85) 0.25(0.09,0.41)  0.77(0.48,1.07) 0.37(0.11,0.63)*  0.38(0.15,0.61) 0.07(-0.09,0.24)* 

Ct.Ar (mm2) 0.16(- 0.06,0.37) 0.14(- 0.06,0.33) 0.24(- 0.20,0.50) 0.22(- 0.03,0.46)  0.22(-0.02,0.47) 0.21(-0.04 0.45) 

Tb.Ar (mm2) 0.57(0.34,0.81) 0.27(0.11,0.44)  0.67(0.38,0.97) 0.34(0.08,0.60)*  0.40(0.15,0.64) 0.11(-0.08,0.30)* 

Volumetric density        

Tt.vBMD (mg HA/cm3) 0.26(0.12,0.41) 0.26(0.11,0.41)  0.23(0.05,0.41) 0.23(0.07,0.38)  0.30(0.03,0.58) 0.28(0.01,0.54) 

Ct.vBMD (mg HA/cm3) 0.14(0.04,0.25) 0.11(0.01,0.20)  0.15(0.04,0.26) 0.12(0.01,0.23)  0.13(-0.08,0.34) 0.05(-0.13,0.22) 

Tb.vBMD (mg HA/cm3) 0.37(0.22,0.52) 0.34(0.19,0.49)  0.28(0.10,0.47) 0.31(0.13,0.50)  0.40(0.17,0.62) 0.39(0.16,0.62) 

Microarchitecture        

Ct.Th(mm) 0.24(0.06 to 0.41) 0.23(0.05,0.41)  0.21(- 0.02,0.43) 0.20(- 0.01,0.42)  0.33(0.06,0.60) 0.28(0.03,0.53) 

Tb.N(mm-1) 0.34(0.22,0.47) 0.27(0.15,0.38)  0.33(0.164,0.497) 0.25(0.09,0.41)  0.31(0.12,0.50) 0.26(0.08,0.44) 

Tb.Th(mm) 0.16(0.02 to 0.31) 0.14( -0.01,0.29) 0.21(0.03,0.40) 0.15(-0.03,0.34)  0.11(-0.11,0.34) 0.15(-0.08,0.37) 

Tb.Sp(mm) 0.20(0.12 to 0.27) 0.17(0.10,0.24)  0.15(0.07,0.23) 0.13(0.06,0.21)  0.27(0.12,0.42) 0.24(0.09,0.38) 

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric 

bone density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite; 

 Bold denotes statistical significance. 
a
, Adjusted for age, sex, weight, height; *p<0.05 for comparison of coefficient by sex, all other comparisons are not significant. 
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Table 4.7 Estimation of heritability for mother to offspring pairs after adjustment for age, sex, height 

and weight (by StrAx 1.0) 

Variables   

 Mother-offspring 

(n=177)   

Mother-son 

(n=107)   

Mother-daughter 

(n=70) 

   h2(95%CI)a  h2(95%CI)a  h2(95%CI)a 

Radius       
 Geometry       

   Tt.Ar(mm2)  0.60 (0.33,0.88)  0.60 (0.25,0.96)  0.54 (0.12,0.97) 

   Ct.Ar(mm2)  0.45 (0.17,0.73)  0.26 (-0.13,0.64)  0.61 (0.20,1.01) 

   Ma.Ar(mm2)  0.67 (0.40,0.94)  0.82 (0.51,1.14)  0.43 (-0.01,0.87) 

 Volumetric density       

   Tt.vBMD(mg HA/cm3)  0.52 (0.24,0.81)  0.51 (0.15,0.88)  0.52 (0.07,0.96) 

   Ct.vBMD (mg HA/cm3)  
0.43 (0.14,0.71)  0.29 (-0.09,0.67)  0.59 (0.16,1.02) 

   Tb.vBMD (mg HA/cm3)  
0.53 (0.24,0.81)  0.47 (0.11,0.83)  0.63 (0.18,1.09) 

 Microarchitecture       

   Ct.Th(mm)  0.60 (0.33,0.86)  0.09 (-0.28,0.46)  0.66 (0.25,1.08) 

   Total cortical porosity (%)  0.40 (0.12,0.68)  0.28 (-0.10,0.66)  0.56 (0.12,0.99) 

Compact cortical porosity (%)  0.20 (-0.09,0.49)  0.12 (-0.26,0.50)  0.29 (-0.14,0.73) 

   Outer TZ porosity (%)  0.24 (-0.04,0.53)  0.19 (-0.19,0.56)  0.41 (-0.02,0.84) 

   Inner TZ porosity (%)  0.54 (0.25,0.82)  0.37 (-0.01,0.75)  0.49 (0.01,0.97) 

   Tb.N(mm-1)  
0.64 (0.37,0.92)  0.58 (0.23,0.93)  0.62 (0.16,1.08) 

   Tb.Th(mm)  
0.63 (0.35,0.90)  0.43 (0.04,0.82)  0.70 (0.27,1.12) 

   Tb.Sp(mm)  
0.52 (0.23,0.80)  0.28 (-0.13,0.69)  0.65 (0.20,1.11) 

   Tb.BV/TV(%)  
0.45 (0.16,0.74)  0.41 (0.04,0.78)  0.59 (0.14,1.05) 

Tibia       
 Geometry       

   Tt.Ar(mm2)  0.70 (0.44,0.97)  0.79 (0.46,1.12)  0.53 (0.08,0.97) 

   Ct.Ar(mm2)  0.52 (0.42,0.80)  0.46 (0.07,0.84)  0.46 (0.03,0.89) 

   Tb.Ar(mm2)  
0.69 (0.42,0.96)  0.72 (0.38,1.06)  0.59 (0.16,1.03) 

 Volumetric density       

   Tt.vBMD(mg HA/cm3)  
0.60 (0.32,0.87)  0.40 (0.03,0.77)  0.80 (0.39,1.20) 

   Ct.vBMD (mg HA/cm3)  0.55 (0.27,0.83)  0.50 (0.14,0.86)  0.56 (0.14,0.98) 

   Tb.vBMD (mg HA/cm3)  
0.61 (0.33,0.88)  0.49 (0.12,0.85)  0.77 (0.37,1.18) 

 Microarchitecture       

   Ct.Th(mm)  0.52 (0.24,0.80)  0.22 (-0.17,0.60)  0.80 (0.41,1.19) 

   Total cortical porosity (%)  
0.54 (0.26,0.81)  0.50 (0.14,0.87)  0.51 (0.09,0.94) 

Compact cortical porosity (%)  0.43 (0.14,0.71)  0.46 (0.09,0.84)  0.25 (-0.18,0.68) 

   Outer TZ porosity (%)  0.56 (0.28,0.83)  0.50 (0.12,0.87)  0.46 (0.02,0.87) 

   Inner TZ porosity (%)  0.49 (0.20,0.77)  0.24 (-0.13,0.62)  0.67 (0.25,1.09) 

   Tb.N(mm-1)  
0.74 (0.48,1.00)  0.59 (0.23,0.95)  0.82 (0.42,1.21) 

   Tb.Th(mm)  
0.42 (0.13,0.71)  0.22 (-0.16,0.61)  0.62 (0.18,1.06) 

   Tb.Sp(mm)  
0.72 (0.46,0.98)  0.06 (-0.34,0.45)  0.77 (0.36,1.19) 

   Tb.BV/TV(%)   0.50 (0.22,0.79)  0.43 (0.06,0.80)  0.72 (0.30,1.13) 
Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area;; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric 
bone density; Tb.vBMD, trabecular volumetric bone density; TZ: transitional zone; Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular 

thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabecular bone volume fraction. HA:hydroxyapatite. Bold denotes statistical significance. 
a

, 95%CI calculated 

using normal approximation method.    
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Table 4.8 Estimation of heritability for mother to offspring pairs after adjustment for 

age, sex, height and weight (by Scanco) 

 

Mother-offspring 

(n=177) 

Mother-son 

(n=107) 

Mother-daughter 

(n=70) 

 h2 (95%CI)a h2 (95%CI)a h2 (95%CI)a 

Radius 

 Geometry  

 

 
  Tt.Ar 0.58 (0.30, 0.85) 0.79 (0.46, 1.12) 0.47 (0.04, 0.90) 

  Ct.Ar (mm2) 0.48 (0.21, 0.76) 0.34 (-0.03, 0.71) 0.58 (0.17, 0.99) 

  Tb.Ar (mm2) 0.64 (0.37, 0.90) 0.79 (0.47, 1.11) 0.41 (-0.03, 0.85) 

 Volumetric density    

  Tt.vBMD(mg HA/cm3) 0.51 (0.23, 0.79) 0.52 (0.16, 0.88) 0.45 (-0.01, 0.89) 

  Ct.vBMD (mg HA/cm3) 0.36 (0.04, 0.68) 

0.31 (-0.13, 

0.75)b 0.35 (-0.11, 0.81)b 

  Tb.vBMD (mg 

HA/cm3) 0.57 (0.28, 0.85) 0.54 (0.18, 0.89) 0.64 (0.18, 1.10) 

 Microarchitecture    

  Ct.Th (mm) 0.54(0.23, 0.86) 0.45 (0.02, 0.89) 0.52 (0.09, 0.95) 

  Tb.N (mm-1) 0.58 (0.31, 0.86) 0.50 (0.12, 0.88) 0.73 (0.30, 1.17) 

  Tb.Th (mm) 0.40 (0.10, 0.69) 0.36 (-0.01, 0.73) 0.36 (-0.10, 0.83)b 

  Tb.Sp (mm) 0.52 (0.24, 0.80) 

0.29 (-0.12, 

0.70)b 0.78 (0.36, 1.21) 

Distal Tibia    
Geometry    

  Tt.Ar 0.69 (0.42, 0.96) 0.77 (0.44, 1.11) 0.54 (0.10, 0.98) 

  Ct.Ar (mm2) 0.43 (0.15, 0.89) 

0.19 (-0.20, 

0.58 ) 0.62 (0.21, 1.02) 

  Tb.Ar (mm2) 0.59 (0.29, 0.89) 0.58 (0.19, 0.97) 0.57 (0.14, 1.00) 

Volumetric density    

  Tt.vBMD(mg HA/cm3) 0.58 (0.28, 0.88) 0.41 (-0.01, 0.83) 0.78 (0.37, 1.19) 

  Ct.vBMD (mg HA/cm3) 0.48 (0.19, 0.76) 0.43 (0.05, 0.80) 0.39 (-0.05, 0.83) 

  Tb.vBMD  (mg 

HA/cm3) 0.61 (0.33, 0.88) 0.53 (0.17, 0.89) 0.78 (0.37, 1.18) 

Microarchitecture    

  Ct.Th (mm) 0.43 (0.15, 0.71) 0.25 (-0.14, 0.63) 0.75 (0.36, 1.14) 

  Tb.N (mm-1) 0.67 (0.41, 0.94) 0.61 (0.25, 0.98) 0.67 (0.25, 1.09) 

  Tb.Th (mm) 0.42 (0.13, 0.70) 0.57 (0.22, 0.93) 0.25 (-0.22, 0.73) 

  Tb.Sp (mm) 0.64 (0.37, 0.90) 0.47 (0.09, 0.85) 0.75 (0.35, 1.16) 
Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone 

density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone density; Ct.Th, cortical 

thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite; 
a
, 95%CI calculated using normal approximation method; b, p<0.1. Bold denotes statistical significance.  
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Table 4.9 Genetic correlations between Radius and Tibia for bone material and 

structural composition (by StrAx1.0) 

Variables 

 Mother-offspring  

(n=177) 

  Rg (95%CI) 

  Geometry  
     Tt.Ar(mm2) 0.79 (0.60,0.98) 

     Ct.Ar(mm2) 0.49 (0.15,0.84) 

     Ma.Ar(mm2) 0.79 (0.59,0.99) 

 Volumetric density  
     Tt.vBMD(mg HA/cm3) 0.67 (0.46,0.89) 

     Ct.vBMD (mg HA/cm3) 0.75 (0.52,0.99) 

     Tb.vBMD (mg HA/cm3) 0.80 (0.65,0.96) 

 Microarchitecture  
     Ct.Th(mm) 0.54 (0.24,0.84) 

     Total cortical porosity (%) 0.75 (0.51,0.99) 

     Compact cortical porosity 

(%) 0.68 (0.15,1.21) 

     Outer TZ porosity (%) 0.90 (0.55, 1.25) 

     Inner TZ porosity (%) 0.78 (0.59, 0.97) 

     Tb.N(mm-1) 0.93 (0.78,1.08) 

     Tb.Th(mm) 0.63 (0.34,0.92) 

     Tb.Sp(mm) 0.87 (0.71,1.02) 

     Tb.BV/TV(%) 0.86 (0.69,1.03) 
Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area;; Tt.vBMD, total volumetric bone density; 

Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone density; TZ: transitional zone; 

Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV, trabecular bone volume fraction. HA: hydroxyapatite; Rg: genetic correlation coefficient.  

Bold denotes statistical significance. 
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Table 4.10 Genetic correlations between Radius and Tibia for bone material and 

structural composition (by Scanco) 

 Variables 

Mother-offspring      

     (n=177) 

Rg (95%CI) 

Geometry  

Tt.Ar(mm2) 0.78 (0.59, 0.98) 

Ct.Ar(mm2) 0.63 (0.32, 0.94) 

Tb.Ar(mm2) 0.75 (0.51, 1.00) 

Volumetric density  

Tt.vBMD(mg HA/cm3) 0.62 (0.37, 0.87) 

Ct.vBMD (mg HA/cm3) 0.77 (0.36, 1.18) 

Tb.vBMD (mg HA/cm3) 0.78 (0.61, 0.95) 

Microarchitecture  
Ct.Th(mm) 0.59 (0.26, 0.91) 

Tb.N(mm -1) 0.86 (0.65, 1.06) 

Tb.Th(mm) 0.81 (0.50, 1.12) 

Tb.Sp(mm) 0.88 (0.45, 1.31) 
Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone 

density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone density; Ct.Th, cortical 

thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite; Rg: 

genetic correlation coefficient. 

Bold denotes statistical significance. 
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 Discussion 

This study found a familial resemblance for bone geometry, vBMD and microarchitecture 

between middle-aged mothers and young adult offspring at both the distal radius and tibia, 

which remained largely unchanged after adjustment for age, sex and body size. Moreover, a 

higher proportion of the variance in most bone vBMD and microarchitecture measures in 

daughters were determined by maternal descent as compared to in sons. This implies that 

additive genetic effects account for a substantial proportion of the individual variance of bone 

microarchitecture and that the genetic contribution to bone measures varies by sex and is 

independent of linear growth. 

In our study genetic factors account for 24% to 74% of the variance in radial and tibial 

measures within mother-offspring pairs. Both the Scanco and StrAx 1.0 analysis were used in 

this study and consistent results between the two methods were found. Compared to the 

default Scanco analysis, StrAx 1.0 segments bone into compact-appearing cortex, transitional 

zone, and trabecular compartments and it can quantify cortical porosity below (as well as 

above) 100 μm. This is very important as porosity in transitional zone is the source of bone 

loss and it can predict fracture risk and assess aging or disease (26,27). 

The study results confirm and extend previous studies in older samples including parents and 

offspring (28-30), relatives (31) as well as in twins (32). In a cohort of healthy old parents with 

middle-aged offspring (30), the estimated heritability for bone microarchitecture ranged from 

22% to 64% in distal radius and tibia. Nagy et al. (29) also reported the familial resemblance 

of bone microarchitecture between premenopausal daughters and their post-menopausal 

mothers as daughters of women who had sustained fragility fracture have impaired bone 

microarchitecture. In the Framingham families study, David and colleagues (31) noted cortical 
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and trabecular microarchitecture and vBMD at the radius and tibia were heritable and the 

variability of HRpQCT measures was attributable to genetic factors more than environmental 

factors in 1047 older adults. Further, genetic factors contribute to 51% to 81% of the variance 

of bone measures in white female twin pairs around the time of the menopause (32). However, 

these studies were limited to middle-aged or older cohorts and did not report sex-specific 

heritability. Of note, one recent study published results from 102 mother-daughter and 161 

mother-son pairs (28). They found the additive genetic effect on bone was substantial and 

similar between and within sex.  However, nearly 70% of sons (15 years old) in this study 

had not finished growing and the study used principal components analysis, so this finding 

may not be directly comparable to ours. Overall, our results are consistent with prior studies. 

The average age of offspring in our study was 25 years, with peak bone mass likely to be 

attained (33,34). This information is important as it could allow the targeting of interventions at 

an early stage of life to populations with a genetic predisposition to suboptimal bone 

development in order to optimise modifiable environment factors affecting peak bone mass 

and potentially bone microarchitecture, thereby reducing the risk of osteoporotic fracture in 

later life. 

Genetic factors contributing to aBMD have been well documented (35-38). In particular, an 

earlier study from this cohort found that the proportion of variance accounted for by genetic 

factors ranging from 38% to 59% for aBMD in pre-pubertal children (38). However, it is clear 

that aBMD does not reflect all of the bone contribution to osteoporosis fractures (39-41) as it 

does not provide information about bone microarchitecture and material composition which 

both contribute to bone strength (42). Innovative technologies like HRpQCT are capable of 

measuring bone vBMD and microarchitecture (43). Thus, the present study contributes to 

understanding osteoporosis by demonstrating the genetic association in cortical and 

trabecular vBMD and microarchitecture.  
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Although there were strong associations between mothers and sons for bone geometry 

measures, genetic factors in mother-son pairs accounted for a relatively lower proportion of 

the variation in bone microarchitecture than in mother-daughter pairs, suggesting gene-sex 

interaction or genomic imprinting relevant to bone mineralisation. One possible explanation 

may be attributable to difference in genes controlling bone measures in males and females as 

sex-specific quantitative trait loci have been previously reported for in mice (44,45) and humans 

studies (46-48).  

High genetic correlations between radial and tibial bone measures was found in this cohort, 

suggesting that genetic factors might account for covariance between distal tibial and radius 

bone measures and genetic factors may be shared for bone measures between these two sites. 

The correlation was 49% to 87%, implying there is also a unique aspect of bone traits for the 

tibia, which are independent of the radius and vice versa.  

The current study has several potential limitations. Firstly, we did not collect information on 

mother’s menopausal status. However, maternal age as a strong surrogate for menopause was 

adjustment. Compared with no adjustment for maternal age, heritability was no significant 

difference. We also did further stratified analysis by the average natural menopause age in 

Australia (25) (age 52 years), which did not show significant difference in heritability of bone 

between before and after this critical time point. Overall, the absence of menopausal status 

seems unlikely to strongly affect our results. Secondly, this study did not include information 

on fathers as only mother and their offspring were collected, so we cannot comment on father 

child comparisons. Thirdly, a considerable percentage of participants were lost to follow-up 

and those who retained in this study had a lower rate of maternal smoking during pregnancy, 

higher percentage of breastfed and higher exercise activities. However, there was no 

difference in aBMD at age 8 suggesting these biases may not influence inferences that can be 
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drawn from this data. Fourthly, radial and tibial aBMD were not measured. However, recent 

evidence suggests that the heritability of bone microarchitecture is mostly independent of 

aBMD as further adjustment for radial aBMD only slightly reduced the magnitude of the 

heritability (31). Therefore, not adjusting for aBMD would most likely have only a minor 

influences on our result. Lastly, we recognize that 25 years old may not be the exact time of 

radial and tibial PBM. However, one study has shown that in women or men aged 25-29 

years, the distal forearm BMD only increased 0.095% to 0.162% in the subsequent 6.4 years, 

which suggests BMD at age 25 may be well representative of PBM (49). 

 Conclusion 

In conclusion, genetic factors have an important role in the development of bone geometry, 

vBMD and microarchitecture. These factors are strongly shared for the radial and tibial bone 

measures but vary by sex implying a role for imprinting.  
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 Tracking of areal bone mineral density from age 

eight to young adulthood and factors associated with deviation 

from tracking: a 17-yr prospective cohort study 

 Introduction  

Peak bone mass (PBM) is a major predictor of risk of osteoporotic fracture later in life (1,2). It 

is achieved in the late twenties and early thirties of life  (3,4). PBM is largely explained by 

genetic factors (5,6), which suggests that bone mass is likely to track, that is, individuals will 

maintain their ranked positions within the distribution of a studied cohort over time. This is 

important for early identification of individuals who are likely to be influenced by either 

environmental or genetic factors to have a higher risk of low PBM and fractures in later life. 

Tracking of bone measures has been reported from childhood to adolescence both in axial 

and appendicular skeletal sites (7-14).  In particular, our previous study has shown a strong 

tracking of bone measures from age 8 to 16 years in an Australian cohort (15). There is also 

some evidence of tracking observed from adulthood to middle age (16) and in post-

menopausal women as well as old men (17-20). However, there is a paucity of very long-term 

follow-up data about whether bone measures track from childhood to early adulthood, when 

PBM is achieved. Furthermore, factors that affect the deviation from tracking during this 

critical period have not been widely studied (21-24), resulting in a lack of evidence to guide the 

development of effective early-life strategies to improve PBM. 

Therefore, based on our previous results (15), the aims of this 17-yr prospective cohort study 

were to describe whether the strong tracking continued to age 25 and whether it is 
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independently of change in body size and identify factors associated with deviation from 

tracking. 

 Materials and Methods 

5.2.1 Participants  

T-Bone is a cohort study taken from within a Tasmanian birth cohort from 1988 and 1989. 

During these years, there were 13,592 live births in Tasmania. At the time birth, a scoring 

system was used to select infants at higher risk of Sudden Infant Death Syndrome (SIDS) for 

possible participation in an infant health study (25). From these, 1500 infants who were born in 

1988 and 1989 in Southern Tasmania were enrolled in the current study. In 1996, 444 

children born in the 1988 were followed up and 330 had DXA scans (age = 8 years, served as 

the baseline cohort of the current study). In 1997, 446 children born in 1989 were followed 

up but none of them had DXA scans. Both of these two group participants were then 

followed up in 2004-5 (age =16 years, n = 415). In 2013-15, 201 participants were contacted 

and agreed to participate when they were 25 years old. A flow chart of participant is given in 

Figure 5.1Error! Reference source not found.. All the participants are Caucasian. Informed 

consent was approved from all participants and a parent/guardian (when participants were 

under age 16). Ethical approval was obtained from the University of Tasmania Human 

Research Ethics Committee. 
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Figure 5.1 Participant flow chart for this study 

a DXA, Dual-energy X-ray absorptiometry; b 99 participants had DXA data at 1996 when they were at age 8 
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5.2.2 Bone mass and body composition assessment 

Areal bone mineral density (BMD) at the lumbar spine, right total hip and total body were 

measured at each time point using dual energy X-ray absorptiometry (DXA) (1996: QDR-

2000 (Hologic, Waltham, MA); 2004–05:Delphi (Hologic) ; 2013-15: Discovery (Hologic)). 

There was cross calibration with the same hypoxyapatite spine phantom in the software 

upgrading from the QDR2000, Delphi to Discovery. The longitudinal coefficient of 

variations for our machine during 1996, 2004–05 and 2013-15 using daily measurements of a 

spine phantom were 0.54%, 0.34% and 0.48% respectively. Total body lean mass (LM) and 

fat mass (FM) were also obtained from the DXA scans. 

5.2.3 Clinical assessment  

Participants’ breastfeeding status was defined as either having ever or never been breastfed 

by parental questionnaire administered when they were at age 8. The use of inhaled 

corticosteroids (ICS) at each data collection point was assessed by questionnaire. Sports 

participation (defined as taking part in organized sport for at least 3 months of the last year) 

was assessed by questionnaire. Endurance fitness was using Monark bicycle ergometer (26) at 

all stages as previously described (27). Briefly, participants were asked to cycle at a constant 

60 revolutions per minute (rpm) for 3 min at each of three successively increasing but 

submaximal workloads. Heart rate was recorded at 1-minute intervals at each workload using 

an electric heart rate monitor. Physical working capacity (PWC) was calculated by the 

product of rpm and workload. PWC at 170 beats/minute (PWC170) was then estimated using 

linear regression based on the measured PWC and the heart rate. A high repeatability has 

previously been reported as 0.92 (26). 
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5.2.4 Anthropometry and other factors 

Standing height was measured using a stadiometer to the nearest 0.1 cm with the participant 

in bare feet. Body weight was measured to the nearest 0.1 kg by calibrated electronic scales. 

In 1996, all children were assumed to be pre-pubertal without specific assessment given the 

young mean age of 8 years old. At year 2004 and 2005, pubertal status was self-assessed by 

using drawings with an illustration of five stages of pubertal development (28). 

5.2.5 Statistical analysis  

Pearson and partial correlation coefficients were used to describe the relationship between 

BMD at age 8 and 25 and age 16 and 25, before and after adjustment for change in weight 

and height. 

Participants were ranked and categorised into tertiles according to areal BMD at the spine and 

total hip at each time point (tertile 3 being those with the highest BMD rankings). The tertiles 

to which each participant belonged at age 8 and 25 and age 16 and 25 were compared to show 

the degree of movement between tertiles. Participants were classified as having positive 

deviation if they remained in tertile 3, moved from tertile 1 to tertile 2 or 3, or moved from 

tertile 2 to tertile 3. 

Multivariable log binomial regression was used to estimate relative risk (RR) to test the 

associations between exposures and positive deviation from tracking. RR was estimated using 

a Poisson distribution and robust SEs when the log binomial model failed to converge (29). 

The interaction between sex and each exposure was checked. The reference group for this 

analysis was participants who did not show positive deviation at each stage. Based on our 

previous paper (15), change in FM was adjusted for change in LM and days of follow-up was 
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adjusted and vice versa when change in FM was the exposure of interest. Days of follow-up, 

change in height and weight were adjusted when change of PWC170 was the predictor. 

A p value of <0.05 (two-tailed) was regarded as statistically significant.  All analyses were 

conducted using Stata software (version12; StataCorp. College Station, TX, USA). 

 Results 

A total of 201 children were followed up with 197 having complete information when they 

were 25 years old. A higher proportion of participants retained in this study were ever 

breastfed as well as participated in sports, and a lower proportion used ICS compared with 

those lost to follow-up (Appendix Table 2). 

Anthropometric, clinical characteristics and BMD of the participants at each stage by sex are 

presented in Table 1. Ninety-nine participants were followed from age 8 to 25 and 197 

participants from age 16 to 25. Height, weight, total body LM and FM increased from age 8 

to 25 years, while sports participation decreased substantially by age 25. PWC170 improved 

twofold from age 8 to 16 and then slightly increased in males and decreased in females from 

age 16 to 25 years. Approximately 10% children at age 8 used ICS and 70% were breastfed. 

At age 16, the majority of participants being in Tanner stage IV or V. 

From age 8 to 25, BMD increased by 75% at the spine and 50% at the hip as well as total 

body. From age 16 to 25, BMD increased around 10% in the spine and total body but 

remained unchanged in the hip Error! Reference source not found.(Table 5.1). 

There was a moderate to strong tracking for BMD at spine, hip and total body from age 8 to 

25 years (correlation coefficients: males, 0.46-0.59; females, 0.69-0.79) and strong tracking 
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from age 16 to 25 years (males, 0.68-0.76; females, 0.85-0.88) in univariable model. After 

adjustment for change in height and weight, the correlation coefficients were increased by 5% 

to 17 % in males and 3% to 9% in females from age 8 to 25 years, and by 8% to 16 % in 

males and -4% to 3% in females from 16 to 25 years of age (Figure 5.2).  

 From 8 to 25 years old: 51% males deviated positively from tracking and 26% transitioned to 

a lower tertile at spine (56% and 26% respectively, at hip); 34% females had a positive 

deviation and 18% of them transitioned to a lower tertile at spine (32% and 21%, 

respectively, at hip).  A similar result was observed for the tracking from 16 to 25 years old: 

41% had positive deviation and 18% transitioned to a lower tertile at spine (50% and 17%, 

respectively, at hip). For females, 38% had positive deviation and 18% transitioned to a lower 

tertile at spine (21% and 11%, respectively, at hip). Of note, 7% to 13% boys and 26% to 

37% girls remained in the lowest tertile of spine or hip BMD from 8 to 25 years old. 

Predictors of positive deviation of spine and hip BMD by sex from age 8 to 25 years and age 

16 to 25 years are given in Table 5.2 and Table 5.3. There were statistically significant 

interactions between sex and LM, FM, fitness and sports participation for positive BMD 

deviations from age 8 to 25 years. From age 8 to 25, PWC170 at age 8 was associated with a 

positive deviation of spine BMD in males. Absolute and percentage change in LM between 

age 8 and 25 and sports participation at age 25 predicted positive deviation of both spine and 

hip BMD in males. In contrast, absolute and percentage change in FM was negatively 

associated with the positive deviation in spine BMD. Only absolute change in FM predicted 

positive deviation of hip BMD in females (Table 5.2).  

From age 16 to 25, compared to males in Tanner stage V, males in stage IV at baseline have a 

trend to positive deviation in spine BMD. LM, PWC170 and sports participation at age 16, 
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both absolute and percentage change in LM and PWC170 between age 16 and 25, as well as 

sports participation at age 25 predicted the positive deviation in spine and/or hip BMD in 

males. LM at age 16 was positively and PWC170 at age 16 was negatively associated with the 

deviation of spine and hip BMD in females (Table 5.3).  
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Table 5.1 Characteristics and DXA measurements for males and females at mean age 8, 16 and 25 

    Males(n=121)       Females (n=76)   

  Age 8 (n=61) Age 16 (n=121) Age 25 (n=121)   Age 8 (n=38) Age 16 (n=76) Age 25 (76) 

Age (years) 8.05 (0.37) 16.4 (0.45) 25.5 (0.74)  8.19 (0.30) 16.3 (0.37) 25.6 (0.69) 

Height (cm) 127.8 (5.7) 175.0 (5.9) 177.7 (6.1)  127.8 (5.07) 162.4 (6.5) 163.5 (6.8) 

Weight (kg) 27.8 (5.8) 69.1 (13.3) 84.2 (16.0)  28.02 (5.4) 61.8 (11.3) 72.3 (18.2) 

LM (kg) 21.1 (2.7) 55.6 (6.5) 62.4 (8.0)  19.8 (2.4) 41.9 (4.4) 45.0 (6.8) 

FM (kg) 5.6 (3.7) 14.6 (8.2) 19.4 (9.7)  7.1 (3.7) 21.9 (7.5) 25.7 (12.1) 

Sports participation n (%) 48 (80) 89 (74) 43 (36)  20 (53) 59 (78) 18 (24) 

PWC 170 /Weight (watts/kg) 1.20 (0.30)  2.47 (0.58) 2.46 (1.40)  0.99 (0.28) 1.78 (0.40) 1.50 (0.52) 

PWC 170/LM (watts/kg) 1.59 (0.46) 3.02 (0.64) 3.27 (2.03)  1.42 (0.44) 2.58 (0.44) 2.31 (0.67) 

ICS use n (%) 5 (10) 13 (11) 16 (13)  3 (8) 10 (13) 8 (11) 

Breastfeda n (%)  40 (70) 83 (70) 83 (70)    27 (71) 54 (71) 54 (71) 

Number in Tanner stage III, 

IV, V (n) - 7, 81, 33 -, -, 121  - 1, 44, 31 -, -, 76 

BMD (g/cm2)        

   Spine 0.60 (0.07)  0.97 (0.11)  1.06 (0.13)  0.60 (0.08) 0.99 (0.12) 1.06 (0.11) 

   Hip 0.67 (0.08)  1.04 (0.13)  1.05 (0.14)  0.60 (0.07) 0.97 (0.11) 0.96 (0.11) 

   Total body 0.79 (0.04)  1.07 (0.09) 1.18 (0.09)   0.76 (0.06) 1.02 (0.08) 1.10 (0.10) 
   Values are mean (standard deviation) unless otherwise stated. LM=lean mass; FM=fat mass 

   PWC170=physical work capacity at 170 beats/min. ICS: Inhaled corticosteroids. BMD=areal bone mineral density 

   a The information of whether been ever breastfed was collected at 8 years old. 
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Table 5.2  Factors associated with positive deviation from tracking of spine and hip BMD from age 8 to age 25 

  Males (n=61)   Females (n=38) 

 
Spine BMD Hip BMD  Spine BMD Hip BMD 

  RRd (95%CI) RRd (95%CI)  RRd (95%CI) RRd (95%CI) 

Factors at age 8      

    ICS use (y/n)a  0.98 (0.54, 1.79) 0.62 (0.25, 1.54)  0.67 (0.21, 2.16) 0.56 (0.23, 1.37) 

    LM (kg)b  0.96 (0 .85, 1.08) 0.99 (0.88, 1.11)  1.18 (0.95, 1.47) 1.09 (0.85, 1.39) 

    FM (kg)b  1.01 (0.92, 1.10) 0.99  (0.91, 1.08)  1.07 (0.93, 1.23) 1.11 (0.97, 1.28) 

    PWC170/Weight (watts/kg)a 1.98 (1.00, 3.93) 1.67 (0.84, 3.34)  0.44 (0.08, 2.47) 2.72 (0.60, 12.2) 

    PWC170/LM (watts/kg)a 1.77 ( 1.07, 2.93) 1.36 (0.79, 2.33)  0.33 (0.01, 1.15) 2.35 (0.82, 6.67) 

    Sports participationa 1.20 (0.63, 2.31) 0.99 (0.62, 1.60)  0.59 (0.25, 1.42) 1.10 (0.48, 2.50) 

Absolute change between age 8 

and 25      

    LM (kg)b  1.06 (1.03, 1.10) 1.05 (1.02, 1.08)  1.10 (0.97, 1.23) 0.94 (0.86, 1.02) 

    FM (kg)b  0.94 (0.91, 0.98) 0.98 (0.95, 1.01)  0.96 (0.90, 1.02) 1.05 (1.01, 1.09) 

    Increase in PWC170 (per 10 

watts)c 1.01 (1.00, 1.01) 1.00 (0 .99, 1.01)  1.10 (0.90, 1.34) 0.91 (0.73, 1.13) 

Percentage change between age 8 

and 25      

    LM (%)b 1.01 (1.01, 1.02) 1.01 (1.00, 1.02)  1.00 (0.98, 1.03) 0.98 (0 .96, 1.01) 

    FM (%)b  0.99 (0.99, 1.00) 0.99 (0.99, 1.01)  0.99 (0.99, 1.01) 1.00 (0.99, 1.01) 

Sports participation at age 25a 2.32 (1.38, 3.90) 1.62 (1.02, 2.56)  1.28 (0.40, 4.06) 2.23 (0.78, 6.38) 
    Values are relative risks (95% confidence intervals). Bold denotes statistical significance. RR=relative risk. BMD=areal bone mineral density  

    ICS=inhaled corticosteroid, LM=lean mass, FM=fat mass, PWC170=physical work capacity at 170 beats/min.  

    * The information of whether or not had ever breastfed was collected at 8 years old. 

     a Adjusted for age, height and weight (except for PWC170/weight only adjusted for age and height). 
     b Adjusted for days of follow-up and corresponding body composition measure (i.e. change in lean mass is adjusted for change in fat mass). 
     c Adjusted for days of follow-up, change in height and change in weight.      d Positive deviation (remained in the tertile 3, moved from tertile 1 to tertile 2 or 3, or moved from tertile 2 to tertile 

3) vs. reference group.  
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Table 5.3 Factors associated with positive deviation from tracking of spine and hip BMD from age 16 to age 25 

 Males (n=121)  Females (n=76) 

 Spine BMD Hip BMD  Spine BMD Hip BMD 

 RRd (95%CI) RRd (95%CI)  RRd (95%CI) RRd (95%CI) 

Factors at age 16      

    ICS use (y/n)a 1.17 (0.65, 2.10) 1.03 (0.62, 1.73)  1.35 (0.74, 2.47) 1.82 (0.75, 4.38) 

    LM (kg)b 1.03 (0.99, 1.06) 1.03 (1.00, 1.06)  1.13 (1.06, 1.21) 1.16 (1.05, 1.29) 

    FM (kg)b 0.99 (0.96, 1.02) 1.00 (0.98, 1.02)  0.97 (0.93, 1.01) 0.99 (0.93,1.04) 

    PWC170/Weight (watts/kg)a 1.67 (1.28, 2.17) 1.43 (1.11, 1.85)  0.67 (0.38, 1.18) 0.43 (0.16, 1.10)e 

    PWC170/LM (watts/kg)a 1.57 (1.25, 1.97) 1.38 (1.13, 1.68)  0.59 (0.34,1.01)e 0.57 (0.29,1.12) 

    Sports participationa 1.34 (0.75, 2.39) 1.50 (0.94, 2.41)e  0.71 (0.40, 1.26) 0.59 (0.26, 1.37) 

    Tanner stage a,f 1.88 (0.98, 3.60)e 1.02 (0.68, 1.54)  1.16 (0.58, 2.31) 0.48 (0.18, 1.28) 

Absolute change between age 16 and 

25 
     

    LM (kg)b 1.06 (1.03, 1.08) 1.04 (1.02, 1.07)  1.04 (0.96, 1.13) 1.01 (0.90, 1.13) 

    FM (kg)b 0.97 (0.94, 1.00) 0.99 (0.97, 1.02)  0.97 (0.94, 1.02) 1.04 (0.97, 1.12) 

    Increase in PWC170 (per 10 watts)c 1.00 (0.99, 1.00) 1.01 (1.00, 1.01)  1.09 (1.00, 1.19) 1.07 (0.92, 1.25) 

Percentage change between age 16 

and 25 
     

    LM (%)b 1.02 (1.01, 1.04) 1.02 (1.00, 1.03)  1.00 (0.97, 1.04) 0.99 (0.95, 1.03) 

    FM (%)b 1.00 (0.99, 1.01) 1.00 (1.00, 1.01)  1.00 (1.00, 1.01) 1.01 (1.00,1.03) 

Sports participation at age 25a 2.25 (1.49, 3.38) 2.02 (1.39, 2.93)  0.89 (0.42, 1.87) 1.49 (0.56, 4.00) 
    Values are relative risks (95% confidence intervals). Bold denotes statistical significance. RR= relative risk. BMD=areal bone mineral density  

    ICS=inhaled corticosteroid, LM=lean mass, FM=fat mass, PWC170=physical work capacity at 170 beats/min.  

    *The information of whether or not ever been breastfed was collected at 8 years old. 
      a Adjusted for age, height and weight (except for PWC170/weight only adjusted for age and height). 
      b Adjusted for days of follow-up and corresponding body composition measure (i.e.change in lean mass is adjusted for change in fat mass). 
      c Adjusted for days of follow-up, change in height and change in weight. 
      d  Positive deviation (remained in the tertile 3, moved from tertile 1 to tertile 2 or 3, or moved from tertile 2 to tertile 3) vs. reference group.      e P<0.1.  f Tanner stage V is reference group.    
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  Figure 5.2 Tracking of bone mineral density from age 8 to 25 years (A) and from age 16 to 25 years (B) in males and females after adjustment 

for change in height and weight (r: correlation coefficient; BMD: area bone mineral density).   
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 Discussion  

This study for the first time demonstrates that spine, hip and total body BMD track strongly 

from childhood to young adulthood in both males and females. This tracking is largely 

independent of linear growth and the tracking is stronger between age 16 and 25. This implies 

that there might be greater potential to alter trajectories before the age of 16 years and 

interventions that could improve trajectories might have more potential to improve PBM 

from a younger age. Improving LM in both sexes as well as fitness and sports participation in 

males at age 8 and 16 were associated with a positive deviation from tracking, and 

interventions targeting these factors should be considered as options to investigate for 

improving PBM.  

Previous longitudinal studies have consistently reported high tracking of bone measures from 

childhood to adolescence (7-15,30-32) but none of them have continued to the time of PBM in the 

axial skeleton. The novel finding of this study is the moderate to strong tracking of BMD 

over a long-term period from childhood to adulthood. The majority of children remained in 

their original tertile position during this long period and, in particular, 18% to 27% children 

remained in the lowest tertile of spine or hip BMD from 8 and 16 to 25 years old. This 

supports the view that low PBM can be identified early in life and could be targeted for 

interventions at an earlier stage of life. This is critical in clinical and public health practice as 

a 10% increase in PBM could delay the onset of osteoporosis in later life by 13 years (33). 

Overall, the result of the current study confirmed and extends previous results showing strong 

tracking of spine and hip BMD. Many previous studies were limited by small sample sizes, 

by using single-photon absorptiometry (SPA), which is a technique no longer widely used in 

clinical practice (30-32), being in only one sex (7,9,12) or by the lack of adjustment for change in 
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body size (7,9,10). One other study had very long-term follow-up from childhood to adulthood 

but it did not measure the important sites of the femoral neck or lumbar spine. This study 

showed moderate correlation for distal forearm bone mass from childhood (mean age of 10 

years (range 3–17)) to 28 years later (34). It is nonetheless generally consistent with our 

findings. Compared with our previous data from this cohort when they were followed up 

from 8 to 16 years old (15), participants who were followed up from 16 to 25 years old showed 

stronger tracking. This can be potentially be explained by more variation in growth of bone 

during puberty in the period of 8 to 16 years due to variations in the timing of peak height 

velocity. 

Lean mass, fat mass, fitness and sports participation were the major predictors of deviation 

from tracking in this study. Lean mass predicted the positive deviation of BMD in both males 

and females. Indeed, lean mass has been consistently found to be positively associated with 

the attainment and maintenance of bone mass and bone structure (35-38). In this study, fat mass 

was negatively associated with males and positively with female’s deviation from tracking. 

The sex difference may be due to variation in body composition between males and females 

during growth (39-41). Many studies showed the association between fat mass and bone mass 

change over the life span, especially in females, which may be driven by opposing effects of 

age and menarche (41). Better endurance fitness (PWC170) and more sports participation were 

associated with positive deviation of spine and/or hip BMD in young males. Supporting this, 

data from the Bone Mineral Density in Childhood Study (BMDCS) showed weight-bearing 

or high-impact physical activity had a significant longitudinal effect on bone accretion from 

childhood to adulthood (22,23). That moderate to strong tracking of BMD can be potentially 

modified by environmental factors highlights the importance of considering targeting 

modifiable factors even though genes play a major role in achieving PBM (5,6). These major 
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predictors further support the potential interactions between environmental and genetic 

influences on PBM achieved in young adulthood (5). 

There was slightly higher tracking in females than males from childhood (i.e., 8 and 16 years 

old) to early adulthood in the current study, which is similar to our previous study describing 

tracking from age 8 to 16 years.  This might be explained by sex differences in sex hormones, 

pubertal maturation, lifestyle behaviours, change in body composition as well as the effects 

of these factors in the development of bone in males compared to females. For example, 

compared to participants who were at Tanner stage V, boys but not girls in stage IV had a 

trend of positive deviation in spine BMD. This is not surprising as they have more growing to 

do than those in stage V. Sports participation at age 25 was strongly associated with a 

positive deviation of tracking in BMD in males but not females. This may reflect males doing 

more high impact sports. In particular, PWC170 per weight or per lean mass continued to 

increase in males but decreased in females from age 16 to 25 years. 

The current study has several potential limitations. Firstly, we were unable to use the same 

densitometer to assess bone mass and body composition at three stages. However, it has been 

shown that Hologic densitometers are relatively interchangeable and the accuracy of bone 

measures is stable during hardware upgrade (42-44). Although the value of change in body 

composition is likely to be different if we used the same software at all three time-points, the 

participants were measured using the same analysis software at each time point so the 

deviation in these measures caused by changeover of software to participants should be 

randomly distributed. Therefore, this is unlikely to affect our results when change of body 

composition as predictors. In addition, this would not affect our results when baseline 

measures were used as predictors. Secondly, a higher proportion of participants retained in 

this study were breastfed as well as participated in sports and a lower proportion used ICS 
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compared with those lost to follow-up suggesting the potential for selection bias. However, 

adjusting for these factors did not change associations. Thirdly, the sample size was small, 

suggesting these results should be replicated in larger studies and that some associations may 

not have reached statistical significance where the subgroups were smaller. Finally, even 

though PWC170 is widely used and has been validated against maximal aerobic power 

(VO2max) as a criterion measure in youth children with moderate correlations (45), more 

advanced and well validated tests are needed in future studies, especially for females, as they 

might be less competitive in exercise and cycling.  

In conclusion, bone mineral density tracks from childhood to early adulthood in both males 

and females. There appears to be greater capacity to alter tracking before age 16. Increasing 

LM in both sexes and improving fitness and sports participation in males might be effective 

strategies to improve BMD in adulthood.   

 



Chapter 5: Tracking of bone mineral density from age eight to young adulthood  

91 

 

Reference 

1. Heaney R, Abrams S, Dawson-Hughes B, Looker A, Looker A, Marcus R, et al. Peak 

bone mass. Osteoporosis international. 2000;11(12):985-1009. 

2. Seeman E. Reduced bone density in women with fractures: contribution of low peak 

bone density and rapid bone loss. Osteoporosis International. 1994;4:S15-S25. 

3. Teegarden D, Proulx WR, Martin BR, Zhao J, Mccabe GP, Lyle RM, et al. Peak bone 

mass in young women. Journal of Bone and Mineral Research. 1995;10(5):711-5. 

4. Rizzoli R, Bonjour J, Ferrari S. Osteoporosis, genetics and hormones. Journal of 

molecular endocrinology. 2001;26(2):79-94. 

5. Kelly P, Eisman J, Sambrook P. Interaction of genetic and environmental influences 

on peak bone density. Osteoporosis international. 1990;1(1):56-60. 

6. McGuigan FE, Murray L, Gallagher A, Davey‐Smith G, Neville CE, Van't Hof R, et 

al. Genetic and environmental determinants of peak bone mass in young men and 

women. Journal of bone and mineral research. 2002;17(7):1273-9. 

7. Cheng S, Völgyi E, Tylavsky FA, Lyytikäinen A, Törmäkangas T, Xu L, et al. Trait-

specific tracking and determinants of body composition: a 7-year follow-up study of 

pubertal growth in girls. BMC medicine. 2009;7(1):5. 

8. Wren TA, Kalkwarf HJ, Zemel BS, Lappe JM, Oberfield S, Shepherd JA, et al. 

Longitudinal tracking of dual-energy X-ray absorptiometry bone measures over 6 

years in children and adolescents: persistence of low bone mass to maturity. The 

Journal of pediatrics. 2014;164(6):1280-5. e2. 

9. Ferrari SL, Chevalley T, Bonjour JP, Rizzoli R. Childhood fractures are associated 

with decreased bone mass gain during puberty: an early marker of persistent bone 

fragility? Journal of bone and mineral research. 2006;21(4):501-7. 

10. Kalkwarf HJ, Gilsanz V, Lappe JM, Oberfield S, Shepherd JA, Hangartner TN, et al. 

Tracking of bone mass and density during childhood and adolescence. The Journal of 

Clinical Endocrinology & Metabolism. 2010;95(4):1690-8. 

11. Budek A, Mark T, Michaelsen KF, Mølgaard C. Tracking of size-adjusted bone 

mineral content and bone area in boys and girls from 10 to 17 years of age. 

Osteoporosis international. 2010;21(1):179-82. 

12. Chevalley T, Bonjour JP, van Rietbergen B, Ferrari S, Rizzoli R. Tracking of 

Environmental Determinants of Bone Structure and Strength Development in Healthy 

Boys: An Eight‐Year Follow Up Study on the Positive Interaction Between Physical 

Activity and Protein Intake From Prepuberty to Mid‐Late Adolescence. Journal of 

Bone and Mineral Research. 2014;29(10):2182-92. 



Chapter 5: Tracking of bone mineral density from age eight to young adulthood  

92 

 

13. Fujita Y, Iki M, Ikeda Y, Morita A, Matsukura T, Nishino H, et al. Tracking of 

appendicular bone mineral density for 6 years including the pubertal growth spurt: 

Japanese Population-based Osteoporosis kids cohort study. Journal of bone and 

mineral metabolism. 2011;29(2):208-16. 

14. Nilsen OA, Ahmed LA, Winther A, Christoffersen T, Furberg A-S, Grimnes G, et al. 

Changes and tracking of bone mineral density in late adolescence: the Tromsø Study, 

Fit Futures. Archives of Osteoporosis. 2017;12(1):37. 

15. Foley S, Quinn S, Jones G. Tracking of bone mass from childhood to adolescence and 

factors that predict deviation from tracking. Bone. 2009;44(5):752-7. 

16. Emaus N, Berntsen G, Joakimsen R, Fønnebø V. Longitudinal Changes in Forearm 

Bone Mineral Density in Women and Men Aged 25–44 Years The Tromsø Study: A 

Population-based Study. American journal of epidemiology. 2005;162(7):633-43. 

17. Emaus N, Berntsen G, Joakimsen R, Fonnebø V. Longitudinal changes in forearm 

bone mineral density in women and men aged 45–84 years: the Tromsø Study, a 

population-based study. American journal of epidemiology. 2006;163(5):441-9. 

18. Hansen MA, Overgaard K, Riis BJ, Christiansen C. Role of peak bone mass and bone 

loss in postmenopausal osteoporosis: 12 year study. Bmj. 1991;303(6808):961-4. 

19. Sowers MF, Clark K, Wallace R, Jannausch M, Lemke J. Prospective study of radial 

bone mineral density in a geographically defined population of postmenopausal 

Caucasian women. Calcified tissue international. 1991;48(4):232-9. 

20. Ahlborg H, Johnell O, Nilsson B, Jeppsson S, Rannevik G, Karlsson M. Bone loss in 

relation to menopause: a prospective study during 16 years. Bone. 2001;28(3):327-31. 

21. Baxter-Jones AD, Kontulainen SA, Faulkner RA, Bailey DA. A longitudinal study of 

the relationship of physical activity to bone mineral accrual from adolescence to 

young adulthood. Bone. 2008;43(6):1101-7. 

22. Mitchell JA, Chesi A, Elci O, McCormack SE, Roy SM, Kalkwarf HJ, et al. Physical 

activity benefits the skeleton of children genetically predisposed to lower bone 

density in adulthood. Journal of Bone and Mineral Research. 2016;31(8):1504-12. 

23. Lappe JM, Watson P, Gilsanz V, Hangartner T, Kalkwarf HJ, Oberfield S, et al. The 

longitudinal effects of physical activity and dietary calcium on bone mass accrual 

across stages of pubertal development. Journal of Bone and Mineral Research. 

2015;30(1):156-64. 

24. Mitchell JA, Chesi A, Elci O, McCormack SE, Kalkwarf HJ, Lappe JM, et al. 

Genetics of Bone Mass in Childhood and Adolescence: Effects of Sex and Maturation 

Interactions. Journal of Bone and Mineral Research. 2015;30(9):1676-83. 

25. Dwyer T, Ponsonby A-L, Newman N, Gibbons L. Prospective cohort study of prone 

sleeping position and sudden infant death syndrome. The Lancet. 

1991;337(8752):1244-7. 



Chapter 5: Tracking of bone mineral density from age eight to young adulthood  

93 

 

26. Withers R, Davies G, Crouch R. A comparison of three W 170 protocols. European 

journal of applied physiology and occupational physiology. 1977;37(2):123-8. 

27. Jones G, Dwyer T. Bone Mass in Prepubertal Children: Gender Differences and the 

Role of Physical Activity and Sunlight Exposure 1. The Journal of Clinical 

Endocrinology & Metabolism. 1998;83(12):4274-9. 

28. Duke PM, Litt IF, Gross RT. Adolescents' self-assessment of sexual maturation. 

Pediatrics. 1980;66(6):918-20. 

29. Zou G. A modified poisson regression approach to prospective studies with binary 

data. American journal of epidemiology. 2004;159(7):702-6. 

30. Magarey A, Boulton T, Chatterton B, Schultz C, Nordin B, Cockington R. Bone 

growth from 11 to 17 years: relationship to growth, gender and changes with pubertal 

status including timing of menarche. Acta Paediatrica. 1999;88(2):139-46. 

31. Luiza Loro M, Sayre J, Roe TF, Goran MI, Kaufman FR, Gilsanz V. Early 

identification of children predisposed to low peak bone mass and osteoporosis later in 

life 1. The Journal of Clinical Endocrinology & Metabolism. 2000;85(10):3908-18. 

32. Ruff C. Growth tracking of femoral and humeral strength from infancy through late 

adolescence. Acta Paediatrica. 2005;94(8):1030-7. 

33. Hernandez C, Beaupre G, Carter D. A theoretical analysis of the relative influences of 

peak BMD, age-related bone loss and menopause on the development of osteoporosis. 

Osteoporosis international. 2003;14(10):843-7. 

34. Buttazzoni C, Rosengren BE, Tveit M, Landin L, Nilsson J-Å, Karlsson MK. A 

pediatric bone mass scan has poor ability to predict adult bone mass: a 28-year 

prospective study in 214 children. Calcified tissue international. 2014;94(2):232-9. 

35. Khosla S, Atkinson EJ, Riggs BL, Melton LJ. Relationship between body 

composition and bone mass in women. Journal of Bone and Mineral Research. 

1996;11(6):857-63. 

36. Wang M, Bachrach L, Van Loan M, Hudes M, Flegal K, Crawford P. The relative 

contributions of lean tissue mass and fat mass to bone density in young women. Bone. 

2005;37(4):474-81. 

37. Goulding A, Taylor RW, Grant AM, Jones S, Taylor BJ, Williams SM. Relationships 

of appendicular LMI and total body LMI to bone mass and physical activity levels in 

a birth cohort of New Zealand five-year olds. Bone. 2009;45(3):455-9. 

38. Baker JF, Davis M, Alexander R, Zemel BS, Mostoufi-Moab S, Shults J, et al. 

Associations between body composition and bone density and structure in men and 

women across the adult age spectrum. Bone. 2013;53(1):34-41. 



Chapter 5: Tracking of bone mineral density from age eight to young adulthood  

94 

 

39. Dimitri P, Bishop N, Walsh J, Eastell R. Obesity is a risk factor for fracture in 

children but is protective against fracture in adults: a paradox. Bone. 2012;50(2):457-

66. 

40. Moon RJ, Cole ZA, Crozier SR, Curtis EM, Davies JH, Gregson CL, et al. 

Longitudinal changes in lean mass predict pQCT measures of tibial geometry and 

mineralisation at 6–7years. Bone. 2015;75:105-10. 

41. Wey HE, Binkley TL, Beare TM, Wey CL, Specker BL. Cross-sectional versus 

longitudinal associations of lean and fat mass with pQCT bone outcomes in children. 

The Journal of Clinical Endocrinology & Metabolism. 2011;96(1):106-14. 

42. Ellis KJ, Shypailo RJ. Bone Mineral and Body Composition Measurements: Cross‐

Calibration of Pencil‐Beam and Fan‐Beam Dual‐Energy X‐Ray Absorptiometers. 

Journal of bone and mineral research. 1998;13(10):1613-8. 

43. Crabtree NJ, Shaw NJ, Bishop NJ, Adams JE, Mughal MZ, Arundel P, et al. 

Amalgamated Reference Data for Size-Adjusted Bone Densitometry Measurements in 

3598 Children and Young Adults—the ALPHABET Study. Journal of Bone and 

Mineral Research. 2017;32(1):172-80. 

44. Krueger D, Libber J, Sanfilippo J, Yu HJ, Horvath B, Miller CG, et al. A DXA Whole 

body composition cross-calibration experience: evaluation with humans, spine, and 

whole body phantoms. Journal of Clinical Densitometry. 2016;19(2):220-5. 

45. Pate R, Oria M, Pillsbury L. Health-Related Fitness Measures for Youth: 

Cardiorespiratory Endurance. 2012. 

 

 

 



Chapter 6: Breastfeeding, maternal smoking and birth weight with bone measures in young 

adulthood 

95 

 

 

 

 

All the research contained within this chapter 6 has 

been published as 

 

 

Yang Y, Wu F, Dwyer T, et al. Associations of Breastfeeding, Maternal 

Smoking, and Birth Weight With Bone Density and Microarchitecture 

in Young Adulthood: a 25-Year Birth-Cohort Study. J Bone Miner Res, 

2020; Jul 8. 

  



Chapter 6: Breastfeeding, maternal smoking and birth weight with bone measures in young 

adulthood 

96 

 

 Associations of breastfeeding, maternal smoking 

and birth weight with bone density and microarchitecture in 

young adulthood: a 25-year birth-cohort study 

 Introduction  

Peak bone mass (PBM) accounts for two thirds of the variance in bone mass(1) and is a major 

predictor of risk of osteoporotic fracture in later life (2,3). Current evidence suggests that early 

life factors may have profound effects on bone development during growth and these 

influences may extend to young adulthood when PBM is achieved. Thus, it is important that 

prevention programs begin in early life among individuals at high risk of achieving low 

PBM. To address this, a better understanding of early life exposures with adult bone health is 

needed. 

The role of early life exposures, such as breastfeeding, maternal smoking during pregnancy, 

and birth weight in the primary prevention of osteoporosis is uncertain. The results of 

previous studies are inconsistent and very few have followed participants until young 

adulthood (4-9). None have compared the associations between early life exposures and bone 

outcomes in young adults who were born prematurely with those born at term. This is 

important because prematurity has been associated with bone health in adulthood (10,11). 

Furthermore, bone outcomes in these studies are limited to areal bone mineral density 

(aBMD) measured by dual-energy X-ray absorptiometry (DXA), which is only one factor 

contributing to bone strength (12). New technologies such as high resolution peripheral 

quantitative computerised tomography (HRpQCT) could provide new insights into 
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understanding bone strength and improve fracture prediction in addition to aBMD(13,14). 

However, to date, no study has been conducted in young adults with cortical and trabecular 

microarchitecture measured using HRpQCT. 

Therefore, the aim of this 25-year prospective study was to describe the associations of early 

life exposures (specifically breastfeeding, maternal smoking, and birth weight) with BMD 

and bone microarchitectures in young adulthood.  

 Materials and Methods 

6.2.1 Participants 

Of the 13,592 live births in Tasmania in 1988 and 1989, infants with higher risk of Sudden 

Infant Death Syndrome (SIDS) were invited to participate in this study (15). The scoring 

system for SIDS weighted the newborn according to their sex, birth weight, season of birth, 

maternal age, duration of second stage of labour and intention to breastfeed (15). In southern 

Tasmania, 1500 infants identified as being higher risk of SIDS were enrolled in the study. Of 

whom, 890 participants and their mothers were reassessed in 1996 and 1997 (8 years old), 

415 participants in 2004 and 2005 (16 years old) and 201 participants in 2013 to 2015 (25 

years old). A flow chart of study participants is given in Figure 6.1. Written informed consent 

was obtained from all participants and/or their parent or guardian. This study was approved 

by the University of Tasmania Human Research Ethics Committee. 
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Figure 6.1 Study flowchart for participation 
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6.2.2 Early life exposures (1988-1989 ) 

Birth size and gestation 

Birth weight, length of gestation were obtained from the child’s medical record. Perterm birth 

was defined as born before 37 completed weeks of gestation. 

Breastfeeding 

Actual breastfeeding information was collected from mothers by face to face questionnaire 

when the children were approximately 1 month of age and by telephone questionnaire at 

approximately 3 months. The information was double checked by a questionnaire 

administered to the mothers when the children were at age 8 years in 1996/7 to recall the 

history of breastfeeding. Two variables about breastfeeding history (whether or not been 

breastfed and the total duration of breastfeeding) were both used for analysis. 

Maternal smoking during pregnancy 

Information on maternal smoking during pregnancy was collected by questionnaire in 

hospital at the time of birth. Mothers were asked in each trimester (0-13 weeks, 14-27 weeks, 

28-40 weeks) that “How much did you smoke during your pregnancy? ”  with five categories 

for selection: nil, 1–10, 11–20, 21–40, and 41+/day. A binary variable was generated to 

indicated maternal smoking status: 0 = no maternal smoking if mothers selected “nil” in all 

three trimesters and otherwise 1 in any temester = maternal smoking. 
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6.2.3 Fracture information 

Fracture information was collected at each follow-up point by self-report questionnaire with 

X-ray confirmation from medical records (where possible), including age at fracture, site of 

fractures, whether the fracture was caused by falling, whether fall was from a height of less 

than 3 meters, and circumstances surrounding the fracture.  

6.2.4 Other relevant factors 

Birth length, sex, placental weight, duration of each stage of labor and head circumference 

were obtained from the newborn’s hospital record.  

Marital status (unmarried, living together; unmarried, not living together; married, living 

together; divorced; other), paternal and maternal employment status, educational level and 

household income were also collected by an postnatal questionnaire in hospital. 

6.2.5 Bone measurements at age 25 years (2013-2015) 

Areal bone mineral density (aBMD) 

Lumbar spine, hip and total body aBMD were measured by dual energy X-ray absorptiometry 

(DXA) (Discovery (Hologic)). The coefficients of variations for our machine was 0.48% 

using daily measurements of a spine phantom. 

Bone microarchitecture  

Bone microarchitecture was measured at the non-dominant distal radius and tibia using High-

resolution peripheral quantitative computed tomography (HRpQCT, Xtreme CT, Scanco 
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Medical, Brüttisellen, Switzerland). If either of non-dominant distal radius or tibia had a 

previous fracture, the contralateral side was scanned. For each participant, 110 CT slices were 

obtained from the regions of interest at the standardised distance (9.5mm and 22.5mm) from 

the manually positioned reference line at the endplate of the distal radius and tibia 

respectively. Acquired images were analysed using StrAx1.0 (StraxCorp, Melbourne, 

Australia) (16). StrAx1.0 analysis is limited to the proximal 49 slices where cortices are the 

thickest allowing a more robust quantification of porosity. Bone was segmented into its 

compact-appearing cortex, the fragmented cortex (outer and inner transitional zone) and the 

trabecular compartment (16) in the StrAx1.0 analysis. Parameters quantified were cross 

sectional area (CSA) and volumetric bone mineral density (vBMD) of the total, cortical, and 

trabecular bone. Cortical parameters are including porosity within the total cortex and its 

compartments and cortical thickness(Ct.Th). Trabecular parameters are including trabecular 

number (Tb.N), thickness (Tb.Th), separation(Tb.SP) and bone volume fraction 

(Tb.BV/TV))(17) . The accuracy, reproducibility errors and the segmentation algorithm are 

fully described in the patent (18).  

Anthropometry and other measurements 

Calibrated electronic scales and stadiometer were used to measure weight and height (to the 

nearest 0.1 kg and 0.1 cm, respectively).  

6.2.6 Statistical analysis  

We had enough power to detect a clinically important difference for the primary bone 

outcomes in participants born at term at a Type 1 error of 5% based on previous evidence  

(19). The power of our study is not enough for participants born prematurely. However, this is 
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an exploratory study, where a power calculation is not necessarily needed and instead effect 

size should be focussed on(20). 

Participants’ general characteristics at birth and age 25 years were presented as means and 

standard deviations (SD) or number (%). Unpaired t-tests and chi-square tests were used for 

comparison of characteristics between participants born at term and prematurely.  

As our previous study showed interactions between period of gestation (born prematurely vs. 

at term) and early life exposures for aBMD at age 8 (21) and there were also significant 

interactions between early life exposures with few bone microarchitecture but not with 

fracture in the current study, all analyses about bone measures were stratified by period of 

gestation. Multivariable linear regression was used to examine associations of breastfeeding 

history, maternal smoking during pregnancy and birth weight with all bone measures at age 

25. Multivariable log binomial regression was used to estimate relative risk (RR) of the 

associations between exposures and fractures. All bone measures were standardized.  

All statistics were conducted using Stata (version16; Stata Corporation). 

 Results 

A total of 201 participants were followed up from birth to age 25 years and 196 with 

complete DXA and HRpQCT data were included in the current study. Compared to 

participants who were lost to follow up, those retained in the current study had a higher 

proportion of being breastfed, a lower proportion of maternal smoking, and lighter 

birthweight (only in male) (Data not shown). Anthropometric and clinical characteristics of 

the participants at birth and 25 years old stratified by period of gestation (born prematurely 
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(<37 weeks) vs. at term) are presented in Table 6.1. Those born prematurely had a higher rate 

and longer duration of being breastfed, later introduction of solid foods, lower birth and 

placental weight, and shorter birth length compared to participants born at term. However, 

there was no difference in parental socioeconomic status at birth or body size at age 25. 

During the 25 years follow-up, fractures occurred in 99 participants with fractures in 89 

participants confirmed by X-ray. 

Breastfeeding was beneficially associated with total, cortical and trabecular vBMD, total 

cortical porosity, Ct.Th, Tb.N and Tb.BV/TV at radius and/or tibia at age 25 years in 

participants who were born prematurely after adjustment for sex, weight, height at age 25 and 

smoking during pregnancy, but there were no associations in those born at term (Table 6.2). 

Breastfeeding had no significant association with DXA measures and later fracture risk 

(Table 6.5). Duration of breastfeeding had no significant associations with any bone 

outcomes (data not shown).  

In participants born at term, smoking during pregnancy was associated with higher inner 

transitional zone porosity and suboptimal trabecular microarchitecture with lower Tb.N, 

Tb.BV/TV and higher Tb.Sp at radius and/or tibia, but not associated with aBMD at any site 

after adjustment for sex, weight, height at age 25 and breastfeeding history (Table 6.3). 

Maternal smoking was not associated with any bone measures in participants born 

prematurely. For all participants, maternal smoking was associated with a two-thirds increase 

in the risk of upper limb fracture. 

In univariable analysis, birthweight was positively associated with hip and total body aBMD, 

Ct.Th and trabecular microarchitecture but negatively with Ct.vBMD and cortical porosity at 
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radius and/or tibia in participants born at term. For participants born prematurely, birthweight 

had negative association with Tt.vBMD, Ct.vBMD and cortical porosity at tibia. However, 

these associations did not persist after adjustment for sex, current height and later weight gain 

(Table 6.4). Moreover, birthweight had no association with fracture.   
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Table 6.1 Characteristics of study participants by period of gestation 

Values are mean ±SD unless otherwise stated.        

 Born at term 

(n=143) 

Born prematurely  

(n=58) 

P for 

difference 

Early life measures    

Length of gestation (m) 39 (1.1) 34 (2.1) 0.00 

Breastfed (n, %) 97 (66) 48 (83) 0.02 

Breastfed time (m) 5.2 (6.4) 6.6 (5.8) 0.15 

Breastfed > 3 months (%) 47 65 0.03 

Age solids introduced (months) 4.6 (2.1) 5.4 (1.8) <0.01 

Birth weight 3234 (658) 2205 (481) <0.01 

Low birth weight (≤ 2,500g, %) 16 67 <0.01 

Birth length (cm) 48.8 (2.9) 44.7 (3.1) <0.01 

Placental weight (g) 621 (158) 473 (123) <0.01 

Percentage male (%) 62 60 0.88 

Maternal smoking (any trimester, %) 43 34 0.27 

Maternal education to ≥ year 12 (%) 17 12 0.39 

Paternal unemployment (%) 9 11 0.67 

Paternal education to ≥ year 12 (%) 25 17 0.18 

Age 25 measures    

Age (years) 25.6 (0.7) 25.3 (0.6) <0.01 

Height (cm) 171.9 (9.8) 172.9 (9.1) 0.55 

Weight (kg) 80.0 (20.4) 81.0 (16.7) 0.73 

Sports participation (%) 33 26 0.95 

Winter sunlight exposure (hrs) 2.2 (1.1) 2.2 (0.9) 0.74 

Fracture (%) 52 45 0.37 
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Table 6.2 Standardised coefficients for the association of breastfeeding and bone 

measures at age 25 in participants stratified by period of gestationa 

 

Born at term 

β (95% CI) (n=138) 

Born prematurely 

β (95% CI) (n=58) 

 Univariable Multivariable Univariable Multivariable 
Areal BMD     
     Spine 0.08 (-0.27, 0.44) 0.01 (-0.37, 0.39) 0.32 (-0.38, 1.03) 0.52 (-0.22, 1.26) 

     Hip 0.07 (-0.30, 0.45) 0.04 (-0.32, 0.40) 0.24 (-0.40, 0.89) 0.52 (-0.11, 1.15) 

     Total body 0.08 (-0.29, 0.46) 0.04 (-0.30, 0.38) 0.22 (-0.41, 0.85) 0.40 (-0.21, 1.00) 

Volumetric density     

 Radius     

     Tt.vBMD -0.14 (-0.51, 0.22) -0.10 (-0.46, 0.27) 0.42 (-0.23, 1.08) 0.88 (0.24, 1.51) 

     Ct.vBMD -0.05 (-0.41, 0.32) 0.05 (-0.32, 0.41) 0.30 (-0.36, 0.97) 0.70 (0.04, 1.36) 

     Tb.vBMD 0.04 (-0.32, 0.41) 0.02 (-0.31, 0.35) 0.29 (-0.35, 0.92) 0.60 (0.02, 1.18) 

 Tibia     

     Tt.vBMD -0.05 (-0.43, 0.33) -0.05 (-0.42, 0.33) 0.26 (-0.37, 0.89) 0.72 (0.17, 1.26) 

     Ct.vBMD -0.09 (-0.46, 0.29) -0.05 (-0.42, 0.31) 0.19 (-0.46, 0.85) 0.61 (0.02, 1.21) 

     Tb.vBMD 0.16 (-0.22, 0.55) 0.06 (-0.30, 0.43) 0.20 (-0.40, 0.80) 0.46 (-0.13, 1.04) 

Microarchitecture     

 Radius     

    Ct.Th -0.38 (-0.74, -0.02) -0.33 (-0.67, 0.01)b 0.38 (-0.32, 1.07) 0.59 (-0.06, 1.25)b 

    Total cortex porosity 0.03 (-0.33, 0.40) -0.06 (-0.43, 0.31) -0.31 (-0.98, 0.36) -0.69 (-1.36, -0.03) 

    Compact cortex porosity 0.01 (-0.35, 0.35) -0.04 (-0.37, 0.30) -0.32 (-1.03, 0.39) -0.50 (-1.15, 0.16) 

    Outer TZ porosity 0.01 (-0.37, 0.38) -0.01 (-0.37, 0.35) -0.33 (-0.96, 0.29) -0.58 (-1.16, 0.01) 

    Inner TZ porosity 0.09 (-0.27, 0.46) 0.14 (-0.21, 0.48) -0.37 (-1.01, 0.26) -0.78 (-1.39, -0.18) 

     Tb.N -0.05 (-0.43, 0.34) -0.08 (-0.42, 0.27) 0.07 (-0.51, 0.66) 0.46 (-0.08, 1.01)b 

     Tb.Th 0.06 (-0.29, 0.40) 0.03 (-0.28, 0.35) 0.26 (-0.46, 0.98) 0.51 (-0.15, 1.16) 

     Tb.Sp -0.14 (-0.53, 0.25) -0.11 (-0.47, 0.26) -0.14 (-0.64, 0.37) -0.42 (-0.90, 0.05)b 

     Tb.BV/TV 0.01 (-0.36, 0.36) -0.01 (-0.32, 0.30) 0.32 (-0.35, 0.99) 0.64 (0.04, 1.23) 

  Tibia     

     Ct.Th -0.25 (-0.63, 0.13) -0.23 (-0.61, 0.14) 0.39 (-0.22, 0.99) 0.76 (0.18, 1.34) 

     Total cortex porosity 0.08 (-0.29, 0.46) 0.05 (-0.31, 0.41) -0.18 (-0.84, 0.48) -0.59 (-1.19, 0.01) 

     Compact cortex porosity 0.07 (-0.30, 0.44) 0.04 (-0.30, 0.38) -0.23 (-0.91, 0.44) -0.35 (-1.01, 0.32) 

     Outer TZ porosity 0.06 (-0.30, 0.42) 0.06 (-0.29, 0.41) -0.19 (-0.89, 0.51) -0.41 (-1.15, 0.32) 

     Inner TZ porosity -0.15 (-0.52, 0.23) -0.06 (-0.44, 0.33) -0.30 (-0.90, 0.31) -0.65 (-1.23, -0.07) 

     Tb.N 0.18 (-0.20, 0.57) 0.16 (-0.18, 0.50) 0.48 (-0.11, 1.06) 0.75 (0.16, 1.34) 

     Tb.Th -0.02 (-0.38, 0.34) -0.10 (-0.46, 0.26) -0.37 (-1.05, 0.32) -0.52 (-1.13, 0.10) 

     Tb.Sp -0.29 (-0.67, 0.09) -0.22 (-0.57, 0.14) -0.27 (-0.87, 0.32) -0.49 (-1.09, 0.10)b 

     Tb.BV/TV 0.13 (-0.26, 0.51) 0.03 (-0.33, 0.38) 0.18 (-0.42, 0.78) 0.45 (-0.12, 1.01) 

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone 

density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV, trabecular bone volume fraction; TZ, transitional zone; BMD, bone mineral density; β, coefficient; 95% CI, 95% 

confidence interval.  

Bold denotes statistical significance.  

Adjusted for sex, weight, height at age 25 and smoking during pregnancy. 
a Standardised bone measures. 

b p<0.1  
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Table 6.3 Standardised coefficients for the association between smoking during 

pregnancy and bone measures at age 25 in participants a 

 

Born at term 

β (95%CI) (n=138) 

Born prematurely 

β (95%CI) (n=58) 

 Univariable Multivariable Univariable Multivariable 
Areal BMD     

     Spine -0.23 (-0.58, 0.11) -0.15 (-0.52, 0.23) 0.34 (-0.22, 0.90) 0.38 (-0.19, 0.95) 

     Hip -0.17 (-0.52, 0.18) -0.18 (-0.54, 0.18) 0.15 (-0.36, 0.66) 0.20 (-0.28, 0.69) 

     Total body -0.17 (-0.52, 0.19) -0.11 (-0.44, 0.23) 0.14 (-0.36, 0.64) 0.21 (-0.26, 0.68) 

Volumetric density     

 Radius     

     Tt.vBMD 0.15 (-0.20, 0.49) -0.12 (-0.48, 0.25) 0.16 (-0.37, 0.68) 0.17 (-0.33, 0.65) 

     Ct.vBMD 0.19 (-0.15, 0.54) 0.01 (-0.36, 0.37) 0.25 (-0.28, 0.78) 0.20 (-0.32, 0.71) 

     Tb.vBMD -0.05 (-0.40, 0.30) -0.26 (-0.59, 0.07) -0.03 (-0.54, 0.48) 0.10 (-0.35, 0.55) 

 Tibia    
 

     Tt.vBMD -0.02 (-0.38, 0.34) -0.29(-0.67, 0.08) -0.02 (-0.52, 0.49) -0.05 (-0.47, 0.37) 

     Ct.vBMD 0.05 (-0.30, 0.40) -0.24 (-0.60, 0.12) -0.01 (-0.47, 0.48) -0.05 (-0.51, 0.40) 

     Tb.vBMD -0.29 (-0.65, 0.07) -0.35 (-0.71, 0.02) 0.01 (-0.47, 0.48) 0.10 (-0.36, 0.55) 

Microarchitecture     

 Radius     

    Ct.Th 0.27 (-0.07, 0.61) 0.19 (-0.15, 0.53) 0.09 (-0.46, 0.65) 0.31 (-0.20, 0.82) 

    Total cortex porosity -0.19 (-0.53, 0.16) -0.02 (-0.38, 0.35) -0.25 (-0.78, 0.29) -0.19 (-0.71, 0.33) 

    Compact cortex porosity -0.02 (-0.36, 0.32) 0.08 (-0.26, 0.42) -0.27 (-0.83, 0.30) -0.17 (-0.68, 0.34) 

    Outer TZ porosity 0.03 (-0.32, 0.39) 0.20 (-0.16, 0.57) -0.30 (-0.80, 0.19) -0.23 (-0.68, 0.22) 

    Inner TZ porosity 0.06 (-0.29, 0.41) 0.30 (-0.04, 0.65)b -0.18 (-0.69, 0.33) -0.30 (-0.77, 0.17) 

     Tb.N -0.12 (-0.48, 0.24) -0.38 (-0.73, -0.03) 0.06 (-0.41, 0.52) 0.03 (-0.39, 0.45) 

     Tb.Th 0.02 (-0.31, 0.36) -0.11 (-0.43, 0.21) 0.01 (-0.58, 0.58) 0.22 (-0.29, 0.72) 

     Tb.Sp 0.14 (-0.23, 0.51) 0.37 (0.01, 0.74) 0.03 (-0.37, 0.44) 0.01 (-0.37, 0.37) 

     Tb.BV/TV -0.01 (-0.36, 0.36) -0.22 (-0.53, 0.09) -0.03 (-0.56, 0.51) 0.13 (-0.33, 0.60) 

  Tibia    
 

    Ct.Th 0.09 (-0.27, 0.45) -0.16 (-0.54, 0.22) -0.07 (-0.56, 0.41) -0.05 (-0.49, 0.40) 

    Total cortex porosity -0.05 (-0.40, 0.31) 0.23 (-0.13, 0.59) 0.01 (-0.51, 0.54) 0.06 (-0.41, 0.52) 

    Compact cortex porosity -0.04 (-0.39, 0.31) 0.21 (-0.14, 0.55) 0.26 (-0.27, 0.80) 0.31 (-0.21, 0.82) 

    Outer TZ porosity 0.05 (-0.29, 0.39) 0.26 (-0.10, 0.61) 0.04 (-0.51, 0.60) 0.06 (-0.51, 0.63) 

    Inner TZ porosity 0.29 (-0.07, 0.64) 0.41 (0.03, 0.80) 0.08 (-0.41, 0.56) 0.05 (-0.41, 0.50) 

     Tb.N -0.19 (-0.55, 0.17) -0.14 (-0.48, 0.20) 0.08 (-0.40, 0.55) 0.08 (-0.38, 0.54) 

     Tb.Th -0.09 (-0.43, 0.26) -0.25 (-0.61, 0.11) 0.01 (-0.56, 0.39) 0.08 (-0.43, 0.58) 

     Tb.Sp 0.29 (-0.06, 0.65) 0.23 (-0.12, 0.59) -0.09 (-0.56, 0.39) -0.13 (-0.60, 0.35) 

     Tb.BV/TV -0.28 (-0.64, 0.07) -0.37 (-0.73, -0.01) -0.01 (-0.48, 0.47) 0.10 (-0.34, 0.54) 

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone 

density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV, trabecular bone volume fraction; TZ, transitional zone; BMD, bone mineral density; β, coefficient; 95%CI, 95% 

confidence interval.  

Bold denotes statistical significance.   

Adjusted for sex, weight, height at age 25 and breastfeeding history. 
a Standardised bone measures. 

b p<0.1         
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 Table 6.4 Standardised coefficients for the association between birth weight and bone 

measures at age 25 in participants a 

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone 

density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV, trabecular bone volume fraction; TZ, transitional zone; BMD, bone mineral density; β, coefficient; 95%CI, 95% 

confidence interval.  

Bold denotes statistical significance.  

Adjusted for sex, height at age 25 and weight gain from birth to age 25. 
a Standardised bone measures. 

b p<0.1  

  

 

Born at term 

β (95%CI) (n=138) 

Born prematurely 

β (95%CI) (n=58) 

 Univariable Multivariable Univariable Multivariable 
Areal BMD     

     Spine 0.07 (-0.19, 0.32) -0.06 (-0.34, 0.23) -0.12 (-0.68, 0.44) -0.43 (-1.04, 0.17) 

     Hip 0.27 (0.01, 0.53) -0.04 (-0.31, 0.23) 0.24 (-0.27, 0.75) 0.11 (-0.41, 0.63) 

     Total body 0.37 (0.11, 0.63) -0.03 (-0.29, 0.22) 0.07 (-0.43, 0.57) -0.20 (-0.69, 0.30) 

Volumetric density  
 

 
 

 Radius     

     Tt.vBMD 0.02 (-0.25, 0.28) 0.04 (-0.23, 0.32) -0.44 (-0.95, 0.08)b -0.19 (-0.74, 0.36) 

     Ct.vBMD -0.03 (-0.29, 0.23) 0.09 (-0.19, 0.36) -0.32 (-0.85, 0.20) -0.09 (-0.65, 0.47) 

     Tb.vBMD 0.26 (0.01, 0.53) -0.07 (-0.32, 0.19) -0.36 (-0.86, 0.13) -0.28 (-0.76, 0.21) 

 Tibia  
 

 
 

     Tt.vBMD -0.20 (-0.46, 0.07) -0.21 (-0.49, 0.07) -0.70 (-1.17, -0.24) -0.35 (-0.82, 0.11) 

     Ct.vBMD -0.30 (-0.56, -0.04) -0.23 (-0.50, 0.04) -0.60 (-1.10, -0.11) -0.21 (-0.71, 0.28) 

     Tb.vBMD 0.28 (0.01, 0.54) -0.05 (-0.33, 0.23) -0.40 (-0.86, 0.07)b -0.40 (-0.87, 0.07)b 

Microarchitecture     

 Radius     

    Ct.Th 0.43 (0.19, 0.68) 0.14 (-0.12, 0.40) -0.02 (-0.57, 0.53) -0.02 (-0.57, 0.53) 

    Total cortex porosity 0.03 (-0.23, 0.30) -0.10 (-0.37, 0.18) 0.32 (-0.21, 0.84) 0.08 (-0.48, 0.65) 

    Compact cortex porosity 0.24 (-0.01, 0.50)b -0.06 (-0.32, 0.20) 0.28 (-0.28, 0.84) 0.11 (-0.44, 0.65) 

    Outer TZ porosity 0.24 (-0.03, 0.50)b -0.02 (-0.29, 0.26) 0.33 (-0.17, 0.82) 0.16 (-0.33, 0.65) 

    Inner TZ porosity -0.22 (-0.48, 0.04)b -0.01 (-0.27, 0.27) 0.40 (-0.10, 0.90) 0.25 (-0.27, 0.77) 

     Tb.N 0.23 (-0.04, 0.49)b -0.03 (-0.29, 0.24) -0.15 (-0.61, 0.31) -0.08 (-0.53, 0.37) 

     Tb.Th 0.25 (0.01, 0.50) -0.06 (-0.31, 0.18) -0.34 (-0.91, 0.23) -0.22 (-0.76, 0.32) 

     Tb.Sp -0.12 (-0.40, 0.16) 0.16 (-0.12, 0.44) 0.34 (-0.05, 0.73)b 0.25 (-0.15, 0.64) 

     Tb.BV/TV 0.32 (0.07, 0.57) -0.03 (-0.27, 0.21) -0.31 (-0.84, 0.21) -0.25 (-0.75, 0.25) 

  Tibia  
 

 
 

    Ct.Th 0.14 (-0.13, 0.41) -0.06 (-0.34, 0.23) -0.27 (-0.75, 0.21) -0.05 (-0.55, 0.45) 

    Total cortex porosity 0.31 (0.05, 0.57) 0.22 (-0.05, 0.49) 0.59 (0.09, 1.09) 0.19 (-0.31, 0.69) 

    Compact cortex porosity 0.45 (0.19, 0.70) 0.21 (-0.04, 0.47) 0.48 (-0.04, 1.01)b  0.15 (-0.41, 0.70) 

    Outer TZ porosity 0.45 (0.20, 0.69) 0.25 (-0.01, 0.51)b 0.36 (-0.18, 0.91) 0.10 (-0.50, 0.70) 

    Inner TZ porosity -0.11 (-0.38, 0.16) 0.08 (-0.22, 0.38) 0.54 (0.08, 1.00) 0.35 (-0.14, 0.83) 

     Tb.N 0.32 (0.05, 0.59) 0.01 (-0.26, 0.27) 0.07 (-0.40, 0.55) -0.06 (-0.57, 0.45) 

     Tb.Th 0.04 (-0.22, 0.30) -0.04 (-0.32, 0.24) -0.49 (-1.03, 0.44)b -0.24 (-0.76, 0.29) 

     Tb.Sp -0.31 (-0.57, -0.04) 0.05 (-0.23, 0.32) 0.19 (-0.28, 0.66) 0.30 (-0.20, 0.81) 

     Tb.BV/TV 0.32 (0.05, 0.58) -0.03 (-0.31, 0.25) -0.33 (-0.80, 0.14) -0.33 (-0.79, 0.13) 
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Table 6.5 Association between early life factors and subsequent fractures 

RR, risk ratio. 
a Adjusted for sex, weight, height at age 25 and smoking during pregnancy. 
bAdjusted for sex, weight, height at age 25 and breastfeeding status. 

c Adjusted for sex, height at age 25 and weight gain from birth to age 25. 

 

 Discussion 

This is the first longitudinal study to describe the association of early life exposures with 

bone density, bone microarchitecture and fracture risk in young adulthood. Breastfeeding in 

early life was associated with higher vBMD and better bone microarchitecture in participants 

born prematurely. Maternal smoking was associated with suboptimal trabecular 

microarchitecture in those born at term and with higher upper limb fracture risk. Associations 

of birthweight with BMD and microarchitecture were countered by subsequent growth. This 

study provides evidence that intrauterine and early life exposures may influence bone health 

in adult life.  

Beneficial associations of breastfeeding in early life with aBMD assessed by DXA at age 8 

and 16 years (21,22) which we previously reported in this cohort were not maintained into 

young adulthood, but breastfeeding was associated with vBMD and bone microarchitecture in 

participants born prematurely. This suggests that breastfeeding is more important to preterm 

 

No fractures  

(n=101)  

Any fractures  
 RR (95% CI) 

(n=100) 

Upper limb 

fractures   

RR (95% CI)  

(n=51) 

Lower limb 

fractures   

RR (95% CI)  

(n=29) 

Breastfeedinga 

(yes vs. no) 
Reference 0.89 (0.66, 1.19) 1.31 (0.76, 2.26) 0.53 (0.28, 1.03) 

Maternal 

smokingb 

(yes vs. no) 

Reference 1.20 (0.90, 1.59) 1.66 (1.07, 2.56) 0.89 (0.43, 1.86) 

Birth weightc  Reference 1.07 (0.91, 1.27) 1.09 (0.83, 1.43) 1.30 (0.89, 1.92) 
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infants for bone programming which is surprising given that un-supplemented human breast 

milk may not fulfil the nutritional needs for preterm babies (10,23). Moreover, consistent with a 

previous 32 years longitudinal study (5) , we also found there was no significant association 

between breastfeeding duration with bone outcomes suggesting critical periods of exposure 

rather than duration of exposure may be more important for bone mineral accretion.  

Maternal smoking has been associated with lower neonatal whole body bone mineral content 

(BMC) and aBMD(24,25) , but the results of studies concerning the long-term influence on 

bone development are conflicting(7-9,26). We previously reported a deficit in lumbar spine and 

femoral neck aBMD measured at age 8 but not 16 years in participants (born at term) who 

were exposed to maternal smoking during pregnancy (22,26). The current results further 

suggest that the detrimental effect of maternal smoking on aBMD is transient and may totally 

attenuate after puberty. However, maternal smoking may nonetheless continue to have 

adverse effects on bone, as shown by the novel finding in the current study that maternal 

smoking was detrimentally associated with trabecular bone microarchitecture and cortical 

porosity in participants born at term (at age 25) and with an increase of fracture risk. Thus, 

maternal smoking may have potentially adverse influences on bone structure independent of 

aBMD.  

The association of low birth weight with bone health might be transient. We previously 

showed that birthweight was associated with aBMD measured at age 8 years(27), but this 

association was no longer apparent at age 16 years (22). We also observed no effect of low 

birthweight on BMD and bone microarchitecture in young adulthood in the current study 

after taking later weight gain into account. This might suggest that while low birth weight, a 

surrogate measure for intrauterine malnutrition, may restrict bone development in utero and 
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this effect could last to early childhood, but its effect could be countered by weight gain with 

growth and the factors affecting this by the time adolescence is reached. This is supported by 

results of three previous systematic reviews, concluding that birth weight has much weaker 

influence on bone measures in adulthood and the influence was mainly seen in bone mineral 

content but not in BMD(6,28,29). Therefore, compared to birthweight, later weight and height 

gain or environmental factors might play a more important role in bone development during 

later life. 

The strength of this study was the 25-year prospective data from a birth cohort. Moreover, to 

our knowledge, our study is the first to link early life exposures with cortical and trabecular 

microarchitecture in young adulthood measured using HRpQCT. However, this study has 

limitations. Firstly, the participants retained in the current study may not be representative of 

general population in Tasmania, as they were originally selected as having higher risk for 

SIDS. There were higher percentage of males, premature infants, younger mothers, and utero 

smoking. However, during the 25 years follow-up, a higher proportion of participants with 

maternal smoking, non-breastfed, teenager mothers were lost to follow up, therefore the 

current findings are likely much closer to the community compared to that at inception. This 

sample may be becoming more representative to the general population, though not the 

original cohort. Secondly, the information on maternal smoking was self-reported (albeit at 

birth). The number is likely to be underreported as women planning a pregnancy may be 

aware of the detrimental effect of smoking, thus our results might have underestimated an 

inverse association. Lastly, due to the exploratory nature of the analyses, more longitudinal 

studies with pre-specified hypotheses are needed to confirm these associations. 
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In conclusion, breastfeeding and maternal smoking may have effects on peak bone 

microarchitecture while the association with birth weight may be countered by subsequent 

growth.    
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 The association of vitamin D in youth and early 

adulthood with bone mineral density and microarchitecture in 

early adulthood 

 Introduction 

Vitamin D is critical to calcium homeostasis and skeletal development (1), while vitamin D 

deficiency is prevalent all over the world (2). Severe deficiency causes rickets in children and 

osteomalacia in adolescents and adults (3), but little is known about whether vitamin D 

deficiency in earlier life affects peak bone mass (PBM) and bone microarchitecture in 

adulthood, which are major determinants of osteoporotic fracture in later life (4,5). 

A number of longitudinal studies have investigated the potential association of vitamin D in 

childhood and adolescence with bone mineralization during growth (6-8), but they have had 

limitations such as relatively short-term follow-up (6,8) or having only areal BMD (aBMD) 

measured by dual-energy X-ray absorptiometry (DXA) (6,7). The latter is an important 

limitation as aBMD only accounts for two thirds of the bone contributions to osteoporotic 

fractures (9-11) and other major contributors, such as bone microarchitecture and material 

composition have been rarely measured (12). Nonetheless, current data suggest that vitamin D 

status in childhood could have long-term effects on BMD and bone microarchitecture. For 

example, a recent longitudinal study of children followed from 6 to 20 years old found that 

serum 25-hydroxyvitamin D (25OHD) concentrations in childhood and adolescence were 

positively associated with total body aBMD at age 20 in males but not in females (7). In 

another study higher 25OHD concentrations in childhood (at age 7.6, 9.9 or 11.8) were 

associated with greater cortical bone mineral content and thickness at 15.5 years old as 
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measured by peripheral quantitative computed tomography (pQCT) (8). However, to our 

knowledge, no studies have examined whether vitamin D status in earlier life is associated 

with bone measures assessed by high resolution pQCT (HRpQCT) in early adulthood, when 

PBM is attained.  

Therefore, this prospective cohort study aimed to describe the association of vitamin D status 

during three different stages of growth with both BMD and bone microarchitecture measures 

in early adulthood. 

 Materials and Methods 

7.2.1 Participants 

In 1988 and 1989, there were 13,592 live births in Tasmania. Those infants who were at 

higher risk of Sudden Infant Death Syndrome (SIDS) assessed by a scoring system were 

invited to participate in the infant health study (13). A flow chart of study participants is given 

in Figure 7.1. In southern Tasmania, a total of 1500 infants at higher risk of SIDS were 

enrolled (all Caucasian). In 1996 (1988 birth cohort), 444 participants aged 8 years were 

followed up but serum 25OHD concentrations were not measured (herein the baseline of the 

present study). In 1997 (1989 birth cohort), 446 participants aged 8 years were followed up 

with 201 having 25OHD measured. Of whom (from the 1996 and 1997 follow-ups), 415 

participants aged 16 years were followed up again in 2004/5, and 201 aged 25 years in 

2013/15. Written informed consent was obtained from all participants and/or their parents or 

guardians. This study was approved by the University of Tasmania Human Research Ethics 

Committee. 
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Figure 7.1 Flowchart of study participants 

                                                   25OHD, 25-hydroxyvitamin D 
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7.2.2 Areal bone mineral density (aBMD) assessments at ages 16 and 25 years 

Lumbar spine, left total hip and total body aBMD was measured by dual energy X-ray 

absorptiometry (DXA) (16 years: Delphi (Hologic); 25 years: Discovery (Hologic)). The 

same hydroxyapatite spine phantom was used to do the cross-calibration when the software 

was upgraded from the Delphi to Discovery. The coefficients of variations for our machine 

were 0.34% at 16 years and 0.48% at 25 years (using daily measurements of a spine 

phantom). 

7.2.3 Bone microarchitecture measurement at age 25 

The non-dominant distal radius and tibia were scaned by high-resolution peripheral 

quantitative computed tomography (HRpQCT, Xtreme CT, Scanco Medical, Brüttisellen, 

Switzerland). The contralateral limb was scanned when either of these sites had a previous 

fracture. We obtained 110 CT slices from the regions of interest at the standardised distance 

of 22.5mm and 9.5mm from the manually positioned reference line at the endplate of the 

distal tibia and radius respectively. Of these slices, the 40 most proximal slices were chosen 

because the thicker cortex allows accurate assessment of porosity. StrAx1.0, a non-threshold-

based segmentation algorithm, was used to analyse the slices (StraxCorp Pty Ltd, Melbourne, 

Australia) (14) . StrAx1.0 analysis uses an algorithm that segments bone into its compact-

appearing cortex, the fragmented cortex (outer and inner transitional zone) and the trabecular 

compartment (14). Parameters quantified were cross sectional area and volumetric bone 

mineral density(vBMD) of total, cortical, and medullary, cortical compartment like porosity 

within the total cortex and its compartments and cortical thickness(Ct.Th), and trabecular 

paramenters including trabeculr number (Tb.N), thickness (Tb.Th), separation(Tb.SP) and 
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bone volume fraction (Tb.BV/TV))(15) . The accuracy, reproducibility errors and the 

segmentation algorithm are fully described in the patent (16).  

7.2.4 Serum 25OHD concentrations at ages 8, 16, 25 years 

Serum samples were treated initially with acetonitrile to rapidly extract 25OHD. In 1997, 

25OHD was assayed utilizing a two-step double antibody radioimmunoassay (INCSTAR 

Corp, Stillwater, Minnesota). The sensitivity of the assay was 7 nmol/L. The coefficients of 

variations (CVs) were 6% and 10% for the intra- and inter-assay, respectively. At age 16, a 

liquid-phase radioimmunoassay (Immunodiagnostics Systems Ltd, Boldon, Tyne & Wear, 

UK) was used to measure 25OHD (both 25OHD2 and 25OHD3) (intra- and inter-assay CVs 

=1.8% and 3.3%, respectively). At age 25, serum 25OHD concentrations were measured 

using direct competitive chemiluminescent immunoassays (DiaSorin, Saluggia, Italy; intra- 

and inter-assay CVs = 3.2% and 6.0% , respectively) (17). Vitamin D deficiency was defined 

as serum 25OHD concentrations less than 50 nmol/L (18,19).   

Season of blood sampling was categorised as winter/spring and summer/autumn. The 

information on vitamin D supplements (including combined vitamin D and calcium) was 

recorded by questionnaire at all ages. 

The primary study end-points were distal radial and tibial trabecular and cortical bone 

volumetric density and microarchitecture at 25 years old; secondary end-points were DXA 

measures (including spine, hip and total body aBMD) at 16 and 25 years old. 
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7.2.5 Anthropometry and other assessments 

Weight and height were measured by calibrated electronic scales and stadiometer (to the 

nearest 0.1 kg and 0.1 cm). At age 8, all participants were regarded as pre-pubertal stage. At 

age 16, drawings with an illustration of five stages of pubertal development were used to 

assess pubertal status by participants themselves (20). Other factors assessed by questionnaires 

were participants’ breastfeeding status (defined as either having ever or never been 

breastfed); maternal smoking during pregnancy and sports participation at each time point. At 

age 8, sports participation was defined as taking part in organized sports/physical activity 

regularly i.e., once a week or more for a whole season/s or for the whole year. At age 16 and 

25, it was defined according to the number of days participants performed at least 20 minutes 

of strenuous activity in the previous fortnight (none; 1–2 days; 3–5 days; 6–8 days; 9 or more 

days). Performing strenuous activity on at least 3 days per fortnight was considered as regular 

sports participation. All questionnaires were done by parents or guardians under supervision 

by the research assistant when participants were under 16 years old. 

7.2.6 Statistical analysis  

Participants’ general characteristics and DXA measures were presented as means and 

standard deviations (SD) or number (%). Locally weighted regression smoothing was used to 

explore nonlinear associations between serum 25OHD concentrations at three timepoints with 

bone measurements as done previously (21).  

Pearson correlation coefficients were used to describe the relationship between serum 

25OHD concentration at ages 8, 16 and 25 years. Multivariable linear regression analyses 

were used to examine associations between serum 25OHD concentrations as continuous or 
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categorical variables (i.e., < vs ≥50 nmol/L) at three timepoints and DXA and HRpQCT bone 

measures at age 25. Adjusted factors included age, sex, height, weight, the season of blood 

taken and sports participation at the relevant time-point. In addition, both univariable and 

multivariable models were used to estimate the relationship between serum 25OHD 

concentrations at ages 8 and 16 with bone DXA outcomes at age 16. As is standard 

epidemiological practice, a Bonferroni adjustment was not applied (22). 

To account for the influence of missing data due to loss to follow-up, we repeated all 

analyses using inverse probability weighting (23). All analyses were conducted using Stata 

(version15; Stata Corporation). A two-tailed P value < 0.05 was considered statistically 

significant. 

 Results 

A total of 201 participants were followed up at 8, 16 and 25 years old with 196 having 

complete DXA and HRpQCT bone scans at 25 years old. Comparing to participants who 

were retained in the current study, those lost to follow-up had a higher proportion of having 

maternal smoking during pregnancy, and a lower proportion of being breastfed and having 

sports participation at 8 years old (Appendix Table 2). 

Anthropometric and clinical characteristics, serum 25OHD concentrations and DXA bone 

measures of the participants at 8, 16 and 25 years old are presented in Table 7.1. Average 

serum 25OHD concentrations were higher at age 8 (mean (SD) = 84.0 (34.4) nmol/L) 

compared with those at ages 16 and 25 (56.8 (20.8) and 57.6 (23.7), respectively). The 

prevalence of vitamin D deficiency was 11%, 43% and 41% at 8, 16 and 25 years old, 

respectively. 
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Table 7.1 Characteristics and DXA measurements for participants at ages 8, 16 and 25 

  

Age 8 

 (n=37) 

Age 16 

(n=183) 

Age 25  

(n=196) 

Age (years) 8.27 (0.25) 16.3 (0.44) 25.5 (0.72) 

Height (cm) 125.9 (5.5) 170.4 (8.7) 177.3 (9.6) 

Weight (kg) 25.7 (3.7) 66.6 (13.5) 80.3 (19.3) 

Male, n (%) 20 (54) 114 (62) 121(62) 

Sports participation (%) 77 74 61 

Maternal smoking during pregnancy (%) 51 41 41 

Breastfed (%) 77 71 71 

Tanner stage III/IV/V (%) –/–/– 4/64/32 –/–/100 

Serum 25OHD (nmol/l) 84.0 (34.4) 56.8 (20.8) 57.6 (23.7) 

Serum 25OHD <50nmol/l (%) 11 43 41 

BMD (g/cm2)    

   Spine  0.97 (0.12) 1.06 (0.12) 

   Hip  1.01 (0.13) 1.01 (0.14) 

   Total body  1.05 (0.10) 1.15 (0.10) 
Values are mean (standard deviation) unless otherwise stated. 

25OHD, 25-hydroxyvitamin D; BMD, bone mineral density. 

 

  



Chapter 7: Vitamin D in youth and early adulthood with bone health in early adulthood 

125 

 

There were weak to moderate correlations between serum 25OHD concentrations at three 

timepoints (correlation coefficients = 0.32 between age 8 and 25, 0.42 between age 16 and 

25, and 0.45 between age 8 and 16). Locally weighted regression analysis confirmed linear 

associations between serum 25OHD concentrations and bone measurements at all three 

timepoints. Serum 25OHD concentration at age 8 and age 25 were not associated with any 

bone volumetric density and microarchitecture measures at age 25 after adjustment for age, 

sex, height, weight, blood draw season and sports participation (Table 7.2). Serum 25OHD 

concentrations at age 16 had significant associations with HRpQCT measures at age 25, 

including decreased radial porosity, increased tibial trabecular volumetric BMD, increased 

trabecular number and decreased separation at both radius and tibia. (Table 7.2). 

Serum 25OHD concentration at age 8 was not associated with any bone measures at age 16 

and 25 years both in univariable and multivariable model. Serum 25OHD concentrations at 

age 16 were positively associated with spine and hip aBMD at age 16 but not age 25 in the 

univariable model. After adjustment for age, sex, height, weight, blood draw season and 

sports participation, 25OHD at age 16 were positively associated with spine, hip and total 

body aBMD at age 16 and hip and total body aBMD at age 25. Weight at the time of vitamin 

D measured was the main factor that strengthened the associations in the multivariable 

analyses. However, serum 25OHD concentrations at age 25 were only significantly 

associated with hip aBMD at age 25 in the multivariable model (Table 7.3). 

Sufficient serum 25OHD concentrations (25OHD ≥50 nmol/L) at 16 years old were 

associated with higher total body aBMD as well as lower porosity at radius and higher 

trabecular number at tibia. Participants with sufficient serum 25OHD concentrations at 25 

years old had higher spine and hip aBMD, with the difference approaching statistical 
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significance (p<0.1). Vitamin D sufficiency at age 25 was not associated with any HRpQCT 

measures at age 25 (data not shown). 

All results remained largely similar after using inverse probability weighting (data not 

shown).      
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Table 7.2 Multivariable linear regression for associations between serum 25OHD 

concentrations at ages 8, 16 and 25 with bone measures at age 25a 

 

 25OHD at age 8 

(n=37) 
 

25OHD at age 16 

(n=183) 
 

25OHD at age 25 

(n=196) 

  βb (95%CI)  βb (95%CI)  βb (95%CI) 

Volumetric density       

 Radius       

     Tt.vBMD(mg HA/cm3)  -0.14 (-0.41, 0.12)  0.14 (-0.02, 0.29)c  0.01 (-0.14, 0.15) 

     Ct.vBMD (mg HA/cm3)  -0.13 (-0.36, 0.11)  0.11 (-0.05, 0.27)  0.05 (-0.10, 0.19) 

     Tb.vBMD (mg HA/cm3)  0.02 (-0.27, 0.30)  0.09 (-0.04, 0.23)  0.01 (-0.14, 0.14) 

 Tibia    
 

  

     Tt.vBMD(mg HA/cm3)  -0.17 (-0.52, 0.17)  0.13 (-0.02, 0.28)c  0.01 (-0.14, 0.15) 

     Ct.vBMD (mg HA/cm3)  -0.15 (-0.47, 0.17)  0.09 (-0.06, 0.24)  0.03 (-0.11, 0.17) 

     Tb.vBMD (mg HA/cm3)  -0.07 (-0.43, 0.29)  0.14 (0.01, 0.28)  0.01 (-0.13, 0.15) 

Microarchitecture       

 Radius       

     Ct.Th(mm)  -0.39 (-0.81, 0.02)c  0.04 (-0.10, 0.19)  -0.08 (-0.22, 0.07) 

    Porosity (%)       

    Total cortex  0.12 (-0.12, 0.36)  -0.11 (-0.27, 0.04)  -0.06 (-0.20, 0.09) 

    Compact-appearing cortex  0.04 (-0.22, 0.30)  -0.16 (-0.32, -0.01)  -0.07 (-0.21, 0.07) 

    Outer transitional zone  0.06 (-0.20, 0.32)  -0.17 (-0.32, -0.01)  -0.07 (-0.22, 0.07) 

    Inner transitional zone  0.08 (-0.20, 0.37)  -0.11 (-0.26, 0.03)  0.05 (-0.10, 0.19) 

     Tb.N(mm-1)  -0.20 (-0.49, 0.09)  0.15 (0.02, 0.29)  0.06 (-0.08, 0.20) 

     Tb.Th(mm)  0.14 (-0.15, 0.43)  -0.04 (-0.17, 0.10)  -0.05 (-0.18, 0.08) 

     Tb.Sp(mm)  0.04 (-0.25, 0.33)  -0.14 (-0.27, -0.01)  -0.03 (-0.17, 0.11) 

     Tb.BV/TV(%)  0.02 (-0.24, 0.28)  0.06 (-0.07, 0.19)  -0.02 (-0.15, 0.11) 

  Tibia    
 

  

     Ct.Th(mm)  -0.22 (-0.67, 0.23)  0.06 (-0.09, 0.26)  0.01 (-0.14, 0.15) 

    Porosity (%)       

    Total cortex  0.15(-0.18, 0.47)  -0.09 (-0.24, 0.06)  -0.03 (-0.17, 0.11) 

    Compact-appearing cortex  0.04 (-0.20, 0.29)  -0.07 (-0.21, 0.08)  -0.02 (-0.16, 0.12) 

    Outer transitional zone  -0.07 (-0.34, 0.21)  -0.06 (-0.22, 0.09)  -0.06 (-0.20, 0.09) 

     Inner transitional zone  0.17 (-0.15, 0.49)  -0.13 (-0.28, 0.02)c  0.02 (-0.13, 0.17) 

     Tb.N(mm-1)  -0.16 (-0.46, 0.14)  0.18 (0.04, 0.31)  0.10 (-0.04, 0.24) 

     Tb.Th(mm)  0.02 (-0.30, 0.33)  -0.08 (-0.23, 0.06)  -0.08 (-0.22, 0.07) 

     Tb.Sp(mm)  0.10 (-0.28, 0.47)  -0.17 (-0.30, -0.03)  -0.08 (-0.22, 0.06) 

     Tb.BV/TV(%)  -0.07 (-0.39, 0.25)  0.14 (-0.01, 0.27)c  0.01 (-0.13, 0.14) 
Tt.vBMD, total volumetric bone density; Ct.vBMD, cortical volumetric bone density; Tb.vBMD, trabecular volumetric bone 

density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV, trabecular bone volume fraction. HA:hydroxyapatite. BMD:bone mineral density. β: coefficient; 95%CI: 95% 

confidence interval; 25OHD, 25-hydroxyvitamin D. 

Bold denotes statistical significance.  a adjusted for age, sex, weight, height, season blood was draw and sports participation.  
b standardised coefficients. c p<0.1                   
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Table 7.3 Association between serum 25OHD concentrations at ages 8, 16 and 25 and 

BMD at ages 16 and 25a   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25OHD, 25-hydroxyvitamin D; BMD: bone mineral density; β: coefficient; 95%CI: 95% confidence interval. 

Bold denotes statistical significance. 
a Adjusted for age, sex, weight, height, season blood was draw and sports participation.  

b standardised coefficients. 

  

Areal BMD n 
Univariable  

βb (95% CI) 
 Multivariable  

βb (95% CI) 

At age 16     

25OHD at age 8 37    

   Spine   0.24 (-0.09, 0.56)  0.20 (-0.10, 0.50) 

   Hip  0.18 (-0.14, 0.50)  0.18 (-0.13, 0.49) 

   Total body  0.11 (-0.21, 0.42)  0.07 (-0.18, 0.32) 

25OHD at age 16 183    

   Spine  0.15 (0.01, 0.29)  0.17 (0.03, 0.32) 

   Hip  0.19 (0.05, 0.33)  0.27 (0.13, 0.40) 

   Total body  0.11 (-0.04, 0.25)  0.18 (0.05, 0.31) 

At age 25     

25OHD at age 8 37    

   Spine  0.21 (-0.09, 0.52)  0.14 (-0.16, 0.44) 

   Hip  0.07 (-0.25, 0.39)  0.03 (-0.30, 0.37) 

   Total body  0.12 (-0.16, 0.40)  0.03 (-0.24, 0.29) 

25OHD at age 16 179    

   Spine   0.10 (-0.05, 0.24)  0.08 (-0.07, 0.24) 

   Hip  0.12 (-0.03, 0.26)  0.15 (0.01, 0.29) 

   Total body  0.09 (-0.06, 0.24)  0.14 (0.01, 0.27) 

25OHD at age 25 192    

   Spine   0.10 (-0.05, 0.24)  0.10 (-0.06, 0.25) 

   Hip  0.11 (-0.03, 0.25)  0.18 (0.04, 0.32) 

   Total body  0.01 (-0.14, 0.14)  0.05 (-0.09, 0.18) 
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 Discussion 

This is the first study, of which we are aware, to describe the longitudinal association of 

serum 25OHD concentrations at different stages of growth with multiple bone outcomes 

measured by DXA and HRpQCT in early adulthood. Vitamin D status during adolescence 

has beneficial and independent associations with BMD and bone microarchitecture in early 

adulthood whereas at age 25 years, potential benefits were only seen in hip aBMD. This 

suggests that achieving a higher level of 25OHD during adolescence may improve long-term 

bone acquisition during growth and optimise PBM in early adulthood.  

The associations observed in this study are likely to be clinically important. In our study, a 

SD higher (around 20 nmol/L) serum 25OHD concentration during adolescence was 

associated with an estimated 2.5% increase in hip aBMD at age 25. It has been estimated that 

each 5% loss in femoral neck aBMD in elderly women was associated with a higher risk of 

all fractures and hip fracture by 40% and 90%, respectively (24). Furthermore, a case-control 

study from our group in children aged 9-16 years estimated that for a 18% or one SD 

reduction in lumbar spine or femoral neck aBMD, the odds of sustaining a wrist or forearm 

fracture increased by more than 50% (25). Thus, the difference observed in our study (2.5%) is 

likely to be important for preventing osteoporosis and fracture in later life. The quantification 

of the clinical meaning of the bone microarchitecture measures is difficult because of the lack 

of longitudinal data to directly examine their associations with fracture. Nevertheless, the 

magnitude of the percentage change of volumetric BMD and bone microarchitecture are 

comparable to or greater than aBMD, suggesting similarly clinical relevance. 

The significant association of 25OHD concentrations during adolescence might be explained 

by the rapid increase in the bone mass during this key phase of bone development. The 
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maximum increment in BMD occurs during this stage (26,27). Indeed, the BMD of participants 

in this study increased 56-60% at the spine and hip and 35% for the total body from age 8 to 

16, but remained largely unchanged from age 16 to 25 (0-10%) (28). The current analysis 

further showed that serum 25OHD concentrations during adolescence were associated with 

spine, hip and total body aBMD at that stage and the magnitude of the associations were 

larger in early adulthood. The increased magnitude of the positive association in adulthood 

may imply that the beneficial association between serum 25OHD concentrations in 

adolescence and bone outcomes persists after the rapid growth phase and may program later 

bone responses. The exact timing of this is uncertain given our sampling methods. In an 

earlier prospective study, there were significant associations between serum 25OHD 

concentrations at mean age of 12.9 years and lumbar spine and femoral neck aBMD during 3 

years follow-up (6) and greater lumber spine aBMD changes were observed in the highest than 

the lowest tertile of baseline serum 25OHD concentrations in girls with advanced sexual 

maturation.  

Our study failed to find a strong association of vitamin D status at 8 years old with BMD and 

bone microarchitecture at age 25, which is surprising but suggests there may be periods 

where vitamin D is less important. Another potential explanation is that the relationship 

between vitamin D and BMD might not be seen at these high concentrations (mean = 84 

nmol/L, 70% participates with 25OHD>50 nmol/L) as any beneficial association could 

possibly level off at about 50 to 60 nmol/L (29,30). Supporting to our findings, a longitudinal 

study based on Western Australia Pregnancy Cohort (Raine) showed that deseasonalized 

serum 25OHD concentrations at age 6 (around 80 nmol/L, similar to our study) had no 

significant association with total body aBMD at age 20 (7). This is consistent with our 

findings as participants’ blood were all collected during winter at 8 years old in our study. 
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Overall, the present study underscores that maintaining sufficient vitamin D status in 

adolescence is likely to be most important. 

This study has a few limitations. Firstly, a different DXA densitometer was used to assess 

bone density at 16 and 25 years old. However, Hologic densitometers are relatively 

interchangeable and the accuracy of bone measures is stable during hardware upgrades (31-33). 

Secondly, compared with those lost to follow-up, participants retained in this study had 

higher proportion of breastfeed, sports participations and a lower percentage of maternal 

smoking during pregnancy, suggesting the potential for selection bias. However, baseline 

aBMD at all sites were similar between those who did and did not complete this study and all 

results remained largely similar after using inverse probability weighting, so the loss to 

follow-up might not affect our results. Thirdly, the sample size was relatively small, 

suggesting these results should be replicated in larger studies and that some associations may 

not have reached statistical significance where the subgroups were smaller especially for 

participants at 8 years old. Similarly, as a result of the small sample size, we could not apply 

complex models, such as latent class analysis, to simultaneously utilise the repeated measured 

vitamin D levels, which may help understand the long-term change in vitamin D levels and 

their association with bone outcomes (7). Future studies with larger sample size should 

consider more complex statistical options that utilise data from multiple time points from 

different perspectives. Fourthly, different methods were used to measure serum 25OHD 

concentrations at each time point, and this may contribute to some of the difference in 

absolute 25OHD values and the prevalence of vitamin D deficiency (<50nmol/L) between the 

three timepoints (34), which might partly explain the absence of association between 25OHD 

at age 8 and bone measures at ages 16 and 25. Lastly, we did a number of comparisons and 
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thus could expect some significant associations due to chance alone, thus these results need 

replications. 

In conclusion, higher vitamin D concentrations in adolescence, to a lesser extent at age 25, 

have beneficial associations with BMD and bone microarchitecture in early adulthood. 

Optimising vitamin D status particularly during adolescence may be a priority for optimising 

peak bone mass and bone microarchitecture. However, our findings need confirmation in 

randomised control trials. 
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 The association between first fractures sustained 

during childhood and adulthood and bone measures in young 

adulthood 

 Introduction 

Fractures are frequently observed among children and adolescents (1,2), occurring in nearly 

50% of boys and one-third of girls with the distal forearm being the most common site (3-6). 

Fracture at a younger age could increase the risk of future fractures (7,8) and may be associated 

with lower bone acquisition during growth (9,10).  

Whether fractures were a result of earlier low aBMD or aBMD became lower after the 

fractures remains uncertain. Recent studies have suggested that the occurrence of fractures in 

childhood or adolescence may reflect an early prepubertal expression of reduced mechanical 

resistance that would persist into the time of PBM acquisition, and thereby increases the risk 

of osteoporosis later in life (9,11-14). Studies to date investigating the association of prevalent 

childhood or adolescence fractures with volumetric BMD and bone microarchitecture in early 

adulthood have been limited by using peripheral quantitative computed tomography (pQCT) 

(14-16), cross-sectional study design (17-20) or self-reported fractures (11-13,16). To our knowledge, 

there are only two prospective studies using High Resolution Peripheral Quantitative 

Computerised Tomography (HRpQCT) with follow up from childhood to early adulthood 

(11,13) reporting that fractures occurring at an earlier stage of life were related to bone deficits 

in young females but not males in their twenties. However, these studies did not further 

investigate the fractures by occurred age and it combined the influence of first fracture and 

subsequent fractures. 
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Therefore, this study aimed to describe the association between fractures occurring at 

different stages of growth and aBMD as well as cortical and trabecular bone measures in 

early adulthood. 

 Materials and Methods 

8.2.1 Participants  

In 1988 and 1989, there were 13,592 live births in Tasmania. Those infants who were at 

higher risk of Sudden Infant Death Syndrome (SIDS) as assessed by a scoring system were 

invited to participate in the infant health study. The scoring system for SIDS weighted the 

newborn infants according to their birth weight, season of birth, gender, mother's age, 

duration of second stage of labour and intention to breastfeed (21,22). A flow chart of study 

participants is given in Figure 8.1Figure 8.1. In southern Tasmania, a total of 1500 infant at 

higher risk of SIDS were enrolled in this study (all Caucasian). After 8 years, 890 of these 

1500 participants and their mothers were assessed in 1996 and 1997. We also measured 

415/1500 (28.9%) children in 2004-2005 when they were at 16 years old. These 415 

participants were invited to participate in a further study in 2013-2015. Only the participates 

with completed measurements from all three follow-up stages (ages 8, 16 and 25) were 

included in the current study. These measurements included dual energy X-ray 

absorptiometry (DXA) and HRpQCT measures, general information about fracture history, 

physical activity, food frequency questionnaire and anthropometry data. Written informed 

consent was obtained from all participants and/or their parent or guardian. This study was 

approved by the University of Tasmania Human Research Ethics Committee. 
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Figure 8.1 Participant flowchart for this study 

DXA: Dual-energy X-ray absorptiometry 

HRpQCT: High resolution peripheral quantitative computerised tomography 

 

  



Chapter 8: First fractures sustained during childhood and adulthood and bone health in 

young adulthood 

140 

8.2.2 Area bone mineral density 

Lumbar spine, right total hip and total body areal BMD were measured by DXA (8 years: 

QDR-2000 (Hologic); 16 years: Delphi (Hologic); 25 years: Discovery (Hologic)). Same 

hydroxyapatite spine phantom was used to do the cross calibration when the software 

upgrading. The coefficients of variations for our machine were 0.54% at 8 years, 0.34% at 16 

years and 0.48% at 25 years (using daily measurements of a spine phantom). 

8.2.3 Bone microarchitecture measurement 

The non-dominant distal radiusand tibia were scaned by high-resolution peripheral 

quantitative computed tomography (HRpQCT, Xtreme CT, Scanco Medical, Brüttisellen, 

Switzerland). The contralateral limb was scanned when either of these sites had a previous 

fracture. We obtained 110 CT slices from the regions of interest at the standardised distance 

of 22.5mm and 9.5mm from the manually positioned reference line at the endplate of the 

distal tibia and radius respectively. Of these slices, the 40 most proximal slices were chosen 

because the thicker cortex allows accurate assessment of porosity. StrAx1.0, a non-threshold-

based segmentation algorithm, was used to analyse the slices (StraxCorp Pty Ltd, Melbourne, 

Australia) (23). StrAx1.0 analysis uses an algorithm that segments bone into its compact-

appearing cortex, the fragmented cortex (outer and inner transitional zone) and the trabecular 

compartment(23). Parameters quantified were cross sectional area and volumetric bone 

mineral density (vBMD) of total, cortical, and medullary, cortical compartment like porosity 

within the total cortex and its compartments and cortical thickness(Ct.Th), trabecular 

paramenters like trabeculr number (Tb.N), thickness (Tb.Th), separation(Tb.SP) and bone 
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volume fraction (Tb.BV/TV)) (24). The accuracy, reproducibility errors and the segmentation 

algorithm are fully described in the patent (25).  

8.2.4 Fracture information 

Incident fractures were defined as any fractures that occurred from birth and before taking 

part in the current study and were ascertained by self-report with X-ray confirmation (where 

possible). Fracture information was collected at each follow-up point, including the age of the 

participant when a fracture occurred, site of fractures, whether the fracture was caused by 

falling and whether fell from a height of less than 3 meters, and circumstances surrounding 

the fracture. The time stage of a participant’s first fracture was categorised as pre-pubertal 

(occurring before age 9), pubertal (between age 9 to 16) and post-pubertal (between age 17 to 

25).  

8.2.5 Anthropometry and other assessments 

At each follow-up point, weight and height were measured by calibrated electronic scales and 

stadiometer (to the nearest 0.1 kg and 0.1 cm). Physical fitness was assessed by questionnaire 

as the number of days participants performed at least 20 minutes of strenuous activity in the 

previous fortnight (none; 1–2 days; 3–5 days; 6–8 days; 9 or more days). Dietary intakes 

including calcium intake were assessed using the Cancer Council of Victoria Food Frequency 

Questionnaire (CCV-FFQ) as previous described (26) . In 1996 and 1997, all children were 

assumed to be pre-pubertal without specific assessment given the young mean age of 8 years 

old. At year 2004 and 2005, pubertal status was self-assessed by using drawings with an 

illustration of five stages of pubertal development (27). All questionnaires were done by the 
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parent or guardian under supervision by the research assistant when participants under 16 

years old.  

8.2.6 Statistical methods  

Participants’ characteristics and bone measures (from DXA and HRpQCT) at the current 

follow-up (age 25 years) were presented as means and standard deviations (SD). Unpaired t-

tests and chi-square tests were used for comparison of characteristics between participants 

lost to follow-up and those retained in this study (age 8 years). 

Multivariable linear regression was used to analyse the associations of the occurrence of pre-

pubertal (occurring before age 9), pubertal (between ages 9 to 16) and post-pubertal fractures 

(between ages 17 to 25) with DXA and HRpQCT bone measures at 25 years old with 

adjustment for potential confounders (age, sex, height, weight, strenuous exercise during last 

fortnight and calcium intake). Multivariable linear regression was also used to determine the 

relationship between upper and lower limb fractures with HRpQCT bone measures at age 25 

and pre-pubertal fractures with aBMD at 8 and 16 years old with adjustment for the same 

confounders. Hochberg’s test was applied to account for multiple comparisons (28) . 

The association between pre-pubertal fractures (vs. no fractures) and change in aBMD from 8 

to 25 years was analysed using mixed effect modelling. In mixed-effect modelling, fixed 

effects were year, pre-pubertal fractures (vs. no fractures) and their interaction; random 

intercept was participant identification. It also adjustment for the previous confounders in the 

model.  

To account for the influence of missing data due to lost to follow up, we repeated the linear 

regression analysis using inverse probability weighting (29).  
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A p value of <0.05 (two-tailed) was regarded as statistically significant. All analyses were 

conducted using Stata software (version15; StataCorp. College Station, TX, USA). 

 Results 

There were 201 children followed up from birth to current stage with 196 having complete 

DXA and HRpQCT measures. Comparison of the general characteristics (at age 8) of 

participants lost to follow-up and those included in the present study showed that those lost to 

follow-up had a higher proportion of having maternal smoking during pregnancy, and a lower 

proportion of being breastfed and sports participation at age 8 (Table 8.1). 

Table 8.1 Characteristics of participants at 8 years of age in the study between those 

were lost to follow-up at age 25 and those who were not 

 Values are mean (standard deviation) unless otherwise stated. BMD, bone mineral density. 

  

  

Lost to follow up 

(n=694) 

 Participants  

(n=196) 

 P 

Age (years) 8.12 (0.44)  8.12 (0.33)  0.91 

Height (cm) 127.9 (6.0)  127.8 (5.7)  0.82 

Weight (cm) 28.0 (5.4)  27.7 (5.2)  0.43 

Maternal smoking during 

pregnancy (%) 
55  41  0.01 

Breastfed (%)  41  71  0.01 

Sports participation (n, %) 375 (54)  139 (71)  0.01 

aBMD (g/cm2)      

    Spine 0.60 (0.07)  0.61 (0.08)  0.24 

    Hip 0.65 (0.07)  0.65 (0.08)  0.62 

    Total body 0.77 (0.05)  0.78 (0.05)  0.15 
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Anthropometric and clinical characteristics of the participants at 25 years old by stage of first 

fracture are presented in Table 8.2. During the 25 years follow-up, fractures occurred in 99 

participants with fractures in 89 participants confirmed by X-ray. Twenty-four participants 

sustained their first fracture before puberty (6 of them had second or third fractures during 

later pubertal stage), 54 during puberty (11 had second or third fractures in post-pubertal 

stage) and 21 post-puberty. Among these 99 participants, fifty sustained their first fractures in 

upper limb, 29 in the lower limb, 20 in other sites (3 in clavicle, 13 in face, 3 in vertebrae and 

1 in rib). Ninety-two fractures occurred by falling from less than 3 meters or playing sports, 4 

fell from above 3 meters or higher and 3 from vehicle related injuries. Calcium intake per day 

at current stage was significantly higher in participants whose first fracture occurred during 

post-pubertal stage compared to those who had no fractures.  

For DXA measures at age 25, compared to participants without fractures, first fractures 

occurring at pre-pubertal stage were negatively associated with aBMD at spine, hip and total 

body after adjustment for age, sex, height, weight, strenuous exercise and calcium intake. 

However, there were no associations between pubertal or post-pubertal fractures and DXA 

measures at age 25 (Data not shown). 

For HRpQCT measures at age 25, pre-pubertal fractures were associated with increased outer 

transitional porosity and compromised trabecular measures at the radius (Tb.vBMD, Tb.N, 

Tb.Sp) after adjustment for confounders and were significantly associated with suboptimal 

cortical and trabecular vBMD and most microarchitecture measures (porosity, Tb.N, Tb.Sp 

and Tb.BV/TV) at the tibia (Table 8.3 and Table 8.4). The coefficients were larger at the tibia 

compared to the radius. Pubertal or post-pubertal fractures had no association with tibial or 

radial bone measures except for a negative association between fractures occurred during 
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post-puberty and Tb.N at tibia (Table 8.3 and Table 8.4). Most associations remained 

statistically significant after accounting for multiple comparison (11 out of 14), except for the 

association between pre-pubertal fractures and Tt.vBMD, Ct.vBMD, and Tb.BV/TV at tibia. 

Compared to participants with no fractures during 25 years, participants with pre-pubertal 

fractures had significant association with smaller increase of aBMD from age 8 to 16 and 25 

at spine, hip and total body. The magnitude of deficit was mainly from age 8 to 16 (Table 

8.5). 

Upper limb fractures were associated with higher Tb.Sp at radius and more porosity at tibia. 

However, lower limb fractures had no association with HRpQCT bone measures (Table 8.6 

and Table 8.7). All associations remained statistically significant after multiple comparisons 

applied. 

The results were consistent if the participants with multiple fractures were removed. All 

results remained largely similar after using inverse probability weighting (data not shown). 
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 Table 8.2 Characteristics for participants who did not have fractures and those who 

had their first fractures 

Values are mean (standard deviation) unless otherwise stated.  

Bold denotes statistical significance compared to no fractures group.   

 

 

 

 

No fractures 

(n=97) 

Pre-pubertal 

fractures 

(n=24) 

Pubertal  

fractures 

(n=54) 

Post-pubertal 

fractures 

(n=21) 

Male (%) 54 63 70 71 

Age (years) 25.49 (0.70) 25.36 (0.70) 25.67 (0.70) 25.64 (0.82) 

Height (cm) 171.1 (9.2) 174.2 (8.2) 173.2 (10.7) 172.9 (9.1) 

Weight (kg) 77.9 (19.9) 85.5 (20.1) 81.7 (19.0) 82.2 (15.7) 

Strenuous exercise (mean 

score) 
2.97 (1.35) 2.50 (1.14) 2.87 (1.36) 3.38 (1.12) 

Calcium intake (mg/day) 911.6 (354.9) 990.7 (371.5) 1022.6 (637.9) 1124.6 (375.4) 

Fracture Site     

  Upper limb (n) - 12 30 8 

  Lower limb (n) - 7 17 5 

  Other sites (n) - 5 7 8 

Confirmed by X-ray (n) - 22 48 19 

Obtained by falling (n) - 20 36 5 

Falling from < 3m (n) - 20 32 5 
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Table 8.3 Association between first fracture and HRpQCT bone measures at radius at age 25 years 

 

No fractures 

(n=97) 

 Pre-pubertal fracture 

(n=24) 

 Pubertal fractures 

(n=54) 

Post-pubertal fractures 

 (n=21) 

 β (95%CI) a β (95%CI) a 

 

β (95%CI) a 

 Volumetric density 
 

   

Tt.vBMD(mgHA/cm3) 
Reference 

-24.96 (-54.86, 4.93) 6.22 (-16.07, 28.52) -23.51(-55.02, 7.99) 

Ct.vBMD (mgHA/cm3) 
Reference 

-25.29 (-54.57, 3.99)b 8.69 (-13.14, 30.53) -14.02 (-44.87, 16.83) 

Tb.vBMD (mgHA/cm3) 
Reference 

-23.73 (-43.83, -3.63) -6.92(-21.92, 8.07) -19.78 (-40.96, 1.40)b 

 Microarchitecture 
    

Ct.Th(mm) Reference 0.05 (-0.05, 0.16) 0.06 (-0.05, 0.16) 0.05 (-0.06, 0.16) 

Porosity (%)     

   Total cortex 
Reference 1.96 (-0.39, 4.32) -0.72 (-2.48,1.04) 1.13 (-1.35, 3.62) 

   Compact-appearing cortex 
Reference  1.64 (-0.39, 3.67) -1.15 (-2.66, 0.37) 1.10 (-1.04, 3.24) 

   Outer transitional zone 
Reference 1.91 (0.33, 3.48) -0.39 (-1.56, 0.79) 0.78 (-0.88, 2.44) 

   Inner transitional zone 
Reference 1.18 (-0.28, 2.65) 0.05 (-1.04, 1.14) 1.24 (-0.29, 2.78) 

Tb.N(mm-1) 
Reference 

-0.24 (-0.42, -0.06) -0.10 (-0.23,0.04) -0.14 (-0.33,0.05) 

Tb.Th(mm) Reference -0.01 (-0.01, 0.01) -0.01 (-0.01,0.02) -0.01 (-0.01,0.02) 

Tb.Sp(mm) Reference 0.15 (0.06, 0.23) 0.06 (-0.01, 0.12)b 0.07 (-0.03, 0.16) 

Tb.BV/TV(%) Reference -0.88 (-1.82, 0.06)b -0.18 (-1.93, 0.05) -0.95 (-1.93, 0.05)b 

Bold denotes statistical significance; β: coefficient; 95%CI: 95% confidence interval;  

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortex volumetric bone density; Tb.vBMD, Trabecular volumetric bone density; Ct.Th, cortical thickness; Tb.N, number of trabecular in 

1mm; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, Trabecular bone volume fraction; HA: hydroxyapatite. 
a adjusted for age, sex, weight, height and strenuous exercise, calcium intake at mean age 25 years. b p<0.1.       
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Table 8.4 Association between first fracture and HRpQCT bone measures at tibia at age 25 years 

 

No 

fractures 

(n=97) 

Pre-pubertal 

fracture 

(n=24) 

Pubertal  

fractures 

(n=54) 

Post-pubertal 

fractures 

(n=21) 

 
 β (95%CI) a β (95%CI) a β (95%CI) a 

 Volumetric density     

Tt.vBMD(mgHA/cm3) Reference -27.16 (-52.37, -1.94) -3.07 (-21.87, 15.74) -4.72 (-31.29, 21.85) 

Ct.vBMD (mgHA/cm3) Reference -27.59 (-53.36, -1.83) -2.34 (-21.56, 16.87) 3.32 (-23.83, 30.47) 

Tb.vBMD (mgHA/cm3) Reference -24.47 (-42.55, -6.40) -5.12 (-18.60, 8.36) -16.56 (-35.61, 2.49)b 

 Microarchitecture     

Ct.Th(mm) Reference 0.02 (-0.10,0.14) 0.05 (-0.05, 0.14) 0.06 (-0.07, 0.19) 

Porosity (%)     

 Total cortex Reference 2.12 (-0.09,4.16) 0.19 (-1.33, 1.71) -0.29 (-2.44, 1.85) 

 Compact-appearing 

cortex 
Reference 2.60 (0.52, 4.68) 0.35 (-1.21, 1.88) -1.26 (-3.45, 0.94) 

 Outer transitional zone Reference 2.36 (0.78, 3.95) 0.15 (-1.02, 1.34) -1.13 (-2.81, 0.54) 

 Inner transitional zone Reference 1.21 (-0.16, 2.57)b 0.15 (-0.87, 1.17) 0.65 (-0.79, 2.08) 

Tb.N(mm-1) Reference -0.34 (-0.55, -0.14) -0.04 (-0.19, 0.11) -0.22 (-0.44, -0.01) 

Tb.Th(mm) Reference 0.01 (-0.03, 0.01) -0.01(-0.03, 0.02) -0.02 (-0.06, 0.02) 

Tb.Sp(mm) Reference 0.13 (0.06, 0.20) 0.03 (-0.03, 0.08) 0.07 (-0.01, 0.15)b 

Tb.BV/TV(%) Reference -0.99 (-1.89, -0.09) -0.25 (-0.92, 0.42) -0.88 (-1.83, 0.07)b 

Bold denotes statistical significance. β: coefficient; 95%CI: 95% confidence interval;   

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortex volumetric bone density; Tb.vBMD, Trabecular volumetric bone density; Ct.Th, cortical thickness; Tb.N, number of trabecular in 

1mm; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, Trabecular bone volume fraction; HA: hydroxyapatite. 
a adjusted for age, sex, weight, height and strenuous exercise during last fortnight, calcium intake at mean age 25 years. 
b p<0.1.       
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Table 8.5 Association between change in areal bone mineral density and pre-pubertal fractures (vs. no fractures) from 8 to 25 years 

 

Univariable 

β (95%CI) 

Multivariable 

β (95%CI)a 

 

No fractures 

(n=97) 

Pre-pubertal fractures 

(n=24) 

Difference between 

two groups 

No fractures 

(n=97) 

Pre-pubertal fractures 

(n=24) 

Difference between 

two groups 

Change from 8 to 16 

years 
      

   Spine aBMD(g/cm2) 0.37 (0.35, 0.39) 0.31 (0.26, 0.37) 0.06 (0.01, 0.11) 0.37 (0.35, 0.39) 0.29 (0.24, 0.35) 0.08 (0.02, 0.14) 

Hip aBMD(g/cm2) 0.38 (0.36, 0.40) 0.29 (0.24, 0.34) 0.09 (0.03, 0.14) 0.39 (0.36, 0.41) 0.30 (0.24, 0.35) 0.09 (0.03, 0.41) 

  Body aBMD(g/cm2) 0.27 (0.26, 0.29) 0.24 (0.20, 0.28) 0.04 (-0.01, 0.08) 0.28 (0.26, 0.29) 0.23 (0.19 0.27) 0.05 (0.01, 0.09) 

Change from 8 to 25 

years 
 

 
  

  

   Spine aBMD(g/cm2) 0.46 (0.44, 0.48) 0.39 (0.34, 0.44) 0.07 (0.02, 0.13) 0.46 (0.43, 0.48) 0.37 (0.32, 0.43) 0.08 (0.02, 0.14) 

Hip aBMD(g/cm2) 0.38 (0.36, 0.40) 0.29 (0.23, 0.34) 0.09 (0.03, 0.15) 0.39 (0.36, 0.41) 0.29 (0.23, 0.34) 0.10 (0.04, 0.16) 

  Body aBMD(g/cm2) 0.37 (0.35, 0.39) 0.32 (0.29, 0.36) 0.05 (0.01, 0.09) 0.37 (0.36, 0.39) 0.32 (0.27, 0.36) 0.06 (0.02, 0.10) 
Bold denotes statistical significance, p<0.05; β: coefficient; 95%CI: 95% confidence interval; aBMD, areal bone mineral density. 
a adjusted for age, sex, weight, height and strenuous exercise, calcium intake at mean age 25. 
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Table 8.6 Association between first fracture occurring at upper and lower limb and 

HRpQCT measures at radius at age 25 

  

No fractures 

or fractures 

in other sites 

(n=117) 

Upper limb fractures 

(n=51) 

Multivariable 

β (95%CI) a 

Lower limb fractures 

(n=30) 

Multivariable 

β (95%CI) a 
 

 Volumetric density  
  

Tt.vBMD(mgHA/cm3) Reference -2.89 (-24.53, 18.75) 1.34 (-25.28, 27.96) 

Ct.vBMD (mgHA/cm3) Reference -3.00 (-24.15, 18.16) 4.98 (-21.04, 31.00) 

Tb.vBMD (mgHA/cm3) Reference -7.85 (-22.42, 6.72) -8.92 (-26.85, 9.01) 

 Microarchitecture  
  

Ct.Th(mm) Reference 0.04 (-0.03, 0.12) 0.02 (-0.08, 0.11) 

Porosity (%)    

   Total cortex Reference 0.22 (-1.49, 1.92) -0.44 (-2.53, 1.65) 

   Compact-appearing cortex Reference 0.37 (-1.10, 1.85) -0.46 (-2.28, 1.36) 

   Outer transitional zone Reference 0.59 (-0.54, 1.72) -0.11 (-1.52, 1.30) 

   Inner transitional zone Reference 0.39 (-0.66, 1.45) 0.16 (-1.14, 1.45) 

Tb.N(mm-1) Reference -1.01 (-0.23, 0.03) -0.13 (-0.29, 0.03) 

Tb.Th(mm) Reference -0.01 (-0.01, 0.01) 0.01 (-0.01, 0.01) 

Tb.Sp(mm) Reference 0.07 (0.01, 0.14) 0.05 (-0.03, 0.13) 

Tb.BV/TV(%) Reference -0.17 (-0.85, 0.51) -0.37 (-1.20, 0.47) 
Bold denotes statistical significance; β: coefficient; 95%CI: 95% confidence interval;  

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortex volumetric bone density; Tb.vBMD, Trabecular volumetric bone 

density;  

Ct.Th, cortical thickness; Tb.N, number of trabecular in 1mm; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV,  

Trabecular bone volume fraction; HA: hydroxyapatite. 
a adjusted for age, sex, weight, height and strenuous exercise, calcium intake at mean age 25 years. b p<0.1.    
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Table 8.7 Association between first fracture occurring at upper and lower limb and 

HRpQCT bone measures at tibia at age 25 

 
 

No fractures 

or fractures 

in other sites 

(n=117) 

Upper limb fracture 

(n=51) 

Multivariable 

β (95%CI) a 

Lower limb fractures 

(n=30) 

Multivariable 

β (95%CI) a 
 

 Volumetric density 
 

  

Tt.vBMD(mgHA/cm3) Reference -17.52 (-35.53, 0.49)b 9.47 (-12.86, 31.80) 

Ct.vBMD (mgHA/cm3) Reference -16.39 (-34.83, 2.06)b 9.51 (-13.33, 32.34) 

Tb.vBMD (mgHA/cm3) Reference -12.16 (-25.23, 0.90)b -1.38 (-17.60, 14.84) 

 Microarchitecture    

Ct.Th(mm) Reference -0.01 (-0.10, 0.08) 0.07 (-0.04, 0.18) 

Porosity (%)    

   Total cortex Reference 1.28 (-0.17, 2.74)b -0.77 (-2.58, 1.03) 

   Compact-appearing cortex Reference 2.22 (0.73, 3.70) -0.96 (-2.82, 0.80) 

   Outer transitional zone Reference 1.64 (0.50, 2.78) -0.78 (-2.21, 0.65) 

   Inner transitional zone Reference 0.70 (-0.28, 1.67) -0.30 (-1.50,0.91) 

Tb.N(mm-1) Reference -0.04 (-0.19, 0.11) -0.13 (-0.32, 0.06) 

Tb.Th(mm) Reference -0.01 (-0.01, 0.01)b 0.01 (-0.01, 0.06) 

Tb.Sp(mm) Reference 0.04 (-0.01, 0.09) 0.03 (-0.03,0.10) 

Tb.BV/TV(%) Reference -0.50 (-1.15,0.14) 0.02 (-0.78, 0.83) 

Bold denotes statistical significance; β: coefficient; 95%CI: 95% confidence interval;  

Tt.vBMD, total volumetric bone density; Ct.vBMD, cortex volumetric bone density; Tb.vBMD, Trabecular volumetric bone 

density;  

Ct.Th, cortical thickness; Tb.N, number of trabecular in 1mm; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 

Tb.BV/TV,  

Trabecular bone volume fraction; HA: hydroxyapatite. 
a adjusted for age, sex, weight, height and strenuous exercise, calcium intake at mean age 25 years. b p<0.1.  
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 Discussion 

This is the first prospective study, of which we are aware, to describe the association between 

fractures occurring at different stages of puberty and bone measures in early adulthood. Pre-

pubertal fractures were associated with reduced aBMD at spine, hip and total body and 

vBMD as well as unfavourable microarchitecture at both the radius and tibia when 

participants were 25 years old. However, fractures occurring during puberty or post-pubertal 

stage had virtually no association with bone measures. This implies that fractures occurring at 

a younger age might have more potential for longer term detrimental association with bone. 

However, due to the exploratory nature of the analyses, more longitudinal studies with pre-

specific hypotheses are needed to confirm these associations 

Limited information is available about the childhood fractures and HRpQCT bone measures 

in adulthood (11,13,17,19). In a recent study in young men (ages 23 to 25 years), trabecular bone 

volume fraction at radius was independently and strongly associated with prevalent fractures, 

especially those that occurred in childhood (≤ 16 years old) (17). Similar results were found by 

Farr and colleagues, who showed childhood distal forearm fractures (<18 years old) due to 

mild trauma were associated with deficits in cortical or trabecular microarchitecture at radius 

in young male or female participants (19). In two similar longitudinal studies, fractures 

occurred during childhood and adolescence (mean age 7.9 to 20.4 for girls and 7.4 to 22.6 for 

boys) were related to impaired radial trabecular vBMD and thickness in young females at age 

20.4 but not associated with any bone measures for young males at age 22.6 years (11). Our 

study further defined the fracture timing by pubertal stage and highlighted pre-pubertal 

fractures (<9 years old) had detrimental association with radial and tibial bone 

microarchitecture at 25 years old with a bigger effect observed for tibial measures. The 
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reasons for this are unclear but sustaining a fracture might affect subsequent physical activity.  

If less weight-bearing activity resulted, this might explain the ongoing detrimental effect on 

bone and the fact that this appears to more affect the tibia. Overall, the available evidence 

suggests that fractures in earlier life are associated with deficits in bone microarchitecture in 

adulthood. 

Opposed to our findings, Cheng and his colleagues conducted a seven-year cohort study in 

pubertal girls and showed that upper-limb fracture during puberty (aged 8-14 years) was 

associated with lower radial vBMD measured by pQCT at baseline (at mean age of 11.2 

years) and 7 years later (at mean age of 18.3 years) and that the deficit in vBMD shifted from 

the periosteal region during puberty to the central region in early adulthood (30). Our results 

contrast to this study as we do not find detrimental impact of pubertal fracture to bone 

development, and we suggested that a relative delay in bone widening during rapid 

longitudinal growth may be a potential mechanism for fractures in the puberty. A possible 

explanation of the difference could be that participants who had pubertal fracture were 

defined by Cheng’s study as those who had fractures between 8 to 14 years old, which is not 

the first fracture and is likely to include those who already had fractures during pre-pubertal 

stage. Another difference was that the mean age of the last follow-up was 18.3 years old, 

which is considerably younger than the participants in our study. Moreover, bone in the 

Cheng’s study was assessed using pQCT so could not further divide bone into cortical and 

trabecular microarchitecture. Therefore, more studies are needed to investigate whether 

pubertal fractures are associated with bone microarchitecture measures. 

The relationship between aBMD and subsequent fractures (especially of the upper limb) has 

been well documented in young people including from this cohort (31,32). In contrast, the 



Chapter 8: First fractures sustained during childhood and adulthood and bone health in 

young adulthood 

154 

present study focussed on the impact of fractures on the subsequent change of aBMD from 

childhood to young adulthood, finding that early childhood fractures had negative association 

with the increase of aBMD during growth and the magnitude of deficit was mainly during 8 

to 16 years. This may imply that childhood fractures may associated with later bone deficit 

during important pubertal stage and that childhood is an important window of opportunity for 

intervention to optimise bone acquisition in participants who had fractures occurred in this 

critical stage. Thus, the present study underscores the importance of using the history of 

fractures in pre-puberty to identify those who are more likely to have impaired bone 

development. 

The current study has a few limitations. Firstly, a different DXA densitometer was used to 

assess bone density at all three stages (same at last two, different one at first). However, 

cross-calibration was performed between the two different Hologic densitometers and it has 

been shown that Hologic densitometers are relatively interchangeable and the accuracy of 

bone measures is stable despite upgrades in hardware and software (33-35). Secondly, the 

sample size was relatively small especially for fractures at various stages raising the 

possibility of type II error. However, previous studies have shown similar results regardless 

of analysis of upper, lower extremity or whole fracture (12,13,17) and over 80% of fractures 

occurred at extremity sites in this study. Thirdly, a higher proportion of participants retained 

in this study were breastfed as well as participated in sports and a lower proportion of 

maternal smoking during pregnancy compared with those lost to follow-up, suggesting the 

potential for selection bias. However, adjusting for these factors did not change the 

associations. Fourthly, the participants of this study were originally selected from infants 

considered at higher risk for SIDS, we acknowledge that this might have an influence on the 

generalizability of this cohort to the general infant population of Tasmania. As a result, they 
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were more likely to be males, premature babies, younger mothers, and smoke during 

pregnancy. However, there has been selective dropout of smokers and non-breastfed children 

and children with younger mothers over time so that the cohort is now much closer to the 

community than it was at inception, suggesting this bias may be decreasing during the 

follow-up period. Fifthly, the incidence of fractures (51%) was higher than some other 

studies (11,13). This might influence by the higher risk of SIDS in earlier life, but the 

incidences are similar and broadly representative of our general population (36). Moreover, our 

participant’s aBMD at age 25 was comparable to other studies in healthy populations of 

similar age and reference values for adulthood (37,38) suggesting these higher risks are not 

having a major effect. Lastly, we did a number of comparisons and thus can expect some 

significant associations due to chance alone, thus these results need replication. 

In conclusion, pre-pubertal fractures are negatively associated with aBMD increases during 

growth and HRpQCT bone measures in young adulthood. There is little evidence that 

fractures occurring from age 8 onwards with bone measures in young adulthood, implying 

pre-pubertal fractures may be associated with bone deficits later in life. 

 

 



Chapter 8: First fractures sustained during childhood and adulthood and bone health in 

young adulthood 

156 

References 

1. Danseco ER, Miller TR, Spicer RS. Incidence and costs of 1987–1994 childhood 

injuries: demographic breakdowns. Pediatrics. 2000;105(2):e27-e. 

2. Miller TR, Romano EO, Spicer RS. The cost of childhood unintentional injuries and 

the value of prevention. The future of children. 2000:137-63. 

3. Hedström EM, Svensson O, Bergström U, Michno P. Epidemiology of fractures in 

children and adolescents: Increased incidence over the past decade: a population-

based study from northern Sweden. Acta orthopaedica. 2010;81(1):148-53. 

4. Mäyränpää MK, Mäkitie O, Kallio PE. Decreasing incidence and changing pattern of 

childhood fractures: A population‐based study. Journal of Bone and Mineral 

Research. 2010;25(12):2752-9. 

5. Landin LA. Fracture Patterns in Children: Analysis of 8,682 Fractures with Special 

Reference to Incidence, Etiology and Secular Changes in a Swedish Urban Population 

1950–1979. Acta Orthopaedica Scandinavica. 1983;54(sup202):3-109. 

6. Cooper C, Dennison EM, Leufkens HG, Bishop N, van Staa TP. Epidemiology of 

childhood fractures in Britain: a study using the general practice research database. 

Journal of Bone and Mineral Research. 2004;19(12):1976-81. 

7. Yeh F, Grant A, Williams S, Goulding A. Children who experience their first fracture 

at a young age have high rates of fracture. Osteoporosis international. 

2006;17(2):267-72. 

8. Amin S, Melton LJ, Achenbach SJ, Atkinson EJ, Dekutoski MB, Kirmani S, et al. A 

distal forearm fracture in childhood is associated with an increased risk for future 

fragility fractures in adult men, but not women. Journal of Bone and Mineral 

Research. 2013;28(8):1751-9. 

9. Ferrari SL, Chevalley T, Bonjour JP, Rizzoli R. Childhood fractures are associated 

with decreased bone mass gain during puberty: an early marker of persistent bone 

fragility? Journal of bone and mineral research. 2006;21(4):501-7. 

10. Bianchi ML. Osteoporosis in children and adolescents. Bone. 2007;41(4):486-95. 

11. Chevalley T, Bonjour J-P, Van Rietbergen B, Rizzoli R, Ferrari S. Fractures in 

healthy females followed from childhood to early adulthood are associated with later 

menarcheal age and with impaired bone microstructure at peak bone mass. The 

Journal of Clinical Endocrinology & Metabolism. 2012;97(11):4174-81. 

12. Chevalley T, Bonjour J-P, van Rietbergen B, Ferrari S, Rizzoli R. Fractures during 

childhood and adolescence in healthy boys: relation with bone mass, microstructure, 

and strength. The Journal of Clinical Endocrinology & Metabolism. 

2011;96(10):3134-42. 



Chapter 8: First fractures sustained during childhood and adulthood and bone health in 

young adulthood 

157 

13. Bonjour JP, Audet MC, Merminod F, van Rietbergen B, Rizzoli R, Ferrari S. Fracture 

Prospectively Recorded from Pre‐puberty to Young Adulthood: Are they Markers of 

Peak Bone Mass and Strength in Males? Journal of Bone and Mineral Research. 2017. 

14. Buttazzoni C, Rosengren BE, Tveit M, Landin L, Nilsson JÅ, Karlsson MK. Does a 

childhood fracture predict low bone mass in young adulthood?—A 27‐year 

prospective controlled study. Journal of Bone and Mineral Research. 2013;28(2):351-

9. 

15. Darelid A, Ohlsson C, Rudäng R, Kindblom JM, Mellström D, Lorentzon M. 

Trabecular volumetric bone mineral density is associated with previous fracture 

during childhood and adolescence in males: the GOOD study. Journal of Bone and 

Mineral Research. 2010;25(3):537-44. 

16. Taes Y, Lapauw B, Griet V, De Bacquer D, Goemaere S, Zmierczak H, et al. 

Prevalent fractures are related to cortical bone geometry in young healthy men at age 

of peak bone mass. Journal of Bone and Mineral Research. 2010;25(6):1433-40. 

17. Rudäng R, Darelid A, Nilsson M, Mellström D, Ohlsson C, Lorentzon M. X‐ray–

verified fractures are associated with finite element analysis–derived bone strength 

and trabecular microstructure in young adult men. Journal of Bone and Mineral 

Research. 2013;28(11):2305-16. 

18. Farr JN, Amin S, Melton LJ, Kirmani S, McCready LK, Atkinson EJ, et al. Bone 

strength and structural deficits in children and adolescents with a distal forearm 

fracture resulting from mild trauma. Journal of Bone and Mineral Research. 

2014;29(3):590-9. 

19. Farr JN, Khosla S, Achenbach SJ, Atkinson EJ, Kirmani S, McCready LK, et al. 

Diminished bone strength is observed in adult women and men who sustained a mild 

trauma distal forearm fracture during childhood. Journal of Bone and Mineral 

Research. 2014;29(10):2193-202. 

20. Bala Y, Bui QM, Wang XF, Iuliano S, Wang Q, Ghasem‐Zadeh A, et al. Trabecular 

and cortical microstructure and fragility of the distal radius in women. Journal of 

Bone and Mineral Research. 2015;30(4):621-9. 

21. d'Espaignet ET, Dwyer T, Newman NM, Ponsonby AL, Candy SG. The development 

of a model for predicting infants at high risk of sudden infant death syndrome in 

Tasmania. Paediatric and perinatal epidemiology. 1990;4(4):422-35. 

22. Dwyer T, Ponsonby A-L, Newman N, Gibbons L. Prospective cohort study of prone 

sleeping position and sudden infant death syndrome. The Lancet. 

1991;337(8752):1244-7. 

23. Zebaze R, Ghasem-Zadeh A, Mbala A, Seeman E. A new method of segmentation of 

compact-appearing, transitional and trabecular compartments and quantification of 



Chapter 8: First fractures sustained during childhood and adulthood and bone health in 

young adulthood 

158 

cortical porosity from high resolution peripheral quantitative computed tomographic 

images. Bone. 2013;54(1):8-20. 

24. Yang Y, Pan F, Wu F, Squibb K, Thomson R, Winzenberg T, et al. Familial 

resemblance in trabecular and cortical volumetric bone mineral density and bone 

microarchitecture as measured by HRpQCT. Bone. 2018;110:76-83. 

25. Zebaze R, Seeman E, Mbala A, Ghasemzadeh A, Mackie E, Bohte A. Method and 

system for image analysis of selected tissue structures. Google Patents; 2015. 

26. Nguyen HH, Wu F, Oddy WH, Wills K, Brennan-Olsen SL, Jones G, et al. Dietary 

patterns and their associations with socio-demographic and lifestyle factors in 

Tasmanian older adults: a longitudinal cohort study. European journal of clinical 

nutrition. 2018:1. 

27. Duke PM, Litt IF, Gross RT. Adolescents' self-assessment of sexual maturation. 

Pediatrics. 1980;66(6):918-20. 

28. Hochberg Y. A sharper Bonferroni procedure for multiple tests of significance. 

Biometrika. 1988;75(4):800-2. 

29. Wu F, Wills K, Laslett LL, Oldenburg B, Jones G, Winzenberg T. Moderate‐to‐

vigorous physical activity but not sedentary time is associated with musculoskeletal 

health outcomes in a cohort of Australian middle‐aged women. Journal of Bone and 

Mineral Research. 2017;32(4):708-15. 

30. Cheng S, Xu L, Nicholson PH, Tylavsky F, Lyytikäinen A, Wang Q, et al. Low 

volumetric BMD is linked to upper-limb fracture in pubertal girls and persists into 

adulthood: a seven-year cohort study. Bone. 2009;45(3):480-6. 

31. Flynn J, Foley S, Jones G. Can BMD assessed by DXA at age 8 predict fracture risk 

in boys and girls during puberty?: an eight‐year prospective study. Journal of bone 

and mineral research. 2007;22(9):1463-7. 

32. Clark EM, Ness AR, Bishop NJ, Tobias JH. Association between bone mass and 

fractures in children: a prospective cohort study. J Bone Miner Res. Sep 

2006;21(9):1489-95. Epub 2006/08/31. 

33. Ellis KJ, Shypailo RJ. Bone Mineral and Body Composition Measurements: Cross‐

Calibration of Pencil‐Beam and Fan‐Beam Dual‐Energy X‐Ray Absorptiometers. 

Journal of bone and mineral research. 1998;13(10):1613-8. 

34. Crabtree NJ, Shaw NJ, Bishop NJ, Adams JE, Mughal MZ, Arundel P, et al. 

Amalgamated Reference Data for Size‐Adjusted Bone Densitometry Measurements 

in 3598 Children and Young Adults—the ALPHABET Study. Journal of Bone and 

Mineral Research. 2017;32(1):172-80. 



Chapter 8: First fractures sustained during childhood and adulthood and bone health in 

young adulthood 

159 

35. Krueger D, Libber J, Sanfilippo J, Yu HJ, Horvath B, Miller CG, et al. A DXA Whole 

body composition cross-calibration experience: evaluation with humans, spine, and 

whole body phantoms. Journal of Clinical Densitometry. 2016;19(2):220-5. 

36. Jones G, Cooley H. Symptomatic fracture incidence in those under 50 years of age in 

southern Tasmania. Journal of paediatrics and child health. 2002;38(3):278-83. 

37. Zhu K, Oddy WH, Holt P, Ping-Delfos WCS, Mountain J, Lye S, et al. Tracking of 

vitamin D status from childhood to early adulthood and its association with peak bone 

mass. The American journal of clinical nutrition. 2017;106(1):276-83. 

38. Levasseur R, Guaydier-Souquières G, Marcelli C, Sabatier J-P. The absorptiometry T-

score: influence of selection of the reference population and related considerations for 

everyday practice. Joint Bone Spine. 2003;70(4):290-3. 

 

 

 

 



Chapter 9: Summary and future directions 

160 

 Summary and future directions 

Osteoporosis and related fractures are major global public health concerns. Osteoporosis 

affects over 200 million people worldwide, which is projected to markedly increase 

withaging. Low bone mineral density (BMD) is the most important determinant of 

osteoporosis and fractures. BMD in older age is the result of PBM achieved at the end of the 

growth period and the loss of bone mass due to aging. Developing effective strategies in early 

life to improve PBM is as important as to reduce age-related bone loss for the prevention of 

osteoporosis and related fractures in later life. The role of genetic factors in areal BMD has 

been well-defined, but genetic contributions to peak volumetric BMD and bone 

microarchitecture are still uncertain. Moreover, the long-term associations of modifiable 

environmental factors in early life with bone development during childhood through to 

adulthood are poorly studied. Several new and important findings to address these research 

gaps are summarised below. 

 Summary of findings 

Chapter 4 estimated the heritability of trabecular and cortical bone geometry, volumetric 

BMD and microarchitecture at the radius and tibia (by HRpQCT) in 177 middle-aged 

mothers and young adult offspring pairs. In this study, the average age of offspring was 25 

years, when PBM is likely to be attained. Familial resemblance was found with heritability 

estimates ranging from 24% to 74% within mother-offspring pairs after adjustment for age, 

sex and body size. The heritability for most bone measures was higher in mother-daughter 

than mother-son pairs, suggesting interactions between gene and sex or a role for imprinting 

to bone mineralization. Moreover, there were moderate to strong genetic correlations between 

radial and tibial HRpQCT bone measures, which suggests genetic factors may be shared 
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between these two sites for bone measures. The understanding of genetic correlation could 

help to reduce the number of sites for genetic association studies. 

Chapter 5, 6 and 7 explored an important topic in the paediatric bone health field. We 

demonstrated that there was moderate to strong tracking of areal BMD from childhood to 

adulthood in males and females, which was largely independent of linear growth. Results 

from Chapter 5 support the view that low PBM could be identified and targeted for 

interventions during childhood and adolescence. By identifying the factors associated with 

deviation from tracking, we found increasing lean mass in both males and females and 

improving fitness and increasing sports participation in males could be potentially effective 

for improving PBM in young adulthood. In addition, Chapter 6 found breastfeeding in early 

life was associated with higher vBMD and better bone microarchitecture in participants born 

prematurely. Maternal smoking was associated with suboptimal trabecular microarchitecture 

in those born at term and with higher upper limb fracture risk. Associations of birthweight 

with BMD and microarchitecture were mediated by subsequent growth. Chapter 7 found 

vitamin D levels at age 16 and to a lesser extent, at age 25 have beneficial associations with 

bone measures in young adulthood and the magnitude of the associations is likely to be 

clinically important. We failed to find an association of vitamin D levels at age 8 with these 

bone measures, which may due to the high vitamin D concentrations (mean = 84 nmol/L, 

89% >50 nmol/L). Overall, these studies provide evidence that strategies advocating for 

breastfeeding and no maternal smoking during pregnancy, increasing lean mass, improving 

fitness, sports participation, and optimising vitamin D levels particularly during adolescence 

could be used to optimise PBM and bone microarchitecture. 

Chapter 8 examined the association between fractures sustained at different stages of 

puberty (pre-pubertal, pubertal and post-pubertal) and DXA as well as HRpQCT bone 
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measures in young adulthood. Fractures were self-reported and confirmed by X-ray in the 

most of participants. This study found pre-pubertal fractures had negative associations with 

later aBMD changes and HRpQCT bone measures at age 25 years (especially at the tibia). 

However, fractures occurring during puberty or post-puberty were largely not associated with 

any bone measure at age 25 years. This suggests that pre-pubertal fractures may be associated 

with subsequent suboptimal bone development and pre-puberty stage could potentially be an 

important opportunity for intervention to optimise bone acquisition. 

To sum up, the findings based on the 25 years follow-up of a birth cohort shed light on the 

role of genetic and modifiable environmental factors in the development of PBM and optimal 

bone microarchitecture in young adulthood. These results not only highlight the possibility of 

identifying the populations with genetic predisposition to osteoporosis in earlier stage, but 

also, most importantly, offer an opportunity to develop strategies at an early stage of life 

targeting those at high risk of the osteoporosis and fractures in adulthood. 

 Limitations in the current studies 

There are limitations in the studies presented in this thesis. 

Firstly, the DXA densitometer used to assess BMD and body composition at age 8 years was 

different from that used in the last two time-points. However, cross-calibration was 

performed between the two different Hologic densitometers. Moreover, Hologic 

densitometers has been shown relatively interchangeable and the accuracy of bone measures 

is stable despite upgrades in hardware and software (1-3).  

Secondly, the participants of this study were originally selected from infants considered at 

higher risk for SIDS. Therefore, they were more likely to be males, premature babies, 
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teenager mothers, and to have in utero exposure to maternal smoking. We acknowledge that 

this cohort may not be representative of general infant population in Tasmania at inception. 

However, the participant’s areal BMD at age 25 years in our study were comparable to other 

studies in healthy population of similar age and the reference value of young adulthood (4,5), 

suggesting that these risk factors for SIDS may not influence later bone development. 

Moreover, during the 25 years follow-up, there has been selective dropout of participants 

with maternal smoking, non-breastfed and younger mothers, suggesting that this cohort may 

have become more representative to the general population, though not the original cohort. 

Nonetheless, studies drawn from general population are needed to confirm our findings. 

Furthermore, in order to examine whether lost to follow-up had an impact on our results, we 

used an inverse probability weighting method in the analyses, in which participants were 

weighted by the inverse of their probability of being observed. We found that all results 

remained largely similar, suggesting minor, if any, influence of loss to follow-up on our 

results. 

Thirdly, the sample size of the studied cohort in this thesis was relatively small raising the 

possibility of type II error. Thus, it is possible that some associations may not have reached 

statistical significance, especially for the subgroup analyses where the sample size were even 

smaller (e.g., analyses for participants’ vitamin D levels at 8 years old and fracture incidence 

at different site in various stages). 

Fourthly, we acknowledge that 25 years old may not accurately reflect the exact time of 

PBM as the time of PBM varies between individuals and by skeletal sites and it is difficult to 

estimate it exactly. However, one study has shown that in those aged 25-29 years (both males 

and females), the distal forearm BMD increased by 0.095% to 0.162% in the subsequent 6.4 
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years, which suggests BMD at age 25 may be well representative of the age when PBM is 

reached (6). 

Lastly, due to the observational nature of the studies in this thesis, causality for the 

associations needs to be confirmed by randomised control trials with pre-specified 

hypotheses. However, such studies may be logistically difficult and costly. Of note, 

Mendelian randomisation analysis may be a good alternative approach, which has been 

increasingly used to demonstrate causal relationship between lifestyle factors and a wide 

spectrum of health conditions (7-9).” 

 Future directions 

This PhD project has given an idea on the directions of future research. These directions are 

as followings: 

1. In Chapter 5, 6 and 7, we found exposures during intrauterine and infancy, increasing lean 

mass and improving fitness, sports participation and optimising vitamin D during adolescence 

could improve PBM. In the future: 

a. Further studies, especially randomised clinical trials (RCTs) are needed to investigate 

the potential mechanisms of lean mass and physical activity to bone development and 

to explore which activities or exercise (physical loading exercise or coordination or 

balance training) play more important role in the development of bone 

microarchitecture during growth.  

b. Studies are needed to explore other early life factors, such as passive smoking and 

smoking history, dietary patterns, dietary inflammatory index, and child-to-adult 

trajectories of muscle strength with bone outcomes and fractures in adulthood.  



Chapter 9: Summary and future directions 

165 

c. More evidence is needed to identify optimal levels of serum vitamin D for 

musculoskeletal health in young adulthood. Moreover, future RCTs are needed to 

investigate whether supplementation of vitamin D benefits bone microarchitecture 

during growth, particularly in participants with vitamin D deficiency.  

2. Determine whether cardiometabolic risk factors (CMRs; e.g., obesity, hypertension, 

dyslipidaemia, and impaired glucose metabolism) are associated with compromised vBMD 

and bone microarchitecture in young adulthood.  

Although the prevalence of cardiometabolic diseases is low in children, there is a global 

epidemic of CMRs in this young age (10). In Australia, 1 in 4 (24%) children aged 5-14 years 

were overweight or obese in 2017-18(11). This may lead to extra substantial burden of 

cardiometabolic diseases in adults. Cardiometabolic risk factors have been associated with 

compromised bone health in children (12-14) and old adults (15). However, less research has 

focused on the influence of childhood CMRs on bone health in young adulthood, particularly 

with bone microarchitecture(16). Addressing this critical evidence gap may help to understand 

how CMRs influence bone strength development and to provide early-life strategies to 

optimise PBM and prevent those at high risk of fractures later in life. 

3. Explore the association of diabetes with bone microarchitecture in young adulthood. 

Strong evidence from meta-analyses has shown that both Type 1 (T1D) and Type 2 (T2D) 

diabetes are associated with an increased risk of fractures, particularly of the hip (15,17,18). 

However, both BMD and the Fracture Risk Assessment (FRAX) tool underestimate fracture 

risk for patients with diabetes (19,20), which suggest that studies about diabetes with bone 

microarchitecture underlying skeletal fragility are needed. To date, studies examining the 

associations between diabetes and bone microarchitecture have not reached consistent 
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conclusions. Moreover, they have had limitations such as relatively short-term follow-up and 

only in old adults (21) or cross-sectional design (22-25). Little is known about the association 

between diabetes and bone microarchitecture in young adulthood. 

I will extend my research by examining the influence of diabetes on bone microarchitecture 

in young adulthood, which will clarify the underlying mechanisms of increased fracture risks 

in patients with diabetes. 

4. To explore the potential mechanism of imbalance between bone formation and remodelling 

or microstructural deterioration in paediatric and aging bone.  

Current studies suggest that mesenchymal stem cells in the marrow favour adipogenesis over 

osteoblastgenesis, result in increased marrow fat that may account for the decrease of bone 

formation (26). Therefore, based on our unique 25-year longitudinal birth cohort study and 

another existing Tasmanian Older Adult Cohort Study (TASOAC), we plan to obtain 

additional measures of marrow fat using HRpQCT to examine the associations between 

marrow fat and bone microarchitecture in both young and old cohorts. By comparing the 

marrow fat in young and old adults, it may help to provide the potential mechanism of 

microstructural deterioration and fractures in later life.    
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Appendix I  

Appendix Table 1. Characteristics of participants at 8 years of age in the study and 

those lost to follow-up 

  

Lost to follow up 

(n=599) 

 Participants  

(n=177) 

 P 

Age (years) 8.12 (0.45)  8.12 (0.33)  0.79 

Height (cm) 128.0 (6.1)  127.9 (5.7)  0.92 

Weight (cm) 28.0 (5.5)  27.8 (5.3)  0.63 

Maternal smoking 

during pregnancy (%) 
54  35  0.01 

Breastfed (%)  45  72  0.01 

Sports participation 

(%) 56 

 

70 

 0.01 

BMD (g/cm2)      

    Spine 0.60 (0.01)  0.60 (0.07)    0.85 

    Femoral neck 0.64 (0.01)  0.63 (0.01)    0.42 

    Total body 0.77 (0.05)  0.78 (0.05)    0.89 
 Values are mean (standard deviation) unless otherwise stated 

 BMD, bone mineral density. 
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Appendix Table 2. Characteristics of participants at 8 years of age in the study and 

those lost to follow-up. 

 

Lost to follow-up 

(n=693) 

 Participants 

 (n=197) 

 
P 

Age (years) 8.12 (0.44)  8.12 (0.33)  0.91 

Height (cm) 127.9 (6.0)  127.8 (5.7)  0.82 

Weight (cm) 28.0 (5.4)  27.7 (5.2)  0.43 

PWC170 (w) 32.4 (14.7)  32.3 (12.5)  0.93 

Sports participation 

(%) 54 

 

71 

 0.01 

ICS use (%) 21  11  0.02 

Maternal smoking 

during pregnancy (%) 
55  41  0.01 

Breastfed (%)* 41  71  0.01 

BMD (g/cm2)      

    Spine 0.60 (0.07) 

 

0.61 (0.08) 

   

0.24 

    Hip 0.65 (0.07) 

 

0.65 (0.08) 

   

0.62 

    Total body 0.77 (0.05) 

 

0.78 (0.05) 

   

0.15 
Values are mean (standard deviation) unless otherwise stated. Bold denotes statistical significance. 

PWC170=physical work capacity at 170 beats/min. ICS= Inhaled corticosteroids. BMD = bone mineral density. 

*The information of whether been breastfed or never was collected at 8 years old 
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To estimate the heritability of bone geometry, volumetric bonemineral density (vBMD) andmicroarchitecture of
trabecular (Tb) and cortical (Ct) bonemeasured by high resolution peripheral quantitative computerised tomog-
raphy (HRpQCT) at the distal radius and tibia and to investigate the genetic correlations of these measures.
Participantswere 177mother-offspring pairs from 162 families (mothers, mean age (SD)= 52.1 (4.7) years; off-
spring, 25.6 (0.73) years). Trabecular and cortical bonemeasures were obtained by HRpQCT.Multivariable linear
regression was used to analyse the association of bone measures between mother and offspring. Sequential
Oligogenic Linkage Analysis Routines (SOLAR) software was utilised to conduct quantitative genetic analyses.
All maternal bone measures were independently associated with the corresponding bone measures in the off-
spring before and after adjustment for age, sex, weight and height. Heritability estimates ranged from 24% to
67% at the radius and from 42% to 74% at the tibia. The relationship formost bone geometrymeasureswas signif-
icantly stronger in mother-son pairs (n= 107) compared with mother-daughter pairs (n= 70) (p b 0.05). In
contrast, the heritability for most vBMD and microarchitecture measures were higher in mother-daughter
pairs. Bivariate analyses found moderate to strong genetic correlations across all measures between radius and
tibia (Rg= 0.49 to 0.93).
Genetic factors have an important role in the development of bone geometry, vBMD and microarchitecture.
These factors are strongly shared for the radius and tibia but vary by sex implying a role for imprinting.

© 2018 Elsevier Inc. All rights reserved.
Keywords:
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Bone QCT/micro CT
1. Introduction

Osteoporosis is amajor public health issue resulting in a substantial so-
cietal and individual burden [1]. This disease is characterized by low bone
mineral density (BMD) and microarchitectural deterioration, resulting in
an increased risk of fractures [2]. Areal bonemineral density (aBMD)mea-
sured by dual energy x-ray absorptiometry (DXA) is generally considered
as the gold standard for diagnosis of osteoporosis [3]. DXA has also been
widely used for determination of fracture risk and adopted in many frac-
ture risk assessment tools, such as Fracture Risk Assessment Tool (FRAX)
[4]. However, both BMDand bonemicroarchitecture contribute to fracture
risk and these cannot be fully assessed by aBMD. Indeed, most fractures
edical Research, University of
stralia.
.Pan@utas.edu.au (F. Pan),
u.au (K. Squibb),
ania.Winzenberg@utas.edu.au
occur in people classified as osteopenic on aBMD [5], highlighting the
potential importance of including bone volumetric bone mineral density
(vBMD) and bone microarchitecture in estimating fracture risk.

In addition to environmental factors, genetic factors play an impor-
tant role in determining fracture risk [6]. The role of genetics in aBMD
has been well-defined, with 41% to 85% of variation in aBMD being at-
tributable to genetic factors depending on skeletal site and age [7–9].
Our previous study showed sex differences in the heritability of aBMD
in prepubertal children [10]. Recent genome wide association studies
(GWAS) have identified N60 genes/loci linked with aBMD [11]. How-
ever, there are few studies reporting the heritability of vBMD and
microarchitecture, and these are in middle-aged female twins or older
families [12–14]. No study has been conducted in early adulthood,
around the time that peak bone mass (PBM) is attained.

Therefore, the aim of this study is to estimate the heritability for bone
geometry, vBMD and bone microarchitecture measures at the distal ra-
dius and tibia and to investigate the genetic correlations of these mea-
sures in mother-offspring pairs when the offspring are young adults
(aged 25 years).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2018.01.033&domain=pdf
https://doi.org/10.1016/j.bone.2018.01.033
mailto:Graeme.Jones@utas.edu.au
https://doi.org/10.1016/j.bone.2018.01.033
http://www.sciencedirect.com/science/journal/87563282
www.elsevier.com/locate/bone


Table 2
Participants' characteristics and bone measurements by Scanco.

Mothers
(n = 162)

Sons
(n = 107)

Daughters
(n = 70)

Age 52.1 (4.7) 25.5 (0.8) 25.6 (0.7)
Height (cm) 161.8 (5.9) 177.5 (6.0) 163.7 (7.0)⁎⁎

Weight (kg) 72.8 (16.9) 83.3 (15.2) 73.3 (18.6)⁎⁎

Radius
Geometry
Tt.Ar (mm2) 258.7 (37.7) 351.0 (69.3) 253.1 (45.9)⁎⁎

Ct.Ar (mm2) 57.6 (10.7) 73.0 (13.7) 55.3 (10.6)⁎⁎

Tb.Ar (mm2) 196.5 (37.7) 272.9 (69.2) 193.7 (45.7)⁎⁎

Volumetric density
Tt.vBMD (mg HA/cm3) 349.7 (62.0) 367.7 (58.9) 348.5 (58.3)⁎

Ct vBMD (mg HA/cm3) 895.5 (49.5) 867.9 (58.4) 885.4 (49.9)⁎

Tb vBMD (mg HA/cm3) 170.9 (38.5) 217.5 (37.3) 176.3 (33.2)⁎⁎

Microarchitecture
Ct.Th (mm) 0.84 (0.17) 0.91 (0.19) 0.84 (0.17)⁎

Tb.N (mm−1) 2.12 (0.32) 2.36 (0.25) 2.18 (0.27)⁎⁎

Tb.Th (mm) 0.07 (0.01) 0.08 (0.01) 0.07 (0.01)⁎⁎

Tb.Sp (mm) 0.42 (0.14) 0.35 (0.06) 0.40 (0.07)⁎⁎

Tibia
Geometry
Tt.Ar (mm2) 647.8 (1.4) 841.8 (165.6) 629.7 (109.7)⁎⁎

Ct.Ar (mm2) 112.2 (20.0) 152.4 (26.2) 121.0 (20.8)⁎⁎

Tb.Ar (mm2) 530.8 (103.0) 687.8 (167.1) 506.5 (115.2)⁎⁎

Volumetric density
Tt.vBMD (mg HA/cm3) 305.6 (51.7) 350.5 (50.9) 339.2 (56.6)
Tb.vBMD (mg HA/cm3) 174.2 (35.0) 224.9 (34.5) 195.5 (34.8)⁎⁎

Ct.vBMD (mg HA/cm3) 876.8 (51.0) 884.3 (32.1) 901.4 (39.6)⁎

Microarchitecture
Ct.Th (mm) 1.13 (0.23) 1.34 (0.28) 1.25 (0.25)⁎

Tb.N (mm−1) 2.01 (0.35) 2.28 (0.30) 2.12 (0.33)⁎

Tb.Th (mm) 0.07 (0.01) 0.08 (0.01) 0.08 (0.01)⁎⁎

Tb.Sp (mm) 0.44 (0.13) 0.36 (0.06) 0.41 (0.08)⁎⁎

Values are mean (standard deviation). Tt.Ar, total cross sectional area; Ct.Ar, total cortical
area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone density; Ct.vBMD, total
cortical volumetric bone density; Tb.vBMD, trabecular volumetric bonedensity; Ct.Th, cor-
tical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular
separation; HA:hydroxyapatite.
⁎⁎ p b 0.001.
⁎ p b 0.05 for comparison of means by sex, all other comparisons are not significant.

Table 1
Participants bone measurements by StrAx 1.0.

Mothers
(n = 162)

Sons
(n = 107)

Daughters
(n = 70)

Radius
Geometry
Tt.Ar (mm2) 224.1 (33.8) 307.7 (63.6) 221.2 (42.1)⁎⁎

Ct.Ar (mm2) 91.0 (9.2) 115.7 (15.1) 88.8 (11.2)⁎⁎

Ma.Ar (mm2) 133.1 (28.2) 192.0 (54.0) 132.4 (34.7)⁎⁎

Volumetric density
Tt.vBMD (mg HA/cm3) 419.5 (75.6) 433.5 (70.4) 415.7 (69.2)
Ct.vBMD (mg HA/cm3) 821.2 (78.6) 803.4 (62.6) 802.8 (75.4)
Tb.vBMD (mg HA/cm3) 135.8 (50.9) 199.0 (46.7) 145.0 (41.8)⁎⁎

Microarchitecture
Ct.Th (mm) 1.89 (0.18) 2.07 (0.26) 1.82 (0.18)⁎⁎

Total cortical porosity (%) 47.50 (6.20) 49.13 (4.99) 48.94 (6.06)
Compact cortical porosity (%) 30.59 (5.49) 34.94 (4.16) 32.02 (5.30)
Outer TZ porosity (%) 33.77 (4.26) 37.19 (3.24) 35.53 (4.13)
Inner TZ porosity (%) 81.62 (3.52) 79.33 (3.37) 82.16 (2.99)
Tb.N (mm−1) 3.32 (0.55) 3.78 (0.42) 3.45 (0.46)⁎⁎

Tb.Th (mm) 0.18 (0.01) 0.19 (0.01) 0.18 (0.01)⁎⁎

Tb.Sp (mm) 1.12 (0.25) 0.88 (0.19) 1.05 (0.23)⁎⁎

Tb.BV/TV (%) 4.39 (2.13) 7.30 (2.30) 4.46 (1.65)⁎⁎

Tibia
Geometry
Tt.Ar (mm2) 607.8 (97.5) 790.5 (160.3) 594.9 (104.3)⁎⁎

Ct.Ar (mm2) 197.3 (19.7) 246.5 (28.2) 199.1 (20.4)⁎⁎

Ma.Ar (mm2) 410.5 (87.0) 544.0 (145.7) 395.8 (97.0)⁎⁎

Volumetric density
Tt.vBMD (mg HA/cm3) 336.7 (59.7) 385.3 (57.5) 371.9 (64.0)
Ct.vBMD (mg HA/cm3) 722.2 (74.5) 758.3 (54.7) 754.1 (71.0)
Tb.vBMD (mg HA/cm3) 144.2 (41.2) 206.9 (39.9) 169.6 (41.1)⁎

Microarchitecture
Ct.Th (mm) 2.30 (0.22) 2.51 (0.28) 2.35 (0.27)⁎

Total cortical porosity (%) 55.12 (5.83) 52.44 (4.32) 52.59 (5.59)
Compact cortical porosity (%) 36.48 (6.62) 35.03 (4.31) 33.42 (5.80)
Outer TZ porosity (%) 37.84 (5.50) 36.68 (3.24) 35.94 (4.22)
Inner TZ porosity (%) 81.99 (3.11) 78.41 (2.91) 80.17 (3.19)
Tb.N (mm−1) 3.43 (0.57) 3.95 (0.47) 3.71 (0.53)⁎

Tb.Th (mm) 0.18 (0.01) 0.190 (0.01) 0.185 (0.01)⁎⁎

Tb.Sp (mm) 1.11 (0.23) 0.88 (0.15) 0.99 (0.19)⁎⁎

Tb.BV/TV (%) 5.57 (1.85) 8.81 (2.04) 6.75 (1.95)⁎⁎

Values are mean (standard deviation). Tt.Ar, total cross sectional area; Ct.Ar, total cortical
area; Ma.Ar, Medullary area; TZ: transitional zone; Tt.vBMD, total volumetric bone den-
sity; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, trabecular volumetric
bone density; Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular
thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabecular bone volume fraction. HA:
hydroxyapatite.
⁎⁎ p b 0.001.
⁎ p b 0.01 for comparison of means by sex, all other comparisons are not significant.
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2. Materials and methods

2.1. Participants

T-Bone is a cohort study taken fromwithin a Tasmanian birth cohort
from 1988 and 1989. Over this time, there were 13,592 live births in
Tasmania. At the time of these births, a scoring system was used to se-
lect infants at higher risk of Sudden Infant Death Syndrome (SIDS) for
possible participation in an infant health study [15]. From these, 1500
infants who were born in Southern Tasmania were enrolled in the cur-
rent study. After 8 years, 890 of these 1500 participants and their
mothers were assessed in 1996 (n = 444) and 1997 (n = 446). We
also measured 415/1500 (28.9%) participants in 2004–2005 when off-
spring were 16 years old. These 415 participants with their mothers
were invited again to participate in a further study in 2013–2015. This
study was granted approval by the University of Tasmania Ethics Com-
mittee (human experimentation). All participants and their mothers
both provided written informed agreement. This is a cross-sectional
analysis of data from mothers and offspring when offspring were aged
25 years.
2.2. Bone microarchitecture measurement

High-Resolution Peripheral Quantitative Computed Tomography
(Xtreme CT, Scanco Medical, Brüttisellen, Switzerland) was used to
scan the non-dominant distal tibia and radius in both mother and off-
spring. In the case of the previous fracture at either of these sites, the
contralateral limb was scanned. Region of interest of 9.02mm (110 CT
slices) were at the standardised distance of 22.5 mm and 9.5 mm from
the manually positioned reference line at the end plate of the distal
tibia and radius respectively. Both the default Scanco analysis [16] and
StrAx 1.0 were used to analysis the scans. StrAx1.0 is a non-threshold-
based segmentation algorithm (StraxCorp Pty Ltd., Melbourne,
Australia) [17] and its accuracy, reproducibility and the segmentation
algorithm are fully described in the patent [18]. StrAx1.0 is designed
to analyse images automatically and the assessment of image quality
is programmed in the software. The image quality is usually compro-
mised by three problems: 1. motion during the scan; 2. ring artifact; 3.
image reconstruction error. The software would reject the image from
analysis if any of these three problems are detected. StrAx1.0 analysis
uses an algorithm that separates bone from background (soft tissue)
and bone into its compact-appearing cortex, the fragmented cortex
forming an outer and inner transitional zone and the trabecular com-
partment. From the segmented image, porosity is quantified as the pro-
portion of voxels within the cortical compartment that contain void
which fully described in previous paper [17]. The 40 most proximal
slices were chosen because the thicker cortex allows accurate assess-
ment of porosity. Total, cortical, and medullary cross sectional area of
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selected, volumetric bone mineral density(vBMD), porosity within the
total cortex and its compartments, cortical thickness(Ct.Th), trabecular
bone volume fraction (Tb.BV/TV), number (Tb.N), thickness (Tb.Th)
and separation(Tb.SP) were quantified [17].The reproducibility errors
for segmentation and quantification of porosity expressed as root
mean square coefficients of variation ranged from 0.54% to 3.98% and
were b1.5% for vBMD [17]. Daily quality control was carried out by scan-
ning a phantom containing rods of hydroxyapatite (QRM,Moehrendorf,
Germany).

2.3. Anthropometry and other factors

Standing height was measured using a stadiometer to the nearest
0.1 cm with the offspring and mothers in bare feet. Body weight was
measured to the nearest 0.1 kg by calibrated electronic scales.
Environmental factors for offspring such as breast-feeding in early
life, smoking history, winter sunlight exposure, dietary calcium
intake and sports participation at each time point was collected
with use of questionnaires. Maternal smoking during pregnancy
and fracture history were assessed though questionnaire as
previously reported [19,20], however these measures have not
been included in this study.

2.4. Statistical analysis

General characteristics and HRpQCT bone measures of partici-
pants were presented as means and standard deviations (SD).
Unpaired t-test were used for comparison of means. Homogeneity
of variances between males' and females' bone measures were
verified and an independent t-test was used to determine whether
there was a statistically significant difference in each bone measures
between the two groups. The mother-offspring relationship for
every bone measures was evaluated by a univariate and multivariate
random effects linear regression model with adjustment for
offspring age, sex, weight and height with offspring bone measures
being the outcome factors. The random effects model was used to
correct for non-independence between measures from offspring
bone to their mothers. Interaction between mother's bone measures
Table 3
Association between mother and offspring bone material and structural composition at the Ra

Variables Mother-offspring (n= 177) Mother-

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Unadjus
(95%CI)

Geometry
Tt.Ar (mm2) 0.67(0.38,0.96) 0.39(0.19,0.60) 0.80(0.4
Ct.Ar (mm2) 0.43(0.13,0.72) 0.28(0.09,0.47) 0.58(0.2
Ma.Ar (mm2) 0.66(0.38,0.94) 0.41(0.20,0.62) 0.74(0.4

Volumetric density
Tt.vBMD (mg HA/cm3) 0.19(0.05,0.33) 0.19(0.06,0.31) 0.20(0.0
Ct.vBMD (mg HA/cm3) 0.17(0.04,0.30) 0.15(0.03,0.27) 0.10(−0
Tb.vBMD (mg HA/cm3) 0.24(0.09,0.39) 0.24(0.11,0.037) 0.22(0.0

Microarchitecture
Ct.Th (mm) 0.27(0.06,0.49) 0.32(0.14,0.51) 0.36(0.0
Total cortical porosity (%) 0.17(0.04,0.30) 0.15(0.02,0.27) 0.10(−0
Compact cortical porosity (%) 0.10(−0.03,0.23) 0.08(−0.04,0.20) 0.05(−0
Outer TZ porosity (%) 0.10(−0.03,0.23) 0.09(−0.03,0.21) 0.06(−0
Inner TZ porosity (%) 0.20(0.06,0.35) 0.24(0.11,0.37) 0.25(0.0
Tb.N (mm−1) 0.26(0.14,0.38) 0.23(0.12,0.34) 0.26(0.1
Tb.Th (mm) 0.28(0.13,0.43) 0.28(0.16,0.40) 0.26(0.0
Tb.Sp (mm) 0.19(0.06,0.32) 0.19(0.07,0.31) 0.15(−0
Tb.BV/TV (%) 0.23(0.06,0.40) 0.25(0.10,0.39) 0.22(0.0

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area;Ma.Ar,Medullary area; TZ: transitional
sity; Tb.vBMD, trabecular volumetric bone density; Ct.Th, total cortical thickness; Tb.N, trabecu
bone volume fraction. HA:hydroxyapatite. Bold denotes statistical significance.

a Adjusted for age, sex, weight, height.
⁎ p b 0.05 for comparison of coefficient by sex, all other comparisons are not significant.
and sex was included to compare sex differences in the mother off-
spring association. To account for the influence of missing data due
to loss to follow up, we repeated the linear regression analysis
using inverse probability weighting as done in a previous paper
[21]. Briefly, we used a weighted estimating equation method
[22,23], in which data were assumed to be missing at random. Logis-
tic regression models were used to estimate the probability of a par-
ticipant being retained in the analysis. All of the above statistics were
conducted using Stata (version12; StataCorp., College Station, TX,
USA).

Sequential Oligogenic Linkage Analysis Routines (SOLAR, version
8.1.1; Southwest Foundation for Biomedical Research, San Antonio,
TX, USA) was used to estimate the heritability. According to the var-
iance decomposition model, the total phenotypic variance of a trait
(бp2) was divided into additive genetic variance (бa2), common or
shared environmental variance (бc2), and unique environmental var-
iance (бe2). In addition, thismodel assumes that the three factors have
independent and additive effects (бp2 = бa2 + бc2 + бe2) on the trait
variance. Heritability (h2), which is defined in the narrow sense, as
the proportion of the phenotypic variance in a trait that is attribut-
able to the additive effects of genes, is estimated as h2 = бa2/бp2. This
assumes that all genetic variance is additive, namely there is no
gene–gene interaction [24]. Multivariate analysis including the
offspring's HRpQCT measures as dependent variables and covariates
of maternal and offspring's age, sex, height and weight was under-
taken. Inverse Gaussian transformation was also applied to ensure
normality of the measurements. As all maximum likelihood estima-
tors were asymptotically normal, we used Welch's t-test to compare
whether the heritability has sex and site differences. Further strati-
fied analysis was did by age 52 years (the average natural meno-
pause age in Australia) [25]. To test pleiotropy, namely, whether a
single set of genes is related to the determination of bone measures
in two different sites, a bivariate genetic model was conducted to
partition the contribution of genetic and environment factors after
an adjustment for covariates. The 95% confidence intervals of h2

and genetic correlations were empirically calculated using normal
approximation method. A value of p b 0.05 (two-tailed) or 95%CI
not including the null point was regarded as statistically significant.
dius (by StrAx 1.0).

son (107) Mother-daughter (n = 70)

ted coefficient Adjusteda coefficient
(95%CI)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

6,1.14) 0.54(0.24,0.84)⁎ 0.35(0.08,0.63) 0.17(−0.07,0.41)⁎

7,0.90) 0.42(0.12,0.71) 0.33(0.08,0.57) 0.16(−0.08,0.40)
0,1.09) 0.52(0.21,0.83)⁎ 0.36(0.07,0.64) 0.21(−0.04,0.46)⁎

2,0.39) 0.20(0.03,0.37) 0.18(−0.03,0.38) 0.17(−0.03,0.36)
.06,0.26) 0.08(−0.07,0.23) 0.26(0.04,0.47) 0.24(0.03,0.44)
3,0.40) 0.25(0.07,0.43) 0.21(0.04,0.39) 0.22(0.03,0.40)

9,0.63) 0.37(0.09,0.65) 0.27(0.04,0.50) 0.28(0.04,0.52)
.07,0.26) 0.08(−0.08,0.23) 0.26(0.04,0.48) 0.24(0.03,0.45)
.09,0.19) 0.04(−0.11,0.18) 0.19(−0.04,0.43) 0.17(−0.05,0.40)
.08,0.20) 0.05(−0.09,0.18) 0.17(−0.08,0.42) 0.18(−0.06,0.42)
6,0.44) 0.28(0.10,0.46) 0.14(−0.05,0.33) 0.17(−0.3,0.37)
1,0.442 0.24(0.09,0.39) 0.24(0.06,0.42) 0.21(0.04,0.38)
8,0.44) 0.27(0.10,0.45) 0.27(0.09,0.45) 0.28(0.10,0.47)
.01,0.30) 0.17(0.03,0.32) 0.19(−0.01,0.38) 0.20(−0.01,0.40)
1,0.44) 0.27(0.06,0.48) 0.20(0.04,0.37) 0.21(0.04,0.38)

zone; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone den-
lar number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabecular



Table 4
Association between mother and offspring bone material and structural composition at the Tibia (by StrAx 1.0).

Variables Mother-offspring (n= 173) Mother-son (103) Mother-daughter (n = 70)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Geometry
Tt.Ar (mm2) 0.59(0.35,0.84) 0.27(0.10,0.44) 0.77(0.47,1.07) 0.38(0.13,0.64)⁎ 0.39(0.16,0.61) 0.09(−0.09,0.26)⁎

Ct.Ar (mm2) 0.33(0.07,0.59) 0.21(0.04,0.38) 0.65(0.36,0.93) 0.34(0.08,0.61) 0.24(0.02,0.46) 0.07(−0.14,0.27)
Ma.Ar (mm2) 0.58(0.34,0.81) 0.28(0.11,0.46) 0.68(0.37,0.99) 0.36(0.09,0.63)⁎ 0.41(0.16,0.65) 0.14(−0.05,0.34)⁎

Volumetric density
Tt.vBMD (mg HA/cm3) 0.26(0.11,0.41) 0.25(0.11,0.38) 0.23(0.06,0.41) 0.23(0.07,0.38) 0.31(0.03,0.59) 0.29(0.02,0.56)
Ct.vBMD (mg HA/cm3) 0.21(0.08,0.33) 0.16(0.05,0.27) 0.20(0.07,0.33) 0.18(0.06,0.30) 0.22(−0.03,0.46) 0.13(−0.10,0.36)
Tb.vBMD (mg HA/cm3) 0.37(0.22,0.53) 0.34(0.19,0.48) 0.28(0.09,0.47) 0.31(0.12,0.50) 0.40(0.18,0.62) 0.38(0.15,0.61)

Microarchitecture
Ct.Th (mm) 0.20(0.01,0.40) 0.27(0.09,0.45) 0.17(−0.09,0.42) 0.19(−0.05,0.44) 0.38(0.08,0.67) 0.41(0.13,0.69)
Total cortical porosity (%) 0.21(0.08,0.33) 0.16(0.05,0.27) 0.20(0.07,0.34) 0.18(0.06,0.30) 0.22(−0.03,0.47) 0.12(−0.11,0.35)
Compact cortical porosity (%) 0.12(0.01,0.23) 0.09(−0.02,0.19) 0.16(0.05,0.27) 0.14(0.03,0.25) 0.05(−0.19,0.29) −0.02(−0.24,0.19)
Outer TZ porosity (%) 0.13(0.04,0.23) 0.11(0.02,0.21) 0.15(0.04,0.26) 0.14(0.03,0.25) 0.11(−0.08,0.30) 0.07(−0.11,0.24)
Inner TZ porosity (%) 0.22(0.07,0.37) 0.23(0.09,0.38) 0.14(−0.04,0.33) 0.19(0.01,0.36) 0.29(0.05,0.53) 0.30(0.06,0.55)
Tb.N (mm−1) 0.36(0.23,0.48) 0.28(0.16,0.40) 0.34(0.18,0.50) 0.27(0.12,0.42) 0.33(0.14,0.53) 0.28(0.09,0.46)
Tb.Th (mm) 0.24(0.09,0.40) 0.24(0.10,0.38) 0.16(−0.04,0.36) 0.13(−0.06,0.32) 0.31(0.09,0.53) 0.34(0.12,0.56)
Tb.Sp (mm) 0.34(0.24,0.45) 0.29(0.19,0.39) 0.27(0.14,0.39) 0.24(0.11,0.37) 0.39(0.23,0.56) 0.34(0.17,0.51)
Tb.BV/TV (%) 0.36(0.18,0.54) 0.33(0.17,0.49) 0.25(0.03,0.48) 0.28(0.07,0.50) 0.41(0.17,0.64) 0.39(0.15,0.63)

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area;Ma.Ar,Medullary area; TZ: transitional zone; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone den-
sity; Tb.vBMD, trabecular volumetric bone density; Ct.Th, total cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabecular
bone volume fraction. HA:hydroxyapatite. Bold denotes statistical significance.

a Adjusted for age, sex, weight, height.
⁎ p b 0.05 for comparison of coefficient by sex, all other comparisons are not significant.
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3. Results

Compared with those lost to follow-up, those who were retained in
this studyhad similar age andbody size, lower rate ofmaternal smoking
during pregnancy, higher percentage of breastfed and higher exercise
activity at 8 years old (Supplementary Table 1). Anthropometric and
HRpQCT measures of participants by StrAx 1.0 and Scanco software
are presented in Tables 1 and 2. A total of 177 offspring (107 males
and 70 females including 15 twin pairs) and 162 mothers participated
in the current study. The age was similar in sons and daughters. Sons
were taller, heavier and had larger bone area at distal radius and tibia.
Furthermore, sons had thicker cortical bone (Ct.Th) with higher cortical
porosity. Their trabecular network was comprised of compacter trabec-
ulae (Tb.vBMD), which were more numerous (Tb.N), thicker (Tb.Th)
with less separation (Tb.Sp) and higher volume fraction (Tb.BV/TV) at
both the radius and tibia.

The association of bone measures between mother-offspring
pairs for the radius and tibia are shown in Tables 3 to 6. Nearly all
Table 5
Association between mother and offspring bone material and structural composition at the Ra

Variable Mother-offspring (n= 177) Mother-son

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Unadjusted
(95%CI)

Geometry
Tt.Ar (mm2) 0.66 (0.37,0.95) 0.38(0.18,0.58) 0.81(0.48,1
Ct.Ar (mm2) 0.27(0.06,0.47) 0.24(0.07,0.42) 0.25(−0.01
Tb.Ar (mm2) 0.60(0.32,0.87) 0.37(0.17,0.58) 0.72(0.39,1

Volumetric density
Tt.vBMD (mg HA/cm3) 0.20(0.06,0.34) 0.19(0.06,0.33) 0.22(0.04,0
Ct.vBMD (mg HA/cm3) 0.06(−0.11,0.22) 0.04(−0.13,0.20) −0.04(−0.
Tb.vBMD (mg HA/cm3) 0.26(0.10,0.41) 0.26(0.13,0.40) 0.24(0.05,0

Microarchitecture
Ct.Th (mm) 0.20(0.04,0.37) 0.21(0.05,0.37) 0.15(−0.07
Tb.N (mm−1) 0.23(0.11,0.35) 0.21(0.10,0.32) 0.21(0.06,0
Tb.Th (mm) 0.19(0.03, 0.34) 0.19(0.06,0.34) 0.21(−0.01
Tb.Sp (mm) 0.09(0.02, 0.17) 0.09(0.02,0.15) 0.10(0.01,0

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD,
trabecular volumetric bone density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, t
Bold denotes statistical significance.

a Adjusted for age, sex, weight, height.
⁎ p b 0.05 for comparison of coefficient by sex, all other comparisons are not significant.
maternal bone measures at radius and tibia were independently as-
sociated with the corresponding bone measures in offspring before
and after adjustment for offspring's age, sex, weight and height at ra-
dius and tibia (β = 0.09 to 0.66). There was significant interaction
for sex in bone geometry measures but not for vBMD and
microarchitecture. When offspring were stratified by sex in the mul-
tivariable model, the relationship with maternal bone geometry
measures was significantly stronger in mother-son pairs compared
with mother-daughter pairs in the radius and tibia but similar in
both offspring sexes for bone microarchitecture and vBMD mea-
sures. The results remained similar in analyses using inverse proba-
bility weighting (data not shown).

Overall, the additive genetic effect varied between sexes and sites
(Tables 7 and 8). Additive genetic factors explained 24% to 67% of the
variation in bone measures at the radius and 42% to 74% at the tibia. In
stratified analysis by sex, the proportion of variance accounted for by
genetic factors for vBMD and microarchitecture measures in mother-
daughter pairswas generally greater thanmother-son pairs. In stratified
dius (by Scanco).

(n= 107) Mother-daughter (n= 70)

coefficient Adjusteda coefficient
(95%CI)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

.14) 0.55(0.25,0.85)⁎ 0.33(0.06,0.60) 0.14(−0.09,0.38)⁎

,0.51) 0.22(−0.04,0.48) 0.29(0.08,0.50) 0.29(0.07,0.51)
.05) 0.50(0.20,0.80)⁎ 0.31(0.04,0.58) 0.16(−0.09,0.40)⁎

.41) 0.22(0.04,0.39) 0.17(−0.04,0.38) 0.15(−0.05,0.36)
27,0.19) −0.06(−0.29,0.18) 0.19(−0.04,0.42) 0.17(−0.06,0.39)
.42) 0.27(0.09,0.45) 0.23(0.04,0.42) 0.24(0.04,0.44)

,0.38) 0.15(−0.07,0.37) 0.28(0.05,0.51) 0.28(0.05,0.51)
.36) 0.19(0.04,0.34) 0.24(0.06,0.41) 0.22(0.05,0.40)
,0.41) 0.22(0.02,0.43) 0.15(−0.03,0.32) 0.17(−0.01,0.35)
.20) 0.10(0.01,0.19) 0.07(−0.03,0.17) 0.07(−0.03,0.17)

total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD,
rabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite;



Table 6
Association between mother and offspring bone material and structural composition at the Tibia (by Scanco).

Variable Mother – offspring (n = 173) Mother – son (n = 103) Mother – daughter (n = 70)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Unadjusted coefficient
(95%CI)

Adjusteda coefficient
(95%CI)

Geometry
Tt.Ar (mm2) 0.60(0.35,0.85) 0.25(0.09,0.41) 0.77(0.48,1.07) 0.37(0.11,0.63)⁎ 0.38(0.15,0.61) 0.07(−0.09,0.24)⁎

Ct.Ar (mm2) 0.16(− 0.06,0.37) 0.14(− 0.06,0.33) 0.24(− 0.20,0.50) 0.22(− 0.03,0.46) 0.22(−0.02,0.47) 0.21(−0.04 0.45)
Tb.Ar (mm2) 0.57(0.34,0.81) 0.27(0.11,0.44) 0.67(0.38,0.97) 0.34(0.08,0.60)⁎ 0.40(0.15,0.64) 0.11(−0.08,0.30)⁎

Volumetric density
Tt.vBMD (mg HA/cm3) 0.26(0.12,0.41) 0.26(0.11,0.41) 0.23(0.05,0.41) 0.23(0.07,0.38) 0.30(0.03,0.58) 0.28(0.01,0.54)
Ct.vBMD (mg HA/cm3) 0.14(0.04,0.25) 0.11(0.01,0.20) 0.15(0.04,0.26) 0.12(0.01,0.23) 0.13(−0.08,0.34) 0.05(−0.13,0.22)
Tb.vBMD (mg HA/cm3) 0.37(0.22,0.52) 0.34(0.19,0.49) 0.28(0.10,0.47) 0.31(0.13,0.50) 0.40(0.17,0.62) 0.39(0.16,0.62)

Microarchitecture
Ct.Th (mm) 0.24(0.06 to 0.41) 0.23(0.05,0.41) 0.21(−0.02,0.43) 0.20(−0.01,0.42) 0.33(0.06,0.60) 0.28(0.03,0.53)
Tb.N (mm−1) 0.34(0.22,0.47) 0.27(0.15,0.38) 0.33(0.164,0.497) 0.25(0.09,0.41) 0.31(0.12,0.50) 0.26(0.08,0.44)
Tb.Th (mm) 0.16(0.02 to 0.31) 0.14(−0.01,0.29) 0.21(0.03,0.40) 0.15(−0.03,0.34) 0.11(−0.11,0.34) 0.15(−0.08,0.37)
Tb.Sp (mm) 0.20(0.12 to 0.27) 0.17(0.10,0.24) 0.15(0.07,0.23) 0.13(0.06,0.21) 0.27(0.12,0.42) 0.24(0.09,0.38)

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD,
trabecular volumetric bone density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite;
Bold denotes statistical significance.

a Adjusted for age, sex, weight, height.
⁎ p b 0.05 for comparison of coefficient by sex, all other comparisons are not significant.
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analysis by maternal age, heritability was generally higher for most
bone variables in older (older than 52 years old) mother-offspring
pairs, but no significant (data not shown).
Table 7
Estimation of heritability for mother to offspring pairs after adjustment for age, sex, height and

Variables Mother-offspring (n = 177)

h2 (95%CI)a

Radius
Geometry
Tt.Ar (mm2) 0.60 (0.33,0.88)
Ct.Ar (mm2) 0.45 (0.17,0.73)
Ma.Ar (mm2) 0.67 (0.40,0.94)

Volumetric density
Tt.vBMD (mg HA/cm3) 0.52 (0.24,0.81)
Ct.vBMD (mg HA/cm3) 0.43 (0.14,0.71)
Tb.vBMD (mg HA/cm3) 0.53 (0.24,0.81)

Microarchitecture
Ct.Th (mm) 0.60 (0.33,0.86)
Total cortical porosity (%) 0.40 (0.12,0.68)
Compact cortical porosity (%) 0.20 (−0.09,0.49)
Outer TZ porosity (%) 0.24 (−0.04,0.53)
Inner TZ porosity (%) 0.54 (0.25,0.82)
Tb.N (mm−1) 0.64 (0.37,0.92)
Tb.Th (mm) 0.63 (0.35,0.90)
Tb.Sp (mm) 0.52 (0.23,0.80)
Tb.BV/TV (%) 0.45 (0.16,0.74)

Tibia
Geometry
Tt.Ar (mm2) 0.70 (0.44,0.97)
Ct.Ar (mm2) 0.52 (0.42,0.80)
Tb.Ar (mm2) 0.69 (0.42,0.96)

Volumetric density
Tt.vBMD (mg HA/cm3) 0.60 (0.32,0.87)
Ct.vBMD (mg HA/cm3) 0.55 (0.27,0.83)
Tb.vBMD (mg HA/cm3) 0.61 (0.33,0.88)

Microarchitecture
Ct.Th (mm) 0.52 (0.24,0.80)
Total cortical porosity (%) 0.54 (0.26,0.81)
Compact cortical porosity (%) 0.43 (0.14,0.71)
Outer TZ porosity (%) 0.56 (0.28,0.83)
Inner TZ porosity (%) 0.49 (0.20,0.77)
Tb.N (mm−1) 0.74 (0.48,1.00)
Tb.Th (mm) 0.42 (0.13,0.71)
Tb.Sp (mm) 0.72 (0.46,0.98)
Tb.BV/TV (%) 0.50 (0.22,0.79)

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area;; Tt.vBMD, tota
becular volumetric bone density; TZ: transitional zone; Ct.Th, total cortical thickness; Tb.N, trab
ular bone volume fraction. HA:hydroxyapatite. Bold denotes statistical significance.

a 95%CI calculated using normal approximation method.
In bivariate variance component analyses, there were moderate
to strong genetic correlations across all bone measures between
radius and tibia after adjustment for age, sex, weight and height.
weight (by StrAx 1.0).

Mother-son (n= 107) Mother-daughter (n= 70)

h2 (95%CI)a h2 (95%CI)a

0.60 (0.25,0.96) 0.54 (0.12,0.97)
0.26 (−0.13,0.64) 0.61 (0.20,1.01)
0.82 (0.51,1.14) 0.43 (−0.01,0.87)

0.51 (0.15,0.88) 0.52 (0.07,0.96)
0.29 (−0.09,0.67) 0.59 (0.16,1.02)
0.47 (0.11,0.83) 0.63 (0.18,1.09)

0.09 (−0.28,0.46) 0.66 (0.25,1.08)
0.28 (−0.10,0.66) 0.56 (0.12,0.99)
0.12 (−0.26,0.50) 0.29 (−0.14,0.73)
0.19 (−0.19,0.56) 0.41 (−0.02,0.84)
0.37 (−0.01,0.75) 0.49 (0.01,0.97)
0.58 (0.23,0.93) 0.62 (0.16,1.08)
0.43 (0.04,0.82) 0.70 (0.27,1.12)
0.28 (−0.13,0.69) 0.65 (0.20,1.11)
0.41 (0.04,0.78) 0.59 (0.14,1.05)

0.79 (0.46,1.12) 0.53 (0.08,0.97)
0.46 (0.07,0.84) 0.46 (0.03,0.89)
0.72 (0.38,1.06) 0.59 (0.16,1.03)

0.40 (0.03,0.77) 0.80 (0.39,1.20)
0.50 (0.14,0.86) 0.56 (0.14,0.98)
0.49 (0.12,0.85) 0.77 (0.37,1.18)

0.22 (−0.17,0.60) 0.80 (0.41,1.19)
0.50 (0.14,0.87) 0.51 (0.09,0.94)
0.46 (0.09,0.84) 0.25 (−0.18,0.68)
0.50 (0.12,0.87) 0.46 (0.02,0.87)
0.24 (−0.13,0.62) 0.67 (0.25,1.09)
0.59 (0.23,0.95) 0.82 (0.42,1.21)
0.22 (−0.16,0.61) 0.62 (0.18,1.06)
0.06 (−0.34,0.45) 0.77 (0.36,1.19)
0.43 (0.06,0.80) 0.72 (0.30,1.13)

l volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD, tra-
ecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.BV/TV, trabec-



Table 8
Estimation of heritability for mother to offspring pairs after adjustment for age, sex, height and weight (by Scanco).

Mother-offspring (n = 177) Mother-son (n= 107) Mother-daughter (n= 70)

h2 (95%CI)a h2 (95%CI)a h2 (95%CI)a

Radius
Geometry
Tt.Ar 0.58 (0.30, 0.85) 0.79 (0.46, 1.12) 0.47 (0.04, 0.90)
Ct.Ar (mm2) 0.48 (0.21, 0.76) 0.34 (−0.03, 0.71) 0.58 (0.17, 0.99)
Tb.Ar (mm2) 0.64 (0.37, 0.90) 0.79 (0.47, 1.11) 0.41 (−0.03, 0.85)

Volumetric density
Tt.vBMD (mg HA/cm3) 0.51 (0.23, 0.79) 0.52 (0.16, 0.88) 0.45 (−0.01, 0.89)
Ct.vBMD (mg HA/cm3) 0.36 (0.04, 0.68) 0.31 (−0.13, 0.75)b 0.35 (−0.11, 0.81)b

Tb.vBMD (mg HA/cm3) 0.57 (0.28, 0.85) 0.54 (0.18, 0.89) 0.64 (0.18, 1.10)
Microarchitecture
Ct.Th (mm) 0.54(0.23, 0.86) 0.45 (0.02, 0.89) 0.52 (0.09, 0.95)
Tb.N (mm−1) 0.58 (0.31, 0.86) 0.50 (0.12, 0.88) 0.73 (0.30, 1.17)
Tb.Th (mm) 0.40 (0.10, 0.69) 0.36 (−0.01, 0.73) 0.36 (−0.10, 0.83)b

Tb.Sp (mm) 0.52 (0.24, 0.80) 0.29 (−0.12, 0.70)b 0.78 (0.36, 1.21)
Distal tibia

Geometry
Tt.Ar 0.69 (0.42, 0.96) 0.77 (0.44, 1.11) 0.54 (0.10, 0.98)
Ct.Ar (mm2) 0.43 (0.15, 0.89) 0.19 (−0.20, 0.58) 0.62 (0.21, 1.02)
Tb.Ar (mm2) 0.59 (0.29, 0.89) 0.58 (0.19, 0.97) 0.57 (0.14, 1.00)

Volumetric density
Tt.vBMD (mg HA/cm3) 0.58 (0.28, 0.88) 0.41 (−0.01, 0.83) 0.78 (0.37, 1.19)
Ct.vBMD (mg HA/cm3) 0.48 (0.19, 0.76) 0.43 (0.05, 0.80) 0.39 (−0.05, 0.83)
Tb.vBMD (mg HA/cm3) 0.61 (0.33, 0.88) 0.53 (0.17, 0.89) 0.78 (0.37, 1.18)

Microarchitecture
Ct.Th (mm) 0.43 (0.15, 0.71) 0.25 (−0.14, 0.63) 0.75 (0.36, 1.14)
Tb.N (mm−1) 0.67 (0.41, 0.94) 0.61 (0.25, 0.98) 0.67 (0.25, 1.09)
Tb.Th (mm) 0.42 (0.13, 0.70) 0.57 (0.22, 0.93) 0.25 (−0.22, 0.73)
Tb.Sp (mm) 0.64 (0.37, 0.90) 0.47 (0.09, 0.85) 0.75 (0.35, 1.16)

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD,
trabecular volumetric bone density; Ct.Th, cortical thickness; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite;

a 95%CI calculated using normal approximation method.
b p b 0.1. Bold denotes statistical significance.
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All of the cortical measure's correlations were numerically but not
statistically significantly lower than trabecular genetic correlations
(Tables 9 and 10).
Table 9
Genetic correlations between Radius and Tibia for bone material and structural composi-
tion (by StrAx1.0).

Variables Mother-offspring (n= 177)

Rg (95%CI)

Geometry
Tt.Ar (mm2) 0.79 (0.60,0.98)
Ct.Ar (mm2) 0.49 (0.15,0.84)
Ma.Ar (mm2) 0.79 (0.59,0.99)

Volumetric density
Tt.vBMD (mg HA/cm3) 0.67 (0.46,0.89)
Ct.vBMD (mg HA/cm3) 0.75 (0.52,0.99)
Tb.vBMD (mg HA/cm3) 0.80 (0.65,0.96)

Microarchitecture
Ct.Th (mm) 0.54 (0.24,0.84)
Total cortical porosity (%) 0.75 (0.51,0.99)
Compact cortical porosity (%) 0.68 (0.15,1.21)
Outer TZ porosity (%) 0.90 (0.55, 1.25)
Inner TZ porosity (%) 0.78 (0.59, 0.97)
Tb.N (mm−1) 0.93 (0.78,1.08)
Tb.Th (mm) 0.63 (0.34,0.92)
Tb.Sp (mm) 0.87 (0.71,1.02)
Tb.BV/TV (%) 0.86 (0.69,1.03)

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Ma.Ar, Medullary area;; Tt.vBMD,
total volumetric bone density; Ct.vBMD, total cortical volumetric bone density; Tb.vBMD,
trabecular volumetric bone density; TZ: transitional zone; Ct.Th, total cortical thickness;
Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.
BV/TV, trabecular bone volume fraction. HA: hydroxyapatite; Rg: genetic correlation
coefficient.
Bold denotes statistical significance.
Overall, we found broadly similar heritability results between the
data from StrAx1.0 and Scanco, but generally stronger andmore consis-
tent results with StrAx 1.0 noting that none was statistically different.

Results of all the above analyses remained largely unchanged when
the 15 twin pairs were omitted (data not shown).

4. Discussion

This study found a familial resemblance for bone geometry, vBMD
and microarchitecture between middle-aged mothers and young adult
Table 10
Genetic correlations between Radius and Tibia for bone material and structural composi-
tion (by Scanco).

Variables Mother-offspring (n= 177) Rg (95%CI)

Geometry
Tt.Ar (mm2) 0.78 (0.59, 0.98)
Ct.Ar (mm2) 0.63 (0.32, 0.94)
Tb.Ar (mm2) 0.75 (0.51, 1.00)

Volumetric density
Tt.vBMD (mg HA/cm3) 0.62 (0.37, 0.87)
Ct.vBMD (mg HA/cm3) 0.77 (0.36, 1.18)
Tb.vBMD (mg HA/cm3) 0.78 (0.61, 0.95)

Microarchitecture
Ct.Th (mm) 0.59 (0.26, 0.91)
Tb.N (mm−1) 0.86 (0.65, 1.06)
Tb.Th (mm) 0.81 (0.50, 1.12)
Tb.Sp (mm) 0.88 (0.45, 1.31)

Tt.Ar, total cross sectional area; Ct.Ar, total cortical area; Tb.Ar, total trabecular area; Tt.
vBMD, total volumetric bone density; Ct.vBMD, total cortical volumetric bone density;
Tb.vBMD, trabecular volumetric bone density; Ct.Th, cortical thickness; Tb.N, trabecular
number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; HA:hydroxyapatite;
Rg: genetic correlation coefficient.l
Bold denotes statistical significance.
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offspring at both the distal radius and tibia, which remained largely un-
changed after adjustment for age, sex and body size. Moreover, a higher
proportion of the variance in most bone vBMD and microarchitecture
measures in daughters were determined by maternal descent as com-
pared to in sons. This implies that additive genetic effects account for
a substantial proportion of the individual variance of bone
microarchitecture and that the genetic contribution to bone measures
varies by sex and is independent of linear growth.

In our study genetic factors account for 24% to 74% of the variance in
radial and tibial measures within mother-offspring pairs. Both the
Scanco and StrAx 1.0 analysis were used in this study and consistent re-
sults between the two methods were found. Compared to the default
Scanco analysis, StrAx 1.0 segments bone into compact-appearing cor-
tex, transitional zone, and trabecular compartments and it can quantify
cortical porosity below (aswell as above) 100 μm.This is very important
as porosity in transitional zone is the source of bone loss and it can pre-
dict fracture risk and assess aging or disease [26,27].

The study results confirm and extend previous studies in older sam-
ples including parents and offspring [12,28,29], relatives [14] as well as
in twins [13]. In a cohort of healthy old parents with middle-aged off-
spring [29], the estimated heritability for bone microarchitecture
ranged from22% to 64% in distal radius and tibia. Nagy et al. [12] also re-
ported the familial resemblance of bone microarchitecture between
premenopausal daughters and their post-menopausal mothers as
daughters of womenwhohad sustained fragility fracture have impaired
bone microarchitecture. In the Framingham families study, David and
colleagues [14] noted cortical and trabecular microarchitecture and
vBMD at the radius and tibia were heritable and the variability of
HRpQCT measures was attributable to genetic factors more than envi-
ronmental factors in 1047 older adults. Further, genetic factors contrib-
ute to 51% to 81% of the variance of bonemeasures inwhite female twin
pairs around the time of the menopause [13]. However, these studies
were limited to middle-aged or older cohorts and did not report sex-
specific heritability. Of note, one recent study published results from
102 mother-daughter and 161 mother-son pairs [28]. They found the
additive genetic effect on bone was substantial and similar between
and within sex. However, nearly 70% of sons (15 years old) in this
study had not finished growing and the study used principal compo-
nents analysis, so this finding may not be directly comparable to ours.
Overall, our results are consistent with prior studies. The average age
of offspring in our study was 25 years, with peak bone mass likely to
be attained [30,31]. This information is important as it could allow the
targeting of interventions at an early stage of life to populations with a
genetic predisposition to suboptimal bone development in order to op-
timise modifiable environment factors affecting peak bone mass and
potentially bone microarchitecture, thereby reducing the risk of osteo-
porotic fracture in later life.

Genetic factors contributing to aBMD have been well documented
[7–10]. In particular, an earlier study from this cohort found that the pro-
portion of variance accounted for by genetic factors ranging from 38% to
59% for aBMD in pre-pubertal children [10]. However, it is clear that
aBMDdoes not reflect all of the bone contribution to osteoporosis fractures
[32–34] as it does not provide information about bone microarchitecture
and material composition which both contribute to bone strength [35].
Innovative technologies like HRpQCT are capable of measuring bone
vBMD and microarchitecture [36]. Thus, the present study contributes to
understanding osteoporosis by demonstrating the genetic association in
cortical and trabecular vBMD and microarchitecture.

Although therewere strong associations betweenmothers and sons for
bone geometry measures, genetic factors in mother-son pairs accounted
for a relatively lower proportion of the variation in bonemicroarchitecture
than in mother-daughter pairs, suggesting gene-sex interaction or
genomic imprinting relevant to bone mineralization. One possible expla-
nation may be attributable to difference in genes controlling bone mea-
sures in males and females as sex-specific quantitative trait loci have
been previously reported for in mice [37,38] and humans studies [39–41].
High genetic correlations between radial and tibial bone measures
was found in this cohort, suggesting that genetic factors might account
for covariance between distal tibial and radius bone measures and ge-
netic factors may be shared for bone measures between these two
sites. The correlationwas 49% to 87%, implying there is also a unique as-
pect of bone traits for the tibia, which are independent of the radius and
vice versa.

The current study has several potential limitations. Firstly, we did
not collect information on mother's menopausal status. However, ma-
ternal age as a strong surrogate for menopause was adjustment. Com-
pared with no adjustment for maternal age, heritability was no
significant difference.We also did further stratified analysis by the aver-
age natural menopause age in Australia [25] (age 52 years), which did
not show significant difference in heritability of bone between before
and after this critical time point. Overall, the absence ofmenopausal sta-
tus seems unlikely to strongly affect our results. Secondly, this study did
not include information on fathers as only mother and their offspring
were collected, so we cannot comment on father child comparisons.
Thirdly, a considerable percentage of participants were lost to follow-
up and those who retained in this study had a lower rate of maternal
smoking during pregnancy, higher percentage of breastfed and higher
exercise activities. However, there was no difference in aBMD at age 8
suggesting these biases may not influence inferences that can be
drawn from this data. Fourthly, radial and tibial aBMD were not mea-
sured. However, recent evidence suggests that the heritability of bone
microarchitecture ismostly independent of aBMDas further adjustment
for radial aBMD only slightly reduced the magnitude of the heritability
[14]. Therefore, not adjusting for aBMD would most likely have only a
minor influences on our result. Lastly, we recognize that 25 years old
may not be the exact time of radial and tibial PBM. However, one
study has shown that in women or men aged 25–29 years, the distal
forearm BMD only increased 0.095% to 0.162% in the subsequent 6.4
years, which suggests BMD at age 25 may be well representative of
PBM [42].

5. Conclusion

In conclusion, genetic factors have an important role in the develop-
ment of bone geometry, vBMD andmicroarchitecture. These factors are
strongly shared for the radial and tibial bone measures but vary by sex
implying a role for imprinting.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2018.01.033.
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Abstract
This study aimed to describe the association of vitamin D status at different stages of growth with bone measures in ado-
lescence and early adulthood. There were 415 participants followed from age 8 to 16, and 201 further followed to age 25. 
Areal bone mineral density (BMD) at the spine, hip and total body was measured by dual-energy X-ray absorptiometry at 
ages 16 and 25, and tibial and radial trabecular and cortical bone microarchitecture by high resolution peripheral quantita-
tive computerised tomography at age 25. Serum 25-hydroxyvitamin D (25OHD) concentrations were measured at ages 8, 
16 and 25. Multivariable linear regression was used to analyse the association of 25OHD concentrations at three timepoints 
with bone measures at ages 16 and 25. The proportion of participants with vitamin D deficiency (< 50 nmol/L) was 11%, 
43% and 41% at three timepoints, respectively. Serum 25OHD concentrations at age 8 were not significantly associated with 
any bone measures at age 16 or 25. Serum 25OHD concentrations at age 16 had a significant association with higher BMD 
at nearly all sites at ages 16 and 25 as well as lower radial porosity and more compact trabecular microarchitecture (higher 
density, increased number and reduced separation) at both the radius and tibia at age 25. Serum 25OHD concentrations at age 
25 were only associated with hip BMD. Higher vitamin D concentrations in adolescence, to a lesser extent at age 25, have 
beneficial associations with BMD and bone microarchitecture in early adulthood. Optimising vitamin D status particularly 
during adolescence should be a priority.

Keywords Adolescence · Early adulthood · Bone development · 25-Hydroxyvitamin D · HRpQCT

Introduction

Vitamin D is critical to calcium homeostasis and skeletal 
development [1], while vitamin D deficiency is prevalent 
all over the world [2]. Severe deficiency causes rickets in 

children and osteomalacia in adolescents and adults [3], but 
little is known about whether vitamin D deficiency in earlier 
life affects peak bone mass (PBM) and bone microarchitec-
ture in adulthood, which are major determinants of osteo-
porotic fracture in later life [4, 5].

A number of longitudinal studies have investigated the 
potential association of vitamin D in childhood and ado-
lescence with bone mineralization during growth [6–8], 
but they have had limitations such as relatively short-term 
follow-up [6, 8] or having only areal bone mineral density 
(aBMD) measured by dual-energy X-ray absorptiometry 
(DXA) [6, 7]. The latter is an important limitation as aBMD 
only accounts for two-thirds of the bone contributions to 
osteoporotic fractures [9–11] and other major contribu-
tors, such as bone microarchitecture and material composi-
tion have been rarely measured [12]. Nonetheless, current 
data suggest that vitamin D status in childhood could have 
long-term effects on BMD and bone microarchitecture. For 
example, a recent longitudinal study of children followed 
from 6 to 20 years old found that serum 25-hydroxyvitamin 
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D (25OHD) concentrations in childhood and adolescence 
were positively associated with total body aBMD at age 20 
in males but not in females [7]. In another study, higher 
25OHD concentrations in childhood (at age 7.6, 9.9 or 11.8) 
were associated with greater cortical bone mineral content 
and thickness at 15.5 years old as measured by peripheral 
quantitative computed tomography (pQCT) [8]. However, 
to our knowledge, no studies have examined whether vita-
min D status in earlier life is associated with bone measures 
assessed by high-resolution pQCT (HRpQCT) in early adult-
hood, when PBM is attained.

Therefore, this prospective cohort study aimed to describe 
the association of vitamin D status during three different 
stages of growth with both BMD and bone microarchitecture 
measures in early adulthood.

Materials and Methods

Participants

In 1988 and 1989, there were 13,592 live births in Tasmania. 
Those infants who were at higher risk of sudden infant death 
syndrome (SIDS) assessed by a scoring system were invited 
to participate in the infant health study [13]. A flow chart of 
study participants is given in Fig. 1. In southern Tasmania, a 
total of 1500 infants at higher risk of SIDS were enrolled (all 
Caucasian). In 1996 (1988 birth cohort), 444 participants 
aged 8 years were followed up but serum 25OHD concentra-
tions were not measured (herein the baseline of the present 
study). In 1997 (1989 birth cohort), 446 participants aged 

8 years were followed up with 201 having 25OHD measured. 
Of whom (from the 1996 and 1997 follow-ups), 415 partici-
pants aged 16 years were followed up again in 2004/5, and 
201 aged 25 years in 2013/2015.

Areal Bone Mineral Density (aBMD) Assessments 
at Ages 16 and 25 Years

Lumbar spine, left total hip and total body aBMD were 
measured by DXA (16 years: Delphi (Hologic); 25 years: 
Discovery (Hologic)). The same hydroxyapatite spine phan-
tom was used to do the cross-calibration when the software 
was upgraded from the Delphi to Discovery. The coefficients 
of variations for our machine were 0.34% at 16 years and 
0.48% at 25 years (using daily measurements of a spine 
phantom).

Bone Microarchitecture Measurement at Age 25

The non-dominant distal radius and tibia were scanned by 
high-resolution peripheral quantitative computed tomogra-
phy (HRpQCT, Xtreme CT, Scanco Medical, Brüttisellen, 
Switzerland). The contralateral limb was scanned when 
either of these sites had a previous fracture. We obtained 
110 CT slices from the regions of interest at the standard-
ised distance of 22.5 mm and 9.5 mm from the manually 
positioned reference line at the endplate of the distal tibia 
and radius, respectively. Of these slices, the 40 most proxi-
mal slices were chosen because the thicker cortex allows 
accurate assessment of porosity. StrAx1.0, a non-thresh-
old-based segmentation algorithm, was used to analyse 
the slices (StraxCorp Pty Ltd, Melbourne, Australia) [14]. 
StrAx1.0 analysis uses an algorithm that segments bone into 
its compact-appearing cortex, the fragmented cortex (outer 
and inner transitional zone) and the trabecular compartment 
[14]. Parameters quantified were cross-sectional area and 
volumetric bone mineral density (vBMD) of total, cortical, 
and medullary, cortical compartment-like porosity within 
the total cortex and its compartments and cortical thick-
ness (Ct.Th), and trabecular parameters including trabecu-
lar number (Tb.N), thickness (Tb.Th), separation (Tb.SP) 
and bone volume fraction (Tb.BV/TV) [15]. The accuracy, 
reproducibility errors and the segmentation algorithm are 
fully described in the patent [16].

Serum 25OHD Concentrations at Ages 8, 16, 25 Years

Serum samples were treated initially with acetonitrile to rap-
idly extract 25OHD. In 1997, 25OHD was assayed utilizing 
a two-step double antibody radioimmunoassay (INCSTAR 
Corp, Stillwater, Minnesota). The sensitivity of the assay 
was 7 nmol/L. The coefficients of variations (CVs) were 
6% and 10% for the intra- and inter-assay, respectively. At Fig. 1  Flow chart of study participants
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age 16, a liquid-phase radioimmunoassay (Immunodiagnos-
tics Systems Ltd, Boldon, Tyne & Wear, UK) was used to 
measure 25OHD (both  25OHD2 and  25OHD3) (intra- and 
inter-assay CVs = 1.8% and 3.3%, respectively). At age 25, 
serum 25OHD concentrations were measured using direct 
competitive chemiluminescent immunoassays (DiaSorin, 
Saluggia, Italy; intra- and inter-assay CVs = 3.2% and 6.0%, 
respectively) [17]. Vitamin D deficiency was defined as 
serum 25OHD concentrations less than 50 nmol/L [18, 19].

Season of blood sampling was categorised as winter/
spring and summer/autumn. The information on vitamin D 
supplements (including combined vitamin D and calcium) 
was recorded by questionnaire at all ages.

The primary study end-points were distal radial and tibial 
trabecular and cortical bone volumetric density and micro-
architecture at 25 years old; secondary end-points were DXA 
measures (including spine, hip and total body aBMD) at 16 
and 25 years old.

Anthropometry and Other Assessments

Weight and height were measured by calibrated electronic 
scales and stadiometer (to the nearest 0.1 kg and 0.1 cm). At 
age 8, all participants were regarded as pre-pubertal stage. 
At age 16, drawings with an illustration of five stages of 
pubertal development were used to assess pubertal status by 
participants themselves [20]. Other factors assessed by ques-
tionnaires were participants’ breastfeeding status (defined as 
either having ever or never been breastfed); maternal smok-
ing during pregnancy and sports participation at each time 
point. At age 8, sports participation was defined as taking 
part in organized sports/physical activity regularly, i.e., once 
a week or more for a whole season/s or for the whole year. 
At age 16 and 25, it was defined according to the number 
of days participants performed at least 20 min of strenuous 
activity in the previous fortnight (none; 1–2 days; 3–5 days; 
6–8 days; 9 or more days). Performing strenuous activity on 
at least 3 days per fortnight was considered as regular sports 
participation. All questionnaires were done by parents or 
guardians under supervision by the research assistant when 
participants were under 16 years old.

Statistical Analysis

Participants’ general characteristics and DXA measures were 
presented as means and standard deviations (SD) or num-
ber (%). Locally weighted regression smoothing was used 
to explore nonlinear associations between serum 25OHD 
concentrations at three timepoints with bone measurements 
as done previously [21].

Pearson correlation coefficients were used to describe 
the relationship between serum 25OHD concentration at 
ages 8, 16 and 25 years. Multivariable linear regression 

analyses were used to examine associations between serum 
25OHD concentrations as continuous or categorical vari-
ables (i.e., < vs ≥ 50 nmol/L) at three timepoints and DXA 
and HRpQCT bone measures at age 25. Adjusted factors 
included age, sex, height, weight, the season of blood taken 
and sports participation at the relevant time-point. In addi-
tion, both univariable and multivariable models were used 
to estimate the relationship between serum 25OHD concen-
trations at ages 8 and 16 with bone DXA outcomes at age 
16. As is standard epidemiological practice, a Bonferroni
adjustment was not applied [22].

To account for the influence of missing data due to loss to 
follow-up, we repeated all analyses using inverse probabil-
ity weighting [23]. All analyses were conducted using Stata 
(version15; Stata Corporation). A two-tailed P value < 0.05 
was considered statistically significant.

Results

A total of 201 participants were followed up at 8, 16 and 
25 years old with 196 having complete DXA and HRpQCT 
bone scans at 25 years old. Comparing to participants who 
were retained in the current study, those lost to follow up 
had a higher proportion of having maternal smoking during 
pregnancy, and a lower proportion of being breastfed and 
having sports participation at 8 years old (Online Resource 
1).

Anthropometric and clinical characteristics, serum 
25OHD concentrations and DXA bone measures of the par-
ticipants at 8, 16 and 25 years old are presented in Table 1. 
Average serum 25OHD concentrations were higher at age 8 
(mean (SD) = 84.0 (34.4) nmol/L) compared with those at 
ages 16 and 25 (56.8 (20.8) and 57.6 (23.7), respectively). 
The prevalence of vitamin D deficiency was 11%, 43% and 
41% at 8, 16 and 25 years old, respectively.

There were weak to moderate correlations between serum 
25OHD concentrations at three timepoints (correlation coef-
ficients = 0.32 between age 8 and 25, 0.42 between age 16 
and 25, and 0.45 between age 8 and 16). Locally weighted 
regression analysis confirmed linear associations between 
serum 25OHD concentrations and bone measurements at 
all three timepoints. Serum 25OHD concentrations at age 
8 were not associated with any bone measures at age 25 
after adjustment for age, sex, height, weight, blood draw 
season and sports participation (Table 2). Serum 25OHD 
concentrations at age 16 had significant associations with 
hip and total body aBMD at age 25. There was also an 
association between serum 25OHD concentrations at age 
16 and HRpQCT measures at age 25, including decreased 
radial porosity, increased tibial trabecular volumetric 
BMD, increased trabecular number and decreased sepa-
ration at both radius and tibia. However, serum 25OHD 

Chapter 7



608 Y. Yang et al.

1 3

concentrations at age 25 were only significantly associated 
with hip aBMD at age 25.

S u f f i c i e n t  s e r u m  2 5 O H D  c o n c e n t r a t i o n s 
(25OHD ≥ 50 nmol/L) at 16 years old were associated with 
higher total body aBMD as well as lower porosity at radius 
and higher trabecular number at tibia. Participants with suf-
ficient serum 25OHD concentrations at 25 years old had 
higher spine and hip aBMD, with the difference approach-
ing statistical significance (P < 0.1). Vitamin D sufficiency 
at age 25 was not associated with any HRpQCT measures at 
age 25 (data not shown).

No significant associations were found between serum 
25OHD concentrations at age 8 and aBMD at age 16, but 
serum 25OHD concentrations at age 16 were positively 
associated with spine, hip and total body aBMD at age 16 
(Table 3).

All results remained largely similar after using inverse 
probability weighting (data not shown).

Discussion

This is the first study, of which we are aware, to describe 
the longitudinal association of serum 25OHD concentrations 
at different stages of growth with multiple bone outcomes 
measured by DXA and HRpQCT in early adulthood. Vita-
min D status during adolescence has beneficial and inde-
pendent associations with BMD and bone microarchitec-
ture in early adulthood, whereas at age 25 years, potential 
benefits were only seen in hip aBMD. This suggests that 
achieving a higher level of 25OHD during adolescence may 
improve long-term bone acquisition during growth and opti-
mise PBM in early adulthood.

The associations observed in this study are likely to be 
clinically important. In our study, a SD higher (around 
20 nmol/L) serum 25OHD concentration during adoles-
cence was associated with an estimated 2.5% increase in 
hip aBMD at age 25. It has been estimated that each 5% 
loss in femoral neck aBMD in elderly women was asso-
ciated with a higher risk of all fractures and hip fracture 
by 40% and 90%, respectively [24]. Furthermore, a case-
control study from our group in children aged 9–16 years 
estimated that for a 18% or one SD reduction in lumbar spine 
or femoral neck aBMD, the odds of sustaining a wrist or 
forearm fracture increased by more than 50% [25]. Thus, 
the difference observed in our study (2.5%) is likely to be 
important for preventing osteoporosis and fracture in later 
life. The quantification of the clinical meaning of the bone 
microarchitecture measures is difficult because of the lack 
of longitudinal data to directly examine their associations 
with fracture. Nevertheless, the magnitude of the percentage 
change in volumetric BMD and bone microarchitecture are 
comparable to or greater than aBMD, suggesting similarly 
clinical relevance.

The significant association of 25OHD concentrations dur-
ing adolescence might be explained by the rapid increase 
in the bone mass during this key phase of bone develop-
ment. The maximum increment in BMD occurs during 
this stage [26, 27]. Indeed, the BMD of participants in 
this study increased 56–60% at the spine and hip and 35% 
for the total body from age 8 to 16, but remained largely 
unchanged from age 16 to 25 (0–10%) [28]. The current 
analysis further showed that serum 25OHD concentrations 
during adolescence were associated with spine, hip and total 
body aBMD at that stage, and the magnitude of the associa-
tions was larger in early adulthood. The increased magnitude 

Table 1  Characteristics and 
DXA measurements for 
participants at ages 8, 16 and 25

Values are mean (standard deviation) unless otherwise stated
25OHD 25-hydroxyvitamin D, BMD bone mineral density

Age 8 (n = 37) Age 16 (n = 183) Age 25 (n = 196)

Age (years) 8.27 (0.25) 16.3 (0.44) 25.5 (0.72)
Height (cm) 125.9 (5.5) 170.4 (8.7) 177.3 (9.6)
Weight (kg) 25.7 (3.7) 66.6 (13.5) 80.3 (19.3)
Male, n (%) 20 (54) 114 (62) 121 (62)
Sports participation (%) 77 74 61
Maternal smoking during pregnancy (%) 51 41 41
Breastfed (%) 77 71 71
Tanner stage III/IV/V (%) –/–/– 4/64/32 –/–/100
Serum 25OHD (nmol/L) 84.0 (34.4) 56.8 (20.8) 57.6 (23.7)
Serum 25OHD < 50 nmol/L (%) 11 43 41
BMD (g/cm2)
 Spine 0.97 (0.12) 1.06 (0.12)
 Hip 1.01 (0.13) 1.01 (0.14)
 Total body 1.05 (0.10) 1.15 (0.10)
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of the positive association in adulthood may imply that the 
beneficial association between serum 25OHD concentra-
tions in adolescence and bone outcomes persists after the 
rapid growth phase and may program later bone responses. 
The exact timing of this is uncertain given our sampling 

methods. In an earlier prospective study, there were signifi-
cant associations between serum 25OHD concentrations at 
mean age of 12.9 years and lumbar spine and femoral neck 
aBMD during 3-year follow-up [6] and greater lumber spine 
aBMD changes were observed in the highest than the lowest 

Table 2  Multivariable linear regression for associations between serum 25OHD concentrations at ages 8, 16 and 25 with bone measures at age 
25

Adjusted for age, sex, weight, height, season blood was draw and sports participation. Bold denotes statistical significance
Tt.vBMD total volumetric bone density, Ct.vBMD cortical volumetric bone density, Tb.vBMD trabecular volumetric bone density, Ct.Th corti-
cal thickness, Tb.N trabecular number, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Tb.BV/TV trabecular bone volume fraction, HA 
hydroxyapatite, BMD bone mineral density. β coefficient, 95% CI 95% confidence interval, 25OHD 25-hydroxyvitamin D
a Standardised coefficients
b P < 0.1

25OHD at age 8 (n = 37) 25OHD at age 16 (n = 183) 25OHD at age 25 (n = 196)
βa (95% CI) βa (95% CI) βa (95% CI)

Areal BMD
 Spine (g/cm2) 0.14 (− 0.16, 0.44) 0.08 (− 0.07, 0.24) 0.10 (− 0.06, 0.25)
 Hip (g/cm2) 0.03 (− 0.30, 0.37) 0.15 (0.01, 0.29) 0.18 (0.04, 0.32)
 Total body (g/cm2) 0.03 (− 0.24, 0.29) 0.14 (0.01, 0.27) 0.05 (− 0.09, 0.18)

Volumetric density
 Radius
  Tt.vBMD (mg HA/cm3) − 0.14 (− 0.41, 0.12) 0.14 (− 0.02, 0.29)b 0.01 (− 0.14, 0.15)
  Ct.vBMD (mg HA/cm3) − 0.13 (− 0.36, 0.11) 0.11 (− 0.05, 0.27) 0.05 (− 0.10, 0.19)
  Tb.vBMD (mg HA/cm3) 0.02 (− 0.27, 0.30) 0.09 (− 0.04, 0.23) 0.01 (− 0.14, 0.14)

 Tibia
  Tt.vBMD (mg HA/cm3) − 0.17 (− 0.52, 0.17) 0.13 (− 0.02, 0.28)b 0.01 (− 0.14, 0.15)
  Ct.vBMD (mg HA/cm3) − 0.15 (− 0.47, 0.17) 0.09 (− 0.06, 0.24) 0.03 (− 0.11, 0.17)
  Tb.vBMD (mg HA/cm3) −0.07 (− 0.43, 0.29) 0.14 (0.01, 0.28) 0.01 (− 0.13, 0.15)

Microarchitecture
 Radius
  Ct.Th (mm) −0.39 (− 0.81, 0.02)b 0.04 (− 0.10, 0.19) −0.08 (− 0.22, 0.07)
   Porosity (%)
    Total cortex 0.12 (− 0.12, 0.36) −0.11 (− 0.27, 0.04) − 0.06 (− 0.20, 0.09)
    Compact-appearing cortex 0.04 (− 0.22, 0.30) − 0.16 (− 0.32, − 0.01) − 0.07 (− 0.21, 0.07)
    Outer transitional zone 0.06 (− 0.20, 0.32) − 0.17 (− 0.32, − 0.01) −0.07 (− 0.22, 0.07)
    Inner transitional zone 0.08 (− 0.20, 0.37) − 0.11 (− 0.26, 0.03) 0.05 (− 0.10, 0.19)
    Tb.N (/mm) − 0.20 (− 0.49, 0.09) 0.15 (0.02, 0.29) 0.06 (− 0.08, 0.20)
    Tb.Th (mm) 0.14 (− 0.15, 0.43) − 0.04 (− 0.17, 0.10) − 0.05 (− 0.18, 0.08)
    Tb.Sp (mm) 0.04 (− 0.25, 0.33) − 0.14 (− 0.27, − 0.01) −0.03 (− 0.17, 0.11)
    Tb.BV/TV (%) 0.02 (− 0.24, 0.28) 0.06 (− 0.07, 0.19) − 0.02 (− 0.15, 0.11)

 Tibia
  Ct.Th (mm) − 0.22 (− 0.67, 0.23) 0.06 (− 0.09, 0.26) 0.01 (− 0.14, 0.15)
   Porosity (%)
    Total cortex 0.15(− 0.18, 0.47) − 0.09 (− 0.24, 0.06) − 0.03 (− 0.17, 0.11)
    Compact-appearing cortex 0.04 (− 0.20, 0.29) − 0.07 (− 0.21, 0.08) −0.02 (− 0.16, 0.12)
    Outer transitional zone − 0.07 (− 0.34, 0.21) − 0.06 (− 0.22, 0.09) − 0.06 (− 0.20, 0.09)
    Inner transitional zone 0.17 (− 0.15, 0.49) − 0.13 (− 0.28, 0.02)b 0.02 (− 0.13, 0.17)
    Tb.N (/mm) − 0.16 (− 0.46, 0.14) 0.18 (0.04, 0.31) 0.10 (− 0.04, 0.24)
    Tb.Th (mm) 0.02 (− 0.30, 0.33) −0.08 (− 0.23, 0.06) −0.08 (− 0.22, 0.07)
    Tb.Sp (mm) 0.10 (− 0.28, 0.47) −0.17 (− 0.30, − 0.03) − 0.08 (− 0.22, 0.06)
    Tb.BV/TV (%) − 0.07 (− 0.39, 0.25) 0.14 (− 0.01, 0.27)b 0.01 (− 0.13, 0.14)
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tertile of baseline serum 25OHD concentrations in girls with 
advanced sexual maturation.

Our study failed to find a strong association of vitamin 
D status at 8 years old with BMD and bone microarchi-
tecture at age 25, which is surprising but suggests there 
may be periods where vitamin D is less important. Another 
potential explanation is that the relationship between 
vitamin D and BMD might not be seen at these high con-
centrations (mean = 84  nmol/L, 70% participates with 
25OHD > 50 nmol/L) as any beneficial association could 
possibly level off at about 50–60 nmol/L [29, 30]. Support-
ing to our findings, a longitudinal study based on Western 
Australia Pregnancy Cohort (Raine) showed that desea-
sonalised serum 25OHD concentrations at age 6 (around 
80 nmol/L, similar to our study) had no significant associa-
tion with total body aBMD at age 20 [7]. This is consistent 
with our findings as participants’ blood was all collected 
during winter at 8 years old in our study. Overall, the present 
study underscores that maintaining sufficient vitamin D sta-
tus in adolescence is likely to be most important.

This study has a few limitations. Firstly, a different 
DXA densitometer was used to assess bone density at 
16 and 25 years old. However, Hologic densitometers 
are relatively interchangeable and the accuracy of bone 
measures is stable during hardware upgrades [31–33]. Sec-
ondly, compared with those lost to follow-up, participants 
retained in this study had higher proportion of breastfeed, 
sports participations and a lower percentage of maternal 
smoking during pregnancy, suggesting the potential for 
selection bias. However, baseline aBMD at all sites were 
similar between those who did and did not complete this 
study and all results remained largely similar after using 
inverse probability weighting, so the loss to follow-up 
might not affect our results. Thirdly, the sample size was 
relatively small, suggesting these results should be repli-
cated in larger studies and that some associations may not 
have reached statistical significance where the subgroups 

were smaller especially for participants at 8 years old. 
Fourthly, different methods were used to measure serum 
25OHD concentrations at each time point, and this may 
contribute to some of the difference in absolute 25OHD 
values and the prevalence of vitamin D deficiency 
(< 50 nmol/L) between the three timepoints [34], which 
might partly explain the absence of association between 
25OHD at age 8 and bone measures at ages 16 and 25. 
Lastly, we did a number of comparisons and thus could 
expect some significant associations due to chance alone; 
thus, these results need replications.

In conclusion, higher vitamin D concentrations in ado-
lescence, to a lesser extent at age 25, have beneficial asso-
ciations with BMD and bone microarchitecture in early 
adulthood. Optimising vitamin D status particularly during 
adolescence should be a priority for optimising PBM and 
bone microarchitecture.
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Table 3  Association between 
serum 25OHD concentrations at 
ages 8, 16 and BMD at age 16

Adjusted for age, sex, weight, height, season blood was draw and sports participation. Bold denotes statisti-
cal significance
25OHD 25-hydroxyvitamin D, BMD bone mineral density β coefficient, 95% CI 95% confidence interval
a Standardised coefficients

Areal BMD n Univariable βa (95% CI) Multivariable βa (95% CI)

25OHD at age 8 37
 Spine (g/cm2) 0.24 (− 0.09, 0.56) 0.20 (− 0.10, 0.50)
 Hip (g/cm2) 0.18 (− 0.14, 0.50) 0.18 (− 0.13, 0.49)
 Total body (g/cm2) 0.11 (− 0.21, 0.42) 0.07 (− 0.18, 0.32)

25OHD at age 16 183
 Spine (g/cm2) 0.15 (0.01, 0.29) 0.17 (0.03, 0.32)
 Hip (g/cm2) 0.19 (0.05, 0.33) 0.27 (0.13, 0.40)
 Total body (g/cm2) 0.11 (− 0.04, 0.25) 0.18 (0.05, 0.31)
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The Association between First Fractures Sustained during Childhood and
Adulthood and Bone Measures in Young Adulthood

Yi Yang, MD, Feitong Wu, PhD, Benny Antony, PhD, Feng Pan, PhD, Tania Winzenberg, PhD, FRACGP, and

Graeme Jones, PhD, MD

Objective To describe the association between fractures sustained at different stages of growth and bone
measures in early adulthood.
Study design Participants (n = 201) in southern Tasmania were at birth at a higher risk of sudden infant death
syndrome; they were followed to age 25. Outcomes were areal bone mineral density at the spine, hip, and total
body (by dual-energy x-ray absorptiometry) and trabecular and cortical bone measures at the radius and tibia
(by high-resolution peripheral quantitative computed tomography). Fractures were self-reported and confirmed
by radiographs at 8, 16, and 25 years of age. Multivariable linear regression was used to analyze the association
of the occurrence of prepubertal (<9 years of age), pubertal (9-16 years of age), and postpubertal (17-25 years of
age) fractures with all bone measures.
Results Over 25 years, 99 participants had at least 1 fracture. For high-resolution peripheral quantitative
computed tomography measures at age 25, prepubertal fractures were negatively associated with cortical and
trabecular volumetric bone mineral density and most microarchitecture measures at both the tibia and radius. Pre-
pubertal fractures had a significant association with smaller increase of areal bone mineral density from age 8 to
16 years and at 25 years of age compared with participants with no fractures. Pubertal fractures had no association
with any bone measures and postpubertal fractures were only associated with a lower trabecular number at
the tibia.
Conclusions Prepubertal fractures are negatively associated with areal bone mineral density increases during
growth and high-resolution peripheral quantitative computed tomography bone measures in young adulthood.
There is little evidence that fractures occurring from age 8 years onward with bone measures in young adulthood,
implying that prepubertal fractures may be associated with bone deficits later in life. (J Pediatr 2019;212:188-94).

F
ractures are frequently observed among children and adolescents,1, 2 occurring in nearly one-half of boys and one-third
of girls with the distal forearm being the most common site.3-6 Fracture at a younger age could increase the risk of future
fractures7,8 and may be associated with lower bone acquisition during growth.9,10

The occurrence of fractures in childhood or adolescence is an early marker of low areal bone mineral density (aBMD) in
adulthood.9,11-14 However, whether the earlier fractures were a consequence of low aBMD or whether aBMD became lower
after the fractures remains uncertain. Studies to date investigating the association of prevalent childhood or adolescent fractures
with volumetric BMD and bone microarchitecture in early adulthood have been limited by using peripheral quantitative
computed tomography (pQCT),14-16 cross-sectional study design,17-20 or self-reported fractures.11-13,16 Two prospective
studies used high-resolution pQCT (HRpQCT) with follow-up from childhood to early adulthood11,13 and reported that frac-
tures occurring at an earlier stage of life were related to bone deficits in young females but not males in their 20s. However, these
studies did not further investigate the fractures by occurred age and it combined
the influence of first fracture and subsequent fractures.

Therefore, this study aimed to describe the association between fractures
occurring at different stages of growth and aBMD as well as cortical and trabec-
ular bone measures in early adulthood.

From the Menzies Institute for Medical Research,
University of Tasmania, Hobart, Tasmania, Australia

Supported by the National Health and Medical Research
Council (APP1045408 [to G.J.]). F.W. is supported by a
National Health and Medical Research Early Career
Fellowship (APP1158661). B.A. is supported by a Na-
tional Health and Medical Research Early Career
Fellowship (APP1122596). F.P. is supported by a Na-
tional Health and Medical Research Early Career
Fellowship (APP1157535). G.J. is supported by a Prac-
titioner Fellowship, funded by the National Health and
Medical Research Council (1117037). The authors
declare no conflicts of interest.

Portions of this study were presented as posters in The
World Congress on Osteoporosis, Osteoarthritis and
Musculoskeletal Diseases, March 23-26, 2017, Florence,
Italy, and at the 28th annual scientific meeting of the
Australian and New Zealand Bone and Mineral Society,
September 2-5, 2018, Queenstown, New Zealand

0022-3476/$ - see frontmatter.ª2019Elsevier Inc.All rights reserved.

https://doi.org/10.1016/j.jpeds.2019.05.031

aBMD Areal bone mineral density

BMD Bone mineral density

Ct.Th Cortical thickness

Ct.vBMD Cortical volumetric bone density

DXA Dual-energy x-ray

absorptiometry

HRpQCT High-resolution pQCT

pQCT Peripheral quantitative

computed tomography

SIDS Sudden infant death syndrome

Tb.BV/TV Trabecular bone volume fraction

Tb.N Number of trabecular in 1 mm

Tb.Sp Trabecular separation

Tb.Th Trabecular thickness

Tb.vBMD Trabecular volumetric bone

density

Tt.vBMD Total volumetric bone density
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Methods

In 1988 and 1989, there were 13 592 live births in Tasmania.
Those infants who were at higher risk of sudden infant
death syndrome (SIDS) as assessed by a scoring system
were invited to participate in the infant health study. The
scoring system for SIDS weighted the newborn infants ac-
cording to their birth weight, season of birth, sex, mother’s
age, duration of second stage of labor, and intention to
breastfeed.21,22 A flow chart of study participants is pro-
vided in the Figure. In southern Tasmania, a total of
1500 infant at a higher risk of SIDS were enrolled. After
8 years, 890 of these 1500 participants and their mothers
were assessed (in 1996 and 1997). We also measured 415
of 1500 children (28.9%) in 2004-2005 when they were
16 years old. These 415 participants were invited to
participate in a further study in 2013-2015. Only the
participants with completed measurements from all 3

follow-up stages (ages 8, 16, and 25) were included in the
current study. These measurements included dual-energy
x-ray absorptiometry (DXA) and HRpQCT measures,
general information about fracture history, physical
activity, the food frequency questionnaire, and
anthropometry data. Written informed consent was
obtained from all participants and/or their parent or
guardian. This study was approved by the University of
Tasmania Human Research Ethics Committee.

aBMD
Lumbar spine, right total hip, and total body aBMD were
measured by DXA (at 8 years by the QDR-2000 [Hologic,
Marlborough, Massachusetts]; at 16 years with the Delphi
[Hologic]); and at 25 years with the Discovery [Hologic]).
The same hydroxyapatite spine phantom was used to do
the cross-calibration when the software was upgrading. The
coefficients of variations for our machine were 0.54% at

Figure. Participant flowchart for this study.
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8 years, 0.34% at 16 years, and 0.48% at 25 years (using daily
measurements of a spine phantom).

Bone Microarchitecture Measurement
The nondominant distal radius and tibia were scanned by
HRpQCT (Xtreme CT, Scanco Medical, Br€uttisellen,
Switzerland). The contralateral limb was scanned when either
of these sites had a previous fracture.We obtained 110 CT sli-
ces from the regions of interest at the standardized distance of
22.5 and 9.5 mm from the manually positioned reference line
at the endplate of the distal tibia and radius respectively. Of
these slices, the 40 most proximal slices were chosen because
the thicker cortex allows more accurate assessment of
porosity. StrAx1.0, a non–threshold-based segmentation al-
gorithm, was used to analyze the slices (StraxCorp Pty Ltd,
Melbourne, Australia).23 StrAx1.0 analysis uses an algorithm
that segments bone into its compact-appearing cortex, the
fragmented cortex (outer and inner transitional zone), and
the trabecular compartment.23 Measures quantified were
cross-sectional area and volumetric bone mineral density
(vBMD) of total (Tt.vBMD), cortical (Ct.vBMD), and
trabecular (Tb.vBMD) bone, cortical compartment like
porosity within the total cortex and its compartments and
cortical thickness (Ct.Th), trabecular parameters like trabec-
ular number (Tb.N), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), and trabecular bone volume fraction
(Tb.BV/TV).24 The accuracy, reproducibility errors and the
segmentation algorithm are fully described in the patent.25

Fracture Information
Incident fractures were defined as any fractures that occurred
from birth and before taking part in the current study and
were ascertained by self-report with radiographic confirma-
tion (where possible). Fracture information was collected at
each follow-up point, including the age of the participant
when a fracture occurred, site of fractures, whether the frac-
ture was caused by falling, and whether fell from a height of
less than 3 m, and circumstances surrounding the fracture.
The time stage of a participant’s first fracture was categorized
as prepubertal (occurring before age 9 years), pubertal (be-
tween age 9 and 16 years), and postpubertal (between age
17 and 25 years).

Anthropometry and Other Assessments
At each follow-up point, weight and height were measured by
calibrated electronic scales and stadiometer (to the nearest
0.1 kg and 0.1 cm). Physical fitness was assessed by question-
naire as the number of days participants performed at least
20 minutes of strenuous activity in the previous fortnight
(none; 1–2 days; 3–5 days; 6–8 days; ³9 days). Dietary intakes
including calcium intake were assessed using the Cancer
Council of Victoria Food Frequency Questionnaire as previ-
ously described.26 In 1996 and 1997, all children were
assumed to be prepubertal without specific assessment given
the youngmean age of 8 years old. In 2004 and 2005, pubertal
status was self-assessed by using drawings with an illustration
of the 5 stages of pubertal development.27 All questionnaires

were done by the parent or guardian under supervision by the
research assistant when participants were younger than
16 years of age.

Statistical Analyses
Participants’ characteristics and bone measures (from DXA
and HRpQCT) at the current follow-up (age 25 years) were
presented as means and SD. Unpaired t tests and c2 tests
were used for comparison of characteristics between partici-
pants lost to follow-up and those retained in this study (age
8 years).
Multivariable linear regression was used to analyze the as-

sociations of the occurrence of prepubertal (occurring before
age 9), pubertal (between ages 9 and 16), and postpubertal
fractures (between ages 17 and 25) with DXA and HRpQCT
bone measures at 25 years old with adjustment for potential
confounders (age, sex, height, weight, strenuous exercise dur-
ing last 2 weeks, and calcium intake). Multivariable linear
regression was also used to determine the relationship be-
tween upper and lower limb fractures with HRpQCT bone
measures at age 25 and prepubertal fractures with aBMD at
8 and 16 years old with adjustment for the same confounders.
The Hochberg test was applied to account for multiple
comparisons.28

The association between prepubertal fractures (vs no frac-
tures) and change in aBMD from 8 to 25 years of age was
analyzed using mixed effect modeling. In mixed-effect
modeling, fixed effects were year, prepubertal fractures (vs
no fractures), and their interaction; random intercept was
participant identification. It also adjusts for the previous con-
founders in the model.
To account for the influence of missing data owing to loss

to follow-up, we repeated the linear regression analysis using
inverse probability weighting.29

A P value of < .05 (2-tailed) was regarded as statistically
significant. All analyses were conducted using Stata software
(version15; StataCorp, College Station, Texas).

Results

There were 201 children followed from birth to current stage
with 196 having complete DXA and HRpQCT measures.
Comparison of the general characteristics (at age 8) of partic-
ipants lost to follow-up and those included in the present
study showed that those lost to follow-up had a higher pro-
portion of having maternal smoking during pregnancy and
a lower proportion of being breastfed and sports participa-
tion at age 8 (Table I; available at www.jpeds.com).
Anthropometric and clinical characteristics of the partici-

pants at 25 years of age by stage of first fracture are presented
in Table II. During the 25 years of follow-up, fractures
occurred in 99 participants with fractures in 89 participants
confirmed by radiography. Twenty-four participants
sustained their first fracture before puberty (6 of them had
second or third fractures during later pubertal stage), 54
during puberty (11 had second or third fractures in
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postpubertal stage), and 21 after puberty. Among these 99
participants, 50 sustained their first fractures in upper limb,
29 in the lower limb, and 20 in other sites (3 in clavicle, 13
in face, 3 in vertebrae, and 1 in rib). Ninety-two fractures
occurred by falling from less than 3 m or playing sports, 4
fell from 3 m or higher, and 3 from vehicle-related injuries.
Calcium intake per day at current stage was significantly
higher in participants whose first fracture occurred during
the postpubertal stage compared with those who had no
fractures.

For DXA measures at age 25, compared with participants
without fractures, first fractures occurring at a prepubertal
stage were negatively associated with aBMD at spine, hip,
and total body after adjustment for age, sex, height, weight,
strenuous exercise, and calcium intake. However, there
were no associations between pubertal or postpubertal frac-
tures and DXA measures at age 25 (data not shown).

For HRpQCT measures at age 25, prepubertal fractures
were associated with increased outer transitional porosity

and compromised trabecular measures at the radius
(Tb.vBMD, Tb.N, Tb.Sp) after adjustment for confounders
and were significantly associated with suboptimal cortical
and trabecular vBMD and most microarchitecture measures
(porosity, Tb.N, Tb.Sp and Tb.BV/TV) at the tibia
(Tables III and IV). The coefficients were larger at the tibia
compared with the radius. Pubertal or postpubertal fractures
had no association with tibial or radial bone measures
except for a negative association between fractures occurred
during post-puberty and Tb.N at tibia (Tables III and IV).
Most associations remained statistically significant after
accounting for multiple comparison (11 of 14), except for
the association between prepubertal fractures and Tt.vBMD,
Ct.vBMD, and Tb.BV/TV at the tibia.
Compared with participants with no fractures during the

25 years, participants with prepubertal fractures had signifi-
cant association with smaller increase of aBMD from ages 8
to 16 and at 25 years at the spine, hip, and total body. The
magnitude of deficit was mainly from ages 8 to 16 (Table V).

Table II. Characteristics for participants who did not have fractures and those who had their first fractures

Characteristics No fractures (n = 97) Prepubertal fractures (n = 24) Pubertal fractures (n = 54) Postpubertal fractures (n = 21)

Male (%) 54 63 70 71
Age (years) 25.49 (0.70) 25.36 (0.70) 25.67 (0.70) 25.64 (0.82)
Height (cm) 171.1 (9.2) 174.2 (8.2) 173.2 (10.7) 172.9 (9.1)
Weight (kg) 77.9 (19.9) 85.5 (20.1) 81.7 (19.0) 82.2 (15.7)
Strenuous exercise (mean score) 2.97 (1.35) 2.50 (1.14) 2.87 (1.36) 3.38 (1.12)
Calcium intake (mg/day) 911.6 (354.9) 990.7 (371.5) 1022.6 (637.9) 1124.6 (375.4)
Fracture site
Upper limb (n) — 12 30 8
Lower limb (n) — 7 17 5
Other sites (n) — 5 7 8

Confirmed by radiography (n) — 22 48 19
Obtained by falling (n) — 20 36 5
Falling from <3 m (n) — 20 32 5

Values are mean (SD) unless otherwise stated.
Bold denotes statistical significance compared with the no fractures group.

Table III. Association between first fracture and HRpQCT bone measures at radius at age 25 years

Bone measures No fractures (n = 97)

Prepubertal fracture (n = 24) Pubertal fractures (n = 54) Postpubertal fractures (n = 21)

b (95% CI)* b (95% CI)* b (95% CI)*

Volumetric density
Tt.vBMD (mg HA/cm3) Reference �24.96 (�54.86 to 4.93) 6.22 (�16.07 to 28.52) �23.51 (�55.02 to 7.99)
Ct.vBMD (mg HA/cm3) Reference �25.29 (�54.57 to 3.99)† 8.69 (�13.14 to 30.53) �14.02 (�44.87 to 16.83)
Tb.vBMD (mg HA/cm3) Reference �23.73 (�43.83 to �3.63) �6.92 (�21.92 to 8.07) �19.78 (�40.96 to 1.40)†

Microarchitecture
Ct.Th (mm) Reference 0.05 (�0.05 to 0.16) 0.06 (�0.05 to 0.16) 0.05 (�0.06 to 0.16)
Porosity (%)

Total cortex Reference 1.96 (�0.39 to 4.32) �0.72 (�2.48 to 1.04) 1.13 (�1.35 to 3.62)
Compact-appearing cortex Reference 1.64 (�0.39 to 3.67) �1.15 (�2.66 to 0.37) 1.10 (�1.04 to 3.24)
Outer transitional zone Reference 1.91 (0.33 to 3.48) �0.39 (�1.56 to 0.79) 0.78 (�0.88 to 2.44)
Inner transitional zone Reference 1.18 (�0.28 to 2.65) 0.05 (�1.04 to 1.14) 1.24 (�0.29 to 2.78)

Tb.N (mm�1) Reference �0.24 (�0.42 to �0.06) �0.10 (�0.23 to 0.04) �0.14 (�0.33 to 0.05)
Tb.Th (mm) Reference �0.01 (�0.01 to 0.01) �0.01 (�0.01 to 0.02) �0.01 (�0.01 to 0.02)
Tb.Sp (mm) Reference 0.15 (0.06 to 0.23) 0.06 (�0.01 to 0.12)† 0.07 (�0.03 to 0.16)
Tb.BV/TV (%) Reference �0.88 (�1.82 to 0.06)† �0.18 (�1.93 to 0.05) �0.95 (�1.93 to 0.05)†

b, Coefficient; HA, hydroxyapatite.
Bold denotes statistical significance.
*Adjusted for age, sex, weight, height, and strenuous exercise, calcium intake at a mean age of 25 years.
†P < .1.
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Upper limb fractures were associated with higher Tb.Sp at
the radius and more porosity at the tibia. However, lower
limb fractures had no association with HRpQCT bone mea-
sures (Tables VI and VII; available at www.jpeds.com). All
associations remained statistically significant after multiple
comparisons were applied.

The results were consistent if the participants with multi-
ple fractures were removed. All results remained largely
similar after using inverse probability weighting (data not
shown).

Discussion

Prepubertal fractures were associated with reduced aBMD at
the spine, hip, and total body and vBMD, as well as unfavor-
able microarchitecture at both the radius and tibia when par-
ticipants were 25 years old. However, fractures occurring
during puberty or the postpubertal stage had virtually no as-
sociation with bone measures. This finding implies that frac-
tures occurring at a younger age might have greater potential

for longer term detrimental association with bone. However,
owing to the exploratory nature of the analyses, more longi-
tudinal studies with prespecific hypotheses are needed to
confirm these associations.
Limited information is available about the childhood frac-

tures and HRpQCT bone measures in adulthood.11,13,17,19 In
a recent study in young men (ages 23-25 years), Tb.BV/TV at
radius was independently and strongly associated with prev-
alent fractures, especially those that occurred in childhood
(£16 years old).17 Similar results were found by Farr et al,
who showed childhood distal forearm fractures (<18 years
old) owing to mild trauma were associated with deficits in
cortical or trabecular microarchitecture at radius in young
male or female participants.19 In 2 similar longitudinal
studies, fractures occurred during childhood and adolescence
(mean age 7.9-20.4 years for girls and 7.4-22.6 years for boys)
were related to impaired radial trabecular vBMD and thick-
ness in young females at age 20.4 but not associated with
any bone measures for young males at age 22.6 years.11

Our study further defined the fracture timing by pubertal

Table IV. Association between first fracture and HRpQCT bone measures at tibia at age 25 years

Bone measures No fractures (n = 97)

Prepubertal fracture (n = 24) Pubertal fractures (n = 54) Postpubertal fractures (n = 21)

b (95% CI)* b (95% CI)* b (95% CI)*

Volumetric density
Tt.vBMD (mg HA/cm3) Reference �27.16 (�52.37 to �1.94) �3.07 (�21.87 to 15.74) �4.72 (�31.29 to 21.85)
Ct.vBMD (mg HA/cm3) Reference �27.59 (�53.36 to �1.83) �2.34 (�21.56 to 16.87) 3.32 (�23.83 to 30.47)
Tb.vBMD (mg HA/cm3) Reference �24.47 (�42.55 to �6.40) �5.12 (�18.60 to 8.36) �16.56 (�35.61 to 2.49)†

Microarchitecture
Ct.Th (mm) Reference 0.02 (�0.10,0.14) 0.05 (�0.05 to 0.14) 0.06 (�0.07 to 0.19)
Porosity (%)

Total cortex Reference 2.12 (�0.09 to 4.16) 0.19 (�1.33 to 1.71) �0.29 (�2.44 to 1.85)
Compact-appearing cortex Reference 2.60 (0.52 to 4.68) 0.35 (�1.21 to 1.88) �1.26 (�3.45 to 0.94)
Outer transitional zone Reference 2.36 (0.78 to 3.95) 0.15 (�1.02 to 1.34) �1.13 (�2.81 to 0.54)
Inner transitional zone Reference 1.21 (�0.16 to 2.57)† 0.15 (�0.87 to 1.17) 0.65 (�0.79 to 2.08)

Tb.N (mm�1) Reference �0.34 (�0.55 to �0.14) �0.04 (�0.19 to 0.11) �0.22 (�0.44 to �0.01)
Tb.Th (mm) Reference 0.01 (�0.03 to 0.01) �0.01 (�0.03 to 0.02) �0.02 (�0.06 to 0.02)
Tb.Sp (mm) Reference 0.13 (0.06 to 0.20) 0.03 (�0.03 to 0.08) 0.07 (�0.01 to 0.15)†

Tb.BV/TV (%) Reference �0.99 (�1.89 to �0.09) �0.25 (�0.92 to 0.42) �0.88 (�1.83 to 0.07)†

b, Coefficient; HA, hydroxyapatite.
Bold denotes statistical significance.
*Adjusted for age, sex, weight, height, and strenuous exercise during last fortnight, calcium intake at mean age 25 years.
†P < .1.

Table V. Association between change in aBMD and prepubertal fractures (vs no fractures) from 8 to 25 years

Changes

Univariable b (95% CI) Multivariable b (95% CI)*

No fractures
(n = 97)

Prepubertal
fractures (n = 24)

Difference between
the 2 groups

No fractures
(n = 97)

Prepubertal
fractures (n = 24)

Difference between
the 2 groups

From 8 to 16 years
Spine aBMD (g/cm2) 0.37 (0.35 to 0.39) 0.31 (0.26 to 0.37) 0.06 (0.01 to 0.11) 0.37 (0.35 to 0.39) 0.29 (0.24 to 0.35) 0.08 (0.02 to 0.14)
Hip aBMD (g/cm2) 0.38 (0.36 to 0.40) 0.29 (0.24 to 0.34) 0.09 (0.03 to 0.14) 0.39 (0.36 to 0.41) 0.30 (0.24 to 0.35) 0.09 (0.03 to 0.41)
Body aBMD (g/cm2) 0.27 (0.26 to 0.29) 0.24 (0.20 to 0.28) 0.04 (�0.01 to 0.08) 0.28 (0.26 to 0.29) 0.23 (0.19 to 0.27) 0.05 (0.01 to 0.09)

From 8 to 25 years
Spine aBMD (g/cm2) 0.46 (0.44 to 0.48) 0.39 (0.34 to 0.44) 0.07 (0.02 to 0.13) 0.46 (0.43 to 0.48) 0.37 (0.32 to 0.43) 0.08 (0.02 to 0.14)
Hip aBMD (g/cm2) 0.38 (0.36 to 0.40) 0.29 (0.23 to 0.34) 0.09 (0.03 to 0.15) 0.39 (0.36 to 0.41) 0.29 (0.23 to 0.34) 0.10 (0.04 to 0.16)
Body aBMD (g/cm2) 0.37 (0.35 to 0.39) 0.32 (0.29 to 0.36) 0.05 (0.01 to 0.09) 0.37 (0.36 to 0.39) 0.32 (0.27 to 0.36) 0.06 (0.02 to 0.10)

b, Coefficient.
Bold denotes statistical significance, P < .05.
*Adjusted for age, sex, weight, height, and strenuous exercise, calcium intake at mean age 25.
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stage and highlighted prepubertal fractures (<9 years old)
had detrimental association with radial and tibial bone mi-
croarchitecture at 25 years old with a greater effect observed
for tibial measures. The reasons for this are unclear, but sus-
taining a fracture might affect subsequent physical activity. If
less weight-bearing activity resulted, this factor might explain
the ongoing detrimental effect on bone and the fact that this
seems to affect the tibia more. Overall, the available evidence
suggests that fractures in earlier life are associated with defi-
cits in bone microarchitecture in adulthood.

In contrast with our findings, Cheng et al conducted a 7-
year cohort study in pubertal girls and showed that an upper
limb fracture during puberty (aged 8-14 years) was associated
with lower radial vBMD measured by pQCT at baseline (at
mean age of 11.2 years) and 7 years later (at mean age of
18.3 years) and that the deficit in vBMD shifted from the
periosteal region during puberty to the central region in early
adulthood.30 Our results contrast with this study; we do not
find a detrimental association of pubertal fracture, but sug-
gest fractures in earlier life may be more detrimental for
bone development. A possible explanation of the difference
could be that participants who had pubertal fracture were
defined in the study by Cheng et al as those who had fractures
between 8 and 14 years of age, which is not the first fracture
and is likely to include those who already had fractures dur-
ing prepubertal stage. Another difference was that the mean
age of the last follow-up was 18.3 years of age, which is
considerably younger than the participants in our study.
Moreover, bone in the study by Cheng et al was assessed us-
ing pQCT and could not further divide bone into cortical and
trabecular microarchitecture. Therefore, more studies are
needed to investigate whether pubertal fractures are associ-
ated with bone microarchitecture measures.

The relationship between aBMD and subsequent fractures
(especially of the upper limb) has been well-documented in
young people including from this cohort.31 In contrast, the
present study focused on the impact of fractures on the subse-
quent change of aBMD from childhood to young adulthood,
finding that early childhood fractures had a negative associa-
tion with the increase of aBMD during growth and the magni-
tude of deficit was mainly from 8 to 16 years of age. This
finding may imply that childhood fractures may be associated
with later bone deficit during important pubertal stage and
that childhood is an important window of opportunity for
intervention to optimize bone acquisition in participants
who had fractures occurred in this critical stage. Thus, the pre-
sent study underscores the importance of using the history of
fractures before the onset of puberty to identify those who are
more likely to have impaired bone development.

Our study has a few limitations. First, a different DXA
densitometer was used to assess bone density at all 3 stages
(same at the last 2, different one at first). However, cross-
calibration was performed between the 2 different Hologic
densitometers, it has been shown that Hologic densitometers
are relatively interchangeable, and the accuracy of bone mea-
sures is stable despite upgrades in hardware and software.32-34

Second, the sample size was relatively small, especially for

fractures at various stages raising the possibility of type II er-
ror. However, previous studies have shown similar results
regardless of analysis of upper extremity, lower extremity,
or whole fracture12,13,17 and more than 80% of fractures
occurred at extremity sites in this study. Third, a greater pro-
portion of participants retained in this study were breastfed
and participated in sports, and reported a lesser proportion
of maternal smoking during pregnancy compared with those
lost to follow-up, suggesting the potential for selection bias.
However, adjusting for these factors did not change the asso-
ciations. Fourth, the participants in this study were originally
selected from infants considered at higher risk for SIDS, and
we acknowledge that this factor might have an influence on
the generalizability of this cohort to the general infant popu-
lation of Tasmania. As a result, they were more likely to be
males, premature babies, have younger mothers, and have
mothers who smoked during pregnancy. However, there
has been selective dropout of smokers and nonbreastfed chil-
dren and children with younger mothers over time so that the
cohort is now much closer to the community than it was at
inception, suggesting this bias may be decreasing during
the follow-up period. Fifth, the incidence of fractures
(51%) was higher than some other studies.11,13 This factor
might be influenced by the higher risk of SIDS in earlier
life, but the incidences are similar and broadly representative
of our general population.35 Moreover, our participant’s
aBMD at age 25 was comparable with other studies in healthy
populations of similar age and reference values for adult-
hood,36,37 suggesting these higher risks are not having a ma-
jor effect. Last, we made a number of comparisons and thus
can expect some significant associations owing to chance
alone; thus, these results need replication.
In conclusion, prepubertal fractures are negatively associ-

ated with aBMD increases during growth and HRpQCT bone
measures in young adulthood. There is little evidence that
fractures occurring from age 8 onward with bone measures
in young adulthood, implying prepubertal fractures may be
associated with bone deficits later in life. n

We thank all staff and participants involved in this study.
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Table I. Characteristics of participants at 8 years of age
in the study between those were lost to follow-up at age
25 and those who were not

Characteristics

Lost to
follow-up
(n = 694)

Participants
(n = 196)

P
Value

Age (years) 8.12 (0.44) 8.12 (0.33) .91
Height (cm) 127.9 (6.0) 127.8 (5.7) .82
Weight (cm) 28.0 (5.4) 27.7 (5.2) .43
Maternal smoking during
pregnancy (%)

55 41 .01

Breastfed (%) 41 71 .01
Sports participation, n (%) 375 (54) 139 (71) .01
aBMD (g/cm2)
Spine 0.60 (0.07) 0.61 (0.08) .24
Hip 0.65 (0.07) 0.65 (0.08) .62
Total body 0.77 (0.05) 0.78 (0.05) .15

Values are mean (SD) unless otherwise stated.

Table VI. Association between first fracture occurring at upper and lower limb and HRpQCT measures at radius at
age 25

HRpQCT measures

No fractures or
fractures at other
sites (n = 117)

Upper limb fractures
(n = 51), multivariable

b (95% CI)*

Lower limb fractures
(n = 30), multivariable

b (95% CI)*

Volumetric density
Tt.vBMD (mg HA/cm3) Reference �2.89 (�24.53 to 18.75) 1.34 (�25.28 to 27.96)
Ct.vBMD (mg HA/cm3) Reference �3.00 (�24.15 to 18.16) 4.98 (�21.04 to 31.00)
Tb.vBMD (mg HA/cm3) Reference �7.85 (�22.42 to 6.72) �8.92 (�26.85 to 9.01)

Microarchitecture
Ct.Th (mm) Reference 0.04 (�0.03 to 0.12) 0.02 (�0.08 to 0.11)
Porosity (%)

Total cortex Reference 0.22 (�1.49 to 1.92) �0.44 (�2.53 to 1.65)
Compact-appearing cortex Reference 0.37 (�1.10 to 1.85) �0.46 (�2.28 to 1.36)
Outer transitional zone Reference 0.59 (�0.54 to 1.72) �0.11 (�1.52 to 1.30)
Inner transitional zone Reference 0.39 (�0.66 to 1.45) 0.16 (�1.14 to 1.45)

Tb.N (mm�1) Reference �1.01 (�0.23 to 0.03) �0.13 (�0.29 to 0.03)
Tb.Th (mm) Reference �0.01 (�0.01 to 0.01) 0.01 (�0.01 to 0.01)
Tb.Sp (mm) Reference 0.07 (0.01 to 0.14) 0.05 (�0.03 to 0.13)
Tb.BV/TV (%) Reference �0.17 (�0.85 to 0.51) �0.37 (�1.20 to 0.47)

b, Coefficient; HA, hydroxyapatite.
Bold denotes statistical significance.
*Adjusted for age, sex, weight, height, and strenuous exercise, calcium intake at mean age 25 years.
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Table VII. Association between first fracture occurring at upper and lower limb and HRpQCT bone measures at tibia
at age 25

HRpQCT bone measures

No fractures or
fractures in other
sites (n = 117)

Upper limb fracture
(n = 51), multivariable

b (95% CI)*

Lower limb fractures
(n = 30), multivariable

b (95% CI)*

Volumetric density
Tt.vBMD (mg HA/cm3) Reference �17.52 (�35.53 to 0.49)† 9.47 (�12.86 to 31.80)
Ct.vBMD (mg HA/cm3) Reference �16.39 (�34.83 to 2.06)† 9.51 (�13.33 to 32.34)
Tb.vBMD (mg HA/cm3) Reference �12.16 (�25.23 to 0.90)† �1.38 (�17.60 to 14.84)

Microarchitecture
Ct.Th (mm) Reference �0.01 (�0.10 to 0.08) 0.07 (�0.04 to 0.18)
Porosity (%)

Total cortex Reference 1.28 (�0.17 to 2.74)† �0.77 (�2.58 to 1.03)
Compact-appearing cortex Reference 2.22 (0.73 to 3.70) �0.96 (�2.82 to 0.80)
Outer transitional zone Reference 1.64 (0.50 to 2.78) �0.78 (�2.21 to 0.65)
Inner transitional zone Reference 0.70 (�0.28 to 1.67) �0.30 (�1.50,0.91)

Tb.N (mm�1) Reference �0.04 (�0.19 to 0.11) �0.13 (�0.32 to 0.06)
Tb.Th (mm) Reference �0.01 (�0.01 to 0.01)† 0.01 (�0.01 to 0.06)
Tb.Sp (mm) Reference 0.04 (�0.01 to 0.09) 0.03 (�0.03 to 0.10)
Tb.BV/TV (%) Reference �0.50 (�1.15 to 0.14) 0.02 (�0.78 to 0.83)

b, Coefficient; HA, hydroxyapatite.
Bold denotes statistical significance.
*Adjusted for age, sex, weight, height, and strenuous exercise, calcium intake at mean age 25 years.
†P < .1.
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