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Abstract: Osteoporosis is one of the most prevalent skeletal disorders and has enormous public health 
consequences due to the morbidity and mortality of the resulting fractures. This article discusses the 
developmental origins of osteoporosis and outlines some of the modifiable and non-modifiable risk 
factors in both intrauterine and postnatal life that contribute to the later onset of osteoporosis. Evi-
dence for the effects of birth size and early growth in both preterm and term born infants are discussed 
and the role of epigenetics within the programming hypothesis is highlighted. This review provides 
compelling evidence for the developmental origins of osteoporosis and highlights the importance of 
osteoporosis prevention at all stages of the life course.
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INTRODUCTION 

 Osteoporosis is characterized by the depletion of bone 
mineral mass, combined with bone micro-architecture dete-
rioration, greater bone fragility and a resultant increased 
fracture risk [1]; a 10% loss of vertebral bone mass can dou-
ble the risk of a vertebral fracture [2]. Osteoporosis is one of 
the most prevalent skeletal disorders and has a similar life-
time risk to coronary heart disease [3]. It affects approxi-
mately 3 million people in the UK and worldwide, an osteo-
porotic fracture occurs every 3 seconds [4]. Osteoporosis has 
enormous public health consequences due to the morbidity 
and mortality of the resulting fractures and the associated 
healthcare expenditure, particularly as aging populations 
increase in many parts of the world. As there is no cure, it is 
important to identify early life influences on later bone min-
eral density, which may aid the development of interventions 
to optimize bone health and reduce osteoporosis risk. This 
article discusses the developmental origins of osteoporosis 
and outlines some of the modifiable and non-modifiable risk 
factors in both intrauterine and postnatal life that contribute 
to the later onset of osteoporosis. 

NORMAL SKELETAL DEVELOPMENT AND THE 
DEVELOPMENTAL ORIGINS OF HEALTH AND 
DISEASE 

 Bone mineral content (BMC) and bone mineral density 
(BMD) in adulthood depends predominantly on growth and 
mineralization of the skeleton and the resultant peak bone 
mass achieved and then, to a lesser extent, on the subsequent 
loss. Bone mass shows strong tracking during childhood and 
adolescent growth and into adulthood. Reduced peak bone 
mass in childhood is associated with increased fracture risk 
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and has been proposed as one of the most accurate predictors 
of later life fracture risk [5]. Genetic predisposition accounts 
for up to 50% of the variance in bone mass and gender also 
influences bone composition with males attaining greater bone 
mass than females [6]. Environmental influences during both 
childhood and adulthood, such as smoking [7], corticosteroid 
use [8] and exercise [9] are also important. However, a signifi-
cant portion of variance in bone mass remains unexplained 
[10]. It is likely that much of this remaining variation results 
from the programming of systems controlling skeletal growth 
trajectory and so ultimately influencing peak bone mass dur-
ing critical growth periods [11, 12]. The Developmental Ori-
gins of Health and Disease (DoHaD) hypothesis suggests that 
nutritional imbalance during critical windows in early life can 
permanently influence or ‘programme’ long-term develop-
ment and disease in later life [13], (see Table 1). Much of the 
original work was by Barker and colleagues who reported the 
relationship with low birth weight (used as a proxy for fetal 
growth) with coronary heart disease [14, 15]. Further studies 
suggested, however, that these mechanisms and effects were 
not restricted to fetal life and that nutrition and growth in in-
fancy (and perhaps in later childhood) were also crucial, lead-
ing to the incorporation of elements of evolutionary biology 
and the adoption of the term DOHaD. 
 Factors that affect early life bone development [16] have 
not been fully elucidated and the lack of prospective research 
in this area has been highlighted [17]. 
 Some of the greatest insights into programming of bone 
come from large epidemiological studies, either those with 
detailed early exposure information and prolonged follow-
up, or mother-offspring cohorts. Examples of large longitu-
dinal studies include the Avon Longitudinal Study of Parents 
and Children (ALSPAC) [18, 19], which consists of a cohort 
of approximately 14000 women anticipated to give birth in 
1991 or 1992. Utilising frequent questionnaires and clinic 
assessments of the mothers and their offspring, detailed in-
formation is available on early-life exposures and subsequent 
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skeletal development. Other studies include the Hertford-
shire cohort study [20], consisting of 3000 men and women 
aged 60-75 years old living in Hertfordshire, who were re-
cruited to a study to determine influences of birth weight and 
infant growth on adult disease; and the Finnish cohort of 
over 7000 people born in Helsinki university hospital be-
tween 1924 and 1933 and still residing in Finland in 1971 
[21]. The Finnish cohort is unique in that early life data is 
linked to later hip fracture rather than relying on proxy 
markers of fracture risk such as bone mineral density, as 
assessed by non-invasive DXA methods. The Southampton 
Women’s survey is a mother-offspring cohort and is the only 
study in Europe where the mothers were interviewed before 
conception; up to 2000 offspring have now been followed up 
at 10 years of age [22]. 

 The potential for confounding in observational studies 
can make establishing causation difficult. For example, poor 
nutrition is an inevitable consequence in the sickest neonate 
who in turn will be more likely to have a poorer metabolic 
outcome. Similarly, socioeconomic status may be an impor-
tant confounder when investigating the effects of program-
ming, as socioeconomic status in itself is known to have a 
important effect on BMD [23], therefore it is vital that such 
potential confounders are adjusted for. Another challenge in 
longitudinal cohort studies, especially involving children, is 
that of attritional losses over time introducing a risk of bias. 
A 2011 meta-analysis stated that research from a variety of 
populations may help clarify inconsistencies concerning the 
relationship between early life events and subsequent bone 
health [10]. Further evidence for the role of programming 
comes from twin studies, where statistically significant dif-

ferences in the relationship between birth weight and bone 
mineral content were found between monozygous twin pairs 
[24]. In this study, associations were largely accounted for 
by environmental factors independent of maternal factors 
(gestation, smoking, nutrition etc.) and were largely medi-
ated by skeletal size and especially adult height.  
 It can be technically challenging to account for bone size 
at different stages of growth when interpreting DXA bone 
mineral density data, particularly in longitudinal studies. 
Bone strength is based on size as well as mineral content and 
as a child grows, their bones will change in shape and size, 
and the body will also change in size and composition. This 
can make it difficult when comparing results to previous 
scans. Some scanners automatically produce T scores based 
on the BMD with reference to a healthy adult- clearly this is 
completely meaningless in a young child. DXA measures the 
total amount of bone mineral content contained within the 
skeletal region scanned and the two- dimensional projected 
bone area in order to calculate the areal BMD in grams/metre 
squared, rather than by calculating the mineral content within 
the volume. Therefore if the bone is larger, the areal BMD 
will appear greater although the true BMD would be the 
same. This is particularly important in children with chronic 
diseases who are often small as their BMD may be underes-
timated by DEXA. This problem is further compounded by 
pubertal delay, which is often seen in chronic disease. There-
fore it is vital to consider height, bone age (rather than 
chronological age) and puberty when interpreting results and 
the conclusions of studies and there are several different 
methods available to help adjust for bone size and growth 
[25]. 

Table 1. Developmental risk factors for osteoporosis. 

MATERNAL 

Vitamin D status 
Calcium intake 
Social class and pre-pregnancy dietary factors 
Maternal fat stores and nourishment during pregnancy 

FETAL 

In utero growth effects on birthweight and birth length 
Length of gestation (prematurity) 
Genetic predisposition including maternal and paternal birthweights, gene-environment interactions, vitamin D polymorphisms 
In-utero activity 

INFANT 

Slow growth throughout infancy 
Lack of breast feeding and dietary factors 
Vitamin D intakes 
Socio-demographic factors e.g. exposure to smoking 

CHILDHOOD 

Lifestyle and socio-demographic factors 
Nutrient intakes 
Physical activity and bone stress 
Co- morbidities and drug treatments e.g. steroids 
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EFFECTS OF BIRTH SIZE AND EARLY GROWTH 
ON LATER BONE MASS 
 Bone mineral accrual is greatest during the last trimester 
of pregnancy, when growth velocity is rapid. Birth weight 
and birth length are a reflection of intra-uterine growth and 
therefore are also affected by environmental influences dur-
ing pregnancy. A study by Harvey et al. using the Southamp-
ton cohort showed that intrauterine growth was strongly as-
sociated with childhood bone size and density at 4 years of 
age. Change in femur length between 19 and 34 weeks gesta-
tion was associated with childhood skeletal size at 4 years of 
age, while changes in fetal abdominal circumference pre-
dicted bone density [26]. 
 There are however, conflicting data regarding the influ-
ence of birth weight on later BMD. Baird et al. performed a 
systematic review and meta-analysis to determine whether 
birth weight predicted bone mass in adulthood [10]. The 
study identified 14 studies that met the inclusion criteria. 
Most showed a consistent association between higher birth 
weight and greater adult bone mineral content at both the 
lumbar spine and the hip but found that birth weight was not 
a strong predictor of later lumbar spine or hip BMD. The 
Hertfordshire cohort study (which formed the basis for sev-
eral of the studies of Barker et al.) showed that birth weight 
was independently associated with BMD in men, but not 
women, at 63 years of age.  
 Baird suggests that in most of the studies, the weak asso-
ciation between birth weight and BMD was likely to be a 
result of other postnatal factors such as childhood physical 
activity and pubertal timing as well as genetic variation play-
ing a more influential role. Studies in the ALSPAC cohort 
demonstrated independent effects of birth weight and weight 
at one year on bone size and strength during the sixth and 
seventh decades after adjustment for confounding lifestyle 
factors [20]. This provides strong evidence for both pro-
gramming and tracking of bone mass throughout the 
lifecourse. Although another study found no association with 
preterm birth itself and peak bone mass [27], an effect of 
being small for gestational age was apparent, suggesting that 
a proportion of later bone mass is determined by fetal 
growth. Some studies suggests that very low birth weight 
infants, whether preterm or not, attain a sub-optimal peak 
bone mass in part due to their small size and subnormal 
skeletal mineralization [28]. 
 Endocrine mechanisms may be responsible for the pro-
gramming, for example via the growth hormone (GH)-
Insulin-growth factor 1 (IGF-1) axis, which regulates both 
growth, and bone remodeling [29]. In support of this, Javaid 
et al. [30] showed that the concentration of IGF-1 in the um-
bilical cord correlates strongly with birth weight (after ad-
justment for gestational age) and bone mineral content. Simi-
larly, there is evidence that birth weight and infant weight 
predict GH and cortisol levels during adulthood, which in 
turn are determinants of later bone loss [31, 32].  
 Multiple studies have emphasized the importance of early 
growth for programming later bone health. For example in a 
study by Cooper et al., those who were lightest at 1 year of 
age had the lowest BMC [33]. In a further study, weight gain 
during the first two years of life predicted BMD at age 9-14 

years in children who were born preterm [34]. The Finnish 
cohort showed that low rates of childhood growth were a 
major determinant of later hip fracture risk [21]. Studies as 
part of the Hertfordshire Cohort Study found that birth 
weight and weight at 1 year of age were strongly associated 
with measures of bone strength at both the radius and tibia 
[20], but that low weight in infancy was also associated with 
reduced femoral neck width, independently of bone mineral 
content (BMC) [35]. This supports the theory that intrauter-
ine and postnatal growth influences later fracture risk not 
only by affecting bone mass, but also by effects on bone ge-
ometry.  

THE EFFECTS OF BIRTH WEIGHT AND INFANT 
GROWTH ON ADULT BMD IN THOSE BORN PRE-
TERM 
 Eighty percent of fetal bone mineral accumulation occurs 
during the last trimester of pregnancy, with a surge in pla-
cental transfer of calcium, magnesium and phosphorus to the 
fetus [36]. A preterm infant who spends this period without 
the placenta and the associated endocrine and physical ma-
ternally controlled environments is therefore more suscepti-
ble to a lower BMD and BMC than an infant born at term. 
There is, however, conflicting data regarding the long-term 
consequences of preterm birth on the skeleton and the poten-
tial for peak BMD compared to their term counterparts. Pre-
mature infants are known to have a lower bone mass [37], 
BMD [16] and BMC [38] at the corrected age of term, as 
well as a lower weight and ponderal index [16]. A study of 
7-year-old boys showed greater measures of cortical thick-
ness, whole body BMC and hip BMD in term compared to 
preterm boys after adjustment for weight, height and age. 
These differences remained after adjustment for birth weight, 
length of neonatal hospital stay and current activity level 
[39]. 
 A study by Fewtrell et al. [40] showed that former pre-
term infants who were followed up at around 10 years of age 
were shorter, lighter and had lower BMC than controls. 
These differences continue through childhood and appear to 
persist until puberty [38, 39], although results are difficult to 
interpret due to the confounding effects of the endocrine 
changes during puberty, and the interaction with bone size 
and later BMD. In a study by Backstrom et al., individuals 
who were born preterm were assessed with computerized 
tomography as young adults. Lower bone strength was dem-
onstrated at the distal tibia and radius compared to age and 
sex matched controls [17]. This effect was more pronounced 
in males and remained after adjustment for potential con-
founders. Several studies have failed to demonstrate an asso-
ciation between preterm birth and later bone strength, al-
though all of these [28, 39, 41] were undertaken in relatively 
small cohorts. A possible explanation for the variation in 
study results may be in the timing of follow-up as catch up in 
bone mineralization may occur primarily in late childhood 
and adolescence. Other studies have found that although 
preterm born individuals were smaller, their BMD was ap-
propriate for size. Adults who were born preterm may also 
be shorter than their term born counterparts. As some studies 
may not have made appropriate adjustments for current size 
it is difficult to determine whether BMD is appropriate for 
current size or not [39].  
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 Several other studies in infants have shown the influence 
of early growth on later bone health in those born preterm. In 
a study by Cooper et al., those who were lightest at 1 year of 
age had the lowest BMC [33]. In a further study, weight gain 
during the first two years of life predicted BMD at age 9-14 
[34]. Fewtrell et al. suggested that preterm infants with the 
most substantial increase in height (length) between birth 
and 8-12 years of age showed the greatest bone mass at fol-
low-up [40] , (see Table 2). They also demonstrated that 
birth length alone was a strong predictor of later bone mass, 
suggesting that optimising linear growth in early life may be 
beneficial to later bone health. However, although conducted 
with a large cohort (n=201), few measurements were taken 
after discharge and dual-energy x-ray absorptiometry (DXA) 
was only performed at 8-12 years. As a result, the impact of 
changes in growth and corresponding bone mass at poten-
tially critical epochs of infancy could not be assessed. There 
are scarce data looking at the effects of birth length and pon-
deral index on later bone health; further work in this area 
would add additional insight into the effects of growth. 
 Promoting adequate growth during NICU remains a chal-
lenge and the initial dramatic fall off in growth centiles, fol-
lowed by a period of rapid growth acceleration, represents a 
pattern that is very different to that seen following normal 
pregnancies. Whether this type of growth trajectory repre-
sents an independent risk for later adverse metabolic out-
come requires further study, but highlights that growth rather 
than absolute size is the key variable determining longer-
term health. 
 Optimising early growth through nutritional interventions 
generates positive and lasting effects on bone mineralization 
[39] and it is hypothesized that this may partially counteract 
preterm bone deficits. A systematic review by Kuschel and 
Harding in 2009 showed that fortifying the nutrition of pre-
term babies improves growth and bone mineral accretion 
[42]. There is conflicting evidence as to whether breastfeed-
ing has a protective role in the primary prevention of osteo-
porosis. In some studies, such as that of Fewtrell, breast milk 
consumption was found to result in higher adult BMD [43] 
despite the milk being unfortified and having a lower min-
eral content than formula. This suggests a possible beneficial 
role for non-nutrient components such as growth factors. In 
another study, bone mass at follow-up age of approximately 
10 years was positively associated with the duration of 
breastfeeding [44], yet other studies have shown no benefits 
at a similar age [45, 46]. Other studies have not demon-
strated an ongoing relationship into adulthood between 
breastfeeding and bone mass [33]. Given the known benefits 
of breastfeeding and the lack of proven negative association, 
It seems prudent to strongly encourage breastfeeding, despite 
the slower infant growth trajectories that may be seen com-
pared to preterm infants fed using artificial milk formula. 

THE PROGRAMMING EFFECT OF AN ADVERSE 
IN-UTERO ENVIRONMENT AND THE ROLE OF 
EPIGENETICS 
 It is clear that there is a strong genetic predisposition to 
osteoporosis and although the genes that regulate bone mass 
have not been completely established, responsible gene vari-
ants include vitamin D receptor polymorphisms [47], colla-

gen-1 receptor [48] and oestrogen receptor variants [49]. 
There is also some evidence that gene-environment interac-
tions may play an important role. Using vitamin D receptor 
polymorphisms as an example, Dennison et al. showed that 
the relationship between lumbar spine BMD and VDR geno-
type varied according to birth weight and remained after 
adjusting for adult body weight, and that a significant statis-
tical interaction occurred between birth weight and VDR 
genotype [50]. This suggests that in-utero programming may 
modify genetic influences on osteoporosis risk. Many of the 
long-term effects on bone health may be modulated by epi-
genetic mechanisms - mitotically heritable alterations in gene 
expression that are not caused by changes in DNA sequence. 
The classic examples are DNA methylation and histone ace-
tylation [51, 52] and result in differences in gene expression 
and transcription, but may also involve post-transcriptional 
effects on other processes such as protein translation. Early 
life growth and nutritional exposures appear to affect the 
‘cellular memory’ and result in variation in later life pheno-
types. Much of this work is preliminary but initial data sug-
gest that epigenetic mechanisms may underlie the process of 
developmental plasticity and its effect on the risk of osteopo-
rosis. 
 One of the models that has been postulated is the role of 
maternal vitamin D status and postnatal calcium transfer. 
Early work on methylation and vitamin D receptors and pla-
cental calcium transporters suggests that epigenetic regula-
tion might explain how maternal vitamin D levels affect 
bone mineralization in the neonate [51]. Much of the current 
research is in animal models, but if the changes can be repli-
cated in humans, epigenetic or other biomarkers may provide 
risk assessment tools to enable targeted intervention to those 
at greatest risk of osteoporosis, (see Fig. 1). 
 Mother-offspring cohorts enable the observation of envi-
ronmental influences and characteristics of pregnant women 
in relation to the bone mass of their offspring. Adverse envi-
ronmental conditions such as smoking during pregnancy 
[53], poor diet [54, 55], low fat stores [56, 57] and low ma-
ternal vitamin D levels [5, 33] are all associated with subop-
timal bone mineral density in later life. Studies using the 
ALSPAC cohort show that bone development of the child is 
clearly related to the in utero environment, but that some of 
the associations can be explained in part by the shared asso-
ciations with bone and body size, although maternal vitamin 
D status exerts persisting effects on bone mass development 
[19]. Findings from the Southampton Women’ survey also 
corroborate the role of low maternal vitamin D levels on 
offspring bone mass and suggests that the mechanism is re-
lated to umbilical venous calcium concentrations [56, 58]. 
Further work from that group also suggests that maternal 
vitamin D stores can influence fetal femoral development at 
as early as 19 weeks gestation [59].  
 There is strong animal evidence to support the program-
ming hypothesis. Maternal protein restriction in rats results 
in a reduction in bone area and bone mineral content, proba-
bly by programming the skeletal growth trajectory through 
modification of the responsiveness of epiphyseal cells [60, 
61]. Supplemental calcium in adolescent rats does not rescue 
the reduction in BMC associated with placental restriction of 
rats in utero [62], suggesting that early life environment is
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Table 2. Key findings from relevant studies. 

Study Population and 
Gender (M/F) 

Key Exposures & Bone 
Outcomes Explored 

Key Findings Gender Differences 
Described 

Comments 

Boot et al. 
(1997) [41] 

(n=500) 
Children and 
adolescents 4-

20 years 
M=205 
F=295 

Puberty, dietary and lifestyle 
and current bone density 

(DXA) 

Pubertal development in girls and 
current weight in boys, are main 

factors in current BMD 
Low birthweight and prematurity 
not significantly associated with 

BMD 

Key factors: 
Tanner stage in 

girls versus 
weight in boys 

Puberty and later childhood 
growth are key determinants 

of skeletal development 
Pubertal factors may be sex 

specific 
Large study, but limited 
numbers of preterm born 

children 

Cooper et al. 
(2001) 

(n=7086) 
Born in 1924-

33 and residing 
in Finland in 

1971 
M=3639 
F=3447 

Growth measured at birth and 
during childhood and linked 

to risk of hip fracture 

Children born to tall mothers and 
those with slow childhood growth 
rates have increased hip fracture 

risk 

Fracture more 
likely in taller 

women 
Differing growth 
patterns predict 

risk 

Measures actual fracture 
outcome rather than predic-

tive markers of risk 
Cohort were largely work-
ing class; dietary factors 
and activity level may no 
longer be as comparable 

with modern patterns 

Dennison et al. 
(2001) [50] 

(n=291) 
Adults 61-73 
years M=165 

F=126 

Vitamin D receptor genotype, 
birthweight and adult bone 

mass (DXA) 

Significant interaction between 
birthweight and VDR genotype 

Association between lumbar 
BMD and VDR genotype varies 

according to birthweight 

Women had a 
greater rate of 

bone loss over the 
follow-up period 

Large study with later life 
outcomes 

Supports role of interac-
tions between genetic fac-
tors and ‘programming’ of 

osteoporosis 

Godfrey et al. 
(2001) [53] 

(n=145) Term 
infants 
M= 81 
F= 64 

Maternal and paternal demo-
graphic and lifestyle factors, 

and neonatal bone mass 
(DXA) 

Parental birthweight and paternal 
height positively correlated with 

neonatal total BMC 
Smoking during pregnancy, in-
creased maternal exercise and 

decreased triceps skinfold thick-
ness correlated with lower BMC 

and BMD 

Gender differences 
in neonatal bone 
mineral measure-
ments were not 

significant 

Detailed parental exposures 
and good study size 

Suggests interaction of 
genetic and environmental 
factors on skeletal devel-

opment in-utero 

Javaid et al. 
(2004) [30] 

(n=119) 
Term infants 

M=68 
F=51 

Umbilical cord IGF-1 and 
neonatal bone mass (DXA) 

IGF- 1 concentration correlates 
with birth weight and BMC after 

adjustment for gestational age 

Females had a 
greater IGF-1 

level and fat mass 
at birth 

Unable to determine inter-
action of growth factors and 
other previously measured 

attributes of maternal smok-
ing, body habitus and  

exercise 

Oliver et al. 
(2007) [20] 

(n=631) 
Adults aged 65-

73 years 
M=313 
F=318 

Early infant growth and adult 
bone strength (CT) 

Strong association between birth-
weight or infant weight with bone 

length and strength, but not 
volumetric density in adults 

Adult male BMI 
strongly associ-
ated with BMD 

Not significant in 
women 

Large study 
Supports role of intrauterine 
and early life exposures on 
late adult life skeletal char-

acteristics 

Hovi et al. 
(2009) [28] 

Adults born 
preterm/ 

VLBW (n=144) 
Term born 

controls 
(n=139) M=115 

F=168 

Low birthweight and adult 
bone density (DXA) at 18 - 

27 years 

Reduced lumbar spine and femo-
ral neck BMD in VLBW infants 

2-fold increased risk for low 
lumbar spine BMD after adjust-
ing for height in VLBW infants 

Gender differ-
ences not dis-

cussed 

Measured around age of 
peak bone mass acquisition 
No later life follow-up of 

osteoporotic fractures 
Lower BMD compared to 
controls identifies birth-
weight as a possible risk 

factor 
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(Table 2) contd…. 

Study Population and 
Gender (M/F) 

Key Exposures & Bone 
Outcomes Explored 

Key Findings Gender Differences 
Described 

Comments 

Fewtrell et al. 
(2009) [43] 

(n=202) 
Adults born 

preterm M=87 
F=115 

Neonatal diet and early adult 
bone density (DXA) 

No nutrient effect on peak bone 
mass between diets 

Positive association between 
proportion of human milk and 

later BMC 
No significant difference in 

childhood fractures 

No evidence for 
relationship be-
tween early diet 
and gender on 
bone outcomes 

Dietary intervention was 
brief (4 weeks) but long 

follow up period 
Maternal recall of supple-
mental breastfeeding may 

be inaccurate 
Potential for residual con-

founding of breast milk 
provision by socio-
demographic factors 

Harvey et al. 
(2010) [26] 

(n=380) 
Children (age 4 
years) born at 
term M=197 

F=183 

Fetal growth velocity and 
childhood bone density 

(DXA) at 4 years 

Higher velocity of femur growth 
between 19-34 weeks positively 
associated with skeletal size at 4 
years but not volumetric density 
Higher velocity of fetal abdomi-

nal growth associated with 
greater childhood volumetric 
density but not skeletal size 

Gender differ-
ences not dis-

cussed 

Large study with detailed 
measures 

Different mechanisms may 
exist for programming 

skeletal size and volumetric 
density 

Steer et al. 
(2011) [19] 

(n=6876) 
Children from 
the ALSPAC 
study age 9.9 

years 

Maternal vitamin D status 
and dietary factors, birth-

weight, and childhood bone 
measurements (DXA) 

Association of birthweight with 
bone mass explained after adjust-

ing for body size 
Inverse association of birthweight 

on bone mineral content 
Maternal vitamin D and folate 

have lasting effects on develop-
ment 

No difference 
described in in-
trauterine pro-
gramming be-
tween genders 

Large cohort 
Used a proxy measure of 

vitamin D (UVB exposure) 
Possible links between 

intrauterine environment 
and bone development 

 

 
Fig. (1). Developmental origins of osteoporosis: conceptual model. 

critical for bone programming, and dietary phosphate restric-
tion in neonatal pigs results in reduced growth and bone 
mineral content [63]. Perinatal dietary deficiency of essential 
fatty acids, and accompanied by reduced leptin and IGF-1 

levels also influenced bone density of adult rats [64]. The 
critical role of leptin in regulating bone metabolism is now 
also acknowledged in humans and there are clinical trials 
currently investigating the role of leptin treatment on bone 
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mineral density, both in hypoleptinaemic and post-
menopausal women [65]. 

CONCLUSION 

 This review provides compelling evidence for the devel-
opmental origins of osteoporosis. It highlights the impor-
tance of osteoporosis prevention at all stages of the life 
course, including optimising the in utero environment and 
maternal nutrition, and the importance of infant nutrition as 
preventative strategies for future osteoporosis. It is important 
to continue to determine the mechanisms behind skeletal 
programming to further aid the development of preventative 
strategies. 
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