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Several studies have shown relationships between growth in
early life and adult bone mass; in this article, we evaluate the
relative contributions of pre- and postnatal factors to bone mass
in the seventh decade. A total of 498 eight men and 468 women
who were born in Hertfordshire during the period 1931–1939 and
still living there were recruited. Detailed birth records were
available. Participants attended a clinic where they completed a
detailed health questionnaire, before performance of anthropo-
metric measurements and bone densitometry of the proximal
femur and lumbar spine (Hologic QDR 4500). Birth weight was
associated with bone mineral content in both men (proximal
femur: r � 0.16, p � 0.0003; lumbar spine: r � 0.10, p � 0.03)
and women (proximal femur: r � 0.16, p � 0.0008; lumbar
spine: r � 0.11, p � 0.03); relationships with bone mineral
density were weaker and were significant at the proximal femur
in men only (p � 0.03). Relationships between weight at 1 y and
bone mineral content were even stronger (proximal femur: men
r � 0.22, p � 0.0001; women r � 0.14, p � 0.002). In men, 18%

of the variance in proximal femoral bone area was explained by
a model that included birth weight, weight at 1 y, and adult
weight, with the relative contributions attributed to each being
2.8, 6.8, and 8.2%, respectively. In women, similar modeling
produced figures of 6.7, 4.2, and 3.9% (overall variance of 15%
in proximal femoral bone area). Hence, weight at each of these
three points in the life course is important in the determination of
adult bone mass, with greater contributions of earlier growth to
bone size and mineral content than to bone mineral density.
(Pediatr Res 57: 582–586, 2005)

Abbreviations
BMAD, bone mineral apparent density
BMC, bone mineral content
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Several epidemiologic studies from around the world have
shown relationships between growth in early life and adult
bone mass. Initial work in Bath (1) and Hertfordshire, UK (2),
showed relationships between weight at 1 y and adult bone
mineral content (BMC), but more recent studies (3–5) have
also found evidence of an association between birth weight and
adult bone mass. Furthermore, a Finnish study (6) demon-
strated a direct association between low birth length, poor
childhood growth, and later risk for hip fracture. Hence, we
sought to evaluate the relative contribution of pre- or postnatal
growth to the determination of adult bone mass by using a

larger birth cohort of men and women who were born in
Hertfordshire in the 1930s and still resident there, for whom
extensive childhood records, including birth weight and weight
at 1 y, were available.

METHODS

A total of 768 men and 714 women who were aged 60–75 y completed this
study, based around East Hertfordshire. The selection procedure for these
individuals was as follows: in brief, with the help of the National Health
Service Central Registry at Southport and Hertfordshire Family Health Service
Association, we traced men and women who were born during 1931–1939 in
Hertfordshire and still lived there during the period 1998–2003. The birth
weight and weight at 1 y of age of each individual had been recorded in a
ledger by a team of midwives and health visitors who had attended each birth
in Hertfordshire in the 1930s and visited the child’s home at intervals during
the first year of life. After obtaining written permission from each person’s
general practitioner, we approached each person by letter, asking them whether
they would be willing to be contacted by one of our research nurses. When they
agreed, a research nurse performed a home visit, at which the nurse adminis-
tered a structured questionnaire. This included information on socioeconomic
status, medical history, cigarette smoking, alcohol consumption, dietary cal-
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cium intake, and reproductive variables in women. Physical activity was
assessed by a previously validated questionnaire (7). The participant then was
invited to attend a local clinic.

Height was measured to the nearest 0.1 cm using a Harpenden pocket
stadiometer (Chasmors Ltd, London, UK), and weight was measured to the
nearest 0.1 kg on a SECA floor scale (Chasmors). Body mass index (BMI) was
calculated as weight divided by height2 (kg/m2). Waist (midway between the
costal margin and the iliac crest in the midaxillary line) and hip (greatest
diameter around the gluteal region) circumferences were measured with steel
tape, and skinfold thickness was determined at four sites (biceps, triceps,
subscapular, and suprailiac) using a Harpenden skinfold caliper (Chasmors).

Bone mineral content (BMC), bone area, and bone mineral density (BMD)
were measured in a subgroup of 498 men and 468 women by dual-energy x-ray
absorptiometry (DEXA) at the lumbar spine and proximal femur (neck, total,
intertrochanteric, and trochanteric regions, Wards triangle) using a Hologic
QDR 4500 instrument. Volumetric bone density, known as bone mineral
apparent density (BMAD), was estimated using the method of Carter et al. (8).
Measurement precision error, expressed as coefficient of variation, was 1.55%
for lumbar spine BMD, 1.45% for total femur BMD, and 1.83% for femoral
neck BMD for the Hologic QDR 4500; these figures were obtained by 25
volunteers who were not part of the study and were undergoing two scans on
the same day, getting on and off the table between examinations. Short-term (2
mo) precision error for the QDR 4500 was �1% for both sites (manufacturer’s
figures). Individuals who were taking drugs that are known to alter bone
metabolism (e.g. bisphosphonates) were excluded from this part of the study,
although women who were taking hormone replacement therapy (HRT) were
allowed to participate. There were no other exclusion criteria to this part of the
study, and participants were approached for consent as they attended clinic.

Ethical permission for the study was granted by the East and North
Hertfordshire Ethical Committees. All participants gave written informed
consent.

Normality of variables was assessed and variables were transformed as
required. The Stata statistical software package was used for the analyses.
Pearson correlations and ANOVAs, followed by multiple linear regression
models, were used to explore the role of lifestyle and anthropometric factors in
determining bone mass. An unconditional centile for growth in the first year of
life was calculated, before the calculation of centiles for weight at 1 y
conditional on birth weight according to the methods of Cole (9). This allowed
us to examine relationships between adult bone mass and conditional centile
for growth in the first year of life, conditional on centile at birth, hence
accounting for regression to the mean in weights from birth to 1 y of age.
Analysis of variance using type I sum of squares was used to partition the
effects of weight through the life course on adult bone mass.

RESULTS

The characteristics of the study population at baseline are
displayed in Table 1. The mean age of the men and women
studied was 64.8 and 66.4 y, respectively. Thirty-four percent

of the men and 62% of the women had never smoked, whereas
52% of the men (28% of the women) and 15% of the men (10%
of the women) were ex-smokers and current smokers, respec-
tively. Four percent of men and 18% of women were nondrink-
ers, whereas 21% of men and 12% of women were moderate
drinkers (i.e. 11–21 units per week for men, 8–14 units per
week for women). Twenty-five percent of men and 3% women
consumed greater that the recommended number of units of
alcohol per week (�21 units per week for men, �14 units per
week for women). A total of 274 (59%) women in this cohort
had never used HRT, 86 (18%) had discontinued use �5 y
before they were seen as part of this study, 29 (6%) had
stopped within the last 5 y, and 79 (17%) were still taking HRT
at the time of their clinic visit. Participants who participated in
the DEXA substudy did not significantly vary from the clinic
population as a whole with regard to birth weight or weight at
1 y, age, social class, cigarette and alcohol consumption,
height, weight, or BMI. Although those who participated in the
study as a whole tended to be slightly heavier at birth and at 1 y
of age than those who declined to participate in any part of the
study, these differences were not statistically significant.

In this cohort, BMC at all sites, particularly at the femur
region, was strongly associated with adult anthropometric mea-
sures, including height (p � 0.001), weight (p � 0.001), and all
skinfold measurements (p � 0.005). Relationships with BMD
were similar and only marginally weaker. Adjustment for age,
cigarette and alcohol consumption, physical activity, social
class, HRT use, and years since menopause in women in a
multiple regression model made little difference to our results.
In this cohort, there were no significant relationships observed
between either BMC or BMD with age, physical activity,
cigarette or alcohol consumption, or social class on univariate
analysis.

Birth weight was significantly associated with spine BMC
(men; r � 0.10, p � 0.03; women: r � 0.11, p � 0.03) and
proximal femoral BMC (men: r � 0.16, p � 0.0003; women
r � 0.16, p � 0.0008), although relationships with BMD were
weaker and were significant only in men at the proximal femur
(r � 0.10, p � 0.03; Table 2). Relationships between birth
weight and BMC remained significant at the proximal femur
after adjustment for age, BMI, cigarette and alcohol consump-
tion, physical activity, social class, years since menopause, and
HRT use in women. Relationships between weight at 1 y and
BMC were significant at all sites measured and were stronger
in men (lumbar spine: r � 0.17, p � 0.0001; proximal femur:
r � 0.22, p � 0.0001) than women (lumbar spine: r � 0.13,
p � 0.01; proximal femur: r � 0.14, p � 0.002; Table 3).
These relationships remained significant after adjustment for
age, BMI, cigarette and alcohol consumption, physical activity,
social class, HRT use, and years since menopause in women.
Relationships between weight at 1 y and BMD were again
weaker.

Figures 1 and 2 display the effect of partitioning the influ-
ence of birth weight, conditional weight in infancy, and adult
weight on bone mass in later life, using ANOVA. Hence, in
men, 17.8% of the variance in proximal femoral bone area is
explained by a model that includes birth weight, conditional
weight at 1 y, and adult weight, with the relative contributions

Table 1. Summary characteristics of study participants

Characteristic
[mean (SD) unless stated otherwise]

Men
(n � 498)

Women
(n � 468)

Age (y) 64.8 (2.5) 66.4 (2.6)
BMI (kg/m2)a 26.6 (1.1) 26.8 (1.2)
Alcohol consumption (units per week)b 10.0 (3.0, 22.5) 2.5 (0.5, 7.0)
Habitual activity (%)c 64.0 (14.8) 61.3 (14.9)
N (%) Current manual social class

IIIM–Vd
277 (55.6) 286 (61.1)

N (%) Current nonmanual social class
I–IIINd

193 (38.8) 182 (38.9)

Lumbar spine BMD (g/cm2) 1.08 (0.16) 0.96 (0.17)
Femoral neck BMD (g/cm2) 0.85 (0.12) 0.76 (0.12)
Total femoral BMD (g/cm2) 1.04 (0.13) 0.90 (0.13)

a Geometric mean and SD.
b Median and IQR among drinkers. Twenty men and 86 women stated that

they do not drink alcohol.
c Standardized score ranging 0–100 derived from frequency of gardening,

housework, climbing stairs, and carrying loads in a typical week. Higher scores
indicate greater level of activity.

d Social class was unclassified for 26 men.
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attributed to each being 2.8, 6.8, and 8.2%, respectively. In
women, similar modeling produces figures of 6.7, 4.2, and
3.9% to an overall variance of 14.8% in proximal femoral bone
area. Furthermore, 9% of the variance in male lumbar spine
bone area is explained by a model that includes birth weight,
conditional weight at 1 y, and adult weight, with the relative
contributions attributed to each being 1.3, 2.8, and 4.8%,
respectively. In women, similar modeling produces figures of
3.4, 1.5, and 0.6% to an overall variance of 5.5% in lumbar
spine bone area. Of note, there were no significant interactions
between birth weight and weight at 1 y as predictors of any
bone mass measure at any site in either sex. Hence, weight at
each measured point in the life course is important in the
ultimate determination of adult bone mass, with greater con-
tributions of earlier growth to bone area and BMC than BMD
or BMAD. Addition of other factors (age, social class, physical
activity, cigarette and alcohol consumption, menopausal status,

and HRT use in women) contributed little to the model; hence,
in men, addition of these factors contributed 2.2% to the
variance at the total femur and 1.2% at the lumbar spine,
whereas in women, the corresponding figures were 4.1 and
5.6%.

A total of 112 (15%) men and 130 (18%) women from the
whole cohort of 1482 individuals studied sustained fractures
after the age of 45 y. We found no relationship between
fracture and early life measures in this group.

DISCUSSION

We have found independent associations of both birth
weight and weight at 1 y with BMC in the seventh decade in
both sexes, suggesting that both prenatal and postnatal factors
may be important in determining the size of the skeletal
envelope. As in previous studies, relationships between early
life factors and adult BMD were much weaker, suggesting that

Figure 1. Partitioning of effects of weight throughout the life course on bone
mass in Hertfordshire men, born 1931–1939.

Figure 2. Partitioning of effects of weight throughout the life course on bone
mass in Hertfordshire women, born 1931–1939.

Table 2. Relationship between bone mass and birth weight in 498 men and 468 women from the Hertfordshire 1931–1939 cohort

Correlation with
birth weight

Men Women

Lumbar spine Proximal femur Lumbar spine Proximal femur

Area 0.12, p � 0.01 0.17, p � 0.0002 0.18, p � 0.0001 0.26, p � 0.0001
n � 495 n � 495 n � 443 n � 467

BMC 0.10, p � 0.03 0.16, p � 0.0003 0.11, p � 0.03 0.16, p � 0.0008
n � 495 n � 495 n � 443 n � 467

BMD 0.05, p � 0.26 0.10, p � 0.03 0.03, p � 0.59 0.02, p � 0.62
n � 497 n � 495 n � 468 n � 467

BMAD 0.01, p � 0.90 0.04, p � 0.43 �0.04, p � 0.43 �0.06, p � 0.22
n � 497 n � 495 n � 468 n � 467

Table 3. Relationship between bone mass and weight at 1 year in 498 men and 468 women from the Hertfordshire 1931–1939 cohort

Correlation with
weight at 1 y

Men Women

Lumbar spine Proximal femur Lumbar spine Proximal femur

Area 0.20, p � 0.0001 0.30, p � 0.0001 0.19, p � 0.0001 0.29, p � 0.0001
n � 495 n � 495 n � 443 n � 467

BMC 0.17, p � 0.0001 0.22, p � 0.0001 0.13, p � 0.01 0.14, p � 0.002
n � 495 n � 495 n � 443 n � 467

BMD 0.11, p � 0.01 0.08, p � 0.09 0.04, p � 0.40 �0.01, p � 0.80
n � 497 n � 495 n � 468 n � 467

BMAD 0.04, p � 0.33 �0.03, p � 0.47 �0.02, p � 0.67 �0.10, p � 0.03
n � 497 n � 495 n � 468 n � 467
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lifestyle and genetic factors may be more important determi-
nants of areal bone density and age-related bone loss. Although
we did not show significant relationships between early life
factors and fracture in this cohort, this may reflect the small
number of low-impact fractures observed so far.

Our study has a number of weaknesses. The individuals
recruited were selected because they had been born in Hert-
fordshire and continued to live there at the age of 60–75 y, as
in previous studies. However, we have previously demon-
strated that the Hertfordshire populations studied have similar
smoking characteristics and bone density to national figures
(10), suggesting that selection bias is minimal. Furthermore,
we ascertained that those who did not complete the study had
similar birth weights and weights at 1 y to those who did not.
We also confirmed that there were no significant differences in
anthropometric measures, cigarette or alcohol consumption, or
physical activity levels between those who did or did not elect
to undergo a bone density test.

Initial studies from Bath showed a relationship between
weight at 1 y and BMC at age 21 y in women (1), whereas
further work in Hertfordshire went on to demonstrate an
association between weight at 1 y and BMC at age 60–75 y in
both sexes (2). More recent data from the United States showed
an association between recalled birth weight and BMC in 305
postmenopausal women (3). Typically, adjustment for adult
weight or height weakens but does not remove this association.
Similarly, data from Sheffield demonstrated significant associ-
ations between birth weight and adult BMC (and lean mass)
after adjustment for age, sex, height, and physical activity (4).
Available data therefore would support the hypothesis that
different mechanisms exist for establishing the adult bone
envelope, which encompasses not only the length of the bone
but also its width (estimated by BMC) versus its density
(estimated by BMD) versus its apparent volumetric density
(estimated by BMAD). Each of these factors is important in
establishing an individual’s fracture risk. The independent
effects of birth weight and weight at 1 y suggest that although
genetic and/or intrauterine environmental factors that influence
the fetal growth trajectory and are reflected in birth weight
have long-term consequences on bone mass in late adulthood,
further modification of the infant growth trajectory over the
first year of life has lasting effects on adult bone mass and
hence fracture risk.

It is difficult to disentangle the influences of the genome and
intrauterine environment on birth weight. In a family study
performed 5 decades ago, Penrose suggested that 62% of the
variation in birth weight between individuals was the result of
the intrauterine environment, 20% was the result of maternal
genes, and 18% was the result of fetal genes (11). In addition,
studies of infants who were born after ovum donation showed
that although their birth weights were strongly related to the
birth weights of the recipient mother, they were unrelated to
the weight of the female donors (12). Coupled with animal
studies (13–15), these data suggest that birth size is controlled
at least in part by the intrauterine environment rather than by
the genetic inheritance from both parents. Finally, a recent
study that examined the association of birth weight with bone
mass in a twin study of �4000 women confirmed that bone

mass and especially BMC were highly associated with birth
weight in both monozygotic and dizygotic twins (16). These
associations point to environmental rather than genetic factors
underlying the observed relationships.

Adult bone mass is a function of both bone size and density
(17); both of these variables influence fracture risk (18,19).
Both bone geometry and bone properties (including micro-
architecture) are also known to be determinants of bone
strength; with age, changes in the elastic modulus and tough-
ness of bone are offset by periosteal apposition, which may
help to preserve bone strength (20). BMD is limited at detect-
ing fracture risk; although risk for fracture increases with
decreasing BMD, many individuals fracture with a “normal”
BMD. In part, this may reflect the limitations of DEXA in
assessing bone density (by dividing BMC by projected bone
area); projected bone area will systematically underestimate
the skeletal bone volume of taller individuals; hence, the
alternative ratio BMAD has been suggested (8). Recent work
using computer models (21) has suggested that a 10% increase
in peak BMD is predicted to delay the development of osteo-
porosis by 13 y, whereas a 10% change in the age at meno-
pause or the rate of nonmenopausal bone loss is predicted to
delay osteoporosis by ~2 y, reinforcing the importance of peak
bone mass in the cause of osteoporosis and fragility fractures.
In a different approach, Tabensky et al. (22) performed a study
of mothers and daughters to demonstrate reduced vertebral
volumetric BMD among women who had sustained a vertebral
fracture, reflecting reduced accrual of bone during growth in
addition to reduced periosteal apposition during aging.

It has long been recognized that there are critical periods
during mammalian development when exposure to specific
environmental stimuli are required for normal development of
structures or endocrine systems. The fetus seems to respond to
insults during the prenatal period through the process of pro-
gramming. Animal work to support this hypothesis in the cause
of bone mass acquisition is now available; in rat offspring of
mothers that were fed low-protein diets, bone area and BMC
(but not BMD) were reduced in adult life. Maternal protein
restriction was also associated with changes in the appearance
of the epiphyseal growth plate in late adulthood among the
offspring. Taken together, these observations suggest that ma-
ternal undernutrition in the rat might modify the responsive-
ness of cells in the growth plate to growth-promoting influ-
ences during intrauterine or early postnatal life (23).
Furthermore, the rat model of maternal protein insufficiency
has been used to investigate the cellular mechanisms in the
programming of bone development; normal proliferation and
differentiation of mesenchymal stem cells were delayed by
maternal protein restriction in early life. In addition, with
skeletal maturity, “catch-up” or a physiologic shift in bone cell
activity was present in the low-protein group (24).

Our findings that the growth trajectory of the skeletal enve-
lope is established in early life may reflect programming of the
growth hormone/IGF-1 axis. We have previously reported
associations between weight at 1 y of age and circulating GH
concentration in an older Hertfordshire cohort (25), and indeed
there is evidence from animal models that the pattern of GH
concentration in adult life may be influenced by transient
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events in early postnatal life, including temporary dietary
protein restriction in rats after weaning (26). Similarly, Bishop
et al. (27) demonstrated higher BMC at a 5-y follow-up in
preterm infants who were previously randomly assigned to
human milk versus formula.

In conclusion, we have demonstrated independent effects of
birth weight and weight at 1 y on BMC in the seventh decade
in both sexes. To our knowledge, this is the largest cohort with
recorded birth weight and infant weight that has been studied
in this way. Clinical event extraction from GP records would,
in the future, allow us to assess whether these observed rela-
tionships translate into altered fracture risk.
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