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ABSTRACT
Epidemiological studies suggest an association between weight in

infancy and the risk of osteoporosis in later life. The extent to which
this reflects environmental influences on skeletal growth and me-
tabolism before birth or during the first year of postnatal life remains
uncertain. We therefore examined the association between birth
weight and adult body composition (bone, lean, and fat mass) in a
cohort of 143 men and women, aged 70–75 yr, who were born in
Sheffield, UK, and still lived there. The subjects underwent assess-
ment of body composition by dual energy x-ray absorptiometry. Neo-
natal anthropometric information included birth weight, birth length,
head size, and abdominal circumference. There were significant (P ,
0.01) positive associations between birth weight and adult, whole
body, bone, and lean mass among men and women. These were mir-

rored in significant (P , 0.03) associations between birth weight and
bone mineral content at the lumbar spine and femoral neck. Associ-
ations between birth weight and whole body fat were weaker and not
statistically significant. The associations of birth weight with whole
body bone mineral and lean mass remained statistically significant
after adjustment for age, sex, and adult height. They also remained
significant after adjustment for cigarette smoking, alcohol consump-
tion, dietary calcium intake, and physical inactivity. These data are
in accord with previous observations that anthropometric measures
in infancy are associated with skeletal size in adulthood. The presence
of these relationships at birth adds to the evidence that bone and
muscle growth may be programmed by genetic and/or environmental
influences during intrauterine life. (J Clin Endocrinol Metab 86:
267–272, 2001)

OSTEOPOROSIS, DEFINED as a reduction in bone mass
that predisposes to fracture, constitutes a major public

health problem (1). The bone mass of an individual in later
life depends upon both the growth and mineralization of the
skeleton during the first 2 decades of life and the subsequent
loss of bone, which commences during the fourth decade. A
substantial proportion of the variance in peak bone mass
found in the general population cannot be explained by
known genetic factors (2) or by childhood environmental
determinants such as diet (3) and exercise (4). Recent epi-
demiological studies suggest that part of this residual vari-
ation might be explained by patterns of growth in infancy (5,
6). The mechanism underlying this association is believed to
be the programming of a range of metabolic and endocrine
systems that control the skeletal growth trajectory during
childhood and adolescence; programming is the term used
for persisting changes in structure and function caused by
environmental stimuli during critical periods of early devel-
opment (7–9). Such endocrine programming would be likely
to influence the development of other body compartments,
such as fat and muscle. However, studies to date have not
used dual energy x-ray absorptiometry (DXA) to relate birth
weight to body composition. Furthermore, the importance of
disproportionate intrauterine growth in endocrine program-
ming remains uncertain; most evidence relates to gross mea-

sures of birth size such as birth weight, rather than incor-
porating indexes such as head and abdominal circumference
at birth. We therefore examined the relationship between
neonatal anthropometry and adult body composition in a
cohort of men and women born in Sheffield between 1922
and 1926, who are still resident in the city.

Subjects and Methods

We studied 143 men and women who had been born at the Jessop
Hospital for Women in Sheffield between 1922 and 1926 and who had
been traced and found to still be resident in the city during 1996/1997.
They were selected from a group of 322 men and women who had been
previously included in a study of cardiovascular risk factors (10). Of
these, 212 (89%) agreed to a home interview, and 143 (69% of those
visited at home) attended the Osteoporosis Center, Northern General
Hospital (Sheffield, UK), for assessment of body composition. This
group of people was unique in that detailed anthropometric information
about them at the time of their birth, including weight, length, head size,
abdominal and chest girths, and placental weight, had been recorded by
the midwife. These midwife records had been preserved. After obtaining
permission from their general practitioners, the men and women were
interviewed at home; details were obtained about their cigarette smok-
ing, alcohol consumption, dietary calcium intake, and physical activity.
The women also provided information about age at menopause.

All 143 subjects underwent assessments of bone density and body
composition by DXA using a Hologic, Inc., QDR 4,500A instrument
(Waltham, MA). Measurements were made of bone mineral content
(BMC), bone area, and bone mineral density (BMD) at the lumbar spine,
proximal femur, and whole body. We used these measurements to
calculate bone mineral apparent density at the lumbar spine and femoral
neck using the method of Carter et al. (11). We also made measurements
of body composition (whole body fat and lean mass). Measurement
precision, expressed as coefficient of variation, was 1.0% for lumbar
spine BMD and 3.0% for femoral neck BMD.

We explored the relation between birth weight, adult bone mineral,
and body composition measurements and potential confounding vari-
ables using ANOVA, partial correlation coefficients, and multiple linear
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regression. Variables with a skewed distribution were normalized by log
transformation.

The study was approved by the North Sheffield local research ethics
committee, and all subjects gave written informed consent.

Results

The anthropometric, bone mineral, and body composition
measurements of the 143 study subjects are shown in Table
1. The mean birth weight of the men was 3391 6 520 g (6sd),
and that of the women was 3226 6 438 g. There was little
difference between the sexes in head or abdominal circum-
ference at birth. When the 143 subjects were contrasted with
the 322 born at Jessop Hospital over the study period and
included in the initial cardiovascular study, there were no
statistically significant differences in terms of birth weight or
head or abdominal circumference between the 2 groups.

Table 2 shows mean bone mineral measurements in men
and women, adjusted for age, according to recorded weight
at birth. Among men, there were consistent, strong positive
associations between birth weight and bone area at the lum-
bar spine (r 5 0.28; P 5 0.004), femoral neck (r 5 0.37; P ,
0.001), and whole body (r 5 0.46; P , 0.001) after adjusting
for age. Thus, men in the highest third of the distribution of
birth weight had 6.4% greater spine bone area, 7.3% greater
femoral neck bone area, and 9.5% greater whole body bone
area than their counterparts in the lowest third of the dis-
tribution of birth weight. Slightly weaker, but nevertheless
statistically significant, positive associations were also ob-
served between birth weight and BMC at the spine, femoral
neck, and whole body. In the smaller number of women
studied, bone area tended to be greater in those who had
been heavier at birth, but only the association between birth
weight and whole body bone area reached statistical signif-
icance. There were significant positive associations between
birth weight and both BMC and BMD at the lumbar spine,
femoral neck, and whole body. Among the neonatal anthro-
pometric measures recorded, birth weight showed the stron-
gest and most consistent associations with bone area and
BMC. Patterns for head circumference and abdominal cir-
cumference, which were strongly collinear with birth weight,
were similar. However, the ratio of head circumference to
abdominal circumference (a measure of brain-sparing when
the developing fetus is exposed to late intrauterine adversity)
was not predictive of bone size or density.

Figure 1 illustrates the relationship between birth weight

and whole body BMC, lean mass, and fat mass in the men and
women separately after adjustment for age. In both sexes,
birth weight was positively associated with bone and lean
mass (BMC in men: r 5 0.31; P 5 0.002; BMC in women: r 5
0.45; P 5 0.004; lean mass in men: r 5 0.50; P , 0.001; lean
mass in women: r 5 0.46; P 5 0.003). In men, birth weight was
also positively associated with whole body fat (r 5 0.19; P 5
0.06); there was a similar trend in women, but it was not
statistically significant.

The relationships between body composition and birth
weight were little altered and remained statistically signif-
icant after further adjustment for known lifestyle and med-
ical determinants of bone loss (cigarette smoking, alcohol
consumption, physical inactivity, reduced dietary calcium
intake, and menopausal age in women). There were associ-
ations between birth weight and adult height (r 5 0.37; P ,
0.001) and weight (r 5 0.36; P , 0.001) after age and sex
adjustment. The association of birth weight with adult body
mass index was less pronounced (r 5 0.19; P 5 0.026). We
therefore examined the extent to which relationships be-
tween birth weight and adult measures of body composition
remained after further adjustment for height and weight
(Table 3). Whole body lean mass (P 5 0.002) retained a
positive association with birth weight after adjustment for
age, sex, height, and weight. Birth weight was also a pre-
dictor (P , 0.05) of bone mineral content at the lumbar spine,
proximal femur, and whole body after adjustment for age,
sex, and adult height. When weight was introduced as a
covariate, these relationships became nonsignificant.

The relationship of birth weight to adult whole body fat
mass appeared less marked than that to lean mass and bone
mineral (Fig. 1); it also altered direction when adjustment
was made for adult weight (Table 3). We therefore examined
the effect of the simultaneous association between birth
weight and adult weight on whole body fat mass. The pre-
dominant determinant of adult fat mass was adult weight.
However, in each third of the distribution of adult weight,
there was a tendency (not statistically significant) for whole
body fat mass to be greater among subjects of low birth
weight. The data therefore point to opposing trends for birth
weight and adult weight with adult fat mass.

Discussion

We traced 143 men and women born in Sheffield between
1922–1926, whose birth weight and neonatal anthropometry
were recorded. Birth weight was a significant predictor of
BMC at the lumbar spine, femoral neck, and whole body of
these men and women some 7 decades later. These relation-
ships were independent of known adult lifestyle determi-
nants of bone loss such as physical inactivity, low dietary
calcium intake, and cigarette smoking. They also remained
after adjustment for age, sex, and adult height. Parallel re-
lationships between birth weight and whole body lean mass
were observed, but a substantially weaker association was
present for whole body fat. These data suggest that genetic
and/or intrauterine environmental factors that influence the
fetal growth trajectory and are reflected in birth weight have
long-term consequences on body composition, particularly

TABLE 1. Neonatal anthropometry and bone mineral and body
composition measurements in men and women

Men
(n 5 102)

Women
(n 5 41)

Birth wt (kg) 3.39 (0.52) 3.23 (0.44)
Head circumference (cm) 34.6 (1.8) 34.3 (1.8)
Abdominal circumference (cm) 30.8 (2.5) 30.3 (2.4)
Adult ht (m) 1.68 (0.07) 1.56 (0.06)
Adult wt (kg) 75.4 (11.7) 66.9 (11.9)
Whole body

Total BMC (kg) 2.47 (0.35) 1.77 (0.31)
Total fat (kg) 19.62 (6.5) 28.16 (7.9)
Total lean mass (kg) 50.15 (5.2) 35.36 (4.3)

Lumbar spine BMD (g/cm2) 1.06 (0.17) 0.89 (0.16)
Femoral neck BMD (g/cm2) 0.81 (0.13) 0.69 (0.10)

Values are means (6SD).
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bone and muscle mass in late adulthood, which influence
fracture risk in later life.

Our study was based on 143 participants who agreed to
attend a hospital clinic (44%) from among 322 people invited
to take part in the study. They were not a representative
sample of all people born in Sheffield at the time, because
they were born in the hospital when most births took place
at home and because they continued to live in the city in
which they were born. However, in the statistical analyses all
comparisons were made within the group who participated.
We do not think that nonresponse or our inability to fol-
low-up all members of the original cohort will have biased
the results unless relationships between birth measurements
and body composition in adult life differ in nonresponders
or in people who have died or moved away. Furthermore, the
distribution of body mass index and prevalence of cigarette
smoking in these men and women are similar to estimates
derived from British population samples of comparable age,
such as the General Household Survey (12, 13). We used
DXA to estimate whole body bone mineral, lean, and fat
mass. This technique has rapidly become a standard method
for the noninvasive assessment of body composition. Mea-
surements of bone and soft tissue are highly reproducible
(14–16), and they have been extensively validated both in
vivo and in vitro (17–19). The technique is highly sensitive to
the age-related decline in muscle mass (20, 21) as well as to
the accumulation of central fat in postmenopausal women
(21, 22).

Evidence has now accumulated that the risk of osteopo-
rosis might be modified by environmental influences during
early life. Several epidemiological studies have confirmed
that infants who are light at 1 yr of age have lower adult bone

mineral content at the lumbar spine and proximal femur (5,
6, 23, 24). This relationship has been documented in young
adulthood as well as in cohorts aged 60–70 yr, in which
fracture incidence rates are substantially higher. Finally, a
recent Finnish cohort study has demonstrated a direct asso-
ciation between low birth length, poor childhood growth,
and later risk of hip fracture (25). These epidemiological
studies suggest a discordance between the environmental
influences acting on bone growth and mineralization. Weight
at 1 yr has tended to predict bone size and total mineral
content much better than volumetric assessments of BMD
(5, 6).

In previous studies the relationship of weight in infancy to
adult bone mass was stronger for weight at 1 yr than for birth
weight (6, 26). There are two explanations for this pattern.
First, the major genetic and/or environmental influences
programming skeletal growth might be timed during early
postnatal life; second, these environmental influences act
during intrauterine life, but their effects only become appar-
ent when body size begins to track during the first year of
postnatal life. In previous cohorts (6), we have been able to
pursue environmental determinants of adult bone mass that
might act during the months following birth; for example,
type of infant nutrition or exposure to infections during
childhood and infancy. Neither of these exposures resulted
in significant deficits in bone mineral that persisted through
to later life. The Sheffield cohort reported here provides some
of the highest quality information available on neonatal an-
thropometry. The data clearly demonstrate that birth weight
bears a positive association with adult bone mass, even after
adjusting for adult body height. Our findings are consistent
with those of an Australian cohort study (27), in which birth

TABLE 2. Bone mineral measurements according to birth weight in men and women after adjustment for age

Site Measure
Birth wt (kg)

P for trenda

,3.15 3.15–3.64 .3.64

Men Lumbar spine Area (cm2) 67.07 70.31 71.43 0.004b

BMC (g) 69.61 75.28 78.23 0.012c

BMD (g/cm2) 1.03 1.07 1.09 0.109
BMAD (g/cm2) 0.12 0.13 0.13 0.501

Femoral neck Area (cm2) 5.54 5.65 5.85 ,0.001b

BMC (g) 4.40 4.65 4.73 0.024c

BMD (g/cm2) 0.79 0.82 0.81 0.351
BMAD (g/cm2) 0.34 0.35 0.34 0.780

Whole body Area (cm2) 2095.87 2188.20 2276.68 ,0.001b

BMC (g) 2357.53 2476.51 2575.32 0.002b

BMD (g/cm2) 1.12 1.13 1.13 0.416

Women Lumbar spine Area (cm2) 55.33 55.37 58.62 0.086
BMC (g) 46.52 48.64 56.41 0.003b

BMD (g/cm2) 0.84 0.87 0.96 0.004b

BMAD (g/cm2) 0.11 0.12 0.13 0.011c

Femoral neck Area (cm2) 4.85 4.72 4.96 0.249
BMC (g) 3.14 3.18 3.72 0.004b

BMD (g/cm2) 0.65 0.67 0.75 0.011c

BMAD (g/cm2) 0.30 0.31 0.34 0.014c

Whole body Area (cm2) 1819.94 1744.99 1938.39 0.019c

BMC (g) 1696.98 1654.61 1972.22 0.007b

BMD (g/cm2) 0.94 0.95 1.01 0.025c

a P values calculated from linear regression.
b P , 0.01.
c P , 0.05.
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FIG. 1. The relationship between birth weight and whole body BMC (A),) whole body lean mass (B), and whole body fat mass (C) after adjustment
for age in men and women.
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weight was found to be a predictor of total body bone mass
at age 8 yr. They are also in accord with follow-up studies of
premature infants (28), who appear to have deficits in bone
size and mineral content during later childhood. We there-
fore conclude that genetic and/or environmental influences
during intrauterine life explain at least in part the previously
observed associations between weight at 1 yr and adult bone
mass.

It is difficult to disentangle the influences of the genome
and intrauterine environment on birth weight. In a family
study performed over 4 decades ago, Penrose (29) 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. These estimates are concordant with the modest her-
itability of birth weight (;10%) observed in a recently pub-
lished twin study from The Netherlands (30). Finally, a study
of babies born after ovum donation (31) showed that al-
though their birth weights were strongly related to the birth
weights of the recipient mother, they were unrelated to the
weight of the female donors. Coupled with animal studies
(32–34), these findings suggest that birth size is controlled at
least in part by the intrauterine environment rather than by
the genetic inheritance from both parents.

There have been no previously published reports of the
relationship between birth size and adult body composition
measured by DXA; our results point to a significant associ-
ation between birth weight and adult muscle mass. Indeed,
around 25% of the variation in whole body lean mass among
men and women, aged 70–74 yr, in this cohort was explained
by birth weight. This relationship was much more pro-
nounced than that between birth weight and whole body fat
mass and remained highly statistically significant after ad-
justing for age, adult height, and adult weight. Early growth
retardation in animal models leads to permanent reductions
in the mass of muscle (35–38), which has been postulated to
explain the link between impaired fetal growth and glucose

intolerance. Data obtained in human studies are scant. A
recent study of young children reported that birth weight
was associated with increased lean tissue in the upper arm,
as assessed by upper arm muscle-bone area, but that fatness
in the upper arm was less affected (39). A study of 191 men,
aged 17–22 yr (40), reported that thigh muscle-bone area in
adulthood was strongly correlated with birth weight, but not
with thigh sc fat area, and that the relationship between birth
size and adult body mass index was markedly attenuated by
adjusting for the muscle-bone measurement. Finally, 2 stud-
ies have evaluated the relationship between birth weight and
muscle mass or strength in later adulthood. The first of these
(41) examined the relationship between birth weight and
muscle mass, as estimated by urinary creatine excretion,
among 217 men and women, aged 50 yr. Adult muscle mass
was predicted by low birth weight and small head circum-
ference, but not by thinness at birth. The second explored the
relationship between birth weight, weight at 1 yr, and adult
grip strength among 717 British men and women, aged 60–74
yr. Strong positive associations were found between both
measures of weight in infancy and adult grip strength, such
that subjects in the lowest fifth of the distribution of birth
weight had 12% lower grip strength than those in the highest
fifth of the distribution, after adjusting for age, sex, socio-
economic status, and adult height (42). Our results support
these observations and suggest that one manifestation of
metabolic programming might be the allocation of cells dur-
ing critical early periods to different body compartments (fat,
muscle, and bone). Furthermore, our data suggest that adult
bone and muscle mass are more closely interrelated in in-
dividuals than either compartment is with adult fat mass.
Although this discordance between the development of bone
and muscle, on the one hand, and fat, on the other, might
stem from different environmental determinants in later life
(for example, physical activity), our data suggest differential
metabolic programming as an alternative explanation.

In summary, this cohort study suggests that low birth

TABLE 3. Bone mineral measurements according to birth weight after adjustment for age, sex, and adult height and weight

Measure
Birth wt (kg)

P for trenda

,3.15 3.15–3.64 .3.64

Adjusted for age, sex and height
Whole body BMC (kg) 22.25 22.71 23.21 0.029b

Femoral neck BMC (g) 4.11 4.28 4.34 0.039b

Lumbar spine BMC (g) 65.25 68.36 69.44 0.040b

Whole body total lean mass (kg) 43.08 44.31 51.62 ,0.001c

Whole body total fat (kg) 22.16 21.36 23.14 0.179
Adjusted for age, sex, and weight

Whole body BMC (kg) 22.18 22.78 23.16 0.035
Femoral neck BMC (g) 4.05 4.14 4.54 0.184
Lumbar spine BMC (g) 65.00 68.60 69.03 0.058
Whole body total lean mass (kg) 44.64 45.97 47.43 ,0.001c

Whole body total fat (kg) 23.42 22.15 20.55 ,0.001c

Adjusted for age, sex, height, and weight
Whole body BMC (kg) 22.43 22.85 22.79 0.244
Femoral neck BMC (g) 4.15 4.31 4.24 0.353
Lumbar spine BMC (g) 65.94 68.88 67.79 0.214
Whole body total lean mass (kg) 45.02 46.08 46.88 0.002c

Whole body total fat (kg) 23.09 22.05 21.03 0.003c

a P values calculated from linear regression.
b P , 0.05.
c P , 0.01.

PROGRAMMING OF BODY COMPOSITION 271

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/86/1/267/2841201 by U
.S. D

epartm
ent of Justice user on 17 August 2022



weight is associated with lower adult bone and muscle mass,
even after adjusting for adult height. These data add to the
evidence that the risk of osteoporosis in later life might be
programmed by genetic and/or environmental influences
during gestation. The genetic and environmental program-
ming of the skeletal growth trajectory and any concomitant
adverse effect on age-related bone loss require further study
so that current strategies to prevent osteoporosis may be
enhanced.
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