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INTRODUCTION
Hip fracture is the most significant complication of osteoporosis in terms of mortality, loss
of independent function and health and social costs. While areal BMD is a strong predictor
of future hip fracture (1), differences in the shape of the proximal femur are also predictive
of both mechanical strength and fracture risk (2). Though while many determinants of areal
BMD have been established, there are relatively few predictors of proximal femoral
geometry (3). There is a growing body of evidence that environmental influences during
periods of early development (4) lead to persisting changes in adult bone mass (5,6) and risk
of fracture (7) that appear to be independent of genetic factors (8). We have previously
reported that weight during first year of life predicted bioengineering estimates of proximal
strength using two dimensional DXA measurements (9). However, such two dimensional
assessments are prone to rotational artifact and in addition DXA is unable to distinguish the
different contributions from the trabecular vs. cortical compartments. Here we report a novel
association between self-reported weight at birth with geometric three dimensional
measurements of the proximal femur, both cortical and trabecular, in a well defined cohort
of elderly men.

METHODS
Study population

The Osteoporotic Fractures in Men (MrOS) Study enrolled 5,995 men at six U.S. clinical
centers (Birmingham AL, Minneapolis MN, Palo Alto CA, Pittsburgh PA, Portland OR and
San Diego CA) from March 2000 through April 2002. Eligible participants were
community-dwelling, at least 65 years of age, able to walk without assistance from another
person, and had not had bilateral hip replacement surgery.
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All MrOS participants completed the baseline self-administered questionnaire and attended
the baseline visit when skeletal, anthropometric and other measures were obtained. Details
of the MrOS recruitment and study design have been published elsewhere (11). The
institutional review board at each site approved the study protocol and written informed
consent was obtained from all participants.

At the baseline visit participants were asked “Approximately how much did you weigh at
birth?” and allowed to select 6 possible responses: less than 3 pounds; 3 to 4.9 pounds; 5 to
6.9 pounds; 7.0 to 8.9 pounds; more than 9 pounds and don't know. Of baseline recorded
data, we used measured height (measured with a wall-mounted Harpenden stadiometer
(Holtain Ltd, DyFed, United Kingdom)) and body weight (measured with a balance beam
scale (except for the MrOS Portland site, which used a digital scale) and quantitative
computed tomography (QCT) measurements of femoral neck axis length, cross sectional
area and volumetric BMD (vBMD) which are described in detail below.

Femoral geometry and vBMD assessment
QCT measurements were acquired for the first 650 participants recruited at each clinic site
and all men from minority backgrounds. The imaging of the proximal femur was performed
with 80 kVp, 280 mA, 3-mm slice thickness, 512 × 512 matrix in spiral reconstruction
mode. Each scan was initiated at the proximal femoral head and continued to 3.5 cm below
the lesser trochanter. Calibration standards were made with known hydroxyapatite
concentrations (150, 75, and 0 mg/cm3; Image Analysis)(10). The method of analyzing the
QCT has been described previously (11) and is summarized here. The left hip image was
reformatted in the neutral axis and the periosteal border was delineated using a region
growing algorithm. The maximum and minimum cross sectional areas (CSA) of the femoral
neck (FN) were identified (Figure 1) and the neck axis length was measured as the distance
between the minimum and maximum CSA. The FN region was defined as 75% of the
distance from the minimum to the maximum CSA. The Intertrochanteric (IT) region was
defined medially by the lateral aspect of the FN region and laterally at a distance equal to
45% of the computed neck length lateral to the position of the maximum CSA. The shaft
region was defined as 3 cm below the lesser trochanter in a 10 mm transverse section. A
peel retaining the same shape as the periosteal boundary was then performed to define a sub
cortical margin.

The following measurements were then derived at each of the FN, IT and shaft regions: the
integral volume (equal to volume of tissue within the periosteal boundary); the cortical
volume and volumetric density was measured using all voxels of the outer peel of bone with
a vBMD of ≥ 0.35 g/cm3; the marrow volume was calculated as the integral volume
subtracted by cortical volume; the percentage of cortical vs. marrow volume was calculated
using the integral volume as the denominator. To compute the neck-shaft angle, we first
computed the projection of the femoral neck axis on the coronal plane, and calculated the
angle of the neck axis with respect to the axis of the CT imaging table (the longitudinal axis
of the patient). The angle of the femoral shaft was taken by reconstructing three 1-mm thick
transverse sections perpendicular to the neutral axis of the femoral shaft. The most inferior
section was the most inferior cross-section of the scan. The other two sections were located
10mm and 20 mm superior to the most inferior cross-section. The periosteal boundary of the
shaft was computed in each cross-section, and from that boundary, we computed the area-
weighted centroid of the shaft bone. A three dimensional shaft axis was obtained by fitting a
line through the three centroids. We calculated the projection of the 3D shaft axis onto the
coronal plane, and then computed the angle of that axis with respect to the axis of the CT
imaging table. The neck-shaft angle was taken as the difference of the neck angle and the
shaft angle with respect to the table axis.
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To prevent extreme observations biasing the estimates, we report estimates from
distributions trimmed at 3 SD (11).

Statistical analysis
Due to small sample numbers we pooled the lowest three birth weight (BW) groups together
to <7 lbs. We compared men with BW < 7 pounds (lower BW; n=501) and ≥ 9 pounds
(higher BW; n=262) with those weighing 7–8.9 pounds (medium BW; n= 1,068) as the
referent group using T-tests to compare differences in the study subject characteristics and
linear regression models adjusting for current age, height and body mass index (BMI). Due
to BW differences between ethnic groups and the small numbers of non-whites in the higher
BW group, we analyzed QCT data for Caucasian/White subjects and included all non
Caucasians into a non-white group separately.

RESULTS
Of the 3786 men with proximal femur QCT data, 1831 (48.3%) reported a BW; 14 men
reported a BW of less than 3 pounds, 44 men 3 to 4.9 pounds, 443 men 5 to 6.9 pounds;
1,068 men 7.0 to 8.9 pounds; 262 men more than 9 pounds. The mean age of the 1831 men
who had both BW and QCT measurements was 73 yrs (SD 5.9). The characteristics at
baseline characteristics are shown in Table 1. Those without a self reported birth weight
(n=1,270) were significantly older, taller and had a lower BMI than the referent middle BW
group. They were also significantly more likely to be non-white.

White men
Compared with middle BW men, lower BW men were significantly shorter [172.5 (6.6) cm
vs 174.7 (6.5) cm, p<0.001] and higher BW men were significantly taller [176.6 (6.8) cm,
p<0.001]. Similar relationships were seen with adult BMI and lower BW [26.8 (3.5) kg/m2

vs middle BW: 27.52 (3.7) kg/m2 vs, p<0.001] and higer BW [28.1 (3.6) g/m2, p=0.02]. The
QCT measurements between BW groups and the associations, unadjusted and after adjusting
for adult height and BMI are shown in Table 2.

There were significant (p<0.05) differences in adult femoral geometry by reported BW
(Figure 2) and the difference in CSA and length were not concordant by birth weight group.
At the femoral neck site, compared with middle BW men, higher BW men had a longer
femoral neck length (+0.16SD; p=0.028). Higher BW men also had a wider CSA (+0.24 SD,
p=0.001) than middle BW men. Associations between higher birth weight and adult femoral
neck length and CSA were no longer statistically significant after adjusting for height and
BMI (p=0.12 and 0.09 respectively). As anticipated, higher BW men had a larger integral
neck volume (+0.25 SD, p=0.001) compared with middle birth weight men. Of the two
compartments, the increase in integral volume appeared to be due to increases in both
marrow volume (+0.23 SD, p=0.001) and cortical volume (+0.17 SD, p=0.018).

In contrast, lower BW men had narrower femoral cross sectional area (CSA) (−0.24 SD,
p<0.001) even after adjusting for height and BMI (p=0.01) but unexpectedly had a longer
femoral neck for their height (+0.11 SD, p=0.05), and this resulted in no overall difference
in the integral volume at the femoral neck (−0.04 SD, p=0.41).

At the trochanteric sites the higher BW men had a larger CSA (0.28 SD, p<0.001), integral
volume (0.31 SD, p<0.001), cortical volume (0.22 SD, p=0.002) and marrow volume (0.30
SD, p<0.001). The lower BW men had a narrow CSA (−0.36 SD, p<0.001) and reduced
integral volume (−0.16 SD, p=0.005) which appeared to be due to reductions in marrow
volume (−0.19 SD, p<0.001) but not cortical (−0.05 SD, p=0.38) volume. The femoral shaft
below the lesser trochanter was wider in the higher BW men (0.31 SD, p=0.004) with no
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difference in cortical thickness (0.05 SD, p=0.48), while the lower BW had similar shaft
diameters (−0.14 SD, p=0.081) to the referent group, with a reduction in cortical thickness
(−0.13 SD, p=0.041).

Finally, neither cortical nor trabecular vBMD at the femoral neck, trochanter or shaft regions
differed (p>0.05) by self reported BW.

Non White men
Compared with middle BW men, higher BW men were taller (177.0 ± 8.7 vs 172.6 ± 7.0;
p=0.02) but did not differ by BMI (28.9 ± 3.8 vs middle BW: 27.7 ± 3.4; p=0.17). Lower
BW men were shorter (169.0 ± 6.6; p=0.002), and were non-significantly thinner (BMI: 26.5
± 4.0; p=0.051), when compared to middle BW subjects.

The number of men in the higher BW group was small (n=20) and there were no statistically
significant differences in hip proximal geometry of bone density. Lower BW men had non-
significantly lower femoral neck cross-sectional area (−0.28 SD, p=0.08), with no difference
in femoral length observed (−0.0 SD, p=0.9). At trochanteric sites, they had significantly
lower cross-sectional area (−0.51 SD, p<0.001). Trochanter integral volume was reduced in
lower BW men (−0.33 SD, p=0.04), with non-significant reduction in cortical (−0.16,
p=0.32) and significant reduction in marrow volume (−0.38 SD, p=0.02). At the femoral
shaft, cross-sectional area (−0.53 SD, p=0.003) and cortical thickness (−0.29 SD, p=0.07)
were smaller amongst the lower BW subjects. After adjusting for current height and BMI the
above associations between birth weight and hip geometry were no longer statistically
significant (p≥0.1). Cortical or trabecular vBMD did not significantly differ by BW group.

DISCUSSION
We report here the novel association between reduced birth weight and reductions of both
femoral neck cross sectional area and width with an absolute increase in neck length in
Caucasian men. Both of these geometric features have been associated with an increased
risk of future fracture. In previous reports from the SOF study, increased neck length was
associated with an increase in hip fracture risk (2). Our previous study of the association
between femoral shape and early life growth also demonstrated a positive association
between birth size and femoral cross sectional area but no association with neck length (9).
The explanation for this discrepancy may result from the error of measuring neck length
from the two dimensional DXA scans, and not measuring neck length along the longest axis
of the neck. The benefit of the three dimensional QCT images is that each image was
reformatted along the longest axis, and this provides a more accurate true neck length
measurement. The lack of association in Caucasian men between self-reported BW and
measures of volumetric bone density is consistent with previous studies using a UK
community based cohort of men of similar age and range of birth weights who had
peripheral QCT of the tibia and radius (12). However in that study, increasing birth weight
was positively associated with not only area but also length at both tibia and radius.

The mechanisms underlying this association could either represent unknown confounders,
such as a genetic polymorphisms that predict or may be associated with both hip geometry
and birth size. At present, birth weight is thought to have a heritability of only 25 – 40%
(13). In addition, within healthy identical twins, discordance in adult bone mass was found
to be significantly associated with birth weight suggesting a relatively small genetic
component compared with environmental influences during early life (8). It is thought that a
low self reported birth weight is associated with poor environment in utero for the
developing fetus. Studies from the Europe (5,6,14,15), America (16) and Australia (17) have
supported the hypothesis that size in early life is associated with adult bone mass. Cohorts
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from Finland have shown these associations also apply to fracture risk (7,18). Mother-
offspring studies have confirmed these observations, highlighting the importance of the
maternal environment on the bone mass of the child. The "developmental origins"
hypothesis proposes that in utero environment triggers specific fetal adaptations such as
changes in metabolism, alterations in hormone production and in tissue-sensitivity to
hormones, as well as the relative growth rates of different anatomical compartments and
structures (4). These adaptations lead to persisting changes in the body’s structure,
physiology and metabolism, and are often associated with reduction in fetal growth rate and
small body size at birth. Subsequent environmental exposures during infancy, childhood and
adult life may modify or condition the later risk of disease. One of the candidate factors is
vitamin D. Studies have shown a positive association between maternal vitamin D status in
late pregnancy and differences in the geometry of the fetal distal femur as measured by
ultrasound (19), the subsequent bone mass of the child (20); further neonatal rickets maps
ecologically to rates of adult hip fracture (21). Insufficient maternal vitamin D status result
in changes in placental calcium transport and the fetal skeletal development. (22).

This study has a number of strengths including a sophisticated QCT measurements of the
proximal femur and a very well characterized cohort of elderly men. However, there are also
some potential limitations including the use of self-reported vs. documented birth weight. It
is to be expected the recalled birth weight is less accurate than actual birth weight abstracted
from clinical records, however studies comparing birth weight with phenotypes that develop
in later adult life, rarely have the availability of such records. While some have questioned
the value of self reported birth weight (23), other studies have shown the self-reported birth
weight is accurate (24,25). Self-reported birth weight has been used to explore associations
between the intrauterine environment and adult life in a wide range of adult diseases. The
question whether self reported birth weight leads to random versus systematic error has been
less well described. The methods for collecting birth weight in the study by Allen et al.(26)
were similar to MrOS in that the participants were allowed to answer “Don’t know” rather
than offer a guess, which may further reduce the error. In the study by Allen et al (26), the
independent predictors of an accurate self-reported birth weight within 4 oz were found to
be being younger at time of self report and being the eldest child. Also from this study,
being able to report birth weight was determined by having a living mother and a lower
recorded birth weight and while non-manual working was a predictor of birth weight
reporting in uni-variate models, it was no longer significant in the multivariate model.
Finally, for statistical reasons we grouped those with birth weight of < 7 lbs and we
recognize this threshold is not considered low birth weight in current clinical medicine (27).
However, few low birth weight babies born during the period of time which the men of this
cohort were born would have survived (28). A survival bias due to the selective survival of
healthier low birth weight men would lead to an underestimation of the association between
birth weight and bone size and, given the dramatically increased survival of such low birth
weight men currently, the association of low birth weight and poorer health outcomes may
be magnified in the future (29).

In this study, we have demonstrated that while low size at birth is associated with an
increase in femoral neck length with a decreased neck area compared to middle birth size in
men. Additional research describing the relationship between the early developmental
factors and lifetime fracture risk should be pursued; such research may inform primary
preventative strategies for fracture prevention.
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Figure 1.
Regions of femoral neck, trochanter and total hip using QCT images reformatted along the
neutral axis.
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Figure 2.
Differences in adult proximal femoral geometry and volumetric density in low and high
birth weight Caucasian men compared the to the referent middle birth weight men
Legend: SD change (95% CI) for Femoral neck (FN) geometry and total hip (TOT HIP)
volumetric BMD of the cortex (CvBMD) and marrow (MvBMD) compartments.
* <0.05; ** <0.01, ***<0.001
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Table 1

Characteristics of MrOS participants who had a QCT of the pelvis at baseline by self-reported birth weight

Self-reported BW

Low Middle High Not reported

< 7 lbs 7–9 lbs > 9 lbs

N 501 1068 262 1,270

Age (yrs) 73.0 (5.7) 72.9 (5.5) 73.5 (5.9) 74.1 (6.1)***

Non White (%) 14.4%*** 8.3% 7.6% 16.8%***

Previous Fragility fracture 14.0% 12.4% 12.6% 11.8%

Hip fracture 1.8% 1.8% 1.9% 2.2%

Height (cm) 172 (7)*** 175 (7) 177 (7)*** 173 (7)***

BMI (kg/m2) 26.8 (3.5)*** 27.5 (3.7) 28.1 (3.5)* 27.0 (3.8)**

Legend: Mean (SD) shown, significance

*
<0.05,

**
<0.01,

***
<0.001 compared with referent middle BW group.
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