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Abstract—Understanding femoral neck structure may be crit-
ical to preventing fractures at this site . We examined the corre-
lates of changes in the femoral neck during adolescence . Dual
energy x-ray absorptiometry measurements of proximal femo-
ra were made in 101 Caucasian youths (ages 9 to 26 years).
Relationships were examined between developmental parame-
ters (age, pubertal stage, height, body mass, lean mass, and fat
mass) and femoral structure (bone mineral content, bone min-
eral density, neck width, cross-sectional area, and cross-sec-
tional strength) . Lean body mass was the best predictor of
femoral neck structure, explaining 53–87 percent of the vari-
ance, and was independent of gender. Body mass only
explained 51–79 percent of the variance . Previously we found
body mass to be the strongest predictor of femoral mid-diaphy-
seal cross-sectional properties . These findings suggest that tra-
becular bone of the femoral neck may be more responsive to its
mechanical environment than the cortical diaphysis . In addi-
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tion, lean body mass may be a more reliable predictor of mus-
cle loading than body mass.
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INTRODUCTION

Hip fractures are a common manifestation of osteo-

porosis, occurring in a large portion of the elderly popu-

lation (1,2) . Currently, hip fracture risk is predicted by

comparing areal bone mineral density (BMD) measured
by dual energy x-ray absorptiometry (DXA) to reference
values (3,4) . However, the ability of the hip to bear func-
tional loads is determined not only by the bone mass rep-

resented by BMD, but also by material quality and
distribution . Because BMD only partially discriminates
individuals who will or will not fracture (5), we need to

understand the geometry of the hip and how this struc-
ture contributes to the ability to withstand loading (6-8).

The adult skeletal form is the product of an exquisite
growth and development process, so understanding the
development of femoral neck structure will provide

insights into adult pathologies and treatments . During
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skeletal growth and development, adolescence is a criti-
cal period of bone mineral acquisition and much remains
to be understood regarding the factors controlling these
skeletal processes.

We previously examined the relationships between
femoral mid-diaphyseal structure and developmental
parameters during adolescence (9,10) . We hypothesized
that the appositional growth of the long bones, which pro-
duces the cross-sectional morphology, is strongly driven
by mechanical stimuli (11) . For a group of adolescents,
mid-diaphyseal linear bone mineral content (BMC) and
femoral width were obtained directly from DXA scans.
Using the method of Martin and Burr (12), femoral cross-
sectional and structural properties, including cortical
cross-sectional area, polar moment of inertia, and section
modulus, were calculated from the bone mineral proper-
ties . Of age, pubertal stage, body mass, and height, body
mass was shown to be the strongest predictor of femoral
cross-sectional properties, and the relationship was inde-
pendent of gender and ethnicity . We concluded that body
mass was the strongest predictor of femoral cross-sec-
tional properties, supporting our hypothesis regarding the
importance of mechanical stimuli.

While our results in the femoral diaphysis were sig-
nificant and conclusive, few clinical problems arise at this
skeletal site . In contrast, the structure and strength of the
femoral neck is of great interest clinically, particularly
because age-related changes in femoral neck structure have
been suggested as a cause for hip fractures (13) . Both
developmentally and structurally, the femoral neck and
diaphysis have several important differences . While the
diaphysis consists entirely of cortical bone, the femoral
neck contains approximately 75 percent cancellous bone
surrounded by a cortical shell . These morphologies arise
by two different developmental processes : the cortical
bone of the diaphysis is formed by direct bone apposition
while the cancellous bone of the epiphyses is formed by
endochondral ossification of the cartilaginous growth
plate . The dense cortical bone in the shaft primarily pro-
vides structural support while the epiphyseal cancellous
bone also serves a critical metabolic function . In the spine,
for example, different developmental factors influence the
density of the cortical and cancellous envelopes, and
mechanical influences have been suggested to play a less-
er role in cancellous bone density than hormonal factors
(14) . Therefore, the factors influencing midfemoral bone
structure might not apply to the femoral neck.

In this study, we asked the following research ques-
tion: what factors control skeletal changes in the femoral

neck during adolescence? Applying a similar approach to
that used for the femoral diaphysis, we examined the
geometry and structure of the femoral neck in the same
adolescent and young adult population studied previous-
ly. The relationships between developmental determi-
nants and femoral neck structure were investigated.
Based on our femoral diaphysis results, we hypothesized
that the development of femoral neck structure would be
strongly related to increases in mechanical loading and,
therefore, would correlate strongly with body mass.

METHODS

Experimental Subjects and Physical Characteristics
One hundred and one healthy Caucasian subjects

ranging in age from 9 to 26 years (48 males and 53
females) were recruited from the Stanford University
community . The details of the subject recruitment,
femoral neck bone mass, and hip axis length are present-
ed elsewhere (15,16) . Subjects included in this analysis
were limited to individuals whose parents were both of
Caucasian background . Telephone interviews were per-
formed to exclude subjects with a history of systemic dis-
ease or medication known to affect bone mineralization,
including amenorrhea . Height and body mass were mea-
sured for each subject.

Pubertal stage was determined using a self-assess-
ment questionnaire based upon Tanner classifications of
pubertal development (17) . Radiologic examination of
skeletal maturity could not be ethically justified in this
population of young individuals . Females were given
drawings and written descriptions of the five stages of
breast and pubic hair development and were asked to
select the drawings that most accurately reflected their
own stage of development. Males ranked their own
pubertal stage in a similar manner, using photographs of
genital and pubic hair development . This self-assessment
method has been shown to correlate well with pubertal
staging as determined by a physician examination (18).
The values for breast/genital and pubic hair Tanner
Stages were added and a combined Tanner Score ranging
from 2 to 10 was detei niined . Each subject was sorted
into one of three categories : early puberty (combined
Tanner Score 2-5), midpuberty (combined Tanner Score
6-8), and mature (combined Tanner Score 9-10).

The influence of diet, particularly calcium, was
accounted for by estimating dietary calcium intake nor-
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malized by total caloric consumption (calcium/energy)
(see detailed methodology in 15) . The subjects' daily
activities were expressed as the average number of hours
of weightbearing activity per week . Activities generating
at least one body weight were included (15) . The study
protocol was approved by the Stanford University
Institutional Review Board. Written consent was obtained
from each subject and from a parent of minors.

Femoral Analyses
The BMC of the left proximal femur and the whole

body was measured by DXA (Hologic QDR 1000/W;
Hologic, Waltham, MA) . Whole body DXA scans were used
to determine lean mass (LM, kg) and fat mass (FM, kg).
Femoral neck linear BMC (g), BMD (g/cm 2), and hip axis
length (HAL, cm) were obtained directly from the proximal
femur scans using standard scanner software . The scan pro-
tocol and HAL determination are described elsewhere (16).

The areal properties of a single central scan line in
the femoral neck region were obtained using the
approach of Martin and Burr and implemented as follows
(12,19) . The attenuation plot was output for a single scan
line from the femoral neck subregion (Figure 1) . The
attenuation values were divided by the density of cortical
bone (1 .85 g/cm 3 ) to obtain the beam path lengths along
the scan line . From this data, the femoral neck bone width
was determined directly (W, cm), and the area (A, cm2)
and moments of inertia (I, cm4) were obtained by inte-

1 .2 r

Figure 1.
Femoral neck DXA scan line data for raw unprocessed scan (dashed
line, open square data points) and adjusted splined scan with bone data
points only (solid line, solid circle data points) . Shaded region is bone
area, bone width (W) as indicated .

grating the area underneath the x-ray absorption curve.
The section modulus, (Z, cm3) a geometry-based indica-
tor representing the strength of a cross section, was cal-
culated from the moment of inertia divided by half the
bone width (21/W) . Finally, an index of neck strength was
formulated based on the bone strength index proposed by
Selker and Carter (20) by dividing the section modulus by
the HAL (Z/HAL, cm 2). This value is representative of
the bending force required to fracture the neck ; therefore,
a longer HAL or a lower section modulus would reduce
Z/HAL, indicating a lower strength . Clinical studies have
demonstrated an association between longer HAL and
femoral neck fracture risk (21).

Statistical Analysis
All data were analyzed using StatView and

SuperANOVA (Abacus Concepts, Berkeley, CA) . First
mean values were determined for BMD, W, A, I, and Z. The
effect of gender was determined for each pubertal group by
an analysis of variance. When the ANOVA was significant,
the Fisher PLSD post-hoc was used to compare groups.

Regression analyses were performed to examine the
influence on femoral neck development of age, pubertal
stage, height, body mass, lean mass, and fat mass . Simple
linear regressions were performed between these devel-
opmental parameters and each femoral neck structural
measurement: BMC, BMD, W, A, I, and Z. Multiple
regressions were performed for each developmental para-
meter including gender as a factor. Finally, a saturated
model including age, pubertal stage, height, body mass,
lean mass, and gender was examined . The different
regression models were compared for predictive power
based on the amount of data variance each explained
(indicated by the coefficient of determination).

Correlations were examined among related femoral
neck parameters . Significance was determined by
Fisher's r to z test . For all tests, differences were consid-
ered statistically significant if p<0 .05.

RESULTS

During development there were no gender differ-
ences in age, body mass, or height until maturity, as
reported previously (9) . At maturity the males were sig-
nificantly taller and heavier than the females . Lean mass
and lean mass/body mass showed no difference at early
puberty but were significantly greater at midpuberty and
maturity in males than in females . Fat mass only showed

Ev
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significant differences at midpuberty ; midpubertal
females had significantly more fat mass, but this differ-
ence disappeared at maturity.

All femoral neck measurements demonstrated sig-
nificant increases with age and pubertal stage . In the
males, there were very significant increases in all para-
meters both between early puberty and midpuberty
(p<0.001) and between midpuberty and maturity (p<0 .01;
see Figure 2). In the females, however, significant
increases were only present from early puberty to midpu-
berty; none of the changes from midpuberty to maturity
were significant . At early puberty, there were no signifi-
cant gender differences . Consistent with the taller stature
and larger body size of mature males, the mature male
values were significantly greater than those of the
females for all femoral neck measurements (p<0.0005)

and the midpuberty male values were significantly
greater than the female for BMC, A, I, and Z . A similar
pattern was observed previously for HAL, which
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Figure 2.
Comparison of mean (SD) BMD and section modulus values for the
femoral neck by pubertal stage between males and females . * indicates
significant difference between genders at a given stage ; ** indicates
significant difference between pubertal stages for a given gender .

increased significantly between each stage in males, but
only from early to midpuberty in females ; males had sig-
nificantly greater HAL at maturity (16).

All simple linear regressions of the femoral neck
measurements on the developmental parameters were
significant . Lean body mass had the strongest relation-
ships with all femoral neck measurements, explaining
53—87 percent of the variance in the parameters (Table 1,
Figure 3) . Body mass and height showed moderate rela-
tionships, explaining 51—79 percent and 42—77 percent,
respectively. Body mass explained more variance (2—9

percent more) than height for all measurements except
femoral neck width . Pubertal group explained 27'16 per-
cent of the data variance, and age explained 22—34 per-
cent. Fat mass showed the weakest relationships,
explaining only 4—14 percent of the variance in the data.
For the regressions on age, height, body mass, and lean
mass, section modulus showed the strongest relationship
of the six parameters investigated.

Figure 3.
Relationships between BMC (top) and section modulus (bottom) and
body mass (left) and lean body mass (right) . All regressions are sig-
nificant and independent of gender.

The regressions on the environmental factors (calci-
um intake and weightbearing activity) had very poor
explanatory power. Calcium intake was significantly
related to W, I, and Z, but only explained 2—3 percent of
the variance in these parameters . Our measure of weight-
bearing activity had no significant relationship with any
femoral neck measures.

When gender was included in the regressions, lean
body mass still had the strongest relationships with the
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Table 1.
Coefficients of determination (adjusted r2 ) for simple linear
regressions of femoral neck measures on developmental para-
meters . Bold indicates strongest relationships . All regressions

are significant.

Measure Age PG Height BM LM FM

BMC 0.26 0.46 0 .66 0.71 0.76 0 .13

BMD 0.25 0 .33 0 .42 0.51 0.53 0.11

W 0.22 0 .27 0 .60 0 .56 0.63 0 .04

A 0.28 0 .44 0 .70 0 .76 0 .80 0.14

I 0 .30 0 .36 0 .72 0 .74 0 .83 0.07

Z 0 .34 0 .43 0 .77 0 .79 0 .87 0.10

Z/HAL 0 .31 0 .46 0.65 0 .71 0 .75 0.12

Measure = femoral neck measure ; PG = pubertal group ; BM = body mass ; LM
= lean mass ; FM = fat mass ; BMC = bone mineral content, in g; BMD = bone
mineral density, in g/cm2 ; W = width, in cm; A = area, in cm 2 ; I = moment of
inertia, in cm4; Z = section modulus, in cm3 ; Z/HAL = section modulus divid-
ed by hip axis length, in cm2 .

femoral neck measures (Table 2) . The relationships with
lean mass, fat mass, and body mass were independent of
gender. Gender significantly improved all regressions on
pubertal group and some regressions on age and height,
increasing the explanatory power up to 23 percent . For
height, both gender and the interaction between age and
gender were significant for the BMC, I, and Z regres-
sions . The age relationships for BMC, A, I, and Z were
significantly influenced by gender, and there was a sig-

Table 2.
Coefficients of determination (adjusted R 2) for multiple linear
regressions with gender of femoral neck measures on individual
developmental parameters and for saturated regression . Bold
indicates strongest relationships . All regressions are significant.

Measure Age PG Height BM LM ALL

BMC 0 .39* 0 .62* 0 .70* 0 .71 0 .76 0 .79
BMD 0 .26 0 .45* 0 .45 0.51 0 .53 0 .56
W 0 .36 0 .46* 0 .64 0.56 0 .63 0 .65
A 0 .41* 0 .62* 0 .73 0 .76 0.80 0 .82
I 0 .49* 0.62* 0 .79* 0 .74 0.83 0 .84

Z 0 .52* 0 .66* 0.81* 0 .79 0 .87 0.88

Z/HAL 0 .44* 0 .59* 0.68 0 .71 0 .75 0 .76

Measure = femoral neck measure ; PG = pubertal group ; BM = body mass ; LM
= lean mass ; ALL = cumulation of age, pubertal group, height, body mass, lean
mass, and gender ; BMC = bone mineral content, in g ; BMD = bone mineral
density, in g/cm2; W = width, in cm; A = area, in cm 2 ; I = moment of inertia, in
cm4; Z = section modulus, in cm3 ; Z/HAL = section modulus divided by hip
axis length, in cm2. Significant effect of gender on regression .

nificant interaction between age and gender. Although
gender was not significant for BMD and W, the interac-
tion between age and gender was significant . When gen-
der was accounted for, the regressions on height and body
mass were very similar for all femoral neck measures,
and height explained more variance for femoral width,
moment of inertia, and section modulus.

Accounting for all the contributing developmental
variables in a saturated regression (age, pubertal group,
height, body mass, lean mass, and gender) only increased
the explanatory power by 1-3 percent over lean body
mass alone.

Where relationships were expected, correlations
were examined among independent femoral neck mea-
sures from the DXA data (Table 3) . There was a strong
correlation between the section modulus and both
femoral neck BMC (r=0 .863) and BMD (r=0 .754) . When
examined by gender, this correlation with BMD was
stronger in males (r=0.803) than females (r=0 .660), at
least partially due to the large data range of the males.
Section modulus and HAL were also strongly correlated
(r=0 .811, p<0 .0001).

Table 3.
Correlations among femoral neck measures . All correlations are
significant (p<0 .0001).

Measure BMC BMD W A I Z

Z 0 .863 0 .754 0 .863 0 .955 0 .990
HAL 0 .741 0 .528 0 .758 0 .749 0 .796 0 .811
Z/HAL 0 .911 0 .777 0.825 0 .951 0 .960

Measure = femoral neck measure ; BMC = bone mineral content, in g; BMD =
bone mineral density, in g/cm2; W = width, in cm ; A = area, in cm2; I = moment
of inertia, in cm4; Z = section modulus, in cm 3 ; HAL = hip axis length ; Z/HAL
= section modulus divided by hip axis length, in cm2 .

DISCUSSION

When the predictive power of age, pubertal stage,
height, body mass, lean mass, and fat mass were com-
pared, we found that lean mass was the strongest corre-
late of femoral neck structure in adolescents and this
relationship was independent of gender. Lean mass
explained from 2 to 9 percent more data variance than
body mass, the next strongest individual correlate in most
cases. When gender was taken into account, body mass
and height demonstrated similar relationships . A saturat-
ed regression containing age, pubertal group, height,
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body mass, lean mass, and gender only provided 1—3 per-
cent more explanatory power than lean mass alone, not a
practically relevant improvement.

These findings contrast with our earlier results in the
femoral diaphysis (9,10) . At the mid-diaphysis, all
femoral cross-sectional measures correlated most strong-
ly with body mass, and these relationships were indepen-
dent of gender. The relationships with lean mass were
weaker than those with body mass and were also strong-
ly dependent on gender, with greater values in females
than males at any given lean mass . With the exception of
femoral length, all body mass relationships were much
stronger than the relationships with height, explaining
6—17 percent more variance in mid-diaphyseal measures.
These results, combined with the current findings, sug-
gest that lean mass may be a more reliable indicator of
mechanical loading than total body mass at this skeletal
site . The cancellous structure of the femoral neck is more
metabolically active and may be more sensitive to
mechanical loading than the cortical mid-diaphysis.

We focused on structure of the midsection of the
femoral neck . Most other analyses have focused solely on
bone mineral acquisition at the femoral neck during growth.
Our values of BMD and BMC at the femoral neck are con-
sistent with measurements reported by others at similar
stages of development (22—26) . Gender-based examina-
tions of BMC or BMD acquisition at the femoral neck have
consistently revealed similarly rapid changes in bone mass
from early to midpuberty in both sexes, followed by a slow-
down in women from midpuberty to maturity (22,25,27).
Estimates of volumetric bone density from bone mineral
apparent density (BMAD) do not change in the femoral
neck during adolescence, suggesting that gains in BMD can
be explained by increases in bone size alone (16) . Similar
strong associations have been reported for femoral bone
mass with body mass and height (24,28).

In our study, the lack of association of femoral neck
structure with weightbearing activity may be due to sever-
al factors, including the strong relationship with body mass
and particularly with lean body mass, difficulties in quan-
tifying activity information, and lack of variance within
this population . In this active young population, body mass
and lean muscle mass may already account for the majori-
ty of differences in physical activity, leaving little further
explanatory power for activity measures (29) . Weak or no
relationships were found previously in this cohort; weight-
bearing activity correlated weakly with femoral BMD and
BMAD in the females of this study (30) and with femoral
BMD in early pubertal males of this study (16) .

Two other groups have examined the structural
behavior of the femoral neck, focusing on age-related
changes. Using a more complex structural model, Beck et
al . (13,31) characterized gender differences in femoral
structure with aging . They showed significant gender dif-
ferences in age-related changes in the femoral neck, but
only examined adult and elderly subjects and focused on
relationships of neck structure with age . Mourtada et al.
(8) validated this curved beam approach to the structural
behavior of the proximal femur. The femoral neck
showed the smallest cross-sectional area and lowest
moment of inertia . Under loading conditions simulating a
fall on the greater trochanter, the greatest stresses were
present in the femoral neck. Yoshikawa et al . (7) used a
structural approach similar to ours . In their calibration
study, the correlations between the mineral measurements
and the moment of inertia are similar to ours . They exam-
ined a series of normal adult subjects and found no rela-
tionship between the cross-sectional moment of inertia
and age, but did not fully examine other possible explana-
tory characteristics such as body mass and height . They
did observe age-related gender differences in femoral
stresses, safety factor, and fall index, which might indi-
cate increased fracture risk.

The advantage of these approaches (6—8) and the
work presented here is that they provide a mechanistic
characterization of femoral neck structure . Although
BMD correlates well with the structural parameters we
examined, BMD alone cannot account for differences in
mineral distribution and load-bearing ability and is
known to be insufficient for predicting fracture risk (5).
Structural parameters such as cross-sectional moment of
inertia and section modulus provide insight into the
response of the femoral neck when a force is applied.
More widespread implementation of structural approach-
es is necessary, however, to validate their utility.

The significance of lean body mass to femoral struc-
ture may have important consequences in understanding
hip fracture risk later in life. Increased hip fracture risk
has been associated with low body mass in studies of eth-
nic differences in hip fracture rates (32) . Longer HAL is
also associated with increased hip fracture risk (21).
Understanding how these influences interact during
development may provide insights into age-related
changes and benefit predictions of fracture risk . Our
results demonstrate lean body mass to be a powerful,
independent predictor of femoral neck structure during
development, but these results cannot address whether a
causal relationship exists . Lean body mass is a measure
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of the skeletal loading created by the local actions of
muscles . The strong relationship with lean body mass and
weaker correlations with general indicators of growth
such as height, therefore, suggest that the developing
femoral neck is very responsive to its mechanical envi-
ronment . Further investigation of femoral neck structure
and lean body mass in longitudinal studies may provide
insights into this load-based adaptation and identify a role
for loading and exercise in femoral neck fracture risk pre-
vention.
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