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ABSTRACT: Gender differences in fractures may be related to body size, bone size, geometry, or density. We
studied this in 18-year-old males (n = 36) and females (n = 36) matched for height and weight. Despite
comparable body size, males have greater BMC and BMD at the hip and distal tibia and greater tibial cortical
thickness. This may confer greater skeletal integrity in males.

Introduction: Gender differences in fractures may be related to body size, bone size, geometry, or density. We
studied this in males (n � 36) and females (n � 36; mean age � 18 years) pair-matched for height and weight.
Materials and Methods: BMC, bone area (BA), and BMD were measured in the spine and hip using DXA.
Distal tibia was measured by pQCT.
Results and Conclusions: Males had a higher lean mass (92%) compared with females (79%). No gender
differences were observed for vertebral BMC or vertebral height, although males had greater width and thus
BA at the spine. Males had greater BMC and BA at the femoral neck and total femur (p < 0.02). Geometric
variables of the hip including neck diameter and neck-axis length were also greater in males (p < 0.02). There
was greater cross-sectional moment of inertia, safety factor, and fall index in males (all p < 0.02). Males had
greater tibial BMC, volumetric BMD, and cortical area and thickness compared with females (p < 0.01), with
both greater periosteal circumference (p � 0.011) and smaller endosteal circumference (p � 0.058). Statis-
tically controlling for lean mass reduced gender differences, but males still had 8% higher hip BMD (p � 0.24)
and 5.3% higher total tibial BMD (p � 0.05). A subset of males and females were matched (n � 14 pairs) for
total hip BA. Males in this subset still had greater BMC and BMD at the total hip (p < 0.05) than females,
despite similar BA. In summary, despite comparable body size, males have greater BMC and BMD than
females at the hip and distal tibia but not at the spine. Differences in BMC and BMD were related to greater
cortical thickness in the tibia. We conclude that differences in bone mass and geometry confer greater skeletal
integrity in males, which may contribute to the lower incidence of stress and osteoporotic fractures in males.
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INTRODUCTION

STRESS FRACTURES ARE far more common in female mili-
tary cadets (3.4–21%) than in their male counterparts

(0.9–5.2%).(1) Gender-related differences in osteoporosis-
related fracture rates are also well known in older adults.(2–9)

These differences in gender-related fracture rates have of-
ten been attributed to higher BMD in men than women.(9–10)

Whereas it is plausible that differences in BMD may, in
part, explain gender-related differences in fracture rates, it
is also possible that differences in both BMD and fracture
rates may be attributed to differences in body size, bone
size, and bone geometry.(11–14) The geometry and struc-
ture of bone have been increasingly recognized as impor-
tant risk factors for fracture. Women, with a naturally
smaller skeleton, may also incur greater microarchitectural

damage than men and adapt less effectively by periosteal
apposition,(15) the latter contributing to gender differences
in bone geometry.

The role of puberty in determining gender differences in
bone size and mass is still being assessed. It is known that,
before puberty in both sexes, the length and width of bone
increase progressively. Because boys enter puberty about 2
years later than girls, they can acquire greater long bone
length before puberty.(15,16) However, in prepubertal boys
and girls, matched for age, height, and weight, cross-
sectional area of the midshaft of the femur and cortical
bone area measured by CT were similar.(17) Gender-related
differences in bone width are more apparent after puberty.
For example, periosteal growth, which enlarges bone diam-
eter, accelerates at puberty in males. However, in females,
periosteal growth is inhibited by estrogen at puberty, and
thereafter, cortical thickness only changes by apposition of
endocortical bone.(15,18) Long bone cross-sectional growthThe authors have no conflict of interest.
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is also strongly driven by mechanical load associated with
increased weight during growth.(19) Gender differences in
proximal radius cortical thickness also seem to emerge after
puberty (age > 15 years) based on pQCT, with cortical
thickness in males exceeding that of females.(20)

Both hormones and nutrition influence the mechanical
load on growing bone by acting on longitudinal bone
growth and muscle mass. Hormones and nutrition may also
alter the mechanostat set-point. When mechanical chal-
lenges exceed an acceptable level (the mechanostat set-
point), bone tissue will be added to the location where it is
mechanically needed,(21,22) and it is possible that these
forces and the resulting effect on bone quality may be gen-
der specific.

In an evaluation of the lumbar spine by QCT, females
tended to have higher density values before puberty, with a
cross-over to higher vertebral density in males in later de-
cades.(23–25) Vertebral volumetric BMD, both trabecular
and cortical, has been shown to be similar in younger males
and females.(14,26,27) The greater vertebral bone strength
measured in males may be a result of gender differences in
vertebral width, area, and volume, not bone tissue density
per se,(27,28) and vertebral size may be an important deter-
minant of resistance to fracture in adults.(13,28–31)

In a recent analysis of NHANES data, it was found that
body size had a major influence on the magnitude of gender
differences in femur BMD and geometry.(32) In that analy-
sis, statistical correction for differences in height and weight
removed femur BMD differences but not geometric differ-
ences (subperiosteal width, section modulus, and cortical
thickness) between the genders in young adults. However,
in older adults from NHANES, the gender differences in
BMD and bone geometry persisted even after statistical
body size correction. Males tend to have larger bone vol-
ume and larger cross-sectional area than females, even after
taking body size into account in some studies.(17,28) Several
other studies have reported that, when both adults and chil-
dren are matched for body size, many of the reported gen-
der-related differences in bone mass disappear.(33–36) Body
composition (percent lean mass and percent fat mass)
rather than body size alone may also play a role in deter-
mining gender differences in bone mass, size, and geometry,
although this may also have a genetic determinant.(37)

In this study, we sought to examine the gender-related
differences in axial and appendicular bone mass, size, ge-
ometry, and biomechanical competence and their relation-
ships with body composition in adolescent elite military ca-
dets matched for body size.

MATERIALS AND METHODS

We studied a group of healthy, fit, adolescent white
males (n � 36) and females (n � 36) with a mean age of 18
years recruited from the United States Military Academy,
West Point, NY. The Keller Army Hospital Institutional
Review Board approved this study, and all volunteers pro-
vided informed consent. These subjects are a subset of a
larger cohort study of factors relating to peak bone mass
and stress fracture risk in >850 military cadets. Each female
cadet was pair-matched with a male cadet for height within

1 in and weight within 5 lb. Height and weight were deter-
mined at the time of the entry fitness test taken by each
cadet. Subjects completed a baseline questionnaire includ-
ing questions about exercise (number of hours per week)
and glasses of milk consumed per day during the year be-
fore entry to the academy.

Axial measurements were performed by DXA using the
Lunar DPX-IQ (GE-Lunar, Madison, WI, USA) in a mo-
bile unit. Lumbar spine measurements included bone size in
centimeters (vertebral height, width, and area), BMC (g),
and areal BMD (aBMD; g/cm2). Proximal femur measure-
ments included bone size (area), BMD (g), and aBMD (g/
cm2) at the femoral neck, trochanter, shaft, and total proxi-
mal femur. Geometric parameters and strength indices
were derived from these measurements using the method-
ology of Yoshikawa et al.(38) Variables of interest included
distance (d2) from the center of the femoral head to the
neck axis–shaft axis intersection; distance from the center
of mass to the superior neck margin (y); neck diameter; and
neck cross-sectional area. The following hip strength pa-
rameters were also calculated: the cross-sectional moment
of inertia (CSMI); the safety factor (a derived index of the
strength of the femoral neck during walking); and the fall
index, a derived index of the strength of the femoral neck
during a fall.

The distal one-third of the tibia was determined by a
manual measurement of tibial length between the base of
the patella and the styloid process to the closest 0.5 centi-
meter. The tibia was chosen because it is a major site of
stress fractures in military cadets. pQCT (Stratec XCT-
2000) was used to image a single slice at the one-third distal
tibia. The one-third site is located by the pQCT after plac-
ing the positioning light of the gantry above the styloid
process. Bone area (mm2), BMC (mg/1-mm slice of bone),
BMD (mg/cm3), cortical area (mm2), cortical thickness
(mm), and periosteal and endosteal circumferences (mm)
were measured. Cortical bone was identified at a threshold
>710 mg/cm3. Cortical thickness was derived using the cir-
cular ring model, which calculates a mean cortical thickness
from measures of total bone area and cortical bone area.
Several geometric parameters relating to the cortical shell
were calculated, including the axial moment of inertia of
the cortical area, moment of resistance, polar moment of
inertia of the cortical bone area, and the strength-strain
index. Further analysis of pQCT data was performed to
determine the total limb area and muscle area for the re-
gion of the distal one-third of the tibia.

Body composition was determined by bioelectrical im-
pedance to determine lean mass (%) and fat mass (%) for
the total body. In addition, percent fat and percent lean
mass were determined by DXA for soft tissue overlying the
spine and femur.

All data were analyzed with SAS software. Values of
each bone parameter were compared in the males versus
the females with paired t-tests. Measurements of total body
lean and fat masses, as well as regional measurements of
muscle, were correlated with bone parameters using Pear-
son correlation. Analysis of covariance was used to deter-
mine the influence of gender on bone size and geometry
after controlling for lean mass.
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RESULTS

The males and females were closely matched for both
height and weight (Table 1). The males were ∼6 months
older. The mean BMI was 22.9 kg/m2 in both males and
females, but the percent lean mass by bioelectric impedance
was higher in males (Table 1). The average level of re-
ported exercise (9 h/week) and the average milk intake (3
cups/day) over the year before this study were similar in
both groups.

Vertebrae

Vertebral height was similar in the two groups; however,
vertebral width, and therefore vertebral area, was greater in
males than females (Table 2). BMC was similar in males
and females; consequently, the females had a greater BMD
at the spine than the males (1.323 ± 0.026 versus 1.266 ±
0.017 g/cm2, p < 0.06), a difference that approached statis-
tical significance.

Hip

At the hip, males had significantly greater bone area,
BMC, and BMD in each region, including the femoral neck,
trochanter, and total hip, as well as at the femoral shaft
(Table 2). These differences all met or approached statisti-
cal significance. Results for the geometric variables are
shown in Table 3. Males had a longer neck axis length (d2),
wider neck diameter, greater distance from the center of
mass to the superior neck margin as measured for the sec-
tion of minimum CSMI, and greater femoral neck cross-
sectional area than the females (all p < 0.02). In addition,
hip strength analyses based on the derived indices showed
that the CSMI, safety factor, and fall index were all greater
in males than females (Table 3). Even in women, however,
safety factor and fall index were above average peak nor-
mal values (peak safety factor, 5.5; peak fall index, 1.5).

To determine whether hip BMD and strength index re-
sults were related to a true gender difference or simply a
difference in bone size, 14 males and 14 females were fur-
ther matched for total hip bone area (in addition to having
been first matched for height and weight). Although the
two groups were matched for total hip area, the gender
differences in BMC, and thus BMD, persisted in the total
hip (Fig. 1). Similar results were found at the femoral neck,
trochanteric region, and femoral shaft, where males had
significantly greater BMC and BMD at each of these hip
regions compared with females matched for hip area (data

not shown). In these 14 hip area–matched pairs, there was
no significant differences in lumbar spine BMD, BMC,
area, or vertebral height. Vertebral width was still greater in
males compared with females, although the difference was
no longer significant (p � 0.30).

Tibia

Tibial length did not differ between males and females, as
shown in Table 4; however, total bone area was greater in
males compared with females (p � 0.01). Males also had
significantly greater BMC and greater volumetric BMD
than females. In addition, tibial cortical area, cortical BMC,
and cortical thickness were significantly greater in males
compared with females. This difference in the cortical
thickness was reflected in the greater periosteal circumfer-
ence (p � 0.01) and smaller endosteal circumference (p �

TABLE 1. DEMOGRAPHIC VARIABLES FOR MALE AND FEMALE

CADETS (MEAN ± SE AND RANGE)

Females Males

Age (years) 18 ± 0.14 (17–21) 18.5 ± 0.17 (17–21)
Height (cm) 173.6 ± 0.9 (160–188) 173.7 ± 1.0 (160–188)
Weight (kg) 69.0 ± 1.1 (56.2–83.9) 69.1 ± 1.1 (56.3–83.9)
BMI (kg/m2) 22.9 ± 0.3 (19.4–25.8) 22.9 ± 0.3 (19.4–25.9)
Lean mass (%) 79.1 ± 0.5 (72.7–84.0)* 91.4 ± 0.5 (84–96.1)
Fat mass (%) 20.9 ± 0.5 (16.0–27.3)* 8.6 ± 0.5 (3.9–16.0)

* p < 0.01.

TABLE 2. BMD OF THE LUMBAR SPINE AND HIP IN

SIZE-MATCHED MALE AND FEMALE CADETS (MEAN ± SE)

Skeletal
region Females Males

Difference
(p value)

Lumbar spine (L2–L4)
Vertebral height (cm) 10.51 ± 0.07 10.43 ± 0.08 0.41
Vertebral width (cm) 4.32 ± 0.05 4.51 ± 0.047 0.003
BMC (g) 59.56 ± 1.71 59.72 ± 1.35 0.93
Area (cm2) 45.41 ± 0.71 47.09 ± 0.68 0.027
BMD (g/cm2) 1.323 ± 0.026 1.266 ± 0.017 0.063

Femoral neck
BMC (g) 5.70 ± 0.14 6.31 ± 0.14 0.001
Area (cm2) 4.73 ± 0.05 4.94 ± 0.55 0.008
BMD (g/cm2) 1.203 ± 0.023 1.279 ± 0.026 0.031

Femoral trochanter
BMC (g) 12.77 ± 0.43 16.22 ± 0.50 0.001
Area (cm2) 13.31 ± 0.29 15.01 ± 0.28 0.001
BMD (g/cm2) 0.957 ± 0.020 1.075 ± 0.023 0.001

Femoral shaft
BMC (g) 19.50 ± 0.41 21.43 ± 0.42 0.001
Area (cm2) 14.17 ± 0.13 14.54 ± 0.18 0.078
BMD (g/cm2) 1.377 ± 0.027 1.479 ± 0.029 0.019

Total proximal femur
BMC (g) 37.97 ± 0.90 43.96 ± 0.97 0.001
Area (cm2) 31.91 ± 0.46 34.53 ± 0.39 0.001
BMD (g/cm2) 1.194 ± 0.026 1.273 ± 0.025 0.051

TABLE 3. GEOMETRIC VARIABLES OF THE HIP (MEAN ± SE)

Female Male p Value

d2 51.5 ± 0.72 53.8 ± 0.76 0.017
Neck diameter (mm) 33.1 ± 0.33 34.4 ± 0.38 0.002
y (mm) 16.2 ± 0.19 17.0 ± 0.26 0.001
Neck cross-sectional

area (mm2) 213.1 ± 5.00 235.6 ± 4.7 0.001
Cross-sectional moment

of inertia (mm4) 14892 ± 581 18032 ± 611 0.001
Safety factor 6.43 ± 0.31 7.48 ± 0.26 0.019
Fall index 1.89 ± 0.07 2.14 ± 0.06 0.011

d2, distance from center of the femoral head to the neck axis–shaft axis
intersection; y, distance from the center of mass to the superior neck margin
for the section of minimum CSMI.
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0.058) in the males. As shown in Fig. 2, tibial strength analy-
sis using pQCT results indicated that males have greater
tibial strength than size-matched females. Gender-specific
geometric differences resulted in greater axial moment of
inertia, greater moment of resistance, greater polar moment
of inertia, and a greater strength-strain index in the males
than in the females (all p < 0.05).

Body composition

As shown in Table 1, total body lean mass was signifi-
cantly greater in males than in females, and correspond-
ingly, fat mass was greater in females. There were no sig-
nificant correlations between total body lean mass and
vertebral BMD, femoral neck BMD, or total hip BMD by
gender in this population, perhaps related to the small
sample size and limited range of lean and fat mass in this
study.

Males had greater muscle mass (p < 0.01) and lower fat
mass (p < 0.01) than females at the distal tibia site as well.
Total body percent lean mass correlated with measure-
ments of muscle area and bone area at the tibia as measured

by pQCT. Furthermore, muscle area of the tibia was highly
correlated with tibia BMC (r � 0.67, p < 0.001); total bone
area (r � 0.502; p < 0.001); cortical content (r � 0.664, p <
0.0001), and cortical thickness (r � 0.502; p < 0.001) and
was modestly correlated with total tibia density (r � 0.280,
p < 0.017) and periosteal circumference (r � 0.38, p <
0.001).. After correction for tibia muscle area, gender dif-
ferences in tibia BMD were still evident, with males having
5.3% greater total tibial BMD than females (p � 0.05).

The percent fat determination in the lumbar spine and
total hip area from DXA was significantly greater in fe-
males compared with males, particularly in the hip region,
where there was almost 3-fold greater hip fat in females.
There was also greater variability in female (%) fat than in
male (%) fat (vertebral fat: females � 6.64 ± 3.1%; males
� 4.2 ± 0.6%; hip fat: females � 14.2 ± 3.1%; males � 5.2
± 1.0%; p < 0.001). These regional measurements of percent
fat and percent lean determined by DXA, however, were
not correlated with the BMD at the corresponding skeletal
site. There was still an 8% higher hip BMD in males com-
pared with females, although the difference was no longer
significant (p � 0.24) after controlling for regional lean
mass.

DISCUSSION

We found that gender differences in skeletal size and
BMD persist at most skeletal sites even after matching for
body size. These differences seem to relate to differences in
the width of bone, but not length of the long bones or
height of the vertebrae, as expected in a height-matched
population. In the vertebral bodies, although males had
lower aBMD, the significantly greater vertebral width
found in males might confer greater biomechanical compe-
tence. This larger cross-sectional area in male vertebral
bodies has also been reported even after taking size into
account.(17)

Males were reported to have 12–13% greater hip BMD
than females in the NHANES data.(10) In a recent size-
adjusted analysis of NHANES data, the femoral neck dif-
ference between makes and females was 3% after adjusting

TABLE 4. PROXIMAL TIBIA ANALYSIS BY pQCT (MEAN ± SE)

Female Male p Value

Length (mm)* 405.0 ± 4.1 401.9 ± 3.4 NS
BMC (mg/mm) 298.0 ± 6.26 336.6 ± 6.3 0.001
BMD (mg/cm3) 794.3 ± 12.8 850.1 ± 14.1 0.004
Total bone area (mm2) 377.1 ± 8.1 398.1 ± 7.3 0.011
Cortical area (mm2) 237.1 ± 5.1 273.6 ± 5.3 0.001
Cortical content (mg) 273.8 ± 6.04 313.6 ± 6.29 0.001
Cortical thickness (mm) 4.32 ± 0.09 5.02 ± 0.11 0.001
Periosteal circumference

(mm) 68.7 ± 0.75 70.6 ± 0.67 0.011
Endosteal circumference

(mm) 41.6 ± 0.96 39.1 ± 1.00 0.058
Fat mass area (mm2) 2311.4 ± 80.7 1546.5 ± 60.9 0.001
Muscle mass area

(mm2) 2487.5 ± 60.6 2896.1 ± 68.1 0.001
Percent fat (%) 44.5 ± 0.9 31.6 ± 0.9 0.001

* Measured by investigator.
NS, not significant.

FIG. 1. Hip bone mass and BMD in a subset of male (n � 14)
and female (n � 14) cadets matched for total hip area. Total
BMD is shown in grams per centimeter squared, total BMC is
shown in grams, and total hip area is shown in centimeters
squared.

FIG. 2. Tibial strength analysis comparing males (n � 36) and
females (n � 36) for axial moment of inertia (mm4); polar mo-
ment of inertia (mm4); moment of resistance (mm3); and strength
strain index (mm3).
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for height and weight.(32) Similarly, in our size-matched
population, total hip BMD was 6% higher and femoral
neck BMD was 5% higher in males than females. In the
NHANES study, geometric differences in young and older
adults persisted after correction for height and weight.(32)

This is similar to the geometric differences such as longer
neck axis length and wider neck diameter noted in our
size-matched young adult population. Bone volume differ-
ences could partially explain the greater hip BMD in males
than females. However, after matching for total hip area,
substantial gender differences in hip BMD and BMC were
still found. This could be a result of differences in bone
shape, resulting in failure to adequately assess volume when
using DXA areal measurements. Another possible expla-
nation is that males may have greater cortical thickness at
the hip, although the only measurement available by DXA
is a greater neck diameter in males than females. In fact, we
did show greater cortical thickness in the tibia using pQCT,
which can separate cortical bone from the medullary cavity.
The same may be true for the hip, although it cannot be
accurately assessed by DXA.

In the tibia, the thicker cortical shell result is evidenced
by a larger periosteal circumference and smaller endosteal
circumference in males. Tibial BMD and bone area were
reported to be larger in males 20–39 years of age compared
with females in an Italian study of 1205 people 20–102 years
of age.(39) In our study population, gender differences per-
sisted even after matching for height and weight. The dif-
ference in cortical thickness is of clinical importance, be-
cause the thickness of the cortex and total bone width
are the primary determinants of bone strength. Several
studies of hip fracture patients found than nonfractured
controls had greater cortical thickness than the fracture pa-
tients.(40–45) A thicker cortical shell might also help explain
the gender-related differences in stress fracture rates seen
in military cadets,(46) especially tibial stress fractures. The
derived indices of bone strength in our study, the higher
safety and fall index of the hip, and the strength-strain index
of the tibia in males also predict lower anticipated stress
fracture and potentially osteoporotic fracture rates of males
compared with females. In fact, stress fracture rates in the
year after entry into the academy were approximately five
times higher in the female cadets than in the male cadets in
the military cohort from which this size-matched population
was drawn.

In both appendicular sites of the skeleton (hip and tibia),
males have greater BMC, BMD, and in the tibia, a greater
cortical thickness. This may relate to the greater influence
of muscle mass and mechanical stress placed on these skel-
etal sites compared with the axial site and the potential
influence of this on the mechanostat.(22) The axial site mea-
sured showed no specific advantage to the male skeleton
(lumbar spine BMC or BMD), except a greater vertebral
width, although this could also contribute to strength.

It is important to consider the limitations of this study.
Models for structure and geometric parameters using DXA
are limited by its 2D acquisition plane (of a 3D structure)
and inherent technical limitations of DXA, including edge
detection resolution, influence of fat mass, and operator
error. However, the use of the pQCT in this study enabled

us to derive a true 3D measure of bone geometry for the
tibia. Second, these data may not be generalizable to all
gender differences because we matched larger women to
smaller men, making this a select population. In addition,
the gender-related differences and similarities noted here
might not apply to an older population. Last, gender dif-
ferences in the age at which peak bone mass is reached
might influence these results. There may still be growth in
bone occurring in males, whereas it is unlikely that females
will still have changes in bone, so we might be comparing
different stages in skeletal development, although chrono-
logical age was similar. However, in a population of this
age, maximal height should have already been achieved in
most males and females. Even if bone size has not yet
reached a peak, particularly in the males, we are comparing
BMD in males and females, who, at this time, are similar in
body size and bone size. However, the lower vertebral
BMD in men might change as the male cadets continue to
achieve peak bone mass. Differences related to age at ac-
quisition of peak bone mass may be clarified when these
cadets reach age 22 (the completion of the longitudinal fol-
low-up of this cohort). It is also possible that the greater
contribution of the posterior vertebral arch to BMC in fe-
males(47,48) could lead to an apparently higher spine BMD
in females versus males when measured in the anterior-
posterior (AP) projection by DXA. It is also possible that
there is a lower trabecular bone volume in males as a result
of the larger vertebral size. Unfortunately, we do not have
lateral spine measurements to clarify this issue.

Because gender-related BMD differences are only par-
tially corrected when body size differences are eliminated,
it is possible that the gender-related differences in both
BMD and cortical size are related to the greater proportion
of lean mass in males at each skeletal site compared with
females, despite similar exercise levels. This is in agreement
with several studies where differences in BMD between
individuals are strongly related to the lean body mass com-
ponents.(49–54) In this study, males had a greater percent
lean mass in the total body as well as in each skeletal site.
Body composition differences may explain some of the gen-
der-related differences in bone mass. Because muscle mass
may influence the mechanostat set-point leading to bone
quality and size differences, we corrected for muscle area,
and males still had a greater tibial density. Although cor-
rection for lean mass in this study removed some of the
gender-related differences, higher bone density in males
was still evident in the hip and tibial regions. Exercise is also
known to influence lean mass, as well as bone size and
strength.(55–57) The importance of lean mass on bone prop-
erties needs further study, as does the potential role of
testosterone in causing higher lean mass in males perform-
ing at approximately the same level of exercise as the size-
matched females.

Mechanical loading determines cortical periosteal and
endosteal diameters and the resulting cortical thickness in
various animal models.(58–63) Various investigators have
shown that physical activity can increase bone circumfer-
ence at the hip, tibia, and forearm,(64–67) and the type of
force as well as other variables may determine the influence
of exercise on cortical structure, including whether there is
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a periosteal increase or endosteal circumference de-
cease.(64,68–71) One study found that physical activity in-
creased bone circumference, and when combined with
higher calcium intake, there was an increase in cortical
thickness, possibly because of less endosteal expansion.(64)

It is possible that the gender-related differences in bone size
are related, in part, to different types of physical activity,
dietary forces, or muscle mass acting on bone geometry.

Gender differences in BMD seem to be skeletal site de-
pendent, with appendicular skeletal sites that have a large
proportion of cortical bone showing the greatest gender
disparity. We conclude that gender-related differences in
bone size and mass confer greater skeletal integrity in
males, which may contribute to their lower gender-specific
stress fracture incidence, and possibly, the lower adult frac-
ture incidence in males. The causes of these gender-related
differences in bone size and BMD in males and females of
equivalent body size require further study.

ACKNOWLEDGEMENTS

This study was supported by USDMARDC-DAMD
Grant 179818539.

REFERENCES
1. Jones BH, Thacker SB, Gilchrist J, Kimsey CD Jr, Sosin DM

2002 Prevention of lower extremity stress fractures in athletes
and soldiers: A systematic review. Epidemiol Rev 24:228–247.

2. Bacon WE 1996 Secular trends in hip fracture occurrence and
survival: Age and sex differences. J Aging Health 8:538–553.

3. O’Neill TW, Felsenberg D, Varlow J, Cooper C, Kanis JA,
Silman AJ 1996 The prevalence of vertebral deformity in Eu-
ropean men and women: The European Vertebral Osteoporo-
sis Study. J Bone Miner Res 11:1010–1018.

4. Dennison E, Cooper C 1996 The epidemiology of osteoporosis.
Br J Clin Pract 50:33–36.

5. Donaldson LJ, Cook A, Thompson RG 1990 Incidence of frac-
tures in a geographically defined population. J Epidemol Com-
mun Health 44:241–245.

6. Garraway WM, Stauffer RN, Kurland LT, O’Fallon WM 1979
Limb fractures in a defined population. I. Frequency and dis-
tribution. Mayo Clin Proc 54:701–707.

7. Melton LJ 1995 Epidemiology of fractures. In: Riggs BL,
Melton LJ (eds.) Osteoporosis Etiology, Diagnosis and Man-
agement, 2nd ed. Lippincott-Raven, Philadelphia, PA, USA,
pp. 225–248.

8. Orwoll ES (ed.) 1999 Osteoporosis in Men. Academic Press,
San Diego, CA, USA.

9. Lunt M, Felsenberg D, Reeve J, Benevolenskaga L, Cannata J,
Dequeker J, Dodenhof C, Falch JA, Masaryk P, Pols HA, Poor
G, Reid DM, Scheidt-Nave C, Weber K, Varlow J, Kanis JA,
O’Neill TW, Silman AJ 1997 Bone density variation and its
effects of risk of vertebral deformity in men and women stud-
ied in thirteen European centers. The EVOS Study. J Bone
Miner Res 12:1883–1894.

10. Looker A, Wahner H, Dunn W, Calvo M, Harris T, Heyse S,
Johnston C, Lindsay R 1998 Updated data on proximal femur
bone mineral levels of U.S. adults. Osteoporos Int 8:468–489.

11. Genant HK, Gluer C, Lotz JC 1994 Gender differences in bone
density, skeletal geometry, and fracture biomechanics. Radiol-
ogy 190:636–640.

12. Seeman E 2003 The structural and biochemical basis of the
gain and loss of bone strength in women and men. Endocrinol
Metab Clin North Am 32:25–38.

13. Seeman E 2001 Sexual dimorphism in skeletal size, density and
strength. J Clin Endocrinol Metab 86:4576–4584.

14. Parfitt AM, Travers R, Rauch F, Glorieux FH 2000 Structural
and cellular changes during bone growth in healthy children.
Bone 27:487–494.

15. Seeman E 2003 Periosteal bone formation a neglected deter-
minant of bone strength. N Engl J Med 349:327–334.

16. Bachrach BE, Smith EP 1996 The role of sex steroids in bone
growth and development: Evolving new concepts. Endocri-
nologist 6:362–368.

17. Gilsanz V, Kovanlikaya A, Costin G, Roe TF, Sayre J, Kauf-
man F 1997 Differential effect of gender on the sizes of the
bones in the axial and appendicular skeletons. J Clin Endocri-
nol Metab 82:1603–1607.

18. Garn S 1970 The Earlier Gain and Later Loss of Cortical Bone.
Nutritional Perspectives. Charles C. Thomas, Springfield, IL,
USA.

19. Van der Meulen MCH, Ashford MW, Kiratli BJ, Bachrach
LK, Carter DR 1998 Determinants of femoral geometry and
structure during adolescent growth. J Orthop Res 14:22–29.

20. Schoenau E, Neu CM, Rauch F, Manz F 2002 Gender specific
pubertal changes in volumetric cortical bone mineral density at
the proximal radius. Bone 31:110–113.

21. Rauch F, Schoenau E 2001 The developing bone: Slave or
master of its cells and molecules? Pediatr Res 50:309–314.

22. Ferretti JL, Cointry GR, Capozza RF, Frost HM 2003 Bone
mass, bone strength, muscle-bone interactions, osteopenias
and osteoporosis. Mech Ageing Dev 124:269–279.

23. Seeman E 2002 An exercise in geometry. J Bone Miner Res
17:373.

24. Ebbesen EN, Thomsen JS, Beck-Nielsen H, Nepper-Ras-
mussen HJ, Mosekilde L 1999 Age and gender related differ-
ences in vertebral bone mass, density and strength. J Bone
Miner Res 14:1394.

25. Kardinaal AFM, Hoorneman G, Vaananen K, Charles P,
Ando S, Maggiolini M, Charzewska J, Rotily M, Deloraine A,
Heikkinen J, Juvin R, Schaafsma G 2000 Determinants of bone
mass and bone geometry in adolescent and young adult
women. Calcif Tiss Int 66:81–89.

26. Naganthan V, Sambrook P 2003 Gender differences in volu-
metric bone density: A study of opposite-sex twins. Osteoporos
Int 14:565–569.

27. Gilsanz V, Skaggs DL, Kovanlikaya A, Sayre J, Loro ML,
Kaufman F, Korenman SG 1998 Differential effect of race on
the axial and appendicular skeletons of children. J Clin Endo-
crinal Metab 83:5.

28. Gilsanz V, Boechat MI, Roe TF, Loro ML, Sayre JW, Good-
man WG 1994 Gender differences in vertebral sizes in adults:
Biomechanical implications. Radiology 190:673–677.

29. Myers ER, Wilson SE 1997 Biomechanics of osteoporosis and
vertebral fracture. Spine 22:25S–31S.

30. Mosekilde L, Mosekilde L 1990 Sex differences in age-related
changes in vertebral body size, density and biomechanical com-
petence in normal individuals. Bone 11:67–73.

31. Gilsanz V, Loro ML, Roe TF, Sayre J, Gilsanz R, Schulz E
1995 Vertebral size in elderly women with osteoporosis. Me-
chanical implications and relationship to fractures. J Clin In-
vest 95:2332–2337.

32. Looker AC, Beck TJ, Orwoll ES 2001 Does body size account
for gender differences in femur bone density and geometry? J
Bone Miner Res 16:1291–1299.

33. Faulkner RA, McCulloch RG, Fyke SL, DeCoteau WE,
McKay HA, Bailey DA, Houston CS, Wilkinson AA 1995
Comparison of areal and estimated volumetric bone mineral
density values between older men and women. Osteoporos Int
5:271–275.

34. Kroger H, Laitinen K 1992 Bone mineral density measured by
dual energy X-ray absorptiometry in normal men. Eur J Clin
Invest 22:454–460.

35. Kelly PJ, Twomey L, Sambrook PN, Eisman JA 1990 Sex dif-
ferences in peak adult bone mineral density. J Bone Miner Res
11:1169–1175.

36. Warner JT, Cowan FJ, Dunstan FDJ, Evans WD, Webb DKH,
Gregory JW 1998 Measured and predicted bone mineral con-
tent in healthy boys and girls aged 6-18 years: Adjustment for
body size and puberty. Acta Paediatr 87:244–249.

37. Seeman E, Hopper JL, Young NR, Formica C, Goss P, Tsala-

NIEVES ET AL.534



mandris C 1996 Do genetic factors contribute to associations
between muscle strength, fat-free mass and bone density? A
twin study. Am J Physiol Endocrinol Metab 33:320–327.

38. Yoshikawa T, Turner CH, Peacock M, Slemenda CW, Weaver
CM, Teegarden D, Markwardt P, Burr DB 1994 Geometric
structure of the femoral neck measured using dual-energy X-
ray absorptionmetry. J Bone Miner Res 9:1053–1064.

39. Russo CR, Lauretani F, Bandinelli S, Bartali B, Di Iorio A,
Volpato S, Guralnik JM, Harris T, Ferrucci L 2003 Aging bone
in men and women: Beyond changes in bone mineral density.
Osteoporos Int 14:531–538.

40. Duan Y, Turner CH, Kim BT, Seeman E 2001 Sexual dimor-
phism in vertebral fragility is more the result of gender differ-
ences in age related bone gain than bone loss. J Bone Miner
Res 16:2267–2275.

41. Power J, Loveridge N, Lyon A, Rushton N, Parker M, Reeve
J 2003 Bone remodeling at the endocortical surface of the hu-
man femoral neck: A mechanism for regional cortical thinning
in cases of hip fracture. J Bone Miner Res 18:1775–1780.

42. Kaptoge S, Dalzell N, Loveridge N, Beck TJ, Khaw KT, Reeve
J 2003 Effects of gender, anthropometric variables, and aging
on the evolution of hip strength in men and women aged over
65. Bone 32:561–570.

43. Crabtree N, Loveridge N, Parker M, Rushton N, Power J, Bell
KL, Beck TJ, Reeve J 2001 Intracapsular hip fracture and the
region-specific loss of cortical bone: Analysis by peripheral
quantitative computed tomography. J Bone Miner Res 16:
1318–1328.

44. Boyce TM, Bloebaum RD 1993 Cortical aging differences and
fracture implications for the human femoral neck. Bone
14:769–778.

45. Beck TJ, Looker AC, Ruff CB, Sievanen H, Wahner HW 2000
Structural trends in the aging femoral neck and proximal shaft:
Analysis of NHANES III DXA data. J Bone Miner Res
15:2297–2304.

46. Beck TJ, Ruff CB, Mourtada FA, Shaffer RA, Maxwell-
Williams K, Kao GL, Sartoris DJ, Brodine S 1996 Dual-energy
X-ray absorptiometry derived structural geometry for stress
fracture prediction in male U.S. Marine Corps recruits. J Bone
Miner Res 11:645–653.

47. Fournier PE, Rizzoli R, Slosman DO, Buchs B, Bonjour JP
1994 Relative contribution of vertebral body and posterior
arch in female and male lumbar spine peak bone mass. Osteo-
poros Int 4:264–272.

48. Seeman E, Formica C, Mosekilde L 1995 Equivalent deficits in
bone mass of the vertebral body and posterior processes in
women with vertebral fractures: Implications regarding the
pathogenesis of spinal osteoporosis. J Bone Miner Res
10:2005–2010.

49. Lindsay R, Cosman F, Herrington BS, Himmelstein S 1992
Bone mass and body composition in normal women. J Bone
Miner Res 7:55–63.

50. Young D, Hopper JL, Macinnis RJ, Nowson CA, Hoang NH,
Wark JD 2001 Changes in body composition as determinants
of longitudinal changes in bone mineral measures in 8 to 26
year old female twins. Osteoporos Int 12:506–515.

51. Pietrobelli A, Faith MS, Wang J, Brambilla P, Chiumello G,
Heymsfield SB 2002 Association of lean tissue and fat mass
with bone mineral content in children and adolescents. Obes
Res 10:56–60.

52. Ijuin M, Douchi T, Matsuo T, Yamamoto S, Uto H, Nagata Y
2002 Difference in the effects of body composition on bone
mineral density between pre- and postmenopausal women.
Maturitas 43:239–244.

53. Reid IR 2002 Relationships among body mass, its components,
and bone. Bone 31:547–555.

54. Khosla S, Atkinson EJ, Riggs BL, Melton LJ III 1996 Rela-
tionship between body composition and bone mass in women.
J Bone Miner Res 11:857–863.

55. Faulkner RA, Forwood MR, Beck TJ, Mafukidze JC, Russell
K, Wallace W 2003 Strength indices of the proximal femur and
shaft in prepubertal female gymnasts. Med Sci Sports Exerc
35:513–518.

56. Bradney M, Pearce G, Naughton G, Sullivan C, Bass S, Beck T,
Carlson J, Seeman E 1998 Moderate exercise during growth in
perpubertal boys: changes in bone mass, size, volumetric den-
sity and bone strength: A controlled perspective study. J Bone
Miner Res 13:1814–1821.

57. Moyer-Mileur L, Xie B, Ball S, Bainbridge C, Stadler D, Jee
WSS 2001 Predictors of bone mass by peripheral quantitative
computed tomography in early adolescent girls. J Clin Densi-
tom 4:313–323.

58. Biewener AA, Bertram JE 1994 Structural response of grow-
ing bone to exercise and disuse. J Appl Physiol 76:946–955.

59. Dietz FR 1989 Effect of denervation on limb growth. J Orthop
Res 7:292–303.

60. Hall BK, Herring SW 1990 Paralysis and growth of the mus-
culoskeletal system in the embryonic chick. J Morphol 206:45–
56.

61. Rodriguez JI, Garcia-Alix A, Palacios J, Paniagua R 1988
Changes in the long bones due to fetal immobility caused by
neuromuscular disease. A radiographic and histological study.
J Bone Joint Surg Am 70:1052–1060.

62. van der Meulen MC, Morey-Holton ER, Carter DR 1995 Hind
limb suspension diminishes femoral cross-sectional growth in
the rat. J Orthop Res 13:700–707.

63. Wong M, Germiller J, Bonadio J, Goldstein SA 1993 Neuro-
muscular atrophy alters collagen gene expression, pattern for-
mation, and mechanical integrity of the chick embryo long
bone. Prog Clin Biol Res 383B:587–597.

64. Specker B, Binkley T 2003 Randomized trial of physical activ-
ity and calcium supplementation on bone mineral content in 3-
to 5-year-old children. J Bone Miner Res 18:885–892.

65. Uusi-Rasi K, Sievanen H, Pasanen M, Oja P, Vuori I 2002
Associations of calcium intake and physical activity with bone
density and size in premenopausal and postmenopausal
women: A peripheral quantitative computed tomography
study. J Bone Miner Res 17:544–552.

66. Heinonen A, McKay HA, Mackelvie KJ, Whittaill KP, Forster
BB, Khan DM 2001 High-impact exercise and tibial polar mo-
ment of inertia in pre-and early pubertal girls: A quantitative
MRI study. J Bone Miner Res 16:S482.

67. Bass S, Delmas PD, Pearce G, Hendrich E, Tabensky A, See-
man E 1999 The differing tempo of growth in bone size, mass,
and density in girls is region-specific. J Clin Invest 104:795–804.

68. Liu L, Maruno R, Mashimo T, Sanka K, Higuchi T, Hayashi K,
Shirasaki Y, Mukai N, Saitoh S, Tokuyama K 2003 Effects of
physical training on cortical bone at midtibia assessed by pe-
ripheral QCT. J Appl Physiol 95:219–224.

69. Nieves JW, Zion M, Ruffing J, Lindsay R, Cosman F 2001
Exercise and milk intake are determinants of bone mass in elite
military cadets. In: Burckhardt P, Dawson-Hughes B, Heaney
RP (eds.) Nutritional Aspects of Osteoporosis. Academic
Press, San Diego, CA, USA, pp. 125-129.

70. Petit MA, McKay HA, MacKelvie KJ, Heinonen A, Khan KM,
Beck TJ 2002 A randomized school-based jumping interven-
tion confers site and maturity-specific benefits on bone struc-
tural properties in girls: A hip structural analysis study. J Bone
Miner Res 17:363–372.

71. Ito M, Nakamura T, Ikeda Y, Hasmi R, Tsurusaki K, Uetani
M, Hayashi K 2001 Effects of lifetime volleyball exercise on
bone mineral densities in lumbar spine, calcaneus and tibia for
pre-, peri- and postmenopausal Women. Osteoporos Int
12:104–111.

Address reprint requests to:
Jeri Nieves, PhD

Clinical Research Center
Helen Hayes Hospital

Route 9W
West Haverstraw, NY 10993, USA

E-mail: jerinieves@mindspring.com

Received in original form January 22, 2004; revised form August
26, 2004; accepted October 11, 2004.

SKELETAL SIZE AND BONE MASS IN MALES AND FEMALES 535


