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Abstract In light of the differences in hip fracture rates
between men and women of different ages, age-related
changes in bone structure that lead to bone fragility might
differ depending on both age and gender. To investigate
age-related bone loss and geometric deterioration of the
femur, hip scans of 1,504 men and 2,076 women aged
19-92 years acquired during the Fourth Korean National
Health and Nutrition Examination Survey (KNHANES 1V)
using dual-energy X-ray absorptiometry (DXA) were
analyzed with a structural analysis program. Cross-sec-
tional area and cortical thickness with bone mineral density
in men started to decline from the third decade and
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continued to decline at a constant rate. However, in
women, these parameters remained nearly constant until
the fifth decade and then declined at a more rapid rate than
that seen in men. Consequently, changes in the buckling
ratio, earlier onset, and continuation of increase over the
lifetime were observed in men. A relatively later onset with
a greater acceleration with aging was observed in women.
Taken together, there were obvious gender and age dif-
ferences in structural trends with age. Bone aging, i.e.,
bone loss and geometric deterioration, actually begins at a
young age, especially in men, and osteoporosis prevention
strategies should target not only the elderly but also
younger individuals.
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Introduction

Bone, a representative aging organ in humans, deteriorates
both quantitatively and qualitatively with aging [1].
Therefore, osteoporosis represents a major health concern
in aging societies, with fragility fractures having the highest
impact on quality of life and medical expense [2, 3].

Bone strength reflects the integration of two main fea-
tures: bone mineral density (BMD) and bone quality [4].
BMD is a well-known major predictor of fracture risk, and
the pattern of declining hip BMD with age is well docu-
mented in numerous previous studies [5, 6]. However, loss
of bone density caused by aging alone cannot fully explain
the increase in bone fragility observed in the elderly. Bone
geometry, the spatial distribution of bone, is a main com-
ponent of bone quality. Therefore, the bone geometry also
plays an important role in determining bone strength and
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risk of fracture [7]. Although bone geometry is very
important for determining bone strength, most aging
studies have only investigated the loss of BMD; informa-
tion regarding the structural basis of bone loss is lacking,
especially in East Asians.

Conventional theories state that peak BMD is attained at
the end of the second or third decade of life and is followed
by a prolonged plateau phase. It has long been held that bone
loss begins during menopause in women and later in life in
men [8]. Based on this concept, bone loss would begin
during middle age, with presumably negligible bone loss
during the younger years. However, two recent papers
revealed that this might not be true and that bone loss begins
at a younger age instead of in middle age, especially in men
[9, 10]. In development of public health policy for preven-
tion or treatment of osteoporosis, exact information on not
only quantitative and but also qualitative changes of bone
throughout all age groups should be important. However,
little has been published about the progression of bone loss
and geometric changes during young adulthood or on the
differences in those changes between men and women [9].

Current interventions for osteoporosis are directed only
at bone loss occurring in the later years of life. Therefore, it
is important to clarify the age at which bone loss begins
and when it accelerates so that interventions designed to
prevent bone deterioration can be appropriately targeted for
optimal effects.

The purpose of this study was to define the age-related
trends of bone geometry with BMD across the entire adult
lifespan and to investigate the gender differences of those
changes. We further performed a correlation analysis to
determine which parameters were associated with femoral
geometry.

Materials and methods
Study sample and data sources

Bone mineral data were acquired for this study as a part of
the Fourth Korean National Health and Nutrition Exami-
nation Survey (KNHANES IV). The KNHANES has been
conducted periodically since 1998 by the Division of
Chronic Disease Surveillance of the Korea Centers for
Disease Control and Prevention to assess the health and
nutritional status of the civilian, non-institutionalized
population of Korea. The KNHANES IV was a cross-
sectional and nationally representative survey conducted in
2007-2008. A stratified, multistage probability sampling
design was used for the selection of household units. All
men and nonpregnant women aged 19 years and older who
received physical examinations in the mobile centers were
eligible for bone densitometry analysis unless they had

previously fractured both hips. Subjects with any patho-
logical disorders (such as cancer, hyperthyroidism, mal-
absorption, renal failure, or hepatic failure) or using
medications (such as corticosteroids, heparin, or anticon-
vulsants) known to alter calcium and bone metabolism
were excluded from the analysis. Subjects who used anti-
resorptive agents such as raloxifene, bisphosphonate, or
hormone replacement therapies were also excluded.
Among those who participated in the survey, acceptable
bone mineral measurements were obtained from a total of
3,580 men and women between the ages of 19 and
92 years, including 7 hip fracture participants. To investi-
gate age trends of BMD and femoral geometry, participants
were classified into seven groups by 10-year age intervals.
We included 3 participants who were 19 years old in
a 19-29 years group and 3 participants who were
90-92 years old in an 80-92 years group. The left hip was
scanned unless there was a history of previous fracture or
surgery.

Bone densitometry, anthropometric parameters, and hip
structural analysis

The femur neck was scanned at the left hip in the poster-
oanterior projection using dual X-ray absorptiometry
(DXA) (QDR4500A; Hologic, Bedford, MA, USA)
equipment located in mobile examination centers accord-
ing to manufacturer protocol. All scans were further ana-
lyzed for geometric bone structure properties using the hip
structure analysis (HSA) program included in APEX soft-
ware of Hologic, as previously described [11, 12]. The
HSA program automatically set the region of interest
(ROI), defined as the narrow neck (NN), transversing the
narrowest width of the femoral neck. In addition to hip axis
length (HAL, mm), femur neck width (FNW, cm), and
neck shaft angle (NSA, degree), the HSA program yielded
data for cross-sectional area (CSA, cmz), cross-sectional
moment of inertia (CSMI, cm4), mean cortical thickness
(CT, cm), section modulus (SM, cm3), and buckling ratio
(BR) at NN. Short-term coefficient of variance (CV) of
HSA indices, calculated from the same images used for the
precision assessment of BMD, appeared to be slightly
greater than those of conventional BMD, but were
approximately 2 %, which seemed to be similar to previ-
ously reported precision data [13, 14]. Whole-body DXA
was also acquired and analyzed using Hologic Discovery
software version 12.1 in its default configuration. DXA
calibrations were applied as previously described [15].

Data analysis

All statistical analyses were conducted using the Statistical
Package for the Social Sciences (PASW statistics) software
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(version 18; SPSS, Chicago, IL, USA). Data are repre-
sented as mean =+ standard deviation (SD). To investigate
age trends of BMD and femoral geometry, data were
analyzed using a one-way analysis of variance (ANOVA)
with Tukey’s post hoc analysis. Pearson’s correlation
coefficients were calculated to explore relationships
between femoral geometry and other anthropometric
parameters.

Results

Subjects ranged in age from 19 to 92 years and included
1,504 men and 2,076 women. The sample size in each age
and gender category ranged from 164 to 405 subjects,
except for those older than 80 years (Table 1).

Age trends of BMD and geometry

For assessing age-related changes in BMD and geometry,
the mean values of the 20-year-old group (i.e., 19-29 years)
were used as the referents.

For BMD, men showed early significant bone loss
before midlife (Fig. 1A). Compared to the reference age
group, BMD in the 30-39 years age group already had
significantly lower values (—7.8 %, p < 0.001). From the
third decade, significant loss in BMD continued across all
groups. However, in women, BMD loss began in the fifth
decade and continued over the rest of the lifetime, acceler-
ating during the postmenopausal period. Before the seventh
decade, the mean percentage changes from the reference
group in each decade were greater in men than they were
in women (—7.80 % vs. —1.98 % in the fourth decade;
—12.16 % vs. —2.81 % in the fifth decade; —15.57 % vs.
—10.13 % in the sixth decade; p < 0.001 for all). However,
from the eighth decade and onward, women showed steeper
changes from the reference values than did men (—26.32 %
vs. —28.91 % in the eighth decade, p < 0.05; —28.13 % vs.
—37.58 % in the ninth decade, p < 0.001). Consequently,
71.87 % of the reference value for men and only 62.42 % for
women remained in the oldest group. The essential trends of
CSA were coincident with BMD changes in both genders
(Fig. 1B).

Mean values of cortical thickness (A) and width (FNW)
(B) at the femur neck in men (a) and women (b) are shown
in Fig. 2. Age trends of cortical thickness were similar for
BMD and CSA in men, in whom significant loss (—8.41 %,
p < 0.001) of cortical thickness was already noted in the
fourth decade; significant loss continued to be shown in all
decades thereafter. However, in women, no significant
difference was observed in the 30-39 years age group
compared to that of the reference decade. In women, sta-
tistically significant cortical thinning began in the fifth
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decade, with a relatively constant subsequent rate of loss
thereafter. Before the seventh decade, the amount of
decrease was also much greater in men than in women
(—8.41 % vs. —2.15 % in the fourth decade; —13.08 % vs.
—2.68 % in the fifth decade; and —16.35 % vs. —10.75 %
in the sixth decade; p < 0.001 for all). However, by the
eighth decade, the rate of decline in the cortical thickness
in women was steeper than that seen in men (—27.57 % vs.
—30.64 % in the eighth decade, p < 0.05; —29.43 % vs.
—39.24 % in the ninth decade, p < 0.001). In the patterns
of FNW according to age, we observed more changes in
women and fewer changes in men. Significantly higher
values of FNW compared to the reference value were
observed only in the fifth (42.01 %, p < 0.05), sixth
(+1.84 %, p <0.05), and seventh decades (+1.87 %,
p < 0.05) for men, but there were no significant differences
in any other decade-to-decade comparisons. However, in
women, the mean values of FNW in all other decade
groups were higher than that of the reference decade, and
the degrees of increase were larger than those seen in men.
Nonetheless, no other additional, significant changes
occurred in women after the fourth decade. Consequently,
the significant widening of FNW across entire decades was
2.7 fold larger in women than it was in men (41.87 % vs.
+4.94 %, p < 0.05).

Trends of the femur strength marker, cross-sectional
moment of inertia (CSMI) (A), section modulus (B), and
BR (C) at the femur neck in both genders along with the
mean percentage changes from the reference values (c), are
provided in Fig. 3. Until the fifth decade, there were no
significant changes of CSMI in men. Statistically signifi-
cant decreases occurred thereafter, with acceleration
observed for men in their eighth decade. However, in
women, the mean value in the fifth decade was 8.46 %
higher than the reference value, and a significant decrease
began thereafter, reaching a value 26.46 % lower than that
of the reference in the oldest group. The mean percentage
decreases from the reference group in the sixth and seventh
decade were larger in men, and these decreases were
greater in women only for those in their ninth decade
(—8.01 % vs. +2.66 % in the sixth decade, p < 0.001;
—10.95 % vs. —7.06 % in the seventh decade, p < 0.01; and
—19.64 % vs. —26.46 % in the ninth decade, p < 0.01).

For trends of section modulus, there were greater
reductions with age in both genders, but the patterns dif-
fered between them. Essentially, the entire decline in neck
section modulus of women occurred at the sixth decade and
beyond; paradoxically, a more apparent decline occurred
before this age in male participants. In age trends of BR at
the femur neck, we observed significant changes across all
decade groups, but the patterns were quite different
according to gender. BR in men already showed apparent
increases starting at the fourth decade, with consistently
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Fig. 1 Age trends in bone (A)BMD (B)CSA
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slow rates across all decades. However, in women, no
significant increase was observed until the fourth decade,
with steeper increases occurring thereafter. As a result,
BRs in the oldest groups increased by 51.91 % in men and
by 94.93 % in women compared to the reference values. In
age trends with HAL and NSA, we did not observe any
significant changes according to age group (data not
shown).

Relationships between geometric properties and other
clinical parameters

BMD, CSA, cortical thickness, CSMI, and section modulus
of the femur neck were negatively correlated with both leg
fat mass and leg fat percentage but were positively corre-
lated with lean leg mass (p < 0.001 for all correlations).
However, for BR, only a negative correlation with lean leg
mass was observed (p < 0.05). These correlations were
similarly observed in analysis with whole-body composi-
tion (Table 2).
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Discussion

In this study, we observed an apparent decline in bone
geometry parameters and bending stress with BMD
according to aging. These trends differed significantly
between two genders; in addition, it was observed that the
structural deterioration of bone begins at a young age,
especially in men.

Almost all studies on age-related changes in bone have
been limited to the observation of BMD. Considering the
importance of geometry on bone strength, BMD loss may
not be sufficient to demonstrate age-related skeletal dete-
rioration. Therefore, understanding the exact patterns, the
timing of bone loss, and the changes of geometry in both
genders may be important for the proper design of pre-
vention and interventions for osteoporosis.

We observed significant gender differences by tracking
the changes in geometry, BMD, and markers of bone
rigidity according to aging. In contrast to the generally
known concept of bone loss, we were able to observe an
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Fig. 2 Age trends in cortical (A) Cortical Thickness (B) Neck Width
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earlier bone loss in young men before midlife. However, in
women, a modest decline started at the perimenopausal
period and was accompanied by a subsequent rapid loss
during the postmenopausal period. Bone loss occurred
more rapidly in men than in women before midlife, but this
tendency was reversed after midlife. Overall, an earlier
onset of bone loss and a consistent loss after the third
decade were observed in men, but a relatively stable bone
loss until midlife and a steep loss from perimenopause
were observed in women. These gender patterns of our
ethnic group were different from those of subjects of
European descent, but were very similar to those reported
in Mexican-Americans [5]. Although several studies have
reported, using QCT, that cortical bone remains relatively
stable in young adult life, our observations showed that
cortical thinning also started before midlife, especially in
men [16]. However, DXA is not a primary tool to distin-
guish between trabecular and cortical bone, so we were
unable to confirm whether these differences result from

real ethnic characteristics or from limitations of the
assessment tool.

Sexual hormones, especially estrogen and testosterone,
are the main regulators of bone metabolism, and the sexual
hormone changes associated with aging show very similar
trends to those of the structural changes in bone of both
sexes [17]. Moreover, other hormonal factors such as
insulin-like growth factor (IGF)-1 and physical activity,
both of which are well-known regulators of bone metabo-
lism, could be the cause of these earlier changes in men
[18]. In addition, aging per se should be considered
because bone loss begins as early as the third decade of life
in both men and women [9]. Meanwhile, genetic influence
on bone loss is just one area of interest that has recently
begun to receive much attention [19].

Periosteal widening was commonly believed to be a
compensatory mechanism to endocortical resorption
caused by estrogen deficiency [20]. However, significant
increases in FNW already occurred in young age groups of
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Fig. 3 Age trends in cross-sectional moment of inertia (CSMI) (A),
section modulus (B), and buckling ratio (BR) (C) at the femur neck.

"

a Trends for men. b Trends for women. “p < 0.05, *p < 0.01,
#"p < 0.001 compared with the reference group (19-29 years of age);

both genders, even in the premenopausal period in women,
and these findings were similar to recently reported Japa-
nese data [13] Szulc et al. [21] also reported that periosteal
apposition decreased after menopause and that bone fra-
gility in the elderly was a consequence of reduced perios-
teal bone formation. Specifically, they proposed that
periosteal apposition is a compensatory mechanism for
bone loss with aging after achievement of peak bone mass,
but that it is not correlated to nor amplified by estrogen loss
in this study. Meanwhile, regarding the other geometric
parameters, we saw no significant changes with aging for
either NSA or HAL, likely because the most important
determinant of HAL and NSA is not age related but genetic
[22]. The other factor for determining NSA is the amount
of physical activity on the hip during development [22].
Therefore, these two parameters do not reflect major age-
related deteriorative changes in bone.

Recently, Zebaze et al. [23] published a cross-sectional
study describing the importance of increased cortical
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group. ¢ Mean percentage changes from the mean values of the
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a”p < 0.01, aWp < 0.001, men compared with women

porosity and subsequent cortical bone loss in aging bone.
However, measurement of only BMD could not adequately
capture this important deterioration in cortical bone. Fur-
thermore, we recently reported that there was some dis-
crepancy between absolute femoral BMD and cortical
thickness in a considerable proportion of patients [24].
Therefore, DXA, the gold standard for the diagnosis of
osteoporosis, which still has limitations in differentiating
cortical and trabecular bone, could give secondhand
information on cortical bone loss and the architecture
change with aging.

From epidemiological studies, higher body weight and
BMI are the protective determinants of bone mass, whereas
thinness is a major risk factor for low bone mass [25, 26].
However, recent animal studies have reported contradic-
tory findings about the relationship between fat and bone,
which implies not only a direct mechanical effect but also
other indirect effects of fat on bone [27]. Our findings also
demonstrate that fat mass is inversely associated with bone
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