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Context: Bone loss is considered to begin with menopause in women and later in life in men;
however, several recent studies have reported that bone loss began in young adults. There are still
discordant results concerning age-related changes in bone mineral density (BMD), especially in
nonvertebral bone.

Objective: The objective of the study was to investigate the age-related changes in BMD in Korean
youth.

Design and Setting: This was a population-based, cross-sectional study from the Fourth Korea
National Health and Nutrition Examination Surveys.

Participants: A total 10,575 Korean (4,731 males and 5,844 females) aged 10–80 yr were included.

Main Outcome Measures: BMD at the spine and hip was measured using dual X-ray
absorptiometry.

Results: Age-related bone loss at the femoral neck in males occurred continuously with temporary
acceleration phase after achieving peak bone mass (PBM). In contrast, age-related bone loss at total
hip in both sexes and femoral neck in females showed three obvious phases: acceleration, con-
solidation, and then the second acceleration phase after reaching PBM. Interestingly, this pattern
of bone loss was more significant in the total hip and thus showed the acceleration phase until the
late 20s and the consolidation phase until the late 40s. Early accelerated loss of BMD was not
observed at the lumbar spine in each sex. Although body mass index and body fat percentage were
more related with BMD than other clinical parameters, they could not explain the early accelerated
loss of BMD at the femur.

Conclusions: There was an accelerated bone loss at the femur in both sexes during early adulthood
and more than 60% of the bone loss before age 50 yr occurred during this period. (J Clin Endocrinol
Metab 97: 3310–3318, 2012)

Osteoporosis is the most important metabolic bone
disease in an aging society, leading to mortalities

and morbidities (1). It is now well established that low
bone mineral density (BMD) is an important risk factor for
fractures. In women, BMD dramatically decreases after
menopause; however, BMD gradually decreases with age

in men (1). The most evident cause of bone loss in women
and men is an abrupt or gradual decline in sex hormones,
respectively. Testosterone in men and estrogen in women
play an important role in bone homeostasis; however, es-
trogen is also equally important for bone health in men,
especially in the elderly (2, 3). Because estrogen treatment
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in aromatase-deficient or estrogen receptor knockout men
and mice stimulates bone formation (4–7), estrogen also
has some anabolic effects with exclusive anticatabolic ef-
fects on bone. Failure of autophagy and nuclear pore leak-
age has been proposed as the putative theory of aging
oxidative stress (8). Recently the critical role of Forkhead
box O-1, three proteins for defending oxidative stress, was
reported (9, 10). In addition to a sex hormone deficiency
and aging, other factors such as genetic and environmental
factors and behavioral change could contribute to osteo-
porosis (2). However, their contributions may be sex spe-
cific and may differ from one country to another.

Maximal bone mass at multiple skeletal sites is consid-
ered to be achieved by late adolescence (11) and then be-
gins to decrease with age. The degree of bone loss after
achieving peak bone mass (PBM) during puberty is also an
important determining factor for osteoporosis. Thus,
maximizing and maintaining PBM in early adulthood
could offer protection against bone loss later in life,
prompting some researchers to call osteoporosis a disease
of childhood (12). After formation of PBM, age-related
changes in BMD vary with sex and the site of bone loss.
Previous studies have shown age-related bone loss in both
men and women at different skeletal sites (13–15). In
women, bone loss begins predominantly after menopause,
and in men bone loss occurs gradually with age. In con-
cordance with cross-sectional studies, the data from a lon-
gitudinal study showed a small bone loss before meno-
pause or age 50 yr (16). However, several studies recently
observed bone loss that began in young adult women and
men (17, 18). Some studies have reported that bone loss
from the hip has occurred, even in premenopausal women
(19, 20). An 8-yr longitudinal study observed that early
bone loss had occurred at the proximal femur in young
adult men (18). More recently Khosla and colleagues (17)
reported that trabecular bone loss at the distal radius and
distal tibia accelerated and then decelerated, a pattern
known as spooning, before 50 yr of age in men. These
reports raise the possibility of an earlier onset of bone loss.

There are still many questions and discordant results
regarding age-related bone loss, especially in nonvertebral
bone, in both men and women. There have been few re-
ports on the age-related changes of BMD and geometric
bone structure in Asians. In addition, it is important to
figure out the pattern of age-related bone loss and the
precise period that bone loss begins because a comprehen-
sive assessment of age-related bone loss could provide in-
formation on which populations may be most at risk of
osteoporosis and may help elucidate the mechanisms caus-
ing osteoporosis. We thus studied population-based, age-
related changes in BMD in a large cohort of 10,575 Ko-
reans, aged 10–80 yr.

Materials and Methods

Study population
We recruited participants from the second (2008) and third

year (2009) of the Fourth Korea National Health and Nutrition
Examination Surveys (KNHANES IV). The KNHANES has
been performed periodically since 1998 to investigate the health
and nutritional status of Korea. The KNHANES IV was a cross-
sectional and nationwide survey performed by the Division of
Chronic Disease Surveillance, Korea Centers for Disease Control
and Prevention. This survey used a stratified, multistage, clus-
tered probability sampling method to select a representative sam-
ple of the noninstitutionalized, civilian Korean population. The
survey was composed of a health interview survey, a nutrition
survey, and a health examination survey. Data were collected by
household interviews and by direct standardized physical exam-
inations conducted in mobile examination centers. All partici-
pants in this survey signed an informed consent form.

Among those who participated in the survey, bone mineral
density was measured in 10,575 participants (4,731 males and
5,844 females) aged 10–80 yr from all 16 administrative districts
of Korea. Dual x-ray absorptiometry (DXA) examinations were
conducted on subjects over 10 yr of age. Pregnant women were
excluded. Subjects whose weight or height exceeded the limit of
the DXA scan table (136 kg for weight and 196 cm for height)
were also excluded. All subjects underwent a thorough physical
examination. Age, body weight, height, smoking and drinking
history, exercise, and calcium (Ca) and phosphorus (P) intakes
were recorded. Smoking and drinking alcohol were indicated as
yes when the subject had ever smoked tobacco or consumed
alcohol, respectively. Dietary intakes of Ca and P were estimated
using a 24-h dietary recall method. Exercise was indicated as yes
when the subject exercised regularly at moderate or vigorous
levels (for more than 30 min at a time and more than five times
a week in the case of moderate physical activity and for more than
20 min at a time and more than three times a week in the case of
vigorous physical activity). Blood samples were obtained for bio-
chemical analysis from all participants during the survey. These
samples were immediately refrigerated, transported to the Cen-
tral Testing Institute in Seoul, Korea, and then were analyzed
within 24 h.

Body composition and BMD
Body weight, anthropometrics, and BMD were measured in

light clothing without shoes or jewelry. Percentage body fat (fat
mass/total mass � 100) as well as BMD at the lumbar spine
(L1–4) and proximal femur (total hip region) were measured
using DXA (QDR 4500A; Hologic Inc., Waltham, MA) equip-
ment located in the mobile examination centers. We analyzed the
results of the DXA using industry standard techniques at the
Korean Society of Osteoporosis and performed analysis using
Hologic Discovery software (version 13.1) in its default config-
uration. Objects that may affect the accuracy of the DXA results,
such as prosthetic devices or implants, were considered missing
data for regional and global DXA results. The precision of the
DXA has been previously reported. In the National Health and
Nutrition Examination Survey (NHANES) survey, the DXA in-
struments were calibrated using the methods in a previous report
(21). We obtained the reference values of the NHANES using this
calibration method (22). The NHANES calibrations were ap-
plied for appropriate comparisons between the present and pre-
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vious data. We maintained DXA calibrations via an internal
referencing system and periodically measured bone and soft tis-
sue equivalent reference standards during the examination.

We further analyzed geometric bone structure properties us-
ing the Hip Structure Analysis program included in APEX soft-
ware (Hologic Inc.), as previously described (23, 24). The Hip
Structure Analysis program yielded data for mean cortical thick-
ness (millimeters) and buckling ratio in each of the narrow neck
regions.

Statistical analysis
A generalized additive model with a cubic B-spline was used

to explore age-related changes in BMD and other clinical pa-
rameters. Pearson’s correlation analyses were used to evaluate
the association between BMD and variable parameters. The SAS
program (version 9.1; SAS Institute, Cary, NC) was used to an-
alyze age-related changes in BMD and other variable markers.

Other statistical analyses were carried out using the SPSS pro-
gram (version 15.0; SPSS, Chicago, IL). A P � 0.05 was consid-
ered significant.

Results

Age-related changes in BMD and geometry
Age-related changes in BMD at the femoral neck and

total hip are shown in Fig. 1, A–D. PBM was achieved by
age 21 and 19 yr in males and females, respectively. In
males, age-related bone loss at the femoral neck occurred
gradually, with a temporary acceleration phase after
reaching PBM. The pattern of bone loss in the total hip was
similar to the changes in the femoral neck except that there
was a consolidation phase (maintaining bone mass) after

the acceleration phase. In women, age-
related bone loss at the femoral neck
showed three obvious phases: acceler-
ation, consolidation, and then a second
acceleration phase after reaching PBM.
This pattern of bone loss was more sig-
nificant in the total hip. Therefore,
there was an acceleration phase until
the late 20s and a consolidation phase
until the late 40s. In geometric analysis,
the femoral neck cortical thickness
showed similar changes to the femoral
neck BMD in both males and females
(Fig. 2, A and B). As expected, the buck-
ling ratio increased with age in both
sexes (Fig. 2, C and D).

Unlike in the femur, age-related
bone loss at the lumbar spine did not
show any significant acceleration phase
in early adulthood in both sexes (Fig. 1,
E and F). BMD at the lumbar spine was
maintained until around 35 yr of age
and then declined very slowly in men. In
women, BMD at the lumbar spine was
maintained until around 30 yr of age
and then increased slightly until meno-
pause. After menopause, lumbar BMD
in women decreased abruptly.

Annual rates of bone loss by age
group

We categorized age by four patterns
of BMD changes, bone acquisition
phase and three phases of bone loss as
follows: first acceleration phase, con-
solidation or deceleration phase, and
second acceleration phase (menopause

FIG. 1. Age-related changes in BMD at femoral neck (A and B), total hip (C and D), and
lumbar spine (E and F) in males and females. Data are shown with a smoothing spline and
95% confidence interval.
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or age over 50 yr in males). Mean changes in BMD per year
(percentage) revealed bone loss in all phases except in the
bone acquisition phase (Table 1). As shown in Fig. 1, an-
nual rates of bone loss were significant in the first accel-
eration phase. In the first acceleration phase, mean
changes in BMD were �1.29%/yr at the femoral neck and
�1.20%/yr at the total hip in males. In females, the annual
rates of bone loss in the first acceleration phase were

�0.66%/yr at the femoral neck and �0.49%/yr at the
total hip. Although this was lower than the annual rate of
bone loss in women over 50 yr, it showed an obvious
aggravation of bone loss in early adulthood. Of signifi-
cance, the annual rates of bone loss in males in the first
acceleration phase were higher (almost 2-fold) than in
those over 50 yr. It appears that more than 60–80% of
bone loss before age 50 yr occurred during early adult-

FIG. 2. Age-related changes in femoral neck (FN) cortical thickness (A and B) and buckling ratio (C and D) in males and females. Dot (�) signifies
buckling ratios in subjects with fractures. Data are shown with a smoothing spline and 95% confidence interval.

TABLE 1. Mean annual changes (percentage) in BMD at the femoral neck, total hip, and lumbar spine in males
and females

Femoral neck Total hip Lumbar spine

Mean %/yr (R) P value Mean %/yr (R) P value Mean %/yr (R) P value
Males

10–22 (n � 469) 3.55 (0.473) �0.001 3.19 (0.510) �0.001 5.44 (0.711) �0.001
23–29 (n � 474) �1.29 (�0.162) �0.001 �1.20 (�0.177) �0.001 �0.33 (�0.020) 0.667
30–49 (n � 1781) �0.32 (�0.165) �0.001 �0.02 (�0.025) 0.287 �0.16 (�0.098) �0.001
50–80 (n � 2007) �0.59 (�0.371) �0.001 �0.43 (�0.337) �0.001 �0.20 (�0.130) �0.001

Females
10–19 (n � 327) 4.65 (0.486) �0.001 3.84 (0.492) �0.001 6.12 (0.665) �0.001
20–28 (n � 646) �0.66 (�0.171) �0.001 �0.49 (�0.145) �0.001 0.28 (0.015) 0.708
29–49 (n � 2466) �0.11 (�0.008) 0.677 0.13 (0.102) �0.001 �0.10 (�0.022) 0.279
50–80 (n � 2405) �1.08 (�0.591) �0.001 �0.87 (�0.568) �0.001 �0.81 (�0.461) �0.001
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hood (Fig. 3). In both sexes, this was not observed in the
lumbar spine (Table 1).

Age-related changes for other clinical parameters
Age-related changes in body mass index (BMI), body

fat percentage, and alkaline phosphatase (ALP) and 25-
hydroxyvitamin D [25(OH)D] levels are shown in Fig. 4.
BMI increased during adolescence, was maintained during
adulthood, and decreased slowly after the age of 50 yr in
men. In women, an increase in BMI was relatively constant
until the age of 70 yr. Sex differences were observed in
body fat percentage. In men, body fat percentage de-
creased during puberty, increased slightly in the 20s, and
was then maintained for life. In women, body fat percent-
age increased during puberty, decreased slightly in the 20s,
and again increased gradually for life. As expected, ALP
levels decreased abruptly after puberty in both males and
females. In both sexes, 25(OH)D levels decreased during
puberty and then increased throughout life with some
variation.

Correlations between BMD and variable
parameters according to age group

To determine the factors related to BMD changes, we
investigated the correlations between BMD and various
parameters according to the four age groups described
previously (Table 2). Age showed negative correlations
with BMD in most age groups. BMI also had negative
correlations with BMD, and the correlation was still sig-
nificant after adjusting for age. Because age and BMI are
important determining factors of BMD, we analyzed other
parameters after adjusting for age and BMI. Among the
clinical parameters, such as 25(OH)D and ALP levels, Ca
and P intake, body fat percentage, and alcohol, smoking,
and exercise habits, body fat percentage showed signifi-
cant negative correlations with BMD in most age groups.

Discussion

Our findings in this cross-sectional
study indicate an accelerated phase of
bone loss at the femur in both sexes dur-
ing early adulthood. These findings
may aid in developing a better under-
standing of the age-related early bone
loss and a prevention strategy for os-
teoporosis in later life.

Skeletal growth involves changes in
size, shape, and material properties,
and these changes vary in tempo and
magnitude within different regions of
the skeleton. Skeletal mass is also ac-
crued throughout childhood and ado-

lescence. Genetic factors are known to determine 60–
80% of the variability in skeletal development and
acquisition; however, modifiable factors related to nutri-
tion, lifestyle, exercise, and hormonal imbalance can also
influence bone growth, modeling, and remodeling (12).
There is evidence that some bone loss begins in the third
decade, particularly for trabecular bone, but is then ac-
celerated (25). Understanding the change of bone mass
and geometry during adolescence and early adulthood is
essential to unraveling the determinants of bone fragility
and for development of a prevention strategy against fra-
gility fractures.

In this study, the acquisition of PBM was achieved at
the end of adolescence in women and was delayed several
years in men, as previously reported (11). Compared with
the Caucasian population (11, 26, 27), PBM appeared to
be reached a little later in the Korean population. Al-
though we could not determine whether there were ethnic
differences in the acquisition of PBM with ages, the genetic
factors and lifestyle factors such as daily calcium/protein
intake, consumption of dairy products, prevalence of vi-
tamin D insufficiency, and frequency/intensity of weight-
bearing physical activity between Korean and Caucasian
population may contribute to this difference. Interest-
ingly, we observed an early loss in BMD at the femoral
neck and total hip. After reaching PBM, BMD decreased
rapidly until the age of 28 or 29 yr and then increased
slightly or remained constant. In men, age-related bone
loss at the femur occurred continuously, with an obvi-
ous temporal acceleration phase after achieving PBM.
After reaching PBM, age-related bone loss at the femur
in women revealed three obvious phases: first acceler-
ation, consolidation or deceleration, and second accel-
eration. About 5–16% of peak BMD at the femur was
lost by the age of 50 yr. In addition, more than 60% of
bone loss in males and 80% in females that took place

FIG. 3. The percentage of bone loss before age 50 yr.
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before age 50 yr occurred during young adulthood. Ac-
celerated bone loss was observed in males between the
age of 23 and 29 yr and from 20 to 28 yr in females. In
this age group, changes in skeletal size are not expected
to be significant.

Age-related changes in the femoral
neck cortical thickness revealed a sim-
ilar pattern of age-related changes in
BMD at the femoral neck. Accordingly,
the buckling ratio increased gradually
in an oblique J-shape pattern. How-
ever, the low sensitivity for measuring
cortical thickness by the DXA tech-
nique should be considered. Khosla et
al. (17) also observed the so-called
spooning pattern of age-related
changes in BMD by quantitative com-
puted tomography (QCT). They ob-
served accelerated bone loss followed
by deceleration at the distal radius and
distal tibia before 50 yr of age, but this
change was found only in young adult
men (17). In the current study, we
found a similar pattern of bone loss at
the femur in both sexes but especially in
women. An accelerated phase of bone
loss at the femur during early adult-
hood has also been observed in other
ethnic groups (19, 20). In previous
studies, cortical bone volumetric BMD
(vBMD) in the long bone, midshaft of
the femur and radius, as measured by
QCT, did not show any changes during
childhood and adolescence (28, 29).
Other studies using peripheral QCT
have observed an increase in cortical
vBMD of the long bone during puberty
(30, 31). Regarding the change of fem-
oral neck BMD, estimates of vBMD did
not change with age in some studies
(27, 32). Discrepant results obtained
using DXA, QCT, and peripheral QCT
may reflect methodological differences be-
tween the techniques, variability in the spe-
cific subregion of bone studied, the total
number of subjects, or ethnicity. Another
observation in this study was that age-re-
lated changes in BMD were quite different
at different skeletal sites. The early loss in
femoralBMDwasnotobservedatthelum-
bar spine in either sex. This suggests that
bone remodeling may be regulated differ-
ently at different skeletal sites.

The next question was on how early loss of femoral
BMD may be reconciled. Because bone loss in the femur
begins as early as the third decade of life in both men and
women, aging per se was considered first. Reactive oxygen

FIG. 4. Age-related changes in BMI (A and B), body fat percentage (C and D), ALP levels (E
and F), and 25(OH) D levels (G and H) in males and females. Data are shown with a
smoothing spline and 95% confidence interval.
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species play a significant role in the pathogenesis of age-
associated human disease and are also important for bone
loss with aging (8). The pattern we observed also may be
explained by a transient adjustment phenomenon that oc-
curs during the transitional period between the modeling
and remodeling phase, after completion of lineal growth.
Robust secretion of GH and IGF-I is tapering down sig-
nificantly at this age, and enormously elevated serum ALP
levels dropped abruptly in our study. The secretory pat-
tern of many other hormones, growth factors, and cyto-
kines could have changed tremendously during this pe-
riod. Less likely, the decline of free estradiol associated
with aging in men was also considered because the decline
pattern reveals similar trends to the changes in femoral
BMD and structure (33, 34). In the correlation analysis,
BMI and body fat percentage showed greater correlation
with BMD than other clinical parameters. However, ha-
bitual and lifestyle changes, such as Ca intake, alcohol,
smoking, and exercise habits, could not explain the spoon-
ing pattern. Although causality cannot be established be-
tween these variables, this result suggests that habitual or
environmental factors might affect bone loss less than hor-
monal, aging, or genetic factors in young adults.

Several studies have reported on age-related changes in
BMD; however, most of these studies have been confined

to a specific sex, a certain age group, or a specific site for
BMD measurement. The major strength of our study is
that we analyzed data collected from a nationwide survey
that included more than 4000 participants from each sex,
aged 10–80 yr, in Korea. Despite this strength, our study
has some limitations. First, DXA measures total bone and
cannot distinguish cortical bone from trabecular bone is a
concern. Thus, the changes we observed here are inte-
grated changes in both compartments of the femur. Pre-
vious QCT data revealed that cortical bone mass remained
relatively stable in both sexes until midlife and trabecular
bone loss began in young adult life (35). Although the
proximal femur consists of predominantly cortical bone
(36), the early life changes in bone mass we observed may
be due largely to the previously described changes in
young adulthood in trabecular, but not cortical, bone.
Second, this is a cross-sectional study, and therefore, sec-
ular changes in skeletal size and other confounders may
bias the rate of bone loss estimated from this study. Fur-
thermore, a causal relationship cannot be established
based on the cross-sectional nature. Third, we could not
measure hormonal levels, such as estradiol, testosterone,
GH, and IGF-I. We also could not obtain qualitative in-
formation about smoking and alcohol use. Lastly, despite
statistical significance, the clinical significance of some of

TABLE 2. Correlations between changes in BMD and various markers in males and females

Femoral neck Total hip Lumbar spine

Males 10–22 23–29 30–49 50–80 10–22 23–29 30–49 50–80 10–22 23–29 30–49 50–80

Age 0.473a �0.162a �0.165a �0.371b 0.510b �0.177a �0.025 �0.337a 0.711c �0.020 �0.098c �0.130c

BMId 0.455a 0.360a 0.328a 0.365a 0.485b 0.403a 0.385a 0.425a 0.376c 0.322c 0.246c 0.352c

25(OH)De 0.106c 0.154b 0.093a 0.073a 0.124b 0.121b 0.116a 0.083a 0.066 0.082 0.044 0.024
ALPe �0.156b �0.137c �0.162a �0.162a �0.161b �0.167b �0.168a �0.181a �0.227c �0.148a �0.154c �0.151c

Ca intakee 0.057 0.005 0.092b 0.132a 0.049 0.030 0.091b 0.106a 0.065 �0.026 0.063b 0.040
P intakee 0.032 �0.007 0.106a 0.151a 0.046 0.028 0.099a 0.128a 0.024 �0.029 0.021 0.037
Body fat (%)e �0.430a �0.292a �0.284a �0.180a �0.434a �0.306b �0.274a �0.178a �0.513c �0.209c �0.182c �0.064a

Alcohole �0.041 0.104c 0.014 0.002 �0.012 0.064 0.007 �0.081 0.056 0.024
Smokinge �0.031 �0.014 �0.017 �0.020 �0.064 0.008 �0.003 �0.011 �0.095 0.027 �0.034 �0.011
Exercisee 0.161c 0.087 0.086a 0.064b 0.139 0.089 0.087a 0.080a 0.220a 0.072 �0.023 0.024

Femoral neck Total hip Lumbar spine

Females 10–19 20–28 29–49 50–80 10–19 20–28 29–49 50–80 10–19 20–28 29–49 50–80

Age 0.486a �0.171a �0.008 �0.591a 0.492c �0.145a 0.102a �0.568a 0.665a 0.015 �0.022 �0.461a

BMId 0.475a 0.304a 0.374a 0.323a 0.544c 0.410a 0.448a 0.360a 0.475a 0.340a 0.329a 0.310a

25(OH)De 0.048 0.083a 0.041c 0.091a 0.096 0.083c 0.073a 0.085a 0.060 0.048 0.026 0.016
ALPe �0.302a �0.264a �0.165a �0.160a �0.335c �0.284a �0.159a �0.194a �0.372a �0.189a �0.181a �0.211a

Ca intakee 0.012 0.062 0.065b 0.053b 0.023 0.007 0.053a 0.068b 0.066 0.025 �0.028 0.058c

P intakee 0.050 0.066 0.060b 0.060b 0.034 0.029 0.047b 0.067b 0.034 0.061 0.028 0.036
Body fat (%)e �0.207a �0.143a �0.179a �0.095a �0.163c �0.178a �0.180a �0.100a �0.185c �0.150a �0.127a �0.020
Alcohole �0.106 0.028 0.013 �0.008 �0.131b 0.015 �0.002 �0.018 �0.050 �0.012 �0.001
Smokinge 0.060 �0.034 �0.049b 0.032 �0.028 �0.055b 0.026 �0.043b �0.055d

Exercisee 0.008 0.011 0.056b �0.007 0.004 0.088a �0.001 0.024
Age of

menarche
(yr)e

�0.137c 0.008 �0.025 �0.044b �0.221b �0.029 �0.022 �0.051b �0.310a �0.002 �0.056c �0.110a

a P � 0.001.
b P � 0.01.
c P � 0.05.
d Adjusted for age.
e Adjusted for age and BMI.
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the findings is questionable because of low correlation
coefficients.

In conclusion, we observed an accelerated phase of
bone loss at the femur in both sexes during early adult-
hood. Further studies to identify the factors that accelerate
bone loss in young adults may be helpful to reduce the
occurrence of fractures later in life. Longitudinal studies
are also needed to verify the early bone loss in various
ethnic groups.
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