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Abstract Bone acquisition failure during growth or low
bone mineral density (BMD) in childhood and adolescence
might increase future osteoporosis risk. To identify these
children and adolescents, appropriate reference values are
necessary. The robust reference values must be community
based as well as sex-, age-, and ethnicity specific. In
addition, body size adjustment is necessary because indi-
viduals demonstrate different body sizes and different
tempos of growth, which affect measured BMD. We aimed
to provide reference data with body size adjustment of
Korean children and adolescents. We used dual-energy
X-ray absorptiometry data of 1,650 subjects (aged
10-20 years; 788 female) from the Korea National Health
and Nutrition Examination Survey (2009-2010). The BMD
of each region of interest (ROI), including the lumbar
spine, total body less head, total body, and femoral neck,
were obtained. We calculated the mean and percentiles for
each ROI. Because height and weight variations were high
and correlated independently with BMD within the same
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age group, we developed equations to calculate the “pre-
dicted BMD Z score.” Although 12.8-17.9 % of subjects
with short stature showed a low measured BMD Z score
depending on the measured site, only 2.6 % of those of
short stature had a low adjusted BMD Z score after
applying the predicted BMD Z score. We also compared
the BMD of children and adolescents of other ethnicities
using the same device. This study provided robust refer-
ence values for the assessment and monitoring of bone
health in Korean children and adolescents. Additionally, it
extended the knowledge of bone acquisition in Asian
children and adolescents.

Keywords Bone mineral density - Dual-energy X-ray
absorptiometry - Korean - Children - Body size adjustment

Introduction

Osteoporosis previously was considered a disease of the
elderly; however, it is now universally agreed that it has a
pediatric origin [1, 2]. Individuals who fail to achieve
optimal peak bone mass (PBM) and strength during
childhood and adolescence are more likely to develop
osteoporosis later in life [3]. Children with a chronic dis-
ease, such as cancer, have lower bone mineral density
(BMD) than do their healthy counterparts [4, 5]. Some of
these children who are treated with specific medications,
such as corticosteroids, anticonvulsants, or chemothera-
peutics, fail to acquire adequate BMD and, thus, have
increased risk of fracture even in young adulthood [4, 6-9].
Therefore, many expert groups, including the International
Society of Clinical Densitometry (ISCD), recommend
evaluating BMD in individuals predisposed to BMD defi-
cits [2, 10].
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Dual-energy X-ray absorptiometry (DXA) is the gold
standard for the noninvasive measurement of BMD and is
used to diagnose osteoporosis in both children and adults
[2]. DXA is not only safe and easy to perform but is also a
good surrogate measure of bone health and associated
fracture risk even in children [11, 12]. Therefore, many
pediatric references have been reported, including our own
[13-16]. However, a child who is short for the associated
chronological age might have a measured BMD that is less
than the expected-for-age BMD, even though the child’s
bone strength is adequate to sustain average mechanical
burdens [17]. Because some children and adolescents are
small because of delayed maturation, some investigators
have suggested making an adjustment based on body
weight and/or height [17—-19]. However, to our knowledge,
there is no Asian, community-based, pediatric, DXA ref-
erence adjusted for body size.

The aims of this study were as follows: (1) to provide
pediatric reference data of the BMD of multiple skeletal
sites by using DXA, (2) to provide a weight- and height-
adjusted BMD equation, and (3) to determine the BMD
characteristics of Korean children and adolescents by
comparing our DXA results with those of other
ethnicities.

Materials and methods
Study population

The data source was the Korea National Health and
Nutrition Examination Survey (KNHANES, 2009-2010)
[20]. Briefly, the KNHANES has been conducted periodi-
cally since 1998 to assess the health and nutritional status
of the noninstitutionalized civilian population of Korea.
The KNHANES is a cross-sectional, nationally represen-
tative survey conducted by the Division of Chronic Disease
Surveillance of the Korea Centers for Disease Control
(KCDC). A total of 1,981 subjects aged 10-20 years were
identified as potential subjects for this study. Of the 1,981
subjects, those who had chronic disease, took medication
that affects bone growth or metabolism, or did not com-
plete all region of interest (ROI) measurements were
excluded. Therefore, the final analytical sample consisted
of 1,650 subjects (862 males, 788 females; weighted
number, 23,388). The Ethics Committee of the KCDC
approved the study protocol, and written informed consent
was obtained from all participants or their parents.

Anthropometry and DXA analysis

Weight was determined to the nearest 0.1 kg on a medical
balance (GL-6000-20; CAS, Seoul, Korea). Height was
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measured to the nearest 0.1 cm with a wall-mounted sta-
diometer (Seca 220; Seca, Hamburg, Germany). All
anthropometry data were calculated to Z score based on
Korean reference data [21]. The BMD of each ROI,
including the lumbar spine (BMDy ), total body less head
(BMDrgLp), total body (BMDrg), and left femoral neck
(BMDgn), was measured serially, using a bone densitom-
eter (Discovery-W; QDR 4500, Hologic, Denver, CO,
USA) located in a mobile examination center, according to
manufacturer guidelines as described previously [15]. All
scans were analyzed centrally by the DXA Core Labora-
tory (Yensei University College of Medicine, Seoul,
Korea) using Hologic software release 12.3.

Statistical analyses

Statistical analysis was performed using SPSS 17.0 for
Windows (SPSS, Chicago, IL, USA). We calculated the
mean =+ standard deviation (SD) and percentiles for
BMD; 5, BMDrg1 y, BMDrg, and BMDgy according to age
group and sex. Each age group included subjects of a
specific age range; e.g., age group 11 contained subjects of
ages 11.0-11.9 years. The difference between age groups
was tested using analysis of variance to find the time of
plateau of the BMD of each ROI. The difference in BMD
between sexes in each age group was tested using the
independent ¢ test. The error bar of the figure (Fig. 1)
shows the mean + 2 SEM.

Because the BMD of each ROI closely correlated with
chronological age, body weight, and height, multiple
regression analyses were performed for the BMD of each
ROI using the independent variables of chronological age,
weight, and height. Even in the same age group, BMD
variation was too high according to weight and height
status. Therefore, we determined the “predicted BMD
Z score” in each age group. Each predicted BMD Z score,
R? value (explanatory value of the predicted BMD Z score),
and standard error of estimate (SEE) was calculated using
multiple regression analysis with “measured BMD Z score
for age group” as the dependent variable and weight
Z score (WZ) and height Z score (HZ) as the independent
variables, as derived from Korean reference data. In all
analyses, a P value < 0.01 was considered significant.

Results

Clinical characteristics and regression equations
for BMD of each ROI

The final analytical sample consisted of 1,650 subjects (862
males, 788 females), which represented 23,388 Korean
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subjects. The mean age, height, HZ, weight, WZ, and body
mass index (BMI) of the subjects according to sex are
described in Table 1.

Chronological age-based BMD

BMD increased with regard to chronological age in both
sexes. Generally, females showed the highest BMD
increase and plateau in each ROI 1 or 2 years earlier than
did males (Fig. 1). BMD.s showed the highest increase
between age groups 11 and 13 in girls and between age
groups 12 and 14 in boys (Fig. 1a). BMDrg y and BMDrp
showed continuous increase between age groups 10 and 15
in girls and between age groups 10 and 18 in boys (Fig. 1b,
c). BMDgy showed continuous increase between age
groups 10 and 15 in girls and between age groups 10 and
16 in boys (Fig. 1d). The plateau in BMD;g, BMDrgyy,
BMDrg, and BMDgy in girls occurred after age groups 14,
15, 15, and 14, respectively (after this age, the BMD dif-
ference among age groups, all P > 0.05). The plateau in
the BMD of all ROIs occurred after age group 16 in boys.
The difference in the BMD of each ROI between Korean
female and male children and adolescents is depicted in
Fig. 1.

Age- and sex-specific reference percentiles for BMD
of each ROI

The mean, SD, and reference percentiles for BMDyg,
BMDr+gr g, BMDrg, and BMDgy according to age group
and sex are noted in Tables 2, 3, 4, 5. The BMD of each
ROI closely correlated not only with chronological age but
also with weight and height after controlling for other
variables (all P < 0.001). Therefore, multiple regression
equations were developed for the BMD of each ROI using
the independent variables of chronological age, weight, and
height (Table 6). In these equations, weight was the most

Table 1 Clinical characteristics of the study population

Variables Females Males P value
Number 788 862

Weighted number 11,229 12,159

Age (years) 143 +£29 141 +28 NS
Height (cm)* 1572 £7.8 163.6 £ 129 <0.01
Height Z score 0.00 + 1.00 0.00 + 1.00 NS
Weight (kg)* 505 £ 11.1 57.0+£ 155 <0.01
Weight Z score 0.00 + 1.00 0.02 +£0.98 NS
Body mass index (BMI) (kg/ 20.3 £3.5 21.0+ 3.8 <0.01

m?)*

* Values are mean + SD

important independent variable, after age, that influenced
BMD.

Equations for calculating predicted BMD Z score
adjusted for WZ and HZ in each age group

The BMD of subjects varied within the same age group.
For example, BMD;g varied as much as 0.567 g/cm?®
(range, 0.440—1.007 g/cm?) in girls in age group 11. This
group showed height and weight variations up to 37 cm
and 48 kg, respectively. Even in the same sex and age
group, the BMD of each ROI closely correlated with
weight and height (R = 0.47-0.72; all P < 0.001). Thus,
linear regression equations were developed to calculate the
predicted BMD Z score for each ROI in each age group
using the independent variables of WZ and HZ. The
equations for calculating the predicted BMD Z score are
provided in Tables 2, 3, 4, 5.

Adjusted BMD Z score using predicted BMD Z score

The body size adjustment of the measured BMD consisted
of three steps: (1) calculation of the “measured BMD
Z score for age” based on mean and SD or percentiles in
Tables 2, 3, 4, 5; (2) calculation of the predicted BMD
Z score based on age, WZ, and HZ; and (3) calculation of
the “adjusted BMD Z score” by subtracting the predicted
BMD Z score from the measured BMD Z score.

The following is an example for a girl aged 11.7 years
with height of 137.1 cm, weight of 35.0 kg, and BMDy 5 of
0.490 g/cm”. Her rounded-off age is 11 years, the mean
BMD of 11-year-old girls is 0.707 g/cm?, and the SD from
Table 2 is 0.116 g/cmz. Thus, her measured BMD; g
Z score for age is (0.490 — 0.707)/0.116 = —1.87 Z. Her
WZ and HZ are —1.1 and —2.0 SD, respectively. The
predicted BMD; g Z score of an 11-year-old female with
—1.1 WZ and —2.0 HZ is calculated using the adjustment
equation in Table 2: —0.023 + (—1.1 x 0.472) +
(—2.0 x 0.370)] = —1.28 Z. Therefore, her adjusted
BMD, g Z score is —1.87 Z — (—1.28 Z) = —0.59 Z.

Adjusted BMD Z score in short stature

Among 1,650 subjects, 39 (2.4 %) had short stature (height
Z score < —2.0). Among 39 short children, 5-7 had low
measured BMD that depended on the measured site (5 at
BMDy 5, 7 at BMDrpry, 5 at BMDrg, and 5 at BMDgy).
However, applying the predicted BMD Z score, only 1
subject (2.6 % of short stature) showed low adjusted
BMDLs, BMDTBLH’ and BMDTB (Z score < —20) Thus,
only 14.3-20.0 % of short children who had low measured
BMD Z scores truly had low BMD.
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Discussion

This study provides sex- and age-specific reference values
for BMD with body size adjustment equations in healthy
Korean children and adolescents. Even in the same age
group, children and adolescents have a different rate of
maturation, which results in variations in height and weight.
Some children and adolescents are mistakenly diagnosed
with low BMD because of delayed maturation. These
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Fig. 1 Comparison of the bone mineral density (BMD) of each
region of interest (ROI) between Korean female and male subjects.
a BMDy 5: females had higher BMD of the lumbar spine between 10
and 13 years of age. After 14 years of age, no significant difference in
BMD was observed between females and males. b BMDrgyg: no
significant difference in BMD of the total body less head was
observed between females and males until 13 years of age. Females
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reference values might help clinicians to identify children
who have impaired bone mineral accrual and who might fall
into osteoporosis. To our knowledge, these are the first
Asian ethnicity-specific reference values for BMD derived
from a large, nationally representative, healthy sample.
Osteoporosis and its associated fractures are a signifi-
cant cause of morbidity and mortality [1, 22]. Recently, the
prevalence of osteoporosis in young adulthood has
increased, especially in survivors of childhood chronic
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had lower BMD after 14 years of age. ¢ BMDyg: a significant
difference in BMD of the total body was observed between females
and males after 17 years of age. d BMDgy: females had lower BMD
of the femoral neck in all age groups except 12 and 13 years. Filled
red circles, females; blue squares, males. The error bar of each curve
shows the mean £ 2 SEM. FN femoral neck, LS lumbar spine (L1-
L4), TB total body, TBLH total body less head
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Table 2 Age- and sex-specific reference mean and percentiles for lumbar spine bone mineral density (BMD) (g/cm?)

BMD;s Age (years) Mean SD Percentiles Predicted BMDy 5 Z score R?

3rd 10th 50th 90th 97th

Female 10 0.644 0.089 0477 0538 0.645 0.770 0.811 0.033 +(WZ x 0.405) + (HZ x 0.371) 0.53
11 0.707 0.116  0.489 0.560 0.699 0.859 0925 —0.023 + (WZ x 0.472) + (HZ x 0.370) 0.56
12 0.790 0.120 0.564 0.636 0.798 0940 1.016 0.030 + (WZ x 0.496) + (HZ x 0.160) 0.41
13 0.850 0.097 0.668 0.723 0.851 0974 1.032 —0.036 + (WZ x 0.576) + (HZ x —0.016) 0.32
14 0.866 0.102 0.674 0.733 0.874 0981 1.058 —0.018 + (WZ x 0.503) + (HZ x —0.009) 0.26
15 0.897 0.103 0.703 0.773 0.875 1.038 1.091 0.019 + (WZ x 0.530) + (HZ x —0.065) 0.25
16 0914 0.105 0.716 0.754 0905 1.093 1.112 0.010 + (WZ x 0.455) + (HZ x 0.059) 0.21
17 0930 0.120 0.704 0.756 0.937 1.066 1.156 0.011 + (WZ x 0.429) + (HZ x —0.035) 0.20
18 0943 0.109 0.738 0.802 0948 1.082 1.148 —0.030 + (WZ x 0.445) + (HZ x —0.024) 0.21
19 0948 0.086 0.786 0.821 0.956 1.070 1.110 0.018 + (WZ x 0.414) + (HZ x 0.048) 0.16

Male 10 0590 0.064 0470 0512 0591 0.692 0.710 —0.006 + (WZ x 0.443) + (HZ x —0.093) 0.14
11 0.628 0.089 0.461 0517 0.615 0.758 0.795 0.000 + (WZ x 0.215) + (HZ x 0.421) 0.34
12 0.676  0.096 0.495 0549 0.670 0.799 0.857 0.001 + (WZ x 0.076) + (HZ x 0.569) 0.39
13 0.754 0.113 0541 0.600 0.760 0.880 0.967 0.187 + (WZ x 0.303) + (HZ x 0.446) 0.46
14 0.830 0.117 0.610 0.677 0.836 0984 1.050 —0.004 + (WZ x 0.406) + (HZ x 0.145) 0.26
15 0.873 0.099 0.687 0.739 0.887 1.020 1.059 0.000 + (WZ x 0.267) + (HZ x 0.281) 0.22
16 0913 0.128 0.672 0.748 0.922 1.077 1.154 0.018 + (WZ x 0.445) + (HZ x 0.245) 0.36
17 0927 0.110 0.720 0.800 0.919 1.081 1.134 0.006 + (WZ x 0.460) + (HZ x —0.044) 0.19
18 0936 0.107 0.735 0.791 0926 1.087 1.137 0.077 + (WZ x 0.435) + (HZ x —0.155) 0.10
19 0960 0.107 0.759 0.852 0943 1.113 1.161 0.000 + (WZ x 0.412) + (HZ x 0.158) 0.26

BMD; ¢ lumbar spine (L1-L4) bone mineral density, SD standard deviation, HZ height Z score, WZ weight Z score based on Korean reference
data in each age group, R? explanatory value of predicted BMD g Z score

disease, such as cancer [5-9]. Furthermore, many of these
fail to acquire optimal PBM as a consequence of the dis-
ease itself, malnutrition, or decreased physical activity
during treatment [1, 5, 23]. Even healthy children with low
BMD have a high risk of fracture, similar to adults with
osteoporosis [11, 12]. Additionally, it is known that the
majority of children in the lowest tertile of BMD at pre-
puberty remain in the same tertile in adolescence [24, 25].
Fujita et al. [25] reported that most boys and girls in the
lowest quartile of BMD still showed the lowest mean BMD
after a 6-year follow-up from prepuberty, and that sports
activities increased BMD in Japanese boys. Thus, the ISCD
recommends periodic DXA assessment in children and
adolescents who have a disease or take medication that
might affect the skeleton, such as osteogenesis imperfecta,
inflammatory bowel disease, cerebral palsy, acute lym-
phocytic leukemia, or glucocorticoid therapy, to minimize
their risk of developing osteoporosis and fragility fractures
later in life [5]. To find and follow up with children and
adolescents at high risk of low BMD or osteoporosis in
childhood or adulthood, robust community-based, pediat-
ric, reference data are vital, because differences in ethnicity
or race with respect to BMD acquisition have been noted
previously [26, 27].

Koreans achieve PBM at 19 and 21 years of age in
females and males, respectively. Subsequently, BMD
decreases by 0.49-1.29 %, depending on the ROI, annually
[28]. We found that Korean children and adolescents had
earlier BMD acquisition, compared with other ethnicities,
using the same DXA device and similar software [13, 15,
16]. Korean children showed the highest increase in
BMD, g between age groups 11 and 13 in girls and between
age groups 12 and 14 in boys, similar to the results of our
previous study [14]. BMD+gy iy showed a relatively modest
increase between age groups 10 and 15 in girls and
between age groups 10 and 18 in boys. White and Hispanic
children showed the highest increase in BMDy g a year later
[15, 16]. Therefore, Koreans showed higher BMD until
15 years of age, but lower BMD after 15 years of age,
compared with whites and Hispanics. One reasonable
explanation is that Koreans might experience puberty ear-
lier than other races. In our previous study, approximately
323 % of Korean girls and 33.2 % of boys had an
advanced bone age of more than 1 year [14]. Differences in
sexual maturation time have been reported in different
races, with Asians said to undergo puberty earlier than
other races [26, 27]. Korean females reach peak BMD by
19 years of age, whereas white females gain 5-12 % more
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Table 3 Age- and sex-specific reference mean and percentiles for total body less head bone mineral density (g/cm?)

BMDrpy Age (years) Mean SD Percentiles Predicted BMDg y Z score R?
3rd 10th 50th 90th 97th

Female 10 0.714 0.073 0.577 0.619 0.721 0.807 0.851 0.032 4+ (WZ x 0.423) 4+ (HZ x 0.314) 0.48
11 0.759 0.084 0.601 0.638 0.772 0.855 0917 0.104 4+ (WZ x 0.396) 4+ (HZ x 0.385) 0.48
12 0.808 0.089 0.641 0.692 0.805 0921 0975 0.003 + (WZ x 0.417) + (HZ x 0.349) 0.51
13 0.846 0.082 0.692 0.729 0.855 0945 1.000 —0.038 + (WZ x 0.569) + (HZ x 0.011) 0.34
14 0.843  0.067 0.717 0.766 0.834 0942 0969 —0.027 + (WZ x 0.552) + (HZ x 0.108) 0.39
15 0.872 0.078 0.725 0.771 0.874 0973 1.019 0.013 + (WZ x 0.348) + (HZ x 0.119) 0.17
16 0.881 0.085 0.721 0.782 0.875 1.007 1.041 0.012 + (WZ x 0.380) + (HZ x 0.271) 0.27
17 0.881 0.088 0.715 0.778 0.869 1.015 1.047 0.011 + (WZ x 0.430) + (HZ x 0.043) 0.23
18 0.872 0.068 0.744 0.782 0.879 0945 1.000 0.006 + (WZ x 0.304) + (HZ x 0.333) 0.28
19 0.898 0.069 0.768 0.792 0907 0985 1.028 0.016 + (WZ x 0.196) 4+ (HZ x 0.134) 0.07

Male 10 0.709 0.056 0.604 0.628 0.711 0.781 0.814 0.000 + (WZ x 0.535) 4+ (HZ x 0.143) 0.38
11 0.759 0.080 0.609 0.664 0.752 0.873 0.909 0.007 + (WZ x 0.086) + (HZ x 0.624) 0.46
12 0.809 0.082 0.655 0.696 0.807 0930 0963 0.003 + (WZ x 0.192) 4+ (HZ x 0.567) 0.52
13 0.854 0.093 0.679 0.740 0.855 0986 1.029 0.013 + (WZ x 0.459) + (HZ x 0.291) 0.46
14 0933 0.103 0.739 0.804 0929 1.101 1.127 —0.009 + (WZ x 0.387) + (HZ x 0.279) 0.34
15 0942 0.082 0.788 0.837 0928 1.058 1.096 0.005 + (WZ x 0.106) + (HZ x 0.380) 0.20
16 0972 0.113 0.759 0.829 0961 1.131 1.185 0.014 4+ (WZ x 0.340) 4+ (HZ x 0.301) 0.30
17 0.986 0.096 0.805 0.882 0987 1.117 1.167 0.000 + (WZ x 0.633) + (HZ x —0.074) 0.35
18 1.004 0.109 0.799 0.851 1.006 1.148 1.209 0.142 + (WZ x 0.764) + (HZ x —0.147) 0.27
19 1.018 0.095 0.839 0902 1.017 1.160 1.197 —0.001 + (WZ x 0.489) + (HZ x 0.154) 0.34

BMD7p; 5 total body less head bone mineral density, SD standard deviation, HZ height Z score, WZ weight Z score based on Korean reference
data in each age group, R? explanatory value of predicted BMDrp;  Z score

BMD, depending on the ROI, during the third decade of
life [29].

The ISCD recommends that BMD results of the spine
and TBLH should be adjusted for body size, such as height
age or height-specific Z scores [30]. Children who are short
for their chronological age or who experience delayed
puberty are particularly prone to being mistakenly diag-
nosed with low BMD or osteoporosis [31]. The timing of
individual development of height, weight, and Tanner stage
are different, even in the same ethnicity [32]. We previ-
ously found that approximately half of normal children and
adolescents showed delayed or advanced bone age of more
than 1 year, compared with chronological age [14]. In this
study, subjects’ height and weight variations were high, as
much as 37 cm and 48 kg, respectively, within the same
age group, which also might be true for other community-
based studies [13, 15, 16]. Height and weight are highly
correlated to BMD, along with age, as previously men-
tioned [14, 17, 18]. To solve this problem, some investi-
gators have suggested making an adjustment based on body
weight and/or height [17-19]. Mglgaard et al. [18] pro-
posed a three-stage approach using height-for-age, bone
area-for-height, and bone mineral content (BMC)-for-bone
area to correspond to short bones, narrow bones, and light
bones. Zemel et al. [16, 19] proposed the height-for-age
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Z score (HAZ) adjustment method, and developed refer-
ence data for American children and adolescents based on
HAZ adjustment equations. We first adopted a height
adjustment method, but the R? of each ROI was low,
especially in BMDy 5. Furthermore, the BMD of each ROI
was influenced more by weight than by height in the total
subjects (and in the same age group). El Hage et al. [33]
reported that weight is correlated more to the BMD of the
weight-bearing bones (L2-L4 and femoral neck) than is
height in Lebanese adolescent boys. They also showed that
weight and BMI, but not height, are positively associated
with the bone mineral apparent density of the weight-
bearing bones. Thus, we employed Webber’s proposal of a
height-, age-, and weight-adjusted (HAW) score, and
determined a predicted BMD Z score, which had a higher
R* in each ROI up to 0.56. Using these equations, only
2.6 % of children with short stature showed an adjusted
BMD g1y Z score <2.0, whereas 17.9 % had a low mea-
sured BMD Z score.

The R value of the prediction equation varied from 0.00
to 0.56 depending on age group and ROI (measured site).
The R* value was high in the 10- to 12-year-old age group
in girls and the 11- to 13-year-old age group in boys. In
these ages is the time of puberty. Timing of puberty varies
in each individual. Some females enter puberty at the age
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Table 4 Age- and sex-specific reference mean and percentiles for total body bone mineral density (g/cm?)

BMDg Age (years) Mean SD Percentiles Predicted BMDrg Z score R?

3rd 10th 50th 90th 97th

Female 10 0.851 0.089  0.684 0.729 0.862 0946  1.018  0.017 + (WZ x 0.309) + (HZ x 0.185) 0.22
11 0.891 0.094 0.714 0.753 0.904 1.012 1.068 —0.016 + (WZ x 0.121) + (HZ x 0.116) 0.29
12 0945  0.102 0753  0.812 0934 1.098 1.137  0.001 + (WZ x 0.320) 4+ (HZ x 0.265) 0.30
13 0.995 0.103 0.801 0.841 1.013 1.109 1.189 —0.022 + (WZ x 0.424) 4+ (HZ x —0.004) 0.18
14 1.002  0.086  0.840 0.899  0.998 1.130  1.164  —0.021 + (WZ x 0.355) + (HZ x 0.046) 0.15
15 1.043  0.104  0.847  0.905 1.028 1.202 1239  0.012 + (WZ x 0.229) + (HZ x —0.009) 0.05
16 1.061 0.112 0.850 0.926 1.044 1.226 1.272 0.006 + (WZ x 0.267) + (HZ x 0.218) 0.15
17 1.064  0.111  0.855  0.909 1.061 1.213 1.273  0.001 + (WZ x 0.304) + (HZ x 0.041) 0.12
18 1.058  0.088  0.892  0.955 1.061 1.158 1224 0.006 + (WZ x 0.083) + (HZ x 0.338) 0.15
19 1.101 0.092 0928  0.969 1.124 1.204 1274  0.001 + (WZ x —0.020) + (HZ x 0.019) 0.00

Male 10 0.857  0.068 0729 0.764 0856  0.942 0985  —0.002 + (WZ x 0.131) + (HZ x 0.186) 0.08
11 0893  0.089 0.726  0.781  0.881 1.019  1.060  —0.001 + (WZ x —0.050) + (HZ x 0.515)  0.23
12 0927  0.084 0769  0.815  0.932 1.045 1.085  0.004 + (WZ x 0.035) 4+ (HZ x 0.508) 0.28
13 0966  0.100 0.778  0.837  0.963 1.103 1.154  0.009 + (WZ x 0.347) + (HZ x 0.259) 0.30
14 1.046  0.125  0.811  0.900  1.024 1.208 1.281 —0.007 + (WZ x 0.339) + (HZ x 0.202) 0.23
15 1.059  0.094 0882 0930 1.052 1.186 1236 0.002 + (WZ x —0.007) + (HZ x 0.323) 0.10
16 1.099  0.132  0.851  0.933 1.093 1.301 1.347  0.007 + (WZ x 0.268) 4+ (HZ x 0.248) 0.19
17 1.113  0.110  0.906  0.989 1.112 1.277 1.320 —0.002 + (WZ x 0.492) + (HZ x —0.088)  0.20
18 1.152  0.129 0909  0.983 1.165 1336 1395  0.114 + (WZ x 0.624) + (HZ x —0.164) 0.19
19 1.161 0.091 0990 1.060  1.142 1.286  1.332  0.006 + (WZ x 0.411) 4+ (HZ x 0.084) 0.21

BMDrp total body bone mineral density, SD standard deviation, HZ height Z score, WZ weight Z score based on Korean reference data in each age group,

R? explanatory value of predicted BMDrgy g Z score

Table 5 Age- and sex-specific reference mean and percentiles for femoral neck bone mineral density (g/cm?)

BMDgy  Age (years) Mean SD Percentiles Predicted BMDgy Z score R?
3rd 10th 50th 90th 97th

Female 10 0.608 0.076 0465 0.518 0.606 0.703 0.751 0.034 + (WZ x 0.554) + (HZ x 0.090) 0.39
11 0.658 0.097 0476 0542 0.651 0.784 0.840 —0.027 + (WZ x 0.613) + (HZ x 0.212)  0.55
12 0.716 0.118 0494 0.562 0.716 0.869 0.938 0.003 + (WZ x 0.493) + (HZ x 0.193) 0.44
13 0.743  0.101  0.553 0.605 0.745 0.878 0933 —0.028 + (WZ x 0.518) + (HZ x 0.002)  0.27
14 0.735 0.112  0.524 0.592 0.740 0905 0946 —0.022 + (WZ x 0.566) + (HZ x 0.007)  0.33
15 0.722  0.103 0.528 0.641 0.783 0907 0916 0.020 + (WZ x 0.440) + (HZ x 0.133) 0.26
16 0.793 0.111 0.584 0.655 0.793 0940 1.002 0.008 + (WZ x 0.432) + (HZ x 0.118) 0.22
17 0.784 0.120 0.558 0.630 0.790 0.943 1.010 0.007 + (WZ x 0.534) + (HZ x —0.027) 0.32
18 0.792 0.107 0.591 0.658 0.796 0902 0.993 0.006 + (WZ x 0.404) + (HZ x 0.179) 0.26
19 0.806 0.197 0.635 0.692 0.804 0935 1.177 0.013 + (WZ x 0.269) 4+ (HZ x 0.152) 0.11

Male 10 0.652 0.067 0.526 0.571 0.650 0.738 0.778 0.007 + (WZ x 0.366) + (HZ x 0.001) 0.13
11 0.695 0.095 0.516 0.581 0.694 0811 0.874 —0.101 + (WZ x 0.197) + (HZ x 0.500) 0.42
12 0.734  0.089 0.567 0.614 0.725 0.848 0901 0.017 + (WZ x 0.282) + (HZ x 0.446) 0.47
13 0.780 0.119 0.556 0.620 0.784 0938 1.004 0.016 + (WZ x 0.613) + (HZ x 0.104) 0.46
14 0.839 0.123 0.608 0.678 0.833 1.018 1.070 —0.002 + (WZ x 0.422) + (HZ x 0.202) 0.32
15 0.851 0.118 0.629 0.706  0.855 1.009 1.073 —0.004 + (WZ x 0.275) + (HZ x 0.311) 0.26
16 0.895 0.111 0.686 0.685 0.891 1.108 1.104 0.017 + (WZ x 0.484) + (HZ x 0.111) 0.30
17 0.896 0.129 0.653 0.759 0904 1.069 1.139 0.003 + (WZ x 0.583) + (HZ x —0.172)  0.26
18 0.899 0.123 0.668 0.729 0906 1.072 1.130 0.117 + (WZ x 0.624) + (HZ x —0.184) 0.19
19 0919 0.136 0.663 0.761 0.898 1.101 1.175  0.001 + (WZ x 0.499) + (HZ x 0.115) 0.32

BMDyp, femoral neck bone mineral density, SD standard deviation, HZ height Z score, WZ weight Z score based on Korean reference data in each

age group, R? explanatory value of predicted BMDpy Z score
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Table 6 Linear regression equations for BMDy g, BMDrg; g, BMDrg, and BMDgy

Female R? SEE

BMD,; g = (—163 + 18 x Age + 5 x 0.614 0.09
Wt + 3 x Ht/10°

BMDrpy = (24 + 7 x Age + 3 x 0.541 0.07
Wt + 3 x Ht)/10°

BMDg = (153 + 17 x Age + 3 x 0.463 0.09
Wt + 3 x Ht)/10°

BMDgy = (21 + 7 x Age + 5 X 0.479 0.09

Wt + 2 x Ht)/10°

Male R? SEE

BMD, g = (—262 + 22 x Age + 3 x 0.698 0.09
Wt + 3 x Ht)/10°

BMDTBLH = (—27 + 13 x Age + 3 x 0.696 0.08
Wt + 3 x Hty/10°

BMDpg = (233 + 19 x Age + 3 x 0.572 0.09
Wt + 2 x Hty/10°

BMDgy = (87 + 9 x Age + 4 x 0.551 0.10

Wt + 2 x Ht)/10°

BMD bone mineral density, LS lumbar spine L1-L4, FN femoral neck, TBLH total body less head, 7B total body, SEE standard error of estimate,

Ht height, Wr weight

Regression equations were made for BMD at each ROI (region of interest) using the independent variables of chronological age, weight, and

height

of 10 years whereas others enter at the age of 12 years.
Height and weight also showed a significant difference
depending on pubertal stage. Thus, the explained variances
(the R* values) of the prediction equation, composed of
height Z score and weight Z score, in these age groups were
high. However, when subjects had almost finished their
growth in height or weight, the variance of height and
weight is small. Thus, the R® value of the prediction
equation after 17 years of age is low. The R* value of the
prediction equation also differs depending on other vari-
ables including ROI. Zemel et al. [19] reported the R? value
of their prediction models was greater for BMC than for
BMD measures, greater for females than males, greater for
non-black than black children, and greater for the spine
than other regions such as hip and forearm.

We acknowledge some limitations in this study. The
primary limitation is that we did not evaluate this adjust-
ment method in children with chronic diseases that affect
bone acquisition. However, Webber et al. [17] demon-
strated the HAW score validity in a child with acute lym-
phoblastic leukemia. Future studies are needed to evaluate
the validity of our adjustment method in identifying indi-
vidual children at risk for fracture. The second limitation is
that we could not create a reference curve applying the
LMS approach because of the small sample size. The final
limitation is that we could not acquire the Tanner stage of
the subjects. Tanner stage is known to closely correlate
with the BMD of each ROL.

In conclusion, this study provides sex- and age-specific,
DXA-based, pediatric BMD reference values with body
size adjustment equations in healthy Korean children and
adolescents. Along with our previously reported pediatric
DXA reference values, these robust reference values might
help clinicians in assessing and monitoring bone health in
Korean children and adolescents. Body size deviations
exert a considerable impact on measured BMD, as shown

@ Springer

in this study; therefore, height and weight adjustment,
along with age adjustment, is important to prevent the
misdiagnosis of low BMD or osteoporosis, especially in
children with short stature, as recommended by the ISCD.
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