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Abstract There is currently insufficient information on
serum 25-hydroxyvitamin D (250HD) and parathyroid
hormone (PTH) concentrations, and bone mineral status
in healthy adolescents to allow reference values to be set.
This study aimed to provide comparable data on vitamin
D status in Japanese adolescents and to assess sex differ-
ences in susceptibility to vitamin D insufficiency. Serum
250HD and PTH concentrations were measured in 1,380
healthy adolescents (aged 12-18 years). Subjects com-
pleted a questionnaire on exercise history, diet, and lifestyle
factors. Calcaneal stiffness was evaluated by quantitative
ultrasound. Serum 250HD concentrations in boys and girls
were 60.8 + 18.3 and 52.8 + 17.0 nmol/L, respectively.
Approximately 30 % of boys and 47 % of girls had sub-
optimal 250HD concentrations (<50 nmol/L). Serum
PTH concentration was negatively correlated with serum
250HD concentration in boys, but negatively correlated
with calcium intake rather than serum 250HD in girls. In
contrast, the increment in calcaneal stiffness as a result of
elevation of serum 250HD was higher in girls than in boys.
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As vitamin D deficiency is common in Japanese adoles-
cents, it was estimated that intakes of >12 and >14 pg/day
vitamin D would be required to reach 250HD concentra-
tions of 50 nmol/L in boys and girls, respectively. Moreo-
ver, the results of the present study indicate that vitamin D
deficiency has a greater association with calcaneal stiffness
in girls than in boys.

Keywords Vitamin D - Parathyroid hormone -
25-Hydroxyvitamin D - Bone mineral density - Adolescent

Introduction

Vitamin D plays an important role in the regulation of cal-
cium homeostasis and bone metabolism. Among the vitamin
D metabolites, serum 25-hydroxyvitamin D (250HD) con-
centration is the best indicator of vitamin D status. Vitamin
D insufficiency is known to cause secondary hyperparathy-
roidism, which adversely affects bone metabolism in the
elderly [1]. Negative correlations between serum 250HD
and parathyroid hormone (PTH) concentrations have been
observed in children and adolescents [2—7], while an associa-
tion between serum 250HD concentration and bone mineral
density (BMD) has also been reported in adolescents [8].
However, there is limited evidence regarding the associations
between vitamin D status and serum PTH concentration and
BMD in Japanese adolescents. Serum PTH concentration is
known to be regulated not only by vitamin D status, but also
by dietary calcium intake [9], and dietary calcium intake in
Japanese, including adolescents, is lower than in Europeans
and Americans [10-12]. These facts suggest that vitamin
D status may be more important for regulating serum PTH
concentrations and bone metabolism in adolescents with low
calcium intake, such as Japanese adolescents.
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Differences in the importance of vitamin D for bone
growth between boys and girls may be expected to exist
during puberty because of differences in patterns of bone
growth. However, little is known about sex differences in
the associations between vitamin D status and serum PTH
concentration and bone metabolism in adolescents.

The aim of this study was to provide comparable data on
vitamin D status to allow the establishment of a reference
values of serum 250OHD concentration or vitamin D intake
in adolescents and to examine sex differences in the asso-
ciation between vitamin D status and bone mineral status.

Materials and methods
Subjects

We recruited adolescents aged 12-18 years (n = 1415)
through an annual health examination at a Junior and Sen-
ior High School located in urban Tokyo. They were all
selected from the same Junior and Senior High School.
Subjects who had suffered from acute infection or who had
chronic diseases such as diabetes mellitus, kidney disease,
bone metabolic disease or inheritable metabolic diseases
were excluded. Subjects whose serum parameters could not
be measured due to an insufficient blood sample were also
excluded. Finally, a total of 1,380 healthy adolescents from
first grade of Junior High School (1st JHS) (192 boys and
197 girls, aged 12-13 years), first grade of High School
(1st HS) (247 boys and 279 girls, aged 15-16 years), and
third grade of High School (3rd HS) (223 boys and 242
girls, aged 17-18 years) were enrolled. The health status of
the participants was defined based on health history, ques-
tionnaire, and serum biochemical parameters.

Measurements

Blood samples were obtained in May 2003 and 2004. Fast-
ing blood samples were collected by venipuncture at school
in the morning, centrifuged at 1,940x g for 15 min at 4 °C,
and the supernatant was stored at —35 °C until assayed.
Serum 250HD was determined using the LIAISON 250H
Vitamin D TOTAL assay (DiaSorin Inc, Stillwater, MN,
USA), which is an automated competitive chemilumi-
nescence immunoassay (CLIA) [13]. Circulating level of
intact PTH was measured by chemiluminescent immunoas-
say (CLIA) (LIAISON® N-TACT® PTH 1I Assay). Height,
weight, and body mass index were measured for all subjects,
and they also completed a questionnaire on exercise history,
diet, and lifestyle factors. Vitamin D and calcium intake were
assessed using a food-frequency questionnaire (FFQ) [14],
based on the semi-quantified FFQ developed by the Drafting
Committee of the Ministry of Health and Welfare for Health

Index. The FFQ has been shown to be a useful tool for evalu-
ating dietary calcium and vitamin D intake (coefficients of
variance of four repeated measurements of intakes through-
out 1 year were 14.1 % for calcium and 13.6 % for vitamin
D). Calcaneal skeletal status was evaluated by quantitative
ultrasound (QUS) measurements at the heel, using the Achil-
les system A-1000 (GE-Lunar, Madison, WI, USA), which
measures speed of sound (SOS) in m/s and broadband ultra-
sound attenuation (BUA) in dB/MHz. The Achilles software
was also used to calculate a stiffness index, which is a com-
bination of both BUA and SOS. Calcaneal stiffness Z score
were calculated using Japanese age-matched reference data
provided by GE-Lunar (Madison, WI, USA).

Statistical analysis

All statistical analyses were performed using statistical
software JMP 7.0J (SAS Institute Inc, Cary, NC, USA).
Analysis of variance (ANOVA) was performed to deter-
mine the significance of differences in anthropometric
parameters, serum 250HD and intact PTH concentrations,
bone mass parameters, and vitamin D and calcium intakes
among school grades. Student’s ¢ tests were used to com-
pare parameters between the sexes.

No definite 250HD threshold for defining vitamin D
deficiency/insufficiency has yet been established, and the
proposed reference value varies among studies [15—17]. The
Institute of Medicine of the National Academies in USA/
Canada recently proposed 50 nmol/L 250HD as a refer-
ence value to define vitamin D sufficiency [18]. Based on
these reports, we evaluated the frequencies of vitamin D
deficiency/insufficiency using the following serum 250HD
concentrations—<12.5 nmol/L, severe vitamin D defi-
ciency; 12.5 to <25 nmol/L, vitamin D deficiency; 25 to
<50 nmol/L, mild vitamin D deficiency; 50 to <75 nmol/L,
vitamin D insufficiency; >75 nmol/L, vitamin D sufficiency.

Serum 250HD concentrations required to achieve
plateau PTH concentrations were calculated using the
method reported by Guillemant et al. [3]. The model used
was iPTH (pg/mL) = a + b exp [c x 25(OH)D(nmol/L)].
Although this curve is asymptotic, it is usual to estimate
that an iPTH ‘plateau’ is reached when [25(OH)D] = 3/c.

The vitamin D intake required to achieve a serum 250HD
concentration of 50 nmol/LL was calculated using a logarith-
mic regression curve of vitamin D intake and serum 250HD
concentration obtained by Passing and Bablok regression
analysis. Generally, an equation of regression is calculated
by the least square method. However, in the least square
method, errors of variables are considered in the Y axis but
are not considered in the X axis. Therefore, variables on the
X and Y axes cannot be exchanged because this exchange
causes a different relationship between the 2 variables that
should be compared. However, error must be considered for
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each variable of serum 250HD and PTH concentrations.
Thus, we used the Passing and Bablok regression method,
which is able to obtain linear regression considering errors
in X and Y variables. The merit of this method is that the
relationship of 2 variables does not change even if variables
in X and Y are exchanged because the calculation of regres-
sion is based on the median of the slope between all 2 points
that were plotted on a scatter diagram.

Stepwise multiple linear regression analyses were per-
formed to explore the determinants of serum intact PTH
concentration or calcaneal stiffness Z score. Significant
variables detected in simple linear regression analysis were
included in the original model as plausible predictors (for
PTH concentration—serum 250HD concentration, cal-
cium intake, and vitamin D intake; for calcaneal stiffness Z

Table 1 Subject characteristics

score—body weight, serum 250HD concentration, calcium
intake, vitamin D intake, and exercise). A forward stepwise
regression was performed, and a P value >0.10 was used
for variable removal.

To assess sex differences in the association between
vitamin D status and calcaneal stiffness, subjects were
divided into two groups according to serum 250HD con-
centration—subjects with serum 250HD concentrations
<50 nmol/L. (L-250HD), and those with serum 250HD
concentrations >50 nmol/L. (H-250HD). Differences in
calcaneal stiffness Z score between the L-250HD and
H-250HD groups for each sex were evaluated using Stu-
dent’s ¢ tests. Subjects were also divided into four groups
according to serum 250HD concentration (same threshold
as above) and calcium intake.

Parameter All School grade ANOVA (among
age groups)
Ist JHS (12-13 years)  1st HS (15-16 years)  3rd HS (17-18 years)
Boys
N 662 192 247 223
Body height (cm) 165.3 £ 9.9%%* 153.8 +£7.6 169.2 £ 5.9%%%* 171.5 4 5.4%** <0.001
Body weight (kg) 56.7 £ 12.0%%* 453 +£9.0 59.2 £ 9.4%%:% 64.7 £ 8.8%*** <0.001
BMI (kg/m?) 20.6 £ 3.0 19.0 £2.8 20.6 £2.7 22.0 £ 2.8 <0.001
250HD (nmol/L) 60.8 £ 18.3*** 58.8 £ 15.5% 61.3 £+ 18.5%** 62 £ 19.8%#* 0.179
<50 nmol/L (%) 30.1 30.2 28.7 314 0.822
<75 nmol/L (%) 79.9 85.9 81.0 73.5 0.007
Intact PTH (pg/mL) 39.0 £ 17.1 44.7 £ 18.1 40.1+17.8 32.6 £12.8 <0.001
Achilles stiffness 99.2 + 18.4%* 85.6 &+ 11.8%** 100.8 £+ 16.1 109.3 £ 18.3%** <0.001
Achilles Z score —0.01 £ 0.16%**  —0.05 & 0.13*** —0.04 £ 0.15%%** 0.06 £ 0.18* <0.001
Vitamin D intake (ng/day) 10.0 £ 2.7 99429 10.1 £2.5 99+27 0.808
Calcium intake (mg/day) 554 &+ 289*** 555 £ 282 562 4 315%** 553 £ 288**:* 0.945
Exercise (%) 69.7%#%% 73.9%%* 64.5%%% 71.9%%* 0.071
Outdoor exercise (%) 69 73 74 58
Girls
N 718 197 279 242
Body height (cm) 156.9 £ 5.7 153.5+54 158.2+5.3 158.1 £5.3 <0.001
Body weight (kg) 50.6 £7.5 458 +7.0 522+74 526 £6.3 <0.001
BMI (kg/m?) 20.5+2.5 194+£25 20.8 £2.7 21.0 £ 2.1 <0.001
250HD (nmol/L) 52.8 £17.0 55.5+15.0 53.0 £ 16.8 503 £ 18.5 0.005
<50 nmol/L (%) 47.1 39.1 49.1 52.9 0.013
<75 nmol/L (%) 89.8 90.9 88.5 90.5 0.649
Intact PTH (pg/mL) 38.0+£ 154 434+173 38.8 £ 149 321+£11.8 <0.001
Achilles stiffness 96.4 £ 15.2 914+ 13.1 98.5 £ 16.8 98.1 £ 14.0 <0.001
Achilles Z score 0.02 £0.16 0.002 +0.14 0.03 £0.17 0.03 £0.15 0.108
Vitamin D intake (pg/day) 10.1 £2.5 10.2 £ 2.6 100£24 10.1 £2.5 0.783
Calcium intake (mg/day) 471 £ 199 507 + 221 459 + 187 454 + 189 0.01
Exercise (%) 48.3 53.1 47.5 449 0.224
Outdoor exercise (%) 48 44 55 45

BMI body mass index, 250HD 25-hydroxyvitamin D, PTH parathyroid hormone, JHS Junior High School, HS High School
Significant differences between boys and girls are shown with asterisks (* P < 0.05, ** P < 0.001, *** P <0.001)
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Threshold calcium (Ca) intake values were based on
the recommended daily allowances (RDAs) according
to the Dietary Reference Intakes for Japanese 2010 [19]
[boys—1,000 mg/day (12-14 years), 800 mg/day (15—
18 years); girls—800 mg/day (12-14 years), 650 mg/day
(15-18 years)] (<RDA: L-Ca, >RDA: H-Ca). Differences
in calcaneal stiffness Z score among the four groups were
evaluated by ANOVA and Tukey—Kramer’s honest signifi-
cant difference test.

Ethical considerations

The comprehensive study protocol, including nutritional
evaluation, was reviewed by the ethics committee of
Kagawa Nutrition University and comprehensive written
informed consent was obtained from all participants.

Results

The subject characteristics are summarized in Table 1.
Serum 250HD concentrations in boys and girls were
60.8 £ 18.3 and 52.8 £ 17.0 nmol/L, respectively. Serum
250HD concentrations of girls were significantly lower
than those of boys in all age groups. Approximately
30 % of boys and 47 % of girls had <50 nmol/L. 250HD

concentration, and approximately 80 % of boys and 90 %
of girls had <75 nmol/L 250HD concentration. Overall,
obvious vitamin D deficiency, defined as serum 250HD
concentration <25 nmol/L, was observed in eight boys and
19 girls (Fig. 1). There was no significant difference in
serum 250HD concentration among school grades in boys,
but serum 250HD levels decreased significantly with age
in girls. In 3rd HS girls, serum 250HD concentration was
50.3 &+ 18.5 nmol/L which was approximately 5 nmol/L
lower than concentration of 1st JHS girls, and more than
half of girls had <50 nmol/L 250HD concentration. Exer-
cise habit and the ratio of outdoor exercise were much
higher in boys than in girls (Table 1). Although vitamin D
intake did not differ between boys and girls, serum 250HD
concentrations were lower in girls than in boys.

Intact PTH concentration in boys and girls were
39.0 & 17.1 and 38.0 £ 15.4 pg/mL, respectively (Table 1).
Intact PTH concentration decreased significantly with
age in both boys and girls, with no significant difference
between the sexes. Decrements of intact PTH concentration
from 1st JHS to 3rd HS in both boys and girls were approx-
imately 10 pg/mL. Although calcaneal stiffness was higher
in girls than in boys in 1st JHS (12-13 years), the high rate
of bone growth in boys led to a reversal of this phenom-
enon in 3rd HS (17-18 years). Calcium intake among high
school students was higher in boys than in girls (Table 1).
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In simple regression analysis, a negative correlation between
serum 250HD and PTH concentration was observed in boys.
In girls, however, a significant correlation was observed only
in 3rd HS (Fig. 2). Therefore, we evaluated the serum 250HD
concentrations required to achieve plateau PTH concentra-
tions in boys (12-18 years) and 3rd HS girls (17-18 years)
using the method reported by Guillemant et al. (Fig. 3). The
equations of the regression curves of boys (12-18 years) was

intactPTH (pg/mL) = 15.21 + 38.25 exp[—0.00792 x 250HD (nmol/L)],

and that of girls (17-18 years) was intactPTH (pg/mL) =
2.89 + 34.76 exp[—0.00344 x 250HD (nmol/L)]. Plateau
was considered to be reached for a concentration of 250HD

60
Boys (12-18 years)
5L - - --Girls (17-18 years)
=
g 40
&
S -
an) 30 '\ _________
1_), 20 | o — ;-u...:
8
4
wr e Ref.) French boys (14-16 years)*
-+ =+ Ref.) Finnish girls (13-16 years)**
0 . . . . .
0 25 50 75 100 125

250HD (nmol/L)

Fig. 3 Comparison of the relationship between serum 25-hydroxyvi-
tamin D (25(OHD) and intact PTH concentrations in boys and girls.
The equations of the regression curves are—boys (12-18 years):
intactPTH (pg/mL) = 15.21 + 38.25 exp[—0.00792 x 250HD (nmol/L)];
girls (17-18 years): intactPTH (pg/mL) = 2.89 4 34.76
exp[—0.00344 x 250HD (nmol/L)]. Plateau was considered to be
reached for a concentration of 250HD equal to 3 divided by 0.0198
or 0.0083. Those values were 379 nmol/L for boys and 872 nmol/L
for girls. To be compared with other studies, the regression curves
of French boys and Finnish girls are shown in this figure. These
equations of the regression curves are—French boys (14-16 years):
intactPTH (pg/mL) = 20.37 + 34.78 exp[—0.0362 x 250HD (nmol/L)] ;
Finnish girls (13-16 year): intactPTH (pg/mL) = 12.1 +27.0
exp[—0.011 x 250HD (nmol/L)]. Plateau was considered to
be reached for a concentration of 250HD equal to 3 divided by
0.0362 or 0.011. Those values were 83 nmol/L for French boys and
273 nmol/L for Finnish girls. * Guillemant et al. [3], ** Outila et al.
(4]

Fig. 4 Simple regression

(a) Boys
analysis between serum 6

equal to 3 divided by 0.00792 or 0.00344. Those values were
379 nmol/L for boys and 872 nmol/L for girls, which were
unrealistic concentrations. To be compared with other studies,
the regression curves of French boys [3] and Finnish girls [4]
are shown together in this figure. The serum 250HD concen-
trations required to achieve plateau PTH concentrations are
83 nmol/L for French boys [3] and 273 nmol/L for Finnish
girls [4].

Negative correlations between serum 250HD and calca-
neal stiffness in simple regression analysis were observed
in both boys (P = 0.029, 7 = 0.007) and girls (P < 0.001,
? = 0.049) (Fig. 4).

Figure 5 shows the association between serum 250HD
concentration and vitamin D intake. Significant posi-
tive associations were observed in all subjects (all boys
and all girls). Based on these associations, the vitamin
D intake required to reach a serum 250HD concentra-
tion of 50 nmol/L was estimated by the logarithmic equa-
tion log(250HD) = a + b log(vitamin D intake) or
log(250HD) = a + b’ log(vitamin D intake). Slope b is the
ordinary slope (solid line) and slope &’ is the lower slope
limit of the 95 % confidence interval (dashed line). The
results indicated that an intake of approximately 10 pg/day
of vitamin D was required on average, and that approxi-
mately >12, >12 and >14 pg/day vitamin D would be
required to reach 50 nmol/L serum 250HD concentrations
for all subjects, boys and girls, respectively.

Table 2 shows the independent parameters associated
with serum intact PTH concentration and calcaneal stiff-
ness Z score evaluated by stepwise multiple regression
analysis. First, stepwise multiple linear regression analyses
were performed to explore determinants of serum intact
PTH concentration. Plausible predictors (plasma 250HD
concentration, calcium intake, and vitamin D intake) were
included in the original model. Forward stepwise regres-
sion was performed, and a P value of >0.1 was used for
adjustment/removal of the variable. Only significant inde-
pendent variables are shown in Table 2. In boys, serum
250HD concentration (P < 0.001) and daily calcium intake
(P = 0.011) were independently and negatively associated

(b) Girls

25-hydroxyvitamin D (250HD) 5 5
and calcaneal stiffness Z score § 2]
in boys and girls & | .
~ 3 -
2 2
g ]
3 0
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S 27
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(a) All subjects
150 150

(¢) Girls
150

125 4 125

100 100 4
75 75

50 50

250HD (nmol/L)
250HD (nmol/L)

259 25 -

125

100

75 1

50

250HD (nmol/L)

25

Vitamin D intake (pg/day)

Fig. 5 Correlations between vitamin D intake and serum 250HD con-
centrations in boys and girls. Solid lines show the logarithmic equation
log(250HD) = a + b log(vitamin D intake). Dashed lines show the
logarithmic  equation log(250HD) = a + b’ log(vitamin D intake)
using the lower slope limit (&) of the 95 % confidence interval. a

with serum intact PTH concentration. Additionally, serum
250HD concentration was negatively associated with
serum intact PTH concentration in boys in all age groups.
In contrast, only calcium intake was independently and
negatively associated with serum intact PTH concentration
in girls. Calcium intake was a significant variable in the 1st
JHS and 1st HS groups in girls in all age groups, whereas
250HD concentration was a significant variable only in 3rd
HS girls.

Next, stepwise multiple linear regression analyses were
performed to explore determinants of calcaneal stiffness
Z score. Plausible predictors (body weight, serum 250HD
concentration, calcium intake, vitamin D intake, and exer-
cise) were included in the original model. Forward step-
wise regression was performed as described above. Body
weight, exercise, and serum 250HD concentration were
independently associated with calcaneal stiffness Z score
in all boys and girls (Table 2). 250HD concentration was
a significant variable affecting calcaneal stiffness in girls
in all age groups, while calcium intake was also identi-
fied as a significant variable except in the 3rd HS group.
These results suggest that serum 250HD concentration has
a greater association with calcaneal stiffness in girls than in
boys.

Figure 6 shows the association between vitamin D sta-
tus and calcium intake and calcaneal stiffness Z score. The
Z scores in the H-250HD groups were significantly higher
than in the L-250HD groups for both sexes (Fig. 6a). The
difference between L-250HD and H-250HD groups was
more significant in girls than in boys. Moreover, subgroup
analysis identified significant and stronger associations
between both vitamin D status and calcium intake in girls
compared with boys (Fig. 6b, c). These results suggest that
calcaneal stiffness might be more susceptible to 250HD

Vitamin D intake (ug/day)

Vitamin D intake (pg/day)

All subjects: a = 0.409, b = 1.568, b’ = 1.406, b boys: a = 1.190,
b = 1254, = 1.080, c girls: a = —0.101, b = 1.765, b’ = 1.509.
Vitamin D intakes required to achieve a serum 250HD concentra-
tion of 50 nmol/L were estimated using these equations. 250HD
25-hydroxyvitamin D

concentration and calcium intake in gitls than in boys. Fur-
thermore, Fig. 6 indiates that vitamin D status has more
impact on bone than calcium intake in both sexes.

Discussion

Associations between serum 250HD concentration and
serum PTH concentration and BMD in adolescents have
mainly been reported in the USA and Europe [3-5, 20-30].
However, scientific evidence regarding vitamin D status
during adolescence remains scarce, not only in the USA
and Europe, but also in Asian countries, including Japan.
We therefore assessed vitamin D status in Japanese ado-
lescents. Serum 250HD concentrations in Japanese ado-
lescents were similar to those reported in USA and Euro-
pean adolescents [3, 4, 9, 22, 28-31], and higher than those
in Indian and Chinese adolescents [31-33]. The serum
250HD concentration in girls was significantly lower than
in boys, and decreased significantly with age. However,
Gonzalez-Gross et al. reported that the 2SOHD concentra-
tion was higher in girls than in boys and increased with age
[27], while other studies showed a significant reduction in
serum 250HD concentration according to increasing age in
adolescents [17], or lack of an association between 250HD
concentration and age [29]. These inconsistent results in
adolescents suggest that region-specific lifestyles may be
an important factor influencing 250HD concentration dur-
ing adolescence. The present study found that, although
vitamin D intake did not differ between boys and girls,
serum 250HD concentration was lower in girls than in
boys. One possible explanation for this may be the higher
percentage of boys taking exercise, and the higher ratio of
outdoor exercise compared with girls.
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Fig. 6 Associations between vitamin D status and calcium intake and
calcaneal stiffness in boys and girls. Subjects were divided accord-
ing to serum 250HD concentration and calcium intake. L-250HD
and H-250HD—<50 nmol/L and >50 nmol/L serum 250HD con-
centration, respectively. L-Ca and H-Ca—<RDA and >RDA cal-
cium intake, respectively. a L-250HD and H-250HD groups were
compared using Student’s ¢ tests. *P < 0.05, ***P < 0.001. b, ¢ Dif-
ferences in calcaneal stiffness Z score among the four groups were
evaluated by ANOVA and Tukey—Kramer’s honest significant differ-
ence test. Significant differences are between the groups which are
not connected by the same letter (a, b or ¢). Values given are means
and standard errors (SE)

The average vitamin D intake in Japanese adoles-
cents was approximately 10 pg/day. This is two to three
times higher than the adequate intake (AI) according to
the Dietary Reference Intakes for the Japanese popula-
tion (AI—3.5 pg/day for 12—14-year-olds, 4.5 pg/day for
15-17-year-olds, 5.5 pg/day for 18-29-year-olds) [34].
However, approximately 30 % of boys and 47 % of girls
had a blood concentration <50 nmol/L 250HD. We tried to
estimate the vitamin D intake required to achieve a serum
250HD concentration of 50 nmol/L using the regression
curve of vitamin D intake and serum 250HD concentra-
tion (Fig. 5). Based on the lower limit of the slope, it was
estimated that approximately >12, >12 and >14 pg/day
vitamin D would be required to reach 50 nmol/L. serum
250HD concentrations for all subjects, boys and girls,
respectively. However, it was difficult to know the exact
vitamin D intake required to reach a concentration of
50 nmol/L serum 250HD, because the correlation coeffi-
cients between vitamin D intake and serum 250HD con-
centration were extremely low. Exposure to sunlight is the
most important factor affecting serum 250HD concentra-
tion. Serum samples in our study were collected in early

May. Therefore, serum 250HD concentrations would be
affected by sunlight exposure experienced in April. The
level of UVB radiation in April is lower than that in sum-
mer, but the strength of UVB is approximately 60 % com-
pared with that in mid-summer in Japan (latitude N36°).
Therefore, the difference in sunlight exposure among sub-
jects would result in a low correlation coefficient between
vitamin D intake and serum 250HD concentration. The
Institute of Medicine of the National Academies (IOM) has
reported that vitamin D intake correlates well with serum
250HD concentration in people with limited sunlight expo-
sure living at northern latitudes in Europe and Antarctica
during their winter season [35]. When the slope of lower
confidence interval (CI) of regression equation was used,
they reported that an intake of 400 or 600 IU (10 or 15 pg)
in children and adolescents was associated with a predicted
serum 250HD concentration of 52 and 56 nmol/L, respec-
tively [35]. Interestingly, although correlation coefficients
between vitamin D intake and serum 250HD concentra-
tion were low in our study, the vitamin D intake estimated
to reach a concentration of 50 nmol/L serum 250HD was
the same as that reported by the IOM. These results suggest
that higher vitamin D intake or much more sun exposure
is needed to improve the status of vitamin D deficiency in
Japanese adolescents.

A negative correlation between serum 250HD and PTH
concentration was observed in Japanese adolescents, in
accordance with other studies [3—7]. Serum 250HD con-
centrations required to achieve plateau PTH concentrations
have been reported in adults [7, 36, 37] and adolescents [3,
7]. Guillemant et al. [3] reported that a 250HD concentra-
tion >82.5 nmol/L was needed to reach the plateau PTH
concentration in adolescent boys, while Hills et al. reported
that a 250HD concentration of approximately 60 nmol/L
could reach the plateau PTH concentration in girls, but
not in boys [7]. Using a similar method, we were unable
to obtain realistic information on the serum 250HD con-
centration required to reach the plateau PTH concentration,
as reported in a study in Finnish girls [4]. However, we did
identify a sex difference in the relationship between serum
PTH and 250HD concentrations. PTH concentration was
more susceptible to serum 250HD concentration in boys
than in girls. Serum PTH concentration is thought to be a
useful marker of vitamin D insufficiency in adolescent Jap-
anese boys aged 1218 years. However, calcium intake had
a greater association than serum 250HD concentration on
serum PTH in girls aged 12-16 years, although the reasons
for the lack of an apparent relationship between PTH and
250HD concentration in 12—-16-year-old girls is not clear.
One possibility is that an extremely low calcium intake
(471 £ 199 mg/day) in Japanese adolescents may affect
the relationship between PTH and 250HD concentrations.
The calcium intake of Japanese girls was approximately
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one-third lower than that of Finnish girls [8]. These
results suggest that serum PTH concentration may not be
a useful marker of vitamin D insufficiency in girls aged
12-16 years who have a low calcium intake, such as Japa-
nese adolescents.

Serum 250HD concentration was significantly posi-
tively associated with calcaneal stiffness in adolescents,
based on multiple regression analysis. In contrast to the
relationship between serum 250HD and PTH concentra-
tion, serum 250HD concentration was significantly asso-
ciated with calcaneal stiffness in girls of all age groups,
while a significant association was only observed in 3rd HS
boys. The present study also suggested that both vitamin
D status and calcium intake would have a greater associa-
tion with calcaneal stiffness in adolescent girls. The reason
why the association between 250HD concentration and
calcaneal stiffness was weaker in boys is unclear. After the
growth spurt, bone mineral content increments were much
higher in boys than in girls [38]. We also observed a much
higher increment in calcaneal stiffness in boys. From body
height, it could be assumed that boys aged 12-13 years are
still in the early stages of puberty, while most of the girls
at this age are near menarche. Furthermore, it could be
assumed that girls reach final height by age 15, but boys do
not reach final height until age 17. Sex differences in bone
growth may therefore be one reason why calcaneal stiffness
was hardly affected by 250HD concentration in adolescent
boys.

The RDA of calcium according to the Dietary Refer-
ence Intakes for Japanese 2015 [19] is 1,000 mg/day for
12-14-year-olds and 800 mg/day for 15-18-year-olds in
boys, and 800 mg/day for 12—14-year-olds and 650 mg/
day for 15-18-year-olds in girls. The calcium intake of
450-550 mg/day in Japanese adolescents of both sexes was
thus regarded as very low. Improvement of the low calcium
status, especially in girls, should be emphasized for bone
health in Japan.

Secondary hyperparathyroidism induced by vitamin D
deficiency is known to be associated with bone resorption
and bone loss. However, previous reports have indicated
that PTH has anabolic effects on bone formation [39] and
that serum PTH concentrations are usually raised during
adolescence, when bone development is promoted actively
[40, 41]. We speculate that a mild elevation in PTH concen-
tration could compensate for vitamin D deficiency in boys,
and that this response may be another reason why calcaneal
stiffness was largely unaffected by 250HD concentration
in boys.

To the best of our knowledge, the present study repre-
sents the first evaluation of vitamin D status in Japanese
adolescents and could thus provide comparable data for
establishing reference values for serum 250HD concen-
tration and vitamin D intake. This study is also the first to
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report a sex difference in the relationship between vitamin
D status and PTH concentration and calcaneal stiffness in
adolescents. However, there were methodological limita-
tions. The study was a cross-sectional study and subjects
were recruited from an urban area in the eastern part of
Japan. Further studies involving more subjects of all age
groups, from rural as well as urban areas in different parts
of the country, are needed to verify the results. Addition-
ally, although the secretion of sex hormones and growth
hormone would be expected to be associated with the sex
difference, we were unable to measure these. Furthermore,
although pubertal status is associated with bone growth, we
could not obtain information about pubertal status (such as
menstrual status or Tanner stage). There is another limita-
tion in the estimation of the vitamin D intake required to
achieve a serum 250HD concentration of 50 nmol/L. We
used the regression curve of vitamin D intake and serum
250HD concentration to obtain the vitamin D intake
required. Although the association between 250HD and
vitamin D intake was significant, the correlation coeffi-
cients were too small. To confirm the required vitamin D
intake for the prevention of vitamin D deficiency, interven-
tion trials in Japanese adolescents with the same sunlight
exposure conditions will be needed in the future.

Another limitation of our study was the fact that bone
measurements were carried out using QUS, which is less
accurate than dual energy X-ray absorptiometry (DXA);
however, it is difficult to perform DXA in the annual health
examinations carried out in schools. However, we found
significant associations between bone status measured by
QUS, anthropometry, and serum 250HD concentrations.
Furthermore, recent data demonstrated that QUS is an inex-
pensive and excellent method for screening for future risk
of hip fracture [42, 43]. QUS data not only provide infor-
mation associated with BMD but may also incorporate
information associated with other bone properties, such as
bone structure and fragility [44-46].

Despite its limitations, the present study was able to
conclude that vitamin D deficiency is common in Japanese
adolescents, and that an intake of at least 12 and 14 pg/day
vitamin D would be required to improve vitamin D defi-
ciency in Japanese adolescent boys and girls, respectively.
We also confirmed that serum PTH concentration is a use-
ful biomarker of vitamin D deficiency in Japanese adoles-
cents, except in girls aged 12-16 years with low calcium
intake. Moreover, the results of present study suggest that
vitamin D status has a greater association with calcaneal
stiffness in girls than in boys.
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