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Abstract
Summary In this 3-year population-based cohort study, among
1346 subjects, the mean annual change in the serum 25-
hydroxyvitamin D levels was 7.6 %/year, which tended to in-
crease during the 3-year period. Multivariate regression analysis
indicated that the L2-4 bone mineral density and total daily en-
ergy intake were significant independent associated factors.
Introduction The aim of this study was to clarify the change
rate of the serum levels of 25-hydroxyvitaminD (25D) and the
associated factors in a general Japanese population during a 3-
year period.
Methods The baseline survey of Research on Osteoarthritis/
osteoporosis Against Disability study (ROAD), a large-scale

population-based cohort study, was performed between 2005
and 2007, and a follow-up survey was repeated 3 years later.
Among 1690 participants at baseline, the change rate of the
serum 25D levels were assessed in 1346 individuals (79.6 %;
458men and 888women) who completedmeasurements of 25D
at both the baseline and follow-up examinations. The change rate
was calculated, and the factors associated with the changes in the
25D levels were determined using multivariate regression analy-
sis after adjustment for age, gender, body mass index, participat-
ed month, and regional differences at baseline.
Results The mean (standard deviation) change rate of the 25D
levels in all subjects was 7.6 (13.3)%/year (men, 8.2 [12.4]%/
year; women, 7.3 [13.7]%/year).Multivariate regression anal-
ysis indicated that higher bonemineral density at lumbar spine
L2-4 (p=0.05) and total daily energy intake (p=0.04) were
significantly associated with the change rate of the 25D levels.
Conclusions The serum levels of 25D tended to increase over
the 3-year period, and higher lumbar bonemineral density and
daily energy intake were found to be associated with increases
in the 25D levels over time.

Keywords 25-Hydroxyvitamin D . Bonemineral density .

Nutrition . Population-based cohort study . Risk factors

Introduction

Vitamin D (VD) is known to influence bone quality and is
important for maintaining bone density [1, 2]. A number of
studies have reported an association between inadequate VD
intake and osteoporosis [3–6], and VD deficiency has more-
over been reported as detrimental to numerous other condi-
tions, including falls, fractures, type 2 diabetes, cardiovascular
disease, certain cancers, autoimmune diseases, infections, and
mortality [6]. Accordingly, preventing VD inadequacy is

* N. Yoshimura
YOSHIMURAN-ORT@h.u-tokyo.ac.jp

1 Department of Joint Disease Research, 22nd Century Medical and
Research Center, Graduate School of Medicine, The University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan

2 Department of Clinical Motor System Medicine, 22nd Century
Medical and Research Center, Graduate School of Medicine, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8655, Japan

3 Department of Medical Research and Management for
Musculoskeletal Pain, 22nd Century Medical and Research Center,
Graduate School of Medicine, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan

4 Department of Orthopaedic Surgery, Faculty of Medicine, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8655, Japan

5 JCHO Tokyo Shinjuku Medical Center, 5-1, Tsukudo-cho,
Shinjyuku-ku, Tokyo 162-8542, Japan

6 National Rehabilitation Center for Persons with Disabilities, 1,
Namiki 4-chome, Tokorozawa City,
Saitama Prefecture 359-8555, Japan

Osteoporos Int (2015) 26:2597–2605
DOI 10.1007/s00198-015-3184-0

Factors affecting changes in the serum levels
of 25-hydroxyvitamin D: a 3-year follow-up of the ROAD study

N. Yoshimura1 & S. Muraki2 & H. Oka3 & S. Tanaka4 &

H. Kawaguchi5 & K. Nakamura6 & T. Akune6



considered highly beneficial for the prevention of morbidity;
however, there are currently few reports clarifying how the
VD levels change over time and what factors may affect the
changes in the VD levels.

We have previously performed a population-based cohort
survey using the Research on Osteoarthritis/Osteoporosis
Against Disability (ROAD) study cohorts, in which we first
clarified the characteristics of subjects with VD deficiency and
insufficiency, as defined by serum 25-hydroxyvitamin D
(25D) levels <10 ng/mL and ≥10<30 ng/mL, respectively,
using the baseline data of ROAD [7]. In this previous study,
we found that VD deficiencywas significantly associated with
gender, residing region, serum intact parathyroid hormone
(iPTH) levels, urinary β-isomerized C-terminal cross-linking
telopeptide of type I collagen (β-CTX) levels, smoking habits,
regular walking, calcium intake, and hyperparathyroidism.
Next, using both the baseline and 3-year follow-up informa-
tion of the ROAD study, we reported that the serum 25D
levels at baseline could predict the occurrence of osteoporosis
at the femoral neck within 3 years, but not the occurrence of
knee osteoarthritis or lumbar spondylosis [8]. However, we
have not yet evaluated the change rate of 25D and factors
associated with the changes in the 25D levels over time.

With this in mind, in the present study, the changes from
the baseline 25D levels in subjects with measurement taken
both at the baseline and 3-year follow-up examinations of the
ROAD study were evaluated to clarify the change rate of 25D.
In addition, the factors affecting the changes in the 25D levels
were assessed.

Methods

Study participants

The present study was performed using the ROAD study cohort
established in 2005. The ROAD study is a national, prospective
study of osteoarthritis that consists of population-based cohorts
from several communities in Japan. Details of the cohort profile
have been reported elsewhere [9, 10]. In brief, between 2005 and
2007, a baseline database was created that included clinical and
genetic information of 3040 individuals (1061 men, 1979 wom-
en; mean age [standard deviation, SD], 70.3 [11.0] years). The
subjects were recruited from resident registration listings in three
communities with different characteristics: 1350 subjects from an
urban region in Itabashi, Tokyo; 864 subjects from a mountain-
ous region in Hidakagawa, Wakayama; and 826 subjects from a
coastal region in Taiji, Wakayama.

In the present study, 1690 subjects (596men, 1094 women;
mean age, 65.2 [12.0] years; men, 66.3 [11.7] years; women,
64.7 [12.1] years) from the mountainous and coastal regions
who participated in the ROAD study were analyzed. Data
from those in the urban regions were not included, as baseline

25D measurements were not performed in that cohort. On the
other hand, bone mineral density (BMD) measurements and
blood and urinary examinations were performed in the partic-
ipants from the mountainous and coastal regions.

All participants provided written informed consent, and the
study was conducted with the approval of the ethics commit-
tees of the University of Tokyo (No. 1264 and No. 1326) and
the University of Wakayama Medical University (No. 373).

Baseline assessments

i. Interviewer-administered questionnaire
The part icipants completed an interviewer-

administered questionnaire that consisted of questions re-
lated to lifestyle, including occupation, smoking habits,
alcohol consumption, family history, medical history,
physical activity, reproductive history, and health-related
quality of life.

ii. Dietary assessment
A brief diet history questionnaire (BDHQ) was admin-

istered to assess the diet of the participants. The BDHQ
was modified from a comprehensive, 16-page validated
self-administered diet history questionnaire [11]. The
BDHQ is a four-page structured questionnaire that in-
cludes questions about the frequency of consumption of
80 principal foods. The food serving size was defined as a
normal portion according to the standard weight and vol-
ume of servings commonly consumed by the general Jap-
anese population. A total of 141 variables, including die-
tary energy and nutrient intake, were calculated using an
ad hoc computer algorithm for the BDHQ. Detailed ex-
planations accompanied each questionnaire. Well-trained
interviewers clarified any unclear sections of the question-
naire, which was completed by the participants at their
leisure.

iii. Anthropometric measurements and medical history
Anthropometric measurements such as height and

weight were measured in all participants, and body mass
index (BMI) was calculated as weight (kg)/height (m2).
In addition, the grip strength of both hands was mea-
sured. Experienced orthopedic surgeons collected medi-
cal information about pain, swelling, and the range of
motion of the knee.

iv. Blood and urinary examinations
Samples were collected between the end of October

and the middle of January. All blood and urine samples
were collected between 9 a.m. and 3 p.m. Blood samples
were centrifuged to obtain sera. Sera and urine samples
were immediately placed on dry ice and transferred to a
deep freezer within 24 h. Samples were stored at −80 °C
until assayed.

The serum 25D levels were measured using a radioim-
munoassay with a 125I-labeled tracer (DiaSorin, Stillwater,
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MN, USA) [12]. The iPTH levels were measured using an
electrochemiluminescence immunoassay (Roche Diagnos-
tics GmbH, Menheim, Germany). Serum procollagen type
I N-terminal propeptide (PINP), a marker of bone forma-
tion, was measured using a radioimmunoassay (Orion Di-
agnostics, Espoo, Finland). Urinary levels of β-CTX, a
marker of bone resorption, were determined using
enzyme-linked immunosorbent assay (Fujirebio, Inc., To-
kyo, Japan). Urinary β-CTX values were standardized to
the urinary creatinine concentrations.

v. Bone mineral density examination
The lumbar spine and proximal femur BMD values

were determined using dual-energy X-ray absorptiometry
(Hologic Discovery; Hologic, Waltham, MA, USA).

Three-year follow-up

Between 2008 and 2010, the 1690 participants with baseline
25D measurements were invited again to participate in the 3-
year follow-up of the ROAD survey, which repeated the base-
line examinations.

The follow-up samples were collected between October
and January, in the same way as for the baseline study. As a
general rule in the ROAD study, those who attended the base-
line visit in, for example, October, subsequently attended the
follow-up in October as well. However, some participants
who attended the baseline visit in October might have
attended the follow-up in a later month, owing to personal
reasons.

Similar to for the baseline examination, all blood and urine
samples at the follow-up were collected between 9 a.m. and
3 p.m. The blood samples were centrifuged to obtain sera.
Sera and urine samples were immediately placed on dry ice
and transferred to a deep freezer within 24 h, and the samples
were stored at −80 °C until assayed.

Changes in the vitamin D levels

The changes in the serum levels (ng/mL) of 25D, and annual
change rate of the 25D levels (%/year) over the 3-year period
were calculated as follows:

Change in 25D levels (ng/mL)=25D levels measured in the
second survey − 25D levels measured in the baseline survey.

Annual change rate of the 25D levels (%/year)=([(25D
levels measured in the second survey − 25D levels measured
in baseline survey)/25D levels measured in baseline survey]/
3)×100.

Statistical analyses

All statistical analyses were performed using STATA statisti-
cal software (STATA Corp., College Station, TX, USA).

Differences in proportions were compared using the chi-
square test. The significance of differences between continu-
ous variables was evaluated using analysis of variance for
comparisons among multiple groups or Scheffe’s least signif-
icant difference test for pairs of groups. All p values and 95 %
confidence intervals are two-sided. A value of p<0.05 was
considered statistically significant.

Multivariate regression analysis was used to test the asso-
ciation of the related factors with the changes in the 25D
levels. In the analysis, we used the values of the annual change
rate of serum 25D levels (%/year) as the objective variable and
selected potential associated factors as explanatory variables,
after adjusting for age (+1 year), gender (0, men; 1, women),
BMI (+1 kg/m2), participated month (0, October, November,
December; 1, January), and regional differences (0, mountain-
ous area; 1, coastal area) at the baseline survey, as previously
described [7, 8].

As for the potential associated factors used as explanatory
factors, we assessed the following factors with a significant or
marginal (p<0.1) association with VD status in the simple
linear analysis, which were assessed for the association with
VD deficiency herein and in the previous reports of the ROAD
study [7, 8]: smoking (0, never, ever; 1, current), alcohol con-
sumption (0, never, ever; 1, current), regular walking outside
(0, <5 times/week; 1, ≥5 times/week), regular exercising out-
doors (e.g., football, tennis, baseball, and golf) after the most
recent graduation (0, no; 1, yes), serum levels of iPTH (+1 pg/
mL), baseline BMD values at the lumbar spine (+1 g/cm2) or
femoral neck (+1 g/cm2), serum levels of PINP (+1 standard
deviation, μg/L), urinary levels of β-CTX (+1 standard devi-
ation, μg/mmol creatinine), and daily amounts of total energy
(+100 kcal/day), calcium (+100 mg/day), and VD (+10 μg/
day) intake, as calculated based on the BDHQ questionnaire.

Results

Eligible participants

Of the 1690 participants with 25D measurements at baseline,
251 (14.9 %) did not participate in the second survey. The
reasons for these 251 dropouts were as follows: 40 individuals
died, 97 were ill, 16 moved away, 8 were absent, 51 declined
to participate in a second visit, and 39 stated “other” reasons.
Furthermore, 55 individuals (3.3 %) did not complete the sec-
ond survey, and the values of serum 25D were not obtained in
11 individuals at the follow-up because of insufficient serum
samples for the measurement. In addition, 14 subjects were
diagnosed as suspicion of hyperparathyroidism based on ele-
vated serum iPTH >100 pg/mL at baseline, and 13 subjects
prescribed oral VD at baseline and during the 3 years between
the baseline and second surveys were excluded. As a result, in
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the present study, 1346 subjects were analyzed (79.6 %; 458
men and 888 women; mean age, 63.8 [11.8] years).

Table 1 shows the baseline characteristics of the 1346 sub-
jects classified by gender. The mean age (SD) of the subjects
in the present study was 63.8 (11.8) years and the mean BMI
(SD) was 23.1 (3.3) kg/m2. More than half of all individuals
lived in the coastal area, and approximately 30 % of all men

were smokers, while the corresponding proportion of smokers
in women was very small (3.5 %). More than half of all sub-
jects had a habit of walking outside, including to, or during,
work, and 15 % exercised regularly outdoors. The daily in-
takes of total energy (kcal), calcium (mg), and VD (μg) are
also shown in Table 1, and these were all significantly higher
in men than in women. Moreover, the prevalence of

Table 1 Background characteristics of the study subjects at baseline

Total (n=1346) Men (n=458) Women (N=888) p (men vs. women)

Mean values (SD) of 25D (ng/mL) and changes in the 25D levels (ng/mL)

Baseline 25D levels 23.4 (6.5) 25.9 (6.4) 22.2 (6.2) <0.0001***

Measurement of 25D in the second survey 27.7 (8.5) 31.4 (9.8) 25.8 (7.1) <0.0001***

Changes in the 25D levels between baseline and the second survey 4.3 (7.3) 5.5 (8.5) 3.6 (6.5) <0.0001***

Annual change rate (%/year) of 25D between baseline and the
second survey

7.6 (13.3) 8.2 (12.4) 7.3 (13.7) 0.26

Mean values (SD) of selected characteristics

Age (years) 63.8 (11.8) 64.9 (11.6) 63.2 (11.8) 0.0120*

Height (cm) 155.7 (9.0) 164.0 (7.0) 151.4 (6.6) <0.0001***

Weight (kg) 56.1 (10.7) 52.5 (8.6) 63.1 (10.7) <0.0001***

BMI (kg/m2) 23.1 (3.3) 23.4 (3.2) 22.9 (3.4) 0.0068**

Prevalence of selected characteristics (%)

Residing in the coastal area 53.6 51.8 54.6 0.32

Current smoking habit (regularly, ≥1 time/month) 12.4 29.4 3.5 <0.001***

Current alcohol consumption (regularly, ≥1 time/month) 40.8 68.5 26.6 <0.001***

Regularly walking outside (≥5 times/week, including for work) 56.5 62.1 53.6 0.004**

Regularly exercising outdoors (e.g., football, tennis, baseball,
and golf) after the most recent school graduation

15.3 36.0 4.6 <0.001***

Mean values (SD) of selected measurements

Serum levels of iPTH (pg/mL) 38.9 (14.7) 37.5 (13.8) 39.6 (15.1) 0.0155*

BMD (L2-4) (g/cm2) 0.94 (0.20) 1.06 (0.20) 0.88 (0.18) <0.0001***

BMD (femoral neck) (g/cm2) 0.66 (0.16) 0.62 (0.12) 0.74 (0.14) <0.0001***

Serum levels of PINP (μg/L) 57.9 (26.8) 46.9 (20.4) 65.5 (28.0) <0.0001***

Urinary levels of β-CTX (μg/mmol Cr) 185.7 (126.8) 124.9 (73.0) 217.0 (136.9) <0.0001***

Mean values (SD) of the total amounts of selected nutritional
intakes (/day)

Total energy (kcal) 1947 (584) 2326 (656) 1751 (428) <0.0001***

Calcium (mg) 558 (230) 582 (259) 546 (215) 0.0069**

Vitamin D (μg) 20.4 (12.3) 22.6 (13.9) 19.3 (11.3) <0.0001***

Prevalence of medication of osteoporosis prescribed by doctors (%)

Calcium 0.4 0.2 0.5 0.51

Bisphosphonate 1.8 0.2 2.6 0.002**

SERMs 1.0 0.0 1.6 0.007**

Calcitonin 0.5 0.0 0.7 0.08

Prevalence of hyperparathyroidism (%) 6.1 5.2 6.5 0.35

Prevalence of osteoporosis (%) according to the WHO criteria

Osteoporosis (L2-4) 13.6 2.4 19.4 <0.001***

Osteoporosis (femoral neck) 13.0 3.1 18.1 <0.001***

SD standard deviation, 25D 25-hydroxyvitamin D, BMI body mass index, iPTH intact parathyroid hormone, BMD bone mineral density, L2-4 lumbar
spine L2-L4, PINP procollagen type I N-terminal propeptide, β-CTX β-isomerized C-terminal telopeptide cross-links of type I collagen, Cr creatinine,
SERMs selective estrogen receptor modulators,WHO World Health Organization

*p<0.05; **p<0.01; ***p<0.001
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osteoporosis measured in both the lumbar spine of L2-4 and
femoral neck was significantly higher in women than in men,
as were the mean values of iPTH. However, the proportion of
medication use for osteoporosis was very small, even in wom-
en (Table 1).

Changes in the VD levels in subjects who participated
in both the baseline and second surveys

In the total 1346 subjects, the mean change in the serum 25D
level (SD) was 4.3 (7.3) ng/mL. The corresponding changes in
men and women were 5.5 (8.5) and 3.6 (6.5) ng/mL, respec-
tively, and the mean annual change rates in the 25D levels in
the total subjects, men, and women were 7.6 (13.3), 8.2 (12.4),
and 7.3 (13.7) %/year, respectively. There was no significant
gender difference in the annual change rate of serum 25D
(Table 1).

The mean annual change rates in the 25D levels (SD) in
subjects in their 30s or younger, 40s, 50s, 60s, 70s, and 80s or
older were 1.3 (7.4), 5.1 (12.2), 7.4 (17.5), 8.8 (12.6), 7.7
(11.1), and 8.2 (11.0) %/year, respectively, indicating that
the serum levels of 25D increased in all age groups over time.
Further, the 25D levels were significantly increased in sub-
jects in their 60s compared to those in their 30s or younger
(p=0.048).

Figure 1 shows the distribution of the annual change rates
in the 25D levels (SD) classified by gender. In men, the mean
annual change rates in the 25D levels in participants in their
30s or younger, 40s, 50s, 60s, 70s, and 80s or older were 2.2
(6.9), 2.8 (7.8), 7.5 (16.8), 10.5 (12.0), 8.7 (10.7), and 6.4 (8.1)
%/year, respectively, and there was a significant difference
between men in their 30s and younger and those in their 60s
(p=0.036). The corresponding values in women were 1.0
(7.6), 6.2 (13.5), 7.4 (17.8), 8.0 (12.9), 7.0 (11.4), and 9.1

(12.2) %/year, respectively, and there was no significant dif-
ference between any particular age groups (Fig. 1).

Factors associated with changes in the serum 25D levels

Table 2 shows the results of the multivariate regression anal-
ysis assessing the associations with the annual change rate in
the 25D levels. The analysis was adjusted for age (+1 year),
gender (0, men; 1, women), BMI (+1 kg/m2), participated
month (0, October, November, December; 1, January), and
regional differences (0, mountainous area; 1, coastal area) at
baseline, as previously described [8]. The results of the anal-
ysis indicated that the BMD values measured at lumbar spine
L2-4 and the total daily energy intake were significantly asso-
ciatedwith the change rate of the 25D levels (Table 2). In other
words, the higher the BMD of the lumbar spine and the higher
the total daily energy intake, the higher the increase in the
serum 25D levels.

To test the independence of the associations between BMD
at the lumbar spine and total energy of daily food with the
change in the 25D levels, the multivariate model was adjusted
for both these variables; as a result, both variables remained
significantly associated with the changes in the 25D levels,
revealing that these variables were mutually and independent-
ly associated with the changes in the 25D levels (Table 2).

Discussion

In this 3-year follow-up of a large cohort of subjects, the
serum levels of 25D at baseline and at a second survey were
measured, and we estimated the change rate of 25D levels and
the factors contributing to this change rate. This study showed
that the mean change rate of the levels of serum 25D tended to
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increase during the 3-year period. There was no gender differ-
ence, and subjects in their 60s showed the largest increases in
the change rate. Moreover, we found that the BMD values at
the lumbar spine and the total daily energy intake at baseline
were significantly associated with increases in the serum 25D
levels.

The prevalence of VD inadequacy in postmenopausal
women in Japan is well known to be very high [13, 14], and
our previous report furthermore revealed a very high preva-
lence of VD insufficiency and a low prevalence of VD defi-
ciency in Japanese men and women [7]. However, to our
knowledge, this is the first report on the change rate of the
serum levels of 25D measured in a general Japanese
population.

Asmentioned, in the present study, themean changes in the
serum 25D level tended to increase during the 3-year period in
both men and women. It is possible that this result might be
due to the intervention effect of the repeated surveys. We have
performed individual consultations with all participants in or-
der to explain the individual findings and inform them regard-
ing the results of the survey. In such consultations, we provid-
ed the subjects with information on the association between

osteoporosis and lifestyle factors, including nutrition, such as
the importance of the total energy, calcium, and vitamin D
intake from their daily food. Such consultations after each
survey might have helped educate the participants, and as a
result, it may have influenced the course of the 25D levels of
the subjects. However, this procedure could not be avoided,
and we believe that this is in fact a favorable effect, allowing
for improved health outcomes of the study cohort, rather than
a limitation of the present study.

Of note, at the translation of the changes of the measure-
ments, there is one particular issue that should be considered,
namely the regression to the mean (RTM) phenomenon. RTM
is a statistical phenomenon that can cause natural variation. It
happens when unusually large or small measurements tend to
be followed by measurements that are closer to the mean [15].
To reduce the effects of this phenomenon, Barnett et al. rec-
ommended using a suitable study design, such as random
allocation of subjects to the comparison groups and multiple
measurements. Unfortunately, we could not change our study
from a cohort study into a randomized controlled trial, or
repeat the measurements of 25D at each visit, owing to budget
limitations. Nonetheless, to reduce the RTM in the data

Table 2 Partial regression coefficients (beta) of potential factors associated with the annual change rate of serum 25D levels (%/year)

Multivariate
regression analysis 1a

Multivariate
regression analysis 2b

Explanatory variables collected at baseline Reference Beta R2 p Beta R2 p

Lifestyle factors

Smoking 0: ex or never smoker; 1: current smoker 0.04 0.143 0.18

Alcohol consumption 0: ex or never drinker; 1: current drinker 0.12 0.142 0.46

Regularly walking outside 0: no; 1: yes 0.02 0.135 0.46

Regularly exercising outdoors (e.g. football, tennis,
baseball, golf, etc.) after the most recent
school graduation

0: no; 1: yes −0.04 0.143 0.15

Mean values of selected measurements

Serum levels of iPTH (pg/mL) +1 pg/mL −0.01 0.141 0.62

BMD (L2-4) (g/cm2) +1 g/cm2 0.06 0.144 0.05* 0.06 0.144 0.050*

BMD (femoral neck) (g/cm2) +1 g/cm2 −0.004 0.140 0.91

Serum levels of PINP (μg/L) +1 SD 0.009 0.140 0.73

Urinary levels of β-CTX (μg/mmol Cr) +1 SD 0.002 0.142 0.94

Nutritional factors

Total energy from daily food (kcal/day) +100 kcal 0.06 0.145 0.039* 0.06 0.145 0.039*

Calcium from daily food (mg/day) +100 mg 0.03 0.143 0.198

Vitamin D from daily food (μg/day) +1 μg −0.01 0.142 0.578

25D 25-hydroxyvitamin D, iPTH intact parathyroid hormone, BMD bone mineral density, iPTH intact parathyroid hormone, PINP procollagen type I N-
terminal propeptide, β-CTX, β-isomerized C-terminal telopeptide cross-links of type I collagen, Cr creatinine
+ p<0.1;*p<0.05; **p<0.01; ***p<0.001
aMultivariate regression analysis was performed after adjustment for age (+1 year), gender (0: men; 1: women), body mass index (+1 kg/m2),
participated month (0, October, November, December; 1, January), and regional differences (0: mountainous area; 1: coastal area) at the baseline survey
bMultivariate regression analysis was performed after adjustment for BMD (L2-4) and total daily energy intake mutually, in addition to age (+1 year),
gender (0: men; 1: women), bodymass index (+1 kg/m2), participatedmonth (0, October, November, December; 1, January), and regional differences (0:
mountainous area; 1: coastal area) at the baseline survey
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analysis, the authors also recommended adjusting each sub-
ject’s follow-up measurements according to their baseline
measurement, i.e., analysis of covariance [15]. Therefore, we
here used the rate of the changes in the 25D levels as an
objective variable and adjusted the baseline 25D levels in
advance, which might have helped reducing the RTM phe-
nomenon. By contrast, Sonderman et al. evaluated the repro-
ducibility of 25D measurements using a prospective cohort
study of 225 participants and indicated that the 25D serum
measurements provided reasonably representative measures
[16].

In this study, in the multivariate regression analysis, the
BMD values at the lumbar spine, and the total daily energy
intake measured at baseline were found to be associated with
an increased change rate of the serum 25D levels, both mutu-
ally and independently from one another. As stated above,
many studies have reported an association between inadequate
VD intake and osteoporosis [3–6]. Cauley et al. reported that,
in their observational study of a US cohort consisting of 1532
middle-aged women, the serum 25D levels were inversely
associated with non-traumatic fractures, whereas
menopause-related changes in the lumbar spine and femoral
neck BMD values were not significantly associated with the
serum 25D level [17]. In another cohort consisting of 1470
postmenopausal Japanese women, the incidence of proximal
femur and long bone fractures tended to decrease as the serum
25D levels increased [18]. Regarding the relationship between
25D and the occurrence of osteoporosis, using the identical
ROAD cohort as in the present study, we have previously
shown that the serum 25D levels at baseline were significantly
associated with subsequent osteoporosis occurrence, especial-
ly at the femoral neck [8]. These findings suggest that higher
levels of 25D at baseline favorably impact future bone health.
However, there is currently no report regarding the association
between baseline BMD and changes in the 25D levels, as
assessed in the present study.

Herein, we found that the baseline BMD values at lumbar
spine L2-4 were significantly associated with increased 25D
levels. Together with the results of our previous report in
which we showed that the 25D levels at baseline influence
the subsequent occurrence of osteoporosis [8], we conclude
that the BMD values and 25D levels mutually influence one
another over time. However, we did not examine the mecha-
nisms of this mutual association in detail. Moreover, we also
cannot explain why, in the present study, this association was
observed only at the lumbar spine of L2-4 and not at the
femoral neck. Further analysis is required to confirm this ob-
served association.

Furthermore, among the nutritional factors examined,
higher daily energy intake at baseline was found to signifi-
cantly accelerate the increase in the serum levels of 25D. Ad-
equate nutritional intake, especially adequate intake of calci-
um and VD, is recommended to maintain bone health [6, 19].

In addition, several other nutrients have been reported to im-
prove bone health. Nieves reviewed several reports of nutri-
ents and osteoporosis and concluded that the skeletal benefits
of flavonoids, carotenoids, omega-3 fatty acids, and vitamins
A, C, E, and K were limited to observational data or a few
clinical trials [20]. Further, the author reported that potassium
bicarbonate may improve calcium homeostasis, that high ho-
mocysteine levels may relate to the fracture risk, and that
magnesium supplementation is likely only required in those
with low magnesium levels [21]. Of note, regarding the asso-
ciations between nutrients, BMD, and fractures, Nieves noted
that the nutrients do not act in isolation [21], and it is hence
important to evaluate the effects of different combinations of
nutrients using analyses of dietary patterns. Accordingly, our
results showed that the total daily energy intake, rather than
daily VD intake, positively influenced the change rate of the
25D levels. Total energy can be considered a comprehensive
factor containing most above mentioned nutrients, and we
hence conclude that to prevent serum 25D decreases, it is
important to improve energy-poor diets.

There are several limitations to this study. First, although
the ROAD study includes a large number of participants, the
participants in the present study (from the mountainous and
coastal regions only) may not be completely representative of
the general population. To address this issue, we compared the
anthropometric measurements, smoking frequency, and alco-
hol consumption between the present study participants and
the general Japanese population. The values for the general
population were obtained from the report on the 2005 Nation-
al Health and Nutrition Survey conducted by the Ministry of
Health, Labour and Welfare, Japan [22], when our baseline
ROAD started. The mean BMI values of men aged 30 or
younger, 40, 50, 60, 70–74, 75–79, and 80 years or older, as
reported in the National Health and Nutrition Survey, were
23.29 (3.68), 23.99 (3.27), 23.74 (3.07), 23.75(2.94), 23.68
(3.18), 23.31 (3.04), and 22.27 (2.64) kg/m2, respectively, and
those of women were 21.37 (3.81), 22.44 (3.49), 23.06 (3.37),
23.54 (3.66), 23.16 (3.42), 23.42 (3.53), and 22.50 (3.97) kg/
m2, respectively. In the present study, the corresponding mean
BMI values were 23.51 (3.44), 24.70 (4.32), 23.60 (2.96),
23.86 (3.19), 23.11 (2.82), 22.24 (2.82), and 23.13 (2.74)
kg/m2, respectively, for men, and 21.14 (2.67), 21.82 (3.73),
23.03 (3.24), 23.25 (3.15), 23.65 (3.55), 22.44 (3.82), and
22.23 (3.21), respectively, for women. No significant differ-
ences were identified between our participants and the total
Japanese population, except that male and female participants
aged 75–79 years in the present study had significantly small-
er BMI than the overall Japanese population (p<0.05). This
difference should be taken into consideration when evaluating
the potential risk factors in subjects aged 75–79 years. In
addition, the proportion of current smokers and drinkers
(those who regularly smoke or drink more than one drink/
month) in the general Japanese population was compared with
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that in the present study population. The proportion of current
smokers was significantly higher in the general Japanese pop-
ulation than in our study population in both men and women
(men, 34.8 vs. 29.4 %, p<0.05; women, 8.8 vs. 3.5 %,
p<0.05). Moreover, the proportion of current drinkers was
significantly higher in women in the general Japanese popu-
lation than in women in the present study, while there was no
significant difference in men (men, 69.8 vs. 68.5 %, p=0.62;
women, 30.8 vs. 26.6 %, p<0.05), suggesting that the partic-
ipants of the present study lead healthier lifestyles, at least in
terms of their smoking habits, as compared to the general
Japanese population. This selection bias should be taken into
consideration when generalizing the results obtained from the
present study. Second, the measurements of 25D were only
conducted two times, once at baseline and once at the 3-year
follow-up, and we could not exclude the effect of incidental
life changes of the participants, such as holidays or dietary
changes for special anniversaries around the examination date.
Although this random effect on the subjects seems difficult to
avoid, the large number of participants of the present study is
considered to dilute any individual variance, and the high
participation rate of the follow-up study is a major strength
of the present study. Third, in the present study, limited infor-
mation on the association between the changes in the exposure
variables, including lifestyle factors, and the changes in the
serum levels of 25D, was provided. As one example of a
change in a potential associated factor, we assessed the asso-
ciation between new prescriptions of VD during the 3-year
period between the baseline and the second survey and the
changes in the serum levels of 25D. Over the 3-year follow-
up, 32 individuals (3 men, 29 women) were newly prescribed
oral VD supplementation. Multivariate regression analysis
was performed to assess the association between the annual
change rate in the 25D levels and new prescription of VD
supplementation (1, yes; 0, no) after adjustment for age (+
1 year), gender (0, men; 1, women), BMI (+1 kg/m2), partic-
ipated month (0, October, November, December; 1, January),
and regional differences (0, mountainous area; 1, coastal area)
at baseline. As a result, we found that there was no significant
association between the presence of new VD supplementation
and the changes in the serum levels of 25D (beta=−0.17, p=
0.51). We plan on assessing the effects of changes in other
potential associated factors, such as dietary-, physical-activi-
ty-, and other lifestyle-related factors on the changes in the
serum levels of 25D over this 3-year period, in order to clarify
the contributing factors to the increase in 25D, as a next step of
our research.

In conclusion, we here found that the serum levels of
25D tended to increase over a 3-year period in a large
cohort of general Japanese inhabitants and that higher
lumbar BMD and total daily energy intake are significant
independent factors associated with increases in the 25D
levels over time.
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