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Abstract
Although dietary Ca, vitamin D and vitamin K are nutritional factors associated with osteoporosis, little is known about their effects on incident
osteoporotic fractures in East Asian populations. This study aimed to determine whether intakes of these nutrients predict incident osteoporotic
fractures. We adopted a cohort study designwith a 5-year follow-up. Subjects were 12 794 community-dwelling individuals (6301men and 6493
women) aged 40–74 years. Dietary intakes of Ca, vitamin D and vitamin K were assessed with a validated FFQ. Covariates were demographic
and lifestyle factors. All incident cases of major osteoporotic limb fractures, including those of the distal forearm, neck of humerus, neck or
trochanter of femur and lumbar or thoracic spine were collected. Hazard ratios (HR) for energy-adjusted Ca, vitamin D and vitamin K were
calculated with the residual method. Mean age was 58·8 (SD 9·3) years. Lower energy-adjusted intakes of Ca and vitamin K in women were
associated with higher adjusted HR of total fractures (Pfor trend= 0·005 and 0·08, respectively). When vertebral fracture was the outcome,
Pfor trend values for Ca and vitamin K were 0·03 and 0·006, respectively, and HR of the lowest and highest (reference) intake groups were
2·03 (95 % CI 1·08, 3·82) and 2·26 (95 % CI 1·19, 4·26), respectively. In men, there were null associations between incident fractures and each
of the three nutrient intakes. Lower intakes of dietary Ca and vitamin Kwere independent lifestyle-related risk factors for osteoporotic fracture in
women but not men. These associations were robust for vertebral fractures, but not for limb fractures.
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Osteoporosis is a systemic skeletal disease characterised by low
bonemass andmicroarchitectural deterioration of bone tissue(1).
Osteoporotic fracture is a public health concern and amajor eco-
nomic burden and is associated with reduced quality of life and
increased mortality(2–4). Medical and care costs for hip fracture in

Japan were estimated to be 500 billion yen (approximately 4·5
billion US dollars) annually(5).

Dietary nutrients are important factors associated with
osteoporosis. Ca is a basic nutrient important for maintaining
normal bone metabolism, and its insufficiency is a risk factor

Abbreviations: BMD, bone mineral density; HR, hazard ratio; MET, metabolic equivalent.
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for osteoporosis(6), especially in lowCa populations, such as East
Asians(7). However, the impact of low Ca intake on osteoporotic
fractures in East Asian populations has yet to be fully elucidated,
although a global systematic review evaluated many cohort
studies and demonstrated no association between Ca intake
and fracture risk(8). Only a few cohort studies have assessed
the relationship between Ca intake and fracture risk in East
Asians(9–12), and their results are conflicting, which may be
due in part to differences in study design.

Vitamin D is another nutrient involved in normal bone
metabolism(13). Thus, in addition to Ca, vitamin D is an important
nutrient when considering osteoporotic fractures. Vitamin K is
gaining interest as a relevant nutrient, since in addition to its
role in blood coagulation, it is also important for bone
metabolism. Specifically, vitamin K plays a role in osteocalcin
carboxylation(14). Moreover, epidemiological studies have
shown that vitamin K levels are associated with bone fracture(14).
One meta-analysis that evaluated five cohort studies found that
vitamin K intake is inversely associated with fracture risk,
although the design of these studies had some limitations(15).
East Asians have a unique intake pattern of these nutrients.
For example, East Asians generally have low Ca intake(7).
Moreover, intakes of vitamins D and K are particularly high in
Japanese due to the habitual intake of fish and fermented soya-
beans, respectively(16,17).

The population-based Murakami Cohort Study in Japan tar-
geted individuals aged 40–74 years (baseline n 14 364) to
investigate risk factors for common musculoskeletal diseases(18).
We were able to leverage this framework to identify lifestyle
and dietary factors associated with osteoporotic fractures.
Accordingly, this study aimed to determine if intakes of basic
nutrients related to bone health, including Ca, vitamin D and
vitamin K, are associated with incident osteoporotic fractures
in middle-aged and elderly Japanese.

Methods

Subjects

The Murakami Cohort Study investigated age-related musculo-
skeletal diseases of middle-aged and elderly individuals living
in the Murakami region (Niigata Prefecture, Japan). Of the
34 802 residents aged between 40 and 74 years, 14 364 partici-
pated in the baseline study in 2011–2013. Among them, the fol-
lowing were excluded: 480 individuals who reported a history of
fractures of the arm, proximal femur or low back, 155 women
who reported female hormone use and 254 individuals who
were undergoing osteoporosis therapy. In addition, 681 subjects
whose reported dietary energy intakes fell within the upper or
lower 2·5 % of the study population were excluded. The
Murakami Cohort Study had a policy to exclude extreme values
for dietary intake because these values may be unreliable(9).
Energy cut-off points were 3364 and 18 346 kJ (801 and
4368 kcal)/d. Ultimately, 12 794 subjects (6301 men and 6493
women) were statistically analysed. Informed consent was
obtained from all subjects. The protocol of this study was
approved by the Ethics Committee of Niigata University

(nos. 1324 and 2018-0417). A detailed protocol of the
Murakami Cohort Study has been published elsewhere(18).

Baseline survey

A self-administered questionnaire survey was conducted
between 2011 and 2013. The questionnaire elicited information
on age, sex, marital status, education, occupation, height,
weight, lifestyle and history of osteoporotic fracture. BMI was
calculated by weight (kg) divided by height squared (m2).
Physical activity levels were estimated by calculating the meta-
bolic equivalents (MET) score (MET-h/d), which was obtained
by multiplying the time spent on activities per d by its MET
intensity(19). Participants were also asked about their smoking
habits ((1) non-smoker; (2) past smoker; (3) 1–20 cigarettes/d;
(4) ≥20 cigarettes/d), alcohol consumption ((1) non- or rare-
drinkers; (2) 1–149 g ethanol/week; (3) ≥150 g ethanol/week)(20)

and consumption of green tea and coffee ((1) <1 cup/week;
(2) 1–6 cups/week; (3) 1–3 cups/d; (4) ≥4 cups/d). Information
on use of Ca, vitamin D and vitamin K supplements was also
obtained. Dietary intakes of Ca, vitamin D, vitamin K and total
energy were assessed with a validated FFQ(21). Each participant
was asked how often she/he had consumed specific foods and
beverages on average during the previous month. The amount
of each food consumed was calculated by multiplying the fre-
quency of consumption with the portion size. Intakes of nutrients,
including Ca, vitamin D and vitamin K, were calculated using the
StandardTables of FoodComposition in Japan 2010(22). The validity
of the FFQ with regard to assessing intake was evaluated against
12-d dietary records collected as a reference during each of the four
seasons. Spearman’s correlation coefficients between the FFQ and
the reference 12-d records in men and women were 0·58 and 0·42
for Ca, 0·32 and 0·49 for vitamin D and 0·56 and 0·52 for
vitaminK, respectively(21). Detailed categories and characteristics of
demographic, lifestyle and nutritional factors are shown in online
Supplementary Table S1.

Incident cases of osteoporotic fracture during follow-up

We collected all incident cases of major osteoporotic limb frac-
tures, including those of the distal forearm (radius or ulna), neck
of humerus, neck or trochanter of femur and lumbar or thoracic
spine(23), at medical facilities affiliated with the Murakami Cohort
Study, including Murakami General Hospital, Sakamachi
Hospital, Sanpoku Tokushukai Hospital, Sasaki Orthopaedic
Clinic, Takahashi Orthopaedic Clinic, Arakawa Chuo Clinic in
Murakami City and Nakajo Chuo Hospital in Tainai City(18).
Briefly, we visited the orthopaedic departments of these hospi-
tals and clinics every year and retrieved information related to
the limb fractures mentioned above and vertebral compression
fractures of newly diagnosed patients between baseline and 31
December 2017, using each facility’s database.We then carefully
checked the clinical diagnosis, date of fracture occurrence and
the orthopaedist’s review of each diagnostic X-ray film from each
patient’s medical record. Symptomatic vertebral fractures in the
lumbar or thoracic region were diagnosed using criteria of the
Japanese Society of Bone and Mineral Metabolism(24). Only
low-energy trauma fractures, that is, fractures due to falls from
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a standing height or lower, were included(25). Fractures due to
high-energy trauma, such as traffic accidents, were not included.

Statistical methods

Means and standard deviations were calculated for continuous
variables. Extreme values exceeding 3 SD of BMI (n 23) and
MET score (n 113) were excluded as outliers. Pearson’s correla-
tion coefficients were calculated between energy-adjusted Ca,
vitamin D and vitamin K to check multicollinearity. The variance
inflation factor was calculated to assess multicollinearity.
A variance inflation factor value >10 was considered to reflect
multicollinearity. The incidence of fracture was calculated by
the number of cases divided by person-years. The Cox propor-
tional hazards model was used to calculate unadjusted and
adjusted hazard ratios (HR) of fracture. Among the 12 794 study
subjects, multivariate analysis was performed in 12 306 (96·2 %)
after excluding those with incomplete questionnaire data
(including food items). Sample size calculation for this cohort
study has been described elsewhere(18).

We first evaluated the HR for total fractures (limb and verte-
bral fractures) according to levels of energy-unadjusted nutri-
tional intake by sex. HR were presented in the unadjusted
model, age-adjusted model and multivariable-adjusted model.
In multivariable models, the HR was adjusted for all other
variables, including age (continuous), marital status (dummy
variable), education level, occupation (dummy variable), BMI
(continuous), MET score (continuous), smoking, alcohol con-
sumption, Ca intake (continuous), vitaminD intake (continuous)
and vitamin K intake (continuous), as covariates. Next, HR for
total, limb and vertebral compression fractures, according to
levels of energy-adjusted Ca, vitamin D and vitamin K intakes
in women, were calculated. HR for energy-adjusted Ca, vitamin
D and vitamin K were calculated by the residual method(26) by
sex. Because users of Ca, vitamin D and vitamin K supplements
were rare (2·1, 0·6 and 0·2 %, respectively), we did not include
supplement information in the statistical analyses.

To evaluate the relative contribution of each food item
(cereals, potatoes and starches, beans, vegetables, fruits, fish,
meats, milk and dairy products) on nutrition intake, we calcu-
lated coefficients of determination (R2) using multiple linear
regression analysis with a forward selection method. Statistical
analyses were performed with SAS statistical software (release
9.13, SAS Institute Inc.). P< 0·05 was considered statistically
significant.

Results

In the total study population, mean age was 58·8 (SD 9·3) years
and the mean follow-up period was 5·0 (SD 0·7) years. Subject
characteristics at baseline according to quartile intakes of Ca,
vitamin D and vitamin K by sex are shown in Table 1. Older
age and lower proportions of current smokers and drinkers were
associated with higher quartile energy-adjusted intakes of Ca,
vitamin D and vitamin K in both sexes. Higher MET score was
associated with lower quartiles of Ca intake in men and higher
quartiles of vitamin K intake in women. BMI was not associated
with any of the quartiles of nutrient intake. Intakes of Ca, vitamin

D and vitamin K were associated with quartile energy-adjusted
intakes of each of the three nutrients. Pearson’s correlation coef-
ficients for energy-adjusted nutrient intakes in men and women
were 0·23 and 0·06 for Ca v. vitamin D, 0·51 and 0·33 for Ca v.
vitamin K and 0·26 and 0·13 for vitamin D v. vitamin K, respec-
tively (all P< 0·001). Variance inflation factor values for
energy-adjusted intakes of Ca, vitamin D and vitamin K were
all <1·5.

Table 2 shows the number of fractures that occurred during
the follow-up period by sex, age group and fracture site. The
number of distal forearm fractures was the highest, followed
by fractures of vertebra, femur and humerus. Incidence rates
of total fractures in men and women were 1·5 and 7·1 per
1000 person-years, respectively, and the adjusted HR of total
fractures for women to men was 3·92 (95 % CI 2·51, 6·11).

Incidence rates and adjusted HR of total fractures, limb frac-
tures and vertebral fractures according to levels of energy-
adjusted Ca, vitamin D and vitamin K intakes in men andwomen
are shown in Tables 3 and 4, respectively. In men, there were
null associations between incident fractures and each of the
three nutrient intakes. In women, when total fractures were
the outcome, lower energy-adjusted Ca intake was significantly
associated with higher multivariable adjusted HR of total
fractures (Pfor trend= 0·005), with the lowest quartile group
having a significantly higher HR (1·66, 95 % CI 1·13, 2·44) than
the highest quartile group (reference). Moreover, lower
energy-adjusted vitamin K intakewasmarginally associatedwith
higher adjusted HR (Pfor trend= 0·08). For limb fractures, lower
energy-adjusted Ca intakewasmarginally associatedwith higher
adjusted HR (Pfor trend= 0·054). For vertebral fractures, lower
energy-adjusted Ca and vitamin K intakes were significantly
associated with higher adjusted HR (Pfor trend= 0·03 and 0·006,
respectively), with the lowest quartile group for both nutrients
having significantly higher HR (2·03, 95 % CI 1·08, 3·82 and
2·26, 95 % CI 1·19, 4·26, respectively). Graphs of multivariable-
adjusted associations of energy-adjusted Ca and vitamin K intake
with vertebral fractures in women are shown in online
Supplementary Fig. S1. Vitamin D intake was not associated with
any of the assessed fracture types.

Associations between levels of energy-adjusted Ca and vita-
min K intakes and incident total fractures in women, stratified by
age- and BMI-subgroups, are shown in Table 5. In the age-
stratified analysis (<60 v. ≥60 years), similar associations
between energy-adjusted Ca intake and incident total fractures
were observed, with a marginal significance in the older sub-
group (Pfor trend= 0·054). Lower energy-adjusted vitamin K
intake was associated with a higher incidence of total fractures
in the older group (Pfor trend= 0·009), but not in the younger sub-
group (Pfor trend= 0·67). In the BMI-stratified analysis (<22·4 v.
≥22·4 (median)), lower energy-adjusted Ca intake had a higher
HR of total fractures only in the lower BMI subgroup
(Pfor trend= 0·009).

With regard to the contribution of food items on nutrients, Ca
intake was accounted for by intake of milk and dairy products
(39 %), vegetables (18 %), beans (5 %), fish (3 %), cereals (1 %)
and fruit (1 %) in men; and milk and dairy products (50 %), veg-
etables (17 %), beans (5 %) and fish (1 %) in women. Vitamin K
intake was accounted for by intake of natto (29 %), vegetables
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Table 1. Subject characteristics at baseline according to quartile (Q) energy-adjusted intakes of calcium, vitamin D and vitamin K by sex
(Mean values and standard deviations)

Men (quartile energy-adjusted intake) Women (quartile energy-adjusted intake)

Q1 Q2 Q3 Q4 Pfor trend Q1 Q2 Q3 Q4 Pfor trend

Ca (n) 1576 1575 1574 1576 1623 1624 1622 1624
Age (years) <0·001 <0·001

Mean 57·1 58·8 59·6 61·7 56·2 57·8 59·3 60·4
SD 9·2 9·1 9·3 8·9 9·5 9·4 9·0 8·9

BMI (kg/m2) 0·97 0·24
Mean 23·5 23·6 23·8 23·5 22·9 22·8 22·8 22·7
SD 3·2 3·0 3·0 2·9 3·5 3·3 3·3 3·1

MET score (MET-h/d) <0·001 0·5
Mean 45·6 44·9 44·8 44·3 43·4 43·6 43·7 43·5
SD 7·8 7·3 7·4 7·3 6·4 6·3 6·5 6·2

Total energy (kcal/d)*† 2236 2258 2193 2073 <0·001 1883 1887 1855 1802 <0·001
Ca intake (mg/d)* 259 394 500 677 <0·001 350 488 587 776 <0·001
Vitamin D intake (μg/d)* 5·8 8 8·1 7·6 <0·001 7·3 8·5 8·2 7·6 0·37
Vitamin K intake (μg/d)* 123 192 228 247 <0·001 172 236 271 269 <0·001
Married (%) 78·4 83·5 81·6 84·1 <0·001 79·5 83·7 80·8 79·5 0·49
University graduates (%) 6·6 7·6 8·6 12·8 <0·001 1·9 3·1 2·5 3·7 0·01
Manual job (%) 34 30·7 31·2 24·8 <0·001 17·4 17·1 14·7 11·7 <0·001
Current smoker (%) 41·8 35·6 29·9 25·1 <0·001 12·6 6·2 4·2 5·4 <0·001
Current drinker (%) 90 83·1 79·5 71·8 <0·001 44·2 33·3 34·2 28·7 <0·001

Vitamin D (n ) 1576 1574 1576 1575 1623 1623 1624 1623
Age (years) <0·001 <0·001

Mean 57·8 58·9 59·5 60·8 56·3 57·5 58·9 61·0
SD 9·6 9·1 9·4 8·8 9·7 9·5 9·0 8·5

BMI (kg/m2) 0·68 0·64
Mean 23·6 23·5 23·6 23·6 22·9 22·8 22·7 22·9
SD 3·1 2·9 3·0 3·1 3·4 3·2 3·3 3·2

MET score (MET-h/d) 0·005 0·007
Mean 45·5 44·7 44·7 44·7 43·4 43·3 43·4 44·0
SD 7·7 7·4 7·4 7·2 6·4 6·2 6·1 6·6

Total energy (kcal/d)*† 2162 2214 2248 2105 0·75 1885 1834 1873 1852 0·41
Ca intake (mg/d)* 370 447 476 465 <0·001 522 531 548 542 0·16
Vitamin D

intake (μg/d)*
2·6 6 9·7 15·9 <0·001 3·5 6·2 9·5 16·3 <0·001

Vitamin K intake (μg/d)* 151 195 212 209 <0·001 218 228 249 247 <0·001
Married (%) 79·6 83·4 83·2 81·4 0·24 76·8 81·3 82·5 83 <0·001
University graduates (%) 7·6 9·6 10·7 7·7 0·65 2·3 3·3 4·3 1·4 0·28
Manual job (%) 33·9 30·5 29·5 26·8 <0·001 15 14 15·3 16·5 0·16
Current smoker (%) 38·1 32·5 32·3 29·5 <0·001 10·8 6·8 5·3 5·6 <0·001
Current drinker (%) 81·7 83·2 81·6 77·8 0·003 40·6 35·3 32·1 32·3 <0·001

Vitamin K (n ) 1575 1576 1574 1576 1624 1622 1624 1623
Age (years) <0·001 <0·001

Mean 57·1 58·0 60·0 62·0 56·0 57·6 59·1 61·0
SD 9·5 9·2 9·1 8·5 9·7 9·3 9·2 8·3

BMI (kg/m2) 0·24 0·43
Mean 23·6 23·7 23·6 23·5 22·8 22·7 22·9 22·8
SD 3·1 3·1 3·0 2·7 3·5 3·2 3·2 3·3

MET score (MET-h/d) 0·31 <0·001
Mean 45·1 44·9 44·8 44·8 43·2 43·3 43·5 44·1
SD 7·7 7·5 7·2 7·3 6·5 6·1 6·1 6·6

Total energy (kcal/d)*† 2203 2332 2239 1994 <0·001 1825 1879 1877 1841 0·23
Ca intake (mg/d)* 330 443 479 499 <0·001 449 517 565 617 <0·001
Vitamin D intake (μg/d)* 5·6 8·3 8·8 7·1 <0·001 6·7 8·3 8·8 8·2 <0·001
Vitamin K

intake (μg/d)*
81 163 238 370 <0·001 114 191 276 432 <0·001

Married (%) 77·5 82·6 84·4 83·2 <0·001 79·9 82 80·8 80·9 0·66
University

graduates (%)
6·6 8·6 9·8 10·7 <0·001 2·2 3·4 2·8 2·8 0·54

Manual job (%) 32·9 30·8 28·9 28·2 0·002 18·6 15·8 13·4 13 <0·001
Current smoker (%) 42·9 37·6 30·3 21·6 <0·001 12·1 7·3 5·4 3·6 <0·001
Current drinker (%) 84 83·1 80·6 76·7 <0·001 41·1 36·3 33·4 29·5 <0·001

* Median.
†To convert kcal to kJ, multiply by 4·184.
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(22 %), meat (4 %) and fish (1 %) in men; and vegetables (37 %),
natto (26 %), meat (2 %) and fish (1 %) in women.

Discussion

In the present study, lower Ca intake was found to be associated
with a higher incidence of total fractures and vertebral fractures
inwomen, whereas lower vitamin K intakewas associatedwith a
higher incidence of vertebral fractures in women. These findings
suggest that lower Ca intake in women is associated with a high
incidence of osteoporotic fractures. In contrast, there were null
associations between incident fractures and each of the three
nutrient intakes in men.

According to a systematic review by Bolland et al.(8), dietary
Ca intake is not associatedwith the risk of fracture(8). Thismay be
explained by a relatively high Ca intake in Western countries(8),
as most of the forty-seven cohort studies included in the review
were conducted in Europe or North America; only four cohort
studies targeted East Asians (mean Ca intake, 679 mg/d(27),
415 mg/d(9), 586 mg/d(11), and not described(10)). In one of the
cohort studies targeting East Asians, Kung et al.(27) followed
1435 Chinese postmenopausal women (mean age, 63·4 years)
for 5 years and found that those with dietary Ca intake
<400 mg/d had a significantly higher risk of osteoporotic frac-
tures (relative risk= 3·1) than those with Ca intake ≥400 mg/d.
In another cohort study, Nakamura et al.(9) followed 41 835
Japanese men and women aged between 40 and 69 years for
10 years and found that lower energy-adjusted Ca intakewas sig-
nificantly associatedwith a higher incidence of self-reported ver-
tebral fractures, with the lowest quartile of energy-adjusted Ca
intake having a significantly higher relative risk (1·9) than that
of the highest quartile. The remaining two cohort studies(10,11)

failed to detect an association between Ca intake and osteo-
porotic fractures, partly because Ca intake was not a primary
focus of those studies. Thus, the association between dietary
Ca intake and osteoporotic fractures in East Asian populations
has not been fully clarified; in this respect, the present study pro-
vides important findings on this topic.

Ca intake among women in this study was inversely associ-
ated with the risk of vertebral fractures, but not with limb frac-
tures. This finding is consistent with that of a randomised
controlled trial of Ca supplement use which targeted Japanese
peri- and post-menopausal women. That trial found that Ca sup-
plements had an effect on vertebral bonemineral density (BMD),
but not on hip BMD(28). Although we cannot fully explain the

mechanism underlying the present findings, one potential
explanation involves differences in trabecular and cortical
BMD. Specifically, while cortical bone BMD begins to decrease
atmenopause, trabecular BMDbegins to decrease beforemiddle
age and continues throughout life(29). This suggests that insuffi-
cient Ca intake among women early in life may affect trabecular
bone-rich vertebra more adversely than cortical bone-rich
limb bones.

We found that higher vitamin K intake in women was signifi-
cantly associated with a lower risk of vertebral fractures and
marginally associated with total fractures. Hao et al.(15) recently
conducted a meta-analysis of five cohort and nested case–
control studies on the relationship between dietary vitamin K
intake and risk of fractures and found the pooled relative ratio
of highest v. lowest dietary vitamin K intake for all fractures to
be 0·78 (95 % CI 0·56, 0·99). Our findings are consistent with
this. Two Japanese cohort studies(17,30) reported that a higher
intake of natto (fermented soyabeans), high in vitamin K2

(phylloquinone), is associated with higher BMD. These two
studies support our results. Natto is a popular food also in the
Murakami area, and intake of vitamin K in the present population
(264 μg/d) was higher than that of cohorts of North American and
European studies (mean or median intakes, 67–169 μg/d)(31–34).

The subgroup analysis by age revealed that the importance of
Ca intake did not differ between the younger and older sub-
groups in women. On the other hand, insufficient vitamin K
intakewas found to be harmful only in the older (≥60 years) sub-
group, suggesting that vitamin K is especially important formain-
taining bone health in older women. These findings may be
useful when considering fracture prevention approaches in
high-risk populations. However, further investigation will be
needed to elucidate underlying mechanisms. In addition, a
future study should use a longer follow-up period to clarify
the effect of insufficient nutrient intakes in middle-aged people.
Subgroup analysis by BMI revealed that insufficient Ca intake
was harmful only in the lean (BMI< 22·4 kg/m2) subgroup,
suggesting that sufficient Ca intake should be recommended,
especially for lean women with lower food intake.

The estimated Ca intakes according to a validated FFQ in the
present population were 442 mg/d in men and 537mg/d in
women (online Supplementary Table S1), which were lower
compared with the recommended dietary intake for Ca of
650–700mg/d in the 2015 Dietary Reference Intakes for
Japanese(35). In the stratified analysis of Ca intake in women
(<537 v. ≥537 mg/day (median)), intake of milk and dairy prod-
ucts accounted for 24 % of Ca intake in the <537 mg/d group, as

Table 2. Number of fractures* occurring during the follow-up period by sex, age group and fracture site

Men Women

Site Age (years) at baseline... <60 60–69 ≥70 Sub-total <60 60–69 ≥70 Sub-total Total

Person-years 14 790 11 861 4963 31 615 16 669 11 626 4348 32 643 64 258
Distal radius or ulna 4 8 3 15 46 54 24 124 139
Neck of humerus 1 0 0 1 3 2 2 7 8
Neck or trochanter of femur 2 2 1 5 4 8 5 17 24
Lumbar or thoracic spine 1 13 12 26 8 43 40 91 117
Total 8 23 16 47 61 107 71 239 286

* Fractures caused by high-energy trauma, such as a motor vehicle accident, were excluded.
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Table 3. Incidence rates and adjusted hazard ratios (HR) of total fractures, limb fractures and vertebral fractures according to quartiles (Q) of energy-adjusted* calcium, vitamin D and vitamin K intakes in men
(Hazard ratios and 95% confidence intervals)

Predictor variables Case
Person-years

(P-Y)
Incidence rate
(/1000 P-Y)

Unadjusted
HR 95% CI

Pfor

trend

Age-adjusted
HR 95% CI

Pfor

trend

Multivariable-
adjusted HR† 95% CI

Pfor

trend

Total fractures as outcome
Energy-adjusted Ca intake 0·47 0·89 0·65

1st Q (n 1576) 12 7941 1·5 0·80 0·37, 1·70 1·13 0·52, 2·43 1·36 0·51, 3·64
2nd Q (n 1574) 9 7893 1·1 0·61 0·26, 1·38 0·76 0·33, 1·74 0·92 0·38, 2·21
3rd Q (n 1575) 11 7866 1·4 0·74 0·34, 1·61 0·85 0·39, 1·85 0·88 0·38, 2·02
4th Q (n 1576) 15 7914 1·9 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin D intake 0·53 0·88 0·63
1st Q (n 1575) 11 7910 1·4 0·72 0·33, 1·57 0·87 0·40, 1·90 1·08 0·47, 2·50
2nd Q (n 1576) 12 7931 1·5 0·80 0·37, 1·71 0·91 0·43, 1·96 1·10 0·50, 2·43
3rd Q (n 1574) 9 7888 1·1 0·60 0·26, 1·38 0·65 0·28, 1·48 0·62 0·25, 1·57
4th Q (n 1576) 15 7885 1·9 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin K intake 0·57 0·69 0·58
1st Q (n 1576) 11 7907 1·4 0·79 0·36, 1·73 1·13 1·51, 2·51 1·38 0·56, 3·42
2nd Q (n 1574) 11 7838 1·4 0·81 0·37, 1·79 1·10 0·50, 2·43 0·91 0·37, 2·26
3rd Q (n 1576) 11 7906 1·4 0·80 0·36, 1·75 0·92 0·42, 2·03 1·00 0·44, 2·26
4th Q (n 1575) 14 7963 1·8 1 (ref) 1 (ref) 1 (ref)

Limb fracture as an outcome
Energy-adjusted Ca intake 0·50 0·68 0·62

1st Q (n 1576) 5 7951 0·6 0·63 0·21, 1·91 0·73 0·24, 2·28 1·37 0·35, 5·43
2nd Q (n 1574) 5 7903 0·6 0·63 0·21, 1·92 0·69 0·23, 2·14 0·93 0·29, 3·02
3rd Q (n 1575) 3 7879 0·4 0·38 0·10, 1·42 0·40 0·11, 1·53 0·32 0·07, 1·56
4th Q (n 1576) 8 7927 1 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin D intake 0·64 0·76 0·84
1st Q (n 1575) 6 7911 0·8 0·87 0·29, 2·58 0·96 0·32, 2·87 1·02 0·33, 3·22
2nd Q (n 1576) 3 7947 0·4 0·43 0·11, 1·65 0·46 0·12, 1·77 0·45 0·12, 1·77
3rd Q (n 1574) 5 7901 0·6 0·72 0·23, 2·25 0·75 0·24, 2·36 0·62 0·18, 2·14
4th Q (n 1576) 7 7901 0·9 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin K intake 0·94 0·81 0·76
1st Q (n 1576) 5 7923 0·6 1·01 0·29, 3·50 1·22 0·35, 4·27 1·37 0·34, 5·57
2nd Q (n 1574) 5 7844 0·6 1·02 0·29, 3·51 1·19 0·34, 4·15 1·02 0·26, 3·97
3rd Q (n 1576) 6 7918 0·8 1·21 0·37, 3·96 1·30 0·40, 4·28 1·30 0·39, 4·34
4th Q (n 1575) 5 7975 0·6 1 (ref) 1 (ref) 1 (ref)

Vertebral fracture as an outcome
Energy-adjusted Ca intake 0·72 0·57 0·86

1st Q (n 1576) 7 7944 0·9 0·99 0·35, 2·83 1·63 0·57, 4·68 1·39 0·34, 5·74
2nd Q (n 1574) 4 7905 0·5 0·58 0·17, 1·98 0·79 0·23, 2·72 0·90 0·24, 3·37
3rd Q (n 1575) 8 7873 1 1·16 0·42, 3·19 1·39 0·50, 3·83 1·53 0·52, 4·52
4th Q (n 1576) 7 7932 0·9 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin D intake 0·68 0·96 0·43
1st Q (n 1575) 5 7916 0·6 0·60 0·20, 1·85 0·76 0·25, 2·33 1·10 0·32, 3·76
2nd Q (n 1576) 9 7938 1·1 1·12 0·43, 2·91 1·36 0·52, 3·51 1·99 0·70, 5·68
3rd Q (n 1574) 8 7905 1 0·50 0·15, 1·67 0·54 0·16, 1·80 0·60 0·15, 2·43
4th Q (n 1576) 4 7895 0·5 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin K intake 0·49 0·78 0·71
1st Q (n 1576) 6 7914 0·8 0·66 0·24, 1·86 1·08 0·38, 3·06 1·37 0·42, 4·50
2nd Q (n 1574) 6 7845 0·8 0·70 0·25, 1·96 1·05 0·37, 2·96 0·78 0·23, 2·68
3rd Q (n 1576) 5 7918 0·6 0·56 0·19, 1·68 0·69 0·23, 2·07 0·75 0·24, 2·33
4th Q (n 1575) 9 7977 1·1 1 (ref) 1 (ref) 1 (ref)

ref, Reference.
* Adjusted by residual method.
† Adjusted for intake of the other two nutrients, age, marital status, education level, occupation, BMI, MET score, smoking and drinking.
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Table 4. Incidence rates and adjusted hazard ratios (HR) of total fractures, limb fractures and vertebral fractures according to levels of energy-adjusted* calcium, vitamin D and vitamin K intakes in women
(Hazard ratios and 95% confidence intervals)

Predictor variables Case
Person-years

(P-Y)
Incidence

rate (/1000 P-Y)
Unadjusted

HR 95% CI Pfor trend

Age-adjusted
HR 95% CI Pfor trend

Multivariable
adjusted HR† 95% CI Pfor trend

Total fractures as outcome
Energy-adjusted Ca intake 0·06 <0·001 0·005

1st Q (n 1623) 70 8127 8·6 1·33 0·93, 1·89 1·73 1·21, 2·47 1·66 1·13, 2·44
2nd Q (n 1624) 60 8161 7·4 1·17 0·81, 1·69 1·40 0·97, 2·02 1·38 0·94, 2·01
3rd Q (n 1622) 48 8168 5·9 0·94 0·64, 1·39 1·04 0·70, 1·53 1·02 0·68, 1·53
4th Q (n 1624) 54 8187 6·6 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin D intake 0·90 0·21 0·36
1st Q (n 1623) 67 8126 8·2 1·03 0·74, 1·45 1·34 0·95, 1·88 1·31 0·91, 1·86
2nd Q (n 1623) 43 8162 5·3 0·63 0·43, 0·92 0·75 0·51, 1·10 0·74 0·49, 1·10
3rd Q (n 1624) 52 8181 6·4 0·75 0·52, 1·07 0·87 0·61, 1·25 0·93 0·65, 1·35
4th Q (n 1623) 70 8174 8·6 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin K intake 0·23 0·01 0·08
1st Q (n 1624) 62 8104 7·7 1·17 0·82, 1·69 1·51 1·05, 2·17 1·32 0·89, 1·96
2nd Q (n 1622) 63 8150 7·7 1·14 0·80, 1·64 1·33 0·93, 1·92 1·25 0·85, 1·83
3rd Q (n 1624) 51 8175 6·2 0·92 0·63, 1·34 0·99 0·68, 1·44 0·94 0·64, 1·40
4th Q (n 1623) 56 8214 6·8 1 (ref) 1 (ref) 1 (ref)

Limb fracture as an outcome
Energy-adjusted Ca intake 0·24 0·04 0·054

1st Q (n 1623) 41 8176 5 1·17 0·75, 1·82 1·42 0·91, 2·23 1·48 0·91, 2·40
2nd Q (n 1624) 41 8185 5 1·15 0·74, 1·80 1·30 0·83, 2·02 1·28 0·81, 2·03
3rd Q (n 1622) 27 8196 3·3 0·75 0·46, 1·24 0·81 0·49, 1·33 0·83 0·50, 1·38
4th Q (n 1624) 38 8217 4·6 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin D intake 0·66 0·24 0·34
1st Q (n 1623) 44 8158 5·4 1·07 0·70, 1·64 1·28 0·83, 1·96 1·24 0·80, 1·94
2nd Q (n 1623) 32 8189 3·9 0·73 0·46, 1·15 0·81 0·51, 1·29 0·81 0·50, 1·30
3rd Q (n 1624) 29 8215 3·5 0·65 0·40, 1·04 0·72 0·44, 1·15 0·74 0·46, 1·20
4th Q (n 1623) 42 8211 5·1 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin K intake 0·98 0·42 0·77
1st Q (n 1624) 35 8153 4·3 0·94 0·59, 1·48 1·11 0·70, 1·76 1·00 0·60, 1·64
2nd Q (n 1622) 40 8188 4·9 1·05 0·68, 1·64 1·19 0·76, 1·85 1·13 0·71, 1·81
3rd Q (n 1624) 33 8206 4 0·84 0·53, 1·34 0·88 0·56, 1·41 0·88 0·55, 1·42
4th Q (n 1623) 39 8227 4·7 1 (ref) 1 (ref) 1 (ref)

Vertebral fracture as an outcome
Energy-adjusted Ca intake 0·10 0·003 0·03

1st Q (n 1623) 30 8191 3·7 1·69 0·94, 3·03 2·49 1·38, 4·50 2·03 1·08, 3·82
2nd Q (n 1624) 21 8252 2·5 1·18 0·63, 2·22 1·57 0·83, 2·95 1·52 0·80, 2·89
3rd Q (n 1622) 22 8230 2·7 1·27 0·68, 2·38 1·50 0·80, 2·80 1·39 0·72, 2·66
4th Q (n 1624) 18 8238 2·2 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin D intake 0·55 0·57 0·75
1st Q (n 1623) 26 8213 3·2 1·00 0·58, 1·71 1·44 0·84, 2·48 1·41 0·79, 2·50
2nd Q (n 1623) 12 8226 1·5 0·45 0·23, 0·88 0·57 0·29, 1·12 0·52 0·25, 1·08
3rd Q (n 1624) 24 8228 2·9 0·88 0·51, 1·51 1·12 0·65, 1·94 1·24 0·71, 2·19
4th Q (n 1623) 29 8244 3·5 1 (ref) 1 (ref) 1 (ref)

Energy-adjusted vitamin K intake 0·03 <0·001 0·006
1st Q (n 1624) 30 8159 3·7 1·86 1·04, 3·36 2·62 1·46, 4·72 2·26 1·19, 4·26
2nd Q (n 1622) 24 8227 2·9 1·39 0·76, 2·57 1·67 0·90, 3·10 1·48 0·77, 2·85
3rd Q (n 1624) 19 8232 2·3 1·13 0·59, 2·16 1·21 0·64, 2·31 1·05 0·53, 2·08
4th Q (n 1623) 18 8292 2·2 1 (ref) 1 (ref) 1 (ref)

Q, quartile; ref, reference.
* Adjusted by residual method.
† Adjusted for intake of the other two nutrients, age, marital status, education level, occupation, BMI, MET score, smoking and drinking.
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compared with 68 % in the ≥537 mg/d group (data not shown).
These findings can be interpreted as an indication that women
with low Ca intake do not consume much milk/dairy products.
In this regard, higher intakes ofmilk and dairy products aswell as
adequate Ca supplements may be helpful, especially in women
with low Ca intake.

We did not find a significant association between vitamin D
intake and fractures, although a number of studies have
shown that a low level of vitamin D, as reflected by blood
25-hydroxyvitamin D concentration, is a risk factor for osteo-
porotic fracture(36). Blood 25-hydroxyvitamin D is provided
not only by dietary vitamin D but also vitamin D that is

Table 5. Incidence rates and adjusted hazard ratios (HR) of total fractures according to quartiles (Q) of energy-adjusted* calcium and vitamin K intakes in
women by age and BMI
(Hazard ratios and 95% confidence intervals)

Predictor variables Case
Person-years

(P-Y)
Incidence rate
(/1000 P-Y)

Unadjusted
HR 95% CI Pfor trend

Multivariable
adjusted HR† 95% CI Pfor trend

Age <60 years old
Energy-adjusted Ca

intake
0·17 0·16

1st Q (n 824) 18 4159 4·3 1·40 0·69, 2·86 1·53 0·70, 3·35
2nd Q (n 824) 18 4171 4·3 1·46 0·72, 3·00 1·44 0·69, 3·04
3rd Q (n 824) 11 4160 2·6 0·80 0·36, 1·78 0·82 0·36, 1·86
4th Q (n 824) 13 4178 3·1 1 (ref) 1 (ref)

Energy-adjusted
vitamin K intake

0·97 0·67

1st Q (n 824) 11 4145 2·7 0·83 0·38, 1·81 0·66 0·28, 1·57
2nd Q (n 824) 19 4160 4·6 1·35 0·69, 2·66 1·17 0·58, 2·34
3rd Q (n 824) 14 4185 3·3 0·93 0·45, 1·91 0·73 0·34, 1·54
4th Q (n 824) 16 4180 3·8 1 (ref) 1 (ref)

Age ≥60 years old
Energy-adjusted Ca

intake
0·02 0·055

1st Q (n 799) 53 3957 13·4 1·53 1·00, 2·33 1·44 0·92, 2·26
2nd Q (n 800) 49 3987 12·3 1·40 0·92, 2·15 1·39 0·89, 2·16
3rd Q (n 799) 33 4021 8·2 0·98 0·61, 1·58 1·01 0·62, 1·64
4th Q (n 799) 37 4011 9·2 1 (ref) 1 (ref)

Energy-adjusted
vitamin K intake

0·006 0·009

1st Q (n 800) 62 3932 15·8 1·79 1·18, 2·71 1·84 1·16, 2·90
2nd Q (n 799) 38 4001 9·5 1·01 0·63, 1·61 1·03 0·63, 1·68
3rd Q (n 799) 37 4000 9·3 1·06 0·66, 1·68 1·12 0·69, 1·81
4th Q (n 799) 35 4038 8·7 1 (ref) 1 (ref)

BMI< 22·4 (kg/m2)‡
Energy-adjusted Ca

intake
0·047 0·009

1st Q (n 816) 20 4080 4·9 1·75 1·01, 3·03 2·13 1·18, 3·83
2nd Q (n 816) 28 4097 6·8 1·61 0·92, 2·82 1·95 1·10, 3·47
3rd Q (n 816) 32 4116 7·8 1·44 0·81, 2·56 1·65 0·92, 2·97
4th Q (n 816) 35 4101 8·5 1 (ref) 1 (ref)

Energy-adjusted
vitamin K intake

0·47 0·20

1st Q (n 816) 31 4082 7·6 1·18 0·71, 1·98 1·40 0·79, 2·48
2nd Q (n 816) 30 4106 7·3 1·12 0·67, 1·89 1·25 0·71, 2·18
3rd Q (n 816) 27 4080 6·6 1·02 0·60, 1·74 1·05 0·60, 1·84
4th Q (n 816) 27 4124 6·5 1 (ref) 1 (ref)

BMI≥ 22·4 (kg/m2)‡
Energy-adjusted Ca

intake
0·54 0·18

1st Q (n 807) 34 4046 8·4 1·06 0·66, 1·71 1·34 0·78, 2·31
2nd Q (n 807) 29 4060 7·1 0·97 0·59, 1·61 1·15 0·68, 1·93
3rd Q (n 808) 20 4059 4·9 0·64 0·37, 1·12 0·70 0·39, 1·25
4th Q (n 807) 34 4085 8·3 1 (ref) 1 (ref)

Energy-adjusted
vitamin K intake

0·34 0·20

1st Q (n 808) 28 4026 7 1·04 0·62, 1·74 1·15 0·66, 2·03
2nd Q (n 806) 39 4028 9·7 1·37 0·85, 2·21 1·48 0·89, 2·46
3rd Q (n 807) 20 4105 4·9 0·68 0·38, 1·19 0·66 0·37, 1·19
4th Q (n 808) 30 4092 7·3 1 (ref) 1 (ref)

ref, Reference.
* Adjusted by residual method.
† Adjusted for intake of the other nutrient (energy-adjustedCa or vitamin K), energy-adjusted vitamin D, age,marital status, education level, occupation, BMI,MET score, smoking and
drinking.

‡Median.
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biosynthesised in the skin by sunlight. Thus, dietary vitamin D
intake may contribute less to vitamin D status in the body than
vitamin D biosynthesis in the skin.

The present study has several strengths. First, the study had a
large sample size, which enabled us to set osteoporotic fractures
as the outcome and identify risk factors in an early-stage female
elderly population (mean age, 58 years). Second,we determined
all cases of osteoporotic fractures from relevant medical facilities
with accurate diagnoses. Third, nutritional intake was assessed
using a validated FFQ. Finally, this is the first large-scale cohort
study targeting an East Asian population, which had a diet of low
Ca and high vitamin K.

The present study also has some limitations worth noting.
First, fracture incidence in men was much lower than that in
women. Thus, we were unable to identify risk factors for men
due to the smaller sample size. Second, lifestyle information,
including dietary intake, was based on self-report, and thus mis-
classification biasmay have occurred. If themisclassificationwas
non-differential, the strength of the association between predic-
tors and outcomes would be underestimated. Third, there were
missing questionnaire data (3·8 %), which were not included in
the multivariable analyses. This may have led to selection bias
and potentially affected the adjusted HR. Fourth, vertebral frac-
tures assessed in the present study were symptomatic, and thus
our findings cannot be generalised to asymptomatic vertebral
fractures. Finally, as this was an observational study, unknown
confounders may have affected our results. A future study to
address these limitations is warranted.

In conclusion, lower intakes of dietary Ca and vitamin K are
independent lifestyle-related risk factors associated with osteo-
porotic fractures in middle-aged and elderly Japanese women.
This association was robust for vertebral compression fractures,
but not for osteoporotic limb fractures. These associations were
not observed in men and thus should be re-examined with a
longer follow-up period.
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