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Abstract
Objective To investigate the association between long term intake of dietary and supplemental calcium and death from all causes and cardiovascular disease.
Design Prospective longitudinal cohort study.
Setting Swedish mammography cohort, a population based cohort established in 1987-90.
Participants 61 433 women (born between 1914 and 1948) followed-up for a median of 19 years.
Main outcome measures Primary outcome measures, identified from registry data, were time to death from all causes (n=11 944) and cause specific cardiovascular disease (n=3862), ischaemic heart disease (n=1932), and stroke (n=1100). Diet was assessed by food frequency questionnaires at baseline and in 1997 for 38 984 women, and intakes of calcium were estimated. Total calcium intake was the sum of dietary and supplemental calcium.
Results The risk patterns with dietary calcium intake were non-linear, with higher rates concentrated around the highest intakes (≥1400 mg/day). Compared with intakes between 600 and 1000 mg/day, intakes above 1400 mg/day were associated with higher death rates from all causes (hazard ratio 1.40, 95% confidence interval 1.17 to 1.67), cardiovascular disease (1 49, 1.09 to 2.02), and ischaemic heart disease (2.14, 1.48 to 3.09) but not from stroke (0.73, 0.33 to 1.65). After sensitivity analysis including marginal structural models, the higher death rate with low dietary calcium intake (<600 mg/day) or with low and high total calcium intake was no longer apparent. Use of calcium tablets (6% users; 500 mg calcium per tablet) was not on average associated with all cause or cause specific mortality but among calcium tablet users with a dietary calcium intake above 1400 mg/day the hazard ratio for all cause mortality was 2.57 (95% confidence interval 1.19 to 5.55).
Conclusion High intakes of calcium in women are associated with higher death rates from all causes and cardiovascular disease but not from stroke.

Introduction
Calcium is one of the most abundant minerals in the human body and plays a pivotal role in human physiology. The serum levels of calcium are strictly regulated and an insufficient calcium intake is met by a more efficient intestinal absorption and renal conservation of calcium. Calcium is also mobilised from the skeleton, which can lead to bone loss1 and subsequent risk of fractures. Consequently, to prevent fractures in elderly people previous and existing guidelines2 recommend avoidance of low calcium intake. Fractures are common, especially in women, and are associated with high disability, healthcare costs, and mortality.3 Insufficient calcium intakes might also lead to secondary hyperparathyroidism, which is associated with higher mortality.1 4 5 Supplemental use of calcium has become common, and more than 60% of middle aged and older women in the United States are regular users of calcium supplements.6 7 Worryingly, three recent reanalyses of randomised trials in women have indicated a higher risk of both ischemic heart disease and stroke with calcium supplements,8 9 10 a pattern not observed in a reanalysis of another randomised trial.11 Few cohort studies in women have examined the association between dietary and supplemental intake of calcium with risk of cardiovascular incidence and mortality; instead,12 13 14 15 16 the focus has been on the incidence of stroke, with both contrary and inconsistent findings.12 13 14 16
We hypothesised that long term intake of low or high calcium increases the risk of cardiovascular mortality. We investigated associations between long term dietary and supplemental intake of calcium with all cause mortality as well as with cardiovascular mortality in a large population based prospective study of Swedish women.

Methods
The Swedish mammography cohort
The Swedish mammography cohort was established in 1987-90. All women (n=90 303) residing in two Swedish counties (Uppsala and Västmanland) and born between 1914 and 1948 received a mailed invitation to a routine mammography screening. Enclosed with this invitation was a questionnaire covering diet (food frequency questionnaire) and lifestyle, which was completed by 74% of the women. In 1997, a second, expanded questionnaire was distributed to those who were still living in the study area (response rate 70%). The study sample with exclusions has been described previously.17 18 In all, 61 433 women with baseline data (1987-90) and 38 984 with data from 1997 were available for analysis in the present study (fig 1⇓).
[image: Figure1]

Fig 1 Study samples in Swedish mammography cohort
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Outcomes
Follow-up was through the Swedish cause of death registry. Complete linkage with the register is rendered by the personal identity number provided to all Swedish residents. Since 1952 the National Board of Health and Welfare has collected information on the causes of death for all Swedish residents in the cause of death registry. We used the underlying cause of death in the registry to define the outcomes of death from all causes, cardiovascular disease (international classification of diseases, ninth and 10th revisions; ICD-9 codes 390-459 or ICD-10 codes I00-I99), ischaemic heart disease (ICD-9 codes 410-414 or ICD-10 codes I20-I25), and stroke (ICD-9 codes 430-436 or ICD-10 codes I60-I64).

Dietary assessment
The food frequency questionnaires have been described previously.17 19 20 The participants reported their average frequency of consumption of up to 96 foods and beverages during the past year. For most food items, eight categories for frequency of consumption were provided, ranging from never to three or more times daily. For some commonly consumed foods such as milk, sour milk/yogurt, and cheese, participants could fill in the exact number of servings they consumed daily or weekly. We estimated nutrient intakes by multiplying the consumption frequency of each food item by the nutrient content of age specific portion sizes. Nutrient data were obtained from the Swedish National Food Administration database.21 We adjusted nutrient intakes for total energy intake (7.1 MJ or 1700 kcal, mean in the study population) using the residual method.22 To better account for changes in diet during follow-up and to better represent long term dietary intake we treated calcium intake as cumulative average intake.23 In the second questionnaire the lifetime use of dietary supplements and multivitamins was reported. In Sweden one calcium dose contains 500 mg if from calcium supplements and 120 mg if from multivitamins. Total calcium intake included supplemental calcium from any source. Even if supplement use was absent in the first food frequency questionnaire (baseline questionnaire), the frequency of calcium containing supplement use (with or without vitamin D) within the cohort during the first years of follow-up was low (6%),24 and this proportion was similar across the whole range of dietary calcium intake. Calcium intake in the 1997 food frequency questionnaire correlated well with estimates from 14 repeated 24 hour recalls over one year (r=0.77).25 Furthermore, a second validation of calcium intake was carried out with four seven day food records every third month in 104 of the women (r=0.72). Bland-Altman plots revealed only small systematic errors related to intake level between the methods, and the average difference with 95% confidence interval between the 1997 food frequency questionnaire and seven day food record was 56.4 mg/day (95% confidence interval −4.4 to 108.4 mg/day)—that is, as previously reported,25 a tendency of higher estimates for calcium intake with the food frequency method. Similar estimates were achieved for the baseline questionnaire.24

Comorbidity and other additional information
Lifestyle information was obtained from the questionnaires. This information included the use of postmenopausal oestrogen therapy and menopausal status, parity, weight and height, smoking habits, and leisure time physical activity during the past year, with five predefined levels ranging from one hour weekly to more than five hours weekly. Physical activity, collected in the 1997 questionnaire, is valid compared with activity records and accelerometer data.26 We divided educational level into four categories: up to 9 years, 10-12 years, more than 12 years, and other (such as vocational). Diagnosis codes were collated from the national patient registry (ICD codes 8, 9, and 10) to calculate Charlson comorbidity scores.27 28 The Charlson comorbidity index predicts the 10 year mortality for a patient who may have a range of comorbid conditions (up to 22 diseases). Each condition is assigned a score of 1 to 6 depending on the risk of dying associated with this condition.

Statistical analysis
For each participant, follow-up time was accrued from baseline (1987-90) until the first date of death, date of leaving the study regions, or the end of the study period (31 December 2008), whichever occurred first. In secondary analyses we considered time to incidence of cardiovascular disease, ischaemic heart disease, and stroke. To improve the validity of our exposure estimate, we used a calibrated calcium intake obtained by usage of linear regression coefficients between food records (FR) and the food frequency questionnaire (FFQ): (RiFR=αFR+ βFR* FFQi, (R reported calcium in the food records, i in the individual)).29 Using Cox proportional hazards regression we estimated age adjusted and multivariable adjusted hazard ratios and their 95% confidence intervals for prespecified categories of calcium intake: <600, 600-999, 1000-1399, and ≥1400 mg/day. To facilitate comparisons of the estimates we used the same category cut-offs in the analysis of dietary and total calcium intake. We estimated the risk with use of calcium containing supplements from the date of the second questionnaire survey (from 1 January 1998). The proportional hazard assumptions in the Cox models were confirmed graphically by comparing Nelson-Aalen plots. Non-linear trends of risk were additionally analysed using restricted cubic-spline Cox regression. We used four “knots” placed at centiles 5, 35, 65, and 95 of the cumulative average calcium intake.30 The reference level was set to 800 mg of calcium, which corresponds to the recommended daily intake for Swedish women aged more than 50 years.31
To minimise potential bias we used the directed acyclical graph approach to identify a suitable multivariable model. The model included age, total energy and vitamin D intake, body mass index, height (all continuous), educational level (≤9, 10-12, >12 years, other), living alone (yes or no), use of supplements containing calcium (yes or no), a healthy dietary pattern (fifths), physical activity (five categories), smoking status (never, former, current), and score on the Charlson comorbidity index (continuous, 1-16).27 28 A healthy dietary pattern was defined by using a validated method.32 33 Briefly, we used factor analysis to derive the dietary pattern empirically. Factor analysis reduces dietary data to a few composite factors (one being a healthy dietary pattern) that describe the eating pattern in the population. Other potential covariates (such as menopausal status; hormone replacement therapy; intakes of total fat, retinol, alcohol, potassium, phosphorous, and protein; nulliparity; and previous fracture of any type) in the multivariable models only marginally changed the relations and were therefore not included in the models. We treated covariates as cumulative averages.28 The Markov chain Monte Carlo multiple imputation method was used to impute covariates not assessed in the baseline questionnaire in 1987-90 (for example, smoking habits and physical activity). Restriction to non-missing data did not alter our interpretation of the results (data not shown). Moreover, in an attempt to examine whether calcium supplement use modified the association between dietary calcium intake and mortality, we performed stratified analysis by calcium supplement use (no use, use of any type of calcium containing supplements, and specific use of calcium tablets). Additionally, we estimated the synergy index between dietary calcium intake and calcium tablet use.34 We performed sensitivity analysis, limiting the analysis to baseline data using ordinary Cox’s regression without time updated information. In an attempt to validate the robustness of the Cox’s regression model using information updated over time, we used marginal structural modelling.35 The categorical exposure in the marginal structural models was treated as described previously.36 We calculated an additional inverse probability weight for having time varying data, and we gave a weight of zero to those without time varying data.
In addition to ultraviolet radiation and genes, vitamin D intake is a determinant of vitamin D status,37 38 39 and vitamin D insufficiency is related to cardiovascular disease mortality and incidence.40 We therefore investigated effect measure modification between dietary calcium and vitamin D intake by including a product interaction term in the multivariable models and performing likelihood ratio tests of its contribution in nested models. We further calculated the relative excess risk that is due to interaction.34 When analysing cause specific mortality, we considered the potential competing risk problem from other causes of mortality41 and cumulative incidence curves.42 The subhazard ratios were similar to the hazard ratios from the ordinary Cox regression, suggesting no major effect of competing risks, which is also the conclusion drawn after analysis of cumulative incidence curves (data not shown).
The statistical analyses were performed with STATA 11 and SAS, version 9.2.


Results
Table 1⇓ lists the characteristics of the study participants by categories of calcium intake. The average total cumulative calcium intake in the lowest category was 572 mg/day and in the highest was 2137 mg/day. With increasing categories of energy standardised calcium intake, the reported intake for most other nutrients also increased, although alcohol intake tended to decrease. There were small differences in calcium supplement use, comorbidity, educational level, smoking status, and physical activity level between categories of calcium intake.
Table 1  Characteristics of participants by categories of average cumulative total intake of calcium. Values are numbers (percentages) unless stated otherwise
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During a median of 19 years of follow-up and 1 094 880 person years at risk, 11 944 women (17%) died; of these women, the underlying cause of death was cardiovascular disease in 3862, ischaemic heart disease in 1932, and stroke in 1100.
The highest rates of death from all causes, cardiovascular disease, and ischaemic heart disease but not stroke were observed among those with a dietary calcium intake higher than 1400 mg/day (table 2⇓). These intakes, compared with dietary intakes between 600 and 1000 mg/day, conferred hazard ratios of 1.40 (95% confidence interval 1.17 to 1.67) for all cause mortality, 1.49 (1.09 to 2.02) for cardiovascular disease mortality, and 2.14 (1.48 to 3.09) for ischaemic heart disease mortality.
Table 2  Absolute rates and age and multivariable adjusted hazard ratios of all cause and cardiovascular mortality by categories of average cumulative intake of total and dietary calcium
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After multivariable adjustment, a high total calcium intake was also associated with a higher mortality risk (table 2). The shift from a lower to a higher risk with the multivariable model was mainly the consequence of the adjustment for use of calcium containing supplements (see supplementary table 1). In addition, mortality rates were higher among women with an intake below 600 mg/day (table 2). The tendency of a U-shaped association between both dietary and total calcium intake with deaths from all causes, cardiovascular disease, and ischaemic heart disease is also visualised by the pattern of the spline curves in figure 2⇓, a pattern that was not apparent for stroke mortality. However, to deal further with possible bias introduced by using time updated information in the models, sensitivity analyses were carried out. Firstly, only baseline data were included, without updating with information from the second questionnaire (see supplementary table 2). This analysis indicated a higher risk of death with high dietary calcium intakes but not with low intakes. Secondly, a causal inference analytical model was used. Although hampered by a lower precision (see supplementary table 3), the results for the high dietary calcium intake level are essentially similar to those obtained by ordinary Cox’s regression analysis (table 2 and supplementary table 2) but the estimates for women with low dietary calcium intakes were attenuated. Moreover, mortality estimates for women with both low and high total calcium intakes were attenuated compared with the time dependent Cox regression model.
[image: Figure2]

Fig 2 Multivariable adjusted spline curves for relation between cumulative average of dietary and total calcium intake with time to death from all causes, cardiovascular disease, ischaemic heart disease, and stroke. *Adjusted for age, total energy and vitamin D intake, healthy dietary pattern, body mass index, height, living alone, educational level, physical activity level, smoking status, use of calcium containing supplements, and score on Charlson comorbidity index. Reference value for estimation was set at 800 mg, which corresponds to the Swedish recommended level of calcium intake for women older than 50 years. The upper confidence limit for ischaemic heart disease is truncated at calcium intake levels higher than about 1800 mg/day
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Calcium containing supplements were used by one fourth (10 055/38 984) of the study population in 1997. The largest source of supplemented calcium was from multivitamins with minerals (120 mg per tablet; 74% of supplement users). Most women taking calcium tablets were also regular users of multivitamins. The average dietary intake of calcium was similar in calcium supplement users, both at baseline (users reported 6 mg lower dietary calcium intake; 95% confidence interval −2 to 13 mg) and at the second investigation in 1997 (users reported 6 mg lower intake; 0 to 13 mg). Use of calcium containing supplements in 1997 was not associated with death from cardiovascular disease or ischaemic heart disease (see supplementary table 4).
Women who had a high dietary intake of calcium exceeding 1400 mg/day and additionally used calcium supplements had a higher mortality rate than women with a similarly high intake of calcium but without taking supplements (table 3⇓). Thus, among calcium tablet users (500 mg calcium per tablet), a high dietary calcium intake (>1400 mg/day) conferred a multivariable adjusted hazard ratio of 2.57 (95% confidence interval 1.19 to 5.55) for all cause mortality compared with a dietary calcium intake of between 600 and 999 mg/day. The same comparison among women with use of any type of calcium containing supplement, yielded a multivariable adjusted hazard ratio of 1.51 (0.91 to 2.50), whereas the hazard ratio among non-users of calcium containing supplements was 1.17 (0.97 to 1.41). Thus, among women with a high dietary intake of calcium, the addition of calcium supplements increased the risk of death in a dose dependent fashion. The synergy index for the interaction between a high dietary calcium intake and calcium tablet use was 4.87 (95% confidence interval 1.11 to 21.32).
Table 3  Absolute rates and age and multivariable adjusted hazard ratios of all cause mortality by categories of average cumulative intake of dietary calcium by calcium supplement use
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Vitamin D intake did not significantly modify the associations between calcium intake and the rate of deaths from all causes, cardiovascular disease, or ischaemic heart disease (results not shown).

Discussion
In this study of women in the Swedish mammography cohort, a high calcium intake (>1400 mg/day) was associated with an increased rate of mortality, including death from cardiovascular disease. The increase was moderate with a high dietary calcium intake without supplement use, but the combination of a high dietary calcium intake and calcium tablet use resulted in a more pronounced increase in mortality. For most women with lower intakes we observed only modest differences in risk.
Strengths and weaknesses of the study
Strengths of our study include the population based prospective design, study size, and repeated measurements of calcium intake, as well as a large number of potential covariates. Date and cause of death were traced through national healthcare registries and deterministic record linkage, permitting complete ascertainment of the outcomes. The accuracy of classification of causes of death in the cause of death registry and diagnoses in the national patient registry are high.43 Furthermore, we adjusted for several important covariates (for example, smoking, socioeconomic status, physical activity, nutrients other than calcium, educational level, and comorbidity), but residual confounding remains a possible limitation. The lower age adjusted rates of death from all causes and cardiovascular disease among women with a high total calcium intake were largely explained by their use of dietary supplements (table 2), a variable considered in the multivariable models. Other health related covariates, including a healthy diet and level of physical activity contributed to a lesser degree. People who use dietary supplements have, on average, a healthier lifestyle and a lower risk factor profile for cardiovascular disease44 and not considering this might distort the risk estimates. Moreover, the low proportion of women who took prescription calcium tablets (6%), containing a four times higher dose of calcium than in regular multivitamin dietary supplements, made it difficult to detect modestly strong associations with calcium tablet use specifically. Dietary assessment methods are prone to several limitations, affecting both the precision and accuracy of the measurement. In larger studies, a food frequency questionnaire is used to assess the habitual intake of diet, and a recent review concluded that it was a valid method for assessing dietary mineral intake, particularly for calcium.45 The food frequency questionnaire may, to some extent, overestimate calcium intake,25 which was also indicated by our validation. A further limitation in our study is the use of age standardised portion sizes and not actual individual portion sizes. By use of our calibrated analysis of calcium intake, we none the less tried to avoid some misclassification of study participants. By using repeated measurements on dietary intake we increased the accuracy of the measurement but may also have introduced bias using time dependent Cox regression models. Indeed, after using only baseline data and also after performing the marginal structural model analyses, we no longer observed an increased mortality for women with low calcium intakes or a high total calcium intake. Without being causally linked to death, a low calcium intake could therefore be viewed as a marker of frailty or a less healthy behaviour associated with a higher mortality. There are, however, also theoretical drawbacks of our causal inference model. It is sensitive to correct model specifications and indeed renders estimates with lower precision than ordinary Cox’s regression.46 47 It is worth emphasising that traditionally obtained estimates, such as those from Cox’s regression, would not generally agree with estimates from marginal structural models even when there is no confounding.48 Irrespective of analytical approach, the observational study design precludes conclusions about causality, and cautious interpretations of the results are therefore recommended. The results for women with a high calcium intake are, however, compatible with results from previous randomised studies,8 9 10 and by fitting the marginal structural model we obtained similar risk estimates although with wider confidence intervals. Our results might also not apply to people of different ethnic origins or to men.

Strengths and weaknesses in relation to other studies
Calcium intake in adulthood and all cause mortality in women has not been previously investigated. In an analysis including 387 deaths within the Iowa Women’s Health Study cohort15 a total calcium intake below 700 mg/day but not above 1400 mg/day was associated with higher mortality from ischaemic heart disease. Furthermore, a recent reanalysis of the same cohort showed that use of calcium supplements was inversely related to the total and cardiovascular mortality rate, although the benefit was lost at the highest doses of dietary calcium intake.49 In contrast, use of calcium supplements in a Finnish cohort increased the risk of cardiovascular disease.50 Intriguingly, three reanalyses of randomised trials have consistently shown a higher rate of both myocardial infarction and stroke by 25% to 30% and by 15% to 20%, respectively, with calcium supplementation.8 9 10 These results were not confirmed in a reanalysis of another randomised trial using a broad composite endpoint of different cardiovascular events.11 Interestingly, the higher risk of cardiovascular events with calcium supplements in a meta-analysis8 was only observed in women with a dietary calcium intake higher than 800 mg/day and not in women with lower intake levels. 
The results from the few prospective cohort studies that have examined the relation between calcium intake and incidence of cardiovascular disease in women are contradictory or not conclusive. In the Nurses’ Health Study cohort there was a higher risk of stroke in women with a calcium intake below 600 mg/day.12 Similarly, in a Japanese setting with a comparably low average calcium intake, women with an intake below about 500 mg/day had a higher rate of stroke but not of coronary heart disease.13 14 None the less, calcium intake was not related to stroke incidence in a previous analysis in our cohort,16 concordant with the results of the present investigation. We have recently shown that calcium intakes above 700 mg/day do not further reduce the risk of fracture and osteoporosis.18
Vitamin D enhances, directly or indirectly, renal conservation and intestinal absorption of calcium.51 Our results suggest that vitamin D intake did not modify the association of calcium intake and mortality rate. In comparison with exposure to ultraviolet radiation and genetic constitution, vitamin D intake contributes only modestly to vitamin D status,37 38 39 which is determined by serum calcidiol levels, a metabolite not measured in the present investigation.

Possible explanations and implications
Calcium levels in serum are under tight homeostatic control, and calcium intake is not normally correlated with calcium serum levels. Diets that are low or very high in calcium can, however, override normal homeostatic control causing changes in blood levels of calcium or calciotropic hormones.52 Calcium enriched meals can reduce calcitriol, the active vitamin D metabolite, by inhibition of 1α hydroxylase53 and also increase serum levels of fibroblast growth factor 23.54 Higher levels of circulating fibroblast growth factor 23 are associated with an increased risk of cardiovascular events and all cause mortality.55 56 57 In addition, fibroblast growth factor 23 downregulates calcitriol levels.58 Vitamin D suppression leads to an upregulation of the renin-angiotensin-aldosterone system and hypertension, higher levels of proinflammatory cytokines involved in the pathogenesis of atherosclerosis, increased carotid artery intima medial thickness, decreased endothelial function, hypertrophy of cardiac and vascular muscle cells, and a possible increase in serum triglycerides.59 Finally, high serum calcium levels can increase the risk of cardiovascular mortality60 by induction of a hypercoagulable state.61
Our present data together with previous observations suggest that for the prevention of fractures in elderly people18 and simultaneous avoidance of possible serious adverse events related to a high calcium intake (such as higher risk of hip fracture,18 62 cardiovascular disease,63 renal stones,64 and, as observed in the current study, mortality) emphasis should be placed on people with a low intake of calcium rather than increasing the intake of those already consuming satisfactory amounts.

Conclusion
When looking at the totality of our data, high calcium intakes were associated with higher rates of death from all causes and cardiovascular disease. Mortality was not increased between 600 and 1400 mg/day of total calcium intake, the most customary levels of intake in this setting. The suggestion of an increased risk of mortality by a low calcium intake in our study seemed to be biased by time varying confounding factors.
What is already known on this topic
	A low calcium intake is associated with higher fracture rates in elderly people and a higher risk of stroke and fatal ischaemic heart disease

	Meta-analyses of some randomised studies have, however, shown a higher risk of incident ischaemic heart disease and stroke with calcium supplement use

	In observational studies, use of calcium supplements has been associated with both lower overall and cardiovascular mortality rate, as well as higher incidence of cardiovascular disease



What this study adds
	In this Swedish cohort study of women, high intakes of calcium (>1400 mg/day) were associated with higher mortality

	The increase was moderate with a high dietary calcium intake without supplement use, but more pronounced with a high dietary calcium intake with calcium tablet use

	For most women with lower calcium intakes only modest differences in risk were observed
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