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ABSTRACT

Background: Previous studies on calcium intake and lung cancer risk reported inconsistent associations, possibly due to the differences in
intake amounts and contributing sources of calcium and smoking prevalence.

Objectives: We investigated the associations of lung cancer risk with intake of calcium from foods and/or supplements and major calcium-
rich foods in 12 studies.

Methods: Data from 12 prospective cohort studies conducted in the United States, Europe, and Asia were pooled and harmonized. We
applied the DRI to categorize calcium intake based on the recommendations and quintile distribution to categorize calcium-rich food intake.
We ran multivariable Cox regression by each cohort and pooled risk estimates to compute overall HR (95% CI).

Results: Among 1,624,244 adult men and women, 21,513 incident lung cancer cases were ascertained during a mean follow-up of 9.9 y.
Overall, the dietary calcium intake was not significantly associated with lung cancer risk; the HRs (95% CI) were 1.08 (0.98-1.18) for higher
(>1.5 RDA) and 1.01 (0.95-1.07) for lower intake (<0.5 RDA) comparing with recommended intake (EAR to RDA). Milk and soy food
intake were positively or inversely associated with lung cancer risk [HR (95% CI) = 1.07 (1.02-1.12) and 0.92 (0.84-1.00)], respectively.

Abbreviations: EAR, estimated average requirement; NIH-AARP, NIH-American Association of Retired Persons Diet and Health Study; SWHS, Shanghai Women’s
Health Study; UL, tolerable upper-level intake.
* Corresponding author. E-mail address: yumie.takata@oregonstate.edu (Y. Takata).
t YT, JJY, and DY contributed equally to this work and are joint first authors.

https://doi.org/10.1016/j.tjnut.2023.03.011
Received 23 January 2023; Received in revised form 6 March 2023; Accepted 8 March 2023; Available online 11 March 2023
0022-3166,/© 2023 Published by Elsevier Inc. on behalf of American Society for Nutrition.


mailto:yumie.takata@oregonstate.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjnut.2023.03.011&domain=pdf
https://jn.nutrition.org/
https://doi.org/10.1016/j.tjnut.2023.03.011
https://doi.org/10.1016/j.tjnut.2023.03.011
https://doi.org/10.1016/j.tjnut.2023.03.011

Y. Takata et al.

The Journal of Nutrition 153 (2023) 2051-2060

The positive association with milk intake was significant only in European and North American studies (P-interaction for region = 0.04). No

significant association was observed for calcium supplements.

Conclusions: In this largest prospective investigation, overall, calcium intake was not associated with risk of lung cancer, but milk intake
was associated with a higher risk. Our findings underscore the importance of considering food sources of calcium in studies of calcium

intake.
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Introduction

Lung cancer is the leading cause of cancer deaths in the
United States and worldwide [1,2]. Smoking is the major cause
of lung cancer; however, the contribution from other modifiable
risk factors for lung cancer is not well understood. Calcium, as a
nutrient, plays a wide variety of roles and, in particular,
cell-cycle regulation through apoptotic pathways and Wnt
signaling pathways may be relevant for the effects of calcium on
lung carcinogenesis [3-5]. In vitro studies reported that both
inhibition and up-regulation of calcium-involved pathways lead
to lung carcinogenesis through dysregulated lung tissue repair
mechanisms and epithelial-mesenchymal transition, respectively
[3-9]. Previously, we reported a statistically significant inverse
association between dietary calcium intake and lung cancer risk
among female never smokers in a large prospective cohort study,
the Shanghai Women’s Health Study (SWHS) [10]. Findings
from two other prospective cohort studies in the United States
and Europe generally supported an inverse association, espe-
cially among women and current smokers [11,12]. In contrast,
one United States case-control study reported a positive associ-
ation of lung cancer risk with dietary calcium intake among men
and current smokers [13], and other studies reported a null as-
sociation [11,12]. A recent meta-analysis also reported a null
association with risk of lung cancer [14]. These inconsistent re-
sults from different populations and subgroups may be explained
by differences in calcium intake levels or contributing sources
and smoking behavior [15,16]. Individual studies are typically
limited by a relatively narrow distribution of calcium intake,
with relatively higher calcium intake in countries where dairy
food consumption and calcium fortification in foods are common
than in countries where these are not as common. Moreover,
except for sex and smoking status, few studies have investigated
the associations of calcium and lung cancer risk by other po-
tential effect modifiers such as race/ethnicity and region or by
lung histology [13,17,18].

To address the limitations of previous investigations, we
analyzed individual-level data pooled from 12 prospective
cohort studies in the United States, Europe, and Asia to investi-
gate associations of lung cancer risk with dietary and supple-
mental calcium intake and major food sources of calcium intake
(for example, bovine milk). Furthermore, we evaluated possible
effect modifications by sex, region, race, smoking status, and
other lifestyle factors and differential associations by lung cancer
histology.

Methods

Study population
Detailed descriptions of the 12 cohort studies included in our
pooled analyses have been reported elsewhere [19]. All studies
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included in this pooling analysis met the following criteria: 1)
collected comprehensive dietary intakes through a FFQ and
detailed smoking history [for example, smoking status, duration,
and intensity (the number of cigarettes smoked per day)]; 2)
accrued >35 lung cancer cases among never smokers; and 3) had
collected cancer incidence and total mortality information.
Included are: the NIH-American Association of Retired Persons
Diet and Health Study (NIH-AARP); Health Professionals
Follow-up Study; Nurses’ Health Study; Iowa Women’s Health
Study; Prostate, Lung, Colorectal, and Ovarian Cancer Screening
Trial; Southern Community Cohort Study; Vitamins And Lifestyle
Study and Women’s Health Initiative Observational Study con-
ducted in the United States; Japan Public Health Center-based
Prospective Study; Shanghai Men’s Health Study and SWHS
conducted in Asia; and the European Prospective Investigation
into Cancer and Nutrition conducted in Europe. Institutional
review boards at respective institutions approved the original
cohort studies, and institutional review board approval was also
obtained at the Vanderbilt University Medical Center where the
pooling project was conducted. Of the initial cohort participants,
we excluded those who had a history of any cancer, or any cancer
except non-melanoma skin cancer at cohort enrollment per
cohort-specific protocol; had reported implausible total energy
intake (pre-defined ranges by each cohort or beyond 3 standard
deviations of the log-transformed mean energy intake based on
the cohort- and sex-specific distribution) as we described previ-
ously [20], and/or who had no information on smoking status.
To minimize the effect of reverse causation in our results, we
further excluded the first 2 y of observation for all participants
and lung cancer cases diagnosed within 2 y after enrollment
(Supplemental Figure 1). The basic characteristics of the final
analytic sample (n = 1,624,244) are summarized in Supple-
mental Table 1.

Diet and outcome assessment

Dietary data were collected at baseline using the cohort-
specific validated FFQs that asked about habitual food con-
sumption (for example, frequency and amount of foods
commonly consumed in study populations) [19]. All studies used
food composition databases specific to their region or country to
estimate total energy, calcium, and other nutrient and food in-
takes to reflect potential regional differences in the nutrient
contents of foods. In the current study, calcium intake from foods
and/or supplements and food intake from major sources of cal-
cium (that is, total dairy foods, milk, cheese, and soy products)
were standardized to intake per 2000 kcal for women and 2500
kcal for men to approximate a daily intake. Calcium content in
foods due to enrichment and fortification was counted toward
food calcium intake. Supplemental calcium intake was assessed
in eight United States cohorts; we estimated supplemental cal-
cium intake based on frequency (from less than once per week to
every day) and dose (from <200 mg/d to >1000 mg/d) of single
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calcium supplements and/or multivitamins in the preceding year
[13]. All United States cohorts provided data for both calcium
supplements and multivitamins, but the Southern Community
Cohort Study collected data on the frequency of calcium sup-
plements only. Hence, we estimated the amount of supplemental
calcium intake based on the median dose of calcium supplements
reported in other United States cohorts [13]. As to food sources
of calcium, data on total dairy and milk intake were available in
all studies. Since cheese intake was not available in SWHS and
Shanghai Men’s Health Study and soy food intake was not
available in NIH-AARP, those cohorts were excluded from the
respective analysis.

Health and vital status were assessed regularly for all study
participants according to each study’s protocol. Incident cancer
cases and deaths were ascertained by linkage to cancer or death
registries, active surveys, and medical record review, or in a
combination of these methods. We identified primary lung can-
cer cases based on the ICD, 9th and 10th Revisions, codes 162
and C34, respectively. Lung cancer was further classified by
histologic types such as adenocarcinoma, squamous cell carci-
noma, other non-small-cell lung cancer, small-cell carcinoma,
and others/unknown. Follow-up years were calculated from 2 y
after the date of enrollment to the date of any cancer diagnosis,
death, loss to follow-up, or the latest follow-up, whichever
occurred first.

All cohort study data were sent to the Vanderbilt University
Medical Center, where data were harmonized as described in
detail elsewhere [19].

Statistical analysis

The characteristics of the study populations were described
by sex and dietary calcium intake, and also by sex and cohort.
For calcium intake from food (“dietary calcium intake”), we
applied the project-wide cut-offs based on the dietary recom-
mendations in the United States (DRI) [21]: <0.5 RDA, 0.5 RDA
to estimated average requirement (EAR), EAR to RDA, RDA to
1.5 RDA, or >1.5 RDA appropriate for their sex and age at the
time of dietary assessment, as described below. We used the
United States DRI given that the comprehensive set of recom-
mended values (for example, EAR and RDA) is available by
specific sex and age group (separating adults into multiple
groups) of our study participants; similar recommended values
were used by the WHO, Europe, and China [22,23]; and that the
United States represented >58% of the participants in our
analysis. In the Cox model, the middle category (EAR to RDA)
was treated as the reference. The EAR was 800 mg/d for men
aged 19-70 y and women aged 19-50 y, and 1000 mg/d for
men aged >70 y and women aged >50 y. The RDA was 1000
mg/d for men aged 19 to 70 y and women aged 19 to 50 y, and
1200 mg/d for men aged >70 y and women aged >50 y. Sup-
plemental calcium intake information was only available for
United States cohorts (n = 940,728) and the following cut-offs
were applied: none (reference), >0-200, >200-500,
>500-1000, and >1000 mg/d. Given the large difference in the
amount of major food sources of calcium by geographic regions
and across studies, we adopted the cohort- and sex-specific
quintiles (g/d) of total dairy foods, milk, and cheese intakes,
using the middle category (quintile 3) as the reference.
Considering that soy food intake was uncommon in the United
States and Europe, many participants reported no soy food
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consumption. For the United States and European cohorts, we
categorized soy food intakes into five groups: no consumption
group (0 g/d) and four consumption groups subclassified by
cohort- and sex-specific quartile distributions among soy food
consumers. For the Asian cohorts, we applied the cohort- and
sex-specific quintiles the same as other calcium-containing
foods. For soy food intake analysis, the lowest category of soy
food intake (no consumption for United States and European
cohorts and the lowest quintile for Asian cohorts) was used as
the reference.

To estimate lung cancer risk associated with dietary and sup-
plemental calcium and calcium-rich food intakes, multivariable-
adjusted HRs were obtained in two steps: cohort-specific Cox
regression analysis and random-effects meta-analysis. In the first
step of cohort-specific analyses, Cox models were stratified by
calendar year of dietary assessment (<1985, 1985-1990,
1991-1995, 1996-2000, 2001-2004, and >2005, where appli-
cable) and birth year (5-y intervals from <1925 to >1960).
Follow-up years were treated as the time scale. Covariates
included in the Cox models are: age at time of dietary assessment
(continuous); sex; smoking status (current, former, or never
smokers); pack-years of smoking (continuous); total energy
intake (continuous); race (Whites, Blacks, Asians, or others); ed-
ucation (less than high school, high school graduate, professional
or vocational education, some college education, college grad-
uate, or graduate education); alcohol consumption [0 g/d of
ethanol intake in both men and women (non-drinkers), <28 or 14
g/d of ethanol intake in men and women, respectively (moderate
drinkers), or >28 or 14 g/d of ethanol intake in men and women,
respectively (heavy drinkers)]; family history of lung cancer (yes
or no); history of diabetes (yes or no); BMI category (under-
weight: < 18.5 kg/m?% normal weight:18.5-24.9 kg/m?; over-
weight: 25-29.9 kg/m?; and obese: >30 kg/m?); physical activity
(tertiles of total physical activity hours based on metabolic
equivalent hours); and among women, hormone therapy use (yes
or no) and menopausal status (pre or post). Cox models were
further adjusted for dietary intakes that were significantly asso-
ciated with lung cancer risk in our study population (that is,
saturated fat, polyunsaturated fat, and dietary fiber) [20,24] and
for magnesium, phosphorus, and vitamin D intakes given the
interplay of these nutrients with calcium absorption and activity.
Multiple imputations were conducted in each cohort for missing
covariates due to no participant response, data not collected for a
subset of the cohort participants, or any other reasons. Missing
values of >3% were imputed using a multivariate imputation
based on covariates such as smoking status and sex, using fully
conditional specification methods in the SAS PROC MI procedure.
Missing values of <3% were replaced with the median value or
most frequent category specific to the cohort and sex. In the
second step, after obtaining multivariable-adjusted HRs from
each cohort separately, we combined cohort-specific log HRs
through the random-effects meta-analysis approach. The
random-effects model was chosen to allow for the potential het-
erogeneity across the cohorts.

To evaluate the potential heterogeneity of associations be-
tween calcium intake and lung cancer risk, we performed
stratified analyses by sex, region (North America, Asia, or
Europe), race (Whites, Blacks, or Asians), smoking status (cur-
rent, former, or never smokers), alcohol consumption (non-
drinkers, moderate, or heavy drinkers), BMI category
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(underweight/normal weight, overweight, or obese), calcium
supplement use (yes or no) and by lung cancer histology
(adenocarcinoma, squamous cell carcinoma, or small-cell car-
cinoma) and among women, hormone therapy use (yes or no),
and menopausal status (pre or post). Interaction effects were
assessed in each cohort by entering the interaction terms; then,
the estimates were combined by random-effects meta-analysis.
Potential non-linear associations were tested using restricted
cubic spline regression by applying three knots at the 5th, 50th,
and 95th percentiles. Along with adjustment for all potential
confounders, spline regression was conducted using a single
pooled dataset in which participants with the top 1% of calcium
or calcium-containing food intakes were excluded to minimize
the potential effects of extreme values.

All analyses were carried out using the SAS Enterprise Guide,
version 7.1 (SAS Institute Inc), or Stata, version 12 (StataCorp).
Two-sided P < 0.05 were considered statistically significant.

Results

This pooled analysis included a total of 1,624,244 partici-
pants comprising 672,258 men and 951,986 women, and
included a total of 21,513 lung cancer cases (Supplemental
Table 1). A wide range of calcium intakes across the cohorts was
observed. The mean intake of calcium from food among all
participants was 947 mg/d, which ranged from 554 mg/d among
women in SWHS to 1149 mg/d among men in Vitamins And
Lifestyle Study. Among the United States cohorts, about half of
the participants used calcium supplements, among whom the
mean intake was 682 mg/d.

Participants with higher dietary calcium intake were more
likely to be White, have a university degree, drink less alcohol,
and be physically active among both men and women (Table 1).
For smoking status, men with higher calcium intake were more
likely to be never smokers, whereas the opposite trend was
observed among women.

Overall, calcium intake from foods and/or supplements was
not statistically significantly associated with lung cancer risk
(Table 2). After adjustment for demographic and lifestyle fac-
tors, higher dietary calcium intake (>1.5 RDA) was associated
with a higher risk of incident lung cancer than the recom-
mended calcium intake (EAR to RDA) [HR (95% CI) = 1.08
(0.98-1.18)], which has almost reached statistical significance.
Similar associations were observed after further adjustment for
saturated and polyunsaturated fat and dietary fiber intakes
[1.05 (0.96-1.15)] or intakes of magnesium, phosphorus, and
vitamin D [1.07 (0.98-1.07)] (data not shown). Restricted cubic
spline regression supported a non-linear association of dietary
calcium; the lowest risk of lung cancer was observed for the
range of recommended calcium intake, whereas very low or
very high intakes were associated with a higher risk (P = 0.02)
(Supplemental Figure 2). An additional analysis of the joint
association between dietary and supplemental calcium intake
on lung cancer risk demonstrated no significant association
(Figure 1 and Supplemental Table 2).

In our analyses of major food sources of calcium, milk intake
was modestly positively associated with risk of lung cancer
(Table 3). After adjustment for smoking variables and other risk
factors, the highest quintile of milk intake was associated with a
7% higher risk of lung cancer than the middle quintile [HR
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(95% CI) 1.07 (1.02-1.12)]. The positive association
remained statistically significant when further controlling for
other dietary factors, such as saturated and polyunsaturated fat
and dietary fiber intakes [1.05 (1.01-1.10)] or intakes of mag-
nesium, phosphorus, and vitamin D [1.10 (1.04-1.17)] (data
not shown). In our restricted cubic spline regression analysis, a
non-linear association was observed with a tendency of a higher
risk of lung cancer at very high or low intakes of milk (P = 0.03)
(Supplemental Figure 2). No association was found for total
dairy food and cheese. Meanwhile, as the main non-dairy food
source for calcium, a higher intake of soy products was associ-
ated with an 8% lower risk of lung cancer after adjustment for
smoking and other risk factors [0.92 (0.84-1.00)]. When further
controlling for the intake of saturated and polyunsaturated fats
and dietary fiber, the association was no longer statistically
significant (data not shown). Further, restricted cubic spline
regression analysis suggested a non-linear association; a high
intake of soy products (P = 0.05) was associated with a low risk
of lung cancer, which seemingly leveled off after 50 g/d (Sup-
plemental Figure 2).

In the stratified analyses (Figure 1 and Supplemental Tables
2-4), dietary calcium intake 1.5 times higher than the recom-
mended was statistically significantly associated with higher lung
cancer risk among never smokers [HR (95% CI) for >1.5 RDA
compared with EAR to RDA = 1.34 (1.02-1.76)] and among
heavy drinkers [1.45 (1.22-1.73)], as well as with small-cell
carcinoma [1.30 (1.05-1.61)]. However, multiplicative interac-
tion tests for smoking status, alcohol consumption, and lung
histology were not statistically significant (P-interaction = 0.09,
0.93, and 0.16, respectively). Additionally, when we assessed
associations for intake above the tolerable upper-level intake (UL:
>2000 mg/d), there were generally no statistically significantly
higher risks (Supplemental Table 5). The highest quintile of milk
intake relative to the middle quintile was statistically signifi-
cantly associated with a higher risk of lung cancer in studies
conducted in the North America [1.06 (1.01-1.12)] and Europe
[1.15 (1.01-1.30)], but not in Asia [1.08 (0.91-1.28) (P-inter-
action = 0.04)]. The statistically significant positive association
for milk intake was also observed among women [1.10
(1.04-1.18)], Whites [1.08 (1.03-1.13)], current smokers [1.08
(1.01-1.15)], heavy alcohol drinkers [1.15 (1.04-1.28)],
moderate alcohol drinkers [1.09 (1.01-1.17)], and underweight/
normal-weight participants [1.11 (1.05-1.19)] and for small-cell
carcinoma [1.16 (1.02-1.31)]; none of the multiplicative inter-
action tests was significant (P-interaction = 0.09-0.77). Mean-
while, the inverse association between higher soy food intake and
lung cancer risk was mainly observed in Asia [0.89 (0.79-0.99)]
and among underweight/normal-weight participants [0.90
(0.81-0.99)], although tests for multiplicative interactions were
not statistically significant (P-interaction 0.93 and 0.48,
respectively). For the rest of stratified analyses on calcium or
major food sources of calcium, association patterns did not differ
across strata, and interaction effects were not statistically
significant.

Discussion

In this pooled analysis of 12 prospective cohort studies
comprising almost 1.6 million adult men and women from the
United States, Europe, and Asia, we found no overall association
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TABLE 1

Baseline characteristics of the study population by dietary calcium intake

Characteristics

Dietary calcium intake

Men (n = 672,258)

Women (n = 951,986)

<0.5RDA 0.5RDAto EAR EARtoRDA RDAto1l.5RDA >1.5RDA <0.5RDA 0.5RDAtoEAR EARtoRDA RDAto1l.5RDA >1.5RDA
Population, n 48,805 194,869 156,212 203,497 68,875 144,004 411,030 171,389 193,227 32,336
Age, y 54.2 57.0 57.9 58.0 58.9 56.6 56.4 54.1 53.9 55.0
Race, %
Whites 28.0 68.5 81.3 90.0 95.0 48.5 78.7 90.6 95.4 95.8
Blacks 4.1 7.7 4.4 2.0 1.3 8.8 6.6 2.5 1.5 1.5
Asians 67.0 22.3 12.9 6.7 2.3 41.3 13.2 5.8 2.0 1.3
Others 0.9 1.5 1.4 1.3 1.4 1.4 1.5 1.1 1.1 1.4
University degrees or higher, % 15.8 34.2 41.2 43.7 46.6 14.0 23.0 27.6 31.7 34.8
Family history of lung cancer, % 2.4 2.3 2.5 2.1 1.8 2.8 2.3 1.5 1.3 1.6
Smoking status, %
Never 21.1 26.0 29.6 32.8 34.5 65.7 57.7 56.5 55.6 54.2
Former 29.0 45.1 49.7 50.2 51.8 18.5 27.0 28.4 29.9 31.6
Current 49.9 28.9 20.7 17.0 13.7 15.8 15.3 15.1 14.5 14.3
Smoking pack-years, among smokers 33.8 32.3 31.5 30.9 32.7 26.3 22.0 18.5 17.9 19.3
Alcohol intake, (g/d) 47.2 22.4 14.7 11.9 8.3 7.2 5.9 5.8 5.3 3.8
Low-level physical activity’, % 40.9 39.6 33.8 30.0 28.4 43.8 34.4 30.2 26.5 24.6
BMI (kg/mz) 24.7 26.4 26.7 26.7 26.9 25.9 26.2 25.8 25.6 25.7
History of diabetes, % 4.7 6.3 7.8 8.7 10.6 4.7 5.5 4.5 4.3 4.8
Menopause, % among women - - - - - 76.7 74.9 63.0 62.9 66.9
Hormone therapy use, % among women - - - - - 29.6 40.1 37.4 38.1 41.6
Dietary intakes
Energy, kcal/d 2203 2228 2151 2111 2049 1650 1749 1784 1748 1625
Dietary calcium?, (mg/d) 390 670 896 1200 1861 464 764 1018 1328 1989
Supplemental calcium®® (mg/d) 353 406 423 437 442 810 837 862 875 928
Total dairy foods” (g/d) 40 123 234 423 949 65 219 371 578 1026
Milk?, (g/d) 27 82 172 343 880 34 138 248 427 853
Cheese?, (g/d) 3 10 17 24 25 10 24 25 42 46
Soy products?, (g/d) 41 19 14 9 5 21 11 8 5 5
Lung cancer cases, n
Adenocarcinoma 357 1191 795 942 318 1012 2113 658 726 132
Squamous cell carcinoma 296 721 504 600 197 263 670 218 213 37
Small-cell carcinoma 159 427 265 378 154 239 328 208 259 42
All others 375 1136 738 964 345 745 1424 442 506 116

Data are proportion (%) or mean. All differences across groups of dietary calcium intake were statistically significant (P < 0.05). EAR, estimated average requirement; n, number.

! The lowest cohort- and sex-specific tertile of total physical activity was measured by hours or metabolic equivalent hours.
2 Adjusted for total energy intake and standardized to intakes per 2500 kcal for men and per 2000 kcal for women.
3 Estimated among current calcium supplement users.
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between calcium intake from foods and/or supplements with
risk of lung cancer among all participants. In the stratified ana-
lyses, however, compared with the recommended intake of di-
etary calcium, intakes higher than the recommended values were
associated with a higher risk of lung cancer among never
smokers and heavy drinkers, with a higher risk of small-cell
carcinoma. However, tests of multiplicative interactions did
not reach statistical significance. Regarding major food sources
of calcium, we found a moderate positive association of milk
intake and a moderate inverse association of soy food intake with
lung cancer risk. Interestingly, the milk-lung cancer association
was mainly observed in the North America and Europe with a
significant interaction effect with region, whereas the soy-lung
cancer association was observed only in Asian populations,
without a significant interaction effect with region. This may
suggest that lung cancer risk associated with dietary calcium
intake may differ across countries and populations owing to the
differences in the major food sources of calcium as well as the
amount of calcium intake.

In our study, we assessed associations of lung cancer risk with
calcium intake based on recommended intakes and observed no
overall statistically significant associations. These findings are
consistent with two previous studies based on quantile analyses
[11,12], but not with other studies that reported a statistically
significant inverse or positive association [10,13]. Another source

TABLE 2
Association! of dietary calcium intake and calcium supplement use
with lung cancer risk

Calcium intake, (mg/d)2 Number HR (95% CI)°
of cases
Dietary calcium intake
<500 or <600 3446 1.01 (0.95-1.07)
>500-800 or >600-1000 8310 1.02 (0.97-1.07)
>800-1000 or >1000-1200 3828 1 (ref.)
>1000-1500 or >1200-1800 4588 1.04 (0.99-1.08)
>1500 or >1800 1341 1.08 (0.98-1.18)
Supplemental calcium intake*
None 8466 1 (ref.)
>0-200 2018 1.00 (0.95-1.05)
>200-500 2216 0.97 (0.93-1.02)
>500-1000 1625 0.99 (0.91-1.07)
>1000 1562 0.98 (0.92-1.04)

Dietary and supplemental calcium intake*

<500 or <600 1112 0.97 (0.90-1.05)
>500-800 or >600-1000 4378 0.99 (0.93-1.05)
>800-1000 or >1000-1200 2622 1 (ref))

>1000-1500 or >1200-1800 4417 1.00 (0.95-1.05)
>1500 or >1800 3358 0.98 (0.90-1.06)

ref., reference.

! Estimated by random-effects meta-analysis.

2 Standardized to intakes per 2500 kcal for men and per 2000 kcal for
women. For men <70 years and women <50 years, RDA for calcium is
1,000 mg/d and EAR is 800 mg/d. For men >70 years and women >50
years, RDA is 1,200 mg/d and EAR is 1,000 mg/d. Calcium intakes
were categorized into five groups: <0.5 RDA; 0.5 RDA to EAR; EAR to
RDA; RDA to 1.5 RDA; and >1.5 RDA.

3 Adjusted for age, sex, smoking status, smoking pack-years, and total
energy, race, education, alcohol consumption, family history of lung
cancer, history of diabetes, physical activity level, obesity status, and
hormone therapy and menopausal status in women, and stratified by
birth year and enrollment year.

4 Data were only available in the United States cohorts (n = 940,728).
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of calcium intake, supplemental calcium intake, was also not
associated with lung cancer risk in our study. This finding is
consistent with a previous study that reported no association for
calcium and vitamin D supplementation among postmenopausal
women in the Women’s Health Initiative Observational Study
[25]. Although a multiplicative interaction effect by smoking
status was not statistically significant, we found that higher than
the recommended intake of dietary calcium compared with the
recommended intake was associated with a higher risk of lung
cancer among never smokers. This finding contrasts with our
previous findings from SWHS, a population with relatively low
calcium intake [10] (the mean intake of 554 mg/d in SWHS
compared with 947 mg/d in 12 cohorts in this current study,
Supplemental Table 1). This finding might indicate that caution is
needed at intakes higher than the recommended calcium intake
levels, even at levels lower than UL. However, we found no sta-
tistically significantly higher risk with intake above the UL and no
associations with supplemental calcium intake among never
smokers. Hence, the nature of this association is unclear. Simi-
larly, compared with the recommended intake, we observed a
moderately increased risk of lung cancer associated with intakes
higher than the recommended values among heavy drinkers and
with small-cell carcinoma, without significant interaction effects.
To our knowledge, our study is the first to report a positive as-
sociation between dietary calcium intake and lung cancer risk
among never smokers and heavy drinkers and with small-cell
carcinoma. These findings are inconsistent with the current evi-
dence on the molecular mechanism of calcium on lung carcino-
genesis and calcium bioavailability. First, calcium’s involvement
in the Wnt and cell-cycle signaling pathways is more relevant to
non-small-cell carcinoma than small-cell carcinoma [4,5], but
our study found no association with non-small-cell carcinoma.
Second, alcohol was not reported to be involved in these path-
ways for lung carcinogenesis, and heavy drinkers tend to have
lower bioavailability of calcium than non-drinkers [26], among
whom we found no significant associations in our study. Third,
regarding never smokers, as mentioned above, no significant as-
sociation was observed at intake higher than UL. Hence, there is
no known molecular mechanism that specifically explains our
findings on never smokers, heavy drinkers, and small-cell carci-
noma, which needs to be clarified in future studies.
Alternatively, major food sources of calcium, but not calcium
per se, might have played a role in lung cancer risk in our study.
In North America and some European countries, milk and dairy
products were estimated to contribute 90% of dietary calcium
intake [27]. In contrast, in China, the major food sources of
calcium are soy products and vegetables [10]. To date, only two
previous large prospective cohort studies in the United States
and Japan investigated and reported null associations of milk
intake with lung cancer mortality, but no study has investigated
lung cancer incidence [28,29]. In the United States study, the
relative risk (RR) (95% CI) comparing higher than the median
intake with no intake were 0.7 (0.3-1.7) for whole milk, 0.5
(0.2-1.4) for 2% fat milk, and 0.8 (0.4-1.6) for <1% fat milk,
respectively [28]. In the Japanese study, the corresponding HR
(95% CI) compared consuming milk almost every day with
scarcely any were 0.87 (0.67-1.14) among men and 0.89
(0.50-1.59) among women [29]. Contrary to these two previous
cohort studies on lung cancer mortality, we found a higher risk of
lung cancer for participants with the highest quintile of milk
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A B Cc

>1.5RDA vs. EAR-RDA  HR (95% Cl) P interaction Highest vs. Middle HR (95% Cl) P interaction Highest vs. Lowest HR (95% CI) P interaction

Sex H Sex H Sex H
Men 105(0.95-1.16)  0.94 - Men 104 (0.97-1.12)  0.09 - Men 0.91(0.77-1.08)  0.97 s
Women 1.11 (0.94-1.31) - Women 1.10 (1.04-1.18) - Women 0.93 (0.84-1.04) .

Region : Region : Region :

North America 104 (0.95-1.13)  0.32 - North America 106 (1.01-1.12)  0.04 8 North America 0.96(0.82-1.12)  0.93 —
Europe 1.16 (0.99-1.37) S Europe 1.15 (1.01-1.30) - Europe 0.84 (0.56-1.25) —
Asia 1.59 (0.78-3.23) — Asia 1.08 (0.91-1.28) i Asia 0.89 (0.79-0.99) -

Race H Race H Race H
Whites 107 (0.98-1.17)  0.50 - Whites 1.08(1.03-1.13) 022 ™ Whites 0.92(0.77-1.10)  0.79 e
Blacks 0.78 (0.41-1.50) [E— Blacks 1.11 (0.85-1.44) PR T — Blacks 1.03 (0.74-1.43) P —
Asians 1.74 (0.92-3.28) i m Asians 1.05 (0.92-1.20) . Asians 0.88 (0.77-1.01) -

Smoking status H Smoking status H Smoking status H
Current 107 (0.97-1.18)  0.09 . Current 1.08(1.01-1.15)  0.20 - Current 0.92(0.81-1.04)  0.67 —m
Former 1.03 (0.94-1.13) - Former 1.06 (0.99-1.14) - Former 0.94 (0.79-1.13) —
Never 1.34 (1.02-1.76) [ — Never 1.07 (0.95-1.21) i Never 0.92 (0.79-1.07) .

Alcohol consumption E Alcohol consumption 1 Alcohol consumption E
Heavy drinkers 145(1.22-1.73) 093 [ Heavy drinkers 115(1.04-128)  0.77 - Heavy drinkers 0.96(0.76-1.22)  0.58 —
Moderate drinkers 1.01(0.93-1.10) - Moderate drinkers 1.09 (1.01-1.17) - Moderate drinkers 0.89 (0.72-1.08) —
Non-drinkers 1.09 (0.91-1.31) .— Non-drinkers 1.00 (0.93-1.09) - Non-drinkers 0.96 (0.86-1.08) -

Body mass index ' Body mass index : Body mass index '
<25 1.05 (0.94-1.17) 0.87 il <25 1.11 (1.05-1.19) 0.17 :»._4 <25 0.90 (0.81-0.99) 0.48 =
25 to <30 1.12 (0.96-1.31) - 25 to <30 1.07 (0.97-1.19) - 25 to <30 0.97 (0.84-1.12) .
>30 1,00 (0.86-1.18) - 230 0.91 (0.82-1.03) . >30 1.04 (0.81-1.34) —

Lung cancer histology : Lung cancer histology 1 Lung cancer histology E
Adenocarcinoma 103(0.90-1.18)  0.16 . Adenocarcinoma 1.06 (0.99-1.14)  0.17 - Adenocarcinoma 0.92 (0.81-1.03)  0.60 -
Squamous cell 0.93 (0.79-1.08) - Squamous cell 0.98 (0.84-1.15) —— Squamous cell 1.07 (0.86-1.32) PR P
Small cell carcinoma 1.30 (1.05-1.61) E\ " Small cell carcinoma 1.16 (1.02-1.31) :-—.—< Small cell carcinoma 1.07 (0.82-1.40) >_§.—<

Calcium supplements : Calcium supplements E Calcium supplements E
Users 1.02 (0.90-1.16) 0.99 i Users 1.01(0.90-1.13) 0.34 . Users 0.94 (0.79-1.12) 0.64 -
Non-users 1.05 (0.95-1.16) - Non-users 1.11 (1.03-1.19) ; Non-users 1.00 (0.78-1.28) - —

1 1

0 05 15 2

Adjusted HR (95% Cl)

15

Adjusted HR (95% CI) Adjusted HR (95% CI)

FIGURE 1. Association of high consumption of dietary calcium, milk, and soy with lung cancer risk in subgroups of participants. (A) dietary
calcium intake, (B) milk intake, and (C) soy intake. HRs and 95% Cls were estimated by random-effects meta-analysis. Intakes were standardized
to intakes per 2500 kcal for men and per 2000 kcal for women. All estimates were adjusted for age, sex, smoking status, smoking pack-years, total
energy, race, education, alcohol consumption, family history of lung cancer, history of diabetes, physical activity level, obesity status, and hor-
mone therapy and menopausal status in women, except for the stratifying variable used to define each subgroup; and stratified by cohort, birth
year, and enrollment year. P-interaction for country and race were estimated in a single pooled dataset. Overall heterogeneity across histological
types is presented. Data on calcium supplements were only available in the United States cohorts (n = 940,728).

intake than those with the middle quintile intake, especially in
the North American and European populations. Notably, our
study is the first prospective study to investigate and report a
positive association between milk intake and risk of incident
lung cancer. We have previously reported an inverse association
for yogurt intake in our study population [24]. Altogether, we
found a positive association with milk intake, especially among
smokers, whereas an inverse association for yogurt, especially
among never smokers. These differential associations by dairy
foods may explain no overall association with dietary calcium
intake in our study and also suggest that nutrients or bioactive
compounds in dairy products other than calcium may play a role
in lung cancer prevention.

It is possible that, in our study, other nutrients and com-
pounds in foods high in calcium rather than calcium per se
might have driven the associations we observed. This is due to
the fact that associations with lung cancer risk differed by dairy
product types and calcium intake from supplements was not
associated with lung cancer risk in our study, as well as that
circulating calcium concentrations are well maintained in adults
[30]. Dairy products contain many nutrients and compounds
that were suggested to inhibit or promote carcinogenesis. Vi-
tamins A and D, both of which were often fortified in milk, and
conjugated linoleic acids were suggested to have anticarcino-
genic, anti-inflammatory, and/or antioxidative effects [31,32].
In contrast, saturated fat content, which is the main fat subtype
found in dairy products, has been suggested to promote carci-
nogenesis through increasing DNA damage and inducing
cyclooxygenase-2 activity and proinflammatory responses [33,
34], especially in the presence of nicotine-derived nitrosamine
ketone, a tobacco carcinogen. In our study population, we have
previously reported a positive association with saturated fat
intake, which was stronger for smokers and small-cell

carcinoma [20]. Hence, our findings of the positive association
with milk intake for smokers and small-cell carcinoma are
consistent with our previous findings. In other study pop-
ulations, only two previous case-control studies, but no cohort
study, investigated associations with small-cell carcinoma and
reported no association for milk/dairy product intakes among
225 female never smokers in Hong Kong [RR of 0.84 for no
intake and 1.67 for consuming less than monthly, compared
with consuming at least once a month, with non-significant 95%
CIs (values not provided)] [35] and for milk intake in the Czech
Republic [ORs (95% CI) of 1.12 (0.54-2.34) among 1297 men
and 0.60 (0.31-1.15) among 2765 women for comparing daily
or more consumption with less than daily consumption] [17]. In
addition, correlates of smoking behaviors, such as dietary pat-
tern/quality, might have played a role in these findings, as di-
etary quality tends to be poor among smokers [36]. Regarding
yogurt, as we previously reported, some probiotic strains were
linked to lung carcinogenesis and inflammatory and immune
responses [37]. For soy products, isoflavones were postulated to
exert anticarcinogenic and antioxidative effects [38]. In our
previous report from SWHS, we reported an inverse association
of lung cancer risk with soy food intake [39]. Altogether, the
associations of lung cancer risk varied with different food
sources of calcium.

The strengths of this pooled analysis based on individual-level
data are, by far, the largest sample size, the wide variation in
calcium intake, food sources of calcium, smoking prevalence,
and lung cancer incidence. Although individuals who have never
smoked are an ideal population for elucidating dietary effects on
the lung cancer risk due to a strong residual confounding by
smoking, previous studies have been limited in conducting such
analyses among never smokers due to few lung cancer cases
accrued among never smokers [40,41]. Therefore, our study
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TABLE 3
Association’ of calcium-rich food consumption with lung cancer risk

Calcium-rich food? Number of cases HR (95% CI)°

Total dairy foods

Quintile 1 5322 1.03 (0.99-1.07)

Quintile 2 4119 0.99 (0.95-1.04)

Quintile 3 3948 1 (ref.)

Quintile 4 3924 0.99 (0.95-1.04)

Quintile 5 4194 1.04 (0.99-1.08)
Milk

Quintile 1 5160 1.02 (0.97-1.07)

Quintile 2 4180 1.02 (0.98-1.07)

Quintile 3 3845 1 (ref.)

Quintile 4 3981 1.02 (0.97-1.07)

Quintile 5 4329 1.07 (1.02-1.12)
Cheese*

Quintile 1 4218 0.99 (0.95-1.04)

Quintile 2 3794 0.97 (0.93-1.02)

Quintile 3 3861 1 (ref.)

Quintile 4 3663 0.95 (0.91-1.00)

Quintile 5 3778 0.97 (0.93-1.02)
Soy products®

Quintile 1 8756 1 (ref)

Quintile 2 1223 1.04 (0.91-1.19)

Quintile 3 1160 0.95 (0.84-1.08)

Quintile 4 1150 0.93 (0.86-1.01)

Quintile 5 1108 0.92 (0.84-1.00)

ref., reference.

! Estimated by random-effects meta-analysis.

2 The cohort- and sex-specific quintiles standardized to intakes per
2500 kcal for men and per 2000 kcal for women.

3 Adjusted for age, sex, smoking status, smoking pack-years, total
energy, race, education, alcohol consumption, family history of lung
cancer, history of diabetes, physical activity level, obesity status, and
hormone therapy and menopausal status in women, and stratified by
birth year and enrollment year.

* No data were available in the Shanghai Men’s Health Study and
SWHS.

5 No data were available in NIH-American Association of Retired
Persons Diet and Health Study.

represented a unique opportunity to investigate calcium intake
with lung cancer not only among never smokers but also among
other subgroups defined by lung histology and geographic re-
gion. There are also limitations in our study. The observational
study design precludes causal inferences. Dietary intakes were
based on self-reported intakes, which have inherent measure-
ment errors. All self-reported intakes, however, were collected
using validated FFQs. We applied energy-adjusted approaches as
recommended previously to standardize intake levels across
studies by categorizing calcium intake according to the DRI
values and to minimize the influence of over/under-reporting in
dietary assessments [42]. Because of the varied distributions of
soy product intake across studies, we used study-specific cut-offs
in our analysis, which limits the interpretation of specific
amounts of intake. Due to the data availability, we only included
a single one-time dietary measure in our analyses. Changes in
dietary habits may affect the calcium and lung cancer associa-
tions, although previous studies of diet and lung cancer or cal-
cium and other cancer reported no substantial changes in
associations using multiple-time dietary measures [39,43,44].
Our findings need to be followed up in future studies. Vitamin D
status is closely related to calcium; however, data on circulating
vitamin D concentrations were not available. Hence, we used
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factors associated with vitamin D concentrations such as race
and physical activity level [45] as a surrogate and did not find
major effect modification of these variables. We were not able to
adjust for the overall diet quality in our analyses due to the lack
of relevant information, which needs to be addressed in future
studies. Air pollution and other environmental exposures are
established/suspected risk factors for lung cancer. However, we
did not have specific exposure information and attempted to
account for them by calculating cohort-specific risk estimates
because each cohort is a proxy for geographic location. As is
often the case for observational studies for smoking-related
cancers, residual confounding on smoking cannot be fully
excluded. Finally, as multiple outcomes and subgroups were
examined, the nominal P values and 95% CI should be inter-
preted with caution.

In summary, in this large pooled analysis of 12 cohort studies,
there was no overall association between dietary calcium and
lung cancer risk. After stratification, compared with the recom-
mended intake, intakes higher than the recommended intakes of
dietary calcium were associated with a moderately higher risk of
small-cell lung cancer, and all types of lung cancer among never
smokers and heavy alcohol drinkers, with no clear molecular
mechanism to support these associations. There was no associa-
tion between supplemental calcium intake and lung cancer risk.
Milk intake was associated with a modestly higher risk of lung
cancer in studies conducted in the North America and Europe,
whereas soy food intake was associated with a lower risk in Asia.
Notably, our study based on populations with different food
intake patterns observed differential associations by food sources
of calcium, reflective of regional differences in major food sources
of calcium. It is possible that nutrients and bioactive components
in these foods other than calcium might have contributed to the
observed associations, and future studies may need to consider
food sources of calcium as well as calcium intake.
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