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Abstract

Background: A role for vitamin D in cancer risk reduction has been hypothesized, but few data exist for lung cancer. We
investigated the relationship between vitamin D status, using circulating 25-hydroxyvitamin D [25(OH)D], and lung cancer
risk in a nested case-control study within the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study of Finnish male
smokers.

Methods: Lung cancer cases (n = 500) were randomly selected based on month of blood collection, and 500 controls were
matched to them based on age and blood collection date. Odds ratios (ORs) and 95% confidence intervals (CIs) were
calculated using multivariate-adjusted conditional logistic regression. To account for seasonal variation in 25(OH)D
concentrations, season-specific and season-standardized quintiles of 25(OH)D were examined, and models were also
stratified on season of blood collection (darker season = November–April and sunnier season = May–October). Pre-
determined, clinically-defined cutpoints for 25(OH)D and 25(OH)D as a continuous measure were also examined.

Results: Overall, 25(OH)D was not associated with lung cancer. Risks were 1.08 (95% CI 0.67–1.75) and 0.83 (95% CI 0.53–
1.31) in the highest vs. lowest season-specific and season-standardized quintiles of 25(OH)D, respectively, and 0.91 (95% CI
0.48–1.72) for the $75 vs. ,25 nmol/L clinical categories. Inverse associations were, however, suggested for subjects with
blood collections from November–April, with ORs of 0.77 (95% CI 0.41–1.45, p-trend = 0.05) and 0.65 (95% CI 0.37–1.14, p-
trend = 0.07) in the highest vs. lowest season-specific and season-standardized quintiles of 25(OH)D, respectively, and 0.61
(95% CI 0.24–1.52, p-trend = 0.01) for $75 vs. ,25 nmol/L. We also found 11% lower risk for a 10 nmol/L increase in
25(OH)D in the darker season based on the continuous measure (OR = 0.89, 95% CI 0.81–0.98, p = 0.02).

Conclusion: In this prospective study of male smokers, circulating 25(OH)D was not associated with lung cancer risk overall,
although inverse associations were suggested among those whose blood was drawn during darker months.
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Introduction

Higher vitamin D intake or status has been hypothesized to

be associated with reduced risk of several cancers, including

colorectal, breast, and prostate [1,2]; however, few studies have

examined the association between vitamin D status and risk of

lung cancer. Circulating 25-hydroxyvitamin D [25(OH)D], the

accepted biomarker of vitamin D status, was not associated

with lung cancer mortality in an analysis of the National

Health and Nutrition Examination Survey (NHANES) [3], but

in a recent reanalysis of the NHANES data, incorporating

more cases and longer follow-up, higher 25(OH)D was

significantly associated with increased lung cancer mortality

in men [4]. Serum 25(OH)D was not associated with lung

cancer incidence overall in a Finnish cohort study [5], although

inverse associations were observed among women and those

younger than 50 years [5].

In order to examine the association between circulating vitamin

D and lung cancer risk, we conducted a nested case-control study

within the Alpha-Tocopherol, Beta-Carotene Cancer Prevention

(ATBC) Study cohort of male smokers in Finland (latitude of study

area 60–64uN) with 500 lung cancer cases and up to 20 years of
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follow-up. Multiple approaches were used to address seasonal

variation in 25(OH)D concentrations.

Methods

Ethics statement
The study was approved by the institutional review boards of

the U.S. National Cancer Institute and the National Public Health

Institute of Finland, with written informed consent obtained from

each participant.

Study population
The overall design, rationale, and objectives of the ATBC Study

have been published [6].

The Study was a randomized, double-blind, placebo-controlled,

primary prevention trial with daily supplementation of a-

tocopherol (50 mg/day), b-carotene (20 mg/day), both, or

placebo. Participants (n = 29,133) aged 50–69 years, who smoked

at least five cigarettes per day, were recruited from southwestern

Finland from 1985–1988. Study supplementation continued for 5–

8 years (median 6.1 years) until death or trial closure (April 30,

1993).

Case identification and control selection
Incident lung cancer cases (n = 500) were randomly selected

from among 2,948 eligible cases (International Classification of

Diseases 9, code 162) diagnosed through April 30, 2005. The cases

were identified through the Finnish Cancer Registry, which

provides nearly 100% case ascertainment [7]. Based on month of

baseline blood collection, 50 cases were randomly selected from

each month, with 50 cases total selected from June–August since

there were few summer blood collections. For cases diagnosed

through April 1999 (n = 318), one or two study physicians

reviewed medical records for diagnostic confirmation and staging.

Cases diagnosed since May 1999 (n = 182) had only the Finnish

Cancer Registry data for site, histology, and date of diagnosis.

Histology data were available for all but 87 cases. The main

histologic subtypes were small cell carcinoma (n = 100), squamous

cell carcinoma (n = 179), and adenocarcinoma (n = 73), defined by

International Classifications of Diseases for Oncology, 2nd edition,

codes of 80413–80493, 80702–80708, and 81403–82508, respec-

tively. Controls were alive and cancer-free at the time of case

diagnosis and matched to cases (1:1) on age at randomization (+/

21 year) and date of baseline serum collection (+/230 days).

Serum 25-hydroxyvitamin D determination
Fasting serum samples were collected at baseline and stored at

270uC. 25(OH)D was measured at Heartland Assays, Inc. (Ames,

IA) with the DiaSorin Liaison 25(OH)D TOTAL assay platform

using a direct, competitive chemiluminescence immunoassay [8,9].

Each batch contained matched case/control sets and blinded

quality control samples, comprising 5% of the total sample number.

Intrabatch and interbatch coefficients of variation were calculated

using a nested components of variance analysis [10], and ranged

between 9.3%–11.0% and 12.3%–13.6%, respectively.

Statistical analysis
Case and control characteristics were compared using Wilcoxon

rank sum or chi-square tests. Correlations were determined among

controls using Spearman’s rank order coefficient. Odds ratios (OR)

and 95% confidence intervals (CI) were calculated using

conditional logistic regression. To account for seasonal variation

in 25(OH)D concentrations, season-specific and season-standard-

ized quintiles of 25(OH)D were created, and models for each

25(OH)D classification were stratified on season of blood

collection. The season-specific 25(OH)D quintiles were created

based on month of blood collection (‘‘darker months’’ = Novem-

ber–April and ‘‘sunnier months’’ = May–October). The season-

standardized quintiles were created from the residuals from a

model regressing log transformed 25(OH)D against calendar week

of blood collection [9]. Pre-defined cutpoints for 25(OH)D, based

on clinical definitions in the literature [11–13], were also

examined. The cutpoints were ,25, 25 to ,37.5, 37.5 to ,50,

50 to ,75 (referent category), and $75 nmol/L. The referent

category was chosen to mirror that used in other studies of

circulating 25(OH)D and cancer [9,14,15]; it includes the mean

concentration of the US population [16], and reflects sufficiency as

recently defined by the Institute of Medicine [17]. This allows for

calculation of risk estimates at high and low 25(OH)D concentra-

tions compared to subjects with a ‘‘sufficient’’ 25(OH)D

concentration. We also included risk estimates using the lowest

pre-defined category as the referent. Tests for linear trend were

obtained by assigning to each category an ordinal value (1–5) and

treating this parameter as a continuous variable. 25(OH)D was

also modeled as a continuous variable, based on a 10 nmol/L

change in the original concentration and a one-residual unit

change in the season-standardized classification; results using a

log-transformed continuous variable were nearly identical to the

latter and are not shown.

Factors tested as confounders included age, height, weight, body

mass index, number of cigarettes smoked per day, years and pack-

years of smoking, education, physical activity, family history of

lung cancer, alcohol intake; serum b-carotene, a-tocopherol,

retinol, and cholesterol; and the trial supplementation. We did not

consider vitamin D intake or supplement use as these would be

direct determinants of 25(OH)D. None of the aforementioned

factors changed the 25(OH)D coefficients by more than 10% when

added to the univariate models. However, we present a

multivariate model adjusted for common lung cancer risk factors,

including smoking (cigarettes/day and years smoked, both

continuous), body mass index (continuous), serum cholesterol

(continuous), trial supplementation (a-tocopherol yes/no, b-

carotene yes/no), and alcohol intake (categorical with separate

categories for non-drinkers and those with missing data).

Subgroup analyses stratified on median age, body mass index,

cigarettes/day, years smoked, alcohol intake, vitamin D intake;

serum a-tocopherol, b-carotene, retinol and cholesterol; leisure

physical activity (moderate and heavy vs. sedentary) and trial

supplementation, were conducted using unconditional logistic

regression, adjusting for the matching factors. The season-specific

25(OH)D measure was used, split at quintiles 4–5 vs. quintiles 1–3.

Models stratified on follow-up time (,10 years and $10 years),

stage (1–2 vs. 3–4), and histology (small cell carcinoma, squamous

cell carcinoma, and adenocarcinoma), were run conditionally.

Effect modification was statistically evaluated by comparing

models with and without a cross-product interaction term

(25(OH)D crossed with the effect modifier) using the log-likelihood

ratio test. Statistical analyses were performed using SAS software

version 9.1.3 (SAS Institute, Inc., Cary, North Carolina) and all P-

values were 2-sided.

Results

Lung cancer cases smoked more cigarettes for a longer period of

time, had lower body mass index and education, were more

sedentary, and more likely to have a family history of lung cancer

than controls. Cases also had lower baseline concentrations of

serum b-carotene, retinol, and a-tocopherol; and higher alcohol

Serum 25(OH)D and Lung Cancer Risk
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intake compared with controls (Table 1). Serum 25(OH)D was

significantly correlated with body mass index (r = 0.11); serum

cholesterol (r = 20.10), retinol (r = 0.11) and a-tocopherol

(r = 0.14); and intakes of vitamin D (r = 0.33), fish (r = 0.34), milk

(r = 20.24), and alcohol (r = 0.15) (all p,0.02). Serum 25(OH)D

was not correlated with smoking: r = 20.02, p = 0.73 for total

cigarettes/day; r = 20.04, p = 0.40 for years of smoking; and

r = 20.05, p = 0.28 for pack-years of smoking.

Regardless of approach to seasonal variation in vitamin D

status, serum 25(OH)D was not associated with lung cancer risk

overall. For example, multivariate-adjusted risks in the highest vs.

lowest quintile were 1.08 (95% CI 0.67–1.75) and 0.83 (95% CI

0.53–1.31) using the season-specific and season-standardized

25(OH)D measures, respectively (Table 2). Compared to the

referent category of 50–,75 nmol/L, neither high ($75 nmol/L)

nor low (,25 nmol/L) 25(OH)D concentrations were associated

with lung cancer risk (Table 2), and there was no difference in risk

between the highest and lowest categories (OR = 0.91, 95% CI

0.48–1.72 for $75 vs. ,25 nmol/L). The multivariate-adjusted

risks using a continuous 25(OH)D measure were 0.98 (95% CI

0.91–1.05, p = 0.35) for a 10 nmol/L change in 25(OH)D

concentration and 0.84 (95% CI 0.66–1.07, p = 0.17) for a 1-

unit change in the season-standardized residual.

In contrast to the overall findings, we observed inverse

associations in men whose blood was collected during the darker

season of the year. Trend test p-values were 0.05 (season-specific

measure), 0.07 (season-standardized measure) and 0.01 (pre-

determined cutpoints)(Table 2). The individual category risk

estimates and interaction tests were not statistically significant,

however. The odds ratios comparing the highest ($75 nmol/L) vs.

lowest (,25 nmol/L) pre-defined vitamin D categories by season

were 0.61 (95% CI 0.24–1.52) and 1.90 (95% CI 0.67–5.42) for

darker and sunnier seasons, respectively. The inverse pattern in

the darker season was also supported by the continuous 25(OH)D

Table 1. Selected baseline characteristics of cases and controls,1 Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study.

Characteristic Cases, n = 500 Controls, n = 500 P2

Age (y) 59 (55–62) 59 (55–62) matched

Body mass index (kg/m2) 25.4 (22.9–27.9) 25.8 (23.6–28.1) 0.02

Blood collection in darker months (Nov–April) 60.0% 58.4% matched

Cigarettes smoked/day 20 (20–30) 20 (15–25) ,0.00013

Years smoked 40 (35–44) 38 (32–43) ,0.0001

Pack-years of smoking 42 (34–54) 34 (23–45) ,0.0001

Positive family history of lung cancer4 13.9% 7.4% 0.01

Education (%.elementary) 16.0% 22.0% 0.02

Physical activity in leisure 0.05

Sedentary 43.0% 38.6%

Moderate 53.0% 54.4%

Heavy 3.8% 7.0%

Dietary intake/day5

Energy (kcal) 2547 (2120–3116) 2621 (2180–2999) 0.86

Vitamin D (mg) 4.8 (3.2–6.8) 4.7 (3.4–6.7) 0.73

Calcium (mg) 1318 (1011–1674) 1333 (1019–1697) 0.91

Fish (g) 32.4 (18.1–51.4) 32.7 (19.5–51.3) 0.42

Milk (g) 24.3 (0.0–460.0) 24.3 (0.0–460.0) 0.87

Alcohol (g of ethanol) 10.7 (1.8–26.1) 8.0 (1.6–20.8) 0.04

Dietary supplement use (%yes)6

Vitamin D 7.8% 6.8% 0.36

Calcium 11.8% 10.4% 0.21

Serum concentrations

25(OH)D (nmol/L) 33.6 (20.7–50.2) 35.0 (21.5–50.5) 0.33

b-Carotene (mg/L) 165 (102–249) 190 (127–304) ,0.0001

Cholesterol (mmol/L) 6.1 (5.4–6.9) 6.2 (5.5–7.0) 0.10

Retinol (mg/L) 560 (473–650) 575 (509–670) 0.002

a-Tocopherol (mg/L) 11.3 (9.6–13.3) 11.6 (10.2–13.7) 0.02

1All values are medians and interquartile ranges unless otherwise indicated as percentages.
2P-values are based on Chi-square tests (for categorical variables) and Wilcoxon rank sum tests (for continuous variables).
3Median values for number of cigarettes per day are identical because 31% of subjects reported smoking a pack of cigarettes/day ( = 20), however, the overall
distributions by case/control status differ, as is evident by the interquartile ranges and the p-value.

4Family history data available for 67.6% of subjects.
5Dietary data available for 94.2% of subjects.
6Only 21.2% of subjects reported any supplement use.
doi:10.1371/journal.pone.0020796.t001
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measure where multivariate-adjusted risks were 0.89 (95% CI

0.81–0.98, p = 0.02) for the darker season and 1.07 (95% CI

0.95–1.21, p = 0.25) for the sunnier season, for a 10 nmol/L

change in 25(OH)D concentration, p-interaction 0.01, and 0.67

(95% CI 0.50–0.90, p = 0.01) for the darker season and 1.36 (95%

CI 0.82–2.27, p = 0.23) for the sunnier season, for a 1-unit change

in the season-standardized residual, p-interaction 0.04.

Analysis of selected subgroups (Table S1) showed lower risks for

participants with higher serum 25(OH)D who had above median

dietary and total vitamin D intake, alcohol intake, serum a-

tocopherol, or body mass index, and those with below median

serum b-carotene. Suggested risk elevations were noted for

subjects in the placebo group of the trial supplementation

(compared with the other supplementation groups), and those

with small cell lung cancer (compared with squamous cell

carcinoma or adenocarcinoma). None of the interactions were

statistically significant, however, and no differences were noted in

subgroups of disease stage, follow-up time, smoking characteristics,

physical activity, or the other factors tested.

Discussion

Circulating 25(OH)D was not associated with lung cancer risk

overall in this study; however, inverse associations were suggested

for subjects whose blood was collected in the darker months. The

patterns were similar using pre-defined, season-specific, and

season-standardized classifications of 25(OH)D and were support-

ed by risk estimates when 25(OH)D was modeled as a continuous

measure.

In addition to food and supplemental sources, vitamin D is

synthesized in the skin when exposed to ultraviolet B radiation

from sunlight, and hydroxylated in the liver to form 25(OH)D [1].

An additional hydroxylation in the kidney and other organs [1,18]

converts 25(OH)D to the active form 1,25-dihydroxyvitamin D

[1,25(OH)2D] via the 1-a-hydroxylase enzyme, which is also

expressed in the lung [18,19]. Potential anti-carcinogenic activity

of 1,25(OH)2D includes the promotion of cellular differentiation

and apoptosis, and the inhibition of cellular proliferation and

angiogenesis [1].

Ecologic studies have linked sunlight exposure with reduced

incidence and mortality of cancer at many sites, including lung

cancer [20,21] and lung cancer survival was better for patients

diagnosed in the summer or fall compared with the winter

[22,23]. The underlying biology for these observations has been

attributed to vitamin D [20,22,23]. In a study of early-stage non-

small cell lung cancer patients, higher circulating 25(OH)D [24],

specific vitamin D receptor (VDR) genetic variants [25], and high

vitamin D intakes combined with surgery in the summer [26]

Table 2. Association between serum 25(OH)D and risk of lung cancer, presented as season-specific quintiles, season-standardized
quintiles, and clinically pre-defined cutpoints, and stratified on season of blood collection.1

Quintiles

1 2 3 4 5 P-trend

Season-Specific2

Cases/Controls, N 95/101 120/100 108/100 71/100 106/99

Crude OR3 (95% CI) 1.00 (reference) 1.29 (0.87–1.90) 1.16 (0.78–1.72) 0.75 (0.49–1.15) 1.16 (0.76–1.77) 0.58

Multivariate-adjusted OR4 1.00 (reference) 1.28 (0.83–1.99) 1.20 (0.77–1.86) 0.83 (0.52–1.35) 1.08 (0.67–1.75) 0.58

Darker season4 1.00 (reference) 1.28 (0.75–2.20) 0.91 (0.52–1.57) 0.58 (0.31–1.08) 0.77 (0.41–1.45) 0.05

Sunnier season4 1.00 (reference) 1.46 (0.64–3.34) 2.44 (1.07–5.57) 1.89 (0.80–4.44) 1.81 (0.78–4.19) 0.24

Season-standardized5

Cases/Controls, N 110/100 111/100 88/100 96/100 95/100

Crude OR3 (95% CI) 1.00 (reference) 0.99 (0.69–1.44) 0.79 (0.53–1.18) 0.86 (0.58–1.28) 0.85 (0.57–1.27) 0.03

Multivariate-adjusted OR4 1.00 (reference) 0.96 (0.64–1.45) 0.85 (0.54–1.33) 0.95 (0.61–1.48) 0.83 (0.53–1.31) 0.47

Darker season4 1.00 (reference) 0.90 (0.53–1.52) 0.60 (0.32–1.10) 0.68 (0.38–1.21) 0.65 (0.37–1.14) 0.07

Sunnier season4 1.00 (reference) 1.03 (0.51–2.10) 1.57 (0.74–3.33) 1.70 (0.78–3.73) 1.07 (0.45–2.51) 0.42

Categories of 25(OH)D (nmol/L)

Clinically pre-defined cutpoints ,25 25–,37.5 37.5–,50 50–,75 $75

Cases/Controls, N 176/151 106/120 93/98 93/102 32/29

Crude OR3 (95% CI) 1.34 (0.91–1.99) 1.01 (0.68–1.50) 1.06 (0.71–1.60) 1.00 (reference)6 1.22 (0.68–2.20) 0.29

Multivariate-adjusted OR4 1.35 (0.87–2.10) 1.08 (0.70–1.69) 1.18 (0.74–1.87) 1.00 (reference) 1.23 (0.64–2.36) 0.35

Darker season4 1.75 (0.98–3.13) 1.26 (0.68–2.33) 0.79 (0.40–1.55) 1.00 (reference) 1.07 (0.41–2.81) 0.01

Sunnier season4 0.66 (0.29–1.49) 0.96 (0.46–1.97) 1.95 (0.96–3.98) 1.00 (reference) 1.25 (0.47–3.32) 0.21

Abbreviations: 25(OH)D = 25-hydroxyvitamin D; CI = confidence interval; OR = odds ratio.
1Darker season (300 cases/300 controls) = November–April, Sunnier season (200 cases/200 controls) = May–October.
2Cutpoints for the season-specific quintiles were Q1: #16.8, Q2: .16.8 and #25.7, Q3: .25.7 and #37.1, Q4: .37.1 and #50.1, Q5: .50.1 nmol/L for the darker season
and Q1: #24.3, Q2: .24.3 and #35.0, Q3: .35.0 and #46.7, Q4: .46.7 and #57.8, Q5: .57.8 nmol/L for the sunnier season.

3Crude odds ratios are based on conditional logistic regression.
4Multivariate-adjusted odds ratios are conditioned on the matching factors and adjusted for smoking (#cigarettes/day and # years smoked), body mass index, serum
cholesterol, study supplementation group, and alcohol intake.

5Cutpoints for the season-standardized quintiles were Q1: #3.01, Q2: .3.01 and #3.38, Q3: .3.38 and #3.65, Q4: .3.65 and #3.94, Q5: .3.95 residual units.
6The referent group for the clinically pre-defined cutpoints is 50–,75 nmol/L. Data using the lowest category as the referent are reported in the text.
doi:10.1371/journal.pone.0020796.t002
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were associated with improved survival. Some VDR variants, but

not circulating 25(OH)D, were associated with improved survival

in advanced non-small cell lung cancer patients [27]. However, in

an updated analysis of the NHANES III Study, higher 25(OH)D

was associated with an increased risk of lung cancer mortality

among men (RR = 1.87, 95% CI 1.04–3.34, p-trend = 0.03) [4],

and in the only other prospective study of circulating vitamin D

and lung cancer risk, which reported 25(OH)D values similar to

those in the current study, no overall association was observed

based on 122 cases [5]. The latter cohort included mainly non-

smokers (58% of men and 81% of women), with no reported

effect modification by smoking status or season of blood

collection, but an inverse association was observed between

25(OH)D and lung cancer risk in women and subjects younger

than 50 years [5].

While some evidence suggests a possible inverse association

between 25(OH)D and colorectal cancer risk, the data for breast

and prostate cancers are less conclusive [1,2]. In addition, a

recent pooling project of over 5,000 cancer cases suggested no

benefit of higher circulating 25(OH)D for risk of non-Hodgkin

lymphoma, or endometrial, ovarian, upper gastrointestinal, or

kidney cancers, and possible harm for pancreatic cancer [28–33].

By contrast, higher serum 25(OH)D concentrations were

associated with reduced risk of bladder cancer in the ATBC

Study [34], suggesting that it is possible to detect cancer

associations within the range of 25(OH)D concentrations

observed in ATBC. The current study is one of only a few to

examine 25(OH)D and lung cancer risk.

We used several approaches to account for seasonal variation

in 25(OH)D concentrations because a simulation study indicat-

ed that results could be biased either toward or away from the

null if seasonal variation was not properly considered [35]. We

selected an equal number of cases based on month of blood

collection, with controls matched within 30 days. Analyses were

conducted using season-specific and season-standardized

25(OH)D quintiles, and were stratified on season, the latter of

which indicated that 25(OH)D may be inversely associated with

lung cancer risk among subjects with blood collected during the

darker months. Circulating 25(OH)D is considered to best

reflect vitamin D status when measured in the winter [1], and in

a twin study, genetic factors explained variability of 25(OH)D

status only when measured in the winter [36]. Therefore, the

inverse association we noted during the darker months could

reflect the use of a more accurate measure of usual, chronic,

vitamin D status that is not influenced by episodic sun exposure

in summer. Alternatively, maintaining higher vitamin D status

during the longer period of winter months in higher latitudes

may be biologically important for the vitamin D-cancer

association; Vieth has hypothesized that sharp declines in serum

25(OH)D in the winter and a lag in the compensating response

of cellular hydroxylases involved in vitamin D metabolism (e.g.,

CYP24 and CYP27B1) could be detrimental in terms of cancer

risk [37]. This association could also simply be due to chance

and should be examined in other studies.

The prospective design of the current study, with up to 20

years of follow-up, reduces any potential for an effect of cancer on

the 25(OH)D concentrations. All participants were current

smokers at baseline, but as no apparent confounding by smoking

duration or intensity was observed, and 25(OH)D was not

correlated with any of our measures of smoking, any effects due

to residual confounding from smoking are expected to be

minimal. Given that smoking is such a strong risk factor for lung

cancer, however, it is important to define additional lung cancer

risk factors in the context of smoking. Circulating 25(OH)D

incorporates the contributions of dietary and supplemental

vitamin D intake, as well as vitamin D due to sun exposure,

and is considered the accepted biomarker of vitamin D status [1].

Thus, 25(OH)D more accurately represents vitamin D status than

proxy measures such as latitude, sun exposure, dietary intake, or

season of diagnosis.

Vitamin D status in the study population was generally quite

low (median = 35.0 nmol/L among controls) due to limited

vitamin D synthesis that occurs at high latitudes in the winter

months [1], few study blood collections in the peak summer

months, and because vitamin D supplement use was uncommon

in this population. It is unclear whether inverse associations

would be more evident at higher 25(OH)D concentrations. Only

one measurement of 25(OH)D was used to represent individual

long-term vitamin D exposure; however, 25(OH)D has been

correlated in samples collected from the same individuals 3–14

years apart [38–40]. Since our study subjects were 50–69 year old

men, we were unable to re-examine the previous findings of an

inverse association among women and subjects younger than 50

years [5] and our findings may not be generalizable to younger,

female, and/or non-smoking populations.

In summary, in the overall analysis of this prospective study,

25(OH)D was not associated with lung cancer risk using the

season-specific, season-standardized, or pre-defined classifications

of 25(OH)D. However, in analyses stratified on season of blood

collection, an inverse association between 25(OH)D status and

lung cancer risk was suggested when blood was collected during

the darker months of the year, a time when skin synthesis of

25(OH)D is reduced. Future studies of vitamin D status and lung

cancer risk should specifically examine associations stratified by

season of blood collection.

Supporting Information

Table S1 Association between serum 25(OH)D and risk
of lung cancer, presented as season-specific quintiles,
stratified by selected baseline and clinical characteris-
tics

(DOC)

Author Contributions

Conceived and designed the experiments: SJW DA. Performed the

experiments: RLH. Analyzed the data: SJW DP. Contributed reagents/

materials/analysis tools: RLH DP. Wrote the paper: SJW DA. Collected

the baseline data: DA JV. Designed the statistical analysis: SJW KY DA.

Reviewed and revised the manuscript: KY RLH DP JV. Final approval of

the manuscript: SJW KY RLH DP JV DA.

References

1. IARC (2009) Vitamin D and Cancer. Lyon, France: International Agency for

Research on Cancer.

2. Chung M, Balk EM, Brendel M, Ip S, Lau J, et al. (2009) Vitamin D and

Calcium: A Systematic Review of Health Outcomes. Evidence Report

No. 183. (Prepared by the Tufts Evidence-based Practice Center under

Contract No. HHSA 290-2007-10055-I.) AHRQ Publication No. 09-E015.

RockvilleMD: Agency for Healthcare Research and Quality.

3. Freedman DM, Looker AC, Chang SC, Graubard BI (2007) Prospective study

of serum vitamin D and cancer mortality in the United States. J Natl Cancer Inst

99: 1594–1602.

Serum 25(OH)D and Lung Cancer Risk

PLoS ONE | www.plosone.org 5 June 2011 | Volume 6 | Issue 6 | e20796



4. Freedman DM, Looker AC, Abnet CC, Linet MS, Graubard BI (2010) Serum

25-hydroxyvitamin D and Cancer Mortality in the NHANES III Study (1988–
2006). Cancer Res 70: 8587–8597.

5. Kilkkinen A, Knekt P, Heliovaara M, Rissanen H, Marniemi J, et al. (2008)

Vitamin D status and the risk of lung cancer: a cohort study in Finland. Cancer
Epidemiol Biomarkers Prev 17: 3274–3278.

6. The ATBC Cancer Prevention Study Group (1994) The Alpha-Tocopherol,
Beta-Carotene Lung Cancer Prevention Study: design, methods, participant

characteristics, and compliance. Ann Epidemiol 4: 1–10.

7. Korhonen P, Malila N, Pukkala E, Teppo L, Albanes D, et al. (2002) The
Finnish Cancer Registry as follow-up source of a large trial cohort–accuracy and

delay. Acta Oncol 41: 381–388.
8. Wagner D, Hanwell HE, Vieth R (2009) An evaluation of automated methods

for measurement of serum 25-hydroxyvitamin D. Clin Biochem 42: 1549–1556.
9. Gallicchio L, Helzlsouer KJ, Chow WH, Freedman DM, Hankinson SE, et al.

(2010) Circulating 25-Hydroxyvitamin D and the Risk of Rarer Cancers: Design

and Methods of the Cohort Consortium Vitamin D Pooling Project of Rarer
Cancers. Am J Epidemiol 172: 10–20.

10. Fears TR, Ziegler RG, Donaldson JL, Falk RT, Hoover RN, et al. (2000)
Reproducibility studies and interlaboratory concordance for androgen assays in

female plasma. Cancer Epidemiol Biomarkers Prev 9: 403–412.

11. Looker AC, Dawson-Hughes B, Calvo MS, Gunter EW, Sahyoun NR (2002)
Serum 25-hydroxyvitamin D status of adolescents and adults in two seasonal

subpopulations from NHANES III. Bone 30: 771–777.
12. Holick MF (2007) Vitamin D deficiency. N Engl J Med 357: 266–281.

13. Holick MF (2009) Vitamin D status: measurement, interpretation, and clinical
application. Ann Epidemiol 19: 73–78.

14. Jenab M, Bueno-de-Mesquita HB, Ferrari P, van Duijnhoven FJ, Norat T, et al.

(2010) Association between pre-diagnostic circulating vitamin D concentration
and risk of colorectal cancer in European populations:a nested case-control

study. BMJ 340: b5500.
15. Weinstein SJ, Yu K, Horst RL, Ashby J, Virtamo J, et al. (2011) Serum 25-

hydroxyvitamin D and risks of colon and rectal cancer in Finnish men.

Am J Epidemiol 173: 499–508.
16. Looker AC, Pfeiffer CM, Lacher DA, Schleicher RL, Picciano MF, et al. (2008)

Serum 25-hydroxyvitamin D status of the US population: 1988–1994 compared
with 2000–2004. Am J Clin Nutr 88: 1519–1527.

17. IOM (Institute of Medicine) (2011) Dietary reference intakes for calcium and
vitamin D. Washington, DC: The National Academies Press.

18. Bikle DD (2009) Extra renal synthesis of 1,25-dihydroxyvitamin D and its health

implications. Clinic Rev Bone Miner Metab 4: 114–125.
19. Jones G, Ramshaw H, Zhang A, Cook R, Byford V, et al. (1999) Expression and

activity of vitamin D-metabolizing cytochrome P450s (CYP1alpha and CYP24)
in human nonsmall cell lung carcinomas. Endocrinology 140: 3303–3310.

20. Grant WB, Mohr SB (2009) Ecological studies of ultraviolet B, vitamin D and

cancer since 2000. Ann Epidemiol 19: 446–454.
21. van der Rhee H, Coebergh JW, Vries ED (2009) Sunlight, vitamin D and the

prevention of cancer: a systematic review of epidemiological studies. Eur J Cancer
Prev.

22. Lim HS, Roychoudhuri R, Peto J, Schwartz G, Baade P, et al. (2006) Cancer
survival is dependent on season of diagnosis and sunlight exposure. Int J Cancer

119: 1530–1536.

23. Porojnicu AC, Robsahm TE, Dahlback A, Berg JP, Christiani D, et al. (2007)
Seasonal and geographical variations in lung cancer prognosis in Norway. Does

Vitamin D from the sun play a role? Lung Cancer 55: 263–270.
24. Zhou W, Heist RS, Liu G, Asomaning K, Neuberg DS, et al. (2007) Circulating

25-hydroxyvitamin D levels predict survival in early-stage non-small-cell lung

cancer patients. J Clin Oncol 25: 479–485.

25. Zhou W, Heist RS, Liu G, Neuberg DS, Asomaning K, et al. (2006)

Polymorphisms of vitamin D receptor and survival in early-stage non-small cell

lung cancer patients. Cancer Epidemiol Biomarkers Prev 15: 2239–2245.

26. Zhou W, Suk R, Liu G, Park S, Neuberg DS, et al. (2005) Vitamin D is

associated with improved survival in early-stage non-small cell lung cancer

patients. Cancer Epidemiol Biomarkers Prev 14: 2303–2309.

27. Heist RS, Zhou W, Wang Z, Liu G, Neuberg D, et al. (2008) Circulating 25-

hydroxyvitamin D, VDR polymorphisms, and survival in advanced non-small-

cell lung cancer. J Clin Oncol 26: 5596–5602.

28. Abnet CC, Chen Y, Chow WH, Gao YT, Helzlsouer KJ, et al. (2010)

Circulating 25-Hydroxyvitamin D and Risk of Esophageal and Gastric Cancer:

Cohort Consortium Vitamin D Pooling Project of Rarer Cancers.

Am J Epidemiol 172: 94–106.

29. Gallicchio L, Moore LE, Stevens VL, Ahn J, Albanes D, et al. (2010) Circulating

25-Hydroxyvitamin D and Risk of Kidney Cancer: Cohort Consortium Vitamin

D Pooling Project of Rarer Cancers. Am J Epidemiol 172: 47–57.

30. Purdue MP, Freedman DM, Gapstur SM, Helzlsouer KJ, Laden F, et al. (2010)

Circulating 25-Hydroxyvitamin D and Risk of Non-Hodgkin Lymphoma:

Cohort Consortium Vitamin D Pooling Project of Rarer Cancers.

Am J Epidemiol 172: 58–69.

31. Zeleniuch-Jacquotte A, Gallicchio L, Hartmuller V, Helzlsouer KJ,

McCullough ML, et al. (2010) Circulating 25-Hydroxyvitamin D and Risk of

Endometrial Cancer: Cohort Consortium Vitamin D Pooling Project of Rarer

Cancers. Am J Epidemiol 172: 36–46.

32. Zheng W, Danforth KN, Tworoger SS, Goodman MT, Arslan AA, et al. (2010)

Circulating 25-Hydroxyvitamin D and Risk of Epithelial Ovarian Cancer:

Cohort Consortium Vitamin D Pooling Project of Rarer Cancers.

Am J Epidemiol 172: 70–80.

33. Stolzenberg-Solomon RZ, Jacobs EJ, Arslan AA, Qi D, Patel AV, et al. (2010)

Circulating 25-Hydroxyvitamin D and Risk of Pancreatic Cancer: Cohort

Consortium Vitamin D Pooling Project of Rarer Cancers. Am J Epidemiol 172:

81–93.

34. Mondul AM, Weinstein SJ, Mannisto S, Snyder K, Horst RL, et al. (2010)

Serum vitamin D and risk of bladder cancer. Cancer Res 70: 9218–9223.

35. Wang Y, Jacobs EJ, McCullough ML, Rodriguez C, Thun MJ, et al. (2009)

Comparing methods for accounting for seasonal variability in a biomarker when

only a single sample is available: insights from simulations based on serum 25-

hydroxyvitamin d. Am J Epidemiol 170: 88–94.

36. Karohl C, Su S, Kumari M, Tangpricha V, Veledar E, et al. (2010) Heritability

and seasonal variability of vitamin D concentrations in male twins. Am J Clin

Nutr 92: 1393–1398.

37. Vieth R (2009) How to optimize vitamin D supplementation to prevent cancer,

based on cellular adaptation and hydroxylase enzymology. Anticancer Res 29:

3675–3684.

38. Jorde R, Sneve M, Hutchinson M, Emaus N, Figenschau Y, et al. (2010)

Tracking of serum 25-hydroxyvitamin D levels during 14 years in a population-

based study and during 12 months in an intervention study. Am J Epidemiol

171: 903–908.

39. Platz EA, Leitzmann MF, Hollis BW, Willett WC, Giovannucci E (2004) Plasma

1,25-dihydroxy- and 25-hydroxyvitamin D and subsequent risk of prostate

cancer. Cancer Causes Control 15: 255–265.

40. Hofmann JN, Yu K, Horst RL, Hayes RB, Purdue MP (2010) Long-term

variation in serum 25-hydroxyvitamin D concentration among participants in

the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial. Cancer

Epidemiol Biomarkers Prev 19: 927–931.

Serum 25(OH)D and Lung Cancer Risk

PLoS ONE | www.plosone.org 6 June 2011 | Volume 6 | Issue 6 | e20796


