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Abstract The associations of circulating 25-hydroxyvi-
tamin D [25(OH)D] concentrations with total and site-
specific cancer incidence have been examined in several
epidemiological studies with overall inconclusive findings.
Very little is known about the association of vitamin D
with cancer incidence in older populations. We assessed
the association of pre-diagnostic serum 25(OH)D levels
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with incidence of all cancers combined and incidence of
lung, colorectal, breast, prostate and lymphoid malignan-
cies among older adults. Pre-diagnostic 25(OH)D concen-
trations and cancer incidence were available in total for
15,486 older adults (mean age 63, range 50-84 years)
participating in two cohort studies: ESTHER (Germany)
and TROMS@ (Norway); and a subset of previously pub-
lished nested-case control data from a another cohort study:
EPIC-Elderly (Greece, Denmark, Netherlands, Spain and
Sweden) from the CHANCES consortium on health and
aging. Cox proportional hazards or logistic regression were
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used to derive multivariable adjusted hazard and odds ra-
tios, respectively, and their 95 % confidence intervals
across 25(OH)D categories. Meta-analyses with random
effects models were used to pool study-specific risk esti-
mates. Overall, lower 25(OH)D concentrations were not
significantly associated with increased incidence of most of
the cancers assessed. However, there was some evidence of
increased breast cancer and decreased lymphoma risk with
higher 25(OH)D concentrations. Our meta-analyses with
individual participant data from three large European
population-based cohort studies provide at best limited
support for the hypothesis that vitamin D may have a major
role in cancer development and prevention among Euro-
pean older adults.

Keywords Vitamin D - Cancer - CHANCES - Ageing -
Cohort
Introduction

A substantial body of evidence supports the role of vitamin
D on skeletal health outcomes such as rickets and osteo-
malacia [1], and to a lesser extent on non-skeletal health
outcomes [2]. The association of low vitamin D status with
cancer incidence has recently been assessed in many epi-
demiological investigations, but overall their results re-
mained inconclusive. In a recent meta-analysis of
prospective cohort studies [3], total cancer incidence was
inversely associated with serum 25-hydroxyvitamin D
(25(OH)D), an integrated measure of vitamin D from sun
exposure, diet, and supplements and the best indicator of
vitamin D status [4]. However, the results of the meta-
analysis are limited by the exclusive reliance on published
aggregate data, and the heterogeneity in 25(OH)D
categorization and confounder adjustment. Similar limita-
tions apply to recent meta-analyses on the incidence of
specific types of cancer, which suggested inverse asso-
ciations of 25(OH)D concentrations with colorectal [5] and
breast cancer [6], but not other forms of cancer [7].
However, given that these studies were carried out in dif-
ferent populations, it is unclear to what extent differences
between cancer sites reflect true differences of site-specific
associations or result from differences in the populations
included. Moreover, suggestions of variation in the asso-
ciation of 25(OH)D concentrations with cancer risk ac-
cording to sex, age, obesity and smoking status were
reported [8—11].
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With aging the vitamin D pathway is affected: vitamin
D deficiency is more prevalent, its synthesis in the skin is
impaired, and renal conversion of 25(OH)D to the active
1,25-dihydroxyvitamin D metabolite and expression of the
vitamin D receptor decreases [12]. Furthermore, because
cancer is a disease that takes many years to develop, having
higher 25(OH)D concentrations at a later age may not be
relevant anymore for decreasing cancer risk. The Consor-
tium on Health and Ageing: Network of Cohorts in Europe
and the United States (CHANCES) [13] provides a unique
opportunity to assess associations of 25(OH)D concentra-
tions with total and site-specific cancer incidence in older
adults, in a large, harmonized dataset from the same set of
well-defined study populations. Moreover the CHANCES
database enables the exploration of variations in these as-
sociations according to potential effect modifiers, par-
ticularly sex and age.

Subjects and methods
Study design

From all participating studies in the CHANCES consor-
tium, three European cohort studies (EPIC-Elderly,
ESTHER and TROMS@), had available plasma or serum
25(0OH)D measurements and complete follow-up for cancer
incidence, and were included in this investigation.

Briefly, EPIC is a multicenter, prospective cohort study
of healthy volunteers (aged 3570 years) recruited between
1992 and 2000 from 10 European countries [14]. Four
nested case—control studies of colorectal, breast and pros-
tate cancer and lymphoid malignancies cases and matched
controls were conducted and have already been published
[15-18]. Controls were matched by age, sex, study center,
time of the day and fasting status at blood collection and
among women further by menopausal status, phase of
menstrual cycle and use of hormone replacement therapy at
blood collection. From these data, participants aged 60 or
over at recruitment were included in the EPIC-Elderly
study. However, data from only five countries of EPIC-
Elderly were available for the CHANCES consortium
(Denmark, Greece, Netherlands, Spain and Sweden).

ESTHER is an ongoing population based-cohort study
conducted in Saarland (Germany). Overall 9949 older
adults (median age = 63 years) were recruited between
2000 and 2002 during a routine health check-up by their
general practitioners and 25(OH)D was measured in the
whole cohort [19].

TROMS is a repeated population-based cohort study
conducted in the municipality of the same name, in Nor-
way. The data included in the present investigation corre-
spond to the 4th survey in which 10,262 participants
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(median age = 63 years) were recruited. 25(OH)D was
measured in the entire cohort but we excluded smokers
from the TROMS@ study (n = 2112) because the assay
employed resulted in smokers having 15-20 % higher
25(OH)D than non-smokers which was not reproducible
with other assays [20].

Participants with prevalent cancer at baseline were ex-
cluded. A summary description of included studies can be
found in Table 1. Further details for the three studies have
also been described previously [14, 19, 20]. All included
cohorts were approved by local ethics committees, obtained
written informed consent from all study participants and
were conducted according to the declaration of Helsinki.

Definition of endpoints

Cancer incidence was ascertained by active follow-up and
record linkage with national/regional cancer registries

Table 1 Description of included studies

[10, 15, 21]. Total cancer incidence was the main endpoint,
defined only in the ESTHER and TROMS@ cohorts, and
included all malignant neoplasms according to the 10th
revision of the International Classification of Disease (ICD-
10) codes CO00-97 except non-melanoma skin cancers
(C44). Lung cancer (C34) incidence was assessed for
ESTHER and TROMS® only due to unavailable 25(OH)D
measurements among lung cancer cases in EPIC-Elderly.
Colorectal (C18-21), breast (C50) and prostate (C61) can-
cer incidence were available in all studies. Lymphoma
incident cases were identified in ESTHER according to the
International Classification of Diseases for Oncology, Se-
cond Edition (ICD-O-2) codes: 9590-95, 9650-67,
9670-77, 9680-88, 9690-98, 9700-17, 9731-32, 9760-62,
9764, 9820-28, 9850, 9940 and 9941. Whenever the ICD-
0-2 codes were not available, we employed the ICD-10
codes C81-91 to define lymphomas in ESTHER. In EPIC-
Elderly lymphomas were originally classified according to

Study characteristics EPIC-Elderly* ESTHER TROMS®
Design Nested case—control Cohort Cohort
Location Greece, Denmark, Netherlands, Spain and Germany Norway
Sweden
Recruitment 1992-2000 2000-2002 1994-1995 (4th
survey)
25(OH)D
Median (Q;—Q3) (nmol/L) 54 (40-69) 46 (34-62) 54 (43-65)
Assay (manufacturer) 1A (IDS) IA (Men: DiaSorin; Women: IDS) IA (Roche)
Both: standardized to LC-MS/MS
(waters)
Study population
Cohort size 100,442 9949 10,262
Available for analyses 681 cases (626 controls) 8928 4307°
Age, median (Q—Q3) 63 (61-65) 63 (57-67) 62 (56-68)
(years)
Women, n (%) 726 (55) 5383 (56) 2754 (60)
Cancer incidence
Median follow-up (years) 4 10 16
Follow-up until 1999-2006 2011 2010
Number of cases
Total n.a. 1082 806
Lung n.a. 134 58
Colorectal 303 (271 controls) 152 161
Breast 126 (126 controls) 163 89
Prostate 71 (45 controls) 189 132
Lymphoma 181 (184 controls) 55 43

EPIC European Prospective Investigation into Cancer, /A immunoassay, LC-MS/MS liquid chromatography tandem mass spectrometry, /DS
immunodiagnostic systems, n.a. not available

* Recruitment, median and date of end of follow-up varied for the different nested-case control studies within the EPIC-Elderly. For more

details, please refer to the original publications [15-18]

® Current smokers in the TROMS@ study were excluded due to overestimation of 25(OH)D concentrations
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the ICD-O-2 codes but were subsequently reclassified ac-
cording to ICD-O-3 codes as described elsewhere [18]. In
EPIC-Elderly and TROMS@ we used the International
Classification of Diseases for Oncology, Third Edition
(ICD-0-3) codes: 9590-91, 9670-71, 9673, 9675, 9679,
9680, 9684, 9687, 9689, 9690-91, 9695, 9698-99, 9700-02,
9705, 9708-09, 9714, 9716, 9718-19, 9727-29, 9761, 9765,
9823, 9826-27, 9831-37, 9940, 9948, 9650-55, 9659,
9664-67, 9731-32 and 9734. For the analyses, due to small
number of cases, no distinctions were made between
Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, multiple
myeloma, chronic lymphocytic leukemia and other rare or
unclassified lymphoid malignancies.

Measurement of circulating 25(OH)D concentration
and categorization

All studies employed immunoassay methods as shown in
Table 1 and as described in previous publications [15, 16,
20, 22]. Due to seasonal fluctuations in 25(OH)D concen-
trations (Fig. 1), 25(OH)D concentration was categorized
into season-specific quintiles (upper quintile as referent)
for all studies since this method is regarded as the most
appropriate to reduce bias due to seasonal variation [23].
Season was categorized as winter (December—February),
spring (March-May), summer (June—August) and autumn
(September—November). Cut-offs for season-specific
quintiles can be found in the Supplementary Table 1. Ad-
ditionally, in order to assess the suitability for cancer risk
of the American Institute of Medicine cut-points [24], we
also defined the following clinical categories of vitamin D
status: vitamin D deficiency (<30 nmol/L), insufficiency
(30-50 nmol/L) and sufficiency (>50 nmol/L). For this

analysis, season was introduced in the multivariate model
as a covariate.

Assessment of covariates

Information on socio-demographic and lifestyle covariates
was obtained from self-administered questionnaires passed
to participants at baseline and included age, sex, highest
level of education (primary or less, more than primary but
less than university or college, university or college) and
smoking status (never, former and current smoker). Height
and weight were measured in EPIC-Elderly and TROMS@
and self-reported in ESTHER. Body mass index (BMI) was
calculated by dividing body weight (in kilograms) by the
square of height (in meters). Information regarding dura-
tion and intensity of physical activity was self-reported in
all studies [25-27]. Vigorous physical activity (dichoto-
mous: yes, no) was defined as at least 1 h per week of
physical activity intense enough to cause perspiration, out
of breath or faster heart beating.

Statistical analyses

Significant differences in baseline characteristics across
clinical 25(OH)D categories were tested with Kruskal—
Wallis test for continuous and Chi Square test for catego-
rical variables. The association between circulating
25(OH)D concentrations and risk of cancer was assessed
with Cox proportional hazards models in the ESTHER and
TROMS® cohorts and with conditional logistic regression
models in the EPIC-Elderly nested case—control sub-study.
Hazard ratios (HR, from Cox regression) and odds ratios
(OR, from logistic regression), numerically approximate
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each other for short follow-ups, rare diseases, risk estimates
near to no effect [28] and under the assumption that the
exposure distribution is stable under time [29] which may
apply for 25(OH)D [30].

Both risk estimates were calculated with their respective
95 % confidence intervals for two models with different
level of confounder adjustment. Model 1 was adjusted for
age (continuous) and sex (categorical) and, in the analysis
with clinical 25(OH)D categories, was additionally ad-
justed for season of blood draw (categorical). Model 2 was
additionally adjusted for vigorous physical activity (cate-
gorical: yes, no), highest level of education (ordinal: pri-
mary or less, between primary and university, university),
BMI (continuous) and smoking status (categorical: never,
former, current). Moreover, in the analyses with EPIC-
Elderly data, adjustment for country was performed. Fur-
ther confounder variables such as fish, red meat, vegetables
and fruits intakes were considered, but only those variables
that were common to all studies were chosen in order to
reduce heterogeneity between studies. Subjects with
missing values for the confounders adjusted for in model 2
[BMI (0.3 %), highest level of education (1.8 %), vigorous
physical activity (3.0 %) and smoking status (1.8 %)] were
excluded. Risk estimates according to clinical categories of
vitamin D status are shown as main results (the results
employing season-specific 25(OH)D quintiles can be found
in the Appendix). Dose-response graphs were created by
plotting risk estimates across season-specific quintiles of
25(OH)D concentrations. In a sensitivity analysis for total
cancer incidence, we excluded subjects developing cancer
during the initial 1, 2, 3 and 4 years of follow-up. The
rationale for this sensitivity analysis was to exclude po-
tential bias by reverse causality from cancers that might
have been already present but not yet clinically manifest at
the time of recruitment. We further modeled 25(OH)D
concentration continuously in order to test a potential linear
association. Effect modification by sex, age (< or
>65 years), BMI (< or >30 kg/m?) and vigorous physical
activity (yes, no) was tested for statistical significance by
creating product terms of the continuous 25(OH)D variable
by the potential effect modifier of interest, and then adding
them to the multivariate model 2 for total cancer incidence
only.

All statistical tests were two sided with an alpha level of
0.05. Cohort-specific analyses were conducted with SAS,
version 9.3 (Cary, North Carolina, USA). Cohort-specific
risk ratios were pooled with meta-analysis using random-
effects models in a conservative approach in order to ac-
count for the variation of the true effects between studies
[31]. Heterogeneity was tested for significance with
Cochran’s Q test [32]. Meta-analyses, tests of hetero-
geneity, forest plots and dose-response graphs were
derived in Microsoft Excel 2010 (Redmond, Washington,

USA) using the formulas described by Borenstein et al.
[33]. This report was prepared in accordance to standard
guidelines for reporting of observational studies [34] (see
checklist in the Appendix).

Results

Baseline characteristics for the three participating studies
according to clinical categories of 25(OH)D concentration
are presented in Table 2 (and according to season-specific
25(OH)D quintiles in the Supplementary Table 2). The
prevalence of vitamin D deficiency (25(OH)D < 30 nmol/
L) was significantly higher in ESTHER (15.1 %) as com-
pared to EPIC-Elderly (7.8 % in controls) and particularly
TROMS® (5.3 %). Suboptimal 25(OH)D concentrations
(i.e. below 50 nmol/L) were observed in 40.7 % of controls
in EPIC-Elderly, and in 58.9 and 40.9 % of the ESTHER
and TROMS@ participants, respectively. In all studies,
vitamin D deficient participants were more often women,
significantly older, had significantly higher BMI, and in
ESTHER and TROMS@ significantly less often performed
vigorous physical activity and were more likely to be never
smokers. Higher concentrations of 25(OH)D were associ-
ated with higher levels of education in ESTHER and
TROMS®@, but not in EPIC-Elderly.

During an average of 12 years of follow-up, a total of
1082 and 806 total cancer cases were identified in the
ESTHER and TROMS@ studies, respectively. The asso-
ciation of clinical categories of 25(OH)D concentrations
with cancer risk adjusted for age, sex, season of blood
draw, highest level of education, smoking status, BMI, and
vigorous physical activity is shown in Table 3 (the results
according to season-specific 25(OH)D quintiles can be
found in the Supplementary Table 3). The results for the
age, sex, and season adjusted model were very similar and
can be found in the supplementary figures in the Appendix.

Overall, clinical categories of 25(OH)D concentrations
were not significantly associated with total cancer risk
(Table 3). Plotted season-specific 25(OH)D quintiles with
respect to total cancer risk suggested an U-shaped asso-
ciation with a statistically significant decreased total cancer
risk in the second quintile (HR 0.81, 95 % CI 0.69;0.95) and
higher total cancer risk in the extreme quintiles (Fig. 2a). No
significant heterogeneity was observed in all meta-analyses
for total cancer incidence with both categorizations. No
significant variation in the risk estimates across quintiles was
observed when excluding cancer diagnoses occurring during
the initial 1, 2, 3 and 4 years (data not shown). No significant
effect modification (Table 4) was observed when stratifying
by seX (Pinteraction = 0.62), age (Pinteraction = 0.56), BMI
(Pinteraction = 0.66) and  vigorous physical activity
(Pinteraction = 055)

@ Springer
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Table 2 Baseline characteristics for each CHANCES cohort across clinical categories of 25(OH)D concentration

Study EPIC-Elderly® ESTHER TROMS@

Characteristic 25(OH)D (nmol/L) <30  30-50  >50 <30 3050 >50 <30 30-50  >50

% Total size 7.8 329 59.3 15.1 438 41.1 53 35.6 59.1

25(OH)D, median (nmol/L) 256 41.6 65.8  F** 205 394 65.5  *¥¥* 253 423 62.7 k¥

Season of blood draw (%) HokE woHE HokE
Winter 356 304 19.2 420 29.1 20.6 46.5 36.0 28.8
Spring 46.7  36.1 241 274 248 14.2 26.9 28.8 40.6
Summer 6.7 9.4 21.8 11.4 209 325 1.2 1.7 5.4
Autumn 1.1 24.1 349 192 252 327 25.3 33.6 252

Age, median (years) 634 633 625  ** 63.0 63.0 62.0 **¥* 650 63.0 61.0  *¥*

Women (%) 644  58.1 54.9 587 674 433  *xx 784 63.6 56.0  FF*

BMI, median (kg/m?) 27.1 272 2577 ok 277 275 26.8  *¥x 277 26.7 25.8 k¥

Education (%)° ek sk
Primary or less 444 529 48.5 74.0 74.6 71.2 63.3 59.9 48.3
Primary to university 40.0 314 39.5 18.4 18.8 21.2 22.0 24.9 31.1
University 156 147 11.3 4.9 3.8 5.5 13.1 14.5 20.2

Vigorous physical activity (%)° 35.6 309 34.0 33.8  38.6 48.0  **¥* 245 28.9 402 wEE

Smoking status (%)° oAk Hok
Never 422 445 46.2 473 538 449 55.5 49.7 44.6
Former 26.7 293 314 256  27.1 38.6 44.5 50.2 55.3
Current 289 257 21.8 233 162 14.2 Excluded

*p < 0.05; ** p < 0.01; *** p < 0.0001 p values for testing the statistical significance of differences in baseline characteristics among season-

specific 25(OH)D quintiles

* Data shown for matched controls only

" The sum of the percentages may not add up to 100 % due to missing values. The total number of participants with missing values for the
variables BMI, highest level of education, vigorous physical activity and smoking status was 55 (0.3 %), 276 (1.8 %), 463 (3.0 %) and 277

(1.8 %), respectively

During follow-up, a total number of 192 lung cancers,
616 colorectal cancers, 378 breast cancers, 392 prostate
cancers and 279 lymphomas were observed. In ESTHER
and TROMS@ cohorts, individually and in combination,
low 25(OH)D concentrations were associated with a sta-
tistically non-significant increased lung cancer risk
(Table 3). There was no significant evidence of a linear
increase in lung cancer risk with higher 25(OH)D con-
centration (p = 0.32).

Tentatively increased colorectal cancer risk with low
25(OH)D concentrations was also observed in EPIC-
Elderly and TROMS@, but not in ESTHER. The meta-
analysis yielded no significant association of 25(OH)D
concentrations with colorectal cancer risk, which was also
visible in the dose-response graph (Fig. 2¢). There was no
evidence of a linear increase in colorectal cancer risk with
higher 25(OH)D concentration (p = 0.39).

A significant breast cancer risk reduction was observed
for 25(OH)D concentrations between 30 and 50 nmol/L
(HR 0.67, 95 % CI 0.52;0.87). Such decrease in breast
cancer risk with lower 25(OH)D concentrations compared

@ Springer

to the highest quintile was also apparent across season-
specific quintiles, with the exception of the third quintile
(Fig. 2d). There was significant evidence of a linear in-
crease in breast cancer risk with higher 25(OH)D
(p < 0.01).

Overall, no statistically significant association of
25(OH)D with prostate cancer risk was observed, even
though a tentatively reduced risk was seen for 25(OH)D
concentrations between 30 and 50 nmol/L (HR 0.81, 95 %
CI 0.63;1.04). No sign of linearity was observed.

Statistically significantly higher lymphoma risk was
observed with 25(OH)D concentrations <30 nmol/L (HR
1.76, 95 % CI 1.00;3.11). The dose-response relationship
showed a tendency towards decreasing lymphoma risk with
higher 25(OH)D season-specific quintiles, but the confi-
dence intervals were wide and included the null value for
each category (Fig. 2f). Furthermore, increases in
25(OH)D concentrations were not significantly linearly
associated with decreased lymphoma risk (p = 0.10).

For virtually all meta-analyses in all cancer sites, the
tests for heterogeneity were not statistically significant.
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Fig. 2 Pooled risk ratios and 95 % confidence intervals for risk of
a total cancer, b lung cancer, ¢ colorectal cancer, d breast cancer,
e prostate cancer and f lymphoma across 25(OH)D study- and season-

Discussion

The CHANCES consortium provides the largest study
population up to date examining the association of mea-
sured 25(OH)D concentrations and total cancer risk among
older adults. Additionally, we provide an assessment of the
association of low 25(OH)D concentrations with the inci-
dence of major site-specific cancer endpoints. Overall, we
observed no significant association of lower 25(OH)D
concentrations with increased total or site-specific cancer
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specific quintiles with the top quintile [higher 25(OH)D] as reference.
For total and lung cancer incidence only data from the ESTHER and
TROMS@ study were combined

incidence. In fact, 25(OH)D concentrations in the range of
the recommendations by the Institute of Medicine were
associated with the lowest risk of total cancer and breast
cancer.

A recent meta-analysis summarizing the findings from 5
previously published prospective studies assessing the re-
lationship between 25(OH)D concentrations and total
cancer incidence suggested a 11 % reduction of total can-
cer incidence for a 50 nmol/L increase in 25(OH)D [3].
Shortcomings of this meta-analysis were the study
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Table 4 Association of clinical categories of vitamin D status with total cancer incidence stratified by relevant covariates

Stratification variable ESTHER TROMS@® Summary
(Pinteraction) 25(OH)D (nmol/L) HR (95 % CI) HR (95 % CI) HR (95 % CI)*
Sex (0.62) Men
<30 1.18 (0.93; 1.50) 0.67 (0.34; 1.31) 0.97 (0.57; 1.65)
30-50 0.88 (0.73; 1.07) 0.98 (0.79; 1.20) 0.92 (0.80; 1.06)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Women
<30 0.96 (0.71; 1.28) 0.80 (0.52; 1.23) 0.90 (0.71; 1.15)
30-50 0.90 (0.73; 1.12) 1.01 (0.82; 1.26) 0.95 (0.82; 1.11)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Age (0.56) <65 years
<30 1.17 (0.91; 1.52) 0.47 (0.24; 0.92) 0.79 (0.32; 1.91)
30-50 1.00 (0.82; 1.21) 0.88 (0.71; 1.09) 0.94 (0.82; 1.09)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
>65 years
<30 1.00 (0.77; 1.30) 0.97 (0.63; 1.50) 0.99 (0.79; 1.24)
30-50 0.83 (0.67; 1.02) 1.13 (0.91; 1.39) 0.97 (0.71; 1.31)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
BMI (0.66) <30 kg/m>
<30 1.16 (0.94; 1.43) 0.75 (0.48; 1.17) 0.98 (0.64; 1.48)
30-50 0.85 (0.72; 1.00) 0.95 (0.80; 1.13) 0.90 (0.79; 1.01)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
>30 kg/m?
<30 0.82 (0.57; 1.20) 0.71 (0.38; 1.31) 0.79 (0.57; 1.09)
30-50 1.01 (0.76; 1.34) 1.07 (0.79; 1.44) 1.03 (0.84; 1.27)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Vigorous physical activity (0.55) No
<30 1.10 (0.88; 1.38) 0.84 (0.56; 1.26) 1.01 (0.80;1.29)
30-50 0.85 (0.71; 1.02) 1.03 (0.85; 1.24) 0.93 (0.77; 1.12)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Yes
<30 0.94 (0.68; 1.30) 0.50 (0.22; 1.13) 0.77 (0.43; 1.38)
30-50 0.98 (0.79; 1.22) 0.95 (0.73; 1.22) 0.97 (0.82; 1.14)
>50 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

HR hazard ratios, BMI body mass index

Hazard ratios and 95 % confidence intervals shown correspond to those derived from model 2 which was adjusted for sex, age, season of blood
draw, highest level of education, smoking status, BMI and vigorous physical activity

* In a conservative approach, in order to allow for the variation of true effects between studies, pooled HRs were calculated with meta-analyses

using random-effects models

populations (consisting mainly of men and specific occu-
pational groups) and the restricted data provided by the
original publications. Whereas inverse associations of vi-
tamin D with total cancer risk had been more often ob-
served in male than in female study populations [8, 10, 35],
no significant differences were observed between males
and females in our meta-analysis with individual par-
ticipant data. We also did not observe any age differences

regarding total cancer incidence, but the data for the age
stratification was limited to only two cohorts. Additionally,
our analyses were based on a population of older adults
(mean age 63 years) which could suggest that vitamin D
may not be relevant for cancer development at old age. It is
worth noting that the strongest effect of vitamin D on
cancer risk was observed by Giovannucci and colleagues,
who employed a statistical algorithm for predicting
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25(OH)D rather than measuring it in the complete
population [35]. Even though our study, despite its large
overall size, had limited power to detect potential weak
inverse associations between 25(OH)D and total cancer
risk, moderate or strong inverse associations would appear
highly unlikely in the light of the confidence intervals es-
timated for vitamin D insufficiency and deficiency.

Previous reports of associations between 25(OH)D and
lung cancer risk have observed comparable magnitudes of
association i.e., approximately 20 % lower risk with in-
creasing (or 20 % higher risk with decreasing) 25(OH)D
concentrations [8-10, 35, 36]. Although these reported
associations were not statistically significant, they are in
line with the not statistically significant higher lung cancer
risk for vitamin D deficient participants observed in our
study. In this investigation we did not adjust for other
measures of smoking such as the duration or intensity of
smoking, but as pointed out in previous studies that cor-
rected for these variables, the influence of residual con-
founding is expected be minimal [8, 36]. Therefore, we can
neither confirm nor reject a possible role of vitamin D in
lung cancer development. Given the low number of ob-
servational studies conducted and the potential mechan-
isms of vitamin D in lung tumorigenesis suggested by
in vivo and in vitro studies [37], further investigations are
warranted.

An earlier meta-analysis of published epidemiologic
studies had suggested an inverse association of 25(OH)D
concentrations with colorectal cancer risk [5] even though
few of the included studies, most of which were conducted
in the US, individually show statistically significant results.
In line with these findings we observed non-significantly
higher colorectal cancer incidence at low 25(OH)D con-
centrations. However, the magnitude of the association
observed in our study was smaller than that of previous
studies, which could be due to our population being of
older age. These findings suggest that a possible protective
role of vitamin D against colorectal cancer among older
adults may be rather small. Nevertheless, a number of
biological mechanisms by which vitamin D can induce cell
differentiation, cell cycle arrest and apoptosis in colorectal
cancer tumors have been suggested [38]. Additionally,
several studies have consistently suggested that vitamin D
status may also be relevant for the survival of colorectal
cancer patients [39].

For breast cancer, a previous meta-analysis suggested the
possibility of reverse causality since the associations of vi-
tamin D with breast cancer risk were observed mainly in
case—control studies with measurements of 25(OH)D after
diagnosis [40]. Yet, an updated summary including only
prospective studies still showed higher 25(OH)D concen-
trations measured at baseline to be associated with reduced
breast cancer incidence during follow-up [6]. Unexpectedly,
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our data showed an increased breast cancer risk with higher
25(OH)D concentrations. Still, similar trends have been
observed in a number of epidemiologic studies [41-43].
Different findings between our study and the latest meta-
analysis could be explained by the different settings, study
populations involved, and level of adjustment. Most of the
studies included in the previous meta-analysis were nested
case—control studies conducted in the US, with limited and
heterogeneous adjustment for confounders. In contrast, our
analyses included cohort data from European older adult
populations only, and employed consistent adjustment for
the most important confounder variables common to all in-
cluded studies. Nevertheless, it is also possible that the an-
ticancer properties of vitamin D in the breast tissue may
pertain more to the progression of the disease since various
studies have observed increases in survival of breast cancer
patients with high vitamin D status [39].

Previous epidemiologic studies on the association of
25(OH)D with prostate cancer risk have suggested either
no association, increased risk with higher 25(OH)D [44],
but also U-shaped associations, especially for high-grade
disease [45]. In agreement with most single studies con-
ducted hitherto, our data showed no evidence of an asso-
ciation. It has been hypothesized that circulating
1,25(0OH),D concentrations may be more relevant since the
enzymatic conversion of 25(OH)D to 1,25(OH),D is im-
paired in prostate cancer cells [46]. In fact, an association
of low 1,25(OH),D with aggressive prostate cancer risk has
been suggested [44]. Measurements of 1,25(OH),D were
not available in our study, and aggressive prostate cancer
incidence could not be assessed. Given the findings from
laboratory studies describing a link of vitamin D with
prostate cancer [46], the possibility that the physiologically
active vitamin D metabolite may be more relevant for
aggressive prostate cancer deserves further study.

Considerably less studies have assessed the risk of
developing lymphoma according to 25(OH)D concentra-
tions, overall showing no effect [18, 35, 47, 48]. Our data
showed an increased lymphoma risk for vitamin D defi-
ciency. In comparison to a larger pooled analysis [48],
25(OH)D concentrations were overall lower in our study
population, which could explain why we were able to
discern an increased lymphoma risk at very low 25(OH)D
concentrations. In our study we combined all lymphoid
malignancies due to the low number of cases for some of
them. However, previous studies have observed variations
in risk associated to high 25(OH)D concentrations for
some of these malignancies, such as increased risk for
multiple myeloma [35] or reduced risk for Non-Hodgkin’s
lymphoma [35, 47] and chronic lymphocytic leukemia
[18]. These discrepancies in the findings for different
lymphoid malignancies may deserve further study, par-
ticularly in older populations.
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To date no randomized controlled trial (RCT) provided
sufficient evidence of an association of vitamin D supple-
mentation with total, colorectal or breast cancer incidence
[49]. Instead, a meta-analysis of published RCTs showed
that vitamin D supplementation consistently decreased to-
tal cancer mortality but not incidence [50]. This suggests
that vitamin D may be more relevant for survival, a finding
that is in agreement with the results of observational
studies [13, 39]. However, most RCTs were limited mainly
by not being originally designed for assessing cancer risk,
and sometimes also by the low doses provided, low com-
pliance with the intervention and the use of supplements by
subjects in the placebo group [49]. A re-analysis of the
Women’s Health Initiative conducted among women not
taking supplements at randomization, yielded reductions in
total, breast and colorectal cancer risk (not statistically
significant for the latter) for the intervention group [51].
Even though promising results for colorectal and breast
cancer have been reported in previous observational stud-
ies, and there is also substantial evidence from basic and
preclinical studies on potential protective effects of vitamin
D [52], our results cannot confirm neither exclude that
vitamin D may be beneficial for cancer prevention. Owing
to these disagreeing findings and limited data available,
further investigations, preferably well-designed RCTs are
desirable.

This is the largest investigation with 25(OH)D mea-
surements assessing total and site-specific cancer risk in a
population of older adults. This meta-analysis with indi-
vidual participant data also ranks among the largest in-
vestigations on the association of 25(OH)D with incidence
of lung, colorectal, prostate, breast, and lymphoid cancers
in older adults. Furthermore, the availability of individual
participant data, harmonization of covariates and common
multivariable models, allowed us to minimize the hetero-
geneity between studies and avoid misclassification of
exposure, outcome and covariates, a common issue in
meta-analysis employing data reported by individual
studies. In fact, the tests for heterogeneity were not sta-
tistically significant for all of the meta-analyses performed,
thus suggesting a consistency of the effects estimated by
the different studies involved. Alternatively, it could also
be that the test for heterogeneity was underpowered due to
the low number of studies.

Several limitations also need to be addressed. First,
although our study is one of the largest on the topic, it may
still have not been sufficient to detect a significant small
effect of vitamin D on cancer development. Second, cur-
rent smokers were excluded from the TROMS@ study
because the assay employed resulted in smokers having
15-20 % higher 25(OH)D than non-smokers which was
not reproducible with other assays [20]. This could have
attenuated the pooled effect estimates observed since in the

ESTHER data a stronger association with total cancer was
observed among current smokers [10]. Third, data from the
EPIC-Elderly study were not available for total and lung
cancer incidence so that estimates for these two outcomes
were based on two cohorts only. Fourth, 25(OH)D was
measured only at baseline and thus it may not adequately
represent a long term vitamin D status. Nevertheless, the
correlations between the measurements at baseline and at
follow-up are rather high [30]. Fifth, 25(OH)D was mea-
sured with immunoassay methods in all studies (although
in the ESTHER study a standardization to the LC-MS/MS
was performed), while LC-MS/MS is regarded as the most
reliable but also the most costly method. Finally, the
findings of our study are restricted to European older
adults, while associations of 25(OH)D concentrations with
cancer risk have often been observed in observational
studies conducted among American younger adults.

To conclude, in this large consortium of prospective studies
including European older adults, we observed that overall
higher 25(OH)D concentrations were not associated with re-
duced total and site-specific cancer incidence. Our results do
not support the hypothesis that vitamin D has a large impact on
cancer development and we suggest waiting for the results of
RCTs before formulating recommendations regarding vi-
tamin D supplementation for cancer prevention.
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