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ABSTRACT
Background: Individual studies have suggested that circulating carot-
enoids, retinol, or tocopherols may be associated with prostate cancer

risk, but the studies have not been large enough to provide precise

estimates of associations, particularly by stage and grade of disease.
Objective: The objective of this study was to conduct a pooled
analysis of the associations of the concentrations of 7 carotenoids,

retinol, a-tocopherol, and g-tocopherol with risk of prostate cancer

and to describe whether any associations differ by stage or grade of

the disease or other factors.
Design: Principal investigators of prospective studies provided in-
dividual participant data for prostate cancer cases and controls. Risk

by study-specific fifths of each biomarker was estimated by using

multivariable-adjusted conditional logistic regression in matched
case-control sets.
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Results: Data were available for up to 11,239 cases (including 1654
advanced stage and 1741 aggressive) and 18,541 controls from 15
studies. Lycopene was not associated with overall risk of prostate cancer,
but there was statistically significant heterogeneity by stage of disease,
and the OR for aggressive disease for the highest compared with the
lowest fifth of lycopene was 0.65 (95% CI: 0.46, 0.91; P-trend = 0.032).
No other carotenoid was significantly associated with overall risk of
prostate cancer or with risk of advanced-stage or aggressive disease.
For retinol, the OR for the highest compared with the lowest fifth was
1.13 (95% CI: 1.04, 1.22; P-trend = 0.015). For a-tocopherol, the OR
for the highest compared with the lowest fifth was 0.86 (95% CI: 0.78,
0.94; P-trend , 0.001), with significant heterogeneity by stage of dis-
ease; the OR for aggressive prostate cancer was 0.74 (95% CI: 0.59,
0.92; P-trend = 0.001). g-Tocopherol was not associated with risk.
Conclusions: Overall prostate cancer risk was positively associated
with retinol and inversely associated with a-tocopherol, and risk of
aggressive prostate cancer was inversely associated with lycopene
and a-tocopherol. Whether these associations reflect causal relations
is unclear. Am J Clin Nutr 2015;102:1142–57.

Keywords: prostate cancer, carotenoids, retinol, tocopherols, vitamin
E, vitamin A, pooled analysis, nested case-control study, biomarkers

INTRODUCTION

Previous studies have suggested that dietary and plasma ca-
rotenoids, retinol, and tocopherols might affect the development

of prostate cancer, but overall this research has been inconclusive
(1). The carotenoids that have been studied are a- and b-carotene,
lycopene, lutein, zeaxanthin, b-cryptoxanthin, and canthaxan-
thin, together with retinol. Three of these carotenoids can be
converted in the body into retinol, whereas others cannot but
may have biological effects independent of vitamin A activity (2).
a-Carotene, b-carotene, and b-cryptoxanthin can be converted
into retinol; major sources are carrots, pumpkin, yellow and or-
ange fruits and vegetables for a-carotene and b-carotene, and
citrus fruits, especially oranges, for b-cryptoxanthin (3). Lyco-
pene cannot be converted into retinol, and the major sources of
lycopene in most diets are tomatoes and tomato products (3).
Lutein and its stereoisomer, zeaxanthin, are not converted into
retinol; major food sources are green vegetables and, to a lesser
extent, eggs, because lutein is added to chicken feed to enhance
the yellow color of egg yolks (3, 4). Canthaxanthin occurs natu-
rally in some plants and mushrooms, but much of the cantha-
xanthin in diets is derived from its use as a feed additive to color
foods such as eggs and farmed fish (5). Rich sources of retinol
include fatty fish, dairy products, liver, cod liver oil, and vitamin
supplements.

The tocopherols a- and g-tocopherol have also been studied in
relation to prostate cancer risk, and both have vitamin E activity.
a-Tocopherol occurs in a wide range of foods, especially nuts,
seeds, and vegetable oils such as sunflower seed oil, whereas the
major sources of g-tocopherol are specific vegetable oils such as
soya and corn (maize) oil; a-tocopherol is also widely included in
dietary supplements. a-Tocopherol is usually the predominant
tocopherol in European diets, whereas g-tocopherol is more
predominant in the United States because of the greater use of
soya and corn oils, but a-tocopherol is generally present in the
plasma at higher concentrations than g-tocopherol (6).

The Endogenous Hormones, Nutritional Biomarkers and Prostate
Cancer Collaborative Group was established with the aim of pooling
individual data from prospective studies of the associations of
circulating concentrations of hormones and nutritional biomarkers
with risk of prostate cancer (7–9). The objective of the current
analysis was to examine the associations of the concentrations of 7
carotenoids, retinol, a-tocopherol, and g-tocopherol with risk of
prostate cancer and to describe whether any associations differ by
stage or grade of the disease or other factors. Since the advent of
prostate-specific antigen (PSA)44 testing for early detection, many
men are diagnosed with very small prostate cancers, most of which
progress slowly (10); therefore, the associations of biomarkers with
aggressive prostate cancer were of particular interest.

We had several a priori hypotheses: that lycopene would be
associated with a reduced risk of advanced-stage and aggressive
prostate cancer (10), that retinol would be associated with an
increased risk of prostate cancer (11), and that a-tocopherol
would be associated with a reduced risk of prostate cancer in
current smokers but not in nonsmokers (12). These 3 biomarkers
are therefore discussed more fully than the other biomarkers.
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METHODS

Identification of studies

The objective was to conduct a pooled analysis of individual
participant data. Studies were eligible to join this collaborative group
if they had data on circulating carotenoids, retinol, or tocopherols
measured in blood samples collected before the diagnosis of prostate
cancer for at least 75 cases (for at least one biomarker under in-
vestigation by the collaborative group). Studies were identified
through searches using the terms carotenoid, retinol, vitamin A,
tocopherol, vitamin E, and prostate cancer on computerized bib-
liographic systems, including PubMed, Web of Science, Cochrane
Library, and CancerLit; through the reference lists of publications
identified in this search; and through discussions with colleagues.

Collection of data

Individual participant data on circulating carotenoids, ret-
inol, or tocopherols were available from 15 studies: the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) (11,
13, 14); the b-Carotene and Retinol Efficacy Trial (15); the
CLUE I and CLUE II studies (named after the campaign slogan
“Give us a Clue to Cancer”) (16, 17); the European Prospective
Investigation into Cancer and Nutrition study (18); the Finnish
Mobile Clinic Health Examination Survey (19); the Health
Professionals Follow-Up Study (20); the Janus biobanks (21);
the Melbourne Collaborative Cohort Study (22, 23); the Multi-
ethnic Cohort (MEC) (24); the Prostate Cancer Prevention Trial
(PCPT) (25); the Physicians’ Health Study (26); the Prostate,
Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO)
(27–29); the Prostate testing for cancer and Treatment (ProtecT)
trial (30); and the SUpplémentation en VItamines et Minér-
aux Anti-oXydants trial (SU.VI.MAX) (31). Descriptions of
the study designs are in Supplemental Table 1, and details
of the assay methods are in Supplemental Table 2. Further
details of the recruitment of participants, informed consent,
ethical approval, and inclusion criteria are in the original
publications (11–31); the procedures followed in the collab-
orating studies were in accordance with the ethical standards
of the institution or regional committee on human experimen-
tation, and approval was obtained from the relevant com-
mittees on human subjects. Most of the studies are traditional
cohort studies in which blood samples were collected at re-
cruitment and participants were followed for diagnosis of
prostate cancer by their doctor; in these studies, there was no
organized screening for prostate cancer, but PSA testing has
been widely used since around 1990, with high frequency of
use in some populations. Three studies (PCPT, PLCO, and
ProtecT) were observational investigations based on trials
that included organized screening for prostate cancer, and
these 3 studies have unique design features. In PCPT, men
were eligible to enter the trial if they had a normal digital
rectal examination and had PSA #3 ng/mL; they then had
annual digital rectal examinations and PSA determinations,
and if not diagnosed with prostate cancer, they were asked to
undergo a prostate biopsy at the end of the trial in year 7. In
PLCO, men were eligible to enter the trial if they had a nor-
mal digital rectal examination and had PSA ,4 ng/mL; they
then had a digital rectal examination annually for 3 y and
PSA screening annually for 5 y. ProtecT is a trial of different

treatments for prostate cancer, in which men were screened
with PSA, and those with PSA $3 ng/mL were offered di-
agnostic biopsy; men diagnosed at this time were included as
cases for the observational study of biomarkers and prostate
cancer. The data from ProtecT are reported here because on
average the blood was collected several years before the cancer
would have been diagnosed in an unscreened population (32),
although the study could be considered cross-sectional rather
than prospective. The number of cases varied between bio-
markers; the largest numbers were for retinol, for which there
were data for 11,239 cases and 18,541 controls; the smallest
numbers were for canthaxanthin, for which there were data for
1737 cases and 2056 controls.

Data were not available for 5 of the studies identified: data
could not be retrieved for the Japanese American study in
Hawaii (with 142 cases) (33), investigators from the NHANES
study in the United States (with 84 cases) (34) and the Wittenoom
study in Western Australia (with 96 cases) (35) declined the in-
vitation to collaborate, and the Kuopio Ischemic Heart Disease
Risk Factor Study in Finland (with 68 cases) (36, 37) and the Basel
study in Switzerland (with 30 cases) (38) were not invited because
they had ,75 eligible cases for any of the biomarkers under in-
vestigation by the collaborative group (including other nutritional
biomarkers and hormones; this cutoff was agreed on by the col-
laborative group as a pragmatic criterion to include all studies
with a reasonable sample size).

Where available, collaborators provided data for prostate
cancer cases and controls on dates of birth and blood collection,
time of blood collection, fasting status, marital status, ethnicity,
educational attainment, family history of prostate cancer, height,
weight, smoking status, alcohol intake, circulating total choles-
terol, and circulating total PSA concentration at recruitment and
diagnosis. Information on stage and grade for prostate cancer
cases was also provided. To provide a common definition across
studies, we defined a cancer as being localized if it was tumor/
node/metastasis (TNM) stage #T2 with no reported lymph node
involvement or metastases, stage #II, or the equivalent (i.e.,
a tumor that does not extend beyond the prostate capsule); ad-
vanced if it was TNM stage T3 or T4 and/or N1+ and/or M1,
stage III–IV, or the equivalent (i.e., a tumor extending beyond
the prostate capsule and/or lymph node involvement and/or
distant metastases); or stage unknown. Aggressive disease was
categorized as “no” for TNM stage #T3 with no reported lymph
node involvement or metastases or the equivalent, “yes” for TNM
stage T4 and/or N1+ and/or M1 and/or stage IV disease or death
from prostate cancer, or unknown. Prostate cancer was defined as
low grade if the Gleason sum was ,8 or the equivalent (extent of
differentiation good, moderate, or poor), high grade if the Gleason
sum was at least 8 or the equivalent (undifferentiated), or grade
unknown.

Statistical analysis

The methods of analysis were similar to those described
previously by this collaborative group (7–9). All except 2 of
the studies (ATBC and SU.VI.MAX) had used a matched
case-control study design nested within either a prospective study
or a randomized controlled trial, with matching on age at re-
cruitment, date of blood collection (or follow-up time), and,
where appropriate, other specific matching criteria (Supplemental
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Table 1); the original matching was retained in all analyses. Two
studies (ATBC and SU.VI.MAX) had used a full cohort design,
and for this collaborative analysis matched case-control sets were
created for these studies by randomly matching up to 4 control
subjects to each case patient by age at recruitment (within 1 y)
and date of recruitment (within 6 mo). For the main analyses, men
were categorized into fifths of concentration for each biomarker,
with cutoffs defined by the study-specific quintiles of the distri-
bution in control participants; in supplementary analyses, men
were categorized into fifths with overall cutoffs set across all
studies. The main method of analysis was logistic regression
conditioned on the matching variables within each study. To
provide a summary measure of the OR for subgroup analyses and
to calculate the P value for trend, we replaced the categorical
variable representing the fifths of the circulating biomarker with
a continuous variable that was scored as 0, 0.25, 0.5, 0.75, or 1;
because the midpoints of the lowest and highest fifths are the 10th
and 90th percentiles of the study-specific biomarker concentra-
tions, a unit increase in this variable can be taken to represent an
80 percentile increase in the study-specific biomarker. Age at
blood collection (exact), BMI (in kg/m2; ,25, 25–27.4, 27.5–
29.9, $30, or not known), height (#170, 171–175, 176–180, or
.180 cm or not known), marital status (married or cohabiting,
not married or cohabiting, or not known), educational status (did
not graduate from high school/secondary school/college, high
school/secondary school/college graduates, university graduates,
or not known), and cigarette smoking (never smoker, past smoker,
current, or not known) have been associated with prostate cancer
risk in previous large studies (39–41) and were included in the
conditional logistic regression models. For a-tocopherol, which is
strongly correlated with total cholesterol, we also calculated the
OR with further adjustment for total cholesterol (for the studies in
which total cholesterol had been measured); we also examined the
joint associations of a-tocopherol and g-tocopherol with risk,
with both classified by thirds of the distribution in controls. For
each biomarker, heterogeneity in linear trends between studies
was tested by comparing the x2 values for models with and
without a (study) 3 (linear trend) interaction term; we also ex-
amined whether there was heterogeneity by study design, com-
paring the prospective studies with the screening-based ProtecT
trial. To test whether the linear-trend OR estimates for each
biomarker varied according to certain case participant character-
istics, we estimated ORs within subgroups for the following
characteristics: age at diagnosis (,60, 60–69, or $70 y), years
from blood collection to diagnosis (,3, 3–6, or $7 y), year of
diagnosis (pre-1990, 1990–1994, 1995–1999, or 2000 onward),
stage of disease (localized or advanced), aggressive disease (no or
yes), and grade of disease (low or high). Controls in each matched
set were assigned the value of their matched case for the case-
defined factors (e.g., stage of disease); for multicase matched sets
in which these case characteristics varied (e.g., some localized,
some advanced stage), controls were randomly allocated to cases
in the same proportions. Subgroup analyses were also conducted
stratified according to the following participant characteris-
tics: age at blood draw (,60 or $60 y), PSA at blood draw
(,2 or $2 ng/mL), university or higher education (no or yes),
BMI (,25 or $25), cigarette smoking (never, past, or current
smoker), usual alcohol consumption (,10 or $10 g/d), and
family history of prostate cancer (in father or brother: no or yes).
These subgroups were defined a priori, as in previous publications

from this collaborative group (7–9). Tests for heterogeneity for
the case-defined factors were obtained by fitting separate models
for each subgroup and assuming independence of the ORs by
using a method analogous to a meta-analysis. Tests for hetero-
geneity for the non-case-defined factors were assessed with
a x2 test of interaction between subgroup and the continuous trend
test variable. For aggressive disease, we also conducted further
analyses restricted to these cases and their matched controls, cal-
culating ORs in fifths of the distribution defined by the study-
specific quintiles of the distribution in controls. The ORs shown in
the figures are presented as squares with horizontal lines corre-
sponding to the 95% CIs. The position of the square indicates the
value of the OR, whereas the size of the square is inversely
proportional to the variance of the logarithm of the OR and in-
dicates the amount of statistical information available for that
particular estimate. The open diamonds (the lateral points of
which are the 95% CIs) represent the overall OR for an 80th
percentile increase in the individual biomarkers.

The associations of the biomarkers with participant charac-
teristics for control men were examined by using ANOVA to
calculate geometric mean concentrations in categories of each
characteristic, adjusted for study and age; geometric means were
used because the log-transformed variables had distributions
closer to normal than the untransformed variables.

All statistical analyses were carried out by using Stata 12
(StataCorp LP). All P values reported are 2-tailed, and P , 0.05
was considered statistically significant.

RESULTS

Baseline characteristics of prostate cancer cases and controls in
each study are shown in Table 1. Mean age at blood collection
varied from 47.7 y for cases and controls in Janus to 68.7 y for
cases in MEC.

The characteristics of cases by study are shown in Table 2. The
proportion of cases diagnosed before age 60 y varied from 1.6%
in PCPT to 40.6% in Janus. The proportion of cases diagnosed
from 1995 onward varied from 0% in the Finnish Mobile Clinic
Health Examination Survey to 100% in MEC, PLCO, ProtecT,
and SU.VI.MAX. The proportion of cases diagnosed at least 7 y
after blood collection varied from 0% in CLUE II, Health Pro-
fessionals Follow-Up Study, and ProtecT to 93.7% in Janus. The
proportion of cases in studies with data on stage that were known
to have advanced disease varied from 1.6% in PCPT to 25.4% in
CLUE II, and the proportion of cases known to have aggressive
disease varied from 0.8% in PCPT to 33.5% in CLUE I. The
proportion of cases in studies with data on grade of disease that
were known to have high-grade disease varied from 0.3% in MEC
to 11.5% in the b-Carotene and Retinol Efficacy Trial. The
geometric mean biomarker concentrations for cases and controls,
by study, are shown in Table 3, and Supplemental Table 3
shows the correlations between the log-transformed bio-
marker concentrations in controls, standardized within each
study and adjusted for age at blood collection.

Associations of circulating carotenoids, retinol, and
tocopherols with overall prostate cancer risk

The overall ORs by quintiles of biomarkers, adjusted for age,
height, BMI, educational attainment, marital status, and smoking,

CAROTENOIDS AND PROSTATE CANCER 1145



are shown in Figure 1. Lycopene was not statistically signifi-
cantly associated with risk, with an OR of 0.97 (95% CI: 0.86,
1.08; P-trend = 0.56) for men in the highest fifth of lycopene
compared with the lowest fifth, and none of the other caroten-
oids was statistically significantly associated with risk of pros-
tate cancer.

Retinol was positively associated with risk, with an OR of 1.13
(95% CI: 1.04, 1.22; P-trend = 0.015) for men in the highest fifth
of retinol compared with the lowest fifth.

a-Tocopherol was inversely associated with risk, with an OR
of 0.86 (95% CI: 0.78, 0.94, P-trend , 0.001) for men in the
highest fifth of a-tocopherol; this association was essentially

TABLE 1

Participant characteristics by study and case-control status1

Study/case-control status Participants, n

Age at

recruitment, y

Height,

cm

BMI,

kg/m2
Married or

cohabiting, %

Higher

education, %

Current

smokers, %

Alcohol

intake, g/d

ATBC (11, 13, 14)

Case 2165 57.5 6 5.12 174 6 6 26.3 6 3.6 83.1 5.4 100.0 16.8 6 21.5

Control 6491 57.5 6 5.1 174 6 6 26.2 6 3.6 83.2 4.7 100.0 16.7 6 20.3

CARET (15)

Case 693 60.1 6 5.7 176 6 7 28.3 6 4.3 81.6 27.7 51.4 17.3 6 24.9

Control 1387 59.8 6 5.8 175 6 7 28.1 6 4.4 81.7 23.7 52.3 15.7 6 26.1

CLUE I (16)

Case 245 56.6 6 10.2 NA NA 90.6 13.9 26.1 NA

Control 427 55.5 6 10.0 NA NA 86.9 13.1 24.1 NA

CLUE II (17)

Case 142 65.7 6 8.0 176 6 7 26.5 6 3.8 85.9 16.9 9.9 6.4 6 12.5

Control 284 65.6 6 8.0 175 6 6 26.7 6 3.3 87.3 14.4 10.9 5.7 6 12.6

EPIC (18)

Case 1027 60.4 6 6.0 173 6 7 26.6 6 3.3 89.2 26.1 23.5 21.2 6 24.5

Control 1189 60.5 6 6.2 173 6 7 26.8 6 3.6 89.6 20.9 27.3 20.4 6 23.7

FMC (19)

Case 37 64.7 6 7.2 170 6 6 25.9 6 2.9 89.2 NA 36.1 NA

Control 66 65.0 6 7.1 169 6 6 25.3 6 3.5 84.8 NA 25.0 NA

HPFS (20)

Case 696 65.3 6 7.4 177 6 7 26.1 6 3.4 93.5 100.0 5.0 11.4 6 14.6

Control 696 65.2 6 7.4 178 6 6 26.1 6 3.5 93.1 100.0 4.0 11.0 6 14.9

Janus (21)

Case 2106 47.7 6 9.2 177 6 7 25.5 6 3.0 NA NA 32.8 NA

Control 2106 47.7 6 9.2 177 6 7 25.6 6 3.0 NA NA 34.5 NA

MCCS (22, 23)

Case 333 60.4 6 6.7 172 6 7 27.0 6 3.5 77.8 25.8 7.8 19.4 6 24.3

Control 635 57.9 6 7.4 173 6 7 27.1 6 3.5 82.0 22.8 13.2 21.6 6 26.4

MEC (24)

Case 382 68.7 6 7.0 174 6 7 26.6 6 4.1 77.9 33.3 14.0 22.7 6 42.6

Control 761 68.6 6 7.1 174 6 8 26.9 6 4.1 78.7 31.6 12.1 21.7 6 38.0

PCPT (25)

Case 963 63.4 6 5.5 178 6 7 27.4 6 4.1 87.8 39.2 6.6 9.9 6 16.3

Control 963 63.3 6 5.6 177 6 7 27.6 6 4.0 87.6 37.1 7.7 8.8 6 13.5

PHS (26)

Case 968 58.0 6 8.4 179 6 6 24.7 6 2.5 NA 100.0 9.4 6.9 6 6.1

Control 1671 59.5 6 8.3 178 6 7 24.6 6 2.5 NA 100.0 9.2 7.0 6 6.1

PLCO (27–29)

Case 691 65.0 6 4.9 178 6 6 27.1 6 3.6 87.1 44.0 6.7 16.6 6 30.7

Control 842 64.8 6 4.7 178 6 7 27.4 6 3.9 86.7 42.6 9.0 16.7 6 29.8

ProtecT (30)

Case 1402 62.1 6 5.0 176 6 7 26.8 6 3.5 NA NA 14.6 24.2 6 25.2

Control 1421 61.9 6 5.0 176 6 7 26.9 6 3.8 NA NA 12.9 24.1 6 25.4

SU.VI.MAX (31)

Case 85 55.2 6 4.5 173 6 7 25.8 6 3.1 94.0 34.5 14.5 25.6 6 21.2

Control 298 55.0 6 4.5 174 6 6 25.5 6 2.8 87.0 37.0 12.8 27.1 6 20.6

1The cases and controls are nested in prospective studies, and the numbers of cases and controls are based on the number in complete matched sets for

retinol plus HPFS participants in complete matched sets for b-carotene. ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study; CARET,

b-Carotene and Retinol Efficacy Trial; EPIC, European Prospective Investigation into Cancer and Nutrition; FMC, Finnish Mobile Clinic Health Examination

Survey; HPFS, Health Professionals Follow-Up Study; MCCS, Melbourne Collaborative Cohort Study; MEC, Multiethnic Cohort; NA, data not available for

this study; PCPT, Prostate Cancer Prevention Trial (placebo arm only); PHS, Physicians’ Health Study; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer

Screening Trial (screening arm only); ProtecT, Prostate testing for cancer and Treatment trial; SU.VI.MAX, SUpplémentation en VItamines et Minéraux
Anti-oXydants trial.

2Mean 6 SD (all such values).
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unchanged after further adjustment for total cholesterol (results
not shown). g-Tocopherol was not associated with risk, and
analyses grouping men according to both a-tocopherol and
g-tocopherol did not show any interaction (results not shown;
P-interaction = 0.27).

The results of analyses without adjustment for anthropometric
and lifestyle factors (i.e., with allowance only for the matching
variables) are shown in Supplemental Figure 1; the unadjusted
(matched) results were broadly similar to the fully adjusted re-
sults for most biomarkers, with the exception that in the un-
adjusted results, both a-carotene and b-carotene were positively
associated with prostate cancer risk [ORs in top fifth of 1.10
(95% CI: 0.98, 1.23), P-trend = 0.024 and 1.10 (95% CI: 1.00,
1.20), P-trend = 0.028, respectively).

Adjusted risk analyses were also performed with the fifths
defined by using the quintile cutoffs determined for controls
across all studies combined (shown in Supplemental Figure 2),
with results qualitatively similar to those shown in Figure 1 that
used study-specific quintiles. In these analyses, the ORs for men
in the highest fifths of retinol and a-tocopherol were 1.16 (95%
CI: 1.06, 1.27) and 0.88 (95% CI: 0.80, 0.97), respectively.

Supplemental Figures 3–12 show the relations of the bio-
markers with prostate cancer risk for the individual studies, to-
gether with overall estimates and tests for heterogeneity between
studies. It should be noted that because of the small number of
cases in some studies and missing data on some covariates, these
analyses are not adjusted for anthropometric and lifestyle fac-
tors; therefore, the all-study results shown in these figures differ
slightly from those shown in Figure 1 (but are the same as the
unadjusted results from prospective studies shown in Supple-
mental Figure 1). For retinol, there was evidence of heteroge-
neity between the prospective studies and the cross-sectional
ProtecT study: the OR for an 80% increase in retinol was 1.13
(95% CI: 1.05, 1.22) in the prospective studies, 0.86 (95% CI:
0.69, 1.08) in ProtecT, and 1.10 (95% CI: 1.02, 1.18) overall,
P-heterogeneity by study design = 0.027 (Supplemental Figure
10). There was no evidence of heterogeneity between studies in
the association of any of the other biomarkers with prostate
cancer risk.

Subgroup analyses by clinical and other characteristics

The relations of the biomarkers with risk subdivided by
clinical and other characteristics are shown in Figures 2, 3, and 4
for lycopene, retinol, and a-tocopherol, respectively, and in
Supplemental Figures 13–19 for all other biomarkers (these
results are adjusted for age, height, BMI, educational attainment,
marital status, and smoking). For lycopene (Figure 2), the asso-
ciation with prostate cancer risk varied significantly by stage and
aggressiveness of the disease: OR for an 80% increase was 0.73
(95% CI: 0.54, 0.99), P-heterogeneity = 0.036, for advanced
disease and 0.72 (95% CI: 0.53, 0.97), P-heterogeneity = 0.025,
for aggressive disease. Lycopene was associated with a reduction
in overall risk of prostate cancer for cases diagnosed before 1990
(OR: 0.57; 95% CI: 0.37, 0.87) but not in cases diagnosed later
(P-heterogeneity between the 4 categories of year of diagnosis =
0.078).

For retinol, the association with prostate cancer risk did not
vary by stage, aggressiveness, or grade of disease (Figure 3).
Retinol was significantly positively associated with risk in menT
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aged at least 70 y at diagnosis but not in men diagnosed at
a younger age (P-heterogeneity = 0.004), positively associated
with risk in men with PSA,2 ng/mL at blood collection but not
in men with higher PSA (P-heterogeneity = 0.024), and
positively associated with risk in men with a family history
of prostate cancer but not in men without a family history
(P-heterogeneity = 0.014).

a-Tocopherol was inversely associated with risk of advanced
and aggressive prostate cancer [ORs for 80% increase: 0.71

(95% CI: 0.57, 0.88) and 0.70 (95% CI: 0.58, 0.86), re-
spectively] but not with localized or nonaggressive disease
(P-heterogeneity = 0.019 and 0.014, respectively; Figure 4).
The inverse association of a-tocopherol with risk was significant
in current smokers and past smokers but not in nonsmokers, but
this was not a statistically significant difference (P-heterogeneity =
0.240, Figure 4); we also examined the association of
a-tocopherol with risk subdivided by smoking in 2 categories:
the ORs were 0.99 (95% CI: 0.82, 1.18) for never smokers and

FIGURE 1 ORs for prostate cancer associated with carotenoids, retinol, and tocopherols. The black squares indicate the ORs in study-specific fifths, and
the horizontal lines show the 95% CIs. The area of each square is proportional to the amount of statistical information (inverse of the variance of the logarithm
of the OR). The diamonds show the OR for an increase in concentration from the 10th to the 90th percentile, and the widths of the diamonds show the 95%
CIs. The x2 tests for linear trend (Ptr) were calculated scoring the fifths as 0, 0.25, 0.5, 0.75, and 1. Estimates are from conditional logistic regression on case-
control sets matched within each study and adjusted for age, marital status, educational attainment, smoking, height, and BMI.
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0.83 (95% CI: 0.75, 0.91) for current and past smokers together
(P-heterogeneity = 0.093).

There was also some evidence of heterogeneity between sub-
groups for a-carotene, lutein, and zeaxanthin. a-Carotene was
positively associated with the risk of high-grade disease (OR for
an 80% increase: 1.64; 95% CI: 1.12, 2.39) but not low-grade
disease, P-heterogeneity = 0.012; with the risk of prostate cancer
for men from whom blood was collected before age 60 y (OR for
an 80% increase: 1.24; 95% CI: 1.05, 1.47) but not for men with
blood collected at age $60 y, P-heterogeneity = 0.022; and with
risk of prostate cancer in past smokers (OR for an 80% increase:
1.20; 95% CI: 1.04, 1.38) but not in never or current smokers,
P-heterogeneity = 0.041 (Supplemental Figure 13). Lutein was

inversely associated with the risk of prostate cancer diagnosed
before age 60 y (OR for an 80% increase: 0.60; 95% CI: 0.41,
0.87) but not for cancers diagnosed at age$60 y, P-heterogeneity =
0.013 (Supplemental Figure 15). Zeaxanthin was positively as-
sociated with risk for men with a BMI ,25 (OR for an 80%
increase: 1.32; 95% CI: 1.02, 1.71) but not for overweight or
obese men, P-heterogeneity = 0.047 (Supplemental Figure 16).

Analyses of the risk of aggressive prostate cancer in study-
specific fifths of concentration for all biomarkers are shown in
Figure 5; there were inverse associations with lycopene (OR in
top fifth: 0.65; 95% CI: 0.46, 0.91) and a-tocopherol (OR in top
fifth: 0.74; 95% CI: 0.59, 0.92), and no statistically significant
associations with the other carotenoids, retinol, or g-tocopherol.

FIGURE 2 ORs for prostate cancer associated with lycopene concentration, according to characteristics of cases and controls. Each OR is the estimate of
the linear trend obtained by replacing the categorical variables representing the fifths of lycopene concentration in controls by a continuous variable scored as
0, 0.25, 0.5, 0.75, and 1. Black squares indicate the OR, and the horizontal lines show the 95% CIs. The area of each square is proportional to the amount of
statistical information (inverse of the variance of the logarithm of the OR). The vertical dotted line indicates the OR for all studies. Tests for heterogeneity are
for the difference in the association of lycopene with prostate cancer risk between subgroups. Estimates are from conditional logistic regression on case-
control sets matched within each study and adjusted for age, marital status, educational attainment, smoking, height and BMI. PSA, prostate-specific antigen.
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Similar analyses using overall cutoffs instead of study-specific
cutoffs produced similar results: ORs in top fifth were 0.65 (95%
CI: 0.46, 0.92) for lycopene and 0.70 (95% CI: 0.55, 0.90) for
a-tocopherol (Supplemental Figure 20).

Cross-sectional analyses of the associations of the biomarkers
with participant characteristics for control men are provided in
Supplemental Figures 21–30. Geometric mean concentrations
of lycopene were positively associated with higher educational
achievement; were relatively low for men who were not married or
cohabiting, men with a high BMI, and men who were current
smokers; and were higher in moderate alcohol consumers than in
men who consumed no alcohol or men who consumed a lot of
alcohol (Supplemental Figure 23). Geometric mean concentrations

of retinol were positively associated with educational attain-
ment and alcohol intake and were relatively low for men with
a low BMI and men who were current smokers (Supplemental
Figure 28). Geometric mean concentrations of a-tocopherol were
positively associated with educational attainment and were rel-
atively low for men who were not married or cohabiting, men
with a low BMI, and men who were current smokers (Supple-
mental Figure 29).

DISCUSSION

Lycopene was not associated with overall prostate cancer risk
but was inversely associated with risk of advanced stage and

FIGURE 3 ORs for prostate cancer associated with retinol concentration, according to characteristics of cases and controls. Each OR is the estimate of
the linear trend obtained by replacing the categorical variables representing the fifths of retinol concentration in controls by a continuous variable scored as 0,
0.25, 0.5, 0.75, and 1. Black squares indicate the OR, and the horizontal lines show the 95% CIs. The area of each square is proportional to the amount of
statistical information (inverse of the variance of the logarithm of the OR). The vertical dotted line indicates the OR for all studies. Tests for heterogeneity are
for the difference in the association of retinol with prostate cancer risk between subgroups. Estimates are from conditional logistic regression on case-control
sets matched within each study and adjusted for age, marital status, educational attainment, smoking, height and BMI. PSA, prostate-specific antigen.
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aggressive disease. Lycopene was also significantly inversely
associated with risk of prostate cancers diagnosed before 1990
(i.e., before the widespread use of PSA testing). Lycopene might
reduce prostate cancer risk by various mechanisms such as by
acting as an antioxidant or by inhibiting the cell cycle (1, 2), and
further research on the relation of lycopenewith prostate cancer is
warranted (10).

For the other 6 carotenoids examined, there was no statisti-
cally significant association with overall risk of prostate cancer.
a-Carotene and b-carotene were weakly positively associated
with risk in the unadjusted analyses, but these associations were
attenuated and no longer statistically significant after adjustment

for anthropometric and lifestyle factors. There was some evi-
dence of heterogeneity in associations for a-carotene (with
grade of disease and age at blood collection), lutein (with age at
diagnosis), and zeaxanthin (with BMI), but these differences
may be due to chance.

Retinol was statistically significantly associated with prostate
cancer overall, with a 13% higher risk in men with high retinol
concentrations than in those with low concentrations. There was
significant heterogeneity between the prospective studies and the
cross-sectional ProtecT study, and when ProtecT was excluded,
the overall association with retinol was increased to a 16% higher
risk in men with high retinol concentrations than in those with

FIGURE 4 ORs for prostate cancer associated with a-tocopherol concentration, according to characteristics of cases and controls. Each OR is the
estimate of the linear trend obtained by replacing the categorical variables representing the fifths of a-tocopherol concentration in controls by a continuous
variable scored as 0, 0.25, 0.5, 0.75, and 1. Black squares indicate the OR, and the horizontal lines show the 95% CIs. The area of each square is proportional
to the amount of statistical information (inverse of the variance of the logarithm of the OR). The vertical dotted line indicates the OR for all studies. Tests for
heterogeneity are for the difference in the association of a-tocopherol with prostate cancer risk between subgroups. Estimates are from conditional logistic
regression on case-control sets matched within each study and adjusted for age, marital status, educational attainement, smoking, height and BMI. PSA,
prostate-specific antigen.
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low concentrations. This positive association of retinol with
prostate cancer risk is difficult to interpret. Retinol concentrations
are quite closely controlled by homeostasis and in well-nourished
populations do not correlate strongly with vitamin A intake; for
example, in ATBC, the correlation of dietary vitamin A intake
with serum retinol was 0.05 (11). The association of retinol with
prostate cancer risk may or may not reflect a causal relation; high
concentrations of retinol might have adverse effects on the
prostate, for example, through the insulin-like growth factor I
receptor (42) or by antagonizing vitamin D (43), and it is also

possible that retinol concentrations are associated with other
unidentified metabolic risk factors for prostate cancer that should
be explored further.

a-Tocopherol was statistically significantly inversely associ-
ated with prostate cancer risk, and this relation appeared to be
restricted to advanced and aggressive prostate cancer, for which
risk was about 25% lower in men in the highest compared with
lowest fifth of the distribution of a-tocopherol. g-Tocopherol
was not associated with risk. The ATBC trial reported in 1998
that prostate cancer risk was lower for men who received

FIGURE 5 ORs for aggressive prostate cancer associated with carotenoids, retinol, and tocopherols. The black squares indicate the ORs in study-specific
fifths, and the horizontal lines show the 95% CIs. The area of each square is proportional to the amount of statistical information (inverse of the variance of the
logarithm of the OR). The diamonds show the OR for an increase in concentration from the 10th to the 90th percentile, and the widths of the diamonds show
the 95% CIs. The x2 tests for linear trend (Ptr) were calculated by scoring the fifths as 0, 0.25, 0.5, 0.75, and 1. Estimates are from conditional logistic
regression on case-control sets matched within each study and adjusted for age, marital status, educational attainment, smoking, height and BMI.
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a moderate, 50-IU supplemental dose/d of a-tocopherol than for
those who did not (44), but subsequent randomized controlled
trials found no reduction in prostate cancer risk for men given
substantially higher doses of a-tocopherol (e.g., 400 IU/d) (45–48),
and longer follow-up of the Selenium and Vitamin E Cancer
Prevention Trial (SELECT) showed a significant 17% increase in
risk of overall prostate cancer (most of which were early-stage,
low-intermediate grade prostate cancer) for men given supple-
ments of vitamin E alone (49). The ATBC trial reported that the
reduction in risk was present for clinical cancer but not for latent
cancers, which is consistent with our observation that the inverse
association of a-tocopherol with risk was restricted to more ad-
vanced/aggressive disease (44), but the other trials did not report
their results by stage of disease, and most of the cases in these
trials were early stage (e.g., in the longer follow-up of the SE-
LECT trial, ,1% of cases had a T stage .2) (49). It should also
be noted that all the men in ATBC were smokers, whereas the
prevalence of smoking was low in the other trials, so it is possible
that any effect of a-tocopherol may be influenced by smoking; in
the current analyses, there was a significant inverse association of
a-tocopherol with risk in current smokers and past smokers but
not in nonsmokers, but this was not a significant difference.
The recent trials indicate that high doses of supplemental
a-tocopherol for a few years in middle-aged and elderly men
do not reduce the risk of overall, largely PSA-detected prostate
cancer, but it remains possible that relatively high intakes of
dietary constituents rich in a-tocopherol might have some
beneficial impact on the development of advanced prostate
cancer. Alternatively, circulating a-tocopherol concentrations
may be inversely associated with unidentified metabolic risk
factors for prostate cancer.

The analyses described are based on a large amount of in-
dividual participant data, providing enough power to examine
associations of the nutritional biomarkers with prostate cancer
risk overall and for subgroups. Data were available for up to
w11,000 cases, representing most of the worldwide data, since
the 5 studies from which data were not obtained included a total
of only 420 cases. Data were also available for several potential
confounding factors, although we did not have enough nonwhite
participants to provide reliable results for nonwhite ethnic
groups. A caveat in the interpretation of the results is that we
conducted many significance tests, especially for the subgroup
analyses, and therefore some of the nominally significant results
may be due to chance.

The main limitations of these analyses concern the differences
between studies in design and in laboratory measures. PSA
testing became widespread in the general population in many
countries from the early 1990s onward, but use has varied be-
tween populations, whereas PSA screening was used system-
atically in 3 of the collaborating studies (PCPT, PLCO, and
ProtecT). Most PSA-detected cancers are nonadvanced, and
many are biologically indolent; therefore, the results reported for
advanced-stage and aggressive cancers are of particular interest
(10), although there might be some bias for these cases if men
with a less health-conscious lifestyle are more likely to be di-
agnosed later in the course of the disease.

The biomarker measures for each study were all based on
HPLC platforms but in different laboratories. Therefore, some of
the differences in mean concentrations between studies may be
due to between-laboratory variation, as well as differences in diet

and other factors that affect the biomarkers. Our main analyses
combined the data from different studies by using study-specific
cutoffs, an approach that assumes that there are not large true
differences in concentrations between studies and therefore that
for any association with risk, the RRs across fifths of the dis-
tribution are similar in the different studies (50). As an alter-
native, we also report the main analyses by using cutoffs across
all studies, an approach that makes the assumption that there is
little variation between laboratories. The results from these 2
approaches were similar. In analyses of circulating carotenoids
and breast cancer risk from 8 prospective studies, Eliassen et al.
(51) reassayed 20 samples from each study and stated that their
results were fairly consistent and robust regardless of whether
they pooled study-specific RRs or calculated RRs from pooled
recalibrated data.

Another limitation of the analyses is that they are based on
only one blood sample for each participant. Several studies have
investigated the reliability of these biomarkers over a few years.
For example, the correlations between measures from 2 samples
from the same individuals have been reported as 0.68 for retinol
over 3 y (11), 0.44–0.46 for b-carotene and retinol over 4 y (19),
and 0.35–0.52 for carotenoids, 0.58 for retinol, and 0.48–0.61
for tocopherols over 15 y (52). These reports suggest that single
measures of these biomarkers provide moderately reliable in-
formation on usual concentrations over a few years but that any
true associations with risk are likely to be underestimated.

In summary, the results from this large collaborative pooled
analysis showed inverse associations of lycopene and a-tocopherol
with risk of aggressive prostate cancer, as well as a positive as-
sociation between retinol and overall prostate cancer risk. It is
not clear whether these associations indicate any causal re-
lations; therefore, to determine whether they are clinically rel-
evant, more laboratory and clinical research is needed on the
effects of these compounds on the behavior of prostate cancer
cells and tissue.
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