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Abstract
Purpose—The safety of antioxidant supplements during radiation therapy (RT) for cancer is
controversial. Antioxidants could potentially counteract the pro-oxidant effects of RT and
compromise therapeutic efficacy. We performed a prospective study nested within the Physicians'
Health Study (PHS) randomized trial to determine if supplemental antioxidant use during RT for
prostate cancer is associated with an increased risk of prostate cancer death or metastases.

Methods and Materials—383 PHS participants received RT for prostate cancer while
randomized to beta-carotene (50 mg on alternate days), or placebo. The primary endpoint was
time from RT to lethal prostate cancer, defined as prostate cancer death or bone metastases. The
Kaplan-Meier method was used to estimate survival probabilities, and the log-rank test to compare
groups. Cox proportional hazards regression was used to estimate the effect of beta-carotene
compared with placebo during RT.

Results—With a median follow-up of 10.5 years, there was no significant difference in risk of
lethal prostate cancer with use of beta-carotene during RT compared with placebo (HR=0.72; 95%
CI, 0.42 to 1.24; P=0.24). After adjusting for age at RT, PSA, Gleason score, and clinical stage,
the difference remained non-significant. The 10-year freedom from lethal prostate cancer was 92%
(95% CI, 87-95%) in the beta-carotene group and 89% (95% CI, 84-93%) in the placebo group.
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Conclusion—Use of the supplemental antioxidant, beta-carotene, during RT was not associated
with an increased risk of prostate cancer death or metastases. This study suggests a lack of harm
from supplemental beta-carotene during radiation therapy for prostate cancer.

Keywords
Antioxidants; prostate cancer; vitamins; beta-carotene; outcomes

Introduction
Many cancer patients use supplemental vitamins and antioxidants (1, 2), but the safety of
such supplements during cancer therapy is controversial (3-7). Both radiation therapy and
many chemotherapeutic drugs rely on pro-oxidant effects on DNA as a key mechanism to
induce tumor cell death. Supplemental antioxidants such as beta-carotene, vitamin E,
vitamin C, and selenium may potentially attenuate the oxidizing effect of radiation therapy
and decrease treatment efficacy, thereby leading to cancer recurrence.

Several in vitro studies demonstrate the ability of antioxidants to promote resistance to
radiotherapy (8-10). Moreover, clinical studies demonstrate that supplemental antioxidants
can lessen radiation side effects such as mucositis and skin fibrosis (11-13), consistent with
the theory that antioxidants provide radioprotection to normal tissues. Fewer clinical studies
have attempted to assess a decrement in tumor control with use of supplemental antioxidants
during radiation therapy. The largest study assessed the association between antioxidant use
and risk of a second primary cancer in 540 head and neck cancer patients randomized to
placebo or vitamin E and beta-carotene during radiation. The antioxidant arm had decreased
toxicities from therapy compared to placebo, but experienced a non-significant increase in
local recurrences (11).

We therefore performed a prospective study of randomized Physicians' Health Study
participants who received radiation therapy for prostate cancer while randomly allocated to
either placebo or beta-carotene. We tested the hypothesis that use of the dietary antioxidant,
beta-carotene, during radiation therapy is associated with the risk of prostate cancer death or
metastases.

Methods and Materials
Study Population

The study population comprised a cohort of men treated with radiation therapy for prostate
cancer while enrolled in the Physicians' Health Study (14-16) and randomized to either beta-
carotene or placebo, from 1982 – 2003. The Physicians' Health Study (PHS) I was a
randomized double-blind, factorial trial testing aspirin and beta-carotene (50 mg on alternate
days) in the primary prevention of cardiovascular disease and cancer among 22,071 men
ages 40-84 at baseline in 1982, and free from diagnosed cancer at enrollment. The original
trial showed that after a mean of 12 years of treatment and follow-up, beta-carotene was not
associated with total cancer or prostate cancer incidence (14). At the completion of PHS I,
7,641 participants entered the PHS II and maintained their original beta-carotene
randomization assignment. An additional 7,000 new participants were enrolled into PHS II,
a randomized double-blind, placebo-controlled factorial trial testing the effect of beta-
carotene, vitamin E, vitamin C, and multivitamin-use on the incidence of cardiovascular
disease and cancer. The beta-carotene arm of PHS II was continued until 2003. Participants
were asked not to take additional supplements containing more than 100% of the
recommended daily allowance of beta-carotene, or vitamin A, for the duration of PHS I and
II.
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Participants were followed with yearly questionnaires and postcards at 6 month intervals to
ascertain endpoints, including prostate cancer. When a participant reported a diagnosis of
cancer, we requested hospital records and pathology reports. Study physicians verified all
reports of prostate cancer by the participants and reviewed medical records and pathology
reports to determine the Gleason score, grade, stage, and prostate specific antigen (PSA) at
diagnosis. Clinical stage was reported according to the TNM staging system. Participants
continue to be followed for prostate cancer outcomes; this analysis includes follow-up
through March 2009. For this study, we excluded participants with prostatectomy prior to
radiation therapy or who had metastatic disease at the time of radiation therapy. This study
was approved by the Institutional Review Board of Brigham and Women's Hospital and
Harvard School of Public Health, Boston, MA.

The primary exposure was use of beta-carotene versus placebo at the time of radiation
therapy, as determined by randomization in the PHS trial. The date of radiation therapy
initiation, and type of radiation (external beam, brachytherapy, or both) was ascertained by
self-report and medical records, where possible. Among these physician participants, such
self-reports were highly accurate.

Long-term compliance with beta-carotene and placebo was high during PHS I. At the end of
the PHS I trial, 80% of participants in both the beta-carotene group and the placebo group
were still taking the study pills. In addition, 6% of participants in the placebo group reported
taking supplemental beta-carotene or Vitamin A. In a subset of PHS participants in the
Boston area, we conducted unannounced visits to study participants' offices to draw blood
for beta-carotene assays, and found a significant correlation with participant reported
compliance (r=0.69, P<0.001) (14).

Endpoints
The primary endpoint was time from radiation therapy initiation to lethal prostate cancer,
defined as the date of death from prostate cancer or participant-reported bone metastases
among living participants. The endpoint was chosen because of its clinical relevance and
because it was unlikely to be subject to misclassification. Cases were censored at the date of
last follow-up or death from another cause. Deaths were verified by death certificates and
cause of death assigned after review of death certificates, medical records, and information
from the family. Metastases were verified with medical records. Follow-up for mortality was
99% complete for the PHS cohort.

Statistical Analysis
We evaluated clinical characteristics to characterize the population, describing continuous
variables as medians, and comparing them using the Wilcoxon rank-sum test. Differences in
frequencies of categorical variables were compared using the Fisher's Exact test. We used
the Kaplan Meier method to estimate survival probabilities and the Mantel-Haenszel log-
rank test to compare groups. Cox proportional hazards regression was used to estimate crude
and adjusted hazard ratios and 95% confidence intervals among those who received
radiation therapy while randomized to beta-carotene, compared with those who received
radiation therapy while randomized to placebo. Prior to analysis, we planned to adjust for
age at treatment (continuous), Gleason score (treated as an ordinal categorical variable with
categories of Gleason 2-6, Gleason 7, and Gleason 8-10), PSA at diagnosis (continuous),
and clinical T-stage (treated as a binary variable of T1/2 or T3/T4N1). A missing data
indicator was used for missing PSA, Gleason score, and T-stage values. The proportional
hazards assumption was verified graphically using the log -log survival curves and
statistically using Schoenfeld residuals. Tests of interaction incorporated both the
multiplicative interaction term and main effects in the multivariate model. Significant
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heterogeneity was determined using the Wald test. The statistical analysis was conducted
using SAS version 9 (SAS Institute, Cary, NC), and P<.05 (two-sided) was considered
statistically significant.

Results
Participant Characteristics

Table 1 shows the characteristics of the 383 participants who received radiation therapy for
prostate cancer while randomized to either placebo (N=191) or beta-carotene (N=192). The
median age at diagnosis and treatment was 73 years of age. Groups had similar
characteristics except for the distribution of low grade Gleason score; the beta-carotene
group had a higher proportion of participants with Gleason score ≤6 than the placebo group.

We investigated the association of beta-carotene with Gleason score and clinical stage
among all participants in PHS who were diagnosed with prostate cancer (N=1,734;
supplementary Table e1, www.redjournal.org) while randomized to beta-carotene or
placebo, regardless of initial therapy. In this larger cohort of participants, clinical variables
were evenly distributed between the beta-carotene and placebo groups. With a median
follow-up of 13.9 years for living participants (range 6.9-27.2), beta-carotene use was not
associated with prostate cancer death or metastases in this larger cohort (HR 1.01; 95% CI
0.81 -1.27).

Primary Outcome
During a median follow-up of 10.5 years, we confirmed 53 primary events (Table 2),
including 45 deaths from prostate cancer and 8 cases of metastatic disease among living
participants, and 119 deaths from other causes. Figure 1 shows the Kaplan Meier survival
probability plots. We found no significant difference in the primary endpoint of time to
lethal prostate cancer between participants who received beta-carotene and those that
received placebo during radiation therapy (HR 0.72, 95% CI 0.42-1.24). After adjusting for
age at treatment, Gleason score, PSA, and clinical stage, the results were similar, though
with wider confidence intervals (HR 0.85, 95% CI 0.49-1.50). Gleason score, PSA at
diagnosis, and clinical stage were significant independent predictors of lethal prostate cancer
(Table 3). The hazard ratio changed minimally when radiation modality (external beam,
brachytherapy, and both) was added to the multivariate model (HR 0.76, 95% CI 0.43-1.35)
since radiation modality was evenly distributed between groups.

To examine whether antioxidant use during other treatment modalities was associated with
the subsequent risk of lethal prostate cancer, we compared the results for radiation therapy
with findings among men treated with prostatectomy (n=690). Men treated with
prostatectomy (supplementary Table e2, www.redjournal.org) tended to be younger than
those treated with radiation therapy, with a median age of 65.6 years, and clinical
characteristics were well balanced by treatment assignment. During a median follow-up of
14.8 years, we ascertained 17 lethal cases in the placebo arm and 35 in the beta-carotene
arm, (HR 1.92; 95% CI 1.08-3.43, P=0.03). However, after adjustment for age at diagnosis,
Gleason score, clinical stage, and PSA at diagnosis, we no longer observed a significant
difference in lethal prostate cancer between the beta-carotene and placebo groups among
prostatectomy-treated participants (HR 1.54; 95% CI 0.86-2.78; P=0.15).

Effect Modification
We hypothesized that the effect of beta-carotene use during radiation may differ by type of
radiation therapy. The antioxidant effect of beta-carotene may attenuate the effect of
external beam radiation more than brachytherapy, which delivers a higher effective dose to
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the prostate gland. The effect of beta-carotene use during radiation did not differ
significantly between external beam radiation therapy or brachytherapy (Pinteraction=0.52),
but we had inadequate statistical power to detect a small to moderate interaction.

Discussion
Despite several decades of preclinical and clinical research, there is still no consensus
regarding the safety of supplementary antioxidant use during radiation therapy. In a
prospective study, we found no significant difference in lethal outcomes among 383 PHS
participants who received radiation therapy for prostate cancer while randomized to the
antioxidant, beta-carotene, or placebo (HR=0.72; 95% CI, 0.42 to 1.24; P=0.24).
Antioxidants have been extensively studied for chemoprevention of prostate cancer with the
primary rationale of reducing oxidative DNA damage. Three large, randomized, double-
blind, placebo-controlled trials, including the Physicians' Health Study, the Beta-Carotene
and Retinol Efficacy Trial (CARET), and the Alpha-Tocopherol, Beta Carotene Cancer
Prevention Study (ATBC), showed no significant association of beta-carotene with cancer
incidence (14, 17, 18). Both the ATBC and CARET trials, conducted among smokers,
demonstrated an increased risk of incident lung cancer in the beta-carotene arms compared
to placebo. Frequent explanations for this positive association between beta-carotene and
incident lung cancer among smokers include: (1) beta-carotene may act as a pro-oxidant in
oxygen-rich environments (19, 20) and (2) antioxidants may promote survival of cells that
have already acquired malignant characteristics (9).

Far fewer studies have assessed the impact of antioxidants during radiation therapy to
address the potential interaction between antioxidant supplements and pro-oxidant therapy.
The most rigorous study (11) was a randomized double-blind placebo-controlled trial of α-
tocopherol (400 IU daily) and beta-carotene (30 mg daily) versus placebo in head and neck
cancer patients. The primary outcome was incidence of second malignancies after radiation
therapy. The study showed a nonsignificant increase in cancer recurrence among patients
treated with radiation and supplemental antioxidants (HR, 1.37; 95% CI 0.93 to 2.02) (11).
However, this risk was limited to the 164 patients that smoked during radiation therapy (HR
2.41; 95% CI 1.25-4.64). Antioxidant use among the 370 non-smokers was not associated
with the risk of recurrence (HR 1.07; 95% CI 0.68-1.68) (21).

What factors may account for the lack of harm seen in our study when participants received
radiotherapy while randomized to beta-carotene or placebo? In order to attenuate the effect
of free-radicals induced by radiation, a sufficient antioxidant concentration in the prostate
tissue would be required to scavenge a large proportion of the free radicals generated by
ionizing radiation. The mean concentration of beta-carotene in non-malignant prostate tissue
ranges from 0.24-0.48 nanomoles per gram (22, 23) and is estimated to be slightly higher in
malignant tissue (22). The supraphysiologic concentration of reactive oxygen species
generated by therapeutic radiation may greatly exceed the tissue concentration of beta-
carotene, limiting the ability of beta-carotene to attenuate the radiation effect. In vitro
studies typically use micromolar or millimolar concentrations of antioxidants to demonstrate
a radioprotective effect. Such concentrations are unlikely to be achieved in vivo.

The tumor microenvironment may also influence the biologic effect of antioxidants. Beta-
carotene acts as a pro-oxidant at elevated partial pressures of oxygen (19). Varying degrees
of tumor hypoxia both within a tumor and between different tumor types (eg. head and neck
cancer compared to prostate cancer) may alter the antioxidant properties of beta-carotene,
and its effectiveness in scavenging free radicals.
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The study has several strengths including the randomized exposure status, large sample size,
duration of follow-up, and use of lethal outcomes as the endpoint. Furthermore, we
demonstrated good compliance with beta-carotene use. We could not exclude the possibility
that participants temporarily discontinued the study supplement during the course of
radiation therapy. The double-blind design of the PHS also prevents bias that would occur
due to differential care or follow-up in the antioxidant arm. This study provides the largest
study to date examining the effect of concurrent antioxidant use with radiation on cancer
mortality as the primary outcome. The long follow-up and complete endpoint ascertainment
are particularly important in the study of prostate cancer with its long natural history.

Several limitations should be noted. We lack detailed information on the participants' dietary
sources of antioxidants, use of concurrent androgen deprivation therapy, and rate of local
tumor recurrence. Therefore, we were unable to study the association between antioxidant
use and local tumor recurrence after radiation therapy. Many study participants were treated
in the pre-PSA era, or did not report PSA-failure despite verified prostate cancer specific
death, limiting our ability to reliably assess biochemical failure as an endpoint. The use of
salvage hormonal therapy and details regarding radiation dose and technique was not
consistently ascertained by the follow-up questionnaires and therefore we were not able to
assess these clinical variables. It is conceivable that if there were differences in clinical
variables such radiation dose and technique, or use of definitive or salvage hormonal
therapy, that this may result in bias. However, since this study was nested within a
randomized trial, such clinical variables are likely to be similarly distributed between the
placebo and beta-carotene groups.

We recognize that the results of this study may not be generalizable to all tumors types
treated with radiation therapy. Different tissues may have variable levels of antioxidants,
tumor hypoxia, and other factors which may influence the interaction between antioxidants
and radiation therapy. Other commonly used dietary antioxidants, such as vitamin E and
vitamin C, deserve further study to determine their safety with concurrent radiation therapy.

In summary, our data show that the use of supplemental beta-carotene during radiation
therapy, at doses commonly found in nutritional supplements, is not associated with the risk
of prostate cancer death or metastases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Freedom from lethal prostate cancer, Physicians' Health Study, 1982-2010.
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Table 1

Participant characteristics.*

Characteristic Placebo
(N=191)

Beta-carotene
(N=192) P

Age at diagnosis - yrs

 Median [IQR] 73 [69,76] 73 [68, 76] 0.90

Age at treatment - yrs

 Median [IQR] 73 [69, 76] 73 [68, 76] 0.82

Gleason Score – no (%) 0.08

 2-6 105 (55) 128 (67)

 7 52 (27) 42 (22)

 8-10 31 (16) 21 (11)

 Missing 3 (2) 1 (1)

Clinical Stage – no (%) 0.86

 T1/2 163 (85) 169 (88)

 T3 15 (8) 13 (7)

 T4 or N1 5 (3) 6 (3)

 Missing 8 (4) 4 (2)

PSA – ng/ml

 Median [IQR] 8.2 [5.5, 15.8] 7.1 [5.6, 13.0] 0.29

 Missing (%) 46 (24) 40 (21)

Radiation Type – no (%) 0.73

 External beam 129 (68) 133 (69)

 Brachytherapy 39 (20) 40 (21)

 Both 21 (11) 16 (8)

 Unknown/missing 2 (1) 3 (2)

*
Percentages may not total 100 because of rounding.
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Table 2

Events in the study cohort at a median follow-up of 10.5 years (range 0.3-27.2) for all participants and 10.5
years (range 7.0-27.2) for living participants.

Event
Placebo
(N=191)

Beta-carotene
(N=192)

no. of events

Primary endpoint* 31 22

 Bone Metastases 6 2

 Prostate cancer death 25 20

Non-prostate cancer death 63 56

*
The primary endpoint is defined as prostate cancer death or metastases.
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Table 3

Predictors of lethal prostate cancer among 383 participants treated with radiation therapy for prostate cancer
during the Physicians' Health Study.

Variable Referent HR 95% CI P

Univariate

Beta-carotene Placebo 0.72 0.42-1.24 0.24

Multivariate Model

Beta-carotene Placebo 0.85 0.49-1.50 0.58

Age at treatment Per year increase 1.06 1.01 -1.11 0.03

Gleason Score (GS) GS 8-10 v. GS 7 v. GS 2-6 2.67 1.89-3.77 <0.001

PSA at Diagnosis Per unit PSA increase 1.02 1.01-1.03 0.003

Clinical Stage T3/4 or N1 v. T1/2 3.09 1.63-5.85 <0.001
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