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Abstract

Background—Though the relationship between smoking and prostate cancer risk is inconsistent,
some studies show smoking is associated with prostate cancer mortality. Whether this reflects
delayed diagnosis or direct smoking-related effects is unknown. REDUCE, which followed
biopsy-negative men with protocol-dictated PSA-independent biopsies at 2- and 4-years, provides
an opportunity to evaluate smoking and prostate cancer diagnosis with minimal confounding from
screening biases.

Methods—L ogistic regression was conducted to test the association between smoking and cancer
on the first on-study biopsy (no cancer, low-grade Gleason 4-6, high-grade Gleason 7-10) in
REDUCE.

Results—Of 6,240 men with complete data and =1 on-study biopsy, 2,937 (45.8%) never
smoked, 929 (14.5%) were current smokers, and 2,554 (39.8%) were former smokers. Among
men with negative first on-study biopsies, smokers were 36% less likely to receive a second on-
study biopsy (p<0.001). At first on-study biopsy, 941 (14.7%) men had cancer. Both current and
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former smoking were not significantly associated with either total or low-grade prostate cancer (all
p>0.36). Current (OR=1.44, p=0.028) but not former smokers (OR=1.21, p=0.12) were at
increased risk of high-grade disease. On secondary analysis, there was an interaction between
smoking and BMI (p-interaction=0.017): current smokers with BMI <25 had increased risk of
low- (OR=1.54, p=0.043) and high-grade disease (OR=2.45, p=0.002), with null associations for

Conclusion—Among men with elevated PSA and negative pre-study biopsy in REDUCE, in
which biopsies were largely PSA-independent, smoking was unrelated to overall prostate cancer
diagnosis but was associated with increased risk of high-grade prostate cancer.

Prostate cancer; smoking; REDUCE

INTRODUCTION

In 2014, it was estimated there will be 233,000 men would be newly diagnosed with prostate
cancer (1). However, most prostate cancer cases do not result in death, but instead include
substantial variation in natural history. Thus, identification of factors affecting either
prostate cancer risk or disease progression should be examined. Cigarette smoking is a
known risk factor for developing multiple cancer types including lung and bladder; however,
its relationship with prostate cancer is less clear (2).

Despite increased interest in the effect of smoking on prostate cancer risk, the literature
remains inconsistent. Several large prospective studies in the United States found no
association between cigarette smoking and prostate cancer incidence (3-5). A meta-analysis
of 24 prospective cohort studies with over 21,579 overall prostate cancer cases also found no
association with prostate cancer incidence on pooled analysis, although they observed a 13%
increased prostate cancer risk among patients with highest compared to lowest exposure (6).
The study also reported a 14% increased risk of fatal prostate cancer in current smokers
versus nonsmokers, with the heaviest smokers experiencing a 24-30% greater risk of
prostate cancer-related death. This is consistent with several studies in which smokers had
up to twice the risk of prostate cancer-related mortality (7, 8). Furthermore, other studies of
men with prostate cancer reported smoking was associated with more advanced disease (9,
10) and inferior outcomes following radiation therapy (11, 12).

One possible explanation for the more consistent association between smoking and prostate
cancer mortality but weaker association with incidence is smokers may delay diagnosis and
treatment, resulting in poorer survival. Another reason could be smoking may induce
biologic changes leading to a more aggressive cancer phenotype and decreased survival.
Alternatively, smoking may only influence aggressive disease and not indolent prostate
cancer. However, most previous studies on smoking and prostate cancer were unable to
distinguish whether the association between smoking and prostate cancer-mortality was due
to delayed diagnosis and/or treatment or the direct effects of smoking. The Reduction by
Dutasteride of Prostate Cancer Events (REDUCE) trial, wherein biopsy negative men were
followed with protocol-directed biopsies independent of PSA, offered a unique opportunity
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to evaluate cigarette smoking and prostate cancer incidence while reducing possible
confounding due to differential screening.

MATERIALS AND METHODS

Study Population

REDUCE was a 4-year, multicenter, randomized, double-blind, placebo-controlled study
(13). Eligible participants were 50-75 years old, had a serum PSA of 2.5-10.0 ng/ml if 50—
60 years or 3.0-10.0 ng/ml if older than 60 years, and had a single, negative prostate biopsy
(612 cores) within 6 months prior of enrollment independent of the study. Subjects were
randomized to 0.5 mg dutasteride daily or placebo. Visits were scheduled every 6 months
and total serum PSA was doubled (+/- 0.1 ng/ml) when reported to investigators for men
receiving dutasteride to maintain the blinded nature of the study. All subjects underwent a
“protocol-dependent” 10-core transrectal ultrasound-guided biopsy at 2 and 4 years
regardless of PSA. “Protocol-independent” biopsies were performed as clinically indicated.
If obtained during months 19-24 or 43-48 of the study, for-cause biopsies were considered
as a protocol-dependent biopsy.

Among the 8,122 men included in the efficacy population, we identified 6,729 men (82.5%)
who have had at least one on-study biopsy. The details of the men who had at least one on-
study biopsy were previously published (14). From these men, we excluded men missing
smoking status (n=9), PSA (n=15), prostate volume on transrectal ultrasound (n=78), BMI
(n=201), and digital rectal examination (n=6) for a final study population of 6,420 men.

Statistical Analysis

Baseline characteristics, such as smoking history (including pack-years), alcohol use,
medication use, and medical comorbidities, were obtained at study baseline. Patients were
classified as: 1) never smokers, 2) ex-smokers, and 3) current smokers. Other forms of
smoking, including cigars or pipes were not ascertained. Other sources of tobacco exposure,
such as second-hand smoke or chewing tobacco were not evaluated.

Comparison between baseline characteristics among the three smoking categories was
performed using chi-square and Kruskal-Wallis tests for categorical and continuous
variables. Similarly, baseline characteristics between patients who received only one vs.
more than one on-study biopsy, excluding patients who had cancer detected on the first
biopsy, were compared using chi-square and Wilcoxon rank sum tests for categorical and
continuous variables. Because of concerns with study compliance among smokers, we only
used results from the first on-study biopsy to determine cancer outcome. To evaluate the
association between smoking status and either prostate cancer diagnosis (based upon
pathology review of the first on-study biopsy) or disease grade (no cancer, low-grade
Gleason 4-6, high-grade Gleason 7-10), we used logistic regression or multinomial logistic
regression, respectively. These results were compared with results that included all on-study
biopsies to determine if the detection bias among less compliant smokers attenuated the
relationship between smoking and prostate cancer risk. All multivariable analyses were
adjusted for factors at baseline including age, race (black, white, other), geographic region
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by continent (Europe, or Other vs. North America), PSA, prostate volume, digital rectal
examination findings, BMI, and treatment arm (dutasteride vs. placebo). PSA, prostate
volume, BMI, and pack-years (continuous variable) were logarithmically transformed due to
their non-normal distributions.

Secondary analyses were conducted testing for interactions between smoking and BMI (<25,
25.0-29.9, =30 kg/m?), age (<median age 63 years, >63 years), treatment arm, and
geographic region in predicting cancer and disease grade. Cross product terms of smoking X
variable of interest were included in the multivariable models along with the main effects
and likelihood ratio tests between the models with and without the interaction terms were
used to determine if the interaction was significant. For the variables with significant p-
interactions, models were stratified to detect differences in the effect of smoking between
strata. All p values were two-sided and alpha was <0.05 for statistical significance. All
analyses were performed using Stata 11.0 (Stata Corp, College Station, TX).

Patient Demographics

Of the 6,240 subjects, 2,937 (45.8%) never smoked, 929 (14.5%) were current smokers, and
2,554 (39.8%) were ex-smokers (table 1). Current smokers were younger (p=0.0001), had
lower BMI (p=0.0001), and had smaller prostatic volume (p=0.004). As smoking was
related to age and age can be related to both prostate volume and BMI, we performed a
linear regression analysis with BMI and prostate volume (log-transformed) as the outcomes
and smoking categories as predictors adjusted for age. When this was done, the association
between smoking and BMI remained significant (current smokers: p=0.023 and former
smokers: p<0.001), but the association between smoking and prostate volume was only
significant for current smokers (current smokers: p=0.035 and former smokers: p=0.54).
Additionally, current smokers were more likely to be from Europe or other location
(p<0.001) than from North America. During the entire study period, 1,447 (22.5%) men had
a positive biopsy, with 1,008 (15.7%) and 439 (6.8%) men classified with low-grade and
high-grade disease, respectively. On the first on-study biopsy (n=5,479), 941 (17.2%) men
had a positive biopsy, of which 635 (11.6%) were low-grade and 306 (6%) were high-grade.

Study Subject Compliance

Of the full REDUCE cohort on crude analysis, current smokers were equally likely to
receive at least one on-study biopsy versus never smokers (OR 0.89; p=0.155). However,
after adjusting for demographic (BMI, age, race, geographic location, and treatment arm)
and disease characteristics (PSA, digital rectal examination findings and prostate volume),
current smoking was significantly associated with a decreased risk of receiving at least one
on-study biopsy (OR 0.80; p=0.013). Of the patients who received a first biopsy with no
cancer detected, current smokers were less likely to receive a second biopsy versus
nonsmokers on crude analysis (OR 0.65; p<0.001), which remained significant after
adjusting for demographic and disease characteristics (OR 0.64; p<0.001). There were no
differences in compliance between former smokers and nonsmokers for the first or second
biopsy (all p>0.05).
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Subjects who received only one negative on-study biopsy were older than those who
received more than one on-study biopsy at baseline (p=0.020; supplementary table 1). There
was an association between race and receiving 1 vs. >1 on-study biopsy (p=0.014). All other
baseline characteristics were similar between patients who received one biopsy vs. more
than one biopsy.

Smoking and Prostate Cancer

Relative to never smokers, the risk of prostate cancer diagnosis on the first biopsy was not
significantly different among smokers (p=0.41) or former smokers (p=0.43) on crude
analysis (table 2). Additionally, both current (p=0.66) and former smoking (p=0.96) were
unrelated to low-grade disease. However, current smoking was associated with a 44%
increased risk of high-grade disease (OR 1.44, 95% CI 1.04-2.00, p=0.028) while former
smoking was not related to high-grade disease (OR 1.21, p=0.12). Results were largely
unchanged after adjusting for various clinical and demographic characteristics. Defining
high-grade disease as Gleason =4+3 did not change the direction of the associations between
current or former smoking and low- or high-grade disease diagnosis, though results for
current smoking were no longer statistically significant based on only 89 men having
Gleason =4+3 disease (data not shown). When using data from all on-study biopsies,
accepting that current smokers were more likely to receive only one on-study biopsy, the
association between smoking and high-grade was attenuated and there was no significant
association between smoking and prostate cancer or disease grade (supplementary table 2).

Pack-years and Prostate Cancer

A total of 54 current and 165 former smokers did not have pack-year data. We also excluded
the upper 5% who reported >55 pack-years from these analyses. On multivariable analysis
among current and former smokers with pack-year data (n=2,972), more pack-years smoked
was associated with decreased risk of diagnosis of low-grade prostate cancer

(OR|og pack-years 0-83, 95% C1 0.73-0.95, p=0.007), but was unrelated to high-grade prostate
cancer (p=0.395).

Secondary Analysis

On secondary analysis, we tested the interactions between smoking and age, treatment arm,
geography, and BMI in predicting prostate cancer diagnosis and grade. None of the
interactions between smoking and age, treatment arm, or geography were statistically
significant (all p>0.10). However, there was an indication of an interaction between smoking
and obesity. Thus, we stratified patients by BMI category, wherein there were 1,690 (27.2%)
men with BMI <25kg/m2, 3,267 (52.7%) men with BMI 25.0-29.9kg/m?, and 1,244 (20.1%)
men with BMI =30 kg/m2. As the associations between smoking and prostate cancer
diagnosis and grade were similar in men with a BMI 25.0-29.9 kg/m? and BMI = 30 kg/m?,
we dichotomized BMI as <25 vs. > 25 kg/m2. When this was done, there were significant
interactions between smoking and BMI for predicting overall prostate cancer (p=0.003) and
grade (p=0.002). Specifically, there were no associations between current or former smoking
and low- (p>0.08) or high-grade (p>0.60) disease among men with BMI =25 (table 3).
However, among men with BMI <25 kg/m?, current smokers had an increased risk of low-
grade (OR 1.54, p=0.043) and high-grade disease (OR 2.45, p=0.002) versus never smokers.
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Former smokers with BMI <25 had increased risk of diagnosis of high-grade (OR 1.81,
p=0.022), but not low-grade disease (p=0.24).

DISCUSSION

In this cohort of over 6,000 men all with a negative prostate biopsy at baseline who were
enrolled in a clinical trial and expected to receive protocol-dictated biopsies at 2 and 4 years
of follow-up regardless of PSA, we found smokers were 36% less likely to receive a second
on-study biopsy. On the first on-study biopsy, current smokers were significantly more
likely to be diagnosed with high-grade disease than never smokers. However, smoking was
not related to low-grade or total prostate cancer risk. Interestingly, the association between
smoking and prostate cancer differed as a function of BMI. Specifically, smoking was only
related to high-grade disease in men with a BMI <25kg/m? and not in men with higher BMI
values. These findings suggest current smoking is related to increased risk of aggressive
prostate cancer diagnosis in lean men in REDUCE. Whether smoking influences prostate
cancer progression cannot be tested in this study and requires further investigation.

Although smoking prevalence has historically decreased in the last 40 years, it remains a
common habit practiced by 21.5% of men in the United States in 2011 (18). It is a leading
cause of cancer including bladder, lung, and kidney, yet its relationship with prostate cancer
is inconsistent. Although several studies found a positive association between smoking and
prostate cancer risk (6, 16, 17), other large studies with extensive follow-up found no
association between cigarette smoking and prostate cancer incidence (3-5). Meanwhile, the
literature on smoking and mortality has been more consistent. Several studies reported
increased prostate cancer-specific mortality with smoking (4, 6, 7, 17-19), even though one
observed no association with incidence (4).

A potential explanation for the more consistent mortality data versus incidence data is
smokers may be less likely to seek healthcare, leading to delayed diagnosis and/or delayed
treatment and increased mortality. Our current findings support this given smokers were less
compliant to follow-up and less likely to receive a second on-study biopsy versus never
smokers. These findings are consistent with accumulating evidence suggesting smokers in
general have lower compliance with cancer screening tests (20). However another
possibility is smoking may induce cancers to develop an aggressive phenotype. Indeed, our
results support this possibility too in that on first biopsy, smokers were more likely to be
diagnosed with high-grade disease. Thus, our findings suggest that more aggressive disease
among smokers may result from both delayed diagnosis and smoking being associated with
aggressive disease. Indeed, smoking has been biologically linked with carcinogenesis. For
example, polycyclic aromatic hydrocarbons (PAHSs), products of incomplete combustion
present in cigarettes, has prostate-specific carcinogenicity (21). Indeed, one study found
smokers are more likely to be diagnosed with late stage or high grade cancer (22). However,
it is difficult to distinguish whether delayed diagnosis leading to more advanced disease or
the direct effects of smoking are responsible for the increase in prostate cancer-mortality
observed in several studies, though our findings suggest that perhaps both factors (delayed
diagnosis and fundamentally more aggressive disease) are contributory.
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In our current study, all men received protocol-directed biopsies at specific time points. In a
setting where potential confounding from delayed diagnosis of prostate cancer in smokers
was minimized, we found no association between smoking and diagnosis of overall or low-
grade prostate cancer. This is consistent with two large prospective cohort studies which
reported that smoking was unrelated to prostate cancer incidence (3, 5). Though both prior
studies noted increased rates of prostate cancer-related mortality, neither study could
account for possible bias through delayed diagnosis in smokers. However, the Health
Professionals Follow-up Study, which also showed no relationship between smoking and
prostate cancer incidence, conducted a sub-analysis among men with a negative digital rectal
examination in order to reduce potential bias from any difference in screening behavior
between smokers and nonsmokers (4). Among these men, there was an even stronger
association between smoking and distant metastatic and fatal prostate cancer. If screening
biases contributed to the association between smoking and prostate cancer, then attenuation,
rather than accentuation, would have been expected in this subgroup. In line with the idea
that smoking may preferentially influence aggressive prostate cancer unrelated to screening
detection issues, we found in men who all underwent a biopsy that smokers were more
likely to have high-grade prostate cancer. These findings suggest that worse prostate cancer
mortality among smokers cannot be explained solely by screening differences resulting in a
bias in delayed diagnosis but rather reflect a true underlying association between smoking
and aggressive prostate cancer. However, it would have been advantageous to evaluate
prostate cancer-related mortality or overall mortality in our study to more fully assess these
effects, though these data are unavailable.

We also observed that smokers had lower average BMI versus never smokers, consistent
with previous studies (16, 23). Recent studies suggested smokers with a higher BMI may be
at a reduced risk of several cancers (24, 25). Thus, we stratified subjects by BMI on
secondary analysis. Interesting, we found a significant interaction between smoking and
BMI for predicting overall prostate cancer (p=0.003) and grade (p=0.002). Among men with
BMI <25kg/m?, current smokers had an increased risk of low-grade (p=0.043) and high-
grade prostate cancer diagnosis (p=0.002), versus never smokers. However, among men
with a higher BMI, both current and former smoking were unrelated to prostate cancer
diagnosis or grade. The reason for this observation is unclear. It is possible that in men with
lower BMI, who have lower plasma volume (26), carcinogens in cigarettes are present in a
higher concentration in the serum. However, this is purely speculative. Of note, a case-only
study of men undergoing radical prostatectomy with a mean BMI of 25.7 kg/m? in never
smokers (versus 27.1 kg/m? in the current study) found current but not past smoking was
associated with prostate cancer progression (27). This is somewhat consistent with our
results of more aggressive disease among normal-weight smokers. Moreover, a recent study
in head and neck cancers also found an interaction between BMI and smoking for predicting
cancer risk, adding plausibility to our findings (25). However, as this was a secondary
analysis, this modification by BMI requires future study to validate and if correct, to
understand its biological basis.

Although our follow-up was 4 years, various studies suggested only recent tobacco use
influences prostate cancer risk and progression. For example, in a large study of male health
professionals in the United States, increased risk of fatal prostate cancer existed only in men
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who had smoked in the preceding 10 years (4). Within 10 years after quitting, the excess risk
of smokers was eliminated. In two recent studies of men undergoing surgical treatment,
former smokers had similar risks of PSA recurrence after surgical treatment compared to
nonsmokers, while current smokers experienced increased risk of extraprostatic disease and
recurrence (9, 27). Likewise, we found no altered risk of prostate cancer diagnosis in former
smokers except for high-grade disease in lean men, though the association was less strong
than for current smokers. It is possible that with increased follow-up, baseline surveys
assessing smoking status become less accurate due a greater proportion of subjects in the
“exposed” group who have ceased smoking as the cohort aged, which would underestimate
the effect of smoking (28). Indeed, a large investigation of nearly 250,000 veterans with a
26-year follow-up found an attenuation of prostate cancer-related death risk in smokers from
over 200% increased risk at 2.5 years to just an 18% increased risk at 26 years of follow-up
(29). This may also explain why pack-years which reflects lifetime smoking were unrelated
to high-grade prostate cancer diagnosis in our study. Unfortunately, for former smokers time
since quitting was unavailable preventing us from addressing how time since quitting relates
to prostate cancer diagnosis. Thus, although smoking status in our study was only assessed
at study entry, our relatively short follow-up in combination with protocol-dictated biopsies
allowed us to more accurately assess the effect of current smoking on risk of prostate cancer
diagnosis while minimizing confounding from smoking cessation.

Our study population was biopsy-negative men, which prevented us from testing the
association between smoking and first prostate biopsy. While we did look at cumulative
pack-years smoked, data regarding the amount smoked per day, the duration smoked, and
the patient age during exposure were unavailable. Additionally, data on other types of
tobacco exposure, including cigars, pipes, chewing tobacco, or second-hand smoking, were
unavailable. Given the short follow-up, it is likely nearly all prostate cancers detected were
prevalent at study initiation. Studies are needed to assess the association between smoking
and future prostate cancer risk. Finally, our study only examined the relationship between
smoking and prostate cancer diagnosis and did not evaluate other clinically relevant end-
points such as metastasis or mortality. These limitations are balanced by the strength of our
study’s protocol-dictated biopsies, which allowed us to examine the relationship between
smoking and prostate cancer risk while minimizing potential confounding from diagnosis
delay.

CONCLUSIONS

Among men with an elevated PSA and negative pre-study biopsy in REDUCE, in which
men were instructed to receive biopsies independent of PSA levels, cigarette smoking was
related to poor study biopsy compliance. At first on-study biopsy, smoking was unrelated to
overall prostate cancer diagnosis or low grade disease. However, current smoking was
associated with increased risk of high grade prostate cancer diagnosis in lean men.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

These data suggest that smokers may be less likely to follow-up regarding
recommendations for prostate cancer screening. However, when these are accounted for
and all men undergo biopsy, we found that smoking was not a risk factor for future
diagnosis of prostate cancer however it was related to diagnosis of high-grade disease.
These data support the conclusion that smoking may be related to more aggressive
prostate cancer, but this may in part be obscured by less screening among smokers.
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Table 1

Baseline Characteristics
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Variable Never Smokers ~ Former Smokers  Current Smokers  p ygiye’
Total patients (%) 2937 (46) 2554 (40) 929 (14)
Age at study entry 0.0001
Mean (SD) 62.7 (6.0) 63.2 (6.1) 61.7 (5.8)
Median (IQR) 63 (58-67) 63 (59-68) 62 (57-66)
Ethnic group (%) 0.5991
White 2690 (92) 2351 (92) 846 (91)
Black 60 (2) 39 (2) 20 (2)
Other 187 (6) 164 (6) 63 (7)
Geographic region (%) <0.001
US/Canada 675 (23) 698 (27) 180 (19)
Europe 1772 (60) 1376 (54) 575 (62)
Other 490 (17) 480 (19) 174 (19)
Body massindex 0.0001
Mean (SD) 27.1(3.6) 27.8(3.8) 26.9 (3.9)
Median (IQR) 26.4(24.7-29.1)  27.3(25.1-29.8)  26.4 (24.4-28.8)
Suspicious DRE (%) 110 (4) 91 (4) 40 (4) 05941
Prostate volume, median (IQR)  43.7 (33.1-56.0)  43.8 (33.9-56.9) 41.3 (31.7-56.2) 0.0041
Median PSA (IQR) 5.7 (4.4-7.3) 5.7 (4.4-7.3) 5.7 (4.3-7.4) 0.937
Biopsy Gleason score (%) 0.453"
2-6 473 (71) 405 (69) 130 (66)
3+4 141 (21) 120 (21) 51 (30)
24+3 54 (8) 57 (10) 16 (8)
Pack-Years, median (IQR) 0 18 (8-30) 25 (13-40) 0.0001
Treatment Arm (%) 0.612
Placebo 1475 (50) 1310 (51) 481 (52)
Dutasteride 1462 (50) 1244 (49) 448 (48)

Abbreviations: PSA (prostate specific antigen), SD (standard deviation), IQR (interquartile range)

*
P value by Kruskal-Wallis, except where noted.

TP value by XZ
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