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Prostate cancer is the most common solid
tumor diagnosed among men in the United
States, with an estimate of more than 186000
new cases and 28000 deaths in 2008.1 Un-
fortunately, few risk factors have been identified,
other than advanced age and family history.2

That environmental factors may play a role in its
etiology is suggested by data demonstrating wide
international variation in incidence. Migrant
studies document increased occurrence among
those moving from low- to high-incidence
countries, as was observed among Japanese
men who immigrated to the United States.3

Autopsy studies have documented a consistent
prevalence (15%–30%) of histologic or latent
prostate cancer across populations.4 These find-
ings suggest that initiating events for prostate
cancer may differ from those contributing to
progression and the occurrence of clinically
evident disease.

Despite the demonstrated links between
smoking and several solid tumors, the associa-
tion between cigarette smoking and prostate
cancer remains a matter of debate. Although
this disease is not considered to be tobacco
related,5 cigarette smoke is known to contain
multiple carcinogens, including N-nitroso com-
pounds (recognized animal carcinogens).6,7 An
association with smoking could also have a
hormonal basis: male smokers were found to
have elevated levels of circulating androsterone
and testosterone, which may increase
prostate cancer risk or contribute to cancer
progression.8

Unfortunately, results from human observa-
tional studies are inconsistent across study
types, with case–control analyses showing
particular heterogeneity.5 In addition, epidemi-
ological analyses suggest that the outcomes of
studies examining the influence of smoking on
prostate cancer incidence may differ from the
results in studies of prostate cancer mortality.9

This may further complicate analysis of a causal
association. Because this topic had not previously
been subjected to meta-analysis and results from

epidemiological studies were inconsistent, we
pooled data from the available cohort studies to
elucidate the possible relationship between
smoking and the etiology and progression of
adenocarcinoma of the prostate.

METHODS

Our methods are described elsewhere.10,11

Briefly, we designed our meta-analysis to exam-
ine the risk of prostate cancer, both incidence
and mortality, associated with cigarette smoking.
We prospectively determined eligibility criteria
for study inclusion and the specific data elements
to be extracted from each published report.

We designed a data extraction form for
recording relevant information, with 2 re-
searchers performing data extraction. Differ-
ences were resolved by consensus. Other data
collected but not included in the eligibility
criteria were number of patients and location
for each study; length of follow-up; cohort
description; type of statistical adjustments, if
any, to the individual study odds ratios (ORs) or
relative risks (RRs); estimates of smoking dose

(e.g., number of cigarettes smoked or pack
years [packs smoked per day·number of years
smoked]).

Literature Search

Our methods of literature retrieval are de-
scribed elsewhere.10 We conducted a MED-
LARS search of English language articles pub-
lished between January 1966 and February
2007, and a review of CancerLit and the CD-
ROM version of Current Contents. We searched
the Cochrane database for publications be-
tween January1966 and February 2003. Search
terms were smoking and prostatic neoplasms.
For series of articles, all data were retrieved from
the most recent article. We also performed hand
searches of bibliographies of published reports,
review articles, and textbooks. Manual searches
included review of studies that did not specify
smoking as the primary risk factor analyzed.

The initial electronic and manual searches
yielded 290 abstracts, which were screened by
a physician-investigator according to our in-
clusion criteria. Most excluded articles did not
report peer-reviewed prospective cohort
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studies, reported on studies with a sample of
fewer than 50 participants, reported on in vitro
or animal studies, or were literature reviews.
Eligibility criteria also included publishing an
observational study that enrolled participants
with histologically proven adenocarcinoma of
the prostate, availability of data on cigarette
smoking, availability of ORs or RRs with 95%
confidence intervals (CIs) for each report or
availability of raw data to calculate these values,
and availability of data on the outcome of inter-
est, including incident or fatal prostate cancer.

After the initial screening, we had 34 cita-
tions.12–45 Ten reports were excluded because
of lack of data on smoking,12–14 small sample
size,15–17 lack of specified outcome data (i.e.,
prostate cancer incidence or mortality),18 or
unavailability of 95% CIs or raw data for their
calculation.19 One report dealt only with patients
treated for benign prostatic hypertrophy or
stage A prostatic tumors and was excluded.20

Data for a1980 study21were updated in199134;
we used data from the latter report for statistical
pooling.

Statistical Analysis

Our data analysis followed meta-analytic
procedures described by Greenland.46 For
each included study, we derived RRs or ORs
reflecting the risk of developing or dying from
prostatic adenocarcinoma associated with smok-
ing, followed by calculation of the natural loga-
rithm of the estimated RR for each data set as
well as calculation of an estimate of the variance.
When both crude and adjusted RRs were pro-
vided, we used the most fully adjusted value. We
calculated the variance in each study’s measure
of effect from the 95% CIs. We used ORs or RRs
for the highest versus lowest exposure categories.
If these measures were missing, we calculated
them with standard methods.10 Whenever pos-
sible, we used adjusted outcome measures for
statistical pooling.

We calculated a weight for each included
report as 1 divided by the variance followed by
a summation of the weights. We then calcu-
lated and summed the product of the study
weight and the natural logarithm of the esti-
mated RR. Finally, we calculated a summary
RR and 95% CI.

We performed a statistical test for homoge-
neity (Q). This procedure tests the hypothesis
that the effect sizes are equal in all of the

included studies.11 If Q exceeds the upper-tail
critical value of c2 (P<.10) at k-1df, the observed
variance in study effect sizes is greater than
expected by chance if all studies share a common
population effect size. If the studies are not
homogeneous, they are not measuring an effect
of the same size and calculation of a pooled
estimate of effect may be of questionable validity.
Explanations for the observed heterogeneity
must be sought. Sensitivity analyses or further
stratified analyses are then performed according
to the magnitude of Q.

We did not examine the potential for publi-
cation bias. Publication bias occurs because
published studies may not be representative of
all studies that have ever been done. The
funnel plot method and other statistical tools
were constructed to address this issue. Unfor-
tunately, these methods lack firm statistical
theoretical support and are not generally rec-
ommended for medical applications.11

RESULTS

Our meta-analysis included 24 cohort stud-
ies.22–45 Table 1 provides an overview of the
entire database. Seventeen reports (71%) were
from the United States,25,26,29–37,39–44 3 from
Norway,28,38,45 2 from Japan,23,24 and 1 each
from Sweden22 and the United Kingdom.27

Prostate cancer cases totaled 21579.
Each study used 1 of 2 endpoints: incident

prostate cancer or prostate cancer mortality.
Smoking status was categorized by a binary
measure, current versus ever or former, or by
a quantitative measure, such as number of
cigarettes per day or pack years of smoking
(Table 1).

Pooling homogeneous data (P=.131) from
8 cohorts in studies examining the risk of
incident prostate cancer among current
smokers22,25,28,29,38,42–44 gave a summary RR
of 1.04 (95% CI=0.87, 1.24; Figure 1).

Because use of the broad exposure catego-
rization of current smoker could mask a dose-
dependent effect, if one exists, we then calcu-
lated summary RRs for several subgroups of
studies that quantified smoking history. Seven
cohorts contained information on number of
cigarettes smoked per day versus years or pack
years of smoking and risk of incident prostate
cancer among current smokers.22,25,30,36–38,42

Comparing the highest to the lowest exposure

category yielded an RR of 1.13 (95% CI=1.03,
1.23), consistent with a 13% greater risk of
prostate cancer among the heaviest smokers.
Combining data only from cohorts that were
stratified specifically by number of cigarettes
smoked per day25,37,38,42 (i.e., 4 of the 7 studies
that collected these data) showed a 22% in-
creased risk of incident prostate cancer
(RR=1.22; 95% CI=1.01, 1.46).

Homogeneous data (P=.15) on incident
cancer risk among current smokers measured
in years or pack years of smoking (highest
versus lowest) from the 5 cohort studies con-
taining such information22,25,30,37,38 were also
consistent with a small but significant increase in
prostate cancer risk (RR=1.11; 95% CI=1.01,
1.22). As shown in Table 1, these 5 studies used
varying cutoff points for their highest smoking
exposure categories, ranging from more than 21
years of smoking22 to more than 55 pack
years.25 These differences could contribute to
attenuation of the resultant RRs.

Ten cohort studies also provided data on
risk of incident prostate cancer among ex-
smokers.22,25,28,33,37–40,42,43 The RR was con-
sistent with our pooled estimates derived from
current smokers: 1.09 (95% CI=1.02, 1.16; Fig-
ure 2). Excluding from our analysis a study that
analyzed incident and fatal cases together37

slightly attenuated the outcome (RR=1.07; 95%
CI=1.01,1.14). None of these10 studies provided
quantitative estimates of amount smoked.

Among reports in which prostate
cancer mortality was the outcome of inter-
est,22,26,27,29,31,32,34,35 current smokers had a
17% greater risk of death from prostate cancer
than did nonsmokers (RR=1.17; 95% CI=1.10,
1.23). The pooled data were heterogeneous
(P=.007), with1study accounting for more than
half of the observed heterogeneity (data not
shown).31That study was among the oldest in the
database, dating from 1958, when the demo-
graphic characteristics of smokers in the United
States differed from those after 1989, the period
during which 22 of our 24 cohort studies were
published. Excluding the data from that older
study from the pooled analysis eliminated the
statistical heterogeneity (RR=1.14; 95%
CI=1.06, 1.19; P=.15).

These findings were further supported by
summary RRs derived by pooling data from
mortality studies that quantified smoking by
cigarettes per day (RR=1.30; 95% CI=1.16,
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1.46; P=.20)22,23,26,34,35,37,41,42 or pack
years (RR=1.24; 95% CI=1.09, 1.40;
P =.83)22,34,37,41; these data were homoge-
neous. The available data on ex-smokers and
prostate cancer mortality were heterogeneous
(P<.001) and could not be statistically pooled.

DISCUSSION

Pooled data from 24 cohort studies enrolling
more than 26000 participants with prostate
cancer showed a modest, although consistent,
9% to 30% increase in both incident and
fatal prostate cancer associated with smoking
(Table 2). Former smokers had the smallest
increase in prostate cancer risk: their risk of
incident tumors was 9% higher than that of
nonsmokers. Because former or ex-smoker is
such a broad, nonquantitative measure of ex-
posure, it is reasonable to assume that this RR
represents an underestimate of the strength of
the true underlying association. This may also
be true of the summary estimates of effect
reflecting the effect of current smoking on
incident and fatal prostate tumors. The higher
RRs calculated from incidence or mortality
data for current smokers in studies that used
quantitative measures of exposure support this
contention.

Previous published data suggested no clear
evidence of a causal relationship between

smoking and prostate cancer development.5

Studies that used cancer incidence as the end-
point had inconsistent outcomes. Mortality stud-
ies also provided little evidence of an associa-
tion.5 By contrast, our meta-analysis revealed a
statistically significant and consistent increase in
prostate cancer incidence as well as an increased
risk of death from this disease with increased
smoking.

It is possible that the sample sizes in many
previous studies were too small to detect an
effect. By contrast, our meta-analysis combined
information on more than 21000 prostate
cancer cases. The validity of our findings was
further supported by the elevated risk of pros-
tate cancer we observed among former
smokers, which was lower than for current
smokers and higher than for nonsmokers. It is
likely that the use of ill-defined smoking cate-
gories, as well as failure to update smoking
status over time,28,36 contributed to attenuating,
and therefore masked the modest association we
observed in our pooled data.

The studies we analyzed varied in their
outcome measures, so it is important to inter-
pret their results in context. For example, can-
cer incidence and mortality address somewhat
different issues. Incidence data likely reflect an
effect of smoking on disease etiology or initia-
tion; observational studies that take prostate
cancer mortality as an endpoint only indirectly
provide insight into this relationship.

Mortality studies may reflect the effect of
smoking on tumor progression by various
proposed mechanisms, for example, smoking
may increase serum estrogen metabolites that
have been postulated to induce a more ag-
gressive tumor phenotype and thereby in-
crease prostate cancer death.42 Other investi-
gators suggest that smoking may cause mutation
of the p53 tumor suppressor gene, creating
another pathway to an aggressive tumor pheno-
type and increased mortality.30 Whether
smokers differ from nonsmokers in the type of
therapy received, which in turn could influence
survival, is also unknown.9

We found that former smokers have in-
creased risk for prostate cancer, which does not
support the suggestion that smoking is related
to poorer survival during treatment.34 The
increasing gradient in risk across higher exposure
categories suggests a biological relationship. Al-
though the exact mechanism underlying the
positive association between smoking and pros-
tate cancer death is unknown, it is clear that data
from incidence and mortality studies should be
considered separately.

Despite these caveats, the results of our
analysis of pooled data were quite consistent
across endpoints. Although the calculated
summary estimates of effect showed a modest
(weak) effect of smoking on prostate cancer, it is

FIGURE 1—Results of literature search: overview of 24 cohort studies.

TABLE 2—Meta-Analysis Overview: 24

Cohort Studies

Risk Category Studies, No. RR (95% CI)

Incident prostate cancer

Current smoker 8 1.04 (0.87, 1.24)

Current smokera 4 1.22 (1.01, 1.46)

Current smokerb 5 1.11 (1.01, 1.22)

Ex-smoker 10 1.09 (1.02, 1.16)

Fatal prostate cancer

Current smoker 7 1.14 (1.06, 1.19)

Current smokera 8 1.30 (1.16, 1.46)

Current smokerc 4 1.24 (1.09, 1.40)

Ex-smokerd 6 . . .

Note. RRs = summary relative risk; CI = confidence
interval. Ellipsis indicates RR not calculated.
aCigarettes per day, highest versus lowest.
bYears, pack years, highest versus lowest.
cPack years, highest versus lowest.
dOnly study that was not homogeneous.
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likely that several factors contributed to atten-
uating the association. These included ill-de-
fined smoking status, lack of repeat assessments
of smoking status in many cohorts, and the
possibility of a screening effect. The effects of
screening for prostate cancer could attenuate
an association: previous work suggested lower
rates of such screening among smokers than
nonsmokers.47,48 Although stage stratification
could help address this issue, we did not find
such data in our literature search.

As suggested by Hickey et al.,9 future stud-
ies should collect data on stage and grade of
tumor and on smoking history, including
quantity smoked and details of smoking ces-
sation. Although additional work is needed to
clarify the relationship between smoking and
prostate cancer, our results support a causal
association. j
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