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ABSTRACT
◥

Inflammation is an emerging risk factor for prostate cancer based
largely on evidence from animal models and histopathologic obser-
vations. However, findings from patho-epidemiologic studies of
intraprostatic inflammation and prostate cancer have been less
supportive, with inverse associations observed in many studies of

intraprostatic inflammation and prostate cancer diagnosis. Here, we
propose collider stratification bias as a potential methodologic
explanation for these inverse findings and provide strategies for
conducting future etiologic studies of intraprostatic inflammation
and prostate cancer.

Inflammation and Prostate Cancer
Inflammation is an emerging risk factor for prostate cancer. This

association is supported by several lines of evidence, including the
frequent observation of inflammation in prostate tissue (1), particu-
larly in the peripheral zone of the prostate where prostate cancer tends
to develop (2, 3), and its frequent proximity to proliferative, atrophic
lesions that share genomic similarities to prostate cancer precursor
lesions and tumors. A positive association between inflammation and
prostate cancer is also supported by findings from rodent models
suggesting that inflammation may contribute to prostate epithelial
hyperproliferation, atrophy, dysplasia, and precursor lesions (3–9), as
well as decreased expression of putative tumor suppressor genes (10)
and acceleration of carcinogenesis (11, 12). Finally, findings from
patho-epidemiologic studies of intraprostatic inflammation and pros-
tate cancer progression have also tended to be positive (13–16).

In contrast to these largely supportive findings, results from patho-
epidemiologic studies of intraprostatic inflammation and prostate
cancer prevalence and/or risk have tended to be less supportive, with
many observing inverse associations between intraprostatic inflam-
mation and prostate cancer diagnosis [pooled OR ¼ 0.46; 95%
confidence interval (CI): 0.34–0.57 based on 22 studies; pooled OR
not estimated for aggressive disease; ref. 17]. We discuss in detail one

methodologic issue that may have biased findings from many of these
previous studies and produced their inverse results. We also provide
recommendations for conducting future studies.

Collider Stratification Bias
A likely explanation for previous inverse findings is collider strat-

ification bias (hereafter referred to as colliding bias). This form of
selection bias occurs when the study population is stratified or
restricted by (i.e., conditioned on) a collider. A collider is a variable,
in this case, an elevated PSA concentration or another clinical indi-
cation for biopsy, that is a common effect of both the exposure,
intraprostatic inflammation (18), and the outcome of interest, prostate
cancer (19). Colliding bias has the potential to distort an association in
many different ways, including inducing a false association or even
reversing an association between the exposure and the outcome, such
as from a positive to an inverse association.

An example of colliding bias is demonstrated in Fig. 1A and B. In
this example, we are interested in the potential association between
athletic talent and a high grade point average (GPA). In a general
population sample (Fig. 1A), we have no reason to believe that
identifying a student with athletic talent implies anything about
his/her GPA (i.e., no association between athletic talent and GPA).
However, if we restrict the study population to students who received a
college scholarship (i.e., a common effect of both athletic talent and a
high GPA; Fig. 1B), knowing that a selected student has less athletic
talent immediately tells us that he/she likely has a highGPA (assuming,
in this simple example, that there are only two reasons to receive a
college scholarship). Therefore, by conditioning on receipt of a college
scholarship, we have changed the distribution of these two marginally
independent traits and induced an inverse association between
athleticism and academic performance.

Similar to the example described above, conditioning on a potential
collider in the design and eligibility criteria of previous studies of
intraprostatic inflammation and prostate cancer may have biased their
observed association (in this case, we hypothesize from a positive to an
inverse or protective association). In general, prostate tissue is difficult
to obtain and typically requires a clinical indication for biopsy, such as
an elevated PSA concentration or other findings suspicious for malig-
nancy. However, by examining tissue collected solely for clinical
indication—that is, conditioning on clinical indication for prostate
biopsy—investigators may have induced a different association
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Figure 1.

Illustration of collider stratification bias. The premise of collider stratification bias is shown here using contingency tables and directed acyclic graphs (DAG). InA,we
are estimating the association between two traits, high GPA, and athletic ability. The two traits are entirely independent of one another as evidenced by an OR¼�1.
However, if we sample participants into this hypothetical study based on receipt of a college scholarship (i.e., we condition on/restrict to a common effect of the two
traits), then the number/proportion of those without either trait decreases considerably (B, contingency table cell D). Therefore, if we know that a selected person
lacks athletic talent, thenwe immediately know that he/she is likely to have a highGPA. These two traits are no longer independent and a spurious inverse association
has been induced (noted by the dashed line in the DAG). The magnitude of our induced inverse association depends on the number of remaining study participants
without either trait. C and D, show this similar concept in studies relying on prostate biopsy samples. Both inflammation and prostate cancer are sources of PSA
elevation, a clinical indication for prostate biopsy. InC, participants are selected into the studywithout clinical indication for biopsy. However, if selection into a study
is predicated on PSA elevation or another clinical indication for prostate biopsy (i.e., conditioned on/restricted to clinical indication for cancer screening; D, then a
spurious association will be induced between intraprostatic inflammation and prostate cancer. This induced association is inverse because if participant’s PSA
elevationwas not due to intraprostatic inflammation, then it wasmore likely elevated because of prostate cancer. The two events, inflammation and prostate cancer,
have been forced to be related.
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between intraprostatic inflammation and prostate cancer preva-
lence than they would have observed in a sample unselected for
clinical indication. For instance, in a study population of men who
underwent biopsy without regard to indication, sampling one
individual and finding out that he did not have prostate cancer
would not give us any information about his likelihood of having
intraprostatic inflammation if there were no association between
inflammation and prostate cancer, or would suggest that he was less
likely to have inflammation if there were a positive association
between inflammation and prostate cancer (Fig. 1C). However, in a
study population restricted to men who underwent biopsy for
indication, the same finding—that is, knowing that a selected
individual did not have prostate cancer—would immediately tell
us that he likely had another reason for an elevated PSA concen-
tration, such as intraprostatic inflammation (Fig. 1D). Therefore,
conditioning on clinical indication for biopsy may have introduced
a seemingly inverse association between intraprostatic inflamma-
tion and prostate cancer diagnosis, the magnitude of which would
depend largely on the prevalence of other noninflammatory or
nonmalignant causes of elevated PSA such as benign prostatic
hyperplasia (BPH) and other prostate conditions (20).

Strategies for Reducing Collider
Stratification Bias/Future Studies

Many investigators have attempted to increase the methodologic
rigor of their patho-epidemiologic studies of inflammation and pros-
tate cancer by accounting for participants’ PSA level, either by
adjustment or restriction to men with lower baseline PSA levels and
thus lesser indication for biopsy (17). However, as all men still have
some indication for biopsy, this approachmay not reduce the potential
for colliding bias. Even investigating this association in men without
indication for biopsy on repeat biopsy, such as in The Reduction by
Dutasteride of PCa Events (REDUCE) trial (21), may not effectively
remove colliding bias because these men remain a subset of the initial
PSA-based sample. However, the fact that the association weakened
with each successive repeat biopsy without indication in the REDUCE
trial (2-year follow-up biopsy: OR ¼ 0.65; 95% CI: 0.55–0.76; and
4-year follow-up: OR¼ 0.98; 95%CI: 0.77–1.25; ref. 21) provides some
evidence, albeit only intuitive at this time, that the potential for
colliding bias reduces with time between the initial selection criteria
(i.e., indication for biopsy) and investigation of the association, most
likely because the strength of the collider–outcome relationship weak-
ens (22). This type of temporal reduction, including its direction and
magnitude, is still an area of active theoretical investigation in the
colliding bias field (20, 23–26).

Nearly all patho-epidemiologic studies have investigated the asso-
ciation of intraprostatic inflammation and prostate cancer amongmen
with a clinical indication for biopsy. The Prostate Cancer Prevention
Trial (PCPT) and its follow-up study, the PCPT-SELECT (Selenium
andVitaminECancer PreventionTrial) are one of the few to assess this
association in men without indication for biopsy (PSA concentration
<3 ng/mL at baseline and no clinical indication for biopsy)—that is, the
opposite stratumof the collider and the onemore similar to the general
population of U.S. men (27, 28). In the PCPT, Gurel and colleagues
observed a positive association between intraprostatic inflammation
and the odds of total and high-grade prostate cancer in their end-of-
study biopsy [OR ¼ 1.78; 95% CI: 1.04–3.06 and OR ¼ 2.24; 95% CI:
1.06–4.71, respectively (27)] that persisted when restricted tomenwith
low PSA concentration at biopsy (<2 ng/mL) and those without a

clinical indication for biopsy over the study course. This finding was
corroborated by further prospective investigations of PCPT partici-
pants who were followed for prostate cancer in a second trial (the
SELECT trial) after the conclusion of the PCPT trial (PCPT-SELECT;
OR¼ 1.66; 95% CI: 0.70–3.96; ref. 28). Although these studies are still
susceptible to colliding bias because they include participants sampled
based on PSA and/or clinical indication for biopsy, the influence of this
bias is not necessarily reciprocal across strata of the collider and its
likely effect is still to pull associations in an inverse direction (20).
Therefore, the true association between intraprostatic inflammation
and prostate cancer in PCPT and PCPT-SELECT may be even more
strongly positive than observed. Additional theoretical investigations
will be needed to determine the true magnitude of this association and
to facilitate future studies in this area (20, 23–26).

Additional opportunities to examine associations between intra-
prostatic inflammation and prostate cancer without concerns of
colliding bias are currently limited, but include cross-sectional autopsy
studies (29) and historical cohorts of patients with BPH who under-
went transurethral resection of the prostate (TURP) before the PSA era
and were subsequently followed for prostate cancer incidence or
mortality (15). These studies are less susceptible to colliding bias
because neither autopsy nor BPH/TURP are common effects of
intraprostatic inflammation or prostate cancer. However, these types
of studies are not without limitations of their own, as the first study
design (cross-sectional) may be subject to reverse causation (i.e.,
prostate cancer contributing to local inflammation rather than vice
versa) and the second is limited to investigations of inflammation in
the transition zone rather than the peripheral zone of the prostate
where inflammation and prostate cancer tend to colocalize. Other
longitudinal cohorts in the pre-PSA era where prostate biopsy samples
might have been taken for other reasons (e.g., bone metastases, acute
urinary retention, digital rectal exam abnormalities) may also be
effective at investigating this association. Looking further into the
future, other more exploratory, but less invasive, approaches may
include examining inflammatory cells or markers in banked semen or
urine specimens, which may contain prostate secretions, or perhaps
with technology development, using prostate imaging to identify
intraprostatic inflammation to investigate associations with subse-
quent development of prostate cancer.

Alternative Explanations for Inverse
Associations

Estimating the true association between intraprostatic inflamma-
tion and prostate cancer has proven difficult (22). While we suggest
that colliding bias is likely a major driver of previous inverse associa-
tions, other biological and epidemiologic mechanisms must also be
considered. Possible biologic mechanisms include immunosurveil-
lance (i.e., destruction of “foreign” malignant cells by inflammatory
cells; ref. 30) and immunoselection for less aggressive or immunogenic
tumor-cell variants (31). From an epidemiologic perspective, alterna-
tive methodologic explanations include detection bias, reverse causa-
tion, and exposuremisclassification. However, detection bias is unlike-
ly to explain observed inverse associations because any increase in
prostate cancer screening, biopsy, or diagnosis related to prostate
inflammation would likely contribute to a positive association, such as
seen previously for clinical prostatitis (32), rather than an inverse
association. Reverse causation is potentially a major source of bias in
these studies; however, an unlikely explanation empirically because
much larger differences were observed by clinical indication for initial
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biopsy than by cross-sectional versus prospective study design in a
meta-analysis of intraprostatic inflammation and prostate cancer
studies (17). Also, the PCPT-SELECT study was the sole prospective
study to estimate the intraprostatic inflammation and prostate cancer
association in men without an indication for biopsy and concluded a
positive association (28). Therefore, additional prospective studies
with long-term follow-up are needed to confirm this association,
which proves challenging due to the complexity of study design in
this setting. Finally, exposure misclassification by evaluating all types
of inflammation combined is unlikely to explain falsely inverse
associations because similar results have been observed for both acute
(pooled OR ¼ 0.68, 95% CI: 0.45–0.91) and chronic (pooled OR ¼
0.50, 95% CI: 0.33–0.67) intraprostatic inflammation (17).

Conclusion
While additional potential explanations for inverse associations

between intraprostatic inflammation and prostate cancer in studies of
biopsy tissue collected for indication exist, we suggest that colliding
bias represents the most important explanation. Additional method-
ologically rigorous studies are needed to determine the possible

etiologic role of inflammation in prostate cancer development without
concerns of collider bias. These types of studies will likely require
creative new designs and methodologic approaches.
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