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Abstract
Background—Several germline single nucleotide polymorphisms (SNPs) have been
consistently associated with prostate cancer (PCa) risk.

Objective—To determine whether there is an improvement in PCa risk prediction by adding
these SNPs to existing predictors of PCa.

Design, setting, and participants—Subjects included men in the placebo arm of the
randomized Reduction by Dutasteride of Prostate Cancer Events (REDUCE) trial in whom
germline DNA was available. All men had an initial negative prostate biopsy and underwent
study-mandated biopsies at 2 yr and 4 yr. Predictive performance of baseline clinical parameters
and/or a genetic score based on 33 established PCa risk-associated SNPs was evaluated.

Outcome measurements and statistical analysis—Area under the receiver operating
characteristic curves (AUC) were used to compare different models with different predictors. Net
reclassification improvement (NRI) and decision curve analysis (DCA) were used to assess
changes in risk prediction by adding genetic markers.

Results and limitations—Among 1654 men, genetic score was a significant predictor of
positive biopsy, even after adjusting for known clinical variables and family history (p = 3.41 ×
10−8). The AUC for the genetic score exceeded that of any other PCa predictor at 0.59. Adding the
genetic score to the best clinical model improved the AUC from 0.62 to 0.66 (p < 0.001),
reclassified PCa risk in 33% of men (NRI: 0.10; p = 0.002), resulted in higher net benefit from
DCA, and decreased the number of biopsies needed to detect the same number of PCa instances.
The benefit of adding the genetic score was greatest among men at intermediate risk (25th
percentile to 75th percentile). Similar results were found for high-grade (Gleason score ≥7) PCa. A
major limitation of this study was its focus on white patients only.

Conclusions—Adding genetic markers to current clinical parameters may improve PCa risk
prediction. The improvement is modest but may be helpful for better determining the need for
repeat prostate biopsy. The clinical impact of these results requires further study.

Keywords
Prostate cancer; Genetics; AUC; Detection rate; Reclassification; SNPs; Prospective study;
Clinical trial

1. Introduction
Prostate cancer (PCa) is the most common solid-organ malignancy affecting American men
and the second leading cause of cancer-related death [1]. Approximately 1 million prostate
biopsies are performed annually in the United States, with less than half proving positive for
PCa. Patients with negative biopsies have an approximately 20% incidence of PCa at repeat
biopsy [2]. Novel predictors are needed to better estimate an individual’s risk for PCa.

Recently, 33 PCa risk-associated single nucleotide polymorphisms (SNPs) have been
identified from genome-wide association studies (GWAS) [3–13]. These SNPs have been
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consistently associated with PCa risk in multiple white case-control studies [14]. Several
studies have reported that a genetic score based on a combination of these risk-associated
SNPs can be used to predict an individual’s risk for PCa [15–18]. However, it is unclear
whether they act independent of existing clinical variables to predict PCa risk and, more
importantly, whether they add value to existing clinical variables in predicting biopsy
outcomes. These questions are difficult to assess in retrospective case-control studies,
because many existing clinical variables, such as prostate-specific antigen (PSA), are
directly or indirectly used to define cases and controls in these studies.

The Reduction by Dutasteride of Prostate Cancer Events (REDUCE) trial is the largest
randomized, placebo-controlled chemoprevention trial of men following an initial negative
prostate biopsy for PCa [19]. All subjects were followed systematically and had study-
mandated prostate biopsies, thus affording a unique opportunity to assess the predictive
performance of all existing clinical variables and genetic markers. We hypothesize that the
genetic score will add to the ability of the best clinical model for PCa prediction at repeat
biopsy.

2. Patients and methods
2.1. Study population

Subjects included 1654 white men in the placebo arm of the REDUCE trial who were
offered (offering began partway through the study) and consented to genetic studies. The
REDUCE study has been described in detail elsewhere [19]. Briefly, participants were 50–
75 yr of age, with a serum PSA between 2.5 and 10 ng/ml (men 50–60 yr of age) or between
3.0 and 10 ng/ml (men >60 yr of age), and had a negative prostate biopsy (6–12 cores)
within 6 mo of study enrollment. The characteristics of the participants are presented in
Table 1.

2.2. Prostate cancer risk-associated single nucleotide polymorphisms and single
nucleotide polymorphism genotyping

All 33 PCa risk-associated SNPs discovered from GWAS reported prior to December 2009
were included; each exceeded genomewide significance levels in its initial reports ( p <
10.7), and each has been replicated in independent populations (Supplementary Table 1) [3–
13]. SNPs were genotyped from peripheral blood DNA using the MassARRAY platform
(Sequenom, San Diego, CA, USA). One duplicated Centre d’Etude du Polymorphisme
Humain (CEPH) sample and two water samples (negative controls) were blinded to
technicians and included in each 96-well plate. The concordance rate between the two
genotype calls of the duplicated CEPH sample was 100% for all SNPs.

2.3. Statistical analyses
A genetic score was calculated for each subject based on his genotype at the 33 SNPs and
weighted by odds ratio (OR) based on an external meta-analysis for each SNP, as described
previously [20,21]. For univariate analysis of biopsy outcomes, differences in binary
variables (family history and digital rectal examination [DRE]) and continuous variables
(age, PSA measurements, prostate volume, number of cores at prestudy entry biopsy
[number of cores], and genetic score) between men with and without positive prostate
biopsy were tested using a χ2 test and a two-sample t test, respectively. Total PSA levels,
prostate volume, and genetic score were log-transformed to approach a normal distribution.
For multivariate analysis of biopsy outcomes, predictors were modeled using logistic
regression analysis.
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Area under the receiver operating characteristic curve (AUC) was used to assess the ability
of clinical variables and the genetic score to predict for positive prostate biopsy. This value
was estimated using the entire cohort as well as in the fitting and testing of samples by four-
fold cross-validation to reduce the possibility of overfitting [22]. The difference in AUC
between the two models was tested using Delong’s test [23].

Reclassification of PCa risk between the two nested models (clinical parameters with or
without genetic score) was calculated based on predicted values from logistic regression
models. Each risk result was classified into low (1st quartile), intermediate (2nd and 3rd
quartiles), or high (4th quartile) risk categories. Net reclassification improvement (NRI) was
used to measure the degree to which PCa risk was appropriately reclassified [24]. The PCa
detection rate (proportion of positive biopsies) in each estimated risk category was used to
measure the performance of prediction models. In addition, a decision curve analysis (DCA)
was performed based on the method proposed by Vickers et al. [25,26].

3. Results
Among the 1654 men in the placebo arm of the REDUCE trial, 410 (25%) had a positive
biopsy for PCa from scheduled (n = 370) and “for-cause” (n = 40) biopsies over the 4-yr
study period. In univariate analysis (Table 1), men with positive biopsies differed
significantly (p < 0.05) from men with negative prostate biopsies for all baseline clinical and
demographic variables, with the exception of DRE. Significant differences were also
observed between the two groups of men for family history and the genetic score. The
ability of these baseline variables to discriminate among biopsy outcomes, as measured by
AUC, ranged from 0.51 to 0.59 (Table 2). The AUC was highest for the genetic score (0.59),
followed by PSA density (0.58), total PSA levels (0.54), and family history (0.52). The
AUC estimates obtained from the entire dataset were similar to those from testing samples
by cross-validation analysis, suggesting that these estimates were stable with no evidence of
overfitting.

A multivariate analysis was performed, and the best clinical model included age, family
history, total PSA level, prostate volume, and number of cores at previous biopsy. This
model was well calibrated, with p = 0.21 (Hosmer-Lemeshow test). The AUC of this model
was 0.62 in the entire cohort and 0.60 in the testing samples from a cross-validation
analysis. The genetic score remained statistically significant when added to the clinical
model (p = 3.41 × 10−8), suggesting that the genetic score is an independent predictor of
biopsy outcomes. The AUC of the combined genetic and clinical models was 0.66 in the
entire cohort and 0.64 in the testing samples from a cross-validation analysis. The difference
in AUC between the two models was statistically significant: p < 0.001 (Table 2).

To further assess the impact of adding genetic markers to the clinical variables, we
examined the reclassification of PCa risk. As shown in the cross-tabulation of risk
categories, risk was reclassified in 33% of men (n = 190 + 221 + 75 + 46): 267 were
downgraded (n = 221 + 46), and 265 were upgraded (n = 190 + 75; Table 3). A significantly
higher percentage of men were reclassified appropriately (n = 221 + 75; 36.7%) than
inappropriately (n = 190 + 46; 27.0%), with the net reclassification benefit, measured by
NRI, of 10% (p = 0.002). The NRI was highest among men whose initial risk was
intermediate (20%; p = 0.0001). Furthermore, the reclassified risk correlated better with the
observed PCa detection rate when compared with the initial risk from the clinical model
(Fig. 1a). For example, the observed detection rate was 23% among 812 subjects classified
as intermediate risk based on the initial clinical model; when adding the genetic score, the
observed detection rates were 14% and 35% for men whose risk was downgraded or
upgraded, respectively.
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The results based on the DCA are presented in Figure 2. The net benefit, based on true
positive and false positive at various threshold probabilities, was generally higher for the
model containing the best clinical variables and the genetic score than the clinical variables
alone. Again, as with NRI, the difference in net benefit between the two models was larger
in men with intermediate estimated risk (threshold probabilities between 17% and 31%). A
10 000-bootstrap analysis was used to internally correct for the overfit of the DCA. The bias
was estimated to be small, for example, −0.0009 and −0.0026 for the threshold probabilities
of 31% for models with or without the genetic score, respectively.

We also examined the impact of genetic scores on predicting high-grade PCa (Table 4).
Among the 1624 men who had complete clinical data, 122 (7.5%) and 9 (0.5%) were
diagnosed with Gleason scores ≥7 or ≥8, respectively, during the 4-yr follow-up period.
Because of the small number of Gleason scores ≥8 in this study, we defined Gleason score
≥7 PCa as high-grade PCa in the analysis [19]. The best clinical model for predicting high-
grade PCa included the same five variables described in Table 2. When the genetic score
was added to the model, it remained significant (p = 0.003). The AUC for discriminating
high-grade PCa from the clinical model to the combined clinical and genetic score model
increased from 0.69 to 0.71 in the entire cohort and from 0.67 to 0.69 in the testing samples
of the cross-validation analysis. The difference in AUC between the two models in the entire
cohort was statistically significant (p = 0.03). Furthermore, adding the genetic score led to a
reclassification of risk categories in 18% of these men, with a higher but not statistically
significant percentage of men being appropriately reclassified (NRI: 3%; p = 0.50).
However, a stronger benefit in net reclassification was found in each specific risk category:
The NRI was 15% (p = 0.047) for the intermediate-risk group (Table 5). The reclassified
risk also correlated better with the observed detection rate for high-grade PCa when
compared with the initial risk from the best clinical model (Fig. 1b). For example, the
detection rate of high-grade PCa was 6% among 812 men who had intermediate risk based
on the best clinical model; when the genetic model was added, the detection rate lowered to
4% and increased to 14% for those downgraded to low or upgraded to high risk,
respectively.

Finally, adding the genetic score to existing clinical predictors allows for fewer biopsies to
identify the same number of overall and high-grade PCa patients (Fig. 3a and 3b,
respectively). For example, to detect two-thirds of the overall PCa (n = 253) in this cohort,
we would have to biopsy 867 men based on the best clinical model and only 737 after
adding the genetic score. This difference represents a 15% reduction in the number of
biopsies needed to identify the same number of cancers. Similarly, if we want to identify
two-thirds of high-grade PCa patients (n = 82) in this cohort, we would need to biopsy 771
men based on the best clinical model but only 572 after adding the genetic score,
representing a 25% reduction in unnecessary biopsies.

4. Discussion
Based on a clinical trial population, this study provides evidence that genetic score,
calculated from inherited PCa risk-associated markers, is an independent predictor of PCa
risk and can provide added value to existing clinical variables in better predicting the
outcomes of repeat biopsies. The first finding has been demonstrated in multiple case-
control studies [15–18]. The second finding was similar to the results of a recent
observational prospective study from Sweden, in which 5241 men underwent for-cause
prostate biopsy and had a genetic score calculated based on 27 PCa risk-associated SNPs
[25]. In that study, genetic score significantly predicted biopsy outcome, independent of
clinical variables such as age and total PSA levels. The AUC for predicting positive biopsy
increased from 0.64 for the combined clinical model to 0.67 for the combined clinical and
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genetic score; the difference in AUCs was statistically significant (p = 0.01). The current
study builds on this “real-world” example by demonstrating the genetic score’s value in the
setting of a clinical trial whereby subjects, unlike in the clinic, underwent study-mandated
biopsy, thus overcoming the confounding issue of PSA-driven biopsy.

The clinical utility of these findings remains to be seen. The added value of genetic markers
as assessed by AUC was modest. However, because the current clinical predictors for
positive biopsy are poor (AUC of 0.60 for the combined clinical model in our study, where
AUC is 0.50 for variables without any predictive ability), the added value is appreciable in
relative terms. The 4% increase in AUC represents a 40% [(0.64–0.60)/(0.60–0.50)]
improvement. For the millions of patients and their treating urologists who are struggling to
make a decision regarding the need for biopsy, this additional information may be helpful.

The potential added value of genetic markers was also demonstrated in the NRI and DCA
analyses, particularly in men with intermediate risk. In the REDUCE trial, these men had
low but concerning levels of PCa risk based on clinical parameters only (23% for any PCa
and 6% for high-grade PCa). After adding the genetic score, the lowered observed PCa
detection rate (14% for any PCa and 4% for high-grade PCa) among those downgraded and
the increased PCa detection rate (35% for any PCa and 14% for high-grade PCa) among
those upgraded provides additional information that may help guide care. In contrast, among
men in the low-risk or high-risk group as defined by existing clinical parameters, the genetic
score may have limited clinical impact; their PCa detection rates were already low enough
(17% for any PCa and 2% for high-grade PCa) to consider forgoing repeat biopsy or
sufficiently high (37% for any PCa and 16% for high-grade PCa) to consider repeat biopsy.
However, the decision to undergo repeat biopsy is complex and depends on many factors,
affecting the risk perception of urologists and their patients.

A further demonstration of the benefit of the genetic score is a reduction in the number of
biopsies needed to detect the same number of cancers. Given the morbidity, cost, and even
low but measurable mortality from prostate biopsy, this benefit may be of clinical and public
health importance.

The interpretation of the genetic score is similar to family history but has several
advantages. Genetic score has a better AUC (0.59) than family history (0.52) in
discriminating prostate biopsy outcome. It can be measured objectively and does not change
over time, while family history depends on the number and ages of male relatives and can
change from negative to positive. All 33 SNPs can be genotyped in a single panel using a
noninvasive saliva sample, with a cost comparable to a PSA test. Finally, SNPs can be used
together to improve the risk estimate.

There are several caveats in this study. First, because of the small number of men of other
races in the REDUCE population, our analyses were restricted to white men. Thus, it is
necessary to replicate these findings in men of other racial groups. Second, although we
have shown that the genetic score adds value to clinical variables for the assessment of
overall and high-grade PCa risk, we did not test its ability to distinguishing risk for indolent
as opposed to aggressive PCa. Multiple studies demonstrate that these SNPs do not
distinguish between these two forms of PCa [18,27]. Finally, it is acknowledged that the
predictive performance of the combined genetic and clinical model remains less than ideal.
Other emerging biomarkers, such as urine PCA3, TMPRESS-ERG, and endorectal coil
magnetic resonance imaging need to be incorporated in future studies, as these data were not
available for most subjects in this study [28–30].
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5. Conclusions
In the context of a clinical trial, we provide evidence that the genetic score is an independent
predictor of PCa and adds to current clinical parameters for predicting biopsy outcomes. The
improvement in risk prediction is modest but may be helpful for the millions of men with an
initial negative prostate biopsy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Four-year observed detection rates of prostate cancer (PCa) among men who were classified
at low (1st quartile), intermediate (2nd and 3rd quartiles), or high (4th quartile) estimated
risk for PCa in two sequential prediction models. The observed detection rates for (a) any
PCa and (b) high-grade PCa (Gleason score ≥7) are shown. In both figures, the top panel
presents PCa detection rates of the initial prediction model based on the best clinical model,
consisting of five clinical variables: age, family history, free-to-total prostate-specific
antigen ratio, number of cores at base biopsy, and prostate volume. The bottom panel
presents PCa detection rates of the revised prediction model by adding the genetic score
estimated from 33 single nucleotide polymorphisms to the best clinical model. In subsets of
men, PCa risk categories either remained the same (dotted bars) or were reclassified
(hatched bars). The reclassified risk correlated better with the observed PCa detection rates.
PCa = prostate cancer.
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Fig. 2.
Decision curves for predicting prostate cancer at prostate biopsy. The y-axis represents the
net benefit calculated using the methods proposed by Vickers et al. [25,26]. The x-axis
represents the threshold probability (percentage) estimated from prediction models. The two
vertical lines represent the 25th and 75th percentiles of estimated risk (intermediate risk) in
the population, corresponding to 17% and 31% of threshold probabilities, respectively. The
dotted line represents the prediction model based on the best clinical model, consisting of
five clinical variables: age, family history, free-to-total prostate-specific antigen ratio,
number of cores at base biopsy, and prostate volume. The dashed line represents the
prediction model based on the best clinical model plus the genetic score.
GS = genetic score.
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Fig. 3.
Curves demonstrating the number of men needed to undergo prostate biopsy to identify a
given number of (a) overall or (b) high-grade disease based on the clinical model alone
(blue) or with the genetic score (orange). Horizontal hatched lines represent the number of
biopsies required to identify two-thirds of cancers (represented by the vertical blue line)
based on the clinical model alone (blue) or with the genetic score (orange).
PCa = prostate cancer; GS = genetic score.
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Table 1

Baseline clinical, demographic, and genetic score data of the subjects in the study

Variables All subjects

Positive biopsies (n = 410) Negative biopsies (n = 1244) p

Baseline clinical variables

 Age

  Mean (SD), yr 63.52 (5.99) 62.22 (6.01) 0.0001

  Median (range) 63 (50–76) 62 (49–76)

 No. (%) with positive DRE 20 (5) 47 (4) 0.33

 Prostate volume

  Mean (SD)* 44.20 (21.40) 46.76 (16.13) 0.03

  Median (range) 41.61 (9.01–257) 45.46 (3.66–127)

 Total PSA levels

  Mean (SD), ml* 5.78 (1.37) 5.52 (1.40) 0.01

  Median (range), ml 5.7 (2.5–10.2) 5.7 (1.8–14.2)

 PSA density (PSA/PV)

  Mean (SD)* 0.14 (1.67) 0.14 (0.07) 4.67E-06

  Median (range) 0.14 (0.02–0.63) 0.12 (0.03–0.58)

 Free-to-total PSA ratio

  Mean (SD) 0.16 (0.06) 0.17 (0.06) 0.02

  Median (range) 0.16 (0.03–0.47) 0.16 (0.03–0.47)

 No. of cores sampled at baseline biopsy

  Mean (SD) 8.21 (2.27) 8.58 (2.39) 0.004

  Median (range) 8 (3–19) 8 (2–22)

Baseline genetic variables

 No. (%) with positive family history 68 (17) 146 (12) 0.01

 Genetic score based on 33 PCa risk SNPs

  Mean (SD)* 1.10 (1.83) 0.90 (1.82) 4.15E-09

  Median (range) 1.09 (0.25–6.98) 0.88 (0.15–13.45)

SD = standard deviation; DRE = digital rectal examination; PSA = prostate-specific antigen; PV = prostate volume; PCa = prostate cancer; SNP =
single nucleotide polymorphism.

*
Mean (SD) of prostate volume, total PSA, PSA density, and genetic score is antilogarithmic.
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