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Abstract
BACKGROUND—Prostate cancer (PCa) risk-associated single nucleotide polymorphisms
(SNPs) are continuously being discovered. Their ability to identify men at high risk and the impact
of increasing numbers of SNPs on predictive performance are not well understood.

METHODS—Absolute risk for PCa was estimated in a population-based case-control study in
Sweden (2,899 cases and 1,722 controls) using family history and three sets of sequentially
discovered PCa risk-associated SNPs. Their performance in predicting PCa was assessed by
positive predictive values (PPV) and sensitivity.
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RESULTS—SNPs and family history were able to differentiate individual risk for PCa and
identify men at higher risk; ~18% and ~8% of men in the study had 20-year (55–74 years)
absolute risks that were two-fold (0.24) or three-fold (0.36) greater than the population median
risk (0.12), respectively. When predictive performances were compared at absolute risk cutoffs of
0.12, 0.24 or 0.36, PPV increased considerably (~20%, ~30% and ~37%, respectively) while
sensitivity decreased considerably (~55%, ~20% and ~10%, respectively). In contrast, when
increasing numbers of SNPs (5, 11 and 28 SNPs) were used in risk prediction, PPV approached a
constant value while sensitivity increased steadily.

CONCLUSIONS—SNPs discovered to date are suitable for risk prediction while additional
SNPs discovered in the future may identify more subjects at higher risk. Men identified as high-
risk by SNP-based testing may be targeted for PCa screening or chemoprevention. The clinical
impact on improving the effectiveness of these interventions can be and should be assessed.
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INTRODUCTION
Prostate cancer (PCa) is the most commonly diagnosed non-cutaneous malignancy of men in
developed countries,1 and is one of the most heritable forms of cancer.2 Recently,
considerable progress has been made towards the identification of genetic risk factors for the
disease using genome-wide association studies (GWAS), with more than two dozen PCa
risk-associated SNPs having been discovered.3–13 Additional risk-associated SNPs are
expected to be discovered from ongoing GWAS and/or from combined analyses of existing
GWAS.

The risk-associated SNPs discovered to date from GWAS have several common features.14
The association of these established SNPs and PCa risk have been consistently replicated in
multiple populations of European descent. The risk alleles of these SNPs are common in the
general population, with a risk allele frequency of at least 5%, and over 50% for several
SNPs. In addition, although each of these SNPs is only moderately associated with PCa risk,
collectively, they have a stronger, dose-dependent association.15–16 Furthermore, these risk
SNPs can be measured with high accuracy, at low cost and at any age (inherited SNPs do
not change with time). These important characteristics make PCa risk-associated SNPs
attractive candidates to predict an individual’s risk for PCa.

However, two major concerns about the utility of known risk-associated SNPs in risk
prediction of PCa are widely shared among clinicians, researchers, and policy makers. It is
argued that these SNPs perform poorly at discriminating cases from controls, as indicated by
low area under curve (AUC) statistic of the receiver operating characteristic (ROC) of these
SNPs.17–18 In addition, some argue that currently identified risk-associated SNPs only
represent a small fraction of all risk-associated SNPs, and therefore fear that risk prediction
based on these small numbers of SNPs may be unreliable and likely to change as more risk-
associated SNPs are included in the model.19

Rather than attempting to discriminate PCa risk for all men, in this study, we focus primarily
on identifying men at high risk for PCa. We evaluated the predictive performance at various
cutoffs of absolute risk using positive predictive values (PPV) and sensitivity. We also
assessed the change of discriminative performance with three sets of PCa risk-associated
SNPs sequentially discovered over the past four years, as well as degree of reclassification
of high risk using these evolving sets of SNPs.
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PATIENTS AND METHODS
Study population

A large population-based PCa case–control study in Sweden named CAncer of the Prostate
in Sweden (CAPS) was used to develop a risk prediction model. CAPS has been described
in detail elsewhere (Table 1).15 Briefly, PCa patients in CAPS were identified and recruited
from regional cancer registries in Sweden. The inclusion criterion for case subjects was
pathologically or cytologically verified adenocarcinoma of the prostate. Tumor-node-
metastasis (TNM) stage, Gleason grade (biopsy), and prostate-specific antigen (PSA) levels
at diagnosis, as well as DNA samples from blood were available for 2,899 patients. Control
subjects were recruited concurrently with case subjects. They were randomly selected from a
Swedish Population Registry, and matched according to the expected age distribution of
cases (groups of 5-year intervals) and geographic region. DNA samples from blood were
available for 1,722 control subjects. Positive family history was defined as any first-degree
relatives with a diagnosis of PCa. The research ethics committees at Wake Forest University
School of Medicine and the Karolinska Institute approved the study.

Three sets of risk-associated SNPs
The three sets of SNPs were discovered sequentially from GWAS in the past four years,
subtracting the SNPs that were initially reported in the CAPS population (Table 2). The first
set of SNPs includes five SNPs discovered from two PCa GWAS prior to 2007.3–6 The
second set of SNPs has 11 SNPs that were reported by end of 2008 from several PCa
GWAS, including the 5 SNPs described in the first set of SNPs.3–10 The last set of SNPs
contains 28 SNPs discovered in PCa GWAS to date (by December, 2009), including SNPs
in the first and second sets of SNPs.3–13

Statistical analyses
The cumulative effect of these SNPs and family history was modeled by multiplying the OR
of each risk SNP and family history, as briefly described in the following steps. The allelic
OR for each SNP was obtained from a meta-analysis of external study populations. The
allelic OR of each SNP is presented in Table 2. A multiplicative model was used to derive
genotype relative risks from the allelic OR. For each of the three genotypes at each SNP, the
genotype relative risk was converted to the risk relative to the population. The overall risk
relative to the population was derived by combining the risks relative to the population of all
SNPs as well as the family history of the individual by simple multiplication. Finally, the
absolute risk for each man was then estimated based on the overall risk relative to the
population, the incidence rate of PCa in the general population, and the all cause mortality
rate excluding PCa in Sweden.20

To assess the performance of absolute risk estimates in discriminating cases and controls,
we first estimated sensitivity and specificity at absolute risk cutoffs of one-, two- and three-
fold of population median risk. We then estimated positive predictive value (PPV) and
negative predictive value (NPV) based on sensitivity and specificity and population
prevalence of PCa using Bayes’ Theorem. We also used the AUC statistic of the ROC to
assess the overall performance of estimated absolute risk in discriminating PCa cases and
controls. A nonparametric approach developed by Delong and colleagues was used to test
for equality of the AUCs.21

RESULTS
The 20-year absolute risk for PCa among men aged 55–74 years was estimated for each
subject using family history and each set of 5, 11, and 28 SNPs that have been sequentially
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discovered in GWAS over the past four years. Absolute risk measures the likelihood of an
individual, of a given age, developing the tested condition over time, and therefore, provides
a more meaningful measure of risk to clinicians and patients as compared with ORs. The
distributions of absolute risk for PCa using family history and each set of SNPs are
presented in Figure 1a–c. Compared to a uniform 20-year cumulative risk for PCa of 0.12 in
the population when family history and SNPs were not considered, a wide spectrum of
absolute risk estimates were found using these genetic markers. In addition, the variation of
absolute risk distribution increased with increasing numbers of SNPs used in the risk
prediction model. Consequently, more subjects were classified as high risk with increasing
numbers of SNPs used. For example, at a cutoff of 0.24 (two-fold of population median
risk), 12%, 14%, and 18% men were classified as high risk, using the 5, 11, and 28 SNP
panels respectively. Similarly, at a cutoff of 0.36 (three-fold of population median risk), 4%,
5%, and 8% men were classified as high risk, using the sets of 5, 11, and 28 SNPs
respectively.

To examine the performance of absolute risk estimates in discriminating PCa status, we first
calculated the AUC statistic, a measurement of overall discriminative performance. For the
three sets of SNPs, the AUC was 0.60, 0.61, and 0.62 for the 5, 11, and 28 SNPs,
respectively. Compared to the AUC of 5 SNPs, the AUC of 11 and 28 SNPs was
significantly higher (P = 0.007 and 0.01, respectively).

However, because our primary purpose was to identify men at high risk, the more relevant
statistics to measure predictive performance are sensitivity and PPV at higher cutoffs of
absolute risk. Sensitivity measures the proportion of cases that are test positive (exceeding a
certain cutoff) while PPV measures the proportion of test positive men that develop the
disease. Sensitivities with absolute risk at cutoffs of 0.12, 0.24, and 0.36 (corresponding to
one-, two- and three-fold of population median risk) are presented in Table 3 and Figure 2a.
While sensitivity decreased with increasing cutoffs of absolute risk, it increased with
increasing numbers of SNPs used in risk prediction at each cutoff, especially at higher
cutoffs. For example, sensitivity for the 28 SNPs model was 55%, 23% and 11% at one-,
two- and three-fold population median risk, respectively. In contrast, sensitivity at three-fold
increased population median risk was 5%, 7% and 11%, respectively when 5, 11, and 28
SNPs were used.

More importantly, the PPV increased with increasingly higher cutoffs of absolute risk, from
~20% to ~30% and ~37% for cutoffs at one-, two-, and three-fold of population median risk
(Figure 2b). Interestingly, we found that at each cutoff of absolute risk, PPV did not change
considerably and approached a constant value with the use of increasing numbers of SNPs.
For example, at a cutoff of three-fold of population median risk, the PPV was 34%, 37%,
and 37%, respectively when 5, 11, and 28 sequentially discovered PCa risk-associated SNPs
were used. It is noted that the first 11 PCa risk-associated SNPs that were discovered
generally have higher ORs for PCa than the SNPs discovered subsequently.

To further examine the impact of numbers of SNPs and effect of SNPs on sensitivity and
PPV, we sorted the genetic risk factors (family history and each of the 28 risk-associated
SNP) from the highest to lowest, based on their contribution to genetic variance estimated
from their OR and frequency (Supplementary Table 1). We then added them one at a time to
the risk prediction model and calculated sensitivity and PPV at cutoffs of one-, two- and
three-fold of population median risk (Figure 3). Again, at each cutoff, PPV increased only
slightly and approached a fixed value with increasing numbers of ordered SNPs. On the
other hand, sensitivity continued to increase, albeit gradually, with increasing numbers of
these ordered SNPs.
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DISCUSSION
In this study, we provide novel results to address the controversies surrounding PCa risk
prediction based on newly discovered genetic markers. We have demonstrated that currently
established PCa risk-associated SNPs and family history are informative in differentiating an
individual’s risk for PCa and are able to identify men who have considerably elevated risk
for PCa (two- and three-fold times the population median risk). We also established that
these genetic markers have better discriminative performance, measured by PPV, for men at
considerably elevated risk. Finally, we demonstrated that while the sensitivity of classifying
men at considerably elevated risk continues to increase with increasing numbers of genetic
risk factors, PPV does not follow this trend and reaches a plateau after the most important
SNPs are used in the risk prediction model. Together, these results challenge the current
pessimistic view held by some clinicians, researchers, and policy makers that these markers
are too weak for risk prediction. It also suggests that the PCa risk-associated SNPs identified
to date are suitable for risk prediction because additional SNPs that are weakly associated
with PCa risk may not appreciably improve the PPV. Risk-associated SNPs discovered in
the future may, however, further improve sensitivity for identifying additional men at high
risk.

The major findings from this study are not limited to this Swedish CAPS population. Similar
findings were observed in a U.S. study population. We applied the same methods to the
National Cancer Institute Cancer Genetic Markers of Susceptibility Initiative (CGEMS)
study population where family history and genotypes of known PCa risk-associated SNPs
are available publicly for 1,172 PCa patients and 1,157 control subjects nested in the
Prostate, Lung, Colon and Ovarian (PLCO) Cancer Screening Trial.5,8 The 20-year absolute
risk for men aged 55–74 years based on family history and 27 SNPs were informative to
differentiate an individual’s risk (Supplementary Figure 1, one of the 28 SNPs included in
the CAPS study, rs16902094, was not genotyped and could not be imputed). Furthermore,
the discriminative performance for men at high risk, measured by PPVs and sensitivity
confirmed the trend observed in CAPS (Supplementary Figure 2).

It is important to note the difference between AUC and PPV, two measurements used for
assessing discriminative performance. The former is widely used and is more appropriate if
the purpose of risk prediction is to discriminate disease outcome for the entire study
population. Very strong predictors, with ORs greater than several hundred, are needed to
completely discriminate cases from controls.17 PPV, on the other hand, measures the
predictive performance among men who exceed a certain cutoff of absolute risk. Therefore,
PPV is a more appropriate measurement if the primary purpose of the risk prediction is to
identify men at considerably elevated risk for PCa.

It is also important to note that risk prediction is not a diagnostic tool, but provides an
estimate of likelihood of developing PCa in the future. Choosing an optimal cutoff to
classify men at high risk for PCa depends on the purpose of the test and should be based on
the balance of PPV and sensitivity. If the purpose of risk prediction is to identify high risk
men for more intensive (earlier and more often) PCa screening with PSA and DRE and for
chemoprevention, a relatively liberal cutoff of absolute risk (for example, 2-fold of
population median risk) may be used to trade lower PPV for better sensitivity (i.e., identify
more men for these intervention).

Identifying men at considerably high risk for PCa may have important implications for
targeted PSA screening and chemoprevention. There is an ongoing debate surrounding the
benefits of PSA screening for PCa. Results from two large randomized trials in Europe and
the U.S. have provided evidence that PSA-based screening for PCa was associated with
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significant cost due to the numbers of men needed to screen to derive benefit.22–23 In the
European trial, PSA screening was associated with decreased PCa related mortality but at a
great cost; ~1,410 men needed to be screened and 48 additional PCa cases needed to be
treated to prevent one death from PCa.22 The concept of targeted screening for men at high
risk may emerge as an important alternative to achieve the goal of reducing mortality while
limiting the numbers of individuals needed to screen. Results from this study suggest that
family history and PCa-risk associated SNPs can be used to develop an important tool for
targeted screening. The benefit of genomic-targeted PCa screening needs to be tested.

Similarly, targeting only high-risk men for chemoprevention may be an important
alternative to the costly, widespread use of chemoprevention. Two large, randomized
clinical trials, Prostate Cancer Prevention Trial (PCPT) and The Reduction by Dutasteride of
Prostate Cancer Events (REDUCE), have demonstrated a 23–25% reduction in PCa risk
with the use of 5-alpha reductase inhibitors (5ARIs), finasteride and dutasteride.24–25 This
represents the single largest risk reduction by any chemopreventive agent in any malignancy
in men. Despite this reduction rate, 5ARIs have not been widely adopted,26 in part due to
the concern of cost.27 By only targeting high risk men for chemoprevention, the cost could
be considerably reduced even if the PCa reduction rate of the chemoprevention is the same
across risk category. The benefit/cost ratio would further improve if its PCa reduction rate is
higher among men at higher risk. We are currently testing the potentially improved efficacy
of genomic-targeted chemoprevention in the REDUCE study subjects.

Our study has several notable limitations. Firstly, the SNPs used for risk prediction in this
study are not associated with aggressiveness of PCa,28–29 and therefore are not able to
discriminate risk for aggressive or indolent PCa. Recently, a SNP that is significantly
associated with more aggressive PCa risk but not indolent PCa was reported by our group.30

When a group of such SNPs is identified, they may be used to predict risk for the most
important and potentially lethal forms of PCa. However, it is important to note that a
potential reduction of PCa through genomic-targeted chemoprevention using the current risk
prediction model, regardless of aggressive or indolent PCa, represents an important advance.
Those men who are prevented from being diagnosed with PCa do not have to face the stress,
exposure to cost and complications of treatment as well as insurance implications related to
being a PCa patient. Secondly, the PPV estimates of this study were based on sensitivity and
specificity derived from this case-control study and population prevalence data. This
approach is different from the traditional approach which estimates PPV from cohort
studies. However, our approach may be more efficient due to the oversampling of cases in
this case-control study which leads to more accurate estimates of sensitivity. Finally, it is
noted that these findings are limited to men of Caucasian race because these genetic markers
were discovered in European populations.

In summary, for the primary purpose of identifying a subset of high risk men at an early,
curable stage and reducing the burden of PCa through PSA screening and chemoprevention,
we believe, based on these results, that it is time to critically consider genomic-targeted
screening and chemoprevention of PCa. This approach may also help to address the
significant issue of over-screening and over-diagnosis of PCa in developed countries.

STATEMENT OF TRANSLATIONAL RELEVANCE

This study suggests that PCa risk-associated SNPs discovered to date may be used to
identify men at high risk for PCa for targeted PCa screening and/or chemoprevention.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of estimated absolute risk using family history and three sets of PCa risk-
associated SNPs in CAPS.
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Figure 2.
Predictive performance of absolute risk estimated from family history and three sets of PCa
risk-associated SNPs in CAPS, measured by sensitivity (a) and PPV (b).
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Figure 3.
Predictive performance (sensitivity and PPV) of absolute risk estimated from genetic
markers in CPAS, genetic markers were added to the risk prediction one at a time, from
highest to lowest based on the genetic variance explained by the genetic marker. Note the
PPV and sensitivity were presented starting from the first six genetic markers because
results were unstable for the initial several genetic markers due to the small number of cases
and controls who tested positive, especially at higher cutoff values of absolute risk.
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Table 1

Clinical and demographic characteristics of subjects in CAPS

# (%) of cases # (%) of controls

Characteristics cases (N=2,899) (N=1,722)

Age at enrollment (Year)

  Mean (sd) 66.36 (7.13) 67.15 (7.39)

Family History (first-degree relatives)

  No 2342 (80.95) 1565 (90.57)

  Yes 551 (19.05) 163 (9.43)

PSA levels at diagnosis for cases or at enrollment for controls (ng/ml)

  ≤ 4 221 (7.85) 1438 (83.56)

  4.01–9.99 926 (32.91) 230 (13.36)

  10–19.99 654 (23.24) 37 (2.15)

  20–49.99 467 (16.60) 13 (0.76)

  50–99.99 229 (8.14) 2 (0.12)

  ≥ 100 317 (11.27) 1 (0.06)

  Missing 85 1

T-stage

  T1 or lower 1089 (38.62) N/A

  T2 904 (32.06) N/A

  T3 724 (25.67) N/A

  T4 103 (3.65) N/A

  TX 79 N/A

N-stage

  N0 524 (84.65) N/A

  N1 95 (15.35) N/A

  NX 2280 N/A

M-stage

  M0 1244 (81.95) N/A

  M1 274 (18.05) N/A

  MX 1381 N/A

Gleason (biopsy)

  ≤ 6 1382 (52.39) N/A

  7 788 (29.87) N/A

  ≥ 8 468 (17.74) N/A

  Missing 261 N/A
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