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Background: Prostate tumor heterogeneity and biopsy undersampling pose challenges
to accurate, individualized risk assessment for men with localized disease.

Objective: To identify and validate a biopsy-based gene expression signature that
predicts clinical recurrence, prostate cancer (PCa) death, and adverse pathology.
Design, setting, and participants: Gene expression was quantified by reverse transcrip-
tion-polymerase chain reaction for three studies—a discovery prostatectomy study
(n=441), a biopsy study (n=167), and a prospectively designed, independent clinical
validation study (n = 395)—testing retrospectively collected needle biopsies from con-
temporary (1997-2011) patients with low to intermediate clinical risk who were
candidates for active surveillance (AS).

Outcome measures and statistical analysis: The main outcome measures defining
aggressive PCa were clinical recurrence, PCa death, and adverse pathology at prostatec-
tomy. Cox proportional hazards regression models were used to evaluate the association
between gene expression and time to event end points. Results from the prostatectomy
and biopsy studies were used to develop and lock a multigene-expression-based
signature, called the Genomic Prostate Score (GPS); in the validation study, logistic
regression was used to test the association between the GPS and pathologic stage
and grade at prostatectomy. Decision-curve analysis and risk profiles were used together
with clinical and pathologic characteristics to evaluate clinical utility.

Results and limitations: Of the 732 candidate genes analyzed, 288 (39%) were found to
predict clinical recurrence despite heterogeneity and multifocality, and 198 (27%) were
predictive of aggressive disease after adjustment for prostate-specific antigen, Gleason
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score, and clinical stage. Further analysis identified 17 genes representing multiple
biological pathways that were combined into the GPS algorithm. In the validation study,
GPS predicted high-grade (odds ratio [OR] per 20 GPS units: 2.3; 95% confidence interval
[CI], 1.5-3.7; p < 0.001) and high-stage (OR per 20 GPS units: 1.9; 95% CI, 1.3-3.0;
p =0.003) at surgical pathology. GPS predicted high-grade and/or high-stage disease after
controlling for established clinical factors ( p < 0.005) such asan OR of 2.1 (95% CI, 1.4-3.2)
when adjusting for Cancer of the Prostate Risk Assessment score. A limitation of
the validation study was the inclusion of men with low-volume intermediate-risk PCa
(Gleason score 3 + 4), for whom some providers would not consider AS.

Conclusions: Genes representing multiple biological pathways discriminate PCa aggres-
siveness in biopsy tissue despite tumor heterogeneity, multifocality, and limited sam-
pling at time of biopsy. The biopsy-based 17-gene GPS improves prediction of the
presence or absence of adverse pathology and may help men with PCa make more
informed decisions between AS and immediate treatment.

Patient summary: Prostate cancer (PCa) is often present in multiple locations within the
prostate and has variable characteristics. We identified genes with expression associated
with aggressive PCa to develop a biopsy-based, multigene signature, the Genomic Prostate
Score (GPS). GPS was validated for its ability to predict men who have high-grade or high-
stage PCa at diagnosis and may help men diagnosed with PCa decide between active
surveillance and immediate definitive treatment.

© 2014 European Association of Urology. Published by Elsevier B.V. All rights reserved.

Introduction

aggressiveness regardless of multifocality, heterogeneity,

Prostate-specific antigen (PSA) screening has been associated
with a decline in PCa mortality but also has led to
overdiagnosis and overtreatment of biologically insignificant
disease [1]. Consequently, for selected patients with low-risk
disease, active surveillance (AS)—expectant management
with curative intervention only for those with tumor
progression—is endorsed in practice guidelines as an alterna-
tive to immediate therapy [2]. Despite these recommenda-
tions, AS is underutilized, and >90% of men diagnosed with
low-risk disease receive immediate treatment with surgery or
radiation [3]. Overtreatment of biologically insignificant
disease results in substantial cost and unnecessary morbidity
[4], leading some agencies and professional organizations to
question the value of routine screening [5,6].

An important impediment to the adoption of AS is the
imperfect accuracy of conventional risk assessment at
initial diagnosis [7]. Pretreatment risk-assessment tools
[8,9] based on PSA, clinical stage, Gleason score, and other
biopsy characteristics fare well in identifying patients at
risk of aggressive disease but predict indolent disease for
only a limited proportion of patients [10,11]. Moreover, for a
substantial proportion (20-60%) of men classified as low-
risk, current pretreatment assessment tools underestimate
true tumor grade and, less commonly, true stage [12-14].

Molecular analyses of localized PCa have enabled the
investigation of prognostic markers including tissue-based
gene expression signatures, systems pathology profiles, and
urine-based molecular markers [15,16]. Although many
groups have demonstrated the potential of gene expression
analysis to predict outcome in localized PCa [17-20],
frequent genetic differences between regions of individual
tumors and limited tumor sampling by needle biopsy pose
challenges to molecular-based assays in PCa [21,22]. With
these challenges in mind, we conducted two studies to
identify genes for which expression in both prostatectomy
and biopsy tissues consistently correlates with tumor

or technical challenges associated with limited tumor
obtained through biopsy. We then performed a third,
independent, clinical validation study to determine wheth-
er a prespecified 17-gene signature can be measured in
prostate biopsies to predict adverse pathology and improve
risk stratification at diagnosis.

2. Materials and methods
2.1. Study design, patients, and specimens

Three studies were performed and are referred to as the prostatectomy
study, the biopsy study, and the validation study (Fig. 1A; Supplement).
The prostatectomy study sampled from a cohort of 2641 clinical T1/T2
PCa patients treated by radical prostatectomy at the Cleveland Clinic
from 1987 to 2004. All patients with clinical recurrence (local recurrence
or distant metastasis, n=127) were selected, together with a random
sampling of nonrecurrent patients, using an established stratified cohort
sampling method (n = 374, with a 1:3 ratio of recurrent to non-recurrent
patients) [23,24]. All samples analyzed were from fixed paraffin-
embedded (FPE) prostatectomy specimens. The biopsy study included
FPE prostate needle biopsy specimens from a separate cohort of 167
patients who had a diagnostic biopsy and underwent prostatectomy
within 6 mo of diagnosis at the Cleveland Clinic between 1999 and 2007.
Disease and vital status were determined from a database that was
maintained prospectively, approved by an institutional review board
(IRB), and compliant with the US Health Insurance Portability and
Accountability Act, using data updated through October 2008.

The validation study conformed to the REMARK (Reporting
Recommendations for Tumor Marker Prognostic Studies) guidelines
for biomarker validation [25]. This prospectively designed protocol,
including gene panel, algorithm, end points, analytical methods, and
statistical methods, was agreed to by all investigators and locked prior to
analyses. Consenting patients were identified from the IRB-approved
University of California San Francisco (UCSF) Helen Diller Family
Comprehensive Cancer Center Urologic Oncology Data Base (UODB).
Men included were potential candidates for surveillance [26] but elected
prostatectomy within 6 mo of their initial diagnostic biopsies (additional
details are provided in the Supplement).
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Fig. 1 - Identification of gene expression profiles predictive of prostate cancer aggressiveness: (A) Studies for development of the 17-gene Genomic

Prostate Score (GPS) assay; (B) gene selection process for the GPS assay.

*Absolute maximum lower bound hazard ratio estimates in primary Gleason pattern, controlling false discovery at 10% (method of Crager [52]).
**Includes 14 stromal response, 17 cellular organization, 2 proliferation, and 4 androgen signaling genes.
AUA = American Urological Association; CAPRA = Cancer of the Prostate Risk Assessment; HR = hazard ratio; MLB = maximum lower bound;

PCD = prostate cancer death; RP = radical prostatectomy.

2.2. Pathology

Pathology for all study specimens were centrally reviewed by expert
pathologists using the 2005 International Society of Urological Pathology
Consensus guidelines (S.M.F. and C.M.G. for the prostatectomy and biopsy
studies, J.P.S. for the validation study) [27]. Three-dimensional mapping of
prostatectomy specimens enabled enumeration of tumor foci and analysis
of two spatially distinct tumor specimens representing (1) the most
prevalent (primary) Gleason pattern and (2) the highest grade Gleason
pattern. RNA from each sample was analyzed separately for gene
expression. In patients whose primary Gleason pattern was also the
highest Gleason pattern, two spatially distinct regions were selected for
analysis. For the biopsy study, up to two representative needle biopsy FPE
tissue blocks containing >2.0-mm involvement with tumor were selected
for each patient. Twelve 5-um unstained tissue sections were prepared for
each biopsy specimen. The first and last sections were stained with
hematoxylin and eosin to confirm presence of tumor and to guide manual
microdissection to enrich for tumor-containing tissue for RNA analysis.
Biopsy specimens for the validation study were centrally reviewed to
determine the primary and secondary Gleason score and to select a single,
representative tumor-containing block with a minimum tumor length of
1 mm. The biopsy with the greatest volume of the highest grade tumor for
each patient was used for analysis. Eight unstained, 5-pm, FPE biopsy
sections were prepared from each case for histologic evaluation, manual
microdissection of tumor-containing tissue, and RNA isolation. Prostatec-
tomy specimens were centrally reviewed for primary, secondary, and

tertiary Gleason patterns, overall Gleason score, and pathologic T stage
[27]. Biopsy reviews were performed blinded to prostatectomy pathology
results and vice versa, and all pathology reviews were blinded to other
clinical parameters and to gene expression data.

2.3. Assay methods and Genomic Prostate Score algorithm

For all studies, RNA was extracted, purified, and analyzed at Genomic
Health, Inc., as described in the Supplement and previously published
[28-30]. Prior to the prostatectomy study, 732 candidate genes were
selected through a meta-analysis of publicly available microarray data sets
(GSE3933, GSE10645, GSE5132, GSE3325) and additional comprehensive
bioinformatic approaches including PCa-related genes enriched for those
genes likely to have expression associated with outcome (Supplemental
Table 1, Supplement). The expression of each gene was assayed either in
singlet wells (prostatectomy study) or in triplicate wells (biopsy study and
validation study) by TagMan (Life Technologies, Carlsbad, CA, USA)
quantitative reverse transcription-polymerase chain reaction (RT-PCR)
assays and reported as crossing point values on a continuous scale. Eighty-
one candidate genes selected from the prostatectomy study were assayed
using the same methods in the biopsy study. Gene expression was
normalized relative to reference genes to account for variation in RNA
integrity due to tissue fixation and age of tissue blocks [30].

From the 81 genes evaluated in both studies, 12 genes associated
with PCa aggressiveness and 5 reference genes were selected for
inclusion in the final signature, called the Genomic Prostate Score (GPS)
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(Fig. 1B; Supplement). For the validation study, GPS assessment in prostate
biopsy tumor tissue was measured using a prespecified, analytically
validated assay [30]. GPS uses preamplification to allow for lower RNA
yield from prostate needle biopsies and is scaled between 0 and 100, with
higher scores indicating more aggressive disease. All gene expression
analyses were performed blinded to all clinical and pathologic data.

24. Statistical methods

For the prostatectomy study, the primary objective was to identify genes
for which expression was associated with clinical recurrence-free
interval (time from surgery to first local or distant metastatic recurrence
detected by biopsy or imaging). Established methods including
univariable and multivariable Cox proportional hazards regression
models using weighted pseudo-partial-likelihood estimators evaluated
the association between gene expression and clinical recurrence-free
interval and other time to event end points [23,31,32]. Storey and
Tibshirani’s method [33] was used to control the false discovery rate
(FDR) at 10% for gene identification (q < 0.10). For the biopsy study, the
primary end point was presence of adverse pathology defined by high-
grade disease (primary Gleason pattern 4 or any pattern 5) and/or non-
organ-confined disease (pathologic stage T3) discovered at surgery and
was analyzed using logistic regression.

Association of the GPS with adverse pathology was examined in
the validation study using a six-cell multinomial logistic model
representing combinations of pathologic grade and stage (Supplement).
The prespecified primary end point was the ability of the GPS to predict
prostatectomy grade and stage adjusting for biopsy Gleason score.
Prespecified binary logistic regression models were also used to evaluate
presence of adverse pathology in the prostatectomy specimen as well as
high-grade disease and non-organ-confined disease, separately. Odds
ratios [ORs] for GPS were calculated per 20-point increase in the score for
ease of clinical interpretation, with 20 points approximating the difference
between the average GPS of the highest 25th and lowest 25th percentiles
of patients.

Favorable pathology was defined as freedom from high-grade and/or
non-organ-confined disease. Area under the curve (AUC) for the receiver
operating characteristic (ROC) and the likelihood of favorable pathology
were calculated from multivariable binary logistic models of GPS adjusted
for Cancer of the Prostate Risk Assessment (CAPRA) score [34], National
Comprehensive Cancer Network (NCCN) risk groups [35], and a model
including individual preoperative covariates. Based on these models, plots
comparing the predicted probability of favorable pathology to the
observed proportion of patients with favorable pathology for clinically
defined subgroups were constructed. Decision-curve analysis [36] was
used to compare a model combining CAPRA and GPS with the CAPRA score
alone.

Analyses were independently performed by UCSF (J.E.C. and M.R.C.),
the Cleveland Clinic (J.L.), and Genomic Health, Inc. (T.M.) using SAS v.9.2
(SAS Institute, Cary, NC, USA), R (R Foundation, Vienna Austria), and Stata
v.12 (Stata Corp., College Station, TX, USA).

3. Results
3.1. Prostatectomy study results

The prostatectomy study included a final evaluable popula-
tion of 441 patients with characteristics representative of
the overall cohort (Supplemental Fig. 1, Supplement), 111
clinical recurrences (4% of original cohort), and 45 deaths (2%)
due to PCa (Supplemental Table 2). As expected, baseline PSA,
clinical T stage, biopsy Gleason score, pathologic T stage,
surgical Gleason score, year of surgery, margin status, age,

and American Urological Association (AUA) risk group were
significantly ( p < 0.05) associated with clinical recurrence in
univariable models; surgical Gleason score was the strongest
factor in the multivariable model (Supplemental Table 3).

After controlling the FDR at 10%, 453 genes (62%) were
associated with clinical recurrence in the samples contain-
ing either the primary (374 genes) or highest (367 genes)
Gleason pattern, and 288 (40%) predicted recurrence
regardless of the Gleason pattern (Fig. 2A; Supplemental
Table 4). Importantly, consistent association between
gene expression and outcome was observed across multi-
ple features of aggressive PCa (eg, PCa death and the
presence of adverse pathology at prostatectomy [37,38])
(Supplemental Table 4).

The 288 genes include multiple distinct gene groups
defined by coexpression, biological function, and consistent
association with clinical recurrence (Supplemental Fig. 2).
Higher expression of stromal response and proliferation
gene groups was associated with higher risk of clinical
recurrence; higher expression of cellular organization, basal
epithelial, androgen signaling, and stress response gene
groups was associated with lower recurrence risk (Fig. 2B).
Single-gene expression of androgen receptor (AR) and v-ets
avian erythroblastosis virus E26 oncogene homolog (ERG)
was not associated with clinical recurrence (q > 0.15 for
both). Consistent findings were observed in the 258 patients
for whom the primary Gleason pattern was of lower grade
than the highest Gleason pattern (Fig. 2C) and in the subsets
of patients with unifocal or multifocal disease (Fig. 2D). In
multivariable analysis, after adjustment for AUA risk group
(pretreatment PSA, biopsy Gleason score, and clinical stage)
and controlling FDR at 10%, 198 (69%) of the 288 genes,
including genes from the six gene groups identified in
univariate analyses, remained strongly associated with
clinical recurrence, suggesting that these genes provide
prognostic value beyond conventional pretreatment clinical
and pathologic factors (Supplemental Fig. 3).

3.2 Biopsy study results

The separate cohort of 167 AUA low- and intermediate-risk
patients with biopsy tissue available from the Cleveland
Clinic had characteristics similar to the overall cohort
(Supplemental Table 6), and 58 (35%) had aggressive disease
indicated by adverse pathologic features discovered at
prostatectomy. Of the 81 genes evaluated in the biopsy
study, quantitative RT-PCR analysis of tumor from FPE
prostate needle biopsy tissue for each patient confirmed the
association of 58 genes (72%) for adverse pathology at
prostatectomy (Supplemental Table 7). Of the six biological
pathways evaluated, the stromal response, androgen signal-
ing, cellular organization, and proliferation groups were
consistently associated with adverse pathology in both the
prostatectomy and biopsy studies (Supplemental Fig. 4).

3.3. Development of the Genomic Prostate Score

A 17-gene GPS algorithm was developed from the 58 genes
confirmed to be associated with aggressive disease in the
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Fig. 2 - Association of gene expression profiles with outcome in the prostatectomy study. (A) Comparison of associations of gene expression with
clinical recurrence in primary Gleason pattern and highest Gleason pattern tumor tissue. All 733 evaluable genes are depicted. (B) Analysis of gene
expression from each pathway with clinical recurrence in primary and highest Gleason pattern tumor specimens from all 441 patients in the
prostatectomy study. Forest plot shows standardized hazard ratios (HRs; estimate of relative risk per 1 standard deviation increase in gene expression
measured on a log scale) and 95% confidence intervals. HR >1 indicates higher expression is associated with worse outcome. (C) Association of gene
expression with clinical recurrence in primary and highest Gleason Pattern tumor tissue from 258 patients in whom primary and highest Gleason
pattern are not the same. (D) The association of gene expression with clinical recurrence in patients with unifocal versus multifocal disease in the
prostatectomy study. Red dots correspond to 77 of the 81 genes also evaluated in the biopsy study.

CI = confidence interval; HR = hazard ratio.

biopsy study, including 12 cancer-related genes from four
gene groups and 5 reference genes (Supplement). Selection of
the final set of cancer-related genes in GPS (Fig. 1B) was based
on consistency across studies, representation of the four key
pathways, and analytical performance (including reproduc-
ibility and higher mean expression with wide dynamic
range). Strength of association with clinical recurrence was
given preferential weighting for gene selection and algorithm

development (Supplemental Table 5). In a multivariable
analysis adjusted for AUA risk group, the model consisting of
the four gene groups of GPS was strongly associated with
clinical recurrence (standard hazard ratio [HR]: 2.32; 95%
confidence interval [CI], 1.81-3.00; q < 0.001) after regres-
sion-to-the-mean adjustment to partially account for over-
training. GPS provided additional risk discrimination beyond
conventional pretreatment clinical risk assessment (Fig. 3A).
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AUA = American Urological Association; CAPRA = Cancer of the Prostate Risk Assessment; CI = confidence interval; GPS = Genomic Prostate Score;

NCCN = National Comprehensive Cancer Network; RM = regression to the mean.
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34. University of California San Francisco Validation Study
Cohort

As of August 2012, 514 prostatectomy patients who
consented to participate in the UODB met clinical and
pathology eligibility criteria for AS. Patients were excluded if
the prostatectomy specimen was not available for re-review
(n=28,5%),if the total length of tumor on biopsy was <1 mm
(n =24, 5%), or if the tumor was absent on central review of
biopsy blocks (n = 50, 10%). Of 412 men whose biopsies were
thus processed, the GPS successfully met all prespecified
assay quality metricsin 395 (96%)[30],and this group formed
the final evaluable population (Supplemental Fig. 5).
Participants had a median age of 58 yr and a mix of low-
to low-intermediate clinical risk characteristics (Table 1). A
total of 123 patients (31%) had high-grade or non-organ-
confined disease at prostatectomy including 70 patients
with high-grade and 87 with non-organ-confined disease.
Scatter plots of association between GPS and clinical risk-
stratification tools (CAPRA scores and NCCN groups) and
a histogram of the GPS distribution (Fig. 3A and 3B;
Supplemental Fig. 7) illustrate a broad range of GPSs at any
given level of apparent clinical risk. GPS was weakly
correlated with the CAPRA score (r=0.15, p = 0.002).

3.5. Primary analysis of validation study

In the primary, prespecified multinomial analysis, GPS
(assessed in biopsy tumor tissue) was a significant predictor
of pathologic stage and grade at prostatectomy, adjusting for
biopsy Gleason score ( p = 0.002).Inbinary analyses adjusting
for central biopsy Gleason score, each 20-point increase in
GPSwas associated with increased odds of high-grade disease
(OR: 2.3; 95% (I, 1.5-3.7), non-organ-confined disease (OR:
1.9; 95% CI, 1.3-3.0), and high-grade and/or non-organ-
confined disease (ie, adverse pathology; OR: 1.9; 95% CI, 1.3-
2.9). In separate multivariable analyses adjusting for signifi-
cant clinical covariates, the GPS was a consistent predictor of
high-grade and/or non-organ-confined pathology, as were
traditional clinical predictors (Table 2). The OR for each
20-point increase in GPS was 2.1 (95% CI, 1.4-3.2) adjusting
for continuous CAPRA score, 1.9(95%CI, 1.3-2.8) adjusting for
NCCN risk group, and 1.9 (95% CI, 1.2-2.8) adjusting for age,
PSA, clinical stage, and biopsy Gleason score.

3.6. Clinical utility of the Genomic Prostate Score

The association of individual genes and gene groups
comprising GPS was consistent with the development
studies. Downregulation of androgen-signaling genes most
strongly predicted adverse pathology, followed by upregula-
tion of stromal response and proliferation genes and down-
regulation of cellular organization genes (Fig. 3C). The
addition of GPS to CAPRA improved the AUC for favorable
pathology to 0.67 from 0.63 with CAPRA alone. However, in
this population with a narrow range of risk, focused on men
with low risk by traditional measures and thus suitable
candidates for AS, AUC is limited in its ability to reflect
clinically meaningful risk discrimination [39-41]. In this

Table 1 - Baseline characteristics of the prostatectomy, biopsy, and
validation cohorts

Characteristic Prostatectomy Biopsy Validation
study® study study
n =441 n=167 n =395
Surgery year, range 1987-2004 1998-2007 1998-2011
Age
Mean (SD) 61 (6.3) 60 (6.4) 58 (7.1)
Median (IQR) 62 (57-66) 61 (56-65) 58 (53-64)
Race
White 83% 138 (83%) 359 (91%)
Black/Afro-Caribbean 12% 28 (17%) 13 (3%)
Asian/Hispanic/Other 5% 1(<1%) 23 (6%)
Clinical tumor stage
T1! 66% 149 (89%) 228 (58%)
T2 34% 18 (11%) 167 (42%)
Baseline PSA
<4 14% 23 (14%) 83 (21%)
>4-10 68% 133 (80%) 262 (66%)
>10-20 13% 11 (7%) 50 (13%)
=20 5% 0 (0%) 0 (0%)
Biopsy GS’
<6 70% 95 (57%) 301 (76%)
7" 25% 72 (43%) 94 (24%)
>8 5% 0 (0%) 0 (0%)
Central surgical GS
<6 35% 29 (17%) 188 (48%)
7 61% 132 (79%) 198 (50%)
>8 5% 6 (4%) 9 (2%)
Pathologic tumor stage
T2 52% 97 (58%) 308 (78%)
T2+ 7% 24 (14%) 6 (2%)
T3 41% 46 (28%) 81 (21%)
Adverse Pathology
GS <3 +4 and pT2 43% 107 (64%) 272 (69%)
GS <3 +4 and pT3 25% 24 (14%) 53 (13%)
GS >4 +3 and pT2 9% 14 (8%) 36 (9%)
GS >4 +3 and pT3 23% 22 (13%) 34 (9%)
CAPRA score’
0 - - 18 (5%)
1 - - 141 (36%)
2 - - 147 (38%)
3 = = 60 (16%)
4 - - 20 (5%)
Missing - - 9 (2%)
NCCN risk group'
Very low - - 37 (9%)
Low - - 191 (48%)
Intermediate - - 160 (41%)
Missing - - 7 (2%)

CAPRA = Cancer of the Prostate Risk Assessment; GS = Gleason score;
IQR = interquartile range; NCCN = National Comprehensive Cancer
Network; PSA = prostate-specific antigen; SD = standard deviation.

8 For the prostatectomy study, only percentages are shown for categorical
summaries because of the cohort sampling methodology.

" For the prostatectomy study, biopsies were not centrally graded.

“ In the validation study, only GS 3 + 4 was included.

 Only T1c was included in the biopsy and validation studies.

+ NCCN risk group and CAPRA score could not be calculated for the
prostatectomy and biopsy studies because of unavailable percentages of
positive cores.

setting, decision-curve analysis and risk profiles have been
shown to be more informative than ROC as measures of
clinical utility [39,40].

In decision-curve analysis (Fig. 4), greater net benefit
was realized for each end point through the combination of
clinical (CAPRA) and genomic (GPS) information compared
with clinical information alone. Over a range of threshold
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Table 2 - Multivariable analyses of the Genomic Prostate Score and
clinical/pathology covariates for prediction of adverse pathology
at prostatectomy

Model Variable 0Odds ratio 95% CI p value

1 GPS (per 20 units) 2.1 1.4-3.2 <0.001
CAPRA (continuous) 1.6 1.2-2.0 <0.001

2 GPS (per 20 units) 1.9 1.3-2.8 0.001
NCCN low vs very low 1.8 0.7-4.6 0.201
NCCN intermediate 3.6 1.4-9.2 0.004
vs very low

3 GPS (per 20 units) 1.9 1.2-2.8 0.003
Age (continuous) 1.1 1.0-1.1 0.004
PSA (continuous) 1.1 1.0-1.2 0.002
Clinical stage T2 vs T1 1.6 1.0-2.5 0.059
Biopsy Gleason 1.7 1.0-2.9 0.050

score (3+4 vs 3 +3)

CI = confidence interval; GPS = Genomic Prostate Score; NCCN = National
Comprehensive Cancer Network; PSA = prostate-specific antigen;
CAPRA = Cancer of the Prostate Risk Assessment.

probabilities, incorporation of GPS would be expected to
lead to fewer treatments of patients who have favorable
pathology at prostatectomy without increasing the number
of patients with adverse pathology left untreated.

Decision Curve for High-grade Disease

= None
— Al
CAPRA
= = CAPRA and GPS

Net benefit
0.00 0.02 0.04 0.06 0.08 0.10

Threshold probability (%)

Within each level of clinical risk as ascertained by CAPRA
score or NCCN risk group, GPS scores were widely distributed
and further discriminated risk over a wide range (Fig. 3A and
3B).Forexample, an individual with a CAPRA score of 1 would
have a 77% average likelihood of favorable pathology at
prostatectomy; this estimate would be as high as 86% with a
GPS of 10 or as low as 66% with a GPS of 40. To illustrate how
well these models fit the observed pathology for subjects in
the cohort, we compared the predicted probability versus
observed proportion of favorable pathology for the CAPRA
plus GPS and NCCN plus GPS models for clinically defined
subgroups (Supplemental Fig. 6). For both CAPRA plus GPS
and NCCN plus GPS, there was strong agreement between the
predicted average and the observed proportion of favorable
pathology at prostatectomy.

4. Discussion

Overtreatment of low-risk PCa is a widespread problem that
has contributed to recommendations against routine use of
PSA screening. Improved risk assessment at the time of
diagnosis may help reduce overtreatment by discriminating
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Fig. 4 - For the outcomes of (A) high-grade disease (Gleason pattern >4 + 3), (B) high-stage (pT3a) disease, and (C) high-grade and/or high-stage disease,
decision curves are presented comparing a model based on clinical and pathologic characteristics summarized by the Cancer of the Prostate Risk
Assessment (CAPRA) score to a model combining the CAPRA score with genomic information represented by the Genomic Prostate Score (GPS). For each
analysis, the combined CAPRA plus GPS model yielded greater net benefit than the CAPRA score alone, indicating improved discrimination and calibration.

CAPRA = Cancer of the Prostate Risk Assessment; GPS = Genomic Prostate Score.
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indolent from aggressive disease more accurately, allowing
more men (and their physicians) to pursue AS with greater
confidence. Our studies were specifically designed to address
the challenges of multifocality, heterogeneity, and limited
biopsy samplinginherentin most PCa by evaluating whethera
common underlying biology predictive of clinically aggres-
sive disease could be identified in histologically heteroge-
neous prostate tumor foci and in tumor samples from needle
biopsies. The 17-gene GPS, including genes representing
multiple biological pathways, was shown to be an indepen-
dent predictor of adverse pathology ( p = 0.002) in a prospec-
tively designed validation study of a large, contemporary
cohort of men with low- to low-intermediate-risk PCa who
were candidates for AS. Each 20-point increase in GPS
was associated with a 2.3-fold increased risk of high-grade
disease and a 1.9-fold increased risk of non-organ-confined
disease. The GPS contributed additional prognostic informa-
tion above and beyond existing, previously validated
multivariable clinical risk-stratification tools. Furthermore,
AUC, risk profiles, and decision-curve analysis all supported
the added benefit of using GPS with standard risk stratifica-
tion to identify those men with adverse pathology at time of
diagnostic biopsy.

More accurate prediction of tumor grade and stage at
diagnosis would address the key concerns of understaging
and biopsy undersampling that have been barriers to the
adoption of AS in contemporary practice. Men with low-risk
PCa defined by conventional clinical and pathologic features
already have a low probability of progression to lethal
disease [42,43]. However, given a 30% rate of pathologic
upgrading and/or upstaging between biopsy and prostatec-
tomy [14] and the very low observed rates of surveillance
uptake, even for low-risk tumors [3,44], more confident
identification of men with very low likelihood of pathologic
upstaging or upgrading should help support broader uptake
of AS. Conversely, men with greater likelihood of adverse
pathology may be encouraged to consider immediate
definitive therapy or more intensive additional evaluation.

The genes composing the GPS were expressly chosen as
those that were predictive when examined across different
regions within individual patient tumors, including both the
most common Gleason pattern and the highest grade cancer
foci. In addition, GPS was developed to predict disease
aggressiveness, with a primary emphasis on risk of long-term
clinical progression but also the closely related near-term
end point of adverse surgical pathology. Thus, successful
validation suggests that the GPS reflects the underlying
biology of a given tumor throughout the prostate including
potential for invasion and distant metastasis.

Several limitations to this study should be acknowledged.
First, our prostatectomy study analyzed 732 genes by
polymerase chain reaction and did not use microarray or
next-generation sequencing for comprehensive expression
analysis. Although these alternative approaches may have
identified different genes, use of the same technology (RT-
PCR) for identification of genes, confirmation in biopsy
specimens, and validation ensured equivalent analytic
performance across all studies. Second, we focused on
localized PCa specimens rather than metastatic samples to

identify genes associated with aggressive disease. This
decision was based on the objective of developing a “fit for
purpose” assay for specific use in biopsies from clinically
localized tumors. Finally, our validation study included men
with biopsy Gleason 3 +4 PCa, and in our primary analyses,
we restricted our definition of high grade to primary Gleason
pattern 4 or any pattern 5. The rationale for this decision
was based on an explicit intention to include men whose
tumors were expected to demonstrate a wider range of risk
and an expectation that, given PCa epidemiology and policy
trends, clinical entrance criteria for AS must eventually
become broader [26,44]. Many Gleason pattern 3 +4
tumors—especially those that are organ confined and/or
those with a limited extent of pattern 4—may be marginally
more aggressive, if at all, than Gleason 3 + 3 tumors. Early
outcomes for these men on AS have been quite comparable to
men with Gleason 3 + 3 tumors, justifying their inclusion in
the validation study [45].

AS itself is not entirely benign. Serial prostate biopsies
are uncomfortable and are associated with risks of bleeding,
serious infection [46] and other adverse consequences [47].
Patients on surveillance can experience varying degrees of
anxiety regarding the potential of their cancers to progress
[48]. Additional studies are needed to determine whether
GPS might also be used to identify men who may be
candidates for less intense surveillance and perhaps some
whose tumor characteristics are so indolent that they may
be spared a diagnosis of “cancer” or converted to a program
of watchful waiting, a less intensive alternative to AS
[49,50].

5. Conclusions

The way forward for PCa must involve more personalized and
evidence-based decision making regarding screening, diag-
nosis, and timing and intensity of treatment when required.
Although multiple prior studies have related genomic
markers to PCa clinical outcomes [17-20,51], the develop-
ment of GPS specifically addresses the impact of tumor
sampling in predicting aggressive PCa and included central
pathology review and a large number of clinical recurrence
events providing robust statistical power. By adding inde-
pendent molecular information to established risk parame-
ters, the GPS improves risk stratification at time of diagnosis
and may favorably shift the balance of risks and benefits for
men who are candidates for AS and facing challenging
decisions regarding optimal management of localized PCa.

This work was presented in part at the 48th Annual
Meeting of the American Society of Clinical Oncology, June
2012, Chicago, Illinois, USA, and at the Annual Meeting of
the American Urological Association, May 2013, San Diego,
California, USA.
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