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abstract

PURPOSE To assess the association between the Oncotype DX Genomic Prostate Score (GPS) result and long-
term oncological outcomes following radical prostatectomy (RP).

METHODSWe evaluated the association of the GPS result assayed from the index lesion from RP tissue with the
risk of distant metastases (DM) and prostate cancer–specific mortality (PCSM) over the 20 years following RP in
a stratified cohort sample of 428 patients from 2,641 treated between 1987 and 2004. Cox regression of cause-
specific hazards was used to estimate the absolute risk of both end points, with death from other causes treated
as a competing risk. A correction for regression to the mean (RM) was applied since the GPS test was developed
using this cohort. Exploratory analysis using presurgical parameters and the GPS test as prognostic variables was
performed to assess the additional value of the GPS test on 20-year risk of DM and PCSM. Model discrimination
was measured using the area under the receiver operating characteristic curve.

RESULTS The GPS test appears to be independently associated with both 20-year risk of DM and PCSM with a
low false discovery rate. Per 20-unit increase in GPS, multivariable analysis with RM correction estimated hazard
ratios of 2.24 (95% CI, 1.49 to 3.53) and 2.30 (95% CI, 1.45 to 4.36) for DM and PCSM, respectively. Accuracy
of models including clinical risk factors alone appeared to improve when including the GPS test in assessing risk
of both end points.

CONCLUSION The results suggest that the GPS test provides information on the risk for the meaningful long-term
outcomes of DM and PCSM.
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INTRODUCTION

Long-term cancer outcomes are an important con-
sideration when deciding between active surveillance
(AS) and immediate treatment for newly diagnosed
prostate cancer. Multiple prospective AS studies that
predominantly include patients at the lowest risk of
progression have demonstrated a low risk of distant
metastasis (DM) and prostate cancer–specific mor-
tality (PCSM) with extended follow-up.1,2 However,
these excellent outcomes with AS require strict se-
lection criteria and stringent follow-up with frequent
repeat prostate biopsies. Based on these studies, the
current use of AS for newly diagnosed men is in-
creasing and now includes expanded selection crite-
ria, including younger men with longer life expectancy
and those with biopsy-defined pathologic features that
fall outside eligibility criteria of older studies.3 It is
unknown whether the excellent long-term AS out-
comes observed for low-risk disease can be main-
tained in this expanded group using only traditional
clinical variables and existing surveillance strategies.

For example, although both PIVOT and ProtecT
showed no statistically significant difference in PCSM
between observation and immediate treatment for
intermediate-risk patients with up to a 12.7-year follow-
up,4,5 the confidence intervals for the hazard ratio (HR)
do not exclude substantial benefit of radical prosta-
tectomy (RP). Furthermore, the long-term results of
Scandinavian Prostate Cancer Group Trial 4 demon-
strated an 11.7% absolute risk reduction in PCSM with
RP, corresponding to a relative risk of 0.55, compared
with conservative management.6 With up to a 29-year
follow-up, the results of this study are more reflective of
the lifetime risk of cancer recurrence and death in men
with intermediate- or high-risk features. As such, de-
velopment of tools that assess long-term risk for
meaningful clinical events such as DM and PCSMmore
accurately than clinical variables alone is needed.

Multiple studies have validated the ability of the biopsy-
based 17-gene expression profile Genomic Prostate
Score (GPS, Genomic Health, a wholly owned subsidiary
of Exact Sciences) test to improve accuracy over
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traditionally used clinical information in assessing risk of
adverse pathology (AP) at RP.7,8 Van Den Eeden et al9

established the association of the GPS test with risk of DM
and PCSM over 10 years. In this report, we sought to evaluate
whether the GPS test is also associated with 20-year risk of
DM and PCSM and whether its use improves risk assessment
for these end points compared with clinical variables alone.

METHODS

Using a stratified cohort sampling design, so that a weighted
analysis of the study cohort is representative of all patients
(N = 2,641) who underwent RP between 1987 and 2004 at
our institution, we selected 501 patients for inclusion. This
design was chosen because at the time of the original study, it
was not feasible to perform the GPS test on all 2,641 patients.
A 1:3 sampling was used, where all patients who experienced
clinical recurrence (local recurrence determined by biopsy
and distant metastasis determined by imaging or biopsy) were
included, and controls were selected at random from the
2,514 patients who did not experience clinical recurrence,
stratifying by surgery year (1987-1992 v 1993-2004), clinical
T-Stage (T1 v T2), and surgical Gleason Score (≤ 7 v . 7).
Therefore, the stratified cohort included all 127 patients who
did experience clinical recurrence and 374 patients who did
not have a recurrence.10,11 Because of variability in its clinical
significance, biochemical recurrence (which occurred in
31.5% of the cohort, a rate typical for those treated by RP in
this era) was not included as an end point. Fifty-four percent of
the patients in the cohort underwent surgery in the year 2000
or later (see Table 1 for patient characteristics). The index
lesion from the RP specimen was used for determination of
the GPS test result. Sixty patients were then excluded because
of pathology or laboratory failures. Among the remaining 441
patients, the final analysis cohort comprised the 428 patients
with evaluable primary Gleason pattern in prostatectomy
tissue (Fig 1).

All patients were selected from our prospective Institutional
Review Board (IRB)–approved database that includes

clinical staging, pathology from biopsy and RP, and follow-
up information. Follow-up and outcome data were obtained
through subsequent clinic visits, telephone calls, and
semiannual follow-up letters obtained through August 1,
2019, approximately 10 years after the previously reported
cutoff.7 Multiple data reviews and quality checks were
performed to ensure fidelity of the data set.

High grade at RP was defined as grade group 3 or above
(Gleason Score 4 + 3 or higher). High stage was defined as
nonorgan-confined disease including extraprostatic ex-
tension, seminal vesicle invasion, or lymph node metas-
tases. Pathologic staging was determined by central review
of RP specimens by an expert genitourinary pathologist
(C.M.-G.).

Statistical analysis was performed by M.C. and indepen-
dently verified by J.L. All statistical analysis was performed
using SAS version 9.4 with SAS/Stat Version 14.1. Weighted
Cox proportional hazards regression models were used to
analyze time to DM and PCSM. The time to event in patients
who died without an event or who were alive without an
event at the end of follow-up was considered censored in
these analyses. Each patient was weighted using the in-
verse sampling fraction in his stratum. Lin and Wei’s robust
variance estimate was used.12

In the multivariable analysis, the GPS result, preoperative
prostate–specific antigen (PSA), clinical stage, and biopsy
grade were used as covariables. The HR for continuous
GPS results was reported per 20-GPS unit increase, which
approximated the difference between the average GPS
value in the highest 25% and the average GPS value in the
lowest 25% of patients based on the GPS value distribution
from previous studies.7,13 Preoperative PSA value was in-
cluded in the model as Log2(PSA value). As previously
described,7 follow-up data available from this cohort at the
time were used in the development of the GPS test. Al-
though the current analyses include approximately 10
years of additional follow-up, there is still a strong potential

CONTEXT

Key Objective
Localized prostate cancer has an extended natural history, making immediate treatment decisions difficult without the

understanding of long-term cancer risks. Risk calculators based on clinical variables alone are imperfect. We sought to
evaluate the association between the Genomic Prostate Score (GPS) test and long-term prostate cancer outcomes: distant
metastasis and prostate cancer–specific mortality following radical prostatectomy.

Knowledge Generated
The GPS test appeared to be associated with both distant metastasis and prostate cancer–specificmortality at a 20-year follow-

up in both univariable and multivariable models, where model discrimination was improved when the GPS results were
included.

Relevance
The use of the GPS test can provide risk assessment of long-term prostate cancer outcomes, beyond clinical factors alone, for

patients with localized prostate cancer.
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for overoptimism of effect estimates involving the GPS test.
Therefore, all estimates using the GPS test as a covariable
were corrected for regression to the mean (RM)14 and false
discovery rates (FDRs) were reported rather than P values
(Data Supplement). For other variables, two-sided P values
were calculated using the Wald test. P values , .05 were
considered statistically significant.

Cox regression of cause-specific hazards13 was used to
estimate the absolute risk of each outcome, with other-
cause mortality considered a competing risk. The cause-
specific models for other-cause mortality each had a time-
dependent covariate for current age, computed as age at
surgery plus elapsed time since surgery. Applying the RM
correction for GPS test, the absolute risk estimates were
computed as the weighted average of the absolute risk
estimates over the study population patient age for each AP
status, with CIs derived using the delta method. Receiver
operating characteristic (ROC) curve estimates were based
on these absolute risk estimates, correcting for bias

inherent in ROC curves (Data Supplement), with and
without the GPS results as a covariable. Differences be-
tween models in the ROC area under the curve (AUC) were
tested for significance using the bootstrap.

RESULTS

The overall cohort consisted of predominantly American
Urological Association (AUA) low- and intermediate-risk
patients with prostate cancer, 55% and 35%, respec-
tively (Table 1). Of the 428 patients in the cohort, 105
patients experienced DM and 53 patients experienced
PCSM during follow-up. The median follow-up for censored
patients was 15.5 years (IQR, 14.6-16.6 years). The me-
dian GPS result was 26 (IQR, 19-39 units). The distribution
of GPS results, accounting for the stratified cohort sampling
weighting, in the overall population and by biopsy Gleason
grade is shown in Figure 2.

The GPS result appeared to be highly associated with both
DM and PCSM at 20 years of follow-up. On univariable
analysis, the RM-corrected HR for GPS results per 20 units
was 3.67 (95% CI, 2.34 to 6.27) and 4.37 (95% CI, 2.22 to
11.23) for DM and PCSM, respectively (q-value , 0.001,
both). Additionally, Log2PSA, High Grade, and High Stage
were each associated with both outcomes on univariable
analysis (Table 2). On multivariable analysis, the GPS test
appeared to remain highly associated with both DM and
PCSM (RM-corrected HR, 2.24; 95% CI, 1.49 to 3.53, HR,
2.30; 95% CI, 1.45 to 4.36, respectively), whereas among
the clinical variables, only Log2PSA and High Stage
remained significantly associated with DM (HR per unit
increase, 1.45; 95% CI, 1.10 to 1.91, HR, 2.81; 95% CI,
1.13 to 6.98, respectively) and only Log2PSA remained
significantly associated with PCSM (HR, 1.53; 95%CI, 1.11
to 2.10) (Table 3).

RM-corrected estimates of the 20-year absolute risk of DM
and PCSM as a function of the GPS result indicated a low
risk of both outcomes with the GPS result , 20 and a large
increase in risk with the GPS result . 40 (Fig 3). When the
model assessing risk of DM included the GPS results in
addition to Log2PSA, High Grade, and High Stage, the ROC
AUC appeared to improve to an estimated 0.824 compared
with an AUC of 0.772 for the model with clinical factors
alone (two-sided P , .005 based on 400 bootstrap repli-
cations; Fig 4A). Similarly, the model discrimination for
PCSM appeared to improve the AUC to an estimated 0.822
from 0.762 when including the GPS results as a prognostic
variable (two-sided P , .005 based on 400 bootstrap
replications; Fig 4B).

Among the 428 patients in the analysis data set, there
were 239 in the AUA low-risk group and favorable
intermediate–risk group (an estimated 86% of the overall
population accounting for the cohort sampling weights), 33
of whom experienced distant metastasis and 16 who died
because of prostate cancer. The distribution of the GPS
results among AUA low- and intermediate-risk patients is

TABLE 1. Characteristics of the Patients in the Cohort Sample

Age Biopsy Gleason grade, %

Mean (SD) 61 (6) ≤ 6 70

Median (IQR) 62 (57-66) 7 25

Race, % ≥ 8 5

White 82 Surgical Gleason grade

Black/Afro-Caribbean 13 3 62

Asian/Hispanic/Others 5 3 + 4 8

Year of surgery, % 3 + 5 1

1987-1989 4 4 23

1990-1994 11 4 + 3 3

1995-1999 31 4 + 5 2

2000-2004 54 5, 5 + 4 1

Clinical tumor stage, % Pathologic tumor stage %

T1A , 1 T2a 2

T1B , 1 T2b 5

T1C 65 T2c 44

T2A 24 T2+ 8

T2B 7 T3a 35

T2C 3 T3b 7

Baseline PSA (ng/mL), % AUA risk group %

≤ 4 14 Low/very low 55

. 4-10 68 Intermediate 35

. 10-20 13 High 10

. 20 5

NOTE. Summary statistics and percentages are estimated using cohort sampling
weights so they estimate the distribution of characteristics in the full cohort of 2,641
patients from which the cohort sample (n = 428) was drawn.
Abbreviations: AUA, American Urological Association; PSA, prostate-specific

antigen.
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shown in the Data Supplement. On univariable analysis, the
RM-corrected HRs for the GPS result per 20 units were
3.12 (95% CI, 2.40 to 9.30) and 2.86 (95% CI, 2.13 to
11.88) for DM and PCSM, respectively (q-value , 0.001,
both). RM-corrected estimates of the 20-year absolute risk
of DM and PCSM as a function of GPS result among AUA
low-risk patients and favorable intermediate–risk patients
have functional form similar to the estimates for the overall
population, with a large increase in risk for the GPS re-
sult. 40 (Data Supplement). As expected, the risk of these
events in the AUA low- and intermediate-risk patients is
substantially lower than that in the overall population. The
number of events in this subgroup was insufficient for
multivariable analysis.

DISCUSSION

Previous validation studies have clearly shown the GPS test
and other prostate biopsy–based gene expression profiles
to predict the presence of AP (grade group 3 or higher or
extraprostatic disease) in RP specimens or serial needle
biopsies in men on AS or post-RP.7,8,15 Although AP on
biopsy or RP is prognostic regarding risk of recurrence, DM,
and PCSM,16 its use as a surrogate end point for these
outcomes in men considering starting or staying on sur-
veillance has been questioned with no clear short-term

alternative.17 In this study, we sought to assess whether the
GPS result, based on pathologic evaluation of the index
lesion on RP, in the original discovery cohort of this bio-
marker appeared to be associated with the more clinically
meaningful outcomes of DM and PCSM at long-term follow-
up. Indeed, we observed that with a follow-up extending to
20 years (median, 15.5; IQR, 14.6-16.6), the GPS test was
highly associated with risk of DM and PCSM. Absolute risks
of these outcomes, considering death from causes other
than prostate cancer as a competing risk, showed a low-
slope relationship with the GPS result from 1 to 29, with an
inflection point evident at a score ≥ 30, above which the
risk of DM or PCSM increased substantially, reaching an
absolute risk of 38% for DM and 13% for PCSM at a score of
60 (Fig 3). Furthermore, we found that including the GPS
results in models assessing risk of DM and PCSM at 20
years improved discrimination compared with using clinical
variables alone (Tables 2 and 3; Fig 4A and 4B). These
results confirm and extend a previous independent vali-
dation of these end points in a large US Healthcare system
with shorter follow-up (median 9.8 years) that demon-
strated that the GPS test was also highly associated with
both risk of and time to DM and PCSM, with added
prognostic value for both end points over both AUA and
CAPRA risk stratifications.9 In that study, the multi-
variable HR/20 GPS units for DM was 2.34 (95% CI,
1.42 to 3.86) and the HR/20 GPS units for PCSM was
2.69 (95% CI, 1.50 to 4.82), similar to those observed in
this study (HR, 2.24; 95% CI, 1.49 to 3.53 and HR,
2.30; 95% CI, 1.45 to 4.36, respectively), suggesting
that these risk estimates are robust across independent
cohorts. Other commercially available gene expression
profiles have reported similar findings, albeit at earlier
time points.18-21

Because key drivers of biological progression in patients on
AS are yet to be elucidated, an open question is what aspect
of tumor biology commercially available gene expression
profiles may be measuring. Detailed pathological analysis
of the Canary-PASS study, a large, well-characterized AS
cohort, identified the presence of cribriform or stromagenic
histology as the strongest predictor of cancer recurrence
after treatment in men who progressed to requiring
therapy.22 The presence of cribriform glands has been
shown in other studies to be associated with higher rates of
biochemical recurrence after RP or radiation, as well as
both DM and PCSM,23,24 likely driven by the observation
that these glands exhibit genomic features characteristic of
aggressive disease.25 In a recent study of 194 men with
National Comprehensive Cancer Network very low-, low-, or
intermediate-risk disease considering AS, we observed that
only those with the GPS results above 29 had cribriform
histology present on biopsy (Falzarano et al, manuscript
submitted for publication). Furthermore, higher GPS
scores have also been shown to be associated with the
presence of stromagenic features.26 Kornberg et al27

501 patients selected
127 with clinical recurrence

374 without clinical recurrence

441 patients evaluable for
clinical/pathology/gene expression

51 excluded for insufficient tumor
7 did not meet inclusion criteria

2 outlier gene profile

428 patients
with evaluable primary

Gleason pattern
in prostatectomy tissue

Total Cohort
2,641 patients with

prostatectomy 1987−2004

FIG 1. CONSORT diagram of the patient cohort. Of 2,641 patients
who underwent RP between 1987 and 2004, a cohort of 501 patients
was selected using a 1:3 sampling design, which included all 127
patients who did and 374 patients who did not have a clinical re-
currence. The final analysis cohort consisted of 428 patients with
evaluable primary Gleason pattern in the RP tissue and valid GPS
results after excluding pathological and laboratory failures. GPS,
Genomic Prostate Score; RP, radical prostatectomy.
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observed that a GPS result ≥ 29 was associated with
grade reclassification on subsequent biopsy in a cohort of
low- and intermediate-risk men on AS, whereas in an

underpowered study using a cohort of lower-risk men
whose mean GPS results were 21, no association with
grade progression was observed.17 Together, these
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FIG 2. Histogram of the GPS results in study population, accounting for cohort sampling weighting in the overall population and by Biopsy
Gleason score. GPS, Genomic Prostate Score.

TABLE 2. Univariable Cox Proportional Hazards Regression Analyses of Distant Metastasis and Prostate Cancer–Specific Mortality
All patients (N = 428)

End point Factor HRa (95% CI)
Wald Test

P q-Value (FDR)

DM GPS (per 20 units) 3.67 (2.34 to 6.27) — , .001

Log2 PSA 1.79 (1.29 to 2.49) .001 —

High grade 4.17 (2.24 to 7.74) , .001 —

High stage 6.55 (3.15 to 13.60) , .001 —

PCSM GPS (per 20 units) 4.37 (2.22 to 11.23) — , .001

Log2 PSA 2.12 (1.51 to 2.99) .001 —

High grade 7.12 (2.96 to 17.18) , .001 —

High stage 6.14 (2.78 to 13.54) , .001 —

Abbreviations: DM, distant metastases; FDR, false discovery rate; GPS, Genomic Prostate Score; HR, hazard ratio; PCSM, prostate cancer–specific
mortality; PSA, prostate-specific antigen; RM, regression to the mean.

aHRs for the GPS result corrected for RM.
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observations suggest that the higher GPS results reflect
the presence of genomic drivers of tumor progression.

We recognize that there is debate over whether biopsy-
based gene expression profiles can inform decisions on AS
and that their utility may be limited in cases where a low
score may not fully represent tumors that are clonally
distinct. However, a number of published observations
support a role for decision making in men with higher
scores: (1) Multiple biopsy-based studies have validated
that higher GPS scores are associated with traditional
histologic measures of AP (defined as grade group ≥ 3 or
extraprostatic disease, both of which are associated with

worse outcomes)7-9; (2) The association of higher GPS
scores with histologic variants (cribriform [Falzarano et al,
manuscript submitted for publication] and stromagenic26

histology) shown to be associated with higher rates of re-
currence in an AS cohort;22 and (3) Long-term data from
the current study that link higher GPS scores to the risk of
meaningful clinical end points (DM and PCSM). Thus, a
higher GPS score on a biopsy with low-grade tumor could
prompt a more thorough look for higher-grade disease that
might have been missed on initial biopsy, prompt closer
follow-up of men who stay on AS, or result in a decision to
proceed to definitive treatment.

TABLE 3. Multivariable Cox Proportional Hazards RegressionModel for Distant Metastasis and Prostate Cancer Mortality Using the GPS Result, PSA, and AP,
Correcting GPS Effect for Regression to the Mean
All patients (N = 428)

End point Factor HR (95% CI)
Wald Test

P q-Value (FDR)

DM Log2 PSA (per unit increase) 1.45 (1.10 to 1.91) .009 —

High grade 1.14 (.56 to 2.34) .72 —

High stage 2.81 (1.13 to 6.98) .026 —

GPS (per 20 units)a 2.24 (1.49 to 3.53) — , .001

PCSM Log2 PSA (per unit increase) 1.53 (1.11 to 2.10) .009 —

High grade 1.12 (.47 to 2.65) .80 —

High stage 1.48 (.46 to 4.80) .51 —

GPS (per 20 units)a 2.30 (1.45 to 4.36) — , .001

Abbreviations: AP, adverse pathology; DM, distant metastases; FDR, false discovery rate; GPS, Genomic Prostate Score; HR, hazard ratio; PCSM, prostate
cancer–specific mortality; PSA, prostate-specific antigen; RM, regression to the mean.

aHR for GPS corrected for RM.
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FIG 3. RM-corrected estimates with 95% confidence intervals of the 20-year absolute risk of distant metastasis (A) and prostate cancer–specific mortality
(B) as a function of the GPS result. GPS, Genomic Prostate Score; RM, regression to the mean.
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Strengths of this study include that the data were sourced
from a prospectively maintained patient registry with locked
baseline clinical, pathologic, and gene expression infor-
mation; centralized expert pathology review; 20-year follow-
up, the longest reported in any similar study; and inde-
pendent verification of the statistical analysis. There are two
limitations: (1) changes in standardized biopsy grading and
stage migration since initial patient enrollment, although we
note that all RP specimens were reviewed by an expert GU
pathologist after the majority of substantive changes in
prostate cancer grading occurred and (2) that this should
be considered an exploratory analysis since the GPS test
was developed in this cohort. Although the study by Van

Den Eeden et al9 largely replicates the results of this
analysis, we believe that further validation in other cohorts is
important to firmly establish our conclusions.

In conclusion, with long-term follow-up, the GPS test ap-
pears to be associated with both DM and PCSM and im-
proves the accuracy of models containing clinical variables
alone. These findings suggest that genomic changes in the
tumor tissue, quantified by the GPS test, provide additional
biological insight into the long-term risk of DM and PCSM.
This information may be valuable to those considering AS.
Prospective studies should be pursued to validate these
results.
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