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Aim: To evaluate active surveillance (AS) selection, safety and durability among men with low-risk prostate
cancer assessed using the clinical cell cycle risk (CCR) score, a combined clinical and molecular score. Pa-
tients & methods: Initial treatment selection (AS vs treatment) and duration of AS were evaluated for men
with low-risk prostate cancer according to the CCR score and National Comprehensive Cancer Network
guidelines. Adverse events included biochemical recurrence and metastasis. Results: 82.4% (547/664) of
men initially selected AS (median follow-up: 2.2 years), 0.4% (2/547) of whom experienced an adverse
event. Two-thirds of patients remained on AS for more than 3 years; patient choice was the most common
reason for leaving AS. Conclusion: The CCR score may aid in the identification of men who can safely defer
prostate cancer treatment.
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Prostate cancer is the most commonly diagnosed cancer among men in the developed world [1]. Despite this,
the majority of men who develop prostate cancer will not die from their disease. Many prostate cancers will
remain indolent and not progress to cause significant morbidity or mortality. Deferring treatment through active
surveillance (AS) of such patients may be an appropriate alternative to immediate treatment. Urologists and
radiation oncologists must therefore weigh oncologic factors, potential treatment-related morbidities and patient
preferences to help guide initial management decisions between immediate treatment and AS. Long-term survival
in patients placed on AS has been shown to be as high as 98% for up to 10 years of follow-up, and 94% up to
15 years of follow-up [2,3]. As a result, AS is now considered standard of care for all men with very low-risk prostate
cancer and most men with low-risk prostate cancer according to both the American Urological Association and the
National Comprehensive Cancer Network (NCCN) guidelines [4,5].

Currently, selection of AS for men with prostate cancer relies primarily on risk assessment using standard
clinicopathologic measures, including prostate-specific antigen (PSA) levels, digital rectal exam and Gleason score.
However, risk assessment using these criteria alone has resulted in low AS selection rates, even among men with
low-risk disease [6,7]. While adoption of AS has increased during recent years, the AS selection rate for clinically
low-risk patients remains between 40 and 50%, resulting in overtreatment of many men with low-risk disease [8,9].
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Previous studies have demonstrated that the clinical cell cycle risk (CCR) score, a combined clinical and molecular
score, provides significantly improved prognostic information and risk assessment compared with clinicopathologic
parameters alone [10–12]. More recently, a CCR score threshold has been developed and validated to facilitate selection
of appropriate AS candidates. This AS threshold is defined as having a disease-specific mortality (DSM) of less than
or equal to 3.2% and has been validated in a cohort of conservatively managed men with long-term outcomes [13].
Multiple validation studies have shown that risk classification based on CCR score predicts meaningful long-term,
oncologic outcomes more accurately than clinicopathologic features alone [10,12–14]. Therefore, use of the CCR
score may improve patient-appropriate treatment selection by reducing risk misclassification and potential over- or
undertreatment of patients with prostate cancer.

Many men who initially select AS ultimately transition to definitive treatment, with one study suggesting that
approximately a third of men receive definitive treatment within 3 years of diagnosis [15]. While a change in risk
classification often prompts this transition, patient anxiety and side effects from repeated biopsies can also prompt a
switch to definitive treatment [15,16]. Improved risk stratification through the use of validated prognostic tools may
increase patient and physician confidence and reduce anxiety around AS, ultimately increasing AS durability and
avoiding unnecessary intervention. This study sought to evaluate the selection, safety and durability of AS among
men newly diagnosed with prostate cancer who received a CCR score.

Materials & methods
Cohort
This multicenter, retrospective, observational study included men diagnosed with localized prostate cancer between
January 2013 and August 2017 who previously received cell cycle progression (CCP) testing during the course of
routine care (Myriad Genetic Laboratories, Inc., UT, USA). Data for patients who had low-risk disease according
to both the CCR score (DSM ≤3.2%) [13] and NCCN guidelines [17] were recorded by urologists from eight
community and academic sites (Arkansas Urology [AR, USA]; Comprehensive Urology [MI, USA]; Golden Gate
Urology [CA, USA]; Memorial Sloan Kettering Cancer Center [NY, USA]; Pacific Urology [CA, USA]; Specialists
in Urology, LLC [MO, USA]; University of Michigan [MI, USA] and Urological Associates, PC [CO, USA]).
Patients were excluded if they received definitive therapy prior to diagnostic biopsy, had a life-expectancy of less
than 10 years, had a history of hypogonadism or had another malignancy (excluding nonmelanoma skin cancer).
Clinical data for each patient were obtained from provider-completed test request forms and through retrospective
chart review. AS protocols were left to the discretion of the treating urologist, with pertinent data appropriately
documented, including subsequent biopsies, selection of definitive treatment and reasons for both. All AS patients
were monitored according to institutional protocols. Typically, sites had patient follow-up 6 months after diagnosis
and most had annual follow-up after that. For some sites, follow-up occurred on a semiannual basis. Follow-
up consisted of a combination of PSA, digital rectal exam, biopsy and/or MRI, depending on the institution’s
protocol. Any disease progression, including biochemical recurrence (BCR), metastasis or death from any cause
(cause specified), was documented. Pathology review was directed by dedicated genitourinary pathologists at each
institution.

This study was conducted with Institutional Review Board oversight (Quorum, identifier 33138; MSKCC
and UM internal Institutional Review Boards). This study involved anonymized, retrospective chart review and
patient consent was waived. This study was supported by Myriad Genetics, Inc. and the authors from the funding
institution contributed to study design, analysis and reporting.

CCP testing
Testing was performed as described previously [10,18,19] in a Clinical Laboratory Improvement Amendments-
and College of American Pathology-approved commercial testing laboratory (Myriad Genetic Laboratories, Inc.).
Briefly, 1–5 slides containing 5-μm thick sections of formalin-fixed, paraffin-embedded prostate biopsy tissue were
macro-dissected as directed by the on-site pathologist. After deparaffinization, total RNA was extracted using a
miRNeasy kit (Qiagen) according to manufacturer’s instructions and converted to single-strand cDNA. Expression
data for 31 CCP genes and 15 housekeeper genes for normalization were generated via TaqMan Low Density
arrays in triplicate (Applied Biosystems) [18,19]. A molecular CCP score was calculated as the normalized expression
of CCP genes (average of the three replicates minus the average of the appropriate housekeeper genes). UCSF
Cancer of the Prostate Risk Assessment (CAPRA) scores [20,21] were calculated using clinical information from
provider-completed test request forms as previously described [20]. The CCR score was calculated as a combination
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of the molecular (CCP) and clinical (CAPRA) scores (0.39 × CCP + 0.57 × CAPRA) [10]. Estimated DSM based
on the CCR score was reported, and the AS threshold (DSM ≤ 3.2%, i.e., low-risk) was indicated for tests reported
after 25 September 2015.

Statistical analysis
Statistical analyses were performed according to a prespecified analysis plan using SAS R© software (SAS Institute,
Inc., NC, USA) and R software (R Foundation for Statistical Computing, Vienna, Austria). The evaluable study
cohort included all patients who passed study inclusion and exclusion criteria. Men were considered as being on AS
if they received no definitive treatment within 6 months of diagnosis, and AS duration was defined as the time from
diagnosis to first treatment. Clinical outcomes included BCR or metastasis. BCR was defined as PSA greater than
0.2 ng/ml on ≥2 occasions more than 2 weeks apart following surgery, postexternal beam radiation therapy PSA
of nadir + 2 ng/ml (Phoenix criteria 1), or initiation of any salvage therapy ≥6 months after surgery or radiation.
Metastasis was confirmed by radiographic evidence.

The Kaplan–Meier method was used to estimate event-free survival (EFS) and time-to-end of AS with 95%
CIs. For primary clinical outcomes, occurrence of BCR or metastasis was considered an event, while initiation
of definitive therapy was considered an event in regard to AS durability. Differences in demographic and clinical
characteristics between cohorts were tested using the Wilcoxon Rank Sum test of medians for continuous variables
and the Fisher’s exact test for categorical variables. Missing data were not imputed.

Results
Cohort
A total of 664 men with low-risk disease according to both the CCR score and NCCN guidelines were included
in the analysis. The patient demographics are summarized in Table 1. In total, 82.4% (547/664) of patients
selected AS, while 17.6% (117/664) received definitive treatment within 6 months of diagnosis (Table 1). There
were no substantial differences between these groups except for markers of tumor aggressiveness, with men who
received definitive treatment within the first 6 months postdiagnosis exhibiting more aggressive pathologic features
compared with men who selected AS. Compared with those who selected AS, a higher proportion of men who
initially pursued definitive therapy had stage T1c or T2a cancers (92.3 vs 74.8%; p < 0.001) or more than two
positive cores (47.9 vs 32.9%; p = 0.003). Across all patients, median CCR score was -0.04 (interquartile range
[IQR]: -0.29, 0.27; Table 1), with the full score distribution shown in Supplementary Figure 1.

Survival
The median follow-up period from time of biopsy for all patients was 2.2 years (IQR: 1.4, 3.0). Five men (0.8%;
5/664) experienced disease progression events, with two exhibiting metastasis and three showing evidence of BCR
following primary therapy. Five-year EFS was 97.8% (95% CI: 93.1%, 99.3%; Figure 1A) among all patients.
Among men who selected AS, the median follow-up time was also 2.2 years (IQR: 1.5, 3.1), with a five-year EFS of
98.5% (95% CI: 91.7%, 99.7%; Figure 1B). Only two men (0.4%; 2/547) who initially selected AS experienced
an event. One of these men had Gleason 3+4 prostate cancer with negative lymph nodes at the time of diagnosis.
He had radical prostatectomy after 2.1 years and showed evidence of BCR 3.7 years after diagnosis. A positive
surgical margin was present after radical prostatectomy, and it is therefore clinically possible that this case of BCR
is related to the remaining positive margins. The second patient who experienced an event was diagnosed with
Gleason 3+3 prostate cancer. While on AS, this patient displayed rising PSA levels and a subsequent biopsy was
performed. The disease was upgraded to Gleason 4+4 postbiopsy and eventually classified as metastatic based on
MRI 0.9 years postdiagnosis.

Durability of AS
Among the 547 men who selected AS, 24.3% (133/547) received treatment during the course of this study. The
vast majority of these men were treated with either radical prostatectomy (60.9%) or radiation therapy (26.3%). In
total, 23.3% (31/133) of patients who left AS received a definitive treatment due to an increase in Gleason score
(Table 2). A number of other factors related to clinical disease progression were also cited as reasons for leaving
AS, such as change in PSA and increase in tumor volume (Table 2). The most common reason for leaving AS was
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Table 1. Patient demographics.
Characteristic Statistic/category AS cohort (n = 547) Treated cohort (n = 117) p-value Total (n = 664)

Age at diagnosis (years) Mean (SD) 63.0 (7.49) 62.5 (8.05) 0.897§ 62.9 (7.59)

Median (IQR) 64 (58, 68) 64 (58, 67) 64 (58, 68)

Min, max 41, 79 39, 79 39, 79

Race, n (%) White/non-Hispanic 370 (67.6%) 80 (68.4%) 0.147¶ 450 (67.8%)

Black/African 41 (7.5%) 14 (12.0%) 55 (8.3%)

Asian 4 (0.7%) 2 (1.7%) 6 (0.9%)

Hispanic/Latino 1 (0.2%) 1 (0.9%) 2 (0.3%)

Other 2 (0.4%) 0 2 (0.3%)

Unknown† 129 (23.6%) 20 (17.1%) 149 (22.4%)

Prebiopsy PSA (ng/ml) Mean (SD) 5.0 (1.86) 5.1 (2.02) 0.263§ 5.0 (1.89)

Median (IQR) 4.8 (3.9, 6.0) 5.1 (3.8, 6.4) 4.9 (3.9, 6.1)

Min, max 0.3, 10.0 0.4, 9.8 0.3, 10.0

Clinical tumor stage T1a 134 (24.5%) 9 (7.7%) �0.001¶ 143 (21.5%)

T1b 0 0 0

T1c 367 (67.1%) 95 (81.2%) 462 (69.6%)

T2a 42 (7.7%) 13 (11.1%) 55 (8.3%)

Missing 4 (0.7%) 0 4 (0.6%)

Percent positive cores
(%)‡

Mean (SD) 23.0 (20.33) 26.2 (18.66) 0.010§ 23.5 (20.07)

Median (IQR) 16.7 (8.3, 25.0) 20.1 (10.8, 33.3) 16.7 (8.3, 29.4)

Min, max 4.2, 100 4.2, 100 4.2, 100

Number of positive cores ≤2 366 (66.9%) 60 (51.3%) 0.003¶ 426 (64.2%)

�2 180 (32.9%) 56 (47.9%) 236 (35.5%)

Missing 1 (0.2%) 1 (0.9%) 2 (0.3%)

CCR score Mean (SD) -0.05 (0.39) 0.07 (0.41) 0.024§ -0.03 (0.39)

Median (IQR) -0.07 (-0.30, 0.22) 0.10 (-0.24, 0.43) -0.04 (-0.29, 0.27)

Min, max -1.31, 0.79 -0.92, 0.79 -1.31, 0.79

†Nineteen men declined to answer (16 in the AS cohort and three in the treated cohort).
‡Two men were missing information (one in the AS cohort and one in the treated cohort).
§p-values calculated using the Wilcoxon Rank Sums test on median.
¶p-values calculated using the Fisher’s Exact test.
AS: Active surveillance; CCR: Clinical cell cycle risk; IQR: Interquartile range; PSA: Prostate-specific antigen; SD: Standard deviation.

Table 2. Reasons for leaving active surveillance.
Reason for leaving AS n % of patients in AS cohort (n = 547) % of patients who left AS (n = 133)

Gleason score 31 5.7 23.3

PSA† 14 2.6 10.5

Imaging 6 1.1 4.5

Tumor volume 3 0.5 2.3

Patient choice 36 6.6 27.1

Other/missing 43 7.9 32.3

†Among men who cited change in PSA as the reason for leaving AS, only four had clinical progression of their disease as measured by an increase in PSA over 10 ng/ml. No men had
PSA doubling in 6 months.
AS: Active surveillance; PSA: Prostate-specific antigen.

patient choice, accounting for 27.1% of men who switched from AS to a definitive therapy. In total, 91.2% (95%
CI: 88.4%, 93.3%) of men remained on AS at year 1 (Figure 2 & Table 3). Although this decreased over time,
69.6% (95% CI: 64.5%, 74.1%) of men who initially selected AS remained on AS at year 3, and 65.2% (95% CI:
58.9%, 70.8%) of men remained on AS 4 years postdiagnosis. While the 5-year durability of AS was 50.3% (95%
CI: 34.6%, 64.1%), there was only one evaluable patient at year 5, which limits the statistical power.
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Figure 1. Kaplan–Meier curve for event-free surivival. (A) In the full cohort (n = 664) and (B) in the AS cohort (n =
547). 95% CIs are shown with the dotted lines.
AS: Active surveillance.
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Figure 2. Kaplan–Meier curve for the durability of active surveillance before definitive treatment. 95% CIs are
shown with the dotted lines.
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Table 3. Kaplan–Meier estimates for the durability of active surveillance (n = 547).
Year Evaluable men (n) Treatment-free survival (95% CI)

Year 1 441 91.2% (88.4%, 93.3%)

Year 2 260 78.9% (74.8%, 82.4%)

Year 3 123 69.6% (64.5%, 74.1%)

Year 4 45 65.2% (58.9%, 70.8%)

Year 5 1† 50.3% (34.6%, 64.1%)

†While there was only one evaluable patient at the 5-year time point, there were evaluable patients between years 4 and 5 who left active surveillance for definitive treatment prior to
5 years. These individuals were used to calculate the treatment-free survival beyond 4 years.

Discussion
Men with low-risk prostate cancer are increasingly selecting surveillance as their initial management strategy.
National trends show that approximately 30–40% of patients who initially select AS eventually undergo definitive
treatment [22]. The most common reasons cited for leaving AS for definitive therapy are clinical progression of
the disease and anxiety on the part of the patient and/or physician due to the possibility that the disease may be
more aggressive than predicted [2,15,23]. The use of a combined clinical and molecular score (CCR) has been shown
to provide significantly improved prognostic information over clinicopathologic factors alone [10,11]. As such, the
utility of the CCR score was evaluated here as a method to safely improve the identification of men for AS.

In this study, we observed that 82.4% of men with prostate cancer determined to have a low estimated risk
of DSM by both the CCR score and NCCN guidelines initially selected AS. This indicates that most patients
with molecularly confirmed low-risk disease and their physicians selected AS for initial clinical management in
both community and academic clinical settings. The rate of AS selection in men with low-risk disease classified
without the additional prognostic information from molecular testing appears to be lower than the rates observed
in this study. The National Cancer Database reports that 20–24% of men determined to have low-risk prostate
cancer by clinicopathologic parameters alone select AS. Underutilization of AS is also observed in the Surveillance,
Epidemiology and End Results Program database, the UCSF Cancer of the Prostate Strategic Urologic Research
Endeavor registry and the American Urological Association Quality Registry, which report only 30–40% utilization
of AS among men with low-risk disease [24,25]. Although utilization of AS has improved in recent years, the AS
rate reported here was substantially higher than in recent studies where only clinicopathologic features were used
in decision-making [6,9,26]. Importantly, AS selection here was also durable, with most patients maintaining AS for
3 or more years.

Among men with low-risk disease who initially selected AS, only two experienced metastasis or BCR during the
study period, which corresponds with a 5-year EFS of 98.5% for men who selected AS. As with any tumor-based
test, sampling error is an inherent limitation of testing. Sampling error when initially testing these tumors could
have resulted in an inaccurate risk classification for patients who experienced progressive disease while on AS. This
is a common limitation to tests of this class that also impacts the accuracy of clinicopathologic evaluation [27–29],
and the extensive validation of the CCP test has previously shown that, despite the potential for sampling error,
the CCR score adds accurate information beyond standard clinical features to inform risk of disease progression
among men with prostate cancer. These data suggest that selection of AS using the CCR score is initially safe,
though longer follow-up of this patient cohort is required to verify these findings. This is comparable to a recently
published single-site study by Nyame et al., which showed a 5-year EFS of 97.7% for patients with NCCN very
low/low-risk disease who initially selected AS [30]. In both studies, NCCN criteria were used to select patients for
AS, while the study presented here has molecularly confirmed low-risk disease. The present study shows that EFS
for low-risk patients is high even across multiple sites.

The durability of AS was similar to previously published rates, with approximately two-thirds of patients
remaining on AS after 4 years [30]; however, the increased AS selection rate at the time of diagnosis reported here
increased the overall number of men who remained on AS. Among men who left AS, 27.1% cited patient choice
as the reason for leaving. Based on previous studies, this may be partly related to patient anxiety [15]. Most other
patients who left AS cited a change in clinicopathologic features. However, aside from the men who experienced
an increase in Gleason score or an increase in PSA greater than 10 ng/ml, these changes may not actually represent
disease progression. For patients who experienced a clinically insignificant change in clinicopathologic features,
anxiety on the part of the patient and/or physician was likely the driving force in leaving AS [15,16].
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Interestingly, behaviors regarding AS were different among providers and patients at academic institutions
(n = 181) as compared with those at community practices (n = 483). Notably, patients treated at academic
institutions were significantly more likely to be placed on AS than those in community practices (92.8 and 78.5%,
respectively; p < 0.0001), though the durability of AS was not different based on site type (4-year durability
academic and community: 69.4% [95% CI: 59.4%, 77.4%] and 62.8% [95% CI: 54.6%, 69.9%], respectively;
p = 0.5383). The clinical significance of such a difference cannot be determined from this study. Increased utilization
of AS at academic sites could be due to a number of factors including increased comfort with AS as a treatment
option and increased comfort and/or familiarity with the CCR score. Differences between institutional protocols
for selecting AS may also contribute to this disparity.

This study has some limitations. This study did not include a control arm to evaluate AS selection and durability
among men who did not receive a CCR score. However, there is a breadth of available literature that includes
men with low-risk disease treated in both academic and community settings over the last 10 years. This offers an
informative standard against which AS utilization in this study can be compared. In addition, the median follow-up
time reported here is shorter than in similar studies, with a limited proportion of the cohort having follow-up
beyond 3 years. Extended observation of this cohort is required to confirm the conclusions regarding safety of the
CCR AS threshold over longer time periods. Finally, this cohort is restricted to patients meeting NCCN low-risk
criteria and therefore does not include assessment of patients with NCCN favorable-intermediate risk disease who
may be candidates for AS accordign to the CCR score.

Conclusion
Collectively, the data presented here suggest that using the CCR score in prostate cancer risk assessment can safely
increase the selection of AS among appropriate men, compared with clinicopathologic criteria alone. Men with
molecularly confirmed low-risk disease frequently selected AS in both community and academic clinical practices,
tended to remain adherent on AS after initial selection, and their incidence of disease progression was extremely
low. Molecular tumor testing is associated with higher costs at the time of initial risk assessment than other standard
risk assessment protocols [31]. However, increasing the pool of men who defer costly definitive treatment(s) and
maintaining that pool of patients for longer ultimately and meaningfully reduces treatment-associated costs for
men with low-risk prostate cancer [31–33]. Overall, utilizing the CCR score during risk assessment may allow more
patients to avoid unnecessary overtreatment, thus reducing the financial and physical costs related to treatment of
prostate cancer and treatment-related morbidities.

Summary points

• It may be appropriate to defer definitive treatment for some men with low-risk prostate cancer, according to
current active surveillance (AS) guidelines based on low-risk clinical features.

• The clinical cell cycle risk (CCR) score has been validated to identify men with low-risk prostate cancer and
provides improved prognostic information over clinical features alone.

• Overall, 82.4% of men in this cohort with National Comprehensive Cancer Network low-risk prostate cancer and
low CCR scores selected AS for their initial treatment.

• Among men who initially went on AS, only 0.4% experienced disease progression to date.
• At 3 years, 69.6% (95% CI: 64.5%, 74.1%) of men who initially selected AS remained on AS.
• A total of 24.3% of men who initially went on AS received definitive treatment during the study period, with

patient choice being the most commonly cited reason.
• Utilizing the CCR score during risk assessment may allow more patients to safely avoid unnecessary

overtreatment, thus reducing the financial and physical costs related to treatment of prostate cancer and
treatment-related morbidities.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:
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