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Abstract: (1) Background: Prostate cancer risk classifiers have been used for predicting surgical and
radiation therapy outcomes; however, a classifier for predicting biochemical recurrence (BCR) in
patients undergoing stereotactic body radiation therapy (SBRT) is not available. We attempted to
develop a model that creates a risk classifier to predict BCR in patients considering SBRT. (2) Methods:
We studied the outcomes of 809 patients treated with SBRT between August 2007 and November 2016.
We used Cox regression analysis with time to BCR as the outcome to develop a model that calculates
a prostate clinical outlook (PCO) score based on age at diagnosis, clinical-radiological staging, and a
modified risk level. We then created the PCO classifier application, which uses the model we created
to categorize patients into risk groups based on multiple factors. We assessed the concordance index
(c-index) to determine the accuracy of the PCO classifier application and compared the results to
the D’Amico and Kattan nomogram classifications. (3) Results: The calculated PCO scores ranged
from 0 to 156 points. The PCO classifier application categorized patients into three risk-groups,
with 5-year BCR-free survival rates of 98.3% for low risk (n = 137), 95.4% for intermediate risk
(n = 570), and 86.4% for high risk (n = 102). We demonstrated the improved prognostic power of the
PCO classifier application, with a c-index of 0.75 (training set) and 0.67 (validation set); the c-index of
the Kattan nomogram was 0.62 and 0.63, respectively, and that of the D’Amico classifier was 0.64 and
0.64, respectively. (4) Conclusions: The PCO classifier application is a predictive tool for employing
readily available clinical parameters to stratify prostate cancer patients and to predict the probability
of BCR after SBRT.

Keywords: biochemical recurrence; CyberKnife; nomogram; prostate cancer; risk classification;
stereotactic body radiation therapy; predictive analytics

1. Introduction

As the most common solid malignancy diagnosed in men, prostate cancer was the second most
common cause of cancer death in 2016 [1,2]. However, advances in radiation oncology have led
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to the development of effective therapies for clinically localized prostate cancer. Stereotactic body
radiation therapy (SBRT) is delivered in large fractions of highly conformal radiation therapy. It is
designed to deliver a very precise type of external radiation treatment and to provide optimized
results while minimizing side effects. SBRT is a safe and effective treatment for clinically localized
prostate cancer. Compared with surgery, it is an outpatient procedure that does not require general
anesthesia or hospitalization, and it can be completed within four to five sessions. There are diverse
benefits: no pain; minimal invasiveness; little or no recovery time; only five treatments instead of 40,
the latter being typical of other forms of radiation therapy; few or reduced side effects; and speed,
convenience, and effectiveness [3]. Such treatments are believed to be radiobiologically more effective
in treating prostate cancers than the conventional low-dose fractions commonly used for prostate
cancer radiotherapy [4,5]. In addition, SBRT treatment of localized prostate cancer has been reported
as safe, and it offers excellent local control, as determined by freedom from biochemical recurrence
(BCR) in patients presenting with low- and intermediate-risk cancers [6–8].

Risk assessments tools have been developed for predicting surgical and radiation therapy
outcomes following standard prostate cancer treatment (i.e., D’Amico [9], Kattan nomogram [10],
the University of California, San Francisco Cancer of the Prostate Risk Assessment (CAPRA) score [11],
and the Candiolo classifier [12]). Although these risk assessments have been developed for predicting
outcomes, these assessments have not been applied for use in patients treated with SBRT.

SBRT has been proven effective for the treatment of low- and intermediate-risk prostate cancer
patients, who are the dominant recipients of SBRT treatment. However, there is yet to be a classifier
that can be applied to predict BCR of patients treated with SBRT.

Therefore, we developed a prostate clinical outlook (PCO) classifier application that provides
information on predicted BCR, specifically for patients electing to undergo prostate cancer treatment
with SBRT. We have also proposed a prostate clinical outlook visualization system (PCOVS) based on
the PCO classifier application [13].

2. Materials and Methods

Using Cox regression analysis, with time to BCR as the outcome for prostate cancer patients who
underwent SBRT, a model was developed that calculates a PCO score based on (1) age at diagnosis,
(2) clinical-radiological staging, and (3) the modified risk level based on a combination of pretreatment
prostate specific antigen (PSA) and the Gleason score.

We studied the outcomes of 809 prostate cancer patients at MedStar-Georgetown University
Hospital’s Department of Radiation Medicine between August 2007 and November 2016. They were
treated with SBRT after being diagnosed with prostate cancer and undergoing follow-up management.
The patients were seen for follow-up examinations and blood sample collection at 3-month intervals
for 2 years and then 6-month intervals for the remaining 3-year follow-up period.

We focused on BCR at 5 years after SBRT. The patients were enrolled in an IRB (Institutional review
board)-approved study (#12-1175). The analysis was performed on de-identified, HIPAA-compliant data.

The PCO score was calculated using a nomogram. The three predictors we used for the
PCO classifier application were as follows: (1) age at diagnosis, (2) clinical-radiological staging,
and (3) modified risk level, which is the combination of pretreatment PSA and the Gleason score.
These were selected and modified based on one physician’s comments and fed into the application.

We used age, clinical-radiological staging, and modified risk level as independent variables in
the regression analysis. For input into our PCO classifier application, patients were grouped into four
age categories: 59 and under, 60–69, 70–79, and over 80 years. After an initial data review of tumor
staging, only three patients presented with T3 tumors; a number were considered inadequate for
separate analysis. Therefore, based on standard t-stage classification [14], the patients were assigned
into the following groups: T1 (T1a, T1b, T1c), T2a, T2b, and T2c + T3. Recent studies have categorized
a Gleason 7 tumor as two types: 7a (primary 3 + secondary 4) and 7b (4 + 3) [4,15]. Thus, the PCO
classifier application divided the Gleason score into four grades (Table 1). Pretreatment PSA scores
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were divided into three categories: ≤10.0 ng/mL, >10.0 and ≤20.0 ng/mL, and >20.0 ng/mL (Table 1).
We used a modified risk level based on a combination of the Gleason score and pretreatment PSA
(Table 1) [16] and determined five classifications for the modified risk level.

Using a total score range based on BCR-free survival rate at 4 years, the patients were classified
into one of three groups: 99%, 90%, and 80%. We determined three risk-groups based on patient
distribution and the range of the total score (Appendices). Finally, the three risk-groups were validated
by physician comments. The BCR-free survival rate at 4 years was used to calculate PCO scores.
Because prostate cancer treated with SBRT has the lowest recurrence rate, there were not enough BCR
rates to calculate the risk score using the BCR-free survival rate at 5 years.

To determine the accuracy of the PCO classifier application, we computed the concordance
index (c-index). The 95% CI of the c-index was calculated by K-folder cross-validation. K-folder
cross-validation is an effective validation procedure for classification [17,18]; we used 5-folder
cross-validation in this study. To obtain balanced statistical power, we divided the data into two
sets: training and test data [18]. We matched seven training datasets (n = 570) to four test datasets
(n = 239). In addition, the PCO classifier application and classifications according to the D’Amico and
Kattan nomogram risk groups were compared.

Survival data analyses were used to find the disease-free survival rates. We used the Kaplan–Meier
estimator and Cox multivariable regression analysis to determine the risk factors significantly
associated with BCR.

In this study, we used the American Society of Therapeutic Radiology and Oncology (ASTRO)
definitions for BCR [19]. ASTRO defines BCR as the midpoint between the PSA nadir and the first of
three consecutive rises in PSA level [20]. According to the Phoenix definition, BCR is an increase of at
least 2 ng/mL from the nadir PSA [21]. It has been reported that using the Phoenix definition resulted
in substantially lower estimates of BCR at 5 years and substantially higher estimates of BCR at 10 years,
compared with the ASTRO definition [22]. Using the ASTRO definition resulted in better outcomes
for up to 7 years after radiotherapy [23]. We focused on BCR at 5 years. Therefore, for our analyses,
BCR was defined according to the ASTRO definition [22] and physician comments: the midpoint
between PSA nadir and the first of three consecutive rises in PSA of at least 0.5 ng/mL.

The data were analyzed using R packages (R language; R V3.3.1; 21 June 2016) [24] and SPSS,
version 18.0.

3. Results

3.1. Patients

The 809 patients’ ages at diagnosis ranged from 44 to 100 years (Table 1), with 43.8% in the
70–79-year-old age range and 38.7% of the patients in the 60–69-year-old age range. The mean
patient age was 70 years. The patients presenting with T1 tumors (T1b and T1c) comprised 66.4%
of the study population. The patients with T2a comprised 16.7% of the study population. Based
on the Gleason score, 37.3% of the patients had a low-risk disease, and 36.1% of the patients had a
favorable intermediate (7 = 3 + 4) risk. A total of 18% of the patients had an unfavorable intermediate
(7 = 4 + 3) risk. A pretreatment PSA below 10.0 ng/mL was observed in 73.9% of the patients. A total
of 21% of the patients had pretreatment PSA values between 10.0 and 20.0 ng/mL. The patients
with a favorable intermediate Gleason score comprised 34.7% in the modified risk level calculation.
The median follow-up was 574 days, the mean was 758 days, and the maximum was 2227 days.
There were 18 (2.2%) patients diagnosed with BCR.
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Table 1. Demographics of 809 patients. BCR: biochemical recurrence; PSA: prostate specific antigen.

Category N Percent

Age at diagnosis
(Mean, Range)

Under 59 60 7.4
60–69 313 38.7
70–79 354 43.8

Over 80 82 10.1
70.04 (44–100)

T-stage

T1 (T1b, T1c) 537 66.4
T2a 135 16.7
T2b 97 12.0

T2c + T3 40 4.9

Gleason score

Low (3 + 3 or less) 302 37.3
Favorable intermediate (7 = 3 + 4) 292 36.1

Unfavorable intermediate (7 = 4 + 3) 146 18.0
High (4 + 4 or greater) 69 8.5

Pretreatment PSA
≤10.0 ng/mL 598 73.9

>10.0 and ≤20.0 ng/mL 170 21.0
>20.0 ng/mL 41 5.1

Modified risk level

Gleason score ≤ 6 and PSA ≤ 10 ng/mL 222 27.4
Gleason score ≤ 6 and PSA > 10 and PSA ≤ 20 67 8.3

Gleason score = 7 (3 + 4) 281 34.7
Gleason score = 7 (4 + 3) 142 17.6

Gleason Score ≥ 8 or PSA > 20 97 12.0

BCR
No BCR 791 97.8

BCR 18 2.2

Follow-up periods
Median 574 days
Mean 758 days

Maximum 2227 days

Total 809 100

3.2. Factors Associated with BCR after SBRT

Before developing the PCO classifier application, we tested various factors associated with BCR
in patients who had received SBRT for prostate cancer (Table 2). Age at diagnosis was a significant
factor (for p < 0.01) associated with BCR based on multivariate analysis (p = 0.006). The modified risk
level had no significant associations with BCR based on multivariate analysis (p = 0.052).

Table 2. Cox multivariable regression analysis on BCR.

Variables HR 95.0% CI p

Age at diagnosis 2.62 1.326–5.166 0.006 **
T-stage 1.03 0.643–1.641 0.910

Modified risk level 1.47 0.997–2.154 0.052

** p < 0.01.

3.3. The PCO Classifier Application

We calculated the PCO classifier score based on the nomogram depicted in Figure 1 and the data
shown in Table 3. The total PCO classifier score was calculated as the sum of the values for each
variable. The total scores ranged from 0 to 156.
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Figure 1. PCO nomogram. Age (years): 1 = under 59, 2 = 60–69, 3 = 70–79, and 4 = over 80; T-stage:
1 = T1 (T1b, T1c), 2 = T2a, 3 = T2b, and 4 = T2c-T3; Modified risk level: 1 = Gleason score ≤ 6 and
PSA ≤ 10 ng/mL, 2 = Gleason score ≤ 6 and PSA > 10 and PSA ≤ 20, 3 = Gleason = 7 (3 + 4),
4 = Gleason = 7 (4 + 3), and 5 = Gleason score ≥ 8 or PSA > 20; Nomogram points: Low risk = 0–34,
Intermediate risk = 35–115, High risk = 116–156, and Total scores = 0~156. Prob. = probability.

Table 3. Prostate Clinical Outlook (PCO) classifier application score.

Variables Score

Age at diagnosis

Under 59 0
60–69 33
70–79 67

Over 80 100

T-stage

T1 (T1b, T1c) 0
T2a 1
T2b 2

T2c-T3 3

Modified risk level

Gleason score ≤ 6 and PSA ≤ 10 ng/mL 0
Gleason score ≤ 6 and PSA > 10 and PSA ≤ 20 13

Gleason score = 7 (3 + 4) 26
Gleason score = 7 (4 + 3) 40

Gleason score ≥ 8 or PSA > 20 53

PSA: pretreatment PSA.

The patients were classified using a total score range that was based on the BCR-free survival
rate at 4 years: 99%, 90%, and 80%. The total scores ranged from 0 to 156. The PCO classifier
application categorized prostate cancer patients into three risk-groups based on the BCR-free survival
rate at 4 years: 137 patients were low risk (16.9%); 570 patients were intermediate risk (70.5%);
and 102 patients were high risk (12.6%). We defined scores of 0–34 as a low-risk group, scores of
35–115 as an intermediate-risk group, and scores of 116–156 as a high-risk group.

The classifier calibration was assessed by grouping patients by their PCO classifier score (Figure 2).
The calibration of the PCO classifier application illustrates how its predictions compare with the actual
outcomes for the 809 patients. The performance of the PCO classifier application was within 10% of
the actual outcomes and more accurate at 90% predicted probability. The x-axis is the predicted value
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calculated using the PCO classifier application, and the y-axis is the actual freedom from BCR for the
present patients [10,25]. The vertical bars represent 95% CI based on bootstrap analysis.
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Figure 2. Calibration of the PCO classifier application.

Finally, we validated the PCO classifier application in two steps. First, we used the c-index for
accuracy, which indicates the discrimination ability of prediction models [26]. The accuracy of the
PCO classifier application was also assessed with Harrell’s concordance. Next, we compared the PCO
classifier and two other classifiers: Kattan nomogram and D’Amico (Figure 3). The c-index of the
PCO classifier was 0.75 (training set) and 0.67 (validation set). The c-index of the Kattan nomogram
classifier was 0.62 and 0.63, respectively, and the c-index of the D’Amico classification was 0.64 and
0.64, respectively (Table 4).
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Table 4. Risk assessments comparison.

No. Risk
Assessments

Predictor
Variables Treatments Outcome Samples Performance

(c-Index)

1 PCO Classifier
Application

Age, Clinical stage,
A modified risk

level (Gleason score
+ pretreatment PSA)

Stereotactic body radiation
therapy

Biochemical
recurrence 809 0.75 a,

0.67 b

2 D’Amico
PSA,

Gleason scores,
Clinical stage

Radical Prostatectomy,
External Beam Radiation

Therapy, Interstitial
Radiation Therapy

PSA failure 1872 0.62 a,
0.63 b

3 Kattan-nomogram
PSA,

Gleason scores,
Clinical stage

Radical prostatectomy PSA
recurrence 996 0.64 a,

0.64 b

a: training set, b: validation set.
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According to the PCO classifier application, the 5-year BCR-free survival rates for these groups
were: low-risk group—98.3%; intermediate-risk group—95.4%; and high-risk group—86.4%. For the
entire cohort, the BCR-free survival rate at 5 years was 95.0%.

4. Discussion

We developed a PCO classifier application to inform patients electing to undergo prostate cancer
treatment with SBRT of potential outcomes. We can draw several conclusions based on our findings.

The PCO classifier application outperforms the D’Amico and Kattan nomogram definitions for
the evaluated endpoint of BCR at 5 years post-treatment. We compared recurrence risk analysis and
observed c-indexes of 0.75 (training set) and 0.67 (validation set) for the PCO classifier application,
0.62 (training set) and 0.63 (validation set) for Kattan nomogram, and 0.64 (training set) and 0.64
(validation set) for D’Amico. The c-index ranges from 0.5 (equivalent to equal change) to 1.0
(perfect ability to discriminate) [10]. In general, the range of c-index values for prostate cancer
is approximately 0.65–0.85 [11]. The PCO classifier application had a higher prognostic power than the
other classifications examined. Accordingly, the PCO classifier application is suitable for predicting
BCR in patients undergoing SBRT (Table4).

The PCO classifier application divides patients into three risk-groups based on total PCO classifier
scores, ranging from 0 to 156 points. The 5-year BCR-free survival rates for our sample were as follows:
98.3% for the low-risk group, 95.4% for the intermediate-risk group, and 86.4% for the high-risk group.
Previous investigations based on risk groups receiving SBRT reported 5-year BCR-free survival rates
of the following: 93%–97% for low-risk groups, 86.2%–92% for intermediate-risk groups, and 74.1~80%
for high-risk groups [6,16,27]. Based on the Kattan nomogram definition, the reported 5-year BCR-free
survival rate was 95% for low risk, 90% for the intermediate risk, and 80% for high risk [27]. Our 5-year
BCR-free survival rates are specific for prostate cancer patients treated with SBRT, while the others
include patients treated with radical prostatectomy, external beam radiation therapy, and interstitial
radiation therapy [9–12].

To generate a PCO classifier score, the PCO classifier application uses age at diagnosis, which is
differently reported depending on the study. Age at diagnosis has been reported to predict BCR for
prostate cancer [2,28]. Some classifiers, such as the D’Amico and Kattan nomogram recurrence risk
groups, do not use age to predict BCR. D’Amico and Kattan nomogram use PSA, Gleason scores,
and clinical stage as predictors of outcomes [9,10]. Others, such as the CAPRA score and the Candiolo
classifier, use age as a predictor of outcomes. For the PCO classifier application, we decided to use
age at diagnosis as a predictor of BCR based on one physician’s comments. In addition, we observed
that using this variable increased the predictive power of the PCO classifier application. In our results,
age at diagnosis did correlate with biochemical outcomes after SBRT using the CyberKnife.

The PCO classifier application employs a modified risk level—a combination of pretreatment PSA
and Gleason score—to increase the predictive power of the model. The modified risk level was revised
for the PCO classifier application based on Katz’s (2013) risk assessment [16]. While the modified risk
level is not statistically significant in our results at a p-value of 0.05, the relationship is in the direction
we predicted, and the effect size is substantial, providing an interesting finding. Thus, the modified risk
level is able to segregate based on established risk assessment criteria, and it increased the prognostic
power of the PCO classifier application.

We identify several potential limitations in our work. First, personalized medicine and
molecular imaging are emerging approaches to improve the accuracy of traditional prediction
methods. These could provide patients with a more personalized risk assessment of clinically
relevant outcomes. Future research needs to use diverse factors and variables to predict treatment
outcomes. Second, we used only three predictors for the PCO classifier application: (1) age at diagnosis,
(2) clinical-radiological staging, and (3) the modified risk level, which is combination of pretreatment
prostate specific antigen (PSA) and the Gleason score. We chose to use only these three predictors
because the PCO classifier application aimed to calculate the risk using minimal, necessary information



Appl. Sci. 2018, 8, 1620 9 of 12

to support prostate cancer patients’ decisions on treatment. In addition, classifiers, such as the CAPRA
score and the Candiolo classifier, require positive cores at biopsy as a predictor of BCR. We did not
use biopsies as a predictor for the PCO classifier application. Our model can be extended to use other
predictors if they are identified as necessary or potentially advantageous to the model’s accuracy.
Future research should be conducted to include other predictors. Third, 809 patients treated with SBRT
and followed for 5 years at a single institution were included in this study. Future research should
compare the results using data from other hospitals or a longitudinal observational database, such as
the Cancer of the Prostate Strategic Urological Research Endeavor (CaPSURE) database, with various
stages and treatments of the prostate [29]. Fourth, we used the ASTRO definition for BCR, even though
other research has emphasized that the Phoenix definition is a superior predictor of patient outcomes,
such as distant metastasis, cause-specific mortality, and overall mortality [30]. We stand by our decision
to use the ASTRO definition, because it is a predictor of distant metastasis and cause-specific mortality,
just not overall mortality [30]. The ASTRO definition has resulted in substantially higher estimates
of BCR at 5 years than has the Phoenix definition [22]. Because our study was interested in BCR,
the ASTRO definition seemed like the correct choice, even if it is controversial. Future research should
substitute the Phoenix definition for the ASTRO definition and compare the results. Finally, there are
18 prostate cancer patients with BCR in our study. We developed the PCO classifier application based
on 18 patients among 809 patients. The BCR rate in this study is an un-meditated rate. It is a real
BCR rate. However, a future study could collect big data from multiple hospitals to use more patients
with BCR.

5. Conclusions

The PCO classifier application predicts BCR in patients undergoing SBRT, and we have developed
the prostate clinical outlook visualization system (PCOVS) based on the PCO classifier application [13].
Age at diagnosis, clinical-radiological staging, pretreatment PSA, and Gleason scores are important
components for predicting BCR after SBRT. The PCO classifier application has the potential to be a
tool for employing readily available parameters to stratify prostate cancer patients and to predict
probabilities of BCR after SBRT.
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Appendix A. Referenced Risk Assessment

Classification Criteria [16]

Low Gleason score ≤ 6 and PSA ≤ 10 ng/mL
Intermediate Gleason score = 7 or PSA > 10 and PSA ≤ 20

High Gleason score ≥ 8 or PSA > 20

OSEHRA.ORG
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Appendix B. PCO Classifier and Cutoff of Total Score

Prob. of 4-Year
BCR-Free Rate

Cutoff of
Total Score

Range of Total
Score

PCO Class N %

99% 34 0–34 Low 137 16.9
90% 115 35–115 Intermediate 570 70.5
80% 141 116–156 High 102 12.6

Appendix C. Life Table of BCR

PCO Class
bRFS (Biochemical Relapse Free Survival) Rates—Follow-Up (Years)

1 2 3 4 5

Low 100.0 100.0 100.0 98.3 98.3
Intermediate 99.5 99.5 96.3 96.3 95.4

High 97.2 89.2 86.4 86.4 86.4

Appendix D. The PCO Classifier Table with Patients’ Scores

Modified Risk Level Clinical Stage
Age at Diagnosis

Under 50 60–69 70–79 Over 80

Gleason score ≤ 6 and
PSA ≤ 10 ng/mL

T1 0 33 67 100
T2a 1 34 68 101
T2b 2 35 69 102

T2c-T3 3 36 70 103

Gleason score ≤ 6 and
PSA > 10 and PSA ≤ 20

T1 13 46 80 113
T2a 14 47 81 114
T2b 15 48 82 115

T2c-T3 16 49 83 116

Gleason score = 7 (3 + 4)

T1 26 59 93 126
T2a 27 60 94 127
T2b 28 61 95 128

T2c-T3 29 62 96 129

Gleason score = 7 (4 + 3)

T1 40 73 107 140
T2a 41 74 108 141
T2b 42 75 109 142

T2c-T3 43 76 110 143

Gleason score ≥ 8 or
PSA > 20

T1 53 86 120 153
T2a 54 87 121 154
T2b 55 88 122 155

T2c-T3 56 89 123 156
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