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Purpose: To develop and validate a risk score (P-score) algorithm which includes previously described three-gene signature and
clinicopathological parameters to predict the risk of death from prostate cancer (PCa) in a retrospective cohort.
Patients and Methods: A total of 591 PCa patients diagnosed between 2003 and 2008 in Stockholm, Sweden, with a median clinical
follow-up time of 7.6 years (1–11 years) were included in this study. Expression of a three-gene signature (IGFBP3, F3, VGLL3) was
measured in formalin-fixed paraffin-embedded material from diagnostic core needle biopsies (CNB) of these patients. A point-based
scoring system based on a Fine-Gray competing risk model was used to establish the P-score based on the three-gene signature
combined with PSA value, Gleason score and tumor stage at diagnosis. The endpoint was PCa-specific mortality, while other causes of
death were treated as a competing risk. Out of the 591 patients, 315 patients (estimation cohort) were selected to develop the P-score.
The P-score was subsequently validated in an independent validation cohort of 276 patients.
Results: The P-score was established ranging from the integers 0 to 15. Each one-unit increase was associated with a hazard ratio of
1.39 (95% confidence interval: 1.27–1.51, p < 0.001). The P-score was validated and performed better in predicting PCa-specific
mortality than both D’Amico (0.76 vs 0.70) and NCCN (0.76 vs 0.71) by using the concordance index for competing risk. Similar
improvement patterns are shown by time-dependent area under the curve. As demonstrated by cumulative incidence function, both
P-score and gene signature stratified PCa patients into significantly different risk groups.
Conclusion: We developed the P-score, a risk stratification system for newly diagnosed PCa patients by integrating a three-gene
signature measured in CNB tissue. The P-score could provide valuable decision support to distinguish PCa patients with favorable and
unfavorable outcomes and hence improve treatment decisions.
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Introduction
Prostate cancer (PCa) is one of the most common types of cancer in men; over 470,000 men were diagnosed with the
disease in Europe during 2020.1 Since the emergence of prostate-specific antigen (PSA) testing in the early 1990s,
incidence rates have risen considerably in Western countries.2 Standard treatment of PCa includes radical prostatectomy,
radiation and hormone therapy, as well as conservative approaches, such as active surveillance.3,4

Prostate cancer is a highly heterogeneous disease and while some tumors are aggressive and require invasive
treatment, most prostatic malignancies are indolent and unlikely to progress to clinically significant PCa.5,6 Despite
a lifetime risk of being diagnosed with the disease of approximately 17%, the substantially lower 3% risk of dying from
PCa indicates that many patients can be managed conservatively.7 Nevertheless, a large proportion of PCa patients
undergo radical treatment, suggesting that a considerable number of patients are over-treated.5,6 Overtreatment is
a concern because radical treatment frequently affects the patient’s quality of life and leads to considerable healthcare
expenses,5,8 while not necessarily improving PCa-related survival outcomes compared to active surveillance.6,7

Research and Reports in Urology 2022:14 203–217 203
© 2022 Söderdahl et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Research and Reports in Urology Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 25 January 2022
Accepted: 30 April 2022
Published: 11 May 2022

R
es

ea
rc

h 
an

d 
R

ep
or

ts
 in

 U
ro

lo
gy

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-7234-2534
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com


Currently, treatment decisions are mainly guided by clinicopathological parameters. The D’Amico classification
system, a nomogram based on PSA, clinical tumor stage (T-stage), and Gleason Score (GS), is widely used to stratify
PCa patients into low-, intermediate- and high-risk groups.9 There is, however, evidence of marked heterogeneity in
outcomes among patients assigned to the intermediate-risk group based on the D’Amico classification system. This
suggests that a subset of patients in this intermediate risk category harbor indolent tumors, causing uncertainty about the
necessity of radical interventions.10 Similarly, heterogeneous outcomes among patients assigned to the intermediate risk
group according to the National Comprehensive Cancer Network (NCCN) guidelines have been reported,11 although this
has been improved by subdividing patients into favorable and unfavorable intermediate risk groups.4,12 Nevertheless,
more reliable risk stratification systems are needed to guide decision-making and to avoid overtreatment of patients with
clinically insignificant lesions while ensuring adequate therapeutic intervention for those with aggressive tumors.

Recently, genetic biomarkers have been identified and incorporated into risk scoring systems, providing improved
prognostic value compared to traditional nomograms, which are based on clinical and pathological parameters only.13

However, introduction into clinical practice is slow, and data on their impact on clinical decision-making and patient
outcomes is limited.4

In a previous study, Peng et al identified a three-gene signature which correlated with PCa-specific survival,
independent of clinical parameters.14 The authors first identified 641 embryonic stem cell (ESC) gene predictors
(ESCGPs) using publicly available datasets of whole-genome cDNA microarrays from five human ESC lines and 115
human normal tissues. Using prostate fine-needle aspiration samples from a Swedish cohort of 189 PCa patients
diagnosed between 1986 and 2001, the authors found that three of these genes, insulin-like growth factor-binding protein
3 (IGFBP3), coagulation factor III (thromboplastin, tissue factor, F3), and vestigial-like family member 3 (VGLL3)
correlated with PCa-specific survival. In this cohort, the three-gene signature showed improved predictive value for
estimating the risk of PCa-specific mortality at diagnosis, independent of age, PSA level, tumor grade and clinical
stage.14

The present retrospective study is a continuation of the work led by Dr. Peng and summarizes the development and
validation of a novel risk score, the Prostatype risk score (P-score), based on this three-gene signature and clinicopatho-
logical parameters, in a larger, modern cohort with up to eleven years of survival data. The P-score is intended to guide
treatment decisions for patients with newly diagnosed PCa.

Patients and Methods
Study Cohort
The study population consisted of 591 patients diagnosed with PCa (GS ≥6) by core needle biopsy (CNB) at Unilabs AB
or Aleris Medilab AB, Stockholm, Sweden between 01 July 2003 and 30 December 2008. Clinical data was collected
retrospectively from patient records.

The following exclusion criteria were applied to select this cohort: (i) incomplete or missing essential clinical
information (PSA, T-stage, GS, age, cause of death), (ii) incomplete or missing treatment information, (iii) missing
biopsy or insufficient tissue (<2 mm cancer length in CNB according to the pathology report), (iv) absence of cancer
tissue, (v) less than 50% cancer cell coverage on the area marked for RNA expression test, (vi) inadequate RNA quality
and (vii) unnatural cause of death. After exclusion of ineligible patients due to the above pathological exclusion criteria,
gene expression was analyzed using CNB samples from 713 patients; valid results were obtained from 591 patients
(82.9%) who were included in the final analysis. The cohort was divided into two subsets, an estimation dataset to
develop the P-score and an independent validation dataset to validate the P-score.

This study complies with the Declaration of Helsinki. Ethical approval for the study was granted by the Regional
Ethics Committee (EC) in Stockholm, Sweden (approval number 2015/984-31). The patient consent to use the archived
biopsy material and medical records was not required by the committee due to the retrospective nature of the study. All
data were anonymized and maintained with confidentiality throughout the study.
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Specimen Collection and Handling
Formalin-fixed paraffin-embedded (FFPE) prostate CNB samples collected for PCa diagnosis according to routine
procedures between 2003 and 2008 were used in this study. All biopsies were stored in the Unilabs AB or Aleris
Medilab AB biobank facility under suitable conditions. According to the original pathology report, specimens containing
PCa cells were identified and retrieved from the biobanks. Tissue samples were sectioned under DNase/RNase-free
conditions at the Dalarna Research Laboratory (Dalarna, Sweden) and at ZeMac histoanalys AB (Stockholm, Sweden).
Sample preparation is described in detail in the Supplemental Materials. In short, the PCa area was marked and quantified
on the FFPE sections, cancer cell-containing areas were scraped, and total RNA was isolated using a commercial RNA
extraction kit.

Gene Expression Analysis
Following extraction, total RNA from human PCa FFPE samples from 713 PCa patients was immediately subjected to
gene expression analysis. The relative expression of the genes IGBP3, F3 and VGLL3 was determined in comparison to
the expression level of the reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using a one-step reverse
transcription quantitative polymerase chain reaction (RT-qPCR) test kit (Prostatype® RT-qPCR Kit, Prostatype Genomics
AB, Stockholm, Sweden) according to the manufacturer’s instructions for use.15 The reference gene served as an internal
control to evaluate sample validity and integrity, and samples with a cycle threshold (C[t]) value >28 for the reference
gene were excluded from subsequent analysis. In total, samples from 122 out of 713 patients were excluded because of
invalid RT-qPCR results. The Prostatype® RT-qPCR kit also contains positive and negative controls that were assessed
with each batch of PCa tissue samples. Measurements were conducted using a LightCycler 480-II (Roche Diagnostics
AB, Stockholm, Sweden). The three-gene signature (IGFBP3, F3 and VGLL3) has been previously identified to show
prognostic value for newly diagnosed PCa patients14,16,17 (see Supplemental Materials for a detailed description of gene
expression analysis).

Statistical Analysis
The endpoint of the study was PCa-specific mortality. Follow-up started on the date of diagnosis, and observations were
censored on the date of last follow-up. A competing risk model was used to estimate P-score to predict PCa mortality,18

using the three-gene signature combined with PSA, GS and T-stage at diagnosis based on the estimation cohort and then
validated in the validation cohort. Hazard ratio (HR) for the P-score was also calculated per one-unit increase in the score
by competing risk models. PCa-specific survival curves stratified by P-score risk groups as well as gene signature risk
levels were assessed using the cumulative incidence function (CIF) method. Moreover, the accuracy of predicting 10-
year PCa-specific survival with both P-score and D’Amico was estimated with area under the curve (AUC) using both
timeROC19 and competing risk-based concordance index (C-index).20 Decision-curve analysis21 was used to assess the
net-benefit comparing P-score and D’Amico across a range of threshold probabilities for PCa-specific mortality within 10
years. In the decision curve analysis, Cox proportional hazard models were applied. All reported p-values are the results
of two-sided tests. Values of p < 0.05 were considered statistically significant. All statistical analyses were performed
using the R statistical package (the R Foundation, version 3.6.2, Vienna, Austria).

Results
Clinical Characteristics of Study Cohort
The study cohort consisted of 591 PCa patients diagnosed with CNB at Unilabs AB or Aleris Medilab AB, Stockholm,
Sweden, between 2003 and 2008 with complete genetic and clinical data. Of these, 300 patients (50.8%) were still alive
at last follow-up, 123 (20.8%) patients had died of PCa and 168 (28.4%) patients had died of other diseases (Tables 1 and
S1). The median follow-up time was 7.6 (min-max: 1–11) years. Out of the 591 patients, 315 patients (N = 159 hormone
treatment, N = 156 active surveillance/watchful waiting) were included in the estimation cohort; none of these patients
had received radical treatment. The validation cohort included 196 patients who had been treated with radical therapy
(radiotherapy and prostatectomy) and 80 randomly chosen patients who had received hormone treatment (N = 43) or
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Table 1 Clinical Characteristics of Patients in the Estimation Dataset (N = 315), Validation Dataset (N=276), and the Full Dataset (N = 591). PCa: Prostate Cancer; PSA: Prostate-
Specific Antigen. Q1: Quartile 1; Q3: Quartile 3

Data Sets Estimation Dataset Validation Dataset Full Dataset

Total PCa Death Other Cause
of Death

Controls Alive
at Last FU

Total PCa Death Other Cause
of Death

Controls Alive
at Last FU

Total

n (%) 315 85 (26.6) 104 (32.6) 126 (39.5) 276 38 (13.7) 64 (23.1) 174 (62.8) 591

Age at diagnosis, years

Median (Q1-Q3) 75.5 (69.1–80.8) 76.9 (69.7–82.5) 77.4 (72.5–82.3) 72.8 (67.3–77.2) 68.6 (63.6–73.9) 71.5 (65.3–77.8) 73.1 (66.2–77.9) 66.5 (62.5–71.4) 72.1 (65.6–78.3)

PSA at diagnosis, ng/µL

Median (Q1-Q3) 11.5 (6.6–34.0) 36.0 (16.3–105.0) 11.3 (7.3–27.0) 7.0 (5.1–11.9) 8.2 (5.9–14.2) 15.2 (9.7–42.2) 8.8 (6.8–13.1) 7.4 (5.2–11.5) 9.7 (6.3–22.0)

PSA at diagnosis, n (%)

≤6 61 (19.4) 2 (2.4) 16 (15.4) 43 (34.1) 76 (27.5) 3 (7.9) 12 (18.8) 61 (35.1) 137 (23.2)

(6, 10] 82 (26.0) 10 (11.8) 27 (26.0) 45 (35.7) 90 (32.6) 9 (23.7) 24 (37.5) 57 (32.8) 172 (29.1)

(10, 20] 65 (20.6) 15 (17.6) 30 (28.8) 20 (15.9) 61 (22.1) 8 (21.1) 17 (26.6) 36 (20.7) 126 (21.3)

(20, 30] 23 (7.3) 8 (9.4) 7 (6.7) 8 (6.3) 18 (6.5) 5 (13.2) 3 (4.7) 10 (5.7) 41 (6.9)

>30 84 (26.7) 50 (58.8) 24 (23.1) 10 (7.9) 31 (11.2) 13 (34.2) 8 (12.5) 10 (5.7) 115 (19.5)

Gleason Score at diagnosis, n (%)

6 104 (33.0) 8 (9.4) 29 (27.9) 67 (53.2) 94 (34.1) 5 (13.2) 20 (31.2) 69 (39.7) 198 (33.5)

7 132 (41.9) 29 (34.1) 48 (46.2) 55 (43.7) 139 (50.4) 18 (47.4) 33 (51.6) 88 (50.6) 271 (45.9)

8 45 (14.2) 21 (46.7) 20 (44.4) 4 (8.9) 27 (9.8) 9 (33.3) 6 (22.2) 12 (44.4) 72 (12.2)

9 or 10 34 (10.8) 27 (79.4) 7 (20.6) 0 (0.0) 16 (5.8) 6 (37.5) 5 (31.3) 5 (31.3) 50 (8.5)

Tumor stage at diagnosis, n (%)

T1a/T1b/T1c 122 (38.7) 14 (16.5) 30 (28.8) 78 (61.9) 114 (41.3) 9 (23.7) 21 (32.8) 84 (48.3) 236 (39.9)

T2a/T2b/T2c 102 (32.4) 22 (25.9) 41 (39.4) 39 (31.0) 116 (42.0) 15 (39.5) 30 (46.9) 71 (40.8) 218 (36.9)

T3/4 91 (28.9) 49 (57.6) 33 (31.7) 9 (7.1) 46 (16.7) 14 (36.8) 13 (20.3) 19 (10.9) 137 (23.2)
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Treatment, n (%)

Hormone

treatment

159 (50.5) 72 (84.7) 61 (58.7) 26 (20.6) 43 (15.6) 18 (47.4) 16 (25.0) 9 (5.2) 202 (34.2)

Radical

treatment

0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 196 (71.0) 19 (50.0) 37 (57.8) 140 (80.5) 196 (33.2)

Active

surveillance/
Watchful waiting

156 (49.5) 13 (15.3) 43 (41.3) 100 (79.4) 37 (13.4) 1 (2.6) 11 (17.2) 25 (14.4) 193 (32.6)

D’Amico score, n (%)

Low 65 (20.6) 0 (0.0) 16 (15.4) 49 (38.9) 54 (19.6) 1 (2.6) 10 (15.6) 43 (24.7) 119 (20.1)

Intermediate 63 (20.0) 7 (8.2) 18 (17.3) 38 (30.2) 95 (34.4) 9 (23.7) 23 (35.9) 63 (36.2) 158 (26.7)

High 96 (30.5) 29 (34.1) 37 (35.6) 30 (23.8) 81 (29.3) 14 (36.8) 18 (28.1) 49 (28.2) 177 (29.9)

Locally advanced 91 (28.9) 49 (57.6) 33 (31.7) 9 (7.1) 46 (16.7) 14 (36.8) 13 (20.3) 19 (10.9) 137 (23.2)

NCCN scorea, n (%)

Low 48 (15.3) 0 (0.0) 13 (12.6) 35 (27.8) 41 (14.9) 1 (2.6) 7 (10.9) 33 (19.0) 89 (15.1)

Favorable
intermediate

33 (10.5) 4 (4.7) 5 (4.9) 24 (19.0) 49 (17.8) 2 (5.3) 11 (17.2) 36 (20.7) 82 (13.9)

Unfavorable
intermediate

75 (23.9) 6 (7.1) 27 (26.2) 42 (33.3) 90 (32.6) 10 (26.3) 21 (32.8) 59 (33.9) 165 (28.0)

High 133 (42.4) 54 (63.5) 54 (52.4) 25 (19.8) 90 (32.6) 22 (57.9) 23 (35.9) 45 (25.9) 223 (37.8)

Very High 25 (8.0) 21 (24.7) 4 (3.9) 0 (0.0) 6 (2.2) 3 (7.9) 2 (3.1) 1 (0.6) 31 (5.3)

Note: aOne patient was excluded due to missing information on the total number of positive biopsies.
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conservative treatment (active surveillance/watchful waiting; N = 37) (Table 1). Clinical characteristics and first-line
treatment information for the overall study cohort (N = 591) as well as for the estimation and validation dataset (N = 276)
are summarized in Table 1.

Development of a Model to Predict PCa-Specific Mortality
In this cohort, the majority of deceased PCa patients died of other diseases during the follow-up period, suggesting the
presence of a competing risk. Ignoring competing risks can lead to a biased estimation of cumulative incidence and predicted
risks.22 Therefore, a point-based scoring system estimated with a Fine-Gray competing risk model18 was used to develop the
P-score to predict PCa-specific mortality in the estimation dataset. In a first step, the previously reported three-gene signature
and conventional clinicopathological parameters (PSA, GS and clinical T-stage at diagnosis) were assessed individually by
univariate analysis. The three genes were considered dichotomous variables (high vs low). For all other variables, different
categories were determined based on cut-off values. In the univariate analysis, PSA, clinical T-stage, GS and the three genes
IGFBP3 (p < 0.001), F3 (p<0.001), and VGLL3 (p < 0.01) were significantly associated with time to PCa-specific mortality
(Table 2). In the multivariate analysis, after adjusting for GS, PSA and clinical T-stage, both IGFBP3 (p < 0.001) and VGLL3
(p < 0.036) remained strongly associated with time to PCa-specific mortality (Table 2).

From the multivariate model, coefficients were obtained for each parameter as previously described18 and the P-score was
computed based on these coefficients. The coefficients were then adjusted to generate an integer scale facilitating application of
the P-score. The final P-score algorithm included the three genes IGFBP3, F3 and VGLL3, as well as the clinicopathological
parameters PSA, GS and clinical T-stage at diagnosis, and ranged from the integers 0 to 15. Each added point on the P-score scale
is associatedwith a higher probability of dying fromPCa. Based on these probabilities, cut-offswere defined, and the P-scorewas
categorized into three risk levels: low risk (0–2), intermediate risk (3–5) and high risk (6–15).

Table 2 Univariate and Multivariate Competing Risk Analysis of Three Genes, Together with PSA, Gleason Score and T-Stage in
the Full Dataset (N = 591). The Lowest Level for Each Clinical Variable Was Used as Reference. Hazard Ratio (HR), 95%
Confidence Interval (CI) and p-value are Presented. P < 0.05 Indicates Significance

Univariate Multivariate

Term HR (95% CI) P-value HR (95% CI) P-value

PSA ≤ 6 (reference)

PSA (6, 10] 3.03 (1.13–8.11) 0.027 2.97 (1.08–8.16) 0.035

PSA (10, 20] 5.17 (1.96–13.65) <0.001 3.61 (1.29–10.09) 0.014

PSA (20, 30] 9.63 (3.45–26.86) <0.001 6.10 (2.01–18.47) 0.001

PSA >30 20.97 (8.39–52.46) <0.001 8.12 (2.96–22.28) <0.001

Tumor stage 1–2 (reference)

Tumor stage 3 3.94 (2.71–5.72) <0.001 1.48 (0.94–2.31) 0.088

Tumor stage 4 12.76 (6.57–24.81) <0.001 2.80 (1.36–5.77) 0.005

Gleason Score 6 (reference)

Gleason Score 7 2.84 (1.55–5.22) <0.001 1.42 (0.75–2.69) 0.290

Gleason Score 8 8.22 (4.29–15.74) <0.001 2.91 (1.44–5.89) 0.003

Gleason Score 9 or 10 17.25 (9.06–32.85) <0.001 4.82 (2.29–10.12) <0.001

IGFBP3 (High vs low) 3.52 (2.42–5.12) <0.001 2.37 (1.58–3.55) <0.001

F3 (High vs low) 2.38 (1.67–3.39) <0.001 1.28 (0.87–1.88) 0.210

VGLL3 (High vs low) 2.16 (1.45–3.21) <0.001 1.57 (1.03–2.41) 0.036
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Genes are Significantly Correlated with PCa-Specific Mortality
In a univariate Cox proportional hazard model, all three genes were significant predictors of PCa-specific mortality with
similar HRs both in the full dataset and the estimation dataset (Figure 1). Each of the three genes was computed as
a dichotomous variable (low risk [0] vs high risk [1]) resulting in a gene signature with four categories depending on the

Figure 1 Forest model to show univariable hazard ratio (HR) of individual genes in (A) the full dataset (N=591) and (B) the estimation dataset (N=315). HR, 95%
confidence interval (CI) and p-value are presented.
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number of genes in the high-risk category (0 – no gene in high-risk category, 1 – one gene in high-risk category; 2 – two
genes in high-risk category; 3 – all genes in high-risk category). In a CIF analysis, the four categories (0–3) of the three-
gene signature were significantly different in terms of time to PCa-specific mortality (p < 0.001) for all 591 patients
(Figure 2A).

Figure 2 (A): Cumulative incidence function (CIF) analysis of three-gene signature to predict PCa-specific mortality versus time in the full dataset (N=591). (Gene signature
levels: 0 – no gene in high-risk category, 1 – one gene in high-risk category; 2 – two genes in high-risk category; 3 – all genes in high-risk category). (B) Cumulative incidence
function analysis of P-score to predict time to PCa-specific mortality in the full dataset (N=591).
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P-score Distribution and Performance
The CIF analysis also showed that the three P-score risk groups were significantly different in terms of time to PCa-
specific mortality (p < 0.001) for all 591 patients (Figure 2B). The same was true for the estimation (p < 0.001) and
validation (p < 0.001) data set (Supplemental Figure 1A and B).

The P-score was calculated for each patient, and its distribution across the full dataset (N = 591) is shown in
Figure 3A. The observed distribution in the full dataset with a median P-score of 5 (quartile 1 [Q1] = 3; quartile 3 [Q3]
= 8) was comparable to the P-score distribution in the estimation dataset (median [Q1; Q3] = 6 [3; 9]) (Supplemental
Figure 2). P-score distribution in the different NCCN groups (0: low risk; 1: favorable intermediate risk; 2: unfavorable
intermediate risk; 3: high risk; 4: very high risk) was also calculated (Figure 3B). The P-score downgraded 26% patients
from the unfavorable intermediate NCCN group to the P-score low-risk group and upgraded 40% of patients from the
low-risk to higher risk groups; 14.6% of patients in the favorable intermediate NCCN group were reassigned to the
P-score high-risk group.

P-score Outperforms Other Risk Score Systems
The performance of the P-score was compared to both the D’Amico and NCCN score, the standard PCa risk stratification
systems in Europe and the USA, respectively. The distribution of PCa patients in the full dataset, as well as the estimation
and validation data set across the D’Amico and NCCN risk groups, is detailed in Table 1. In total, 590 patients with valid
NCCN scores were included in the comparison; one patient was excluded due to missing information for the total number
of positive biopsies. In a univariate analysis (validation dataset), a one-unit increase in the P-score was associated with
a HR of 1.39 (95% CI: 1.27–1.51; p < 0.001; Table 3). P-score HR was also assessed in each treatment group (full
dataset), and the P-score was significantly associated with PCa-specific mortality in each treatment group with similar
HRs (Supplemental Table 1). In a bivariate analysis, a one-unit increase in the P-score remained significantly associated
with an increased risk for PCa-specific mortality when added to D’Amico (p < 0.001) or NCCN (p < 0.001); this was not
true for the comparators (Table 3).

In a competing risk C-index analysis, predictive performance of the P-score in the validation dataset was 0.76 (95%
CI: 0.67–0.84) compared to 0.70 (95% CI: 0.62–0.77) for the D’Amico score and 0.71 (95% CI: 0.64–0.78) for the
NCCN score (Table 3). Time-dependent ROC analysis showed a similar difference (AUC [95% CI]: P-score: 0.76 [0.65–
0.86] vs D’Amico: 0.69 [0.60–0.78] and NCCN: 0.69 [0.60–0.78]) (Table 3). The same improvement was observed in the
estimation dataset and the full dataset (Supplemental Table 2). In a subgroup analysis (GS ≤7 or GS >7), the P-score had
the highest C-index as well as AUC at 10 years of all three risk scoring systems (Supplemental Table 3).

In addition to ROC, decision curve analysis also supported the clinical utility of the P-score to accurately distinguish
between patients with favorable or unfavorable outcomes. Greater net benefits were shown for the P-score compared to
both D’Amico and NCCN for predicting PCa-specific mortality (Supplemental Figure 3).

To assess the contribution of the respective clinicopathologic variables and the three-gene signature to predicting
PCa-specific mortality, the C-index was estimated for different combinations of variables based on a competing risk
model. The established risk classification systems D’Amico and NCCN, which are based on clinicopathologic variables
(T-stage, PSA and GS), resulted in a C-index of 0.74 and 0.75, respectively. Addition of the three-gene signature
improved the prognostic power to 0.78 and 0.80, respectively. Similar improvements were observed when combining the
three-gene signature with T-stage and T-stage + PSA, resulting in an increase in the C-index from 0.69 to 0.74 and from
0.75 to 0.76, respectively. Furthermore, we found that the three-gene signature itself had a prognostic power of 0.71.
Notably, at 0.82, the P-score had a higher C-index than all combinations described above (Supplemental Table 4).

Discussion
There is an unmet clinical need to distinguish indolent from aggressive localised PCa as early as possible. The current
clinicopathologic methods do not serve this goal well.23–25 Therefore, in this retrospective cohort study, we developed
and validated the P-score, a novel risk stratification score for newly diagnosed PCa patients based on a previously
reported three-gene signature14 and clinicopathological parameters. The P-score greatly improved prediction accuracy in
terms of PCa-specific mortality, thereby addressing the unmet clinical need. Generally, the risk of dying from PCa is
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Figure 3 (A) Distribution of the P-score in the full dataset (N=591). Q1: quartile 1; Q3: quartile 3. (B) Distribution of the P-score in the NCCN risk groups (N=590; 0: low
risk; 1: favorable intermediate risk; 2: unfavorable intermediate risk; 3: high risk; 4: very high risk). Yellow dots: Censored patients; red dots: patients who died of prostate
cancer (PCa); blue dots: patients who died of other causes. Two dashed lines indicate cut-offs for separating low, intermediate, and high-risk P-scores.
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low,7 and it was therefore not unexpected that 60% of the deceased PCa patients in our cohort died from other causes
during the follow-up period. Other-cause mortality represents a competing risk, which can lead to a biased estimation of
cumulative incidence and predicted risks. To our knowledge, the P-score is the first genetic marker-based risk score for
PCa patients based on a competing risk model. However, we acknowledge that similar genetic scores have applied this
approach in recent validation studies.26,27

Our data demonstrate that genetic information can provide independent prognostic information. This is supported by
a considerably increased C-index after adding our three-gene signature to the current standard risk scoring systems,
D’Amico and NCCN, which only consider clinical variables. The P-score achieved the highest prediction accuracy in
terms of PCa-specific mortality among all evaluated combinations in all datasets (full cohort, estimation dataset and
validation dataset). Moreover, in the bivariate analysis, the P-score, but not the D’Amico or NCCN score, remained
significantly associated with this outcome. We acknowledge that comparability of the P-score with the D’Amico or
NCCN score is limited, as the standard scoring systems are only intended to assign patients into risk groups and were not
designed to predict PCa-specific mortality risk within 10 years. Nevertheless, prognosis typically relies on categorization
of patients according to risk strata. As the D’Amico and NCCN risk classification systems are widely used in clinical
practice, comparing the P-score to these standard scoring systems may be of interest for urologists. Comparison of the
P-score to PREDICT prostate, a model to predict PCa-specific and overall survival based on clinicopathologic
parameters,28 would also be relevant. However, several parameters included in the PREDICT prostate model such as
BRCA mutation status or comorbidity status were not widely available for our cohort.

In the past decade, several risk stratification systems have become available for PCa patients based on the expression
of different genes.29–31 For some of these, the resulting genetic scores are then combined with clinicopathological
parameters for a more complete estimate of the risk of an unfavorable outcome. Studies indicate that combining a genetic
score with clinical parameters could improve predictive performance compared to using a genetic score alone, as
determined by AUC analysis.26,27 The P-score therefore directly integrates the three-gene signature and clinicopatholo-
gical parameters in a weighted algorithm. The underlying concept is comparable to the EndoPredict® EPclin score
(Myriad Genetics, Inc.), a breast cancer prognostic score,32 which has been added to the American Society of Clinical
Oncology guidelines for use of biomarkers to guide adjuvant breast cancer therapy in specific patient subpopulations.33

Table 3 Prediction Performance Comparison of P-score, D’Amico, and NCCN in the Validation Dataset (N = 276).
Univariate Competing Risk Analysis as Well as Bivariate Analysis Were Performed, Hazard Ratio (HR), 95% Confidence
Interval (CI), P-value are Presented. Both Concordance Index (C-Index) and Area Under the Curve (AUC) Evaluated at 10
Years Follow-Up Time are Presented

Risk Score HR (95% CI) P-value C-index (95% CI) AUC (95% CI)

Univariate

P-score 1.39 (1.27–1.51) <0.001 0.76 (0.67–0.84) 0.76 (0.65–0.86)

D’Amico 2.13 (1.53–2.96) <0.001 0.70 (0.62–0.77) 0.69 (0.60–0.78)

NCCN 2.40 (1.60–3.59) <0.001 0.71 (0.64–0.78) 0.69 (0.60–0.78)

Bivariate P-score & D’Amico

P-score 1.36 (1.22–1.51) <0.001 0.76 (0.56–0.84)

D’Amico 1.12 (0.74–1.69) 0.590

Bivariate P-score & NCCN

P-score 1.34 (1.20–1.49) <0.001 0.76 (0.68–0.84)

NCCN 1.21 (0.82–1.78) 0.330
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Predictive performance of the P-score in terms of PCa-specific mortality, as illustrated by AUC analysis, was comparable
with the commercially available risk scoring tools when considering both genetic information and clinical variables.34

We are aware that the International Society of Urological Pathology (ISUP) grading system was introduced into
clinical practice in 2015.35 However, this study is a retrospective study that includes patients diagnosed before 2008.
Therefore, it was considered more appropriate to use GS, instead of ISUP grade, in this study. In the future, we will
consider replacing the GS with the ISUP grade in the P-score algorithm; this requires a carefully designed validation
study. T-stage subclassifications were not considered when developing the P-score as it is accepted that subcategories of
the T-stage are often inaccurately assigned to localized disease.36 It is noted that GS 7 and T-stage 3 were only
significantly associated with time to PCa-specific mortality in the univariate analysis but not in the multivariate analysis.
Both GS 7 and T-stage 3 are clinically differentiated from the other GS and T-stage groups, respectively; therefore, it was
decided to keep GS 7 and T-stage 3 as separate groups. Similarly, the gene F3 was not significantly associated with PCa-
specific mortality in the multivariate analysis. However, it was highly significant in the univariate analysis and the gene
signature combining IGFBP3, F3 and VGLL3, also correlated significantly. Moreover, the F3 gene, also named
coagulation factor III (thromboplastin, tissue factor), is involved in tumor signaling and angiogenesis. It is overexpressed
in the vast majority of PCa patients, as well as in many other solid tumors, and is strongly associated with tumor
aggressiveness.14,17,37–39 Recently, the FDA approved an anti-cancer drug targeting tissue factor,40 supporting its
relevance to oncologic conditions. For these reasons, we included F3 in the final P-score algorithm. The potential
association of the different parameters with PCa-specific mortality needs to be further investigated in an independent
clinical validation study in a larger cohort.

In contrast to most other studies, which are limited to patients with pre-selected types of treatment,30,31 the present
study included heterogeneously treated patients and therefore constitutes a more representative, “real-world” cohort.
However, since treatment modality could potentially affect survival, association of the P-score with the risk of PCa-
specific mortality was analyzed within the different treatment groups in the full dataset and comparable HRs were
determined, suggesting that the P-score has a similar predictive power irrespective of treatment. This is in line with
earlier studies indicating that the beneficial effect of curative treatment is limited particularly in PCa patients aged ≥65
years41 and that radical prostatectomy may have little or no impact on the time to PCa-specific death.42

Notably, the P-score reassigned 26% of patients considered as having “unfavorable intermediate risk” according to
the NCCN score to the P-score low-risk group, suggesting that these patients may have been at risk of overtreatment
when using conventional risk stratification systems. Importantly, both scoring systems assigned patients who had died
from PCa to either intermediate-risk or high-risk groups, except for one patient who was assigned to the low-risk group
with both risk stratification systems. This suggests that the likelihood of identifying patients with aggressive tumors is
very high with both methods. None of the known clinical parameters of the patient who was considered low risk by both
scoring systems, but died of PCa within the follow-up period, suggested an aggressive disease. The cause of this
unexpected disease course therefore remains unclear.

We acknowledge that the median follow-up time of 7.6 years could be considered relatively short, as PCa typically
progresses slowly, and PCa-specific mortality may occur up to 20 years after diagnosis and first-line treatment.43

Biochemical recurrence (BCR), defined as PSA-relapse, is not considered an adequate endpoint in this context as it
does not necessarily correlate with clinical recurrence and BCR alone is not a surrogate for PCa-specific mortality.44

Additional studies are underway that evaluate time-to-metastasis as a secondary endpoint, and further studies are planned
to provide further evidence that the P-score is a valuable PCa risk stratification tool.

With 591 PCa patients, the cohort in this study could also be considered rather small. However, it is in the same order
of magnitude as cohorts used to develop other commercially available gene expression-based scoring systems for PCa
patients.30,31 Moreover, the P-score has subsequently been validated in a separate cohort, which confirmed its clinical
utility. The results from this validation study will be published separately.

The technical drop-out rate (17.1%; 122 out of 713 patients) observed in this study was primarily due to inadequate
RNA quality in the archived samples. There is evidence that tissue fixation method and time, as well as storage
conditions, affect RNA quality.45 The tissue samples used in this study were collected from biobanks, and the archived
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CNBs were prepared before standardization of tissue fixation and handling routines. Therefore, we anticipate that using
this method on more recently collected samples will considerably reduce the drop-out rate.

Conclusion
In conclusion, we developed the P-score, a risk stratification system for newly diagnosed PCa patients by integrating an
ESC gene-signature measured in FFPE tumor tissue from PCa patients. The P-score was validated and showed superior
performance in predicting PCa-specific mortality, compared to existing standard risk classification systems. Our findings
support the clinical utility of the P-score for accurately distinguishing between patients likely to experience favorable or
unfavorable outcomes. Consequently, it would be expected that using the P-score will reduce overtreatment of PCa
patients, while ensuring that individuals with high-risk disease are treated appropriately. Therefore, the P-score could
provide urologists with a valuable decision support tool to identify PCa patients most likely to benefit from curative
treatment while simultaneously reducing overtreatment.
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