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have a better discriminating ability in predicting PCa and high-grade 
PCa than PSA.7–9 Our previous study reported consistent results, and we 
found that phi performed better than PSA in discriminating PCa and 
non-PCa in patients with higher PSA levels in the Chinese population.10

Various risk calculators have been developed based on different 
clinical variables and have provided added value to the PSA test 
for predicting PCa or high-grade PCa. Among them, the Prostate 
Cancer Prevention Trial (PCPT) risk calculator11 and the European 
Randomized Study of Screening for Prostate Cancer (ERSPC) risk 
calculator12 have been most widely used in Caucasians. It has been 
proven that these risk calculators can avoid 2%–20% unnecessary 
biopsies at a different threshold probability of PCa.13 The variables in the 
PCPT risk calculators include age, race, PSA, digital rectal examination 
(DRE), family history, and history of a previous negative prostate 
biopsy. The variables in the ERSPC risk calculators include PSA, DRE, 
the results of transrectal ultrasound (TRUS), prostate volume (PV), 
history of prostate biopsy, and the new version that incorporates 

INTRODUCTION
Prostate cancer (PCa) is the second most common cancer and one of 
the leading causes of cancer-related death among males worldwide.1 
The incidence of PCa in China is relatively low compared to that in 
Western countries; however, it has been progressively rising in recent 
decades and has become the seventh most common cancer among 
Chinese males.2,3

Prostate-specific antigen (PSA) has been introduced to prostate 
cancer screening and clinical practice for decades and is still the most 
widely used biomarker for screening and early detection of PCa. 
However, PSA is organ specific rather than cancer specific; therefore, 
PSA screening has resulted in large numbers of unnecessary biopsies 
and overdiagnosis of indolent cancers.4–6

Existing studies in Caucasians with PSA levels ranging from 
2.0 ng ml−1 to 10.0 ng ml−1 have shown that [-2]proPSA (p2PSA), an 
isoform of PSA, and its derivative Prostate Health Index (phi) might 
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phi.14–16 The utility of these risk calculators for predicting PCa has been 
externally validated in the Western population.17,18 However, these two 
risk calculators are suitable for patients with PSA from 0 (or 0.5 ng ml−1) 
to 50 ng ml−1, and phi is only applicable when a patient had a recent 
DRE and had his PV measured using ERSPC risk calculator 3.

Most risk calculators (included PCPT and ERSPC risk calculators) 
were based on screening populations with low average PSA levels (most 
participants in PCPT had PSA below 6.0 ng ml−1, and the participants in 
ERSPC had a mean PSA of 1.7 ng ml−1).11,13,19 However, PSA screening 
is not often utilized in China, and most of the Chinese patients come 
to urologists for elevated PSA, lower urinary tract symptoms, and 
abnormal findings in DRE or TRUS in their comprehensive physical 
examination. Such population has a higher risk for PCa than the 
screening population. Therefore, these risk calculators might not be 
appropriate for such different clinical settings in China. In addition, 
according to a previous study, PCPT and ERSPC risk calculators 
overestimate the probability of PCa and high-grade disease (Gleason 
score ≥7).20 Furthermore, we considered that phi might have more 
widespread use in Chinese biopsy populations according to our former 
study (e.g., for patients with PSA ≥10.0 ng ml−1).10 In consideration 
of the limited data on the performance of PCa risk calculators that 
include phi in the Chinese population, here, we built risk calculators 
(with or without phi) based on a prostate biopsy population and 
followed with an observational study to validate the performance of 
our risk calculators.

PATIENTS AND METHODS
Cohort of the training study
Subjects (n = 635) who underwent initial prostate biopsy from April 
2012 to August 2013 in three tertiary medical centers in Shanghai 
(including Huashan Hospital, Fudan University; Shanghai Cancer 
Center, Fudan University; and Xinhua Hospital, Shanghai Jiao Tong 
University School of Medicine) were recruited as the training cohort. 
All clinical information was collected before biopsy. The patients were 
excluded if any essential clinical data on age, PSA, %fPSA (free PSA 
divided by PSA), p2PSA, or PV were missing. The characteristics of 
tertiary health institutes in China had been described in our previous 
study.10

Cohort of the validation study
Patients (n = 1045) who underwent initial prostate biopsy from August 
2013 to December 2014 in four tertiary medical centers in Shanghai 
(including Huashan Hospital, Fudan University; Shanghai Cancer 
Center, Fudan University; Xinhua Hospital, Shanghai Jiao Tong 
University School of Medicine; and Changhai Hospital, the Second 
Military Medical University) were enrolled in our observational 
validation study. Participants who completed all the examinations 
(PSA, fPSA, p2PSA, and TRUS) were included in the final analysis. 
All clinical data were entered into the risk calculator to generate 
everyone’s risk index and were recorded. This process did not 
influence the decision-making for prostate biopsy in the validation 
population. In both the training and validation studies, all subjects 
underwent an ultrasound-guided transperineal needle prostate biopsy 
with 10–14 cores. The indications for prostate biopsy at our institute 
were the following: (1) PSA >10.0 ng ml−1; (2) PSA >4.0 ng ml−1 with 
confirmation after 2–3 months; (3) PSA level ranging from 4.0 ng ml−1 
to 10.0 ng ml−1, with suspicious fPSA/PSA <0.16 or PSA density >0.15 
(PSAD = PSA/PV, PV (ml) = height (cm) × length (cm) × width (cm) 
× 0.52); and (4) positive findings from a DRE, TRUS, or magnetic MRI 
with any level of PSA.

Sample collection
All biopsy specimens were diagnosed by pathologists from the 
pathology department of each hospital. All blood samples were 
collected before biopsy for the measurement of PSA, fPSA, and 
p2PSA using the Beckman Coulter D×I 800 Immunoassay System 
(Beckman Coulter, Brea, CA, USA). The protocol of the current study 
was reviewed and approved by the institutional review board of each 
hospital in Shanghai, China. Both written informed consent and 
verbal informed consent were obtained from the patients for their 
participation in the study.

Statistical analyses
Phi was calculated using the following formula: (p2PSA/fPSA) × √PSA. 
PSA and phi were log-transformed for further statistical analysis due 
to their nonnormalized distributions. Based on the training cohort 
(n = 635), we built four risk calculators. Risk calculator 1 (RC1) was 
built according to the rules of a logistic regression model based on age, 
lgPSA (logarithm of PSA), and %fPSA. Risk calculator 2 (RC2) was built 
according to the rules of a logistic regression model based on age and 
lgphi (logarithm of phi). Risk calculator 3 (RC3) was built according to 
the rules of a logistic regression model based on age, lgPSA, %fPSA, and 
PV. Risk calculator 4 (RC4) was built according to the rules of a logistic 
regression model based on age, lgphi, and PV. Then, we evaluated the 
performances of phi, RC1, RC2, RC3, and RC4 in predicting PCa 
and high-grade PCa (Gleason score ≥7) in the training cohort, the 
validation cohort, and their subgroups (i.e., the population with PSA 
ranging from 2.0 ng ml−1 to 10.0 ng ml−1).

The baseline characteristics (age, PV, PSA, and %fPSA) between two 
cohorts were compared using Student’s t-test. The performance of each 
risk calculator was evaluated statistically on the basis of its discrimination 
and calibration according to established framework.21 Receiver operating 
characteristic (ROC) curves were used to measure the discriminating 
abilities of different predictors (phi and the four risk calculators). A 
Z-test was performed to evaluate the differences in area under the ROC 
curves (AUCs) for phi and the four risk calculators (RC1 was used as a 
reference). We performed a decision curve analysis (DCA) to evaluate 
the potential clinical usefulness of making decisions based on phi and the 
four risk calculators. A two-sided test with P = 0.05 was used. Statistical 
analyses were performed using SPSS 19.0 (Statistical Product and Service 
Solutions, IBM Corporation, Armonk, NY, USA) and R version 3.4.0 
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
A total of 635 patients were included in the training study, and 1045 
patients were enrolled in the validation study. The positive biopsy 
rates were 42.8% and 43.0% in the training and validation cohorts, 
respectively, which were comparable.

Training study
The characteristics of the cohort and the stratified subgroups 
(PSA ranging from 2.0 ng ml−1 to 10.0 ng ml−1) are shown in Table 1. In 
the training cohort and its subgroup with PSA ranging from 2.0 ng ml−1 
to 10.0 ng ml−1, the mean age, PSA, and phi were statistically higher in 
men diagnosed with PCa than in men without PCa, whereas the mean 
PV and %fPSA were lower in the PCa group (all P < 0.05). When the 
patients were categorized by a Gleason score ≥7 for high-grade PCa and 
others, the differences in age, PSA, phi, and PV remained significant, 
whereas the differences in %fPSA were insignificant (data not shown).

Multivariate logistic regression analyses were performed to evaluate 
each factor in the training cohort. We observed that age, PSA, %fPSA, 
p2PSA, and PV were all associated with PCa (all P < 0.01), while %fPSA 
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was not associated with high-grade PCa. On the basis of the results 
from the multivariate logistic regression analyses and the consensus 
risk factors (i.e., age, PSA, %fPSA, p2PSA, and PV), we constructed 
the risk calculators as follows:
For PCa:
i. Risk calculator 1 (RC1): risk points = −4.928 + 0.023 × age + 2.789 

× lgPSA – 1.962 × %fPSA
ii. Risk calculator 2 (RC2): risk points = −9.597 + 0.026 × age + 4.154 

× lgphi
iii. Risk calculator 3 (RC3): risk points = −4.566 + 0.035 × age − 0.038 

× PV + 3.236 × lgPSA − 1.735 × %fPSA;
iv. Risk calculator II (RC4): risk points = −8.919 + 0.036 × age − 0.029 

× PV + 4.147 × lgphi.

For high-grade PCa:
i. Risk calculator 1 (RC1): risk points = −5.547 + 0.012 × age + 3.058 

× lgPSA
ii. Risk calculator 2 (RC2): risk points = −8.791 + 0.016 × age + 3.664 

× lgphi
iii. Risk calculator 3 (RC3): risk points = −5.193 + 0.021 × age + 3.351 

× lgPSA − 0.029 × PV
iv. Risk calculator II (RC4): risk points = −8.315 + 0.021 × age + 

3.642 × lgphi − 0.017 × PV.

In further analysis, the prediction accuracy of PSA, phi, and risk 
calculators 1–4 were evaluated in the training cohort. The AUCs of the 
different PCa risk calculators in the training cohorts and its subgroups 
are shown in Table 2. In the training cohort, when predicting PCa, the 
AUCs for phi, RC2, and RC4 were 0.88, 0.89, and 0.90, respectively, 
which indicated that phi and phi-based risk calculators (RC2 and RC4) 

all performed better than RC1 (AUC = 0.83, all P < 0.05). When 
predicting high-grade PCa (a Gleason sore ≥7), there was no significant 
difference among the AUCs of RC1 (AUC = 0.84), phi (AUC = 0.89), 
and RC2 (AUC = 0.89) in the training cohort, while RC4 (AUC = 0.89) 
performed better than RC1 (P < 0.05). However, phi, RC2, and RC4 did 
not outperform RC1 in the subgroup with PSA ranging from 2.0 ng ml−1 
to 10.0 ng ml−1, and similar results were also observed when predicting 
high-grade PCa in the same subgroup (Table 3).

Validation study
In the subsequent validation study, we evaluated the predictive 
performance of PSA, phi, and RC1-4 in the validation cohort. The 
characteristics of the validation cohort and its subgroup (PSA ranging 
from 2.0 ng ml−1 to 10.0 ng ml−1) are shown in Table 4, and they were 
consistent with those of the training group.

When evaluating the prediction abilities of the risk calculators in 
the validation cohort and its subgroup, phi (Tables 2 and 3), RC2, and 
RC4 all outperformed RC1 (0.91, 0.91, and 0.91, respectively, vs 0.81 
in the whole validation cohort and 0.89, 0.90, and 0.89, respectively, vs 
0.71 in its subgroup) in predicting PCa (all P < 0.01). When predicting 
high-grade PCa, such superiority was still observed in the RCs that 
included phi. The calibration of the risk calculators was also assessed 
in the validation cohort (Table 5).

The ROC curves for phi and RC 1–4 in predicting PCa 
in two cohorts and in the subgroups with PSA ranging from 
2.0 ng ml−1 to 10.0 ng ml−1 are shown in Supplementary Figure 1. 
The DCA revealed that any phi-based risk calculator performed better 
than PSA-based RC1 in both training and validation cohorts 
(Supplementary Figures 2 and 3). A potential net reduction in the 
number of biopsies was seen at PCa risk thresholds of approximately 
20% for PCa in both cohorts.

Table 1: Clinical characteristics of the training cohort

Variables All PSA PSA: 2.0–10.0 ng ml−1

All PCa Non-PCa P * All PCa Non-PCa P*

Patient (n) 635 272 363 222 39 183

Age (year), 
median (IQR)

69.0 (61.0–76.0) 72.0 (65.0–78.0) 66.0 (59.0–74.0) 5.11×10−10 65.0 (58.8–72.2) 69.0 (63.0–75.0) 65.0 (58.0–72.0) 0.015

Volume (ml), 
median (IQR)

41.0 (32.0–56.1) 38.0 (29.0–51.0) 45.0 (34.0–62.0) 1.44×10−7 40.0 (33.0–50.0) 36.0 (27.0–43.0) 40.0 (33.0–51.0) 6.0×10−3

PSA (ng ml−1), 
median (IQR)

13.3 (7.6–31.5) 31.8 (14.0–145.7) 9.4 (6.2–15.1) 3.06×10−39 6.6 (4.7–8.1) 6.9 (5.2–8.4) 6.6 (4.7–8.1) 0.55

%fPSA (%), 
median (IQR)

14.0 (10.0–21.0) 12.0 (9.0–16.0) 17.0 (11.0–23.0) 3.55×10−10 16.6 (11.6–22.0) 13.7 (11.3–19.7) 17.0 (12.4–22.2) 0.09

Phi, median (IQR) 48.4 (30.6–143.5) 158.7 (64.6–448.7) 34.0 (25.9–47.4) 1.44×10−59 33.2 (24.5–41.5) 44.4 (33.3–64.5) 31.6 (23.9–39.3) 3.9×10−5

*The P values were calculated using Mann–Whitney U test to observe whether there is any significant difference between the distributions of two groups. PCa: prostate cancer; 
IQR: interquartile range; PSA: prostate-specific antigen; %fPSA: percentage of free prostate-specific antigen; phi: prostate health index

Table 2: Evaluation of the area under the receiver operation curves of different risk calculators in all patients

Calculators PCa (n=268)a High-grade PCa (n=207)a PCa (n=438)b High-grade PCa (n=347)b

AUC 95% CI P* AUC 95% CI P * AUC 95% CI P* AUC 95% CI P *

phi 0.88 0.85–0.91 0.015 0.89 0.86–0.91 0.06 0.91 0.89–0.93 1.3×10−9 0.92 0.90–0.93 3.9×10−9

RC1c 0.83 0.79–0.86 NA 0.84 0.81–0.88 NA 0.81 0.79–0.84 NA 0.82 0.79–0.85 NA

RC2d 0.89 0.86–0.91 8.1×10−3 0.89 0.86–0.92 0.055 0.91 0.90–0.93 1.1×10−10 0.92 0.90–0.94 8.9×10−10

RC3e 0.86 0.83–0.89 0.085 0.86 0.83–0.9 0.35 0.84 0.81–0.86 0.17 0.85 0.83–0.88 0.084

RC4f 0.895 0.87–0.92 1.5×10−3 0.89 0.86–0.92 0.032 0.91 0.89–0.93 1.3×10−9 0.92 0.90–0.94 6.1×10−10

*P referred to the significance between RC1 and other risk calculator, ain training cohort (n=635); bin validation cohort (n=1045); cRC1 was built in the rule of logistic regression 
RC based on age, PSA, and %fPSA (%fPSA were excluded while predicting high-grade PCa), dRC2 were built in the rule of logistic regression RC based on age and phi; eRC3 was 
built in the rule of logistic regression RC based on age, PSA, %fPSA (%fPSA were excluded while predicting high-grade PCa), and prostate volume; fRC4 was built in the rule of 
logistic regression RC based on age, phi, and prostate volume. PCa: prostate cancer; PSA: prostate-specific antigen; phi: prostate health index; AUC: area under the receiver operating 
characteristic curve; CI: confidence interval; NA: not available; RC: risk calculator; %fPSA: percentage of free prostate-specific antigen
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We specifically evaluated the potential reduction of unnecessary 
biopsies using phi-based risk calculators compared with RC1 at the 
PCa risk threshold of 40% (approximately the positive biopsy rate in the 
Chinese biopsy population) (Table 6). For instance, with a sensitivity 
of 90%, phi, RC2, and RC4 could spare 28.0%, 27.8%, and 25.60%, 
respectively, of the patients in the validation cohort who did not have 
PCa from undergoing an unnecessary invasive procedure.

DISCUSSION
Our previous study showed that %p2PSA and its derivative phi 
provide additional value to predicting PCa and high-grade PCa in 
the Chinese biopsy population.10 This is the first study evaluating 
phi-based risk calculators for PCa in the Chinese population. All risk 

calculators were constructed based on the same previous population 
and were validated in an independent multicenter population. Our 
results indicated that the phi-based risk calculators (RC2 and RC4) 
exhibited superior discrimination and calibration in predicting PCa 
and high-grade PCa compared to the risk calculators without phi 
(RC1 and RC3). In addition, we also demonstrated that phi-based risk 
calculators provided added value for sparing unnecessary biopsies 
through a DCA.

The goal of the PCa diagnosis is to identify the presence of clinically 
significant disease while minimizing unnecessary biopsies. Combining 
PSA, PSA derivatives, other PCa biomarkers and patients' clinical 
information would predict the risk of PCa much more precisely than 
using PSA alone. Risk calculators for PCa had been developed and 

Table 3: Evaluation of the area under the receiver operation curves of different risk calculators in patients with prostate-specific antigen  
2.0 ng ml-1–10.0 ng ml−1

Calculators PCa (n=39)a High-grade PCa (n=24)a PCa (n=105)b High-grade PCa (n=17)b

AUC 95% CI P* AUC 95% CI P * AUC 95% CI P * AUC 95% CI P *

Phi 0.71 0.60–0.82 0.2 0.75 0.64–0.87 0.14 0.89 0.86–0.93 2.3×10−8 0.9 0.85–0.95 2.0×10−3

RC1c 0.61 0.51–0.72 NA 0.61 0.47–0.76 NA 0.71 0.65–0.76 NA 0.69 0.56–0.81 NA

RC2d 0.72 0.60–0.83 0.19 0.74 0.62–0.87 0.18 0.9 0.87–0.94 2.2×10−9 0.91 0.87–0.96 6.7×10−4

RC3e 0.69 0.6–0.79 0.28 0.63 0.5–0.76 0.87 0.73 0.67–0.78 0.62 0.68 0.55–0.80 0.93

RC4f 0.74 0.64–0.84 0.085 0.75 0.63–0.86 0.16 0.89 0.86–0.92 1.9×10−8 0.9 0.84–0.95 2.1×10−3

*P referred to the significance between RC 1 and other risk calculators. aIn training cohort (n=222); bIn validation cohort (n=443); cRC1 were built in the rule of logistic regression 
RC based on age, PSA, and %fPSA (%fPSA were excluded while predicting high-grade PCa); dRC2 were built in the rule of logistic regression RC based on age and phi; eRC3 were 
built in the rule of logistic regression RC based on age, PSA, %fPSA (%fPSA were excluded while predicting high-grade PCa), and prostate volume; fRC4 were built in the rule of 
logistic regression RC based on age, phi and prostate volume. PCa: prostate cancer; PSA: prostate-specific antigen; phi: prostate health index; AUC: area under the receiver operating 
characteristic curve; CI: confidence interval; NA: not available; RC: risk calculator; %fPSA: percentage of free prostate-specific antigen

Table 4: Clinical characteristics of the validation cohort

Variables All PSA PSA: 2.0 ng ml-1–10.0 ng ml−1

All PCa Non-PCa P * All PCa Non-PCa P *

Patient (n) 1045 449 596 443 106 337

Age (year), 
median (IQR)

68.0 (62.0–74.0) 71.0 (65.0–76.0) 66.0 (61.0–72.0) 8.0×10−16 66.0 (61.0–72.0) 69.0 (63.0–74.0) 65.0 (60.0–71.0) 9.2×10−4

Volume (ml), 
median (IQR)

41.0 (31.2–58.3) 38.0 (30.2–53.2) 43.1 (31.2–62.0) 7.5×10−4 40.0 (31.2–55.0) 33.7 (25.0–44.6) 42.2 (31.2–57.2) 7.4×10−5

PSA (ng ml−1), 
median (IQR)

11.7 (7.0–25.7) 24.2 (11.0–93.3) 8.8 (5.7–13.9) 9.7×10−58 6.89 (5.33–8.57) 7.3 (5.9–8.7) 6.6 (5.0–8.5) 7.2×10−3

%fPSA (%), 
median (IQR)

13.3 (9.2–19.3) 11.2 (8.1–13.8) 16.7 (11.1–23.0) 1.4×10−32 17.0 (11.5–22.8) 12.3 (9.2–16.0) 18.8 (13.6–24.0) 4.8×10−13

Phi, median 
(IQR)

45.3 (27.6–99.2) 114.0 (61.6–301.8) 30.9 (21.4–42.8) 1.5×10−114 31.5 (21.4–45.5) 56.2 (43.5–70.1) 27.3 (19.7–37.1) 4.9×10−34

*P values were calculated using Mann–Whitney U test to observe whether there is any significant difference between the distributions of two groups. PCa: prostate cancer; 
IQR: interquartile range; PSA: prostate-specific antigen; %fPSA: percentage of free prostate-specific antigen; phi: prostate health index

Table 5: Assessments of the performance of the risk calculators in validation cohort (n=1045)

Performance 
measures

Prostate cancer High-grade disease

RC1 RC2 RC3 RC4 RC1 RC2 RC3 RC4

Overall

R2 (Nagelkerke) 0.39 0.62 0.43 0.61 0.40 0.56 0.44 0.57

Calibration

Predicted 
outcome (%)

35.77 31.87 37.33 34.89 19.49 21.25 25.34 22.51

Observed 
outcome (%)

43.00 43.00 43.00 43.00 34.16 34.16 34.16 34.16

Calibration slope 
(95% CI)

1.018 
(0.924–1.111)

1.124 
(1.056–1.192)

0.970 
(0.889–1.051)

1.088 
(1.023–1.152)

1.024 
(0.934–1.114)

1.123 
(1.05–1.197)

1.018 
(0.935–1.101)

1.130 
(1.058–1.202)

Hosmer–
Lemeshow test

χ2=26.09, 
P<0.001

χ2=23.10, 
P=0.003

χ2=10.27, 
P=0.25

χ2=7.09, 
P=0.53

χ2=9.63, 
P=0.29

χ2=83.02, 
P<0.001

χ2=13.61, 
P=0.09

χ2=72.6, 
P<0.001

CI: confidence interval; RC: risk calculator
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validated in a variety of populations (e.g., 0Caucasian, Hispanics, 
African Americans, and Chinese).17,22,23

P2PSA testing and phi have been approved for decision-making 
involving prostate biopsy in patients with PSA levels ranging from 
2.0 ng ml−1 to 10.0 ng ml−1 (or 4.0–10.0 ng ml−1) in the United States 
and Europe. Recently, the integration of phi into risk calculators was 
proven to further increase the accuracy of risk stratification and better 
inform the decision for prostate biopsy.15,24–26 However, few studies in 
Chinese that deal with phi and the risk calculator have reported the 
relationship with high-grade PCa (Gleason score ≥7) or the predictive 
performance in the PSA gray zone (PSA 2.0–10.0 ng ml−1).10,26 These 
two questions might be of importance for PCa diagnosis as it is 
associated with aggressive clinical intervention and treatment. Thus, 
we looked into these two issues throughout the study and performed 
a comprehensive analysis based on our data.

A study has shown that the summary AUC for the PCPT risk 
calculator (without phi) was 0.66 (95% CI: 0.62–0.70), and the AUC 
for the ERSPC risk calculator (RC3 without phi) was 0.79 (95% CI: 
0.77–0.81).22 These two risk calculators had also been validated in 
Chinese populations with better predictive ability, which might be 
attributable to the fact that these populations were at higher risk for 
PCa.20,27 Monique et al.28 found that ERSPC + phi had an AUC of 
0.72 for all PCa and 0.68 for clinically relevant PCa, and our RC2 and 
RC4 (phi-based) reached an AUC of 0.9 for both PCa and clinically 
relevant PCa in our validation cohort. This might be caused by two 
factors: the high risk of the study population mentioned above and 
the good cancer discriminating ability of phi in patients with PSA 
≥10.0 ng ml−1 in the Chinese population. Because there is no complete 
PSA screening among the Chinese due to the large population and 
great health burden, most of the patients receive a PSA test under 
certain circumstances (e.g., patients come to urologists for lower 
urinary tract symptoms, men with reliable health insurance, and men 
who pay out of pocket for a comprehensive physical examination). 
Basically, the biopsy population consists of patients with abnormal 
findings in the above situations. Therefore, we considered that the 
PCa risk calculators should be tailored more to a biopsy population 
rather than to a screening population in China. Thus, our study could 
represent the clinical situation in which Chinese urologists actually 
meet and help make the decision of biopsy together with their patients.

For the two important issues we mentioned above (performance 
of risk calculators in predicting high-grade PCa and in the PSA gray 
zone), we could observe that superiority was not obvious in the training 
cohort. However, when looking at the results in the larger validation 
cohort, the AUC reached 0.92 for high-grade PCa and 0.89–0.90 for 

PCa in the PSA gray zone (PSA 2.0 ng ml−1–10.0 ng ml−1). Therefore, we 
suggest that phi and risk calculators that include phi are useful tools for 
predicting high-grade PCa and for discriminating PCa or high-grade 
PCa from other conditions in patients with PSA levels ranging from 
2.0 ng ml−1 to 10.0 ng ml−1.

In addition, we constructed a DCA curve while applying phi-based 
risk calculators and demonstrated the net reduction in the number of 
biopsies. The net reduction in the number of biopsies was observed at 
PCa risk thresholds of approximately 20%, and it would be higher in 
a population with a higher risk of PCa. This indicates that these risk 
calculators might be suitable for clinically based cohorts.

Based on the detailed calculations, using phi-based risk calculators 
led to a reduction in the number of unnecessary biopsies by 20% while 
maintaining a sensitivity of 90%. While maintaining a sensitivity of 
95%, the reduction rate was still up to 10%–18% in the training and 
validation cohorts. This finding indicated that a large proportion of 
unnecessary biopsies could be avoided by adding phi into the prebiopsy 
consideration. The number of biopsies reduced was calculated at the 
threshold risk of 40% because it approximated to the PCa detection 
rate in a Chinese biopsy population.29

The current study had several strengths: (i) this study was based on a 
large-scale multicenter biopsy population; (ii) we built logistical models 
based on a biopsy population, and we validated the risk calculators in a 
large independent biopsy population, which made our results solid and 
firm; and (iii) owing to the population size, we were able to evaluate 
the performance of phi and phi-based risk calculators in predicting 
high-grade PCa and in patients with PSA ranging from 2.0 ng ml−1 to 
10.0 ng ml−1, which was seldom reported in the Chinese population.

There are several limitations to our study. First, there might be 
inclusion bias because the four medical centers involved in this study 
were all located in Shanghai. However, all these medical centers 
were tertiary health institutes, and nearly half of the patients were 
from various provinces in China other than Shanghai. Second, the 
study population was at a relatively high risk for PCa, as we had 
mentioned previously (with a risk threshold of 40%); thus, the risk 
calculators built in the current study might be more applicable to 
other biopsy populations rather than to screening populations. 
Third, although we showed that phi-based risk calculators exhibited 
superior discrimination and calibration than risk calculators without 
phi, they did not perform better than phi alone. This could be 
attributed to either the relatively small sample size of the training 
cohort or the relatively small contribution of age and PV to the PCa 
risk. These risk calculators will be improved in further studies with 
larger populations.

CONCLUSION
The phi-based risk calculators performed better than PSA-based risk 
calculators in the Chinese population. In addition, a considerable 
reduction in the number of unnecessary biopsies for PCa was achieved 
by applying these risk calculators.
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Table 6: Number of unnecessary biopsies reduced by different prostate 
cancer risk calculators comparing with risk calculator 1a

RCs Biopsies reduced in training 
cohort* (%)

Biopsies reduced in validation 
cohort *

Sensitivity=90% Sensitivity=95% Sensitivity=90% Sensitivity=95%

Phi 21.00 11.20 28.00 16.40

RC2b 19.50 10.40 27.80 16.90

RC3c 8.90 7.60 9.80 0

RC4d 25.90 14.80 25.60 17.70
*The numbers of biopsies reduced were calculated at the sensitivity of 90 and 95 with 
the PCa risk threshold of 40. aRC1 was built in the rule of logistic regression RC based 
on age, PSA, and fPSA (fPSA were excluded while predicting high-grade PCa); bRC2 was 
built in the rule of logistic regression RC based on age and phi; cRC3 was built in the rule 
of logistic regression RC based on age, PSA, fPSA (fPSA were excluded while predicting 
high-grade PCa), and prostate volume; dRC4 was built in the rule of logistic regression 
RC based on age, phi, and prostate volume. PCa: prostate cancer; PSA: prostate-specific 
antigen; fPSA: free prostate-specific antigen; phi: prostate health index; RCs: risk calculators
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Supplementary Figure 2: Net benefits of phi and phi-based risk calculators for 
predicting prostate cancer in the training cohort.

Supplementary Figure 1: ROC curves of phi, RC1, RC2, RC3, and RC4 for predicting prostate cancer in two cohorts and in subgroups with PSA ranged from 
2.0 ng ml−1 to 10.0 ng ml−1. (a). ROC curves of phi, RC1, RC2, RC3, and RC4 for predicting prostate cancer in the training cohort. (b) ROC curves of phi, 
RC1, RC2, RC3, and RC4 for predicting prostate cancer in the validation cohort. (c) ROC curves of phi, RC1, RC2, RC3, and RC4 for predicting prostate 
cancer in the subgroup of the training cohort with PSA ranging from 2.0 ng ml−1 to 10.0 ng ml−1. (d) ROC curves of phi, RC1, RC2, RC3, and RC4 for 
predicting prostate cancer in the subgroup of the validation cohort with PSA ranging from 2.0 ng ml−1 to 10.0 ng ml−1. ROC: receiver operating characteristic; 
PSA: prostate-specific antigen.
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Supplementary Figure 3: Net benefits of phi and phi-based risk calculators for 
predicting prostate cancer in the validation cohort.
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