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Abstract 

Purpose  The study aimed to construct a predictive model for clinically significant prostate cancer (csPCa) and investi-
gate its clinical efficacy to reduce unnecessary prostate biopsies.

Methods  A total of 847 patients from institute 1 were included in cohort 1 for model development. Cohort 2 
included a total of 208 patients from institute 2 for external validation of the model. The data obtained were used for 
retrospective analysis. The results of magnetic resonance imaging were obtained using Prostate Imaging Reporting 
and Data System version 2.1 (PI-RADS v2.1). Univariate and multivariate analyses were performed to determine sig-
nificant predictors of csPCa. The diagnostic performances were compared using the receiver operating characteristic 
(ROC) curve and decision curve analyses.

Results  Age, prostate-specific antigen density (PSAD), and PI-RADS v2.1 scores were used as predictors of the model. 
In the development cohort, the areas under the ROC curve (AUC) for csPCa about age, PSAD, PI-RADS v2.1 scores, and 
the model were 0.675, 0.823, 0.875, and 0.938, respectively. In the external validation cohort, the AUC values predicted 
by the four were 0.619, 0.811, 0.863, and 0.914, respectively. Decision curve analysis revealed that the clear net benefit 
of the model was higher than PI-RADS v2.1 scores and PSAD. The model significantly reduced unnecessary prostate 
biopsies within the risk threshold of > 10%.

Conclusions  In both internal and external validation, the model constructed by combining age, PSAD, and PI-RADS 
v2.1 scores exhibited excellent clinical efficacy and can be utilized to reduce unnecessary prostate biopsies.
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Introduction
Prostate cancer (PCa) affects millions of males every 
year. It is one of the most common solid malignancies, 
and the prognosis varies greatly by age, race, genetic 
background, and stage of progression [1]. Prostate biopsy 
remains the gold standard for PCa diagnosis. However, 
the imprecise localization of cancer focus by systematic 
biopsy has caused the overdiagnosis of clinically unim-
portant diseases and the underdiagnosis of clinically 
significant cancer [2]. Although invasive multiparamet-
ric magnetic resonance imaging-ultrasound (mpMRI-
US) fusion biopsy has been demonstrated to improve 
the detection of clinically significant PCa (csPCa) and is 
more frequently used in clinical practice [3], the biopsy 
is associated with numerous complications, including 
bleeding, infection, and lower urinary tract symptoms 
[4]. Therefore, the reduction of prostate biopsy is crucial 
in males with low-grade or no PCa.

mpMRI has high sensitivity and specificity in detect-
ing PCa and is essential for risk stratification of naïve 
patients, active surveillance for low-risk patients, and 
monitoring recurrence following definitive therapy 
[5]. The current standardized scheme for interpreting 
mpMRI is Prostate Imaging Reporting and Data System 
version 2.1 (PI-RADS v2.1) [6]. The major challenges in 
the clinical application of this approach are the low posi-
tive predictive value (PPV) and moderate interreader 
and intercenter reproducibility [7]. Although the pros-
tate-specific antigen (PSA) has been used extensively as 
a PCa screening tool, its usage as a serum marker has 
drawbacks, such as an inability to accurately distinguish 
between benign and malignant conditions [8]. PSA den-
sity (PSAD) has long had the potential to improve the 
diagnostic utility of serum PSA alone by improving speci-
ficity while maintaining sensitivity; however, it has not 
been widely adopted in clinical practice. The construction 
of new multivariate risk prediction tools, which include 
the mpMRI suspicion score and PSAD, was largely based 
on the European or American populations. The European 
Randomised Study of Screening for Prostate Cancer Risk 
Calculator (ERSPC-RC) and the Prostate Cancer Preven-
tion Trial Risk Calculator (PCPT-RC) are the calculators 
that have been the most extensively validated and com-
pared. The ERSPC-RC and the PCPT-RC have recently 
been tested in some Asian cohorts; however, their per-
formance is poor, particularly when compared to models 
developed in those countries [9]. These two risk calcula-
tors may not apply to Asian populations owing to differ-
ences in genetics, environment, imaging methods, and 
observers [10].

This study aimed to combine MRI and clinical data to 
construct a predictive model for csPCa and to investigate 
its clinical utility in avoiding unnecessary biopsies.

Materials and methods
Study population
This was a retrospective observational study approved 
by the local institutional review board. Initially, 1203 
patients who underwent systematic transrectal ultra-
sound (TRUS)-guided and MRI-targeted prostate biop-
sies in institution 1 (First Hospital of Shanxi Medical 
University, Taiyuan, China) between January 2018 
and June 2021 were included for model development. 
All patients underwent evaluation for elevated serum 
PSA levels (4 ng/mL) or abnormal results of a digital 
rectal examination (DRE) or TRUS. Exclusion criteria 
were previous prostate biopsy, prior treatment for PCa 
(prostatectomy, radiotherapy, focal therapy, hormonal 
therapy, etc.), and incomplete data. Finally, 847 patients 
were enrolled for evaluation (Supplementary Fig. 1).

A total of 317 patients in the external validation cohort 
underwent biopsies between May 2019 and January 2022 
from institution 2 (Shanxi Bethune Hospital, Taiyuan, China). 
The biopsy indications and exclusion criteria were the same 
as those for the development queue. Of the 317 patients, 208 
were enrolled in cohort 2 (Supplementary Fig. 2).

MRI and PSAD
All MRI examinations of patients of the two institutions 
were performed using a 3-T scanner equipped with a pel-
vic 16- or 32-channel phased-array coil. The approach 
included T2-weighted image (T2WI), diffusion-weighted 
imaging (DWI), and dynamic contrast-enhanced (DCE). 
The DWI sequences were obtained with b-values of 0 and 
1500. These images were stored in a picture archiving and 
communication system and analyzed by one radiologist 
of each institution (L. W. for institution 1 and L. Q. for 
institution 2). They were all blinded to the clinical details 
and had more than 15 years of prostate MRI experience.

Based on PI-RADS v2.1, a 3-point scale was used to 
assess the MRI diagnostic: grade 1 (PI-RADS 1–2 scores): 
low probability; grade 2 (PI-RADS 3 scores): equivocal; 
and grade 3 (PI-RADS 4–5 scores): high likelihood. T2WI 
was used to calculate prostate volume (PV) as follows: π/6 
× length × height × width. PSAD was defined as serum 
total PSA divided by MRI-PV and was divided into four 
grades with a cut-off point of 0.15 ng/mL/mL.

Biopsy procedure
All males from the two institutions underwent 12-core sys-
tematic biopsies. After obtaining the systematic biopsies, all 
patients from institution 1 underwent targeted biopsies, uti-
lizing at least two biopsy cores per suspicious lesion identified 
on an MRI. Per the International Society of Urological Pathol-
ogy standards, biopsy specimens and Gleason scores were 
evaluated by a pathologist and reviewed by another senior 
pathologist. csPCa was defined as a Gleason score ≥ 3 + 4.
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Statistical analysis
Quantitative variables were described using mean ± 
standard deviation (SD) or median (interquartile range), 
whereas qualitative variables were described as per-
centages (%). The correlations of variables were evalu-
ated with Spearman’s rank correlation. For comparison 
of continuous variables, the Welch t-test or the Mann-
Whitney-Wilcoxon test was used as a nonparametric 
alternative. A chi-square or Fisher exact test was applied 
to compare proportions. Binary logistic regression was 

used in both univariate and multivariate analyses to 
determine significant csPCa predictors. Bootstrap resa-
mpling (1000 samples) was used for internal validation 
of the model. The diagnostic performances of the predic-
tive model and individual variables were assessed using 
receiver operating characteristic (ROC) curve analysis 
and compared using the areas under the ROC curves 
(AUC). The Youden index was used to determine the cut-
off threshold. The net benefits of the model and individ-
ual variables were analyzed using decision curve analysis 

Fig. 1  Risk model to predict csPCa including age, PSAD, and PI-RADS v2.1 scores. The regression equation was as follows: Logit (p) = −13.839 + 
0.069 × age + 1.026 × PSAD + 2.235 × PI-RADS grade 
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(DCA) [11]. P < 0.05 was considered statistically signifi-
cant. All analyses were performed with SPSS software 
(version 22.0. IBM) and R version 4.1.2.

Results
Study populations
The development cohort (cohort 1) consisted of 847 patients 
from institution 1. Of the include patients, 367 (43.32%) had 
PCa, of which 305 (36.01%) had csPCa. In the external vali-
dation cohort (cohort 2), 104 (50%) of the 208 patients pre-
sented with PCa, of which 98 (47.1%) had csPCa. Patient 
demographics of the two cohorts were summarized in 
Table 1. The two cohorts had similar mean age, median PSA 

and its derivatives, and biopsy results; however, cohort 2 had 
a lower proportion of PI-RADS grade 2 (PI-RADS 3 scores).

Prediction model development
In univariate analysis, variables such as older age (67.51 vs 
72.44, P < 0.001), elevated PSA (11.8 vs 39.6, P < 0.001), 
smaller PV (60.7 vs 45.1, P < 0.001), higher PSAD (0.19 
vs 0.88, P < 0.001), and higher PI-RADS grade (16.61% vs 
88.20%, P < 0.001) were associated with csPCa. Based on 
the multivariable binary logistic analysis, the model was 
eventually constructed by age, PSAD, and PI-RADS v2.1 
score. Only the PSAD with the best prediction perfor-
mance was included in the model owing to the correlation 
between total PSA, free PSA/total PSA, PV, and PSAD. A 
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Fig. 3  ROC curves of age, PSAD, PI-RADS grade, and the model for csPCa in cohort 1. Their AUC values were 0.675, 0.823, 0.875, and 0.938, 
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nomogram predicting the absence of csPCa was devel-
oped based on the three parameters (Fig. 1). The C-index 
of the model was 0.9379. The model for predicting the 
presence of csPCa exhibited excellent calibration (Fig. 2).

ROC analysis revealed that the model had a larger AUC 
in comparison with other parameters. The AUC values 
of age, PSAD, PI-RADS grade, and the model were 0.675 
(95% confidence interval (CI), 0.637–0.712), 0.823 (95% 
CI, 0.793–0.853), 0.875 (95% CI, 0.850–0.899), and 0.938 
(95% CI, 0.922–0.955), respectively (Fig.  3). The predic-
tive accuracy of the model was significantly higher than 
that of the others. The optimal cut-off value of the model 
was 0.3, and its sensitivity and specificity values were 
0.925 and 0.825, respectively.

DCA demonstrated that the model had higher net ben-
efits than PI-RADS grade and PSAD in a wide range of 
probability thresholds, indicating that the clinical value 
of the model was superior to that of PI-RADS grade or 
PSAD alone (Fig. 4).

External validation
In cohort 2, the predictive model evaluated that 86 
patients with a prediction probability of ≥ 0.3 had csPCa, 

and 94 patients with a prediction rate of < 0.3 did not 
have csPCa. Furthermore, 16 patients were false positive, 
and 12 were false negative. If the prediction probability 
was close to one, the patient was more susceptible to hav-
ing csPCa, whereas if that was close to zero, the patient 
was susceptible to being free of csPCa. The prediction 
results revealed that the sensitivity, specificity, PPV, nega-
tive predictive value, and accuracy of the model were 
87.76%, 85.45%, 84.31%, 88.68%, and 86.54%, respectively 
(Table 2).

ROC analyses revealed that the AUC values of age, 
PSAD, PI-RADS grade, and the model were 0.619 (95% 
CI, 0.542–0.696), 0.811 (95% CI, 0.751–0.871), 0.863 
(95% CI, 0.809–0.916), and 0.914 (95% CI, 0.873–0.955), 
respectively (Fig. 5). The results indicated that the diag-
nostic accuracy of the model remained higher than that 
of the other parameters in the external validation cohort.

DCA suggested that the model still had better clini-
cal utility than PI-RADS grade and PSAD in the range 
above the 10% risk threshold (Fig.  6). The net benefit 
was calculated with the formula = TP

N
−

FP

N
×

Pt
1−Pt

 , 
where TP was the number of true-positive decisions, 
FP was the number of false-positive decisions, N was 

Table 2  Sensitivity, specificity, PPV, NPV, and AUC of the model in the two cohorts

Sensitivity, % Specificity, % PPV, % NPV, % AUC (95% CI)

Cohort 1 92.50 82.50 74.60 95.10 0.936 (0.922–0.955)

Cohort 2 87.76 85.45 84.31 88.68 0.914 (0.914–0.955)
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Fig. 5  ROC curves of age, PSAD, PI-RADS grade, and the model for csPCa in cohort 2. Their AUC values were 0.619, 0.811, 0.863, and 0.914, 
respectively
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the total number of patients, and Pt was the threshold 
probability. For example, at a 20% risk threshold, the net 
benefits of PSAD, the PI-RADS score, and the model 
were 0.369, 0.382, and 0.394, respectively. Overall, the 
model did not reduce the number of biopsies within the 
10% risk threshold. However, with no increase in the 
number of patients with csPCa who missed the biopsy, 
at the risk threshold of 20%, 30%, and 40%, the model 
reduced the number of unnecessary biopsies by 22.12%, 
31.73%, and 36.54%, respectively (Table 3).

Discussion
Prostate biopsies are necessary to confirm the diagnosis 
of PCa in patients who experience an increase in the total 
PSA. Consequently, numerous patients with rising PSA 
undergo unnecessary biopsies. Currently, European Asso-
ciation of Urology (EAU) guidelines recommend prostate 
biopsy for patients with a PI-RADS score ≥ 3. A compel-
ling example is the PROMIS study of prostate MRI, which 
demonstrated an mpMRI sensitivity of approximately 93% 
in detecting csPCa [2]. However, a recent multicenter study 
revealed that there is still a significant degree of variation: 
the PPV of PI-RADS score of ≥ 3 for detecting csPCa 
ranged from 27 to 48% in 26 centers [12]. In this study, the 

PI-RADS v2.1 score had a PPV of 49.67% and a sensitivity 
of 97.70% in cohort 1 and a PPV of 66.42% and a sensitiv-
ity of 92.86% in cohort 2. Although MRI exhibited high 
sensitivity, its PPV was low, which resulted in a significant 
proportion (35.66% in cohort 1 and 22.12% in cohort 2) of 
unnecessary biopsies. Additionally, since PI-RADS score 
was an important predictor of the model and its PPVs 
differed between the two cohorts, the PPV of the model 
might be overestimated in cohort 2. A study reported that 
patients with a PI-RADS score of 1 or 2 were significantly 
younger, had lower PSA levels, and had fewer biopsy-pos-
itive cores than those with PI-RADS scores of 3–5 [13]. In 
this study, similar characteristics were observed by analyz-
ing each subgroup of MRI scores in the two cohorts. In 
comparison with the strategy of using PI-RADS score 3 as 
the biopsy standard, by combining PI-RADS score with age 
and PSAD, the current predictive model reduced the num-
ber of unnecessary biopsies by 14% in cohort 1 and 12% in 
cohort 2, at the cost of only 1.89% and 2.40% more missing 
patients in cohorts 1 and 2, respectively.

Several studies have reported that PSAD and pros-
tate MRI suspicion scores were significant independent 
predictors of csPCa at biopsy [14]. Numerous stud-
ies have suggested using a PSAD cut-off of 0.15 ng/mL/
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Fig. 6  Decision curves for csPCa of PSAD, PI-RADS grade, and the model in cohort 2

Table 3  The net benefit and the proportion of unnecessary biopsies reduced for PSAD, mpMRI, and the model in cohort 2

Risk threshold, % Net benefit Avoided biopsies

All biopsies PSAD MRI Model PSAD MRI Model

10 0.412 0.412 0.413 0.405 0 0.45% −6.75%

20 0.339 0.369 0.382 0.394 12.04% 17.32% 22.12%

30 0.245 0.313 0.342 0.381 16.03% 22.91% 31.73%

40 0.119 0.239 0.290 0.362 18.03% 25.37% 36.54%
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mL to identify patients with negative MRI who nonethe-
less require a prostate biopsy [15]. The most recent EAU 
guideline specifically made reference to this cutoff for the 
same reason. The PSAD test performance for detecting 
PCa has reported a specificity of 0.63–0.74 and a sensitiv-
ity of 0.70–0.79 at the threshold of 0.15 ng/mL/mL [13]. 
However, a recent study with 8974 prostate biopsy sam-
ples revealed that the use of a PSAD cutoff of 0.15 ng/mL/
mL to recommend a prostate biopsy to patients with nega-
tive MRI is justified only in the case of very low MRI accu-
racy. Additionally, a higher cutoff of at least 0.20 should 
be employed for the average MRI [16]. In this study, ROC 
analysis revealed that the optimal cut-off value of PSAD 
in cohort 1 was 0.37 ng/mL/mL, and the sensitivity and 
specificity were 0.757 and 0.832, respectively, which were 
similar to those in cohort 2. This high cut-off value of 
PSAD may be caused by PSA levels above 4 ng/mL in 97% 
of the population under study. Additionally, some extreme 
values were not eliminated, and all PSAD values were 
graded into four levels. This study also demonstrated that 
high-grade PSAD was associated with a higher Gleason 
score. Previous studies have demonstrated a correlation 
between PSAD and higher pathological staging and PCa 
aggressiveness [17]. Another study reported that between 
initial prostate biopsy and prostatectomy, PSAD was the 
strongest predictor of tumor upgrading in the Gleason 
score [18]. Therefore, PSAD is not only an important pre-
dictor of biopsy outcome but may also help suggest clini-
cally significant and aggressive PCa.

Owing to the predictive value of mpMRI and PSAD 
in PCa diagnosis, some new multivariate risk prediction 
tools have recently been constructed. To improve their 
predictive value, some used extra input variables such as 
age, PV, free PSA, family history, race, and prior nega-
tive biopsy [19–22]. These MRI risk prediction models 
were examined and contrasted using a systematic review. 
They discovered that all of their MRI models used PSA 
and DRE as individual predictive input variables in, and 
these MRI models exhibited high accuracy in compari-
son with baseline models, with AUC values ranging from 
0.78 to 0.93 [23]. A near-term review reported that PCa 
risk increases strongly with age in over 85% of newly 
diagnosed individuals who are > 60 years. In this study 
population of 1055 in both cohorts, 91% of all patients 
with PCa were older than 60 years [1]. The current 
model introduced age as a predictor, and the AUC value 
of this model was as high as 0.914 in external validation. 
Additionally, Schoots and coworkers compared the net 
benefits of previous MRI models, which ranged from 
0.100 to 0.347 at a 20% risk threshold. DRE and TRUS, 
as commonly reported risk factors, have poor sensitiv-
ity and high inter-observer variability for csPCa [24] and 

were thus not included in the model. Higher than any of 
them was the model established in this study, with a net 
benefit of 0.394 at a 20% risk threshold.

Additionally, this study calculated the net benefit and 
the proportion of unnecessary biopsies reduced for PSAD, 
mpMRI, and the model. Positive PSAD was defined as ≥ 
0.15 ng/mL/mL, and positive MRI was defined as ≥ 3 
points. The results revealed that, in the range above the 
10% risk threshold, the model demonstrated higher clinical 
efficacy and a significant reduction in unnecessary biopsies.

This study had several limitations. First, owing to the 
small population recruited from institution 2, it may not 
be sufficient to accurately depict the clinical diagnostic 
performance of the model. Second, the model requires 
more extensive external validation by multiple agencies. 
Third, most of the population included in this study has 
a PSA level > 4 ng/mL. Owing to the selection bias, the 
applicability of this model in patients with low PSA val-
ues may be limited. Fourth, since the MRI from each 
institution was evaluated by a single radiologist, the 
inter-observer reliability could not be assessed. Last, all 
groups used biopsy results to determine whether they 
had csPCa. Owing to the limitations of biopsy technol-
ogy, some patients might have been missed.

Conclusions
This study constructed a csPCa prediction model using 
age, PSAD, and PI-RADS v2.1 score based on mpMRI, 
which had good clinical utility and performed well in 
independent external validation. The model can be used 
to reduce the number of unnecessary prostate biopsies in 
Asian patients with significantly elevated PSA levels while 
accurately identifying most of the patients with csPCa.
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