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ABSTRACT
Objectives:  Develop risk-adapted conditional biopsy pathways utilizing MRI in combination with 
prostate-specific antigen (PSA) density (PSAD) and the ratio of free to total PSA (f/tPSA), 
respectively, to enhance the detection of clinically significant prostate cancer (csPCa) while 
minimizing ‘negative’ biopsies in low-risk patients.
Methods:  The Prostate Imaging Reporting and Data System (PI-RADS) category, PSAD, f/tPSA and 
biopsy-pathology of 1018 patients were collected retrospectively. Subsequently, PSAD and f/tPSA 
were divided into four intervals, which were then combined with the MRI findings to construct 
two risk stratification matrix tables. Six biopsy decision pathways were established: three clinical 
pathways based solely on PSAD and f/tPSA, and three MRI-combined pathways incorporating 
both PI-RADS and PSA-derived indicators. The biopsy and clinically insignificant PCa (ciPCa) 
avoidance, csPCa detection rate, and ‘negative’ biopsies proportion were assessed. Decision curve 
analysis (DCA) was employed to evaluate the net benefit associated with each pathway.
Results:  When reporting PI-RADS 1 - 2, PSAD ≥ 0.20 ng/ml/cm3 or f/tPSA ≤ 0.10 were found to 
be useful for patient stratification. When reporting PI-RADS 3, PSAD ≥ 0.10 − 0.15 ng/ml/cm3 and 
f/tPSA ≤ 0.16 − 0.25 were helpful in distinguishing the risk of csPCa. The three MRI-combined 
pathways showed higher csPCa detection rates (94% to 96%) than the three clinical pathways 
(85% to 91%); ‘MRI + PSAD + f/tPSA’ demonstrated a high csPCa detection rate of 94% while 
maintaining the maximum biopsy avoidance and lowest ‘negative’ biopsy proportion of 40% and 
25%, respectively. The DCA showed significantly higher net benefits for three MRI-combined 
pathways compared to all clinical pathways.
Conclusions:  The integration of MRI and PSA-derived indicators enables effective patient risk 
stratification, thereby providing valuable decision-making pathways to enhance the management 
of csPCa while minimizing ‘negative’ biopsies.

Introduction

The global incidence of prostate cancer (PCa) has 
reached 1.5 million new cases in 2022, with a corre-
sponding mortality rate of 397,000 deaths. This posi-
tions PCa as the second most prevalent cancer 
worldwide and the fifth leading cause of male 
cancer-related fatalities [1]. Prostate-specific antigen 
(PSA) serves as a primary screening indicator for PCa; 
the PSA test, however, is susceptible to interference 

from non-neoplastic conditions such as benign pros-
tatic hyperplasia and inflammation [2]. The positive 
predictive value (PPV) of PSA ≥ 3 ng/ml as an biopsy 
indication is notably limited (approximately 16%) and 
infiluenced by patient age and other factors [3], thus 
necessitating an accurate procedure to minimize 
overevaluation. Multi-parameter MRI (mpMRI), serving 
as a non-invasive triage tool, not only enables the 
detection of clinically significant PCa (csPCa), but also 
provides localized staging and guidance for biopsies, 

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
CONTACT Fawei Huang  huangfawei918@163.com  Department of Radiology, Pinghu Hospital of Traditional Chinese Medicine, Pinghu, China

https://doi.org/10.1080/07853890.2024.2446695

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 5 September 
2024
Revised 2 December 2024
Accepted 8 December 
2024

KEYWORDS
Prostate cancer; magnetic 
resonance imaging; 
prostate-specific antigen 
density; the ratio of free 
to total prostate-specific 
antigen; biopsy indicator

mailto:huangfawei918@163.com
https://doi.org/10.1080/07853890.2024.2446695
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2024.2446695&domain=pdf&date_stamp=2024-12-28


2 P. JIN ET AL.

thus establishing its reliability in pre-biopsy risk assess-
ment [4, 5]. Compared to systematic biopsies, 
MRI-based triage pathways can decrease false-positive 
results effectively and minimize the detection of 
low-grade tumours by approximately 30%, while main-
taining or even improving the identification of clini-
cally significant tumours at a robust level [6, 7].

The MRI pathway is implemented based on the 
Prostate Imaging Reporting and Data System (PI-RADS). 
However, the PI-RADS category solely represents the 
likelihood of csPCa and does not directly inform dis-
ease decision-making and management. Particularly 
when reported as PI-RADS 3, the utility of MRI in deter-
mining biopsy procedure is limited due to uncertainty 
regarding csPCa presence, with a probability range of 
10% to 30% [8]. The study conducted by Dominik et  al. 
revealed that both PSA density (PSAD) and PI-RADS 
independently serve as risk factors for accurately pre-
dicting csPCa [9]. Furthermore, the combination of 
these two factors can effectively reduce benign biop-
sies and the detection of low-grade cancers in patients 
with PI-RADS 3 or higher [10]. The utilization of PSAD 
< 0.15 ng/ml/cm3 enhanced the negative predictive 
value (NPV) of MRI for csPCa in biopsy-naive men from 
83% to 90%. Conversely, when PSAD ≥ 0.20 ng/ml/cm3, 
the csPCa risk in patients with negative MRI findings 
escalated to as high as 27% to 40% [11–13]. The 
updated European Association of Urology (EAU) guide-
line [14] recommends employing the risk stratification 
matrix table developed by Schoots et  al. which incor-
porates PI-RADS categories and PSAD, as a 
decision-making tool for determining whether a biopsy 
should be performed, thereby mitigating the impact of 
MRI threshold setting on diagnostic outcomes [15].

Due to the limited accuracy and specificity of PSA 
as a standalone test, studies have demonstrated an 
inverse correlation between free PSA (fPSA) levels and 
the risk of PCa [16, 17]. Consequently, the utilization of 
the ratio of free to total PSA (f/tPSA) has been pro-
posed to enhance risk stratification when PSA falls 
within the range of 4 to 10 ug/ml. Evaluation of f/tPSA 
has indicated that unnecessary biopsies could be 
reduced by up to 50% among men with PSA in the 
grey area [18]. Additionally, Ferraro et  al. have demon-
strated that the integration of f/tPSA into a nomogram 
model can effectively predict high-grade tumour with 
International Society of Urology Pathology (ISUP) grade 
≥ 3 [19]. However, there is limited literature on the 
combined use of f/tPSA and MRI, and its potential 
value in optimizing biopsy indications remains uncon-
firmed. Additionally, it should be noted that Schoots 
et  al.’s risk decision matrix is a theoretical prediction 
tool based on data analysis and has not been 

implemented in real clinical practice. Therefore, this 
study aims to externally validate the risk matrix while 
exploring the added benefit of combining f/tPSA with 
MRI to enhance biopsy strategies.

Materials and methods

The present study was conducted in accordance with 
the Declaration of Helsinki and granted approval  
by the institutional review board of Zhejiang Cancer 
Hospital (IRB-2024-432). Because the study was retro-
spective in nature and all image data were de-identified 
to ensure patient confidentiality, the requirement for 
written informed consent exempted by ethics commit-
tee of Zhejiang Cancer Hospital.

Study cohort

The clinical and imaging data of consecutive patients 
who underwent prostate MRI and ‘targeted + system-
atic’ biopsies were retrospectively collected from 
January 2021 to June 2024 at three centres: Zhejiang 
Province Cancer Hospital, Wuhu City Second People’s 
Hospital, and the First Affiliated Hospital of Soochow 
University. The following exclusion criteria were applied: 
(1) incomplete clinical data (e.g. missing tPSA, fPSA, or 
f/tPSA); (2) poor image quality (gas or motion artifacts) 
or incomplete images affecting PI-RADS assessment; (3) 
the absence of pathological results or presence of PCa 
from non-acinar cell origin; (4) completion of the sam-
pling procedure before MRI or previous intervention 
like endocrine therapy and radiotherapy. Ultimately, 
1018 eligible patients were included in the study.

Prostate MRI technique and PI-RADS 
interpretation

The mpMRI was conducted using a 3.0-T MRI scanner 
equipped with pelvic phased array coils. Essential 
sequences include axial, sagittal, and coronal T2-weighted 
imaging (T2WI), high-b-value diffusion-weighted imag-
ing (DWI) with corresponding apparent diffusion coeffi-
cient (ADC) maps, and dynamic contrast enhancement 
(DCE) sequences. The parameters for each sequence are 
presented in Table 1.

Re-evaluation of PI-RADS categories was conducted 
by two radiologists, each with 3 and 5 years of experi-
ence in PI-RADS reporting, respectively, adhering to 
the PI-RADS v2.1 standard [20]. Clinical information 
and pathological results were concealed from them. 
Where both the peripheral zone (PZ) and transition 
zone (TZ) were involved, the lesion was considered to 
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originate from the area exceeding 60%, and adhering 
to the assessment principle specific to this region. For 
patients presenting with multiple lesions simultane-
ously, the patient’s PI-RADS categories were deter-
mined based on the lesion with the highest suspicion 
category. When there was a discrepancy, a consensus 
was reached through discussion among another senior 
radiologist (with 10 years of experience in prostate MRI 
interpretation) and the two radiologists, who jointly 
determined the appropriate PI-RADS category.

The anterior and posterior diameter (AP), superior 
and inferior diameter (SI), and transverse diameter (T) of 
the prostate were measured by another radiologist, and 
the average of two measurements was recorded to doc-
ument the results. Prostate volume (PV) was calculated 
according to the ellipsoid formula (PV = AP * SI * T * 
0.52). PSAD was obtained by dividing the total PSA by PV.

Biopsy and histopathology

Prostate biopsies were performed by experienced 
sonographers under transrectal ultrasound (TRUS) 
guidance, accurately recording each sample region to 
match MRI images. All patients underwent a system-
atic biopsy with 10 – 12 cores through the perineum, 
while 2 – 3 targeted cores were conducted for PI-RADS 
3 or higher lesions using either TRUS-MRI fusion or 
cognitive fusion techniques.

Biopsy cores were independently reviewed by a 
pathologist possessing professional qualifications (with 
8 years of experience in prostate pathology reporting) 
to determine the Gleason score (GS) and ISUP grade. 
Tumours classified as ISUP grade 2 or higher are con-
sidered csPCa. Clinical insignificant PCa (ciPCa) is 
defined as ISUP grade 1 with a GS of 6 or less [21].

Decision-making pathway for biopsy

PSAD was categorized into 4 risk levels: low risk  
(< 0.10 ng/ml/cm3), intermediate-low risk (0.10 − 0.15 ng/
ml/cm3), intermediate-high risk (0.15 − 0.20 ng/ml/cm3), 
and high risk (> 0.20 ng/ml/cm3). f/tPSA was also 

divided into four intervals: extremely low (≤ 0.10), low 
(0.10 − 0.16), slightly low (0.16 − 0.25), and normal  
(≥ 0.25). We analysed and compared the following six 
risk stratification methods to identify patients require 
biopsy (Figure 1): ‘PSA + PSAD’, ‘PSA + f/tPSA’, ‘PSAD + f/
tPSA’, ‘MRI + PSAD’, ‘MRI + f/tPSA’, and ‘MRI + PSAD + f/tPSA’.

Statistical analysis

The statistical software employed SPSS (version 25.0, 
Chicago, IL, USA) and R language (version 4.2.1, R 
Foundation for Statistical Computing, Vienna, Austria). 
After confirming inconformity with normal distribution 
characteristics, continuous variables were expressed as 
median (interquartile range [IQR]). Categorical variables 
were reported as frequencies and percentages. Biopsy 
avoidance rates, ciPCa avoidance rates, and csPCa 
detection rates were calculated and compared using 
the McNemar test. Decision curve analysis (DCA) was 
utilized to evaluate the clinical ‘net benefit’ of the six 
decision pathways. DCA was determined by subtracting 
the detrimental impact of ‘negative’ biopsies (false pos-
itives) from the advantageous outcome of detecting 
csPCa (true positives) at a specific threshold probability, 
with the following formula (N represents the total num-
ber of subjects, pt denotes the threshold probability):

	

Net Benefit
true

N
Flase

N
pt

pt
� �

�
Positive Count Positive Count

�
1

	

Results

Baseline characteristics

The study enrolled a total of 1,018 patients, with a 
median age of 70 (IQR 64–76) years, a median tPSA of 
10.77 (IQR 7.11 − 18.25) ng/ml, a median PSAD of 0.21 
(IQR 0.12 − 0.39) ng/ml/cm3 and a median f/tPSA  
of 0.14 (IQR 0.10 − 0.19). Among the patients, 39% 
(396/1018) were reported as PI-RADS 1–2, 20% 
(199/1018) were PI-RADS 3, and 41% (413/1018) were 
PI-RADS 4–5. 54% (549/1018) patients observed benign 
biopsy results, whereas 9% (91/1018) were diagnosed 

Table 1. S tandardized mpMRI scanning protocols of three centres.

Parameter

Institution 1 Institution 2 Institution 3

T2WI DWI DEC-MRI T2WI DWI DEC-MRI T2WI DWI DEC-MRI

TR (ms) 5639 4000 4.2 4569 3997 3.2 4000 4000 3.22
TE (ms) 125 50 0 91 70 1.53 89 56 1.18
Thickness (mm) 3 3 3 4 4 4 3 3 3
Interslice gap (mm) 0 0 0 0 0 0 0 0 0
Matrix size 320 × 280 184 × 184 256 × 256 320 × 320 128 × 128 224 × 224 320 × 256 256 × 256 256 × 256
FOV (mm × mm) 200 × 200 203 × 203 300 × 270 200 × 200 200 × 200 250 × 250 640 × 640 160 × 296 512 × 512
NSA 2 2 1 2 3 1 3 1
b factor (s/mm2) 0, 800, 1500 0, 800, 2000 100, 800, 2000

TR Repetition time, TE Time echo, FOV Field of view, T2WI T2-Weighted Imaging, DWI, diffusion weighted imaging DCE dynamic contrast-enhanced.
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with ciPCa, and the remaining 37% (378/1018) were 
confirmed with csPCa (Table 2).

Distribution of PCa within PSAD and f/tPSA risk 
intervals

The proportions of PCa and csPCa in low, intermediate- 
low, intermediate-high, and high intervals of PSAD 
showed an increasing trend (Table 3, Figure 2), with 
62% (331/531) of PCa and 56% (298/531) of csPCa in 
the high interval. The proportions of PCa and csPCa in 
extremely low, low, intermediate-low, and normal 
intervals of f/tPSA showed a decreasing trend (Table 4, 
Figure 2), with 64.0% (174/272) of PCa and 58% 
(159/272) of csPCa in the high interval.

Risk stratification of csPCa based on PI-RADS and 
PSA-derived indicators

The PI-RADS category was divided into three levels, 
which were integrated with the risk intervals of PSAD 
and f/tPSA to establish twelve risk subgroups, 

Figure 1. S ix pathways for biopsy decision making.
PSA: Prostate-specific antigen; PSAD: Prostate-specific antigen density; f/tPSA: ratio of free to total prostate-specific antigen; PI-RADS: Prostate Imaging 
Reporting and Data System

Table 2.  The baseline characteristics of the study cohort.
Characteristics Values

Age, median (IQR), years 70 (64,76)
fPSA, median (IQR), ng/ml 1.5 (0.9, 2.7)
tPSA, median (IQR), ng/ml 10.8 (7.1, 18.3)
f/tPSA, median (IQR) 0.14 (0.10, 0.19)
Prostate volume, median (IQR), cm3 51.05 (35.54, 74.14)
PSAD, median (IQR), ng/ml/cm3 0.21 (0.12, 0.39)
Prostate zone, n (%)
  PZ 353 (34%)
  TZ 573 (56%)
  PZ+TZ 92 (9%)
PI-RADS, n (%)
  1 28 (3%)
  2 368 (36%)
  3 199 (20%)
  4 205 (20%)
  5 218 (21%)
Biopsy-ISUP grade, n (%)
 N o PCa 549 (54%)
 IS UP 1 (GS 3 + 3) 91 (9%)
 IS UP 2 (GS 3 + 4) 87 (8%)
 IS UP 3 (GS 4 + 3) 109 (11%)
 IS UP 4 (GS 8) 83 (8%)
 IS UP 5 (GS 9 ~ 10) 99 (10%)

IQR: interquartile range; fPSA: free prostate-specific antigen; tPSA: total 
prostate-specific antigen; PSAD: Prostate-specific antigen density; f/tPSA: 
ratio of free to total prostate-specific antigen; PZ: peripheral zone; TZ: 
transition zone; PI-RADS: Prostate Imaging Reporting and Data System; 
ISUP: International Society of Urology Pathology; GS: Gleason score.
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Table 3.  The observed proportion of csPCa in relation to PI-RADS categories and PSAD levels.
PSAD (ng/ml/cm3)

PI-RADS
PCa 

prevalence
csPCa 

prevalence
<0.10

low
0.10-0.15

Intermediate-low
0.15-0.20

Intermediate-high
≥0.20
high

Benign
ISUP 1 

PCa
ISUP 

≥2 PCa Benign
ISUP 1 

PCa
ISUP 

≥2 PCa Benign
ISUP 1 

PCa
ISUP 

≥2 PCa Benign
ISUP 1 

PCa
ISUP

≥2 PCa

1-2 12%
48/396

7%
29/396

89%
79/89

4%
4/89

7%
6/89

91%
97/107

5%
6/107

4%
4/107

88%
59/67

7%
5/67

5%
3/67

85%
113/133

3%
4/133

12%
16/133

3 27%
54/199

13%
26/199

87%
34/39

10%
4/39

3%
1/39

70%
36/51

18%
9/51

12%
6/51

54%
12/22

23%
5/22

23%
5/22

72%
63/87

12%
10/87

16%
14/87

4-5 87%
367/423

76%
323/423

39%
9/23

26%
6/23

35%
8/23

29%
13/45

24%
11/45

47%
21/45

23%
10/44

18%
8/44

59%
26/44

8%
24/311

6%
19/311

86%
268/311

All 46%
469/1018

37%
378/1018

81%
122/151

9%
14/151

10%
15/151

72%
146/203

13%
26/203

15%
31/203

61%
81/133

13%
18/133

26%
34/133

38%
200/531

6%
33/531

56%
298/531

Very low 0%-5% csPCa (below population risk) No biopsy
low 5%-10% csPCa (acceptable risk) No biopsy
Intermediate-low 10%-20% csPCa Consider biopsy
Intermediate-high 20%-30% csPCa Highly consider biopsy
High 30%-40% csPCa Perform biopsy
Very high > 40% csPca Perform biopsy

PCa: Prostate cancer; csPCa: clinically significant prostate cancer; PSAD: Prostate-specific antigen density; PI-RADS: Prostate Imaging Reporting and Data 
System; ISUP: International Society of Urology Pathology.

Figure 2.  The distribution of prostate cancer (PCa) (left) and clinically significant prostate cancer (csPCa) (right) within each PSAD 
and f/tPSA intervals.
PSAD: Prostate-specific antigen density; f/tPSA: ratio of free to total prostate-specific antigen
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formulating two sets of risk-adapted biopsy decision 
tables (Tables 3 and 4, Figure 3). When the combina-
tions of PI-RADS category and PSAD were ‘PI-RADS 1 
- 2 + PSAD ≥ 0.20 ng/ml/cm3’, ‘PI-RADS 3 + PSAD ≥ 
0.10 − 0.15 ng/ml/cm3’, and ‘PI-RADS 4 - 5 + any PSAD’, 
the observed risks of csPCa exceeded 10%, with rates 
of 12%, 12%−23%, and 35%−86%, respectively. When 
the combinations of PI-RADS category and f/tPSA were 
‘PI-RADS 1–2 + f/tPSA ≤ 0.10’, ‘PI-RADS 3 + f/tPSA ≤ 
0.16 − 0.25’, and ‘PI-RADS 4–5 + any f/tPSA’, the observed 
risk of csPCa exceeded the acceptable level, with rates 
of 15%, 10%−19%, and 56%−88%, respectively. The 
observed csPCa risks in remaining combinations of 
PI-RADS category and PSAD (or f/tPSA) were below 10%.

Pathological comparison of six decision-making 
pathways

Table 5 and Figure 4 summarizes the biopsy perfor-
mance, ciPCa and csPCa detection of the six pathways.

‘PSA + PSAD’
This method serves as a widely accepted biopsy ref-

erence standard and was utilized as the control group 
with alternative methods. In this pathway, 26% 
(267/1018) of biopsies and 36% (33/91) of ciPCa were 
avoided, with a detection rate of 91% (343/378) for 
csPCa and 40% (408/1018) of patients received ‘nega-
tive’ biopsies.

‘PSA + f/tPSA’
Following this pathway, 21% (217/1018) of biopsies 

and 28% (25/91) of ciPCa were avoided, with a detec-
tion rate of 89% (337/378) for csPCa and 46% 
(464/1018) of patients received ‘negative’ biopsies.

‘PSAD + f/tPSA’
Following this pathway, 38% (386/1018) of biopsies 

and 51% (46/91) of ciPCa were avoided, with a 

detection rate of 85% (323/378) for csPCa and 30% 
(309/1018) of patients received ‘negative’ biopsies.

‘MRI + PSAD’
Following this pathway, 30% (302/1018) of biopsies 

and 21% (19/91) of ciPCa were avoided, with a detec-
tion rate of 96% (364/378) for csPCa and 35% 
(352/1018) of patients received ‘negative’ biopsies.

‘MRI + f/tPSA’
Following this pathway, 34% (351/1018) of biopsies 

and 21% (19/91) of ciPCa were avoided, with a detec-
tion rate of 95% (358/378) for csPCa and 30% 
(309/1018) of patients received ‘negative’ biopsies.

‘MRI + PSAD + f/tPSA’
Following this pathway, 40% (403/1018) of biopsies 

and 25% (23/91) of ciPCa were avoided, with a detec-
tion rate of 94% (357/378) for csPCa and 25% 
(258/1018) of patients received ‘negative’ biopsies.

Figure 5 shows the changes in net benefits of the 
six pathways with the threshold probability. Using  
f/tPSA (‘PSA + f/tPSA’) alone exhibited the least favour-
able performance, consistently yielding lower net ben-
efits compared to other pathways across all probability 
thresholds. The three pathways combined with MRI 
had significantly higher net benefits than ‘PSA + f/tPSA’ 
and ‘PSAD + f/tPSA’ in the 4%−92% probability thresh-
old range and those of ‘MRI + PSAD’, ‘MRI + f/tPSA’, and 
‘MRI + PSAD + f/tPSA’ were generally comparable.

Discussion

Balancing ‘negative’ biopsies and accurately detecting 
moderate and high-risk cancers has long been a chal-
lenge, particularly when MRI results are inconclusive, 
which has motivated researchers to explore methods 

Table 4.  The observed proportion of csPCa in relation to PI-RADS categories and f/tPSA levels.
f/tPSA

PI-RADS
PCa 

prevalence
csPCa 

prevalence
≤ 0.10

Extremely low
0.10-0.16

Low
0.16-0.25

Intermediate-low
≥ 0.25
Normal

Benign
ISUP 1 

PCa
ISUP ≥2 

PCa Benign
ISUP 1 

PCa
ISUP ≥2 

PCa Benign
ISUP 1 

PCa
ISUP 

≥2 PCa Benign
ISUP 1 

PCa
ISUP 

≥2 PCa

1-2 12%
48/396

7%
29/396

82%
62/75

3%
2/75

15%
11/75

88%
125/142

6%
8/142

6%
9/142

92%
114/124

5%
6/124

3%
4/124

86%
47/55

5%
3/55

9%
5/55

3 27%
54/199

13%
26/199

69%
25/36

11%
4/36

20%
7/36

72%
51/71

18%
13/71

10%
7/71

69%
43/62

15%
9/62

16%
10/62

87%
26/30

7%
2/30

6%
2/30

4-5 87%
367/423

76%
323/423

7%
11/161

5%
9/161

88%
141/161

14%
19/132

13%
17/132

73%
96/132

17%
15/89

12%
11/89

71%
63/89

27%
11/41

17%
7/41

56%
23/41

All 46%
469/1018

37%
378/1018

36%
98/272

5%
15/272

59%
159/272

57%
195/345

11.0%
38/345

32%
112/345

63%
172/275

9%
26/275

28%
77/275

67%
84/126

9%
12/126

24%
30/128

Very low 0%-5% csPCa (below population risk) No biopsy
low 5%-10% csPCa (acceptable risk) No biopsy
Intermediate-low 10%-20% csPCa Consider biopsy
Intermediate-high 20%-30% csPCa Highly consider biopsy
High 30%-40% csPCa Perform biopsy
Very high > 40% csPca Perform biopsy

PCa: Prostate cancer; csPCa: clinically significant prostate cancer; f/tPSA: ratio of free to total prostate-specific antigen; PI-RADS: Prostate Imaging Reporting 
and Data System; ISUP: International Society of Urology Pathology.
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for effectively stratifying patients suspected of having 
PCa, ensuring that decisions made are in the best 
interest of the patient [22]. In this study, we replicated 
Schoots et  al.’s biopsy decision table, while also incor-
porating PI-RADS categories with various f/tPSA inter-
vals to divided patients into distinct risk subgroups. 
Consistent with their findings, our results also indi-
cated that PSAD at high risk and at least 

intermediate-low risk have the ability to enhance risk 
stratification for patients with PI-RADS 1–2 and PI-RADS 
3, respectively, warranting consideration for biopsy 
due to a greater than 10% observed probability of 
csPCa within these subgroups. Additionally, f/tPSA also 
demonstrated similar performance in patient stratifica-
tion. When reported as PI-RADS 1 - 2, f/tPSA ≤ 0.10 
may provide valuable guidance for patients 

Figure 3.  Risk distribution map of csPCa for each subgroup categorized by PI-RADS and PSA-derived indicators. The above 
diagram illustrates the integration of PI-RADS with PSAD, while the below diagram demonstrates the integration of PI-RADS with 
f/tPSA.
PCa: Prostate cancer; csPCa: clinically significant prostate cancer; PSA: Prostate-specific antigen; PSAD: Prostate-specific antigen density; f/tPSA: ratio of free 
to total prostate-specific antigen; PI-RADS: Prostate Imaging Reporting and Data System; ISUP: International Society of Urology Pathology
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considering a biopsy; whereas both PI-RADS 3 and f/
tPSA ≥ 0.25 were present, the likelihood of csPCa was 
very low (6.7%), allowing patients to safely avoid biopsy.

This study also translated the developed risk strati-
fication matrix into clinical practice and compared the 
diagnostic outcomes of six decision pathways for 
csPCa. We observed that clinical pathways without 
incorporating MRI performed suboptimally, with rela-
tively low csPCa detection rates, particularly when 

relying solely on tPSA and f/tPSA. Although the three 
clinical pathways avoided the detection of a small 
amount of ciPCa, the omission of csPCa and high pro-
portion for “negative” biopsies may be more detrimen-
tal. The current consensus recognizes MRI as the 
optimal imaging modality for diagnosing and manag-
ing PCa [23]. However, the diagnostic effectiveness of 
MRI and the potential for reducing biopsies rely heav-
ily on the precise definition of a positive MRI threshold 

Table 5.  The outcomes of the six decision-making pathways.

Pathway

Biopsies (N = 1018) ciPCa (N = 91) csPCa (N = 378)

Performed
% (n/N)

Avoied
% (n/N) P

Detected
% (n/N)

Avoied
% (n/N) P

Detected
% (n/N)

Missed
% (n/N) P

PSA + PSAD 74%
(751/1018)

26%
(267/1018)

– 64%
(58/91)

36%
(33/91)

– 91%
(343/378)

9%
(35//378)

–

PSA + f/tPSA 79%
(801/1018)

21%
(217/1018)

<0.001 72%
(66/91)

28%
(25/91)

0.008 89%
(337/378)

11%
(41/378)

0.03

PSAD + f/tPSA 62%
(632/1018)

38%
(386/1018)

<0.001 49%
(45/91)

51%
(46/91)

<0.001 85%
(323/378)

15%
(55/378)

<0.001

MRI + PSAD 70%
(716/1018)

30%
(302/1018)

<0.001 79%
(72/91)

21%
(19/91)

<0.001 96%
(364/378)

4%
(14/378)

<0.001

MRI+ f/tPSA 66%
(667/1018)

34%
(351/1018)

<0.001 79%
(72/91)

21%
(19/91)

<0.001 95%
(358/378)

5%
(20/378)

<0.001

MRI + PSAD + 
 f/tPSA

60%
(615/1018)

40%
(403/1018)

<0.001 75%
(68/91)

25%
(23/91)

0.002 94%
(357/378)

6%
(21/378)

<0.001

ciPCa: clinically insignificant prostate cancer; csPCa: clinically significant prostate cancer; PSA: Prostate-specific antigen; PSAD: Prostate-specific antigen 
density; f/tPSA: ratio of free to total prostate-specific antigen.
The McNemar test was employed to compare the rates.

Figure 4.  The confusion matrix evaluates the performance of the six decision pathways in avoiding biopsies, detecting csPCa, and 
controlling ‘negative’ biopsies. TP represents the number of detected csPCa, FP represents the number of ‘negative’ biopsies, FN 
represents the number of missed csPCa, and TN represents the number of avoidable biopsies that were confirmed as negative.
csPCa: Clinically significant prostate cancer; TP: True Positive; FP: False Positive; FN: False Negative; TN: True Negative; PSA: Prostate-specific antigen; PSAD: 
Prostate-specific antigen density; f/tPSA: ratio of free to total prostate-specific antigen
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[24]. For instance, setting the threshold at PI-RADS 3 
can avoid approximately 30% of biopsies while over-
looking around 11% of csPCa. However, raising the 
threshold to PI-RADS 4 can achieve a biopsy avoidance 
rate of about 59%, but comes with missing nearly 28% 
of csPCa [25–27]. Hence, relying solely on PI-RADS cat-
egories for biopsy predictions exhibits certain limita-
tions, necessitating the integration of diagnostic tools 
from different modalities to establish a comprehensive 
and multi-layered conditional diagnostic pathway.

In this study, the three combinations of MRI and 
PSA-derived indicators resulted in higher csPCa detec-
tion rates compared to the other three clinical path-
ways, while reduced the need for biopsies. On the DCA 
chart, the net benefit curves of the three MRI-based 
pathways consistently surpass those of ‘PSA + PSAD’, 
‘PSA + f/tPSA’ and ‘PSAD + f/tPSA’, demonstrating a dis-
tinct trend of differentiation. This further validates that 
combining MRI and PSAD (or f/tPSA) can enhance 
patients’ benefits. However, the DCA reveals that the 
overall net yield of ‘MRI + PSAD’, ‘MRI + f/tPSA’ and 
‘MRI + PSAD + f/tPSA’ is comparable, albeit with subtle 
distinctions. Among these combinations, ‘MRI + PSAD’, 
‘MRI + f/tPSA’ and ‘MRI + PSAD + f/tPSA’ exhibit nearly 
identical csPCa detection rates (respectively 96%, 95% 
and 94%), but ‘MRI + PSAD + f/tPSA’ proved to be more 
effective in avoiding biopsy, reducing the detection 
rate of ciPCa, and controlling ‘negative’ biopsy.

Determining the critical value of PSAD necessitates 
integration with the accuracy of prostate MRI 

findings and consideration of individual patient fac-
tors. A fixed PSAD threshold (e.g. > 0.15 ng/ml/cm3) 
may not be compatible with all MRI results [28]. The 
cut-off value of PSAD was not specifically defined in 
this study. Instead, PSAD was categorized into four 
intervals and combined with PI-RADS categories to 
form multiple risk subgroups. The use of different 
PSAD intervals for patients with PI-RADS 1–2 and 
PI-RADS 3 can effectively distinguish between those 
who do not require biopsy, should consider biopsy, 
and should highly consider biopsy. Compared to a 
single threshold value, this combination method pro-
vides a more diversified dimension for stratification. 
In addition, the risk-adapted combination is highly 
flexible and adaptable, allowing for adjustments in 
the biopsy threshold based on patient preferences 
and clinician discretion. For instance, considering the 
reluctance of urologists to perform biopsies on an 
additional 10 patients just to identify a case of csPCa, 
Vickers et  al. proposed a reasonable threshold proba-
bility of 10% [29].

Yim et  al. [30]. conducted a follow-up study involv-
ing 6727 patients to assess the correlation between f/
tPSA and csPCa, found that individuals with a base-
line PSA level of 2 ng/mL and an f/tPSA value below 
0.10 exhibited a csPCa-free survival rate of 75% after 
two decades, while those with an f/tPSA range 
between 0.11 and 0.25 demonstrated an 89% rate, 
and individuals with an f/tPSA exceeding 0.25 dis-
played a remarkable rate of 97%. These results 

Figure 5.  The decision curve analysis shows that using f/tPSA alone has the lowest net benefit across all probability threshold 
ranges. The combined pathways with MRI have higher net benefits than ‘PSA + PSAD’ and ‘PSAD + f/tPSA’ in the probability thresh-
old range of 4%–92%.
PSAD: Prostate-specific antigen density; f/tPSA: ratio of free to total prostate-specific antigen
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highlight the potential improvement in risk stratifica-
tion capabilities when utilizing a threshold of 0.10 for  
f/tPSA. The domestic guidelines recommend a refer-
ence basis of f/tPSA <0.16 for considering biopsy in 
patients with total PSA between 4 and 10 ng/ml [17]. 
Building upon this, the present study categorize  
f/tPSA into four intervals with ≤0.10, 0.10 − 0.16, 
0.16 − 0.25, and ≥0.25.

Our findings revealed a negative correlation 
between f/tPSA and csPCa risk, with similar stratifica-
tion effect on PI-RADS 3 as PSAD. Among the six path-
ways, ‘PSA + f/tPSA’ showed lower dcsPCa detection 
rates and biopsy avoidance compared to ‘PSA + PSAD’, 
indicating that f/tPSA alone is not suitable as a pri-
mary biopsy criterion. However, ‘PSAD + f/tPSA’ signifi-
cantly improved biopsy avoidance and reduced the 
ciPCa detection rate while minimizing missed csPCa; 
moreover, ‘MRI + PSAD + f/tPSA’ demonstrated the high-
est number of avoided biopsies while maintaining a 
high detection rate for csPCa with the lowest propor-
tion of ‘negative’ biopsies among all pathways. These 
findings suggested that f/tPSA can serve as a second-
ary indicator providing additional stratification value 
for patients with low or intermediate–low PSAD and 
PI-RADS 1–2 or 3 combined with intermediate-low to 
high PSAD. Additionally, Yim et  al. also indicated that 
f/tPSA holds universal applicability across different eth-
nic groups; thus suggesting its potential not only for 
guiding screening but also for offering new options in 
MRI-based biopsy decision-making pathways. It is 
worth noting that MRI provides PSAD ‘for free’, whereas 
f/tPSA involves extra biochemical analysis, which may 
increase the economic cost.

Our research has several limitations and requires 
further improvement. Firstly, it is important to acknowl-
edge that this study was conducted retrospectively, 
without separate analysis of the included multi-centre 
samples. Secondly, our PI-RADS category was obtained 
from radiologists with specialized background, the 
impact of experience on decision-making pathways 
was not taken into account and needs subsequent 
application in clinical practice for prospective verifica-
tion. Thirdly, previous studies have demonstrated that 
incorporating f/tPSA and PSAD to form a new param-
eter (f/tPSA/PSAD) is more effective in diagnosing PCa 
among Italian and Chinese populations compared to 
using f/tPSA or PSAD alone [31], it will be necessary 
for further verification. Lastly, although DRE results are 
crucial considerations for biopsies, they were not 
included in this study due to lack of DRE administra-
tion among most patients.

Conclusions

In summary, our study emphasizes the value of inte-
grating MRI with PSAD or f/tPSA in determining the 
necessity for biopsy. Additionally, f/tPSA may help 
optimize the risk stratification within the ‘MRI + PSAD’ 
pathway and provide personalized biopsy strategies 
for patients.
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