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	 Background:	 We aimed to develop a combined model of quantitative parameters derived from 3 different magnetic reso-
nance imaging (MRI) diffusion models and laboratory data related to prostate-specific antigen (PSA) for differ-
entiating between prostate cancer (PCa) and benign lesions.

	 Material/Methods:	 Eighty-four patients pathologically confirmed as having PCa or benign disease were enrolled. All patients un-
derwent multiparametric MRI before biopsy, added intravoxel incoherent motion (IVIM) imaging, and diffusion 
kurtosis imaging (DKI). The following data were collected: quantitative parameters of diffusion-weighted im-
aging (DWI), IVIM, and DKI, preoperative total PSA, free/total PSA ratio, and PSA density (PSAD) values. A com-
bined logistic regression model was established by above MRI quantitative parameters and PSA data to di-
agnose PCa. The Prostate Imaging Reporting and Data System version 2 (PI-RADS v2) was used to assess the 
lesions for comparison.

	 Results:	 Thirty-two patients had PCa and 52 patients had benign lesions. In multivariate logistic regression analysis, 
only apparent diffusion coefficient (ADC) and PSAD were significant variables (P<0.05) and were thus retained 
in the model. The area under curve value of the combined model (0.911) was higher than that of ADC, PSAD, 
and PI-RADS v2 (0.887, 0.861, and 0.859, respectively) in univariate analysis, but without any statistically sig-
nificant differences. The combined model generated greater clinical benefit than the independent application 
of ADC, PSAD, and PI-RADS v2.

	 Conclusions:	 ADC and PSAD were the 2 most important metrics for distinguishing PCa from benign lesions. The combined 
model of ADC and PSAD demonstrated satisfactory discrimination and improved clinical net benefit.
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Background

Prostate cancer (PCa) is the second most common cancer 
and the fifth cause of cancer-related deaths among men 
worldwide [1]. In the United States, other than skin cancer, 
PCa is the most common cancer in men and the second lead-
ing cause of cancer death [2]. The incidence of PCa in the 
United States was 106.4 per 100 000 people on average an-
nually from 2014 to 2018 [3]. To acquire more treatment and 
survival opportunities, the early detection and diagnosis of 
PCa are of great importance.

Prostate-specific antigen (PSA) serum testing is the most wide-
spread method for screening PCa. The normal range of total PSA 
(tPSA) is less than 4 ng/mL. However, only about 25% of men 
who have a biopsy due to an elevated PSA level truly have can-
cer [4]. The sensitivity and specificity of the PSA remain to be 
improved [5]. As PSA derivatives, free/total PSA ratio (f/tPSA) 
and PSA density (PASD) have been confirmed to aid tPSA to 
increase the accuracy of PCa recognition and avoid unneces-
sary biopsies, especially in cases with low tPSA levels [5-7].

Multiparametric magnetic resonance imaging (Mp-MRI) has be-
come an increasingly important prebiopsy examination for PCa 
detection and assessment. The Prostate Imaging Reporting and 
Data System version 2 (PI-RADS v2) was published as a guide-
line to assess prostate lesions visually [8]. Diffusion-weighted 
imaging (DWI) reflects the Gaussian diffusion motion of water 
in a living body, which is described with a monoexponential 
decay model [9]. The quantitative parameter of DWI, name-
ly the apparent diffusion coefficient (ADC) value, can be used 
to evaluate the nature of a lesion [9]. Intravoxel incoherent 

motion (IVIM) imaging can distinguish pure extravascular mo-
lecular diffusion from the microcirculation perfusion of blood 
within the capillaries through fitting with a biexponential mod-
el [10]. Three parameters are derived from IVIM: pure diffusion 
coefficient D, pseudo/perfusion-related diffusion coefficient 
D*, and perfusion fraction f. Diffusion kurtosis imaging (DKI) 
is a non-Gaussian diffusion model that is used to character-
ize the complex microcosmic motion of water molecules [11]. 
Kurtosis denotes the deviation of water movement from nor-
mal Gaussian diffusion to non-Gaussian diffusion and is ex-
pressed with the parameter Kapp. Dapp is another parameter of 
DKI, reflecting the corrected diffusion coefficient of non-Gauss-
ian diffusion. Previous studies have shown the above quanti-
tative parameters of IVIM and DKI have the potential capabil-
ity to detect and differentiate PCa [12,13].

The utility of a single metric for the diagnosis and differenti-
ation of PCa is limited and inadequate. Some studies [14,15] 
have integrated MRI indexes with clinical data to predict PCa. 
In this study, we developed a logistic regression (LR) model 
combining the quantitative parameters of DWI, IVIM, and DKI 
with the data of tPSA, f/tPSA, and PSAD to discriminate PCa 
from benign lesions and compared its results with the visual 
assessment accomplished by PI-RADS v2.

Material and Methods

Patients

The Scientific Research Ethics Committee of Peking University 
Shenzhen Hospital approved our study, and informed consent 

Parameters T2WI T2WI SPAIR DWI IVIM DKI DCE

Acquisition plane Transverse Sagittal Transverse Transverse Transverse Transverse

Sequence FSE FSE EPI EPI EPI FFE

TR (ms) 3000 3896 6000 6000 6000 4

TE (ms) 100 80 60 55 60 2

Thickness (mm) 3 3 3 3 3 3

Slice gap (mm) 0.3 1 0.3 0.3 0.3 0

Field of view (mm) 280×280 280×280 200×249 200×249 200×249 280×280

Matrix size (mm) 352×296 352×284 80×98 80×98 80×98 200×156

NSA 2 2 2 2 2 1

Acquisition time 2 min 6 s 2 min 28 s 2 min 06 s 6 min18 s 3 min 54 s 8 min 17 s

Flip angle (°) 90 90 90 90 90 8

Table 1. Primary MRI protocol parameters.

T2WI – T2-weighted imaging; DWI – diffusion-weighted imaging; SPAIR – spectral attenuated inversion recovery; IVIM – intravoxel 
incoherent motion; DKI – diffusion kurtosis imaging; DCE – dynamic contrast enhancement; TR – repetition time; TE – time echo; 
FSE – fast spin echo; EPI – echo planar imaging; FFE – fast field echo; NSA – number of signals averaged.
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was waived for the retrospective research (ethics approval 
no: Ethics Review Committee [Scientific Research] of Peking 
University Shenzhen Hospital [2021] no. [082]).

The MRI imaging and laboratory and pathological data of pa-
tients with suspected prostate disease from October 2017 to 
December 2018 were retrospectively collected in the Zhujiang 
Hospital of Southern Medical University and the Peking 
University Shenzhen Hospital. Inclusion criteria were as fol-
lows: (1) Serum testing was performed before biopsy and treat-
ment. The PSA level was above 4 ng/mL. Direct serum testing 
data included tPSA and free PSA. (2) Histopathological results, 
including PCa diagnosis and benign prostatic hyperplasia (BPH) 
(accompanied by prostatitis and prostatic intraepithelial neo-
plasia or not), were obtained through prostate biopsy or sur-
gery within a month after the MRI examination. (3) The MRI 

scan integrated morphological protocols and dynamic contrast 
enhancement (DCE), DWI, IVIM, and DKI sequences. The exclu-
sion criteria were as follows: (1) The patient underwent biop-
sy or enucleation of the prostate within a month before the 
MRI scan. (2) The patient was confirmed to have PCa and ac-
cepted treatment. (3) The MRI image quality was inadequate 
for demonstrating the lesion and obtaining measurements. 
Finally, 84 patients were considered eligible.

MRI Examination

MRI scans were acquired by utilizing a 3.0T MR system (Ingenia, 
Philips Medical Systems, Best, the Netherlands) and 32-chan-
nel body-phased array coil. Morphological MRI involved T1-
weighted sequence and T2-weighted images. DWI scanning 
was performed with 2 b values (0 and 1500 s/mm2). The IVIM 
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protocol involved 9 b values (0, 30, 70, 120, 200, 400, 600, 
and 1000 s/mm2). The DKI sequence was conducted with 4 
b values (0, 500, 1000, and 1500 s/mm2). Contrast enhance-
ment started with 2 T1 mapping sequences before 90-phase 
DCE scanning. In the fifth phase, the patients were injected 
with meglumine gadolinate at a rate of 2.0 mL/s and a dose 
of 0.2 mmol/kg. The primary MRI protocol parameters applied 
in this study are listed in Table 1.

Pathology

All enrolled patients underwent a transperineal 15-core biop-
sy under transrectal ultrasound guidance within 2 weeks af-
ter Mp-MRI scanning. On the basis of the 12-core systematic 
biopsy, the 15-core biopsy was supplemented with 3 cores at 
the base, midgland, and apex along the prostate’s median line 
by urologist surgeons with 5 to 10 years of experience. A total 
of 58 (69%) patients were treated with radical prostatectomy 
or the transurethral resection of the prostate within a month 
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Figure 1. �Magnetic resonance images of a 76-year-old patient with prostate cancer (PCa), total prostate-specific antigen (PSA) of 
23.48 ng/mL, free/total PSA of 0.145, and PSA density of 0.34 ng/mL/cm3. The axis T2-weighted imaging (A) shows a low-
signal area at the anterior of the transitional zone (white arrow). The lesion appears as a significantly high signal change 
on diffusion-weighted imaging (B, white arrow), whereas it appears as a low signal on apparent diffusion coefficient (ADC) 
(C, white arrow). The pseudo-color maps of D (D), Dapp (G), and Kapp (H) show the lesion clearly (white arrow). The image 
quality of f (E) and D* (F) are unsatisfactory. The parameter values of the lesion are 0.66×10–3 mm2/s (ADC), 0.64×10–3 mm2/s 
(D), 0.12 (f), 90.59×10–3 mm2/s (D*), 0.94×10–3 mm2/s (Dapp), and 1.19 (Kapp). The prediction probability (P) of the lesion being 
cancer can be calculated as follows: 

=72.2%. (Ingenia 3.0T, PHILIPS; PRIDE DWI Tool 1.5, PHILIPS; Image J 1.52a, NIH).
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after the MRI examination. Then, all the specimens were sent 
to pathologists with 10 years of experience for analysis. The 
pathological grade of PCa was assessed in accordance with 
the 2005 modified Gleason grading system.

Imaging Processing and Quantitative Parameters

The ADC map was automatically derived from the DWI pro-
tocol. The original IVIM and DKI images were imported into 
PRIDE DWI Tool 1.5 software (Philips Medical Systems). Then, 
the biexp-IVIM and kurtosis approach was selected to fit mod-
els, and the images of quantitative parameters were obtained. 
The DWI, IVIM, and DKI models were computed with the fol-
lowing equations: 
(1)	 S(b)=S0×exp (–b×ADC),
(2)	 S(b)=S0×[f×exp (–b×D*)+(1–f)×exp (–b×D)], and

(3)	 S(b)=S0×exp (–b×Dapp+b2×Dapp2×Kapp/6).

S(b) represents the signal intensity at a given b value, and S0 
indicates the signal intensity when the b value is assigned as 
0 s/mm2. Hence, we finally acquired the images of ADC, D*, D, 
f, Dapp, and Kapp (Figures 1, 2).

In accordance with the pathological results, all patients were 
divided into the PCa group and the benign group (BPH accom-
panied by prostatitis and prostatic intraepithelial neoplasia or 
not). For the PCa group, a radiologist with 15 years of experi-
ence carefully confirmed the PCa lesion in reference to the sig-
nature of T2WI, DWI, and DCE images and matched the location 
of the biopsy and pathological reports (Figure 1). For the be-
nign group, the radiologist determined the area with the high-
est PI-RADS v2 score as the target focus (Figure 2). Then, the 

A

C

B

D

e935307-5
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Han L. et al: 
Diffusion-weighted imaging and PSA for prostate lesions
© Med Sci Monit, 2022; 28: e935307

CLINICAL RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



radiologist recorded the location of the lesions of the 2 groups. 
Next, we depicted the region of interest (ROI) at the slice where-
in the lesion displayed the maximum diameter within its mar-
gin. In the first step, we drew the ROI on the ADC map and 
measured the corresponding value by using a Philips DICOM 
Viewer R3.0-SP11 (Philips Medical Systems). Subsequently, we 
delineated the ROI in exactly the same slice and location of the 
D map with an identical size as the ROI on the ADC map and 
covered the ROI in D*, f, Dapp, and Kapp images by using Image 
J (NIH, Bethesda, MD, USA). If a patient had multiple lesions, 
only the largest lesion was selected as the objective.

Imaging Analysis of PI-RADS v2

Two radiologists with 5 and 2 years of experience, respective-
ly, who were blinded to pathological reports, laboratory data, 
and other information, except for location, assigned PI-RADS 
v2 scores to the above index lesions on the PACS viewer alone. 
If they interpreted a lesion inconsistently, the final score was 
decided after their discussion.

The maximum prostate diameters were measured on ax-
ial and sagittal T2WI images. Then, the prostate volumes 
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Figure 2. �Magnetic resonance images of a 76-year-old patient with benign prostatic hyperplasia and chronic inflammation, total 
prostate-specific antigen (PSA) of 20.40 ng/mL, free/total PSA of 0.117, and PSA density of 0.19 ng/ml/cm3. The axial T2-
weighted imaging (A) exhibits a circular hypointensity nodule with a clear boundary located at the left anterior of the 
transitional zone (white arrow). The nodule appears as a slightly high signal change (B, white arrow) on diffusion-weighted 
imaging and a slightly low signal on apparent diffusion coefficient (ADC) (C, white arrow). The pseudo-color maps of D 
(D), Dapp (G), and Kapp (H) show the lesion clearly (white arrow). The image quality of f (E) and D* (F) are unsatisfactory. The 
parameter values of the lesion are 0.93×10–3 mm2/s (ADC), 1.05×10–3 mm2/s (D), 0.12 (f), 101.72×10–3 mm2/s (D*), 1.57×10–3 
mm2/s (Dapp), and 0.88 (Kapp). The prediction probability (P) of the lesion being cancer can be calculated as follows: 

=17.5%. (Ingenia 3.0T, PHILIPS; PRIDE DWI Tool 1.5, PHILIPS; Image J 1.52a, NIH).
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were calculated by using the following formula: prostate 
volume=(maximum AP diameter)×(maximum transverse 
diameter)×(maximum longitudinal diameter)×0.52.

Statistical Analysis

SPSS version 20.0 (IBM, Armonk, NY, USA), MedCalc 15.2.2 
(MedCalc Software, Ltd, Acacialaan 22, Ostend, Belgium), 
and R software version 4.0.3 (The R Foundation for Statistical 

Computing, http://www.r-project.org/) were utilized for com-
putations. A value of P<0.05 was deemed to be statistically 
significant. Laboratory data comprised tPSA, f/tPSA (calculated 
by tPSA/free PSA), and PSAD values (calculated by tPSA/pros-
tate volume). We compared all the MRI parameters measured 
from the ROI and PSA indicators of the 2 groups by using 2 in-
dependent sample t tests and the Mann-Whitney U test. Then, 
we input the above significant different metrics as variables 
to develop an LR model. Next, we adopted a bootstrap meth-
od to conduct internal validation of the LR model and draw 
a calibration curve to assess the calibration efficiency of the 
model. Receiver operating characteristic (ROC) curve analysis 
was applied to evaluate the performance of the above single 
metrics and combined LR model. The area under curve (AUC) 
and its 95% confidence interval (95% CI), sensitivity, specifici-
ty, positive predictive value (PPV), and negative predictive val-
ue (NPV) were calculated. Similarly, the Mann-Whitney U test 
and ROC analysis were performed to explore the function of 
PI-RADS v2 in distinguishing between PCa and benign lesions. 
Finally, Delong test was utilized to compare ROC curves of the 
LR model and univariate analysis.

The clinical value of the LR model was demonstrated in deci-
sion curve analysis by way of calculating the net benefits at 
different threshold probabilities.

Results

Among the 84 patients, 32 (38%) were proven by histopatho-
logical analysis to have PCa and 52 (62%) had benign lesions. 
The medians and interquartile ranges of patient age was 70 

Variable Value

Median (interquartile range)

Age (years) 	 70	 (65-76)

tPSA(ng/ml) 	 14.30	 (7.33-35.11)

f/t PSA 	 0.12	 (0.08-0.16)

PSAD (ng/ml/cm3) 	 0.20	 (0.11-0.52)

Number (%)

Benign 	 52	 (62%)

PCa 	 32	 (38%)

GS6 	 7	 (21.9%)

GS7 	 6	 (18.8%)

GS8 	 8	 (25%)

GS9 	 9	 (25.1%)

GS10 	 2	 (6.2%)

Table 2. Patients’ characteristics.

tPSA – total prostate-specific antigen; f/t PSA – free/total 
prostate-specific antigen; PSAD – prostate-specific antigen 
density; PCa – prostate cancer; GS – Gleason score.

MRI/PSA metrics PCa (n=32) Benign (n=52) t/Z p

ADC (×10–3 mm2/s) 0.748±0.158 1.018±0.175 −5.930 0.000*a

D (×10–3 mm2/s) 0.764±0.20 1.048±0.204 −5.331 0.000*a

f 0.137±0.039 0.155±0.043 −1.878 0.064a

D* (×10–3 mm2/s) 91.144±35.60 74.247±37.579 −2.630 0.009*a

Dapp (×10–3 mm2/s) 1.211±0.286 1.624±0.253 −6.921 0.000*a

Kapp 1.135±0.193 0.901±0.150 6.200 0.000*a

tPSA (ng/ml) 37.995 (19.355-231.875) 9.415 (6.832-15.855) −4.665 0.000*b

f/tPSA 0.095±0.05 0.15±0.075 −3.574 0.000*a

PSAD (ng/ml/cm3) 0.67(0.31-3.215) 0.145(0.09-0.208) −5.529 0.000*b

Table 3. MRI results and PSA metrics of the two groups.

a These parameters were performed as means±standard deviations and analyzed by 2 independent sample t test. b These parameters 
were presented as median (interquartile range) and analyzed by the Mann-Whitney U test. * P<0.05 was considered a statistically 
significant difference. MRI – magnetic resonance imaging; ADC – apparent diffusion coefficient; D – pure diffusion coefficient; 
f – perfusion fraction; D* – pseudo/perfusion-related diffusion coefficient; Dapp – corrected diffusion coefficient; Kapp – Kurtosis
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(65-76) years. The medians and interquartile ranges of tPSA, f/t 
PSA, and PSAD were 14.30 (7.33-35.11) ng/mL, 0.12 (0.08-0.16), 
and 0.20 (0.11-0.52) ng/mL/cm3, respectively. Among the 32 
patients with PCa, 7 (21.9%) were defined as GS=6; 6 (18.8%) 
were GS=7; and 19 (59.4%) were GS=8-10. Table 2 presents 
the characteristics of the patients.

Table 3 shows the test results of the MRI and PSA metrics 
between the 2 groups. The ADC, D, Dapp, and f/tPSA values of 
the PCa group were significantly lower than those of the be-
nign lesion group. The D*, Kapp, tPSA, and PSAD values of the 
PCa group were significantly higher than those of the benign 
group. No significant difference in f value between the 2 groups 
was observed. The ROC curve analysis results of the MRI and 
PSA indexes are listed in Table 4. The AUC values of ADC, D, 
D*, Dapp, and Kapp were 0.887, 0.848, 0.672, 0.862, and 0.822, 
respectively, and the values of tPSA, f/tPSA, and PSAD were 
0.804, 0.733, and 0.861, respectively. The above correspond-
ing ROC curves are presented in Figure 3.

Among all patients, the number of patients with PI-RADS v2 
scores of 2, 3, 4, and 5 were 23 (27.3%), 30 (35.7%), 10 (11.9%), 
and 21 (25%), respectively. For the recognition of PCa, the AUC 
value, sensitivity, specificity, PPV, and NPV of PI-RADS v2 were 
0.859, 0.781, 0.885, 0.806, and 0.868, respectively, and the cut-
off was over 3 points.

In the multivariate LR analysis, ADC and PSAD were the only 
significant variables (P<0.05) retained in the model. The equa-
tion of the combined model is

LogitP=4.339+3.896×PSAD–7.130×ADC (Table 5).

The prediction probability (P) was calculated in accordance 
with the equation as

 (Figures 1, 2).

The model obtained an AIC value of 59.865. The calibration 
curve based on internal validation suggested good agreement 
between the combined model predicted and actual probabili-
ties of PCa (Figure 4). When applied in the differential diagno-
sis of PCa, the AUC, sensitivity, specificity, PPV, and NPV of the 
model were 0.911, 0.875, 0.865, 0.800, and 0.918, respective-
ly (Table 4). The AUC value of the combined model was high-
er than that of the ADC, PSAD, and PI-RADS v2 in univariate 
analysis (Figure 3), but the Delong test showed that there was 
no significant difference between the AUCs of the combined 
model and univariate analysis. (ADC, P=0.204; PSAD, P=0.131; 
PI-RADS v2, P=0.229).

The decision curve analysis indicated that the combined mod-
el provided a greater net benefit over the “treat-all” or “treat-
none” scheme at a threshold probability of >0.1 (Figure 4). 
Furthermore, the combined model generated more net bene-
fit than the independently application of ADC, PSAD, and PI-
RADS v2 in a wide range of threshold probabilities (Figure 4).

Discussion

In this study, we developed a combined model of quantita-
tive parameters originating from 3 different MRI diffusion 
models and PSA-related serum marker data. Only ADC and 
PSAD were retained as the significant predictive factors in 
the model. The combined model demonstrated satisfactory 

MRI/PSA metrics AUC (95% CI) Cutoff Sensitivity Specificity PPV NPV P

Combined model 0.911 (0.829-0.962) 0.321 0.875 0.865 0.800 0.918

ADC (×10–3 mm2/s) 0.887 (0.806-0.967) 0.855 0.844 0.865 0.794 0.90 0.204a

D (×10–3 mm2/s) 0.848 (0.755-0.941) 0.87 0.781 0.865 0.781 0.865

D* (×10–3 mm2/s) 0.672 (0.556-0.787) 66.71 0.813 0.519 0.51 0.818

Dapp (×10–3 mm2/s) 0.862 (0.774-0.951) 1.41 0.781 0.865 0.781 0.865

Kapp 0.822 (0.725-0.920) 1.015 0.813 0.788 0.703 0.872

tPSA (ng/ml) 0.804 (0.693-0.915) 20.995 0.75 0.846 0.75 0.846

f/tPSA 0.733 (0.624-0.842) 0.114 0.719 0.692 0.59 0.80

PSAD (ng/ml/cm3) 0.861 (0.770-0.951) 0.335 0.75 0.904 0.828 0.855 0.131a

PI-RADS v2 0.859 (0.771-0.948) ﹥3 0.781 0.885 0.806 0.867 0.229a

Table 4. Performance of the independent variables and combined model.

a Delong test was used to compare the AUC of combined model and that of ADC, PSAD, and PI-RADS v2. AUC – area under curve; 
PPV – positive predictive value; NPV – negative predictive value; PI-RADS v2 – Prostate Imaging Reporting and Data System version 2.
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Figure 3. �Receiver operating characteristic (ROC) curves of the independent variables and combined model. ROC curves of magnetic 
resonance imaging parameters (A), prostate-specific antigen (PSA) indexes (B), and comparison of ROC curves between the 
combined model (PSA density [PSAD]+apparent diffusion coefficient [ADC]) and ADC, PSAD, and PI-RADS v2 (C) for prostate 
cancer diagnosis. (MedCalc 15.2.2, MedCalc Software Ltd).

discrimination and calibration and provided more net benefit 
when being utilized by doctors in the clinic to recognize PCa 
from benign disease, compared with univariate analysis and 
PI-RADS v2 applied alone.

In our research, we adopted 3 different diffusion models, name-
ly DWI, IVIM, and DKI, from which we obtained different mi-
croscopic information on micromolecules. These models were 
related to each other but maintained their own advantages. 
However, in our study, the f value of IVIM could not distinguish 
between PCa and benign lesions, and the D* value acquired 

a relatively low AUC value of 0.672. The image quality of the 
f and D* map was insufficient (Figures 1, 2). We posited that 
the inadequate stability of D* and f accounted for the great 
reliance of IVIM parameters on the selection of b values [16]. 
Consistent with primary investigations [12,13,17], our study 
showed that D, Dapp, and Kapp could distinguish PCa from be-
nign tissues and may become important parameters of MRI 
diffusion imaging.

PSA measurement is often used for the clinical diagnosis and 
treatment decision-making of PCa. However, PSA screening 
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can lead to unnecessary biopsies, over-detection, over-treat-
ment, and subsequent complications due to its poor specific-
ity and false-positive results [18]. PSAD can distinguish PCa 
from BPH because it decreases the influence of enlarged pros-
tate volume. The PSAD cutoff of 0.15 ng/mL/cm3 prevents ap-
proximately 50% of men from undergoing unnecessary biop-
sies [18]. In our research, the AUC (0.861), specificity (0.904), 
and PPV value (0.828) of PSAD were greater than those of tPSA 
and f/tPSA. As a result, the application of PSAD could enhance 

the confidence of urologists in early PCa detection programs. 
In addition, some novel molecular markers were explored to 
improve the diagnostic value of PCa. Plasma arginine and its 
downstream molecules were found to predict prostate biopsy 
outcomes in patients with a PSA of 4 to 10 ng/mL [19]. Similarly, 
Kazuno et al reported the serum O-glycosylated clusterin level 
could be a complementary indicator for the malignancy PCa, 
when PSA values were measured at less than 10 ng/mL [20]. 
Furthermore, Markin et al discovered plasma sarcosine had 

1.0

0.8

0.6

0.4

0.2
Ideal

Apparent

Bias-corrected

0.0 0.2 0.4 0.6 0.8 1.0

Ac
tu

al 
pr

ob
ab

ilit
y

0.4

0.3

0.2

0.1

0.0

PSAD-ADC
PSAD
ADC
Pi-RADS v2
All
None

Ne
t b

en
e�

t

Predicted probability

0.0 0.2 0.4 0.6 0.8 1.0
Threshold probability

A

B

Figure 4. �(A)The calibration curve based on internal validation. The blue dotted line represents the performance of the ideal 
model. The red and green solid lines represent the performance of the combined model without and with bias correction. 
(B) Decision curves show that the combined model (prostate-specific antigen density [PSAD]+apparent diffusion coefficient 
[ADC]) added more benefit over ADC, PSAD, and PI-RADS v2 in a wide range threshold of probability. (R 4.0.3, The R 
Foundation for Statistical Computing).
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p OR
95% CI of OR

Upper Lower

PSAD .035 49.217 2.720 2698.375

ADC .003 .001 .000 0.073

Constant .054 76.638

Table 5. Statistical parameters of the combined LR model.

OR – odds ratio; CI – confidence interval.

“very good” classification performance (AUC, 0.833) for dis-
tinguishing PCa from BPH, and the use of PSA and sarcosine 
together increased the overall diagnostic accuracy [21]. In the 
future, we may find more effective tumor makers to improve 
the diagnostic capability for detecting PCa.

Combining Mp-MRI and PSA laboratory indicators is a relevant 
strategy in the clinical identification of PCa. Constructing a pre-
dictive LR model of them is the most popular method. Lu et al 
established a helpful accumulating model that incorporates PSA 
and its derivative data into the PI-RADS v2 to diagnose clinical-
ly significant PCa [22]. Distler et al integrated PSAD with Mp-
MRI to improve the NPV of PI-RADS scoring such that approx-
imately 20% of unnecessary biopsies can be avoided [23]. To 
the best of our knowledge, our study represents the first in-
stance in which quantitative MRI parameters originating from 
different types of diffusion models were applied together with 
PSA-related data. In multivariate logistic analysis, we found that 
only ADC and PSAD values maintained predictive capability in 
the combined model. This result was reasonable and predict-
able given that among MRI and PSA data, ADC and PSAD val-
ues demonstrated the best performance in single-variable ROC 
analysis. In prior studies, the ADC value was often included in 
the LR model for PCa evaluation [24,25], thus highlighting the 
function of ADC again. In our study, multivariate LR analysis 
did not enroll D, D*, Dapp, and Kapp values into the model like-
ly because their predictability was inferior to the predictability 
of ADC, and the ADC value had an influence on other parame-
ters. Among the PSA-related indicators, only PSAD was devot-
ed to the model, indicating that PSAD had a growing effect in 
the combined models with MRI metrics. A prior multivariate LR 
analysis revealed that the PI-RADS v2 score and PSAD act as in-
dependent predictors for PCa and clinically significant PCa, and 
their conjunction is interrelated with the highest clinically signif-
icant PCa detection rates (76-97%) [26]. Furthermore, the com-
bination of ADC and PSAD could be used to identify a Gleason 
score of 7 or greater PCa [27], which confirmed the feasibility 
of the method and the importance of the 2 metrics once more.

Compared with the application of ADC and PSAD alone, the 
combined model improved some performance for PCa differenti-
ation in our study. Although there was no significant difference 

between the AUC values of the combined model and ADC and 
PSAD, the decision curve analysis showed that the combined 
model was more beneficial in clinical use than ADC and PSAD 
in univariate analysis for PCa discrimination. Furthermore, the 
sensitivity and NPV values (0.875 and 0.918) of our combined 
model was slightly improved compared with that of ADC and 
PSAD in independent analysis. This result might imply that 
the model was conducive to detecting lesions and possessed 
a preferable negative prediction capability. Similarly, there was 
no statistically significant difference between the AUC values 
of the combined model and PI-RADS v2. However, the net ben-
efit generated by the combined model was greater than that 
of PI-RADS v2. In short, we considered that the model derived 
from ADC and PSAD had the potential capability to differenti-
ate PCa from benign lesions and had good overall performance 
and important clinical value.

The combined diagnosis strategy is dedicated to not only iden-
tifying lesions precisely but also to reducing the rates of un-
necessary biopsies. Felker et al proceeded with the multivariate 
LR analysis of clinical and imaging data to distinguish lesions 
in PI-RADS v2 category 3 in reference to MRI/ultrasound fu-
sion biopsy results [14]. Consistent with our result, their re-
sults showed that PSAD and ADC are the most important co-
variates. They discovered that when PSAD was 0.15 ng/mL/
cm3 or greater and the ADC value was 1000 mm2/s, the AUC 
for clinically significant PCa reached 0.91. According to this cri-
terion, only 11% of men with PI-RADS v2 category 3 lesions 
needed a biopsy. Thus, a detection rate of 60% and a false-
negative rate of only 9% were obtained through this strategy.

However, our study had some limitations. First, the sample 
size was insufficient. Therefore, we did not separate the data 
into the peripheral zone group and transitional zone group to 
perform our exploration. Second, DCE and T2 mapping imag-
ing data were not included. Third, our patients did not under-
go MRI-TRUS fusion biopsy, which may favor increased accura-
cy when applied with MRI imaging and pathology. In a future 
study, we will enlarge the sample size, then add DCE and T2 
mapping imaging data to increase the comprehensiveness of 
the analysis. Utilizing systematic biopsy and MRI-TRUS fusion 
biopsy together will enhance our confidence.

e935307-11
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Han L. et al: 
Diffusion-weighted imaging and PSA for prostate lesions
© Med Sci Monit, 2022; 28: e935307

CLINICAL RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Conclusions

ADC and PSAD were the 2 most important metrics of PCa iden-
tification. They maintained predictive capability in multivari-
ate LR analysis. Their combined model contributed to distin-
guishing PCa from benign lesions and provided more clinical 
net benefit over ADC, PSAD, and PI-RADS v2 applied indepen-
dently. We will proceed with a future study to explore the op-
timum threshold of the variables retained in the model.
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