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Abstract 

Background Early diagnosis of prostate cancer improves its prognosis, while it is essential to upgrade screening 
tools. This study aimed to explore the value of a novel functional magnetic resonance imaging (MRI) technique, 
namely amide proton transfer (APT)-weighted MRI, combined with serum prostate-specific antigen (PSA) levels to 
differentiate malignant prostate lesions from benign prostate lesions.

Methods Data of patients who underwent prostate examinations at Chongqing University Cancer Hospital between 
July 2019 and March 2022 were retrospectively analyzed. All patients underwent T2-weighted imaging (T2WI), APT, 
diffusion-weighted imaging (DWI), and dynamic contrast-enhanced (DCE) MRI. Two radiologists analyzed the images 
independently. The ability of the quantitative parameters alone or in different combinations in differentiating malig-
nant prostate lesions from benign prostate lesions were compared by using receiver operating characteristic (ROC) 
curves. According to the DeLong test, the combined parameters were significantly different from the corresponding 
single parameter (P < 0.05).

Results A total of 79 patients were finally enrolled, including 52 patients in the malignant group and 27 patients in 
the benign group. The separate assessment of indexes revealed that APTmax, APTmean, mean apparent diffusion 
coefficient (ADCmean), ADCmax, ADCmin, tPAD, free prostate-specific antigen (FPSA), FPSA/total prostate-specific 
antigen (tPSA), and PSA density (PSAD) were significantly different between the two groups (P < 0.05), while APTmin 
was not significantly different between the two groups (P > 0.05). APTmax and APTmean had the high values of area 
under the ROC curve (AUC), which were 0.780 and 0.710, respectively. APTmax had a high sensitivity, and APTmean 
had a high specificity. The combination of APTmax, APTmean, ADCmean, and PSAD had the highest AUC value (AUC: 
0.880, sensitivity: 86.540, specificity: 78.260).
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Conclusion APTmax, APTmean, ADCmean, ADCmin, tPAD, FPSA, and PSAD showed to have a high value in differenti-
ating malignant prostate lesions from benign prostate lesions in the separate assessment of indexes. The combination 
of APTmax, APTmean, ADCmean, and PSAD had the highest diagnostic value.

Keywords Amide proton transfer (APT)-weighted MRI, Prostate-specific antigen, Prostate cancer, Malignant lesions, 
Benign lesions

Introduction
Prostate cancer is the second most common cancer in 
men worldwide and the most common cancer in men 
in the United States [1, 2]. The annual age-standardized 
incidence of prostate cancer is 29.3 per 100,000 men 
for an estimated 1,276,106 cases and 358,989 deaths in 
2018 [3]. The incidence of prostate cancer has gradually 
increased in the recent decades [4]. The median age at the 
time of diagnosis of prostate cancer is 66 years old. The 
overall five-year survival rate of patients with prostate 
cancer is noticeable 98% [5]. However, the five-year sur-
vival rate of localized prostate cancer and prostate cancer 
with extraglandular and distant metastasis is remarkably 
different. The five-year survival rate for prostate cancer 
with extraglandular and distant metastasis is 31%. There-
fore, the Gleason score and pathological T stage are two 
of the most important prognostic factors for prostate 
cancer. Early diagnosis and treatment could improve the 
quality of life and five-year survival rate of patients with 
prostate cancer [6].

At present, multiparametric magnetic resonance imag-
ing (mpMRI) is considered as one of the most effective 
imaging methods in diagnosing prostate cancer. It is 
noteworthy that MRI has a high soft-tissue resolution 
and allows the determination of the Prostate Imaging 
Reporting & Data System (PI-RADS) score [7], differ-
entiation of malignant lesions from benign lesions, pre-
operative evaluation of malignant lesions, and evaluation 
of treatment efficacy [8, 9]. Nevertheless, the sensitivity 
and specificity of MRI for prostate cancer can still be 
improved [10, 11]. A recent study explored the diagnostic 
value of combination of amide proton transfer (APT) and 
mpMRI in transition zone (TZ) prostate cancer. Differ-
ences in APT-weighted and apparent diffusion coefficient 
(ADC) values between TZ prostate cancer and benign 
prostatic hyperplasia (BPH), and differences in T2* values 
between stromal BPH and glandular BPH were found. It 
was found that APT-weighted and ADC were independ-
ent predictors of TZ prostate cancer. Moreover, a combi-
nation of APT and ADC values improved the diagnostic 
sensitivity of TZ prostate cancer and achieved the pur-
pose of improving the diagnostic efficiency [12].

Novel MRI techniques are limited to conventional 
medical imaging, present the details of morphological 
features of lesions, and innovatively provide functional 

parameters, which could be used as imaging biomarkers 
for diverse types of cancer, thereby facilitating the early 
diagnosis of malignant lesions. Serum prostate-specific 
antigen (PSA) is the biochemical biomarker that has 
been highly acknowledged in clinical practice for prostate 
diseases [13]. Nevertheless, this biomarker is not per-
fect [14, 15], and its combination with other biomarkers 
could result in better sensitivity and specificity for pros-
tate cancer.

It is noteworthy that APT-weighted MRI has advanced 
rapidly in recent years [16–19]. As an endogenous chemi-
cal exchange saturation transfer (CEST) imaging tech-
nique and a molecular MRI imaging technique, APT 
imaging is considered as the most clinically feasible CEST 
imaging because its specific resonance frequency is dif-
ferent from the water resonance frequency, and it allows 
the exchange of a large number of water molecules with 
amide protonic peptides in endogenous mobile proteins 
to acquire images [16, 17, 19]. APT imaging is based on 
the fact that tumor cells have a high proliferation activ-
ity and a high protein synthesis, leading to differences in 
protein amounts between benign and malignant lesions 
[19]. Therefore, acquiring the quantitative APT param-
eters could quantitatively reflect the molecular changes 
and could be used as a potential imaging biomarker.

Therefore, the present study aimed to explore the value 
of the APT-weighted MRI combined with serum PSA 
levels to differentiate malignant prostate lesions from 
benign prostate lesions, and to provide more imaging 
information for early preoperative diagnosis of prostate 
cancer.

Methods
Study design and patients
Data of patients who underwent prostate examinations 
at Chongqing University Cancer Hospital (Chongqing, 
China) between July 2019 and March 2022 were ret-
rospectively analyzed. This study was approved by the 
Ethics Committee of Chongqing University Cancer Hos-
pital. The requirement for patients’ informed consent was 
waived by the Ethics Committee.

All patients underwent T2-weighted imaging 
(T2WI), APT, diffusion-weighted imaging (DWI), and 
dynamic contrast-enhanced (DCE) MRI. The inclu-
sion criteria were as follows: 1) untreated patients with 
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prostate diseases, and 2) patients who received MRI 
examination. The exclusion criteria were as follows: 
1) history of prostate surgery or endocrine therapy, 
or 2) patients who underwent prostate biopsy within 
4–6 weeks before MRI.

MRI examination
An INGENIA 3.0  T MRI scanner (Philips Healthcare 
Co., Ltd., Best, The Netherlands) was used for the MRI 
of prostate of all patients from July 2019 to March 
2022, including APT, DWI, T2WI, and DCE, using a 
32-channel phased-array body coil (Table 1). The scan-
ning parameters included b = 0 and 1400  s/mm2 for 
DWI and SPIR for fat suppression in APT.

Image analysis
The images were processed by the ISP post-processing 
workstation (Philips Healthcare Co., Ltd.). Two radi-
ologists reviewed the images independently and blindly. 
The maximum lesion level was selected using the 
T2-weighted images as the standard. Then the region of 
interest (ROI) was selected at the same level on the APT 
and DWI images to measure the APT and ADC values 
(Fig.  1). The averages of values measured by the two 
radiologists were calculated for the statistical analysis. 
Patients’ medical records were reviewed to obtain the 
total PSA (tPSA) and free PSA (FPSA).

Statistical analysis
SPSS 23.0 software (IBM, Armonk, NY, US) was used 
to perform the statistical analysis. Intraclass correlation 
(ICC) analysis was performed for the measurement data 
obtained by the two radiologists (ICC > 0.75 indicated 
a high consistency, ICC equal to 0.4–0.75 indicated a 
moderate consistency, and ICC < 0.4 indicated a low con-
sistency). The Kolmogorov–Smirnov test was used to 
assess the normal distribution, and the Levene’s test was 
employed for the homogeneity assessment of the con-
tinuous data. Continuous data were analyzed using the 

independent-samples t-test or the Wilcoxon rank-sum 
test. Two-sided P < 0.05 was considered statistically sig-
nificant. Receiver operating characteristic (ROC) curves 
were plotted for the analysis. For parameters with statisti-
cally significant differences, the logistic regression analy-
sis was used to estimate the probability of the combined 
parameters. The parameters with statistically significant 
differences were modeled using the binary logistic regres-
sion analysis, and the probability of the combined param-
eters was calculated. ROC curves were plotted to compare 
the combinations of parameters in differentiating malig-
nant prostate lesions from benign prostate lesions.

The index with the highest diagnostic accuracy was 
selected from the separate assessment of APT/ADC 
and PSA indexes to establish the combined model. The 
SPSS software was employed to select the binary logis-
tic regression model, and two or more parameters were 
obtained through modeling, in order to jointly predicting 
the probability of malignant tumors.

Results
General characteristics of patients
A total of 123 patients were recruited, of whom 44 
patients were excluded according to the exclusion cri-
teria. Finally, 79 patients were included in this study, of 
which 52 patients were in the malignant group (patholog-
ically proven with prostate cancer [20]) and 27 patients 
were in the benign group (pathologically proven with 
non-cancerous lesions, including prostatic hyperplasia 
and prostatitis). The mean age was 70.54 ± 8.66 years old. 
There were no significant differences in age and volume 
of prostate between malignant group and benign group 
(P < 0.05) (Table 2).

Consistency between radiologists
ICC consistency was performed for all the measurement 
data by the two radiologists. As shown in Table 3, APT 
and ADC parameters showed a moderate consistency 
between the two radiologists.

Table 1 Parameters of the scanning sequences

TR repetition time, TE echo time, TA acquisition time, FOV field of view, NSA number of signals per acquisition, T2WI T2-weighted imaging, DWI diffusion-weighted 
imaging, APT amide proton transfer, T1WI T1-weighted imaging TSE turbo spin echo, EPI echo-planar imaging

Sequences TR (ms) TE (ms) TA
(s)

Layers Layer 
thickness 
(mm)

Interlayer 
spacing (mm)

FOV (mm) Matrix NSA

T2WI 3000 110 1′56’’ 24 3 0.3 200 × 200 308 × 255 1 TSE factor 14

DWI 4828 90 3′8’’ 24 3 0 200 × 200 80 × 81 1 EPI factor 55

APT 5842 7.9 4′54’’ 18 5 0 140 × 140 80 × 78 1 TSE factor 174

T1WI 4.0 2.0 6′24’’ 24 3.5 0 250 × 250 180 × 140 1 dynamic phase 80



Page 4 of 8Yang et al. Cancer Imaging            (2023) 23:3 

Ability of the quantitative parameters in differentiating 
malignant prostate lesions from benign prostate lesions
As presented in Table  4, the quantitative parameters in 
differentiating malignant prostate lesions from benign 
prostate lesions were significantly different (P < 0.05), 
except for APTmin (P > 0.05). Quantitative APT param-
eters, including APTmax and APTmean, could well dis-
tinguish malignant prostate lesions from benign prostate 
lesions. Comparatively, APTmax had a higher sensitivity 
(92.310), and APTmean had a higher specificity (77.780), 
while they both had high area under the curve (AUC) val-
ues (Fig. 1A and Table 5).The other parameters had rela-
tively high values in differentiating malignant prostate 
lesions from benign prostate lesions. ROC curves were 

Fig. 1 Case examples. 1 A 75-year-old man was hospitalized, and the physical examination revealed that PSA level increased. (1A) T2WI. (1B) APT. 
(1C) DWI. (1D) ADC. 2 A 68-year-old man was hospitalized for treatment after finding the possibility of prostate malignancy in the external hospital. 
(2A) T2WI. (2B) APT. (2C) DWI. (2D) ADC

Table 2 Characteristics of the patients

PSAD prostate-specific antigen density

Characteristics (n = 79) Malignant (n = 52) Benign (n = 27) P value

Age (years) 69.29 ± 8.20 72.19 ± 9.43 0.42

Volume of prostate  (cm3) 9.34 ± 12.46 10.83 ± 14.66 0.22

PSAD (ng/mL/cm3) 69.73 ± 137.59 3.76 ± 7.83 0.00

Gleason score, n (%)

 Low-risk subgroup (≤ 3 + 3 points) 15 (28.85%)

 High-risk subgroup (> 3 + 3 points) 37 (71.15%)

Table 3 ICC consistency test of the results measured by the two 
radiologists

ICC intraclass correlation, CI confidential interval, APT amide proton transfer, ADC 
apparent diffusion coefficient

Radiologist 1 Radiologist 2 ICC 95% CI

APTmean (%) 2.44 ± 1.21 2.42 ± 1.38 0.732 0.649–0.789

APTmax (%) 5.56 ± 2.12 6.06 ± 2.26 0.701 0.605–0.768

APTmin (%) -1.61 ± 2.33 -1.55 ± 2.62 0.652 0.538–0.734

ADCmean  (10–3 
 mm2/s)

0.91 ± 0.32 0.88 ± 0.37 0.664 0.554–0.743

ADCmax  (10–3 
 mm2/s)

1.55 ± 0.45 1.47 ± 0.51 0.629 0.507–0.718

ADCmin  (10–3 
 mm2/s)

0.53 ± 0.34 0.61 ± 0.53 0.566 0.395–0.699
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plotted and showed that ADCmean had the highest AUC 
value (0.793, 95% confidence interval (CI): 0.688–0.876), 
APTmax had the highest sensitivity (92.310), and FPSA 
had the highest specificity (100.000) (Fig.  2A, B, C and 
Table 5).

Combinations of parameters in differentiating malignant 
prostate lesions from benign prostate lesions
As reported previously, APTmax, APTmean, and 
ADCmean [22], the most representative parameters of 
APT and ADC, were used in combination with PSAD, 
which is the most representative parameter of PSA 
[23]. The combinations of these quantitative param-
eters in differentiating malignant prostate lesions from 
benign prostate lesions were compared, and the ROC 
curves were plotted. As illustrated in Fig. 2D, E, F and 
Table 6, the AUC value was the highest when APTmax, 
APTmean, and ADCmean were combined with PSAD 
(AUC: 0.880, 95% CI: 0.784–0.943, sensitivity: 86.540, 
specificity: 78.260). According to the DeLong test [21], 

the combined parameters were significantly different 
from the corresponding single parameter (P < 0.05).

Discussion
Early diagnosis of prostate cancer improves its prognosis 
[1, 2], while screening tools should be further upgraded 
[10, 11, 14, 15]. Therefore, the present study aimed to 
explore the value of the novel functional MRI technique, 
APT-weighted MRI, combined with serum PSA levels for 
differentiating malignant prostate lesions from benign 
prostate lesions. The results indicated that APTmax, 
APTmean, ADCmean, ADCmax, ADCmin, tPAD, FPSA, 
FPSA/tPSA, and PSAD had a high clinical value in differ-
entiating malignant prostate lesions from benign prostate 
lesions. The combination of APTmax, APTmean, ADC-
mean, and PSAD showed the highest diagnostic value.

Early diagnosis has important clinical significance for 
the treatment and prognosis of patients with prostate 
cancer. Nevertheless, the early differentiation of malig-
nant prostate lesions from benign prostate lesions is 

Table 4 Ability of the quantitative parameters in differentiating malignant from benign prostate diseases

APT amide proton transfer, ADC apparent diffusion coefficient, tPSA total prostate-specific antigen, FPSA free prostate-specific antigen, PSAD prostate-specific antigen 
density

Malignant (n = 52) Benign (n = 27) Z/t P value

APTmean (%) 2.740 ± 1.106 1.859 ± 1.200 -3.263 0.002

APTmax (%) 6.698 ± 1.837 4.530 ± 1.894 -4.924  < 0.001

APTmin (%) -1.788 ± 2.557 -1.259 ± 1.815 0.965 0.342

ADCmean  (10–3  mm2/s) 0.845 (0.300–2.030) 1.190 (0.620–1.680) -4.259  < 0.001

ADCmax  (10–3  mm2/s) 1.450 ± 0.445 1.738 ± 0.391 2.835 0.006

ADCmin  (10–3  mm2/s) 0.464 ± 0.356 0.646 ± 0.271 2.330 0.022

tPSA (ng/mL) 33.604 (0.600–8169.000) 6.053 (0.840–131.760) -3.321 0.001

FPSA (ng/mL) 3.959 (0.020–483.000) 1.230 (0.210–7.240) -2.506 0.012

FPSA/tPSA 16.159 ± 15.300 23.336 ± 12.954 2.074 0.043

PSAD (ng/mL/cm3) 10.585 (0.010–688.540) 1.980 (0.030–38.650) -2.884 0.004

Table 5 Analysis of the ROC curves of the different quantitative parameters

ROC receiver operating characteristic, AUC  area under the curve, CI confidence interval, APT amide proton transfer, ADC apparent diffusion coefficient, tPSA total 
prostate-specific antigen, FPSA free prostate-specific antigen, PSAD prostate-specific antigen density
a DeLong et al., [21]

AUC 95%CI Sensitivity Specificity Youden index J Best cut-off value P  valuea

APTmax 0.780 0.673–0.865 92.310 59.260 0.516 4.300  < 0.001

APTmean 0.710 0.598–0.807 63.460 77.780 0.412 2.300 0.001

ADCmean 0.793 0.688–0.876 75.000 81.480 0.565 1.060  < 0.001

ADCmax 0.689 0.575–0.788 46.150 92.580 0.388 1.360 0.002

ADCmin 0.689 0.575–0.789 73.080 70.370 0.435 0.620 0.003

tPSA 0.734 0.628–0.836 57.690 91.300 0.490 28.140  < 0.001

FPSA 0.684 0.565–0.788 42.000 100.000 0.420 7.240 0.003

FPSA/tPSA 0.684 0.565–0.788 68.000 69.570 0.376 17.050 0.007

PSAD 0.700 0.594–0.809 53.850 95.650 0.495 8.210  < 0.001
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still difficult in clinical practice based only on the cur-
rent imaging methods, such as ultrasound and MRI. 
The APT imaging technique is based on transferring 
the amide protons and water, and it reflects the changes 
of proteins and pH values by variations of water sig-
nals. The internal contrast is acquired by measuring the 
water signals to indirectly acquire the APT-weighted 

signal values, depending on the exchange ratio 
between the amide protons and free-water protons. 
The exchange ratio depends on pH values and protein 
concentrations in the body. The APT technique was 
initially used for the nervous system [24–26]. In recent 
years, a great number of researchers have applied the 
APT technique to diagnose prostate diseases [27, 28].

Fig. 2 Receiver operating characteristic (ROC) curves. A ROC curves of APT parameters. B ROC curves of the DWI parameters. C ROC curves of the 
PSA parameters. D ROC curves of the combinations of APTmax, ADCmean, and PSAD. D ROC curves of the combinations of APTmean, ADCmean, 
and PSAD. E ROC curves of the combinations of APTmax, APTmean, ADCmean, and PSAD. APT: amide proton transfer; ADC: apparent diffusion 
coefficient; tPSA: total prostate-specific antigen; FPSA: free prostate-specific antigen; ratio: FPSA/tPSA. PSAD: prostate-specific antigen density

Table 6 Analysis of the ROC curves of the combinations of different quantitative parameters

ROC receiver operating characteristic, AUC  area under the curve, CI confidence interval, APT amide proton transfer, ADC apparent diffusion coefficient, tPSA total 
prostate-specific antigen, FPSA free prostate-specific antigen, PSAD prostate-specific antigen density
a DeLong et al., [21]

AUC 95%CI Sensitivity Specificity Youden index J P  valuea

APTmax + ADCmean 0.841 0.763–0.928 92.310 70.370 0.627  < 0.001

APTmax + PSAD 0.826 0.721–0.904 80.770 69.570 0.503  < 0.001

ADCmean + PSAD 0.854 0.753–0.925 75.000 91.300 0.663  < 0.001

APTmean + ADCmean 0.837 0.748–0.918 78.850 85.190 0.640  < 0.001

APTmean + PSAD 0.826 0.721–0.904 75.000 82.960 0.576  < 0.001

APTmean + ADCmean + PSAD 0.878 0.782–0.942 80.770 91.300 0.721  < 0.001

APTmax + APTmean + ADCmean + PSAD 0.880 0.784–0.943 86.540 78.260 0.648  < 0.001
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The findings of the present study showed that APTmax 
had a high diagnostic value for differentiating malignant 
prostate lesions from benign prostate lesions. The sen-
sitivity was the highest, indicating that the maximum 
transfer of amide protons and exchange ratio of water 
protons in a lesion could sensitively reflect the occur-
rence of malignant lesions. Jia et al. [27], for the first time, 
attempted to apply the APT imaging in prostate diseases, 
and reported the value of this technique in differentiating 
malignant prostate lesions from benign prostate lesions. 
Takayama et  al. [28] found that the APT-weighted val-
ues in prostate cancer patients with a Gleason score of 
7 points were significantly higher than those of patients 
with other scores. These findings were generally in agree-
ment with our results. The metabolism in malignant 
prostate lesions is more active than in benign lesions. The 
exchange ratio of protons is higher, which is consistent 
with the pathological features of malignant lesions. The 
differences of APTmax and APTmean, two parameters 
acquired by APT imaging, were statistically significant. 
In contrast, the difference of APTmin was not statistically 
significant, which could be associated with the fact that 
APTmin expresses the lowest value of protein content in 
the region of interest, and the difference is not enough 
to distinguish between benign and malignant lesions. 
Importantly, the minimum exchange ratio of protons 
could not reflect the degree of metabolic activity.

The results of the present study revealed that the differ-
ences of APTmax, APTmean, ADCmean, ADCmax, ADC-
min, tPAD, FPSA, FPSA/tPSA, and PSAD were statistically 
significant (P < 0.05), suggesting that these parameters had 
high diagnostic values in differentiating malignant prostate 
lesions from benign prostate lesions. Among these param-
eters, ADCmean had the highest AUC, APTmax had the 
highest sensitivity, and FPSA had the highest specificity 
and the lowest sensitivity, reflecting that FPSA had the 
highest diagnostic accuracy and a relatively high false-neg-
ative rate. This indicated that functional MRI sequences, 
such as DWI and PSA, can be used as independent pre-
dictive biomarkers to discriminate benign prostate lesions 
and malignant prostate lesions. In contrast, APTmax had 
the highest positive rate. After combining these param-
eters, the results showed that the combination of APTmax, 
APTmean, ADCmean, and PSAD had the highest AUC 
and sensitivity, suggesting that this combination had the 
highest diagnostic value for prostate cancer. Compared 
with using PSA and DWI alone, the combination of APT, 
DWI, and PSA techniques had a relatively high diagnostic 
value (AUC: 0.880) and a high sensitivity (86.540) for pros-
tate cancer. A previous study demonstrated that the AUC 
values for the biparametric MRI (bpMRI) and multipara-
metric MRI (mpMRI) protocols for prostate cancer were 
comparable (0.790 [0.732–0.840] and 0.791 [0.733–0.841], 

respectively) [29]. Guo et al. [12] found that APTmean and 
ADC were independent predictors of TZ prostate cancer. 
Moreover, combination of APTmean and ADC values 
improved the sensitivity of the diagnosis of TZ prostate 
cancer and achieved the purpose of improving the diag-
nostic efficiency, which are similar to the results of the pre-
sent study.

The advantage of APT-weighted MRI is that it is a 3D 
imaging technique. Compared with the conventional 
two-dimensional (2D) APT technique [30], this tech-
nique could scan multiple layers in a short time, acquire 
the APT image of the whole prostate region, and provide 
more comprehensive functional information.

There were several limitations in the present study. 
First, the sample size was small and imbalance, and addi-
tional studies are required to determine the exact diag-
nostic value of APT for prostate cancer. Second, this was 
a single-center study, and local practice biases could influ-
ence the results. Multicenter studies can not only increase 
the sample size, but also mitigate the risk of bias. Last but 
not least, because of the small sample size, no direct com-
parison was performed among imaging techniques.

Conclusions
APT has a diagnostic value for prostate cancer. APTmax, 
APTmean, ADCmean, ADCmin, tPAD, FPSA, and PSAD 
showed to have a high diagnostic value in differentiating 
malignant prostate lesions from benign prostate lesions. 
The combination of APTmax, APTmean, ADCmean, and 
PSAD had the highest diagnostic value.
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