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Background: More effective risk stratification of prostate cancer (PCa) than that possible with current 
methods can reduce undertreatment and guard against overtreatment. The aim of this study is to validate the 
differences and combined effects of amide proton transfer (APT) imaging and apparent diffusion coefficient 
(ADC) in discriminating the PCa grade group (GG) ≤2 from GG ≥3 PCa.
Methods: This is an ongoing prospective study conducted in the radiology department of Nanxishan 
Hospital of Guangxi Zhuang Autonomous Region. Patients pathologically diagnosed with PCa were enrolled 
consecutively according to the eligibility criteria. A total of 180 patients (age range, 42–92 years) were 
included in this study. Using histopathology as the reference standard, we placed 71 cases in GG ≤2 (mean 
age 67.03±8.696 years) and 109 cases in GG ≥3 (age 69.60±9.638 years). Magnetic resonance imaging (MRI) 
parameters, including APT and ADC values, were analyzed using an independent samples t-test and binary 
logistic regression analysis stratified with GG. Receiver operating characteristic curve was used to analyze 
the diagnostic performance for different parameters distinguishing GG ≤2 and GG ≥3. 
Results: APT [odds ratio (OR) for the transitional zone (TZ) PCa: 3.20, 95% CI: 1.14–8.98, P=0.02; 
OR for the peripheral zone (PZ) PCa: 86.32, 95% CI: 13.24–562.88, P=0.003] and ADC values (OR for 
TZ PCa: 89.79; 95% CI: 2.85–2,827.99, P=0.01; OR for PZ PCa: 39.92; 95% CI: 3.22–494.18, P=0.004) 
were independent predictors that differentiated the GG of patients. The sensitivity and specificity of the 
APT values were 61.1% and 81.0%, respectively, while the sensitivity and specificity of the ADC values 
were 83.3% and 61.9%, respectively. The optimal cutoff value of APT was 3.35% and which of ADC was 
1.25×10−3 mm2/s in TZ origin PCa. At the optimal cutoff values of 3.31% (APT) and 0.79×10−3 mm2/s  
(ADC) in PZ PCa, the sensitivity and specificity of the APT values were 74.0% and 83.6%, respectively, 
while the sensitivity and specificity of the ADC values were 94.0% and 53.4%, respectively. The area under 
the curve of the combination of APT and ADC was significantly higher than either of APT or ADC alone in 
Delong test (TZ: P=0.002 and P=0.020; PZ: P=0.033 and P<0.001).
Conclusions: APT and ADC have complementary effects on the sensitivity and specificity for identifying 
different PCa GGs. A combination model of APT and ADC could improve the diagnostic efficacy of PCa 
differentiation.
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Introduction

Since the introduction of cancer screening using the 
prostate-specific antigen (PSA) test and early diagnosis by 
targeted biopsy, prostate cancer (PCa)-specific mortality 
has decreased, but overdiagnosis and overtreatment of this 
tumor have increased (1). Better risk stratification of PCa 
is needed to improve the detection of clinically significant 
PCa (2). Active surveillance has rapidly evolved to become 
the standard of care for low-risk PCa and a cautious option 
for favorable-risk PCa (3,4). However, there is growing 
concern about how far the boundaries of case selection 
can be pushed safely and how to define the role of imaging 
markers in the routine care of patients with PCa (5).

Prostate multiparametric magnetic resonance imaging 
(MRI) is a useful risk stratification tool that is strongly 
recommended for baseline assessment of PCa. MRI is 
often used in the diagnosis and staging of PCa (3,6,7). In 
particular, the apparent diffusion coefficient (ADC), which 
is derived from diffusion-weighted imaging (DWI) and 
which corresponds to the cellular density within tumors, 
has shown a significant correlation with the grade group 
(GG) of PCa (8). However, there is wide variability in ADC 
values depending on the prostatic zone and considerable 
interpatient variability within the same zone (9). A wide 
range of ADC cutoff values have been reported, and there 
is substantial overlap corresponding to different GGs of 
risk (9). Theoretically, newly available MRI tools will allow 
for clinicians to tailor best management strategy for men 
with PCa (6,10). Amide proton transfer (APT) has been 
introduced as a novel endogenous contrast mechanism 
for MRI, in which the proteins and peptides in tissues or 
tumors that contain abundant amide chemical constituents 
are detected. APT values have been reported to have the 
potential to be diagnostic biomarkers and stage predictors 
of PCa and other tumors (11,12).

A previous study reported that the APT signal 
could complement the ADC for grading glioma (13). 
Consequently, we speculated that APT and ADC have 
different sensibilities and specificities to distinguish the 
degree of differentiation of PCa. We further hypothesized 
that a combined model of APT and ADC could better 
identify those PCa patients at low or favorable risk. The 

purpose of this study is to identify whether there are 
differences in the diagnostic efficacy between APT and 
ADC values in discriminating GG ≤2 from GG ≥3 PCa 
and to further study whether the combined model of the 2 
parameters can improve the diagnostic efficacy. We further 
aim to determine whether APT and ADC have different 
diagnostic efficacy in PCa originating in different zones 
to verify the stability and repeatability of the diagnostic 
efficacy of APT and ADC. We present the following article 
in accordance with the STARD reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-22-721/rc).

Methods

Patients

This study is part of an ongoing prospective investigation 
of PCa using multiparametric MR and has been conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). The study was approved by the local Ethics 
Committee of Nanxishan Hospital of Guangxi Zhuang 
Autonomous Region, and all participants signed an 
informed consent form.

From January 2020 to April 2022, patients pathologically 
diagnosed with PCa in Nanxishan Hospital of Guangxi 
Zhuang Autonomous Region were selected consecutively. 
All enrolled patients underwent multiparametric MRI of the 
prostate. Pathological results originated from pathological 
examination of prostate prostatic tissue obtained by 
prostate biopsy and/or radical prostatectomy. Patients were 
included if they had not undergone hormone or radiation 
treatment, had no MRI contraindication, and underwent 
biopsy and/or radical prostatectomy no more than 1 month 
after undergoing multiparametric MR imaging. Patients 
were excluded if they had other serious organ diseases or 
mental illnesses and/or the quality of their MRI was poor. 
A flowchart of the patient enrolment process is shown in 
Figure 1.

Multiparametric MRI

All  scans  were performed us ing a  3 .0T (Ingenia  
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Figure 1 Flowchart of study participant selection. MRI, magnetic resonance imaging; PCa, prostate cancer.

Patients with prostate cancer diagnosed 

by MRI scan and pathology from January 

2020 to April 2022 were collected

(I) No history of hormone or radiation treatment; 

(II) The absence of contraindication to MRI; 

(III) Underwent biopsy and/or radical prostatectomy 

within a month after multi-parametric MRI

(I) Severe medical or mental illness, n=8; 

(II) MRI image quality did not meet diagnostic 

requirements, n=19

207 patients met the inclusion criteria

180 patients with PCa were enrolled

Inclusion criteria

Exclusion criteria

Table 1 Scan sequences of multiparametric MRI

Scan 
protocol

Scan sequences TR (ms) TE (ms) FOV (mm2)
Slice thickness 

(mm)
Number of 

slices
Matrix Scan time (min)

T1 TSE 450 10 200×200 3 24 308×264 1.34

T2 TSE 2,218 100 200×200 3 28 364×304 2.20

APT TSE 5,000 8.3 100×100 8 10 64×45 7.00

DWI EPI 3,826 69 200×200 3 28 152×125 4.47

T2* mFFE 6 1.1 350×100 3 80 152×125 0.25

APT, amide proton transfer; DWI, diffusion weighted imaging; EPI, echo planar imaging; FOV, field of view; mFFE, multiple fast field echo; 
MRI, magnetic resonance imaging; T2*, quantitative T2*; TE, echo time; TR, repetition time; TSE, turbo spin echo.

3.0 CX; Philips Healthcare, Best, the Netherlands) with 
a 16-channel phased-array body coil. Scan sequences are 
shown in Table 1. During the DWI sequence scanning, b 
values used for DWI always included 0, 100, 400, and 800, 
and 1,400 mm/s2 with the automatic calculation of the ADC 
map.

Spatial saturation pulses, known as the regional 
saturation technique (REST), were applied to suppress the 
MR signal from moving tissues outside the imaged volume 
to reduce or eliminate motion artifacts. Four REST slabs 
were used during APT scanning. Two of them were placed 
on the bladder and rectum to reduce the motion artifacts. 
The other 2 were placed on the left and right iliac crest to 
improve the uniformity of the B1 field. Their angulation, 
center, and width were adjusted according to the size of the 
patient (Figure 2).

Image analysis

Each examination was retrospectively reviewed on the 

postprocessing workstation of the IntelliSpace Portal 
version 8 (Philips Healthcare). All pulse sequences were 
available at the time of the imaging review. Two experienced 
radiologists (X Zhu and X Qin, with 21 and 15 years of 
abdominal radiology experience, respectively) who were 
blinded to the final histopathology results and clinical 
information reviewed all of the MR images and discusses 
them until a consensus was reached. Region of interest 
(ROI) was delineated in the maximum level of the lesion 
and its 2 consecutive layers. The ROI outlined the most 
foci possible. The mean values of each lesion’s ROI in 3 
consecutive layers were recorded as variable values of APT, 
ADC, and T2* time (Figure 3). Manual adjustments were 
made as needed to ensure the choice of ROI in different 
protocol images was at the same foci level. Copy and paste 
functions were used to ensure the consistency of the size, 
shape, and position of the ROIs. The ADC maps were 
calculated based on DWIs with different b values. For 
patients with multiple PCa lesions, the largest PCa lesion 
was selected for analysis (14). First, 2 radiologists identified 
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Figure 2 Indication of REST slabs that were used during the amide proton transfer sequence scanning. (A) REST slabs in the sagittal 
section. (B) REST slabs in the coronal section. (C) REST slabs in the transversal section. REST, regional saturation technique; APT, amide 
proton transfer.

Figure 3 Indications of the definition of the regions of interest for parameter analyses. (A) Transitional zone prostate cancer with GG =2: (A1) 
the lesion appeared hypointense on the T2-weighted image; (A2) ADC image (ADC =0.87×10−3 mm2/s); (A3) APT-weighted image with a 
T2WI overlay (APT =3.18%); (A4) corresponding pathological pictures (HE staining; magnification =200; the thick arrow shows the normal 
prostatic stroma, and the fine arrow shows the cribriform arrangement of tumor cells). (B) Peripheral zone prostate cancer with GG =5: (B1) 
the lesion appeared isointense on the T2W; (B2) ADC image (ADC =1.12×10−3 mm2/s); (B3) APT-weighted image with a T2WI overlay (APT 
=4.27%); (B4) corresponding pathological pictures (HE staining; magnification =200; the thick arrow shows the normal prostatic stroma and 
the fine arrow shows the trabecular-like arrangement of tumor cells). ADC, apparent diffusion coefficient; APT, amide proton transfer; GG, 
grade group; HE, hematoxylin and eosin; T2WI, T2-weighted imaging.
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PCa lesions by their signal intensity in T2, DWI, and ADC 
images and then confirmed whether these nodules were 
located within tissues that the surgical or biopsy obtained 
for the pathological diagnosis.

The APT parameter magnetization transfer ratio with 
asymmetric analysis (MTRasym 3.5 ppm) was calculated 
using the following equation (15).

( ) ( ) ( )at at 0MTRasym 3.5 ppm = S 3.5 ppm S +3.5 ppm /S− −    [1]

where S0 is the signal intensity without the saturation pulse, 
Ssat is the signal intensity after applying the saturation pulse, 
and MTRasym (3.5 ppm) is the magnetization transfer ratio 
asymmetry at 3.5 ppm.

Histopathology evaluation

All surgical specimens were examined by 1 pathologist (Lei 
Zhao, with 18 years of experience) who was blinded to the 
clinical and imaging data. All the specimens were fixed 
in formalin, cut into 4 to 5-μm sections, and stained with 
hematoxylin and eosin (HE). The pathologist outlined the 
zonal origin and GG for all tumor foci. The GG of each 
tumor foci was recorded as GG =1, GG =2, GG =3, or GG 
≥4. Finally, all tumor foci were divided into a GG ≤2 or a 
GG ≥3 for analysis (16,17) due to the prognostic differences 
between these 2 groups.

Statistical analysis

All data were analyzed using SPSS 21.0.0 (IBM Corp., 
Armonk, NY, USA), and graphics were drawn using 
GraphPad Prism version 9.0.2 (GraphPad Software Inc., 
San Diego, CA, USA). We conducted an a priori power 
analysis to test the adequacy of our sample size to an 
independent sample t-test using G*Power 3.1 software (18). 
We specified an alpha level of 0.05, a 1−β error probability 
of 0.80, and an effect size (f) of 0.50 for an estimated 
medium effect. The results of the analysis suggested a 
total recommended sample size of 128. A post hoc power 
analysis revealed that a sample size of 180 (GG ≤2, n=71; 
GG ≥3; n =109) would result in a reported power of 0.893 
to detect a medium effect (f=0.50) with α at 0.05.

The APT, ADC, T2*, total PSA, PSA density, and age of 
patients are expressed as the mean and standard deviation. 
The normal distribution of the data was tested using the 
Kolmogorov-Smirnov method. After testing for normality, 
the independent samples t-test was applied to analyze 
the statistical differences in the demographic and MRI 

parameters. 
We selected the independent predictors and established 

the diagnostic efficacy as follows. First, a univariate analysis 
regression model was established to analyze the correlation 
between the MRI parameters of the GG ≤2 and GG ≥3. 
Second, multivariate logistic regression analyses were 
applied to identify independent predictors of the MRI 
parameters and combined parameters of the GG ≤2 and 
the GG ≥3. Factors with P<0.05 on the univariate analysis 
were used as the input variables for the multiple logistic 
regression analysis. After the final model was selected with 
the forward selection, model I [APT-weighted (APTw)], 
model II (1/ADC), and model III (APTw + 1/ADC) were 
established. Finally, binary logistic regression was used to 
calculate the prediction probability of the above model, the 
receiver operator characteristic (ROC) curve was drawn by 
predicting the probability, and the joint diagnostic efficacy 
was analyzed. The Youden index was calculated according 
to the following equation: Youden index = sensitivity + 
specificity –1. The optimal cutoff value was selected based 
on the maximum value of the Youden index. Differences 
in the area under the ROC curve (AUC) of the MRI 
parameters were analyzed using the Delong test. A P value 
<0.05 was considered statistically significant.

Results

Demographic characteristics

The study enrolled 180 patients with PCa who were 
divided into 2 groups stratified by GG, with 71 cases in GG 
≤2 and 109 cases in GG ≥3. After stratification by the zonal 
origin of the PCa, there were 57 cases of TZ origin, which 
included 21 cases in GG ≤2 and 36 cases in GG ≥3. There 
were 123 cases of PZ origin, which included 50 cases in GG 
≤2 group and 73 cases in GG ≥3 group. The demographic 
characteristics of patients are shown in Table 2.

Comparative analysis of characteristic and radiologic 
parameters

A comparison of the characteristics and radiologic 
parameters of TZ PCa is shown in Table 3. The APT 
values in GG ≤2 were significantly lower than those in 
GG ≥3 (2.97±0.57 vs. 3.78±0.95; P=0.001), while the ADC 
values in GG ≤2 were significantly higher than those in 
GG ≥3 (0.89±0.19 vs. 0.71±0.12; P<0.001). A comparison 
of the characteristics and radiologic parameters of PZ 
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PCa are shown in Table 4. The APT values in GG ≤2 were 
significantly lower than those in GG ≥3 (3.09±0.40 vs. 
3.71±0.36; P<0.001), and the ADC values in GG ≤2 were 
significantly higher than those in the GG ≥3 (1.06±0.18 
versus 0.86±0.22; P<0.001).

Correlation analysis of parameters stratified by 
International Society of Urological Pathology GG

In TZ PCa, APT [odds ratio (OR) =3.20; 95% confidence 
interval (CI): 1.14–8.98; P=0.02] and ADC values (OR 
=89.79, 95% CI: 2.85–2,827.99; P=0.01) were independent 

Table 2 Demographic characteristics and radiologic parameters

Characteristics GG ≤2 (n=71) GG ≥3 (n=109) χ2/t value P value

Demographic, mean ± SD

Age (years) 67.03±8.696 69.60±9.638 1.81 0.07

Clinical, mean ± SD

PSA density (ng/mL3) 0.17±0.14 0.16±0.12 0.19 0.89

Radiologic, mean ± SD

APTw (%) 3.05±0.45 3.72±0.61 7.88 <0.001*

ADC (×10−3 mm2/s) 1.01±0.20 0.81±0.21 6.21 <0.001*

T2* (ms) 52.38±9.62 49.59±9.87 1.87 0.06

Zone of origin, n (%) –

PZ PCa 50 (70.42) 73 (66.97)

TZ PCa 21 (29.58) 36 (33.03)

Grade group, n (%) –

GG =1 43 (60.56) –

GG =2 28 (39.44) –

GG =3 – 37 (33.94)

GG ≥4 – 72 (66.06)

*, comparison with statistical significance. PSA density was calculated as total PSA divided by prostate volume. GG, grade group; PSA, 
prostate-specific antigen; APTw, amide proton transfer-weighted; ADC, apparent diffusion coefficient; T2*, quantitative T2*; TZ PCa, 
transitional zone prostate cancer; PZ PCa, peripheral zone prostate cancer; SD, standard deviation.

Table 3 Characteristics and radiologic parameters of Tz PCa

Characteristic GG ≤2 (n=21) GG ≥3 (n=36) χ2/t value P value

Age (years), mean ± SD 66.3±7.59 70.64±8.20 1.96 0.54

t-PSA (ng/mL), mean ± SD 9.47±5.90 11.95±8.09 1.22 0.22

PSA density (ng/mL3), mean ± SD 0.18±0.10 0.20±0.14 0.75 0.45

APTw mean (%), mean ± SD 2.97±0.57 3.78±0.95 3.45 0.001*

ADC (×10−3 mm2/s), mean ± SD 0.89±0.19 0.71±0.12 4.24 <0.001*

T2* (ms), mean ± SD 53.67±7.73 49.54±7.80 1.93 0.06

*, comparison with statistical significance. PSA density was calculated as total PSA divided by prostate volume. GG, grade group; t-PSA, 
total prostate-specific antigen; APTw, amide proton transfer-weighted; ADC, apparent diffusion coefficient; T2*, quantitative T2*; TZ PCa, 
transitional zone prostate cancer; SD, standard deviation.
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Table 4 Characteristics and radiologic parameters of Pz PCa

Characteristics GG ≤2 (n=50) GG ≥3 (n=73) χ2/t value P value

Age (years), mean ± SD 67.32±9.188 69.08±10.28 0.974 0.32

t-PSA (ng/mL), mean ± SD 9.09±8.93 9.40±8.76 0.19 0.85

PSA density (ng/mL3), mean ± SD 0.14±0.13 0.15±0.12 0.32 0.44

APTw mean (%), mean ± SD 3.09±0.40 3.71±0.36 8.91 <0.001*

ADC (×10−3 mm2/s), mean ± SD 1.06±0.18 0.86±0.22 3.23 <0.001*

T2* (ms), mean ± SD 52.55±9.97 51.70±9.56 0.47 0.64

*, comparison with statistical significance. PSA density was calculated as total PSA divided by prostate volume. GG, grade group; t-PSA, 
total prostate-specific antigen; APTw, amide proton transfer-weighted; ADC, apparent diffusion coefficient; T2*, quantitative T2*; PZ PCa, 
peripheral zone prostate cancer; SD, standard deviation.

Table 5 Logistic analysis of parameters stratified by grade group

Parameters
TZ PCa PZ PCa

OR (95% CI) P value OR (95% CI) P value

APTw 3.20 (1.14–8.98) 0.02* 86.32 (13.24–562.88) 0.003*

1/ADC 89.79 (2.85–2,827.99) 0.01* 39.92 (3.22–494.18) 0.004*

*, comparison with statistical significance. APTw, amide proton transfer-weighted; ADC, apparent diffusion coefficient; TZ PCa, transitional 
zone prostate cancer; PZ PCa, peripheral zone prostate cancer; OR, odds ratio; CI, confidence interval.

predictors of discriminating GG ≤2 from GG ≥3 (Table 5).  
In PZ PCa, APT (OR =86.32, 95% CI: 13.24–562.88; 
P=0.003)  and ADC values  (OR =39.92;  95% CI: 
3.22–494.18, P=0.004) were independent predictors of 
discriminating GG ≤2 from GG ≥3 group (Table 5).

ROC analysis

ROC analyses assessing the diagnostic efficacy of APT and 
ADC to discriminate GG ≤2 from GG ≥3 in TZ PCa and 
PZ PCa are summarized in Table 6.

In TZ PCa, the AUC of APT and ADC (0.743 and 
0.774, respectively) showed no significant differences in 
the Delong test. However, the diagnostic sensitivity and 
specificity of APT and ADC were different. At the optimal 
cutoff values of 3.35% and 1.25×10−3 mm2/s, the sensitivity 
and specificity of APT were 61.1% and 81.0%, respectively, 
and those of ADC were 83.3% and 61.9%, respectively, 
the AUC of the combination of APT and ADC was 0.866, 
which was significantly higher than the AUC of APT and 
ADC as shown by the Delong test. The P values of the 
combined model with APT and ADC were 0.002 and 0.020, 
respectively (Figure 4; Table 7).

In PZ PCa, the AUC of APT and ADC were 0.878 

and 0.760, respectively. There were significant differences 
between APT and ADC in the Delong test. At the optimal 
cutoff values of 3.31×10−3 and 0.79×10−3 mm2/s, the 
sensitivity and specificity of APT were 74.0% and 83.6%, 
respectively, and those of ADC were 94.0% and 53.4%, 
respectively. Differences in AUC in the Delong test were 
found between APT, ADC, and the combination of APT 
and ADC. The P value of Delong test between APT with 
ADC values was 0.014. The P values of the combined 
model with APT and ADC values in Delong test were 
P=0.033 and P<0.001, respectively (Figure 5; Table 7).

Discussion

We evaluated the difference and association between APT 
and ADC in discriminating PCa grades. The APT values 
in GG ≤2 were significantly lower than those in GG ≥3, 
while the ADC values in GG ≤2 were significantly higher 
than those in GG ≥3. APT and ADC were independent 
predictors of PCa differentiation. A combination model 
of APT and ADC improved the diagnostic efficacy of PCa 
differentiation in TZ and PZ PCa. In addition, APT and 
ADC had a complementary effect in the sensitivity and 
specificity of identifying different risk groups of PCa.



Quantitative Imaging in Medicine and Surgery, Vol 13, No 2 February 2023 819

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(2):812-824 | https://dx.doi.org/10.21037/qims-22-721

ADC correlates with the tumor grade and is predominantly 
affected by cellular-level water diffusion. APT imaging 
reflects the increased protein and peptide concentrations 
produced by the abnormal tumor cell proteosynthesis due 
to mitotic activity and cell metabolism, which is altered 
in high-grade tumors (13). On the one hand, APT is 
not as sensitive as ADC in reflecting cellular density and 
molecular diffusion. On the other hand, APT imaging was 
shown to provide unique information about the presence 
of PCa, which is complementary to ADC and showed 
more diagnostic efficacy in differentiating the grades of 

PCa. Theoretically, APT imaging may be more specific 
for detecting not only cellular density, but also tumor cell 
proliferation rates that lead to overall elevated mobile 
protein levels. Finally, in the present study, APT showed 
higher diagnostic performance (compared to ADC for 
distinguishing the 2 PCa groups in PZ PCa (AUC: 0.878 vs. 
0.760). Wu et al. (32) reported that APT showed the highest 
AUC (AUC: 0.890; 95% CI: 0.805–0.947) in differentiating 
low- from high-grade hepatocarcinoma, which is consistent 
with our results of PCa differentiation. Boesen et al. (8) 

Table 6 ROC analysis of the diagnostic performance for different parameters and model for distinguishing GG ≤2 from GG ≥3 

Parameters AUC
Cutoff  

(×10−3 mm2/s)
Sensitivity 

(%)
Specificity 

(%)

True 
positive 

(%)

False 
positive 

(%)

True 
negative 

(%)

False 
negative 

(%)
95% CI P value

TZ PCa 

APTw 0.743 3.35 61.1 81.0 61.1 38.9 80.9 19.0 0.615, 0.870 0.002*

1/ADC 0.774 1.25 83.3 61.9 66.7 33.3 61.9 38.1 0.646, 0.903 0.001*

Combined model 0.866 – 88.9 76.2 22.2 77.8 95.2 4.8 0.791, 0.971 <0.001*

PZ PCa

APTw 0.878 3.31 74.0 83.6 82.2 17.8 74.0 26.0 0.819, 0.918 <0.001*

1/ADC 0.760 0.79 94.0 53.4 95.9 4.1 14.0 86.0 0.678, 0.843 <0.001*

Combined model 0.901 – 79.5 88.0 79.5 20.5 90.0 10.0 0.849, 0.954 <0.001*

*, comparison with statistical significance. ROC, receiver operating characteristic; AUC, area under the curve; APTw, amide proton 
transfer-weighted; ADC, apparent diffusion coefficient; TZ PCa, transition zone prostate cancer; PZ PCa, peripheral zone prostate cancer; 
GG, grade group.

Table 7 Delong test of the diagnostic efficacy between parameters 
and the combined model

Parameters Z statistic P value

TZ PCa

APTw vs. combined model 3.030 0.002*

1/ADC vs. combined model 2.315 0.020*

APTw vs. 1/ADC 0.381 0.703

PZ PCa

APTw vs. combined model 2.126 0.033*

1/ADC vs. combined model 4.441 <0.001*

APTw vs. 1/ADC 2.459 0.014*

*, comparison with statistical significance. APTw, amide proton 
transfer-weighted; ADC, apparent diffusion coefficient; TZ 
PCa, transition zone prostate cancer; PZ PCa, peripheral zone 
prostate cancer.

Figure 4 ROC analyses for assessing the diagnostic efficacy of MR 
parameters in the transitional zone prostate cancer GG. ADC, 
apparent diffusion coefficient; APTw, amide proton transfer-
weighted; AUC, area under the curve; GG, grade group; MR, 
magnetic resonance; ROC, receiver operating characteristic.
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Previous studies demonstrated that APT values 
could provide more accurate lesion characterization in 
discriminating TZ PCa from benign prostatic hyperplasia (19).  
Theoretically, as malignant tumors become more poorly 
differentiated and the proliferation rate, cellular density, and 
nuclear-to-cytoplasmic ratios increase, the upward trend in 
APT values may be more significant (20). As expected, in the 
present study, the APT values in GG ≤2 were significantly 
lower than those in GG ≥3 group both in TZ and PZ PCa. 
Takayama et al. (14) reported that, as PCa differentiation 
decreased, the APT values first increased and then 
decreased, and the mean APT values in PCa with a Gleason 
score of 7 were higher than those for the other Gleason 
score groups. The APT values in Takayama et al.’s study did 
not show a significant rank correlation with the Gleason 
score groups, which differed from those studies involving 
APT imaging of other malignant tumors (19,21-23).  
This trend was not found in our study because there 
were only 2 GGs, but our results still showed significant 
differences between GG ≤2 and GG ≥3. Another study based 
on Chinese patients reported that APT values of the low-
, medium-, and high-risk groups increased gradually (24).  
Consistent with our results, these initial findings indicate 
that APT imaging for PCa has the unique potential to 
become a valuable imaging marker for categorizing different 
risk PCa groups.

Numerous studies have validated that ADC is a valuable 
quantitative parameter that can be used to assess the degree 
of differentiation in PCa and other malignant tumors 

(8,23,25). Similar to reports in existing literature, our study 
showed that the ADC values in GG ≤2 were significantly 
higher than those in GG ≥3. Moreover, the binary 
logistic analyses showed both APT and ADC values were 
independent predictors of PCa differentiation, but there 
were several differences between APT and ADC values in 
discriminating PCa GG groups. First, APT and ADC values 
had different ORs with GGs in PCa originating in different 
zones. The OR of APT and ADC correlated to PCa grades 
in the TZ and PZ PCa were 3.20 vs. 89.79 and 86.32 vs. 
39.92, respectively. 

Theoretically, APT is influenced by mobile protein levels, 
temperature, and pH values (26). However, the intracellular 
pH is almost the same as that in the different tumors or 
different tumor grades. Therefore, the contribution of 
the possible pH variation to the measured APT imaging 
contrast may be minimal (11). Another factor affecting 
APT MRI signals is the T1 relaxation time, which may be 
reduced in regions of calcification and microbleeding that 
more frequently occur in TZ than PZ (11,26). Shortening 
the T1 relaxation time can reduce APT values and the 
detectability of mobile protein levels (11). In addition, 
the different OR associations between ADC and GG in 
peripheral and transitional PCa may indicate that possible 
different tumor behavior is displayed by DWI between the 
different localizations of PCa (27,28). Another reason for 
the different OR association may be that spatial density 
and the diversity of architectural histology in different PCa 
zones could influence DWI (29). Furthermore, APT and 
ADC yielded discrepant sensitivity and specificity values in 
the ROC analysis for TZ and PZ PCa differentiation in our 
study. 

Our results showed that APT had lower sensitivity 
and higher specificity than did ADC. In contrast, ADC 
had higher sensitivity and lower specificity in identifying 
different GG groups in TZ and PZ PCa. Yin et al. (24) 
reported that the sensitivity and specificity of APT in 
differentiating a low-middle PCa risk group were 80.00% 
and 92.86%, respectively. In the middle-high PCa risk 
group, the sensitivity and specificity were 64.29% and 92.00%, 
respectively. These results are consistent with those of our 
study. Similar conclusions about the sensitivity and specificity 
of ADC in differentiating the risk groups of patients with PCa 
have been reported in several studies (30,31). 

The differences in sensitivity and specificity may 
occur because these 2 parameters reflect different 
pathophysiological statuses. ADC and APT reportedly 
reflect different aspects of the tumor microenvironment (13). 

Figure 5 ROC analyses for assessing the diagnostic efficacy of 
MR parameters in the peripheral zone prostate cancer GG. ADC, 
apparent diffusion coefficient; APTw, amide proton transfer-
weighted; AUC, area under the curve; GG, grade group; MR, 
magnetic resonance; ROC, receiver operating characteristic.
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reported that the AUC was 0.72 (95% CI: 0.62–0.82) for 
the ADC value in discriminating PCa between GG ≤2 and 
GG ≥3, which was similar to our results of about 0.774 in 
TZ PCa and 0.760 in PZ PCa. In addition, the cutoff value 
of APT for the best diagnostic efficacy was 3.35 in TZ PCa 
and 3.31 in PZ PCa, which showed more repeatability than 
did the ADC cutoff value of 1.55 in TZ PCa and 0.79 in PZ 
PCa. Yin et al. (24) reported that the cutoff values of APT 
when differentiating low to middle-risk PCa from middle 
to high-risk PCa were 3.35 and 3.45, respectively, which 
were similar to our results. Overall, APT appears to have 
superior diagnostic efficacy and repeatability to ADC in 
assessing PCa differentiation. 

APT showed good specificity in PCa risk stratification 
and better reproducibility of the cutoff value in TZ and PZ 
PCa than did ADC values; however, the AUC of APT still 
varied when differentiating PCa of different zonal origins. 
It seems that the diagnostic efficacy of APT in the PZ was 
greater than that in the TZ. The AUC in the PZ was 0.878, 
while that in the in TZ was 0.743. The variability in ADC 
values depended on the prostatic zone, which is consistent 
with other reported results (9). However, studies focusing 
on the differences and mechanisms of the diagnostic 
efficacy of APT in PCa with different zonal origins are still 
lacking. This lack of studies may be related to the different 
tumor behavior of PCa of different zonal origins (27,28). In 
addition, different tissue backgrounds in different prostate 
zones, such as more glands in PZ and more interstitial fibers 
in TZ, may also affect the diagnostic efficacy of APT.

In this study, the combination model of APT and ADC 
values yielded the highest diagnostic performance for 
distinguishing GG ≤2 from GG ≥3, with an AUC of 0.866 
in TZ PCa and 0.901 in PZ PCa. Compared to those 
of ADC or APT values, the sensitivity and specificity of 
the combination model achieved a greater equilibrium 
between sensitivity and specificity. Predicting the GG 
based on ADC values is an area of research interest, but 
the reported data about the associations between ADC 
and GG are very inconsistent (25,31). By reflecting 
different pathophysiological statuses, the combined model 
of ADC and APT improved the diagnostic efficacy and 
balanced the sensitivity and specificity between the 2 
parameters. Combined models are likely to have important 
clinical significance because higher sensitivity can reduce 
undertreatment, while higher specificity can guard against 
overtreatment.

Based on clinical settings, better risk stratification of PCa 
is a timely research topic for the reasonable management 

of patients with PCa. Multiparametric MRI is playing an 
increasingly important role in active surveillance to improve 
patient selection and enable effective monitoring. Previous 
studies indicate that diffusion and perfusion MR protocol 
has a certain but undefined role in PCa risk stratification 
(33,34). The overlap of perfusion patterns with benign 
lesions and tumor differentiation is the reason why the 
perfusion protocol is not a more common imaging sequence 
for PCa diagnosis, staging, and grading (35). Therefore, an 
APT-dependent imaging technique reflecting the specific 
molecular information of tumors could be a supplemental 
protocol for PCa risk stratification. Even though the 
potential clinical values of APT techniques are still limited. 
The real clinical values of amide chemical exchange 
saturation transfer (CEST) imaging that can be applied on 
all scanners of different vendors still require further study. 
Moreover, additional time consumption is another factor 
that needs to be weighed in clinical practice.

Strengths and limitations

The major strength of our study is that 4 REST slabs were 
used during APT scanning, which might partially improve 
the repeatability of APT values. The second strength is 
that the relationships between MRI parameters and PCa 
were examined based on the zonal origin of PCa. We also 
further investigated the diagnostic efficacy of the combined 
model after studying the differences and correlations of 
multiparameters between different GGs. 

There are still several potential limitations. First, this 
was a single-center, single-scanner, single-vendor, and 
single-field strength analysis, and thus there is an increased 
chance of selection bias. Second, since a previous study 
suggested there was a bell-shaped correlation between 
APT and grade (13), only 2 GGs were used in the present 
study, which may cause confusion between other grade 
cutoff values. Third, the partial population in this study 
with predominantly high-grade disease does not reflect 
many populations of favorable risk-screened patients. 
Therefore, it is unclear whether these results can apply to 
all patients with PCa. Finally, the freehand ROI analysis 
used could have produced artificial errors, which could 
have affected the accuracy of the results.

Conclusions

APT and ADC have complementary effects on the 
sensitivity and specificity of identifying different PCa GGs. 
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APT values are better at identifying PZ PCa risk groups 
than are ADC values. A combination model of APT and 
ADC can improve the diagnostic efficacy in differentiating 
the grades of PZ PCa and TZ PCa.
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