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Background: Synthetic magnetic resonance imaging (SyMRI) is a fast, standardized, and robust novel
quantitative technique that has the potential to circumvent the subjectivity of interpretation in prostate
multiparametric magnetic resonance imaging (mpMRI) and the limitations of existing MRI quantification
techniques. Our study aimed to evaluate the potential utility of SyMRI in the diagnosis and aggressiveness
assessment of prostate cancer (PCA).

Methods: We retrospectively analyzed 309 patients with suspected PCA who had undergone mpMRI and
SyMRI, and pathologic results were obtained by biopsy or PCA radical prostatectomy (RP). Pathological
types were classified as PCA, benign prostatic hyperplasia (BPH), or peripheral zone (PZ) inflammation.
According to the Gleason Score (GS), PCA was divided into groups of intermediate-to-high risk (GS
>4+3) and low-risk (GS <3+4). Patients with biopsy-confirmed low-risk PCA were further divided into
upgraded and nonupgraded groups based on the GS changes of the RP results. The values of the apparent
diffusion coefficient (ADC), T'1, T2 and proton density (PD) of these lesions were measured on ADC
and SyMRI parameter maps by two physicians; these values were compared between PCA and BPH or
inflammation, between the intermediate-to-high-risk and low-risk PCA groups, and between the upgraded
and nonupgraded PCA groups. The risk factors affecting GS grades were identified via univariate analysis.
The effects of confounding factors were excluded through multivariate logistic regression analysis, and
independent predictive factors were calculated. Subsequently, the ADC+Sy(T2+PD) combined models for
predicting PCA risk grade or GS upgrade were constructed through data processing analysis. The diagnostic
performance of each parameter and the ADC+Sy(T2+PD) model was analyzed. The calibration curve was
calculated by the bootstrapping internal validation method (200 bootstrap resamples).

Results: The T1, T2, and PD values of PCA were significantly lower than those of BPH or inflammation
(P<0.001) in both the PZ or transitional zone. Among the 178 patents with PCA, intermediate-to-high-risk PCA
group had significantly higher T'1, T2, and PD values but lower ADC values compared with the low-risk group
(P<0.05), and the diagnostic efficacy of each single parameter was similar (P>0.05). The ADC+Sy(T2+PD) model
showed the best performance, with an area under the curve (AUC) 0.110 [AUC =0.818; 95% confidence interval
(CI): 0.754-0.872] higher than that of ADC alone (AUC =0.708; 95% CI: 0.635-0.774) (P=0.003). Among
the 68 patients initially classified as PCA in the low-risk group by biopsy, PCA in the postoperative upgraded
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GS group had significantly higher T1, T2, and PD values but lower ADC values than did those in the
nonupgraded group (P<0.01). In addition, the ADC+Sy(T2+PD) model better predicted the upgrade of GS,
with a significant increase in AUC of 0.204 (AUC =0.947; 95% CI: 0.864-0.987) compared with ADC alone

(AUC =0.743; 95% CI: 0.622-0.841) (P<0.001).

Conclusions: Quantitative parameters (T'1, T2, and PD) derived from SyMRI can help differentiate PCA

from non-PCA. Combining SyMRI parameters with ADC significantly improved the ability to differentiate

between intermediate-to-high risk PCA from low-risk PCA and could predict the upgrade of low-risk PCA

as confirmed by biopsy.
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Introduction

Prostate cancer (PCA) is currently the second most
common malignant tumor in males worldwide (1), and the
diagnosis and treatment of PCA has advanced over time.
The Prostate Imaging Reporting and Data System (PI-
RADS) is the core of multiparametric magnetic resonance
imaging (mpMR]) interpretation for PCA. However, without
objective quantitative parameters, there is inconsistency
in lesion interpretation among radiologists, leading to
potential overdiagnosis or misdiagnosis (2). The Gleason
Score (GS) is the most widely used system for assessing
PCA aggressiveness, and biopsy remains a routine method
for obtaining GS before surgery and treatment. The 2014
International Society of Urological Pathology (ISUP)
Consensus conference on Gleason Grading of PCA
recommended a more meticulous system of classification. In
this system, GS =7 PCAs are more specifically reported as
being either GS =3+4 (with GS3 being more predominant
than the GS4 pattern) or GS =4+3 (with GS4 being more
predominant than GS3) (3). GS <3+4 PCA is thought to
indicate a low-risk cancer as compared to GS >4+3 disease,
which indicates intermediate-to-high risk PCA. Low-risk PCA
grows slowly, involves a lower risk of metastasis, and can be
treated with less aggressive methods (4), while intermediate-
to-high risk PCA is associated with a higher likelihood of
postoperative positive margins and biochemical recurrence;
moreover, it has a 23% lower overall survival rate compared to
its counterpart (5-7) and thus requires radical prostatectomy
(RP) or radiotherapy (8). However, due to limitations in
biopsy samples and the histological heterogeneity of PCA,
there are discrepancies between biopsy and RP specimens,
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leading to the potential underestimation of patients’
conditions (9). Therefore, there is a need to develop a reliable
preoperative examination method to better differentiate low-
risk and intermediate-to-high risk PCA and help surgeons
determine the appropriate procedures while minimizing
surgical trauma and the occurrence of postoperative urinary
incontinence or erectile dysfunction.

Due to the limitations of biopsy and the radiologists’
subjective interpretation of mpMRI, various quantitative
MRI techniques have been used in PCA in recent years.
Previous studies have suggested that apparent diffusion
coefficient (ADC) value derived from diffusion-weighted
imaging (DWI) may overlap across various grades of PCA
(10-12). Some studies compared the value of DWI with
derived diffusion imaging techniques such as diffusion
kurtosis imaging, intravoxel incoherent motion data, and
diffusion tensor imaging in assessing PCA aggressiveness
(13-15); however, these studies included small sample sizes
and reported inconsistent findings, with some suggesting
that these techniques perform less ably than does ADC in
diagnosing PCA and assessing aggressiveness. Furthermore,
these techniques are time-consuming and have complex
postprocessing and analysis methods, limiting their clinical
applicability. In addition, some investigators have proposed
a learning-based method, which is based on a convolutional
neural network trained with synthetic data, to compute T1,
‘T2, and proton density (PD) parametric maps from only a
pair of TIWI and T2WI acquired in the clinical routine.
However, this technique is currently limited to the brain,
and the application of this method in prostate remains
challenging due to the interference of motion artifacts (16,17).

Synthetic magnetic resonance imaging (SyMRI) was
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Figure 1 Flowchart showing the patient selection process in this study. PCA, prostate cancer; MRI, magnetic resonance imaging; TZ,

transformation zone; PZ, peripheral zone; BPH, benign prostatic hyperplasia; GS, Gleason Score; RP, radical prostatectomy.

introduced in 1985. More recently, Warntjes et 4. proposed
a novel sequence involving the quantification of T1, T2,
and PD with quantification of relaxation times and PD
by multiecho acquisition of a saturation-recovery using
turbo spin-echo readout (QRAPMASTER), which is
now referred to as the multidynamic multiecho (MDME)
sequence (18). Compared to traditional MRI, SyMRI is a
relatively new technique for prostate disease. It is objective,
standardized, and highly reproducible and can provide
absolute quantitative values of T1, T2, and PD based on
tissue characteristics with a single scan, indirectly reflecting
tissue composition and pathophysiology (19).

Our study thus aimed to evaluate the feasibility of
using SyMRI in the diagnosis of PCA and its value as
a noninvasive prognostic biomarker for assessing PCA
aggressiveness. We present this article in accordance with
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-291/rc).

Methods
Ethical approval

This study was conducted in accordance with the
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Declaration of Helsinki (as revised in 2013). This study
was approved by the institutional review board of The First
Affiliated Hospital of Nanjing Medical University (No.
2023-SR-892). Given the nature and design of the study,
the requirement for individual consent for this retrospective
analysis was waived.

General information

A total of 1,040 patients suspected of PCA who underwent
prostate mpMRI and SyMRI examinations between June
2022 and August 2023 were consecutively recruited in
this study, among whom 395 had histopathological results
obtained through transperineal prostate biopsy (T'TPB) or
RP. For patients with PCA who underwent RP after biopsy,
RP results were considered as the final pathology (Figure I).
The inclusion criteria were as follows: (I) a prostate-specific
antigen (PSA) level >4 ng/mL or positive findings on
digital rectal examination; (II) performance of standardized
mpMRI and SyMRI examinations with satisfactory image
quality; and (III) pathological results obtained within 1
month after MRI examination. The exclusion criteria were
as follows: (I) pathological results of abscess, granuloma, or
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Table 1 Characteristics of patients included in this study

Characteristic Result
Age (years) P=0.001
Non-PCA 69.0+7.2
PCA 66.2+7.2
PSA (ng/mL) P<0.001
Non-PCA 12.21 (7.40, 23.35)
PCA 9.52 (5.91, 14.36)
Pathology
Non-PCA 131 (42.4)
TZ-BPH 96
PZ-inflammation 35
PCA 178 (57.6)
PCA-TZ 61
PCA-PZ 117
Final GS
Low-risk PCA 62 (34.8)
3+3 7
3+4 55
Intermediate-high PCA 116 (65.2)
4+3 67
4+4 32
445 17
GS <3+4 by TTPB
Upgraded 18 (26.5)
3+3 — 4+3 1
3+4 — 443 16
3+4 — 4+5 1
Non-upgraded 50 (73.5)
3+3 — 3+3 6
3+3 — 3+4 15
3+4 — 3+4 29

Data following a normal distribution are expressed as the mean
+ standard deviation. Otherwise, data are expressed as the
median (first quartile, third quartile) or n or n (%). PCA, prostate
cancer; PSA, prostate-specific antigen; TZ, transformation zone;
BPH, benign prostatic hyperplasia; PZ, peripheral zone; GS,
Gleason Score; TTPB, transperineal prostate biopsy.
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neuroendocrine PCA; (II) TTPB performed within 6 weeks
before MRI; (III) previous surgical resection for benign
prostatic hyperplasia (BPH); (IV) maximum lesion diameter
<5 mm; and (V) diffuse PCA lesions in which a region of
interest (ROI) was difficult to delineate. Finally, a total of
309 patients with suspected PCA were included in this study
(1able 1, Figure 1).

Based on the final pathological results, the 309 patients
were divided into a PCA group (178 cases) and non-PCA
group (131 cases). According to the location of the lesion,
PCA lesions were classified as peripheral zone (PZ) PCA
(PCA-PZ) and transitional zone (TZ) PCA (PCA-TZ).
Among the 152 cases of PZ lesions, 117 were PCA-PZ,
and 35 were PZ inflammation. Among the 157 cases of TZ
lesions, 61 were PCA-TZ, and 96 were BPH. According to
the 2014 ISUP grade system for PCA aggressiveness (3),
the 178 patients with PCA were further divided into low-
risk group (GS <3+4; 62 cases) and intermediate-to-high
risk group (GS >4+3; 116 cases).

To further determine whether the SyMRI parameters
could predict the upgrade of biopsy-confirmed PCA in
the low-risk group, among the 178 patients with PCA
with TTPB as the initial pathology, we retrospectively
collected 73 patients with PCA whose initial pathology was
GS =3+3/3+4. The exclusion criteria for this group were
as follows: (I) no RP pathological results or an interval of
more than 1 month between biopsy and RP and (II) prior
endocrine and/or radiotherapy before RP. Among the
eligible patients, 5 were ultimately excluded based on these
criteria while 68 patients were included. These patients
were further divided into a GS-upgraded group (18 cases)
and nonupgraded group (50 cases) based on whether the
RP results were upgraded to GS >4+3. The above process is
specified in Figure 1 and Table 1.

MRI parameters and image processing

All MRI examinations were performed using a 3.0-T MRI
scanner (SIGNA PET/MR; GE HealthCare, Chicago, IL,
USA) with a pelvic phased-array surface coil without an
endorectal coil. The following sequences were acquired for
all patients: axial, coronal, and sagittal T2-weighted imaging
(T2W1I), axial diffusion-weighted imaging (DWI), TIWI
and SyMRI. The DWI sequence was acquired with b-values
of 50, 800, 1,400, and 2,000 s/mm’, and ADC maps were
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Figure 2 Representative images from an 82-year-old patient with PCA and a serum PSA level of 60.21 ng/mL, with biopsy GS =4+4. The
PCA lesion is primarily located in the right peripheral zone, as indicated by the dotted lines. (A-D) The ADC, T1, T2, and PD maps,

respectively. The SyMRI parameter maps clearly demonstrate the tumor’s margins and suspicious signal regions, with all parameter values of

the PCA lesion being lower than those of the surrounding normal prostate tissue. PCA, prostate cancer; PSA, prostate-specific antigen; GS,

Gleason Score; ADC, apparent diffusion coefficient; PD, proton density; SyMRI, synthetic magnetic resonance imaging.

generated using postprocessing software (READY View).
The SyMRI technique involved an MDME sequence with
two echo times (22/95 msec) and four saturation delay times
(170, 670, 1,840, and 3,840 msec). The detailed imaging
sequence parameters are provided in Table SI. Quantitative
parameter maps (T'l, T2, and PD maps) were generated
within 10 seconds using an offline postprocessing software
(SyMRI 8.0; SyntheticMR, Link6ping, Sweden) called
“Magic”, based on the MDME raw data.

ROI delineation

Two experienced radiologists first selected the maximum
lesion diameter image on the ADC map and manually
delineated the ROI, covering the lesion contour as much
as possible. Subsequently, according to the ADC map,
the corresponding ROI was manually delineated on the
SyMRI T2 parameter map to simultaneously obtain the
T1, T2, and PD values of the lesion. Because SyMRI
T2 demonstrated the best lesion contrast compared to
SyMRI T1 and SyMRI PD, which was consistent with the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

ADC map. Each radiologist performed two consecutive
measurements, with the average value being recorded. The
specific examples are shown in Figure 2.

Statistical analysis

Statistical analysis was performed using SPSS software
version 27.0 ABM Corp., Armonk, NY, USA) and MedCalc
software version 15 (MedCalc Software, Ostend, Belgium).
Measurement data are presented as mean * standard
deviation (x+s) or as the median with quartiles (P25, P75),
and categorical variables are expressed as counts with
percentages. The sensitivity, specificity, positive likelihood
ratio, negative likelihood ratio, positive predictive value
(PPV), and negative predictive value (NPV) were calculated
using Youden index as the cutoff point. Independent
samples #-tests or Mann-Whitney tests were used to assess
the differences in parameters between the PCA and non-
PCA groups. The diagnostic performance of each parameter
was evaluated using receiver operative characteristic (ROC)
curve analysis, and the area under the curve (AUC) was
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Pz PCA risk grade TTPB GS <3+4

Table 2 Comparison the of T1, T2, PD, and ADC values between PCA and benign lesions, between low-risk and intermediate-to-high risk PCA, and between GS upgrade and nonupgrade
TZ

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

GS <3+4

GS >4+3

Inflammation

Pathology

Nonupgraded

Upgraded

-50)

n

18)

(n

62)

n

116)

(n=

117)

(n=

PCA (n=117)

BPH (n=96) P

PCA (n=61)

0.007

1,287.50

1,192.00
(1,112.00, 1,263.75) (1,217.25, 1,454.25)

0.03

1,207.00
(1,137.75,1,275.25)

1,261.52+130.66

1,270.27+126.12 1,402.80+210.84 <0.001

<0.001

1,203.83+121.03 1,339.37+169.41

T1 (msec)

0.003

78.00
(75.75, 81.25)

73.00
(67.00, 79.00)

0.001

73.31+7.49

77.00
(73.00, 82.00)

<0.001

88.57+13.60

<0.001 78.00
(73.00, 82.00)

80.00
(76.00, 85.00)

74.15+8.10

T2 (msec)

0.009

83.50
(78.75, 84.25)

79.50
(77.00, 82.00)

0.003

79.00
(77.00, 81.00)

<0.001 81.00
(78.50, 84.00)

83.00
(81.00, 85.00)

<0.001 81.00
(78.00, 83.00)
605.74+100.80

81.00
(80.00, 84.00)

79.22+3.86

PD (pu)

0.002

574.00
(528.75, 629.25)

636.50
(602.75, 695.00)

<0.001

634.50
(604.00, 695.75)

580.94+90.10

888.97+160.24 <0.001

<0.001

837.00
(785.50, 907.50)

599.22+87.23

ADC

(x10° mm?%s)

Data following a normal distribution are expressed as the mean + standard deviation. Otherwise, data are expressed as the median (first quartile, third quartile). PD, proton density; ADC, apparent

diffusion coefficient; PCA, prostate cancer; GS, Gleason Score; TZ, transformation zone; PZ, peripheral zone; TTPB, transperineal prostate biopsy; BPH, benign prostatic hyperplasia.
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calculated for quantification (20). The differences in ADC,
T1, T2, and PD values among the different GS grades of
PCA were assessed using the Kruskal-Wallis test. Spearman
rank correlation coefficient was used to evaluate the
correlation between each parameter and GS grades. Mann-
Whitney tests were employed to compare the differences
of various parameter between the intermediate-to-high risk
and low-risk PCA groups and those between the upgraded
and nonupgraded PCA groups. The risk factors associated
with GS grades were identified via univariate analysis, and
then the effects of T'1 values were excluded as confounding
factors via multivariate logistic regression analysis, and the
independent predictive factors, including ADC, T2 and
PD values, were then calculated to establish the combined
model—ADC+Sy(T2+PD) model, for predicting PCA
risk grades or whether PCA was upgraded. The diagnostic
performance of each parameter and the ADC+Sy(T2+PD)
combined model was analyzed, the AUC was used for
discrimination, the calibration curve was calculated with
internal validation via the bootstrapping method (200
bootstrap resamples), and calibration was evaluated with the
Hosmer-Lemeshow goodness-of-fit test. Calibration was
performed using R language version 4.3.1 (The Foundation
of Statistical Computing), specifically with the “pROC”
and “rms” packages. The interreader reproducibility of the
measured parameters was evaluated via intraclass correlation
coefficients (ICCs) and 95% confidence intervals (Cls). The
ICC values ranged from 0 to 1.00, with values closer to 1.00
representing better reproducibility. Differences with a two-
tailed P value <0.05 were considered statistically significant.

Results

Comparison of MRI quantitative parameters between PCA
and non-PCA

The clinical characteristics of the participants are shown in
Tuble 1. There were significant differences in age and PSA
levels between those with PCA and those without PCA
(P<0.001).

The T1, T2, PD, and ADC values of prostate lesions
with different pathological types are provided in 7able 2 and
Figure 3, and the results showed that the PCA groups had
significantly lower T'1, T2, PD, and ADC values compared
with the TZ BPH (Figure 34-3D) and PZ inflammation
groups (Figure 3E-3H) (P<0.001).

Table 3 and Figure 4 are a summary of each quantitative
parameter (T'1, T2, PD, and ADC) in regard to its ability
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Figure 3 Boxplots of comparisons for the T1 (AE), T2 (B,F), PD (C,G), and ADC (D,H) values between PCA and BPH in the TZ
and between PCA and inflammation in the PZ. **** P<0.001. TZ, transformation zone; PCA, prostate cancer; BPH, benign prostatic

hyperplasia; PZ, peripheral zone; PD, proton density; ADC, apparent diffusion coefficient.

to identify the benign and malignant nature of prostate
lesions and the aggressiveness of PCA. The second and
third columns of Table 3 present the AUC value, cutoff
value, sensitivity, and specificity of each parameter for
distinguishing PCA from non-PCA. The AUC of ADC was
significantly higher than that of T'1, T2, and PD regardless of
whether the lesions were in the PZ or TZ (P<0.001), and the
ROC is shown in Figure 44,4B. The results of the univariate

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

analysis showed that the T1, T2, PD, and ADC values were
associated with the benign or malignant nature of the lesions,
whether in the TZ or PZ (Tiable 4). All of these variables were
selected to establish a multivariate logistic regression model.
The enter method was used in the multivariate logistic
regression analysis. After the effects of confounding variables
were removed, only ADC value remained as an independent
risk factor for predicting benign or malignant prostate
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Table 3 ROC analysis results of the T'1, T2, PD, and ADC values of PCA vs. BPH, PCA vs. inflammation, low-risk and intermediate-to-high risk

PCA, and GS upgrade vs. nonupgraded

Gao et al. The value of synthetic MRI in PCA

Intermediate-to-high risk vs.

GS upgraded vs.

Parameter TZ PCA vs. BPH PZ PCA vs. inflammation low-risk PCA nonupgraded PGA

T1 (msec)
AUC 0.760 (0.685-0.824) 0.698 (0.618-0.769) 0.601 (0.525-0.674) 0.717 (0.595-0.820)
Sen (%) 77.1 (64.5-86.8) 55.6 (46. -64.7) 53.5 (44.0-62.8) 83.3 (568.6-96.4)
Spe (%) 64.6 (54.2-74.1) 77.1 (569.9-89.6) 54.8 (41.7-67.5) 56.0 (41.3-70.0)
Cutoff value <1,269 <1,267 >1,227 >1,203

T2 (msec)
AUC 0.742 (0.666-0.808) 0.744 (0.667-0.812) 0.646 (0.571-0.717) 0.735 (0.614-0.835)
Sen (%) 62.3 (49.0-74.4) 89.0 (81.7-93.9) 84.5 (76.6-90.5) 94.4 (72.7-99.9)
Spe (%) 79.2 (69.7-86.8) 54.3 (36.6-71.2) 43.6 (31.0-56.7) 48.0 (33.7-62.6)
Cutoff value <75 <85 >71 >71

PD (pu)
AUC 0.699 (0.620-0.769) 0.682 (0.601-0.755) 0.636 (0.561-0.707) 0.707 (0.584-0.811)
Sen (%) 50.8 (37.7-63.9) 67.5 (568.2-75.9) 27.6 (19.7-36.7) 50.0 (26.0-74.0)
Spe (%) 80.2 (70.8-87.6) 68.6 (50.7-83.1) 95.2 (86.5-99.0) 78.0 (64.0-88.5)
Cutoff value <79 <82 >83 >83

ADC (x107® mm?/s)
AUC

0.974 (0.935-0.993)

0.935 (0.884-0.969)

0.708 (0.635-0.774)

0.743 (0.622-0.841)

Sen (%) 91.8 (81.9-97.3) 89.7 (82.8-94.6) 66.4 (57.0-74.9) 66.7 (41.0-86.7)
Spe (%) 94.8 (88.3-98.3) 91.4 (76.9-98.2) 77.4 (65.0-87.1) 78.0 (64.0-88.5)
Cutoff value <700 <711 <600 <597
PLR 17.63 (7.48-41.52) 10.47 (3.54-30.95) 2.94 (1.82-447) 3.03 (1.64-5.61)
NLR 0.086 (0.037-0.20) 0.11 (0.065-0.19) 0.43 (0.33-0.58) 0.43 (0.22-0.83)
PPV (%) 91.8 (82.6-96.3) 97.2 (92.2-99.0) 84.6 (77.3-89.9) 52.2 (37.1-66.9)
NPV (%) 94.8 (88.7-97.7) 72.7 (60.7-82.1) 55.2 (48.0-62.2) 86.7 (76.9-92.7)
ADC+Sy(T2+PD)
AUC - - 0.818 (0.754-0.872) 0.947 (0.864-0.987)
Sen (%) - - 66.38 (57.0-74.9) 94.44 (72.7-99.9)
Spe (%) - - 90.32 (80.1-96.4) 92.00 (80.8-97.8)
Cutoff value - - >0.72349 >0.26734
PLR - - 6.86 (3.17-14.84) 11.81 (4.58-30.42)
NLR - - 0.37 (0.28-0.49) 0.06 (0.009-0.41)
PPV (%) - - 92.8 (85.6-96.5) 81.0 (62.3-91.6)
NPV (%) - - 58.9 (52.3-65.3) 97.9 (87.2-99.7)

Values in parentheses are the 95% CIl. ROC, receiver operating characteristic; PD, proton density; ADC, apparent diffusion coefficient;
PCA, prostate cancer; BPH, benign prostatic hyperplasia; GS, Gleason Score; TZ, transformation zone; PZ, peripheral zone; AUC, area
under the curve; Sen, sensitivity; Spe, specificity; PLR, positive likelihood ratio; NLR, negative likelihood ratio; PPV, positive predictive
value; NPV, negative predictive value; Cl, confidence interval.
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Figure 4 Diagnostic performance of T'1, T2, PD, and ADC for differentiating TZ-PCA from BPH (A) and PZ-PCA from inflammation (B).
Diagnostic performance of T2, PD, ADC, and the ADC+Sy(T2+PD) combined model for differentiating intermediate-to-high risk PCA
from low-risk PCA (C) and GS-upgraded from nonupgraded PCA (F). ROC and AUC of the ADC+Sy(T2+PD) combined model obtained
with internal validation via bootstrapping (D,G). The Hosmer-Lemeshow goodness-of-fit test of the ADC+(T2+PD) combined model (E,H).
The perfect prediction would correspond to the 45° dashed line. The gray solid line represents the entire cohort, and the black solid line is
the bias corrected by bootstrapping (B=200 repetitions). TZ, transformation zone; PCA, prostate cancer; BPH, benign prostatic hyperplasia;
PZ, peripheral zone; ADC, apparent diffusion coefficient; PD, proton density; GS, Gleason Score; ROC, receiver operating characteristic;
AUC, area under the curve.
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Table 4 Univariate analysis and multivariate logistic regression analysis of quantitative parameters for predicting PCA

Univariate analysis

Multivariate logistic regression analysis

Parameters
OR (95% Cl) P OR (95% Cl) P
TZ
T1 (msec) 1.007 (1.004-1.010) <0.001 1.003 (0.997-1.010) 0.303
T2 (msec) 1.101 (1.052-1.153) <0.001 1.035 (0.953-1.124) 0.414
PD (pu) 1.160 (1.061-1.270) <0.001 1.061 (0.852-1.323) 0.595
ADC (x107° mm?®/s) 1.032 (1.021-1.044) <0.001 1.031 (1.019-1.043) <0.001*
Pz
T1 (msec) 1.005 (1.003-1.008) <0.001 0.999 (0.994-1.004) 0.615
T2 (msec) 1.097 (1.053-1.143) <0.001 1.046 (0.975-1.123) 0.213
PD (pu) 1.180 (1.059-1.314) 0.003 1.170 (0.978-1.398) 0.086
ADC (x10°mm?/s) 1.017 (1.011-1.023) <0.001 1.016 (1.010-1.022) <0.001*

*, a statistically significant value. PCA, prostate cancer; OR, odds ratio; Cl, confidence interval; TZ, transformation zone; PD, proton

density; ADC, apparent diffusion coefficient; PZ, peripheral zone.

Table 5 Comparison of the T'1, T2, PD, and ADC values in PCA with different GSs

Parameter GS =3+3 GS =3+4 GS =4+3 GS =4+4 GS =4+5 P

T1 (msec) 1,354+101.66 1,193 (1,118, 1,255) 1,259.88+146.19 1,261.91+105.00 1,267.24+114.61 0.005
T2 (msec) 71.57+7.48 73.53+7.53 77.40+9.27 79.00+9.56 77.05+8.34 0.025
PD (pu) 80.71+4.15 78.9 5+£3.09 80.73+4.01 80.81+4.97 81.12+3.52 0.08

ADC (x10°® mm?/s) 671+101.80 633 (604, 693)

594.07+94.60

581 (528, 652) 567.94+76.20 <0.001

Data following a normal distribution are expressed as the mean + standard deviation. Otherwise, data are expressed as the median (first
quartile, third quartile). PD, proton density; ADC, apparent diffusion coefficient; PCA, prostate cancer; GS, Gleason Score.

lesions (Tiable 4). Moreover, the interobserver agreement was
excellent in our study (Table S2).

Assessment of PCA aggressiveness with T1, T2, PD, and
ADC values

Kruskal-Wallis tests revealed significant differences in the
T1, T2, PD, and ADC values among the different GS
grades of PCA (Tuble 5). T2 (r=0.226; P=0.002) and PD
values (r=0.215; P=0.004) showed a positive correlation with
GS grades, while ADC value showed a negative correlation
(r=-0.372; P<0.001), and T1 value (r=0.133, P=0.08)
increased with the increase in GS grade but showed no
significant correlation with GS grade (1able 6). The T'1 values
of seven patients with GS =3+3 was higher (1,354+101.66)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

than those with other PCA grades. Furthermore, the
T1, T2, and PD values were significantly higher in the
intermediate-to-high risk group compared with the low-
risk group (P<0.05), while the ADC value was significantly
lower in the intermediate-to-high risk group (P<0.001)
(1able 2, Figure 5SA-5D).

As shown in the data in the fourth column of 7able 3
and the ROC in Figure 4C, the individual T1, T2, and
PD quantitative parameters still had slightly lower AUC
values compared with ADC for distinguishing low-risk and
intermediate-to-high risk PCA, but their differences were
not statistically significant (P=0.07, P=0.37, and P=0.25,
respectively). The results of the univariate analysis showed
that the higher T1, T2, PD, and the lower ADC values

were associated with a more invasive risk grade of PCA
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Table 6 Spearman rank correlation analysis between different GSs and MRI quantitative parameters

Parameter T1 (msec) T2 (msec) PD (pu) ADC (x107°* mm?/s)
P 0.08 0.002 0.004 <0.001
r 0.133 0.226 0.215 -0.372

GS, Gleason Score; MRI, magnetic resonance imaging; PD, proton density; ADC, apparent diffusion coefficient.
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Figure 5 Boxplots show comparisons of the T1 (AE), T2 (B,F), PD (C,G), and ADC (D,H) values between intermediate-to-high risk PCA
and low-risk PCA and between GS-upgraded from nonupgraded PCA. *, P<0.05, **; P<0.01; ***, P<0.005. GS, Gleason Score; PD, proton
density; ADC, apparent diffusion coefficient; PCA, prostate cancer.
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Table 7 Univariate analysis, multivariate logistic regression analysis of quantitative parameters for predicting GS =4+3 PCA

Univariate analysis

Multivariate logistic regression analysis

Parameters

OR (95% Cl) P OR (95% Cl) P
T1 (msec) 1.003 (1.000-1.005) 0.044 0.999 (0.995-1.002) 0.419
T2 (msec) 1.070 (1.026-1.116) 0.002 1.131 (1.066-1.200) <0.001*
PD (pu) 1.118 (1.027-1.217) 0.010 1.227 (1.095-1.375) <0.001*
ADC (x10°mm?®/s) 1.139 (1.041-1.247) 0.005 0.989 (0.984-0.993) <0.001*

*, a statistically significant value. GS, Gleason Score; PCA, prostate cancer; OR, odds ratio; Cl, confidence interval; PD, proton density;

ADC, apparent diffusion coefficient.

Table 8 Univariate analysis and multivariate logistic regression analysis for predicting GS-upgraded PCA

Univariate analysis

Multivariate logistic regression analysis

Parameters

OR (95% CI) P OR (95% Cl) P
T1 (msec) 1.005 (1.001-1.009) 0.013 0.997 (0.989-1.005) 0.426
T2 (msec) 1.151 (1.087-1.277) 0.008 1.462 (1.160-1.842) 0.001*
PD (pu) 1.250 (1.058-1.478) 0.01 1.535 (1.112-2.120) 0.009*
ADC (x10°mm?/s) 0.991 (0.983-0.998) 0.013 0.978 (0.964-0.992) 0.002*

*, a statistically significant value. GS, Gleason Score; PCA, prostate cancer; OR, odds ratio; Cl, confidence interval; PD, proton density;

ADC, apparent diffusion coefficient.

(GS >4+3). All of these variables were used to establish a
multivariate logistic regression model. The enter method
was used in conducting multivariate logistic regression
analysis. After effects of confounding variables were removed,
three variables (T2, PD, and ADC) were retained in the
final logistic regression model (7zble 7). Finally, as shown
in Table 3, the combined model ADC+(T2+PD) performed
significantly better in differentiating low-risk PCA from
intermediate-to-high risk PCA. In comparison with ADC
alone, the combined model increased specificity by 12.9%,
and provided significantly higher AUC improvement of 0.110
(P=0.003).

Moreover, the combined model performed well in terms
of calibration (Hosmer-Lemeshow goodness-of-fit test
P=0.203), and good calibration was observed in the internal
validation cohort (Figure 4D,4E).

Assessment of the T1, T2, PD, and ADC values as
predictors of GS upgrade in low-risk PCA

Among the 68 patients with low-risk PCA on the basis
of TTPB, 18 (26.5%) patients had their GS upgraded to
intermediate-to-high risk after RP (7able 1). Compared

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

with the nonupgraded group, the upgraded group showed
significantly higher T'1, T2, and PD values (P<0.01), while
their ADC values were significantly lower (P=0.002) (Table 2,
Figure SE-5H). Moreover, the individual quantitative
parameters of T1, T2, and PD showed similar AUC values
to that of ADC (P=0.074, P=0.37, P=0.25, respectively).

The results of the univariate analysis showed that
T1, T2, PD, and ADC values were associated with
the upgrade of the lesions. The effects of confounding
factors were excluded by multivariate logistic regression
analysis, and the new combined predictive factors,
ADC+Sy(T2+PD), were calculated (Zable 8). The combined
model, ADC+Sy(T2+PD), exhibited improved sensitivity,
specificity, PPV, and NPV (increases of 27.7%, 14.0%,
28.8.%, and 11.2%, respectively), with a 0.207 increase
in AUC (P=0.001). The results are illustrated in the last
column of Table 3 and Figure 4F.

Moreover, the combined model performed well in
terms of calibration (Hosmer-Lemeshow goodness-of-fit
test P=0.101), and good calibration was observed in the
internal validation cohort (Figure 4G,4H). These findings
suggested that the combined model provided better
prediction of postoperative GS upgrade in patients with
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biopsy-confirmed low-risk PCA.

Discussion

The signal intensity of conventional T1WI, T2WI, and
PDWTI depends on different acquisition parameters and
MR scanners, and these images mainly show the variable
contrast of different tissues. Therefore, this signal intensity
was all weighted, so it is not comparable. SyMRI is a
quantitative sequence based on QRAPMASTER (18). This
technique facilitates the absolute quantification of T,
T2, and PD values, which is objective and can reflect the
characteristics of lesions. We hypothesized that objective
quantitative parameter values of T1, T2, and PD obtained
with SyMRI could help to distinguish PCA from non-PCA
and that combining mpMRI and SyMRI may be a viable
method for assessing PCA aggressiveness and predicting
the postoperative upgrade of low-risk PCA. We used
the MDME sequence to obtain SyMRI T1, T2, and PD
parametric maps, which required only 5 minutes, could
ensure the same in-plane resolution as that of T1WI and
T2WI on mpMRI, and had a lower motion susceptibility
compared with traditional quantitative techniques such
as T2 mapping, whose scanning time is over 10 minutes
(21,22). Furthermore, the MDME sequence calculates the
radiofrequency field value for each voxel during the imaging
process, enabling radiofrequency field correction and thus
further enhancing the accuracy of quantitative parameters
measurement (23). Additionally, by using uniform scanning
parameters, the MDME sequence maintains high accuracy
in the measurement of T'1, T2 and PD values (coefficient
of variation <5%) across various MRI scanner vendors (24)
and thus should be generalizable to other centers. However,
SyMRI is not a conventional weighted image that is widely
used in the clinical routine, meaning that this method is not
available for everyone and is not conducive to promotion
for its proprietary.

T1, T2, PD, and ADC values in differentiating PCA from
benign lesions

Our study demonstrated that ADC values provide the best
diagnostic performance in distinguishing PCA from benign
lesions, which may be attributed to the higher proportion
of intermediate-to-high risk patients with PCA recruited
in our study (65.2%, 116/178). Compared with that in
previous studies, our DWI sequence used a higher b-value
(2,000 s/mm’) for imaging (16,25), thereby reducing the
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influence of microvascular perfusion and enhancing the
visibility of the cancerous lesions. This has been shown to
improve the detection rate of PCA (26,27). The high b-value
might therefore have contributed to the better performance
of ADC. Furthermore, contrary to previous research
findings (16), our study suggested that PD value, in addition
to T1 and T2 values, is a useful parameter in differentiating
PCA from benign lesions, which may be attributed to the
larger sample size in our study. Additionally, the decrease
in T1 and T2 values of PCA lesions was consistent with
the typical mpMRI characteristics of PCA, which included
a high signal in TIWI and a low signal in T2WI (28).
This can be explained by the normal prostate glands
undergoing carcinomatous transformation having densely
arranged tumor cells replace loosely arranged acinar tissue,
resulting in a decrease of mucin and fluid content, leading
to a decrease of T1 and T2 values on the corresponding
quantitative parameters maps (29,30). The contrast of
PDWTI is determined by the PD within the tissues and
reflects the amount of water molecules (31,32). We found
that compared with normal prostate glandular tissue,
inadequately formed glandular architecture in PCA lesions
leads to an increase in epithelial cytoplasm and a decrease
in luminal space (33), resulting in a decrease in PD.
Although SyMRI quantitative parameters did contribute
to the differentiation of PCA from benign lesions, the
overall diagnostic efficacy did not surpass that of the ADC
value. However, the DWI sequence with high b-value has a
relatively low signal-to-noise ratio and is highly susceptible
to magnetic field inhomogeneities that produce artifacts or
anatomical distortion (34); therefore, SyMRI can partially
compensate for these limitations and increases radiologist
confidence in diagnosis.

Assessment of T1, T2, PD, and ADC values as predictors
of aggressiveness in PCA

We further found that the T'1, T2, and PD values in the
intermediate-to-high-risk PCA group were significantly
higher than those in the low-risk group, while their
diagnostic performance was similar to that of the ADC
value. In the lesions of the intermediate-to-high-risk PCA
group, there were more loosely structured glands, such
as the cribriform and glomeruloid glands, which have
abundant water content and high molecular mobility,
similar to the normal tissue in the PZ (35). Therefore, we
suggest that these special glandular components contribute
to the higher T1, T2, and PD values in intermediate-to-
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high-risk PCA as compared to low-risk PCA. Furthermore,
the hydrogen proton number increased with increasing cell
density, leading to the significantly higher PD value in the
intermediate-to-high risk PCA group. However, the T1
values (1,354+101.66) of seven patients with GS =3+3 were
higher than those with other grades of PCA. Our analysis
suggests that this is due to the better differentiation of
GS =3+3 PCA, whose cancer tissue accounted for 15-20%
of the total, while atrophic glands, interstitial inflammatory
cells, and normal prostate tissue accounted for about 80%.
Therefore, the T'1 values of GS =3+3 are similar to those of
BPH and inflammation.

Another study also indicated that the unique structure
of cribriform glands in PCA results in less obvious diffusion
restricion on DWT and higher signal intensity on T2WI (36).
Therefore, the PCA detection rate of the cribriform
glandular structure under mpMRI is relatively low (37).
As SyMRI is able to achieve different contrasts, when
combined with quantitative parameter maps, it displays
clearer lesion margins and more regions of suspicious
signal, as shown in Figure 2, with a potential to probe the
anatomical details of the prostate lesions. T'1, T2, and PD
values, as inherent tissue parameters, indirectly reflect
tissue composition and pathophysiological information.
For distinguishing low-risk from intermediate-to-high risk
PCA, the ADC+Sy(T2+PD) combined model yielded an
increase in AUC of 0.112 compared to that of ADC alone,
thus demonstrating the potential to serve as a noninvasive
prognostic biomarker for the assessment of PCA.

SyMRI parameter maps combined with ADC in supporting
the prediction of postoperative GS upgrade in patients with
low-risk PCA

Due to the histological heterogeneity of PCA, biopsy
results may not reflect the complete tumor profile, leading
to a potential for missed diagnoses of highly aggressive
PCA lesions, with an estimated probability of 25% (38).
However, the treatment for different aggressiveness of
PCA varies. Those with low-risk PCA can experience good
prognosis, and active surveillance is recommended to avoid
overtreatment; meanwhile, intermediate-to-high risk PCA
requires lymph node dissection during RP because of a
higher rate of lymph node metastasis (39).

Our study found that the T'1, T2, and PD values obtained
from SyMRI exhibited similar diagnostic performance
to that of ADC in predicting the postoperative upgrade
of low-risk PCA, and the ADC+Sy(T2+PD) combined
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model outperformed ADC alone. Based on the inherent
pathological and physiological characteristics of prostate
lesions, SyMRI quantitative parameters maps possess the
potential to accurately demonstrate tumor heterogeneity
and better identify target regions for biopsy, improving
the detection of highly aggressive lesions. Considering
the relatively low time cost and high reproducibility of
SyMRI technology, the combination of ADC values and
SyMRI quantitative parameters may be a better approach
to predicting GS upgrade and optimizing PCA diagnosis
and treatment, ultimately benefiting patients. In the era
of precision medicine, SyMRI quantitative technology
is also expected to provide more objective and accurate
information for cutting-edge technologies such as big
data analysis, medical artificial intelligence, and radiomics,
broadening the prospects for development.

Limitations

This study had the following limitations: (I) the sample
size of the upgraded PCA group and nonupgraded group
was small. (I) As a single-center design was employed, we
expect further multicenter studies with larger sample sizes
to further validate the results. (III) There might have been
a partial mismatch between the ROI and the pathological
region, but this is an inherent systematic error that cannot
be completely avoided in any biopsy method. (IV) There
were four patients with low-risk PCA who only underwent
biopsy in this study, which carries a risk of GS upgrade.
However, these patients only represented 2.2% (4/178)
of the sample and had a minimal impact on the research
results. (V) Only 3.4% (6/178) of our patient sample
underwent risk downgrade after RP, and thus the predictive
value of the SyMRI technique for the presence of possible
downgrade was not explored.

Conclusions

The quantitative MRI parameters (T'1, T2 and PD)
obtained from SyMRI make negligible contributions to
differentiating PCA from non-PCA beyond that of ADC
alone. However, the performance of T1, T2, and PD in
distinguishing low-risk and intermediate-to-high-risk
PCA is similar to that of ADC, but their combination with
ADC yields a significant improvement. Considering the
low time requirement and high reproducibility of SyMRI,
the combination of mpMRI and SyMRI may be a feasible

approach to assessing the aggressiveness of PCA and
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predicting postoperative GS upgrade in patients with low-
risk PCA.
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