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Objective: To explore the value of combining dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) quantitative parameters with apparent diffusion coefficient
(ADC) values in the diagnosis of prostate cancer.

Methods: The clinical data of 146 patients with prostate lesions, including 87 patients with
prostate cancer (PCa) and 59 with benign prostatic hyperplasia (BPH), were collected. After
DCE-MRI and diffusion-weighted imaging (DWI) prostate scans, the magnitude of the DCE-

rans

MRI transfer constant ( ), rate constant (k,), the volume of the extravascular extra-
cellular space (v,), and the ADC between the groups were compared, and the correlations
between the DCE-MRI parameters and Gleason scores were analyzed. The diagnostic
efficacy of these quantitative parameters was assessed by the area under the receiver
operating characteristic (ROC) curve.

Results: The DCE-MRI parameters K"“"* and k,,, were significantly greater in the PCa group
than in the BPH group (p < 0.05). The ROC curve showed the area under the K", k,,
ADC curves to be 0.665, 0.658, and 0.782, respectively. When all three quantitative indicators

were combined, the area under the ROC curve was 0.904, with sensitivity and specificity rates

and

of 83.6% and 93.7%, respectively. The Gleason scores were positively correlated with the
K", kg, and v, (r = 0.39, 0.572, 0.30, respectively; p < 0.05) and negatively correlated with
the ADC (r = —0.525; p < 0.05).

Conclusion: The DCE-MRI quantitative parameters K" and k,,, as well as the ADC
value, provided effective references for the differential diagnosis of PCa and BPH, as well as
more precise and reliable quantitative parameters for grading the aggressiveness of PCa.
Keywords: quantitative DWI, dynamic contrast-enhanced MRI, ADC value, K™, k,,
benign prostatic hyperplasia, prostate cancer

Introduction

Benign prostatic hyperplasia (BPH) and prostate cancer (PCa) are urogenital system
diseases that are common among elderly males. Needle biopsies through the rectum
guided by transrectal ultrasound (TRUS) are the gold standard for diagnosing PCa.
The positivity rates remain high even in repeated needle biopsies for cases that have
undergone extensive needle biopsies. However, over- and missed diagnoses of inert
tumors remain an issue in clinical settings. Using multiparametric magnetic resonance

imaging (MP-MRI) to triage men may allow 27% of patients to avoid a primary
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biopsy and diagnose 5% fewer clinically insignificant
cancers.' If subsequent TRUS biopsies were guided by MP-
MRI findings, rather than the standard pathway of TRUS
biopsy for all, up to 18% more cases of clinically significant
cancer may be detected.” Used as a triage test before the
first prostate biopsy, MP-MRI could reduce unnecessary
biopsies by 25%. It could also reduce the overdiagnosis of
clinically insignificant PCa and improve the detection of
clinically significant cancer.

Generally, multiparametric-MRI (mp-MRI) is the most
accurate form of medical imaging for the diagnosis, loca-
lization, and staging of PCa, where T2-weighted
sequences can show foci with low signal intensity in the
peripheral zone.>® However, many pathological symp-
toms, eg, post-biopsy bleeding and prostatitis, calcifica-
tion, and fibrosis after hormonal or radiation therapy, also
present as lesions with low signal intensities similar to
PCa, which increases the difficulty of differential diagno-
sis. Dynamic contrast-enhanced (DCE)-MRI can obtain
dynamic information on the distribution of the contrast
agent in the blood and its movement in and out of blood
vessels, reflecting quantitative hemodynamic parameters
such as tumor microcirculation and perfusion.
Furthermore, diffusion-weighted imaging (DWI) can non-
invasively measure the diffusion of water molecules in
tissue. The apparent diffusion coefficient (ADC) value is
also more reflective of the diffusion properties of water
molecules than directly obtained b-value images.*’

This paper retrospectively analyzes the DCE-MRI and
DWI scans of 146 pathologically confirmed cases of pro-
static lesions. The value of the ADC and the parameters of
perfusion-weighted imaging in diagnosing benign/malig-
nant prostate lesions are examined to boost the accuracy of
PCa diagnoses. Based on the Gleason score, patients with
aggressive PCa are divided into three groups, ie, primary
(Gleason score [GS] < 6), secondary (GS =3 +4 or 4 + 3),
and tertiary (GS > 8) groups. The correlations of the above
parameters with the Gleason scores are analyzed to pro-
vide more precise and reliable quantitative parameters for

distinguishing malignant prostate tumors.

Materials and Methods
Study Population

Based on standardized MRI scans, needle prostate biop-
sies, and pre-operative PSA blood levels, we collected data
on the pathological diagnoses of 146 hospital patients
presenting with hematuria, dysuria, renal retention, and

between May 2017 and
September 2020. These cases were divided into two

other relevant symptoms
groups, the PCa and the BPH group. Based on the
Gleason score, the PCa patients were divided into three
groups: primary (GS < 6), secondary (GS =3 + 4 or 4 + 3),
and tertiary (GS > 8) groups. The participant inclusion
criteria for the study were as follows: (1) a complete
clinical history and MRI scans that are adequate for quan-
titative analysis of the ADC; (2) no previous needle
biopsy, surgery, radiotherapy, or endocrine therapy prior
to completing the prostate MRI; (3) prostate biopsies per-
formed within four weeks of the MRI scan; (4) patients
met the clinical research approval criteria set by the ethics
committee and signed informed consent letters for inclu-
sion in the study.

All cases in this study were patients of the Fifth
Affiliated Hospital of Guangzhou Medical University
(Guangzhou, China). The images were obtained from the
radiology  department’s  Picture = Archiving and
Communications System (PACS). The study was con-
ducted according to the guidelines of the Declaration of
Helsinki, and approved by the Institutional Review Board
of Fifth Affiliated Hospital of Guangzhou Medical
University (KY01-2018-10-14). Written informed consent

was obtained from all participants.

Magnetic Resonance Imaging Data
Acquisition

The MRI examinations were performed using 3 Tesla MRI
scanners (Siemens Magnetom Skyra, Germany) with pelvic-
phased array coils. The patients were scanned in the supine
position, and the scanning range included the prostate and
seminal vesicle. Anatomical high resolution T2-weighted
images (T2WIs) were acquired in the transaxial plane using
turbo spin-echo (TR/TE =8869/120 ms, echo train length = 26,
field of view [FOV] = 140 mm, reconstruction matrix size =
512 x 512, slice thickness = 3 mm. Transverse diffusion-
weighted images were obtained using a single-shot spin-echo
/echo-planar imaging sequence with the following parameters:
3400/117 and b-values of 0 and 1000 sec/mm?. The corre-
sponding ADC maps were calculated automatically (using
b-values of 0 and 1000 s/mm?).

The patients were injected with a high-pressure bolus of
gadodiamide (Omniscan) in an upper extremity vein at a dose
of 0.1 mmol/kg and flow rate of 2.5 mL/s using a high-
pressure injector (Tennessee XD2003, Ulrich, Germany),
followed by a 20-mL saline flush injected at the same rate.
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Transverse contrast-enhanced three-dimensional (3D)-
volume-interpolated body examination sequences of the
upper abdomen were acquired during suspended respiration
20 seconds after the contrast injection. The acquisition time
was 13 seconds, and a total of 16 acquisitions were made
with the following parameters: TR = 17 ms, TE = 1.6 ms,
slice thickness = 3.0 mm, interslice gap = 0 mm, matrix =224
x 224, FOV = 230%230 mm, flip angle = 15°.

For each patient, ADC maps were automatically gen-
erated from the DW images on the scanner, and the DCE-
MRI data were processed using a commercially available
software workstation system (Syngo Multimodality
Workplace, Siemens®™). The DCE-MRI pharmacokinetic
parameters (volume transfer constant [K”“"], reflux rate
[kcp], and volume fraction of the extravascular extracellu-
lar matrix [v,]) were estimated by fitting the standard Tofts
model to the concentration—time curves.

The regions of interest (ROIs) of the ADC map, K",
ke, and v,, were adjusted according to the shape and size
of the lesions on the T2WIs. Additionally, the mean values
of three consecutive images of each lesion were calcu-
lated. After the subject order was randomized to avoid
bias, the measurement of all the parameters was performed

by a radiologist with five years of experience.

Statistical Analyses

All statistical analyses were performed with statistical
software (SPSS Statistics 23.0 for Windows). The values
were recorded as the mean + standard deviation. The
DCE-MRI K", k,, v., and ADC values for the two
groups were compared. Levene’s test was used to evaluate
the equality of variances for the data from each group. If
the variances were equal, comparisons were made using
the two-sample #-test. Otherwise, comparisons were made
using the Mann—Whitney U-test. The significance level
was set as p < 0.05. The receiver operating characteristic
(ROC) curve was used to analyze the diagnostic efficacy
of the various parameters. A logistic regression analysis
and the ROC curve were used to evaluate the combined
diagnostic efficacy.

Based on the Gleason score, the patients with aggressive
PCa were divided into the primary, secondary, and tertiary
groups, as previously stated. The correlations between the
above parameters and Gleason scores were analyzed and p <
0.05 was considered to indicate a significant difference.
Pearson’s correlation was performed between the MRI para-
meters, and Spearman correlation coefficient was performed
when correlating with the Gleason scores.

Results

Patient and Tumor Characteristics

A total of 146 patients were included in this study. The mean
age was 64.21 + 14.31 years, with the oldest and youngest
being 84 and 45 years old, respectively. The time between
MRI and biopsy was 11 days on average (ranging from 2 to 24
days). The BPH group included 59 patients and the PCa group
included 87. Among the 87 patients of the PCa group, 28 were
in the primary group (GS < 6), 34 were in the secondary group
(GS =3 +4 or 4+ 3), and 25 were in the tertiary group (GS
> 8). For 13 patients, PCa foci were present only in the central
zone. In 74 cases, the foci were located in the peripheral zone
or involved multiple regions, making it impossible to identify
the primary site. The PCa foci had spread to one or both
seminal vesicles in 26 cases, to the bladder, rectum, obturator
internus muscle, and pelvic lymph nodes in 14 cases, and the
bone in 9 cases.

Comeparison of Prostate Apparent
Diffusion Coefficient Value and
Contrast-Enhanced Magnetic Resonance

Imaging Quantitative Perfusion Parameters
According to the pathological findings, as the b-value
increased, the DWI signal intensity increased in the PCa
group, and the ADC was significantly lower in tumors than
in normal prostates (Table 1). The changes in the DWI signal
intensity were not statistically significant in the BPH group.
The ADC values presented as high signal intensities or showed
no significant differences from the signal intensities of the
surrounding tissue. Invasion of PCa into the central zone and

Table 1 Comparison of the ADC Values and DCE-MRI Parameters for the PCa and BPH Groups

n ADC Value (10° mm?/s) K" (min") kep (min™") Ve
Prostate cancer (PCa) 87 0.903 £ 0.237 0.198 + 0.028 1.083 + 0.038 0.152 + 0.067
Benign prostatic hyperplasia (BPH) 59 1.207 + 0.237 0.082 + 0.028 0.696 + 0.023 0.127 + 0.028
F 27.253 18.37 17.063 1.162
P <0.05 <0.05 < 0.05 > 0.05
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seminal vesicles presented as high signal intensities in the DWI
scans but low signal intensities in the ADC maps (Figure 1).
The ADC values were significantly lower for the PCa
group than the BPH and control groups (p < 0.05). Among
the DCE-MRI parameters, the K”“"* and k,, were distinctly
higher in the PCa group compared with the BPH group at
a statistically significant level (p < 0.05). The difference
between the v, values was not statistically significant (p >
0.05). An analysis of the diagnostic efficacy based on the
ROC curves showed the area under the K", k,,, and ADC
curves was 0.665, 0.658, and 0.782, respectively. When all

three quantitative indicators were combined, the area under

the ROC curve was 0.904, with sensitivity and specificity
rates of 83.6% and 93.7%, respectively (Figure 2).

Correlation of the Apparent Diffusion
Coefficient, Dynamic Contrast-Enhanced
Magnetic Resonance Imaging Transfer
Constant, Rate Constant, and the Volume
of the Extravascular Extracellular Space

Values with the Gleason Score
Among the 87 patients of the PCa group, 28 had a GS <6,
34aGS of 3+4or4+ 3, and 25 had a GS of >8. The
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Figure | A 56-year-old male presenting with urological symptoms such as frequent/urgent micturition. (A) The T2-weighted images showing lower signal intensity in parts
of the left lobe of the prostate; (B) the diffusion-weighted imaging (b-value = 1000 s/mm?), showing a somewhat higher signal intensity; (C) the apparent diffusion coefficient
map showing somewhat lower signal intensity; (D) the dynamic contrast-enhanced scan delineating the region of interest; (E) the signal-time curve, presenting the outflow
type; (F-H) the Toft pharmacokinetic model quantitative analysis of the dynamic contrast-enhanced magnetic resonance imaging transfer constant, rate constant, and the
volume of the extravascular extracellular space, presented as pseudocolored images. (I) the needle biopsy pathology report suggesting prostate acinar adenocarcinoma;
Gleason score, 3 + 4 =7.
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Figure 2 The receiver operating characteristic curves for prostate cancer diagnosis using the prostate apparent diffusion coefficient values and dynamic contrast-enhanced

magnetic resonance imaging transfer constant and rate constant parameters.

Gleason score had a strong negative correlation with the
ADC (r = —0.525, p < 0.05), a strong positive correlation
with the K/ (r = 0.39, p < 0.05), a moderate positive
correlation with the &, (r = 0.572, p < 0.05), and a positive
correlation with the v, (r = 0.30, p < 0.05, Table 2).

The Logistic Regression Model for
Prostate Cancer Apparent Diffusion
Coefficient and Dynamic
Contrast-Enhanced Magnetic Resonance
Imaging Quantitative Perfusion
Parameters and Its Efficacy

Using a univariate analysis, the statistically significant
factors were selected as independent variables, with the
BPH and PCa lesions as dependent variables. A bivariate
logistic regression analysis of the ADC and DCE-MRI
perfusion parameters was performed, and the results are
shown in Table 3. Among these parameters, there was no

statistically significant difference in the v, between the

BPH and PCa patients, while the ADC, K", and k,,
were statistically significant independent predictors of
malignant prostate lesions, based on the following results:
P=¢"(1+¢"), x=-17.411 — (-6.110 x ADC) + (39.501 x
K"y + (24.521 % k,,), where e is the natural logarithm.
This equation was subsequently used to determine the
likelihood of diagnosing malignant prostate lesions and
to plot the ROC curve (Figure 3). The area under the
curve was 0.991. The degree of sensitivity was 98.7%
and the specificity was 93.22%. The best cut-off variable
was 0.38 (p < 0.01).

Discussion

Overall, DWI can detect directional differences in the
diffusion of water molecules, as well as microscopic
changes at the cellular level.”’ The cell density in
a tumor is related to the diffusion of water molecules. Fast-
growing and aggressive tumors can cause obvious restric-
tions in DWI scans, yielding an ADC value that can help
to evaluate the biology of the tumors. In this study,

Cancer Management and Research 2021:13
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Table 2 ADC, K", K, and V, Values for Different PCa Sub-Groups (x * s)
Primary (n = 28) Secondary (n = 34) Tertiary (n = 25) FI/Z Value p-value

ADC (I03 mmZ/s) 0.993 £0.215 0.824 + 0.156 0.693 + 0.144 11.512 0.000

Ko (min ") 0.147 + 0.023 0.198 + 0.076 0.219 + 0.085 9.766 0.007

kep (min~") 0916 + 0.130 1.083 + 0.359 1.286 + 0.174 7.827 0.018

Ve 0.138 £ 0.016 0.152 + 0.047 0.169 + 0.034 1.495 0.212
Table 3 Bivariate Logistic Regression Analysis of ADC and DCE-MRI Perfusion Parameters

ADC and DCE-MRI Quantitative Perfusion B S.E. Wald | df | p OR 95% C.I.

Parameters

ADC —6.110 2.538 5.796 | 0.016 | 0.002 0.000-0.321

Ktrans 39.501 13.028 | 9.193 | 0.002 | 1.429E17 | 1162545.460—-1.757E28

kep 24.521 6.931 12.515 | | 0.000 | 4.458E10 | 56121.972-3.542E16

Ve —15.023 | 10.010 | 2.253 | 0.133 | 0.000 0.000-99.050

Constant —17.411 | 5.829 8.922 | 0.003 | 0.000

b-values of 0 and 1000 s/mm? were selected, which
allowed the DWI scans to yield a more accurate ADC
and ensured the image quality. Based on the DWI and
T2WI scans, ROIs were delineated, and the ADC value
was measured. The ADC was significantly lower in the
PCa than in the BPH group (p < 0.05). The area under the
ADC curve was 0.796, with a sensitivity and specificity of
70.1% and 89.1%, respectively. The ADC value was also
lower in the tertiary PCa group (Gleason score, (SC) > 7)
than in the lower-grade groups and negatively correlated
with the Gleason scores, suggesting that it could serve as
a good reference when diagnosing and grading the aggres-
siveness of PCa.

Angiogenesis in PCa tissue is closely related to the
growth and metastasis of cancer cells. High blood vessel
perfusion promotes tumor cell growth, infiltration, and per-
ipheral metastasis. A DCE-MRI scan can dynamically detect
the process, whereby the contrast agent enters the tumor
tissue and passes in and out of blood vessels, thus reflecting
the blood vessel distribution, density, and blood perfusion in
the lesion. Tofts established a two-compartment pharmaco-
kinetic model based on the gadodiamide concentration—time
curve, allowing for the quantitative analysis of parameters
such as K™, k., and v,. The K"*" reflects the uptake of the
contrast agent, which is affected by the combined effect of
tissue blood flow and permeability. Greater levels of perfu-
sion and permeability in tumor tissue are indicated by
a higher K" value, suggesting a higher degree of
malignancy.® '* The kep s a parameter that reflects the return
of the contrast agent to the blood vessel, while the v,

indicates the volume of extracellular space outside the
tumor’s blood vessels.

The results of this study showed that the K" and k.,
values were significantly higher in the PCa group than in
the BPH group. The reason for this may be because greater
tumor aggressiveness leads to increased neovasculariza-
tion, vascular permeability, and growth. The rapid growth
of blood vessels causes the endothelial cell space to
become significantly larger than the surrounding normal
vascular endothelial space, leading to a significant increase
in the K" and k,,. Meanwhile, although the blood perfu-
sion in the areas around a BPH lesion increases somewhat
compared with that of normal tissue, there are fewer
changes to the vascular structure and endothelial cell
space. Therefore, changes in the K" and k,, are not
significant. Moreover, v, is the interstitial volume fraction.
The differences in the v, values between the groups in this
instance were not statistically significant, possibly due to
factors such as spatiotemporal distributional imbalances in
blood flow, EES and tissue hydrostatic pressure, and
ischemic score, leading to variability in the values.

The correlation analysis between the Gleason scores

and Ktrans’ kep;

positive correlation with the K" (r = 0.39, p < 0.05),
a moderate positive correlation with the k&, (r = 0.572, p <

and v, showed that the former had a strong

0.05), and a positive correlation with the v, (r = 0.30, p <
0.05). The areas under the K", kep, and ADC curves
were 0.665, 0.658, and 0.782, respectively. When all three
quantitative indicators were combined, the area under the

ROC curve was 0.904, with sensitivity and specificity rates
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Figure 3 The relationship between the different prostate cancer grades and dynamic contrast-enhanced magnetic resonance imaging quantitative perfusion parameters and

apparent diffusion coefficient.

of 83.6% and 93.7%, respectively, indicating a significant
increase in the diagnostic efficacy.

Our study included some limitations. First, PSA levels
are an important clinical indicator when screening for PCa.
As the patients underwent several blood tests for PSA
levels once they had been admitted, with relatively large
differences in the results, we did not explore the correla-
tion between the PSA levels and relevant quantitative
imaging indicators. Second, in delineating the tumor
ROI, we only took the average value of the largest slice

on the horizontal axis into account to facilitate clinical
operability, which involved a certain level of subjectivity.
Third, our study divided the PCa cases into primary, sec-
ondary, and tertiary grades, based on the Gleason scores;
however, it did not compare the MR parameters between
the cases with GS = 3 + 4 and GS = 4 + 3. Fourth, the
pathology results were primarily obtained through prostate
needle biopsies. Few large pathological specimens were
obtained after radical prostatectomy, making it impossible
to eliminate the risk that high-grade regions had been
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5293

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhu et al

Dove

missed. Furthermore, the joint diagnostic efficacy of the
prostate ADC, K" k

eps
somewhat lower than that reported in relevant Chinese

and perfusion parameters was

studies, which may be related to the higher age of the
patients included in our study, who also happened to pre-
sent with symptoms of hematuria, dysuria, and renal
retention.

In conclusion, in addition to routine physical examinations
and PSA blood tests, the DCE-MRI quantitative parameters
K" and k,, together with ADC values, could better reflect
the characteristics of blood perfusion and water molecule
diffusion in the regions around PCa lesions, while also having
a relatively strong level of correlation with Gleason scores.
The K™, k,

eps
nostic value in the identification of malignant prostate lesions

and ADC values had a relatively high diag-

and could provide more precise and reliable quantitative para-
meters for grading the aggressiveness of PCa.
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