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Abstract

Objective To quantitatively compare the diagnostic and differential diagnostic value of intra-voxel incoherent motion imaging
(IVIM) and diffusion weighted imaging (DWI) for prostate cancer (PCa) and benign prostatic hyperplasia (BPH).
Methods 68 cases of prostate confirmed by pathology, including 33 cases of PCa and 35 cases of BPH were analyzed
retrospectively. All patients were underwent TIWI, T2WI, DWI and IVIM sequences to obtain the apparent diffusion coef-
ficient (ADC), pure apparent diffusion coefficient (Pure-ADC/D), standard apparent diffusion coefficient (standard-ADC/
Ds), fast apparent diffusion coefficient (fast-ADC/D*), fraction of fast apparent diffusion coefficient (f) values. All the
multiple parameters were statistically analyzed for the differential diagnosis of BPH and PCa. P <0.05 was considered as
statistically significant.

Results The differences in D, Ds, fand ADC values between BPH and PCa groups were statistically significant (all P val-
ues <0.001), respectively. Among them, D value in the IVIM model had the highest diagnostic efficiency for PCa, the area
under the curve (AUC) was 0.967, and the AUC combined with the ADC value and D value reaches 0.973.

Conclusion The diagnostic efficacy of multiple parameters in the IVIM model for PCa was higher than the ADC value of
the quantitative parameter of DWI. D value had the highest diagnostic efficiency. The combined diagnosis of ADC and D
value was more effective, more advantageous in the diagnosis and differential diagnosis of PCa.

Keywords Intra voxel incoherent motion imaging - Prostate cancer - Benign prostatic hyperplasia - Differential diagnosis

Introduction

PCa was one of the most common malignant tumors in
elderly men. Although the prevalence of prostate cancer in
East Asian men was lower than that in Western, autopsy
studies and evaluations of prostatectomy specimens prove
that its prevalence was similar to that in Western countries
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[1, 2]. DWI was a conventional MRI imaging sequences
currently used for prostate cancer [3]. It could assess the
diffusion activity of water molecules in biological tissues,
meanwhile, it provided a quantitative parameter ADC value
representing the level of diffusion. However, there was a
certain degree of overlap between the ADC values of PCa
and BPH [4, 5], which leaded to false positives in the diag-
nosis of PCa [6]. In addition, the diffusion of water mol-
ecules was also partly affected by the microcirculation blood
perfusion. Bihan et al. [7] firstly proposed the IVIM model
with parameters including D, Ds, D* and f. Its advantage
was that can effectively separate the diffusion of water mol-
ecules from microvascular perfusion without using a con-
trast agent. In recent years, studies have reported that the
quantitative parameters of the IVIM model showed high
sensitivity and specificity in the detection and differential
diagnosis of tumors in different organs [8, 9]. In this experi-
ment, self-developed professional software was used for
image post-processing, which could more accurately quan-
tify the diagnostic and differential diagnosis value of the two
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models of IVIM and DWI for PCa. In addition, the study
compared the diagnostic efficacy of conventional DWI and
IVIM sequences for PCa, and intended to find quantitative
parameters with higher diagnostic value to further evaluate
the invasiveness of PCa lesions noninvasively.

Materials and methods
Clinical data

The study was approved by the Medical Ethics Commit-
tee of our hospital, and all the subjects signed the informed
consent. Retrospective analysis of MRI data of 68 prostate
cases in our hospital from November 2016 to July 2018.
Age ranges 46-85 years. All pathological results were con-
firmed by rectal ultrasound guided puncture or radical sur-
gery within 2 weeks after MRI examination was completed.
The samples inclusion and exclusion criteria were shown
in Fig. 1. Among them, 33 patients in the PCa group were

(70.2+9.6) years old, 17 cases were confirmed by ultra-
sound-guided needle biopsy (standard 5 zone 13 needle
method) and 16 cases were confirmed by radical surgery;
35 patients in the BPH group were (66.3 +9.9) years old.
There was no statistical difference in age between the groups
(P>0.05). The level of prostate-specific antigen (PSA) was
1.9-360.9 ng/ml. The Gleason score from 6 to 10, with rela-
tively few cases in the low-risk group.

MR examination method

All the data were acquired by GE 750 superconducting 3.0 T
MR (GE, USA) scanning. The 8-channel phased array sur-
face coil of the abdomen was used to complete the acquisi-
tion. The patient cleaned the intestines the night before the
examination, and drank moderately before the examination
to fill the bladder moderately. The imaging plan included
conventional axial, coronal and sagittal T2WI, small field of
vision (FOV) T2WI, axial TIWI, DWI and IVIM sequences.
The coronal T2WI adopted the fast recovery fast spin-echo

Fig. 1 Flow chart of samples
inclusion and exclusion criteria

Patients who underwent prostate MRI,including T1WI, T2WI,
DWI and IVIM,during November 2016 and July 2018.(n=87)

Excluded(n=7)

b.Non-standard scan

sequence.(n=3)

a.Low image quality.(n=4)

A

Excluded(n=12)

a.Prior chemoradiotherapy.(n=7)

b.Prior needle biopsy.(n=5)

® Patients that underwent rectal ultrasound guided puncture within 2
weeks after MRI examination.(n=37)
® pPatients that performed radical prostatectomy within 2 weeks after

MRI examination.(n=31)

Final sample size(n=68)
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(FRFSE) fat-reducing sequences. T2WI with small axial
FOV adopted FRFSE sequences. DWI used echo planar
imaging (EPI) technology, and the b values were 0, and
1000 s/mm?. IVIM adopted single excitation EPI technol-
ogy, and multi-b values were 0, 10, 20, 40, 80, 150, 200,
400, 800, 1000, 1200, 1500, 1700, 2000, 2500, 3000, and
3500 s/mm?. The relevant parameters of each sequence scan
protocol were shown in Table 1.

Image processing

After the MRI examinations were completed, data were
analyzed by two radiologists with more than 5 years of
experience in the diagnosis of urogenital MRI before the
pathological results were turned out. The original images
were imported into the AW4.6 post-processing workstation
to generate post-processing diagrams of various param-
eters. The post-processed image was transferred to the
self-developed MedFIA V1.0 [9] (National Software Reg-
istration Right, 2014SR014913) software, and the ADC, D,
Ds, D* and f value of the lesions were measured. We tested
and improved the software in detail in the previous study
on quantitative evaluation of early efficacy of liver cancer
embolization. Principle of ROI placement: it was outlined
(three consecutive scan levels) along the margin containing
the maximum contour of the solid component of the lesion
on the transection map and avoided cystic change, hemor-
rhage, calcification and normal prostate tissue (Fig. 2). PCa
was measured when multiple lesions were in which the larg-
est diameter was measured; ticked the three consecutive scan
levels that showed the greatest contour of the hyperplastic
nodule at the ROI. Those with multifocal hyperplasia were
ticked three consecutive levels containing the maximum
contour of the central zone of the prostate as an ROI.

Statistical methods

SPSS V25 statistical software was used for data analy-
sis. The intraclass correlation coefficient (ICC) was used
to measure the reliability of measurement parameters
between two physicians. The normal distribution (KS)

test within the group was performed first, and independ-
ent sample ¢ test was used to compare the DWI and IVIM
model parameters ADC, D, Ds, D* and f values between
the two groups. The diagnostic efficacy of each parameter
for PCa was analyzed by ROC. P <0.05 was statistically
different.

Results

Inter-observer measurement reliability
and consistency test and within-group normal
distribution test

After testing the ICC values of ADC, D, DS, D* and f
values were all > 0.75 (Table 2), the interobserver reli-
ability of the measured parameters was good and the inter-
observer agreement of the measured parameters was high
for all quantitative parameters in the study. Using K-S
non-parametric test method, it was proved that all data
obeyed normal distribution.

Comparison of quantitative parameter values
of DWI and IVIM in PCa and BPH

The measurement results of each quantitative parameter
were shown in Table 3. The original images of T2WI,
ADC and pseudo-color images of each parameter were
shown in Fig. 3. By independent samples ¢-test, it was
concluded that the PCa group had lower ADC, D, DS as
well as f values than the BPH group, with significant sta-
tistical significance (P <0.001).The diagnostic potencies
of ADC, D, D*, DS as well as f were shown in Fig. 4. When
the diagnostic cut-off values of ADC, D, Ds, and f were
0.371x 107 s/mm?, 0.699 x 10~ s/mm?, 0.637 x 107> s/
mm? and 48.705%, the sensitivity and specificity for dis-
criminating between BPH and PCa were (91.4%, 75.8%),
(88.6%, 97.0%), (91.4%, 90.9%) and (91.4%, 87.9%),

Table 1 Related parameters

- Scan parameters Coronal T2WI Small FOV axis T2WI DWI IVIM
of each sequence scanning
protocol TR (ms) 5270 6000 4588 4111
TE (ms) 111 130 80.4 78.7
FOV (cm?) 22x22 20%x20 34%34 40%x32
Matrix 288 %224 352x256 128 %128 128 x 128
NEX 4 4 2 1-8
Layer spacing (mm) 0.4 0.3 0.5 0.5
Layer thickness (mm) 4 3 4 5
Scan time 2min 12s 6 min 30 s 1 min 59 s 12 min 16 s
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Fig.2 Software operation

interface. a Tick the example of
ROI; b example of the original
data of the measured experi-

ment

Table2 ICC values of DWI
and IVIM measured by two

radiologists

Table 3 Comparison of DWI
and IVIM parameters between

PCa and BPH groups
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Group ADC D Ds f P
PCa 0.898 0.947 0.895 0.875 <0.01
BPH 0.839 0.929 0.866 0.889 <0.01
Quantitative parameters PCa BPH t P
D (x 107> mm?s) 0.477+0.073 0.669+0.061 —11.872 <0.001
D* (x 107 mm?%/s) 3.256+0.978 3.704+1.216 — 1.666 0.10
Ds (x 107 mm?s) 0.766+0.125 1.059+0.139 —9.406 <0.001
£ (%) 42.434+10.82 61.773+7.965 —8.700 <0.001
ADC (x 107> mm?/s) 1.063+0.170 1.385+0.175 —-8.013 <0.001
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Fig.3 Male, 62 years old, diagnosed with PCa. a DWI sequences,
there is a patchy signal reduction area in the right peripheral zone of
the prostate, and the boundary is unclear, breaking through the right
side of the prostate (arrow); b ADC image, the lesion is located in
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Fig.4 The ROC curve of each quantitative parameter value (ADC, D,
D*, Ds, f) in the DWI and IVIM model for diagnosing PCa. The AUC
are 0.894, 0.967, 0.558, 0.939 and 0.926, respectively
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the peripheral area of the prostate, and a significant signal reduction
area is visible (arrow); c—f pseudo-color post-processing images of D,
D¥*, Ds, and f, respectively, and the lesions are shown in the figure
(arrow). Pathological results: prostate cancer; Gleason Score: 4 +3

respectively. The 95% CI were 0.815-0.974, 0.928-1.000,
0.874-1.000 and 0.861-0.992, respectively.

Analysis of the diagnostic efficacy of IVIM combined
with DWI quantitative parameters for PCa

After logistic regression analysis, the probability of each
parameter was obtained. The ROC curve showed that the
ADC value combined with the D value had the highest
diagnostic efficiency (AUC=0.973, 95% CI 0.941-1.000,
Fig. 5). The sensitivity and specificity for distinguishing
BPH and PCa were 94.3% and 93.9%, respectively.

Discussion

Multiparameter MRI of the prostate was composed of ana-
tomical sequences and functional sequences. T2WI was
mainly used for anatomical evaluation. Although DWI was
mainly used for functional evaluation, the conventional
DWI was only based on a single index model. Luciani et al.
[11] and Liu et al. [12] found that the limited diffusion
observed in cirrhotic liver was not only pure molecular
diffusion, but also affected by microcirculation perfusion.
The curves of DWI in breast malignant tumors, benign
lesions and normal tissues showed a double exponential
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Fig.5 ROC curve of each parameter value of the combined IVIM/
DWI model. The AUC of D+ADC, Ds+ADC and f+ADC are
0.973, 0.942 and 0.949, respectively

fit. Meanwhile, IVIM sequences based on the double expo-
nential model, can simultaneously capture both diffusion
and perfusion information and measure them separately.
In the recent years, IVIM has gradually become a new
research focus in multiple systems.

In the experiment, the values of D, DS as well as f were
lower in the PCa group than in the BPH group. The above
results were consistent with the conclusions drawn by the
IVIM research using different b-value combinations [13,
14]. Among them, the area under the curve of D value,
which characterizes the diffusion level of pure water
molecules, was the largest one. The above results were
as same as the research conclusions of Lei et al. [15]. Of
the two model parameters in the study, D* value had the
lowest sensitivity and specificity in distinguishing prostate
hyperplasia and prostate cancer, this result was similar to
the related studies on renal lesions [16], the reason for
analysis may be related to the degree of tumor vascular
differentiation among different tumors as well as the exist-
ence of differences in types. The experiment of Beyhan
et al. [17] showed lower f values in benign prostate tissue
than in malignant tumors, and the results of this experi-
ment showed smaller f values in the PCa group than in the
BPH group, which contradicts the theory of intratumoral
angiogenesis demonstrated in dynamic contrast-enhanced
MRI [18], and the reason for this result can be explained
by the theory that f not only reflected perfusion but also
was more sensitive to the flow of glandular secretions
and fluid; another reason may be that part of PCa was

secondary to chronic inflammation of the prostate caused
by nutritional factors or hormones. Chronic inflamma-
tion and the deposition of collagen fibers can change the
brownian motion level of water molecules and the blood
flow of the prostate capillaries.

The improvement of IVIM relative to DWI mathemati-
cal modeling may improve the accuracy of its curve fitting
signal attenuation behavior [19]. This experiment found
that compared with conventional DWI, IVIM parameters
effectively improved the diagnostic performance, and when
used in combination with conventional DWI, the specificity
was increased from 75.8 to 93.9%, and the sensitivity was
increased from 91.4 to 94.3%. Therefore, it provided more
accurate microenvironmental information using IVIM bi-
exponential model with multiple b-values to analyze prostate
lesions, which was particularly important for the diagno-
sis, prognosis, and evaluation of curative effects in patients
with renal insufficiency who were not injected with contrast
media. In addition, the difference of parameter values in
the different models above may represent the nature of the
lesions as well as different grades, which was very helpful
for clinical surgery and biopsy targeting.

In the past, many small sample methods [20] were used to
measure the average value of the parameters in the selected
ROI, so a certain degree of sampling deviation was inevi-
tably produced. In the study, the self-developed MedFIA
V1.0 medical functional imaging analysis software used a
semi-automatic method to outline tumor tissue as a whole,
which could effectively avoid normal prostate tissue, necro-
sis, and calcification, thereby reducing the subjectivity of
ROI setting.

There were some shortcomings in the study. Firstly, the
pathologic findings in approximately only half of the cases
were obtained by radical prostatectomy. Secondly, it was
not possible to completely rule out the possibility of a false
negative result because of the small sample size. Sufficient
experimental evidence shown that the deviation of the dif-
fusion model from Gaussian diffusion appeared as a dou-
ble exponential form when the range of b-value increased
[21]. When the contribution of non-Gaussian diffusion was
ignored, it was not clear in the IVIM model how high the
value of b should be to avoid this deviation [22], but stud-
ies found that [23] the error of parameter measurement
decreases as the number of b-values increases. Therefore,
we used 16 b-values in our study to characterize the nature
of the lesion more accurately, although the plausibility still
needs further investigation.
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Conclusion

In conclusion, IVIM model provided more accurate quantita-
tive parameters than DWI sequences, and had the potential
to become a routine sequences for prostate scanning. In our
experiment, PCa foci occurring in the peripheral zone as
well as the transitional zone were not subdivided. Previous
studies suggested that the sites of tumorigenesis are differ-
ent (transitional zone and peripheral zone) [17], and their
parameters of blood perfusion and water molecule diffusion
might also appear to differ to some extent, which required
further refinement of the experimental design in future
studies.
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