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Abstract
Introduction
To evaluate both a novel approach of data acquisition and the use
of intravoxel incoherent motion (IVIM) as an analytical detection
method in patients with prostate cancer.
Methods
This study retrospectively evaluated 34 patients who had prostate
cancer diagnosed on biopsy. Diffusion-weighted images (DWIs)
were obtained at specific values.
The IVIM diffusion model was used to ascertain the D*, ADC, and
perfusion fraction (f). The fitting curve was determined using the
Fourier transform. An intercept value at 0.05 of the Fourier transform
curve was defined as the vascularity-value (V-value). The V-values
were compared with the D*, f, and ADC.
Results
Prostate cancer detection rates on each index were f = 0.59, D*
= 0.56, ADC = 0.78. and V-value = 0.74. The rates of agreement
obtained via a dynamic contrast enhanced (DCE)-MRI were f = 0.53,
D* = 0.42, and V-value = 0.81. The total prostate cancer detection
rates using the ADC and V-value were 91%, in comparison with the
total detection rates of both the ADC and DCE together.
Conclusion
A more detailed data acquisition is required for IVIM, and the Fourier
transform was effective for evaluation of the IVIM curve shape. The
V-value can be used to evaluate tumor vascularity.
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prognosis are the Gleason score and tumor staging [4-6]. Magnetic
resonance imaging (MRI) of the prostate provides excellent anatomic
information, and this technique is considered sufficiently sensitive for
prostate cancer detection. Generally, T2-weighted anatomical images
of the gland are used to detect and stage prostate cancer. However,
this method lacks specificity (<27%) in small tumors and cannot
distinguish between prostate cancer and other lesions like prostatitis
and benign prostatic hyperplasia [7,8]. In contrast, diffusion-weighted
magnetic resonance imaging (DW-MRI) has been proven to improve
prostate cancer detection.
Apparent diffusion coefficient (ADC) values are also important
as regards to prostate cancer detection. The ADC values of cancerous
prostate tissue are generally lower than those of normal prostate
tissues, particularly in the peripheral zone (PZ). Normally, the ADC
of water molecules within living tissues is derived analytically from
diffusion images, with an assumption that the water molecular
diffusion is a random process [9-17].
Dynamic contrast-enhancement MR imaging (DCE-MRI) can
evaluate vascular characteristics. Increased micro vessel density will
lead to an increase in blood flow, blood volume, and the surface
area of vessel walls. An upturn in vascular endothelial growth factor
production is likely to increase the permeability of these vessel walls.
Blood flow, blood volume, and micro-vascular permeability-surface
area product are all, in principle, quantifiable through analysis of
contrast-enhanced MR imaging data by using distributed-parameter
tracer kinetics models.
There are reports that intravoxel incoherent motion (IVIM) DWI
may offer additional information regarding prostate cancer [1824]. The IVIM model predicts a much faster diffusing exponential
component in the signal equation due to perfusion effects, which affects
the overall signal, predominantly at low b-values [25]. According to
the IVIM DWI model, both pure extravascular molecular diffusion
and microcirculation of blood within the capillaries (perfusion)
can be separated using a bi-exponential decay function, providing
additional parameters for tissue characterization.
The purpose of this study is to evaluate a novel method of data
acquisition and an IVIM method using the Fourie analysis for
detection of prostate cancer. First, the theory behind the method
is explained, then this technique is applied and evaluated, through
comparison with the DCE-MRI approach.

Materials and Methods

Introduction
Prostate cancer is the most commonly diagnosed cancer and
the second leading cause of cancer deaths in American men [13]. Commonly, prostate-specific antigen (PSA) testing is used for
the screening of prostate cancer. Trans rectal ultrasonography
(TRUS)-guided prostate biopsy is accepted as the gold standard for
diagnosis, while the most important determiners of prostate cancer
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IVIM equation
S/S0 = f・exp(-b・(D*+D)) + (1-f) ・exp(-bD)

(1)

Here, S is the measured signal intensity, S0 is the signal intensity
without the influence of diffusion, D is the diffusion coefficient of
water, and the sequence-dependent b-value characterizes the diffusion
weighting. In addition, f is the perfusion fraction, D is the (molecular)
diffusion coefficient, and D* is the pseudodiffusion coefficient, which
depends on the mean blood velocity and the mean capillary segment
length. Since the mean blood velocity is considerably faster than
the mean molecular diffusion velocity of water, the flow-related
pseudodiffusion coefficient, D*, is expected to be orders of magnitude
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greater than the tissue diffusion coefficient, D. As a consequence, the
first term (the perfusion-related component) in Eq. (1) becomes very
small for high b-values and, hence, perfusion effects are detectable at
low b-values. The signal decay as a function of the diffusion b-value
is thought to consist of three parts. The signal decay related b-values
and f, D*, and ADC are shown in (Figure 1).

The novel IVIM index
Generally, the evaluation of IVIM is based on the indices of
f and D*. The calculated values of D*, f, and ADC on the mass and
contralateral normal tissue of a patient with prostate cancer are shown
in (Figure 2a). However, these indices may not always indicate the
vascularity of the tissue [25]. Therefore, to overcome this limitation,
we devised a novel IVIM index.
First, the small b-value data (0 − 50 s/mm2) were acquired in detail
and used for IVIM analysis (Figure 2b). Then, curve fitting was applied
to the diffusion signals in the form of an exponential curve using the
least squares method. Next, this fitting curve was transformed using
Fourier analysis. Finally, the intercept value at 0.05 of the vertical axis
was taken as the new IVIM index, in the form of the vascularity-value
(V-value) (Figure 3). Here, the Fourier analysis was used to analyze the
shape of the fitting curve. In addition, we fixed Intercept value for 0.05 in
consideration of a noise error of the signal acquisition.

Image analysis
For each patient, the largest diameter region of interest (ROI) was
placed in the tumors found and referenced as T2-weighted images
and ADC maps, while another ROI was placed in contralateral
healthy tissue on images with b-values of 15 (Figure 4).
The mean signal intensities over the ROIs were calculated for
each b-value. According to the IVIM theory, the relative signal is
given by Eq. (1) by means of a nonlinear least squares fit for solution
of the D* and f indices. The ADCs were calculated using the signals
of the DW images with b = 0 and 1,500 s/mm2. In addition, a monoexponential fit curve using the images of b = 0, 5, 10, 15, 20, 25, 30,
35, 40, 50 s/mm2 was processed with the Fourier transform, and the
intercept value at 0.05 of the Fourier transform curve was defined as
the V-value.

Evaluation of dynamic contrast enhanced MRI
The signal intensity-time curves of dynamic contrast enhanced
MRI were interpreted independently by three radiologists, who were
blind to all patient information. The curves were evaluated to general
perfusion parameters, including peak signal intensities, initial slope,

Patients
In this study, the clinical and imaging data of 34 patients (age:
44-84 years; mean age: 67 years) with biopsy-proven prostate cancer
were retrospectively evaluated. Ethical review board approval was
obtained for this analysis, and informed consent was obtained from
all patients. All of the 34 patients underwent a prostatectomy (after
MR examination) and had biopsy-proved prostate cancer, with no
relevant treatment history at the time of imaging (such as radiotherapy
or chemotherapy). In addition, dynamic contrast material-enhanced
(DCE) MR images were available for 24 patients.

MR images data acquisition
All images were acquired using the 1.5T clinical MRI system
(Achieve; Philips Medical Systems, Best, the Netherlands) with a
phased-array surface coil. All patients underwent a routine prostatic
MR protocol, including diffusion-weighted images transverse to the
prostate (TR = 3,000 ms, TE = 65 ms), with b-values of 0, 800, and
1,500 s/mm2. DCE-MR images were obtained using a 3D fast-field
echo sequence with a TR/TE of 3.8/1.9 ms and a flip angle of 15°. Prebolus images were taken, and 30, 60, 90, 120, 150, and 180 s after
bolus, an IV injection of gadopentetate dimeglumine (Magnevist,
Schering), followed by a 40-mL saline flush, and were sequentially
detected by the DCE-MRI. The dosage of injected contrast material
per patient was 0.1 mmol/kg of body weight, and the injection rate
was 2 ml/s. IVIM DWI was performed before the DCE-MRI with a
TR/TE of 6,000/120 ms, 4-mm slice thickness, a 128 × 128 matrix,
and two excitations. Diffusion weighting was accomplished using
a Stejskal-Tanner spin echo diffusion preparation with two monopolar diffusion gradient pulses, followed by a single-shot echo-planar
imaging readout at b-values of 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, 80,
100, 200, 400, and 800 s/mm2. For each b-value, diffusion weighted
images were acquired with three orthogonal gradient directions,
resulting in rotationally invariant trace images. A parallel imaging
technique with sensitivity encoding was used to reduce the gradientecho train lengths by a factor of 2. The acquisition time of the IVIM
DWI was 12 min 43 s.
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Figure 1: Decomposition of the tri-exponential relative signal decay as
a function of the diffusion b-values. The dashed line indicates three-part
decay: IVIM, fast component, and slow component.

Figure 2a: Calculated values of D*, f, and ADC on mass and contralateral
normal tissue of patient with prostate cancer.
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The error of measurement range was defined as +-1%, and any
data not satisfying this requirement were excluded.
For the 34 patients with prostate cancer, the prostate cancer
detection ratios of each index ratio (D*,f, ADC, and V-value)
against the biopsy results were compared. The detection ratio is the
numerical value that divided a positive number by a number judged
to be malignant by biopsy.
In addition, the agreement ratios of the DCE-MRI score and each
IVIM index ratio were evaluated.

Results
Differentiation between tumor and normal tissue using
each index
Figure 2b: Detailed small b-value data (0 − 50 s/mm ) were acquired and
used for IVIM analysis.
2

The differences between the D*, f, and V-value results for the
cancerous prostate tissue and contralateral normal tissue of the
examined 34 patients are shown in (Figures 5-7).
At first, for evaluation of the measurement errors, the standard
deviation of each index level of the normal tissue was calculated.
This standard deviation defined an error of measurement range and
appropriate data was excluded. The detection ratio of each IVIM
index (ADC, D*, f, and V-value) against the biopsy results were ADC
= 77%, D* = 53%, f = 56%, and V-value = 74% (Figure 8).

Agreement with dynamic contrast enhancement (DCE)
evaluation and comparison of two complex indices
The agreement ratios of the DCE-MRI score and each IVIM
index ratio were D* = 42%, f = 53%, and V-value = 81% (Figure 9).

Figure 3: Curve fitting was applied to the diffusion signals to generate an
exponential curve using the least squares method. This curve was then
translated by Fourier analysis. The intercept value at 0.05 of the vertical
axis is the new IVIM index, as the vascularity-value (V-value).

and maximum slope for the initial 50 s after the contrast injection,
wash-in rate, and time-to-peak. The wash-in rate calculated it from
the following equation.
Wash-in rate = (Sa-S0) / Sa ・1 / 30 		

When two indexes are combined, the detection rate increases
more. In the combine of two indexes, both indexes case positive
together was true positive. The detection rate obtained for the ADC
and V-value indices was 85%, while the corresponding value for ADC
and DCE-MRI was 93%. The detection rate of the ADC and V-value
indices was 91% of the detection rate of the ADC and DCE-MRI
indices together.

Discussion
As regards to the IVIM index, unlike the ADC, diagnostic
information to reflect the vascularity of the tissue is obtained.

(2)

Here, Sa is the measured signal intensity of the initial 30 s after
the contrast injection; S0 is the signal intensity before the contrast
injection.
The likelihood of the presence of cancer for the DCE-MRI images
was indicated by a separately assigned score, using a five-point rating
scale: 1 - not present; 2 - probably not present; 3 - possibly present;
4 - probably present; and 5 - definitely present. The averaged scores of
the three radiologists were used as the DCE-MRI scores.

Evaluation of each index for IVIM
The index ratios of D*, f, ADC, and V-value are defined as the
difference of each normal tissue and tumor index value divided by
the mean, i.e.
Index ratio = (Index value of normal – Index value of tumor) /
(Index value of normal + Index value of tumor). 		
(3)
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Figure 4: The region of interest (ROI) was placed in the tumors referenced
as T2-weighted images and ADC maps, while another ROI was placed in
contra lateral healthy tissue.
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results indicate that the IVIM evaluation using the V-value is often
superior to the DCE-MRI as regards to vascularity evaluation. For the
DCE-MRI, the washout information contributes greatly to a diagnosis
with perfusion information, but washout information cannot be
obtained from IVIM using the V-value. Therefore, it is difficult to
justify the use of IVIM alone instead of DCE-MRI. However, in the
case of a patient for whom contrast media are unsuitable, much more
diagnostic information can be obtained through the use of IVIM and
the V-value. In addition, the diagnostic information can be further
increased by adding IVIM to the DCE-MRI process.
Finally, as limitation of V-value, 0.05 was set in intercept value,
but future examination is necessary for this numerical value.

Conclusions
Figure 5: Difference in D* for 27 patients with prostate cancer and contra
lateral normal tissue.

More detailed data acquisition for low b-values was developed
for IVIM, and these data were inserted into the IVIM equation using
a non-linear least squares fit. The fitting curve was processed with
the Fourier transform for evaluation of the IVIM curve shape. An
intercept value at 0.05 of the Fourier-transform curve was defined as
the V-value. It can be concluded that the V-value is effective as an
IVIM index. Tumor detection using both the ADC and the V-value
had 91% accuracy, in comparison with both the ADC and DCEMRI. However, the V-value cannot be used to evaluate the washout,
in contrast to the DCE-MRI, but it can be used to evaluate tumor
vascularity. Therefore, the V-value approach can be used for patients
for whom use of contrast media is not possible.

Figure 6: Difference in f for 27 patients with prostate cancer and contra
lateral normal tissue.

Therefore, if the IVIM method provides the same vascularity
information as the DCE-MRI, it could be a useful means of reducing
patient risk as, unlike DCE-MRI, so that contrast media are
unnecessary for the application of this technique.
However, no literature was found that stated that f and D* as IVIM
indices sufficiently reflect the vascularity of a tumor. In addition, the
acquisition and the analytical methods of the DWI low b-value data
were found to be problematic. Therefore, we assumed that the low
b-value data (b = 0 − 50 s/mm2) were detailed. Then, through the
use of a non-linear least squares fit, these data were inserted into the
IVIM equation and the fitting curve was processed using the Fourier
transform. For evaluation of the IVIM curve shape, an intercept value
at 0.05 of the Fourier transform curve was defined as the V-value.
For the 34 patients with prostate cancer, the V-values of the
novel index were compared with those of D* and f in terms of tumor
detection rates, and with the diagnostic information of DCE-MRI
regarding tumor vascularity. As a result, the V-value detectability was
found to be better than that of f and D*, in comparison with the biopsy
data. Therefore, the V-value was found to be effective as an IVIM
index. The tumor detection method using both the ADC and V-value
provided 91% accuracy, in comparison with the detection rate of both
the ADC and DCE-MRI together. However, a case did exist in which
it was impossible to detect the tumor using both the ADC and DCEMRI, but was detectable using both the ADC and the V-value. These
Volume 5 • Issue 1 • 1000115

Figure 7: Difference in V-value for 27 patients with prostate cancer and
contra lateral normal tissue.

Figure 8: The detection ratio of each IVIM index (ADC, D*, f, and V-value)
for comparison with biopsy.
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