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Aims and objectives
Shear stiffness is an important physical property of tissues and has been found to
gradually increase with increasing hepatic fibrosis in chronic liver disease [1, 2]. In
magnetic resonance imaging (MRI), it can be measured as image contrast by using
magnetic resonance elastography (MRE), a technique that has been widely used to
quantitatively assess shear stiffness for a diagnostic staging of hepatic fibrosis [1, 3,
4]. MRE is a completely non-invasive imaging technique, and the results can be easily
interpreted in the clinic for molecular diagnosis of liver disease, without the need for liver
biopsy.
Recently, virtual MRE has been reported by Le Behan et al [5]. Virtual MRE calculates
the shear stiffness of the chronic liver disease from a physical consideration that amount
of non-Gaussian diffusion empirically calculated from intravoxel incoherent motion (IVIM)
signal attenuation relates the shear stiffness of tissue. There are several IVIM models
to empirically detect the non-Gaussian diffusion [6-9]. For example, the amount of nonGaussian diffusion in biological tissue can be detected by apparent diffusion coefficients
(ADCs), which are slopes of signal attenuation for each of the slow and fast diffusion
components [5]. In addition, D* derived from the bi-exponential model also reflects the
non-Gaussian diffusion [10]. Thus, there is the estimated parameter map which can
represent the non-Gaussian diffusion in the IVIM model [11]. Moreover, the estimated
parameter map derived from a curve fitted by IVIM model is varied depending on set
b-value. Then, b-value would affect accurately calculating the shear stiffness from the
IVIM model. Therefore, both an IVIM model and imaging parameters that can reliably
detect the amount of non-Gaussian diffusion is required to reflect its dependence on the
measured changes in shear stiffness.

The purpose of this study was to investigate the effect of the IVIM model and the number
of b-value on accurate calculation of the virtual MRE.
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Methods and materials
This study involved 39 patients with several liver diseases and after obtaining written
informed consent, all patients underwent an MR examination including conventional MRE
and diffusion-weighted image (DWI) sequence (see Table 1). In the DWI sequence, 27
patients and 12 patients were scanned using 3 and 5 b-value, respectively.

Table 1
References: - Tokushima-shi/JP
MR imaging
1. MRE protocol
An external driver device (60 Hz) was used to induce shear waves in the liver tissue, and
axial imaging of the abdomen with breath-holding was performed for conventional MRE.
Imaging parameters were repetition time (TR), 33.3 ms; echo time (TE), 22.1 ms; flip
angle, 30 degrees; field of view, 256 × 256; matrix size, 256 × 256; and slice thickness,
8 mm. Next, shear stiffness maps were generated using a multi-scale direct inversion
algorithm on the MRI equipment.
2. DWI protocol
In addition, DWI with a fat-suppressed spin-echo echo-planar sequence was performed
with the following parameters (see Table 2): TR, 12000 ms; TE, 89 ms; flip angle 30
degrees; matrix size, 256 × 256; slice thickness, 5 mm; and b-values, 0, 50, 200, 800, and
2

1500 s/mm . For b-value, data acquisition was performed separately for each three (0,
2

2

200, and 1500 s/mm ) and five b-value (0, 50, 200, 800, and 1500 s/mm ). For the patient
DWIs acquired with the three and the five b-values, a number of excitations (NEX) were
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applied to each b-value to improve the signal-to-noise ratio (SNR) of the DWI. In three b2

value, one, two, and four of NEX were selected as 0, 200, and 1500 s/mm , respectively.
2

In five b-values, one of NEX value was selected at 0-800 s/mm of the b-values, and three
2

NEX values were used at only 1500 s/mm of the b-value. Here, all imaging parameters
and setting value are shown in Table 2.
Data processing
In this study, Vitrea® software (Canon Medical Systems Corporation, Tochigi, Japan)
and in-house software were used to generate several calculated maps (Matlab R2015b;
MathWorks). The illustration of procedure of the experiments are shown in Figure 1.
Shear stiffness of tissues of each of the patients was calculated from the conventional
MRE data (see Figure 1a). Two ADC maps, which have different diffusion components,
such as fast and slow diffusion components, were calculated from a slope of the DW
2

2

signal attenuation between two b#values (ADC0#200 s/mm , ADC200#1500 s/mm ) for
2

each three and five b-value. Moreover, ADC0-1500 s/mm , D, D*, and # map were
calculated from fitted signal attenuation curves with mono#exponential, bi#exponential,
and stretched#exponential models using Bayesian fitting algorithms (see Figure 1b). All
estimated parameter maps are represented as follows:

1. Two ADC maps derived from the slow and fast diffusion components without the nonleast square method.

Fig. 1: Eq.1
References: - Tokushima-shi/JP

Fig. 2: Eq.2
References: - Tokushima-shi/JP
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where S is the DW signal and subscripts b0-b1500 indicate b-values. In particular,
ADC200-1500 is more sensitive than ADC0-200 with respect to the shear elasticity of the
biomaterials [5].

2. The estimated parameter maps for each of the IVIM models with non-least square
method using the Bayesian fitting algorithm.

a. mono-exponential

Fig. 3: Eq3
References: - Tokushima-shi/JP
b. bi-exponential

Fig. 4: Eq.4
References: - Tokushima-shi/JP
c. stretched exponential

Fig. 5: Eq.5
References: - Tokushima-shi/JP
2

where, the b and b0 are the b-values of the desired value and 0 s/mm . In this study, 0,
2

50, 200, 800, and 1500 s/mm of the b-values were used. An illustration of experimental
procedure is shown in Figure 1.
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Data statistics
A region of interest (ROI) analysis was performed for each patient and was placed on
the liver of # map avoiding unwanted signals, such as a large vessel region for each
three and five b-value (see Figure 1c). In this study, threshold values were applied to
each of the estimated parameters to remove the component of inhomogeneous signal
variance caused by the vessels, low SNR, and other imperfections in the liver, as shown
in Figure 1d. For the # map, the threshold values were determined from # (0.01 < # < 1).
2

ADC0-200 and ADC200-1500, a threshold of less than 0.025 mm /s was then used to remove
unwanted ADC signals. No threshold was used for the D* and D values in this study. After
removing unwanted signals in the ROI, linear regression for each of the patients was
applied to the conventional shear stiffness against the estimated parameter map of the
IVIM model on the ROI. Outliers of the mean value were systematically excluded for each
of the linear regression results (see Figure 1e). Finally, the IVIM maps were empirically
converted to virtual shear stiffness from the results of linear regression with the removed
the outliers (see Figure 1f).
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Fig. 6
References: - Tokushima-shi/JP
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Results
The results of this study are indicated in Figure 2 and 3.
The signal attenuation derived from the three b-values, ADC0-1500 and D* against the
measured shear stiffness, showed good correlation in comparison to that from the
use of five b-values. In the fast diffusion component of three b-value, D* resulted
in good correlation while there was no correlation on the ADC0-200. There was no
correlation between the measured shear stiffness and the slow diffusion component, the
ADC200-1500, and D.

Fig. 7
References: - Tokushima-shi/JP
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Fig. 8
References: - Tokushima-shi/JP
In each of the results from the linear regression of the estimated parameter maps
calculated from the five b-value, a significant correlation, (R< #0.67), was observed
between ADC0#200, D, and #, and the measured shear stiffness.
In addition, the relationship between the D and the measured shear stiffness had the best
correlation for five b-value in this study (R=-0.8).
Normal 0 10 pt 0 2 false false false EN-US JA X-NONE
Moreover, the comparison between conventional shear stiffness and virtual shear
stiffness is shown in Figure 4 and 5, demonstrating a correlation on each of the estimated
parameters.
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Fig. 9
References: - Tokushima-shi/JP

Page 10 of 14

Fig. 10
References: - Tokushima-shi/JP
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Conclusion
The purpose of this study was to investigate the effect of the IVIM model and the number
of b-value on accurate calculation of the virtual MRE. In this study, the results of the
linear regression between the estimated IVIM parameter map and the measured shear
stiffness depended on IVIM models and the number of b-value. The result suggest that
the estimated IVIM parameter map not only has information about the shear stiffness
obtained from non-Gaussian diffusion, but also contains several factors which are
unwanted for the virtual MRE. Thus, these unwanted factors in the base images, used
to calculate virtual shear stiffness such as the ADC, D*, D and # map, should be taken
into consideration. For example, the probability distribution function (PDF) of the base
images is important and when the SNR of the base image is inadequate, the PDF in the
liver is described by a Rayleigh distribution and becomes asymmetric [12, 13]. The mean
and mode of the PDF are thus not consistent in this asymmetric distribution as shown
in figure 9.
Several factors may have influenced the result of the virtual MRE. Therefore, a robust
method, which can separate the non-Gaussian diffusion having component of shear
stiffness of the liver tissue, is needed for virtual MRE.
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