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Abstract pect that they can be used as a new index for the diagno-
sis of the various diseases such as liver cirrhosis and tumor
Elasticity is an important physical property of material. which become harder than normal tissue, or necrosis which
In the clinical practice, elasticity is used for physical ex- is softer. In addition, information of tissue elasticity is an
amination in several ways, such as palpation or percus- very important parameter for virtual reality systems such as
sion. Differences in elasticity can help facilitate the diag- telepalpation and computer assisted surgery that simulates
nosis of tumors and their extent. Elasticity is an essential tissue deformation with a finite element method or mass-
property in the diagnosis of liver cirrhosis, or soft degen- spring model.

eration in tissue necrosis. In addition, information of tis- These physical properties concerning stiffnesses of ma-
sue elasticity is utilized in virtual reality systems such as terjal are called elasticity. Conventional measurement
telepalpation and computer assisted surgery. It was difficult method requires to cut off a piece of material from the

to obtain such properties in vivo by USing conventional mea- body and elastic properties were calculated by measur-
surement methods. To overcome this problem, magnetic resing the amount of deformations under certain external
onance elastography (MRE) has been developed that proforces. Therefore, we could not measure tissue stiff-
vides noninvasive in vivo measurements of elasticity for hu-nessin vivo andin situ, and we could not use the "tissue

man tissue. We summarize this MRE method in this paper. stiffness” as a quantitative index of the diagnosis of the var-
When an object is oscillated from the surface in a known jgys diseases.

frequency, acoustic strain waves propagate into the mate-  pacently, a new method called magnetic resonance elas-

r!al and one can calculate the pr_\ysmal constants of a mate- tography (MRE) was proposed by Mathupillai et al. of

rial elasticity by the wave velocity. In MRE measurements, \1avq Clinic [1-5] that measured the elasticity of human

a cyclic micromotion caused by the acoustic strain Waves yisq ;e with MRI. This method is completely different from

is obtained as an MR image that is synchronized to the 0s-.,n entional methods in the sense that it is nondestructive,

cillation. By measuring the Ioca! \(vavelength of the strain allowing us to measure human tissue elastiityivoin the
waves, we can obtain the elasticity constants. Several ex-

X . R clinical practice.
amples of MRE image including in vivo measurements are

. . In this paper, we describe the principles of MRE method
provided as well as several methods to estimate the local ; : ) )
g : L and the basic dynamics of the elastic materials, and then the
wavelength from MRE images are described in this paper.

principle of MRE method is explained. Finally, the charac-
teristics of MRE method are illustrated with actual MRE
images.

1. Introduction

“Stiffness” is one of the important index for the charac- 2. Elasticity of a material
teristics of the materials. By touching and sensing the mate-
rial whether they are “hard” or “soft”, we can easily distin- The basic property of the elasticity is described by the
guish rigid materials such as steels or diamonds from elastic’Hooke'’s law”, which denotes that the amount of stretch of
materials such as rubbers or jellies. In a similar sense, hu-a spring is proportional to the applied force [6,7]. In other
man tissues can also be distinguished as “hard” for boneswyords Hooke’s law is described as follows,
or “soft” for various internal organs or skins. If the “tis-
sue stiffness” can be measured noninvasively, we can ex- F =kx
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Figure 1. The relationship between the Figure 2. The relationship between the shear
Young's modulus and the normal strain. modulus and the shear strain.
where F' stands for the applied force, andstands for the o= E-2G
stretch of spring, andl is the spring constant. 2G

Instead of spring, consider an elastic cube of the hdight ) )
as shown in Figure 1. When it is compressed with the force MR elastography is a method which calculates shear
F,, per unit area, which is called stress, the height short-modulus and Young's modulus by measuring the waves
ens by distance. The s, defined ass, = d/L is called caused by oscillating the material externally.

strain. If the strain is small, the relationship between stress When the several oscillations are applied to the material,
F,, and strains,, follows Hooke's law: they cause the acoustic strain waves and they propagate into

the deeper part of the material. There are two types in the
Fon=E-sn acoustic strain waves, one is the longitudinal wave and the
The proportional constank’ is called Young’s modulus, other is the transverse wave. Figure 3 and Figure 4 show
which is one of the elastic constants and it indicates the stiff- the strain wave propagations in an elastic body. When the
ness of a material. shear stresses are applied to a top surface of a hard mate-
Another important elastic constant is rigidity, which is rial such as steel, shear strains propagate to the bottom im-
also called as shear modulus. It represents the deformatiomediately. If oscillations of these shear stresses are applied
of a material under a force whose direction is parallel to the with a fixed frequency, the strain waves propagate to the
surface of material. Consider an elastic cube of the heightbottom immediately (Figure 3). In other words, the wave-
H (Figure 2). When a force is applied in the direction paral- length of the strain wave is very long, and the phase of
lel to the top surface, the position of the top surface moveswave at the bottom is almost the same as that at the top.
by distancel. Thes, defined as;(= d/H) is called shear  On the other hand, in the case of a soft material such as rub-
strain. The relationship between shear sttBs&nd shear  ber, shear stresses propagate into the bottom slowly. When
strains, also follows Hooke’s law: oscillations of the shear stress are applied, the velocity of
Fo—C-s strain waves are slow. The wavelength is short and the os-
* * cillations propagate as reciprocating motion in the material
This proportional constart is called shear modulus. (Figure 4). Such discussion can be also applied to the case
In addition, bulk modulusK” and Poisson’s ratio are  of Jongitudinal waves where the propagation velocity be-
also defined as elastic constants of a material. They describgomes much large.
the elasticity relating to the compression and the three-  The relationship between the propagating velocity of

dimensional strain of the material. There are only two de- 5cqystic strain waves and the elastic constants are described
gree of freedom for those constants, thus only two of them g follows.

are independent. This means that the arbitrary two elastic
constants can be calculated from the other two constants.

For example, by using the Young’s modullisand the shear a
modulusG, the bulk modulugds and the Poisson’s ratie v =4/— D
can be calculated as follows. P
G(4G - FE
. EG o= |CUG—E) @

T 9G_3E p(3G — E)
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Figure 3. Propagation of the acoustic strain Figure 4. Propagation of acoustic strain
waves in a hard material. The acoustic strain waves in a soft material. When the material
waves propagate rapidly in a hard material is soft, velocity of the acoustic strain waves
and the wavelength is long. is slow and the wavelength is short.

Note that,E is Young's modulus( is shear modulug; is

. . . are described.
density of the material, respectively. Thgandv; are ve-

locities of the transverse and the longitudinal waves When the surface of a material is oscillated with certain
With the bulk modulus and the shear modult@ fhe frequency, the strain waves are propagating into it and every
velocity o, can be described as follows ' point in the material reciprocates in micromotion. MRI has
yu ' high sensitivity to the motions and MRE utilizes this feature
K +4G/3 to acquire waveforms.
b= P @) The motion sensitive methods for MRI are classified to

phase shift method and time-of-flight method, which are

Comparing eq.(1) with eq.(3), we can see that a longi- ysed for quantification of velocity or MR angiography in
tudinal wave is faster than a transverse wave because ofne clinical practice. However, such conventional velocity
Ve < U imaging methods do not have enough sensitivity for micro-
As the velocityv of the wave can be described with the motion. While phase shift methods [8, 9] have higher sen-

frequencyf of the oscillation and the wavelengthasv = itjity for the slow velocity motions than the time-of-flight
fA, eq.(1) and eq.(2) can be represented as follows. methods, they don't have enough sensitivity to image the
strain waves. To overcome this problem, MRE method ex-

G = p(fid)? 4) ploites the cyclic feature of the micromotion to increase the
N '03 th(f A)? — AG? sensitivity of the phase shift method.
=p 'OPG(}.Z;Z)Q G (5) Figure 5 shows an example of MR elastography pulse se-

guence which is reported by Muthpillai et al. [1]. This se-
wheref;, A, f1, A\ represents the frequency and the wave- quence is a kind of the standard gradient echo sequences,
length of transverse and longitudinal waves, respectively. to which the gradient magnetic field called MSG (motion
In MR elastography method, external oscillations are ap- sensitizing gradient) is added. MSG is a series of oscillat-
plied to a material with known frequency. The acoustic ing polarity gradients in the read-out direction applied be-
strain waves caused by the oscillations are visualized in MRfore the signal acquisition. This pulse sequence is similar
images. Thus, the shear modulus and the Young’s modu-to the phase contrast imaging of MR angiography or veloc-
lus are calculated from eq.(4) and eq.(5) by measuring theity measurement MR imaging, in which only a single gradi-
wavelength from the images. For the accurate measurementnt magnetic field is applied. Therefore, we can say that the
it is necessary to measure the dengityf a material. How-  MSG is the essence of MRE method. The important point
ever, in the case of human tissue, it can be approximated ass that the switching of the MSG polarity is synchronized to

p ~ 1.0. the external force oscillation.
Consider that an arbitrary point in a elastic object is os-
3. The basic principles of MR elastography cillating in right to left direction as in Figure 6 and a MSG

is applied to the same direction. When the point starts mov-
In this section, the basic principles to acquire the propa- ing to the right at time,,, we carefully apply the first pos-
gating waveforms inside the materials from images of MRE itive MSG. In this moment, small phase shift occurs until
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this reason, the oscillation frequency of several hundreds
Figure 5. An example of MR elastography le are used in .MRE. Practically, several cyclgs of MSG
pulse sequence with gradient echo acquisi- with strong gradients from 20mT/m to 25mT/m is useq f0.r
tion. MSG (motion sensitizing gradients) en- MRE. In these days, the performance of gradient c0|Is_ is
codes the fine oscillation induced by acous- |m|£_)rov_ed _to generate stronger strength and faster grad|_ent
tic strain waves into the phase of the ac- swnchlng in order to realize the echo-planar methods.Wlth
quired NMR signal. such improvement, MRE method can be realized.

4. Actual MRE method

time ty by the micromotion towards right. In the fO“OWing By using an external force oscillator which synchro-
time period, the point moves backward to the left. In this njzes to the MSG of MRE pulse sequence, we can acquire
moment, the polarity of the MSG is switched to the reverse MRE images. MRE acquisition system which we employs
direction, thus the resulting polarity of the phase shift de- js shown in Figure 7, and its actuator is shown in Figure
rived form the negative MSG and the motion of negative di- 8. In this system, the MRI controller generates trigger sig-
rection becomes the same as previous time period. With thena| that is Synchronized with the pu|se sequence program.
several repetition of this sequence, we can acquire an acBy receiving this trigger signal, waveform synthesizer starts
cumulated phase shift induced by the micromotion. After to drive the actuator to apply oscillation to the material. A
two acquisitions of MRE images with opposite polarity of trigger signal produces several oscillations whose direction
MSG, phase subtraction was made between those two imis parallel to the top surface of the material (Figure 8). Then,
ages to produce phase image. In the phase image, the interthe MRI controller turns on the MSG after a certain de-
sity of each pixel represents the direction and the amount|ay time (one or several cycles). This actuator makes trans-
of motion velocity. Consequently, the strain wavelength can yerse waves, and we can calculate shear moduli from the ac-
be obtained from phase image. quired image representing the propagating transverse wave.
Though the micromotion can be visualized by using the Young’s moduli can be acquired with application of propa-
MSG which is synchronized to the external force oscilla- gating longitudinal wave, if the oscillator produces several
tion, the frequency of the oscillation is limited by the per- oscillations perpendicular to the top surface of a material.
formance of the MSG switching speed. When we use gra- Examples of MRE images with transverse and longi-
dient coils with the performance of realizing echo-planar tudinal strain waves under 125Hz oscillation are shown
imaging to generate MSG, the minimum ramp time of the in Figure 9. These images are acquired with the phantom
gradients is about 0.2ms to 0.3ms. When the ramp time ofwhich is made from 5% poly vinyl alcohol (PVA) hydrogel.
0.25ms is used for MSG, one MSG cycle becomes 1ms andThe wavelength of longitudinal strain waves is longer than
the frequency of the oscillation is limited to 1000Hz. For that of transverse strain waves in spite of the same oscilla-
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Figure 7. System diagram of MRE acquisition
unit. Acoustic strain waves are generated by
the actuator, which is gated to MRE pulse se-
guence.

tion frequency, representing that the velocity of longitudi-
nal strain wave is faster than that of transverse strain wave.
On the other hand, in both images, acoustic strain waves be-
come unclear along with the propagation, which shows the
attenuation of the waves.

When the concentration of PVA hydrogel is increased, its
stiffness becomes harder. We made a two layered PVA hy-
drogel phantom with different concentrations to show that
MRE images can demonstrate the difference of stiffness.
The left panel in Figure 10 shows T2-weighted image of the
phantom whose top half is made from 10% PVA and bottom
half is made from 5% PVA. The top half is harder than the
bottom. The right panel in Figure 10 shows an MRE image
of this phantom obtained with application of 125Hz trans-
verse waves. The wavelength in the top half is longer thanmuch complicated. The estimation of the wavelength from
that in the bottom. This difference represents that the shea™MRE images which include complex reflections and refrac-
modulusG in the top half is larger than that in the bottom tions is one of the most important problems in realizing clin-
from eq.(4), since the oscillation frequencies are the same. ical practice of MRE.

Although we cannot see clearly in this image, reflection  As we can easily expect, the appearance of wave in MRE
occurs at the boundary surface between two materials of dif-image changes with the frequency of the oscillation. The
ferent stiffness. Forward and reflection waves interfere eachvelocity of the strain waves is determined by the Young’s
other at the area above the boundary. When a boundary surmmodulus and the shear modulus as shown in the eq.(1) and
face is not perpendicular to the wave direction, not only the eq.(2). The velocity of the strain waves is a product of the
reflected wave but also the refracted wave will be gener-frequency and the wavelength. Therefore, the wavelength
ated. In that case, both longitudinal wave and transverseof a material is proportional to the inverse of the oscilla-
wave arise and the estimation of the wavelength becomedion frequency. Figure 11 shows MRE images of 7.5% PVA

Figure 8. Diagram and an example of actua-
tor. This actuator is implemented to be uti-
lized in a magnetic field.
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Figure 9. MRE of transverse and longitudinal
strain waves. The wavelength of longitudinal
strain waves is longer than that of transverse
strain waves. Acoustic strain waves become
unclear along with the propagation in both
images.
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Figure 10. MRE of hard and soft material.
The wavelength in the hard part (top half) is
longer than that in the soft part (bottom half).
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Figure 11. The relationship between fre-
quency of oscillation and wavelength. The
wavelength is in inverse proportion to the fre-

quency in the same material.

tain a series of images, from which we can easily recog-
nize the propagation of the strain waves. MRE images ac-
quired with multiple phase offsets using 10% - 5% two layer
PVA hydrogel phantom are shown in Figure 12. These im-
ages were acquired with application of 125Hz transverse
waves and the delay time was advanced by 1ms for each im-
age. Therefore, phase offset increases every 1/8 cycle of the
oscillation. From these images, we can observe the strain
waves traveling downward.

Finally, we show anin vivo example of MRE. T2-
weighted image and MRE image obtained with appli-
cation of 100Hz transverse waves to human calf are
shown in Figure 13. From the MRE image, we can ob-
serve the strain waves near the surface only. This im-
plies that the strain waves are rapidly attenuating. There
are only a few reports oim vivo MRE studies. Brain stud-
ies were reported by Manduca et al. [10, 11]. A bite-block
driver is used in these studies. Muscle studies are re-
ported by Sacka et al. [12] and Heers et al. [13]. These
studies are performed by probe-type oscillator.

MRE method is effective for measuring the elasticity of

hydrogel phantom obtained with application of 125Hz and human tissuén vivo, however, it is necessary to develop an
250Hz transverse waves. These images illustrate that theyscillator which can supply effective energy into the deeper
wavelength becomes half when the frequency is doubled. part of the human body in order to measure the elasticity

Another controllable parameter in MRE is the phase of of the internal organs. On the other hand, a static MRE
the MSG in relation to the oscillation. In MRE method, method is reported [14]. In this method, not the dynamic
MSG is synchronized to the external oscillations. However, stress, but the static stress is applied to a material. Defor-
the phase difference between them can be altered by changmation induced by static stress is measured with stimulated
ing the delay time to start MSG from the application of the echo imaging and the elasticity is calculated. This method
external oscillation (Figure 5). By acquiring multiple im- may be suitable for measuring the elasticity of the internal
ages with gradually increasing the phase offsets, we can ob-organs at a deeper part of human body.
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Figure 13. MRE images of human calf. The
wave propagation can be observed only in
the surface area.

2n/4 3n/4

ture wavelet filters proposed by Manduca et al. [15], and
the other is the instantaneous frequency method that uses
the Hilbert transform (IFHT method) proposed by Oshiro et
al. [16—18]. Since the MRE images contain a large amount
of noise originating from the additional electric equipments
of the system, however it is difficult to estimate wavelength
accurately. To cope with this problem, IFHT method simply
4m/4 5n/4 applies a moving average filter to the MRE images for re-
duction of the noise. However, the spatial resolution of the
estimating wavelength becomes low because of application
of the filter. An inverse approach was proposed by Mand-
uca et al. [19]. This method reconstructs elasticity and at-
tenuation maps in the strain waves of MRE images. Though
this method provides better resolution for the reconstruction
of stiffness images, it is very sensitive to the noise in com-
61/4 /4 parison to the LFE. o . .

In contrast to the methods utilizing single image de-
scribed above, the use of multiple images with different

Figure 12. Phase of oscillation and MRE. phase offsets potentially improve the accuracy and the spa-
When the phase of oscillation is advanced, tial resolution of the wavelength estimation. Suga et al. pro-
the wave propagation can be visualized in posed a multiple-phase patchwork offsets method [20, 21].
MRE images. This method can estimate the wavelength with higher spa-

tial resolution in comparison to the methods of utilizing sin-
gle image. However, there is a limitation that the number of
5. Calculation of the elasticity from MRE im- images is restricted by the wavelength. To overcome this
ages limitation, we proposed an elastic wave fitting method [22].
This method have a feature that the number of images is un-
By estimating the wavelength of the strain waves from limited and can use arbitrary spatial resolution. Therefore,
the acquired MRE images, we can calculate the elasticityone can choose either the robustness against noise or higher
with eq.(4) and eq.(5). Thus, the correctness of the calcu-resolution of estimation.
lated elasticity depends on the accuracy of the wavelength  Though it is important to cope with the reflection and the
estimation. refraction as mentioned in the section 4. One is a method
Recently, several methods to estimate wavelength fromcalled spatio-temporal directional filtering which was pro-
MRE images are reported. One is the local frequency es-posed by Manduca et al. [11, 23]. This method uses direc-
timation (LFE) algorithm based on the log-normal quadra- tional filter which separates several waves caused by the re-




flection and the refraction.

6. Conclusion

In this paper, we surveyed MRE method, which is a
novel noninvasive method for measuring the elasticity of a

material. We explained the relationship between the elastic-

(9]

ity of a material and the velocity of the strain waves. Then [11]
we verified this relationship with several real MRE images.

MRE method is new and it still requires some improve-
ments for the clinical use. One of the target is to develop

an effective oscillator which can propagate the strain waves

into the deep and wide part of a material. Progress of ac-
curate method to estimate wavelength is another potential
target. By improving these points, it will be an important [13]
method for the clinical studies.
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