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Abstract

Ten years have passed since the first commercial equipment for elastography was released, and the
clinical utility has been demonstrated. Nowadays, most manufacturers offer an elastography option.
The most widely available commercial elastography methods are strain imaging, using external tissue
compression and generating images of the resulting tissue strain. However, the imaging method differs
slightly between manufacturers, which results in differences in image characteristics like spatial and
temporal resolution and differences in the recommended measurement conditions. In addition,
recently many manufacturers have provided shear wave based method, which provide stiffness images
based upon the shear wave propagation speed. Each method of elastography is designed based on
assumption of measurement condition and tissue properties. Then we need know the basic principles
of elastography methods and the physics of tissue elastic properties in order to use appropriately the
each equipment and obtain more precise diagnostic information from elastography. From this

standpoint, the basic section of this guideline is formed to support practice of ultrasound elastography.
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1. Introduction

It is known that changes in the stiffness of tissue are involved in various diseases such as cancerous
masses, fibrosis associated with liver cirrhosis, and atheroma and calcification associated with
arteriosclerosis. While a variety of techniques such as CT, MRI, and PET are being put to practical use for
diagnostic imaging of morphology and function, it can be said that a technique for objectively detecting the
stiffness of tissues was only recently made available with the practical application of elastography using
ultrasound. Some examples of the clinical usefulness of measurement of the stiffness of tissues are as
follows.

1) Use in early detection and differential diagnosis of diseases since it may reflect qualitative changes even
in the case that morphological changes do not make an appearance.

2) Improvement in accuracy for diagnosing diseases with sclerotic lesions of tissue such as cancer,

chronic hepatitis and arteriosclerosis by evaluating the extent of lesions and the degree of progression.

3) Assessment of response to treatments such as radiofrequency ablation and chemotherapy

In the case of uniform materials such as rubber, the stiffness can be easily expressed using the elastic
modulus that will be described below, but in the case of biological tissue, there are a variety of factors that
determine the stiffness. At the micro level, the factors are related to the composition of tissue such as fat
and fiber components. For example, it is known that arteriosclerotic plaque becomes stiffer as the
composition changes from lipid to calcification with disease progression. At the macro level, it is known
that spiculated tissue formed around cancer is resistant to deformation, consequently it is felt as a hard area
on palpation. Therefore, tissue elasticity will differ depending on what level is being observed. Moreover,
the elasticity of biological tissue, which is anisotropic and nonlinear, will differ depending on the direction
and extent of the deformation.

However, there is no question that an elastic modulus determined based on several assumptions will
show a high correlation with disease. For example, as shown in Table 1 [1], the results of mechanical
measurement of the resected breast cancer tissue showed that its elastic modulus (Young's modulus) was
significantly higher than that of the normal gland tissue [1-3].



2. Principle of elastography
2.1 Measured physical quantity and excitation methods

Differences in the elasticity of the soft tissue are expressed by elastic modulus such as Young’s
modulus E, and shear modulus G, and we can deduce that elastic modulus can be calculated in the
following two ways with respect to the directly- measured quantities (see the relational equations in
Appendix) ,
1) Calculate £ by using the following equation (Hooke’s law, Eq. (Al) in Appendix) after externally

applying stress ¢ and measuring strain &,

E=o/¢ (1

2) Calculate E or G by using Eq. (2) (derived from Appendix Eqs. (A7) and (A9)) after propagating shear

waves (transverse waves) and measuring the propagation speed C;.

E=3G=3pc )

Here, we assume that Poisson's ratio of soft tissue is near 0.5 of an incompressible medium, which is
mostly correct (Eq. (A7)). Thus, Young's modulus will be equal to about three times that of the shear

modulus.

Research on elastography started at the same time in the early 1990s for both of the above methods
[4,5]. At that time, the former was called the (quasi-) static method and the latter the dynamic method
according to how the external mechanical excitation was applied, but here we will refer to them as strain
imaging and shear wave imaging respectively, according to the measured physical quantity.

Both of the above methods require external excitation. In other words, a dynamic action (compression
or vibration) are externally applied to tissue to produce the reaction such as deformation or shear wave
propagation, and physical quantity such as deformation (or strain) and propagation speed are measured by

using ultrasound to estimate elasticity, as shown in Fig. 1.

2.2 Classification of elastography methods

Excitation methods can be divided into (A) Manual compression (using hand or cardiovascular
pulsation), (B) Acoustic radiation force impulse, and (C) Mechanical impulse.

Therefore, elastography is classified as shown in Table 2a based on differences in the measured
physical quantity and the excitation method. As far as methods to be integrated into clinical practice are
concerned, they are categorized into four groups as follows,

Group 1: Stain elastography
Strain induced by quasi-static methods such as manual compression or cardiovascular pulsation is

measured, and the distribution of strain or its normalized values within ROI is displayed.

Group 2:  ARFI (acoustic radiation force impulse) imaging
A focused acoustic radiation force ‘push’ pulse is used to deform the tissue. The resulting tissue
displacement is monitored. Although strain is spatial differential of displacement, they are similar since
both are inversely related to the tissue stiffness.



Group 3:  Shear wave based elastography
Acoustic radiation force is used to generate shear waves within the organ of interest. There are two
modes of using shear wave speed. One is point shear wave elastography which is performed in a small
region of interest compared to the field of view in the image. The other is shear wave elastography,
which images distribution of speed or elastic modulus converted by equation (2).

Group 4: Transient elastography
Mechanical impulse or vibrating ‘punch’ is used to generate shear waves. At present, commercialized
technology is specialized for measuring stiftness of liver tissues and not for imaging.

Outputs obtained by each elastography technology correspond to a measured physical quantity, that is,
measures based on strain or shear wave speed as shown in Table 2b. As for strain, geometric measures such
as size or shape of the low strain area, the strain ratio of the lesion to reference and E/B size ratio (ratio of
the size of a lesion in the strain image to its size in the B-mode image). As for shear wave based methods,
the physical quantity is speed itself and/or Young’s modulus converted from shear wave speed on
assumptions of constant density, homogeneity, isotropy, and incompressibility using Eq. (2). The
characteristics of each technology are described below.



3. Strain imaging
3.1 Strain elastography

The first style of elastography put to practical use is a method for measuring the tissue deformation
generated by manually applying pressure with a probe on the body surface, similar to palpation, or by
cardiovascular pulsation. It is classified as strain elastography in Table 2. This method has been
commercialized by manufacturers and is currently being used in various fields of clinical medicine
including breast diagnosis.

This method was first referred to as elastography by Dr. Ophir from the University of Texas [4,6]. As
shown in Fig. 2, when very slight pressure (about 1%) is applied to tissue with a probe in the beam
direction, the majority of the displacement will be in the direction of the propagation of the ultrasound
pulse, and the tissue deformation can be approximated using a 1D spring model. Displacement d(z) at each
site z in the beam direction of the tissue is then calculated. This is obtained by calculating the correlation
between the echo signal before and after compression. Next, strain € is obtained by spatial differential of
displacement, that is, a ratio of the difference in displacement between two points to their distance of
pre-compression, L, as shown in Eq. (3):

_d8 5, —6 (3)
dz L

€

In actuality, as described herein below, many technologies must be developed to achieve real-time
capability, accuracy, and stability during manual compression before it becomes available for clinical
application [7-11].

As shown in Equation (1), Young's modulus £ can be obtained if stress o and strain ¢ are known.
However, since it is difficult to actually calculate the stress distribution in vivo, it is assumed to be uniform.
As a result, stiff segments with a large elastic modulus £ will have a small strain €; therefore, strain serves
as a useful indicator from the standpoint of evaluating relative stiffness.

With respect to manual compression from the body surface, it is possible to apply pressure up to the
normal diagnostic depth in the case of organs near the surface of the body such as the mammary gland and
thyroid gland, but stress is not easily transmitted to deep organs such as the liver, making it difficult to elicit
strain. Therefore, strain induced by either cardiovascular pulsation or respiration is used for the evaluation
of liver fibrosis with strain imaging [12].

3.2 Practical system of strain elastography

The first practical application of ultrasound elastography in 2003 was strain imaging employing manual
compression with a probe, similar to an ordinary ultrasound examination (Fig. 3). Its efficacy was
demonstrated in the diagnosis of breast cancer tumors together with elasticity score, which was proposed at
the same time [13,14], and nowadays each manufacturer produces ultrasonographic equipment with a strain
imaging function.

Strain imaging has the advantages of being easy to use and providing elasticity images with a high
spatial resolution in a manner similar to palpation, i.e., tissue deformation. On the other hand, strain is a
relative indicator of stiffness that changes depending on the degree of compression. Then, for example, the
elastogram shown in Fig. 3(b) displays the normalized strain as the mean within the ROI in order to obtain
stable images without being subjected to fluctuations in the intensity of compression.

Display methods of strain image



For clinical use, the display method of elastogram is an important factor since it is useful for diagnosis
to easily relate the location in elastogram (strain image) to B-mode as a morphological image. Different
types of display method are used for ultrasonographic equipment as shown in Fig. 4. For example, the
method proposed by Dr. Ueno [14] and applied to the first practical equipment is as follows. The region of
interest (ROI) to display tissue elasticity is specified on a B-mode image with the cursor, and the
translucent elastogram within the ROI is superimposed on the corresponding B-mode image, with a color
image; the average strain in the ROI is indicated in green, areas of low strain as stiff tissue are in blue, and
areas of high strain as soft tissue are in red as shown in Fig. 4(a). Another type of display method is to
display the elastogram with gray scale and B-mode image side-by-side as shown in Fig. 4(b). In this case,
the location in the elastogram can be indicated on B-mode by the cursor.

Trial of quantitative evaluation based on strain imaging

As above mentioned, strain imaging is basically qualitative, so it is difficult to perform quantitative
comparisons between cases using strain.

So far, imaging methods involving calculation of a more quantitative elastic modulus based on strain
distribution are being investigated [15, 16], but the stress distribution must be estimated to achieve this.
Therefore, easier and more pseudoquantitative methods are appearing. For example, there is a method in
which a reference region where the change in elasticity caused by disease is minimal, such as fat in the
mammary gland, is established, and the fat lesion ratio (FLR), which is the strain ratio between the fat and
the lesion, is used as shown in Fig. 5(a) [17, 18]. The stiff, i.e., low-strain area reflects the size of tumor and
is related with malignancy, and, it has been reported that malignant tumors often appear larger in strain
images than in B-mode images, which has been attributed to desmoplasia. Consequently, as a quantitative
diagnosis based on strain imaging, the size of the tumor in an elastogram is often measured and compared
with the size of the low-echo area in B-mode as shown in Fig. 5 (b). Another example is a method for
estimating the elastic modulus of a lesion based on the strain ratio using a coupler with a known elastic
modulus [19]. In addition, as for the elastogram of diffuse disease such as chronic hepatitis, morphologic
and statistic features are extracted and analyzed for the evaluation of the fibrous stage, which is described
in the clinical session of this report.

Elasticity score

Strain images depict the relative difference in elasticity between lesions such as a mass and the
surrounding tissue. Therefore, it is suitable for detecting patterns in images. In fact, the elasticity score
(Tsukuba score) is being used for breast cancer diagnosis [14]. The elasticity score is a five-point scale used
to classify elastography patterns from benign to malignant as follows: score 1 (benign), score 2
(benignancy suspected), score 3 (difficult to distinguish between benign/malignant), score 4 (malignancy
suspected), and score 5 (malignancy strongly suggested) as shown in Fig. 6. In the case of cysts, a
specific blue-green-red pattern called the BGR sign is seen from the body surface side. This is a type of
artifact, but since the level of the internal echo signals from a cyst is low, this can be used for cyst diagnosis,
like a lateral shadow on B-mode images.

3.3 Acoustic radiation force impulse (ARFI) Imaging

While strain elastography relies on manual application of pressure, a strain imaging method that
deforms tissue using focused acoustic radiation force was devised. This method, called acoustic radiation
force impulse (ARFI) imaging [20,21] has become commercially available within the past few years.
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In this method, focused acoustic radiation force ‘push’ pulse is generated by Eq. (4) [22,23]

_ 2al

F = 4)
c

(a: absorption coefficient, [: temporal average intensity of ultrasound , c: speed of sound )

Imaging pulses before and after application of a ‘push’ pulse, are used to monitor the tissue deformation
(displacement) within the region of the ‘push’. The same transducer is used to both generate the push pulse
and to monitor the resulting tissue displacement. The tissue displacement response is directly related to
the magnitude of the applied force, and inversely related to the tissue stiffness. By sequentially
interrogating different tissue regions with focused radiation force, and then synthesizing an image from the
tissue response at a given time after the push (typically < 1msec), as shown schematically in Fig. 7, images
of tissue displacement are generated that portray relative differences in tissue stiffness (Fig. 8), similar to
the images generated in strain imaging. These images do not provide quantitative information about
tissue stiffness because the magnitude of the applied radiation force varies with tissue attenuation from
patient to patient and is difficult to quantify. This imaging approach is implemented commercially as
Siemens Virtual Touch™ feature [24-27].

3.4 Appropriate measurement conditions and artifact for strain imaging

Many manufacturers provide elastography equipment employing strain imaging, but the imaging
method differs slightly between manufacturers, and the recommended measurement conditions also differ.
In terms of artifact in the strain imaging, it should be commonly noted that stress distribution is not uniform
within the body, and tissue elasticity is nonlinear.

As above mentioned, based on Eq. (1), strain is used as the index of stiffness instead of Young’s
modulus on the assumption that stress is uniform. However, in practice, stress tends to concentrate on
curved boundaries so that strain increases along a boundary compared with adjacent area. This
phenomenon causes the artifact that the part looks softer than the adjacent area as shown in Fig. 9. In many
cases, this kind of artifact is easily recognized by a priori information such as a shape of tumor.

Regarding nonlinearity of tissue, in the case of biological tissue, Young's modulus tends to increase when
the compression is intensified, as shown in Fig. 10, and the extent of the increase differs from tissue to
tissue [28]. When the degree of compression is slight, therefore, the difference in Young's modulus between
mammary gland tissue and tumor tissue, for example, is large, and the tumor tissue is appropriately
displayed as a relatively low strain region, as shown in Fig. 11(a), but when the compression is too strong,
the stiffness of the mammary gland will increase, and the difference from the tumor tissue will be smaller,
possibly resulting in a false negative finding, as in Fig. 11(b).

The nonlinearity becomes marked when the compression generates strain in excess of several percent.
However, when strain of about 1% (i.e., 0.3mm for a 3cm breast) is generated in the mammary gland,
stability and reproducibility can be achieved even if the level of compression fluctuates since it is within
the linear range. In the case of breast cancer diagnosis, one indicator is that pectoralis major muscle is
uniformly blue or black in grayscale (small strain) when elastography is performed with proper
compression, but when pectoralis major muscle is red (large strain) and the subcutaneous fat layer has blue

mixed in, it often means that excessive compression has been used.



The ARFI imaging approach does not rely on the transducer compression technique as the strain
elastography based on manual compression does, and it has the advantage of being able to focus the ‘push’
within deep lying organs without requiring fixed boundary conditions, where it can be difficult to generate
deformation with compression from the body surface. On the other hand, this method can be depth
limited, with most commercial implementations reaching the maximum depth of only about 75% of the
corresponding B-mode images from a given transducer.

In addition, in order to generate detectable levels of strain, the ‘push’ pulses are of longer duration
than regular diagnostic pulses. Therefore, in order to maintain acoustic output within diagnostic limits,
current equipment enforces a certain amount of ‘cooling’ time after each measurement, which reduces the
achievable frame rate of this imaging technique. Moreover, it is recommended that it should not be used
in combination with an environment in which a physiological response to sound could easily occur in the
body such as with use of contrast agents [29-30].

The method that employs acoustic radiation force requires appropriate focusing of pulse waves for
applying pressure in order to generate tissue displacement. As such, it can be affected by the
inhomogeneous properties of tissue. In addition, tissue stiffens when the compression applied by the probe
is intensified, because of the nonlinearity of tissue elasticity. Therefore, the method employing acoustic

radiation force also requires technique to maintain the optimal conditions.



4. Shear wave imaging

Shear wave imaging is based on the theory that the speed of shear wave propagation, c,, through tissues
is related to the stiffness of tissues. The relation is expressed by Eq. (2), that is, elastic modulus, E, is
proportional to the square of the speed of shear wave propagation, £=3 pcs’, on the assumption of simple

material, that is, linear, isotropic, incompressible and homogeneous.
Shear waves can be generated from a variety of sources, including external vibration, physiological

motion, and acoustic radiation force. Table 2 shows the commercially available shear wave imaging
systems. There are two methods of mechanical excitation and acoustic radiation force based methods as
shown in Fig. 12. Mechanical excitation is applied to Transient Elastography where an external vibrating
‘pinch’ is used to generate shear waves as shown in Fig. 12(a). At present, commercialized technology is
specialized for measuring stiffness of liver tissues and not for imaging.

As for acoustic radiation force, focused ultrasound beams are used to generate shear waves within the
ROI as shown in Fig. 12 (b). There are two modes of using shear wave speed. One is point shear wave
elastography, which is performed in a small region of interest compared to the field of view in the image.
The other is shear wave elastography, which images distribution of speed or elastic modulus converted on
assumptions of constant density, homogeneity, isotropy, and incompressibility using Eq. (2).

4.1 Transient elastography

In this method, which is currently used in FibroScan™ for evaluation of liver fibrosis, short pulsed
vibrations (about 50 Hz) like those shown in Fig. 13(a) are applied to the body surface using a vibration
exciter. As a result, shear waves generated near the body surface propagate within the liver. By using a way
similar to the Doppler method to calculate the distribution of tissue displacement that occurs as a result of
propagation of these shear waves, an image showing the relationship between distance and propagation
time, like that shown in Fig. 13(b), can be obtained. The shear wave propagation speed ¢, [m/s] is obtained
based on the slope corresponding to the peak point of this displacement. Using p [kg/m’] as the density,
elasticity (Young's modulus) E [kPa] is calculated as E=3pcs.

4.2 Shear wave elastography

In response to a focused acoustic radiation force excitation, in addition to vibrating at the ultrasonic
frequency, the tissue within the region of excitation (ROE) is also deformed, and shear waves are created
that propagate away from the ROE in a direction orthogonal to the excitation beam as shown in Fig. 14(a).
Figurel4 (b) shows the displacement through time profiles at the focal depth of radiation force excitation at
three different lateral positions. By comparing this waveform between adjacent positions, propagation time
T is obtained. = Shear wave speed estimates are generated by calculating the ratio of distance, d, to
propagation time, 7. In actuality, the speed is obtained based on the slope of the approximation line on a
graph of the distance and propagation time for a measurement point obtained using multiple detection
beams within a sample volume, as shown in Fig. 14(c), in order to improve the accuracy.

Since acoustic radiation force is applied at a single focal location, imaging requires generation of shear
waves at multiple points throughout imaging area, which reduces the frame rate. Another approach is a
multi-focal zone configuration in which each focal zone is interrogated in rapid succession, leading to a
cylindrically shaped shear wave extending over a larger depth, enabling real-time shear wave images to be
formed as shown in Fig. 15. This approach has been termed supersonic shear imaging, as implemented by
ShearWave' ™ elastography (SWE) [31].

Whichever generation method is used, shear wave imaging can be used to estimate E using Eq. (2) by

calculating the distribution of c,. Making use of its quantitative capability, it is used not only for imaging
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but also for numerically calculating tissue elasticity. Although it is a merit of shear wave imaging that the
elastic modulus is obtained without estimating stress, it is to be noted that Eq. (2) folds on the assumption

of simple material, that is, linear, isotropic, incompressible and homogeneous.

At the same time, the apparent elasticity associated with propagation speed will change with internal
pressure caused by blood pressure, etc., so it may be different from elasticity caused by fibrosis. In fact, it
has been reported that the speed increases during inflammation due to jaundice [32]. In addition, apparent
elastic modulus G' in Eq. (A10) will be larger than elastic modulus G obtained by static compression when
the viscosity is high. Figure 16 shows the difference in the frequency dependence of speed due to presence
of viscosity.

4.3 Appropriate measurement conditions and artifact for shear wave imaging

In shear wave imaging, Young's modulus is estimated by generating shear waves in the body and
measuring their propagation speed. Therefore, measurement conditions to be considered for appropriate
imaging and possible artifact in a clinical setting are as follows.

a) Intensity of excitation acoustic force and heterogeneity of distribution

A method of generating shear waves by tissue compression using acoustic radiation force requires that
pulse waves for excitation appropriately form a focal point in the body. Therefore, when contact between
the probe and the surface of the body is inadequate, or when the angle of incidence is inappropriate,
sufficient acoustic force for excitation cannot be achieved at the affected area, resulting in shear waves not
being appropriately generated. This causes artifacts and failed measurements.

b) Effects of refraction/reflection of shear waves

As described in appendix (A.1), the range of the shear wave speed in tissue is large, i.e., 1-10 m/s, unlike
longitudinal waves used in B-mode US, which are about the same as the acoustic velocity in water, i.e.,
about 1500 m/s. This means that shear waves are greatly refracted at the tissue interface where the acoustic
speed differs. Likewise, the difference in the characteristic acoustic impedance of tissue to shear waves is
also large, sometimes resulting in the reflection coefficient at the soft tissue margin being large as
compared with longitudinal waves.

In the case of malignant tumors, in particular, the acoustic velocity changes at the tumor site because it
stiffens relative to the surrounding tissue, and the inside of the mass often has a heterogeneous structure
and property; therefore, the likelihood of marked wave phenomena caused by refraction and reflection
occurring is high. The change in the propagation direction caused by refraction must be determined in order
to accurately calculate the acoustic velocity of shear waves to obtain Young's modulus using shear wave
imaging. In addition, incident waves and reflected waves are observed as compound waves at the tissue
margin, but the incident waves alone must be measured by separating them by acoustic speed. For actual
diagnostic equipment, adjustments must be made to produce reliable images and measurements in a more
convenient manner, such as assuming the propagation direction, in order to emphasize their real-time
capability, which is the advantage of ultrasonography.

At the present time, they need to be use

d for diagnosis with the understanding that artifacts and variations in measurements will occur. Owing
to its quantitativeness, shear wave imaging yields elastic characteristics as numerical values, not patterns,
but the results need to be interpreted carefully, keeping in mind the conditions under which the results were

obtained and determining whether the measurements contain artifacts.
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4.4 Relationship between strain and shear wave speed images

Both strain and shear wave speed images provide information related to the underlying tissue stiffness.
As such, in the absence of artifacts, the correlation between these image types in a given patient is expected
to be high. In general, strain images exhibit higher spatial resolution, and shear wave images will have
higher contrast [33]. However, when the simplifying assumptions used to derive the images for the
different methods do not accurately reflect the tissue behaviors, differences between the images from the
different techniques can be anticipated. Tissue nonlinearity is associated with decreased strain contrast
(Fig. 16) and increased shear wave speeds when excessive transducer compression is applied. As a result,
for both strain and shear wave imaging, minimizing the amount of transducer compression used during
imaging (i.e less than 1%) will result in the most reproducible imaging scenario. Tissue heterogeneities
will also impact both approaches, leading to artifacts arising from reflected waves in shear wave speed
images, and strain concentrations surrounding tissue heterogeneities. A more detailed investigation of the
impact of these assumptions and associated image artifacts should be carried out in the future.
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5. Conclusion

Tissue elasticity imaging further improves the value of ultrasonography by combining the characteristic
features of ultrasound, i.e., noninvasiveness, real-time capability, and ease of use, with the ability to
provide new diagnostic information related to tissue characterization. The first practical equipment for
elastography was released in 2003, but today every manufacturer offers a compressive elastography unit,
and many manufacturers offer both strain and shear wave based approaches. This fact could be
considered a testament to the utility of elasticity imaging. On the other hand, it is still an evolving
technology with much technical potential for clinical application in the future including expanding its scope
of application, quantification, 3D measurement, and treatment support, etc. One might anticipate that it will
further evolve in the future and attain a position equal to that of Doppler as a new mode of ultrasound
imaging.
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Appendix

A.1 Tissue Biomechanics [34-37]

Stiffness is resistance to deformation, and application of external force is required to measure it. The
behavior exhibited when force is applied to tissue is described as a viscoelastic body with viscosity and
elasticity, and it can be approximated using the model shown in Fig. Al. As shown in Fig. Al(a), the stress
6 (equal to external force per unit area) and strain & (equal to expansion per unit length) exhibit
proportionality, as known in Hooke's law in Equation (A1), and its coefficient is elastic modulus 7.

01:[" € (Al)

As shown in Fig. Al(b), as for the viscosity component, stress 62 is proportional to the speed of

deformation, i.e., strain rate de/dt, and its coefficient p is the viscosity coefficient.

de
02 =t (A2)

The mechanical characteristics of general tissue consist of a complex combination of elastic and
viscous components, which are often approximated using a simplified model like that in (c). Where the
speed of the applied external force is slow such as manual compression, and the effect of viscosity can be
disregarded in Eq. (A2), the model shown in (c) can approximate the dynamic properties with only the
elastic component (a). Conversely, if high-frequency vibration is applied, the viscous component will have
a major effect, the extent of which will depend on the frequency.

With regard to elasticity, three types of elastic moduli (Young's modulus, shear modulus, and bulk
modulus) are defined based on the method of deformation. Young's modulus £ is defined by the following
equation when stress is applied longitudinally to a long, thin cylindrical object, and strain occurs as shown
in Fig. A2(a).

c=FE-¢g (A3)
where o is stress and g, =AL/L is (longitudinal) strain.

In the absence of volume change, a cylindrical object becomes thinner when stretched in Fig. A2. The
percent change in the radial direction, &,=4rr, is called transverse strain, and the ratio of longitudinal
strain to transverse strain,

ST
v=—

o (A4)

is called Poisson's ratio. Poisson's ratio indicates the extent of volume change caused by deformation, and v
will be no higher than 0.5 in the case of an incompressible medium.

Shear modulus G is defined by the following equation for the shear deformation shown in Fig. A2(b).

o=G " g (AS)

where £,=0 is shear strain.
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Bulk modulus K is defined by the following equation when the volume changes under pressure.
c=K "¢, (A6)

where €,=A4V/V is volume strain. The larger the elastic modulus is, the smaller the strain will be with the
same stress, so it will be stiffer. For example, Young's modulus E is expressed as in Eq. (A7) using shear
modulus G and Poisson's ratio v. The water content of soft tissue is high, and consequently its Poisson's
ratio is near 0.5 of an incompressible medium, so Young's modulus will be equal to about three times of the

shear modulus, as in the following equation.

E=2(v+ 1)G
=3G (A7)

Thus, the elastic modulus is defined for static deformations, but it is also a component that determines the
propagation velocity of waves. Wave propagation generally involves longitudinal waves and transverse
waves, as shown in Table Al. In other words, in the case of ordinary ultrasound images used or pulse-echo

imaging, longitudinal waves are used, and the speed c; of the longitudinal waves is
L= |—
L= o (A8)

where p indicates the density of the medium. Using the shear modulus, the speed cs of transversewaves is

expressed as

c, = |—
P (A9)

Equations (A8) and (A9) indicate that the larger K and G are, i.e., the stiffer the medium is, the faster the
wave will propagate. In the case of soft tissue, it is known that the speed of a longitudinal wave is about the
same as the sound speed in water (C,=1500 m/s), but this means that there is little difference in K between
tissues. In contrast, transverse waves, which are also called shear waves, attenuate rapidly and disappear in
the MHz ultrasound band, but attenuation decreases and they can propagate in vivo when the frequency is
below about 1 kHz. Moreover, their velocity is quite slow, i.e., Cs=1-10 m/s, as compared with longitudinal
waves, so G is low, i.e.,, 1-100 kPa, and the difference between tissues is large, which enables us to
reconstruct images with high tissue contrast [35].

On the other hand, unlike the static deformation, velocity dispersion caused by viscosity occurs during
wave propagation when the frequency is high in soft tissues. For example, when the Kelvin-Voigt model is
used (Fig. Al(c)), the following equation is used for the speed of a transverse wave instead of Eq. (A9) as a

result of taking into account viscosity [38].

. J 2{G? + (2muf)?) (A10)

p{G +/G? + 2nuf)?}
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Thus, it becomes the function of frequency f, and the higher the frequency is, the faster the speed will
be.

A.2 Displacement measurement

In strain imaging, displacement in the direction of pulse propagation is measured to calculate strain,
while in shear wave speed imaging, the displacement of tissue in the direction perpendicular to the shear
wave propagation is measured to calculate speed of shear wave propagation. Therefore, measurement of
displacement is a key technology in all elastography techniques, and there are several methods for
measuring it. As shown in Table 2, strain imaging, is now installed in ultrasound equipment of many
manufacturers, but each manufacturer uses its own method for measuring displacement, which results in
differences in image characteristics like spatial and temporal resolution and differences in optimal
measurement conditions.

The typical methods for measuring displacement are shown below.

(1) Spatial correlation method (speckle tracking method, pattern matching method)

This is a method that tracks the movement of image patterns. Since patterns move while maintaining the
speckle pattern in the case of extremely slight strain, in this method the amount of movement, i.e.,
displacement, is sought by setting a region of interest (ROI) and calculating the spatial correlation of the
ROI before and after compression. The simplest method is to measure 1D displacement along the beam
axis as shown in Fig. A3(a), using a time window w(z;f) centered around the measurement point at depth z,
and with the waveform with echo signals s(¢) and s'(f) before and after compression clipped out expressed
as Eq. (A11), the cross-correlation coefficient in Eq. (A12) is calculated to evaluate the degree of similarity.
Calculation of the cross-correlation coefficient is repeated while moving the window, and displacement is

defined as the amount of movement when the value is at its maximum.

Model of echo signals clipped out in time window w(;z)
Before compression: x(z, ) = w(z; t) [ s(?)] (A11)
After compression:  y(z;£)=w(z; £) [s’(¢)]

Cross-correlation coefficient:
_ [x(z;)y(z + &; t)dt (A12)
V[ x2(z; t)dt [ y2(z + 6; t)dt

R(5)

In reality, each ROI moves in the azimuth direction in the cross section, so the maximum correlation does
not necessarily fall within the destination of the ROI simply by moving the correlation window in the range
direction. Therefore, an adjustment is made to more accurately obtain displacement by performing a 2D
search in both the range direction and the azimuth direction, as shown in Fig. A3(b). In addition, tissue also
moves in the slice direction, but the beam width in the slice direction is generally large in the case of an
ordinary electronic scanning probe, so the impact is smaller than the azimuth direction as long as the cross
section does not deviate much.

(2) Phase difference detection method (Doppler method)
As shown in Fig. A4, this is basically the same method as that used in color Doppler and tissue
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Doppler [39]. In this method, the phase difference between echo signals obtained by transmitting repeated
pulses is detected by the autocorrelation method to calculate the displacement.

As shown in Table A2, the advantages of the Doppler method are its excellent real-time capability
and its relative robustness against noise, but only 1D displacement in the beam direction can be measured
due to angle dependence, and errors occur due to aliasing when measuring large displacement that exceeds
half the wavelength.

The advantages of the speckle tracking method are that it is possible to measure even large
displacement that exceeds the wavelength if the change in the speckle pattern is within a small range, and it
is possible to track the movement of the ROI in 2D and 3D, as stated above. However, the disadvantage is
that the real-time capability may be lost because calculation of correlation requires enormous computation.
In addition, it is susceptible to the effects of noise, and it is prone to detection errors when the speckle
pattern is unclear due to a low echo level, etc.

(3)Combined method

From the standpoint of practical application in a clinical setting, a high degree of accuracy to accommodate
small displacement and a dynamic range wide enough to handle large displacement are necessary since
fluctuations in the speed of compression are large in the case of manual compression. In addition,
deformation occurs not only in one dimension in the beam direction but also in the azimuth direction, due
to lateral slippage of the probe and unsteady hands, etc. Moreover, the real-time capability is critical along
with accuracy. Thus, a combined autocorrelation method that combines the merits of the phase difference
detection method and the spatial correlation method was developed [9,13]. As shown in Fig. A5, the rough
displacement is first calculated from the envelope using the resolution of half a wavelength, and then the
displacement is calculated in high resolution using the phase difference after correcting the rough
displacement. As a result, it has a wide dynamic range and provides high accuracy, being able to
accommodate strain ranging from about 0.05% to 5% without causing aliasing errors, for not only
displacement less than a wavelength but also large displacement. Since both processes use the
autocorrelation method used in color Doppler, it achieves high speed, high accuracy, and a wide dynamic
range for detecting displacement, as a result, the method is suitable to actual manual compression.
Therefore, it was installed in the first equipment that was put to practical use, and it is currently being used

in a 3D elastography system.

In the case of actual equipment, improvements have been made for the above-mentioned spatial
correlation method and phase difference detection method, and they are being used in the practical
equipment, but differences in their characteristics manifest as differences in frame rate, image quality, and

measurement conditions, etc.
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Figure legend

Figure 1
Concept of measurement of tissue elasticity

Figure 2
Principle of strain elastography

Figure 3
Practical application of strain imaging

Figure 4
Different display methods of strain image (by courtesy of SIEMENS)

Figure 5
Quantitative diagnosis based on strain imaging

Figure 6
Elasticity score in breast cancer diagnosis

Figure 7
Pulse sequence in ARFI imaging. ARFI imaging utilizes acoustic push pulses and tracking beams, sequenced
across a user-defined region of interest, to generate an elastogram depicting the relative stiffness of tissue.

Figure 8
An image by ARFI imaging

Figure 9
Artifacts due to stress concentration

Figure 10
Change in contrast according to nonlinearity of tissue elasticity. When compression is increased, the
tissue stiffens and the contrast between fat and a cancerous mass decrease.

Figure 11
Effect of excessive compression (breast cancer)

Figure 12
Shear wave generation methods

Figure 13

Principle of transient elastography (FibroScan™)
Figure 14

Measurement of propagation speed of shear waves

Figure 15

Shear wave excitation and high-speed measurement by SWE. Shear waves are generated by multi-focal zone
configuration in which each focal zone is interrogated in rapid succession, leading to a cylindrically shaped shear
wave extending over a larger depth as shown in (a). Unlike the regular method of focusing during transmission,
by simultaneously performing aperture synthesis by transmitting plane waves for the displacement detection
method as shown in (b), the incoming data are acquired at high speed, i.e., about 5,000 frames/sec, which is
almost 100 fold, and the propagation velocity distribution within the ROI is obtained.

Figure 16

Difference in propagation velocity according to presence or absence of viscosity (G = kPa, p="Pa * s)
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Figure Al
Viscoelastic model

Figure A2
Various elastic moduli

Figure A3
Calculation of correlation using spatial correlation method

Figure A4
Measurement of displacement by phase difference detection method

Figure AS
Principle of the combined autocorrelation method
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Table 1 Young's modulus of breast tissue samples [1]

Breast tissue type Young’s modulus (kPa)
Normal fat 3.25%+0.91
Normal fibroglandular tissue 3.24=*0.61
Fibroadenoma 6.41+2.86
DCIS (ductal carcinoma in situ ) 16.38*1.55
Low-grade IDC 10.40+=2.60

(invasive ductal carcinoma)
High-grade IDC 42.52+12.47




Table 2a

Elastography methods. Each column shows methods and measured parameters for elastography. Each row

shows a method for inducing displacement. Each cell shows a type of elastography.

Excitation methods

Measured  physical
uanti ¥ o Voo
quantity o (, ISR
Strain or Displacement Shear wave speed  * L
Methods

Strain imaging

Shear wave imaging

(A) Manual compression
-Palpation,
-Cardiovascular

Pulsation
-Respiration

Strain elastography

-ElaXto™" Esaote

-Real-time tissue elastography™ Hitachi Aloka

GE, Philips,Toshiba
Ultrasonix, Zonare

-Elastography
-ElastoScan™ Samsung

-eSieTouch™Elasticity Imaging Siemens

(B) Acoustic radiation

Acoustic Radiation Force Impulse (ARFI) Imaging

Point shear wave elastography
(average shear wave speed in local region)

force -Virtual Touch™Imaging (VTI) : Siemens -Virtual Touch™ Quantification (VTQ) Siemens
-ElastQ™ Philips
Shear wave elastography
(Shear wave speed imaging)
-ShearWave™ Elastography :SWE SSI
-Virtual Touch™ Image Quantification (VTIQ) Siemens
Transient elastography
o (Average shear wave speed measurement)
(C) Mechanical impulse

-FibroScan™

g

Echosens

“Point” measurement denotes the fact that measurements are performed in a small region of interest, typically 1 cm’ as
compared to the entire field of view in the image.




Table 2b Elastography output measures. Each column shows methods for elastography. Each row shows

a method for inducing displacement. Each cell shows one or more output measures.

stography methods Strain imaging Shear wave imaging
Excitation methods
(A) Manual compression Strain elastography
-Palpation, -Geometric measures
-Cardiovascular -Strain ratio
Pulsation -E/B size ratio
-Respiratory
(B) Acoustic radiation Acoustic Radiation Force Impulse (ARFI) | Point shear wave elastography
force Imaging
-Geometric measures -Shear wave speed
-E/B size ratio -Young’s modulus
Shear wave elastography
-Shear wave speed
-Young’s modulus
(C) Mechanical impulse Transient elastography
-Young’s modulus




Table Al

Longitudinal waves and transverse waves

Direction of propagation and vibration

Sound speed

Main use (frequency)

C R C R C K Imaging by pulse-echo
Longitudinalwave _} é_ _} .é— _} L= ; K=2GPa method (MHz band)
(compressionwave) e eE Softtissue ¢, = 1500 m/s ,
Propagation direction  ——>>
¢ = g Elastography
Transversewave W S P G = 1 ~ (<1kHz)
(shear wave) Propagation direction ——— > 100kPa
Softtissue ¢y =1~10 m/s

C: Compression, R: Rarefaction




Table A2 Comparison of speckle tracking method and Doppler method

Method
Feature

Spatial correlation method

(Speckle tracking method)

Phase difference detection method

(Doppler method)

Displacement vector

2D measurement possible

1D displacement
(due to angle dependence)

Displacement amount

Displacement exceeding
wavelength applicable

Up to about half of wavelength
(due to aliasing)

Real-time capability

Enormous computational
complexity

High-speed operation easy

Noise tolerance

Low

High




1. External mechanical action
2. Estimation of mechanical characteristics (elasticity, viscosity)
based on reaction (strain, shear wave propagation)

External mechanical
excitation

deformation/
wave propagation.

tissue
Ultrasound Information on
mechanical characteristics
oftissue

Figure 1 Concept of measurement of tissue elasticity
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Figure 2 Principle of strain elastography
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(b) Elastogram (breast
cancer)

B-mode

{a) First practical ultrasound elastographyequipmrnt which was released
for breast examination in 2003 (Real-Time Tissue Elastography,
HitachiAloka Ltd.)

Figure 3 Practical application of strain imaging



(a)Color elastogram (strain image) superimposed
on B-mode image

(b)Elastogram with gray scale

Figure 4 Different display methods of strain
image.(by courtesy of SIEMENS)



(a)Measurement of strain ratio
(by courtesy of Hitachi Aloka)

(b)Measurement of tumor size based on
elastogram and comparison with B-mode image.
(by courtesy of SIEMENS)

Figure 5 Quantitative diagnosis based on
strain imaging



Score pattern Elastogram B-mode

Benign Entire hypoechoic area
15 soft

Only inside of margin of
hypoechoic area is soft

Entire hypoechoic area
is hard

Maiignant Hypoechoic area and
surrounding area are
hard

In the case of cysts, a
specific blue-green-red
pattern (BGR sign) is seen

Figure 6 Elasticity score in breast cancer diagnosis
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Figure 7 Pulse sequence in ARFI imaging. ARFI imaging
utilizes acoustic push pulses and tracking beams, sequenced
across a user-defined region of interest, to generate an
elastogram depicting the relative stiffness of tissue.
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Fig. 8. An image by ARFI imaging



high strain

Elastogram B-mode

(a) Phantom with sphere inclusion high strain

(b)Breast cancer (schirus)

Figure 9 Artifacts due to stress concentration
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Figure 10 Change in contrast according to nonlinearity of tissue elasticity.
When compression is increased, the tissue stiffens and the contrast between
fat and a cancerous mass decrease.



(a) Adequate compression (b) Excessive compression

Figure 11 Effect of excessive compression (breast cancer)
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(a) Mechanical excitation (b) Acoustic radiation force based methods

Figure 12 Shear wave generation methods
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(a) Mechanical pulse waves for generating shear waves (b) Time change in tissue displacement distribution
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Figure 13 Principle of transient elastography (FibroScan™™)
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Figure 14 Measurement of propagation speed of shear waves



Ultrafast Imaging
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] (b) High-speed measurement (c) An example of shear wave
(a) Formation of shear wave wavefront of displacement by plane wave  elastography image
by movement of push pulse focal point transmission

Figure 15 Shear wave excitation and high-speed measurement by SWE

Shear waves are generated by multi-focal zone configuration in which each focal zone is
interrogated in rapid succession, leading to a cylindrically shaped shear wave extending over a
larger depth as shown in (a). Unlike the regular method of focusing during transmission, by
simultaneously performing aperture synthesis by transmitting plane waves for the displacement
detection method as shown in (b), the incoming data are acquired at high speed, i.e., about 5,000
frames/sec, which is almost 100 fold, and the propagation velocity distribution within the ROI is
obtained.
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Figure 16 Difference in propagation velocity according to presence or absence of
viscosity  (G=4kPa, p=3Pa-s)



(a) Elastic component  (b) Viscous component  (c) Kelvin-Voigt model

o=1"" ¢ = . L
1 0,=u *de/dt =1 c+pu ~de/dt

o: Stress, €: Strain, /" Elastic modulus, p: Viscosity coefficient

Figure A1 Viscoelastic model



(2a) Young's modulus F Stress c = % Young's modulus

Longitudial strain &, = A%—’ o = F - & -

. Length L
Cross secliona| area Transverse strain Ar
N by = D1
Force F —
; = = Poisson'sratio ¥ = ——
Radius +—Ir L+ L e,
(b) Shear modulus (G
Shear modulus
- F
Shearstress o = A

Area § Force F { -_—) 0 = G - £
s

Shearstrain o = g

(c)Bulk modulus K __4Pressure T Bulk modulus
{ Pressure (stress) o

Volume strain gV:A% - g = K ‘¢ v

Volume

AV

Figure A2 Various elastic moduli



echo signals

1D window
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(a) Calculation of correlation in 1D window
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(b) Calculation of correlation in 2D window

Figure A3 Calculation of correlation using spatial correlation
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Figure A4 Measurement of displacement by phase difference detection method



Combined Autocorrelation Method (CAM)

O 2 Steps Pre-Conipression Al AUAIVAV
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Both steps are processed by _
. -2 Improvement in the accuracy
autocorrelation method - Large dynamic range of strain { 0.05% to 5.0 %}
O Grid correlation - Improvement in the processing speed

2 Optimize computing efficiency without aliasing

O 2_D search - Robust to the slip of probe
- Freehand compression

CAM is suitable to real time and palpation-like free-hand elasticity evaluation

Figure AS Principle of the combined autocorrelation method
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