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Abstract

The difference in echogenicity between cancerous and normal tissues is not quite distinguishable in ultrasound B-mode imaging. 

However, tumor or cancer in breast or prostate tends to be stiffer than the surrounding normal tissue. Thus, imaging the stif&iess 

contrast between the two different tissue types is helpful for quantitative diagnosis, and such a method of imaging the elasticity 

of human tissue is collectively referred to as ultrasound elasticity imaging. Recently, elasticity imaging has established itself as 

an effective diagnostic modality in addition to ultrasound B-mode imaging. The purpose of this paper is to present various elasticity 

imaging methods that have been reported up to now and to describe their principles of operation and characteristics.
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I. Introduction

The image resolution of diagnostic ultrasound 

scanners has increased significantly with advances 

in semiconductor technology. Ultrasound B-mode 

imaging is based on the amplitude of reflected 

echoes arising from acoustic impedance differences 

in a medium, and displays the anatomical structure. 

However, cancer in soft tissue usually does not have 

a clear boundary with the surrounding tissue, and 

cannot be differentiated in ultrasound B-mode 

image. Therefore, over the past several decades, 

many research efforts have been made to measure 

intrinsic tissue parameters of normal and cancerous 

tissues, such as the speed of sound, attenuation 

coefficient, nonlinear parameter, elasticity, etc. 

[1-5].

It is worth noting that two imaging modalities have 

been commercialized. One is harmonic imaging that 

utilizes nonlinear effects that occur during ultrasound
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propagation, and the other is elasticity imaging that 

visualizes the stiffness distribution of tissue by 

measuring the hardness of cancerous tissue relative 

to its surrounding tissue and presenting it as an 

image.

Palpation examines tissue hardness by means of 

manual compression, and has traditionally been used 

as a handy method of diagnosing cancer that lies 

close to human skin. However, because it depends 

on the skill and experience of an operator, much 

research has been going on to find a more reliable 

and objective ultrasound diagnostic method.

A group led by Ophir [5] is the first to succes­

sfully demonstrate the feasibility of imaging the 

elasticity distribution of a medium. They produced 

strain images while applying compression.

The principle of obtaining strain image by applying 

compression is shown in Fig. 1. If an object 

consisting of hard and soft media is subjected to 

compression, the soft medium will deform more than 

the hard media. In order to obtain strain e, we first 

find the amount of displacement at tissue positions, 

and then differentiate it to determine the relative 
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rate of change in displacement. The Young's modulus 

is defined as

E = 으, (1)
€

where a denotes the applied stress. Accordingly, 

elasticity imaging is a method of imaging the Young's 

modulus of an object, but in reality, since the 

distribution of the stress is difficult to determine, 

methods of imaging only the strain distribution have 

reached the commercialization stage.

Ultrasound elasticity im거ging can be used to 

diagnose soft tissue malignancies related to breast, 

prostate, thyroid, blood vessel, and OB/GYN. The 

elastic moduli of cancer。냐s breast and prostate tiss­

ues are more than three times larger than their normal 

counterparts, and tend to incre거se with increasing 

stress, exhibiting their nonlinear characteristics [6].

Techniques for elasticity imaging can be cate­

gorized by the type of applied stress. Table 1 lists 

various methods of imaging tissue elasticity that are 

classified according to th은 type and frequency of 

stress source.

(a)

Fig. 1. Principle of measuring strain by applying compression 

比 tissue： (a) displacement varying with tissue stiffness 

and (b) displacement and strain profiles with depth.

Now we will look into the principles and 

characteristics of various elastic imaging methods.

II. Displacement Estimation in Strain 
Imaging

Strain imaging first finds the amount of displa­

cement that scatterers undergo as the deformation 

is applied to them, and differentiates it to determine 

the strain. Strain imaging is also known a도 freehand, 

or quasi—static, compression elastography. The 

amount of displacement in a medium varies with its 

strain distribution whose estimation is the main 

purpose of strain imaging. The most important signal 

processing operations in strain imaging are the 

displacement estimation and suppression of noise 

arising from differentiation of the displacement.

To obtain strain image with quasi-static compression 

technique, the acquisition of ultrasound data proceeds 

as follows. First, an ultrasound refer얀nc연 signal is 

ac디uir인d from an object before applying compression, 

and another 냖Hrasound signal is acquired from the 

same object after applying compression When the 

object is compressed, the scatterers inside it move 

in the direction of compression, making the echo 

arrival times shifted in time relative to those before 

applying compression. Thus, the displacements of 

the scatterers can be found by 얀stimating the amount 

of fim인 shift between the pre- and post-compression 

echoes. These displacem안nts v간ry with the object 

stiffness, and thus ar스 representative of the object 

characteristics. They can be computed from radio

Table 1. Classification of 여asticity imaging methods by stress 

source and frequency.

Stress Frequency Stress Source Method

Less than 5 Hz Manual palpation Strain imaging

Sine wave of tens 

to hundreds of Hz

Mechanical vibration Sonelastography

Acoustical vibration Vib「o-츈eoustogia加

Imp 니 se

Mechanical impulse Transient 이astogr叩hy

Acoustical radiation fen*
ARFI imaging 

Supersonic imaging
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frequency (RF) or complex baseband echo signals 

using autocorrelation, crosscorrelation, or speckle 

tracking methods. In order to enable real-time 

implementation, fast algorithms are required 

considering the large amount of ultrasound image 

data. The speckle tracking method, the iterative 

phase zero root seeking method, and the combined 

a나tocorr이ation method can compute displacements 

fast from the phase difference of complex baseband 

signals [7-9].

Next, we introduce a method of estimating displa­

cement using autocorrelation [10]. Ultrasound RF 

data are first demodulated to the baseband to obtain 

both in-phase and quadrature components, which 

are then combined into a complex signal, referred to 

as complex baseband signal. Taking the autocorrelation 

of the pre— and post—compression complex baseband 

signals yields the phase difference, from which the 

time delay can be found. The compressed, i.e., 

time—delayed version of a signal can be modeled 

using an allpass filter. Denoting the pre— and post­

compression signals as y^t) and 以£), respec­

tively, we obtain the demod니lated complex baseband 

signals as follows：

%b(t)=厂(t)次")， (2)

皿(z)=用-*

where r(t) is the envelope, w0 is the central angular 

frequency, r is the time delay, and 抓)is the phase 

of the complex baseband signal Following 

sampling, the phase difference between the two 

finite-duration sequences, ylbM and ylbM, can be 

expressed as：

zA^ = arg<ylb(7i) • y2b{n)> = wot+<^(Z)

where arg denotes the phase, and the operation 

inside the brackets is the inner product to find the 

amount of correlation. Taking a Taylor series 

expansion of the phase term,抓一丁)，in (3) and 

keeping up to the linear term gives

T + (i) '

where ws(t) equals the phase derivative, 6 (t), 

which corresponds to the instantaneous frequency of 

the complex baseband signal. The displacement is 

then computed from the phase difference. This 

method takes into account the variation of the center 

frequency with increasing depth, and requires fewer 

computations than crosscorrelation methods.

If displacement is estimated without considering 

the decorrelation between the pre- and post­

compression signals, it is equivalent to just com­

puting the phase difference between them over a 

finite interval. As the imaging depth increases, the 

displacement also increases and the decorrelation 

between them tends to increase. Thus, it is inevitable 

that displacement estimation errors increase. To 

overcome this problem, we first estimate d, which is 

the delay between them, shift the post-compression 

signal against the pre—compression signal, and then 

estimate the remaining displacement. The amount of 

displacement estimated in the previous data window 

is 니sed as the value of 6. The post-compression 

complex baseband signal, which has been shifted in 

the direction of decreasing phase difference, is given 

by

说思十时=r (t — 7十 6}e3(~ W''T+ ^~t+ Q. (5)

The phase difference between the pre- and post­

compression signals is expressed as

A<P& = arg[< ylbM • y2b{n + 5) > • ⑹

The time delay is estimated as

，=商车而y+上 ⑺

This two-step method is generally used for strain 

estimation [9,10]. In the method, the phase difference 
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between the two signals is estimated first and used 

in reducing the phase difference, and then the final 

displacement is estimated again.

Fig. 2 shows the distribution of strain inside a 

plastic phantom emb 연 dded with two 10-mm 

diamet연！* and one 20-mm diameter hard cylinders in 

the soft background, which is siibj언ct^d to a strain 

of 0.2%. The cylinders are about five times harder 

than the background. The top panel of Fig. 2 shows 

an ultrasound B-mode image where the boundaries 

of the cylinders can be discern얀d but the speckle 

patterns of the cylinders and the background look 

similar. In gen연rai, finding cancer is difficult b안cause 

the boundary between the canc떤r and the surrounding 

normal tissue is not quite clear. The middle panel of 

Fig. 2 shows an image of the displacement along the 

direction in which the compression is applied. The 

bottom panel of Fig. 2 represents an image of the

Fig. 2. Comparison of phantom images： B-mode (top), displace­

ment (middle), and 아®n (bottom).

strain, and is obtained by differentiating the displa­

cement along the direction in which the compression 

is applied. It can be seen that the strain image has 

a higher contrast than its corresponding B~mode 

ima氈 counterpart.

Fig. 3 compares displacement estimates obtained 

using the crosscorrelation method (solid line) and 

the autocorrelation method of (7) with (dotted line) 

and without (dashed line) compensating for the 

variation of %(t). The algorithms were applied to the 

scan line data that passed through the center of the 

larger cylinder whose diameter is 20 mm. The 

crosscorrelation m 은 thod was performed after 

resampling th은 RF data at 2.094 GHz. The result can 

be considered as a gold standard because the errors 

are very small. For the case that the displacement 

was estimated using the autocorrelation method, 

compensation of the center frequency variation 

results in an estimation performance similar to the 

crosscorrelation method. In practice, however, the 

autocorrel거tio口 method may incur significant errors 

due to signal decorrelation and speckle noise. The 

decorrelation is attributed to lateral and out~of- 

plane motions. To obtain more accurate displacement 

estimates, techniques such as signal stretching, 

linear regression based differentiation, persistence 

processing were proposed [11-15].

The Ophir group [16—18] actively reported

Fig. 3. Comparison of displacemgits estimated using cros옪- 

correlation (solid) and autocorrelation with (dotted) 

and without (dashed) center frequency correction.
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clinical test results to demonstrate the efficacy of 

strain imaging techniques. The left and right panels 

of Fig. 29 of Ref. [18] compare the ultrasound 

B-mode and strain images of an invasive ductal 

carcinoma, respectively. The dark ar댠a in the 듢train 

image indicates th져t the lesion is stiff, and is m게'ked 

by cross symbols for size comparison. The size of 

the lesion in the strain image is confirmed to be 

different from that in the B-mode image depending 

on whether it is benign or malignant. This finding 

suggests that a significant reduction in the number 

of biopsies of benign lesions is possible using both 

elastography and sonography together [18].

III. Transient Elastography and 
Sonoelastography

The strain imaging method just introduced applies 

compression to a medium slowly so that the medium 

has enough tim언 to respond to the compression. 

However, tissue elasticity can also be measured 

from the characteristics of stress propagation while 

applying a mechanical impulse in a short period of 

time or a mechanical harmonic motion for a long time.

The category of applying mechanical impulse 

includes transient elastography introduced by the 

Fink group [19,20]. If a mechanical impulse is 

applied to human tissue, a longitudinal wave 

propagates in the direction of the applied impulse, 

and also a shear wave is generated in the lateral 

direction. As the shear wave slowly propagates 

inside the human body, the movement of tissue is 

visualized by a high frame-rate imaging technique. 

The frame rate is as high as up to 6000 frames/s.

Another method is sonoelastography that applies a 

mechanical harmonic sinusoidal wav연 to the human 

body and measures the amount of vibration in th안 

soft tissue d니e to the generated shear wave. At that 

time, all the tissue vibrates at the same frequency, 

and thus the soft part vibrates greater than the hard 

part. It is the sonoelastography technique that 

images the vibration amplitude of. soft tissue using a 

Doppler method. The technique was investigated by 

the Parker group [21,22].

IV. Acoustic Radiation Force Impulse 
Imaging Technique

Stress is delivered to the human body using 

externally applied mechanical force, for example, 

quasi—static compression, transient mech 건 nical 

impulse, mechanical harmonic oscillation, etc. The 

elasticity image quality of the above methods 

depends on the experienc션 and skill of an ultraso - 

nogr젔pher, and the use of 처 mechanical assembly or 

set니p for consistent application of compression may 

complicate the data acquisition process.

To cope with this disadvantage, methods of 

generating acoustic radiation force and controlling 

the stress magnitude and the position where stress 

is generated as desired have been sought. These 

methods are intended to reduce displacement esti­

mation errors by removing the operator's motion. 

The process of ultrasound image formation proceeds 

by transmitting a longitudinal wave that propagates 

into a tissue of interest while vibrating in the same 

direction and applies force to it. The force is termed 

acoustic radiation force. The following relationship 

holds：

门 ^^absorbed “八

t =-------- =---- , (8)
c c

where F is the acoustical radiation force in 

kg・$一허，cm", a is the attenuation coefficient in 

Np - m-1, 吧如内漩4 is the power absorbed by the 

medium at a given spatial location, c is the speed of 

sound in the medium in ms-1, and Zis the temporal 

average intensity at a spatial location in W • cm^2.

Elasticity imaging methods that utilize acoustic 

radiation force are divided into acoustic radiation 

force impulse (ARFI) and shear wave elasticity 
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imaging (SWEI).

When a high-intensity ultrasound wave is focused 

onto a small region in a short time, the focused tissue 

is pushed. The maximum shift that the tissue 

undergo안s and the time it tak안s the tiss냐언 to return 

to its original position are inversely proportional to 

the tissue stiffness. Fig. 4 shows a focal depth where 

a radiation force and a shear wave are gengted in 

th얀 axial and lateral di『언ction도, respectively.

An elasticity imaging technique using this principle 

was introduced and termed ARFI imaging [23-31]. 

It transmits a localized high intensity impulsive 

ultrasound radiation force to an imaging region of 

interest and observes the res나Ifing motion. Fig. 5

transducer
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Fig. 4. Generation of radiation force and shear wave by trans­

mission of high-intensity imp니sive 니IMasound wave.
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Fig. 5. Displacements of soft (s에d) and hard (dotted) media 

due to high-intensity ultrasound wave where the 

arrows indicate the time to the peak displacement. 

depicts the displacements in a medium 건t a focal 

point with time due to a high-intensity impulsive 

ultrasound wave [24]. The solid and dotted lines 

correspond to th쟌 hard and soft media, respectively. 

The arrows indicate the time to reach the maximum 

displacement. The amount of di당placement and the 

time to reach the maximum displacement are larger 

in the soft medium than in the hard medium.

For a human breast with a palpable invasive ductal 

carcinoma, Fig. 6 shows the B-mode image (left), 

the maximum displacement image (center), and the 

time to the maximum displacement image (right) 

[27]. The characteristics in the lesion are displayed 

to be different from those in the background. The x 

and y axes in the images represent the lateral and 

axial directions, respectively. The transducer is 

located 거t the top of the images. Note a number of 

reversals in contrast betwe은n the two ARFI data 

images. Although the focal region of the pushing 

beams was 20 mm, it appears that a fairly uniform 

force fi연Id is applied from 5 to 20 min in depth. This 

is expected due to the relatively high attenuation of 

breast tissue, which ranges from 1 to 3 

dB - cm"1 -

V. Vi bro-Acoustography

If we generate harmonic oscillation using two 

signals of different frequencies, a beat phenomenon 

occurs in areas of tissue wher■연 the two signals 

overlap becaus연 the tissue is nonlinear. If two 

foe니sed ultrasound continuous waves whose frequency 

difference is very small are transmitted using two 

transducers, a beat frequency signal is ge^erat언d in 

a tissue area where the two transmit fields intersect, 

and the beat signal ampliHide depends on the 

elasticity characteristics of the medium. Because the 

beat signal frequ연ncy is very low, it can be measured 

using a hydrophone. If the area over which ultra­

sound waves intersect is adjusted by focusing 

transmit ultrasound, a high resohution elasticity
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Fig. 6. in vivo human breast with palpable invasive ductal carcinoma： B~mode image (left), maximum displacement imag승 (cemer). 

and recovery time image (right) [27].

image can be obtained. This elasticity imaging 

method was introduced by the Greenleaf team and 

termed vibro-acoustography [32-36].

Fig. 7 shows the principle of vibro-acoustography. 

The left and right panels of Fig. 5 of Ref. [36] 

represent X~ray and vibro-acoustography images 

of a mostly calcified human breast with fibroa- 

d텅noma, wh언n th언 ultrasound beam is focused at a 

depth of 4 cm from the skin. The lesion in the 

vibro-acoustography image can be seen clearly 

almost the same as in the X-ray image, and appears 

black because the calcification is very dense.

VI. Shear Wave 티asticity Imaging

Fig. 1 of Ref. [23] shows the range of shear and 

bulk modulus values for various human tissues. The 

bulk modulus of liquids, soft tissue, and bone is 

clustered in a narrow rang은 from 109 Pa to IO10 Pa, 

while the shear modulus has a wide dynamic range 

from a앙 small as 103 Pa for glandular tissue of br언ast, 

liver, relaxed m나s시and fat to as large as IO10 Pa 

for bone. The shear modulus of dermis, connective 

tissue, contracted muscle, and p규pable nodules 

ranges from 105 Pa to 106 Pa, and that of epidermis 

and cartilage is in the range between 107 Pa and 108

transducer

hydrophone

Fig. 7. Principle of the vibro-ac이」stog【흔。hy.

Pa [23]. It is 은vident that the shear modulus has a 

wider dynamic range than the bulk modulus. Thus, 

imaging the sh즌ar moduhi옹 offers more potential for 

quantitative diagnosis.

1'he aforementioned elasticity imaging methods 

apply stress mechanically or uses acoustic radiation 

force. Therefore, the force applied cannot be exactly 

determined, and the elasticity cannot be measured 

quantitatively. To overcome this disadvantage, 

methods of generating shear wave using acoustic 

radiation force and measuring th안 propagation speed 

of sh얀ar wave were reported, including shear wav얀 

elasticity imaging (SWEI) and supersonic imaging 

(SSI) techniques [23,37—40]. At the transmit focus, 

the axial vibration of a longitudinal wave generated 

by ARFI generates a shear wave in the lateral 

direction. The longitudinal wave propagates at a
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Fig. 8. Generation of the supersonic shear source where the 

source is sequentially moved along the beam axis, 

creating two plane- and inter加 waves

propagating in opposite directions.

speed of 1540 m/s, while the shear w거ve propagates 

very 이owly at a speed of 1 to 10 m/s. The 

propagation speed of a shear wave dep야長ds on the 

shear modulus of a medium in which it travels, and 

is given by the following relationship：

（i二〃）万& =

Ct =

A + 2/z _
p V (1 +1/)(1 - 2v)p '

云=! /
p V 2(1 + u)p 5

(9)

where A is the elastic Lame coefficients, p 

density of the material, 口 is the mat얀rial 

modulus. E is the Young's modulus,

is the 

shear 

v is the

Poissons ratio, and CL and CT are constants 

representing the longitudinal and transverse (shear) 

wave speeds, respectively. In soft media 

times bigger than 

approximation of E

A is 106 

a good卩 and 心 05 Thus, 

is given by

E= 3/z. (10)

propagation speed of a shearTherefore, if the

wave inside a medium is measured, its elasticity can 

be quantitatively determin얀d, Also, because the 

shear elasticity has a wide dynamic range d^p연nding 

on media, it is better for lesion diagnosis to measure 

the shear modulus than bulk modulus.

Elasticity imaging techniques that directly measure 

sh얀ar modulus using the propagation speed of a 

shear wave are 냐seful in monitoring the progress of 

lesion because it quantitatively determines the tissue 

elasticity. Many companies are making efforts to 

commercialize them, and a Siemens product is 

already available on the market which shows the 

propagation speed of a shear wave in lesion by 

combining with transient ARFI imaging [40]. The 

region where sh언wave is generated in ARFI 

technique is limited to the vicinity of a transmit focal 

point. To construct an elasticity image over a large 

area requires a long data acquisition time. Super­

sonic imaging or shear wave elastography overcomes 

this problem by generating a plane shear wave 뱒sing 

ARFI technique and measuring the propagation 

speed of shear wave in a medium, and thereby 

visualizes the shear modulus over the entire imaging 

area simultaneo나이y [37-40].

A method of generating plane shear waves is 

shown in Fig. 8 [37]. The shear waves are generated 

near the transmit focal point. If the shear waves are 

transmitted multiple times while moving the focal 

depth in the axial direction, the wavefronts of the 

shear waves generated at individual focal points "얀 

superposed, and as a result the plane shear waves 

are generated. As the shear waves propagate inside 

a medium, the speed changes depending on the 

medium characteristics. A high frame rat얀 system 

capable of imaging up to several thousand frames per 

second monitors the displacement of medium to 

estimate the propagation speed of the shear waves. 

Because it is possible to compute the shear or bulk 

modulus from the propagation speed of the shear 

wave, the medium elasticity can be determined 

quantitatively.

Fig. 6 of Ref. [38] compares the ultrasound B- 

mode (left) and supersonic shear (ri흥ht) images of 

a human breast lesion. The shear wave speed is 

coded on a color seal얀 of 0 to 9 m/s, which 

corresponds to th연 Young*s modulus values ranging 

from 0 to 240 kPa). The case is a very small 

hypoechoic lesion classified as BI—RADS category 5. 

This small lesion whose diameter is 5 mm is rather 
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difficult to detect in the ultrasound B-mode image 

because its echogenicity is not significantly different 

from that of normal parenchyma. The elasticity map 

clearly delineates a small hard region with 거 Yo냐ng's 

modulus of about 165 kPa. The margins are properly 

depicted with an average 5-mm diameter. The 

lesion size was confirmed after biopsy by a 

pathologist and the final diagnosis was an infiltrating 

ductal carcinoma grade III.

VII. Con시니sion

Among tissue parameter imaging methods, elas­

ticity imaging t탄chniques have been relatively 

successfully developed, and find their applications in 

diagnostic ultrasound imaging as a new comple­

mentary modality. In particular, strain imaging 

techniques have been comm연rcialized by several 

major companies 저nd are now in clinical 냐se. It is 

envisaged that in the near future elasticity imaging 

techniqu은s will be a viable diagnostic ultrasound 

imaging modality with the advancement in under­

standing ultrasound physics and developing hardw페‘e 

technology.
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