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Abstract

The difference in cchogenicity between cancerous and nomnal 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 stiffiiess

contrast between the (wo different tissue types is helpful for quantitative diagnosis, and such a method of imaging the clasticity

of human tissue is collectively referred to as ultrsound elasticity imaging. Recenily, ¢lasticity imaging has cstblished itself as

an effective diagnostic madality in addition to ultrasound B-mode imaging. The purpesc of this paper is (o 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 mage resolution of diagnostic ultrasound
scanners has increased significantly with advances
in seniiconductor technology. Ultrasound B—mode
immagirg 15 hased on the amplitude of reflected
echoes arising from acoustic impedance differences
in & medivm, and displays the anatorical structure,
However, cancer 1in soft tissue usually dees not have
a clear boundary with the surrounding tissue, and
cannot be  differentiated  in ultrasound B—mode
image. Therefore, over the past scveral decades,
many resedrch efforts have been made to measure
intrinsic tissue paramctors of normal and cancerous
lissues, such as the speed of sound, attenuation
cocflicient, noalinear parameter, elasticity, etc.
[1-5].

[t {s worth nuting that two imaging modalities have
been commercialized. One is harmonic imaging that

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

visualizes the stiffness distribution of tssue by

measuring the hardness of cancerous tissue relative
to its surrounding tissue and presenting it as zn
image.

Palpation cxamines tissue hardness by means of
manual compression, and has traditionally been used
as a handy method of diagnosing cancer that lies
close lo human skin, However, because it depends
on the skill and experience of an operator, much
rescarch has been going on to find a more reliable
and abjective ultrascund diagnostic method.

A group led by Ophir [G] is the first to succes—
shully demonstrate the feasibility of imaging the
elasticity distribution of a medium. They produced
strain images while applying compression.

The principle of obtaining strain tmage by applying
compression is shown in Fig. 1. Il an object
consistirg of hard and soft media s subjected o
compression, the soft medium will deform more than
the hard media. In order to obtain strain ¢, we first
find the amount of displacement at tissue posilions,

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=—, {n

where o denotes the applied stress. Accordingly,
clasticity imaging (s a moethod of imaging the Yourg's
modulus of an object. but in reality, since {he
distribution of the stress s difficalt 1o determine,
methods of itmaging only the strain distribution have
reeched the commercialization stage.

Ultrasound  elasticity  tmaging can be used to
diagnose soft tissue malignancies related to breast,
prostate, thyroid, blood vessel. and OB/GYN. The
elastic moduli of cancerous breast and prostate liss—
ues are more than three times larger than thelr normal
counterparts, and tend 1o increase with increasing
stress, exhibiting thetr nonlinear characteristics [6].

Techniques for clasticity imauing can be cate—
gorized by the tyvpe of applied stress, Table 1 lists
sarious methods of imaging ussue elasticity that are
classifted according to the (ype and [requency of

stress source.

soft

hard

soft

displacement

soft hard soft

strain

depth
()

Fig. 1. Principle of measuring strain by apptying compression
to tissue: {a) displacement varying with lissue stiffness
and {b) displacement and strain profiles with depth.
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Naw we will look into the principles and

characteristics of varibus elastic imaging methocds.

Il. Displacement Estimation in Strain
Imaging

Strain imaging first finds the amount of displa—
cement that scatterers undergo as the deformation
15 applied to them, and differentiates it 1o determine
the strain. Sirain imaging is also known as frechand,
or quasi—static, compression eclastography, The
anmount of displacement in a wedivn varies with irs
suain distribution whose eslimstion iy the main
purpose of strain imaging, The most important signal
processing operations in strain imaging are the
chisplacement estimation and suppression of noise
arising from differentiation of the displacement.

To allain strain mmage with cuasi—static compresston
technique, the acquisition of ultrasound datae proceeds
as follows. Iirst, an ultragound reference signal s
acquired from @n object before applying compression,
atl anclher ultrasound signal is acquired from the
sane object after applyving compressien When the
ohject is compressed, the scalterers inside it move
in the direction of compression, making the echo
arpival times shifted in tme relaiive o those before
apntying compression. Thus., the displacements of
the scatterers can be found by estimating the amount
of time shift between the pre— 2nd post—campression
echnes, These displacements vary with the object
stiffness, and thus are representative of the object

characteristics. They can be compuled from radio

Table 1. Classification of elasticity imaging methods by stress
source and frequency.

Stress Source Methoed
Manual Dalnali_qn Sl:air} irqgging '
Sanelastography
Vibro-acoustograghy
I" Mechanical impuise | Transient elastoaraph,

Impulse imagi
- Acouslical radiation force| ARFI 1maging J
Supersonic imaging

Stress Frequency
Less than 5 Hz

Sine wave of tens| Mechanical vibratsion
to hundreds of Hz|  Accusticat vibration




frecuency {RT) or complex baseband echo signals
using autocorrclation. crosscorrelation, or speckle
wracking methads. In order to cnable real (ime
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
autccorrelation method can compute displacements
fast from the phase difference of complex baseband
signals [7—-9].

Next, we introduce a method of estitnating displa—
cement nsing aulocorrelation [10]. Ultrasound REF
data are first demodulated to the baseband to obtain
bolth in—phase and quadrature components, which
are then combined into a complex signal, referred to
as complex bascbard signal. Taking the autocorclation
of the pre— ard post—compression comples basehand
signals vields the phase difference, from which the
ume delay can be found. The compressed, lLe.,
time—delayed version of a signal can be modeled
using an allpass [iter. Denoune the pre— and post—
compression signals as » (¢) and ,{#}, respec—
tively. we obtain the demadulated complex baseband

signals as follows:

U],&,u) - T'(t}EfJ';:”-_ ) ) (2)
Fi=werlaly <)

y:,,.,[t) =rit— T)(.'. \

where rit) is the envelope, w, is the central angular
frequency, 715 the time delay, and oft) is the phase
of the complex bascband signal w,(t). Foilowing
samp.ing, the phase difference between the two
finite—duration sequences, y,(n) and g,(n]1, can be

expressed as!
Ab—arg < ypdn) » yoln) > =wr+oalt) —ol—7)(3)

where arg denotes the phase, and the operation
inside the brackets is the inner praduct -o find the
amount  of correlation. Taking a Tavlor series
expansion of the phase term, ¢lt—+). in (3) and

keeping up Lo ke linear erm gives

AP A

wy g (t) = e gt)’ @)

=

where w,(f) equals the phase derivative, o' (t).
which corresponds to the instantaneous frequency of
the complex baseband signal. The displacement is
then computed (rom the phase difference. This
method takes into account the variation of the center
{requency with increasing depth, and requires fewer
conputations than crosscorrelalicn mcelhods,

If displocement is estimated without considering
the decorrelation between the pre— and post—
compression signals, it (s eguivalent o just com—
puting the phase difference between them over a
finite interval, As the imaging denth mereases, the
displacement also increases and the decorrelation
between them tends to increase. Thus, it is inevitable
that displacement esumation crrors ncrease. (o
overcome this problem, we first estimate: 4, 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 uscd as the value of 4. The post—compression
complex baseband sigaal, which has been shifted in
the directon of decreasing phase difference, is given
by

wrtalt—r+8))

o (t+ 6) = rlt =+ 0)e’" (5)

The phase difference between the pre— and post—

comrression signals is expressed as
Ady =argl< y, ) » yplnt+8) > P e (6)
The tme delay is cstimated as

A (r).k

= mien @

Tais two—step rethod 15 generally used for sirain

estimation [9,10], In the method, the phase difference
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between the two signals is estimated first and vsed
in reducing the phase difference, and then the final
displacement is cstimated again.

Fig. 2 shows the distribution of strain inside a
plastic phanlom embedded with two 10-mm
diameter and one 20—mm diameter kard eylinders in
the soft background. which is subjected to a strain
of 0.2%. The cylinders are about five tunes harder
tnzn the background, The wp panel of Fig. 2 shows
an ultrasound B=made image where the boundaries
of the cylinders can be discerned bul the speckle
patterns of the cylinders and the background look
similar. In general, firding cancer is difficult hecause
the boundary between the cancer znd the surrounding
normal tissue is not quite clear. The middle pancl of
Fig. 2 shows 2n image of the displacement a‘ong the
tirection in which the compression i1s applied. The

hoitom panel of Fig. 2 represents an image of the

Fig. 2. Comparison of phantom images: B-mode {1op). displace-
men (middle), and strain (bottom),
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strain, end is obtained by differentiating the displa—
cement along the direction In which the compression
15 applied. {t can be seen that the strain image has
a higher contrast than ils corresponding B—mode
image counterpart.

Fig, 3 compares displacement estimates chtained
using the crosscorrelation method {solid ling) and
the autocorelation method of (7) with (dotted line)
and without {dashed tine) compensaling for the
variation of w,(f). The atgorithins were applied to the
scan line data that passed through (he center of the
larger cvlinder whose diameter is 20 mm. The
crosscorrelation  methad  was  performed  after
resampling the BE data at 2.094 Gliz. The result can
be considered as a gold standard because the errors
are very small. For the case that the displacement
was estimated uvsing the autocorrelation method,
compensation of the cenler frequency variation
reseles in an estimation performance stmilar to the
crosscorrelation method. In practice, however, the
autocorrelation method may ncur significant errors
due to signal decorrelation and speckle noise. The
decorrelation is attributed (o lateral and out—of—
plane motions. To abtain more accurate displacement
cstimates, techniques such as signal stretching,
lincar regression based differentiation, persistence
processing were proposed [11-15].

The Ophir group L16—18] actively reported

displacement

b4
o
@

displacement(mm)

0.02}

0.01

depth{mm)

Fig. 3. Comparison of displacements estimated using ¢ross—
correlation (solid) and autocorrelation with (dotted}
and without (dashed} center frequency correction.



clinical test resuits 1o demanstrate the efficacy of
strain imaging techniques, The left and right panels
of Fig. 29 of Ref. [13] compare the ultrasound
B3—mode and strain images of an invasive ductal
carcinoma, respectively. The dark arca in the strain
image indicates that the lesion is stiff, and is marked
by ¢ross symbols for size comparison. The size of
the lesion in the straim amage is confirreed to be
different from that in the B—mode image depending
on whether it is benign or malignant. This finding
suggpests that a significant reduction in the pumber
of biopsics of benign lesions is possible using both

clastography and senography together {128).

[li. Transient Elastography and
Sonoelastography

The strain imaging method just introduced applies
compression to 3 medium stowly so that the mediurn
has enough time to respond to the compression.
However, tissue elasbicity can also be measurced
from the characteristics of atroess propagation while
applying a mechanical imputse in a short period of
time or 2 mechanical harmonic mation for g long fime,

The categorvy of applying mechanical impulse
includes transient clastography introduced by the
Fink group [19,20]. If a mechanical impulse is
applied to human tissue, a longitudinal wave
propagates in the direction of (he applied impulse,
arel also a shear wave is generaled in the lateral
direction. As the shear wave slowly propagates
inside the human body, the movement of tissue is
visualized by a high (ram¢—rate imaging technigue.
The frame rate is as high as up Lo 6000 frames/s.

Another method is senoelastography that applies a
mechanicel harmonic sinusoidal wave to the human
body and measures the amount of vibration in the
soft tissue due to the generated shear wave, At that
trme. all the tissue vibrates at the same frequency,
and thus the sofi purt vibrates greater than the hard

part. It is the sonoelastography technique that

images the vibration asnplitude of soft tissue using a
Doppler method. The technique weas investigated by
the Parker group [21,22].

[V. Acoustic Radiation Force Impulse
Imaging Technique

Stress is delivercd to Lhe humar body using
externally applied mcechanical force, for example,
quasi—static  compression, transient mechanical
impulse. mechanical harmonic oscillation, ete. The
elusticity image quality of the above methods
depends on the experience and skill of an uliraso—
nographer, and the use of a mechanical assembly or
setup for consistent application of compression may
compiicale 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 displacemoent esti—
mation errors by removing the operator's motion.
‘The process of ultrasound image formation proceeds
by transmitting a longiludinal wave thal propagates
inlo a tissue of interest while vibrating in the sanme
direction and applies force to it. ‘The force is termed
acoustic radiation force. The following relationship
holds:

Wepearted _ 207
Jre Lubrorted _ 20 , )

< ¢

woere /7 oas the  acoustical radiation force in
kg - Z-oem”?,

Np-m~L I

1w riv of

o 18 the gtenuation coefficient in
15 the power abscrbed by the
medium st g piven spatizl locztion, ¢ is the speed of
sound in the medium i ms™!, and 7 is (he temporal
average intensily at a spatial locaiion in W+ e 2,

Elasticity imaging methods that ufilize acoustic
radiation force are divided into acoustic radiation

force impulse (ARFI} and shear wave clasticity
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imaging (SWEI).

When a high—intensity ulirasound wave is focused
onto a small region in a short tme, the focused tissue
is pushed. The maximum shift that the tissue
undergoes and the time it takes the tssue Lo return
Lo its original positton are inversely proportional 1o
the tissue stiffress. Fig, 4 shows a focal depth where
a radiation force and a shear wave are generated in
the axial and lateral directions, respectively,

An elasticity Imaging technique using this orinciple
was introduced and termed ARF1 imaging 123-311.
[t transmils a localized bhigh intensity impulsive
ultrasound radiation force to an hmaging region of

interest and ohserves the resulting molion, Fig b

transducer
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fig. 4. Gengratton of radiation force and shear wave by trans-
mission of high-intensity impulsive uftrasound wave.
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Fig. 5. Displacements of soft {solid) and hard {dotted) media
due to high-intensity ullrasound wave where the
arrows indicate tho lime {o the peak cisplacement.
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dupicts the displacements in a medium at a focal
point with time due to a high—mntersity tmpulsive
ultrasound wave [Z4]. The solid and dotted fnes
correspond to the hard and soft media, respectively.
“The arrows indicate Lhe time 1o reach the meximum
displacement. The amount of displzcement and the
tine to reach the maximum displacement are larger
in the soft medium than in the hard medium.

For a human breast wiath a palpable invasive ductal
carcinoma, Fig. 6 shows the B—rmode image {eft),
the maximum displacemen: image {(center), and the
time to the maxinun displacement image (right)
[27). The characteristics in the lesion are displaved
1o be different from those in the background. The x
and ¥ axes in the imaues represent the lateral and
axial dircctions, respectively. The transducer s
located at the top of the images. Note o number of
reversals in cortrast between the two ARFI data
images. Although the focal region of the pushing
beams was 20 num, it appears that a fairly uniform
force field 13 applicd from 5 to 20 oun in depth. Ties
s expected due 1o the rolatively high atrenoation of
hreast  tissve, which ranges from 1 1o 3
dB - em™' - AlHz L

V. Vibro—Acoustography

If we generate harmonic oscilation using two
signuls of different frequencies., a beat phenomanron
oceurs inoarcas of tissue where the two signals
overlap because the usszue s nonlincar, M rwo
focused wlirasound continuous waves whose froquency
differeacn is vory small aro transmitted using two
transducers, a best {requency signal 1 generated in
a tssoe area where (he two transmig fields intersect,
and the beat signal amplitude depends on the
elasticity charactenistics of the medium. Because the
beat signal frequency is very low, it can be measured
using a hydrophone. If the arex over wbich ulira—
sound waves intersect s adjusted by focusing

ransnit ultrasound, a high resolution elasticity



max displ.(im)

-5 0 5
lateral position, mm

recovery time(msec)
1

r1t.2

Fig. 6. /7 wivo human breast with palpable invasive ductal carcinoma: 8-mode image (left), maximum disptacemenl image (center),

and recovery time image {right) [27).

itnage can be obtained. This clasuclty imaging
moethod was introduced by the Greenleal team awd
termed vibro—aconstography (32-36].

I7ig. 7 shows the principle of vibro—acoustography.
The left and right pancls of Fizo 5 of Ref [38f
represent X—ray and vibro—acoustography images
of a mostly calcfied humsan breast with fibroa—
denoma, when the ultrasonnd 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

Lhlack bocause the caleification i1s very densce,

VI. Shear Wave Elasticity Imaging

IFig. 1 of Ref. {23} shows the range of shemr and
bulk modulus values for various human tissues. The
bulk medulus of liquids, soft tissue, and bone is
clustered in a narrow range from 10% Pa o 10" Pa,
while the shear modulus has o wide dynamic range
from as small as 10° Pa for gandular tssue of hreast,
liver, refaxed muscle, and fat to as large as 10°° Pa
for bone. The shear modutus of dermis, connective
tissue, contracted muscle. and papable nodules
ranges from 107 Pa to 10% Pa. and that of epidermis

and cartilage is in the range between 107 Pa end 10°
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Fig. 7. Principle of the vibro-acoustagrapty.

Pa [23]. [t ts evident that the shear madulus has o
wider dynamic renge than the bulk modules. Thus,
fimaging the shoar modulus offers mare potential for
quantitative diagnosis.

The aforementioned clesticity imaging methods
apply stress mechanmcally or uses acoustic radiation
[arce, Therelore, the force applied cannot be exactly
determined. and the efasticity cannot be measured
quantitatively. To overcome this disadvantage,
methods of gencraling shear wave using acoustic
radiation foree and measuring the propagation specoc
of shear wave were reported, including shear wave
elasticty imaging (S\WWED apd supersenic imaging
(SSI) techniques 123.37=401. At the transmil focus,
the axial vibration of a longituding! wave generated
by ARFT generales a shear wave in the lateral

direction. The longitudinal wave propagaies at a
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Fig. 8. Generation of the supersonic shear source where the
source is sequentially moved atong lhe beam axis,
creating (wo pfane- and intense-shear waves
propagating in opposite diréctions.

speed of 1540 m's, while the shear wave propagases
very slowly at a speed of 1 to 10 mfs. The
propagation speed of i shear wave depends on the
shear modulus of g medium in which it travels, and

i1s given hy the following relationship:

=k

| jatm
€ \/ o Y +e1—20)p"
%

S SN PR -
Cr £~ \" 200 1 plp

where A (s the elastic Lamé coefficients. p 15 the
density of the material, ;o is the materia) shear
modulus. £ is the Young's modulus, » is the
Poisson's ratin, and ) and (% are constants
representing the longitudinal and transverse (shear)
wave spoeds, respectively, In soft media X is 10°
timas bigger than ¢ and »=05. Thus, a good

approxivalion of £ s given by

E = 3. (10

Therefore, if the propagation specd of a shear
ware inside a medium is measured, s elasticiy can
be quantitatively determined. Also, hecause the
shear elasticity has a wide dyvnamic range depending
on media, it 15 betler for lesion diagnosis to measure
the shear modulus than bulk modulus.

Elasticity imaging techniques that divectly measure
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shear modulus using the propagation speed of a
shear wave ave useful in monttoring the progress of
lesion because it quantilatively determines the tissue
elasticity, Many companies are making cforts to
commercialize them, and a Siemens product is
already avallable on the market which shows the
propagation speed of a shear wave in lesion by
combining with transient ARFI imaging [40]. The
region where shear wave is generated in ARFI
technique is Hmited to the vicinity of a trensmit focal
point. T'o consirict an elasticily image over a large
area reguires a long data acquisition time, Super-—
sonic sinaging or shear wave clastography overcomes
this problem by gererating @ plane shear wave using
ARFI technique and measuring the propagation
speed of shear wave wn a medium, and thereby
visualizes the shear modulus over the entire Iimaging
arca simullaneously [37—40.

A method of generating plane shear waves is
shown in Fig. 8 (37]. The shemr waves are generated
near the transmit focal point. If the shear waves are
transmitted multiple times while movirg the focal
depth in the axial direction, the wavefronts of the
shear waves gencrated ot individual {ocal points are
superposed, and as a result the plane shear waves
are generated. As the shcar waves propagate inside
a modium, the speed changes depending nn the
medium characteristics. A high frame rate systemn
czpable of imaging uo w several thousaud {ranes per
second monilors the displacemeat of medium (o
estinmate the propagation speed of the shear waves.,
Because it 15 possible to campute the shear or bulk
modilus from the propagation speed of (he shear
wave, the medium elasticity can be determined
quantitatively.

Fig, 6 of Ref. [38] compures the ultrasound B—
mode (left) and supersonic shear (right) images of
a human breast lesion. The shear wave speed 1s
coded on a calor scale of O to 9 m/s. which
corresponds to the Young's modulus values ranging
from O to 240 kPa). ‘The case is a very small
hypacchoic lesion classified as BI-1RADS category 3.

This small lesion whose diameter is 5 o is rather



difficult to deteet in the ultrasound 13—rtaode image
beczuse its echogenicity is not significantly different
from that of normal parenchyma, The elasticity map
clearly delineates a smal) hard region with a Young's
moedulus of about 165 kPa. The margins zre properly
depicted with an average S—mm cGiamzier. The
lesion size was confirmed alter biopsy by a
pathologist and the final diagnosis was an infiltrating

ductal carcinoma grade 111

Vil, Conclusion

Among tissue parameter imaging methods, elas—
tcity imaging techniques have been relatively
successiully developed, and find their applications in
diagnostic ultrasound tmaging as a now comple—
mentary modalitv. In particular, strain tmaging
techniques have been commercialized by scveral
major coipanies and are now in clinical use. It is
envisaged thae in the near fuiure elusticity imaging
techniques will be a viable diagnostic ultraseund
imaging modality with the advancement in under—
standing vitrasound physics and developing hardware

technology.
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