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INTRODUCTION examination. A clear understanding of tissue stress/strain
relationships is necessary for the interpretation of any of
these imaged mechanical attributes.

Tissue may exhibit viscoelastic and poroelastic be-
havior such as hysteresis, fluid flow, stress relaxation and
creep (Fung 1981). When all these factors are combined,
it is evident that describing the mechanical behavior of

The mechanical attributes of soft tissues depend on their
molecular building blocks (fat, collagen etc.), on the

microscopic and macroscopic structural organization of
these blocks (Fung 1981), and on the boundary condi-
tions involved. These mechanical attributes may include

the shear or elastic moduli (Young’s modulus), the Pois- i th ticall . iderable simplif
son’s ratio, or any of the longitudinal or shear strains that ISsue mathematically requires considerabie simpiica-
tion, if the model is to be useful in a real-time or nearly

occur in tissues as a response to an applied load. In the . o ! L
real-time situation. To a first approximation, most soft

normal breast, for example, the glandular structure may . h b 410 be i . h le of
be firmer than the surrounding fibrous connective tissue, ftlssues ave been assumed to be isotropic on the scale o

which in turn is firmer than the subcutaneous adipose Mt€est (Krc|>uskop et Iarl]' 19ﬁ7;r]ParI§er et al. 199]9; Sar-
tissue. Pathological changes are generally correlated withVazyan et al. 1991), although there is evidence of aniso-
changes in tissue stiffness as well. Many cancers, such adrOPiC ultrasonic and mechanical attributes in some soft
scirrhous carcinomas of the breast, seem much stiffer andliSSu€s such as muscle (Levinson 1987). Even for rela-

less mobile than benign (fibroadenoma) tumors (Ander- tively small strains (less than 10%), tissue may exhibit
son 1953). In many cases, in spite of the difference in nonlinear viscoelastic behavior (Krouskop et al. 1998;
stiffness or mobility, the small size of a pathological Parker et al. 1990). Thus, the mechanical attributes of

lesion and/or its location deep in the body impede its tissue are often better defined if they are specified over

detection and/or evaluation by palpation. Moreover, le- the. strain or stress ranges of interest in a specific appli-
sions may or may not possess echogenic attributes thacation (Krouskop et al. 1987; Levinson 1987; Parker et
make them ultrasonically detectable. Because the echo-al- 1990). o . )
genicity and the mechanical attributes of tissue are gen- ~ Quantitative measurements of tissue mechanical pa-
erally uncorrelated, it is expected that imaging some of fameters reported in the past show a wide range of values
the latter will provide new information that is related to (Fung 1981; Parker et al. 1990). Most of the research has
tissue structure and/or pathology. For example, tumors of P€en done for tissues that undergo tensile loading (mus-
the prostate or the breast may be invisible or barely cles, arteries, lung, tendons, bone, skin, ureter). In con-
visible in standard ultrasound examinations, yet are trast, very little quantitative information has been col-
much stiffer than the embedding tissue. Diffuse diseaseslected on the compressive attributes of the tissue in
such as cirrhosis of the liver are known to increase the organs. A limited set ofn vitro measurements of the
stiffness of the liver tissue significantly (Anderson 1953), elastic moduli of prostate and liver tissues was described

yet they may seem normal in conventional ultrasound by Parker et al. (1990). In a presentation by Sarvazyan
(1993), shear modulus measurements indicated that nor-
mal breast tissue is approximately 4 times less stiff than
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an in vivo study involving 250 breast lesions, which
indicated that fibroadenomas are approximately 8 times
softer than carcinomas. Krouskop et al. (1998) measured &%
the compressive moduli of normal and cancerous breast
and prostate tissuds vitro, demonstrating several-fold :
increases in the moduli of malignant tissues compared to f
normal tissues, as well as a distinct nonlinear stress/strain =
behavior in the tumors.

APPROACHES TO ELASTOGRAPHIC
IMAGING Fig. 1. Longitudinal ovine kidneyn vitro. (Left) Sonogram.
Observe poor SNR in the sinus area and distal shadowing.

The existence of such significant differences in the .
. .~ (Center) Elastogram (black corresponds to low strain and the
responses of abnormal and normal tissue to mechanicalypite to high strain). The strain estimates obtained in regions

stimuli bode well for continued development of imaging where the sonographic SNR is low are shown to contain a
techniques that display various mechanical attributes of wealth of detail. This elastogram is obtained following a single
the tissues of interest. At present, there are several(0.5%) compression. Scans were obtained at 5 MHz. The

schools of thought about how the mechanical attributes elastogram demonstrates structures that are consistent with a
hard renal cortex and medullary pyramids (of which at least

can be best displayed to provide the most useful diag- seyen are seen), softer columns of Bertin, and very soft areas at
nostic information. One class of techniques (sonoelastic- the base of the columns. (Right) These structures are also seen
ity imaging) involves the application of low-frequency in the cut pathological specimen. In the elastogram, black
vibrational energy to the tissue, and the simultaneous hard; white= soft.

ultrasonic Doppler detection of ultrasonic waves that

have been perturbed by the vibrations (Krouskop et al.

1987; Parker et al. 1990; Yamakoshi et al. 1990). The yaineq through the solution of an inverse problem using

resulting image displays the elastic modulus calculated oty estimated data and a mechanical forward model
from the local wavelength of the shear-wave, or the of the tissue. For example, in the case of elastography,

am(rj)lltlude AOf EEe V|brat|onhthtat IS (;el?te(tj to thhe Sgeir. the mechanical attribute to be reconstructed and imaged
modulus. Another approach, termed elastography (Op Mis the static shear modulus obtained using some esti-

etal. 1991?’ mvolve_s the imaging of_the local responses mated components of the 3-D tissue strain field and
of the medium (or tissue) to an applied load (a common . . . . .
. . . . . assuming the tissue to behave as a linear, isotropic,
practice by structural engineers), by imaging the longi- . . . . .
. . : incompressible elastic material at the scale of interest.
tudinal or shear-strain components produced by this load
The second group of approaches attempts to calcu-

at different locations in the tissue. The load is applied to _ . _
late and display the static or dynamic shear modulus,

the tissue in stepwise increments, with the measurements

being made after the motion has essentially ceased Thewhich is one of the basic mechanical tissue attributes.

resultant image is known as an elastogram. In this article, | '€S€ approaches involve many formidable assumptions
we refer generically to images of any mechanical at- about the tlssu_e model and the boundary condltllons.
tributes of tissue as “elastograms.” The third school of 1H€S€ assumptions are necessary because of the incom-
thought involves a further step of reconstruction of the Pl€te knowledge about the tissue behavior and about the
elastic moduli from the displacement or strain data ob- Poundary conditions at all scales needed to solve the
tained through elastography (Kallel et al. 1996; Problem. Image quality may also be degraded by the
O’Donnell et al. 1994; Sumi et al. 1995). errors that may be introduced by the intense calculations
Depending on the mechanical attributes to be im- that are generally required. It is, therefore, difficult to
aged, the aforementioned approaches may be classifiedneasure just how well the final image displays the true
into two distinct groups. In the first group, the imaged Mmoduli.
mechanical attributes are based on a direct estimation of ~ In the first group of techniques, no assumptions are
one or more parameters from experimental observations.made because direct measurements are obtained; how-
For example, in the case of elastography, the parametersever, the interpretation of the resulting image may be
to be imaged are the longitudinal strains, the shear strainsdifficult for certain tissues, because of the presence of
or the Poisson’s ratio (Ophir et al. 1999) estimated from elastographic artifacts (Ophir et al. 1999). It is important
pre- and postcompression ultrasonic data. In the secondto note that the measurements obtained from the first
group, the mechanical attribute to be imaged is based ongroup of approaches are used as inputs to the second
an indirect estimation of one or many parameters ob- group of approaches. From the clinical application point
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Fig. 2. (a) Serial cross-sectional view through a canine prast&itro, obtained with a Diasonics Spectra scanner at 5 MHz.
(Top two rows) Elastograms separated by 1-mm increments, progressing from apical to basal views of the gland. In these
elastograms, white represents areas of low strain, and black represents areas of high strain. Note the excellent contrast between
the outer gland and the inner gland, and the clear visualization of the verumontanum (views 5-9), the urethra (black inverted
V) and the network of branching-fibrous connective tissue septae radiating from the urethra to the outer gland. Note the urethra
(u), verumontanum (v) and median sulcus (ms). All the elastograms are displayed using the same strain dynamic range of
0-3%. (Bottom two rows) The corresponding sonograms from which the elastograms were derived. (b) Parasagittal views
near and at the center of a canine progtatétro, obtained from a Diasonics Spectra scanner at 5 MHz. (Top row) Axial strain
elastograms, where white represents regions of low strain, and black represents regions of high strain. The apex is on the right
and the base is on the left. Observe the clear depiction of the urethra and of some of the ducts, the excellent contrast between
the outer and the inner gland and the visualization of the verumontanum as a low strain area located at the distal central part
of the urethra (two center images). (Bottom row) The corresponding sonograms from which the elastograms were computed.
In the elastograms, black soft; white = hard. (From Kallel et al. 1999b)
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Fig. 3. (Left) Sonogram and (Right) elastogram of a multifocal invasive ductal carciimomiao, obtained at 5 MHz.
Observe the multiple low strain foci (lack) within the elastographic tumor, some of which correspond to the positions
of micro-calcifications in the sonogram. Image width is 40 mm. In the elastogram, bldwkd; white= soft.

of view, the value of one approach relative to another is When an elastic medium is compressed by a con-
still unknown, because of the paucity of available data. stant uniaxial load (stress or displacement), all points in
the medium experience a resulting level of longitudinal

PRINCIPLES OF ELASTOGRAPHY strain whose principal components are along the axis of

Elastography is based on the following assump- COMPression. If one or more of the tissue elements has a

tions: (1) The load applied to the tissue can be consideregdifferent stiffness parameter than the others, the level of
to be static. The data acquisition time is so short com- Strain in that element will be higher or lower; a stiffer

pared to the time over which loading changes, that the tSsue e.lem.ent will ggnerally experience Ies§ strain than
load may be considered to be constant during data ac-ON€ which is less stiff. The longitudinal (axial and lat-

quisition. This minimizes problems because of reflec- eral) strains are estimated from the analysis of ultrasonic
tions, standing waves and mode patterns that may inter-Signals obtained from standard diagnostic ultrasound
fere with quality image formation during sonoelasticity €quipment. This is accomplished by (1) acquiring a set of
imaging; (2) the applied load reduces the complexity of digitized radio-frequency echo lines from the tissue re-
the generalized dynamic viscoelastic equation of forced gion-of-interest; (2) compressing the tissue by a small
motion to the much simpler Hookean equation; and (3) amount with the ultrasonic transducer (or with a trans-
the strain in the tissue is very small (on the order of 1% ducer/compressor combination) along the ultrasonic ra-
or less) and the constitutive equation is considered to be diation axis; and (3) acquiring a second, postcompression
linear. set of echo lines from the same region-of-interest. Con-

Fig. 4. HIFU-ablated circular regions in a canine liweitro. (Left) Gross pathological view of a cut surface through

the ablated regions. (Center) Sonogram obtained from a Diasonics Spectra scanner at 5 MHz. (Right) The corresponding

elastogram, where black represents regions with low strain, and white represents regions with high strain. All views are
from approximately the same plane. In the elastogram, btadiard; white= soft.
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gruent echo lines that may have been corrected for lateralsonic methods could not be used for precision lateral
motion are then subdivided into small temporal windows displacement and strain estimates (Cohn et al. 1997;
that are compared pairwise using cross-correlation tech-Kallel 1995; Lubinski et al. 1996). As a result, they were
niques, from which the change in arrival time of the essentially limited to displacement and strain estimations
echoes prior to and following compression can be esti- related to the axial direction. Konofagou and Ophir
mated. Because of the small magnitude of the applied (1998) and Konofagou et al. (1999) have demonstrated
compression, there are only small distortions of the echo that it is possible to make precision estimations of lateral
lines, and the changes in arrival times are also small. Thedisplacements and to produce images of lateral strain and
local axial strain may be estimated as (Ophir et al. 1991): Poisson’s ratio distributions in tissues, if proper overlap
between adjacent ultrasonic beams is maintained.
(ty — tyn) — (top — ts) Given the existence of significant and reproducible
€11, ipcar = modulus contrast in many normal and abnormal tissues,
and the ability to estimate some of the components of the
strain tensor, the noise performance of these estimations
becomes the important parameter that limits the achiev-
able image quality with which elastograms can be made.
A theoretical framework (Varghese and Ophir 1997,
Varghese et al. 1998) has been formulated to describe the
trade-offs among all the technical parameters of the
ultrasound instrumentation and the signal processing, in
terms of their influence on the elastographic image pa-
rameters (Alam et al. in press; Konofagou et al. 1997a,b;
Varghese and Ophir 1997, 1998; Varghese et al. 1998).
A similar framework has been described to characterize
the lateral strain estimation process (Konofagou 1999). A
contrast-transfer efficiency (CTE) function has been de-
Our early hypothesis underlying the efforts to image rived and theoretically corroborated (Kallel et al. 1996;
the strains in soft tissues has been that soft tissue mod-Ponnekanti et al. 1995). The CTE provides a description
ulus contrast is reliably present, especially between nor- based on linear elasticity theory of the efficiency with
mal and abnormal tissues. Indeed, we have shown that atwhich actual modulus contrast is converted to elasto-
least two important tissue contrast domains exist. The graphic strain contrast for simple targets and under
first is the existence of a large-@0 dB) modulus con-  known geometrical boundary conditions. Based on pre-
trast between normal and some pathological tissues indictions from the CTE function, Kallel et al. (1998) have
the breast and in the prostate (Krouskop et al. 1998). Theshown that, for low contrast situations such as in the
second is the existence of a lowc§ dB) to moderate  normal ovine kidney, the strain elastogram is a reason-
(<20 dB) modulus contrast even among various normal able representation of the actual modulus elastogram.
tissues in the kidney, prostate and breast (Kallel et al. Many interesting challenges remain in the develop-
1998; Krouskop et al. 1998). We have also shown that ment of this new imaging modality. In principle, it
procedures such as tissue ablation using laser or highshould be possible ultimately to generate elastograms in
intensity focused ultrasound (HIFU) techniques have a real time, perhaps by reducing the cross-correlation com-
profound effect on tissue elastic modulus (Kallel et al. putations to 1-bit hardware operations, which have been
1999; Righetti et al. 1999; Stafford et al. 1998). These shown to be effective (Ophir et al. 1991, 1996, 1997,
observations, together with some initial clinical observa- 1999), or by using fast digital signal processing (DSP)
tions showing the ability of elastography to detect and chips. Precise corrections for lateral and out-of-plane
characterize sonographically-occult breast cancerslinear motions seem feasible (Chaturvedi et al. 1997,
(Garra et al. 1997), are providing the catalyst for con- 1998; Konofagou and Ophir 1998), as do incoherent,
tinuing the vigorous development and application of direct strain estimation techniques (Konofagou et al.
elastographic methods to medical imaging problems.  1999). These approaches are powerful in that they seem
The estimation and imaging of tissue strains is by effective even when strong decorrelation noise is intro-
definition a three-dimensional problem. When the tissue duced because of excessive and/or undesired motion
is deformed, the near incompressibility of most soft (Kallel and Ophir 1997). The optimal elastographic pro-
tissue types means that strain tensor components areocols that are to be followed are, as yet, unknown. The
generated in all directions simultaneously. Until recently, amount of pre-compression, the applied imaging com-
workers in the field had assumed that single-view ultra- pression, the number of sonographic frames and the

ti — tia

wheret,, is the arrival time of the pre-compression echo
from the proximal windowt,,, is the arrival time of the
pre-compression echo from the distal winddyy, is the
arrival time of the postcompression echo from the prox-
imal window; andt,, is the arrival time of the postcom
pression echo from the distal window. The windows are
translated in small overlapping steps along the temporal
axis of the echo line, and the calculation is repeated for
all depths. A similar method is used for lateral strain
estimation.

FUTURE TRENDS
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(adaptive) algorithm(s) to be used for image optimiza- Fung YC. Biqmechanical properties of living tissues (Chap. 7). New
tion, and the relationship of these protocols to the spe- _York: Springer Verlag, 1981.

- . . . Garra BS, Cspedes El, Ophir J, et al. Elastography of breast lesions:
cific mechanical attributes (such as contrast and nonlin- ~jtial clinical resuits. Radiology 1997:202:79—86.

ear stress/strain behavior) of the tissues have yet to beKallel F. Proprietes elastiques des tissus mous a partir de I'analyse des
defined. Whereas elastographic artifacts are fairly well ghangeme”ts Spfﬁo'tfmpohre's dans les Sig”a:j" “'"asolnores- PhD
. . . issertation, Ecole Polytechnique, University of Montreal, 1995.
understood (Ophll’ etal. 1996'_ .1997' 1999)'_ their amp|g' Kallel F, Bertrand M. Tissue elasticity reconstruction using linear
uous role as detractors or facilitators of lesion detection  perturbation method. IEEE Trans Med Imag 1996;15:299—-313.
and/or diagnosis remains unknown. The role of the in- Kallel F, Ophir J. Three dimensional tissue motion and its effects on

_ image noise in elastography. IEEE Trans Ultrason Ferroelect Freq
verse problem treatment of elastograms (Kallel and Ber Contr 1997:44:1286—1296.

trand 1996; Skovoroda et al. 1995; Sumi et al. 1995), and Kallel F, Bertrand M, Ophir J. Fundamental limitations on the contrast-

the related definition of tissue moduli at different spatial f\;larésfs_r Fflfigcg’%ng zi{;; ;I(’zs;ggraphy: An analytic study. Ultrasound
; . ; ed Bio ;22:463-470.

scales and under Varlabl.e boundary Condlt.lons’ IFer‘namSKallel F, Ophir J, Magee K, Krouskop T. Elastographic imaging of

obscure. Related techniques, such as high-frequency, |ow.contrast elastic modulus distributions in tissue. Ultrasound

high-resolution methods (de Korte et al. 1997; Ryan and  Med Biol 1998;24:409-425.

Foster 1997) applied intravascularly may also develop as Kallel F, Stafford RJ, Price RE, et al. The feasibility of elastographic

ful adi ts to th ¢ hi thods. Fi visualization of HIFU-induced thermal lesions in soft-tissues. Ul-
userul adjuncts to the current sonograpnhic methods. FlI- trasound Med Biol 1999a:25:641—647.

nally, direct and incoherent spectral strain estimators Kallel F, Price RE, Konofagou EE, Ophir J. Elastographic imaging of
may be able to overcome some of the past limitations on the normal canine prostrate. Ultrason Imag 1999b;21:201-215.

: . : : Konofagou EE, Ophir J. A new elastographic method for estimation
the, practice of elastograp_hy In n0|§y gnwronments, such and imaging of lateral displacements, lateral strains, corrected axial
as in hand-held or abdominal applications (Konofagou et strains and Poisson’s ratios in tissues. Ultrasound Med Biol 1998;
al. 1999; Varghese et al. submitted; Wilson and Robin-

24:1183-1199.
son 1982). Konofagou EE, Ophir J, Kallel F, Varghese T. Elastographic dynamic

range expansion using variable applied strains. Ultrason Imag
1997a;19:145-166.

Konofagou EE, Varghese T, Ophir J. Variable compressions with RF
and baseband processing for dynamic range expansion of elasto-

. . grams. J Med Ultrason 1997b;24:753-760.
Whereas elastography has prOgressed rap|dly n theKonofagou EE, Varghese T, Ophir J, Alam SK. Power spectral strain

past several years, much progress has yet to be made for estimators in elastography. Ultrasound Med Biol 1999:25:1115—
elastography to achieve the goal of becoming a viable  1124.

clinical tool. The current promise of elastography lies in Konofagou EE. 1999 PhD dissertation, University of Houston, Depart-
) ment of Electrical Engineering.

the fact that it is theoretically and practically possible to krouskop TA, Vinson S, Goode B, Dougherty D. A pulsed Doppler
obtain quality images of some of the mechanical at-  ultrasonic system for making noninvasive measurements of the
tributes of the tissue under an applied load, and that mechanical properties of soft tissue. J Rehab Res Dev 1987;24:1-8.

. . Krouskop TA, Wheeler TM, Kallel F, Garra BS, Hall T. The elastic
reliable modulus contrast has been demonstrated in sev- moduli of breast and prostate tissues under compression. Ultrason
eral normal and pathological tissues. Even at this early  Iimag 1998;20:151-159.

stage in the development of elastography, it is evident Levinson SF. Ultrasound propagation in anisotropic soft tissues: The

CONCLUSIONS

that there exists a fortunate set of favorable biological,
mechanical, acoustical and statistical conditions that,
when combined, bode well for a realistic attainment of
this goal.
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