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KEY POINTS

e Like conventional medical imaging modalities, forward and the inverse problems are encountered

in elastography.

e Quasistatic elastography visualizes the strain induced within tissue using either an external or inter-

nal source.

e Direct and iterative inversion schemes have been developed to make quasistatic elastograms more

quantitative.

e Soft tissues display several biomechanical properties, including viscosity and nonlinearity, which
may improve the diagnostic value of elastography when visualized alone or in combination with
shear modulus. Elastography can characterize the nonlinear behavior of soft tissues and may be
used to differentiate between benign and malignant tumors.

INTRODUCTION

Elastography visualizes differences in the biome-
chanical properties of normal and diseased tis-
sues.'™ Elastography was developed in the late
1980s to early 1990s to improve ultrasonic imag-
ing,>~" but the success of ultrasonic elastography
has inspired investigators to develop analogs
based on MRI®"" and optical coherence tomogra-
phy.'271% This article focuses on ultrasonic tech-
niques with a brief reference to approaches
based on MRI.

The general principles of elastography can be
summarized as follows: (1) perturb the tissue using
a quasistatic, harmonic, or transient mechanical
source; (2) measure the resulting mechanical
response (displacement, strain or amplitude, and
phase of vibration); and (3) infer the biomechanical
properties of the underlying tissue by applying
either a simplified or continuum mechanical model
to the measured mechanical response.? 518 This
article describes (1) the general principles of qua-
sistatic, harmonic, and transient elastography

(Fig. 1)—the most popular approaches to elastog-
raphy—and (2) the physics of elastography—the
underlying equations of motion that govern the
motion in each approach. Examples of clinical ap-
plications of each approach are provided.

THE PHYSICS OF ELASTOGRAPHY

Like conventional medical imaging modalities, for-
ward and the inverse problems are encountered in
elastography. The former problems are concerned
with predicting the mechanical response of a
material with known biomechanical properties
and external boundary conditions. Understanding
these problems and devising accurate theoretical
models to solve them have been an effective strat-
egy in developing and optimizing the performance
of ultrasound displacement estimation methods.
The latter problems are concerned with estimating
biomechanical properties noninvasively using the
forward model and knowledge of the mechanical
response and external boundary conditions. A
comprehensive review of methods developed to
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Fig. 1. Schematic representation of current approaches to elastographic imaging: quasistatic elastography (left),
harmonic elastography (middle), and transient elastography (right).

solve inverse problems is given in the article by
Doyley'®; therefore, this section focuses only on
the forward problem.

The forward elastography problem can be des-
cribed by a system of partial differential equations
(PDESs) given in compact form2%-21:

V x [Gij} = Bi (1)

where oj is the 3-D stress tensor (ie, a vector of
vectors), B; is the deforming force, and V is the
del operator. Using the assumption that soft tis-
sues exhibit linear elastic behavior, then the strain
tensor (¢) maybe related to the stress tensor (o) as
follows??:

6jj = Gjxitw (2)

where the tensor (C) is a rank-four tensor consist-
ing of 21 independent elastic constants.?6:29-23
Under the assumption that soft tissues exhibit
isotropic mechanical behavior, however, then
only 2 independent constants, A and p (lambda
and shear modulus), are required. The relationship
between stress and strain for linear isotropic
elastic materials is given by:

Gij = 2“’£ij +)\5ij® (3)

where ® =V « u = ¢4 + &5 + €33 is the compress-
ibility relation, d is the Kronecker delta, and the
components of the strain tensor are defined as:
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Lamé constants (ie, A and p) are related to

Young modulus (E) and Poisson ratio (v), as
follows?%:21;
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The stress tensor is eliminated from the equilib-
rium equations (ie, Equation 2) using Equation 3.
The strain components are then expressed in
terms of displacements using Equation 4. The re-
sulting equations (ie, the Navier-Stokes equations)
are given by:

9%u

where p the is density of the material, u is the
displacement vector, and t is time. For quasistatic
deformations, Equation 6 reduces to:

VepvVu+V(A+p)Veu =0 (7)

For harmonic deformations, the time-
independent (steady-state) equations in the fre-
quency domain give'%24:

V-uVu+V(A+p)V-u = pw’u (8)

where w is the angular frequency of the sinusoidal
excitation. For transient deformations, the wave
equation is derived by differentiating Equation 6
with respect to x, y, and z, which gives®':

vea = o°A
T e at?

(9)

where V -« u = 4, and the velocity of the propa-
gating compressional wave, c4, is given by:
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The wave equation for the propagating shear
wave is given by:

(10)
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