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Learning Objectives

• Be able to identify the modes of ultrasound elastography currently in 
clinical use and describe how they work

• Understand relationship between elastic modulus and wave speed, 
and how ultrasound elastography differs from conventional 
ultrasound

• Be able to identify advantages, limitations, and potential sources of 
artifacts error associated with of each ultrasound elastography
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• Changes in the palpable stiffness of 
tissue are associated with disease
• Liver fibrosis
• Breast, prostate carcinoma

…but not all tissues are 
accessible for palpation

• Conventional ultrasound imagery 
doesn’t match tactile perception of 
tissue stiffness
• How is elastography different?

Grayscale
Ultrasound

Ultrasound
Elastogram
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The isotropic linear elastic material model

• No preferred orientation
• No time dependence
• Deformations proportional to 

applied forces
• Tissue violates all these 

assumptions…
but some (liver) are a better 
match than others (tendons)

• Completely characterized by just 
two parameters

• Most commonly seen in 
elastography literature:
• Young’s Modulus (𝑬) and Poisson’s 

Ratio (𝜈) 
• Bulk (𝐾) and Shear (𝑮) moduli

• All these values are related: 
• 𝐺 = !

" #$%

• 𝐾 = !
& #'"%
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Wave speed reveals modulus

• Longitudinal waves
• Propagation by  compression, 

rarefaction of medium – volume change
• Wave speed determined by bulk 

modulus: 𝑐( =
)
*

• Fast: 1540 m/s
• Shear waves

• Propagation by distortion of medium –
no volume change

• Wave speed determined by shear 
modulus: 𝑐+ =

,
*

• Slow: 0.5 – 20 m/s

ultrasound
imaging

elastography
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Major types of ultrasound elastography

• Strain Elastography
• Employs slowly varying or 

static deformation of tissue
• Provides maps of local 

strain
• Does not provide 

quantitative estimates of 
modulus

• ARFI
• Uses acoustic radiation 

force to remotely push 
tissue

• Provides images of 
resulting displacement

• Non-quantitative

• Transient Elastography
• External mechanical source 

generates shear wave
• 1D tracking to estimate wave 

speed, Young’s Modulus
• Quantitative, Non-imaging

• Shear Wave 
Elastography(SWE)
• Shear waves generation with 

acoustic radiation force
• Can make point 

measurements of shear 
wave speed (pSWE)

• Can provides images of wave 
speed or modulus (SWEI)
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Strain Elastography Principle
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How is displacement measured?

• Scattering sites within tissue generate a random 
echo pattern – speckle

• Slight compression preserves the speckle pattern

• Movement of scatterers towards transducer causes 
echo to arrive earlier

• Normalized cross correlation and phase shift 
methods for calculating the time shift

• Displacements on order of ~1µm measurable in vivo
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Strain Ratio

• Strain is not a material property –
it varies with applied stress

• Ratio of strains in two materials 
under similar stress provides a 
measure of their relative stiffness

strain ratio =
𝜖)
𝜖*

• In breast, fat is often used as the 
“reference” material

A
B

A

B fat

lesion
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E/B Ratio

Length in Elastogram
Length in B-mode

• Malignant lesions appear larger in 
elastogram compared to B-mode

• Benign lesions appear smaller
Image from Barr RG., “Future of breast elastography” in  
Ultrasonography, April 2019;38(2):93-105. 
PMCID: PMC6443587.
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5-Point Color Scale (Itoh)

that portray relative differences in tissue stiffness aregener-
ated (Figure 6) with similar information to the images
generated in strain imaging. This imaging approach is
implemented as Siemens Virtual TouchTM Imaging (VTI).

Appropriate measurement conditions and artifacts in
strain imaging

Manymanufacturers provide elastography equipment
employing strain elastography, but the imaging methods
differ slightly, as do the recommendedmeasurement condi-
tions. In terms of artifacts in strain elastography, it should
be noted that the stress distribution is not uniform within
the body and that tissue elasticity is nonlinear as explained
in the next paragraph and in section 4.3.

An artifact resulting from non-uniform stress distri-
bution is shown in Figure 7. In many cases, this type of
artifact is easily recognized by a priori information such
as the shape of the tumor. Artifacts due to the nonlinearity
of tissue are also observed (Figure 8). The nonlinearity be-
comes marked when the compression generates strain in
excess of several percent (i.e., for a typical breast of
3-cm thickness, a reading of 1.5 mmwould be 5% strain).
However, when strain of approximately 1% (i.e., 0.3 mm
for a typical breast of 3-cm thickness) is generated in the
mammary gland, stability and reproducibility can be
achieved even if the level of compression fluctuates
because it is within the linear range. Various available
commercial systems have different image processing

Figure 4. Elasticity score in breast cancer diagnosis. The elasticity score is a five-point scale used to classify elastography
patterns from benign to malignant as follows: score 1 (benign), score 2 (probably benign), score 3 (benign or malignant
are equivocal), score 4 (malignancy suspected), and score 5 (malignancy strongly suggested). In the case of cysts, a spe-
cific blue-green-red (or black-gray-white) pattern called the BGR sign is seen from the body surface side. This is a type of
artifact, but because the level of the internal echo signals from a cyst is low, it can be used for cyst diagnosis, like a lateral

shadow or posterior enhancement on B-mode images.

Figure 5. Pulse sequence in ARFI Imaging.

WFUMB Guidelines for Ultrasound Elastography - Basics d T. SHIINA et al. 1133

Shiina et al, Ultrasound in Med. & Biol., Vol. 41, No. 5, pp. 1126–1147, 2015: Figure 4
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Complication: Modulus Nonlinearity

• Linear elastic model assumes moduli are 
independent of strain

• Tissue exhibits strain hardening – increase 
in modulus with strain

• Excessive compression can reduce 
contrast Figures from Shiina et al, Ultrasound in Med. & Biol., 

Vol. 41, No. 5, pp. 1126–1147, 2015
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The transfer of momentum from the propagating
acoustic wave to the tissue occurs over the duration of
the acoustic pulse. In addition to vibrating at the ultrasonic
frequency, the tissuewithin the region of excitation (ROE,
or region where the ultrasound waves propagate and are
absorbed) is deformed in response to a focused acoustic
radiation force excitation, and shear waves propagate
away from the ROE (Figure 9). While this phenomenon
occurswith conventional B-mode imaging, the forcemag-
nitudes are too small to generate tissue motion that could
be measured with conventional ultrasound. Through the
use of longer duration acoustic pulses (0.05-1 ms) than
are typically used in diagnostic ultrasound (, 0.02 ms),

transient soft tissue deformation on the order of microns
(10-6 m) can be generated in vivo. Acoustic radiation force
can be applied at a single focal location or amultiple focal
zone configuration in which each focal zone is interro-
gated in rapid succession, leading to a cylindrically
shaped shear wave extending over a larger depth, enabling
real-time shear wave images to be formed. This multiple
focal zone approach has been termed ‘supersonic shear
imaging’ (SSI, J. Bercoff, Pernot, Tanter, & Fink, 2004).

Types of Displays. There is a tradeoff between preci-
sion and spatial resolution in shear wave speed estimation
methods. The use of larger propagation distances to
compute the wave speed presumes a larger homogeneous
region and typically is associated with higher precision
and accuracy; however, this comes at the expense of spatial

Figure 8. Nonlinearity of tissue elasticity and effect of excessive compression (breast cancer). In the case of biological
tissue, when the compression is intensified, Young’s modulus, i.e., stiffness, tends to increase and the contrast between fat
and a malignant mass decreases as shown in (a). The extent of nonlinearity differs from tissue to tissue (Barr and Zhang
2012). For example, when the degree of compression is slight, the difference in Young’s modulus between breast tissue
and tumor is large, and the tumor is clearly displayed as a relatively low strain region, as shown in (b), but when the
compression is too strong, the stiffness of the mammary gland increases, and the difference between it and the tumor
will be smaller, possibly resulting in a false negative finding, as in (c). In the case of breast cancer diagnosis, one indicator
is that the pectoralis major muscle is uniformly blue or black in grayscale (small strain) when elastography is performed
with proper compression, but when the pectoralis major muscle is red, or white in grayscale (large strain) and the sub-
cutaneous fat layer has blue (or black in grayscale) mixed in, it often means that excessive compression has been used.

1136 Ultrasound in Medicine and Biology Volume 41, Number 5, 2015
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Acoustic Radiation Force Impulse (ARFI) Imaging

• Acoustic radiation force is a body force 
resulting from momentum transfer from 
acoustic wave to the propagating medium

• In a weakly scattering medium, the 
radiation force 𝐹 is proportional to 
ultrasound intensity 𝐼:

𝐹 =
2𝛼𝐼
𝑐

• 𝑐 (1540m/s) is the speed of (ultras)sound
• 𝛼 is the ultrasound attenuation coefficient

• ARFI imaging produces maps of tissue 
displacement following application of the 
acoustic radiation force impulse

B-mode ARFI

Stiff inclusion
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Making Shear Waves with Ultrasound

• Radiation force of focused ultrasound
tonebursts (MHz frequency, 0.1-1ms 
duration) generate micrometer-amplitude 
shear waves (50-500Hz)

• Fast ultrasound imaging (1540 m/s) used
to observe propagation of slow (1-10 m/s) 
shear waves

• Tissue motion tracked using Doppler-like 
methods
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Shear Wave Elastography

Motion tracked and compared at two 
or more a-lines: 

cestimated =
track beam spacing
arrival time difference

=
ΔT
τ
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Transient Elastography

• Non-imaging, point estimate of Young’s 
Modulus, especially for liver fibrosis

• Tissue “thumped” with single cycle 50 Hz 
oscillation, launching a spherical shear 
wave

• Fast (1540 m/s) ultrasound wave tracks 
motion of slow (1-20 m/s) spherical 
shear wave

• Wave speed converted to modulus 
assuming linear elastic model: 𝑐+ =

!
&*

m-mode
transducer

50 Hz 
vibrator

𝑐#
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E=27kPa
cs=3 m/s

E=3kPa
cs=1 m/sTE Quantification

• M-mode imaging tracks tissue 
motion following launch of 
shear wave

• Space-time graph depicts 
shear wave displacement 
(color) as a function of depth 
and time

• Slope of line is shear wave 
speed:

Δdepth
Δtime = 𝑐#

• Young’s Modulus computed 
from 𝑐+ as 𝐸 = 3𝜌𝑐+"

Δ𝑡

Δ𝑑

𝑐! =
𝐸
3𝜌
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Complicating Factors in SWE

• Modulus non-linearity
• Shear wave speed depends on applied strain
• Pre-strains on tissue (breath hold, portal 

hypertension, excessive transducer pressure, 
inflammation) can elevate shear wave speed 

• Viscoelasticity
• Tissue stiffness depends on frequency at 

which it’s vibrated
• Estimates obtained at different shear wave 

frequencies may not agree
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The transfer of momentum from the propagating
acoustic wave to the tissue occurs over the duration of
the acoustic pulse. In addition to vibrating at the ultrasonic
frequency, the tissuewithin the region of excitation (ROE,
or region where the ultrasound waves propagate and are
absorbed) is deformed in response to a focused acoustic
radiation force excitation, and shear waves propagate
away from the ROE (Figure 9). While this phenomenon
occurswith conventional B-mode imaging, the forcemag-
nitudes are too small to generate tissue motion that could
be measured with conventional ultrasound. Through the
use of longer duration acoustic pulses (0.05-1 ms) than
are typically used in diagnostic ultrasound (, 0.02 ms),

transient soft tissue deformation on the order of microns
(10-6 m) can be generated in vivo. Acoustic radiation force
can be applied at a single focal location or amultiple focal
zone configuration in which each focal zone is interro-
gated in rapid succession, leading to a cylindrically
shaped shear wave extending over a larger depth, enabling
real-time shear wave images to be formed. This multiple
focal zone approach has been termed ‘supersonic shear
imaging’ (SSI, J. Bercoff, Pernot, Tanter, & Fink, 2004).

Types of Displays. There is a tradeoff between preci-
sion and spatial resolution in shear wave speed estimation
methods. The use of larger propagation distances to
compute the wave speed presumes a larger homogeneous
region and typically is associated with higher precision
and accuracy; however, this comes at the expense of spatial

Figure 8. Nonlinearity of tissue elasticity and effect of excessive compression (breast cancer). In the case of biological
tissue, when the compression is intensified, Young’s modulus, i.e., stiffness, tends to increase and the contrast between fat
and a malignant mass decreases as shown in (a). The extent of nonlinearity differs from tissue to tissue (Barr and Zhang
2012). For example, when the degree of compression is slight, the difference in Young’s modulus between breast tissue
and tumor is large, and the tumor is clearly displayed as a relatively low strain region, as shown in (b), but when the
compression is too strong, the stiffness of the mammary gland increases, and the difference between it and the tumor
will be smaller, possibly resulting in a false negative finding, as in (c). In the case of breast cancer diagnosis, one indicator
is that the pectoralis major muscle is uniformly blue or black in grayscale (small strain) when elastography is performed
with proper compression, but when the pectoralis major muscle is red, or white in grayscale (large strain) and the sub-
cutaneous fat layer has blue (or black in grayscale) mixed in, it often means that excessive compression has been used.
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(Shiina et al, Ultrasound in Med. & Biol., Vol. 41, No. 5, pp. 1126–1147, 2015)

difference 95% CI (!7.8%) was greater than that in
the elastic phantoms. These viscoelastic phantoms
matched the distribution of group SWS displace-
ment/velocity ratios that we observe in human data,
indicating similar amounts of dispersive characteristics
in these phantoms. Both of the elastic phantoms
showed minimal dispersion with the use of these
group SWS ratios. It should be noted, however, that
MRE yielded significantly greater linear dispersion
slopes than the ultrasound system phase velocity anal-
ysis for these phase II phantoms. The source of this
discrepancy has not been resolved and will be a focus
of future studies.

The best agreement between MRE and the
aggregated ultrasonic SWS measurements in the vis-
coelastic phantoms occurred at an excitation fre-
quency of 140 Hz, but the lower 60-Hz excitation
used in clinical MRE could lead to lower MRE values
for liver stiffness in the literature than ultrasound
systems.12,22

The ultrasound system SWS distribution for the
softest viscoelastic phantom (E2297-A1) in Figure 10
shows a bimodal distribution. Such a distribution may
be indicative that some systems are reconstructing
group SWSs using displacement data (leading to the
lower distribution), whereas others may be using
velocity data (leading to the higher distribution).
Such separation of these populations could be lost in
the stiffer phantoms as the variability of the recon-
struction using either displacement or velocity data

increases. It should be noted that this bimodal distri-
bution explanation is simply a hypothesis, as each
manufacturer did not reveal how it calculated its
group SWS metrics. If the data type (displacement/
velocity) is a source of this variability, then a manu-
facturer consensus on what data to use in calculating
the group SWS or implementation of a bias reduction
factor could help provide better consistency of
reported SWSs between systems.

Because proprietary processing algorithms and
scanner sequencing could not be disclosed by manu-
facturers in this study, we cannot conclude what the
sources of the intersystem bias were in these studies.
To allow researchers in academics, industry, and clini-
cal practice to have a common platform to perform
ultrasonic SWS measurements, we created standard-
ized shear wave acquisition sequences on a Verasonics
research scanner14 that can be used to test tissue-
mimicking phantoms, along with postprocessing code
to estimate the group SWS using the displacement
and velocity as the raw input data into the reconstruc-
tion algorithms,9 as presented in this study. In addi-
tion to estimating the group speeds, the
reconstruction code also estimates the phase velocity
over the more energetic bandwidth of the shear wave
signal. These sequences and postprocessing software
are openly available on GitHub (https://github.com/
RSNA-QIBA-US-SWS/
VerasonicsPhantomSequences) and will be incorpo-
rated in the first generation of the QIBA profile for

Figure 8. Group and phase velocities calculated in the 3 phase II viscoelastic phantoms that were distributed to all of the measurement
sites. The error bars represent the 95% CI over 16 independent measurements. As expected, these viscoelastic phantoms have higher
group SWS estimated when by using velocity (Vel) data instead of displacement (Disp) data (left plots). This same trend is seen in the posi-
tive slope of the corresponding phase velocity curves (right plots). In the phase velocity plots, note that the frequency range of the
reconstructed phase velocities increases as a function of increasing stiffness, and the variance of the estimated phase velocity increases at
higher frequencies because of the lower signal-to-noise ratio at these higher frequencies. The slopes of the linear-fit phase velocity lines are
summarized in Table 4.

Palmeri et al—QIBA SWS Bias in Elastic and Viscoelastic Phantoms

J Ultrasound Med 2021; 40:569–581 577
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Summary
• Elastography  (all forms) provides image contrast  based on the 

tremendous biological variability in shear or Young’s modulus –
distinct from conventional ultrasound imaging
• Methods based on shear wave propagation (transient and SWE) 

provide quantitative measures of tissue properties
• Strain Imaging methods provide real-time, non-quantitative  imaging
• Acoustic radiation force is a means of remote palpation used in ARFI 

and SWE

22


