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Abstract

The use of brightness-mode ultrasound and Doppler ultrasound in physical medicine and
rehabilitation has increased dramatically. The continuing evolution of ultrasound technology has
also produced ultrasound elastography, a cutting-edge technology that can directly measure the
mechanical properties of tissue, including muscle stiffness. Its real-time and direct measurements
of muscle stiffness can aid the diagnosis and rehabilitation of acute musculoskeletal injuries and
chronic myofascial pain. It can also help monitor outcomes of interventions affecting muscle in
neuromuscular and musculoskeletal diseases, and it can better inform the functional prognosis.
This technology has implications for even broader use of ultrasound in physical medicine and
rehabilitation practice, but more knowledge about its uses and limitations is essential to its
appropriate clinical implementation. In this review, we describe different ultrasound elastography
techniques for studying muscle stiffness, including strain elastography, acoustic radiation force
impulse imaging, and shear-wave elastography. We discuss the basic principles of these
techniques, including the strengths and limitations of their measurement capabilities. We review
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the current muscle research, discuss physiatric clinical applications of these techniques, and note
directions for future research.
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Palpation has long played a fundamental role in the physical examination of patients.
Diseased, injured, or dysfunctional tissue often demonstrates abnormal mechanical
properties. Thus, the evaluation of the mechanical properties of tissue, including the passive
and active properties of skeletal muscle, has important clinical applications. Inferences about
the mechanical properties of muscle have been made through indirect clinical and research
measurements. Indirect clinical measurements are noted on physical examination by
documentation of abnormal muscle tone and changes in joint range of motion, strength, or
physical functioning. Indirect research measurements of muscle properties include
dynamometry, ramp-and-hold tests, and pendulum tests. They provide valuable information
about the whole joint, but are unable to isolate the mechanical properties of individual
muscles from those of the associated tendons, neurovascular structures, or joint capsule.

Microscopic and macroscopic muscle structures also provide some information about the
properties of skeletal muscle. Muscle biopsy can yield detailed information about the
microscopic muscle structure of an area of muscle, but it may underestimate or even miss
pathologic changes because of sample bias. B-mode (brightness-mode) ultrasound and
magnetic resonance imaging reveal the macroscopic structure (ie, anatomy) of individual
muscles. Although the microscopic structure and the macroscopic anatomy of muscle
provide valuable information about skeletal muscle, they cannot characterize the mechanical
properties that affect force generation, joint range of motion, or physical function.
Unfortunately, there is a paucity of literature regarding the measurement of the mechanical
properties of muscle. However, by combining what is known about microscopic structure,
macroscopic anatomy, and tissue mechanical properties, we can objectively evaluate both
healthy muscle and pathologic muscle; we can select the best techniques to monitor
responses to interventions in patients with functional impairments; and we can perhaps even
identify new rehabilitation strategies.

New technologies, including magnetic resonance elastography and ultrasound elastography,
show promise for direct measurement of the mechanical properties of muscle. Magnetic
resonance elastography uses magnetic resonance imaging to map and quantitate the shear
modulus (ie, stiffness) of tissue, including skeletal muscle, when an external force is applied
(1-4). However, limitations of this technique are similar to those in magnetic resonance
imaging, making it unlikely for it to be incorporated into physical medicine and
rehabilitation clinical practice, as B-mode ultrasound has been incorporated. Ultrasound
elastography also measures the mechanical properties of tissue (5). This new technology was
created in the 1990s, but it has been applied only recently to muscle imaging. Over the
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years, multiple ultrasound elastography techniques have been described, with each technique
producing data that are qualitative, quantitative, or some combination thereof. Clinicians
who are unfamiliar with these ultrasound techniques may be unaware of their true
measurement capabilities.

Multiple reviews are available that detail the physics and technical aspects of ultrasound
elastography (5—11). Unfortunately, these reviews target health care providers with a strong
background in ultrasound physics and provide limited discussion of the clinical application
and significance of ultrasound elastography with respect to muscle. Thus, they are of little
assistance to the typical physical medicine and rehabilitation physician seeking to improve
clinical practice by adding ultrasound elastography. Many rehabilitation strategies are aimed
at changing the mechanical properties of muscle. However, these changes cannot be
measured directly and reliably in the clinic setting. One example of how this technology
may have a positive impact on clinical practice is its use for measuring the mechanical
properties of myofascial trigger points. This technology can aid diagnosis by providing
objective, real-time clinical measurements. Longitudinal measurements during therapeutic
interventions may also guide treatment duration or facilitate decisions to alter the therapeutic
intervention. With its real-time ability to differentiate between normal and abnormal muscle
properties, ultrasound elastography shows promise as a clinical tool to aid in diagnosing
muscle abnormalities (12—14), predicting muscle response to treatment (15), and monitoring
muscle responses to therapeutic interventions (16,17). The goals of this review are to
introduce current ultrasound elastography techniques being used in the study of muscle
properties; to outline current research implications for their use in rehabilitation; and to
discuss future directions for research on, and potential clinical applications of, ultrasound
elastography.

Ultrasound Elastography Principles and Techniques

In general, all methods-testing techniques for determining the material properties of tissue,
including mechanical properties, involve measurements of deformation in response to
applied stress or force. Ultrasound elastography relies on the same principle. The stress can
be produced by internal physiological motions, such as the beating of the heart (18,19) or the
pulsation of a blood vessel (20); by external mechanical compression or vibration (21-23);
or by a high-intensity long-duration (hundreds of ultrasound cycles) ultrasound “push” beam
(a long burst of focused ultrasound pulses) (24—-30). Subsequent tissue deformation is then
detected by pulse-echo ultrasound. Tissue deformation causes a small time shift in
ultrasound echoes, which is used to measure the tissue deformation from applied stress
(31,32).

Various ultrasound elastography techniques are available, and each relies on different
methods to produce and measure tissue deformation. Three techniques are used to evaluate
skeletal muscle: strain elastography (SE), acoustic radiation force impulse imaging (ARFI),
and shear-wave elastography (SWE) (Table 1).
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Strain Elastography

In SE, the sonographer manually compresses the ultrasound transducer against the patient’s
body surface. Tissue deformation, represented by strain, is measured in a 2-dimensional
(2D) region under the transducer (typically the full field of view) and is displayed as an
elastogram (Figure 1). Given the same amount of applied stress, softer tissue in the
elastogram has more deformation and therefore experiences larger strain than stiffer tissue.
The elastogram shows the strain differences qualitatively by variations in color or gray
scale, depending on the type of ultrasound machine (make and manufacturer) (33). Moving
from this qualitative assessment to a quantitative measure using the Young modulus requires
quantification of the applied stress, which is challenging in practice. Although the stress
distribution within the tissue is unknown with SE, there are methods to convert from
qualitative to semiquantitative data.

One semiquantitative method is the strain ratio, which compares 2 separate areas in the same
elastogram (33). The elastography software first calculates the average strain in the normal
(ie, reference) area and then divides it by the average strain in the diseased area, which is
typically an area of a focal mass. The higher the strain ratio, the more likely it is that the area
of interest will be malignant (34). Other semiquantitative methods include placing
references of known hardness over the tissue and using them to calculate a strain ratio in a
similar way (Figure 2) (35), or using a visual scoring system that compares the color of the
compressed area to the color of the surrounding area (15). These semiquantitative techniques
are not truly quantitative because the stress distribution within muscle tissue is neither
known nor uniform (as is assumed for this method), thus rendering the Young modulus
calculations unreliable (35). In addition to concerns about assumptions for semiquantitative
techniques, variable tissue compression by the ultrasound operator calls into question the
reliability of all SE measurements (33).

Acoustic Radiation Force Impulse

In ARFI, a single ultrasound transducer generates a push beam within the tissue to apply
stress. The same transducer then measures the tissue displacement along the push beam. As
with traditional materials-testing techniques, the push beam produces more displacement of
softer tissue than of stiffer tissue. Multiple push-detection data acquisitions are used to form
a 2D ARFI image of the area of interest as the push and detection beams are translated or
steered to cover the entire 2D imaging area. Like SE images, ARFI images are qualitative
maps of tissue stiffness, because tissue displacement depends on the stress produced by the
ultrasound push beam, the extent of which is unknown for ARFI (28). ARFI differs from SE
in that it uses the dynamic tissue response produced by ultrasound push beams, whereas the
tissue compression method for SE is static. ARFI measurements may be more reliable than
SE measurements because tissue displacement with ARFI is caused by fixed ultrasound
waves, rather than by tissue compression by the sonographer. Unfortunately, creating a
series of push beams in this manner requires considerable electrical power, which can lead
to transducer and tissue overheating that limits the frame rate and the extent of data
acquisition.
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Shear-Wave Elastography

Lastly, SWE is an ultrasound elastography technique that uses shear waves to measure tissue
stiffness quantitatively. The shear waves travel perpendicularly through tissue to the
direction of the particle motion. The relationship between physical shear-wave properties
and tissue mechanical properties was first studied in the 1960s (36). Unlike the use of SE
and ARFI, the use of SWE to characterize tissue stiffness does not require knowledge of
applied stress. By solving the shear-wave equations, one can quantitatively estimate tissue
mechanical properties in units of Pascal (24,37,38). SWE takes advantage of the nice
property of shear waves, and various methods have been developed to induce shear waves in
tissue, such as ultrasound push beams (supersonic shear imaging [SSI]) or external
mechanical vibrations (transient elastography [TE]). Shear waves are tracked by pulse-echo
ultrasound and can be used quantitatively to calculate the tissue modulus (ie, stiffness); as
the stiffness of underlying tissue increases, shear-wave speed increases (6).

Quantifying tissue stiffness on the basis of shear-wave propagation requires advanced
mathematical modeling (9,24), which is beyond the scope of this paper. Additionally, most
SWE techniques assume that the underlying tissue is isotropic, elastic, and locally
homogenous—such as that of breast, liver, or thyroid. Muscle, however, is anisotropic: the
mechanical properties along muscle fibers differ from those across muscle fibers. This
anisotropy requires orientation of the transducer for all SWE techniques to be longitudinal to
muscle fibers in order to achieve accurate and reliable measurements (39). Despite the
anisotropy, the shear modulus (a stiffness measure that assumes isotropy) measured from
shear-wave speed displays good agreement with the Young modulus (a stiffness measure
that assumes isotropy and incompressibility) throughout the range of normal physiologic
tension of skeletal muscle (40). In the medical literature, the shear modulus (or shear elastic
modulus) and the Young modulus have both been used in reporting outcomes. The Young
modulus is often the output from commercial machines, but it can be converted to the shear
modulus by dividing by 3. Since muscle is compressible but may be considered transversely
isotropic (41), the most accurate measure is the shear modulus.

Transient Elastography

Traditional TE uses a single-element transducer, making it 1-dimensional (22). Therefore, a
TE device cannot produce conventional 2D B-mode ultrasound images, because that
requires an array ultrasound transducer with multiple elements. TE is also limited in obese
patients by the difficulty of achieving depth penetration with a standard probe (6). Two-
dimensional TE, also known as 2D SWE, has some benefits over traditional TE. The most
notable is B-mode guidance. Unlike the transient shear waves of traditional TE, 2D SWE
produces continuous-wave vibrations that can be captured with slower ultrasound frame
rates (Figure 3) (42). However, continuous-wave vibrations are complicated by boundary
conditions (the vibration wave can be affected or altered by traveling through skin and fat)
and by the interference of reflected shear waves with measurements (9).

Supersonic Shear Imaging

Compared with TE, SSI creates shear waves over a greater range of depth by using multiple
push beams focused at different depths within the tissue (24). The multiple push beams
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facilitate the detection of shear waves in a larger area for imaging. SSI uses an ultrafast
plane-wave imaging technique for shear-wave detection with a high frame rate (6,39). This
high frame rate allows the capturing of 2D shear-wave propagation and enables SSI to
perform real-time SWE. SSI produces 2D quantitative images of the Young modulus
superimposed on B-mode images (Figure 4). Although the region of interest, or
measurement area, in SWE is small, newer techniques are being developed that permit
dynamic measurements and increase the region of interest (30,43). Since tissue deformation
in SSI relies on highly controlled ultrasound push beams rather than on tissue compression
by the sonographer, SSI is considerably less operator dependent than SE. However,
compression of tissue through the ultrasound transducer can increase tissue stiffness (an
effect due to nonlinearity of tissue rather than to measurement bias) (44). Therefore,
minimal compression should be used to maintain transducer contact with the body surface.
In addition, the upper limits of shear-wave speed (ie, stiffness) that can be measured, despite
the ultrafast frame rate, tend to limit the evaluation of muscle with activation beyond 40%
maximal voluntary contraction (45 ,46).

Ultrasound Elastography and Muscle

Both passive muscle stiffness and active muscle stiffness contribute to physical function.
The measurement of passive and active stiffness of individual muscles is challenging,
because common techniques used for musculoskeletal measurements are not capable of
measuring individual muscles in isolation. These techniques are gross measurements of the
entire joint, muscle, tendon, or neurovascular complex. However, certain conditions (eg,
muscular dystrophy, collagen disorders, cerebral palsy, prolonged bed rest, or chronic
compartment syndrome) affect muscle directly and impact function. By measuring the
viscoelastic properties of muscle (ie, the mechanical properties of muscle), we can gain
information on the effect of these conditions on static (passive), dynamic (as with stretch),
and active muscle properties. Viscoelastic properties also provide a link to the
histopathologic properties of muscle without the need for biopsy. For more information on
ultrasound elastography muscle studies, see Table 2.

Passive Muscle Stiffness

Numerous authors have described using the ultrasound elastography techniques outlined
above to measure passive stiffness in various healthy skeletal muscles (14,47,48,54,56).
Early studies have not shown a significant difference in passive muscle stiffness in healthy
persons by age or sex (47). The reliability of passive stiffness measurements appears to be
poorer for TE, SE, and ARFI than for SSI (28,49-51). In addition, the assumptions and
additional calculations required for semiquantitative analysis using SE make it more
challenging for real-time results. Real-time results are important if this technology is to be
incorporated as a clinical tool. Unfortunately, it is difficult to compare results from different
studies because they lack consistency in probe positioning, use different ultrasound
elastography techniques, and report stiffness measures differently. For example, SSI
measurements include shear-wave speed, elastic modulus, shear elastic modulus, the Young
modulus, and elasticity value (39,44 ,47,56,60). Additional normative data are needed on
how to identify normal passive stiffness with standard measurement protocols; on the use of
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surface electromyography to monitor muscle relaxation during measurements; and on the
standard reporting of ultrasound elastography measures.

The measurement of passive muscle stiffness with ultrasound elastography is perhaps the
simplest measurement to capture, but it must be done in a standardized manner. For
example, orientation of the transducer probe can affect the reliability of measurements (39).
It is also not certain how reliable these measurements are in muscles with disrupted fascicles
or severe fibrosis, such as muscular dystrophy. Moreover, although muscles with various
pennation patterns have been studied, the influence of muscle pennation on the reliability of
measurements is unknown. For instance, in a multipennate soleus muscle, is it possible to
maintain a truly longitudinal probe position, particularly as muscle is being dynamically
stretched or activated? Does location of the probe affect passive stiffness properties near
origin, mid-belly, or tendinous transition? These concerns apply not only to passive stiffness
measurements but also to measurements of dynamic stiffness and active stiffness.
Optimizing techniques for measuring passive muscle stiffness in healthy muscle will assist
with recognition of abnormalities in diseased or disordered muscle.

As with work-optimizing measurement techniques, ultrasound elastography shows promise
for identifying abnormal passive muscle stiffness in neuromuscular and musculoskeletal
disorders (15,58,59). For example, one study of SE found passive stiffness of muscle to be
elevated in children with cerebral palsy (59). From a histopathologic standpoint, this finding
corroborates the results of a recent biopsy study showing increased collagen content and
fewer sarcomeres in muscle in a series of children with cerebral palsy (61). Although the SE
study had some methodology limitations, such as the use of a semiquantitative technique
and the lack of monitoring for muscle relaxation, it shows promise for the direct study of
disordered muscle. Ultrasound elastography may eventually be used to measure response to
spasticity treatment or to target specific areas of increased stiffness within a muscle (16,17).
With the ongoing debate about the effects of spasticity treatment on passive muscle stiffness
(62,63), direct measurement of muscle might be the key to improved understanding. In
another study using SE technique, infants with congenital muscular torticollis showed
improvements in the passive stiffness of the involved sternocleidomastoid muscle that
corresponded to improvements in the torticollis (Figure 1) (15). This finding demonstrates
how ultrasound elastography might be useful for longitudinal follow-up of therapeutic
interventions in even very young patients. More rigorous studies evaluating the effects of
neuromuscular disorders on passive muscle properties may provide insights on longitudinal
changes to the muscle. Ultimately, such studies may assist with targeting treatment or
therapy.

Passive muscle stiffness may be caused not only by the effects of disease but also by acute
pain or chronic pain. In persons with delayed-onset muscle soreness (DOMS), SE
measurements have been shown to have increasing stiffness over the first 2 days (12).
Measures began to decrease by day 3, but did not return to baseline. These results correlate
well with the expected course of DOMS, suggesting that ultrasound elastography is sensitive
to changes in stiffness secondary to acute inflammation and swelling. Thus, ultrasound
elastography may be useful for measuring and monitoring DOMS, and it may provide real-
time clinical measurement for tracking the effects of DOMS on muscle. Ultrasound

Arch Phys Med Rehabil. Author manuscript; available in PMC 2015 November 01.



V.o vVvd 1N

R B Bt L

T ——-

"V.ovVvd 1N

R e B Bt L

T ——-

V.o vVvd 1N

R e A Rt L

- —-

Brandenburg et al.

Page 8

elastography shows further promise for potential applications to the evaluation of acute
muscle injuries or to the measurement of changes in passive stiffness with chronic
compartment syndrome.

For persons with chronic muscular pain trigger points, ultrasound elastography appears to be
able to detect changes in muscle stiffness (Figure 3) (13,14 ,48). Although the exact etiology
of trigger points is unknown, one theory is that chronic muscle overuse leads to
inflammation (64). These early results suggest that histologic changes within the muscle in
response to acute pain or chronic pain may correspond to changes in mechanical properties.
These changes can be detected with ultrasound elastography. Further studies in larger groups
of persons with more homogenous pain syndromes are needed to help characterize the
muscle stiffness changes associated with pain. Ultrasound elastography may also be useful
for monitoring response to therapeutic pain procedures, such as dry needling, massage, or
botulinum toxin therapies for trigger points.

Dynamic Muscle Stiffness

Muscle measurements with passive stretch and hold positioning show a pattern of
exponentially increasing stiffness (Figures 2 and 4) (35,50,57). These results are similar to
the typical in vivo loading curves for many skeletal muscles. Ultrasound elastography
studies of dynamic muscle stretch—measurements taken during passive stretch of muscle —
have indicated that the resistance to passive stretch correlates with passive muscle stiffness
(49,51,52). However, the 2 techniques used, ARFI and TE, displayed poor reliability
(49,52). Poor reliability may result from the slow acquisition time with ARFI and from the
use of external vibrators with TE. Thus far, only the loading curve of skeletal muscle in
stretch has been evaluated, leaving many clinically relevant questions unanswered. Do the
stretch and relaxation of living muscle compare to those documented in the laboratory
setting? Do stretch and relaxation vary in different muscles? Does the stretch and relaxation
response predispose to injury?

Active Muscle Stiffness

Active muscle stiffness—the stiffness that results from active muscle contraction—is an
especially exciting area for clinical integration of ultrasound elastography. Previously, direct
measurements of active muscle stiffness were limited to ex vivo studies. These studies
included evaluation of muscle force as a function of actin-myosin crossbridge formation,
with minimal direct relevance to the clinical setting. In biomechanics research, the ability to
measure active stiffness has been limited to multiple, whole-joint muscle groups. The total
force generated by these muscle groups requires mathematical modeling techniques to
estimate the contribution of individual muscles to this force. This type of technique is not
conducive to clinical use. However, ultrasound has been used to directly measure individual
muscle stiffness during active muscle contraction, showing increasing stiffness with
increasing force (45,52-54,56). However, maximally activated skeletal muscle can be quite
stiff. Current studies are limited to about 40% maximal voluntary contraction, because
greater contraction results in high-speed shear waves that are too fast to be detected (45).
This limitation means that current SWE techniques are unlikely to identify the subtle
changes in strength typically seen at the level of maximal voluntary contraction. Despite
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these limitations, valuable information has been reported on patterns of muscle failure in
submaximal sustained isometric contraction (55). This information provides insight for
targeted strengthening to reduce fatigue in patients with muscle disorders. Identifying
normal patterns of muscle fatigue may also help diagnose disease states, such as myasthenia
gravis or other neuromuscular disorders, or it may provide insight for optimizing endurance
training in athletes.

Future Directions

The real-time, direct measurement of the passive and active properties of individual muscles
has already begun to advance our basic understanding of skeletal muscle. Improvements in
the rehabilitation of patients with these conditions can be expected with greater
understanding of the relation between muscle properties and physical function. As this
technology and these muscle measurements are being explored, questions remain regarding
the measurement capabilities of ultrasound elastography. How does the location of the
ultrasound probe on a given muscle affect muscle stiffness measurements? Could imaging a
larger area of muscle improve the reliability of measurements?

Ultrasound elastography techniques under development include the measurement of larger
areas of tissue with shorter data acquisition time. This would increase both the area of
muscle that can be studied and the sensitivity of measurements (30). Another potential
future direction of SWE technique development might focus on capturing the high-speed
shear waves seen during maximal muscle activation and spastic catch.

Ultrasound elastography could be instrumental in detecting subtle changes in the muscle
properties that occur early in the course of muscle injury, disease, or disorder. Earlier
detection could improve athletic training and rehabilitation strategies. It could also alert the
physician to an impending functional decline in a progressive muscle disorder. Real-time
measurements of passive and active stiffness of muscles may assist with designing focused,
individualized rehabilitation strategies, such as in a patient on prolonged bed rest. Through
serial measurements, ultrasound elastography could provide a more sensitive measurement
of strength changes in patients on inpatient rehabilitation units. Correlation of ultrasound
elastography measurements with function may give providers greater insights into predicting
length of stay and setting inpatient rehabilitation goals. Other uses by rehabilitation
providers include the identification of muscle disease or muscle property changes suggestive
of impending athletic injury; the performance of real-time, noninvasive diagnostic testing in
patients with chronic compartment syndrome; the tracking of the therapeutic response to
rehabilitation interventions for trigger points or muscular back pain; and the monitoring of
the longitudinal response of muscle to spasticity interventions.

Conclusion

As ultrasound elastography evolves, we must strive to understand its varied techniques —
including their strengths, limitations, and anticipated clinical applications for use in muscle
measurements. Ultrasound elastography provides the opportunity to further our
understanding of the interaction between muscle structure and function by its measurement

Arch Phys Med Rehabil. Author manuscript; available in PMC 2015 November 01.



V.o vVvd 1N

R B Bt L

T ——-

"V.ovVvd 1N

R e B Bt L

T ——-

V.o vVvd 1N

R e A Rt L

- —-

Brandenburg et al.

Page 10

of individual muscle mechanical properties. Direct measurement has the potential to
quantify previously subjective clinical examination measurements and diagnoses. Other
applications include tracking outcomes of treatments and therapies that target muscle. This
technology will arm physical medicine and rehabilitation researchers and providers with a
new tool for furthering the understanding of muscle properties and the impact of these
properties on function.
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Figure 1.
Images of the sternocleidomastoid (SCM) muscle. A and B, B-mode ultrasound images. C

and D, Ultrasound elastograms. Normal muscle (arrowheads in part A) is mostly soft. Mass
in an affected SCM (arrowheads in part B) shows increased hardness from normal. C
indicates carotid artery; purple, soft tissue; red, hard tissue. (Adapted from Kwon and Park
[15]. Used with permission.)
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: Soft reference

Figure 2.
Ultrasound elastogram (left) and B-mode scan (right) of the medial gastrocnemius. Left

image shows the soft and hard references used to calculate a semiquantitative strain ratio.
(Adapted from Chino et al [35]. Used under the terms of the Creative Commons Attribution
License.)
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Figure 3.
Images produced from custom transient elastography with continuous shear waves using a

linear array (B-mode) transducer and a mechanical handheld vibrator. B-mode (gray scale)
and phase plot images of shear-wave vibrations for the biceps brachii (A and B), normal
upper trapezius (C and D), and upper trapezius with an active myofascial trigger point
(MTrP) (E and F). Numbered lines represent areas where phase lag was measured. Note the
limited gray-scale image quality. (Adapted from Ballyns et al [13]. Used with permission.)
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Figure 4.
Representative shear-wave elastograms at 20° (A), 0° plantar flexion (B), and 10°

dorsiflexion (C) in a pediatric patient’s left lateral gastrocnemius muscle. The blue-shaded
box over the lateral gastrocnemius muscle represents the area of measurement. Purple
indicates softer tissue (lower Young modulus) and green indicates stiffer tissue (higher
Young modulus). Numbers indicate the lateral gastrocnemius (no. 1), the soleus (no. 2), and
the flexor hallucis longus (no. 3).
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Overview of Ultrasound Elastography Techniques
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Mechanism of Tissue

Technique Deformation

Output Quantitative

Highlights of Techniques

SE Manual compression

ARFI Ultrasound push beam

SWE (external vibration)  External mechanical vibration

SWE (supersonic shear
imaging)

Ultrasound push beam—
induced shear-wave
propagation

2D elastogram No
with strain or
strain rate

2D elastogram or  No
tissue
displacement

Young modulus Yes
(a single
number)

Can be 1D or
2D: 1D number
of TE, 2D map
for CW vibration
(display is 2D
elastogram with
shear-wave
speed)

2D elastogram, Yes
Young modulus,

or shear-wave

speed

Commercially available (6) and FDA
approved

Compared to ARFI and SWE, lower
reliability and lower repeatability

User dependent

Lack of modeling for anisotropic tissue
such as muscle (ie, accuracy of
mathematical models and assumptions for
muscle tissue unknown)

Better suited for evaluating focal masses
rather than diffuse disease changes in
tissue

Commercially available (6) and FDA
approved

Limited application to muscle

Very low frame rate (tissue overheating)

Commercially available (6) and FDA
approved

Lower reliability

No B-mode imaging for 1D TE

For CW vibration method: complicated
boundary conditions and possible shear-
wave reflection

Inconvenient compared to SE, SSI, and
ARFI (ie, a large, heavy shaker must be
held in one hand while the probe is held in
the other hand)

Commercially available (6) and FDA
approved

Compared to SE, ARFI, and SWE-EV:
higher reliability and repeatability, less
user dependent

Good B-mode imaging quality as guidance
Only available on 1 commercial machine
Limited by small region of interest from
which the Young modulus is measured
Frame rate fast (real-time imaging) and
continuing to improve

Abbreviations: ARFI, acoustic radiation force impulse imaging; B-mode, brightness-mode; CW, constant wave; 1D, 1-dimensional; 2D, 2-
dimensional; FDA, US Food and Drug Administration; SE, strain elastography; SWE, shear-wave elastography; SWE-EV, shear-wave

elastography—external vibration; TE, transient elastography
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